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— ABSTRACT -

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a widely used class of drugs, due
in part to the effective anti-inflammatory and analgesic properties they exhibit.
Unfortunately, NSAIDs also exhibit substantial gastrointestinal (GI) toxicity. The
mechanisms underlying the ability of NSAIDs to cause ulceration in the stomach and
proximal duodenum are well understood, and this injury can largely be prevented through
the suppression of gastric acid secretion by proton pump inhibitors (PPIs) or histamine H,
receptor antagonists (H,RAs). In contrast, the pathogenesis of small intestinal injury
induced by NSAIDs (i.e., NSAID-enteropathy) is poorly understood, and there are no
proven-effective therapies. This is a major clinical concern as NSAID-induced
enteropathy and bleeding occur more frequently than NSAID-induced gastropathy, and is
associated with significantly higher rates of morbidity and mortality. There is clear
evidence that indicates important contributions to NSAID-enteropathy by bile, enteric
bacteria, and the enterohepatic circulation of NSAIDs. However, it is not clear which of
these mechanisms is/are the primary driver(s) of intestinal damage and injury. There is
also evidence that hydrogen sulfide (H,S) can protect the GI mucosa from ulceration and
reduce the severity of NSAID-induced GI damage, although the mechanisms of H,S-
induced intestinal protection remain to be determined. Therefore, the central aim of this
thesis was to evaluate the roles of bile, enteric bacteria, and the enterohepatic circulation
of NSAIDs in the pathogenesis of NSAID-enteropathy, and to investigate the ability of
H,S to protect the small intestine from NSAID-induced damage. Chapter 1 is an

introduction to the relevant literature and Chapter 2 is an outline of the thesis scope and
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objectives. In Chapter 3, I demonstrated that the co-administration of an H,S-releasing
agent protected rats from NSAID-induced enteropathy, in part by preventing NSAID-
induced dysbiosis and bile cytotoxicity. In Chapter 4 and 5, I established that the co-
administration of PPIs and H,RAs exacerbated NSAID-enteropathy in part by causing
intestinal dysbiosis and enhanced bile cytotoxicity. Lastly, I demonstrated that the small
intestine-sparing effects of an H,S-releasing NSAID, ATB-346, are partly attributable to
the reduced enterohepatic circulation of ATB-346 or the naproxen liberated from this
drug (Chapter 5). In summary, the work presented in this thesis provided novel
understanding of the complicated pathogenesis of NSAID-enteropathy by confirming that
the nature of the bile, the enterohepatic circulation of NSAIDs, and the nature of the
intestinal microbiota are of paramount importance. In addition, the results also
demonstrated that hydrogen sulfide represents an effective preventative therapy for
NSAID-enteropathy and that H,S-releasing NSAIDs, such as ATB-346, have remarkable

preclinical safety.

iv



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— ACKNOWLEDGMENTS -

Graduate studies were a significant transition from my undergraduate years. Initially, I
felt ill suited for research because I did not see a clear return on the process. I had no
predetermined course material and no tests to gauge my progression. Moreover, the
answers were often unclear and only led to further questions. However, over the years I
have learned that conducting good research, if nothing else, is a process. Learning to
enjoy the process is important and can be highly rewarding. Experiments need to be
revised, repeated, and results scrutinized, but the experiences gained from this process are
lasting. While I have no doubt that my graduate work experiences will be instrumental to
my professional career, I also believe that they will aid me in all of life’s adventures.

To my supervisor, Dr. John L. Wallace, I thank you for giving me the opportunity
to work with you over the years. During that time, I could not have asked for a better
mentor. Your achievements and commitment to a variety of career endeavours, including
research and a variety of academic and industry roles, are inspiring. You challenged me
with thought provoking ideas and projects, while always remaining patient, encouraging,
and compassionate. I cannot begin to thank you enough for the opportunities you afforded
me and for your continuous support along the way. Your support has allowed me to
discover my passion for research and further my career. I will always remember and
appreciate the knowledge and advice you provided, both academically and in life, and for
making my graduate journey so enjoyable!

To my supervisor committee, Dr. Alison Fox-Robichaud and Dr. Waliul Khan,

thank you for dedicating your time, expertise, and continuous support to my graduate



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

work. Your input was very helpful and much appreciated. I would also like to thank Dr.
Premysl Bercik for his support during my final year. It was a difficult transition period
and your generosity and advice were invaluable. To all the fantastic individuals I had the
pleasure of meeting in the lab, the Farncombe institute, and through collaborations, thank
you for your assistance, friendship, and making these years truly memorable. In
particular, thank you Kyle Flannigan! You were there from the start and it was a pleasure
to share both the joys and worries of these years with you. I have no doubt that your
career will include many achievements and I hope we have more adventures together.

I would also like to thank my family, especially my parents, Robert and Frances,
and my brother, Robin. My life will always be changing, but it is comforting knowing
you are always there, providing your love and support. To my friends, thank you for
making me smile and for reminding me that there is a life outside of the laboratory! And
finally, thank you Sophie for your help and understanding over the years. You kept me
sane during all the highs and lows, and I would not have been able to achieve this without
your love and support. You inspire me to always strive for more and I cannot wait to see

what lies ahead for us.

vi



Ph.D. Thesis — R.W. Blackler

— TABLE OF CONTENTS -

TITLE PAGE

DESCRIPTIVE NOTE

ABSTRACT

ACKNOWLEDGMENTS

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF ABBREVIATIONS AND SYMBOLS

DECLARATION OF ACADEMIC ACHIEVEMENT

CHAPTER 1 - INTRODUCTION

1.1. General INtrodUCLION. .. ..o vveet et

1.2. History of NSAIDS......ccviiiiiiiiiiiiieeeae,

1.3. Prostanoids, Cyclooxygenase, and NSAIDS..........c..cooiiiiiiiiiiiiiiiian,

1.3.1. Prostanoids
1.3.2. Cyclooxygenase
1.3.3. NSAID classifications
1.4. Inhibition of Prostaglandin Biosynthesis by NSAIDs

1.5. Contributions of COX-1 and -2 to Mucosal Defence.........ccovvvvveinnennnnn...

1.6. Pathogenesis of NSAID-induced Gastropathy.........

vii

McMaster University — Medical Sciences

ii

iii

vii

xii

XV

Xvi

Xix



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

1.7. The Enterohepatic Circulation of NSAIDs and Interactions Between

Bile and Bacteria. ......oooviiiiiiiii 30
1.7.1. The enterohepatic circulation of NSAIDs 30
1.7.2. Interactions between bile and bacteria 32

1.8. Pathogenesis of NSAID-induced Enteropathy and Preventative Strategies..... 33

1.8.1. Overview of the clinical problem 33
1.8.2. Pathogenesis. inhibition of cyclooxygenase activity 38
1.8.3. Pathogenesis.: epithelial and mitochondrial injury 40
1.8.4. Pathogenesis: the role of bile and enterohepatic circulation 42
1.8.5. Pathogenesis: the role of enteric bacteria 44
1.8.6. NSAID-enteropathy and the problem of polypharmacy 47
1.8.7. Preventative strategies for NSAID-enteropathy 52
1.9. The Protective Role of Hydrogen Sulfide in the Gastrointestinal Tract
and Hydrogen Sulfide-Releasing NSAIDS..........cccoviiiiiiiiiiiiiiinene, 56
1.9.1. Gastrointestinal cytoprotection by hydrogen sulfide 56
1.9.2. Hydrogen sulfide-releasing NSAIDs 59
CHAPTER 2 — THESIS SCOPE AND OBJECTIVES 63
P2 P N T T 0] o 1T 64
2.2, ThesiS ObJECHIVES. ... utttt ettt et et et et e e e 67

CHAPTER 3 - HYDROGEN SULFIDE PROTECTS AGAINST NSAID-

ENTEROPATHY: ROLE OF BILE AND BACTERIA 70
3L ADSIIACE. ..ttt 73
3.2, INtrOAUCHION. ...ttt 74
3.3  MEthOdS. ..o 77
B RESUILS. .o 82
35 DISCUSSION. ..ttt et et 95
3.6. Supplementary Material.............oooiiiiiiiiiii e 100

viii



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

3.7, Acknowledgments. ... ...o.vinuiii i 104
3.8 R CICNCES. .. et 104

CHAPTER 4 - NSAID-GASTROENTEROPATHY: NEW ASPECTS OF

PATHOGENESIS AND PREVENTION 109
4L ADSIIACE. ..ottt e 112
4.2, INtrOAUCHION. ... ettt e 112
4.3. Gastroduodenal Protection............c..coouiiiiiiiiiiiiiii e, 114
4.4. NSAID-enteropathy........c.oiuiiiiiii e 116

4.4.1. Exacerbation by acid suppressing drug 116

4.4.2 Intestinal protection through inhibition of NSAID re-absorption 116

4.4.3. Hydrogen sulfide prevents NSAID-enteropathy 117

4.4.4. Acid suppression and enteropathy 118

4.4.5. Bile, bacteria and enterohepatic circulation in

NSAID-enteropathy 118
4.5, CONCIUSIONS. ... uettt i 122
4.6. Acknowledgments. .........cooiuiiiiii e 123
4.7, RECTONCES. . ..ottt 123

CHAPTER 5 - PATHOGENESIS OF NSAID-INDUCED ENTEROPATHY:
ELUCIDATION OF ROLES OF BILE, BACTERIA, AND
ENTEROHEPATIC CIRCULATION VIA USE OF GI-SAFE NSAID 129

S 1 ADSITACE. .ot e 132
5.2, INtrodUCHION. .. o.uee e 133
5.3 MEthOds. ..o 136
S RESUILS. .ot 143
5.5 DISCUSSION. . ettt ettt et e e e 159
5.6. Supplementary Material.............oooiiiiiiiii 165
5.7. Acknowledgments. .........oouiiiiiii e 166

ix



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

5.8 ReLCTONCES. ...ttt 167
CHAPTER 6 — DISCUSSION 173
6.1, SUMMATY . ... e e 174
6.2. Bile, Enteric Bacteria, and the Enterohepatic Circulation of NSAIDS
are Paramount to Intestinal Injury.................oooiiii 176
6.2.1. Bile and enterohepatic circulation: critical factors in
NSAID-enteropathy 176
6.2.2. Enteric bacteria: a necessary, multifactorial contributor to
NSAID-induced intestinal injury 180
6.3. Hydrogen Sulfide: a Potent Therapeutic for NSAID-enteropathy................ 185
6.4, FUture PerspectiVes. ...o.uinti it 188
6.5, CONCIUSIONS. .. ettt ettt e 190

APPENDIX I - UNPUBLISHED RESULTS: THE EFFECTS OF
TARGETING ENTERIC BACTERIA WITH ANTIBIOTICS IN

NSAID-ENTEROPATHY 191
A8 TR0 ] 1Tt 5 A 192
7.2, INtrOdUCHION. ..o e e 192
7.3 MEthodS. ... 195
T RESUILS. ..ot 198
75 DISCUSSION . . ettt et et et e e et e 208

APPENDIX II - UNPUBLISHED RESULTS: SUPPLEMENTARY

MATERIAL 213
8.1, INtrodUCHION. ....u ettt 214
8.2, Methods. ... .o 214
8.3 RESUILS. ..ottt 216
84 DISCUSSION. .. ettt et e e e 220



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

APPENDIX III - PERMISSION TO REPRINT PUBLISHED
MANUSCRIPTS 222

APPENDIX IV — REFERENCES 228

Xi



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— LIST OF FIGURES —

Figure 1.1. Prostaglandin Biosynthetic Pathway....................c.c. 12
Figure 1.2. Dose-related inhibitory effects of ketorolac on COX-1 and -2 activity

and gastric PGE, synthesis administration, and the relation to gastric

Figure 1.3. Pathogenesis of NSAID-induced gastropathy..................coooiiiin. 24
Figure 1.4. The increasing incidence of adverse lower GI events caused by NSAIDs.. 36

Figure 1.5. The pathogenesis of nonsteroidal anti-inflammatory drug-induced

(NSAID)-enteropathy.........coeiiiiiiiii e 38
Figure 1.6. The perfect intestinal StOrm..............coooviiiiiiiiiiiee 49
Figure 1.7. The anti-inflammatory effects of hydrogen sulfide (H2S)...................... 58

Figure 1.8. Hydrogen sulfide (H,S) can counteract numerous harmful

effects of nonsteroidal anti-inflammatory drugs (NSAIDS)................... 60
Figure 3.1. Inhibition of hydrogen sulfide (H,S) synthesis by cystathionine y-lyase

(B-cyano-L-alanine (BCA) exacerbated naproxen-induced intestinal

damage and bleeding.............oooiiiiiiiiii 84
Figure 3.2. Dose-dependent reduction of naproxen-induced intestinal ulceration by

diallyl disulfide (DADS).......oiriiii i 86
Figure 3.3. Diallyl disulfide (DADS) did not prevent systemic cyclooxygenase

INhibItion bY NAPTOXEN....o.uintint ittt 88
Figure 3.4. Diallyl disulfide (DADS) dose-dependently prevented naproxen-induced

mucosal inflammation and structural damage.................................. 90
Figure 3.5. Diallyl disulfide (DADS) dose-dependently reduced naproxen-induced

Dile CYtOtOXICIEY ..ttt ettt et et et e 92
Figure 3.6. Co-treatment with diallyl disulfide (DADS) prevented naproxen-induced

QY SDIOSIS . .ottt 94
Figure 3.7. Effects of diallyl disulfide (DADS) on inhibition of gastric prostaglandin

(PG) E; synthesis by NaproXen.........oouveueenuiiniiiiniiiiaiianieaeannanns. 100
Figure 3.8. Diallyl disulfide (DADS) dose-dependently reduced naproxen-induced

xii



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

bile cytotoxicity on HT-29 cultured cells............c.oooiiiiiiiiiini.. 101
Figure 3.9. Biliary concentrations of naproxen were unaltered by co-administration

of diallyl disulfide (DADS)........coiiiiiiii 102
Figure 3.10. Treatment with diallyl disulfide (DADS) caused a shift in the

MICTObIOta COMPOSTHION. ... vttt ettt ee e 103
Figure 4.1. Interactions among bile, intestinal microbes and enterohepatic

circulation of NSAIDs contribute significantly to NSAID-induced

intestinal damage. .........ooouiiniiti 113
Figure 4.2. ATB-346, a hydrogen sulfide-releasing derivative of naproxen,

significantly reduced gastric acidity (upper panel), but did not affect

gastric emptying rates (lower panel)..........c..cooeviiiiiiiiiiiiiiii.. 115
Figure 4.3. Treatment with an inhibitor of gastric acid secretion (famotidine)

exacerbates NSAID-induced intestinal damage, increases bile toxicity,

and alters the intestinal microbiome inrats................c.oooiiii. 121
Figure 5.1. Effects of naproxen and a hydrogen sulfide-releasing naproxen

derivative (ATB-346) on small intestinal damage and inflammation....... 144
Figure 5.2. Naproxen administration dose-dependently increased the biliary

concentration of naproxen and the cytotoxic effects of bile.................. 147
Figure 5.3. Treatment with naproxen or ATB-346 altered the taxonomic

composition of the intestinal microbiota..................oooiiiiiii. 150
Figure 5.4. Treatment with a proton pump inhibitor (PPI) increased bile cytotoxicity

and intestinal inflammation. ... 152
Figure 5.5. Treatment with proton pump inhibitors enhanced bile cytotoxicity and

caused intestinal dysbioSiS........ooeviuiiiiiiiiii i 153
Figure 5.6. PPI-administration increased the abundance of jejunal

V-Proteobacteria. .............c.ouuiiiiiiiii i 156
Figure 5.7. PPI-administration decreased the abundance of jejunal Actinobacteria

and several families of Firmicutes....................c.cocociiiiiiiiiiin.. 158

Figure 5.8. ATB-346 and naproxen administration resulted in comparable suppression

xiii



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

of cyclooxygenase (COX) aCtivity.......oovvvuiiiiiiiiiiiiiiiiiiinieeneannn. 165
Figure 5.9. ATB-346 administration did not enhance the cytotoxic effects of bile

on human intestinal epithelial (HT-29) cells...............cooiiiiiiiiiiin, 166
Figure 7.1. Kanamycin co-treatment exacerbated naproxen-induced ulceration....... 199

Figure 7.2. Naproxen-enhanced bile cytotoxicity is unaltered by kanamycin or

VanCoMyCin CO-trEatMENt .......o.evuineintittit ittt 201
Figure 7.3. A broad-spectrum antibiotic mixture reduced intestinal ulceration and

Inflammation....... ... 203
Figure 7.4. A broad-spectrum antibiotic mixture reduced naproxen-enhanced bile

toxicity, but biliary naproxen concentration remained unaltered............. 205
Figure 7.5. A broad-spectrum antibiotic mixture altered the intestinal microbiota.... 207
Figure 8.1. In vitro release of hydrogen sulfide (H,S) from diallyl disulfide

(DADS). .. 216
Figure 8.2. In vitro addition of naproxen to naive rat bile enhanced bile

(100> ST P 218
Figure 8.3. Secondary bile acids are cytotoxic to cultured rat

epithelial cellS in VItro............oooii i 219

Xiv



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— LIST OF TABLES -

Table 1.1. Gastric mucosal defence mechaniSms. ..., 19

Table 1.2. Frequency of major adverse effects of NSAIDs in the lower

gastrointestinal tract............oooiiiiiiii e 34
Table 1.3. Mechanisms of gastrointestinal-protective actions of

hydrogen sulfide. ..o 57
Table 5.1. Association between abundance of bacterial family and

naproxen-induced intestinal INJuUry............cooiiiiiiiiiiiiii 151

XV



Ph.D. Thesis — R.W. Blackler

15-HETE
AA
ATB-346

ATP
ASA
BCA
BHI
CA
CBA
CDI11/18
CFU
CMC
CO,
COX
COX-1
COX-2
Ccv
DADS
DCA
DGGE
DMEM
DMSO

McMaster University — Medical Sciences

— LIST OF ABBREVIATIONS AND SYMBOLS -

Approximately
Copyright
Degree(s) Celsius
G-force

micromolar

15-Hydroxyeicosatetraenoic acid

Arachidonic acid

[2-(6-methoxy-napthalen-2-yl)-propionic acid 4-thiocarbamoyl-phenyl

ester]

Adenosine triphosphate
Acetylsalicylic acid
B-cyano-L-alanine
Brain heart infusion
Cholic acid

Columbia blood agar
B, integrins
Colony-forming units
Carboxymethylcellulose
Carbon dioxide
Cyclooxygenase
Cyclooxygenase-1
Cyclooxygenase-2
Cardiovascular

Diallyl disulfide

Deoxycholic acid

Denaturing gradient gel electrophoresis

Dulbecco’s modified eagle medium

Dimethylsulphoxide



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

EGF Epidermal growth factor

ELISA Enzyme-linked immunosorbent assay
ER Endoplasmic reticulum

GI Gastrointestinal

GPCR G-protein coupled receptor

h Hour(s)

H,RA Histamine receptor antagonist

H,S Hydrogen sulfide

HOX Hydroperoxidase

HT-29 Human intestinal epithelial cells

H'/K'ATPase Hydrogen/potassium adenosine triphosphatase enzyme

H&E Hematoxylin and eosin stain
ICAM-1 Intercellular adhesion molecule-1
IEC-6 Rat intestinal epithelial cells

ip Intraperitoneal

LC-MS/MS  Liquid chromatography-tandem mass spectrometry

LPS Lipopolysaccharide

mM Millimolar

mmHg Millimetre(s) of mercury

MPO Myeloperoxidase

MRP2 Multidrug resistance-associated protein 2
ng/mL Nanograms per millilitre

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide

NSAID Nonsteroidal anti-inflammatory drug

OA Osteoarthritis

OTU Operational taxonomic unit

PCA Principle coordinates analysis

PDE Phosphodiesterase

xvii



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

PG Prostaglandin

PGD, Prostaglandin D,

PGE, Prostaglandin E,

PGF, Prostaglandin F;

PGG; Prostaglandin G;

PGG/HS Prostaglandin endoperoxide G/H synthases
PGH, Prostaglandin H,

PGI, Prostacyclin

PGT Prostaglandin transporter

pH Decimal logarithm of the reciprocal of the hydrogen ion activity
PO Per os

PPI Proton pump inhibitor

ROS Reactive oxygen species

SEM Standard error of the mean

SI Small intestine

SIBO Small intestinal bacterial overgrowth

TBZ 4-hydroxythiobenzamide

tCA taurocholic acid

TLR-4 Toll-like receptor 4

TNF-a Tumor necrosis factor-a

tNSAID Traditional nonsteroidal anti-inflammatory drug
TXA, Thromboxane A,

TXB, Thromboxane B,

UGT UDP-glucuronosyltransferease

UPGMA Unweighted-pair-group method with arithmetic mean
VCE Video capsule endoscopy

VEGF Vascular endothelial growth factor

xviii



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— DECLARATION OF ACADEMIC ACHIEVEMENT -

Experiments were conceived and designed by Rory Blackler and John L. Wallace. Rory
Blackler wrote this dissertation with contributions from John L. Wallace. Rory Blackler
performed experiments with the assistance of others. For specific contributions to the

experiments and papers in Chapters 3-5, please refer to the Preface at the beginning of

each chapter.

Xix



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— CHAPTER 1 -

INTRODUCTION
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1.1. General Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most widely used
prescription and over-the-counter medications, due in part to the potent anti-inflammatory
and analgesic properties they exhibit. On a given day, it is estimated that more than 30
million people that utilize this class of drugs (Sostres ef al., 2013). In the United States of
America, NSAIDs account for 60% of the over-the-counter analgesic market and are
heavily relied upon for the long-term management of inflammation and pain in chronic
inflammatory conditions such as osteoarthritis, rtheumatoid arthritis, and ankylosing
spondylitis (Sostres et al., 2013; Wallace, 2013b). Therefore, NSAIDs are often
prescribed for chronic use, which as discussed below, can result in significant side effects
in the gastrointestinal (GI) tract and cardiovascular (CV) system. Patients requiring the
chronic use of NSAIDs often have co-morbidities such as diabetes, obesity, and
hypertension, and are often taking a multiple pharmaceuticals, which may further increase
the risk of gastrointestinal complications (Blackler ef al., 2012; Wallace, 2013b). NSAIDs
are also efficacious in the acute treatment of mild-to-moderate pain, such as menstrual
cramps, gout, post-surgery pain, and headaches. Other clinical uses are also emerging,
most notably cancer chemoprevention, with numerous studies indicating that the use of
NSAIDs may reduce the risk of colorectal cancer and possibly other Gl-related cancers
(Jacobs et al., 2007, Elsheikh et al., 2014).

The wide range of therapeutic uses has subsequently rendered the world market
for NSAIDs a multi-billion dollar industry. Most notably, the NSAID market in

developed countries is expanding due to a growing population of elderly citizens. The
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prevalence of NSAID consumption at least once weekly among the elderly (>65 years
old) has been reported as high as 70%, with over half of these individuals taking NSAIDs
on a daily basis (Scarpignato & Hunt, 2010). With aging populations, the associated costs
and prevalence of NSAID use are likely to escalate due to concomitant increases in the
prevalence of age-related diseases, such as osteoarthritis.

Despite their strong efficacy in treating pain and inflammation, NSAIDs use is
accompanied by a relatively high incidence of adverse effects. The major limitation to
NSAID use remains the associated GI damage and bleeding. Specifically, the ability of
NSAIDs to induce damage in the stomach and duodenum has been a major focus for
researchers and physicians for decades. As such, the number of NSAID-associated upper
GI clinical events has substantially diminished since the introduction of gastroprotective
drugs, such as proton pump inhibitors (PPIs) and histamine Hj-receptor antagonists
(H2RAs) (Scheiman et al., 2006; Lanas et al., 2009). PPIs and H,RAs function to
suppress gastric acid secretion, as gastric acid heavily contributes to the damage caused
by NSAIDs in the stomach and duodenum (Wallace, 2008). The design of ‘gastric-
sparing’ (e.g., selective cyclooxygenase (COX)-2 inhibitors) also contributed to the
decline of NSAID-associated upper GI clinical events, although the benefits of taking a
selective COX-2 inhibitor over traditional (tNSAIDs) are modest (Wallace, 2013b).
Selective COX-2 inhibitors, such as rofecoxib and celecoxib, cause severe GI
complications less frequently than tNSAIDs (non-selective COX inhibitors), but they still
result in GI-damaging effects and can adversely affect other regions of the body. For

instance, patients at risk for NSAID-associated GI adverse events experience similar rates



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

of ulceration after taking tNSAIDs or selective COX-2 inhibitors over a 6-month period
(as high as 17.1 and 16.5%, respectively) (Scheiman et al., 2006). In addition, selective
COX-2 inhibitors and tNSAIDs have been associated with adverse renal and CV events
(Cheng & Harris, 2004; Kearney et al., 2006). The concerns surrounding CV toxicity in
patients taking selective COX-2 inhibitors resulted in the recommendation that patients
also take low-dose aspirin® (i.e., acetylsalicylic acid (ASA)) for cardioprotection, which
negates the small benefits gained by taking a selective COX-2 inhibitor for reduced
gastroduodenal toxicity (Silverstein et al., 2000; Laine et al., 2003).

For several decades, the ability of NSAIDs to cause significant damage and
bleeding in the distal regions of the small intestine was largely unappreciated and
overshadowed by damage in the stomach and duodenum. It is now recognized that
NSAID-induced enteropathy and bleeding occurs more frequently than NSAID-induced
gastroduodenal damage (Adebayo & Bjarnason, 2006; McCarthy, 2009). NSAIDs induce
clinically significant small intestinal ulceration and bleeding in upwards to 70% of
patients chronically taking these drugs (Bjarnason et al., 1993; Graham et al., 2005). In a
study by Lanas et al (2009), a disconcerting trend was observed that highlighted the distal
shift of NSAID-induced GI damage occurring in patients. More specifically, there was a
sharp decline in the incidence of upper GI events and a gradual increase in lower GI
events between 1996-2005 (Lanas ef al., 2009). This is particularly troubling as the
authors also reported that lower GI events resulted in significantly higher rates of
reoccurrence, death, and days of hospitalization compared to upper GI events.

Unfortunately, there are currently no effective preventative therapeutic agents for NSAID
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enteropathy (Wallace, 2013a). Furthermore, evidence continues to emerge that
antisecretory drugs, such as PPIs and H,RAs, exacerbate the small intestinal damage and
bleeding caused by NSAIDs (Zhao & Encinosa, 2008; Lanas et al., 2009; Wallace et al.,
2011; Blackler et al., 2012; Satoh et al., 2012).

Although modest improvements have been made in terms of NSAID-associated
GI toxicity (i.e., design of selective COX-2 inhibitors and the use of antisecretory drugs),
major limitations to the use of NSAIDs remain. There are no GI- and CV-sparing
NSAIDs available for patients to date. In recent years, it has become well recognized that
two endogenous gaseous mediators, hydrogen sulfide (H,S) and nitric oxide (NO), play
an important role in GI mucosal defence and injury repair (Wallace, 2007). This has
prompted the design of gaseous-releasing NSAIDs that demonstrate comparable efficacy
to parent NSAIDs in terms of inhibiting COX activity, but are devoid of GI toxicity in
animal studies (Wallace et al., 2010; Blackler et al., 2012). However, it remains to be
seen whether this new class of NSAIDs are both GI- and CV-sparing in humans. In
addition, there continues to be a lack of understanding of the pathogenesis of NSAID-
induced enteropathy, although many studies have highlighted the role of bile, enteric
bacteria, and enterohepatic circulation, as critical underlying mechanisms (Wallace,
2012). A clearer understanding of these mechanisms should provide the necessary clues
to develop Gl-sparing NSAIDs.

This chapter focuses on the pathogenesis of NSAID-induced enteropathy and the
protective role of H»S in the GI tract, along with brief summaries on the following

subjects: the history of NSAIDs, the biosynthesis of prostaglandins and their inhibition by
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NSAIDs, the contributions of COX-1 and -2 to mucosal defence, the pathogenesis of
NSAID-induced gastroduodenal damage, the enterohepatic circulation of NSAIDs and
interactions between bile and bacteria, and the therapeutic potential of novel H,S-

releasing NSAIDs.

1.2. History of NSAIDs

More than 5 000 years have passed since records left by Hippocrates outlined the
practice of using willow bark concoctions for the treatment of rheumatic diseases, fever,
and pain (Vane, 1990). However, it would not be until 1763 that the first reported
“clinical trial” of willow bark administration was published. The trial verified that
patients presenting with ague (fever) were effectively treated with a willow bark-
containing medicament (Stone, 1763). In 1829, salicin, the active ingredient in willow
bark responsible for fever suppression was isolated and crystallized by French pharmacist
Leroux (Burke et al., 2006). By the mid 1870s, synthetic salicins (i.e., salicylic acid and
sodium salicylic) that demonstrated improved efficacy and solubility properties over
salicin were popular drugs for the treatment of rheumatic fever in Western and Central
Europe (Vane, 1990). Although synthetic salicins were efficacious in treating pain and
fever, patients complained of the strong bitter taste. In hopes of alleviating the bitter taste
of salicylic acid, Felix Hoffman, an employee of Bayer Corp., first synthesized
acetylsalicylic acid from salicylic acid through an acetylation reaction (Vane, 1990). With
the synthesis of acetylsalicylic acid, a new class of pharmaceuticals was born, NSAIDs.

Hermann Dreser, the chief pharmacologist at Bayer Corp, formally introduced
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acetylsalicylic acid (ASA) in 1899 as “aspirin”. ASA was marketed as an effective way of
delivering salicylic acid to the body, and as a drug that demonstrated analgesic,
antipyretic, and anti-inflammatory properties (Wallace, 1997; Vane, 2000).

Despite decades of widespread ASA use and the advent of other numerous
NSAIDs (e.g., indomethacin and diclofenac), it would take approximately 70 years before
the mechanism of action of NSAIDs was discovered. In fact, long before the mechanism
of action of NSAIDs was described two English clinicians reported evidence that
NSAIDs could damage the stomach based on their gastroscopic observations of patients
taking ASA (Douthwaite & Lintott, 1938). In the ensuing decades, further evidence
emerged in the literature, often through case reports that noted an association between
dark, rank and bloody stools and ASA use (Wallace, 2007).

Our understanding of NSAIDs was vastly expanded in the 1970s. In 1971, Sir
John Vane and colleagues were credited with the discovery that NSAIDs produce their
anti-inflammatory effects by inhibiting the enzymatic production of prostaglandin (PG)
synthesis (Vane, 1971). These studies also demonstrated that ASA itself had
pharmacological properties distinct from those of salicylic acid, and did not simply act as
a pro-drug to salicylic acid (Wallace, 1997). However, it was around this time that larger
clinical studies had emerged that clearly documented the increasingly apparent
relationship between NSAID use and gastroduodenal ulcer formation (Levy, 1974). It is
likely that the improved recognition of adverse GI effects caused by NSAIDs was driven
by the enhanced potency of newly developed NSAIDs (e.g., indomethacin and fenamates)

and an increased ability to visualize the upper GI tract via flexible endoscopy (Insel,
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1990). Subsequently, in an effort to curtail the GI toxicity much focus turned to studying
the enzymes inhibited by NSAIDs.

NSAIDs inhibit PG production by acting as reversible (excluding ASA),
competitive inhibitors of COX activity (Burke et al., 2006). Two isoforms of COX have
been identified, COX-1 and -2. COX-1 was originally identified in the mid 1970s. It was
hypothesized as early as 1972 that a second COX isoform may exist (Hemler ef al., 1976;
Vane et al., 1998) but it was not until twenty years later that two separate groups
announced the discovery of COX-2 (Kujubu er al., 1991; Xie et al., 1991). It was
subsequently shown that the COX enzymes varied in expression. COX-1 was expressed
constitutively in most cells, while the COX-2 isoform was rapidly expressed at markedly
high levels at sites of inflammation and only minimally expressed in healthy tissues
(Vane et al., 1994). An enticing theory quickly emerged and captured the attention of the
pharmaceutical world. The theory suggested that the selective inhibition of the inducible
COX-2 isoform (sparing COX-1) would reduce fever, pain, and inflammation, while
sparing the GI tract of injury. In retrospect, this theory was reliant on two incorrect
assumptions: 1) PGs that mediate fever, pain, and inflammation are solely generated by
COX-2 and 2) the PGs produced by COX-1 are solely responsible for maintaining GI
homeostasis (Wallace, 1999). Therefore, it was perceived that NSAID-induced GI
toxicity was due to a lack of selectivity of tNSAIDs for COX-2 at clinically effective
doses (Wallace, 1999). Numerous selective COX-2 inhibitors were designed based on the
selective COX-2 theory, including celecoxib, rofecoxib, and valdecoxib. Initially,

selective COX-2 inhibitors were introduced to the marketplace as alternatives to tNSAIDs



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

with the promise of GI safety. While some selective COX-2 inhibitors produce less
gastroduodenal damage, it soon became apparent that selective COX-2 inhibitors were
not devoid of GI toxicity (Wallace, 1999; Laine et al., 2003; Lanas et al., 2007; Graham
et al., 2011). Several studies have demonstrated that the frequency and severity of small
intestinal damage produced by tNSAIDs and selective COX-2 inhibitors is comparable
(Maiden et al., 2007). For example, the VIGOR study, a large trial of rofecoxib (Vioxx),
reported that 58% of patients taking rofecoxib developed small intestinal bleeds
compared to 52% of patients taking naproxen, a tNSAID (Bombardier et al., 2000;
McCarthy, 2009). The unfulfilled promise of GI safety is partially explained by the fact
that, at clinically effective doses in humans, selective COX-2 inhibitors inhibit the
synthesis of COX-2-derived PGs as well as suppress COX-1-derived PGs (Wallace,
1999).

The association of serious CV events with chronic NSAID use was more recently
highlighted by the introduction of selective COX-2 inhibitors to the marketplace (Wallace
& Vong, 2008). In fact, the heightened CV concerns associated with selective COX-2
inhibitors prompted the removal of several of these drugs from the market in recent years
(i.e., rofecoxib and valdecoxib). Clinically, to reduce the risk of CV events, such as
myocardial infarction and stroke, it is often recommended that patients taking selective
COX-2 inhibitors also take low-dose ASA for cardioprotection (Laine et al., 2003;
Kearney et al., 2006; Wallace, 2013b).

Currently, there are no ‘Gl-sparing’” NSAIDs available for patients; however, as

discussed below, promising results from NO-releasing NSAIDs and H,S-releasing
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NSAIDs in animal studies indicate that ‘GI-sparing’ NSAIDs may be available in the near

future (Wallace, 2013a).

1.3. Prostanoids, Cyclooxygenase, and NSAIDs

1.3.1. Prostanoids. FEicosanoids are potent lipid mediators responsible for
maintaining numerous homeostatic biological functions including the initiation and
resolution of inflammation (Funk, 2001; Lawrence et al., 2002). The eicosanoid family
consists of several arachidonate metabolite groups, including PGs, prostacyclin,
thromboxane A, (TXA,), leukotrienes, and lipoxins (Smyth et al., 2006). In humans,
linoleic acid and lincolenic acid are two essential fatty acids that are required via
ingestion for the synthesis of eicosanoids (Henzl, 2004; Murphy et al., 2004). In fact,
linoleic acid is the precursor for arachidonic acid (AA), the most abundant eicosanoid
precursor in mammalian systems (Henzl, 2004). Upon synthesis, AA is rapidly
incorporated into phospholipids of the cell membrane. Eicosanoids are rapidly
synthesized from AA in response to a variety of physical, chemical, and hormonal
stimuli. Damaged cells release substances such as epinephrine, thrombin, and bradykinin
that activate phospholipases (e.g., phospholipase A,), which subsequently attack the
membrane and liberate AA (Funk, 2001; Henzl, 2004). The availability of AA is the rate-
limiting step in the rapid biosynthesis of eicosanoids (Smyth et al., 2006). Three major
pathways may metabolize liberated AA: the COX, lipozygenase, or cytochrome P-450
pathway (Mohajer & Ma, 2000). Once synthesized, eicosanoids operate in an autocrine

and paracrine manner, exerting their effects in the localized tissue (Funk, 2001). The
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following paragraphs will focus on the biosynthesis of PGs and TXA,, collectively
known as prostanoids, and on the COX pathway since NSAIDs inhibit the COX isozymes
responsible for prostanoid production.

Prostanoids are short-lived lipid mediators synthesized in response to mechanical
stress, growth factors (e.g., epidermal growth factor), hormones, and inflammatory
stimuli (Murphy et al., 2004). The biosynthesis of prostanoids occurs in the following
general steps (Figure 1.1): 1. a stimulus activates phospholipases, liberating AA from the
cellular membrane 2. free AA undergoes cyclooxygenation and hydroperoxidation by
prostaglandin endoperoxide G/H synthases (PGG/HSs) (colloquially known as COXs) to
produce prostaglandin H, (PGHa), the precursor for all prostanoid subtypes and 3. PGH,
is rapidly metabolized by tissue-specific isomerases to biologically active prostanoids

(Funk, 2001).

11
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Figure 1.1. Prostaglandin Biosynthetic Pathway. A cellular stimulus triggers the
activation of phospholipases in a ‘generic’ cell. The activated phospholipases release
arachidonic acid (AA) from membrane lipids. Subsequently, COX isozymes metabolize
AA to the unstable PGH; intermediate. Cell-specific isomerases then metabolize PGH, to
biologically active prostanoids. The prostanoids then exert their actions locally on a
family of prostaglandin receptors to mediate numerous physiological effects. [Figure

from Fitzgerald, 2003]

In detail, PG synthesis is dependent on the activity of PGG/HS, which exists in
two isoforms referred to as PGHS-1 (COX-1) and PGHS-2 (COX-2). These bifunctional
isozymes contain both cyclooxygenase (COX) and hydroperoxidase (HOX) activities to

catalyze the conversion of AA to PGG, and reduce PGG, to PGH,, respectively

12
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(Fitzgerald, 2003). PGH; is a chemically unstable precursor that acts as an immediate in
the formation of all prostanoids (Funk, 2001). PGH, synthesis is coupled either to
downstream isomerases or synthases that are expressed with some tissue specificity and
generate distinct PGs (Funk, 2001; Henzl, 2004). However, the mechanism through
which PGHj is delivered to downstream synthases remains unknown (Fitzgerald, 2003).
Generally, most cell types synthesize only one or two principal PG products.
There are four major bioactive PGs and one thromboxane group generated in the
mammalian system (Funk, 2001). Prostaglandin D, (PGD,) and prostaglandin E, (PGE,)
are formed either non-enzymatically or by specific isomerases, termed PGH-PGD
isomerase and PGH-PGE isomerase, respectively. Prostaglandin F, (PGF,) and
prostacyclin (PGI,), along with thromboxane A, (TXA,), require specific isomerases
(PGF synthase, prostacyclin synthase, and thromboxane synthase, respectively) to be
synthesized. Both PGI, and TXA, are unstable, active intermediates, which are rapidly
and non-enzymatically inactivated to the compounds 6-keto-PGF, and TXB,, respectively
(Murphy et al., 2004; Smyth et al., 2006). Prostanoids gain access to their G protein-
coupled receptors (GPCRs) via either passive diffusion across the cell membrane or via
transporters, such as prostaglandin transporter (PGT) (Schuster, 2002; Fitzgerald, 2003).
There are 5 different classifications for prostanoid GPCRs, which are designated by the
same letter as the natural prostanoid with the greatest affinity for the receptor (Smyth et
al., 2009). One receptor has been identified for each of TXA, and PGI,, while four
distinct PGE, receptors (EP;4) and two distinct receptors for PGF, and have been

identified (Figure 1.1) (Smyth ez al., 2009).

13
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PGs are not stored and must thus be continuously produced to help maintain
homeostasis in the body and during an inflammatory response. In particular, PGE, and
PGI; are considered pro-inflammatory and are responsible for the generation of pain and
vasodilation (Wallace, 2008). Although PGs are particularly adept at initiating
inflammation, they also play an important role in the resolution of inflammation
(Lawerence et al., 2002; Ricciotti & Fitzgerald, 2011). For instance, PGD, has been
implicated as a key mediator of the resolution of inflammation in various animal models
(Serhan et al., 2007). Both the level and the profile of PG production change dramatically
over the time course of an inflammatory response (Lawerence et al., 2002; Ricciotti &
Fitzgerald, 2011). For instance, Gilroy and colleagues demonstrated that COX-2
expression and PGE; levels increased transiently in the initial stages of the inflammatory
response in carrageenan-induced pleurisy in rats, however, COX-2 expression diminished
after these initial stages (Gilroy et al., 1999). The resolution of the inflammatory response
coincided again with the induction of COX-2, but high levels of PGD; and a metabolite of
PGD,, 15-deoxyA'*"* PGIJ,, were produced instead of PGE,.

1.3.2. Cyclooxygenase. The COX isozymes are inserted primarily in the
endoplasmic reticulum and nuclear membrane of the cell (Crofford, 1997). The binding
pockets of the isozymes are exposed to bind liberated AA. Both COX-1 and -2 display
comparable enzymatic function when AA is used as a substrate (Crofford, 1997). The
structure of COX-1 and -2 are extraordinarily analogous, although COX-2 has a larger
“side pocket” which allows it to bind a wider range of fatty acid substrates (e.g.,

eicosapentaenoic acid) (Vane et al., 1998; Smith et al, 2000; Fitzgerald, 2003). As
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mentioned above, COX-1 is expressed constitutively in most cells, whereas COX-2 is
rapidly upregulated by stimuli such as cytokines, shear stress, and growth factors. Thus,
COX-1 is generally regarded as the basal enzyme responsible for homeostatic PG levels,
whereas COX-2 is important in various inflammatory and “induced” settings (Funk,
2001; Fitzgerald, 2003). However, it is important to bear in mind that both COX-1 and -2
contribute to physiological and pathophysiological prostanoid production, which has been
clearly demonstrated in the GI mucosa (Wallace, 2008).

1.3.3. NSAID classifications. A variety of NSAIDs have been developed since the
design and introduction of ASA in the marketplace. NSAIDs are a chemically
heterogenous group of compounds, although most are organic acids (Burke et al., 2006).
As organic acids, NSAIDs are generally well absorbed when administered orally, are
highly bound to plasma proteins, and are excreted by the kidney via glomerular filtration
or tubular secretion, or in the bile (Burke ef al., 2006). NSAIDs are generally classified
into 6 classic groups based on chemical structure (Wallace, 1992; Burke et al., 2006): 1.
salicylates (e.g., ASA), 2. acetic acids (e.g., indomethacin and diclofenac), 3. propionic
acid derivatives (e.g., naproxen and ibuprofen), 4. oxicams (e.g., piroxicam), 5.
pyrazolones (e.g., phenylbutazone) and 6. fenamates (e.g., mefenamic acid). Collectively,
these six groups are recognized colloquially as “traditional NSAIDs” (tNSAIDs). A new
subclass of NSAID classification was added in the mid-1990s with the introduction of
selective COX-2 inhibitors to the market (Wallace, 1999). In recent years the

development of two novel classes of gaseous-releasing NSAIDs, nitric oxide (NO)-
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releasing NSAIDs and hydrogen sulfide (H,S)-releasing NSAIDs, has added a promising

subclass to the expanding list of NSAID classifications.

1.4. Inhibition of Prostaglandin Biosynthesis by NSAIDs

The principal therapeutic effects of NSAIDs are derived from their ability to
inhibit PG synthesis. Vane and colleagues first demonstrated this in 1971 when they
reported that low concentrations of ASA and indomethacin inhibited the enzymatic
production of PGs. NSAIDs (excluding ASA) are reversible, competitive inhibitors of
COX activity. All NSAIDs suppress COX activity by interacting with the bis-oxygenase
subunit. This action prevents the introduction of molecular oxygen and binding of AA in
the COX site. As previously mentioned, the COX isozymes also have peroxidase activity,
however, NSAIDs have little effect on inhibiting this activity (Smith et al., 2000).

The ability of NSAIDs to inhibit either COX isozyme can vary. All tNSAIDs can
inhibit COX-1 and -2 but they generally bind more tightly to COX-1 (Smith et al., 2000).
On the other hand, selective COX-2 inhibitors exhibit selectivity for COX-2, but often
also inhibit COX-1 at clinically effective doses. All NSAIDs compete with AA for the
COX active site, but can exhibit varying modes of inhibition. The first mode is a rapid,
simple, reversible competitive inhibition (e.g., ibuprofen and naproxen) of the COX
isozymes. The second is a rapid, lower affinity, reversible binding mode that is followed
by a time-dependent, higher affinity, slowly reversible binding (e.g., indomethacin).
Finally, the rather unique third mode of inhibition is a rapid, reversible binding followed

by irreversible, covalent modification (acetylation) (e.g., ASA) (Smith er al., 2000).
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NSAIDs that exhibit the first mode of inhibition do not modify the conformation of COX,
whereas the second mode of inhibition results in an enzyme-inhibitor complex and an
ensuing conformational change (Burke et al., 2006). This conformational change is not
permanent, which allows a slow regression to the initial COX enzyme conformation, thus
restoring the ability for PG synthesis (Smith et al., 1996). The third mode of inhibition,
exclusive to ASA, involves the covalent modification (an irreversible conformation
change) of COX-1 and -2 by an acetylation reaction (Smith et al., 2000; Burke et al.,
2006). The resulting acetyl group prevents AA from entering the active site by partially
blocking the binding pocket. This modification permanently inactivates the COX enzyme
and prevents the synthesis of prostanoids even after the NSAID detaches. Indeed, the
ability of ASA to irreversibly inhibit (i.e., acetylate) COX-1 is the basis for its unique,
long-lived cardioprotective effects. Unlike most cells, platelets cannot synthesize new
COX-1 enzymes to replace the enzymes that are deactivated (via acetylation) by ASA.
Therefore, these platelets lose the ability to synthesis and release TXA,, an important
prostanoid that promotes platelet aggregation (Smith et al., 1996). Interestingly, unlike
acetylated COX-1, which cannot oxidize AA at all, acetylated COX-2 can still oxidize
AA. However, instead of synthesizing PGH,, acetylated COX-2 produces 15-
hydroxyeicosatetraenoic acid (15-HETE) from AA (Lecomte et al., 1994). 5-
lipoxygenase can then metabolize 15-HETE to yield 15-epilipoxin A4, which along with
many other lipoxins, are potent anti-inflammatory mediators (Serhan & Oliw, 2001;

Lawrence et al., 2002).

17



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

The selectivity of selective COX-2 inhibitors is derived from exhibit a mixed
mode of COX inhibition. These drugs inhibit COX-2 via the second mode of inhibition
discussed above (time-dependent, reversible conformational change), whereas they inhibit
COX-1 via a rapid, competitive, reversible mode of inhibition (Smith ez al., 2000). This

results in extended periods of COX-2 activity inhibition compared to COX-1.

1.5. Contributions of COX-1 and -2 to Mucosal Defence

The inhibition of COX is central to the anti-inflammatory and analgesic actions of
NSAIDs, as it prevents the synthesis of pro-inflammatory PGs. Alas, the synthesis of PGs
by COX-1 and -2 also plays a crucial role in many physiological processes (Wallace,
2008). PGs are important mediators of GI mucosal defence and repair. Indeed, PGs help
modulate virtually all aspects of mucosal defense, such as the secretion of luminal factors,
the maintenance of mucosal blood flow, and the acceleration of ulcer healing (Wallace,
2008). Table 1.1 illustrates the many levels of gastric mucosal defence that PGs help
mediate. The inhibition of PG synthesis renders the mucosa much more susceptible to
damage induced by countless luminal irritants, such a gastric acid, bacteria, bile, and
drugs (Wallace, 2008). For instance, the main PGs synthesized by the gastroduodenal
mucosa (PGE, and PGI,) are potent vasodilators that ensure mucosal blood flow is
maintained to help neutralize back-diffusing acid when the epithelial barrier has been
compromised (Wallace, 2012). The inhibition of PG synthesis compromises the ability of
the GI mucosa to restore its structure and function following injury. For instance, Wallace

and McKnight demonstrated that the administration of a topical irritant (hypertonic
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saline) to fasted rats resulted in extensive gastric epithelial damage, but that the damage
quickly resolved without the development of hemorrhage or ulceration. However, pre-
treatment with an NSAID to inhibit PG synthesis rapidly worsened the epithelial damage
caused by the irritant and prevented tissue repair, and resulted in severe hemorrhagic and

erosive damage (Wallace & Mcknight, 1990).

Table 1.1 Gastric mucosal defence mechanisms

1. Pre-epithelial mechanisms
*  Mucus
*  Bicarbonate secretion
*  Surface active phospholipids

2. Epithelial mechanisms
*  Tight junction complex
. Restitution
*  Growth factor secretion
*  Cell proliferation

3. Sub-epithelial mechanisms
*  Microcirculation
*  Leukocytes

[Table adapted from Matsui et al., 2011]

COX-1 and -2 have overlapping roles in the maintenance of GI mucosal defence
(Wallace et al., 2000). The failure of selective COX-2 inhibitors to spare the GI tract from
damage and bleeding is a strong example of this overlap. While COX-1 expression
contributes the majority of PGs produced in the GI mucosa of a healthy individual,

numerous studies have demonstrated that when the GI mucosa is inflamed. COX-2
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expression is markedly upregulated and the contribution of COX-2-derived eicosnaoids to
mucosal defence is much greater (Souza et al., 2003). For example, substantially
increased COX-2 expression is observed following acid-induced mucosa damage, periods
of ischemia, or when COX-1 is inhibited (Davies et al., 1997; Maricic et al., 1999,
Gretzer et al., 2001). It appears that the upregulation of COX-2-derived PGs following
mucosal damage is a means of fortifying mucosal defence mechanisms (e.g., increasing
blood flow and bicarbonate secretion) and enhancing injury repair (e.g., ulcer healing)
(Reuter et al., 1996; Smith & Langenbach, 2001; Ma ef al., 2002). The ability of COX-1
and -2 to compensate for one another to prevent significant gastrointestinal damage from
occurring has been demonstrated in several studies using a rat model of NSAID-induced
gastroenteropathy. Wallace and colleagues demonstrated that NSAID-induced
gastroduodenal damage requires the inhibition of both COX-1 and -2 by administering
various combinations of COX-1 or -2 specific inhibitors (Wallace et al., 2000). The
authors provided further support for this hypothesis by varying the dose of ketorolac, an

NSAID highly selective for COX-1, administered to rats (Figure 1.2).
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Figure 1.2. Dose-related inhibitory effects of ketorolac on COX-1 and -2 activity and
gastric PGE; synthesis administration, and the relation to gastric damage. Low doses
of ketorolac caused COX-1 activity inhibition only and resulted in no gastric damage
whereas administration of higher doses that produced significant concomitant inhibition

of COX-1 and -2, caused extensive gastric damage. [Figure from Wallace et al., 2000]

It has also been noted that the administration of low-dose ASA, a more potent
inhibitor of COX-1 than of COX-2, to rats causes no gastric or small intestinal damage,
but results in a rapid increase in COX-2 expression (Fiorucci et al., 2002; Blackler et al.,
2012). However, when the rats are co-administered a selective COX-2 inhibitor, they
develop extensive gastric and small intestinal damage. Similarly, the co-administration of
low-dose ASA and a selective COX-2 inhibitor in humans increased the incidence and

severity of gastrointestinal damage and bleeding (Laine et al., 2003; Wallace, 2013b). It
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is possible that this phenomenon can be explained in terms of COX inhibition. The
compensatory increase in COX-2 following low-dose ASA administration likely
increased the resistance of the GI mucosa to injury by causing elevated PG synthesis.
However, co-treatment with a selective COX-2 inhibitor prevented the ASA-induced
COX-2-derived PGs from being produced, leading to a compromised mucosal state and
subsequent damage.

The notion that mucosal defense is dually mediated by both COX-1 and -2 is
further exemplified by studies where mice have been genetically modified to be deficient
of one of the COX isozymes. For example, COX-1-deficient mice had low endogenous
levels of gastric mucosal PG synthesis, but did not spontaneously develop gastric ulcers
(Langenbach et al., 1995). Also, COX-2-deficient mice demonstrated an impaired ability
to resolve inflammation, suggesting that COX-2 is an important contributor to the
production of anti-inflammatory mediators (Wallace et al., 1998).

Although both COX-1 and -2 contribute to the physiological maintenance of the
gastrointestinal tract, NSAID-induced COX inhibition does not fully explain the
pathogenesis of NSAID-induced gastroenteropathy. This is especially true in the unique

mechanisms of NSAID-enteropathy.

1.6. Pathogenesis of NSAID-induced Gastropathy
As reported in their 1938 gastroscopy study, Douthwaite and Lintott provided the
first clear demonstration that NSAIDs could elicit bleeding patients’ stomachs. Since that

time, the mechanisms underlying the ability of NSAIDs to cause ulceration in the

22



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

stomach and proximal duodenum (i.e., gastropathy) have been well documented and
understood. Despite major advances in our understanding of NSAID-induced gastropathy,
GI toxicity remains the major limitation to NSAID use (Scarpignato & Hunt, 2010;
Wallace, 2012). There are currently no ‘Gl-sparing NSAIDs’ available, although it is now
understood that damage in the stomach and duodenum can largely be prevented by the
suppression of gastric acid secretion. The following paragraphs will address the
mechanisms of NSAID-induced gastropathy and the prevention of gastropathy by
antisecretory drugs (i.e., PPIs and HyRAs) and muco-protective drugs.

Approximately 30 to 50% of NSAID users have endoscopic lesions, primarily in
the antral and corpal regions of the stomach, and often without clinical manifestations
(Sostres et al., 2013). However, erosions in the antral region of the stomach can often
progress to subepithelial hemorrhages and ulcerations (i.e., penetration through the
muscularis mucosa), resulting in life threatening perforations and bleeds (McCarthy,
1990; Sostres et al., 2010). Upper GI bleeds are particular dangerous given that platelets
are unable to aggregate in acidic (i.e., pH<4) environments (Green et al., 1978). The main
risk factors for NSAID-induced gastroduodenal injury include older age (>60 years), prior
history of peptic ulceration, concomitant use of anticoagulants (including low-dose ASA)
and/or corticosteroids, and the use of high-dose or multiple NSAIDs (Laine, 2006).
Patients at high risk for upper GI clinical events are often co-prescribed an inhibitor of
gastric acid secretion or placed on a selective COX-2 inhibitor in addition to low-dose
ASA, although both of these treatment regiments have their own inherent risks (Scheiman

& Hindley, 2010; Wallace, 2013b).
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There are two major components to NSAID-induced gastroduodenal ulceration
and bleeding: (1) the local, topical damaging actions on the epithelium and (2) the

systemic actions (i.e., COX inhibition) (Figure 1.3).
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Figure 1.3. Pathogenesis of NSAID-induced gastropathy. The exposure of local
epithelium to the direct, cytotoxic effects (red arrows) of NSAIDs can cause mucosal
injury/bleeding. Similarly, the inhibition of cyclooxygenase (COX)-1 and -2 activity
(green arrows) contributes to mucosal injury/bleeding by compromising mucosal defence
and impairing healing. However, the effects elicited by selective inhibition of COX-1 or -
2 only, or topical damage alone, is unlikely to produce clinically significant

gastroduodenal damage. [Figure from Wallace, 2008]

The topical effects of NSAIDs on the epithelium result in several damaging

outcomes. Many NSAIDs are weak, organic acids (e.g. naproxen) and are capable of
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damaging the cellular membrane of epithelial cells when in direct contact (Tarnawski et
al., 1988). In the presence of stomach acid, these NSAIDs are deprotonated, charged
compounds that can become trapped within epithelial cells and induce osmotic lysis
(Somasundaram et al., 1995). Furthermore, NSAIDs can cause the uncoupling of
oxidative phosphorylation in epithelial cells that leads to cell death (Somasundaram ef al.,
1995). NSAIDs can also directly disrupt the layer of surface-active phospholipids on the
mucosal surface and thus render it susceptible to damage by various luminal agents, most
notably gastric acid (Giraud et al., 1999; Lichtenberger et al., 2006). It has also been
reported that NSAIDs directly inhibit epithelial repair by interfering with epithelial
growth factor (EGF) signaling pathways, which are important in promoting epithelial cell
proliferation following injury (Pai et al., 2001; Kajanne et al., 2007). However, the
topical damaging effects of NSAIDs are not critical to the development of the clinically
significant gastroduodenal damage caused by NSAIDs. Numerous studies have
demonstrated that the topical exposure of the gastroduodenal mucosa to NSAIDs via oral
administration is not required for wulcer formation. Indeed, NSAID-induced
gastroduodenal ulcers still occur by means of parenteral (e.g., topical or intravenous)
administration (Whittle et al., 1985; Estes et al., 1993; Wallace & McKnight, 1993).
Furthermore, NSAIDs designed to limit topical gastric damage (i.e., enteric-coated and/or
prodrug NSAID formulations) exhibit comparable incidences of gastric ulceration and
bleeding to that of the parent NSAID (Graham et al., 1985; Carson et al., 1987; Wallace,

2008).
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Conversely, the primary mechanism of action through which NSAIDs damage the
gastroduodenal mucosa is the suppression of mucosal PG synthesis. For example, the
extent to which an NSAID inhibits mucosal PG synthesis correlates very well with its
ability to induce gastroduodenal damage (Whittle, 1981; Rainsford & Willis, 1982). A
strong temporal correlation also exists between the inhibition of mucosal PG synthesis
and the onset of gastroduodenal damage (Whittle, 1981; Wallace, 2008). However, it is
important to note that marked suppression of gastric PG synthesis does not always result
in gastric damage (Figure 1.2) (Ligumsky et al., 1983; Wallace et al, 2000). The
suppression of gastric PG synthesis renders the mucosa vulnerable to the damaging
effects of luminal agents, such as gastric acid, pepsin, bacteria (e.g. Helicobacter pylori),
and to the topical damaging effects of NSAIDs themselves (Wallace, 2008; Matsui ef al.,
2011). The reason for this being, several aspects of gastric mucosal defense are mediated
by PGs, such as mucus and bicarbonate secretions, mucosal blood flow, epithelial cell
turnover and repair, and even mucosal immunocyte function (Wallace & Tigley, 1995;
Wallace, 2008).

An early and critical event involved in NSAID-induced gastropathy is the damage
to the vascular endothelium caused by an increase in leukocyte adherence (primarily
neutrophils) shortly after NSAID administration (Wallace, 2008). Several studies have
demonstrated that the administration of NSAIDs to rats resulted in an increase in the
number of neutrophils adhering to the vascular endothelium in the gastric
microcirculation (Wallace et al., 1990; Wallace et al., 1993). This results from an

NSAID-induced alteration in inflammatory mediator production (e.g., decreased PG
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synthesis and increased tumor necrosis factor-alpha (TNF-a) release), which subsequently
increases leukocyte-endothelial adhesion by upregulating the expression of both
endothelial (e.g., intercellular adhesion molecule-1 (ICAM-1)) and leukocyte (CD11/18)
adhesion molecules (Wallace et al., 1993; Andrews et al., 1994). An increase in the
release of TNF-a and leukotriene B4 can be observed following NSAID administration in
rats, and likely potentiates leukocyte adherence in part by stimulating the expression of
adhesion molecules (Asako et al., 1992; Santucci et al., 1994; Appleyard et al., 1996). It
has been reported that an increase in leukocyte adherence to the gastric endothelium can
contribute to mucosal injury via two main mechanisms (Wallace, 2008): 1. Neutrophil
adherence in the microcirculation could further the obstruction of mucosal blood flow
caused by the inhibition of PGIl, and PGE, synthesis (Wallace & Granger, 1999), 2.
Adhered, and thus likely activated, neutrophils release reactive oxygen metabolites and
proteases that are capable of mediating the mucosal injury caused by NSAIDs (Vaananen
et al., 1991; Wallace, 1997). The role of NSAID-induced neutrophil adherence is further
supported by studies where pharmacological interventions were used to prevent NSAID
gastropathy. Rats made neutropenic through treatment with an anti-neutrophil antibody
did not develop hemorrhagic lesions upon NSAID administration (Wallace et al., 1990).
In addition, the pre-treatment of rats with monoclonal antibodies for [ICAM-1 or CD11/18
prevented NSAID-induced leukocyte adherence and protects the stomach from NSAID-
induced damage (Wallace et al., 1993). It has also been reported that the suppression of
PGI,, an important inhibitor of neutrophil activation and adherence, may contribute to the

increased neutrophil adherence observed after NSAID administration (Wallace, 1992).
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The impairment of mucosal healing that is observed following NSAID
administration is likely due in part to the effect of NSAIDs on platelets, which are
important contributors to ulcer healing (Wallace, 2008). The acceleration of ulcer healing
by platelets is related to the release of vascular endothelial growth factor (VEGF), a
proangiogenic protein that stimulates blood vessel growth (Wallace, 2008). Reduced
healing is observed in rats that are immunodepleted of platelets, and the transfusion or
oral administration of platelets can restore normal healing in thrombocytopenic rats (Ma
et al., 2001). NSAID administration in rats results in a significant decrease in serum
levels of VEGF and increased levels of endostatin, an antiangiogenic factor (Ma et al.,
2001).

While the suppression of PG synthesis is paramount to the pathogenesis of
NSAID gastroduodenal injury, such injury can be prevented through the delivery of
exogenous mediators of mucosal defence. For instance, oral administration of exogenous
PGs can prevent gastric damage in rats (Robert et al., 1979). Likewise, co-prescribing a
PGE, analogue, misoprostol, to NSAID users has been shown to effectively reduce the
incidence of gastroduodenal ulcers (Graham et al., 1993). However, there is a high
incidence of adverse effects (e.g., diarrhea) in patients taking misoprostol, which limits
the use of this drug. The administration of two gaseous mediators (i.e., nitric oxide (NO)
and hydrogen sulfide (H,S)) has also been shown to reduce NSAID-induced
gastroduodenal damage in animal models (Wallace, 2008; Wallace, 2010). The ability to
reduce leukocyte-endothelial cell adhesion may partially explain why both NO and H,S

were able to prevent or reduce NSAID-induced gastroduodenal injury (Wallace et al.,
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1997b; Zanardo et al., 2006). NO and H,S are also potent vasodilators and can thus
counteract the reduced mucosal blood flow caused by NSAID administration (Wallace,
2007). Furthermore, the administration of NO and H,S has been shown to promote ulcer
healing and resolve mucosal inflammation (Wallace, 2013a).

Although the administration of exogenous mediators of mucosal defence can limit
or prevent NSAID-gastropathy, the most commonly used agents for preventing and
treating NSAID-induced gastroduodenal damage are inhibitors of gastric acid secretion
(i.e., antisecretory drugs). Extensive clinical evidence demonstrates that H,RAs and PPIs,
two classes of antisecretory drugs, reduce upper GI tract bleeding and ulcerations caused
by NSAIDs, as well as accelerate the healing of pre-existing injury (Taha et al., 1996;
Scheiman et al., 2006; Scarpignato & Hunt, 2010). H,RAs are competitive antagonists of
histamine at the parietal cell H, receptor and thus, when bound, inhibit gastric acid
secretion by parietal cells in the stomach (Marks, 1992). The development of H,RAs
(e.g., cimetidine and famotidine) in the 1970s was hailed as a major breakthrough in the
treatment of peptic ulcers (Marks, 1992). However, H,RAs cannot completely prevent the
secretion of gastric acid as parietal cells can also secrete acid in response to acetylcholine
and gastrin. In the late 1980s, a new class of antisecretory drugs (i.e., PPIs) emerged with
a mode of action quite different from H,RAs. The first and second PPI to enter the market
were omeprazole and lansoprazole, respectively (Satoh, 2013). PPIs act by irreversibly
blocking the hydrogen/potassium adenosine triphosphatase (H'/K" ATPase) enzyme of
the parietal cell (Satoh, 2013). The H /K" ATPase enzyme, commonly referred to as the

gastric proton pump, is directly responsible for secreting H' ions into the gastric lumen.
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By irreversibly binding to the gastric proton pump, PPIs permanently deactivate it and
thus prevent it from secreting H' ions (Satoh, 2013). Therefore, PPI administration causes
a pronounced and long-lasting reduction in gastric acid production. The use of PPIs has
largely superseded H,RAs as they demonstrate superior efficacy and ulcer healing rates in
patients (Eriksson et al., 1995). The success of antisecretory drugs in preventing NSAID
gastroduodenal injury is highlighted by the numerous combination tablets of an NSAID
and a PPI (or HRA) becoming available in the market (Wallace, 2012). However, as
discussed in section 1.8, it is becoming increasing clear that the co-administration of
antisecretory drugs and NSAIDs contributes to a significant aggravation of NSAID-

enteropathy (Wallace, 2013b).

1.7. The Enterohepatic Circulation of NSAIDs and Interactions Between Bile and
Bacteria
1.7.1. The enterohepatic circulation of NSAIDs

Hepatocytes produce bile by secreting bile acids, cholesterol, phospholipids, and
other solutes into the canaliculi, between adjacent hepatocytes (Floch, 2002). The bile
flows through the biliary tree, and eventually into the common bile duct for delivery to
the small intestine (Floch, 2002). Once the bile enters the small intestine, some biliary
constituents (e.g., bile acids) are readily absorbed via enterocytes, then transferred to the
portal blood to be extracted by hepatocytes, and subsequently re-secreted into the bile.
This process, known as the enterohepatic circulation, enables the cycling of many

xenobiotic compounds in addition to the redelivery of endogenous constituents (e.g., bile
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acids). Specific transporters are required for the canalicular and intestinal transport of
xenobiotic compounds, and several studies have demonstrated a minimal difference
between humans and rodents in the expression and regulation of these transporters and
thus, rodent are often effective translational models for studying the enterohepatic
circulation of xenobiotics (Treinen-Molsen & Kanz, 2006).

It has been recognized that bile plays a critical role in NSAID-enteropathy due to
the damaging effects of bile acids on the intestinal epithelium, and due to the high
concentration of NSAID, or the respective drug metabolites, in the bile (Wallace, 2013a).
Indeed, the vast majority of NSAIDs undergo enterohepatic circulation. In addition,
biliary drug delivery is an important factor in NSAID-induced intestinal injury. Initially,
NSAIDs are absorbed and delivered via the blood to the liver where they are metabolized
via phase I and phase II (i.e., conjugated) biotransformations (Burke et al., 2006). Phase
IT conjugation reactions (i.e., glucuronidation, acetylation, and sulfation reactions)
increase the polarity of NSAIDs and respective metabolites before the secretion of these
into the bile or urine (Gonzalez & Tukey, 2006). NSAIDs with a carboxylic acid
functional group undergo glucuronidation (attachment of glucuronic acid), which is
catalyzed by several types of UDP-glucuronosyltransfereases (UGTs) (Gonzalez &
Tukey, 2006). This renders the multi-drug resistance-associated protein 2 (MRP2) as the
dominant exporter responsible for the secretion of conjugated NSAIDs into the bile (Gerk
& Vore, 2002). Once delivered via the bile back into the small intestine, conjugated
NSAIDS are deconjugated by bacterial B-glucuronidase. Deconjugation is necessary for

the passive reabsorption of NSAIDs across enterocytes and typically occurs in the distal
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regions of the small intestine as these regions harbour larger bacterial communities that
express P-glucuronidase (Floch, 2002; Treinen-Molsen & Kanz, 2006). NSAIDs can
undergo multiple cycles of biliary secretion, as elucidated by pharmacokinetic studies that
demonstrated a second, delayed peak of drug detectable in the bile (Peris-Ribera et al.,
1991). While this prolongs the duration of NSAID action, it also delays the elimination of
the drug and repeatedly exposes the small intestine to the damaging effects of the drug
(Buxton, 2006; Wallace, 2013a).
1.6.2. Interactions between bile and bacteria

Primary bile acids are synthesized in the liver from cholesterol and conjugated to
either taurine or glycine before they are secreted into the bile ducts (Floch, 2002). The
major primary bile acids in humans and rodents are cholic acid and chenodeoxycholic
acid (Floch, 2002). However, rodent livers are also capable of modifying
chenodeoxycholic acid to muricholic acids, such as B-muricholic acid (Fisher et al.,
1976). Conjugated primary bile acids are secreted into the bile and delivered to the small
intestine where they are subsequently modified by bacterial enzymatic, bio-transforming
reactions. Conjugated bile acids first undergo a deconjugation step to liberate the bile acid
and then often undergo bacterial dehydroxylation and dehydrogenation reactions (Begley
et al., 2005). These reactions produce secondary bile acids such as deoxycholic acid,
lithocholic acid, and ursodeoxycholic acid (Floch, 2002). Without enteric bacteria,
secondary bile acids cannot be produced (Duboc et al., 2013). Conjugated and
unconjugated bile acids are absorbed by passive diffusion along the entire GI tract, but

the majority of bile acids are reabsorbed in the distal ileum by active transporters (Begley
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et al., 2005). Reabsorbed bile acids enter the portal bloodstream and are rapidly taken up
by the liver, reconjugated and resecreted into the bile. The intestinal absorption of bile
acids is 95% efficient, thus the majority of bile acids are retained and re-circulated many
times (Floch, 2002).

Since bacteria play a major role in the modification and production of bile acids,
dramatic shifts in intestinal bacteria populations can alter both the quantity and type of
bile acids absorbed in the intestinal lumen (Begley et al., 2005). Conversely, bile acids
have anti-microbial properties and can influence the bacteria strains present within the GI
tract (Begley et al., 2005). For instance, it has been demonstrated that bile acids regulate
the composition of the rat cecal microbiota (Islam efr al., 2011). As a result of the
interactions between bacteria and bile, alterations in the intestinal microbiota can result in

significant changes to bile composition and vice versa.

1.8. Pathogenesis of NSAID-induced Enteropathy and Preventative Strategies

1.8.1. Overview of the clinical problem

The pathogenesis of NSAID-induced damage in the upper GI tract is well
appreciated and can be effectively managed through co-therapy with gastroprotective
drugs, such as antisecretory drugs (Scheiman et al., 2006; Wallace, 2008). Unfortunately,
the ability of NSAIDs to induce significant damage and bleeding in the small intestine
(i.e., enteropathy), where the majority of NSAID damage occurs, has historically been
under-recognized (Adebayo & Bjarnason, 2006; Lanas et al., 2009; Wallace, 2013a).

Indeed, it was almost 50 years after the first report of NSAID gastropathy that it became
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clear that NSAID use was also associated with significant damage to the distal regions of
the small intestine (Bjarnason et al., 1987). However, improved methods for detecting the
damage, such as video capsule endoscopy and double-balloon enteroscopy, have
refocused much of the recent research to the small intestine (Wallace, 2013a). It has been
reported that significant small intestinal damage, inflammation, and bleeding can be
observed in about 70% of patients chronically taking NSAIDs (Bjarnason et al., 1993;
Graham et al., 2005). Furthermore, McCarthy reported that the majority of GI bleeds in
patients taking rofecoxib or naproxen originated from lesions in the small intestine
(McCarthy, 2009). Even low-dose ASA administration for 2 weeks was found to cause
significant small intestinal damage in 80% of patients (Endo et al., 2009). Table 1.2 lists

the frequency of major adverse events that occur in the small intestine due to NSAID use.

Table 1.2 Frequency of major adverse effects of NSAIDs in
the lower gastrointestinal tract

Adverse effect Frequency (%)
Increase gut permeability 40to 70

Gut inflammation 60 to 70
Blood loss and anemia 30
Malabsorption 40to 70
Mucosal ulceration 30 to 40

[Table adapted from Sostres et al., 2013]

Clinically, it remains a challenge to diagnose NSAID enteropathy in patients

despite the improved ability to explore (e.g., video capsule endoscopy) the distal regions
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of the small intestine. Due to a lack of specificity and/or sensitivity, there remains no gold
standard for detecting and quantifying enteropathy besides directly visualizing the
damage via scoping techniques (Wallace, 2013a). An additional layer of complexity to
the diagnosis of NSAID-induced enteropathy is the time it takes for NSAID-enteropathy
to manifest. Unlike gastroduodenal damage, small intestinal damage and bleeding occurs
over a much longer period of time and the analgesic properties of NSAIDs themselves
often mask the patient’s symptoms (Wallace, 2012). Indeed, there is a poor correlation
between NSAID-induced enteropathy and clinical symptoms. A troubling trend has
recently emerged; while the incidence of NSAID-induced upper GI events is declining,
the incidence of small intestinal adverse events is increasing (Lanas ef al., 2009;
Scarpignato & Hunt, 2010; Sostres et al., 2013). This trend is both very dangerous and
costly, as lower GI adverse events result in significantly higher rates of recurrence, death,
and days of hospitalization as compared to upper GI adverse events (Figure 1.4) (Lanas et

al., 2009).
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Figure 1.4. The increasing incidence of adverse lower GI events caused by NSAIDs.
Panel A: Between 1996-2005, the number of upper GI events per 100,000 person-years
associated with NSAID use has declined, whereas the number of lower GI events has
risen. Panel B: Lower GI events have higher rates of recurrence and death, and result in
an increase number of hospitalized days as compared to upper GI events. [Figure from

Wallace, 2013a and data from Lanas ef al., 2009]

Unfortunately, there are no preventative or curative treatments for NSAID-
enteropathy that have proved effective and many efforts by clinicians and pharmaceutical

companies to protect patients from NSAID-induced gastroduodenal and cardiovascular
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damage have worsened small intestinal damage (Wallace, 2013b). A better understanding
of the pathogenesis of NSAID-enteropathy may eventually lead to proven treatments or
ideally, effective NSAIDs that do not cause gastrointestinal injury.

Distal to the ligament of Treitz, the critical mechanisms of NSAID-induced
damage and bleeding are quite distinct from the NSAID-induced mechanisms of upper GI
damage (Wallace, 2012). For example, the co-administration of antisecretory drugs with
NSAIDs reduces the severity of NSAID-gastropathy, where the role of acid in the
development of NSAID-induced gastric damage has been clearly demonstrated, but there
is no evidence to suggest that antisecretory drugs protect NSAID users from small
intestinal damage and bleeding (Lanas & Scarpignato, 2006; Wallace, 2008; Hunt &
Scarpignato, 2010). The majority of the insight into the mechanisms of NSAID-
enteropathy has been obtained from animal studies. From these studies, it appears that
NSAID enteropathy is multifactorial and a clear, unifying hypothesis (akin to NSAID-
gastropathy) may not adequately explain the damage process. Figure 1.5 shows the key
mechanisms of NSAID-induced enteropathy and bleeding that have been identified,
which will be discussed in more detail below. Several studies have demonstrated critical
roles for the enterohepatic circulation of the NSAIDs, bile, and enteric bacteria in
NSAID-enteropathy (Wax et al., 1970; Uejima et al., 1996; Seitz & Boelsterli, 1998;
Hagiwara et al., 2004). However, other contributing mechanisms include COX inhibition,
altered intestinal permeability (i.e., barrier disruption), epithelial and mitochondrial

injury, neutrophil infiltration, and TNF-a release (Wallace, 2012).
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Figure 1.5. The pathogenesis of nonsteroidal anti-inflammatory drug-induced
(NSAID)-enteropathy. NSAIDs affect the small intestine upon first exposure and when
secreted back into the small intestine (via bile) following reabsorption in the distal
intestine and glucuronidation in the liver. The inhibition of prostaglandin (PG) synthesis
occurs with all NSAIDs and renders the intestinal mucosa susceptible to damage.
NSAIDs can increase intestinal permeability and cause direct epithelial damage.
Epithelial damage causes an inflammatory response (e.g., tumor necrosis factor-alpha
(TNF-a) release). The resulting neutrophil infiltration contributes to the progression of
tissue injury and the suppression of thromboxane synthesis promotes bleeding. Repeated
exposure of the small intestine to the combination of NSAIDs and bile promotes further
injury, and the damage is likely exacerbated by a shift in enteric bacteria (e.g. elevated

gram negative bacteria). [Figure from Wallace, 2013a]

1.8.2. Pathogenesis: inhibition of cyclooxygenase activity
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Two observations indicate that cylcooxygenase (COX) inhibition does not appear
to be the primary role through which NSAIDs cause enteropathy (Reuter et al., 1997,
Wallace, 2013a). First, there is a lack of correlation between the extent of inhibition of
intestinal PG synthesis and the subsequent degree of intestinal ulceration and bleeding.
Secondly, the appearance of NSAID-induced intestinal damage is not temporally
synchronized with the suppression of intestinal PG synthesis (Whittle, 1981; Reuter ef al.,
1997). However, the inhibition of mucosal PG synthesis renders the small intestine more
susceptible to injury and less conducive to repair following injury (Reuter et al., 1997;
Tanaka et al., 2002; Bukhave & Rask-Madsen, 2004). As in the stomach, the inhibition
of COX-1 causes a rapid, compensatory increase in COX-2 expression in the small
intestine, and the suppression of both isozymes exacerbates intestinal injury (Tanaka et
al., 2002). Clinically, it is has been reported that selective COX-2 inhibitors in humans
can cause similar rates of small intestinal damage and bleeding as tNSAIDs (Maiden et
al., 2007; McCarthy, 2009). Maiden et al. demonstrated that 62% and 50% of patients on
long-term tNSAID or selective COX-2 inhibitor therapy, respectively, exhibited small
intestinal damage when evaluated by video capsule endoscopy.

While the suppression of COX activity does not appear to be the primary cause
of intestinal damage, the inhibition of PG synthesis in the small intestine still
compromises various physiological processes (Mohajer & Ma, 2000). For instance,
administration of indomethacin (a tNSAID) prevents small intestinal secretion, but co-
treatment with exogenous PGs reestablishes small intestinal fluid secretions (e.g.,

bicarbonate and chloride) (Roberts et al., 1976; Ruwart et al., 1979). PGs also mediate
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intestinal mucus production, blood flow, and epithelial repair, all of which contribute to
mucosal defence (Bukhave & Rask-Madsen, 2004; Wallace, 2013a). Similar to the
stomach, suppression of COX activity by NSAID administration can cause a disturbance
in the microcirculation of the intestine and promote leukocyte adherence and infiltration
(Miura et al., 1991; Chmaisse et al., 1994). Furthermore, it is likely that the suppression
of COX activity contributes to intestinal injury and bleeding by impairing intestinal repair
processes, such as angiogenesis, and by inhibiting platelet aggregation (Jones et al., 1999;
Wallace, 2013a).
1.8.3. Pathogenesis: epithelial and mitochondrial injury

NSAIDs and their metabolites have the ability to directly damage intestinal
epithelial cells and cause cell death. Epithelial damage can occur as a result of disruption
of the cellular lipid bilayer, induction of oxidative stress, and/or intracellular organelle
damage including mitochondrial injury (Zhou et al., 2010; Mani et al., 2014).
Mitochondrial injury (morphological) can be observed within 1 hour after NSAID
administration to rats, and in vitro studies of the liver have further demonstrated that
NSAIDs could rapidly cause the uncoupling of oxidative phosphorylation
(Somasundaram et al., 1995; Somasundaram et al., 1997). Numerous studies have shown
that, following NSAID administration, tight junctions were disrupted upon epithelial and
mitochondrial injury, leading to an increase in intestinal permeability (Bjarnason et al.,
1989b; Reuter et al., 1997; Mani et al., 2014). An increase in intestinal epithelial
permeability can be detected both in humans and rats within 12 hours of NSAID

administration (Bjarnason et al., 1989b; Reuter et al., 1997). Bjarnason and colleagues
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demonstrated that the exogenous administration of PGs could prevent NSAID-induced
increases in intestinal permeability and ulceration in humans (Bjarnason, 1989a).
However, it remains unclear whether the increase in intestinal permeability caused by
NSAID administration is a result of the inhibition of PG synthesis or direct epithelial
injury (Wallace, 2013a).

However, NSAID-induced epithelial and mitochondrial injury with the associated
increase in small intestinal permeability, does not appear to play a critical role in NSAID-
enteropathy. For example, there is a lack of correlation between the extent of intestinal
injury and the increase in small intestinal permeability that occurs following NSAID
administration (Choi et al., 1995). In addition, the endoscopic evaluation of patients
taking diclofenac demonstrated that denuded regions (perhaps due to topical, erosive
injury) occurred throughout the small intestine, but ulcers were concentrated in the distal
jejunum and ileum, where the largest numbers of small intestinal bacteria are found and
where NSAID deconjugation occurs (Fujimori et al., 2010). It is likely that as a
consequence of epithelial and mitochondrial injury, increased intestinal permeability
allows damaging luminal agents (e.g., bile acids and bacteria) to enter the mucosa and
subsequently cause the activation of pro-inflammatory cytokines in the lamina propria
(Somasundaram et al., 1995). The inflammatory signals in the lamina propria contribute
to injury by causing neutrophil infiltration in the inflamed mucosa. Activated neutrophils
subsequently release damaging levels of reactive oxygen species (ROS) and proteases
that cause collateral damage to surrounding cells (Antoon & Perry, 1997). Akin to

NSAID-induced gastropathy, there is evidence that TNF-a contributes to NSAID-induced
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intestinal damage by driving an acute inflammatory response (Santucci et al., 1994;
Appleyard et al., 1996). For instance, the attenuation of the inflammatory process
provides improved resistance to NSAID-induced intestinal injury; as demonstrated in
studies where indomethacin-induced small intestinal damage was associated with the
expression of TNF-a (likely through toll-like receptor-4 (TLR-4) activation) and
administration of antibodies against TNF-a reduced the damage by 67% (Watanabe ef al.,
2008). However, the role of TNF-o in NSAID-enteropathy appears minor and is likely
only a consequence of damage (Appleyard et al., 1996; Reuter & Wallace, 1999). As
discussed below, the majority of observations suggest other key mechanisms in the
pathogenesis of NSAID-enteropathy.
1.8.4. Pathogenesis: the role of bile and enterohepatic circulation

Several findings suggest critical roles for both the bile and the enterohepatic
circulation of NSAIDs in the pathogenesis of NSAID-enteropathy. For instance, the
ligation of the bile duct in rats completely prevents small intestinal ulceration (Kent ef al.,
1969; Wax et al., 1970). NSAIDs that undergo extensive enterohepatic circulation, such
as indomethacin, exhibit a much greater propensity to cause small intestinal ulceration
(Kent et al., 1969; Beck et al., 1990; Reuter et al., 1997). Conversely, NSAIDs that
undergo limited enterohepatic circulation (e.g., ASA) often cause limited intestinal injury
(Reuter et al., 1997; Somasundaram et al., 1997). In addition, early experiments with
nitric oxide (NO)-releasing NSAIDs, which caused substantially less intestinal injury as
compared to the parent NSAID (diclofenac), indicated that less diclofenac could be

recovered in bile of rats treated with the NO-NSAID compared to those treated with
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diclofenac (Davies et al., 1997, Reuter et al., 1997). It has also been observed that rats
lacking Mrp2, the dominant hepatocanalicular conjugate exporter pump of NSAID
glucuronides, were protected from NSAID-induced intestinal injury (Seitz & Boelsterli,
1998). However, following treatment with an orally administered NSAID, bile collected
from wild-type rats (thus containing NSAID glucuronides) increased intestinal injury in
Mrp2-deficient rats (Seitz & Boelsterli, 1998). Collectively, these studies indicate that
biliary drug delivery is an important factor in the severity of NSAID-induced intestinal
injury. The reason for this being that the enterohepatic circulation of an NSAID results in
the repeated exposure of intestinal epithelial cells to the topical damaging effects of the
drug and its metabolites. The enterohepatic circulation of an NSAID also appears
necessary to significantly alter the intestinal microbiota and to promote the growth of
damaging, gram-negative bacteria (Reuter et al., 1997).

A number of in vitro studies have indicated that the combination of an NSAID and
bile results in toxic micelles that are particularly damaging to intestinal epithelial and
non-GI cells (Uchida et al., 1997; Petruzzelli et al., 2007; Dial et al., 2008; Zhou et al.,
2010). However, in vivo reports have suggested that the reactive acyl glucuronide
metabolites of NSAIDs are the primary toxic agent exported into the bile. These
metabolites are able to covalently bind to enterocytes and are often associated with small
intestinal ulceration sites (Seitz & Boelsterli, 1998; Treinen-Moslen & Kanz, 2006). It has
also been demonstrated that the administration of NSAIDs to rats can alter the
composition of the bile. Indomethacin-administration resulted in increased concentrations

of secondary bile acids in the bile which as discussed above, are quite damaging to the
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cellular membrane of epithelial cells in vitro due to their strong hydrophobic nature
(Coleman et al., 1979; Yamada et al., 1996; Hofmann, 1999). The ability of different
types of bile acids to affect NSAID-enteropathy has been highlighted by studies where
specific bile acids orally co-administrated with NSAIDs to rats, and either ameliorated or
exacerbated intestinal injury (Uchida et al., 1997; Ishikawa & Watanabe, 2011).

While the combination of bile acids and NSAIDs (or their metabolites) is
particularly toxic to intestinal epithelial cells, the major sites of NSAID-induced
ulceration are in the distal regions of the small intestine, where the concentrations of bile
and NSAIDs are lower compared to more proximal regions (i.e., near the Sphincter of
Oddi). The propensity of NSAID damage to occur in the distal small intestine may be
explained by the effects of enteric bacteria. Enteric bacteria rapidly colonize sites of
mucosal injury, which delays tissue repair and thus likely prevent the healing of NSAID-
induced intestinal injury (Elliot et al., 1998). Furthermore, the distal small intestine has an
exponentially greater number of bacterial populations than more proximal regions. The
major of these populations produce bacterial B-glucuronidase, which is capable of
deconjugating bile acids and promoting the reabsorption of the aglycone (i.e., free
NSAID) (Treinen-Molsen & Kanz, 2006; LoGuidice et al., 2012). Therefore, it has been
suggested that small intestinal epithelial cells at the sites of NSAID reabsorption may be
exposed to high concentrations of damaging, free NSAID (Boelsterli & Ramirez-
Alcantara, 2011).

1.8.5. Pathogenesis: the role of enteric bacteria
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The role of bacteria in NSAID-enteropathy is strongly supported by the observations that
rodents without enteric bacteria do not develop NSAID-induced intestinal injury. For
instance, treatment with broad-spectrum antibiotics can prevent NSAID-enteropathy in
rodents and germ-free rodents do not develop intestinal ulcers when treated with NSAIDs
(Robert & Asano, 1977; Konaka et al., 1999). However, it is unclear whether enteric
bacteria induce this damage through a primary mechanism by initiating tissue injury, or
through a secondary mechanism by exacerbating NSAID-induced tissue injury and
impeding mucosal repair (Uejima et al., 1996; Elliott et al., 1998). Support for a primary
mechanism is demonstrated by the observations that germ-free mice colonized with
Escherichia coli (E. coli) or Eubacterium limosum (both gram-negative bacteria) were
rendered susceptible to NSAID-enteropathy, but germ-free mice colonized with
Bifidobacter adolescentis or Lactobacillus acidophilus (both gram-positive bacteria)
retained their resistance to NSAID-enteropathy (Uejima et al., 1996). Several other
studies have documented the role of gram-negative bacteria in the pathogenesis of
NSAID-enteropathy (Reuter et al., 1997; Hagiwara et al., 2004). For instance, NSAID
administration causes shifts in the types of bacteria in the small intestine, often resulting
in an overall increase in gram-negative bacterial species and a concomitant reduction in
gram-positive bacterial species (Kent et al., 1969; Konaka et al., 1999; Hagiwara et al.,
2004; Dalby et al., 2006). In particular, an enrichment of specific enteric bacteria, such as
Enterococcus faecalis, Clostridium, Bacteroides and E. coli, has been reported following
NSAID administration in rodents. The mechanism of unbalanced gram-negative bacteria

growth remains unknown, although it is conceivable that an alteration in luminal bile
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acids (e.g., bile acids with less anti-microbial activity) could encourage the shift (Floch et
al., 1972). The role of gram-negative bacteria in the pathogenesis of NSAID-enteropathy
was further supported by a study in which genetically altered mice that lacked toll-like
receptor-4 (TLR-4), a receptor stimulated by lipopolysaccharide (LPS) (an outer cell
membrane component of gram-negative bacteria), developed 80% less small intestinal
damage when administered indomethacin than their wild-type controls (Watanabe et al.,
2008).

Antibiotics that target gram-negative bacteria have been particularly effective in
reducing the extent of NSAID-induced intestinal ulceration (Uejima et al., 1996; Koga et
al., 1999; Watanabe ef al., 2008). On the other hand, antibiotics that target gram-positive
bacteria do not appear to alter the severity of NSAID-induced intestinal damage
(Watanabe ef al., 2008). However, there are two major limitations to most of the existing
literature evaluating the co-administration of antibiotics and NSAIDs. First, these studies
often administer only a single, large dose of an NSAID to the rodents, which does not
adequately represent the clinical scenario of chronic NSAID administration. Secondly, the
experiments utilize either indomethacin or diclofenac, two NSAIDs that are exceptionally
damaging to the intestine and thus are often not prescribed clinically.

Although an abundance of evidence exists to suggest that bacteria contribute to
the development of NSAID-enteropathy, whether the bacteria directly help initiate the
damage once the intestine has been rendered susceptible the inhibition of mucosal PG
synthesis, or whether bacteria exacerbate tissue injury and impede repair remains unclear

(Wallace, 2013a). An additional layer of complexity in determining the role of bacteria in
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NSAID-enteropathy is that the intestinal microbiota, enterohepatic circulation, and bile
are all closely connected. Thus, multiple variables could influence the resistance to
intestinal ulcerations observed in germ-free rodents, or rodents with a ligated bile duct,
after NSAID-administration. For instance, the ligation of the bile duct prevents both the
enterohepatic circulation of the NSAID and the entry of bile acids (luminal irritants) into
the small intestine. In germ-free rodents, the enterohepatic circulation of NSAIDs does
not occur, as there is no bacterial B-glucuronidase present to free the NSAID from the
glucuronide group for reabsorption. The inability for NSAID reabsorption limits the
repeated exposure of the small intestine to the NSAID (Treinen-Molsen & Kanz, 2006).
Furthermore, another variable that may influence the resistance of germ-free rodents to
intestinal damage is that they do not exhibit any secondary bile acids (Begley et al., 2005;
Duboc et al., 2013).
1.8.6. NSAID-enteropathy and the problem of polypharmacy

The people most commonly taking NSAIDs on a chronic basis are those with
chronic illnesses, such as rheumatoid arthritis and osteoarthritis. In some circumstances,
these patients may have other comorbid disorders, such as hypertension, obesity, and
diabetes, which can increase the risk of adverse GI- and/or CV-events associated with
NSAID use (Solomon & Gurwtiz, 1997; Hernandez-Diaz & Rodriguez, 2002; Aro et al.,
2006). Furthermore, patients taking NSAIDs chronically are often elderly (>65 years of
age) which, in itself, is another strong risk factor for adverse NSAID-associated events
(Greenwald, 2004). The elderly are most prone to drug toxicity and drug interactions, in

part because of the greater prevalence of comorbidities in this population. Therefore,
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physicians manage the risk of NSAID-associated GI- and CV-adverse effects through co-
therapy with gastro-protective and cardio-protective drugs, respectively (Rostom et al.,
2009; Hochber et al., 2012).

In the case of osteoarthritis (OA), where the incidence increases sharply with age,
patients are often managed with chronic NSAID administration since these drugs provide
relief of pain and joint swelling (Neogi & Zhang, 2013). NSAIDs remain the principal
therapy for OA despite the known GI- and CV-adverse effects caused by this class of
drugs (Wallace, 2013b). However, these risks are managed by utilizing a “polypharmacy”
approach. Inhibitors of gastric acid secretion (i.e., antisecretory drugs; PPIs or H,RAs) are
commonly co-prescribed with NSAIDs to protect patients from the risk of upper GI injury
(Zhao & Encinosa, 2008). In addition, the CV risks associated with NSAID use (in
particular selective COX-2 inhibitors) are addressed by recommending low-dose ASA for
cardio-protection due to its ability to reduce the incidence of severe cardiovascular events
(i.e., myocardial infarction) (Kimmey, 2004; Kearney et al., 2006; Wallace, 2013b).
Unfortunately, recent data suggests that this practice of “polypharmacy” can result in a
synergistic increase in intestinal injury and bleeding (Zhao & Encinosa, 2008; Lanas et
al., 2009). Indeed, the co-treatment of an NSAID with low-dose ASA and an
antisecretory drug has been described as “the perfect intestinal storm”, due to the high
incidence rates and severity of NSAID-enteropathy observed in these patients (Figure 1.6)
(Wallace, 2013b). With aging populations in developed countries, the prevalence of
chronic NSAID use and associated co-treatments may become more common, and thus

the prevalence and severity of NSAID-enteropathy may increase.
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drug (NSAID)-associated gastrointestinal (GI) and cardiovascular adverse events is
increased in individuals with advanced age. To protect at-risk patients, the co-
administration of low-dose ASA (for cardio-protection) and antisecretory drugs (for upper
GI protection) is often recommended with NSAIDs. However, the simultaneous use of
these drugs can significantly worsen intestinal damage and bleeding. A relative increase
in lower versus upper GI adverse events is a major clinical concern, since the former is
more difficult and expensive to diagnose and teat, and results in higher reoccurrence rates

and mortality rates. [Figure from Wallace, 2013b]

The practice of co-administering low-dose ASA to protect patients from the CV-
risks associated with NSAIDs increases the incidence and severity of NSAID-enteropathy
in multiple ways. The cardio-protective effects of ASA lie in the ability of ASA to inhibit

platelet aggregation. Unfortunately, the inhibition of platelet aggregation also impedes
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mucosal tissue repair and increases the risk of a GI bleed even when ASA is used at low
doses (Endo et al., 2009; Zhu et al., 2012). Secondly, low-dose ASA administration also
increases the risk of a GI bleed. This should not be a surprise, since the rationale for
taking low-dose ASA for cardioprotection is to block platelet aggregation. In the United
States and Europe, ASA was identified as the precipitator of GI bleeding in over 50% of
cases that led to hospital admission (Lanas et al., 1992; Stack et al., 2002; McCarthy,
2009). A recent clinical trial demonstrated that the majority of GI bleeds caused by low-
dose aspirin occur in the lower GI tract (Casado Arroyo et al., 2012; Zhu et al., 2012).
Lastly, physicians often recommend that low-dose ASA be taken in an enteric-coated
form, based on the false concept that reduced contact of the active drug with the gastric
mucosa would lessen upper GI ulceration. Ironically, enteric-coated NSAIDs increase the
exposure of the small intestine to the NSAID, and thus exacerbate enteropathy (Davies,
1999; Endo et al., 2012).

To reduce the upper GI toxicity associated with the combination of an NSAID
and low-dose ASA, an antisecretory drug (usually PPIs) is frequently co-prescribed.
However, it has been apparent for several years that these drugs offer no protection to the
distal regions of the small intestine. In fact in recent years, several studies have reported
that patients who were prescribed antisecretory drugs and NSAIDs exhibited an
exacerbation of intestinal injury and bleeding compared to patients receiving NSAIDs
alone (Goldstein et al., 2005; Maiden et al., 2005; Zhao & Encinosa, 2008; Watanabe et
al., 2013). The incidence of small intestinal damage in healthy volunteers taking both an

NSAID and a PPI over a 2-week period has been reported between 55-75% (Goldstein et
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al., 2005; Fujimora et al., 2010). Some clinical studies have also reported a significant
elevation of a marker of intestinal inflammation (i.e., calprotectin) in healthy patients
taking only PPIs (Poullis et al., 2003). In fact, a recent cross-sectional study identified
PPI usage as the greatest independent risk factor for severe ulceration and bleeding in
patients who were being treated with NSAIDs for the management of with rheumatoid
arthritis (Watanabe et al., 2013). The authors further reported that the use of H,RAs was
also a significant risk factor for NSAID-enteropathy. However, the conclusions drawn
from this study have limitations, as the number of patients included was relatively small
and quite homogenous (i.e., rheumatoid arthritis patients and single centre recruitment)
(Watanabe et al., 2013).

Similar to the evidence from human studies, animal models of NSAID-
enteropathy have demonstrated an exacerbation of intestinal damage and bleeding when
gastric acid secretion was suppressed by the co-administration of an antisecretory drug
(Wallace et al., 2011; Blackler et al., 2012; Satoh et al., 2012). Satoh and colleagues
reported that antisecretory drug administration exacerbated NSAID-enteropathy in part
due to enhanced intestinal motility (Satoh et al., 2012). However, a major underlying
mechanism for the exacerbation of NSAID-enteropathy appears to be the intestinal
dysbiosis that results from the suppression of acid (Wallace et al., 2011). For instance, the
administration of a PPI to rats caused a marked decrease in intestinal colonization by
Bifidobacteria. Correction of the dysbiosis, by replenishing the diminished
Bifidobacteria, resulted in the prevention of NSAID-enteropathy in the rats (Wallace et

al., 2011). It remains unclear how PPI-induced dysbiosis contributes to NSAID-induced
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intestinal damage and bleeding, but it is possible that dybiosis triggers changes in bile
metabolism that could contribute to intestinal injury.

Numerous clinical reports and studies have reported alterations in the GI tract
following the chronic use of an antisecretory drug. Most notably, chronic antisecretory
drug use can cause small intestinal bacterial overgrowth (SIBO) and bile acid
dysmetabolism in patients (Lombardo et al., 2010; Williams & McColl, 2006; Shindo &
Fukumura, 1995; Shindo et al., 1998). The development of SIBO is associated with the
suppression of gastric acid since a reduced amount of gastric acid cannot adequately serve
as an immune barrier to sterilize what we consume. The ensuing bile acid dysmetabolism
in SIBO patients is likely the result of an excessive growth of microbes that are capable of
deconjugating bile acids (Shindo & Fukumura, 1995; Shindo er al., 1998). The
deconjugation of bile acids by bacterial enzymes increases bile acid hydrophobicity,
which subsequently enhances the ability of the bile acid to interact with the cellular
membranes of enterocytes and cause deleterious topical damage (Hofmann, 1999; Begley
et al., 2005; Petruzzelli et al., 2007). As a result, an altered bile acid composition may be
a consequence of PPI administration and contribute to the PPI-induced susceptibility to
NSAID-enteropathy.

The combination of NSAIDs, low-dose ASA, and antisecretory drugs is meant to
protect the upper GI tract and CV system. However, the combination also results in a
dangerous clinical scenario. Indeed, this combination of drugs creates the ‘perfect

intestinal storm’ (Wallace, 2013b). In order to limit intestinal damage, it will be important
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to gain a better understanding of how these combinations of drugs affect the mechanisms
of NSAID-enteropathy.
1.8.7. Preventative strategies for NSAID-enteropathy

In contrast to NSAID-induced gastroduodenal damage, which can be
minimized by available therapies such as antisecretory drugs and misoprostol (a PGE,
analogue), there are currently no curative or preventative treatments for NSAID-
enteropathy that have proven to be effective (Wallace, 2013a). Although the evidence is
limited, PG administration may offer some benefit to the prevention and treatment of
NSAID-enteropathy. For instance, Bjarnason and colleagues demonstrated that co-
treatment with misoprostol could reduce indomethacin-induced increases in intestinal
permeability. However, whether this would impact the development of intestinal injury
remains unclear (Bjarnason et al., 1989a). Some small clinical trials have suggested that
misoprostol use may be favourable for protecting against NSAID-enteropathy in humans,
but these studies had limited sample sizes and/or design flaws (e.g., open-label) (Morris et
al., 1994; Fujimori et al., 2009).

Similar to misoprostol, there is evidence to suggest that treatment with
metronidazole may protect against NSAID-enteropathy. Metronidazole is a
nitroimidazole compound that has selective antiparasitic and antimicrobial effects on
anaerobic and microaerophilic pathogens (Shapiro & Goldberg, 2006). The
administration of metronidazole to rats has been shown to reduce intestinal injury and
bleeding (Yamada ef al., 1993). In addition, an open-label study of patients using

NSAIDs chronically suggested that the co-administration of metronidazole could limit
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intestinal bleeding and inflammation, although the extent of ulceration was not elevated
(Bjarnason et al., 1992).

The observation from animal studies that enteric bacteria are critical to the
pathogenesis of NSAID-enteropathy has prompted the evaluation of many therapies that
target bacteria (Scarpignato, 2008). Despite the reported success of certain antibiotics
(i.e., broad spectrum or gram-negative targeting) in preventing NSAID-enteropathy in
rodents, no clinical trials have been formally carried out in humans in order to evaluate
the effect of antibiotics in the prevention of NSAID-enteropathy (Koga et al., 1999;
Watanabe et al., 2008). The potential for adverse effects and for the development of
antibiotic-resistance precludes this approach. Furthermore, many intestinal bacteria are
integral to metabolism and to the maintenance of health. However, the enteric microbiota
can be manipulated by the use of probiotics or prebiotics. In studies using rats, the
administration of Lactobacillus acidophilus and Bifidobacteria adolescentis significantly
reduced the severity of NSAID-induced ulceration in the distal small intestine (Kinouchi
et al, 1998). Only a few clinical trials evaluating probiotic use as a preventive therapy for
NSAID-enteropathy have been performed. Montalto and colleagues conducted a
randomized control trial in which volunteers were administered indomethacin for four
days and also received either a probiotic formulation consisting of 8 different live bacteria
termed VSL#3, or placebo. Volunteers who received the placebo demonstrated elevated
fecal calprotectin levels (a marker of large intestine inflammation) after indomethacin
treatment, while fecal calprotectin levels remained normal in VSL#3-treated volunteers

(Montalto et al., 2010). In a study by Endo et al, patients who received Lactobacillus
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casei while on low-dose enteric-coated ASA and omeprazole for 3 months had
significantly reduced mucosal injury (via VCE evaluation) compared to patients who
received placebo (Endo et al., 2011). However, more studies are required to evaluate the
benefits of specific strains, dose responses, and treatment duration, if probiotic
administration is to become an effective therapy for NSAID-enteropathy.

Another promising approach to preventing NSAID-enteropathy is the use of
bacteria-selective inhibitors of B-glucuronidase. These inhibitors must be selective for
bacterial B-glucuronidase, since mammalian B-glucuronidase is required for proper
lysosomal storage (Mani et al., 2014). The inhibition of bacterial B-glucuronidase
prevents the enterohepatic circulation of many NSAIDs, since this enzyme releases the
parent NSAID and corresponding metabolites from the respective glucuronide conjugates
and thus liberates the aglycone for reabsorption by the enterocytes (LoGuidice et al.,
2012). As previously discussed, reducing the number of times the small intestine is
exposed to the NSAID or its metabolites diminishes the extent of intestinal injury. Indeed,
mice that were administered a bacterial-selective B-glucuronidase inhibitor exhibited
significantly reduced intestinal damage as compared to mice that received an ulcerogenic
dose of diclofenac alone (LoGuidice ef al., 2012). Interestingly, bacterial B-glucuronidase
appears to be nonessential for bacteria and thus the inhibition of this enzyme is nonlethal
for bacteria.

While targeting the intestinal microbiota can influence NSAID-enteropathy, much

of the evidence indicates that bacteria play a secondary role in intestinal injury.
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Therefore, enhancing mucosal defence during NSAID administration or designing novel

NSAIDs that do not cause GI damage are approaches that will likely be more successful.

1.9. The Protective Role of Hydrogen Sulfide in the Gastrointestinal Tract and
Hydrogen Sulfide-Releasing NSAIDs
1.9.1. Gastrointestinal cytoprotection by hydrogen sulfide

The endogenous, gaseous mediator hydrogen sulfide (H,S) is one of the most
important mediators of mucosal defence (Wallace et al., 2014). The critical role of H,S in
mucosal defence is evident from studies that demonstrated that the suppression of
mucosal H,S synthesis rendered the mucosa much more susceptible to NSAID damage
(Wallace et al., 2010), stress (Aboubakr et al., 2013), ischemia-reperfusion (Liu et al.,
2009), and colitis (Flannigan et al., 2013). On the other hand, the administration of H,S-
releasing compounds has shown to increase the resistance of the GI mucosa to injury
(Fiorucci et al., 2005; Wallace, 2010; Blackler et al., 2012). There are multiple
mechanisms of action through which H,S likely protects the GI mucosa, as summarized
in Table 1.3. For instance, a constant level of mucosal blood flow is important for the
minimization of tissue damage and the facilitation of rapid repair of incurred damage, as
it enables an immediate buffering of the acid that contacts the mucosa epithelial cells
(Wallace & McKnight, 1990). H,S is a strong vasodilator and is thus important for the
maintenance of mucosal blood flow (Fiorucci et al., 2005; Mard et al., 2012).
Furthermore, H,S has been shown to mediate bicarbonate secretions in the duodenum and

mucus production in the intestine, which help to protect mucosal tissue from the
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damaging effects of luminal agents (e.g., acid, bile, and bacteria) (Ise ef al., 2011; Motta
et al., 2014). H,S can also inhibit the release of the damaging myeloperoxidase enzyme
from activated neutrophils and can scavenge oxygen-derived free radicals, thus
preventing further damage to mucosal tissue (Whiteman et al., 2004; Palinkas et al.,
2014). It has also been demonstrated that the administration of H,S-releasing compounds
accelerated the healing of pre-existing ulcers (Wallace et al., 2007), perhaps due to the
ability of H»S to increase COX-2-derived PGs and promote angiogenesis, two important
contributors to ulcer healing (Ma et al., 2002; Papapetropoulos et al., 2009; Wallace et
al., 2014). H,S is also capable of exhibiting potent anti-inflammatory effects (Figure 1.7)
(Zanardo et al., 2006; Wallace et al., 2012). For instance, it can reduce pro-inflammatory
cytokine expression and release in the stomach through the inhibition of the NF-xB
pathway (Bai et al., 2005; Li et al., 2007; Lee et al., 2013). H,S is also a potent anti-
oxidant and is capable of dampening inflammation by inducing neutrophil apoptosis

(Wallace & Vong, 2008; Wallace et al., 2012).

Table 1.3 Mechanisms of Gastrointestinal-Protective Actions
of Hydrogen Sulfide

Action References

Inhibits leukocyte adherence/extravasation Zanardo et al., 2006
Stimulates mucus and bicarbonate secretion Ise et al., 2011; Motta et al., 2014
Prevents mitochondrial damage Elrod et al., 2007; Kimura et al., 2010
Enhances anti-microbial defence Motta et al., 2014
Scavenges oxygen-derived free radicals Whiteman et al., 2004
Inhibits neutrophil-mediated tissue injury Palinkas et al., 2014

(myeloperoxidase activity)

Reduces damage-associated tumor necrosis

factor release Fiorucci et al., 2007

[Table adapted from Wallace et al., 2014]
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Figure 1.7. The anti-inflammatory effects of hydrogen sulfide (H,S). H,S suppresses

leukocyte adherence to the vascular endothelium and infiltration into the inflamed tissue.

H,S likely promotes mucosal repair through the combined ability to upregulate

cyclooxygenase (COX)-2 expression, induce vasodilation, and promote angiogenesis. In

addition, it can reduce the expression and release of pro-inflammatory cytokines and

chemokines, most likely through the suppression of NF-kB activity. H,S is also an

antioxidant and can induce neutrophil apoptosis. The inhibition of phosphodiesterases

(PDE) may also contribute to the anti-inflammatory effects of H,S. H»S is an analgesic in

the viscera and can substitute for oxygen in mitochondrial respiration, allowing hypoxic

tissues to continue to produce adenosine triphosphate (ATP). [Figure from Chan &

Wallace, 2013].

58



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

1.9.2. Hydrogen sulfide-releasing NSAIDs

It is now clear that H,S is capable of eliciting many of the same physiological
effects as PGs. This has fueled extensive research into the ability of H,S to protect the GI
tract from NSAID-induced injury (Wallace & Vong, 2008). Indeed, many of the
protective actions of H,S counteract the detrimental effects of the inhibition of PG
synthesis by NSAIDs (Figure 1.8) (Chan & Wallace, 2013). The strong protective actions
of H,S prompted the design of H,S-releasing NSAIDs. Similar to the NO-releasing
NSAIDs which preceded them, the design of H,S-releasing NSAID derivatives has
involved the covalent linkage of a current, GI-damaging NSAID to an H,S-releasing
moiety, creating a co-drug that slowly releases protective H,S while allowing the NSAID
to inhibit its target enzymes (COX-1 and -2). In theory, the released H,S would
compensate for the reduction of PG synthesis inhibition and thus maintain mucosal
integrity (Wallace & Vong, 2008). For example, H,S prevents two critical mechanisms of
NSAID-gastropathy by maintaining mucosal blood flow and inhibiting leukocyte
adherence to the vascular endothelium, a very early and critical event (McCafferty et al.,

1995; Zanardo et al., 2006; Wallace, 2007; Wallace & Vong, 2008).
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Figure 1.8. Hydrogen sulfide (H>S) can counteract numerous harmful effects of
nonsteroidal anti-inflammatory drugs (NSAIDs). The inhibition of the cyclooxygenase
(COX) enzymes by NSAIDs prevents the synthesis of protective PGs, leading to impaired
mucosal defence and repair, exacerbation of inflammation, and detrimental effects on the
renal and cardiovascular systems. The delivery of H,S along with an NSAID can
counteract the detrimental effects of the NSAID on mucosal defence and also promote
both the repair of existing ulcers and the resolution of inflammation. [Figure from Chan

& Wallace, 2013]

The therapeutic potential of H,S has indeed been exploited in the design of H,S-
releasing NSAID-derivatives. These novel drugs produce considerably less GI damage
than their parent NSAIDs in animal models (Wallace et al., 2010; Blackler et al., 2012).
The GI safety of H,S-releasing NSAID-derivatives was maintained in rats even after
administration at doses many times greater than those required for anti-inflammatory

effects, in models of compromised mucosal defence, and in circumstances in which
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NSAIDs were co-administered with other pharmaceuticals (i.e., low-dose ASA and PPIs)
(Wallace et al., 2010; Blackler et al., 2012). H,S-releasing NSAIDs also exhibit enhanced
anti-inflammatory activity compared to their respective parent derivatives due to the
potent anti-inflammatory actions of H,S (Wallace et al., 2010).

In recent years, an H,S-releasing naproxen derivative, ATB-346 [2-(6-methoxy-
napthalen-2-yl)-propionic acid 4-thiocarbamoyl-phenyl ester], has proved particularly
promising. ATB-346 consists of a molecule of naproxen linked to an H,S-releasing
moiety (i.e., 4-hydroxythiobenzamide (TBZ); via an ester bond). Unlike naproxen, the
administration of an anti-inflammatory dose of ATB-346 (equimolar to naproxen) causes
negligible gastroduodenal and intestinal damage (Wallace et al., 2010; Blackler et al.,
2012). ATB-346 also promotes the repair of pre-existing gastric ulcers, whereas naproxen
administration hinders the healing process (Wallace et al., 2010). In terms of CV safety,
ATB-346 may also be superior to naproxen. NSAIDs can significantly exacerbate
hypertension, which likely contributes to the increase in severe CV adverse evens in
chronic NSAID users (Grosser et al., 2006). Rats administered a single, high dose of
naproxen elicited a significant increase in systemic blood pressure, whereas an equimolar
dose of ATB-346 did not significantly affect blood pressure (Wallace et al., 2010).

The mucosal-protective effects of the H,S likely contribute to the superior GI
safety ATB-346 over naproxen. For instance, H,S inhibits leukocyte adherence to the
vascular endothelium and can promote bicarbonate secretions in the duodenum (Zanardo
et al., 2006; Wallace & Vong, 2008; Takeuchi et al., 2012). However, there is also

emerging evidence that suggests that H,S can modulate the microbiota, an important
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contributor to NSAID-enteropathy (Motta et al., 2014). It has also been observed that
there were very low levels of naproxen in the bile following the administration of ATB-
346 to rats, relative to biliary naproxen concentrations following the administration of
naproxen itself (Blackler et al., 2012). In light of these findings and the intestinal
tolerability of ATB-346, further studies are needed to determine the extent to which ATB-
346 differs from naproxen in terms of how it affects critical mechanisms in NSAID-
enteropathy. In particular, chapter 5 discusses the roles of bile, enterohepatic circulation,
and enteric bacteria in NSAID-enteropathy and mechanisms through which ATB-346
may influence these roles and thus be particularly tolerant in the small intestine compared

to naproxen.
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THESIS SCOPE AND OBJECTIVES
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2.1. Thesis Scope

The pathogenesis of non-steroidal anti-inflammatory drug (NSAID)-enteropathy
is incompletely understood and has largely been ignored for decades as a result of the
focus on NSAID-gastropathy. NSAID-enteropathy occurs more frequently than NSAID-
gastropathy is more dangerous, and is more difficult to detect. Unfortunately, there are no
proven-effective prevention strategies or treatment options for NSAID-enteropathy.
Moreover, drugs that are often co-prescribed with NSAIDs to limit gastropathy or adverse
cardiac events exacerbate the incidence of NSAID-enteropathy and the severity of small
intestinal damage. Several studies have demonstrated the critical role of bile,
enterohepatic circulation, and enteric bacteria in the pathogenesis of NSAID-enteropathy.
However, it is not clear which of these mechanisms is/are the primary instigator(s) of
intestinal damage and injury. Hydrogen sulfide (H,S) is an important mediator of
gastrointestinal (GI) mucosal defence and contributes significantly to the repair of
damage and the resolution of inflammation. A variety of H,S-donating agents protect the
GI tract from injury, and H,S-releasing NSAID derivatives do not cause appreciable GI
injury.

Therefore, the central aim of this thesis was to evaluate the roles of bile, enteric
bacteria, and the enterohepatic circulation of NSAIDs in the pathogenesis of NSAID-
enteropathy, and investigate the ability of H,S to protect the small intestine from NSAID-
induced damage.

The animal models of NSAID-enteropathy are reflective of NSAID-enteropathy in

humans, reproducible and simple. For example, ulcerations that develop in rats following
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NSAID administration are predominately in the distal jejunum and ileum, similar to what
is observed in humans (Reuter et al., 1997; Fujimori et al., 2010). For experiments in rats,
I used a chronic NSAID-administration protocol, which resembles the common clinical
scenario of individuals taking NSAIDs chronically. Furthermore, 1 administered a
commonly prescribed NSAID, naproxen, that is also available over-the-counter.

I first examined whether an inhibitor of endogenous H,S synthesis would
exacerbate NSAID-enteropathy. Conversely, I hypothesized that the co-administration of
diallyl disulfide (DADS), an H,S-releasing garlic derivative, would protect against
naproxen-induced enteropathy in rats (Chapter 3). I also evaluated whether DADS co-
administration would alter bile toxicity, the enterohepatic circulation of naproxen, and the
composition of enteric bacteria.

It is important to evaluate NSAIDs in combination with the drugs that are often
co-prescribed (e.g., PPIs and low-dose ASA), given that these drugs can exacerbate
NSAID-enteropathy. This approach is more predictive of the clinical scenario, and
therefore may provide improved insight to the pathogenesis of NSAID-enteropathy.
Therefore, I investigated why the co-administration of an antisecretory drug with an
NSAID exacerbates NSAID-enteropathy. Specifically, I examined the effects of PPI and
H,RA administration on the bile and enteric bacteria in naproxen-treated rats (Chapter 4
and 5).

ATB-346 is a unique NSAID, as it does not induce significant GI damage, even in
models of impaired mucosal defence and in models of polypharmacy. On the other hand,

the parent NSAID of ATB-346, naproxen, can cause substantial GI injury and bleeding. |
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explored why ATB-346 exhibits superior GI safety compared to naproxen (Chapter 5).
In particular, I compared the effects of each drug on bile toxicity and on the small
intestinal microbiota.

To study the causative role of bile in NSAID-induced small intestinal injury, I
designed a novel model of in vitro rat epithelial cell injury that evaluated bile
cytotoxicity. I established this model since it is more informative of the physiological
effects of bile and NSAIDs on enterocytes that occur in vivo, compared to the commonly
used practice of mixing commercial bile acids and NSAIDs and exposing epithelial cells
to the solution (Petruzzelli et al., 2007; Dial et al., 2008; Zhou et al., 2010). By using bile
collected from rats following NSAID administration, our model of NSAID, bile-induced
cytotoxicity includes a wvariety of bile acids, endogenous bile constituents (e.g.,
phospholipids, cholesterol, and glutathione) as well as NSAID metabolites (i.e., NSAID
glucuronides), all of which may be important in vivo to the role of bile in the pathogenesis
of NSAID-enteropathy. Therefore, our model involved dosing rats with NSAIDs and/or
other drugs, and collecting the bile via a bile duct cannulation procedure. The collected
bile was then incubated on rat epithelial, intestinal cells and the quantity of cell death was
measured following incubation. I believe that this novel approach to evaluating NSAID-
induced bile toxicity is more predictive of the in vivo role of bile in the pathogenesis of
NSAID-enteropathy.

Finally, I explored the ability of antibiotic (with varying bacterial specificity)
administration to affect the severity of naproxen-induced enteropathy (Appendix I).

Numerous studies have demonstrated a protective effect of gram-negative-targeting
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antibiotic administration and a non-protective effect of gram-positive antibiotic
administration on NSAID-enteropathy (Kent et al., 1969; Koga et al., 1999; Watanabe et
al., 2008). However, the influence of antibiotics on NSAID-enteropathy is highly variable
and the majority of studies were not reflective of a clinical scenario as they evaluated the
effects of antibiotics after the administration of a single, large dose of indomethacin or

diclofenac.

2.2. Thesis Objectives
The major findings in this thesis are organized into three chapters, each of which
contributes to the overall goal of the thesis. The specific objectives of the thesis that are

addressed in Chapters 3-5 are described below:

Objective 1: To investigate whether hydrogen sulfide-releasing agents would protect
against NSAID-induced small intestinal damage and bleeding. Results pertaining to this

objective have been submitted for publication in the following manuscript:

Chapter 3 Blackler RW, Motta JP, Manko A, Workentine M, Bercik P, Surette MG,
Wallace JL. (2014). Hydrogen sulfide protects against NSAID-
enteropathy: role of bile and bacteria. [Submitted to British Journal of

Pharmacology].

Objective 2: To clarify the role of bile and enteric bacteria in the pathogenesis of

NSAID-enteropathy. This was a complicated objective to address due to the strong
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interactions between bile and bacteria. Therefore, data pertaining to this objective is a
component of each manuscript and Appendix I. The following manuscript helped address
this objective and included novel data that suggested that antisecretory drug-induced

changes in bile and enteric bacteria contribute to the exacerbation of NSAID-enteropathy:

Chapter 4  Blackler RW, Gemici B, Manko A, Wallace JL. (2014). NSAID-
gastroenteropathy: new aspects of pathogenesis and prevention. Curr Opin

in Pharmacol. [Epub ahead of print]

Objective 3: To explore why ATB-346, a hydrogen sulfide-releasing derivative of
naproxen, exhibits superior gastrointestinal safety compared to naproxen, the parent
NSAID. The manuscript in Chapter 5 addressed this objective by exploring whether the
administration of naproxen (an NSAID associated with GI toxicity) differed from ATB-
346 (a GIl-safe NSAID) in the ability to affect the cytotoxic properties of bile.
Furthermore, alterations in enteric bacteria were evaluated following the administration of

naproxen or ATB-346.

Chapter 5 Blackler RW, Manko A, De Palma G, Da Silva GJ, Bercik P, Surette MG,
Wallace JL. (2014). Pathogenesis of NSAID-Induced Enteropathy:
Elucidation of Roles of Bile, Bacteria and Enterohepatic Circulation via

Use of a GI-Safe NSAID. [In preparation for submission to FASEB J].
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The data included in each manuscript required a collaborative effect with
numerous institute colleagues and laboratory members. The specific details regarding

authorship and contribution can be found in the Preface of each chapter.
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— CHAPTER 3 -

HYDROGEN SULFIDE PROTECTS AGAINST NSAID-ENTEROPATHY: ROLE

OF BILE AND BACTERIA
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Hydrogen sulfide protects against NSAID-enteropathy: role of bile and bacteria
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Bercik', Michael G Surette' & John L Wallace*?
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*Department of Physiology & Pharmacology,
University of Calgary, Calgary, AB, Canada
*Department of Pharmacology & Toxicology,

University of Toronto, Toronto, ON, Canada

The material presented in this chapter was submitted to BJP

Reprinted with permission.

Preface: The research presented in this manuscript was conducted from December 2012
to February 2014. I am the primary author of the paper. Dr. John L. Wallace and [
designed the experiments, analyzed the data, wrote the manuscript and addressed the
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assisted in the animal work and bile cytotoxicity assays, M. Workentine assisted in the
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microbiota analysis, and P. Bercik and M.G. Surette contributed valuable scientific input
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3.1. Abstract

Background and purpose: Hydrogen sulfide is an important mediator of gastrointestinal

mucosal defence. The use of non-steroidal anti-inflammatory drugs (NSAIDs) is
significantly limited by their toxicity in the gastrointestinal tract. Particularly concerning
is the lack of effective preventative or curative treatments for NSAID-induced intestinal
damage and bleeding. We evaluated the ability of a hydrogen sulfide donor to protect

against NSAID-induced enteropathy.

Experimental approach: Intestinal ulceration and bleeding were induced by oral
administration of naproxen. The impact of suppression of endogenous hydrogen sulfide
synthesis and administration of a hydrogen sulfide donor (diallyl disulfide) on naproxen-
induced enteropathy was examined. Effects of diallyl disulfide on small intestinal
inflammation and intestinal microbiota were also assessed. Bile collected after in vivo
naproxen and diallyl disulfide administration was evaluated for cytotoxicity in vitro using
cultured intestinal epithelial cells.

Key results: Suppression of endogenous hydrogen sulfide synthesis by B-cyano-L-alanine
exacerbated naproxen-induced enteropathy. Diallyl disulfide co-administration dose-
dependently reduced the severity of naproxen-induced small intestinal damage,

inflammation and bleeding. Diallyl disulfide administration attenuated naproxen-induced
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increases in the cytotoxicity of bile on cultured enterocytes, and prevented naproxen-
induced changes in the intestinal microbiota.

Conclusions and implications: Hydrogen sulfide protects against NSAID-enteropathy in

rats, in part reducing the cytotoxicity of bile and preventing NSAID-induced dysbiosis.

3.2. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely used
drugs for treating the symptoms of inflammatory conditions, most notably osteoarthritis
and rheumatoid arthritis. In such conditions, NSAIDs are taken chronically and have the
ability to cause significant ulceration and bleeding in the gastrointestinal (GI) tract.
Therapies designed to limit NSAID-induced GI injury have focused almost exclusively
on gastroduodenal injury, often ignoring the insidious small intestinal damage that can
also occur (Wallace, 2013b). This is concerning because it is now clear that NSAID-
enteropathy occurs more frequently than gastroduodenal injury (Lanas et al., 2009), and it
can also be more dangerous, given that there is a poor correlation of symptoms with the
injury, the damage is more difficult to detect and there are no proven-effective
preventative or curative treatments for NSAID-enteropathy (Lanas et al., 2009; Wallace,
2013a). The most common approach to reduce NSAID-induced gastroduodenal injury is
via suppression of gastric acid secretion, usually through co-administration of a proton
pump inhibitor (PPI) (Scheiman et al., 2006). However, there is no evidence that
suppression of gastric acid secretion has any benefit in terms of reducing damage or

bleeding distal to the ligament of Treitz (i.e., beyond the duodenum). On the contrary,
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there is emerging evidence that PPIs and histamine H2 receptor antagonists exacerbate
the small intestinal damage and bleeding caused by NSAIDs (Zhao & Encinosa, 2008;
Lanas et al., 2009; Wallace et al., 2011; Blackler et al., 2012; Satoh et al., 2012). A
recent cross-sectional study by Watanabe et al. (2013) highlighted this problem,
identifying PPI usage as the greatest independent risk factor for severe ulceration and
bleeding in patients with rheumatoid arthritis who were being treated with NSAIDs, with
use of histamine H2 receptor antagonists also being a significant risk factor. Studies in
rodents demonstrated that the exacerbation of NSAID-enteropathy by PPIs is due to a
significant shift in the intestinal microbiota, with a marked decrease in intestinal
colonization by Bifidobacteria (Wallace et al., 2011). Correction of this dysbiosis,
through administration of Bifidobacteria, prevented the PPI-induced exacerbation of
NSAID-induced intestinal damage (Wallace et al., 2011).

The damaging effects of NSAIDs in the GI tract, particularly in the stomach, are
directly related to their ability to suppress mucosal synthesis of prostaglandins (Wallace,
2008). Suppression of prostaglandin synthesis renders the mucosa susceptible to damage
induced by luminal agents such as acid, digestive enzymes, bacteria, bile, and sometimes
by the NSAIDs themselves (Wallace, 2013a). However, it is now clear that hydrogen
sulfide (H,S), an endogenous gaseous mediator, also plays a pivotal role in mucosal
defence and in promoting repair of mucosal injury (Wallace et al., 2007b; Wallace et al.,
2009; Wallace, 2010). Suppression of H,S synthesis renders the gastric mucosa more
susceptible to NSAID-induced ulceration (Wallace et al.,, 2010), whereas co-

administration of H,S donors reduces the severity of NSAID-induced damage (Fiorucci
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et al., 2005; Wallace, 2010, Wallace et al., 2014). Prevention of gastric injury by HsS is
partly due to its inhibitory effect on NSAID-induced leukocyte adherence to the vascular
endothelium (Zanardo et al., 2006), which is an early and critical event in the
pathogenesis of NSAID-induced gastropathy (Wallace et al, 1990). Moreover, the
vasorelaxant effects of H,S also contribute to mucosal protection by preventing the
reduction in gastric blood flow caused by NSAIDs (Fiorucci et al., 2005; Mard et al.,
2012).

The beneficial effects of H,S in the GI tract have prompted the design of a new
class of H,S-releasing NSAID derivatives. These H,S-releasing NSAIDs have been
shown to produce negligible gastroduodenal damage compared to their respective parent
drugs in healthy rats, in rats with impaired mucosal defence, and at doses many times
greater than those required for anti-inflammatory effects (Wallace et al., 2007a; Wallace
et al., 2010; Blackler et al., 2012). In addition to sparing the gastric mucosa, H>S-
releasing NSAIDs also cause negligible damage in the small intestine (Wallace et al.,
2007a; Wallace et al., 2010), even when co-administered with PPIs and/or ASA, which
significantly enhance the intestinal-damaging effects of conventional and COX-2-
selective NSAIDs (Wallace et al., 2011; Blackler et al., 2012).

The pathogenesis of NSAID-enteropathy has distinct mechanisms from NSAID-
gastropathy (Wallace, 2012). Several studies have suggested critical roles for bile and for
enterohepatic circulation of NSAIDs in the pathogenesis of NSAID-enteropathy (Wax et
al., 1970; Bjarnason et al., 1993; Seitz & Boelsterli, 1998). There is also a wealth of

evidence that the enteric flora contributes to the pathogenesis of NSAID-enteropathy
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(Uejima et al., 1996; Hagiwara et al., 2004). In the present study, we have examined the
possibility that a garlic-derived H,S donor, diallyl disulfide (DADS), could prevent
NSAID-induced enteropathy. We also attempted to determine if effects on enteric flora,
bile and/or enterohepatic circulation of NSAIDs might explain any observed beneficial

effects of the H,S donor.

3.3. Methods

Animals. Male, Wistar rats weighing 220-250 g were obtained from Charles River
(Montreal, QC, Canada). All rats were housed in the Central Animal Facility at McMaster
University. The rats were fed standard chow and water ad libitum, and were housed in
pairs in a room with controlled temperature (22 + 1°C), humidity (65-70%) and light
cycle (12 h light/ 12 h dark). The Animal Care Committee of the Faculty of Health
Sciences at McMaster University approved all experimental procedures described herein.
The studies were carried out in accordance with the guidelines of the Canadian Council of

Animal Care.

Effects of a Hydrogen Sulfide Donor on Naproxen-Induced Enteropathy. Rats (n>6
per group) were treated orally, twice daily, with naproxen (20 mgkg™) or vehicle
(dimethylsulfoxide and 1% carboxymethylcellulose; 5:95 ratio) for 4.5 days (9
administrations in total). Three hours after the final administration of drug or vehicle, a
blood sample was drawn from the tail vein for measurement of hematocrit (Reuter ef al.,

1997). The rats were then anaesthetized with sodium pentobarbital and blood was drawn
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from the aorta for measurement (by ELISA) of whole blood thromboxane B, (TXB,)
synthesis, as an index of systemic COX-1 activity (Wallace et al., 1998). The small
intestine was then blindly evaluated for hemorrhagic damage. This involved measuring
the area, in mm’, of all hemorrhagic lesions. The damage areas were summed for each rat
to give the ‘intestinal damage score’ (Wallace et al., 2011).

Immediately prior to each administration of naproxen or vehicle, rats were treated
with DADS (10, 30, or 60 mmolkg™" p.o.) or an equivalent volume of vehicle (1%
carboxymethylcellulose). Damage was assessed and samples were taken, as described

above.

Effects of Inhibition of Hydrogen Sulfide Synthesis. Rats (n=6 per group) were treated
orally, twice daily, with a lower dose of naproxen (10 mgkg™") for 4.5 days. Previous
studies have demonstrated that this dose of naproxen significantly reduced inflammation
in a rat adjuvant arthritis model and suppressed systemic and small intestinal COX-1 and
COX-2 activity (Blackler et al., 2012), but elicited a low level of damage in the small
intestine. The rats were also treated twice daily with an inhibitor of cystathionine y-lyase
(B-cyano-L-alanine (BCA); 50 mgkg™ i.p.), or with vehicle (phosphate-buffered saline;
PBS) immediately prior to naproxen administration. Three hours after the final dose, the
small intestine was blindly evaluated for damage and samples were collected, as

described above.
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Prostaglandin Synthesis. Three hours after the final dose of naproxen, samples of
jejunum and of the corpus region of the stomach were collected for the measurement of
prostaglandin (PG) E, synthesis, as described previously (Wallace et al., 2000). Briefly,
the samples were excised, weighed, and added to a tube containing 1 mL of sodium
phosphate buffer (10 mmol'L™"; pH 7.4). Using scissors, the tissue sample was minced for
30 sec then placed in a shaking water bath (37°C) for 20 min. The samples were
centrifuged (9000 g) for 30 sec and the supernatants were collected. The concentrations of

PGE; in the supernatants were determined by ELISA.

Intestinal Inflammation. Intestinal inflammation was assessed in jejunal samples by the
measurement of myeloperoxidase (MPO) activity, a quantitative index of granulocyte
infiltration (Boughton-Smith et al., 1988), and by histology. Specimens of jejunal tissues
were collected, fixed and processed by routine techniques for light microscopy (H&E

staining) (Wallace et al., 2009).

Intestinal Epithelial Cell Culture. Rat intestinal epithelial (IEC-6) cells and human
intestinal epithelial (HT-29) cells were obtained from American Type Culture Centre
(Manassas, VA, USA). IEC-6 cells are a non-transformed, homogenous population of
epithelial-like cells that remain in an undifferentiated state, and thus, retain some features
consistent with intestinal crypt cells (Quaroni et al., 1979). Cultures were maintained in
Dulbecco’s modified eagle medium (DMEM) containing 5% (vol'vol) fetal bovine

serum, 4 mmolL" glutamine, 50 UmL" penicillin, and 50 pgmL™” streptomycin
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(complete medium) at 37°C and 5% (vol'vol') CO,. Sub-culture was carried out at
confluence and cells between passages 17-20 were used for bile cytotoxicity assays. Prior
to the assays, cells were seeded at 5 x 10* cells per well in 24-well plates and allowed to
grow for 1-2 days post-confluence. Bile cytotoxicity assays were also conducted using

HT-29 epithelial cells, which were cultured as previously described (Jobin et al., 1998).

Collection of Bile. One hour after the final administration of drug or vehicle, rats were
anaesthetized with sodium pentobarbital. A laparotomy was performed and the bile duct
was cannulated with a polyethylene cannula (PE-10; Clay Adams, Parsipany, NJ, USA).
Bile was collected for 30 min. The bile was stored at -80°C until use in the cytotoxicity

assay.

Bile Cytotoxicity Assay. Bile samples were diluted with Dulbecco’s PBS (DPBS) (pH
7.4) immediately prior to incubation with IEC-6 cells. Dilutions (1:3 to 1:12) that fell
within the physiological range of concentrations of bile acids present in the small
intestine of rats (Dietschy, 1968) were assessed for their cytotoxic effects. Cells were
washed with warm DPBS prior to bile application. Solutions of bile were added to IEC-6
cells for 3 h at 37°C and 5% (vol'vol™") CO,. Following the incubation period, the cells
were centrifuged at 250 g for 5 min and the supernatants collected for lactate
dehydrogenase measurement, using a Cytoscan-LDH Cytotoxicity Assay Kit (G-
Biosciences, St. Louis, MO, USA). Additional experiments were performed in a similar

manner, but using HT-29 cells.
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Biliary Naproxen Levels. Concentrations of naproxen in bile were blindly measured by
liquid chromatography/mass spectrometry, as described previously (Blackler ef al., 2012).

These measurements were carried out by Nucro-Technics (Scarborough, ON, Canada).

Intestinal Bacterial Growth. Samples of jejunum (~200 mg; with the luminal contents
preserved) from rats treated with vehicle or naproxen, and co-treated with vehicle or
DADS, were collected under sterile conditions and homogenized in PBS. Homogenates
were kept on ice until serially diluted and plated onto Columbia (with 5% sheep blood)
(CBA) or brain heart infusion (BHI) agar and incubated for 48 h under either aerobic or
anaerobic conditions. Plates containing between 20 and 200 colony-forming units (CFU)
were analyzed to determine bacterial numbers, and the results expressed as CFU per gram

of tissue.

DNA Extraction and Polymerase Chain Reaction—Denaturing Gradient Gel
Electrophoresis. Bacterial DNA was extracted from cecal content samples as previously
described (Park et al, 2013). DNA concentrations were determined
spectrophotometrically using a NanoDrop 2000 (Thermo Scientific, Wilmington, De,
USA). The hypervariable V3 region of the bacterial 16s ribosomal DNA gene was
amplified using polymerase chain reaction with universal bacterial primers (HDA-1 and
HDA-2) (Mobixlab, McMaster University core facility, Hamilton, Ontario, Canada).

Denaturing gradient gel electrophoresis (DGGE) was performed using a DCode universal
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mutation system (Bio-Rad, Mississauga, Ontario, Canada). Electrophoresis was
conducted at 130 V at 60°C for 4.5 h. Gels were stained with SYBR Green (Molecular
Probes, Eugene, OR, USA) and viewed by ultraviolet transillumination. A scanned image
of an electrophoretic gel was used to measure the staining intensity of the fragments using
Quantity One software (version 4-2; Bio-Rad Laboratories). The intensity of fragments is
expressed as a proportion (%) of the sum of all fragments in the same lane of the gel.
Similarities between bacterial profiles were determined by using the Dice coefficient, and
the Ward and majority unweighted-pair-group method with arithmetic mean (UPGMA)
algorithms. Construction of majority UPGMA trees was based on a resampling strategy
of 200 permutations. UPGMA trees are displayed using a multi-dimensional scaling,
which positions the entry nodes so that they occupy the best possible distance to each

other to reflect the distances in the similarity/distance matrix.

Materials. Naproxen sodium and diallyl disulfide were purchased from Sigma-Aldrich
(St. Louis, MO, USA). B-cyano-L-alanine, and the PGE, and TXB, ELISA kits were
purchased from Caymen Chemical (Ann Arbor, MI, USA). Columbia and BHI agar
media plates were purchased from Becton-Dickinson (Mississauga, ON, CA). DMEM,
fetal bovine serum, penicillin, and streptomycin were purchased from Life Technologies

Inc. (Burlington, ON, CA).

3.4. Results
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Suppression of H,S Synthesis Exacerbated Naproxen-induced Ulceration and
Bleeding. Administration of naproxen at 10 mgkg™ resulted in a low level of intestinal
damage (Figure 3.1 A). However, co-administration of an inhibitor of H,S synthesis,
BCA, resulted in a significant increase (p<0.05) in the severity of naproxen-induced
intestinal damage (Figure 3.1 A) and a small, but significant decrease in hematocrit
(Figure 3.1 B). Jejunal granulocyte infiltration (MPO activity) in naproxen-treated rats

was not affected by BCA co-treatment (data not shown).
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Figure 3.1. Inhibition of hydrogen sulfide (H>S) synthesis by cystathionine y-lyase (f3-
cyano-L-alanine (BCA) exacerbated naproxen-induced intestinal damage and bleeding.
Panel A: Administration of naproxen (10 mgkg™") twice daily over 4.5 days resulted in
marginal intestinal damage. Co-treatment with BCA significantly worsened naproxen-
induced intestinal erosions (*p<0.05). Panel B: Rats co-treated with BCA and naproxen

had significantly reduced hematocrit compared to rats treated with vehicle and naproxen
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(**p<0.01). Results are shown as mean + SEM (n>6 per group). The data were analyzed

by an unpaired, two-tailed Student’s t-test.

DADS Dose-Dependently Reduced Enteropathy and Bleeding. Administration of
naproxen (20 mg'kg™") twice daily for 4.5 days resulted in severe intestinal ulceration and
bleeding (Figure 3.2 A). Rats treated with naproxen exhibited significant weight loss
(~10%), and blood was evident in the intestinal lumen. Co-administration of DADS with
naproxen resulted in a dose-dependent reduction in the extent of intestinal damage
(Figure 3.2 A). Naproxen treatment resulted in a 35% decrease in hematocrit (p<0.001),
whereas rats treated with DADS at doses of 30 or 60 mmolkg" did not exhibit a
significant change in hematocrit (Figure 3.2 B). Co-administration of DADS (30 or 60
mmol’kg™") also significantly reduced weight loss in naproxen-treated rats (p<0.01; Figure

3.2 C).
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Figure 3.2. Dose-dependent reduction of naproxen-induced intestinal ulceration by
diallyl disulfide (DADS). Rats were co-treated, twice daily, with naproxen (20 mgkg™)
and vehicle or DADS (10, 30, or 60 mmol’kg™) for 4.5 days. Panel A: Naproxen-induced
small intestinal damage was significantly reduced by co-treatment with DADS at doses of
30 and 60 mmolkg" (Yp<0.05). Panel B: Naproxen administration caused significant
bleeding compared to vehicle treatment (***p<0.001), but co-treatment with DADS at
doses of 30 or 60 mmolkg™ significantly reduced the naproxen-induced decrease in
hematocrit (Y¥¥p<0.001). Panel C: Weight loss caused by naproxen administration
(***p<0.001) was significantly reduced by co-treatment with DADS at doses of 30 or 60
mmolkg™ (Yp<0.01). Results are shown as mean + SEM (#>6 per group). The data were
analyzed by a one-way analysis of variance followed by Dunnett’s and Bonferroni post-

hoc tests.

Effects of DADS on Suppression of Cyclooxygenase Activity. Naproxen administration
profoundly suppressed systemic COX-1 activity (whole blood thromboxane synthesis; by
99%) (Figure 3.3 A) and intestinal PGE, synthesis (by 64%) after twice daily dosing for
4.5 days. A similar degree of suppression of thromboxane synthesis was observed in rats
co-treated with DADS and naproxen. However, naproxen-treated rats that were co-treated
with DADS at 30 or 60 mmolkg" exhibited an increase (~1.8-fold) in intestinal PGE,
synthesis as compared to naproxen-treated rats (p<0.05) (Figure 3.3 B). Similar effects
were observed in gastric tissue (Supplemental Figure 3.7). Naproxen significantly
inhibited gastric PGE, synthesis (by 81%) when compared to vehicle-treated rats.
However, co-treatment with DADS at 30 or 60 mmolkg" resulted in significantly

elevated gastric PGE; synthesis as compared to that in naproxen-treated rats (p<0.05).
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Figure 3.3. Diallyl disulfide (DADS) did not prevent systemic cyclooxygenase inhibition
by naproxen. Naproxen administration significantly suppressed (by 99%) whole blood

synthesis of thromboxane (TXB,) (***p<0.001, panel A), and this was not affected by
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co-administration of DADS (10, 30, or 60 mmol'kg'l). Three hours after the final dose,
naproxen administration also significantly inhibited (by 64%) (***p<0.001) intestinal
prostaglandin (PG) E, synthesis compared to vehicle treated rats (panel B). However, co-
treatment with DADS at 30 and 60 mmolkg" increased intestinal PGE, synthesis in
naproxen-treated rats to levels comparable to vehicle treated rats. Results are shown as
mean + SEM (n>6 per group). The data were analyzed by a one-way analysis of variance

followed by Dunnett’s and Bonferroni post-hoc tests.

DADS Dose-dependently Reduced Intestinal Inflammation. Naproxen administration
resulted in a significant (~4-fold) increase in jejunal granulocyte infiltration (MPO
activity) as compared to vehicle-treated rats (p<0.001). However, naproxen-induced
granulocyte infiltration was prevented when rats were co-treated with DADS at doses of
30 or 60 mmolkg' (Figure 3.4 A). Histological examination of jejunal sections from
naproxen-treated rats confirmed the extensive macroscopic erosions and granulocyte
infiltration. Naproxen-treated rats exhibited a complete loss of mucosal architecture,
granulocyte infiltration, and extensive subepithelial edema, as compared to vehicle-
treated rats (Figure 3.4 B and 3.4 C, respectively). However, mucosal structure was
largely intact when naproxen-treated rats were co-treated with DADS at doses of 30 or 60

mmol’kg™, with similar appearance to vehicle-treated rats (Figure 3.4 D).

89



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

[>]

20+

*kk
R
?, 151
2
.%_ 10+
<
° 5 Yy
o
=
0- . -
Vehicle Vehicle 10 30
DADS (mmol-kg™)
+ Naproxen

Figure 3.4. Diallyl disulfide (DADS) dose-dependently prevented naproxen-induced
mucosal inflammation and structural damage. Panel A: Naproxen administration
significantly increased intestinal myeloperoxidase (MPO) activity compared to vehicle-
treated rats (***p<0.001). However, co-treatment with DADS at doses of 30 or 60
mmolkg" significantly diminished the naproxen-induced increase in MPO activity
(*"¥p<0.001). Panel B: Loss of mucosal structure in the intestine after naproxen
treatment. Mucosal structure remained intact when naproxen-treated rats were co-
administered DADS (30 mmol'kg™) (panel D), with a similar appearance to tissue from
vehicle-treated rats (panel C). Results are shown as mean = SEM (#>6 per group). The
data were analyzed by a one-way analysis of variance followed by Dunnett’s and

Bonferroni post-hoc tests. Scale bar, 100 um (applicable to each panel).
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Cytotoxic Effects of Bile were Enhanced by Naproxen. When tested at dilutions of 1:6
or 1:12, bile collected from rats administered naproxen (20 mgkg') over 4.5 days
exhibited significantly increased cytotoxic effects on IEC-6 intestinal epithelial cells as
compared to bile from rats administered vehicle. Results for the 1:6 dilutions are shown
in Figure 3.5. Thus, exposure of the cells to a 1:6 dilution of bile from naproxen-treated
rats for 3 h resulted in 58% cytotoxicity, as compared to 26% cytotoxicity (p<0.001) for
bile from vehicle-treated rats (Figure 3.5). Similar results were also observed for the 1:12

bile dilution (data not shown).

DADS Reduced Naproxen-Enhanced Bile Toxicity. The enhancement of the cytotoxicity
of bile by Naproxen was dose-dependently reduced in rats co-treated with DADS (Figure
3.5). Indeed, bile collected from rats co-treated with naproxen and DADS at 60 mmolkg
"was not significantly different, in terms of cytotoxicity, from the bile collected from rats
treated only with vehicle. Similar results were also observed for the 1:12 bile dilution and
in a series of experiments evaluating bile cytotoxicity on cultured HT-29 cells
(Supplementary figure 3.8).

The severity of naproxen-induced intestinal damage correlates well with the
concentrations of naproxen in the bile after administration of naproxen to rats
(unpublished data). To explore whether DADS co-administration reduced biliary
concentrations of naproxen, we measured the concentrations of naproxen in bile from rats
treated with naproxen (20 mgkg™) alone or co-treated with DADS. The concentration of

naproxen in the bile of naproxen-treated rats did not differ significantly when DADS was
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co-administered at doses of 10, 30 or 60 mmolkg™', suggesting that DADS co-
administration did not significantly alter the enterohepatic recirculation of naproxen

(Supplementary figure 3.9).
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Figure 3.5. Diallyl disulfide (DADS) dose-dependently reduced naproxen-induced bile
cytotoxicity. Bile collected from rats treated with naproxen (20 mgkg™) twice daily for
4.5 days was significantly more cytotoxic to cultured rat intestinal epithelial (IEC-6) cells
than bile collected from vehicle-treated rats (***p<0.001). Co-treatment with DADS at
30 mmol'kg™ significantly reduced the naproxen-induced increase in cytotoxicity of bile
(*p<0.05). Co-treatment with DADS at 60 mmol'kg" further reduced naproxen-induced
bile cytotoxicity, to a level similar to that of bile from vehicle-treated rats (**¥p<0.001).
Data shown are from the 1:6 dilutions of bile samples, and are expressed as the mean +
SEM of at least 6 rats per group. The data were analyzed by a one-way analysis of

variance followed by Dunnett’s and Bonferroni post-hoc tests.
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DADS Administration Altered the Composition of the Microbiota. We examined
whether DADS administration would alter the composition of the intestinal microbiota.
DGGE analysis of cecal contents demonstrated that treatment with DADS caused a
marked shift in the composition of the microbiota. DGGE analysis was performed to
compare the microbial composition in rats treated with vehicle, naproxen (20 mgkg™)
plus vehicle, or naproxen plus DADS at a protective (30 mmolkg™") and a non-protective
(10 mmol'kg™") dose. Naproxen administration caused cecal dysbiosis in rats and co-
treatment with a non-protective dose of DADS (10 mmol'kg™) did not correct this shift, as
analyzed by the Dice coefficient and Ward algorithm to determine similarities (Figure 3.6
A). Interestingly, the microbiota of naproxen-administered rats co-treated with a
protective dose of DADS (30 mmolkg") clustered with that of rats not treated with
naproxen. Construction of a UPGMA tree demonstrated similar clustering and each
branch had 100% resampling support (Figure 3.6 B). The total number of aerobes in the
jejunum of rats treated with naproxen or naproxen plus DADS (10, 30, or 60 mmol'kg™),
was not significantly different from that in vehicle-treated rats (whether plated on CBA or
BHI media) (Figure 3.6 C).

To further investigate if DADS administration alone could shift the composition
of the microbiota in rats, an additional experiment was conducted in which rats were
treated with vehicle or DADS (10 or 30 mmolkg"'). Similar to the above-mentioned
results, the total number of aerobes and anaerobes in the jejunum of rats treated with
DADS at doses of 10 or 30 mmol’kg ' was not significantly different from that in vehicle-

treated rats (whether plated on CBA or BHI media) (Supplementary figure 3.10 C).
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DGGE analysis of the cecal microbiota demonstrated that treatment of rats with DADS at
a non-protective dose (10 mmolkg™) did not cause a shift in the microbiota as compared
to treatment with vehicle. However, the microbiota of rats treated with DADS at a
protective dose (30 mmolkg™) resulted in a distinct clustering of the microbiota versus

that in rats treated with vehicle (Supplementary figure 3.10 A and 3.10 B).
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Figure 3.6. Co-treatment with diallyl disulfide (DADS) prevented naproxen-induced
dysbiosis. Panel A: Denaturing gradient gel electrophoresis analysis revealed that

naproxen (20 mgkg™) administration to rats caused dysbiosis of the cecal microbiota,
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with distinct clustering from vehicle-treated rats. Co-treatment with DADS at 30
mmol’kg™ shifted the microbiota of naproxen-treated rats back to being similar to that of
vehicle-treated rats. Using a resampling technique (majority unweighted-pair-group
method with arithmetic mean algorithm), the dendrogram clustering observed in Panel A
was confirmed, indicating a robust difference in microbiota composition between groups
(Panel B). Panel C: The total number of aerobes in the jejunum did not significantly differ
in rats treated with vehicle, naproxen, or naproxen plus DADS (10, 30 or 60 mmolkg™)
twice daily for 4.5 days. Results in panel C are from samples plated on Columbia blood
agar (CBA) and shown as mean £ SEM (n<5 per group). The data were analyzed by a

one-way analysis of variance followed by Dunnett’s multiple comparison test.

3.5. Discussion

NSAID-induced enteropathy is a significant clinical concern because of the
widespread use of this class of drugs, particularly among the elderly, who have an
increased propensity to develop GI ulcers (Wallace, 2013). In recent years, considerable
evidence has been provided for important roles of H,S as a mediator of mucosal defence
throughout the GI tract. Endogenous H,S synthesis is up-regulated at sites of mucosal
injury and contributes significantly to healing of the injury (Wallace et al., 2007b;
Wallace et al., 2009; Flannigan et al., 2013). Administration of H,S donors has been
shown to accelerate the healing of gastric and colonic ulcers, and to reduce mucosal
inflammation (Fiorucci et al., 2007; Wallace et al., 2007b). In the present study, a
garlic-derived H,S donor (DADS) was shown to dose-dependently reduce the severity of
ulceration and bleeding in the small intestine following administration of naproxen, one

of the most prescribed NSAIDs. Furthermore, DADS administration led to significant
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changes in the intestinal microbiota and to the cytotoxicity of bile that could account, at
least in part, for the protective effects of this H,S donor against NSAID-enteropathy.
Suppression of endogenous H,S synthesis resulted in a significant exacerbation of
naproxen-induced intestinal ulceration and bleeding.

While the mechanism underlying the gastroduodenal damage caused by NSAIDs
is clearly related to the ability of these drugs to suppress COX (1 and 2) activity, the
mechanism for NSAID-enteropathy is less clear and likely more complex (Wallace,
2012). COX inhibition contributes to the injury that develops in the intestine following
NSAID administration, but three other interrelated factors appear to be more important:
bile, enteric bacteria and the enterohepatic circulation of the NSAID. The latter is clear
from evidence that NSAIDs that do not undergo enterohepatic recirculation do not cause
significant intestinal damage (Wax et al., 1970; Reuter et al., 1997; Somasunduram et al.,
1997). After absorption, NSAIDs can be glucuronidated in the liver, and then excreted
into bile. As shown in the present study, bile containing NSAIDs or NSAID-glucuronides
are more damaging to intestinal epithelial cells than bile from rats that were not treated
with an NSAID. This may be due, at least in part, to NSAID-induced changes in the
enteric flora, leading to increased concentrations of more cytotoxic, secondary bile acids
(Hofmann, 1999; Martinez-Augustin et al., 2008). Re-absorption of the NSAIDs in the
ileum can only occur if the NSAID is deconjugated from the glucuronide, which requires
the activity of bacterial B-glucuronidase. It has recently been demonstrated that an
inhibitor of bacterial B-glucuronidase prevented NSAID-induced intestinal damage in

mice (Saitta ef al., 2014). Thus, bacteria may contribute to NSAID-enteropathy through
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their critical role in enterohepatic circulation, as well as in the conversion of primary to
secondary bile acids. A third mechanism through which bacteria can contribute to
NSAID-enteropathy is through their colonization of the initial lesions that form after
NSAID administration (Elliott et al., 1998) and, in the case of gram-negative bacteria, via
activation of Toll-like receptor 4 (TLR-4). Watanabe et al. (2008) demonstrated that
activation of TLR-4 contributed significantly to the intestinal injury that developed in
mice and rats after administration of indomethacin. In the present study, treatment with
DADS resulted in a reduction of the in vitro cytotoxicity of bile to the same level as in
rats not treated with an NSAID, triggered marked changes in the intestinal microbiota, but
did not alter enterhepatic recirculation of naproxen (i.e., the levels of naproxen in bile
were unaltered by DADS treatment). This suggests that DADS did not significantly
change bacterial deconjugation of naproxen-glucuronide, a necessary step for the NSAID
to be re-absorbed in the ileum.

Another mechanism through which NSAIDs have been suggested to cause small
intestinal ulceration is through their ability to uncouple oxidative phosphorylation,
leading to death of epithelial cells (Somasundaram et al., 2007). If this is the case, it
raises the intriguing possibility that the protective effects of H»S could be related to the
ability of this gaseous mediator to act as an electron donor in mitochondrial respiration
(Goulbern et al., 2007). HaS has been shown capable of rescuing mitochondrial function
during hypoxia and anoxia, by virtue of this action, contributing to its cytoprotective

effects in the GI tract and elsewhere (Elrod et al., 2007; Kimura et al., 2010; Campolo et
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al.,2013). Epithelial cells in the GI tract have been reported to be the most efficient cells
at using H»S as a mitochondrial energy source (Mimoun et al., 2012).

Treatment with DADS also resulted in statistically significant changes in intestinal
prostaglandin synthesis. As expected, naproxen administration resulted in a marked
inhibition of intestinal PGE, synthesis and of whole blood thromboxane synthesis (the
latter is almost entirely derived from platelets) (Wallace et al., 1998). In rats pre-treated
with DADS at the two higher doses, which were protective against intestinal injury, the
levels of PGE, synthesis were significantly greater than in rats pre-treated with vehicle.
However, the differences in intestinal PGE, synthesis between the groups treated with
‘protective’ doses of DADS and the group treated with a non-protective dose of DADS
were negligible, suggesting that altered PGE, synthesis was unlikely to have contributed
significantly to the protective effects of DADS.

As mentioned above, the pathogenesis of NSAID-enteropathy is more
complicated than that of NSAID-gastropathy. The multifactorial aspect of NSAID-
enteropathy may explain why doses of DADS in the mmol'kg" range were required to
observe a protective effect against small intestinal damage, whereas doses of DADS in
the pmolkg' range were effective in preventing naproxen-induced gastric damage
(Wallace et al., 2010). However, the ability of an H,S donor to protect against NSAID-
induced intestinal damage may also depend on the nature of the donor, and the manner in
which H,S is delivered by the donor relative to the delivery and absorption of the NSAID.
ATB-346 is an H,S-releasing derivative of naproxen. At a dose equivalent to the 20

mgkg™ dose of naproxen used in the present study, ATB-346 produced no gastric or
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small intestinal damage (Wallace et al., 2010; Blackler et al., 2012), despite having the
capacity to deliver less than 1% of the H,S that is released by the protective doses of
DADS. Further studies are required to better understand the mechanisms for the GI-
sparing effects of ATB-346, and why it appears to differ mechanistically from that of an
H,S donor such as DADS.

Changes in the microbiota induced by administration of DADS may have
contributed significantly to the ability of this H,S donor to reduce the severity of
naproxen-induced intestinal damage. As outlined above, enteric bacteria can contribute
to the pathogenesis of NSAID-enteropathy in several ways, affecting both the cytotoxicity
of bile, the enterohepatic circulation of the NSAID and the ability of ulcers to heal. In
this study, we have demonstrated that naproxen administration also caused significant
changes in the enteric microflora, as has been reported previously (Uejima et al., 1996;
Reuter et al., 1997; Hagiwara et al., 2004; Watanabe et al., 2008). Co-administration of
‘protective’ doses of DADS with naproxen resulted in a normalization of the microbiota
(i.e., to be similar to that in rats not receiving naproxen). Of course, this latter effect
could simply be a consequence of the prevention of naproxen-induced intestinal damage.
A causal relationship between DADS-induced changes in the microbiota and reduced
intestinal damage has not been established. However, it is noteworthy that
administration of DADs alone resulted in significant changes in the enteric microflora.

In summary, the present study extends previous observations that H,S has
protective effects in the GI tract, with the demonstration that DADS could substantially

reduce the severity of intestinal ulceration and bleeding induced by repeated

99



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

administration of an NSAID. The pathogenesis of NSAID-enteropathy is complicated,
involving cytotoxic effects of bile, changes in intestinal microbiota and enterohepatic
circulation of the NSAID. The present study provides evidence that administration of an
H,S donor can significantly affect two of these factors: reducing the cytotoxicity of bile
and significantly altering the enteric microbiota. These two effects may be related, since
changes in enteric bacteria can lead to altered bile metabolism, and in turn to an alteration

of cytotoxicity.

3.6. Supplementary Material
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Figure 3.7. Effects of diallyl disulfide (DADS) on inhibition of gastric prostaglandin

(PG) E, synthesis by naproxen. Three hours after the final dose, naproxen significantly
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suppressed gastric prostaglandin (PG) E, synthesis (***p<0.001). However, co-treatment
with DADS at 30 or 60 mmolkg" significantly increased gastric PGE, synthesis in
naproxen-treated rats (Yp<0.05). Results are shown as mean + SEM (n>6 per group). The
data were analyzed by a one-way analysis of variance followed by Dunnett’s and

Bonferroni post-hoc tests.
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Figure 3.8. Diallyl disulfide (DADS) dose-dependently reduced naproxen-induced bile
cytotoxicity on HT-29 cultured cells. Similar to the bile cytotoxicity results from IEC-6
cell cultures, bile collected from rats treated with naproxen (20 mgkg™) twice daily for
4.5 days was significantly more cytotoxic than bile collected from vehicle-treated rats
(***p<0.001). Bile collected from rats co-treated with DADS at 60 mmolkg’ was
significantly less cytotoxic than bile from naproxen-treated rats (*p<0.05). The bile
samples were diluted 1:6 in Dulbecco’s phosphate buffer saline (DPBS) prior to being

added to the cultured cells. Results are shown as mean + SEM (n=6 per group). The data
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were analyzed by a one-way analysis of variance followed by Dunnett’s multiple

comparison test.
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Figure 3.9. Biliary concentrations of naproxen were unaltered by co-administration of
diallyl disulfide (DADS). Naproxen (20 mgkg') was co-administered with vehicle or
with DADS (10, 30 or 60 mmol'kg") twice daily for 4.5 days. Bile was collected 1 h
after the final drug administration. Biliary naproxen concentrations were measured by
liquid chromatography/mass spectrometry. Results are shown as mean = SEM (n=6 per
group). The data were analyzed by a one-way analysis of variance followed by Dunnett’s

and Bonferroni post-hoc tests.
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Figure 3.10. Treatment with diallyl disulfide (DADS) caused a shift in the microbiota
composition. Panel A: Denaturing gradient gel electrophoresis analysis revealed that
there were significant differences in the composition of cecal microbiota in vehicle-
treated and DADS-treated (30 mmol'’kg™) rats. The clustering observed in the dendrogram
constructed using the Dice coefficient and Ward algorithm in Panel A was confirmed
using majority unweighted-pair-group method with arithmetic mean algorithm (Panel B).
Panel C: The total number of aerobes and anaerobes in the jejunum did not significantly
differ in rats treated with vehicle or with DADS (10 or 30 mmolkg™) twice daily for 4.5
days. Results in panel C are from samples plated on Columbia blood agar (CBA) and
shown as mean + SEM (n<5 per group). The data were analyzed by a one-way analysis of

variance followed by Dunnett’s multiple comparison test.
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4.1. Abstract

Nonsteroidal anti-inflammatory drugs (NSAIDs) remain among the most commonly used
medications because of their effectiveness at reducing pain and inflammation. The
damaging effects of NSAIDs in the stomach and duodenum can be substantially reduced
by inhibitors of gastric acid secretion. However, there are no proven-effective
preventative or curative treatments for NSAID-induced enteropathy. In recent years,
substantial progress has been made in better understanding the pathogenesis of NSAID-
enteropathy, and in particular the interplay of enteric bacteria, bile and the enterohepatic
recirculation of the NSAID. Moreover, it is becoming clear that suppression of gastric

acid secretion significantly worsens NSAID-enteropathy.

4.2. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) remain a mainstay for treatment
of numerous inflammatory diseases, including osteoarthritis, despite significant untoward
effects on the gastrointestinal (GI) tract. The damage produced by these drugs in the
stomach and duodenum can be greatly reduced by co-administration of inhibitors of
gastric acid secretion, such as proton pump inhibitors (PPIs) and histamine H, receptor
antagonists (H,RAs). As discussed below, these drugs are not without adverse effects, so
there continues to be a search for improved approaches for preventing NSAID-
gastroduodenopathy.

Much recent research has been focused on the damage caused by NSAIDs in the

lower intestine. NSAID-enteropathy has a distinct pathogenesis from the damage
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produced in the upper GI tract [1]. Suppression of cyclooxygenase activity contributes to
NSAID-enteropathy, but the roles of bile and bacteria appear to be much more significant
(Figure 4.1). There is a growing interest in NSAID-enteropathy largely because of
improved methods for detecting the damage, through video capsule endoscopy and
double-balloon enteroscopy. Moreover, the emerging evidence that use of agents that
suppress gastric acid secretion are causing a significant worsening of the small intestinal
damage caused by NSAIDs [2-5] is stimulating further research into the pathogenesis of

this condition.

Circulation

NSAID
Enteropathy

Figure 4.1. Interactions among bile, intestinal microbes and enterohepatic circulation
of NSAIDs contribute significantly to NSAID-induced intestinal damage. The
cytotoxicity of bile in increased following NSAID administration, and also by conversion
from primary to secondary bile acids (catalyzed by bacterial enzymes). Bacteria also
contribute to enterohepatic recirculation of NSAIDs, as bacterial B-glucuronidase is

necessary for NSAID re-uptake in the ileum. Suppression of gastric acid secretion leads
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to significant changes to the intestinal microbiota and increases the cytotoxicity of bile,

but the temporal relationship of these effects is unclear.

4.3. Gastroduodenal Protection

Secretion of bicarbonate by gastric and duodenal epithelial cells is an important
component of mucosal defence. Hydrogen sulfide has been shown to markedly reduce
the severity of gastric damage induced by NSAIDs [6] or by ischemia-reperfusion [7].
Maintenance of gastric blood flow [8] and inhibition of leukocyte-endothelial adhesion
[9] contribute to the protective effects of H,S, but stimulation of bicarbonate secretion
may be another important mechanism. Takeuchi et al. [10] demonstrated a key role of
endogenous H,S in the secretion of bicarbonate in the rat duodenum that is stimulated by
mucosal acidification. = Duodenal bicarbonate secretion was increased following
administration of an H,S donor, and reduced by an inhibitor of endogenous H,S
synthesis. The latter also led to enhanced acid-induced duodenal damage. Acid-induced
duodenal bicarbonate secretion was also shown to be mediated by two other gaseous
mediators, nitric oxide and carbon monoxide [10].

Regulation of bicarbonate secretion by H»S also extends to the stomach and may
contribute significantly to the gastroprotective effects of this mediator [11]. As shown in
Figure 4.2, administration of an H,S-releasing derivative of naproxen (ATB-346) resulted
in a marked (~50%) decrease in gastric acidity, with an increase in mean pH of gastric
juice from 1.48 to 2.11, and a ~82% decrease in the volume of secretion. This was most
likely attributable to a combination of increased gastric bicarbonate secretion and

decreased gastric acid secretion. Mard et al. [12] recently reported that H,S could inhibit
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gastric acid secretion, but it is possible that at least some of the decrease in titratable
acidity that they observed was actually due to stimulation of bicarbonate secretion.

ATB-346 did not affect gastric emptying rates (Fig. 4.2).
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Figure 4.2. ATB-346, a hydrogen sulfide-releasing derivative of naproxen,
significantly reduced gastric acidity (upper panel), but did not affect gastric emptying
rates (lower panel). In contrast, naproxen itself did not affect gastric acidity, and the
effect of the H,S-releasing moiety of ATB-346 (4-hydroxy-thiobenzamide; TBZ) did not
reach statistical significance. Naproxen was administered at 20 mg/kg, and the other

drugs were administered at equimolar doses to that of naproxen. *p<0.05 versus the
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vehicle-treated group; Yp<0.05 versus the TBZ-treated group. Data are shown as the mean
+ standard error of the mean of at least 5 rats per group. The data were analyzed by a one-

way analysis of variance followed by Dunnett’s multiple comparison.

4.4. NSAID-enteropathy

4.4.1. Exacerbation by acid suppressing drug. A number of studies have confirmed
the ability of NSAIDs, including low-dose ASA, to cause significant ulceration and
bleeding in the small intestine [13-15]. Indeed, co-use of an NSAID with low-dose ASA
and inhibitors of gastric acid secretion is now commonplace, but can result in a
synergistic increase in intestinal injury and bleeding [16,17], that has been described as
“the perfect intestinal storm” [5]. As is the case in humans, the most severe ulceration
caused by NSAIDs is found in the ileum [15]. Recent human data are consistent with
what has been reported in animal studies [2-5,16]. Thus, using video capsule endoscopy,
Watanabe ef al. examined the small intestine of rheumatoid arthritis patients taking
NSAIDs [18]. Using multivariate regression analysis, they identified risk factors
associated with severe intestinal damage and significantly decreased hemoglobin levels
[18]. The three statistically significant relative risk factors (RR) were: use of a PPI (RR:

5.22), age over 65 (RR: 4.16), and use of a H,RA (RR: 3.95).

4.4.2 Intestinal protection through inhibition of NSAID re-absorption.
Enterohepatic circulation of NSAIDs is a key component of the mechanism of damage
these drugs produce in the small intestine (Figure 4.1). After absorption, NSAIDs can

undergo glucuronidation in the liver, and are then secreted into bile. Bacterial B-D-
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glucuronidase can deconjugate the NSAID-glucuronides, facilitating re-absorption of the
NSAID in the ileum. Inhibition of this enzyme with a novel inhibitor has been shown to
prevent enterohepatic circulation of NSAIDs, and to reduce the intestinal injury caused by
these drugs [19]. Saitta ef al. reported that pretreatment of rats with an inhibitor of B-D-
glucuronidase markedly protected against diclofenac-induced damage in the small
intestine [20]. A similar effect was observed when indomethacin or ketoprofen were the
NSAIDs used to induce intestinal damage.  Delaying administration of the B-D-
glucuronidase inhibitor until 3 hours after NSAID administration resulted in a diminished
protective effect, which was consistent with pharmacokinetic data suggesting a short half-

life of the inhibitor [20].

4.4.3. Hydrogen sulfide prevents NSAID-enteropathy. An H,S-releasing derivative
of naproxen (ATB-346) was previously shown not to produce gastric damage, even at
exceptionally high doses [21]. Administration of the drug to rats with compromised
gastric mucosal defence also did not result in significant damage, while the comparator
drug, naproxen (and sometimes celecoxib), caused extensive hemorrhagic damage [21].
This drug also did not produce intestinal damage when administered twice-daily over
several days [16]. Blackler ef al. examined the effects of this drug in several models of
clinical conditions in which susceptibility to NSAID-induced GI damage is markedly
increased: e.g., arthritis, obesity, hypertension [16]. In each case, ATB-346 did not cause
significant GI damage. Moreover, when administered together with low-dose ASA and a

proton pump inhibitor (over several days), ATB-346 did not cause detectable small
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intestinal damage, whereas naproxen and celecoxib at comparable anti-inflammatory

doses caused severe intestinal ulceration and bleeding [16].

4.4.4. Acid suppression and enteropathy. The most commonly used agents for
preventing or treating NSAID-induced damage in the stomach and duodenum are
antisecretory drugs, such as H,RAs antagonists and PPIs. However, it has been clear for
many years that these drugs offer no protection to the lower small intestine, and in recent
years it has been reported that they exacerbate NSAID-induced small intestinal lesions in
rats [2-5]. There are no proven-effective preventative or therapeutic regiments for
NSAID-enteropathy [1]. Satoh et al. [22] examined the effects of three agents with
proven protective effects in the upper GI tract (misoprostol, irsogladine, and rebamipide)
on diclofenac-induced intestinal lesions, as well as on the exacerbation of those lesions by
ranitidine or omeprazole. Pretreatment with misoprostol, irsogladine, or rebamipide
inhibited the formation of intestinal lesions caused by a high dose of diclofenac alone.
These agents also prevented the exacerbation of diclofenac-induced lesions that was
caused by ranitidine and omeprazole. These studies involved only acute administration of
diclofenac, so it remains to be seen if these potential protective agents are effective in a

model where the NSAID is administered repeatedly over several days [22].

4.4.5. Bile, bacteria and enterohepatic circulation in NSAID-enteropathy. Several

studies have demonstrated critical roles for the bile, enteric bacteria and the enterohepatic

circulation of the NSAIDs in the pathogenesis of NSAID-induced enteropathy [23-27]
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(Figure 4.1). A critical role for bacteria was recently reinforced by a study demonstrating
that the exacerbation of NSAID-enteropathy in rats by treatment with a PPI was
attributable to the dysbiosis that occurred following PPI administration [2]. Specifically,
there was a marked loss of Bifidobacter following PPI treatment. The increased
susceptibility to NSAID-enteropathy caused by the PPI could be reversed if intestinal
levels of Bifidobacter were replenished [2]. It remains unclear why the PPI-induced
dysbiosis resulted in greater NSAID-induced intestinal damage and bleeding, but it is
possible that this triggered changes in bile that contributed to intestinal injury.

Numerous clinical reports and animal studies have associated chronic use of PPIs or
H,RAs with alterations in the GI tract. Among the reported changes are small intestinal
bacterial overgrowth (SIBO) and bile acid dysmetabolism [28-31]. The development of
SIBO is a direct consequence of suppression of gastric acid secretion. The ensuing bile
acid dysmetabolism in patients with SIBO is likely the result of the disproportionate
increase in numbers of microbes capable of deconjugating bile acids and/or of converting
primary bile acids to secondary bile acids [28,29,32]. The deconjugation of bile acids by
bacterial enzymes increases bile acid hydrophobicity, thereby increasing the ability of the
bile acid to disrupt the cellular membranes of enterocytes [33]. Bacterial enzymatic
conversion of primary bile acids to secondary bile acids may also contribute to ulceration,
because secondary bile acids are particularly damaging to intestinal epithelial cells
[17,34]. Therefore, we hypothesized that bile acid dysmetabolism as a consequence of
treatment with an inhibitor of gastric acid secretion would exacerbate NSAID-

enteropathy. Using a rat model, we modeled the common clinical scenario of co-use of
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an NSAID and an inhibitor of gastric acid secretion, and we explored how this would
affect the cytotoxic properties of bile. The results are summarized in Figure 4.3. Rats
treated twice-daily with famotidine (an H,RA) for 9 days did not develop significant
small intestinal damage (Fig. 4.3 A), but the bile collected from those rats was
significantly more cytotoxic when added to cultured intestinal epithelial cells (IEC-6)
than the bile collected from vehicle-treated rats (Fig. 4.3 B). Co-treatment of rats with
both famotidine (9 days) and an NSAID (naproxen, for the final 4.5 days) resulted in
extensive ulceration and bleeding in the small intestine (Fig. 4.3 A), and bile from rats
receiving these treatments was significantly more cytotoxic in vitro than that from rats
treated only with naproxen (Fig. 4.3 B; p<0.05). Therefore, these data suggest that a
marked increase in the cytotoxicity of bile (seen with famotidine treatment) is not
sufficient to produce overt intestinal damage, but is likely to be a contributing factor to
the exacerbation of enteropathy when co-administered with an NSAID. Consistent with
clinical reports of SIBO in patients treated with inhibitors of acid secretion [30,31],
treatment of rats with famotidine resulted in significant increases (>16-fold) in the

number of aerobes in the jejunum (Fig. 4.3 C).
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Figure 4.3. Treatment with an inhibitor of gastric acid secretion (famotidine)
exacerbates NSAID-induced intestinal damage, increases bile toxicity, and alters the
intestinal microbiome in rats. Panel A: Twice-daily administration of famotidine (30
mg/kg, po) and naproxen (10 mg/kg, po) caused extensive small intestinal damage that
was significantly more severe than that induced by naproxen alone (Yp<0.01) or
famotidine alone (**p<0.01). Famotidine alone did not cause significant intestinal
damage. Famotidine was administered for 9 days, while naproxen was administered only
on the final 4.5 days. Panel B: In vitro exposure of rat intestinal epithelial (IEC-6) cells
to bile (diluted 1:6 in buffer) that had been collected from rats treated with vehicle
resulted in a low level of cytotoxicity as measured by lactate dehydrogenase release.
However, when the bile was collected from rats treated with famotidine for 9 days, there
was a ~120% increase in cytotoxicity (**p<0.01 vs. vehicle-treated). While treatment
with naproxen for 4.5 days markedly increased the cytotoxicity of bile, it was
significantly greater when the rats were treated with both famotidine and naproxen
(Yp<0.05). Panel C: Twice-daily treatment with famotidine for 5 or 9 days significantly
increased the number of total aerobes in the jejunum (*p<0.05, **p<0.01 versus the
vehicle-treated group). For all panels, results are shown as mean = SEM (n=6 rats per
group). The data were analyzed by a one-way analysis of variance followed by Dunnett’s

multiple comparison test.

4.5. Conclusions

Damage induced in the stomach and duodenum by NSAIDs can be reduced
substantially be co-administration of a PPI, and to a lesser extent by co-administration of
an H,RA. However, these agents are ineffective in preventing NSAID-induced damage in
the more distal small intestine, and there is growing evidence that by altering the
intestinal microbiota, they worsen NSAID-enteropathy. Hydrogen sulfide is a particularly

potent cytoprotective agent in the GI tract. H,S-releasing NSAIDs produce negligible
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upper GI damage even at very high doses and in animal models where mucosal defence is
significantly impaired. In the small intestine, H,S-releasing NSAIDs produce negligible
damage, even when co-administered with a PPI and low-dose ASA.

Development of effective preventative or curative therapies for NSAID-enteropathy
requires a better understanding of the complicated pathogenesis of this disorder. Three
inter-related factors appear to be of paramount importance: the nature of bile, the
enterohepatic circulation of the NSAID, and the nature of the intestinal microbiota. PPIs
can alter these factors, leading to increased intestinal damage. Bacterial enzymes are
important for deconjugation of NSAIDs in bile, allowing their reabsorption, as well as for
conversion of primary bile acids to more cytotoxic secondary bile acids. These bacterial

enzymes themselves may be targets for novel therapies for NSAID-enteropathy.
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— CHAPTER 5 -

PATHOGENESIS OF NSAID-INDUCED ENTEROPATHY: ELUCIDATION OF
ROLES OF BILE, BACTERIA, AND ENTEROHEPATIC CIRCULATION VIA

USE OF GI-SAFE NSAID
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5.1. Abstract

Background & Aims: The pathogenesis of non-steroidal anti-inflammatory drug
(NSAID)-induced small intestinal damage remains incompletely understood. The aim of
this study was to explore the roles of enteric bacteria, bile, and enterohepatic circulation
in NSAID-enteropathy, using a gastrointestinal (GI)-safe NSAID or by administering
inhibitors of gastric acid secretion (i.e., proton pump inhibitors (PPIs)), which can

significantly exacerbate NSAID-enteropathy.

Methods: Rats received chronic, oral doses of naproxen, a GI-toxic NSAID, or equimolar
doses of ATB-346, a Gl-safe naproxen derivative, and intestinal ulceration and
inflammation was evaluated. Bile was collected after in vivo naproxen, ATB-346, and/or
PPI administration for evaluation of cytotoxicity in vitro using cultured intestinal
epithelial cells and to determine the biliary excretion of naproxen and ATB-346. The
impact of naproxen, ATB-346, and/or PPl administration on the composition of the

intestinal microbiota was examined by deep sequencing of 16s rRNA.

Results: Naproxen administration caused a dose-dependent increase in intestinal damage,
inflammation, and the cytotoxicity of bile on cultured enterocytes, whereas equimolar
doses of ATB-346 did not significantly increase these outcomes. Unlike naproxen
administration, ATB-346 did not undergo extensive enterohepatic recirculation. The
enteric microbiota of naproxen-treated rats was distinct from vehicle- or ATB-346-treated

rats. PPI administration caused intestinal dysbiosis and increased bile cytotoxicity.
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Conclusions: The bile, enteric bacteria and enterohepatic circulation of NSAIDs appear
to contribute significantly to NSAID-induced intestinal damage. ATB-346 undergoes
limited enterohepatic recirculation, which contributes to the substantially reduced
intestinal toxicity of this NSAID. PPI administration can alter the intestinal microbiota
and nature of the bile, and these alterations likely contribute to the exacerbation of

NSAID-enteropathy.

5.2. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most widely used
drugs, due to their ability to alleviate pain and inflammation. However, the
gastrointestinal (GI) toxicity of these drugs remains a major limitation to their use. The
ulceration and bleeding produced by these drugs in the stomach and duodenum can be
significantly diminished by the co-administration of inhibitors of gastric acid secretion,
such as proton pump inhibitors (PPIs) and histamine H, receptor antagonists (H,RAs)
(Scheiman et al., 2006). However, it has been clear for many years that these drugs offer
no protection to the small intestine, where the majority of NSAID-induced damage and
bleeding occurs (Adebayo & Bjarnason, 2006; Lanas et al., 2009). In fact, emerging
evidence indicates that inhibitors of gastric acid secretion significantly worsen the small
intestinal damage caused by NSAIDs (Zhao & Encinosa, 2008; Lanas et al., 2009;
Watanabe et al., 2013; Wallace et al., 2011; Blackler et al., 2012; Satoh et al., 2012).
Although much recent research has focused on the lower intestinal damage caused by
NSAIDs, there are currently no proven-effective preventative or therapeutic regiments for

NSAID-enteropathy (Wallace, 2013a). Consequently, individuals with chronic conditions
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such as osteoarthritis and rheumatoid arthritis, which often require long-term NSAID use
for symptom relief, are without any viable options to prevent NSAID-induced small
intestinal injury and bleeding. This is a major clinical concern as lower GI complications
are more difficult to detect, more expensive to treat, and result in longer hospital stays
and higher mortality rates, compared to upper GI complications (Lanas et al., 2009).

The mechanisms of NSAID-enteropathy are in many ways distinct from NSAID-
induced gastroduodenal damage (Wallace, 2012). The damaging effects of NSAIDs in
the stomach and proximal duodenum are closely related to their ability to suppress
cyclooxygenase (COX) activity. In contrast, the pathogenesis of NSAID-enteropathy is
less linked to COX suppression, and more related to bile, enteric bacteria and
enterohepatic circulation of the NSAID (Wax et al., 1970; Beck et al., 1990; Uejima et
al., 1996; Seitz & Boelsterli, 1998; Hagiwara et al., 2004; Jacob et al., 2004; Wallace,
2013). The critical role of bile in the pathogenesis of NSAID-enteropathy is evident from
studies that demonstrated bile duct ligation in rats prevented NSAID-induced intestinal
damage (Wax et al., 1970; Somasundaram et al., 1997; Jacob et al., 2007; Lichtenberger
et al., 2011), and studies that demonstrated that NSAIDs that do not undergo
enterohepatic circulation do not cause small intestinal damage (Kent et al., 1969; Wax et
al., 1970; Reuter et al., 1997, Somasundaram et al., 1997). A number of in vitro
experiments have also demonstrated that the combination of bile and an NSAID is
particularly damaging to intestinal epithelial cells (Reuter ef al., 1997; Somasundaram et
al., 1997; Petruzzelli et al., 2007), which may explain reports that suggest NSAIDs that

do not undergo enterohepatic recirculation do not cause small intestinal damage. The role
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of bacteria was recently highlighted in a study by Wallace et al. (2011) that demonstrated
that the exacerbation of NSAID-enteropathy in rats by co-treatment with a PPl was a
consequence of the dysbiosis that resulted following PPI administration.

While it remains unclear why the PPIl-induced dysbiosis resulted in an
exacerbation of NSAID-induced intestinal damage and bleeding, some evidence suggests
that changes in bile may be responsible (Blackler et al., 2014). Several clinical reports
have associated chronic use of PPIs with alterations in the GI tract, such as small
intestinal bacterial overgrowth (SIBO) and bile acid dysmetabolism (Shindo et al., 1995;
Williams & McColl, 2006; Lombardo et al., 2010). It is possible that PPI-induced
dysbiosis triggers bile acid dysmetabolism, as many intestinal microbes are capable of
enzymatic modification of bile acids (Begley et al., 2004).

Hydrogen sulfide (H,S), an endogenous gaseous signaling molecule, is an
important mediator of GI mucosal defence, protecting against potentially damaging
luminal agents such as acid, bile, and various drugs (Wallace et al., 2014). A new class of
H,S-releasing NSAID derivatives has demonstrated vastly improved GI safety, producing
negligible damage in both the stomach and small intestine (Wallace et al., 2010; Blackler
et al., 2012). In particular, ATB-346, a H,S-releasing naproxen derivative, has
demonstrated superior GI safety compared to its parent NSAID (naproxen) in
circumstances in which mucosal defence is significantly impaired (Wallace et al., 2010;
Blackler et al., 2012), and even at doses many times greater than those required for anti-
inflammatory effects (Wallace et al., 2010). In contrast to naproxen, co-administration of

ATB-346 with PPIs and/or low-dose aspirin, did not elicit significant small intestinal
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damage or bleeding (Wallace, 2013b). The Gl-safety of ATB-346 is seen despite this
drug causing comparable suppression of GI and systemic COX activity as equimolar
doses of naproxen (Wallace et al., 2010; Blackler et al., 2012; Elsheikh et al. 2014).

In the present study, we utilized ATB-346 and naproxen to help to determine the
roles of cytotoxicity of bile, intestinal microbiota and enterohepatic circulation in the
pathogenesis of NSAID-induced enteropathy. Specifically, we explored whether
administration of naproxen vs. ATB-346 would affect the cytotoxic properties of bile, and
what effects they would have on the intestinal microbiota, and the extent of their
excretion in bile. In addition, we modeled the common clinical scenario of co-use of an
NSAID with a PPI, and explored if changes in the microbiota and bile as a consequence

of treatment with a PPI, contribute to the exacerbation of NSAID-enteropathy.

5.3. Methods

Animals. Male, Wistar rats weighing 220-270 g were obtained from Charles River
(Montreal, QC, Canada). All rats were housed in the Central Animal Facility at McMaster
University. The rats were fed standard chow and water ad libitum, and were housed in
pairs in a room with controlled temperature (22 + 1°C), humidity (65-70%) and light
cycle (12 h light/ 12 h dark). The Animal Care Committee of the Faculty of Health
Sciences at McMaster University approved all experimental procedures described herein.
The studies were carried out in accordance with the guidelines of the Canadian Council of

Animal Care.
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NSAID-Induced Enteropathy and Bile Toxicity. Rats (n=>5/group) were treated orally,
twice daily with naproxen, ATB-346 (2-(6-methoxy-napthalen-2-yl)-propionic acid 4-
thiocarbamoyl-phenyl  ester), or  vehicle (dimethylsulfoxide @ (DMSO)/1%
carboxymethylcellulose (CMC); 5:95 ratio) for 2 days (4 administrations in total).
Naproxen was administered at 3, 10, or 30 mg/kg. ATB-346 was given at doses
equimolar to those of naproxen. One hour after the final administration of drug or vehicle,
rats were anesthetized with sodium pentobarbital. A laparotomy was performed and the
bile duct was cannulated with a polyethylene cannula (PE-10; Clay Adams, Parsipany,
NJ, USA) and bile collected for 30 min (Reuter et al., 1997). The bile was stored at -
80°C until used in the cytotoxicity assay. Anaesthetized rats then had blood drawn from
the aorta for measurement (by ELISA) of whole blood thromboxane B, (TXB;) synthesis,
as an index of systemic COX-1 activity (Wallace et al., 1998). After blood collection, the
small intestine was blindly evaluated for hemorrhagic damage. This involved measuring
the area, in mmz, of all hemorrhagic lesions. The damage areas were summed for each rat
to give the ‘intestinal damage score’ (Wallace et al., 2011). Samples of jejunum were
collected for the measurement of prostaglandin (PG) E, synthesis, as described previously
(Wallace et al., 2000). The concentrations of PGE; in the supernatants were determined

by ELISA.

Effects of PPIs on NSAID-induced Bile Toxicity. Rats (n=5-6/group) were treated for a

total of 9 days with one or more drugs. The rats received twice-daily omeprazole,

lansoprazole (both at 10 mg/kg intraperitoneally), or vehicle (DMSO) for a total of 9
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days. In some experiments, naproxen (10 mg/kg), ATB-346 (14.5 mg/kg), or vehicle
(DMSO/1% CMC; 5:95 ratio) was co-administered orally twice daily for the final 4.5
days of PPI/vehicle administration. One hour after the final administration of drug or
vehicle, rats were anaesthetized with sodium pentobarbital and underwent bile duct
cannulation to collect bile, as described above. The small intestine was then evaluated for
damage, as described above. Doses of naproxen and ATB-346 were selected based on
previous studies that demonstrated these two drugs significantly reduced inflammation in
a rat adjuvant arthritis model and suppressed systemic and small intestinal COX-1 and
COX-2 activity (Blackler et al., 2012). At the doses tested, naproxen elicits a low level of
damage in the small intestine, whereas ATB-346 produces no detectable damage
(Blackler et al., 2012). Previously we demonstrated that the dose of omeprazole and
lansoprazole administered in this study resulted in 99% suppression of gastric acid
secretion by the 5t day of administration, when NSAID treatment was initiated (Wallace

etal., 2011).

Effects of PPIs on Intestinal pH. Rats (n=5/group) were treated twice daily with
omeprazole, lansoprazole (each at 10 mg/kg intraperitoneally) or vehicle (DMSO) for a
total of 9 days. The pH of intestinal contents was assessed. Beginning 15 cm distal to the
pyloric sphincter, the contents of the intestine in each subsequent section of 10 cm of
intestine (3 in total) were collected into sterile tubes. The pH recordings for each tube
were obtained for analysis, as measured by a micro pH glass combination electrode

(Fisher Scientific Accumet, Ottawa, ON, Canada).
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Intestinal Inflammation. Intestinal inflammation was quantitatively assessed in jejunal
samples by the measurement of myeloperoxidase (MPO) activity, a biochemical marker

of granulocyte infiltration (Boughton-Smith ef al., 1988).

Intestinal Epithelial Cell Culture. Rat intestinal epithelial (IEC-6) cells and human
intestinal epithelial (HT-29) cells were obtained from American Type Culture Centre
(Manassas, VA, USA). IEC-6 cells are a non-transformed, homogenous population of
epithelial-like cells that remain in an undifferentiated state (Quaroni et al, 1979).
Cultures were maintained in Dulbecco’s modified eagle medium (DMEM) containing 5%
(vol/vol) fetal bovine serum, 4 mmol/L glutamine, 50 U/mL penicillin, and 50 pg/mL
streptomycin (complete medium) at 37°C and 5% (vol/vol) CO,. Sub-culture was carried
out at confluence and cells between passages 17-20 were used for bile cytotoxicity assays.
Prior to the assays, cells were seeded at 5 x 10 cells per well in 24-well plates and
allowed to reach confluence (grown for 1-2 days post-seeding). In a series of separate
experiments, bile cytotoxicity assays were also carried out using HT-29 epithelial cells,

which were cultured as previously described (Jobin ef al., 1998).

Bile Cytotoxicity Assay. Bile samples were diluted with Dulbecco’s PBS (DPBS) (pH
7.4) immediately prior to incubation with IEC-6 or HT-29 cells. A range of dilutions that
encompass the physiological range of concentrations of bile acids present in the small

intestinal tract of rats (1:3 to 1:12; Dietschy, 1968) were assessed for their cytotoxic
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effects. Cells were washed with warm DPBS prior incubation with diluted rat bile.
Solutions of bile were incubated with IEC-6 or HT-29 cells for 3 h at 37°C and 5%
(vol/vol) CO,. Following the incubation period, the cells were centrifuged at 250 xg for 5
min and the supernatant collected and assayed for lactate dehydrogenase (LDH), using
the Cytoscan-LDH Cytotoxicity Assay Kit (G-Biosciences, St. Louis, MO, USA). The
assay quantitatively measures LDH, a stable cytosolic enzyme, which is released upon

cell lysis.

Pharmacokinetics of Naproxen. Concentrations of naproxen in bile collected from
naproxen- or ATB-346-treated rats were measured by mass spectrometry/liquid
chromatography, as described previously (Blackler et al., 2012). These measurements

were carried out blindly by Nucro-Technics (Scarborough, ON, Canada).

DNA Extraction and Polymerase Chain Reaction—Denaturing Gradient Gel
Electrophoresis. Bacterial DNA was extracted from jejunal and cecal contents as
previously described (Park et al, 2013). DNA concentrations were determined
spectrophotometrically using a NanoDrop 2000 (Thermo Scientific, Wilmington, De,
USA). The hypervariable V3 region of the bacterial 16s ribosomal DNA gene was
amplified using polymerase chain reaction with universal bacterial primers (HDA-1 and
HDA-2) (Mobixlab, McMaster University core facility, Hamilton, Ontario, Canada).
Denaturing gradient gel electrophoresis (DGGE) was performed using a DCode universal

mutation system (Bio-Rad, Mississauga, Ontario, Canada). Electrophoresis was

140



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

conducted at 130 V at 60°C for 4.5 h. Gels were then stained with SYBR Green
(Molecular Probes, Eugene, OR, USA) and viewed by ultraviolet transillumination. A
scanned image of an electrophoretic gel was used to measure the staining intensity of the
fragments using Quantity One software (version 4-2; Bio-Rad Laboratories). The
intensity of fragments is expressed as a proportion (%) of the sum of all fragments in the
same lane of the gel. Similarities between bacterial profiles were determined by using the
Dice coefficient and Ward algorithm. A majority, unweighted-pair-group method with
arithmetic mean (UPGMA) algorithm was used to construct a multi-dimensional scaled

tree based on a resampling strategy of 200 permutations.

Deep Sequencing Analysis of 16S rRNA with Illumina®. Jejunal bacterial DNA was
extracted using a phenol/chloroform/isoamyl method, paired with a Clean and
Concentrator kit (Zymo Research Corp., Irvine, California, USA). The V3 region of the
16S rRNA gene was amplified as previously described (Bartram et al., 2011). Following
separation of products from primers and primer dimers by electrophoresis on a 2%
agarose gel, PCR products of the correct size were recovered using a QIAquick gel
extraction kit (Qiagen, Mississauga, Ontario, Canada). Custom, in-house Perl scripts were
developed to process the sequences after Illumina sequencing. Cutadapt (Martin, 2011)
was used to trim any over-read, and paired-end sequences were aligned with PANDAseq
(Masella et al., 2012). If a mismatch in the assembly of a specific set of paired-end
sequences was discovered, they were culled. Additionally, any sequences with ambiguous

base calls were also discarded. Operational taxonomic units (OTUs) were picked using
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AbundantOTU+ (Ye ef al., 2010) and taxonomy assigned using the Ribosomal Database
Project (RDP) classifier (Caporaso et al., 2010) against the Greengenes reference
database. The graphics in Fig 5.6 and 5.7 were produced using the phyloseq package
(version 1.8.2) implemented in R (version 3.1.0) (McMurdie & Holmes, 2013) with the
following functions: plot heatmap() function and plot bar() function (McMurdie &
Holmes, 2013), after subsetting the data to remove low occurring OTUs (< 3). The
ordination method used in the plot heatmap() function was the principal coordinates
analysis (PCA) and the metric used was Bray Curtis. The scripts used in order to create
the heatmap plots was: plot _heatmap(data, "PCoA", "bray", "Samples", "Family", low =
"#000033", high = "#FF3300"), and the script used to create the bar graphs was:
plot bar(data, fill = "Family") + facet wrap(~Samples, scales = "free"). Statistical
analysis was performed using SPSS 20.0 software for Windows (SPSS Inc, Chicago, IL,
USA). Statistical comparisons were performed by Mann-Whitney and Kruskal-Wallis

tests. Correlations were done applying the Spearman’s test. A p value of <0.05 was

considered statistically significant.

Materials. Naproxen sodium, omeprazole, and lansoprazole were purchased from Sigma-
Aldrich (St. Louis, MO, USA). ATB-346 was provided by Antibe Therapeutics Inc.
(Toronto, ON, Canada). The PGE, and TXB, ELISA kits were purchased from Caymen
Chemical (Ann Arbor, MI, USA). DMEM, fetal bovine serum, penicillin, and

streptomycin were purchased from Life Technologies Inc. (Burlington, ON, CA).
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5.4. Results
Dose-dependent Naproxen-induced Enteropathy. Rats treated with naproxen (30 mg/kg)
twice daily for 2 days resulted in severe intestinal ulceration (Figure 5.1 A). At 10
mg/kg, naproxen induced a low level of intestinal damage, whereas in rats treated with
naproxen at 3 mg/kg there was no macroscopically visible damage. In sharp contrast to
the effects of naproxen, rats treated with ATB-346 did not result in significant small
intestinal damage, regardless of the naproxen equivalent of ATB-346 administered.
Consistent with the small intestinal damage, naproxen administration twice daily
for 2 days resulted in a dose-dependent increase in jejunal granulocyte infiltration (MPO
activity; Figure 5.1 B). In contrast, at all doses tested, ATB-346 administration did not
alter MPO activity. In fact, treatment with ATB-346 at the two higher doses resulted in
significantly lower MPO activity compared to rats treated with an equivalent dose of

naproxen (p<0.01) (Figure 5.1 B).
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Figure 5.1. Effects of naproxen and a hydrogen sulfide-releasing naproxen derivative
(ATB-346) on small intestinal damage and inflammation. Panel A: Oral administration
of naproxen twice-daily for two days caused small intestinal damage that increased in

severity in a dose-dependent manner. In contrast, ATB-346 administration caused
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markedly less intestinal damage at all doses tested; the intestine appeared normal with
doses equimolar to naproxen at 3 or 10 mg/kg. At the dose of 30 mg/kg, there was
significantly more damage with naproxen than with an equimolar dose of ATB-346
(**p<0.01; n=5 per group; Bonferroni’s Multiple Comparison test). Panel B: Naproxen
increased intestinal inflammation (myeloperoxidase (MPO) activity) in a dose-dependent
manner (***p<0.001 versus vehicle-treated rats; Dunnett’s Multiple Comparison test). At
all doses tested, ATB-346 did not affect intestinal MPO activity. At the dose of 10 mg/kg
and 30 mg/kg, there was significantly more intestinal MPO activity with naproxen than
with ATB-346 (Yp<0.05 and "Yp<0.01, respectively; Student’s t-test). Each group

consisted of five rats. Results are shown as mean + SEM.

Suppression of Cyclooxygenase Activity. Naproxen (10 mg/kg) administration effectively
suppressed systemic COX-1 activity (whole blood thromboxane synthesis; by 98%)
(Supplementary Figure 5.6) and intestinal PGE, synthesis (by 96%) after twice daily
dosing for 2 days. ATB-346 administration achieved comparable suppression of whole
blood thromboxane synthesis and intestinal PGE, synthesis. Extension of the twice-daily
dosing protocol to 4 days resulted in a similar degree of suppression (>99% whole blood
thromboxane synthesis and >97% intestinal PGE, synthesis) of COX activity in rats

administered naproxen (10 mg/kg) or an equimolar dose of ATB-346.

Naproxen Administration Enhanced Bile Toxicity. When tested at 1:6 or 1:12 dilutions,
bile collected from rats that had been treated with naproxen twice-daily over 2 days
exhibited a dose-dependent enhancement of cytotoxic effects on IEC-6 intestinal
epithelial cells compared to bile collected from vehicle-treated rats. Exposure of IEC-6

cells to bile collected from vehicle-treated rats for 3 h resulted in 19% cytotoxicity,
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whereas bile collected from rats given naproxen orally at doses of 3, 10, or 30 mg/kg
exhibited 23%, 34% (p<0.001) and 42% (p<0.001), respectively (Figure 5.2 A).
However, bile collected from rats treated with ATB-346 at equimolar doses to naproxen,
did not exhibit enhancement of cytotoxic effects. At the two higher doses tested, bile
collected from ATB-346-treated rats was significantly less cytotoxic compared to bile
collected from rats treated with an equivalent dose of naproxen (p<0.05 at 10 mg/kg;
p<0.001 at 30 mg/kg) (Figure 5.2 A). Similar to twice daily dosing for 2 days, naproxen
(10 mg/kg) administration for 4 days resulted in enhanced (p<0.05) cytotoxic effects of
bile on IEC-6 cells, whereas the equivalent dose of ATB-346 did not alter bile
cytotoxicity (Figure 5.4 A and 5.4 C, respectively); comparable results were also
observed evaluating the cytotoxic effects of bile on cultured HT-29 cells (Supplementary

Figure 5.7).

Pharmacokinetics. When the concentration of naproxen was measured 1 h after the final
administration of naproxen or ATB-346, some dramatic differences were apparent in rat
bile. Naproxen levels in bile collected from naproxen-treated rats after 2 days of dosing
increased in a dose-dependent manner (Figure 5.2 B). In the naproxen-treated rats, biliary
naproxen concentrations from rats treated with doses of 3, 10, or 30 mg/kg averaged
360.4 £+ 90.6, 1431 + 303.4, and 2432 + 340.1 ng/mL, respectively. In sharp contrast,
treatment of rats with equimolar doses of ATB-346 resulted in significantly lower levels

of naproxen in bile, with no dose-response relationship (Figure 5.2 B).
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Naproxen administration dose-dependently increased the biliary

concentration of naproxen and the cytotoxic effects of bile. Panel A: Bile collected from

rats treated with naproxen (10 or 30 mg/kg) twice-daily for 2 days was significantly more
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cytotoxic to cultured rat intestinal epithelial (IEC-6) cells than bile collected from
vehicle-treated rats (***p<0.001; Dunnett’s Multiple Comparison test). However, bile
collected from rats treated with ATB-346 had significantly reduced cytotoxicity of bile as
compared to rats treated with naproxen at equimolar doses (Yp<0.05 for 10 mg/kg;
YW¥p<0.001 for 30 mg/kg; Student’s t-test). Data shown are combined from the 1:6 and
1:12 dilutions of bile samples, and are expressed as the mean + SEM of at least 5 rats per
group. Panel B: Concentrations of naproxen in bile collected from rats treated with
naproxen increased in a dose-dependent manner. At all doses tested, ATB-346
administration resulted in markedly reduced concentrations of naproxen in bile as
compared to those in rats treated with equimolar doses of naproxen (*p<0.05, **p<0.01,
*#%p<(0.001 versus the corresponding naproxen-treated group). Results are shown as
mean = SEM (n=5 per group). The data were analyzed by an unpaired, two-tailed
Student’s t-test.

Effects of Naproxen and ATB-346 on Intestinal Microbiota. Administration of naproxen
(10 mg/kg), ATB-346 (14.5 mg/kg) or vehicle twice daily for 4 days altered the
taxonomic composition of the jejunal microbiota in rats. Administration of naproxen
resulted in an increase in abundance of y-proteobacteria, a class of gram-negative
bacteria, compared to vehicle-treated rats. More specifically, naproxen-treated rats
exhibited a significant decrease in abundance of the Lachnospiraceae family (from the
gram-positive Clostridia class) and increased abundance of the Bacteroidaceae family
(from the gram-negative Bacteroidetes class) (Figure 5.3). The intestinal microbiota of
ATB-346 administered rats also exhibited a decrease in abundance of Lachnospiraceae
compared to vehicle-treated rats, but had significantly (p=0.034) lower abundance of

Bacteroidaceae compared to naproxen-treated rats (Figure 5.3). On the other hand, ATB-
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346 administration resulted in a significant (p=0.028) increase in the abundance of the
Lactobacillaceae family compared to naproxen-treated rats.

In a separate experiment, rats were treated with a higher dose of naproxen (20
mg/kg) or ATB-346 (equimolar dose) twice daily for 2 days to explore whether changes
in particular bacteria correlate with the development of intestinal injury. Naproxen
administration caused significant intestinal injury, resulting in a mean damage score of
90.2 + 22.3, whereas ATB-346 did not cause intestinal injury (mean damage score of 0.4
+ 0.4; p<0.001). Increased intestinal injury from naproxen treatment positively correlated
with higher abundances of specific microbial families (Table 5.1). Naproxen
administration also caused a significant increase (p=0.026) in the abundance of
Bilophilia, a pathogenic bacterial genus, compared to vehicle-treated rats. ATB-346
administration, which did not result in intestinal injury, resulted in a higher abundance of
the Rikenellaceae and Ruminococcaceae families (p=0.028 and p=0.031, respectively)
compared to vehicle-treated rats. ATB-346-treated rats also exhibited lower abundances
of Bacteroidaceae and Enterobacteriaceae (p=0.028 and p=0.028, respectively) versus
naproxen-treated rats, similar to the microbiota profiles from rats treated with naproxen or

ATB-346 for 4 days.
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Figure 5.3. Treatment with naproxen or ATB-346 altered the taxonomic composition of
the intestinal microbiota. Deep sequencing analysis of 16S rRNA via Illumina revealed
changes in the taxonomic composition of the jejunal microbiota following twice-daily
administration of naproxen (10 mg/kg) or ATB-346 (14.5 mg/kg) for 4 days in rats.
Treatment with naproxen or ATB-346 diminished the relative abundance of
Lachnospiraceae compared to vehicle-treated rats. Treatment with naproxen increased the
relative abundance of Bacteroidaceae, whereas treatment with ATB-346 increased the
abundance of Lactobacillaceae. Taxonomic summaries are resolved to the family level.

Each bar represents the relative abundance of bacteria present within each group.
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Table 5.1 Association between abundance of bacterial family and
naproxen-induced intestinal injury

Bacterial Family r2 p-value

Positive Correlation

Bacteroidaceae 0.362 0.018
Porphyromonadaceae 0.314 0.029
Enterococcaceae 0.271 0.046
Enterobacteriaceae 0.267 0.049

Negative Correlation

Lachnospiraceae 0.585 0.025

PPIs Exacerbated Bile Toxicity. Bile collected from rats administered naproxen (10
mg/kg) twice daily for 4 days had enhanced (p<0.05) cytotoxic effects on IEC-6 cells
compared to bile collected from rats treated with vehicle (Figure 5.4 A). In rats co-treated
with naproxen and omeprazole or lansoprazole, an exacerbation of the cytotoxic effects of
bile was observed compared to bile from rats treated with naproxen and vehicle (p<0.01
and p<0.05, respectively). Likewise, bile collected from rats co-treated with ATB-346
(14.5 mg/kg) and omeprazole was more cytotoxic to IEC-6 cells than bile collected from
rats that received ATB-346 and vehicle (Figure 5.4 C). The cytotoxic effects of bile
collected from rats treated with ATB-346 and vehicle was similar to that of bile collected
from vehicle- treated rats.

We then examined whether PPI administration alone would alter the cytotoxic

effects of bile. Bile collected from rats treated with a PPI (omeprazole or lansoprazole)
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for 9 days exhibited enhanced (p<0.001) bile cytotoxicity compared to bile collected from
rats treated with vehicle (Figure 5.5 A). Similar results were also observed when bile
collected from PPI-treated rats was incubated on HT-29 cells (48 £ 6.8,45+4.4,and 17 £+
3.2% cytotoxicity; omeprazole-, lansoprazole-, or vehicle-treatment, respectively).
Enhancement of bile cytotoxicity by omeprazole or lansoprazole administration did not
result in macroscopic intestinal damage or inflammation in vivo. Tissue MPO levels were
similar in vehicle-, omeprazole-, and lansoprazole-treated rats (6.3 =3.4, 6.3 +2.7, 7.7 £

1.4 U/mg, respectively).
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Figure 5.4. Treatment with a proton pump inhibitor (PPI) increased bile cytotoxicity

and intestinal inflammation. Panel A: Bile collected from vehicle-treated rats co-treated
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with naproxen (10 mg/kg, twice-daily for 4 days) was significantly more cytotoxic to
cultured rat intestinal epithelial (IEC-6) cells than bile collected from rats treated with
vehicle (*p<0.05). Naproxen administration to rats also receiving omeprazole or
lansoprazole (twice daily for 9 days) resulted in significantly enhanced bile cytotoxicity
as compared to bile collected from vehicle-treated rats co-treated with naproxen (°p<0.05,
%p<0.01). Likewise, bile from PPI + naproxen co-treated rats was significantly more
cytotoxic than bile from rats treated with vehicle alone (***p<0.001). Panel B: There was
no significant change in jejunal myeloperoxidase (MPO) activity in vehicle-treated rats
co-administered naproxen (10 mg/kg; twice daily for 4 days), but co-administration of
naproxen to omeprazole- or lansoprazole-treated rats resulted in a significant increase in
MPO activity (*p<0.05, **p<0.01 versus vehicle-treated group). Rats co-treated with
naproxen and omeprazole exhibited increased MPO activity as compared to vehicle- +
naproxen-treated rats (8p<0.05). Panel C: In contrast to naproxen, the cytotoxic effects of
bile collected from rats treated with ATB-346 (14.5 mg/kg) were similar to that of bile
collected from vehicle-treated rats. Co-administration of ATB-346 to omeprazole-treated
rats enhanced (*p<0.05) bile cytotoxicity as compared to vehicle-treated rats. Panel D:
Co-administration of ATB-346 to vehicle- or omeprazole-treated rats did not increase
intestinal MPO activity. Data shown in bile cytotoxicity graphs are from the 1:6 and 1:12
dilutions of bile samples. The data are expressed as the mean + SEM of 6 rats per group
and were analyzed by an unpaired, two-tailed Student’s t-test and a one-way analysis of

variance followed by Dunnett’s and Bonferroni’s post-hoc tests.

PPI Treatment Caused Intestinal Dysbiosis. Treatment of rats with omeprazole or
lansoprazole for 9 days resulted in a marked shift in the composition of the intestinal
bacterial community. DGGE analysis of jejunal contents demonstrated that vehicle-
treated rats clustered separately from omeprazole- and lansoprazole-treated rats, as

analyzed by the Dice coefficient and Ward algorithm to determine similarities (Figure 5.5
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B). Construction of a majority UPGMA tree demonstrated similar clustering with nearly
100% resampling support for each branch (Figure 5.5 C). In contrast, DGGE analysis of
cecal contents did not exhibit clustering between groups that was observed in intestinal
samples, suggesting that PPI-induced dysbiosis does not extend beyond the small
intestine (data not shown). Interestingly, the intestinal content of omeprazole- and
lansoprazole-treated rats was significantly (p<0.001 and p<0.01, respectively) more
acidic than vehicle-treated controls (Figure 5.5 D). The mean pH in the omeprazole- and
lansoprazole-treated rats was 5.8 and 5.9, respectively, while that in the vehicle-treated

group was 6.4.
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Figure 5.5. Treatment with proton pump inhibitors enhanced bile cytotoxicity and

caused intestinal dysbiosis. Panel A: Bile collected from rats treated with omeprazole or
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lansoprazole, each at 10 mg/kg twice daily for 9 days, resulted in significantly enhanced
cytotoxicity when incubated for 3 h on rat intestinal epithelial (IEC-6) cells (***p<0.001;
versus vehicle-treated group). Data shown are combined from the 1:6 and 1:12 dilutions
of bile samples. Panel B: Denaturing gradient gel electrophoresis analysis revealed that
omeprazole and lansoprazole administration to rats caused dysbiosis of the jejunal
microbiota, with distinct clustering from vehicle-treated rats. Panel C: Using a
resampling technique (majority unweighted-pair-group method with arithmetic mean
algorithm), the Ward dendrogram clustering observed in panel B was confirmed and
represented in a multi-dimensional layout. Panel D: Omeprazole and lansoprazole
administration to rats significantly lowered the pH of intestinal contents collected from
the jejunum as compared to vehicle-treated rats (**p<0.05, ***p<0.001). For panels A
and D, each group consisted of at least five rats. Results are shown as mean = SEM and
the data were analyzed by a one-way analysis of variance followed by Dunnett’s post-hoc

tests.

To further investigate how PPI administration altered the intestinal microbiota in
rats, we analyzed the taxonomic composition of the jejunal microbiota in rats via deep
sequencing of 16S rRNA with Illumina. The Firmicutes phylum, specifically the
Lactobacillaceae tamily, represented the vast majority (<95%) of bacterial abundance in
jejunal microbiota samples in both PPI- or vehicle-treated rats. However, administration
of omeprazole or lansoprazole (each at 10 mg/kg) twice-daily for 9 days resulted in a
significant (p<0.05) increase in y-Proteobacteria abundance, including the families
Pseudomonadaceae and Enterobacteriaceae, compared to vehicle-treated rats (Figure
5.6). On the other hand, PPI-treated rats exhibited a significant (p<0.05) decrease in the
abundance of Actinobacteria and several families of Firmicutes, including

Lachnospiraceae and Ruminococcaceae, compared to vehicle-treated rats (Figure 5.7A
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and 5.7B, respectively). There were no significant differences in the taxonomic

composition of the jejunal microbiota between omeprazole and lansoprazole-treated rats.

Abundance

256

Family

Treatment

Figure 5.6. PPI-administration increased the abundance of jejunal y-Proteobacteria. In
particular, the abundance of Pseudomonadaceae and Enterobacteriaceae was
significantly increased in PPI-administered rats. Vehicle-treated jejunal samples clustered
separately from omeprazole- or lansoprazole-treated rats. The graphic was produced by
the plot heatmap() function in the phyloseq package implemented in R after subsetting
the data to remove low occurring OTUs (< 3). The ordination method used in the
plot_heatmap() function was the Principal coordinates analysis (PCoA) and the metric
used was Bray Curtis. The horizontal axis represents samples (L= lansoprazole-, O=

omeprazole-, and VD= vehicle-treated rats), while the vertical axis represents OTUs,
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labeled by families of y-Proteobacteria. The red-shade colour scale indicates the
abundance of each OTU in each sample, from red (highly abundant) to dark blue, then

black (zero, not observed).
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Figure 5.7. PPIl-administration decreased the abundance of jejunal Actinobacteria and
several families of Firmicutes. Panel A: The abundance of Actinobacteria was
significantly decreased in the jejunum of PPI-treated rats. Panel B: The abundance of
Lachnospiraceae and Ruminococcaceae was significantly decreased in the jejunum of
PPI-treated rats. However, the majority of Firmicutes phylum was represented by a high
abundance of Lactobacillaceae, regardless of treatment. Vehicle-treated jejunal samples
clustered separately from omeprazole- or lansoprazole-treated rats. The graphic was
produced by the plot_heatmap() function in the phyloseq package implemented in R after
subsetting the data to remove low occurring OTUs (< 3). The ordination method used in
the plot_heatmap() function was the Principal coordinates analysis (PCoA) and the metric
used was Bray Curtis. The horizontal axis represents samples (L= lansoprazole-, O=
omeprazole-, and VD= vehicle-treated rats), while the vertical axis represents OTUs,
labeled by families of p-Proteobacteria. The red-shade colour scale indicates the
abundance of each OTU in each sample, from red (highly abundant) to dark blue, then

black (zero, not observed).

5.5. Discussion

The substantial GI-toxicity of NSAIDs remains a major limitation to the use of this class
of drugs. The mechanisms of NSAID-gastropathy are well understood and the damage
produced in the upper GI tract can largely be prevented by the co-administration of
inhibitors of gastric acid secretion, such as PPIs (Scheiman et al., 2006; Lanas et al.,
2009). Conversely, the complex pathogenesis of NSAID-enteropathy remains
incompletely understood and there are currently no proven effective preventative or
curative treatments (Wallace et al., 2013a). Moreover, it is becoming apparent that
inhibitors of gastric acid secretion (e.g., PPIs) worsen NSAID-enteropathy (Zhao &

Encinosa, 2008; Wallace et al., 2011; Satoh et al., 2012; Watanabe et al., 2013).
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Considerable evidence indicates that interactions among bile, intestinal microbes and
enterohepatic circulation of NSAIDs are important to the development of significant
NSAID-induced intestinal damage (Blackler ef al., 2014). In recent years, it has been
demonstrated that H,S is a particularly potent cytoprotective agent in the GI tract
(Wallace et al., 2014). Indeed, an H,S-releasing derivative of naproxen (ATB-346) was
previously shown to not produce gastrointestinal damage, while the comparator drug,
naproxen, resulted in extensive mucosal damage when administered to rats (Wallace et
al., 2010; Blackler et al., 2012).

In the present study, the administration of a commonly prescribed NSAID
(naproxen) with known GI toxicity dose-dependently caused intestinal ulceration and
inflammation in rats. Naproxen underwent extensive enterohepatic recirculation and the
bile collected from rats treated with naproxen was particularly cytotoxic to cultured
intestinal epithelial cells. Conversely, when ATB-346 was given at doses equimolar to
naproxen, the intestine was spared of damage. ATB-346 exhibited reduced enterohepatic
circulation and did not significantly enhance the cytotoxicity of bile, which likely
contribute to the remarkable intestinal safety of ATB-346. Naproxen-induced intestinal
damage was also associated with specific alterations to the intestinal microbiota, which
were not evident in ATB-346-treated rats. PPI-administration led to significant changes in
the intestinal microbiota and enhancement of bile cytotoxicity, which could account for
the significant exacerbation of NSAID-enteropathy observed in rats co-administered PPIs

(Wallace et al., 2011).
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Numerous reports indicate that NSAIDs that do not undergo enterohepatic
recirculation do not cause significant intestinal damage (Wax et al., 1970; Reuter et al.,
1997; Somasunduram et al., 1997). When NSAIDs are recirculated, the intestinal
epithelial cells are repeatedly exposed to the topical damaging effects of the NSAID, the
metabolites of the NSAID, and the bile itself (Treinen-Molsen & Kanz, 2006). As shown
in the present study, the substantially reduced enterohepatic circulation of ATB-346, or of
naproxen liberated from this drug, appears to be significant contributor to the intestine-
sparing effect of ATB-346. The in vitro bile cytotoxicity results demonstrate that bile
containing increased levels of naproxen, or naproxen-glucuronides, is more damaging to
intestinal epithelial cells. NSAID-glucuronides are particularly damaging to intestinal
epithelial cells (Seitz & Boelsterli, 1998) and it was previously shown that naproxen
administration results in higher levels of naproxen-glucuronides in the bile than ATB-346
administration (Blackler ef al., 2012). Nevertheless, the enhancement of bile cytotoxicity
following naproxen administration may also be related to the composition of the bile.
Interestingly, NSAID administration to rats has been shown to increase the concentration
of secondary bile acids in the bile (Yamada et al., 1996), and secondary bile acids are
particularly toxic to intestinal epithelial cells (Hofmann, 1999; Zhou ef al., 2010). Further
studies are required to determine whether naproxen or ATB-346 administration can alter
the biliary composition of bile acids and other constituents. As discussed below, the
varying effects of naproxen or ATB-346 administration on the intestinal microbiota may

also contribute to the intestine-sparing effect of ATB-346.
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The enteric bacteria can contribute to the pathogenesis of NSAID-enteropathy in
numerous ways. It has been previously demonstrated that PPIs exacerbate NSAID-
induced intestinal damage in rats at least in part due to significant shifts in enteric
microbial populations (Wallace et al., 2011). However, it remained unclear why PPI-
induced dysbiosis exacerbates NSAID-enteropathy. As shown in the present study, PPI-
administration caused intestinal dybiosis in rats, specifically enhancing the abundance of
the y-Proteobacteria and decreasing the abundance of Actinobacteria and Firmicutes.
Moreover, the Enterobacteriaceae family of y-Proteobacteria phylum was enriched in
PPI-administered rats and this family includes many familiar enteric pathogens, such as
Salmonella and Escherichia coli (E. coli). It has been previously demonstrated that germ-
free rodents monocolonized with E. coli are susceptible to NSAID-enteropathy, whereas
germ-free rodents monocolonized with a gram-positive commensal bacteria had no
intestinal ulcers (Uejima et al., 1996). It is noteworthy that Wallace er al. (2011)
demonstrated a similar loss of Actinobacteria following PPI-administration and showed
that restoration of Bifidobacteria (a genus in the Actinobacteria phylum) in the small
intestine during treatment with a PPI and an NSAID prevented intestinal ulceration and
bleeding.

As discussed above, bile is an important factor in the pathogenesis of NSAID-
enteropathy. Enteric bacteria can modify the composition of the bile and (Begley et al.,
2005; Duboc et al., 2013). For instance, an association between bile dysmetabolism and
intestinal dysbiosis has also been reported in patients taking inhibitors of gastric acid

secretion chronically (Shindo & Fukumura, 1995; Shindo et al., 1998). In the present
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study, PPI-induced dysbiosis was associated with an enhancement of bile cytotoxicity in
NSAID- and vehicle-treated rats. The data, along with previous findings (Wallace et al.,
2011), suggest that bile cytotoxicity may be a contributing mechanism to the exacerbation
of NSAID-induced enteropathy. Similar results have also been demonstrated when rats
are administered H,RAs, another class of inhibitors of gastric acid secretion (Blackler et
al., 2014). Although suppression of gastric acid resulted in a marked enhancement of bile
cytotoxicity, this is not sufficient to produce overt intestinal damage (Wallace et al.,
2011; Blackler et al., 2014). The association between bile cytotoxicity and intestinal
dysbiosis may be due to the PPI-induced dysbiotic microbiota producing an increased
concentration of cytotoxic, secondary bile acids in lumen of the small intestine and
subsequently the bile, since bile acids are efficiently reabsorbed in the terminal ileum
(Begley et al., 2005; Martinez-Augustin et al., 2008). Indeed, the addition of secondary
bile acids to naive rat bile in vitro is substantially more cytotoxic than the addition of
primary bile acids when incubated on cultured epithelial cells (Blackler & Wallace,
unpublished data). Further studies are required to establish the causal and temporal
relationship between changes to the intestinal microbiota and increases in bile
cytotoxicity following the suppression of gastric acid.

Enteric bacteria are also responsible for the enterohepatic circulation of NSAIDs.
Re-absorption of NSAIDs in the small intestine requires the bacterial enzyme-catalyzed
(i.e., bacterial B-glucuronidase) hydrolysis of NSAID-glucuronides (LoGuidice et al.,
2012). Indeed, pharmacological inhibition of bacterial B-glucuronidase, which prevents

biliary delivery of the NSAID, prevents NSAID-induced intestinal damage in mice (Saitta
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et al., 2014). In the present study, it is unlikely that enhancement of bile cytotoxicity
observed in rats co-administered naproxen and PPIs was due to PPI-induced intestinal
dysbiosis affecting the enterohepatic circulation of NSAIDs. Previously, it was
demonstrated that the co-administration of omeprazole and naproxen does not increase
the enterohepatic circulation of naproxen (Wallace et al., 2011).

The enteric microbiota can also impede the healing of GI ulcers and exacerbate
the inflammatory response following intestinal injury (Elliott ez al., 1998; Watanabe et
al., 2008). Several studies have demonstrated that NSAID administration caused
significant changes in the intestinal microbiota, often increasing the abundance of gram-
negative bacteria (Kent et al., 1969; Uejima et al., 1996; Hagiwara et al., 2004; Dalby et
al., 2006). As shown in the present study, microbial analysis following naproxen or PPI
administration revealed an increased abundance of gram-negative bacterial families and a
decreased abundance of several Firmicutes families, such as Lachnospiraceae.
Interestingly, several members of the Lachnospiraceae tamily produce butyric acid, a
short-chain fatty acid, which has been shown to have an important role in maintaining the
integrity of the intestinal mucosa (Leonel & Alvarez-Leite, 2012). The enlarged presence
of gram-negative bacteria could contribute to NSAID-induced intestinal injury by
exacerbating the inflammatory response via activation of toll-like receptor 4 (TLR-4)
(Watanabe et al., 2008). Indeed, there was a correlation between the abundance of gram-
negative bacteria and intestinal damage in naproxen-administered rats in the present

study.
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In summary, the present study provides evidence that the reduced enterohepatic
circulation of ATB-346 contributes to the pre-clinical safety of this drug. We also present
evidence that the enhancement of bile cytotoxicity due to PPI-administration may be a
contributing factor to the exacerbation of NSAID-enteropathy. The pathogenesis of
NSAID-enteropathy is complex, involving the cytotoxic effects of bile, changes in
intestinal microbiota and enterohepatic circulation of the NSAID. The present study
highlights that NSAID-induced small intestinal injury is dependent on the degree to
which an NSAID affects these three factors. Likewise, the exacerbation of NSAID-
enteropathy by the co-administration of inhibitors of gastric acid appears to be due to the
suppression of gastric acid altering the nature of the bile and intestinal microbiota. These
findings provide an improved understanding of the complicated pathogenesis of NSAID-

enteropathy.

5.6. Supplementary Material
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Supplementary Figure 5.8. ATB-346 and naproxen administration resulted in
comparable suppression of cyclooxygenase (COX) activity. Naproxen (10 mg/kg) or
ATB-346 (equimolar) administration twice-daily for 2 days significantly suppressed (by
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>95%) whole blood synthesis of thromboxane (TXB,) versus vehicle administration
(***p<0.001; panel A). 90 minutes after the final dose of naproxen or ATB-346 to rats,
intestinal prostaglandin (PG) E, synthesis was significantly inhibited (by >96%)
compared to vehicle treated rats (**p<0.01; panel B). Each group consisted of 5 rats.
Results are shown as mean + SEM and the data were analyzed by a one-way analysis of
variance followed by Dunnett’s post-hoc test. ATB-346, 2-(6-methoxy-napthalen-2-yl)-

propionic acid 4-thiocarbamoyl-phenyl ester.

50-
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Supplementary Figure 5.9. ATB-346 administration did not enhance the cytotoxic
effects of bile on human intestinal epithelial (HT-29) cells. Bile collected from rats
administered naproxen (10 mg/kg) twice-daily for 4 days resulted in 37% cytotoxicity
when incubated on HT-29 cells for 3 hours, whereas ATB-346 (equimolar to naproxen)
administration resulted in 22% cytotoxicity (**p<0.01). Results are from the 1:6 and 1:12
dilution data and shown as mean + SEM. The data were analyzed by an unpaired, two-
tailed Student’s t-test. ATB-346, 2-(6-methoxy-napthalen-2-yl)-propionic acid 4-

thiocarbamoyl-phenyl ester.
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6.1. Summary

The pathogenesis of NSAID-enteropathy is mediated by complex interactions
amongst bile, enteric bacteria, and the enterohepatic circulation of NSAIDs. The impact
of these interactions can lead to severe small intestinal damage following NSAID use.
There remains much to be understood in terms of how these mechanisms interact;
however, it is clear that bile, enteric bacteria, and the enterohepatic circulation of NSAIDs
are all critical to the development of small intestinal ulceration.

An improved understanding of the pathogenesis of NSAID-enteropathy is critical
to the development of effective treatments and prevention strategies. Therefore, the
central aim of the research conducted during my PhD studies focused on understanding
how bile, enteric bacteria, and the enterohepatic circulation of NSAIDs contribute to the
pathogenesis of NSAID-enteropathy. I also evaluated whether the administration of H,S
would protect against NSAID-enteropathy and thus, whether HS represents a promising
and effective means of treating or preventing small intestinal injury. Collectively, the
results in Chapters 3-5 and Appendix I address this central aim. Each experimental
approach required both an understanding of how each mechanism of injury contributed to
the pathogenesis of NSAID-enteropathy and a consideration for how each mechanism
could interact with and alter the nature of the other mechanisms.

The results presented as part of Chapter 3 revealed that the administration of H,S
could protect against NSAID-enteropathy in rats, in part by reducing the cytotoxicity of
bile and preventing NSAID-induced dysbiosis. The information and data presented in

Chapter 4 reviewed new findings in the pathogenesis and prevention of NSAID-
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gastroenteropathy and highlighted the exacerbation of NSAID-induced intestinal injury in
rats following a protocol that reflected the common clinical scenario of the co-use of an
NSAID and an inhibitor of gastric acid secretion. Specifically, the results outlined in
Chapter 4 revealed that increased bile cytotoxicity as a consequence of treatment with an
inhibitor of gastric acid secretion contributed to the exacerbation of NSAID-induced
intestinal injury. The work outlined in Chapter 5 addressed the roles of bile, enteric
bacteria, and the enterohepatic circulation in the pathogenesis of NSAID-enteropathy by
comparing the administration of a GI-safe NSAID to an NSAID with known GI toxicity.
Finally, the data in Appendix I examined the role of enteric bacteria in the pathogenesis
of NSAID-enteropathy by evaluating the effects of antibiotic co-administration on
NSAID-induced intestinal injury.

The research presented in this thesis contributes to our understanding of the
mechanisms of NSAID-enteropathy. Specifically, through various experimental
approaches, the findings highlighted the roles of bile, enteric bacteria, and the
enterohepatic circulation in the pathogenesis of NSAID-enteropathy. In addition, the
results demonstrated that hydrogen sulfide represents a particularly potent therapeutic
strategy for NSAID-enteropathy. Although much remains to be discovered, my work
offers insight into the mechanisms through which NSAIDs cause intestinal injury and
how manipulation of these mechanisms can prevent injury.

The key findings of this thesis have been discussed in detail in each manuscript
(Chapter 3-5). Accordingly, this final chapter will discuss how each of these manuscripts

relate to one another, elaborate on the overall significance and implications of my
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research, identify the limitations of the thesis, and propose future directions in this field of

research.

6.2. Bile, Enteric Bacteria, and the Enterohepatic Circulation of NSAIDS are
Paramount to Intestinal Injury
For decades it has been recognized that bile, enteric bacteria, and the
enterohepatic circulation of NSAIDS are necessary for the development of significant
NSAID-enteropathy. For instance, ligation of the bile duct in rats prevents NSAID-
induced intestinal damage and NSAIDs that do not undergo enterohepatic circulation do
not elicit small intestinal damage (Kent et al., 1969; Wax et al., 1970; Beck et al., 1990;
Reuter et al., 1997; Somasundaram et al., 1997). A key observation for the role of enteric
bacteria is that germ-free rodents develop little to no damage in the small intestine
following NSAID administration (Robert & Asano, 1977; Konaka et al., 1999). However,
it is a challenge to separate the specific roles of bile, enteric bacteria, and the
enterohepatic circulation of NSAIDs in the pathogenesis of NSAID-enteropathy. The
reason for this being there is strong interplay amongst each of these mechanisms of
injury. An understanding of the relative contributions of each of these mechanisms, as
well as how they interact and feed back on each other, is vital to providing insight into the
pathogenesis of NSAID-enteropathy.
6.2.1. Bile and enterohepatic circulation: critical factors in NSAID-

enteropathy.
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Drug secretion into the bile is a typical clearance route for many pharmaceuticals.
However, the biliary delivery of NSAIDs and their metabolites evokes intestinal injury
due to direct toxic actions and an indirect disruption of intestinal homeostasis (Reuter et
al., 1997; Petruzzelli et al., 2007; Zhou et al., 2010). Indeed, it has been reported that
differences in the extent of NSAID secretion into the bile amongst various species (i.e.,
human, rat, dog, etc) corresponds to species differences in vulnerability to NSAID-
enteropathy (Duggan et al., 1975). The reason for this being, the enterohepatic circulation
of NSAIDs repeatedly exposes the intestinal epithelial cells to the topical damaging
effects of the NSAID, the metabolites of the NSAID, and to bile itself (Wallace, 2013a).

To examine the critical role of enterohepatic circulation in the pathogenesis of
NSAID-enteropathy, I administered NSAIDs and/or various interventions to rats and then
collected and analyzed the bile. The collected bile was then used in an in vitro model of
rat epithelial cell injury that I established to examine the cytotoxic effects of the bile. In
addition, the amount of NSAID was analyzed within the collected bile and explored
whether this influenced in vivo ulcerogenicity and in vitro bile cytotoxicity. The results in
Chapter 5 are especially important in demonstrating the influence of the enterohepatic
circulation on NSAID-induced intestinal injury. I compared the enterohepatic circulation
and bile cytotoxicity of naproxen, a Gl-toxic NSAID, to ATB-346, a Gl-safe and H,S-
releasing naproxen derivative. Previously, I demonstrated that, unlike naproxen, the
administration of ATB-346 did not produce any ulceration in the small intestine of rats,
even when administered to rats with comorbidities and to rats that were repeatedly co-

administered with other drugs (i.e., PPIs, low-dose ASA) (Blackler et al., 2012).
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Interestingly, the administration of ATB-346 in rats resulted in lower levels of biliary
naproxen and naproxen glucuronides compared to rats that received naproxen (Blackler et
al., 2012). This observation is indicative of reduced enterohepatic circulation of ATB-346
or of the naproxen that is liberated from this drug. Since the combination of an NSAID
and bile is particularly damaging to intestinal epithelial cells, I anticipated that the bile
collected from naproxen-treated rats would be more cytotoxic than bile collected from
rats treated with ATB-346 (Uchida et al., 1997; Dial et al., 2007; Zhou et al., 2010).
Indeed, the bile collected from naproxen-treated rats was more cytotoxic to rat epithelial
cells in vitro than bile collected from ATB-346-treated rats (Chapter 5). The in vitro
cytotoxicity of the bile correlated well with the in vivo ulcerogenicity observed in the
naproxen-treated and the ATB-346-treated rats. In addition, at each dose that was tested,
naproxen administration resulted in greater levels of naproxen in the bile as compared to
ATB-346 treatment. The altered pharmacokinetic behaviour observed with ATB-346
versus the parent NSAID, naproxen, is likely a critical reason that ATB-346
administration does not cause intestinal ulceration or an enhancement of bile cytotoxicity.
These novel findings indicate that the reduced enterohepatic circulation of ATB-346 or of
the naproxen liberated from this drug contributes to the Gl-safety of this drug. On the
other hand, results in Chapter 3 and Appendix I suggest that the inability of an H,S-
releasing agent (i.e., DADS) and of broad-spectrum antibiotics to entirely prevent
NSAID-induced small intestinal injury may be due to the inability to limit the
enterohepatic circulation of naproxen. While the co-administration of DADS with

naproxen prevented naproxen-induced dysbiosis and bile cytotoxicity, biliary levels of
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naproxen in this group did not differ from rats administered naproxen alone. Likewise,
the co-administration of broad-spectrum antibiotics with naproxen prevented naproxen-
enhanced bile cytotoxicity, but the enterohepatic circulation of naproxen remained intact.
While biliary levels of an NSAID contribute to enhancement of bile cytotoxicity,
the results in Chapter 3-5 and Appendix II suggest that the manipulation of bile
composition can also affect the cytotoxicity of bile, and subsequently, the extent of
intestinal injury following NSAID-administration. For instance, co-treatment with
antisecretory drugs (i.e., PPIs or H,RAs) enhanced naproxen-induced enteropathy and
bile cytotoxicity in rats. However, it was previously demonstrated that PPIs do not
increase the enterohepatic circulation of naproxen (Wallace et al., 2011). In addition, the
co-treatment of rats with an H,S-releasing agent (i.e., DADS) reduced naproxen-induced
enteropathy and bile cytotoxicity, while not altering the biliary levels of naproxen. It is
noteworthy that the cytotoxicity of collected, naive rat bile with added naproxen (300
uM) was less cytotoxic than bile collected from rats that were administered naproxen (20
mg/kg for 4.5 days) (58% vs. 50%, respectively), despite having a lower (~100-fold)
concentration of naproxen. This enhancement of bile cytotoxicity, independent of the
naproxen concentration, may be the result of numerous alterations in vivo to bile
composition. For instance, the dysbiotic enteric microbiota that resulted from naproxen
treatment may have an increased ability to deconjugate bile acids and/or convert primary
bile acids to secondary bile acids. Indeed, it has been demonstrated that indomethacin
administration can increase the abundance of secondary bile acids in the bile (Yamada et

al., 1996). Furthermore, results in Appendix II demonstrated that secondary bile acids
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are particularly damaging to rat intestinal epithelial (IEC-6) cell cultures as compared to
primary bile acids. On the other hand, it was previously demonstrated that bile collected
from naproxen-administered rats also contain naproxen-glucuronides, which may
contribute to bile cytotoxicity (Seitz & Boelsterli, 1998; Blackler et al., 2012). Lastly,
naproxen administration could alter the abundance of other constituents found in the bile,
such as GSH and phospholipids, which may influence bile cytotoxicity. Both GSH and
phospholipids can protect intestinal epithelial cells from injury (Lash ef al., 1986; Aw et
al., 1994; Zhou et al., 2010).

As a whole, the data presented in this thesis provide evidence that the biliary
delivery of NSAIDs is essential for the development of small intestinal damage and
contributes to the increased bile cytotoxicity and dysbiotic microbiota that is observed
following NSAID administration. In addition, the results in Chapter 5 are a novel
demonstration that the GI-safety of the H,S-releasing NSAID, ATB-346, is partly related
to the reduced enterohepatic circulation of ATB-346 and of the naproxen that is liberated
from this drug. It will be important for future studies to determine how the bile
composition is altered by NSAID administration, as this is a limitation of the current
thesis results. Furthermore, there is currently a lack of well-designed clinical trials that

address the cytotoxic effects of the combination of bile and NSAIDs.

6.2.2. Enteric bacteria: a necessary, multifactorial contributor to NSAID-

induced intestinal injury.
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There is an abundance of evidence that the presence or absence of specific intestinal
bacteria contributes to the pathogenesis of NSAID-enteropathy. For instance, numerous
studies have reported that germ-free (no microbiota) rodents monocolonized with gram-
positive bacteria, or wild-type rodents treated with antibiotics are resistant to NSAID-
induced small intestinal injury (Kent et al., 1969: Robert & Asano, 1977; Uejima et al.,
1996; Watanabe et al., 2008). There are several, potential explanations for the causal role
of enteric bacteria in the modulation of the extent of NSAID-induced small intestinal
damage; however, which of these roles predominates remains unclear.

Bacteria exacerbate the inflammatory response following mucosal injury by
releasing LPS and other cell wall components that bind to and activate TLRs (Watanabe
et al., 2008). Bacteria can also rapidly colonize mucosal ulceration sites and interfere with
ulcer healing (Elliott et al., 1998). These observations, along with several studies that
reported an enrichment of gram-negative bacteria following NSAID administration in
rats, likely explain why antibiotics that effectively reduce the abundance of enteric
bacteria (particularly gram-negative) can diminish small intestinal damage (Kent et al.,
1969; Koga et al., 1999; Hagiwara et al., 2004; Dalby et al., 2006). However, much
remains to be understood in terms of targeting bacteria with antibiotics in order to limit
NSAID-enteropathy. For instance, I observed that the administration of the gram-negative
targeting antibiotic, kanamycin, exacerbated naproxen-enteropathy (Appendix I). On the
other hand, when I co-treated rats with a mixture of antibiotics that provided broad-
spectrum targeting of enteric bacteria, the extent of naproxen-induced ulceration and

intestinal inflammation was significantly reduced (Appendix I).
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Despite a significant reduction in intestinal injury, considerable intestinal damage
remained in naproxen-treated rats that were co-treated with the broad-spectrum antibiotic
mixture. Several studies have demonstrated similar results following the administration of
a broad-spectrum antibiotic, including a paper by Kent et al. (1969), which remarked
“since the antibiotics do not prevent completely the ulceration, I think that these agents
reduce the severity of the lesion by allowing healing to start sooner” (Yamada et al.,
1993). Nevertheless, the causal roles of enteric bacteria in NSAID-enteropathy extend
beyond the exacerbation of inflammation and impedance of mucosal injury. For instance,
enteric bacteria also participate the enterohepatic circulation of NSAIDs via the microbial
enzyme-catalyzed (i.e., B—glucuronidase) hydrolysis of NSAID-glucuronides in the small
intestine, and as demonstrated in Chapter 5, the biliary delivery of NSAIDs directly
influenced NSAID-enteropathy (Treinen-Moslen & Kanz, 2006; LoGuidice et al., 2012).
Indeed, it has recently been demonstrated that an inhibitor of bacterial B-glucuronidase
prevented NSAID-induced intestinal damage in mice (Saitta et al., 2014). It is, therefore,
possible that the inability of the broad-spectrum antibiotic mixture to prevent the
enterohepatic circulation of naproxen likely contributed to the intestinal injury following
naproxen administration (Appendix I).

The composition of the intestinal microbiota can greatly influence the
pathogenesis of NSAID-enteropathy. NSAIDs themselves alter the composition of the
microbiota, as evidenced by the unbalanced overgrowth of specific bacteria following
NSAID administration to rodents (Reuter ef al., 1997; Hagiwara et al., 2004; Dalby et al.,

2006). In Chapter 3 and 5, I demonstrated that naproxen administration resulted in a
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dysbiotic GI-microbial community, and that there was an increased relative abundance of
gram-negative bacterial families in rats with intestinal damage. NSAID-induced dysbiosis
may antagonize (e.g., activate the LPS-TLR axis) intestinal inflammation following
injury, but could also modify the overall B—glucuronidase activity of the microbiota. For
instance, it has been demonstrated that NSAID administration to rodents enhanced the
abundance of E. coli, which substantially increased (30-fold) B—glucuronidase activity
compared to other bacterial taxonomic groups (Qian et al., 1993; Hagiwara et al., 2004;
Dabek et al., 2008). Consequently, an increase in the overall f—glucuronidase activity of
the microbiota would likely enhance the release of NSAIDs or NSAID-metabolites in the
small intestine and thus, further damage enterocytes and promote enterohepatic

recirculation.

Results in Chapters 3-5 demonstrate that drugs given concomitantly with
NSAIDs could also alter the composition of the microbiota and enhance NSAID-
enteropathy. Previously, it was demonstrated that PPI-induced exacerbation of NSAID-
enteropathy in rats was attributable to a dysbiosis that occurred following PPI
administration (Wallace et al., 2011). The novel data presented in Chapter 5 has helped
to elucidate how PPI-induced dysbiosis triggers the exacerbation of NSAID-enteropathy
via the enhancement of bile toxicity. Various clinical reports have associated the chronic
use of PPIs or H,RAs with small intestinal bacterial overgrowth (SIBO) and bile acid
dysmetabolism (Shindo & Fukumura, 1995; Shindo et al., 1998; Williams & McColl,
2006; Lombardo et al., 2010). The ensuing bile acid dysmetabolism in patients with SIBO

is likely the result of the disproportionate increase in number of microbes capable of
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deconjugating bile acids and/or of converting primary bile acids to secondary bile acids
(Shindo & Fukumura, 1995; Shindo et al., 1998; Begley et al., 2005). This may explain
why the administration of PPI or H;RA alone to rats increased the cytotoxic effects of
bile (Chapter 4 and 5). The connection between dysbiosis and bile dysmetabolism may
also explain why the co-administration of DADS or broad-spectrum antibiotics prevented
naproxen-induced bile cytotoxicity and reduced small intestinal damage (Chapter 3 and
Appendix I). Interestingly, not only can a dysbiotic microbiota influence the composition
of the bile, but bile can also modulate the rat intestinal microbiota, as bile acids have

varying degrees of anti-microbial effects (Begley et al., 2005; Islam et al., 2011).

In summary, the enteric microbiota contributes to the pathogenesis of NSAID-
enteropathy via numerous mechanisms. Antibiotic administration likely reduces NSAID-
induced intestinal damage by preventing the growth of bacteria in the small intestine, and
thus dampening the inflammatory response and preventing the impedance of mucosal
healing; however, this incompletely protects the small intestine. The dysbiotic bacterial
community following antisecretory drug or NSAID administration alters bile toxicity and
results in enhanced intestinal damage. However, the findings in this thesis only begin to
describe patterns of microbial colonization associated with NSAID-enteropathy.
Therefore, it will be important to begin determining the functional characteristics of the
altered microbial community. For example, targeting bacterial enzymes responsible for
the enterohepatic circulation of NSAIDs and the modification of bile acids may be a more

useful target for novel therapies of NSAID-related enteropathy.
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6.3. Hydrogen Sulfide: a Potent Therapeutic for NSAID-enteropathy

There is substantial evidence for the importance of H»S in enhancing GI-mucosal
resistance to damage and in modulating inflammation and repair (Wallace et al., 2014).
The administration of H,S-donating agents to rodents elevates mucosal blood flow,
prevents leukocyte-endothelial adhesion, reduces oxidative stress, and stimulates
angiogenesis (Wallace, 2010). Conversely, the administration of inhibitors of the key
enzymes that contribute to H,S synthesis exacerbates inflammation in the GI tract,
decreases COX-2 expression, enhances leukocyte infiltration, and delays the healing of
ulcers in the stomach and colon of rodents (Wallace et al., 2014).

The GlI-protective actions of H,S have been exploited in the design of novel, H,S-
releasing NSAIDs, which produce negligible damage in the GI tract. In particular, the
H,S-releasing NSAID, ATB-346, has reduced toxicity in the small intestine in preclinical
studies (Wallace et al., 2010; Blackler et al., 2012). However, it was not known whether
other H,S-releasing agents protect the small intestine from NSAID-enteropathy. In
Chapter 3, I demonstrated that co-administration of diallyl disulfide, an H,S-releasing
agent, protected against NSAID-induced small intestinal injury in rats, in part by limiting
two important factors in the pathogenesis of NSAID-enteropathy: the cytotoxicity of bile
and NSAID-induced dysbiosis. Interestingly, these two effects may be related, since
changes in enteric bacteria can lead to altered bile metabolism, and an alteration of bile
cytotoxicity (Duboc et al., 2013). This is similar to the association I observed in Chapter
4 and 5 with the administration of inhibitors of gastric acid secretion and may explain

why the co-administration of DADS to naproxen-treated rats resulted in a reduction of
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bile cytotoxicity, but the biliary levels of naproxen were unaltered by DADS treatment.
Further studies are required to better understand how DADS administration resulted in an
altered microbiota and reduced bile cytotoxicity.

The ability of an H,S-releasing agent to protect against NSAID-induced intestinal
damage may depend on the nature of the agent. In Appendix II, our results demonstrate
that substantial release of H,S from DADS is obtained when a reducing agent is incubated
with DADS. This suggests that H,S is not spontaneously released from DADS and thus,
may allow for the DADS to reach mucosal injury sites before expending the H,S-
releasing capability. Interestingly, bile is a major source of GSH and it has been
demonstrated that the delivery of GSH via bile to the small intestine protected intestinal
epithelial cells from oxidative injury in rats (Lash et al., 1986; Aw et al., 1994). It is
possible that GSH in the lumen of the small intestine created an ideal (i.e., reducing)
environment for DADS to release H,S in vivo, which may explain why DADS co-
administration is so effective at protecting naproxen-treated rats from small intestinal
injury. It would be interesting to explore whether other H,S-releasing agents are as
effective as DADS at preventing NSAID-induced small intestinal damage.

It is noteworthy that DADS co-administration was considerably more effective
than antibiotic co-administration at reducing NSAID-induced small intestinal damage.
For instance, the administration of a broad-spectrum antibiotic mixture significantly
reduced the naproxen-induced intestinal damage score by 54%, whereas the two
protective doses of DADS (30 and 60 mmol'kg™) resulted in an 83% and 85% reduction

in naproxen-induced intestinal damage score, respectively. In addition, the co-
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administration of the broad-spectrum antibiotic mixture was unable to prevent the severe
blood loss caused be naproxen treatment, whereas DADS co-administration with the two
protective doses prevented significant bleeding. The use of antibiotics as a therapeutic
approach does not appear promising, considering the lack of effectiveness of antibiotics
in preventing NSAID-enteropathy. Furthermore, there is the potential for adverse effects
and drug resistance associated with long-term antibiotic use in humans.

While DADS is an effective therapeutic, it could not achieve complete protection
against naproxen-induced enteropathy. In contrast, ATB-346 treatment spares the small
intestine and gastric mucosa of damage in rats, even when dosed in co-morbidity and
polypharmacy models (Wallace et al., 2010; Blackler et al., 2012; Elsheikh et al., 2014).
It is unlikely that the differences in intestinal protection between ATB-346 and DADS are
simply related to the different amounts of H,S released.

In an effort to examine what other mechanisms contribute to the intestinal safety
of ATB-346, I dosed naproxen or ATB-346 to rats and explored the effects of each drug
had on the bile and on the intestinal microbiota (Chapter 5). Naproxen caused a dose-
dependent increase in intestinal damage, inflammation, and bile cytotoxicity. On the other
hand, ATB-346 administration, at doses equimolar to each naproxen dose, resulted in
negligible intestinal damage and did not increase either intestinal inflammation or bile
cytotoxicity. As discussed in Section 6.1, the reduced enterohepatic recirculation of ATB-
346 or of naproxen liberated from this drug is likely a significant contributor to the
intestine-sparing effect of ATB-346. For instance, the considerably lower levels (67-82%)

of biliary naproxen observed with ATB-346 administration were associated with an
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insignificant increase in bile cytotoxicity. In addition, it has been reported that the
enterohepatic circulation of NSAIDs is necessary to significantly alter the intestinal
microbiota and to promote the growth of damaging, gram-negative bacteria (Reuter et al.,
1997). Indeed, 1 demonstrated that the administration of naproxen, which underwent
significant enterohepatic circulation, resulted in a dysbiotic microbiota that contained a
higher abundance of gram-negative bacterial families (Chapter 3 and 5). Conversely, |
observed that ATB-346 underwent significantly less enterohepatic recirculation and did
not increase the abundance of gram-negative bacterial families.

In summary, H,S is an endogenous gaseous mediator that promotes mucosal
integrity, repair, and resolution of inflammation. Our results demonstrate that the co-
administration of an H,S-releasing agent protected against naproxen enteropathy, in part
by reducing the cytotoxicity of bile and preventing NSAID-induced dysbiosis. In
addition, the intestine-sparing effects of the H,S-releasing NSAID, ATB-346, are partly
related to the reduced enterohepatic circulation of ATB-346 or the naproxen liberated
from this drug. The preclinical safety of H,S-releasing NSAIDs, such as ATB-346, is
encouraging and may supersede the requirement of therapies to prevent the GI-toxicity of

NSAIDs in the future.

6.4. Future Perspectives
Substantial progress has been made in understanding the mechanisms that
contribute to the pathogenesis of NSAID-enteropathy, however, much still remains to be

understood. In particular, future studies should explore to what extent the critical
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mechanisms (i.e., enteric bacteria, bile, and the enterohepatic recirculation of NSAIDs) of
NSAID-enteropathy affect one another. For instance, there are many interactions between
the enteric microbiota and bile (Begley ef al., 2005). An understanding of these
interactions may help to explain the phenomenon of unbalanced overgrowth of specific
bacteria (e.g., gram-negative) following NSAID administration (Kent ef al., 1969; Reuter
et al., 1998; Hagiwara et al., 2004). This phenomenon has been recognized for decades,
although it is not entirely known why this dysbiosis occurs. Interestingly, many bacterial
species exhibit varying degrees of sensitivity to bile acids (Floch et al., 1972). For
example, gram-negative bacteria are quite insensitive to the anti-microbial properties of
bile acids (Floch et al., 1972). It is therefore possible that changes in bile composition
following NSAID administration could favour the unbalanced overgrowth of specific
bacteria.

Further studies are also required to understand how H,S alters the enteric
microbiota and bile, and whether these alterations could protect the GI tract from other
detrimental clinical conditions, such as inflammatory bowel disease and hepatobiliary
diseases. I demonstrated that the administration of an H,S-releasing agent (i.e., DADS)
altered the enteric microbiota. It would be interesting to explore whether the altered
microbiota from H,S-administered rodents could be transferred to germ-free rodents and
impact the susceptibility of those rodents to NSAID-enteropathy or to another model of
gastrointestinal damage, such as colitis.

Lastly, it will be important to further explore PPI-induced alterations to the enteric

microbiota and bile. As demonstrated in this thesis, these alterations contribute to the
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enhancement of NSAID-induced intestinal damage, but it is possible that these alterations
promote other detrimental effects clinically. It will also be imperative to evaluate the
pathogenesis of NSAID-enteropathy in the context of common co-morbidities as many of
these co-morbidities affect the critical mechanisms of damage, such as the enteric

microbiota, and thus the extent of intestinal damage.

6.5. Conclusions

The work presented in this thesis provids an improved understanding of the
complicated pathogenesis of NSAID-enteropathy by confirming that the nature of the
bile, the enterohepatic circulation of NSAIDs, and the nature of the intestinal microbiota
are each of importance. The results in this thesis also demonstrate that H,S represents an
effective preventative therapy for NSAID-enteropathy and that H,S-releasing NSAIDs,
such as ATB-346, have preclinical safety. Further studies will aid in the development of

effective preventative or curative therapies for NSAID-enteropathy.
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— APPENDIX I -

UNPUBLISHED RESULTS: THE EFFECTS OF TARGETING ENTERIC
BACTERIA WITH ANTIBIOTICS IN NSAID-ENTEROPATHY
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7.1. Objectives

The central aim of the following studies was to clarify the role of enteric bacteria

in the pathogenesis of NSAID-enteropathy.

Objective 1:  To explore whether the administration of a specific antibiotic or
combination of antibiotics prevent NSAID-enteropathy in a chronic

administration model.

Objective 2: To investigate whether antibiotic administration can alter the

cytotoxic effects of bile and the enterohepatic circulation of

NSAID:s.

7.2. Introduction

There is a wealth of evidence that enteric bacteria play a critical role in the
pathogenesis of NSAID-enteropathy. It remains unclear whether bacteria play a primary
role by initiating the tissue injury, or a secondary role by exacerbating NSAID-induced
tissue injury and hindering mucosal repair. Nevertheless, the contribution of enteric
bacteria to the NSAID-induced intestinal injury and inflammation, to the enterohepatic
circulation of NSAIDs, and to the impedance of mucosal repair, suggests that the
therapeutic targeting of enteric bacteria may prevent NSAID-enteropathy (Scarpignato,
2008).

Several studies have documented dramatic shifts in the small intestinal microbiota
following NSAID administration. Generally, these studies reported an increase in gram-
negative bacteria, and a concomitant reduction in gram-positive bacteria, which has

promoted the idea that gram-negative bacteria in particular contribute to NSAID-induced
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intestinal injury (Hagiwara et al., 2004; Dalby et al., 2006; Kato et al., 2009). This
hypothesis has been highlighted by numerous findings. For instance, germ-free rodents
developed little to no damage when administered an NSAID, but when colonized with
gram-negative bacteria, these rodents became susceptible to NSAID-enteropathy (Robert
& Asano, 1977; Uejima et al., 1996). In addition, mice that lacked the endotoxin receptor,
TLR-4, which binds LPS from gram-negative bacteria, developed significantly less
intestinal injury following NSAID administration compared to the wild type controls
(Watanabe et al., 2008).

It has also been reported that the co-administration of antibiotics, particularly ones
that target gram-negative bacteria, with NSAIDs can limit the development of intestinal
injury and bleeding (Koga et al., 1999; Watanabe et al., 2008). For instance, Koga et al
demonstrated that the occurrence of intrarectally dosed indomethacin induced intestinal
ulcerations could be dose-dependently reduced by prior oral kanamycin administration
once daily for seven days. Kanamycin is an aminoglycoside antibiotic, often used to treat
serious gram-negative bacterial infections. Orally dosed kanamycin is not absorbed, thus
limiting its effect to killing luminal bacteria (Koga et al., 1999). The authors further
confirmed that this protocol of kanamycin decreased the number of intestinal gram-
negative bacteria and intestinal inflammation (i.e., MPO activity) in a dose-dependent
manner. Therefore, the authors suggested that the favourable effects of kanamycin were
due to its strong antibacterial action on gram-negative bacteria (Koga ef al., 1999). On the
other hand, antibiotics that specifically target gram-positive bacteria do not appear to

protect rodents from NSAID-enteropathy. Vancomycin is a very large, hydrophilic,
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glycopeptide antibiotic that is poorly absorbed orally, thus its antimicrobial effects are
limited to killing luminal bacteria (Watanabe et al., 2008). It is often used in the treatment
of gram-positive bacterial infections and is largely inactive against gram-negative
bacteria. Two oral doses of vancomycin within 24 hrs of a single dose of indomethacin
did not alter the severity of indomethacin-induced intestinal damage (Watanabe et al.,
2008).

While animal studies have demonstrated that co-treatment with an antibiotic may
be a viable therapeutic strategy for reducing NSAID-enteropathy, there are limitations to
these findings. For instance, NSAID-enteropathy is often modeled by administering a
single, large dose of an exceptionally GI-toxic NSAID, such as indomethacin, which is
not reflective of a clinical setting. These studies have also not addressed whether the
beneficial effects of antibiotic treatment could be partly due to antibiotic-induced
intestinal dysbiosis. Intestinal dysbiosis could affect two important mechanisms in
NSAID-enteropathy by altering the bile or the enterohepatic circulation of NSAIDs
(Wallace, 2013a).

The following experiments were undertaken to clarify the role of enteric bacteria
in the pathogenesis of NSAID-enteropathy. First, I compared the severity of NSAID-
enteropathy between rats administered kanamycin and rats administered vancomycin.
Rats received multiple doses of naproxen, a commonly prescribed NSAID, which is more
reflective of a clinical scenario. I also evaluated the influence of kanamycin
administration and vancomycin administration on the cytotoxic effects of bile. Our

second approach involved administering a combination of antibiotics with broad-
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spectrum coverage in order to greatly decrease the enteric bacterial load (Rakoff-Nahoum
et al., 2004; Croswell et al., 2009). The mixture regimen consisted of four antibiotics:
ampicillin, vancomycin, neomycin, and metronidazole. Both ampicillin and
metronidazole demonstrate activity against gram-positive and -negative bacteria (only
anaerobes for metronidazole) and are well absorbed from the GI tract, but rapidly cleared
from systemic circulation (Rakoff-Nahoum et al., 2004; Croswell et al., 2009). On the
other hand, vancomycin and neomycin are not well absorbed in the GI tract. Neomycin
has broad-spectrum activity but is particularly efficacious against gram-negative bacteria,
whereas vancomycin targets gram-positive bacteria. This experiment was particularly
important to evaluate whether antibiotics could indeed protect against chronic naproxen-
induced enteropathy, and whether antibiotic administration could affect bile toxicity and

the enterohepatic circulation of NSAIDs.

7.3. Methods

Single-antibiotic Administration. Rats (n>6 per group) were treated orally, twice daily,
with kanamycin (100 mg/kg), vancomycin (50 mg/kg), or vehicle orally, daily for 9 days.
On the evening of the 70 day, the rats received 4 oral doses (at 12 hour intervals) of
naproxen (20 mg/kg) or vehicle (dimethylsulfoxide and 1% carboxymethylcellulose; 5:95

ratio) for 2 days.

Antibiotic Mixture Administration. Rats (n>6 per group) received either regular drinking

water or drinking water supplemented with a mixture of four antibiotics for 9 days. The
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antibiotic drinking water was prepared as follows: ampicillin (1 g/L), metronidazole (1
g/L), neomycin (1 g/L), and vancomycin (500 mg/mL). On the evening of the 7™h day, the
rats received 4 doses (at 12 hour intervals) of naproxen (20 mg/kg) or vehicle

(dimethylsulfoxide and 1% carboxymethylcellulose; 5:95 ratio) orally over 2 days.

Naproxen-Induced Enteropathy. One hour after the final administration of drug or
vehicle, bile was collected. The small intestine was then excised and blindly evaluated for
hemorrhagic damage. Refer to the methods section in Chapter 3.3 for further details.
Intestinal inflammation was assessed in jejunal samples by the measurement of
myeloperoxidase (MPO) activity, a quantitative index of granulocyte infiltration

(Boughton-Smith ef al., 1988).

Collection of Bile. One hour after the final administration of naproxen or vehicle, the rats
were anaesthetized with sodium pentobarbital. A laparotomy was performed and the bile
duct was cannulated with a polyethylene cannula (PE-10; Clay Adams, Parsipany, NJ,
USA). Bile was collected for 30 min and then stored at -80°C until use in the cytotoxicity

assay.

Intestinal Epithelial Cell Culture. Rat intestinal epithelial (IEC-6) cells were obtained
from the American Type Culture Centre (Manassas, VA, USA). For detailed culturing
procedures, refer to the methods section in Chapter 3.3. Cells between passages 17-20

were used for bile cytotoxicity assays.
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Bile Cytotoxicity Assay. Bile samples were diluted with Dulbecco’s PBS (DPBS) (pH
7.4) immediately prior to incubation with IEC-6 cells. Dilutions (1:3 to 1:12) that fell
within the physiological range of concentrations of bile acids present in the small
intestine of rats (Dietschy, 1968) were assessed for their cytotoxic effects. Solutions of
bile were added to IEC-6 cells for 3 h. Following the incubation period, the cells were
centrifuged and the supernatants collected for lactate dehydrogenase measurement, using
a Cytoscan-LDH Cytotoxicity Assay Kit. Refer to the methods section in Chapter 3.3 for

further details.

Biliary Naproxen Levels. Concentrations of naproxen in bile were blindly measured by
liquid chromatography/mass spectrometry, as described previously (Blackler ef al., 2012).

These measurements were carried out by Nucro-Technics (Scarborough, ON, Canada).

Intestinal Bacterial Growth. Samples of the jejunum (~200 mg; with the luminal
contents preserved) from rats treated with vehicle or antibiotics, and co-treated with
vehicle or naproxen, were collected under sterile conditions and homogenized in PBS.
Homogenates were serially diluted and plated onto Columbia (with 5% sheep blood)
(CBA) agar and incubated for 48 h under aerobic conditions. Plates containing between
20 and 200 colony-forming units (CFU) were analyzed to determine bacterial numbers,
and the results expressed as CFU per gram of tissue. Refer to the methods section in

Chapter 3.3 for further details.
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DNA Extraction and Polymerase Chain Reaction—Denaturing Gradient Gel
Electrophoresis. Bacterial DNA was extracted from cecal content samples as previously
described (Park et al., 2013). The hypervariable V3 region of the bacterial 16s ribosomal
DNA gene was amplified using a polymerase chain reaction with universal bacterial
primers (HDA-1 and HDA-2) (Mobixlab, McMaster University core facility, Hamilton,
Ontario, Canada). Denaturing gradient gel electrophoresis (DGGE) was then performed
and the gels were stained with SYBR Green and viewed by ultraviolet transillumination.
Similarities between bacterial profiles were determined using the Dice coefficient, and the

Ward algorithm. Refer to the methods section in Chapter 3.3 for further details.

Materials. Naproxen sodium, kanamycin sulfate, neomycin trisulfate salt hydrate, and
metronidazole were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ampicillin
sodium salt and vancomycin hydrochloride were purchased from MP Biomedicals (Santa
Ana, CA, USA). Columbia agar media plates were purchased from Becton-Dickinson

(Mississauga, ON, CA).

7.4. Results

Dosing with a single antibiotic did not protect against naproxen-induced ulceration.
The co-administration of naproxen at 20 mg/kg for 2 days to vehicle-treated rats resulted
in severe intestinal damage (Figure 7.1 A and B). The co-administration of naproxen to
kanamycin-treated rats significantly (p<0.05) increased small intestinal damage as

compared to rats co-treated with naproxen and vehicle (Figure 7.1 A). The extent of small
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intestinal damage was similar in vancomycin-treated rats that were co-administered
naproxen to vehicle-treated rats that received naproxen (Figure 7.1 B). Kanamycin or
vancomycin administration alone did not result in any observable intestinal damage.

The co-administration of naproxen at 20 mg/kg for 2 days to vehicle-treated rats
resulted in increased jejunal granulocyte infiltration (MPO activity) as compared to rats
treated with vehicle only (Figure 7.1 C and D). Administration of kanamycin or
vancomycin was unable to prevent the increase in MPO activity caused by naproxen
treatment. Kanamycin or vancomycin administration alone did not significantly alter

intestinal MPO activity.
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Figure 7.1. Kanamycin co-treatment exacerbated naproxen-induced ulceration. Panel
A and B: The administration of naproxen (20 mg/kg) twice daily for 2 days resulted in
significant intestinal damage (**p<0.01, *p<0.05; Panel A and B, respectively) compared
to vehicle-only treated rats. Co-treatment with kanamycin significantly (5p<0.05;
Student’s t-test) worsened naproxen-induced intestinal erosions, whereas co-treatment
with vancomycin did not alter intestinal erosions. Panel C and D: Co-treatment with
kanamycin or vancomycin did not significantly alter the increase in intestinal
myeloperoxidase (MPO) activity caused by naproxen administration. Results are shown
as mean = SEM (n>5 per group). The data were analyzed by a one-way analysis of

variance followed by Dunnett’s post-hoc test.

Dosing with a single antibiotic did not reduce naproxen-enhanced bile cytotoxicity.
When tested at dilutions of 1:6 or 1:12, bile collected from rats that were administered
naproxen at 20 mg/kg over 2 days exhibited significantly increased cytotoxic effects on
IEC-6 intestinal epithelial cells as compared to bile from rats that were administered
vehicle (Figure 7.2 A and B). The cytotoxicity of the bile collected from rats that were co-
administered either kanamycin or vancomycin with naproxen was not significantly
different from the cytotoxicity of the bile collected from rats treated with naproxen and
vehicle. Kanamycin or vancomycin administration alone did not significantly alter the

cytotoxic effects of bile.
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Figure 7.2. Naproxen-enhanced bile cytotoxicity is unaltered by kanamycin or
vancomycin co-treatment. Bile collected from rats treated with naproxen at 20 mg/kg
twice daily for 2 days was significantly more cytotoxic to cultured rat intestinal epithelial
(IEC-6) cells than bile collected from vehicle-treated rats (*p<0.05, **p<0.01; Panel A
and B, respectively). Naproxen-induced bile cytotoxicity was not significantly different
between the bile collected from rats co-treated with kanamycin or vancomycin compared
to rats that were co-treated with vehicle. The data shown are combined from the 1:6 and
1:12 dilutions of bile samples, and are expressed as mean + SEM (n>5 per group). The

data were analyzed by a one-way analysis of variance followed by Dunnett’s post-hoc

test.
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Administration of the antibiotic mixture reduced naproxen-enteropathy. Rats
administered naproxen (20 mg/kg) twice daily for 2 days had extensive intestinal damage
and blood loss (Figure 7.3 A and B). On the other hand, the administration of naproxen to
rats receiving the antibiotic mixture resulted in a significant (p<0.05) reduction in the
extent of intestinal damage (Figure 7.3 A). However, treatment with the antibiotic
mixture did not prevent naproxen-induced bleeding, as rats that received either antibiotics
or vehicle had similar reductions in hematocrit after naproxen treatment (Figure 7.3 B).
The administration of naproxen significantly (p<0.05) increased jejunal granulocyte
infiltration (MPO activity) as compared to rats treated with vehicle only (Figure 7.3 C).
Conversely, naproxen-induced granulocyte infiltration was prevented in rats that received

antibiotics.

202



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

A]

300+
2
o
O
(2]
0 -
% 200 S
£
©
o
©
£ 100+
=]
7]
2
£
Vehicle Antibiotics Vehicle Antibiotics
+ Naproxen
454
= *kk
] 404 Jekk
S
©
£
[
I
X 354
30- . rvpT : S
Vehicle Antibiotics Vehicle Antibiotics
+ Naproxen
154
°
g *
2 101
2
=
k3]
<
(@) 54
o
=

Vehicle Antibiotics Vehicle Antibiotics

+ Naproxen

203



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Figure 7.3. A broad-spectrum antibiotic mixture reduced intestinal ulceration and
inflammation. Panel A: Naproxen (20 mg/kg) administration twice daily for 2 days
resulted in severe small intestinal ulceration (***p<0.001; versus vehicle-treated rats).
The co-treatment of antibiotics with naproxen significantly reduced intestinal ulceration
in naproxen-treated rats (Bp<0.05 ; Student’s t-test). Panel B: Naproxen administration to
vehicle- or antibiotic-treated rats caused significant bleeding (decrease in hematocrit)
compared to rats treated with vehicle only (***p<0.001). Panel C: Naproxen co-
administration to vehicle-treated rats significantly increased intestinal myeloperoxidase
(MPO) activity (*p<0.05; versus vehicle-treated rats), whereas MPO activity in naproxen
plus antibiotic co-treated rats was not significantly different from that of vehicle-treated
rats. The antibiotic mixture contained ampicillin, metronidazole, neomycin, and
vancomycin. Results are shown as mean + SEM (n>5 per group). The data were analyzed

by a one-way analysis of variance followed by Dunnett’s post-hoc test.

The antibiotic mixture reduced naproxen-enhanced bile toxicity. The naproxen-induced
enhancement of bile cytotoxicity was reduced in rats that were co-treated with antibiotics
(Figure 7.4 A). Bile collected from rats treated with naproxen was significantly (p<0.01)
more cytotoxic to IEC-6 intestinal epithelial cells as compared to bile from rats that were
administered vehicle. On the other hand, bile collected from rats co-treated with naproxen
and antibiotics was not significantly different, in terms of cytotoxicity, from the bile
collected from rats treated with vehicle only. The administration of antibiotics alone did
not significantly alter the cytotoxic effects of bile.

To explore whether the co-administration of the antibiotic mixture reduced biliary
concentrations of naproxen, I measured the concentrations of naproxen in bile from rats

treated with naproxen (20 mg/kg) alone and from rats co-treated with antibiotics. The
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concentration of naproxen in the bile of naproxen-treated rats did not differ significantly

when the rats were co-treated with antibiotics (Figure 7.4 B).
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Figure 7.4. A broad-spectrum antibiotic mixture reduced naproxen-enhanced bile
toxicity, but biliary naproxen concentration remained unaltered. Panel A: Bile collected
from rats treated with naproxen at 20 mg/kg twice daily for 2 days was significantly more
cytotoxic to cultured rat intestinal epithelial (IEC-6) cells than the bile collected from

vehicle-treated rats (**p<0.01). Bile cytotoxicity was significantly reduced in rats that
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were co-treated with naproxen and antibiotics (°p<0.05; versus naproxen plus vehicle
group; Student’s t-test). The data shown are combined from the 1:6 and 1:12 dilutions of
bile samples. Panel B: Biliary concentrations of naproxen were unaltered by the co-
treatment with the mixture of antibiotics. Bile was collected 1 h after the final drug
administration. Biliary naproxen concentrations were measured by liquid
chromatography/mass spectrometry. The antibiotic mixture contained ampicillin,
metronidazole, neomycin, and vancomycin. Results are shown as mean + SEM (n>5 per
group). The data were analyzed by a one-way analysis of variance followed by Dunnett’s

post-hoc test.

The antibiotic mixture caused profound dysbiosis and reduced intestinal bacterial
growth. The total number of aerobes in the jejunum of rats treated with antibiotics was
significantly (p<0.05) reduced compared to vehicle-treated rats, regardless of whether
naproxen was co-administered (Figure 7.5 A). DGGE analysis of cecal contents
demonstrated that the treatment with antibiotics caused a marked shift in the composition
of the microbiota. DGGE analysis was performed to compare the microbial composition
in rats treated with vehicle, antibiotics, naproxen (20 mg/kg) plus vehicle, or naproxen
plus antibiotics. Antibiotic administration caused cecal dysbiosis in rats co-treated with
either vehicle or naproxen, as analyzed by the Dice coefficient and Ward algorithm to
determine similarities (Figure 7.6 B). Naproxen administration alone resulted in cecal
samples clustering separately from vehicle-treated rats, indicating that naproxen treatment
can also alter the composition of the microbiota. The clustering observed in Figure 7.5 B

was confirmed via a second DGGE analysis with another 3 samples for each group.
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Figure 7.5. A broad-spectrum antibiotic mixture altered the intestinal microbiota. Panel
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A: Co-treatment with antibiotics (ampicillin, metronidazole, neomycin, and vancomycin)
for 9 days significantly decreased the number of total aerobes in the jejunum of rats
(*p<0.05; versus the vehicle- or naproxen-treated group). Panel B: Denaturing gradient
gel electrophoresis analysis revealed that the administration of the antibiotic mixture
caused cecal dysbiosis in rats. The clustering observed in the dendrogram was constructed
using the Dice coefficient and Ward algorithm. Results in panel A are shown as mean +
SEM (n>5 per group). The data were analyzed by a one-way analysis of variance

followed by Dunnett’s post-hoc test.
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7.5. Discussion

NSAID-enteropathy is a major clinical concern because of the widespread use of
NSAIDs and the lack of effective preventative and therapeutic agents to protect users
from small intestinal damage (Wallace, 2013a). It has long been understood that enteric
bacteria are critical in the pathogenesis of NSAID-enteropathy, since germ-free rodents
do not develop intestinal damage (Kent ef al., 1969; Robert & Asano, 1977). Moreover,
NSAID administration results in changes to the type of bacteria present within the
intestine (Hagiwara et al., 2004; Dalby et al., 2006). Additionally, blocking bacterial-host
interaction (e.g., preventing TLR-4 activation) can reduce the NSAID-induced mucosal
injury (Watanabe et al., 2008). These findings have prompted the idea of manipulating
the bacterial flora or specifically targeting enteric bacteria to reduce and possibly prevent
the incidence and severity of NSAID-enteropathy. Specifically, the use of antibiotics as a
therapeutic option has been explored.

Several studies have demonstrated that specifically targeting gram-negative
bacteria can protect rodents from NSAID-enteropathy (Koga et al., 1999; Watanabe et al.,
2008). Koga et al. reported that kanamycin co-administration could dose-dependently
reduce the intestinal damage and inflammation caused by indomethacin administration in
rats. In our model of naproxen-induced enteropathy, kanamycin co-administration offered
no intestinal protection and unexpectedly exacerbated naproxen-induced mucosal injury.
Furthermore, co-treatment with kanamycin also significantly increased the extent of
jejunal MPO activity in naproxen-administered rats. These results contradict the

prevailing notion of the importance of gram-negative bacteria in the pathogenesis of

208



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

NSAID-enteropathy. 1 then targeted gram-positive bacteria via vancomycin
administration to investigate how it would affect naproxen-enteropathy. Wantanabe et a/
(2008) reported that vancomycin administration conferred no protection to indomethacin-
induced enteropathy in rodents. Indeed, I demonstrated similar results, as vancomycin co-
treatment did not reduce naproxen-enteropathy. On the other hand, treatment with a
mixture of antibiotics that provided broad-spectrum targeting of enteric bacteria
significantly reduced the extent of naproxen-induced ulceration and intestinal
inflammation in rats.

The vast majority of studies that indicated that antibiotic administration could
protect against NSAID-enteropathy have administered a single dose, or limited doses, of
indomethacin, a highly GI toxic NSAID (Kent et al., 1969; Koga et al., 1999; Watanabe
et al., 2008). This modeling of NSAID-enteropathy may not adequately represent the
repeated injury to the intestinal epithelium that occurs in chronic NSAID administration
protocols and thus, may overestimate the beneficial effects of antibiotic co-
administration. Indeed, our results with the kanamycin administration and repeated
naproxen dosing protocol highlight the discrepant ability of antibiotics to protect against
NSAID-enteropathy. Furthermore, it is possible that not all NSAID-induced (i.e.,
naproxen) intestinal damage is promoted by the presence of gram-negative bacteria.

The reduction in mucosal injury that I observed in rats that were co-administered
a broad-spectrum antibiotic mixture and naproxen may be the result of numerous
beneficial effects. Treatment with the broad-spectrum antibiotic mixture reduced the

bacterial load in the small intestine, which likely limited the extent of interaction between
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enteric bacteria and the epithelium. This may have limited bacterial colonization of
NSAID-induced mucosal lesions, which would have impeded the healing of injured tissue
(Elliott et al., 1998). Furthermore, once the mucosal barrier has been disrupted by
NSAIDs, bacterial components are able to enter the tissue and activate pattern recognition
receptors (e.g., TLRs) that trigger an inflammatory cascade and subsequent neutrophil
recruitment, which can cause further mucosal injury (Scarpignato, 2008; Watanabe et al.,
2008). This could account for the lack of granulocyte infiltration that was observed in
naproxen-treated rats co-administered the broad-spectrum antibiotic mixture. On the other
hand, treatment with the broad-spectrum antibiotic mixture caused a profound dysbiosis
in rats and altered bile toxicity. It is possible that the antibiotic-induced changes in the
microbiota prevented the growth of specific bacterial species that are associated with
NSAID-induced intestinal injury (Hagiwara et al., 2004; Dalby et al., 2006; Kato et al.,
2009). In chapters 3, 4, and 5, I demonstrated that the increased bile toxicity in NSAID-
administered rats was associated with increased intestinal injury. Therefore, the reduction
in mucosal injury observed in naproxen-treated rats co-administered the broad-spectrum
antibiotic mixture may be partly explained by the lack of bile toxicity in this group. The
levels of naproxen in the bile were similar between rats that were co-administered either
vehicle or the antibiotic mixture, but bile toxicity may also affected by the type of bile
acids that are present within the bile (Zhou et al., 2010). Enteric bacteria are responsible
for the production of secondary bile acids, which are particularly damaging to epithelial
cells due in part to the increased hydrophobicity of these bile acids (Hofmann, 1999;

Martinez-Augustin et al., 2008). Therefore, the reduction in enteric flora caused by the
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broad-spectrum antibiotic mixture may have reduced the concentration of secondary bile
acids in the bile and in the lumen of the intestine.

In chapter 5, I demonstrated that the severity of naproxen-induced intestinal
damage correlated well with the concentrations of naproxen in the bile after
administration of naproxen to rats. The bacterial deconjugation of NSAID-glucuronides,
by the enzyme bacterial B-glucuronidase, is necessary for the reabsorption of NSAIDs via
enterocytes (Gadelle et al., 1985; LoGuidice et al., 2012). The co-administration of the
broad-spectrum antibiotic mixture was unable to prevent the enterohepatic circulation of
naproxen (i.e., the levels of naproxen in bile were unaltered by antibiotic treatment),
which may explain why a substantial amount of intestinal injury still remained in this
group. Likewise, the failure of kanamycin or vancomycin to protect against NSAID-
enteropathy may also be due to the inability of these antibiotics to limit the enterohepatic
circulation of naproxen.

In summary, the present data of the investigation of the ability of antibiotics to
prevent NSAID-enteropathy highlights the difficulty of targeting enteric bacteria in order
to limit intestinal injury. The enteric bacteria contribute to the pathogenesis of NSAID-
enteropathy in multiple ways. Their critical role of bacteria in enterohepatic circulation,
as well as in the conversion of primary to secondary bile acids, is important in promoting
the acute injury and inflammation (i.e., topical damage of NSAIDs and bile to the
epithelium). Once mucosal injury has occurred, enteric bacteria play an important role in
exacerbating and/or perpetuating injury and inflammation. The reduction in naproxen-

induced intestinal injury that was seen in rats following the co-administration of the
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broad-spectrum antibiotic mixture was likely due to the diminished levels of bacteria in
the intestine, which rendered a dampened inflammatory response upon injury. On the
other hand, the inability of the broad-spectrum antibiotic mixture to prevent the
enterohepatic circulation of naproxen likely contributed to the substantial intestinal injury
that remained. Considering the lack of effectiveness of antibiotics in preventing NSAID-
enteropathy and the potential for adverse effects and drug resistance associated with long-
term antibiotic use, this therapeutic approach does not appear to be particularly attractive.
Future studies may want to explore different ways of manipulating the bacterial flora,
such as by using probiotics, or by specifically targeting the bacterial enzymes responsible

for the enterohepatic circulation of NSAIDs.
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8.1. Introduction

It has been previously demonstrated that diallyl disulfide (DADS), along with
various other garlic-derived compounds, are hydrogen sulfide (H,S)-releasing agents
(Benavides ef al., 2007). Orally administrated DADS may encounter various oxidizing or
reducing environments in the gastrointestinal (GI) tract following absorption. The release
of H,S from DADS occurs via a reduction reaction (Benavides et al., 2007). I
investigated to what extent various reducing agents would promote the release of H,S
from DADS in vitro.

I also explored if the addition of naproxen or commercially purchased bile acids to
bile collected from naive rats would increase the cytotoxic effects of bile when exposed to
rat epithelial cells in vitro. These experiments were conducted to explore if the direct,

cytotoxic effects of naproxen and/or specific bile acids can affect bile cytotoxicity.

8.2. Methods

Hydrogen sulfide-release from DADS. The ability of DADS to release H,S was
measured using a modified version (Qu et al., 2006) of an assay first described by
Stipanuk and Beck (1982). This method used zinc acetate to trap H,S which was
subsequently acidified with N,N’-dimethyl-p-phenylenediamine (NNDP) and ferric (III)
chloride (FeCls) to produce methylene blue. The colour intensity of the methylene blue
that formed was indicative of the concentration of trapped H,S and was detected by
spectrophotometry to represent relative levels of H,S. This assay was performed using

various concentrations of DADS (0.5 mL), buffer (0.4 mL) and various reducing agents
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(L-cysteine, L-glutathione, or dithiothreitol (DTT)) at 1 mM (0.1 mL) added to 20 mL
capacity vials. A smaller 2 mL tube containing a piece of filter paper soaked with zinc
acetate (1%; 0.3 mL) was placed inside the larger vial. The larger vials were then flushed
with nitrogen gas for 20 sec and capped with an airtight serum cap. The vials were
transferred to a 37°C shaking water bath for 30 min. Samples were transferred to wet ice
for 10 min, after which trichloroacetic acid (TCA; 50%; 0.4 mL) was injected into the
reaction mixture through the serum cap. The mixture was then transferred to a 50°C
shaking water bath for 60 min to allow for the trapping of evolved H,S by the zinc
acetate. The zinc acetate used to trap H,S did not come into contact with the DADS
solution at any point during the reaction. The serum cap was then removed and NNDP
(20 mM; 50 pL) in 7.2 M HCI and FeCl; (30 mM; 50 pL) in 1.2 M HCI were added to the
inner tube containing zinc acetate. Samples were left to stand in the dark for 20 min. 200
uL of each sample was plated and absorbance at 670 nm was measured with a microplate
reader (Molecular Devices Corp., Sunnyvale, CA, USA). A calibration curve of
absorbance versus H,S concentration was generated using sodium hydrosulfide (NaHS)

of varying concentrations.

Addition of naproxen or bile acids to naive rat bile. A bile duct cannulation was
performed to collect naive bile from healthy, untreated Wistar rats. The bile was then
diluted 1:3, 1:6, 1:12, 1:24, and 1:48 immediately prior to incubation on IEC-6 cell
cultures. To each dilution, naproxen (10-1000 pM) or commercially purchased bile acids

(10-1000 uM) were added. The three bile acids added were either a conjugated, primary
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bile acid [i.e., taurocholic acid (TCA)], a primary bile acid [i.e., cholic acid (CA)] or a
secondary bile acid [i.e., deoxycholic acid (DCA)]. The bile solutions were then
incubated on IEC-6 cells for 3 h. Following the incubation period, the supernatant was
assayed for lactate dehydrogenase (LDH), as a measure of cell lysis. Refer to the methods

section in Chapter 3.3 for further details.

Materials. Diallyl disulfide, dithiothreitol, L-cysteine, L-glutathione, sodium naproxen,
sodium hydrosulfide, cholic acid, deoxycholic acid, and taurocholic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Colourmetric assay kits for LDH

determination were purchased from G-Biosciences (St. Louis, MO, USA).

8.3. Results

Reducing agent required for hydrogen sulfide release from DADS. In the absence of a
reducing agent, the release of H,S from DADS in vitro was negligible at the
concentrations tested (Figure 8.1). However, in the presence of reducing agents (L-
cysteine, GSH, or DTT) the amount of H,S released from DADS was substantially

increased compared to DADS incubated in buffer alone.
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Figure 8.1. In vitro release of hydrogen sulfide (HS) from diallyl disulfide (DADS). At
all concentrations tested, H,S release from DADS in the absence of a reducing agent was
negligible. However, when incubated with reducing agents (at 1 mM) [i.e., L-cysteine,
glutathione (GSH), or dithiothreitol (DTT)], the release of H,S from DADS was
substantially greater than when DADS was incubated in buffer alone. Each bar represents

the mean + SEM (n=4 per group).

The addition of naproxen and bile acids enhanced the cytotoxic effects of bile. When
tested at dilutions of 1:6 or 1:12, the addition of naproxen to bile collected from healthy,
untreated rats enhanced the cytotoxic effects of the bile on rat intestinal epithelial (IEC-6)

cells in a concentration-dependent manner (***p<0.001 vs. rat bile with no naproxen
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added). Bile solutions were incubated on IEC-6 cells for 3 h and results for the 1:6
dilutions are shown in Figure 8.2.

The addition of DCA, a secondary bile acid, to naive rat bile significantly
enhanced the cytotoxic effects of bile at all concentrations of DCA tested (***p<0.001 vs.
rat bile with no bile acids added) (Figure 8.3). On the other hand, the addition of CA, a
primary bile acid, to naive rat bile significantly enhanced the cytotoxic effects of bile in a
concentration-dependent manner. At the two lower concentrations tested, the addition of
DCA to bile resulted in significantly (**p<0.001) enhanced bile cytotoxicity as compared
to bile with CA added. Addition of the conjugated, primary bile acid (TCA) to naive rat
bile significantly enhanced bile cytotoxicity only at the highest concentration (1.5 mM)

tested (**p<0.01 vs. rat bile with no bile acids added).
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Figure 8.2. In vitro addition of naproxen to naive rat bile enhanced bile cytotoxicity.

The cytotoxic effects of bile collected from untreated (naive) rats were concentration-
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dependently enhanced by the addition of naproxen when incubated on rat intestinal
epithelial (IEC-6) cells for 3 hours (***p<0.001 vs. rat bile with no naproxen added). The
data shown are from the 1:6 dilutions and each bar represents the mean + SEM (n=4 per
group). The data were analyzed by a one-way analysis of variance followed by Dunnett’s

post-hoc test.
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Figure 8.3. Secondary bile acids are cytotoxic to cultured rat epithelial cells in vitro.
The addition of deoxycholic acid (DCA) to naive rat bile significantly enhanced the
cytotoxic effects of bile when incubated on rat intestinal epithelial (IEC-6) cells for 3
hours at all concentrations tested (***p<0.001 vs. rat bile with no bile acids added). The
addition of DCA to bile resulted in significantly (*p<0.01; Student’s t-test) enhanced bile
cytotoxicity as compared to bile with CA added at the two lowest concentrations tested.

The data shown are from the 1:6 dilutions and each bar represents the mean + SEM (n=4
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per group). The data were analyzed by a one-way analysis of variance followed by

Dunnett’s post-hoc test.

8.4. Discussion

The in vitro measurement of H,S release from DADS suggests that DADS
requires a reducing agent in order to release appreciable levels of H,S. This may be
particularly important for the ability of DADS to protect the small intestine from injury,
as it appears that H»S is not spontaneously released from DADS and thus, may allow for
the compound to reach the sites of injury before expending its H,S-releasing capacity. In
fact, bile is a major source of GSH and it has been demonstrated that the delivery of GSH
via bile to the small intestine protected intestinal epithelial cells from oxidative injury in
rats (Lash et al., 1986; Aw et al., 1994). It is possible that the presence of GSH in the
small intestine creates an ideal (i.e., reducing) environment for DADS to release H,S in
vivo, which may explain why DADS co-administration was particularly effective at
reducing naproxen-inducing small intestinal injury.

Bile is a digestive secretion that plays a crucial role in the emulsification and
solubilization of lipids, but it can also disrupt epithelial cellular membranes and cause cell
death (Hofmann, 1999). Likewise, NSAIDs can damage intestinal epithelial cells and the
combination of bile and NSAIDs is particularly damaging to epithelial cells (Dial et al.,
2006; Zhou et al., 2010). Therefore, it is unsurprising that the addition of naproxen to rat
bile significantly enhanced bile cytotoxicity in vitro. Interestingly, our in vitro results also

suggest that the type of bile acids present within the bile can affect bile cytotoxicity.
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When bile enters the small intestine, bacterial reactions can deconjugate, dehydroxylate,
and dehydrogenate bile acids, all of which increase the hydrophobicity of bile acids
(Begley et al., 2005). Deconjugated bile acids are more hydrophobic than conjugated
ones, and secondary bile acids are more hydrophobic than primary bile acids.
Hydrophobic bile acids are proficient at disrupting cellular membranes and causing cell
death, which likely explains why I observed that DCA is particularly damaging to
cultured IEC-6 cells (Hofmann, 1999).

In summary, naproxen and specific bile acids are able to significantly enhance the
cytotoxic effects of bile in vitro. NSAID administration to rats may enhance bile
cytotoxicity in vivo due to a number of factors; such as the drug itself within the bile or

due to altered levels of specific bile acids, or a combination of both.

221



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— APPENDIX III -

PERMISSION TO REPRINT PUBLISHED MANUSCRIPTS

222



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

ELSEVIER LICENSE TERMS AND CONDITIONS
Aug 24,2014

This is a License Agreement between Rory W Blackler ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order
details, the terms and conditions provided by Elsevier, and the payment terms and
conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

Supplier: The Boulevard,Langford Lane Kidlington,Oxford, 0X5 1GB,UK
Registered Company Number: 1982084

Customer name: Rory W Blackler

Customer address: 50 Strathcona Ave S, Hamilton, ON L8P 4H9

License number: 3455450510721

License date: Aug 24,2014

Licensed content publisher: Elsevier

Licensed content publication: Current Opinion in Pharmacology

Licensed content title: NSAID-gastroenteropathy: new aspects of pathogenesis and
prevention

Licensed content author: Koji Takeuchi,Jian-Ying Wang,Scott M Belcher,Rory W
Blackler,Burcu Gemici,Anna Manko,John L Wallace

Licensed content date: December 2014

Licensed content volume number: 19

Licensed content issue number: n/a

Number of pages: 6

Start Page: 11

End Page: 16

Type of Use: reuse in a thesis/dissertation

Portion: full article

Format: electronic

Are you the author of this Elsevier article? Yes

Will you be translating? No

Title of your thesis/dissertation: Nonsteroidal anti-inflammatory drug-enteropathy: the
pathogenic roles of bile and bacteria and the protective roles of hydrogen sulfide.
Expected completion date: Aug 2014

Estimated size (number of pages): 280

Elsevier VAT number: GB 494 6272 12

Permissions price: 0.00 USD

VAT/Local Sales Tax: 0.00 USD /0.00 GBP

Total: 0.00 USD

Terms and Conditions

INTRODUCTION

223



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material
subject to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source,
permission must also be sought from that source. If such permission is not obtained then
that material may not be included in your publication/copies. Suitable acknowledgement
to the source must be made, either as a footnote or in a reference list at the end of your
publication, as follows:

“Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER].” Also Lancet special credit - “Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier.”

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com)

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (1) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked
and shall be void as if never granted. Use of materials as described in a revoked license,
as well as any use of the materials beyond the scope of an unrevoked license, may

224



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

constitute copyright infringement and publisher reserves the right to take any and all
action to protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically
authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written
permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article. If this license is to re-use 1 or 2 figures then
permission is granted for non-exclusive world rights in all languages.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at http://www elsevier.com; Central Storage: This license does not include permission for

225



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

For journal authors: the following clauses are applicable in addition to the above:
Permission granted is limited to the author accepted manuscript version* of your paper.
*Accepted Author Manuscript (AAM) Definition: An accepted author manuscript
(AAM) is the author’s version of the manuscript of an article that has been accepted for
publication and which may include any author-incorporated changes suggested through
the processes of submission processing, peer review, and editor-author communications.
AAMs do not include other publisher value-added contributions such as copy-editing,
formatting, technical enhancements and (if relevant) pagination.

You are not allowed to download and post the published journal article (whether PDF or
HTML, proof or final version), nor may you scan the printed edition to create an
electronic version. A hyper-text must be included to the Homepage of the journal from
which you are licensing at http://www .sciencedirect.com/science/journal/xxxxx. As part
of our normal production process, you will receive an e-mail notice when your article
appears on Elsevier’s online service ScienceDirect (www .sciencedirect.com). That e-mail
will include the article’s Digital Object Identifier (DOI). This number provides the
electronic link to the published article and should be included in the posting of your
personal version. We ask that you wait until you receive this e-mail and have the DOI to
do any posting.

Posting to a repository: Authors may post their AAM immediately to their employer’s
institutional repository for internal use only and may make their manuscript publically
available after the journal-specific embargo period has ended.

Please also refer to Elsevier's Article Posting Policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only.. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution’s
repository.

20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for UMI to supply single copies, on demand,
of the complete thesis. Should your thesis be published commercially, please reapply for
permission.

226



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Elsevier Open Access Terms and Conditions
Elsevier publishes Open Access articles in both its Open Access journals and via its Open
Access articles option in subscription journals.
Authors publishing in an Open Access journal or who choose to make their article Open
Access in an Elsevier subscription journal select one of the following Creative Commons
user licenses, which define how a reader may reuse their work: Creative Commons
Attribution License (CC BY), Creative Commons Attribution — Non Commercial -
ShareAlike (CC BY NC SA) and Creative Commons Attribution — Non Commercial — No
Derivatives (CC BY NC ND)
Terms & Conditions applicable to all Elsevier Open Access articles:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author’s honour
or reputation.
The author(s) must be appropriately credited.
If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of
the user to ensure their reuse complies with the terms and conditions determined by the
rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: You may distribute and copy the article, create extracts, abstracts, and other
revised versions, adaptations or derivative works of or from an article (such as a
translation), to include in a collective work (such as an anthology), to text or data mine
the article, including for commercial purposes without permission from Elsevier
CC BY NC SA: For non-commercial purposes you may distribute and copy the article,
create extracts, abstracts and other revised versions, adaptations or derivative works of or
from an article (such as a translation), to include in a collective work (such as an
anthology), to text and data mine the article and license new adaptations or creations
under identical terms without permission from Elsevier
CC BY NC ND: For non-commercial purposes you may distribute and copy the article
and include it in a collective work (such as an anthology), provided you do not alter or
modify the article, without permission from Elsevier
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC
BY NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

» Promotional purposes (advertising or marketing)

+ Commercial exploitation ( e.g. a product for sale or loan)

» Systematic distribution (for a fee or free of charge)

Please refer to Elsevier's Open Access Policy for further information.

227



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

— APPENDIX IV —

REFERENCES

228



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Aboubakr E, Taye A, El-Moselhy MA, Hassan MK. (2013). Protective effect of hydrogen
sulfide against cold restraint stress-induced gastric mucosal injury in rats. Arch
Pharmacol Res, 36, 1507-1515.

Adebayo D, Bjarnason I. (2006). Is non-steroidal anti-inflammatory drug (NSAID)
enteropathy clinically more important than NSAID gastropathy? Postgrad Med J, 82,
186-191.

Andrews FJ, Malcontenti-Wilson C, O’Brien PE. (1994). Effect of nonsteroidal anti-
inflammatory drugs on LFA-1 and ICAM-1 expression in gastric mucosa. Am J
Physiol, 266, G657-G664.

Antoon JS, Perry MA. (1997). Role of neutrophils and mast cells in acute indomethacin-
induced small bowel injury in the rat. Journal of Gastroenterology, 32, 747-757.
Appleyard CB, McCafferty DM, Tigley AW, Swain MG, Wallace JL. (1996). Tumour
necrosis factor mediation of NSAID-induced gastric damage: role of leukocyte

adherence. Am J Physiol, 270, G42-G48.

Aro P, Storskrubb T, Ronkainen J, Bolling-Sternevald E, Engstrand L et al. (20006).
Peptic ulcer disease in a general adult population: the Kalixanda study: a random
population-based study. Am J Epidemiol, 163, 1025-1134.

Asako H, Kubes P, Wallace J, Gaginella T, Wolf RE, Granger DN. (1992). Indomethacin-
induced leukocyte adhesion in mesenteric venules: role of lipoxygenase products. Am
J Physiol Gastrointest Liver Physiol, 262, G903—G908.

Aw TY. (1994). Biliary glutathione promotes the mucosal metabolism of luminal

peroxidized lipids by rat small intestine in vivo. J Clin Invest, 94, 1218-1225.

229



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Bai AP, Ouyang Q, Hu RW (2005). Diallyl trisulfide inhibits tumor necrosis factor-alpha
expression in inflamed mucosa of ulcerative colitis. Dig Dis Sci, 50, 1426—1431.
Beck WS, Schneider HT, Dietzel K, Nuernberg B, Brune K. (1990). Gastrointestinal
ulcerations induced by anti-inflammatory drugs in rats. Physicochemical and

biochemical factors involved. Arch Toxicol, 64,210-217.

Begley M, Gahan CG, Hill C. (2005). The interaction between bacteria and bile. FEMS
Microbiol Rev, 29, 625-651.

Benavides GA, Squadrito GL, Mills RQ, Patel HD, Isbell TS, Patel RP et al. (2007).
Hydrogen sulfide mediates the vasoactivity of garlic. Proc Natl Acad Sci USA, 104,
17977-17982.

Bjarnason I, Hayllar J, MacPherson Al, Russell AS. (1993). Side effects of nonsteroidal
anti-inflammatory drugs on the small and large intestine in humans.
Gastroenterology, 104, 1832-1847.

Bjarnason I, Hayllar J, Smethurst P, Price A, Gumpel MJ. (1992). Metronidazole reduces
intestinal inflammation and blood loss in non-steroidal anti-inflammatory drug
induced enteropathy. Gut, 33, 1204-1208.

Bjarnason I, Smethurst P, Fenn GC, Lee CE, Menzies IS, Levi AJ. (1989a). Misoprostol
reduces indomethacin induced changes in human small intestinal permeability. Dig
Dis Sci, 34,407-411.

Bjarnason I, Smethurst P, Clark P, Menzies I, Levi J, Peters T. (1989b). Effect of
prostaglandin on indomethacin-induced increased intestinal permeability in man.

Scand J Gastroenterol Suppl, 164, 97-102; discussion 102-103.

230



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Bjarnason I, Zanelli G, Smith T, Smethurst P, Price AB, Gumpel MJ et al. (1987). The
pathogenesis and consequence of non steroidal anti-inflammatory drug induced small
intestinal inflammation in man. Scand J Rheumatol, 64, 55-62.

Blackler R, Syer S, Bolla M, Ongini E, Wallace JL. (2012). Gastrointestinal-sparing
effects of novel NSAIDs in rats with compromised mucosal defence. PLoS One, 7,
e35196.

Boelsterli UA, Ramirez-Alcantara V. (2011). NSAID acyl glucuronides and enteropathy.
Curr Drug Metab, 12, 245-252.

Bombardier C, Laine L, Reicin A, Shapiro D, Burgos-Vargas R, Davis B et al. (2000).
Comparison of upper gastroin- testinal toxicity of rofecoxib and naproxen in patients
with rheumatoid arthritis. VIGOR Study Group. N Engl J Med, 343, 1520-1528.

Boughton-Smith NK, Wallace JL, Whittle BJ. (1988). Relationship between arachidonic
acid metabolism, myeloperoxidase activity and leukocyte infiltration in a rat model
of inflammatory bowel disease. Agents Actions, 25, 115-123.

Bukhave K, Rask-Madsen J. (2004). Eicosanoids and the Intestine. In: Curtis-Prior P, eds.
The Eicosanoids. Chichester, UK. John Wiley & Sons, Ltd, 423-431.

Burke A, Smyth E, Fitzgerald GA. (2006). Analgesic-antipyretic and anti-inflammatory
agents; pharmacotherapy of gout. In: Brunton LL, Lazo JS, Parker KL, eds.
Goodman & Gilman’s the Pharmacological Basis of Therapeutics. 11" ed. NY,

USA: McGraw Hill Companies, 671-715.

231



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Buxton ILO. (2006). Chemotherapy of protozoal infections. In: Brunton LL, Lazo JS,
Parker KL, eds. Goodman & Gilman’s the Pharmacological Basis of Therapeutics.
11" ed. NY, USA: McGraw Hill Companies, 671-715.

Carson JL, Strom BL, Soper KA, West SL, Morse L. (1987). The relative gastrointestinal
toxicity of the nonsteroidal anti-inflammatory drugs. Arch Intern Med, 147, 1054—
1059.

Casado Arroyo RC, Polo-Tomas M, Roncales MP, Scheiman J, Lanas A. (2012). Lower
GI bleeding is more common than upper among patients on dual antiplatelet therapy:
long-term follow-up of a cohort of patients commonly using PPI co-therapy. Heart,
98, 718-723.

Chan MV, Wallace JL. (2013). Hydrogen sulfide-based therapeutics and gastrointestinal
diseases: translating physiology to treatments. Am J Physiol Gastrointest Liver
Physiol, 305, G467-G473.

Cheng HF, Harris RC. (1994). Cyclooxygenases, the kidney, and hypertension.
Hypertension, 43, 525-530.

Choi VMF, Coates JE, Chooi J, Thompson AB, Russell AS. (1995). Small bowel
permeability — a variable effect of NSAIDs. Clinical and Investigative Medicine, 18,
357-361.

Chmaisse HM, Antoon JS, Kvietys PR, Grisham MB, Perry MA. (1994). Role of
leukocytes in indomethacin-induced small bowel injury in the rat. Am J Physiol, 266,

G239-G246.

232



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Coleman R, Igbal S, Godfrey PP, Billington D. (1979). Membranes and bile formation.
Composition of several mammalian biles and their membrane-damaging properties.
Biochem J, 178, 201-208.

Crofford LJ. (1997). COX-1 and COX-2 tissue expression: implications and predictions.
Journal of Rheumatology, 24, 15-19.

Croswell A, Amir E, Teggatz P, Barman M, Salzman NH. (2009). Prolonged impact of
antibiotics on intestinal microbial ecology and susceptibility to enteric salmonella
infection. Infect Immun, 77, 2741-2753.

Dabek M, McCrae SI, Stevens VJ, Duncan SH, Louis P. (2008). Distribution of B-
glucosidase and B-glucuronidase activity and of B-glucuronidase gene gus in human
colonic bacteria. FEMS Microbiol Ecol, 66, 487-495.

Dalby AB, Frank DN, St Amand AL, Bendele AM, Pac NR. (2006). Culture-independent
analysis of indomethacin-induced alterations in the rat gastrointestinal microbiota.
Appl Environ Microbiol, 72, 6707-6715.

Davies NM. (1999). Sustained release and enteric coated NSAIDs: are they really GI
safe? J Pharm Pharm Sci, 2, 5-14.

Davies NM, Roseth AG, Appleyard CB, McKnight W, Del Soldato P, Calignano A et al.
(1997). NO-naproxen vs. naproxen: ulcerogenic, analgesic and anti-inflammatory
effects. Aliment Pharmacol Ther, 11, 69-79.

Dial EJ, Darling RL, Lichtenberger LM. (2008). Importance of biliary excretion of
indomethacin in gastrointestinal and hepatic injury. J Gastroenterol Hepatol, 23,

€384-e389.

233



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Dietschy JM. (1968). Mechanisms for the intestinal absorption of bile acids. J Lipid Res
9,297-309.

Douthwaite AH, Lintott SAM. (1938). Gastroscopic observation of the effect of aspirin
and certain other substances on the stomach. Lancet, 2, 1222-1225.

Duboc H, Rajca S, Rainteau D, Benarous D, Maubert M, Quervain E et al. (2013).
Connecting dysbiosis, bile-acid dysmetabolism and gut inflammation in
inflammatory bowel diseases. Gut, 62, 531-539.

Duggan DE, Hooke KF, Noll RM, Kwan KC. (1975). Enterohepatic circulation of
indomethacin and its role in intestinal irritation. Biochem Pharmacol, 24, 1749-1754.

Elliot SN, Buret A, McKnight W, Miller MJ, Wallace JL (1998). Bacteria rapidly
colonize and modulate healing of gastric ulcers in rats. Am J Physiol, 275, G425-
G432.

Elrod JW, Calvert JW, Morrison J, Doeller JE, Kraus DW, Tao L et al. (2007). Hydrogen
sulfide attenuates myocardial ischemia-reperfusion injury by preservation of
mitochondrial function. Proc Nat Acad Sci USA, 104, 15560—-15565.

Elsheikh W, Blackler RW, Flannigan KL, Wallace JL. (2014). Enhanced
chemopreventative effects of a hydrogen sulfide-releasing anti-inflammatory drug
(ATB-346) in  experimental colorectal cancer. Nitric  Oxide  doi:
10.1016/j.n10x.2014.04.006. [Epub ahead of print]

Endo H, Sakai E, Higurashi T, Yamada E, Ohkubo H, lida H ef al. (2012). Differences in
the severity of small bowel mucosal injury based on the type of aspirin as evaluated

by capsule endoscopy. Dig Liver Dis, 44, 833-838.

234



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Endo H, Higurashi T, Hosono K, Sakai E, Sekino Y, lida H et al. (2011). Efficacy of
Lactobacillus casei treatment on small bowel injury in chronic low-dose aspirin
users: a pilot randomized controlled study. J Gastroenterol; 46, 894-905.

Endo H, Hosono K, Inamori M, Kato S, Nozaki Y, Yoneda K, ez al. (2009). Incidence of
small bowel injury induced by low-dose aspirin: a crossover study using capsule
endos- copy in healthy volunteers. Digestion, 79, 44-51.

Eriksson S, Langstrom G, Rikner L, Carlsson R, Naesdal J. (1995). Omeprazole and H2-
receptor antagonists in the acute treatment of duodenal ulcer, gastric ulcer and reflux
oesophagitis: a meta analysis. Eur J Gastroenterol Hepatol, 7, 467-475.

Estes LL, Fuhs DW, Heaton AH, Butwinick CS. (1993). Gastric ulcer perforation,
associated with the use of injectable ketorolac. Annals of Pharmacotherapy, 27, 42-
43,

Fiorucci S, Antonelli E, Distrutti E, Mencarelli A, Orlandi S, Zanardo R et al. (2005).
Inhibition of hydrogen sulfide generation contributes to gastric injury caused by anti-
inflammatory nonsteroidal drugs. Gastroenterology, 129, 1210-1224.

Fiorucci S, Menezes de Lima O, Mencarelli A, Palazzetti B, Distrutti E, McKnight W et
al. (2002). Cyclooxygenase-2-derived lipoxin A4 increases gastric resistance to
aspirin-induced damage. Gastroenterology, 123, 1598 —1606.

Fisher MM, Kakis G, Yousef IM. (1976). Bile acid pool in Wistar rats. Lipids, 11, 93-96.

Fitzgerald GA. (2003). COX-2 and beyond: approaches to prostaglandin inhibition in

human disease. Nature Reviews of Drug Discovery, 2, 879-890.

235



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Flannigan KL, Ferraz JGP, Wang R, Wallace JL. (2013). Enhanced synthesis and
diminished degradation of hydrogen sulfide in experimental colitis: a site-specific,
pro-resolution mechanism. PLoS ONE, 8(8), €71962.

Floch MH. (2002). Bile salts, intestinal microflora and enterohepatic circulation. Digest
Liver Dis, 34, S54-S57.

Floch MH, Binder HJ, Filburn B, Gershengoren W. (1972). The effect of bile acids on
intestinal microflora. The American Journal of Clinical Nutrition, 25, 1418-1426.
Fujimori S, Gudis K, Takahashi Y, Seo T, Yamada Y, Ehara A et al. (2010). Distribution
of small intestinal mucosal injuries as a result of NSAID administration. Eur J Clin

Invest, 40, 504-510.

Fujimori S, Seo T, Gudis K, Ehara A, Kobayashi T, Mitsui K et al. (2009). Prevention of
nonsteroidal anti-inflammatory drug-induced small-intestinal injury by prostaglandin:
a pilot randomized controlled trial evaluated by capsule endoscopy. Gastrointest
Endosc, 69, 1339-1346.

Funk CD. (2001). Prostaglandins and leukotrienes: advances in eicosanoid biology.
Science, 294, 1871-1875.

Gadelle D, Raibaud P, Sacquet E. (1985). Beta-glucuronidase activities of intestinal
bacteria determined both in vitro and in vivo in gnotobiotic rats. Appl Environ
Microbiol, 49, 682-685.

Gerk PM, Vore M. (2002). Regulation of expression of the multidrug resistance-
associated protein 2 (MRP2) and its role in drug disposition. J Pharmacol Exp Ther,

302, 407-415.

236



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ, Willoughby DA.
(1999). Inducible cyclooxygenase may have anti-inflammatory properties. Nat Med,
5, 698-701.

Giraud MN, Motta C, Romero JJ, Bommelaer G, Lichtenberger LM. (1999). Interaction
of indomethacin and naproxen with gastric surface-active phospholipids: a possible
mechanism for the gastric toxicity of nonsteroidal anti-inflammatory drugs
(NSAIDs). Biochemical Pharmacology, 57, 247-254.

Goldstein JL, Eisen GM, Lewis B, Gralnek IM, Zlotnick S, Fort JG et al. (2005). Video
capsule endoscopy to prospectively assess small bowel injury with celecoxib,
naproxen plus omeprazole, and placebo. Clinical Gastroenterology and Hepatology,
3, 131-141.

Gonzalez FJ, Tukey RH. (2006). Chemotherapy of protozoal infections. In: Brunton LL,
Lazo JS, Parker KL, eds. Goodman & Gilman’s the Pharmacological Basis of
Therapeutics. 11"™ ed. NY, USA: McGraw Hill Companies, 671-715.

Graham DY, Jewell NP, Chan FK. (2011). Rofecoxib and clinically significant upper and
lower gastrointestinal events revisited based on documents from recent litigation.
American Journal of the Medical Sciences, 342, 356-364.

Graham DY, Opekun AR, Willingham FF, Qureshi WA. (2005). Visible small-intestinal
mucosal injury in chronic NSAID users. Clinical Gastroenterology and Hepatology,

3, 55-59.

237



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Graham DY, Smith JL, Holmes GI, Davies RO. (1985). Nonsteroidal anti-inflammatory
effect of sulindac sulfoxide and sulfide on gastric mucosa. Clin Pharmacol Ther, 38,
65-70.

Graham DY, White RH, Moreland LW, Schubert TT, Katz R, Jaszewski R et al. (1993).
Duodenal and gastric ulcer prevention with misoprostol in arthritis patients taking
NSAIDs. Misoprostol Study Group. Ann Intern Med, 119, 257-262.

Green FW, Kaplan MM, Curtis LE, Levine PH. (1978). Effect of acid and pepsin on
blood coagulation and platelet aggregation. A possible contributor prolonged
gastroduodenal mucosal hemorrhage. Gastroenterology, 74, 38-43.

Greenwald DA (2004). Aging, the gastrointestinal tract, and risk of acid- related disease.
Am J Med, 117, 8—13.

Gretzer B, Maricic N, Respondek M, Schuligoi R, Peskar BM. (2001). Effects of specific
inhibition of cyclo-oxygenase-1 and cyclooxygenase-2 in the rat stomach with
normal mucosa and after acid challenge. British Journal of Pharmacology, 132,
1565-1573.

Grosser T, Fries S, FitzGerald GA. (2006). Biological basis for the cardiovascular
consequences of COX-2 inhibition: therapeutic challenges and opportunities. J Clin
Invest, 116, 4-15.

Hagiwara M, Kataoka K, Arimochi H, Kuwahara T, Ohnishi Y. (2004). Role of
unbalanced growth of Gram-negative bacteria in ileal ulcer formation in rats treated
with a nonsteroidal anti-inflammatory drug. Journal of Medical Investigation, 51, 43-

51.

238



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Hemler M, Lands WEM, Smith WL. (1976). Purification of the cyclooxygenase that
forms prostaglandins: demonstration of two forms of iron in the holoenzyme. Journal
of Biological Chemistry, 251, 5575-5579.

Henzl MR. (2004). Perspectives and clinical significance of eicosanoids in immunology,
endocrinology and metabolic regulation. In: Curtis-Prior P, eds. The Eicosanoids.
Chichester, UK. John Wiley & Sons Ltd., 229-237.

Hernandez-Diaz S, Rodriguez LA. (2002). Incidence of serious gastrointestinal
bleeding/perforation in the general population: review of epidemiologic studies. J
Clin Epidemiol, 55, 157-163.

Hochber MC, Altman RD, April KT, Benkhalti M, Guyatt G, McGowan J et al. (2012).
American College of Rheumatology 2012 recommendations for the use of
nonpharmacologic and pharmacologic therapies in osteoarthritis of the hand, hip and
knee. Arthritis Care Res, 64, 465-474.

Hofmann AF. (1999). The continuing importance of bile acids in liver and intestinal
disease. Arch Intern Med, 159, 2647-2658.

Insel PA. (1990). Analgesic, antipyretics and antiinflammatory agents; drugs employed in
the treatment of rheumatoid arthritis and gout. In: Gilman AG, Rall TW, Nies AS,
Taylor P, eds. Goodman and Gilman’s the Pharmacological Basis of Therapeutics.
8th ed. Tarrytown, NY: Pergamon, 638—681.

Ise F, Takasura S, Hayashi K, Takahashi K, Koyama M, Aihara E et al. (2011).
Stimulation of duodenal HCO3™ secretion by hydrogen sulphide in rats: relation to

prostaglandins, nitric oxide and sensory neurons. Acta Physiol, 201, 117-126.

239



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Ishikawa H, Watanabe S. (2011). Cattle bile aggravates diclofenac sodium-induced small
intestinal injury in mice. Evid Based Complement Alternat Med, 1D 315858, doi:
10.1155/2011/315858.

Islam KBM, Fukiya S, Hagio M, Fujii N, Ishizuka S, Ooka T ef al. (2011). Bile acid is a
host factor that regulates the composition of the cecal microbiota in rats.
Gastroenterology, 141, 1773-1781.

Jacobs EJ, Thun MJ, Bain EB, Rodriguez C, Henley SJ, Calle EE. (2007). A large cohort
study of long-term daily use of adult-strength aspirin and cancer incidence. Journal
of the National Cancer Institute, 99, 608-615.

Jones MK, Wang H, Peskar BM, Levin E, Itani RM, Sarfeh 1J et al. (1999). Inhibition of
angiogenesis by nonsteroidal anti-inflammatory drugs: insight into mechanisms and
implications for cancer growth and ulcer healing. Nat Med, S, 1418-1423.

Kajanne R, Leppéd S, Luukkainen P, Ustinov J, Thiel A, Ristimaki A et al. (2007).
Hydrocortisone and indomethacin negatively modulate EGF-R signaling in human
fetal intestine. Pediatric Research, 62, 570-575.

Kato S, Ito Y, Nishio H, Aoi Y, Amagase K, Takeuchi K. (2007). Increased susceptibility
of small intestine to NSAID-provoked ulceration in rats with adjuvant-induced
arthritis: involvement of enhanced expression of TLR4. Life Sci, 81, 1309-1316.

Kearney PM, Baigent C, Godwin J, Halls H, Emberson JR, Patrono C. (2006). Do
selective cyclo-oxygenase-2 inhibitors and traditional non-steroidal anti-
inflammatory drugs increase the risk of atherothrombosis? Meta-analysis of

randomized trials. British Medical Journal, 332, 1302-1308.

240



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Kent TH, Cardelli RM, Stamler FW. (1969). Small intestinal ulcers and intestinal flora in
rats given indomethacin. American Journal of Pathology, 54, 237-245.

Kimmey MB. (2004). Cardioprotective effects and gastrointestinal risks of aspirin:
maintaining the delicate balance. Am J Med, 117, 72S-78S.

Kinouchi T, Kataoka K, Bing SR, Nakayama H, Uejima M, Shimono K et al. (1998).
Supernatants of Lactobacillus acidophilus and Bifidobacterium adolescentis repress
ileal ulcer formation in rats treated with a nonsteroidal antiinflammatory drug by
suppressing unbalanced growth of aerobic bacteria and lipid peroxidation. Microbiol
Immunol, 42, 347-355.

Koga H, Aoyagi K, Matsumoto T, lida M, Fujishima M. (1999). Experimental
enteropathy in athymic and euthymic rats: synergistic role of lipopolysaccharide and
indomethacin. Am J Physiol, 276, G576-G582.

Konaka A, Kato S, Tanaka A, Kunikata T, Korolkiewicz R, Takeuchi K. (1999). Roles of
enterobacteria, nitric oxide and neutrophil in pathogenesis of indomethacin-induced
small intestinal lesions in rats. Pharmacological Research, 40, 517-524.

Kujubu DA, Fletcher BS, Varnum BC, Lim RW, Herschman HR. (1991). TIS10, a
phorbol ester tumor promoter-inducible mRNA from swiss 3T3 cells, encodes a
novel prostaglandin synthase/cyclooxygenase homologue. Journal of Biological
Chemistry, 266, 12866-12872.

Laine L. (2006). GI risk and risk factors of NSAIDs. Journal of Cardiovascular
Pharmacology, 47, S60-S66.

Laine L, Maller ES, Yu C, Quan H, Simon T. (2003). Ulcer formation with low-dose

241



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

enteric-coated aspirin and the effect of COX-2-selective inhibition: a double-blind
trial. Gastroenterology, 127, 395-402.

Lanas A, Baron JA, Sandler RS, Horgan K, Bolognese J, Oxenius B ef al. (2007). Peptic
ulcer and bleeding events associated with rofecoxib in a 3-year colorectal adenoma
chemoprevention trial. Gastroenterology, 132, 490-497.

Lanas A, Garcia-Rodriguez LA, Polo-Tomas M, Ponce M, Alonso-Abreu I, Perez-Aisa
MA et al. (2009). Time trends and impact of upper and lower gastrointestinal
bleeding and perforation in clinical practice. American Journal of Gastroenterology,
104, 1633-1641.

Lanas A, Scarpignato C. (2006). Microbial flora in NSAID-induced intestinal damage: a
role for antibiotics? Digestion, 73, Suppl 1 136-150.

Lanas A, Sekar MC, Hirschowitz BI. (1992). Objective evidence of aspirin use in both
ulcer and nonulcer upper and lower gastrointestinal bleeding. Gastroenterology, 103,
862-869.

Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, Chulada PC et al.
(1995). Prostaglandin synthase 1 gene disruption in mice reduces arachidonic acid-
induced inflammation and indomethacin-induced gastric ulceration. Cell, 83, 483-
492.

Lash LH, Hagen TM, Jones DP. (1986). Exogenous glutathione protects intestinal
epithelial cells from oxidative injury. Proc Natl Acad Sci USA, 83, 4641-4645.

Lawrence T, Willoughby DA, Gilroy DW. (2002). Anti-inflammatory lipid mediators and

insights into the resolution of inflammation. Nat Rev Immunol, 2, 787-795.

242



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Lecomte M, Laneuville O, Ji C, DeWitt DL, Smith WL. (1994). Acetylation of human
prostaglandin endoperoxide synthase-2 (cyclooxygenase-2) by aspirin. Journal of
Biological Chemistry, 269, 13207-13215.

Lee HJ, Lee HG, Choi KS, Surh YJ, Na HK. (2013). Diallyl trisulfide suppresses dextran
sodium sulfate-induced mouse colitis: NF-kB and STAT3 as potential targets.
Biochem Biophys Res Commun, 437, 267-273.

Levy M. (1974). Aspirin use in patients with major upper gastrointestinal bleeding and
peptic ulcer disease: a report from the Boston Collaborative Drug Surveillance
Program. New England Journal of Medicine, 290, 1159-1162.

Lichtenberger LM, Zhou Y, Dial EJ, Raphael RM. (2006). NSAID injury to the
gastrointestinal tract: evidence that NSAIDs interact with phospholipids to weaken
the hydrophobic surface barrier and induce the formation of unstable pores in
membranes. Journal of Pharmacy and Pharmacology, 58, 1421-1428.

Ligumsky M, Golanska EM, Hansen DG, Kauffman GL Jr. (1983). Aspirin can inhibit
gastric mucosal cyclooxygenase without causing lesions in the rat. Gastroenterology,
84, 756-761.

Liu H, Bai XB, Shi S, Cao YX. (2009). Hydrogen sulfide protects from intestinal
ischaemia-reperfusion injury in rats. J Pharm Pharmacol, 61, 207-212.

LoGuidice A, Wallace BD, Bendel L, Redinbo MR, Boelsterli UA. (2012).
Pharmacologic targeting of bacterial B-glucuronidase alleviates nonsteroidal anti-
inflammatory drug-induced enteropathy in mice. J Pharmacol Exp Ther, 341, 447-

454.

243



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Lombardo L, Foti M, Ruggia O, Chiecchio A. (2010). Increased incidence of small
intestinal bacterial overgrowth during proton pump inhibitor therapy. Clin
Gastroenterol Hepatol, 8, 504-508.

Ma L, Elliott SN, Cirino G, Buret A, Ignarro LJ, Wallace JL. (2001). Platelets modulate
gastric ulcer healing: role of endostatin and vascular endothelial growth factor
release. Proc Natl Acad Sci USA, 98, 6470-6475.

Ma L, del Soldato P, Wallace JL. (2002). Divergent effects of new cyclooxygenase
inhibitors on gastric ulcer healing: shifting the angiogenic balance. Proc Natl Acad
Sci USA, 99, 13243-13247.

Maiden L, Thjodleifsson B, Seigal A, Bjarnason II, Scott D, Birgisson S. (2007). Long-
term effects of nonsteroidal anti-inflammatory drugs and cyclooxygenase-2 selective
agents on the small bowel: a cross-sectional capsule enteroscopy study. Clin
Gastroenterol Hepatol, 5, 1040-1045.

Maiden L, Thjodleifsson B, Theodors A, Gonzalez J, Bjarnason I. (2005). A quantitative
analysis of NSAID-induced small bowel pathology by capsule endoscopy.
Gastroenterology, 128, 1172-1178.

Mani S, Boelsterli UA, Redinbo MR. (2014). Understanding and modulating mammalian-
microbial communication for improved human health. Annu Rev Pharmacol Toxicol,
54, 559-580.

Mard SA, Neisi N, Solgi G, Hassanpour M, Darbor M, Maleki M. (2012).
Gastroprotective effect of NaHS against mu- cosal lesions induced by ischemia-

reperfusion injury in rat. Dig Dis Sci, 57, 1496—1503.

244



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Maricic N, Ehrlich K, Gretzer B, Schuligoi R, Respondek M, Peskar BM. (1999).
Selective cyclo-oxygenase-2 inhibitors aggravate ischaemia-reperfusion injury in the
rat stomach. Br J Pharmacol, 128, 1659-1666.

Marks IN (1992). The H2-receptor antagonist era in duodenal ulcer disease. The Yale
Journal of Biology and Medicine, 65, 639-648.

Martinez-Augustin O, Sanchez de Medina F. (2008). Intestinal bile acid physiology and
pathophysiology. World J Gastroenterol, 14, 5630-5640.

Matsui H, Shimokawa O, Kaneko T, Nagano Y, Rai K, Hyodo I. (2011). The
pathophysiology of non-steroidal anti-inflammatory drug (NSAID)-induced mucosal
injuries in the stomach and small intestine. J Clin Biochem Nutr, 48, 107-111.

McCafferty DM, Granger DN, Wallace JL. (1995). Indomethacin-induced gastric injury
and leukocyte adherence in arthritis versus healthy rats. Gastroenterology, 109,
1173-1180.

McCarthy DM. (1990). NSAID-induced gastrointestinal damage — a critical review of

prophylaxis and therapy. Journal of Clinical Gastroenterology, 12, S13-S20.

McCarthy DM. (2009). GI bleeding: problems that persist. Gastrointest Endosc, 7, 225—
228.

Miura S, Suematsu M, Tanaka S, Nagata H, Houzawa S, Suzuki M et al. (1991).
Microcirculatory disturbance in indomethacin-induced intestinal ulcer. American

Journal of Physiology, 261, G213-G219.

245



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Mohajer B, Ma TY. (2000). Eicosanoids and the small intestine. Prostaglandins Other
Lipid Mediat, 61, 125-143.

Montalto M, Gallo A, Curigliano V, D’Onofrio F, Santoro L, Covino M et al. (2010).
Clinical trial: the effects of a probiotic mixture on non-steroidal anti- inflammatory
drug enteropathy - a randomized, double- blind, cross-over, placebo-controlled study.
Aliment Pharmacol Ther 2010; 32, 209-214.

Morris AJ, Murray L, Sturrock RD, Madhok R, Capell HA, Mackenzie JF. (1994). Short
report: the effect of misoprostol on the anaemia of NSAID enteropathy. Aliment
Pharmacol Ther, 8, 343-346.

Motta JP, Blackler R, Workentine M, da Silva G, Buret A, Wallace JL. (2014). Hydrogen
sulfide alters gut bacterial growth and diversity, and stimulates host mucosal
immunity. Can J Gastroenterol Hepatol, 28, (suppl SA) 88A.

Murphy RC, Bowers RC, Dickinson J, Berry KZ. (2004). Perspectives on the
biosynthesis and metabolism of eiconsanoids. In: Curtis-Prior P, eds. The
Eicosanoids. Chichester, UK. John Wiley & Sons Ltd., 1-95.

Neogi T, Zhang Y. (2013). Epidemiology of osteoarthritis. Rheumatol Dis Clin N Am, 39,
1-19.

Pai R, Szabo IL, Giap AQ, Kawanaka H, Tarnawski AS. (2001). Nonsteroidal anti-
inflammatory drugs inhibit re-epithelialization of wounded gastric monolayers by

interfering with actin, Src, FAK, tensin signaling. Life Sciences, 69, 3055-3071.

246



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Palinkas Z, Furtmuller PG, Nagy A, Jakopitsch C, Pirker KF, Magierowski M et al.
(2014). Interactions of hydrogen sulfide with myeloperoxidase. Br J Pharmacol
[Epub ahead of print], doi: 10.1111/bph.12769.

Papapetropoulos A, Pyriochou A, Altaany Z, Yang G, Marazioti A, Zhou Z et al. (2009).
Hydrogen sulfide is an endogenous stimulator of angiogenesis. Proc Natl Acad Sci U
S4,106,21972-21977.

Park AJ, Collins J, Blennerhassett PA, Ghia JE, Verdu EF, Bercik P et al. (2013). Altered
colonic function and microbiota profile in a mouse model of chronic depression.
Neurogastroenterol Motil, 25, 733-e575.

Peris-Ribera JE, Torres-Molina F, Garcia-Carbonell MC, Aristorena JC, Pla-Delfina JM.
(1991). Pharmacokinetics and bioavailability of diclofenac in the rat. J
Pharmacokinet Biopharm, 19, 647-665.

Petruzzelli M, Vacca M, Moschetta A, Cinzia Sasso R, Palasciano G, van Erpecum KJ et
al. (2007). Intestinal mucosal damage caused by non-steroidal anti-inflammatory
drugs: role of bile salts. Clinical Biochemistry, 40, 503-510.

Poullis A, Foster R, Mendall MA. (2003). Proton pump inhibitors are associated with
elevation of faecal calprotectin and may affect specificity. European Journal of
Gastroenterology and Hepatology, 15, 573-574.

Qian D, Kinouchi T, Kunitoomo K, Kataoka K, Matin MA Akimoto S et al. (1993).
Mutagenicity of the bile of dogs with an experimental model of an anomalous
arrangement of the pancreaticobiliary duct. Carcinogenesis, 14, 743-747.

Qu K, Chen CP, Halliwell B, Moore PK, Wong PT. (2006). Hydrogen sulfide is a

247



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

mediator of cerebral ischemic damage. Stroke, 37, 889-893.

Quaroni A, Wands J, Trelstad R, Isselbacher KJ. (1979). Epithelioid cell cultures from rat
small intestine. Journal of Cell Biology, 80, 248-265.

Rainsford KD, Willis C. (1982). Relationship of gastric mucosal damage induced in pigs
by anti-inflammatory drugs to their effects on prostaglandin production. Digestive
Diseases and Sciences, 27, 624-635.

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. (2004).
Recognition of commensal microflora by Toll-like receptors is required for
intestinal homeostasis. Cell, 118, 229-241.

Reuter BK, Asfaha S, Buret A, Sharkey KA, Wallace JL. (1996). Exacerbation of

inflammation-associated colonic injury in rat through inhibition of cyclooxygenase-2.

J Clin Invest, 98, 2076-2085.

Reuter BK, Davies NM, Wallace JL. (1997). Nonsteroidal anti-inflammatory drug
enteropathy in rats: role of permeability, bacteria, and enterohepatic circulation.
Gastroenterology, 112, 109-117.

Reuter BK, Wallace JL. (1999). Phosphodiesterase inhibitors prevent NSAID enteropathy
independently of effects on TNF-alpha release. American Journal of Physiology, 277,
G847-854.

Ricciotti E, Fitzgerald GA. (2011). Prostaglandins and inflammation. Arteriosclerosis,

Thrombosis, and Vascular Biology, 31, 986-1000.

248



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Robert A, Asano T. (1977). Resistance of germ free rats to indomethacin-induced lesions.
Prostaglandins, 14, 331-341.

Robert A, Nezamis JE, Lancaster C, Hanchar AJ. (1979). Cytoprotection by
prostaglandins in rats. Prevention of gastric necrosis produced by alcohol, HCI,
NaOH, hypertonic NaCl, and thermal injury. Gastroenterology, 77, 433—443.

Robert A, Nezamis JE, Lancaster C, Hanchar AJ, Kleeper MS. (1976). Enteropooling
assay: a test for diarrhea produced by prostaglandins. Prostaglandins, 2, 809-28.
Rostom A, Moayyedi P, Hunt R, Canadian Association of Gastroenterology Consensus
Group. (2009). Canadian consensus guidelines on long-term nonsteroidal anti-
inflammatory drug therapy and the need for gastroprotection: benefits versus risks.

Aliment Pharmacol Ther, 29, 481-496.

Ruwart Mj, Klepper MS, Rush BD. (1979). Ionic composition of small intestinal
secretion induced by PGE2. Prostaglandins Med, 2, 285-91.

Santucci L, Fiorucci S, Giansanti M, Brunori PM, Di Matteo FM, Morelli A. (1994).
Pentoxifylline prevents indomethacin induced acute gastric mucosal damage in rats:
role of tumour necrosis factor alpha. Gut, 35, 909-915.

Saitta KS, Zhang C, Lee KK, Fujimoto K, Redinbo MR, Boelsterli UA. (2014). Bacterial
B-glucuronidase inhibition protects mice against enteropathy induced by
indomethacin, ketoprofen or diclofenac: mode of action and pharmacokinetics.
Xenobiotica, 44, 28-35.

Satoh H. (2013). Discovery of lansoprazole and its unique pharmacological properties

independent from anti-secretory activity. Curr Pharm Des, 19, 67-75.

249



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Satoh H, Amagase K, Takeuchi K. (2012). Exacerbation of nonsteroidal anti-
inflammatory drug-induced small intestinal lesions by antisecretory drugs in rats:
The role of intestinal motility. J Pharmacol Exp Ther, 343, 270-277.

Scarpignato C (2008). NSAID-induced intestinal damage: are luminal bacteria the
therapeutic target? Gut, 57, 145-148.

Scarpignato C, Hunt RH. (2010). Nonsteroidal anti-inflammatory drug-related injury to
the gastrointestinal tract: clinical picture, pathogenesis, and prevention.
Gastrointestinal Clinics of North America, 39, 433-464.

Scheiman JM, Hindley CE. (2010). Strategies to optimize treatment with NSAIDs in
patients at risk for gastrointestinal and cardiovascular adverse events. Clin Ther, 32,
667-677.

Scheiman JM, Yeomans ND, Talley NJ, Vakil N, Chan FK, Tulassay Z et al. (2006).
Prevention of ulcers by esomeprazole in at-risk patients using non-selective NSAIDs
and COX-2 inhibitors. Am J Gastroenterol, 101, 701-710.

Schuster VL. (2002). Prostaglandin transport. Prostaglandins and Other Lipid Mediators,
68-69, 633-647.

Seitz S, Boelsterli UA. (1998). Diclofenac acyl glucuronide, a major biliary metabolite, is
directly involved in small intestinal injury in rats. Gastroenterology, 115, 1476-1482.

Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, O’Neill LAJ et al. (2007).
Resolution of inflammation: state of the art, definitions and terms. FASEB J, 21,

325-332.

250



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Serhan CN, Oliw E. (2001). Unorthodox routes to prostanoid formation: new twists in
cyclooxygenase-initiated pathways. Journal of Clinical Investigation, 107, 1481-
1489.

Shapiro TA, Goldberg DE. (2006). Chemotherapy of protozoal infections. In: Brunton
LL, Lazo JS, Parker KL, eds. Goodman & Gilman’s the Pharmacological Basis of
Therapeutics. 11"™ ed. NY, USA: McGraw Hill Companies, 671-715.

Shindo K, Fukumura M. (1995). Effect of Hj-receptor antagonists on bile acid
metabolism. J Investig Med, 43, 170-177.

Shindo, K, Machida M, Fukumura M, Koide K, Yamazaki R. (1998). Omeprazole
induces altered bile acid metabolism. Gut, 42, 266-271.

Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T, Whelton A et al. (2000).
Gastrointestinal toxicity with celecoxib vs nonsteroidal anti-inflammatory drugs for
osteroarthritis and rheumatoid arthritis: the CLASS study: a randomized controlled
trial. JAMA, 284, 1247-1255.

Smith WL, DeWitt DL, Garavito RM. (2000). Cyclooxygenases: structural, cellular, and
molecular biology. Annual Review of Biochemistry, 69, 145-182.

Smith WL, Garavito RM, DeWitt DL. (1996). Prostaglandin endoperoxide H synthases
(cyclooxygenases)-1 and -2. The Journal of Biological Chemistry, 271, 33157-33160.

Smith WL, Langenbach R. (2001). Why there are two cyclooxygenase isozymes. Journal
of Clinical Investigation, 107, 1491-1495.

Smyth EM, Burke A, Fitzgerald GA. (2006). Lipid-derived autacoids: eicosanoids and

platelet-activating factor. In: Brunton LL, Lazo JS, Parker KL, eds. Goodman &

251



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Gilman’s the Pharmacological Basis of Therapeutics. 11" ed. NY, USA: McGraw
Hill Companies, 653-668.

Solomon DH, Gurwitz JH. (1997). Toxicity of nonsteroidal anti-inflammatory drugs in
the elderly: is advanced age as risk factor? Am J Med, 102, 208-215.

Souza MHLP, Menezes de Lima O, Zamuner SR, Fiorucci S, Wallace JL. (2003).
Gastritis increases resistance to aspirin-induced mucosal injury via COX-2-mediated
lipoxin synthesis. Am J Physiol Gastrointest Liver Physiol, 285, G54-G61.

Somasundaram S, Hayllar H, Rafi S, Wrigglesworth JM, Macpherson AJ, Bjarnason I.
(1995). The biochemical basis of non- steroidal anti-inflammatory drug-induced
damage to the gastrointestinal tract: a review and a hypothesis. Scandinavian Journal
of Gastroenterology, 30, 289-299.

Somasundaram S, Rafi S, Hayllar J, Sigthorsson G, Jacob M, Price AB et al. (1997).
Mitochondrial damage: a possible mechanism of the “topical” phase of NSAID
induced injury to the rat intestine. Gut, 41, 344-353.

Sostres C, Gargallo CJ, Arroyo MT, Lanas A. (2010). Adverse effects of non-steroidal
anti-inflammatory drugs (NSAIDs, aspirin, and coxibs) on upper gastrointestinal
tract. Best Practice and Research Clinical Gastroenterology, 24, 121-132.

Sostres C, Gargallo CJ, Lanas A. (2013). Nonsteroidal anti-inflammatory drugs and upper
and lower gastrointestinal mucosal damage. Arthritis Res Ther, 15, S3(1-8).

Stack WA, Atherton JC, Hawkey GM, Logan RF, Hawkey CJ. (2002). Interactions
between Helicobacter pylori and other risk factors for peptic ulcer bleeding. Aliment

Pharmacol Ther, 16, 497-506.

252



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Stipanuk MH, Beck PW. (1982). Characterization of the enzymic capacity for cysteine
desulphydration in liver and kidney of the rat. Biochem J, 206, 267-277.

Stone E. (1763). An account of the success of the bark of the willow in the cure of agues.
Philosophical Transactions Royal Society London, 53, 195-200.

Taha AS, Hudson N, Hawkey CJ, Swannell AJ, Trye PN, Cottrell J et al. (1996).
Famotidine for the prevention of gastric and duodenal ulcers caused by nonsteroidal
antiinflammatory drugs. N Engl J Med, 334, 1435-1439.

Takeuchi K, Aihara E, Kimura M, Dogishi K, Hara T, Hayashi S. (2012). Gas mediators
involved in modulating duodenal HCOj; secretion. Curr Med Chem, 19, 43-54.

Tanaka A, Hase S, Miyazawa T, Takeuchi K. (2002). Up-regulation of cyclooxygenase-2
by inhibition of cyclooxygenase-1: a key to nonsteroidal anti-inflammatory drug-
induced intestinal damage. Journal of Pharmacology and Experimental Therapeutics,
300, 754-761.

Tarnawski A, Brzozowski T, Sarfeh 1J, Krause WJ, Ulich TR, Gergely H et al. (1988).
Prostaglandin protection of human isolated gastric glands against indomethacin and
ethanol injury. Evidence for direct cellular action of prostaglandin. Journal of
Clinical Investigation, 81, 1081-1089.

Treinen-Moslen M, Kanz MF. (2006). Intestinal tract injury by drugs: importance of
metabolite delivery by yellow bile road. Pharmacology & Therapeutics, 112, 649-

667.

253



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Uchida A, Yamada T, Hayakawa T, Hoshino M. (1997). Taurochenodeoxycholic acid
ameliorates and ursodeoxycholic acid exacerbates small intestinal inflammation. Am
J Physiol, 272, 1249-1257.

Uejima M, Kinouchi T, Kataoka K, Hiraoka I, Ohnishi Y. (1996). Role of intestinal
bacteria in ileal ulcer formation in rats treated with a nonsteroidal antiinflammatory
drug. Microbiol Immunol, 40, 553-560.

Vaananen PM, Meddings JB, Wallace JL. (1991). Role of oxygen-derived free radicals in
indomethacin-induced gastric injury. American Journal of Physiology, 261, G470-
G475.

Vane JR. (1971). Inhibition of prostaglandin synthesis as a mechanism of action for
aspirin-like drugs. Nature, 231, 232-235.

Vane SJ. (2000). Aspirin and other anti-inflammatory drugs. Thorax, 55, Suppl 2: S3-9.

Vane JR, Bakhle YS, Botting RM. (1998). Cyclooxygenases 1 and 2. Annual Review of
Pharmacology and Toxicology, 38, 97-120.

Vane JR, Flower RJ, Botting RM. (1990). History of aspirin and its mechanism of action.
Stroke, 21(Suppl 1V), 12-23.

Vane JR, Mitchell JA, Appleton I, Tomlinson A, Bishop-Bailey D, Croxtall J et al.
(1994). Inducible isoforms of cyclooxygenase and nitric-oxide synthase in
inflammation. Proceedings of the National Academy of Sciences, 91, 2046-2050.

Wallace JL. (1992). Prostaglandins, NSAIDs, and cytoprotection. Gastrointestinal

Pharmacology, 21, 631-641.

254



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Wallace JL. (1997a). Nonsteroidal anti-inflammatory drugs and gastroenteropathy.
Gastroenterology, 112, 1000-1016.

Wallace JL. (1999). Selective COX-2 inhibitors: is the water becoming muddy?. Trends
in Pharmacological Sciences, 20, 4-6.

Wallace JL. (2007). Building a better aspirin: gaseous solutions to a century-old problem.
British Journal of Pharmacology, 152, 421-428.

Wallace JL. (2008). Prostaglandins, NSAIDs, and gastric mucosal protection: why
doesn’t the stomach digest itself? Physiological Reviews, 88, 1547-1565.

Wallace JL. (2010). Physiological and pathophysiological roles of hydrogen sulfide in the
gastrointestinal tract. Antioxid Redox Signal, 12, 1125-1133.

Wallace JL. (2012). NSAID gastropathy and enteropathy: distinct pathogenesis likely
necessitates distinct prevention strategies. British Journal of Pharmacology, 165, 67-
74.

Wallace JL. (2013a). Mechanisms, prevention and clinical implications of nonsteroidal
anti-inflammatoty drug-enteropathy. World J Gastroenterol, 19, 1861-1876.

Wallace JL. (2013b). Polypharmacy of osteoarthritis: the perfect intestinal storm. Dig Dis
Sci, 58, 3088-3093.

Wallace JL, Bak A, McKnight W, Ashafa S, Sharkey KA, MacNaughton WK. (1998).
Cyclooxygenase 1 contributes to inflammatory responses in rats and mice:
implications for gastrointestinal toxicity. Gastroenterology, 115, 101-109.

Wallace JL, Blackler RW, Chan MV, Da Silva GJ, Elsheikh W, Flannigan KL et al.

(2014). Anti-inflammatory and cytoprotective actions of hydrogen sulfide: translation

255



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

to therapeutics. Antiox Redox  Signal, Advance online publication,
doi:10.1089/ars.2014.5901.

Wallace JL, Caliendo G, Santagada V, Cirino G. (2010). Markedly reduced toxicity of a
hydrogen sulfide-releasing derivative of naproxen (ATB-346). British Journal of
Pharmacology, 159, 1236-1246.

Wallace JL, Dicay M, McKnight W, Martin GR. (2007). Hydrogen sulfide enhances ulcer
healing in rats. FASEB J, 21, 4070-4076.

Wallace JL, Ferraz JG, Muscara MN. (2012). Hydrogen sulfide: an endogenous mediator
of resolution of inflammatio and injury. Antioxid Redox Signal, 17, 58-67.

Wallace JL, Granger DN. (1999). The pathogenesis of NSAID-gastropathy — are
neutrophils the culprits? Trends in Pharmalogical Sciences, 13, 129-131.

Wallace JL, Keenan CM, Granger DN. (1990). Gastric ulceration induced by nonsteroidal
anti-inflammatory drugs is a neutrophil-dependent process. American Journal of
Physiology - Gastrointestinal and Liver Physiology, 259, G462-G467.

Wallace JL, McKnight GW. (1990). The mucoid cap over superficial gastric damage in
the rat: a high pH microenvironment which is dissipated by non-steroidal anti-
inflammatory drugs and endothelin. Gastroenterology, 99, 295-304.

Wallace JL, McKnight GW. (1993). Characterization of a simple animal model for
nonsteroidal anti-inflammatory drug induced antral ulcer. Canadian Journal of

Physiology and Pharmacology, 71, 447-452.

256



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Wallace JL, McKnight W, Miyasaka M, Tamatani T, Paulson J, Anderson DC et al.
(1993). Role of endothehial adhesion molecules in NSAID-induced gastric mucosal
injury. American Journal of Physiology- Cell Physiology, 265, C993-C998.

Wallace JL, McKnight W, Reuter BK, Vergnolle N. (2000). NSAID-induced gastric
damage in rats: requirement for inhibition of both cyclooxygenase 1 and 2.
Gastroenterology, 119, 706-714.

Wallace JL, McKnight W, Wilson TL, Del Soldato P, Cirino G. (1997b). Reduction of
shock-induced gastric damage by a nitric oxide-releasing aspirin derivative: role of
neutrophils. American Journal of Physiology, 273, G1246-G1251.

Wallace JL, Syer S, Denou E, de Palma G, Vong L, McKnight W et al. (2011). Proton
pump inhibitors exacerbate NSAID-induced small intestinal injury by inducing
dysbiosis. Gastroenterology, 141, 1314-1322.

Wallace JL, Tigley AW. (1995). New insights into prostaglandins and mucosal defence.
Aliment Pharmacol Ther, 9, 227-235.

Wallace JL, Vong L. (2008). NSAID-induced gastrointestinal damage and the design of
Gl-sparing NSAIDs. Current Opinion in Investigational Drugs, 9, 1151-1156.

Wallace JL, Vong L, McKnight W, Dicay M, Martin GR. (2009). Endogenous and
exogenous hydrogen sulphide pro- motes resolution of colitis in rats.
Gastroenterology, 137, 569-578.

Watanabe T, Higuchi K, Kobata A, Nishio H, Tanigawa T, Shiba M et al. (2008). Non-
steroidal anti-inflammatory drug-induced small intestinal damage is toll-like receptor

4 dependent. Gut, 57, 181-187.

257



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Watanabe T, Tanigawa T, Nadatani Y, Nagami Y, Sugimori S, Okazaki H et al. (2013).
Risk factors for severe nonsteroidal anti-inflammatory drug-induced small intestinal
damage. Dig Liver Dis, 45, 390-395.

Wax J, Clinger WA, Varner P, Bass P, Winder CV. (1970). Relationship of the
enterohepatic cycle to ulcerogenesis in the rat small bowel with flufenamic acid.
Gastroenterology, 58, 772-780.

Whiteman M, Armstrong JS, Chu SH, Siau JL, Wong BS, Cheung NS et al. (2004). The
novel neuromodulator hydrogen sulfide: an endogenous peroxynitrite scavenger? J
Neurochem, 90, 765-768.

Whittle BJ. (1981). Temporal relationship between cyclooxygenase inhibition, as
measured by prostacyclin biosynthesis, and the gastrointestinal damage induced by
indomethacin in the rat. Gastroenterology, 80, 94-98.

Whittle BJ, Hansen D, Salmon JA. (1985). Gastric ulcer formation and cyclo-oxygenase
inhibition in cat antrum follows parenteral admin- istration of aspirin but not
salicylate. Eur J Pharmacol, 116, 153— 157.

Williams C, McColl KE. (2006). Proton pump inhibitors and bacterial overgrowth.
Aliment Pharmacol Ther, 23, 3-10.

Xie W, Chipman JG, Robertson DL, Erikson RL, Simmons DL. (1991). Expression of a
mitogen-responsive gene encoding prostaglandin synthase is regulated by mRNA

splicing. Proc Natl Acad Sci USA, 88, 2692-2696.

258



Ph.D. Thesis — R.W. Blackler McMaster University — Medical Sciences

Yamada T, Deitch E, Specian RD, Perry MA, Sartor RB, Grisham MB. (1993).
Mechanisms of acute and chronic intestinal inflammation induced by indomethacin.
Inflammation, 17, 641-662.

Yamada T, Hoshino M, Hayakawa T, Kamiya Y, Ohhara H, Mizuno K ef al. (1996). Bile
secretion in rats with indomethacin-induced intestinal inflammation. Am J Physiol,
270, 804-812.

Zanardo RC, Brancaleone V, Distrutti E, Fiorucci S, Cirino G, Wallace JL. (20006).
Hydrogen sulfide is an endogenous modulator of leukocyte-mediated inflammation.
FASEB J, 20, 2118-2120.

Zhao Y, Encinosa W. (2008). Hospitalizations for Gastrointestinal Bleeding in 1998 and
2006: Statistical Brief #65. Health Care Cost and Utilization Project (HCUP)
Statistical Briefs. Agency for Health Care Policy and Research.

Zhou T, Dial EJ, Doyen R, Lichtenberger LM. (2010). Effect of indomethacin on bile
acid-phospholipid interactions: implication for small intestinal injury induced by
nonsteroidal anti-inflammatory drugs. Am J Physiol Gastrointest Liver Physiol, 270,
804-812.

Zhu LL, Xu LC, Chen Y, Zhou Q, Zeng S. (2012). Poor awareness of preventing aspirin-
induced gastrointestinal injury with combined protective medications. World J

Gastroenterol, 18, 3167-3172.

259



