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General Abstract

In mammals, tetrapyrroles formed following the catabolism of haem (i.e. bilirubin and
biliverdin, bile pigments) protect against free radical mediated damage that is induced during
inflammation and therefore represent potential therapeutic targets. Recently, novel
metabolites of biliverdin were discovered in blood, urine and bile following intraduodenal
biliverdin administration” indicating a new pathway for biliverdin metabolism had been
discovered and required bacteria for biliverdin transformation. These data are important
because oral biliverdin administration protects from inflammatory processes, however, based
upon the discovery of this new metabolic pathway, biliverdin is unlikely to be responsible for
protection. The main aims of this PhD thesis were to identify and characterise the principle
novel biliverdin metabolite (bilirubin-10-sulfonate) formed within the gut before investigating
the compound’s pharmacokinetics and anti-inflammatory effects a clinically relevant animal
model of sterile inflammation, thus providing pre-clinical evidence of bilirubin-10-sulfonate’s

therapeutic potential.

In the first study, novel biliverdin metabolites formed after intraduodenal biliverdin
administration in rats and after biliverdin incubation in C. youngae bacterial cultures were
analysed via liquid chromatography coupled to tandem mass spectrometry. Nuclear magnetic
resonance (NMR) spectroscopy was also used in order to elucidate the principle metabolite’s
structure, and the compounds antioxidant potential was assess using a ferric reducing
capacity of plasma (FRAP) assay. Analysis revealed the principle metabolite had a m/z 663.215
with similar A max and eluted at two different retention times. Tandem mass spectrometry
and NMR confirmed the principle compound’s identity as bilirubin-10-sulfonate (BRS) and
FRAP analysis indicated bilirubin-10-sulfonate and biliverdin shared similar reductive capacity.

This study confirmed the formation of a previously undocumented metabolite of biliverdin in
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mammals and that this metabolite possessed antioxidant capacity, and therefore could

protect against oxidative stressors in vivo.

Prior to testing the ability of bilirubin-10-sulfonate to inhibit oxidative/inflammatory
processes in vivo, it was important to test its pharmacokinetics, so that an appropriate dose
and route of administration could be formulated. Therefore, in the second study, the bile
pigment biliverdin and its novel metabolite, bilirubin-10-sulfonate, were assessed in a single
compartment model of pharmacokinetics in the rat. The two compounds were administered
intravenously, intraperitoneally or intraduodenally to anaesthetised Wistar rats. The bile duct
and jugular vein of animals were cannulated and the concentrations of bile pigments in blood
and bile were measured over three hours using ultra high performance liquid
chromatography coupled with mass spectrometry. When bilirubin-10-sulfonate was
administered intravenously (n=6), it had a significantly (p<0.05) longer elimination (146.0 =
14.6 vs 61.3 + 7.8 minutes) and distribution (38.3 + 4.8 vs 6.3 + 0.8 minutes) half-life compared
to biliverdin (n=5) and had a significantly reduced volume of distribution (0.048 + 0.005 vs
0.065 +0.003 L kg?). Furthermore, bilirubin-10-sulfonate was excreted intact in bile, whereas
biliverdin was excreted after chemical reduction and conjugation. Consequently,
intraperitoneal administration resulted in significantly greater blood concentrations of
bilirubin-10-sulfonate (n=6) with similar bioavailabilities over 180 minutes. Intraduodenal
bioavailability was very low for both compounds, however bilirubin-10-sulfonate (n=6) was
absorbed then excreted to a greater extent compared to biliverdin (n=5). This study
demonstrated that bilirubin-10-sulfonate and biliverdin are potently absorbed
intraperitoneally, and that bilirubin-10-sulfonate has a superior pharmacokinetic profile when

compared to biliverdin, due to reduced hepatic clearance, thereby providing guidance as to
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an appropriate dose and route of administration for the final study where the in vivo anti-

inflammatory capacity of both compounds were investigated.

In study three, the superior pharmacokinetic profile of bilirubin-10-sulfonate along with the
promising intraperitoneal bioavailability of both bile pigments led to the investigation of their
in vivo anti-inflammatory and antioxidant capacity in a model of monosodium urate induced
sterile inflammation. Over 6 days, subcutaneous air pouches were created on the dorsal
flanks of adult male Wistar rats. Rats were pre-treated with intraperitoneal bilirubin-10-
sulfonate or biliverdin (27 mg kg') one hour before the pouch was stimulated with
monosodium urate (25 mg). Total and differential leukocyte counts were determined in
pouch fluid aspirate over a 48 hour period with bile pigment quantification performed on
pouch aspirate and serum via mass spectrometry as per study two. Pouch fluid inflammatory
cytokine concentrations were also assessed after 6 hours via multiplex flow cytometry bead
assay. In addition, markers of oxidant modification protein carbonyl and chloramine
concentrations were assessed in pouch fluid after 24 hours using ELISA and
spectrophotometry, respectively. Bilirubin-10-sulfonate and biliverdin significantly inhibited
leukocyte infiltration into the pouch fluid from 6 to 48 hours. Both bilirubin-10-sulfonate and
biliverdin significantly reduced pouch GM-CSF and MCP-1 concentrations at 6 hours whilst
biliverdin additionally inhibited IL-6 and IL-18 concentrations at 6 hours. Despite these
differences, no change in pouch chloramine or protein carbonyl concentrations occurred at
24 hours. Serum biliverdin concentrations rapidly diminished over 6 hours, however, BRS was
readily detected in the serum until 48 hours, and in pouch fluid over 12 hours. This study is
the first to elucidate the anti-inflammatory effects of bilirubin-10-sulfonate and biliverdin

administration in an in vivo model of gouty inflammation. The reduced leukocyte infiltration
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and cytokine production in response to sterile inflammation after bile pigment administration
further illustrate the importance of these natural products in physiology and their anti-

inflammatory therapeutic potential.

This thesis documents the discovery, analysis, pharmacokinetics and in vivo anti-
inflammatory capacity of bilirubin-10-sulfonate and concludes that bilirubin-10-sulfonate
may be a viable treatment for inflammatory joint disease, thus laying the foundation for the

development of future novel anti-inflammatory therapies.
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Thesis Organisation

This thesis has been divided into three main studies. Chapter 4 contains study one and
describes the discovery of a novel biliverdin (BV) metabolite, titled “Unprecedented Microbial
Conversion of Biliverdin into Bilirubin-10-sulfonate” (published). Once we were able to
identify and synthesise bilirubin-10-sulfonate (BRS), we tested its pharmacokinetics. Chapter
5 contains study two (submitted for publication) titled “Pharmacokinetics of Bilirubin-10-
sulfonate and Biliverdin: the potential therapeutic administration of a novel tetrapyrrole” and
investigates the pharmacokinetics of BV and BRS in Wistar rats. This study found that BRS had
a favourable pharmacokinetic profile, and thus we tested BRS for the first time in a rat pouch
model of sterile inflammation. Chapter 6 contains the third study (submitted for publication)
entitled “Biliverdin and bilirubin sulfonate inhibit monosodium urate induced sterile
inflammation in the rat” and investigates the anti-inflammatory properties of BV and BRS
following monosodium urate induced inflammation in the rat. This study demonstrated the
anti-inflammatory effects of BRS and BV in this model and indicates that BRS may prove

beneficial in the treatment of monosodium urate induced sterile inflammation.

Chapter One: A General Introduction

Historically, biliverdin (BV) and bilirubin (UCB; unconjugated bilirubin), also known as bile
pigments, have been viewed as waste products from the physiological degradation of haem.
However, a recent paradigm shift in the last decade has occurred in this field, asserting

multiple beneficial physiological effects of BV and the haem catabolic pathway.?%

The current body of knowledge regarding bile pigment metabolism indicates that BV is
chemically reduced to UCB via a cytosolic enzyme biliverdin reductase (BVR) prior to

excretion. Recently, an additional route of BV metabolism may have been discovered in rats
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following intraduodenal administration of BV.™ Following BV administration, three unknown
metabolites were discovered in the blood, bile, urine and duodenum, which clearly differed
from that of UCB. For example, all compounds eluted well before UCB (i.e. <10 mins, when
UCB elutes at 20 mins) during HPLC analysis. The unidentified compound spectral
characteristics also differed from that of UCB (i.e. A max 420-450 nm, versus 450 nm for UCB).
This revealed a very exciting and novel finding, suggesting an additional metabolic pathway
for BV exists in vivo. Furthermore, this pathway of BV metabolism may partly explain some of
BV’s pharmacological effects after oral administration, and this information could be used to

guide the development of a therapy for treatment of inflammatory pathology.

Biliverdin and UCB are formed after trauma (i.e. during bruising when haemoglobin enters
the tissues and is broken down by sentinel/infiltrating macrophages). Trauma is accompanied
by an initial inflammatory and wound healing response.® The function of inflammation is to
remove invading pathogens and damaged cells, and to assist in stimulating an appropriate
regenerative/healing response. However, when inflammation becomes chronic or pathologic
(i.e. repeated trauma or insult), it can cause significant damage to tissues with the resulting
fibrosis potentially leading to organ dysfunction. Chronic inflammation is implicated in the
pathogenesis of many diseases including cardiovascular disease, cancer as well as liver and
kidney failure.% Drugs that can reduce or eliminate chronic inflammation are highly valued
and sought after in the current pharmaceutical market, because incurable chronic conditions
including cystic fibrosis and rheumatoid arthritis are underpinned by chronic inflammation
and are poorly managed using existing therapies.”? A new class of anti-inflammatory
pharmaceuticals could significantly reduce the social and economic burden of these diseases

world-wide.
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The administration of BV or its metabolites to humans could theoretically assist in preventing
and treating disease. However, before assessing the anti-inflammatory potential of BV
metabolites in animals and humans, these molecules must be isolated and characterised. This
thesis aimed to identify and characterise these novel BV metabolites, and investigate their

pharmacokinetics and therapeutic potential in an animal model of sterile inflammation.
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Chapter Two: A Review of the Literature

2.1 Evolution of Haem

In order for multi-cellular life to flourish, eukaryotes are believed to have developed a highly
efficient process to transport oxygen between cells in order for mitochondria to use this
oxygen as a terminal electron receptor in the process of creating ATP via oxidative
phosphorylation through electron transport, the endpoint of aerobic cellular respiration.?
Haem is synthesised in the mitochondria and cytosol of erythrocytes (red blood cells; RBCs)
which are themselves produced in bone marrow(?? and this haem is then bound to globin
chains and stored in RBCs. Each RBC contains 200-300 million molecules of haemoglobin, and
the process of oxygen delivery in humans is accomplished by roughly 60 - 90 trillion red blood
cells that circulate throughout the body every minute.3 With a finite lifespan approximating
115 days*¥, senescent RBCs contribute approximately 75% of all physiological haem, with the

remainder sourced via ineffective erythropoiesis and heme-containing enzymes.(**

2.2 Haem Catabolism

While regularly exposed to different forms of insult, including mechanical to oxidative stress,
mature RBCs lack nuclei and thus cannot synthesise regenerative capacity of other
mammalian cells. This leaves them susceptible to irreversible damage and potential
rupture(®, resulting in an average lifespan of 120 days. As haem itself is toxic, mammals have
evolved a metabolic pathway to catabolise haemoglobin which serves as a protective
mechanism, to avoid toxicity and tissue damage associated with RBC lysis.?”) In cases of
severe or persistent haemolysis, an increase in haem transport to the kidney induces cell

death via oxidative injury, demonstrating the importance of degrading excess haem.(*8
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The reticulo-endothelial system, involving hepatic Kuppfer cells and splenic macrophages,
capture old or damaged RBCs along with free haemoglobin and catabolise the globin
component of haemoglobin, resulting in the release of free haem. Haem Oxygenase-1 (HO-1)
is the inducible isoform of Haem Oxygenase (HO) and is responsible for the catabolism of free
haem via oxidative cleavage of the haem group, resulting in the release of biliverdin (BV; a
linear tetrapyrrole or bile pigment), carbon monoxide (CO; either bound by haemoglobin or
acting as a substrate for soluble guanylate cyclase®?) and ferrous iron.?? In addition to HO-
1, an array of carrier proteins such as haptoglobin and haemopexin can bind haem with high
affinity and subsequently transport it to the liver for catabolism and excretion, assisting with

removal of excess haem.?Y

2.3 Bile Pigment Metabolism and Excretion

In mammals, the central methine bridge at carbon 10 on BV is reduced to unconjugated
bilirubin (UCB; Figure 2.1, C10 bridge identified by y) by cytosolic biliverdin reductase-a (BVR-
A)??) and this lipophilic UCB then diffuses out of the cell and binds to circulating albumin and
is delivered to the liver where it is actively and passively absorbed into hepatocytes as a

complex with albumin, prior to its conjugation and excretion in bile (Figure 2.2).(2%/
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Figure 2.1: Catabolism of haem by haem oxygenase to biliverdin and unconjugated
bilirubin.”

Figure 2.2: Human metabolic pathways of haem and its metabolites BV/UCB.?*) Haem
liberated from cells via RBC catabolism (1) is metabolised to BV, where BVR converts it to
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UCB prior to binding with albumin. It is then transported to the liver (2), where hepatic
uptake occurs (3). UCB is then conjugated (4) to bilirubin mono and di glucuronide
(BMD/BDG) prior to biliary excretion, ending in excretion via faeces (5). Enterohepatic
circulation also occurs (6) in the intestine as bacterial B-glucuronidase deconjugated
BMG/BDG forming UCB which is then able to be reabsorbed by the intestine (back to (2)).

Prior to its excretion in the bile, UCB is bound to ligandin and Z protein, transported to the
endoplasmic reticulum (ER) and glucuronidated by uridine glucuronosyltransferase 1A1
(UGT1A1).% Following its glucuronidation, multidrug resistance-related protein 2 (MRP2)
transports the conjugated bilirubin (mono and di-glucuronides) into the bile canaliculus,
consuming ATP in the process.?’) These bilirubin conjugates are then excreted into the
duodenum via the common biliary duct?® where B-glucuronidases found in both Clostridia
spp. & Bacteroides fragillis deconjugate some bilirubin glucuronide in the distal ileum and
colon, forming UCB.” 28) Unconjugated bilirubin is then either re-absorbed via the entero-
hepatic circulation or is oxidised/reduced in a multi-step process yielding a plethora of linear
tetrapyrroles (Figure 2.3) which contribute to the colouration of stool and urine.?® In
mammals, this pathway allows for the safe and effective catabolism and excretion of haem.
Additionally, these linear tetrapyrroles may become trapped in the gall bladder, most
abundantly in the form of calcium hydrogen bilirubinate, leading to the formation of black or

brown gallstones.?”

Interestingly, the haem catabolic pathway in birds, reptiles and many fish share many
similarities with mammals with one important distinction; the haem catabolic pathway
terminates with BV instead of UCB in these animals.%3? Conjugated BV has also been

reported to be present in the bile of some fish?%, although it is excreted intact in mammals.®
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A key difference between these animals is that mammals generally give birth to live young,
whereas birds, reptiles and fish tend to lay eggs which are exposed to atmospheric oxygen
during gestation. Mammals however, give birth to live young and have acquired an additional
NADPH-consuming metabolic step in order to reduce the C10 bridge of biliverdin to form
bilirubin.> 22 |nterestingly, concentrations of UCB are elevated in human neonates (86—
103 pM average in neonatal serum®3 vs 8.6-17.1 uM in adults) and this is hypothesised to
protect the lungs from injury, based upon UCB’s potent antioxidant effects, during the

transition from placental to air breathing in the first minutes of life.(3% 3%
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Figure 2.3: Structures and masses resulting from the sequential reduction/oxidation of UCB
by the intestinal microflora.?®

2.4 RecentDiscoveries in Bile Pigment Metabolism

Recent research regarding bile pigment metabolism in the larval American bullfrog (Rana
catesbiana) is of particular interest. It does not produce UCB or bilirubin glucuronides, but
rather it forms a related polar linear tetrapyrrole, bilirubin-10-sulfonate (BRS) from BV.(3¢/
Intriguingly, BRS is reportedly excreted intact in the bile of the frog, but not in the rat.3¢ The

authors further report that i.v. administration of BV or frog haemoglobin to bullfrogs leads to
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biliary excretion of BRS suggesting hepatic formation of BRS occurs by the enzymatic addition
of HSOs™ anion to BV in the frog liver. Furthermore, the bullfrog exhibits great tolerance
against freezing®”, and bullfrog tadpoles (Lithobates catesbeiana) exhibit high tolerance
towards Paraquat toxicity, which catalyses the formation of reactive oxygen species (ROS),
specifically superoxide anions.®® This is of particular note given the antioxidant status of bile

pigments, including bilirubin and biliverdin.?%-43/

Unfortunately, no further literature regarding BRS in vivo has been published since the short
1995 report. Furthermore, the published data presented above is mentioned briefly in the
source article with little data available®®, representing a gap in the literature regarding this

compound relating to its formation, pharmacokinetics and therapeutic benefit in mammals.

2.5 Oxidative Stress

Reactive Oxygen Species (ROS) such as superoxide radicals (02.”), hydrogen peroxide (H202),
hydroxyl radicals (-OH), and singlet oxygen (102) are generated as metabolic by-products by
biological systems(*¥, for example, during cellular aerobic respiration. These ROS, produced
during physiological and pathophysiological processes, cause damage to important cellular
structures including proteins, lipids and nucleic acids and thus is it imperative that biological
systems maintain adequate antioxidant defences. It is also important to address ROS
subtypes, as antioxidant compounds may be either a selective or general ROS scavenger. For
example, abundant antioxidants such as glutathione and cysteine reportedly show poor

reactivity toward O,.” whereas bilirubin readily scavenges it.(%

Underpinning human inflammatory disease is the excessive generation of O,.” by neutrophils,
which form part of the innate immune system.“®) Known as the acute phase response (APR)

and characterised initially by oedema caused by the infiltration of plasma proteins and
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leukocytes into the affected tissue, this process results in the ‘respiratory burst’. Here O,.’,
generated by NADPH oxidase occurs following phagocytosis by infiltrating neutrophils and
macrophages, is transformed into other ROS such as H,0; via superoxide dismutase (SOD).
This H,0; is used by myeloperoxidase (MPO) to produce hypochlorite (CIO’) in the presence
of CI" further contributing to oxidant production and the potential for cellular injury.(” 48
During the APR, ROS are also released into the extracellular space, causing collateral damage
to host tissues and propagating further inflammation, with the potential to create a viscous

cycle, if not resolved.(#®

2.6 Inflammation

Physiologically, inflammation is considered a mechanism of innate immunity which occurs in
response to tissue damage or microbial infection and serves, in an acute setting (up to 2
weeks), to remove the initial insult. This protects the host against further insult and initiates
healing in order to restore homeostasis within the biological organism.#* When repeated
insult occurs or inflammation otherwise fails to resolve in a timely fashion, chronic
inflammation is the result and the healing process is impaired causing progressive fibrosis of
the affected area. Pathophysiologically, diseases with chronic inflammation at their root, such
as atherosclerosis, chronic respiratory diseases, neurological disease, cancer, obesity, and

diabetes, are the most significant cause of death in the modern world.?

2.7 Initiation of Inflammatory Response

Immune cells of the innate immune system reside in tissues and include macrophages, mast

cells, fibroblasts and dendritic cells. Also included are circulating leukocytes such as
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neutrophils and monocytes.? These cells express both intracellular and surface receptors
that detect both pathogen-associated molecular patterns (PAMPs) generally associated with
microbial organisms, and damage-associated molecular patterns (DAMPs) that are released
from injured cells.? Cells undergoing lytic cell death (e.g. necrosis or pyroptosis) release their
internal contents, including DAMPs (e.g. ATP, ROS, uric acid, and interleukin-1a (IL-1a)), into
the extracellular fluid (ECF) where they activate local and circulating immune cells (Figure
2.4).52) Once activated by DAMPs, often referred to as ‘danger signals’ or ‘alarmins’(>3), DAMP
receptors initiate pro-inflammatory signalling cascades in leukocytes that in turn cause the
release of pro-inflammatory cytokines promoting recruitment and chemotaxis of leukocytes
to the affected region.” Inflammatory responses triggered by DAMPs occur independently
of microbial or pathogen invasion and this type of inflammation is referred to as sterile

inflammation.3
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Figure 2.4: Damage associated molecular patterns (DAMPs) activate various immune cells,
initiating pro-inflammatory signalling cascades observed in sterile inflammation.*?

Recent studies propose additional genetically encoded mechanisms of controlled cell death,
referred to as pyroptosis and necroptosis.®#%% |t is reported that these cell suicide
mechanisms involve lytic cell death®” and differ from necrosis because they are controlled
by molecular signalling. While necroptosis is reportedly a backup cell death defence
mechanism activated when apoptosis fails (e.g. during pathogen infection)®®, pyroptosis is a
primary cellular response following the sensing of DAMPs.”) Interestingly, pyroptosis
appears to be a controlled lytic cell-suicide mechanism facilitating further DAMP release in

order to directly activate immune cells and initiate a potent inflammatory response.®”
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Pyroptosis is reportedly initiated via the NLRP3 inflammasome, which is discussed later in this

literature review (Section 2.10).

2.8 Immune Cells
The acute sterile inflammation response predominantly involves the actions of immune cells

such as neutrophils and macrophages as well as non-immune cells including endothelial cells

(Figure 2.4).

Neutrophils

Continuously produced in the bone marrow and derived from hematopoietic stem cells that
are controlled by granulocyte/macrophage colony stimulating factor (GM-CSF)®?,
neutrophils are polymorphonuclear cells that circulate in blood and have a half-life of 6-11
hours. These cells wait until they are activated by inflammatory signals such as DAMPs prior
to beginning the process of intravascular migration (or extravasation) where they first tether
to and roll along the endothelium mediated by selectins.®® Endothelial cells, themselves
activated by DAMPs (figure 2.4b), express adhesion molecules such as ICAM-1/69 which allow
neutrophils to firmly adhere to the endothelium and migrate to the site of inflammation along
a chemokine gradient and crossing the endothelial layer in the process.®? Once at the site of
inflammation, neutrophils perform phagocytosis, release proteases, antimicrobial peptides,
cytokines, ROS and MPO (Figure 2.5), potentiating and amplifying the innate immune
response.®? While these actions serve to destroy invading pathogens, they also damage

surrounding tissues in models of sterile inflammation.3
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Figure 2.5: Mechanisms of neutrophils in the acute phase of inflammation.®? Neutrophils
are developed in bone marrow (top left), released into circulation where they patrol until
they are stimulated by cytokines, and as a result undergo extravasation into the affected
tissue (middle right). There they produce intra and extracellular ROS via MPO release,
perform phagocytosis, NETosis, and participate in downstream signalling via further
cytokine release.

Macrophages

Macrophages originate from monocytes that differentiate when stimulated by colony
stimulating factors (GM-CSF, G-CSF and M-CSF).(6?) Existing within tissues and circulation,
monocytes are recruited to sites of inflammation following neutrophil infiltration and the
release of chemoattracting factors such as cathepsin G and azurocidin.®% ¢3) Additionally,

neutrophil infiltration also upregulates the expression of adhesion molecules (ICAM-1, VCAM-
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1, e-selectin) on endothelial cells which serve to facilitate the movement of monocytes to the
inflamed tissue.6% ¢4 Macrophages are polarised into two phenotypic states, the pro-
inflammatory phenotype ‘M1’ and the anti-inflammatory phenotype ‘M2’.%6? The polarisation
state of macrophages is dependent on local environmental factors, such as cytokine
concentrations (e.g. IL-10, GM-CSF, IL-4, IFN-y), anatomical location and disease state (Figure
2.6).°) During the acute inflammatory response, initial infiltration by neutrophils is
associated with increased GM-CSF concentrations and the activation of M1 macrophages that
express inducible nitric oxide synthase (iNOS, a generator of ROS), and also secrete pro-
inflammatory cytokines such as TNF, IL.-6 and IL-1B.%?) In contrast, M2 macrophages secrete
II-10 and TGF-B which are associated with the resolution of inflammation; however, they are
still capable of pro-inflammatory cytokine release following phagocytosis of monosodium
urate and subsequent initiation of NLRP3 inflammasome signalling in cases of gouty
arthritis.®® Additionally, tissue-resident macrophages also include the M2 phenotype, yet can

become pro-inflammatory when encountering DAMPs such as MSU.
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Figure 2.6: Interactions between neutrophils (left hand side of figure) and macrophages
(right hand side of figure) during the innate immune response.®? Monocytes, attracted by
cytokines released by neutrophils (bottom; red), polarise into either M1 or M2
macrophages (top right) depending on factors such a G-CSF in the local environment of
tissue injury and the degree of phagocytosis of neutrophils by macrophages (middle area of
figure).

Endothelial Cells

Lining all blood vessels, endothelial cells also play a functional role in the inflammatory
response, mediating chemotaxis and increasing vascular permeability in response to tissue
injury.®” When activated, endothelial cells and tissue-resident macrophages express
CXCL1/%8 and CXCL2®% which act as chemokines. They are concentrated at the site of tissue
injury creating a gradient for leukocytes to migrate along thereby assisting in the direction of
chemotaxis toward the site of injury. Upon activation, endothelial cells within post-capillary

venules, also upregulate expression of adhesion molecules (e.g. ICAM-1, VCAM-1 and e-
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selectin)”® which induce leukocytes to roll along the endothelium. The rolling decreases their
velocity, and they eventually cross the endothelial layer into the site of injury once firmly
adhered to and arrested by integrin.(”” During this process, vasodilators such as nitric oxide,
histamine and prostaglandins also act on endothelial cells and smooth muscle cells, disrupting
the tight gaps between cells and allowing leukocytes along with plasma proteins into the site
of injury.””? Pro-inflammatory cytokines (e.g. IL-1 and TNF) released by activated innate
immune cells (e.g. NLRP3 inflammasome signalling), increase the expression of adhesion
molecules on endothelial cells in the acute phase.(”? Persistent inflammatory signalling results
in chronic inflammation which disrupts the resolution of inflammation, causing oxidative
damage, chronic tissue injury, promoting endothelial cell dysfunction and subsequent
formation of scar tissue, leading to fibrosis, necrosis and organ dysfunction.(”> 72 Specifically,
altered or inappropriate vascular response to nitric oxide is a manifestation of endothelial
dysfunction caused by persistent inflammatory signalling and results in a change in vascular

tone which is an important contributor to the pathophysiology of atherosclerosis.(”?

2.9 Cytokine Signalling and Chemotaxis

Cytokines are produced by cells and are released as part of the inflammatory cascade. Acting
as either pro-inflammatory or anti-inflammatory signalling messengers, these peptides
activate receptors on the target cell thereby promoting the production and release of further
cytokines, however they also have a short lifespan.” The interleukin-1 family of cytokines
which are described within the literature to significantly influence disease pathogenesis
include IL-1a, IL-1B, 1L-18, and IL-33.(7>) However, other cytokines such as tumour necrosis
factor (TNF) interferon gamma (IFN-y), colony stimulating factors (CSF, G-CSF, GM-CSF),

monocyte chemotactic protein (MCP-1) are also important pro-inflammatory mediators.”%
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Notably, Interleukin-1 signalling induces the production of secondary inflammatory cytokines
(IL-6, TNF, KC, and GM-CSF), while IL-10 inhibits the release of TNF, IL-6 and IL-1 by activated

macrophages.(”4 7¢)

2.10 NLRP3 Inflammasome

Inflammasomes are protein complexes that act as a sensor of PAMPs and DAMPs in the
cytoplasm and include the NLRP3 inflammasome.”” Upon activation, the inflammasome
activates caspase-1 and induces the formation of IL-1B and IL-18, along with the cleavage of
gasdermin D, which induces pyroptosis.(”” Briefly, pyroptosis results in the formation of pores
in the cell membrane of 10-14 nm in diameter, causing swelling and lysis, and thus release of
DAMPs including cytokines.(”” 78) The NLRP3 inflammasome is activated by a wide range of
DAMPs, including haem” and monosodium urate crystals as observed in clinical gout in
mammals®? and its activation stimulates the innate immune response as previously
mentioned above. However, inappropriate inflammasome activation is linked to
inflammatory disease and thus the activation of NLRP3 is a tightly regulated process that

involves complex cell signalling regulation.(7®
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Figure 2.7: Cellular mechanisms of NLRP3 activation in the cytosol.(”?) Caspase-1 signalling
following DAMP receptor activation (left) results in caspase-1 activation, which in turn
cleaves pro-IL-1B and pro-IL-18 which is released as active IL-1p and IL-18 . Receptors for IL-
1B and IL-18 on adjacent immune cells (e.g. Killer Cells (KC); right) are then bound, initiating
transcription and release of IL-6 and TNF, further propagating inflammation.

2.11 Inflammation in gout

The pathologic formation of monosodium urate crystals in small joints, commonly referred to
as gout, is strongly linked with elevated blood uric acid levels. Monosodium urate crystals are
DAMPs and stimulate the activation of the NLRP3 inflammasome, resulting in painful bouts
of acute inflammation.®? Interestingly, the loss of uricase activity during the evolution of
hominids has rendered humans and higher primates incapable of degrading uric acid to water
soluble allantoin, the final metabolic product of purine metabolism in non-primate mammals,
fish and reptiles.®? Therefore, while the NLRP3 inflammasome is evolutionary conserved
across species, the formation of monosodium urate crystals is not. Thus, the study of sterile
inflammation in non-primate animal models following activation of the NLRP3 inflammasome

by monosodium urate crystals is attractive, as there is little chance of control animals

20| Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

spontaneously developing gout-like symptoms. Gouty arthritis is a common and clinically
relevant sterile inflammatory condition, with limited treatment options. Bile pigments have
not yet been investigated in such conditions/models but could represent an attractive
treatment option considering the combination of both the compounds’ antioxidant and anti-
inflammatory activity, compared with current NSAID therapy which employs anti-

inflammatory activity alone.

2.12 Monosodium urate monohydrate crystal-induced inflammation in

vivo: sterile inflammation in the rat

The monosodium urate (MSU) air pouch model of inflammation is a well-documented method
of inducing sterile inflammation in in vivo animal models.®3-9? The subcutaneous injection of
sterile air in rodents on day 1 followed by a second injection on day 6 causes mechanical
disruption of the subcutaneous tissue resulting in the formation of a pseudosynovial
membrane consisting mainly of mononuclear cells, fibroblasts, mast-cells and small blood
vessels.”®) This membrane also resembles synovium with many features of a synovial
membrane.®> 8% %4 Administration of an inflammatory agent such as MSU monohydrate
(crystals) into the resulting pseudosynovial cavity induces an acute inflammatory response(®*
89,90) which mimics the inflammatory response seen in human gout, and has successfully been
employed to demonstrate the anti-inflammatory capacity of potential therapeutic

compounds. (88 89 93, 95)

Mechanisms of MSU crystal-induced Inflammation

It is well documented that MSU crystals are potent pro-inflammatory stimuli®® and induce,

amplify and sustain an acute inflammatory response®” characterised by inflammatory
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cytokine production and leukocyte infiltration.®® This response is likely caused by multiple
mechanisms, including direct activation of leukocytes, membrane lysis and activation of the
NLRP3 inflammasome.(”” 8. 97) |nitially, the response involves activation and subsequent
pyroptosis’” 78 of mast cells and resident monocytes, followed by activation of vascular
endothelial cells®, which leads to vasodilation, resulting in increased blood flow and
permeability to plasma proteins as well as leukocyte infiltration to the affected tissue. In the
initial stage, mast cells are reported to release TNF and IL-1B®® which in turn induce
endothelial cells to express adhesion molecules, E-selectin, intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1); all of which promote the

transmigration of leukocytes.®”

Amplification of the inflammatory response occurs as infiltrating leukocytes, along with
plasma immunoglobulins (IgG) and complement proteins, interact with MSU crystals either
by phagocytosis or direct interaction with receptors on the cell surface. MSU crystal
phagocytosis is also increased following opsonisation by either complement or IgG proteins,
adding to the amplification of the response. At this stage, the inflammatory response is also
driven by IL-6 and IL-18(9% and this intense neutrophil infiltration and activation is a well-
reported characteristic of gout and is reported to be the main cellular mechanism by which
tissue injury occurs.%) The consequence of intense neutrophil activation is the excessive
generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) from the
release of MPO, iNOS/NO and activation of NADPH oxidase. Interestingly, urate is also a
physiological substrate of MPO and is oxidised to the urate radical.%? A synergistic effect
between IFN-y and MSU crystal exposure has also been reported to increase iNOS expression

and NO production leading to increased nitrosative stress.103)
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During the acute phase of the inflammatory response, inflammatory cytokines monocyte
chemotactic protein-1 (MCP-1), interferon-gamma (IFN-y), interleukin-6 (IL-6), interleukin-1
(IL-1B), myeloperoxidase (MPO), macrophage inflammatory protein-la (MIP-1a), TNF,
chemokine ligand 1 and 2 (CXCL-1 and CCL-2 respectively), interleukin-8 (IL-8), and
macrophage inflammatory protein-2 (MIP-2) increase in MSU crystal air pouch inflammation
models.(88-91 93, 103-105) Therefore, therapeutic approaches generally aim to inhibit the release

of these compounds and, if successful, also reduce leukocyte invasion.

Resolution of gouty inflammation

Acute gout is characterised as a self-limiting inflammation, with acute gout attacks reported
to spontaneously resolve within 7-10 days of initiation.% Multiple mechanisms are
proposed for this resolution including release of anti-inflammatory cytokines (IL-10, IL-37 and
TGFB)97) by neutrophils, and neutrophilic cannibalism (i.e. the phagocytosis of dying
neutrophils by live ones). Interestingly, via a process called NETosis, chromosomal DNA
released following neutrophil death following phagocytosis of MSU form neutrophil
extracellular traps (NETs).(29% 108) |n areas of high neutrophil density, NETs aggregate, forming
aggNETs which capture and degrade cytokines via serine proteases(% and aggregate MSU,
forming tophi containing trapped MSU crystals. This is further evidenced by studies reporting
that MSU administration in cases of mice with impaired NETosis resulting in uncontrolled
production of pro-inflammatory cytokines and a persistent inflammation. %) There is some
disagreement regarding impaired murine NETosis, with a further study asserting that
neutrophils are not required for resolution of acute gouty arthritis in mice. %/ In reply to this,
the original authors published a further study demonstrating that that although MSU crystal

aggregates can be formed by cell types other than neutrophils, the degradation of
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inflammatory mediators contributes to the control of MSU-crystal-induced inflammation in
vivo.19 Despite these observations, neutrophilic cannibalism and the release of anti-

inflammatory cytokines all contribute to the resolution of MSU induced inflammation (Figure

2'7).(107, 108, 110-112)

Figure 2.8: Mechanisms of the resolution of acute gout attacks.’?”? MSU crystals
phagocytosed by macrophages (left) or neutrophils (right) results in the initiation of
inflammation. NETosis (right) results in sequestration of MSU crystals and the inactivation
of pro-inflammatory cytokines.

2.13 Bile Pigments and Linear Tetrapyrroles

From a precursor for phycobilin synthesis in cyanobacteria and algae*??), to a part of the haem
catabolic pathway/anti-inflammatory mechanism in mammals(?® 42, linear tetrapyrroles (or
bile pigments when relating to animals) appear vital for the survival of all organisms that

synthesise them.
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The abundance of tetrapyrroles in mammalian (e.g. BV and haem when bound to Fe** ion),
cyanobacterial (e.g. phycobilin) and plant (chlorophyll; bound to Mg* ion) metabolism suggest
that many species in the kingdom of life have common, evolutionarily conserved, enzymatic
metabolic pathways for tetrapyrrole metabolism. The mammalian haem metabolic pathway
likely shares a common ancestor with the chlorophyll (Chl) metabolic pathway found in the
chloroplasts of plants & algae as well as in cyanobacteria. In plants, the process of degreening
involves the conversion of Chl to linear tetrapyrroles known as chlorophyll catabolites. This

process also mediates the ripening of fruits.24

The ability of early Hominidae to tell the difference in colour between ripe and unripe fruit
may have also conferred an evolutionary nutritional advantage. The levels of
affinity/repulsion towards ripening fruit as well as colour of urobilin and stercobilin (the
tetrapyrroles which give faeces and urine their colour) may have resulted in an evolutionary
selective pressure in terms of the anti-oxidant/anti-inflammatory properties of these
tetrapyrroles, the avoidance of disease (avoiding rotten fruit, faeces etc) and the
identification of better sources of nutrition. Enteric bacteria also metabolise (via B-
glucuronidase, oxidise and reduce) mammalian bilirubin, which is excreted from the liver and
into the gut.?® These compounds are then either excreted in the faeces (stercobilins) or
reabsorbed into the circulation and excreted in urine (urobilins). Whether bacterial

metabolism of BV in the gut exists, however, remains undocumented.

2.14 Bile pigments as antioxidants

Canonically, BV and UCB were dismissed as simple waste products of haem catabolism,
needing to be excreted. However, recent studies report that they possess antioxidant and

anti-inflammatory properties.??® |n fact, UCB and BV reportedly possess antioxidant
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properties in vitro/® 2% and UCB prevents the oxidation of human plasma and lipids following
copper exposure.? A recent meta-analysis demonstrates the existence of an inverse, reliable
and dose-dependant relationship between serum UCB and atherosclerotic risk in men.16)
Biliverdin too has reported antioxidant properties, with a recent study reporting UCB and BVs
antioxidant capability in multiple test systems (Trolox Equivalent Antioxidant Capacity (TEAC),
Oxygen Radical Absorbance Capacity (ORAC) and Ferric Reducing Ability of Plasma (FRAP))
with UCB reported as having more antioxidant capacity than BV./1” |t is theorised that UCB,
due to its lipophilic nature, is also more effective at scavenging free radicals within lipids,
whereas BV may confer more protection to proteins and other polar structures.t”)
Mechanistically, these findings are further supported by in vitro and ex vivo findings regarding
the capacity of UCB to inhibit lipid peroxidation.? & The oxidation of macromolecules
including lipids is thought to represent a key event in the process of atherogenesis.18
Therefore, UCB’s ability to prevent lipid oxidation, by its action as a lipophilic antioxidant, is
assumed to exert protection from cardiovascular disease, in vivo.? These findings have

importantly contributed to redefining the physiological importance of bilirubin.2%

Despite this, bilirubin’s status as a physiological relevant antioxidant is a point of contention
in the literature.? It has been proposed that BV is formed following UCB oxidation and is
recycled by BVR back to UCB in cultured cells®?, thereby magnifying UCB antioxidant effects
by a factor of 10000. This led the authors to theorise that BVR could perpetuate a cycle
allowing relatively low levels of UCB to provide physiologically relevant levels of protection.
To test the importance of BVR reduction of BV to UCB, they depleted cells of BVR using RNA
interference, which tripled the levels of ROS and significantly increased cell death. Based on

this result, the authors concluded that UCB potently protects cells against lipid peroxidation
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in a cyclic manner akin to the glutathione cycle (Figure 2.4).3%) Considering that UCB is
lipophilic, the BVR cycle represent another system that is used to protect the human organism

from lipid oxidation (e.g. occurring within cell membranes).

Figure 2.9: Parallel oxidation-reduction cycles for bilirubin and GSH proposed by Sedlak and
Snyder.??

The physiologic relevance of the BVR recycling mechanism of protection has since been
disputed by McDonagh?% and Maghzal et al.”?%, the former reporting that the degradation
of bilirubin, rather than dehydrogenation to biliverdin, predominates in the reaction of
bilirubin with peroxyl radicals, and the latter finding that only stoichiometrically modest yields
of BV follow UCB oxidation irrespective of the conditions and oxidants used. Interestingly,
they note that albumin bound UCB gives the most favourable BV yield. In published letters

since, Sedlak and Snyder defended their findings???, asserting that certain technical aspects
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accounted for the unsupported findings and maintain that BVR has pathophysiologic and
physiologic importance, citing clinical studies where bilirubin is reported to protect against
cardiovascular and cerebrovascular disease. The final published letter in response by Stocker
and Maghzal®?3 again disagree with Sedlak and Snyder, and assert that non-enzymatic
antioxidants GSH, ascorbic acid and tocopherol are present at concentrations several orders

of magnitude greater than UCB.(22%

Most recently, Vasavda et al. reported that mice lacking bilirubin are particularly vulnerable
to 02.” compared with other tested reactive oxidants and electrophiles.(? They also report
that major antioxidants such as glutathione and cysteine exhibit little to no reactivity toward
0,.” and that UCB readily scavenges O,.". These authors went on to assert that the unique
reactivity of UCB to O,.” may underlie a relevant physiologic role despite its lower abundance
compared with other antioxidants in vivo. Research investigating the murine bilirubin oxidase
sheds further light on this disputed mechanism, hypothesising that direct interaction of UCB
and the anion O,.” forms a bilirubin peroxyradical (and subsequently degrades to dipyrroles)
whereas the oxidation of UCB to BV begins with removal of an H anion from the C10 bridge
of UCB, forming a positively charged intermediate which then spontaneously donates a H* to
the surrounding aqueous environment, resulting in BV formation (Figure 2.5). While this study
was conducted in murine cells, the authors also hypothesise the findings potential relevance
to humans. This study is interesting as it proposes that the mechanism of UCB oxidation
determines whether BV is formed and thereby able to participate in the proposed redox
cycling and also highlights the complexity and importance of the C10 bridge of these bile
pigments, especially as the C10 bridge is also the site of bisulfite addition in the formation of

BRS.(124)
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Figure 2.10: Hypothesised mechanisms of UCB oxidation via direct interaction with
superoxide (left) vs loss of hydride anion (right).(25

The action of BV on BVR in the antioxidant cycle and the downstream signalling following BVR
activation? potentially explains the puzzling evolutionary development of the energy
consuming enzymatic reaction which converts BV (a non-toxic, readily excretable compound)
into UCB (which is potentially cytotoxic and requires conjugation prior to active hepatic

transport/elimination) in mammals as previously mentioned. This extra metabolic step is
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costly in terms of NADPH in comparison to with the direct hepatic excretion of BV in fish and
birds(??¢), however, the ability of new metabolic pathways to confer evolutionary benefits as
a result of their processes is a commonly acknowledged process’?” and therefore some
evolutionary advantage was likely conferred by this additional energy consuming step in

pigment metabolism.

2.15 Gilbert’s Syndrome - UCB elevation in humans

Gilbert’s syndrome is a condition presenting with a mildly elevated circulating UCB
concentration, and interestingly it is associated with protection of individuals against
oxidative processes and cardiovascular disease.1® An autosomal recessive disorder, Gilbert’s
syndrome (GS) is endemic within the population (3-17%) and is caused by a reduction uridine
glucuronosyltransferase 1A1 (UGT1A1) function, via a polymorphic mutation of the UGT1A1
gene promoter, which reduces gene induction and induces a ~“60% deficiency in enzyme
activity.” Given that the primary function of UGT1A1 is to conjugate UCB, this deficiency
results in elevated circulating UCB (>17.1 uM; normal concentration ~ 10 uM).? Of particular
relevance is the inverse relationship between serum UCB and the atherosclerotic (and
presumably inflammatory related) processes. In fact GS individuals have a 10.1% lower
incidence of cardiovascular disease (CVD) and their lipid profile is significantly improved
compared to control individuals.> 116/ Additionally, GS plasma has a greater antioxidant
capacity, demonstrated by improved resistance to copper induced lipid oxidation.#?
Additional findings also indicate that individuals with elevated UCB, have a decreased serum
lipid concentration (LDL and total cholesterol) with the remaining blood cholesterol also being
protected from oxidation. It is likely that both reduced total and LDL cholesterol and improved

resistance to lipoprotein oxidation underpins the protection conferred from development of
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cardiovascular disease in these persons.?28 |t should also be pointed out here that this was

an ex vivo assay and thus may not be relevant in vivo, and is a limitation of this interpretation.

The benefits of Gilbert’s Syndrome along with a lack of major side effects associated with the
condition lend support to the idea of bilirubin and related tetrapyrroles having potential as

therapeutic molecules.

2.16 Bile pigment anti-inflammatory effects

Biliverdin and UCB are formed following events that liberate haem including trauma (e.g.
tissue injury), and are accompanied by initial inflammatory and wound healing responses.(®
While administration of BV or its metabolites to humans could assist in the treatment of
inflammatory pathologies, the pharmacokinetics of its metabolites and the anti-inflammatory
potential of BV and its metabolites must be investigated further in animal models to justify
its potential use in clinical medicine. Since 2004, the use of BV and UCB in rodent models of
sterile inflammation and wound healing to demonstrate their anti-inflammatory ability has
been well documented. Many studies use expression or concentration of pro-inflammatory
cytokines as a measure of anti-inflammatory capacity of bile pigments and these are listed

below (Table 1).
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Table 1: Recent studies measuring anti-inflammatory cytokines in BV and UCB in rodent models of inflammation/wound healing

Ti
Model Compounds Species Cytokines increased/decreased a:::;:e d Study outcomes
Open excision type i.p. UCB (30 mg Male wistar rats TNF - significant decrease, 145 (control) vs 65 Granulation Bilirubin possesses significant pro-healing
wound (10 days) - kg-1) (140-160g) (treatment) pg/mg protein tissue of modulation of pro-inflammatory/anti-
sterile (128) excision inflammatory cytokines and adhesion

IL-10 - significant increase, 872 (control) vs 1485 wound molecule and an improvement in the

(treatment) pg/mg protein quantity of extracellular matrix in the

granulation tissue

Open excision-type UCB (0.3% Adult male Wistar TNF - significant decrease (3day), 3000 (control) vs Granulation Bilirubin treatment accelerated the timely
wound - loose ointment) rats (180 to 220 g) 2000 (treatment) pg/mg protein tissue of progression of wound healing by
subcutaneous tissue - induced with excision modulating expression of a number of
sterile (129) diabetes IL-1B - mRNA expression decreased, cytokine itself wound cytokines and growth factors

was not measured

IL-10 1400 (control) vs 600 (treatment) pg/mg protein
Intraportal islet i.p. injection of Adult inbred male IL-1B - significant decrease - 135 (control) vs 101 Serum Nonspecific inflammatory response is the
transplantation graft bilirubin (~ 1 mg Lewis rats (200- (treatment) pg/mL in treated (6H) obtained major cause for failure of islet grafts, i.p.
(130) kg1) 250 g) induced from tail UCB administration reduced

with diabetes TNF - significant decrease - 119 (control) vs 87 vein bleeds inflammatory markers.

(treatment) pg/mL (3H)

MCP (CCL-2) - 66 (control) vs 43 pg/mL (treatment)

(24H)
Syngeneic i.p. BV (50 mg Inbred male Lewis IL-6 - significant decrease - 1585 (control) vs 604 Serum 3H After a single IP injection of biliverdin,
transplantation of kg1) 3H before rats (200-250 g) (treatment) pg/mL after serum bilirubin peaked to 1.07 £ 0.5
small bowel (139 and after reperfusion mg/dL at 30 minutes and then returned

transplant IL-1B and TNF mRNA significantly decreased In of transplant toward control levels by 2 hours.

muscularis externa stripped from small bowel
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Model Compounds Species Cytokines increased/decreased Tissue Study outcomes
analysed
LPS induced lung BV (3 mg kg1) Adult Sprague- Significant decrease in IL-6 - 3.2 (control) vs 1.4 Bronchial BV protects against lethal endotoxic
injury (132) Dawley rats (225- (treatment) ng/mL Alveolar shock. BV exposure prevents LPS-induced
250 g) Lavage lung injury.
Significant increase in IL-10 - 2.8 (control) vs 8
(treatment) pg/mL
Trinitrobenzenesulfon UCB (40 uM) Adult male TNF sig. decrease in UCB treatment vs untreated at 3 Colon Unconjugated bilirubin ameliorates the
ic acid (TNBS) induced intra-gastric Sprague-Dawley and 7 days inflammation and digestive protease
colitis gavages rats (~180 g) increase in TNBS-induced colitis.
IL-1B significantly decreased in UCB treatment vs
untreated at 1 and 3 days
Liver cold ischemia BV (10 or 50 umol Male Sprague- mMRNA expression: Liver BV attenuates IRI in rat models of
model followed by ex L) in perfusate Dawley rats (250— prolonged cold ischemia followed by ex
vivo reperfusion.(133) 300 g) iNOS, TNF, IL-1B and IL-6 was significantly decreased vivo reperfusion.
in BV treatment
HO-2 null mouse i.p. BV (20 mg HO-2-null mice KC (CXCL-1) decreased significantly 4 days post injury Cornea Biliverdin accelerates wound healing and
phenotype in corneal kg1) plus 10uL of with a C57BL/6 x in BV treated mice reduces the number of inflammatory cells
epithelial injury (134 100uM BV 129/Sv genetic and the levels of proinflammatory
applied topically, background proteins.
both applied
once daily

33| Page




The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

From a mechanistic perspective, recently published literature cites biliverdin reductase (BVR)
as a critical regulator of the innate immune response in the context of acute inflammation.(??
Interestingly, a lack of BVR results in an enhanced proinflammatory phenotype, and in
macrophages the authors report that BVR, when binding its substrate BV, promotes IL-10 (an
anti-inflammatory cytokine) secretion as well as inhibition of TLR4 expression.??) A follow-up
study then reported that knockdown of BVR in macrophages supressed pro-inflammatory
cytokine release (TNF) and also showed that the protection provided by BV in a model of
sterile hepatic injury requires the activity of BVR and nitric oxide.?3 The authors speculate
that inflammatory processes and increased oxidative stress cause the induction of HO-1, and
BVR (activated by BV) helps to maintain the balance between the expression of anti-
inflammatory (IL-10) and proinflammatory mediators (TNF), thereby protecting against

unrestrained inflammation.?

Novel Biliverdin Metabolites — an Alternative Metabolic Pathway

Despite the emerging therapeutic potential of BV, UCB and BVR, very little research has
explored the metabolism of BV in vivo. In 2011, Bulmer et al. explored the pharmacokinetics
of intraduodenal BV administration and reported that BV was poorly absorbed from the
intestine™, with a bioavailability of < 1%. Serendipitously, the authors discovered three
separate compounds were formed within the duodenal milieu and they were potently
absorbed into the blood and subsequently excreted into urine and bile. These poorly
characterised compounds absorbed light between 420-450 nm, indicating that their C10
bridge may be cleaved or reduced, similar to UCB.* Based upon these results it is reasonable
to conclude that the uncharacterised compounds, or enzymes involved in their formation,
induce potent antioxidant and/or anti-inflammatory effects in vivo that are not induced by BV
per se. Additionally, this finding suggests that an alternate BV metabolic pathway existed, in

addition to the commonly accepted reduction of BV to UCB.

2.17 Intestinal Bacterial Tetrapyrrole Metabolism

Intraduodenally administered BV results in its rapid and complete metabolism within three
hours. Intestinal metabolism of structurally related tetrapyrroles is documented, however,

it is limited to study of bilirubin metabolism, because bilirubin and not BV is excreted normally
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in bile. It is possible that one or more of the BV metabolites reported by Bulmer in 2011 was
a previously reported metabolite of UCB® alternatively, it was equally likely that the
metabolites formed were entirely novel products. Although intraduodenal administration
reduced the bioavailability of BV, the metabolised products were potently absorbed and may
have been responsible for the protection observed after BV administration in other studies.®/
However, enteric biliverdin metabolites have not been isolated or characterised. Considering
this gap in scientific knowledge, analysing, isolating and characterising these compounds may
lead to important discoveries regarding an alternate metabolic pathway for BV metabolism
in addition to the discovery of a new generation of anti-inflammatory compounds for

treatment of diseases that involve inflammatory pathophysiology.

2.18 Analysis of bile pigments

Many analytical methods exist for the quantification of bile pigments, ranging from the simple
colourmetric reaction with diazotised sulfanilic acid (the ‘diazo’ reaction) to mass
spectrometric methods for example. This literature review will now focus on contemporary
methods used to analyse biliverdin and related compounds for their quantification and

characterisation in various matrices.

Previous studies® 13¢) have used HPLC to identify and quantify bile pigments with a mobile
phase comprising of 0.1M of n-dioctylamine (95 methanol:5 H,0) and a reverse phase C18
column with the absorption of light recorded using a photo diode array detector, reporting
pure biliverdin with a peak in light absorption (lambda max) of 375 nm. These data are
supported by numerous other reports that have also quantified/separated bile pigments
including biliverdin from pure and crude samples, using gradient and isocratic separations,

using a variety of organic gradients to facilitate the separation of sample components.(* 42

Furthermore, liquid chromatography coupled to mass spectrometry has also been employed
to identify biliverdin within complex solutions. For example, Gorchein et al.?3¢ used a
gradient HPLC separation and a Q-TOF spectrometer to ionise biliverdin in positive ion mode.
They report that biliverdin had a m/z of 583 (molar mass 582.7). Furthermore, biliverdin was
fragmented using MS/MS analysis, showing that biliverdin fragments across its central C10

bridge, liberating a fragment with a m/z of 297 (right hand side; RHS, Figure 2.11).(13¢
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Figure 2.11: Chemical structure of BV plus HPLC/ESI-MS/MS chromatogram and product ion
spectra for the 583 m/z BV ion indicating that the 297 m/z ion is the major fragment.(23%

Additional analytical methods have been employed via both LCMS and HPLC./> 137 While there
are ease of use advantages for HPLC, LCMS is superior in its selectivity and sensitivity. In
previous studies, biliverdin has been measured using its deuterated internal standard,
biliverdin-d4(38) which is the gold standard of quantification. Interestingly, in cases where a
deuterated standard is either unavailable or not cost effective, compounds with similar
organic structures and properties can be used as internal standards. One such example is the
use of meso-bilirubin (MBR) as an internal standard for UCB.3% |n this case, MBR shares
structural similarity (Figure 2.12) and is able to control for losses during extraction and
analysis.3% Another study uses both MBR and meso-biliverdin (MBV) as internal standards
during the LCMS analysis of UCB and BV respectively?#? demonstrating that the use of meso
analogues as internal standards for the LCMS quantification of tetrapyrrolic bile pigments is

valid and effective.
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Figure 2.12: Differences in structure (circled) of UCB and its internal standard, mesobilirubin
(MBR).*3%) The vinyl groups on the terminal pyrroles have been substituted for ethyl groups,
resulting in a +4[H] increase in the mass, while keeping similar organic properties.

2.19 Conclusion

The catabolism of haem, induced after tissue injury and during homeostatic turnover of red
blood cells, is a highly conserved and energy consuming pathway which has further evolved
during mammalian evolution. The evolution of the haem catabolic pathway in mammals is
believed to have occurred to minimise haem toxicity and protect the body by producing bile
pigments, which have potent antioxidant capacity and could modulate inflammatory
responses. Importantly, the chemical reduction of biliverdin by biliverdin reductase, likely
amplifies both biliverdin and bilirubin’s effect, by allowing for oxidation-reduction cycling.
This, in combination with biliverdin’s activation of kinase signalling by BVR, likely protects
from sterile inflammation, as demonstrated by biliverdin administration and BVR knockout
studies. Collectively, these data emphasise the importance of endogenous bile pigments in
protecting against oxidant and inflammatory mediated injury and suggest the haem catabolic
and bile pigment synthetic pathway could be used therapeutically to inhibit injurious

responses in vivo.

The recent discovery of novel BV metabolites that are potently absorbed following

intraduodenal administration” heralds the possibility of an alternate biliverdin metabolic
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pathway mediated by enteric bacteria. This serendipitous discovery raises highly pertinent
guestions regarding whether biliverdin per se is the responsible anti-inflammatory agent in
administration studies. Furthermore, questions arise as to the identity, pharmacokinetics, and
anti-inflammatory capacity of these metabolites in mammals. Answers to these questions will
help to further understand the importance of bile pigments in human physiology and their
importance in the prevention and possible treatment of disease. The ever-present and
unrelenting scourge of oxidative stress and inflammatory disease continues to plague
humanity, and the discovery of novel, safe and effective anti-inflammatory therapies is vital
to lessen the burden of disease globally. Therefore, a sizeable gap in literature is revealed
here, presenting an exciting opportunity to explore the identity, pharmacokinetics and anti-
inflammatory potential of these novel bile pigment metabolites. It was hypothesised that
these novel bile pigment metabolites ameliorate the immune response to a sterile

inflammatory stimulus.
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Chapter Three: Aims & Hypotheses

This thesis aims to investigate the therapeutic potential of the novel BV metabolite, bilirubin-
10-sulfonate. Overall, the aim was to identify the novel BV metabolite and explore its

pharmacokinetics and its anti-inflammatory capacity in clinically relevant animal models.

3.1 Study One (Chapter Four)

The aim of this chapter was to elucidate the principal metabolite formed after intraduodenal
administration of biliverdin, to determine whether bacteria could be responsible for its
transformation and evaluate its antioxidant activity. It was hypothesised that enteric bacteria

caused the conversion of biliverdin to the unknown metabolite via addition at the C10 bridge.

3.2 Study Two (Chapter Five)

The aim of this study was to quantify the absorption and pharmacokinetics of biliverdin versus
bilirubin-10-sulfonate in rats after i.v., i.d. and intraperitoneal (i.p.) administration as well as
to determine their biliary excretion. It was hypothesised that biliverdin and bilirubin-10-
sulfonate would be absorbed from the peritoneal and intestinal cavities, and that there would

be significant differences in half life and maximum serum concentration between BRS and BV.

3.3 Study Three (Chapter Six)

The aim of study three was to evaluate the potential therapeutic potential of intraperitoneal
pre-treatment of bilirubin-10-sulfonate and biliverdin in a subcutaneous air pouch model of
inflammation within rodents. It was hypothesised that i.p. pre-treatment of rats with
biliverdin and bilirubin-10-sulfonate would have significantly decreased leukocyte infiltration,
cytokine concentrations and oxidative stress markers compared with placebo treatment

when challenged with monosodium urate crystals as an inflammatory stimulus.
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Chapter Four: Unprecedented Microbial Conversion of Biliverdin into

Bilirubin-10-sulfonate

Foreword:

This manuscript details the identification and chemical structure of BRS following its initial
discovery following intraduodenal administration of biliverdin to rats. The anti-inflammatory
and antioxidant properties of BV are well documented in literature(?2 117,131, 133, 134, 141-146) gnd
this manuscript compares the antioxidant potential of BRS to BV. This led to the identification
of BRS as the lead compound for further pharmacokinetic testing. The manuscript also details
the synthesis of BRS and identifies analytical methodology required for the analysis of this

compound.

This chapter has been published by Scientific Reports as an original investigation. The
abbreviations, formatting and referencing of this document have been altered slightly to

more closely reflect the formatting of other chapters and published work in this thesis.
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Abstract

Biliverdin (BV) possesses antioxidant and anti-inflammatory properties, with previous reports
identifying protection against oxidant and inflammatory injury in animal models. Recent
reports indicate that intra-duodenal administration of BV results in the formation of an
uncharacterised metabolite, which is potently absorbed into the blood and excreted into the
bile. This compound may be responsible for protection against inflammatory responses. This
study aimed to identify novel, enterally-derived BV metabolites and determine the source of
their metabolic transformation. Rat duodena and bacterial cultures of Citrobacter youngae
were treated with BV and subsequently analysed via high performance liquid
chromatography/high resolution tandem mass spectrometry to identify and characterise
metabolites of BV.

A highly abundant metabolite was detected in duodenal wash and bacterial culture
supernatants with a 663.215 m/z (3 ppm mass accuracy) and a composition of C33N2OgH36S,
which conformed to the predicted structure of bilirubin-10-sulfonate (BRS) and possessed a
Amax Of 440 nm. Bilirubin-10-sulfonate was then synthesised for comparative LCMS/MS
analysis and matched with that of the biologically formed BV metabolite. This report confirms
the formation of a previously undocumented metabolite of BV in mammals, indicating that a
new metabolic pathway likely exists for BV metabolism requiring enteric bacteria, Citrobacter
youngae. These data may have important implications with regard to understanding and

harnessing the therapeutic efficacy of oral BV administration.

Introduction

Mammalian catabolism of haem by haem oxygenase-1 (HO-1) forms the linear tetrapyrrole
biliverdin (BV; 1), which is chemically reduced by biliverdin reductase (BVR) to unconjugated
bilirubin (UCB). Previously, these tetrapyrroles were thought to be waste products; however,
recently these compounds were found to protect from oxidant-mediated damage.
Specifically, both the induction of HO-1 and the administration of 1 and related tetrapyrroles
confer protection in animal models of ischemia-reperfusion injury.% 244 Administration of 1
protects from ischemia-reperfusion injury (IRI) in the liver during transplantation in swine.(24%/
Furthermore, oral administration of 1 protects from Forssmann reagent induced anaphylaxis

in guinea pigs” and its intravenous (i.v.) administration after haemorrhagic shock and
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subsequent resuscitation protects against acute lung injury (ALI).*¥ Given that 1 is rapidly
reduced to UCB in vivo™, it is possible that either of these molecules conferred protective
effects in these models.

Intriguingly however, intraduodenal (i.d.) administration of 1 in rats leads to rapid and
complete metabolism of 1 and the absorption of uncharacterised metabolites, found in the
duodenum, serum, bile and urine./” These metabolites, which are more polar than 1 and UCB,
were hypothesised to possess a rubinoid structure (Amax 420-450 nm) suggesting modification
or reduction at the C10 bridge of 1. These observations suggested that oral administration of
1 instead leads to the formation of a novel active metabolite that may confer protection
against anaphylaxis as reported previously.?#”) The aim of this study was to identify and
characterise the metabolites formed after i.d. administration of 1¥ and to determine whether
bacteria could be responsible for its transformation. We then sought to synthesise this

compound and evaluate its antioxidant activity.

Results

Given that the retention time and optical characteristics of novel BV metabolites have been
published previously™, the composition of these molecules was confirmed using tandem
mass spectrometry. Figure 4.1 shows UV and MS chromatograms of duodenal contents taken

from an anaesthetised rat 180 mins after administration of i.d. saline or 1.
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Figure 4.1: Extracted ion chromatogram of intestinal contents obtained from a rat receiving
1 (27 mg/kg), 180 mins after i.d. administration (TOP) and an animal administered saline
(BOTTOM). The red chromatogram represents UV absorbance at 440 nm and serves as a
point of reference for identified ions. The green chromatogram represents the extracted
ion chromatogram for m/z 663.2230 0.5 and 581.2420 +0.5. The 581.2420 m/z ion (1) only
appears at 9.78 minutes. The compounds eluting at 4.26 min and 8.76 m min were
presumed to be BV metabolites (3 and 2 respectively).
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The three prominent peaks in 1 treated duodenal samples identified in Figure 4.1 (peaks 1-3)

were then analysed for their UV and mass spectra and are displayed in Figure 4.2 below.
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Figure 4.2: Mass spectra (left) and UV spectra (right) of each identified peak in Figure 4.1.
The 663.2233 and 663.2205 m/z ions were observed to be the major abundant ion under
peaks 2 and 3, with these peaks exhibiting a Amax of 440 nm and 416 nm respectively. The
380 nm peak (1) demonstrates a mass and absorbance spectra consistent with 1.

The m/z difference between [M-H]" ions for Lobserved (581.2501) and 1calculated (581.2406) was
0.0095, or 16.3 parts per million (ppm). In order to improve the mass accuracy, the PDA was
removed from the flow path, the method was optimised, and the instrument was cleaned and
re-calibrated. Figure 4.3 shows MS chromatograms and mass spectra of the same BV treated
duodenal sample as analysed in Figures 4.1 and 4.2, targeting the 663.2169 m/z ion for
fragmentation and employing a longer, shallower gradient with a lower flow rate to optimise

separation and ionisation conditions.
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Figure 4.3: Extracted ion chromatogram (left; 663.2169 m/z £0.5) and MS spectra (right) of
intestinal contents obtained from a rat receiving 1 (27 mg/kg), 180 mins after i.d.
administration. The 663.2178 and 663.2174 m/z ions were observed to be the major
abundant ion under peaks 2 and 3, respectively (green MS spectra, top right). 1 was also
identified with an m/z of 581.2442 (blue spectra, bottom right). As previously mentioned,
the m/z for lcaiculated is 581.2406 [M-H]", implying a ppm mass accuracy of <7 ppm.

To determine the possible source of 1 metabolism, C. youngae, a non-pathogenic facultative
anaerobe commonly found within the gut, was cultured and treated with 1 (C+BV), without
C. youngae culture but with 1 (NC+BV), or with C. youngae and nutrient broth solvent control
(C+NB) for 18 hours. The supernatant was then extracted and analysed by LCMS/MS. In order

to ensure adequate separation between 1 and 2, chromatographic separation for the
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following bacterial

culture analyses was achieved

isocratically (30%A and 70%B).

Representative MS chromatograms and spectra for these samples are displayed below (Figure

4.4).
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Figure 4.4: Extracted lon Chromatogram (left) and mass spectra (right) of C. youngae culture
treated with 1 (663.2130 m/z £0.5; C+BV; blue; TOP), 1 without culture (581.2406m/z +0.5;
NC+BV; purple; MIDDLE) and the C. youngae culture without 1 added (581.2406 and
663.2130 m/z +0.5; C+NB; black; BOTTOM). The 581.2407 and 581.2409 m/z ions were the
major abundant ions under peak 1 [M-H] (<1 ppm mass accuracy), and the 663.2122 and
663.2116 m/z ions were the major abundant ion under peaks 2 and 3, respectively.

Having identified previously uncharacterised compounds 2 and 3, UV, mass and
fragmentation spectra (see Figures 4.3, 4.4 and 4.6) demonstrated that BV metabolites
formed in duodenal chyme matched that of BV treated C. youngae. To confirm that these
compounds were formed from duodenal chyme itself, 1.2 mg/mL of BV was added to fresh
duodenal contents and incubated in a petri dish at 37 °C for 30 minutes. Upon addition of BV
to duodenal chyme, the BV concentration decreased by ~35 uM (~22%) while 2 increased by
~40 uM, suggesting a 1:1 stoichiometric reaction (Figure 4.9). Furthermore, incubation of BV

without duodenal chyme did not result in the production of 2.

During collision induced dissociation (CID) of the 663.217 m/z ion (Figure 4.7), a shift from
663.217 m/z [M-H] to 581.244 m/z [M-H-H,SOs] was observed, with the loss of 81.973 mass
units occurring, equivalent to the neutral loss of H,SOs. This assisted in a prediction that the
novel BV metabolites 2 and 3 were bilirubin-10-sulfonate (BRS). In order to confirm this

prediction, a bilirubin-10-sulfonate synthesis was performed (purity >95%, yield = 53%).
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Chemical synthesis and purification of 2 confirmed that the predicted metabolite of 1 had a
similar mass to that of bilirubin-10-sulfonate, confirmed by using high resolution mass
spectrometry (663.2150 m/z [M-H]’). The in source fragmentation from ESI, observed during
high resolution mass spectrometry analysis of synthesised 2 (Figure 4.5; bottom), suggests
that a neutral loss of 81.9727 mass units occurred from the parent 663.2178 m/z ion (Figure
4.5; bottom), equal to the mass of H,SO3 (<1 ppm mass accuracy). Synthesised 2 was also
analysed by NMR, confirming expected shifts in 'H and 3C assignments (Figure 4.10). LCMS
analysis of synthesised 2 is shown in Figure 4.5 and Figure 4.6 includes Fragmentation analysis
displayed with spectra from a duodenal sample and a C. youngae culture sample both treated

with 1.
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Figure 4.5: Chromatogram and related spectra of synthesised 2 (BRS; high resolution mass
spectrometry mode). The red chromatogram represents UV absorbance at 440 nm and
serves as a point of reference for identified ions. The superimposed chromatogram
represents extracted ion chromatograms for 663.2130 and 581.2406 m/z +0.5. It should be
noted that the 581.2451 m/z ion only appears at 9.7 minutes. The 663.2150 and 663.2158
m/z ions were observed to be the major abundant ion under peaks (2) and (3) at 440 nm
and 412 nm respectively.

As displayed in Figure 4.5, the 380 nm peak (1) demonstrates a 581.2426 m/z ion
corresponding to BV (1) while peaks with a Amax of 440 nm and 412 nm show abundant
663.2150 and 663.2158 m/z ions corresponding to that of BRS (2 and 3). The bottom
chromatogram shows the 663.2178 m/z ion in low abundance; note the m/z difference
between 1 and 2 equalled 81.9727 corresponding to the mass of H,SOs; (calculated
monoisotopic mass of 81.9724; <4 ppm mass accuracy). Some peak tailing occurred within
this analysis, explaining the presence of both 581.2451 and 663.2150 m/z ions within the

9.55-9.91 1 peak in Figure 4.5.
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In order to confirm the identity of BV metabolites in duodenal and bacterial samples, CID of

2 was performed (Figure 4.6).
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Figure 4.6: Comparison of fragmentation spectra for samples containing 2. The spectra
show CID fragmentation at 20V from multiple product ion scans, displayed to 2 decimal
places for the targetted ~663.2150 m/z [M-H] ion collected from 1 treated rat duodena (A),
from 1 treated bacterial assay (B) and from bilirubin-10-sulfonate chemical synthesis (C).
Fragmentation of the 581.24 m/z ion (1) found in the bacterial assay control (no culture
with 1 added) is shown (D) for comparison. Major fragments of
239.12/285.12/493.26/537.25/ 581.24 m/z were found in high abundance in all spectra.
Note the m/z in this figure are displayed to 2 decimal places for clarity and ease of
comparison.

The data presented above confirmed that 2 in all samples were identical, a graphical

representation of the proposed fragmentation scheme of 2 was proposed.
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Figure 4.7: Putative structure for sulfonated BV (bilirubin-10-sulfonate; 2) with CID
fragmentation pathway. The 663.215 m/z ion [M-H] first loses H>SOs. As a result of this
neutral loss, the product ion 581.252 m/z [M-H-H,S0s]" implies the formation of 1. The
product ions then follow a similar fragmentation pattern as 1. Note the m/z in this figure
are displayed to 3 decimal places, to demonstrate accurate mass of the fragments.

To determine whether 2 had reductive potential, we tested its ability to reduce ferric-
tripyridyltriazine (Fe3*-TPTZ) to the ferrous form (Fe?*-TPTZ)**¥) alongside ascorbate (ASC),
biliverdin (BV; 1) and bilirubin ditaurate (BRDT) in the ferric reducing capacity of plasma

(FRAP) assay (see Figure 4.8).
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Figure 4.8: FRAP analysis of 2 (BRS), ASC, 1 (BV) and BRDT (0-100 uM; n = 3) in both aqueous
(left) and serum (right). Aqueous 2 reduces 3.819 molar equivalents of Fe3*-TPTZ, while ASC
reduces 1.963 molar equivalents. In serum, 2 only reduces 3.069 molar equivalents while
there is little difference between aqueous ASC and serum ASC (1.963 vs 1.991 molar
equivalents, respectively). Related tetrapyrroles (1 and BRDT) both had more reductive
potential than 2 (p<0.05) in serum, however there was no significant difference in the
reductive potential between aqueous 1 and 2. One way ANOVA and Fisher’s LSD was used
to make multiple comparisons, p<0.05 was considered significant.

As displayed in Figure 4.8, 2 reduces 3.819 and 3.069 molar equivalents of Fe?*-TPTZ in
aqueous and serum preparations respectively. For reference, ascorbate has been previously
reported to reduce 2 molar equivalents and in this assay it appears to have reduced 1.963 and
1.991 equivalents (aqueous and plasma media), indicating that the assay functioned as

intended.

DISCUSSION

We show for the first time a new metabolic pathway for BV (1) in mammals, which is likely
related to bacterial metabolism of 1 within the gut. Metabolism of 1 to 2 was observed in vivo
and was confirmed in in vitro bacterial cultures of C. youngae. Formation of 2 was confirmed
using HPLC, showing expected shifts in retention times and change in Amax from 385 to 420-
450 nm due to reduction of the C10 bridge of 1. Furthermore, high resolution liquid
chromatography-mass spectrometry determined with high confidence the product of 2, with
fragmentation spectra demonstrating removal of sulfonate and the consequent formation of

1, which was fragmented into its dipyrrolic halves (Figure 4.7).
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Previous reports demonstrate the formation of a BV metabolite upon i.d. administration of 1,
with chromatographic evidence suggesting the compound formed was more polar than 1 and
possessed a reduced C10 bridge (Amax 420-450 nm). This report sought to identify the product
formed by performing additional chromatographic investigations and high-resolution tandem
LCMS analysis in two independent models (in vivo and bacterial culture experiments). LCMS
analysis revealed that two novel compounds (2, 3) with differing retention times, similar UV
spectra, m/z 663.215 and a similar fragmentation spectra were observed in the 1 treated rat
duodenum and the 1 treated C. youngae culture. These data suggest that intraduodenal
administration of 1 is associated with the formation of 2 and that 2 is also formed when 1 is

exposed to the facultative anaerobe C. youngae.

HPLC and LCMS/MS confirmed the identity of 2 as bilirubin-10-sulfonate/®® in both bacterial
and duodenal samples, and NMR analysis (Figure 4.10) verified the physico-chemical nature
of chemically synthesised BRS, which shared an identical mass and CID spectra to 2 and 3. We
expect that 2 is the major biological metabolite of 1, with the formation of 3 occurring over
time when 2 is solubilised in aqueous or methanolic solution, under normal lighting conditions

at room temperature.

Our previously published™® HPLC method used to detect BV metabolites required an n-
dioctylamine containing mobile phase, which is incompatible with LCMS.™ Thus, a new
method was developed in order to analyse these compounds via mass spectrometry. We then
observed that during both ionisation and fragmentation (Figure 4.5 and Figure 4.6
respectively), the sulfonate group (H.S03) at the C10 bridge of 2 was cleaved, followed by the
detection of a BV 581.242 m/z ion (1). The neutral loss of H,S03 has been reported previously
(i.e. intestinal sulfonation of gambogic acid in the rat) and the subsequent neutral loss of
H,S0s in negative ion mode for both ESI and CID of the sulfonated compound during MS/MS
analysis.™#) The 581.242 m/z ion observed in both 1 [M-H]" and 2 [M-H-H,SOs]" both follow
similar CID for BV as previously described in the literature.®® |nterestingly, the CID spectra
for 1 and 2 also feature a 285.126 m/z ion as a prominent fragment, and this fragment has
been reported in the literature as a prominent fragment for UCB under similar CID

conditions(**? indicating that all 3 compounds have this dipyrrole moiety in common (Figure
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4.7). Chemically prepared and biologically formed 2 both exhibit similar fragmentation
patterns (Figure 4.6), and therefore it is possible that 1 may be metabolised into 2 in the
duodenum and transported to the blood where it could contribute to reductive potential and
potentially be oxidised to become 1.7°? We confirmed that 2 contributes to reductive
capacity of serum, reducing 3 molar equivalents of (Fe**-TPTZ) in the FRAP assay. Therefore,
future investigation into the pharmacokinetics of 2 is warranted, in addition to studying the

efficacy of its administration in disease models that induce oxidative damage.

The broad specificity of anaerobic bacterial enzymes found in the human gastrointestinal tract
for bile pigments has been previously demonstrated®3 and it has been suggested that
bilirubin reducing enzymes serve for the disposal of electrons produced by fermentolytic
processes performed by these bacteria, however, the mechanisms of biliverdin/bilirubin

metabolism are poorly understood.

Citrobacter youngae is widely distributed in water, soil, food, and the intestinal tract of
humans and animals. It stands among several genera of the family Enterobacteriaceae found
in mammals and respires tetrathionate (S40¢%), which is formed in the intestinal mucosa of
vertebrates as a result of the oxidation of thiosulfate (5203%; an endogenous luminal sulfur
compound) by reactive oxygen species (ROS) during gut inflammation.**# The reduction of
tetrathionate is catalyzed by a membrane bound electron transport chain (containing
tetrathionate reductase).*® This process results in the reduction of tetrathionate into two
molecules of thiosulfate which is in turn reduced further to sulfite (S03%") and hydrogen sulfide
(H2S) via disproportionation which can provide energy for growth.*® |t is quite interesting to
note that octahaem tetrathionate reductase in Shewanella oneidensis contains eight
covalently attached haem groups®®”, which highlights the complicated interplay between
mammalian haem metabolism, the use of O, in mitochondria as a final electron acceptor, and
the bacterial respiration of sulfates and inflammatory processes, all of which involve the
structure of cyclical and linear tetrapyrroles. Based upon our limited knowledge of
tetrapyrrole bacterial metabolism, we hypothesised that bacteria might sulfonate biliverdin
(1) via the generation of bisulfite ions which are added to biliverdin at the C10 bridge, forming

bilirubin sulfonate (2).
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Itis possible that C. youngae either enzymatically, or through the process of sulfite production
occurring at the membrane during tetrathionate reduction and subsequent
disproportionation into sulfites and sulfides, could catalyse the formation of 2 from 1. We
note the 2 synthesis method adopted here involved addition of sodium hydrogen sulfite to
11224 lending credibility to the idea that sulfite production from bacteria may occur via a

similar mechanism and result in the formation of 2.

While there are no reports identifying the presence of endogenous 2 production in mammals,
2 has been identified in the bullfrog. McDonagh®® reported that the larval American bullfrog
Rana catesbeiana does not produce UCB or bilirubin glucuronides, but rather forms a related
polar linear tetrapyrrole, BRS (2) from BV (1). McDonagh also reports that 2 is excreted intact
in the bile of the frog, but not in the rat.?® This may occur because frogs lack hepatic
expression of BVR®, meaning that 1 was available for hepatic metabolism (to 2). Further, i.v.
administration of 1 or frog haemoglobin to bullfrogs leads to biliary excretion of 2, suggesting
the hepatic formation of 2 occurs by the enzymatic addition of HSOs anion to 1 in the frog
liver.(3®) Interestingly, the bullfrog exhibits great tolerance against freezing?”, and bullfrog
tadpoles (Lithobates catesbeiana) exhibit high tolerance towards Paraquat toxicity, which
catalyses the formation of ROS, specifically superoxide anions.?® Given the antioxidant
capacity of related tetrapyrroles1”), 2 may form part of the antioxidant defence network in
the bullfrog. We confirmed the reductive potential of 2, demonstrating that one molecule of
2 scavenges 3.819 equivalents of FRAP oxidant (aqueous), similar to that of BRDT, supporting

a conclusion that 2 may support antioxidant defence mechanisms in vivo.

This study suggests that oral administration of 1, which reportedly induces protection against
Forssmann anaphylaxis in Guinea pigs*4”), may instead result in 2 formation (as demonstrated
in Wistar rats). 2 is rapidly absorbed and accumulates within the blood after the
administration of 1/ and, therefore, might represent an active metabolite of 1 and potentially
protect against hypersensitivity reactions. We demonstrate that 2, 1 and related tetrapyroles
reduce Fe3*-TPTZ radical species and therefore may serve as a protective mechanism against
inflammatory/anaphylactic mechanisms as previously reported.” 1°8 159) Therefore, 2 should

be tested in models of inflammation, with 1, to discriminate relative efficacies. If 2 is

53| Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

determined to be efficacious, the pharmacokinetics of various 2 formulations could be tested

in addition to titrating the necessary dose to maximise the efficacy of treatment.

This manuscript is the first to report gastroenteric BV (1) metabolism and provides details as
to the nature of this metabolite, the source of its formation and its reductive potential. These
results carry importance because they may assist in explaining the anti-inflammatory effects

of 1 in addition to assisting in rational drug design of anti-inflammatory drugs.

Methods:

Reagents and Materials:

Biliverdin hydrochloride was obtained from Frontier Scientific (Utah, USA). All other reagents
were obtained from Sigma-Aldrich, unless otherwise stated. BV standards were stored at -30
°C (in DMSO) and biological samples were stored at -80 °C. Prior to injection, 40 uL of either
standard (~50 uM) or sample was added to 120 puL of mobile phase (50:50 20 mM ammonium
acetate in 100% HPLC grade methanol: 20 MM ammonium acetate in HPLC grade H,0), except
for duodenal samples where 120 pL of pure methanol (duodenum) was used instead of

mobile phase in the same ratios.

Synthesis of bilirubin-10-sulfonate (BRS; 2)

In a dark room and in vessels covered in foil, biliverdin.HCI (10 mg) was dissolved in 10 mL of
ethanol. With the mixture, 1 mL of NaHSOs3 solution (0.4 g; 1.92 mmol) was added and this
mixture was vortexed for 30 seconds at time points 0, 15, 30 and 45 minutes. After the 45th
minute, the mixture was centrifuged for 5 minutes at 4500 rpm, and the supernatant was
added to 10 mL of saturated Na,SO4 with 5 pL of glacial acetic acid then added. The mixture
was then vortexed for 30 seconds and centrifuged again for 5 minutes at 4500 rpm. The
supernatant was then diluted at a ratio of 1:2 (supernatant:dH20). Under light vacuum, the
mixture was passed through a C18 hypersep SPE cartridge (Thermo Fisher Scientific, Australia;
300 mg packing) that had been conditioned with 15 mL of methanol, followed by 15 mL of
pure dH20. Following the addition of the mixture, 35 mL of dH20 was passed through the
column. Bilirubin-10-sulfonate was eluted from the SPE cartridge using 5 mL of methanol.

Pure product was obtained after removal of methanol via centrifugal evaporation at room
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temperature (below 30 °C). The pure product was then analysed by mass spectrometry (ESI-

MS, 663.215 m/z, Figure 4.5).

High Performance Liquid Chromatography/Mass Spectrometry — a method for the

simultaneous detection of 1 & 2 present in biological matrices and sample assays.

Bacterial assays, intestinal samples and standards were analysed for 1 and structurally related
tetrapyrroles using HPLC-ESI/MS/MS (Agilent, California, USA). Biliverdin (1), bilirubin-10-
sulfonate (BRS; 2), and a primary bilirubin-10-sulfonate breakdown product (3) were detected
using a photodiode array (380 nm, 440 nm and 412 nm respectively), in a single run. HPLC-
ESI/MS/MS (LCMS/MS) analysis was performed on an Agilent 1290 HPLC (with PDA) coupled
in series to an Agilent 6530 Q-TOF operating in negative ion mode using Agilent Jet Stream
ESI ion source. Separation was achieved using a reverse phase C18 column (GraceSmart C18
150 x 4.6 mm, 3 um, Grace Davidson, Australia; column oven set at 45 °C) and a flow rate of
1.0 mL-min~% The initial mobile phase consisted of 50% mobile phase B (20 mM ammonium
acetate in 100% HPLC grade methanol) and 50% mobile phase A (20 MM ammonium acetate
in 100% HPLC grade H,0). A linear gradient was applied: 0-3 minutes, 50% B; 3-11 min, from
50% to 65% B; 11-12 min, from 65% to 95% B; from 12-15 min, 95% B. After 15 minutes, 50%
B was run for a minimum of 7 minutes to re-equilibrate the column between analyses.
Reference ions at 68.995758, 119.036320, 301.998139 and 966.000725 m/z were continually
introduced into the detector along with the eluent to provide accurate reference mass
correction. ESI operating conditions were: drying and sheath gas (N2, purity >98%), drying gas
temperature 325 °C, drying gas flow 10 L/min, nebulizer gas pressure 40 psig, sheath gas
temperature 325 °C, sheath gas flow 12 L/min, capillary voltage 4kV with the MS and MS/MS
acquisition range set from 70 — 700 m/z. The nozzle, fragmentor, skimmer and octopole RF
voltages were set at 2000, 130, 65 and 750 V, respectively. Nitrogen (purity >99.999%) was
used as the collision gas for MS/MS analysis, with collision-induced dissociation (CID) voltages
set at 10, 20 and 40 V. Data were collected via targeted MS/MS analysis with a scan rate of 3
spectra/sec. A 663.2150 m/z ion was identified as the ion in highest abundance correlating
with the UV peaks of unknown metabolites and was targeted as the precursor ion for CID,
along with the 581.2425 m/z ion which eluted with the UV peak of 1. 1 and 2 were also

detected in series (prior to MS/MS analysis) using a photodiode array (PDA; 380 nm and 440
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nm, respectively) in a single run. Agilent MassHunter software was used for UV and MS data

analysis.

Prior to analysis, duodenal wash or bacterial assay samples were defrosted at 22 °C and were
prepared by adding 120 pL of pure methanol to 40 pL of the sample and centrifuged (21500
x g; 10 min). The supernatant from each sample was then passed through a 0.22 micron PFTE
syringe filter (Shimadzu, Australia), and 20 pL of the filtrate was injected via the autosampler

for analysis.

Duodenal administration of 1 to rats

Rats were administered biliverdin hydrochloride as documented previously.”) To prepare a
duodenal sample, 1 mL of sterile phosphate buffered saline was washed through the
duodenum via syringe and collected. It was then centrifuged (21500 x g; 10 min) and the

supernatant was aliquoted and immediately transferred to a -80 °C freezer for later analysis.

Bacterial metabolism of 1

To test whether C. youngae metabolised 1, 100 pL of a 1 mM solution of 1 or equivalent
volume of diluent (2% DMSO + 98% 100 mM TRIS-HCI 7.6 pH) was added to a C. youngae
culture at 1: 1 ratio and was incubated at 37 °C for 60 mins. The reaction was quenched with
800 pL of -20 °C methanol (MeOH) at 0, 20, 40 and 60 mins, in order to determine the effect
of time on 1 metabolism. To ensure consistency and repeatability between experiments the
culture broths were inoculated for a period of 18 hrs, the bacterial content of which was
standardised to 0.28 OD by measuring optical density with a spectrophotometer (POLARstar,
Germany) at 600 nm. After completion of the assays, the samples were centrifuged (30000 x
g; 80 seconds) and the supernatant was aliquoted and immediately transferred to a -80°C

freezer for later analysis.

Appropriate control assays were prepared in the same manner, with one excluding 1 (culture

with no 1) and another not including bacterial culture including 1 (no culture with 1).

Duodenal chyme metabolism of 1

To confirm that the duodenal content, and potentially bacteria therein was responsible for

forming 1, an 8 cm length of duodenum, cut 2 cm distal to the pyloric sphincter, was removed
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from a naive Wistar rat. To one end of the freshly excised duodenum, a 5 mL syringe was
attached and 5 mL of phosphate buffered saline was washed through it with the resulting
liquid collected in a petri dish. A control sample of 5 mL PBS added directly to a second petri
dish prepared at the same time. A 500 uL sample was collected prior to the addition of sodium
biliverdinate from both petri dishes and analysed for its BV and BRS concentration. To both
dishes, 500 pL of 1.2 mg/mL sodium biliverdinate was then added and both dishes were
incubated in the dark at 37 °C. At 1, 5, 15 and 30 minutes, a 500 pL sample was collected. 40

uL of each sample was immediately prepared for analysis of BRS and BV via LCMS.

FRAP assay

The ferric reducing ability of plasma (FRAP) was determined by the method of Benzie and
Strain®#®¥ and performed on a COBAS Integra 400 analyser (Roche Diagnostics, Australia).
Three independent dose response experiments were conducted, with each concentration of
each bile pigment tested in duplicate in each experiment. The sodium salt of biliverdin was
prepared as previously published.® All other compounds were solubilised in distilled H,0 at
stock solutions of 4 mM and were diluted further for experimental testing (final
concentrations 0-100 uM). All solutions were covered in foil and lights dimmed during
experimental testing. All solutions were made in either ddH20 or human plasma obtained
with informed consent from a single healthy donor and repeated in triplicate, with all
methods carried out in compliance with relevant guidelines and regulations. Reductive
equivalents were determined by fitting a linear regression to the dose response relationship
with the slope of that relationship quantifying the reducing equivalents per mole of bile

pigment.

NMR analysis

'H and 3C NMR spectra were recorded at 298 K on an Avance 300 MHz spectrometer (300
and 75 MHz, respectively; Bruker BioSpin). *H-H correlation spectroscopy (COSY) and *H-13C
heteronuclear single quantum coherence (HSQC) were used to confirm 'H and 3C
assignments. Signals are reported as chemical shift (6 in ppm) relative to (CD3)2S0 (*H NMR:
6=2.50 ppm; 13C NMR: & = 39.52 ppm). Coupling constants (J) are reported in Hz and can be

found in Figure 4.10.

Additional information
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Supplementary information

Duodenal chyme metabolism of 1
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Figure 4.9: Formation of BRS (2) over time, after addition of BV (1) to duodenal chyme.
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Sodium bilirubin-10-sulfonate (2)

12y COOH 8y COOH

Figure 4.10: 'H NMR (400 MHz, DMSO-ds): $10.21 — 10.08 (m, 2 H, 2 x COOH); 6.81 — 6.72
(m, 1H, H-18a); 6.52 (dd, 1H, J3a,3p cis 17.5, J30,3p trans 11.5 Hz, H-3a1); 6.14 (dd, 1H, J38 cis,3p trans
2.7 Hz, H-3p cis); 6.07 (br s, 2 H, H-5, H-15); 5.61 — 5.57 (m, 2 H, H-18pB); 5.24 (dd, 1 H, H-3f
trans); 5.19 (s, 1H, H-10); 4.13 — 2.90 (br s, 4 H, 4 x NH); 2.70 — 2.45 (m, 6 H, H8a,, H-8p,
H120); 2.20 - 1.93 (m, 11 H, H-7q, H-12f, H-13a, H-17a); 1.85 (s, 3 H, H-2a). 13C NMR
(100 MHz, DMSO-dg): 6178.1, 172.0, 171.2, 171.2 (C-1, C-8y, C-12y, C-19); 142.7, 140.9,
130.8, 130.0, 129.8, 129.6, 127.8, 127.5, 124.6, 123.6, 123.5, 123.4, 123.3, 122.7, 122.7,
122.2,121.7,121.5,117.9 (C-2, C-3, C-3q, C-3B, C-4, C-5, C-6, C-7, C-8, C-9, C-11, C-12, C-13,
C-14, C-15, C-16, C-17, C-18, C-18a., C-18p); 101.0, 100.3 (C-5, C-15); 54.8 (C-10); 36.1 (C-8B,
C-12f3); 21.6 (C-2a); 20.4 (C-8a.); 20.4 (C-120); 10.0, 10.0, 9.8 (C-7q, C-130, C-1701).HRMS
calculated for C33H3sNasNaOoS [M-Na], 663.212477; found ESIMS (m/z): 663.2150 [M-Na]".
(<5 ppm mass accuracy)
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Chapter Five: Pharmacokinetics of Bilirubin-10-sulfonate and Biliverdin: the

potential therapeutic administration of a novel tetrapyrrole

Foreword: Following the characterisation and identification of BRS documented in Chapter
Four, this study sought to determine the pharmacokinetics of BRS alongside BV. This
manuscript also identifies the ideal route and timing of administration of BV and BRS, which
guided experimental design for Chapter 6 where the anti-inflammatory properties of BRS and

BV were investigated.

The abbreviations, formatting and referencing of this document have been altered slightly to

more closely reflect the formatting of other chapters and published work in this thesis.
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Abstract

Background and Purpose: Biliverdin (BV) administration induces antioxidant and anti-
inflammatory effects, with previous reports also identifying anti-anaphylactic potential.
Interestingly however, intra-duodenal administration of BV in rats leads to the formation of
bilirubin-10-sulfonate (BRS), which might be responsible for BV’s purported effects.
Experimental Approach: This study aimed to assess the intravenous, intraperitoneal and
intraduodenal pharmacokinetics of BRS and BV in order to assess their therapeutic potential
in future studies. Bile and venous blood were intermittently collected before and after
administration, which was subsequently analysed using liquid chromatography-mass
spectrometry for quantification of bile pigment concentrations.

Key Results: When BRS was administered i.v., BRS had a significantly (p<0.05) longer
elimination (146.0 vs 61.3 minutes) and distribution (38.3 vs 6.3 minutes) half-life compared
to BV, and significantly reduced (p<0.05) volume of distribution (0.048 vs 0.065 L kg™).
Furthermore, BRS was excreted intact in the bile, whereas BV was excreted after chemical
reduction and conjugation. As a consequence, intraperitoneal and intraduodenal
administration resulted in significantly greater blood concentrations of BRS (p<0.05) with
similar bioavailabilities (i.p. BV 31.9%, BRS 31.6%; i.d. BV 0.08%, BRS 0.14%), over 180
minutes.

Conclusions and Implications: Cumulatively, these data demonstrate that BRS has a superior
pharmacokinetic profile when compared to BV, which is a result of its resistance to hepatic
metabolism and excretion. These data therefore provide a basis to explore the capacity of

BRS to protect from inflammatory pathology.
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Introduction

Biliverdin (BV) and unconjugated bilirubin (UCB) are catabolites of haem and protect from
oxidant-mediated damage in vivo. Specifically, BV administration confers protection in animal
models of ischemia-reperfusion injury®® 144, including liver transplantation in swine.*? Oral
administration of BV potently protects from Forssmann reagent induced anaphylaxis in
guinea pigs” and its intravenous (i.v.) administration after haemorrhagic shock and
resuscitation protects against acute lung injury (ALI)?43 suggesting important anti-
inflammatory potential. Given that intravenously and intraperitoneally administered BV is
rapidly reduced to UCB in vivo'”, it remains unclear to what extent each of these molecules

contribute to protection in these models.

Intriguingly, intraduodenal (i.d.) administration of BV in rats leads to the formation of a novel
antioxidant, bilirubin-10-sulfonate, via addition of bisulfite (HSO3’) to BV.%% This process
occurs due to HSOs3 formation by enteric bacteria, resulting in the rapid and complete
transformation of BV to bilirubin-C10-sulfonate (BRS) which is absorbed and found in the
duodenum, serum, bile and urine.® 169 |ntraduodenal BRS formation from BV now suggests
that oral BV administration leads to the formation of BRS that may confer protection against
anaphylaxis, as reported previously.?#” There is scarce BRS pharmacokinetic data within the
literature. Although McDonagh et al®® reported intact biliary excretion of BRS after i.v.
administration bullfrogs, however, this did not occur in rats. This report was very brief with
no quantitative data provided. Given that BRS possesses similar reductive capacity to UCB and
related bile pigments2®?, it is crucial that the pharmacokinetics of BRS be described in order
to inform further research regarding its therapeutic potential in models of oxidative

stress/inflammation.

The aims of this study were to quantify the pharmacokinetics of BV versus BRS in rats after

i.v.,i.d. and intraperitoneal (i.p.) administration as well as to determine their biliary excretion.

65| Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

Methods

Materials

Experimental work was performed under low light conditions, with BV and BRS solutions
covered in foil and administered within 10 minutes to minimise degradation. Biliverdin
hydrochloride (BV-HCI), bilirubin-10-sulfonate and all other bile pigments including meso
compounds were obtained from Frontier Scientific (Utah, USA). All other reagents were
obtained from Sigma-Aldrich, unless otherwise stated. Powdered BRS and BV standards were
stored at -20 °C, while internal standard solutions and biological samples were frozen in liquid

nitrogen and stored at -80 °C.

Sodium biliverdinate synthesis

50 mg of NaOH (1.252 mmol) was added to 400 mL of ethanol and sonicated for 10 minutes
at 32 °C. This solution was then added to a flask containing 250 mg of BV-HCI (0.404 mmol).
This solution was again sonicated for 10 minutes at 32 °C, then 20 mL aliquots of the 0.625
mg mL? BV solution were transferred to 50 mL Falcon tubes, with each containing 12.5 mg of
BV. These solutions were then evaporated to dryness (Speedyvac centrifuge vacuum
concentrator; LabGear, Australia) at 400 x g, 32 °C for 12 hours at a pressure of ~2 millibar.
The dry aliquots were sealed, transferred to a -80 °C freezer and prepared immediately prior

to use.

Test systems used

Male Wistar rats (10-12 weeks old; 327-437g; Animal Resources Centre, Australia) were
fasted for approximately 12 hours (with free access to water) and allocated to ensure similar
average animal weights for each group. For i.v. administration (2.7 mg kg* body weight) ~1.25
mg of BV/BRS was dissolved in 1 mL of sterile phosphate-buffered saline (PBS; Baxtor,
Australia), sonicated for 5 minutes and administered through a syringe filter (0.45 pm, 33 mm,
Millex PVDF syringe filter, Australia) into the jugular vein via a cannula, which was followed
by a further 3 mL of 0.9% sterile NaCl through the same filter to minimise any loss of
compound within the filter. For i.p. and i.d. administration (27 mg kg! body weight), 12.5 mg
of BV/BRS was dissolved in 4 mL of PBS and sonicated for 5 minutes where the solution was
filtered (as above) and the required volume was administered via syringe into the peritoneal

cavity for i.p. injections. For i.d. injections, a suture was tied gently around the duodenum, ~2
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cm distal to the pyloric sphincter in order to prevent the dose from entering the stomach, and
the dose was injected 5 cm distal to the pyloric sphincter over 120 seconds in order to allow
the small intestine to fill gradually with the solution. A small drop of super glue gel (Loctite,
Australia) was placed over the injection site to prevent escape of the administered fluid or
duodenal chyme into the peritoneum. The duodenal suture was removed 5 minutes after

compound administration. All solutions were optically clear after sonication.

For vehicle control groups, either 1 mL or 3 mL of PBS was administered (i.v. and i.d./i.p.

control groups, respectively).

All animal care and experimental procedures complied with the Guidelines of the Australian
National Health and Medical Research Council and were approved by the Griffith University

Animal Ethics Committee (Ref: MSC/03/18/AEC).

Compliance with design and statistical analysis requirements relating to animal use

For all treatment groups, n=6 was initially planned with n=5 allocated for vehicle control
groups. Due to expected adverse events (i.e. animal sensitivity to anaesthetic), n=5 was
achieved in the i.v. BV and i.d. BV groups. Randomisation of treatments within each
administration route was performed via generating and assigning random numbers to each
animal ID. Blinding was not possible during the treatment process as each compound
administered has a distinctive colour (Blue for BV, yellow for BRS), however blinding was
achieved during sample analysis, by having the sample preparation and instrument analysis

conducted by different operators.

Experimental protocol

Rats were anaesthetised to a surgical plane with i.p. ketamine (50 mg kg™'): xylazine (3 mg kg
1) in a 50:3 ratio until reflexes ceased. The rats’ ventral surface was then shaved and prepared
for surgery, fitted with a rectal thermometer and placed on a heating pad to maintain a
constant body temperature (+ 1 °C from the initial reading). The right jugular vein was
cannulated with flexible silastic tubing (1.19 OD x 0.64 ID mm; Dow Corning, USA) and 50 IU
mL?* of warm sterile sodium heparin (100 IU mL?; Pfizer, USA) was used to flush the cannula
after each use. A mid-line laparotomy was performed, and the common bile duct was
identified and cannulated with 0.78 OD x 0.32 ID mm tubing (Microtube Extrusions, Australia).

Bile acids were continuously replaced via an infusion pump administering sodium
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taurocholate (taurocholic acid sodium salt hydrate; Sigma; 1 nmol minute? g* body weight)
diluted in sterile 0.9% NaCl through a syringe filter and a 3-way valve (Becton Dickinson, USA)
attached to the jugular cannula. Bile flow was allowed to equilibrate for 15 minutes after the
commencement of sodium taurocholate infusion, and thereafter bile was collected for 15
minutes to approximate baseline bile pigment excretion and bile flow. Bile was collected on
ice, in pre-weighed 1.5 mL microtubes (Sarstedt, Australia) and frozen. After compound or
vehicle administration, the laparotomy wound was sutured closed and kept moist using 0.9%
NaCl and gauze. The animal remained anaesthetised for 180 minutes with occasional i.p.
administration of the previously described ketamine:xylazine solution (0.05-0.1 mL). After
180 minutes, the animals were euthanised by removal of the heart. Blood samples of 200 uL
were taken from the jugular cannula, and that volume replaced with sterile, pre-warmed
saline. The blood was centrifuged (5000 x g; 10 minutes) and the 40 uL of the supernatant
(plasma) aliquoted and frozen. All frozen samples described above were first snap-frozen in

liquid nitrogen, then transferred to a -80 °C freezer for storage.

Bile pigment analysis

Plasma samples were analysed for bile pigments via quantitative UHPLC-MS and bile was
analysed for bile pigments via quantitative UHPLC-PDA (LCMS-2020 with SPD-30 PDA,
Shimadzu, Japan). UHPLC analysis was performed using a Shimadzu Nexera X2 system and
separation of the targeted tetrapyrroles was achieved using a reverse phase C18 column
(Vision HT C18HL, 2mm x 100 mm, 1.5 um, PhaseSep, Australia). The UHPLC column was
preceded by a VisionHT C18HL guard column (2mm x5 mm, 1.5 um, PhaseSep, Australia) and
an UltraShield UHPLC precolumn filter (Restek, 0.2 um, Shimadzu, Australia), respectively. The
column oven and autosampler were set to 45 °C and 4 °C, respectively, and the flow rate was

0.35 mL minute™.

Plasma analysis

The initial mobile phase consisted of 34% mobile phase B (HPLC grade methanol, Scharlau,
Spain) and 66% mobile phase A (10 MM ammonium acetate in 25% HPLC grade methanol and
75% Milli-Q H;0), representing a 50.5% initial methanol concentration. The gradient program
applied for the analytical portion of the analysis was as follows: 0.3 minutes - 50% B; 1.5
minutes - 74% B; 1.8 minutes - 92% B; 3.1 minutes - 92% B. The re-equilibration portion of the

analysis ran from 3.1 minutes to 6 minutes at 34% B, with the flow rate increased to 0.42 mL
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minute™ at 3.5 minutes, held until 4.0 minutes, reducing linearly to 0.35 mL minute™ at 4.4
minutes and remaining so until 6 minutes. The total run time including re-equilibration was 6
minutes, with retention times of 2.17, 2.40 and 2.90 minutes for BRS, BV and UCB,
respectively. A 2 uL injection volume was used for all analyses. ESI operating conditions were:
Desolvation line temperature 250 °C, heat block temperature 200 °C, nebulizing gas flow 1.5
L minute™ (N2), drying gas flow 20 L minute™ with all detection voltages set via autotune using
the manufacturer’s tuning solution (Shimadzu, Japan). Data were collected in negative ion
mode via single ion monitoring (SIM) of the m/z corresponding with the deprotonated cation

[M-H] of each compound.

External standards

Stock solutions of BRS, BV and UCB were dissolved individually at 8 mM in DMSO, then
combined to form a mixed stock solution containing 2 mM of each compound. This mixed
stock solution was further diluted with DMSO in order to form working solutions and were
made fresh prior to each standard curve. The working solutions contained BRS/BV/UCB at

concentrations from ~391nM to 200 puM.

Internal standards

Internal standards (IS) included mesobilirubin-10-sulfonate, mesobiliverdin and mesobilirubin
(mBRS, mBV and mUCB, respectively). A mixed IS solution was created by initially dissolving
each individual IS at 8mM in DMSO, which were then combined and further diluted with
DMSO to form the final IS solution with mBRS/mBV/mUCB concentrations of 80/80/40 uM,
respectively. Aliquots of 500 pL of the IS solutions were made, and frozen in liquid nitrogen
prior to storage at -80 °C. Prior to use, IS aliquots were defrosted in darkness at room

temperature.

Calibration

Calibration standards were prepared by adding 40 L of working solution to 150 pL of initial
mobile phase (34% B as above) and 10 uL of IS solution followed by mixing for 5 seconds via
vortex. Prior to injection, the calibration standard was passed through a 0.22 um syringe filter

(PhaseSep, Australia) and 2 uL of the filtrate was injected for analysis.

Sample analysis
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Prior to plasma analysis, 10 pL of IS solution was added to 40 pL of plasma, mixed via vortex
for 10 seconds before adding 150 pL of 1:4 DMSO:methanol and mixing via vortex again for
10 seconds before being centrifuged (21500 x g; 10 minutes). The supernatant was then
passed through a 0.22 um syringe filter (PhaseSep, Australia) and 2 uL of the resulting filtrate

was injected for analysis.

Concentrations of tetrapyrroles found in the plasma were calculated via the internal standard
method using AUC integration of single ion monitoring (SIM) mass chromatograms at the
relevant m/z to compare each analyte to its meso internal standard. Linear calibration curves
(r? > 0.9995) were generated in Labsolutions software (version 5.87 sp1, Shimadzu, Japan)
and the limit of quantification for bile pigments in plasma and bile approximated 300 nM.
Extraction efficiency was assessed via analysis of rat plasma spiked with 12.5/50/100 pM of
BRS and BV, which was then allowed to incubate in the dark for 30 minutes allowing for an
equilibrium in albumin binding to be reached. The extraction efficiency following the
12.5/50/100 uM spike was 95/90/91 % for BRS and 96/89/86 % for BV, meeting the

acceptance criteria of 15% for this method.

Bile analysis

Bile analysis was performed via UHPLC using PDA detection. The initial mobile phase consisted
of 60% mobile phase B (100% HPLC grade methanol) and 40% mobile phase A (20 mM
ammonium acetate 100% dH,0 with 0.005% v/v acetic acid). The gradient program applied
for the analytical portion of the analysis was as follows: 1.6 minutes - 60% B; 1.75 minutes -
70% B, 2.4 minutes - 95% B; 3.5 minutes -95% B. The re-equilibration portion of the analysis
ran from 3.5 minutes to 6.5 minutes at 60% B, with the flow rate increased to 0.5 mL minute™
at 3.75 minutes, decreasing linearly to 0.4 mL minute™ at 5 minutes then decreasing to 0.35
mL minute™ and remaining until a minimum of 6.5 minutes. The total run time including re-
equilibration was 6.5 minutes, with retention times of 2.17, 2.50, 2.69, 3.2 and 3.27 minutes

for bilirubin diglucuronide (BDG), bilirubin ditaurate (BRDT), BRS, BV and bilirubin

monoglucuronide (BMG) respectively. A 2 uL injection volume was used for all analysis.

BRDT was used as an external standard for BDG/BMG as previously published.® Working
solutions were created from ~391 nM to 800 uM as per the plasma analysis method above.
Calibration standards were prepared by adding 40 pL of a working solution to 160 pL of initial

mobile phase (60% B) and mixing for 5 seconds via vortex. Prior to injection, the calibration
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standard was passed through a 0.22 um syringe filter (PhaseSep, Australia) and 2 plL of the

resulting filtrate was injected for analysis.

Prior to bile sample analysis, 160 pL of 1:4 DMSO:methanol was added to 40 pL of bile, mixed
via vortex for 10 seconds before being centrifuged (21500 x g; 10 minutes). The supernatant
was then passed through a 0.22 um syringe filter (PhaseSep, Australia) and 2 pL of the
resulting filtrate was injected for analysis. Each sample was analysed within 45 minutes of

preparation in order to minimise degradation of bile pigments.(®/

Bile pigment concentrations were calculated via AUC integration of PDA peaks at the relevant
wavelengths (440nm for BRS, 380nm for BV and 451nm for UCB and BRDT). All instrument

analysis was performed using LabSolutions Software (version 5.87 sp1, Shimadzu, Japan).

Data and statistical analysis

The peak and theoretical maximum (t=0) plasma bile pigment concentrations, AUC of bile
pigment concentrations (AUCiso), volume of distribution (Vgist), distribution (ti/20; Kaist) and
elimination (t1/2B; Keiim) half-lives and rate constants were calculated using the PK solver(16%

add-in to perform single compartment analysis in Microsoft Excel.

Bile pigment bioavailability was calculated by dividing the AUC1go fori.p. and i.d. by the AUCiso

for i.v. after correcting the i.v. AUC1g0 for differences in dosage.

In order to approximate net bile pigment excretion, the observed biliary bile pigment
concentration for each time point was multiplied by the volume of excreted bile. The vehicle
control group’s bile pigment excretion for that time point was subtracted from treatment
animals, to obtain the delta bile pigment excretion at each time point. These individual
amounts were then added together over time and divided by the total bile pigment dose

administered to obtain a cumulatively excreted dose through the bile.

Statistical analysis of pharmacokinetic parameters between treatment groups was performed
using unpaired t-tests (GraphPad Prism version 8.1.0, USA). If data sets were not normally
distributed, then the Mann-Whitney test was performed. Pharmacokinetic data are

presented as mean +/- SEM. and a p<0.05 was considered statistically significant.

Plasma bile pigment concentration and total bile pigment excretion over time were analysed

via one-way repeated measures ANOVA (RM ANOVA; Bonferroni post hoc). If any dataset
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lacked normal distribution, Friedman repeated measures ANOVA on ranks (Dunn’s post hoc)
was used to determine time points that were different from baseline (to). Where missing
values were identified, mixed-effects analysis was performed. Repeated measures ANOVA
with Holm-Sidak’s multiple comparisons test was performed to determine differences in
cumulative excreted bile pigment doses across all time points. A t-test or equivalent
nonparametric procedures (Kruskal-Wallis ANOVA; Dunn’s post hoc) was used to test for

significant differences in the cumulative excreted dose at 180 minutes.

Results

Vehicle Control

For each experimental route of administration, the vehicle (PBS) was administered as a
control for biliary bile pigment excretion and the baseline AUC for UCB over 180 minutes
(AUCis0). Basal total bile pigment excretion was not significantly different over 180 minutes
between the routes of administration (196.3 + 19.46 nmol, 238.7 + 14.18 nmol and 288.8 +
52.91 nmol for i.v., i.p. and i.d. administration groups, respectively (p>0.05)). Correction for
total bile pigment excretion in treatment conditions was performed by subtraction of total

bile pigment excretion from each of the respective vehicle groups.

Intravenous administration

Intravenous (i.v.) BRS (2.7 mg kg* of body weight) administration increased systemic BRS and
BV concentrations at 5 minutes compared to 0 minutes (to), with BRS and BV remaining
elevated until 180 and 120 minutes, respectively (Figure 5.1A). Administration of BRS also
significantly increased total bile pigment, BV, BRS and bilirubin conjugate excretion rate from
10 to 180 minutes (Figure 5.1B), compared to to. Additional pharmacokinetic data are

presented in Table 2.

BV (2.7 mg kg of body weight) administration increased systemic BV from 5 until 120 minutes
and significantly increased UCB concentrations from 5 until 90 minutes (Figure 5.1C).
Administration of BV also significantly increased total bile pigment, BV and bilirubin conjugate

excretion rate from 10 to 60 minutes, compared to to. (Figure 5.1D).
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Figure 5.1: Effect of i.v. treatment with BRS (A, B; n=6) and BV (C, D; n=5) on the plasma
concentration (left panels) of BRS, BV and UCB; and total bile pigment excretion rate (right
panels; BDG, BMG, BV and BRS in stacked columns; left column is compound treatment and
right column is compound treatment) over 180 minutes. Data points in A and C correspond
with plasma concentrations at 0, 5, 10, 15, 20, 30, 60, 90, 120 and 180 minutes.
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Table 2: Pharmacokinetic parameters in the systemic venous circulation after i.v., i.p. and i.d. administration of BRS and BV.

Compound

V(L kg?)

Kdistribution a
(nM minute?)

ti/2a
(minutes)

Kelimination B (nM
minute™?)

ti2g
(minutes)

AUC13g0
(LM minutes)

Bioavailability
(%)

Biliary excretion (%)

IV BRS 75.6 £7.27 86.4+8.08 | 0.048 +0.005 * 19.3+20* 38.3+4.8* 5.0£0.5* 146.0+14.6* | 7631+746.6 * - 35.4+9.38
IV BV 57.7+5.21 68.4+5.20 0.065 £ 0.003 113.9+10.9 6.3+0.8 12.1+1.6 61.3+7.8 846 +90.7 - 58.7 £ 10.83
2.7 mg/kg
IP BRS 181.8+9.6 * - - - - - - 24114 + 2004 * 31.6 25.5+3.80
IP BV 21.3+25 - - - - - - 2700 + 349 31.9 28.6 £ 6.99
27 mg/kg
ID BRS 1.17+£0.18 - - - - - - 110.1+15.0* 0.14 0.81+0.37
ID BV 0.78 £ 0.17** - - - - - - 63.7 £ 12.2** 0.08** 0.22+0.12
27 mg/kg
Data is presented as mean + SEM.
* denotes p<0.05 when compared with BV treatment via the same route, using a t-test
** BV not detected, [BRS] reported due to the duodenal conversation of BV to BRS previously reported
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Intraperitoneal administration

Intraperitoneal (i.p.) administration (27 mg kg* of body weight) of BRS increased the systemic
concentration of BRS and BV, and significantly increased UCB concentration compared to to,
with the BRS peak occurring after 120 minutes (~172 uM; Figure 5.2A). The plasma BV
concentration following BRS administration appeared after 15 minutes, surpassed 5 uM after
30 minutes, peaked after 120 minutes (~7 uM) and remained elevated until 180 minutes
(Figure 5.2A). Systemic UCB concentration for the BRS treatment group peaked after 90
minutes (~4.5 uM) and was significantly elevated from 30 until 180 minutes compared to to.
The rate of total bile pigment excretion (Figure 5.2B) was significantly elevated from 15 to
180 minutes when compared with the vehicle group, peaking at 150 minutes. BRS was also
detected in the bile at high concentrations (>100 uM from 90-180 minutes inclusive; Figure

5.2B), in the BRS treatment group.

BV (27 mg kg* of body weight) administration increased the systemic concentration of BV and
significantly increased the systemic concentration of UCB compared to to, with the peak for
both BV and UCB occurring after 30 minutes (~11 uM and ~5 uM, respectively; Figure 5.2C).
After 30 minutes, BRS was quantifiable within the systemic concentration and peaked after
180 minutes (~4 uM). Systemic UCB concentration for the BV treatment group peaked after
30 minutes and remained elevated (~3 uM) until 180 minutes (Figure 5.2C). Total bile pigment
excretion after BV administration was significantly elevated from 15 to 180 minutes (Figure
5.2D) when compared with the vehicle group, peaking at 60 minutes. Only BV and bilirubin

conjugates were detected in bile.



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

A B
_~ 50~
_wof e = = oo
> -8~ [BRS] - Treatment E 404 = BV
=2 -#- [BV] - Treatment S mm BRS
= —&— [UCB] - Treatment £
B -¥- [UCB] - Vehicle £
‘E £ 304
: 2
E 1]
S g 204
@] ]
! =
@
E E
z 51 10
= =%
=
0.1+ T T T = 0-
0 60 120 180 0 15 30 60 90 120 150 180
Time (minutes) Time (minutes)
C D
~ 50
100 -8 [BRS]- Treatment T= == BMG
— - [BV] - Treatment g mm BDG
§' A [UCB] - Treatment = 404 = BV
= -¥- [UCB] - Vehicle =]
= £
S £
5 £ 37
: o
g g
g g 20—
S E
=
: .
2 B0 10+
= =5
=
0.1+ " T T T - T @ o-
0 60 120 180 0 15 30 60 90 120 150 180

Time (minutes) Time (minutes)

Figure 5.2: Effects of i.p. treatment with BRS (A, B) and BV (C, D) on the plasma
concentration (left panels) of BRS, BV and UCB; and total bile pigment excretion rate (right
panels; BDG, BMG, BV and BRS in stacked columns; left column is compound treatment and
right column is compound treatment). Data points in A and C correspond with plasma
concentrations at 0, 15, 30, 60, 90, 120, 150 and 180 minutes.

Intraduodenal administration

Intraduodenal (i.d.) administration (27 mg kg* of body weight) of BRS increased the systemic
concentration of BRS compared to to. BRS appeared after 30 minutes and peaked after 180

minutes (~1.1 uM). There was no significant change in systemic UCB concentration or bile
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pigment excretion when compared with to and vehicle groups, respectively. Neither BV nor

BRS was detected in bile.

BV (27 mg kg! of body weight) administration significantly increased the systemic
concentration of BRS compared to to, with BRS appearing at 60 minutes and peaking at 180
minutes (~0.7 uM). There was no significant difference in systemic UCB concentration
compared to toor in bile pigment excretion compared with the vehicle group. Neither BV nor

BRS was detected in bile.
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Figure 5.3: Effects of i.d. treatment with BRS (A, B) and BV (C, D) on the plasma
concentration (left panels) of BRS, BV and UCB; and total bile pigment excretion rate (right
panels; BDG and BMG stacked columns; left column is compound treatment and right
column is compound treatment). Data points in A and C correspond with plasma
concentrations at 0, 15, 30, 60, 90, 120, 150 and 180 minutes.

Comparative Analysis

i.v. administration

Pharmacokinetic parameters are presented in Table 2 and Figure 5.4 with the cumulative
excreted doses corrected for bile pigment excretion of vehicle groups. The volume of
distribution (Vg4) was significantly smaller and distribution half-life was significantly greater
after BRS administration compared to BV. Furthermore, the rate of elimination was
significantly smaller while the elimination half-life and the AUCig0 were significantly greater
after BRS administration. The cumulative excreted dose after BV administration was
significantly greater than BRS administration between 5 - 60 minutes inclusively, however no

significant difference was detected at 180 minutes.

i.p. administration

Intraperitoneal bioavailability after BRS administration was similar to BV administration, and
no significant difference was detected in the cumulative excreted dose at any timepoint
between BRS and BV treatment groups. The AUC1g0 and peak concentration in plasma of BRS

was significantly greater than BV (Table 2).

i.d. administration
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The bioavailability of BV was assessed based on the resulting systemic BRS concentration
because BV is converted to BRS in the duodenum prior to absorption. Bioavailability for BRS
administration was non-significantly greater than that of BV administration. The AUC1goof BRS

was significantly greater than BV (Table 2), and no differences were detected in the

cumulative excreted dose (Figure 5.4C).
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Figure 5.4: Cumulative biliary excretion of bile pigments after i.v. (A), i.p. (B) and i.d. (C)
administration of BRS and BV. For neatness, SEM bars on the cumulative excreted dose
data in each graph are shown in one direction.
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Discussion and conclusions

This manuscript presents a comparative pharmacokinetic analysis of BV and a recently
discovered active metabolite, bilirubin-10-sulfonate. Biliverdin administration induces potent
anti-inflammatory effects, however, we recently demonstrated that i.p. and i.d. biliverdin
administration results in appreciable bilirubin-10- sulfonate (~¥22%) conversion in vitro and ex
vivo.1%% These findings raise questions as to the direct contribution of biliverdin to published
anti-inflammatory findings. This study therefore aimed to reveal the extent of biliverdin
transformation and its pharmacokinetic profile in vivo, in comparison to BRS, in order to
better understand the potential efficacy of each compound. These data show that BRS had
longer elimination and distribution half-lives than BV following i.v. administration, indicating
less efficient BRS elimination. Both pigments were similarly bioavailable from the peritoneal
cavity yet had limited intestinal bioavailability after 180 minutes. Interestingly, i.p. BRS
administration induced a greater circulating concentration and reduced excretion rate, which
resulted in a substantially elevated AUC1g0 when compared to BV administration. Therefore,
BRS is more likely to induce antioxidant effects, when compared to BV.%% The current
findings are enlightening, in that they also reveal new routes of biotransformation and
metabolism of BV, which was traditionally thought only to undergo chemical reduction to
unconjugated bilirubin. Therefore, this study will greatly impact the design and conclusions
of future investigations that supplement biliverdin and/or bilirubin sulfonate in models of

inflammatory/oxidant mediated disease.

i.v. administration

Rapid plasma clearance of BV has been previously documented in the rat™, which is

underpinned by its direct hepatic elimination and chemical reduction by biliverdin reductase
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(BVR) to unconjugated bilirubin, which is then glucuronidated and excreted. Previously
published™ volume of distribution data in rats for i.v. administration of BV (0.069 L kg)
agrees with the data presented here (0.065 L kg'). Similar to previous studies, we show an
increase followed by decrease in UCB concentration following i.v. BV administration,
demonstrating this rapid conversion to UCB peaking at 10 minutes (7.39 uM vs 0.37 uM

compared to solvent control; Figure 5.1C).

No data regarding BRS pharmacokinetics exists, despite BRS pharmacokinetic studies in rats
and bullfrogs alluded to within literature.®® In contrast to BV, i.v. BRS reached a greater peak
plasma concentration (75.6 uM BRS vs. 57.7 uM BV; Table 2) and had significantly reduced
rates of distribution and elimination, leading to substantially longer half-lives for both phases.
The AUCiso data for BRS was therefore, ~9 fold greater than BV. These data clearly
demonstrate that BRS is retained within the circulation for longer (26.35 uM BRS vs 0.33 uM
BV after 180 minutes) after i.v. administration and suggest that BRS may not be a substrate
for UGT1A1 unlike unconjugated bilirubin.2¢? These findings are intriguing, because BRS has
two free propionate groups, similar to UCB, however, is highly water soluble likely due to C10
conjugation with sulfonate, which is ionised at physiological pH. It remains unknown whether
BRS is carried by circulating albumin or whether it is a ligand for hepatic transport proteins
including OATP(263) and MRP2(264), which might facilitate movement of BRS from plasma into

the hepatocyte(16> 166) and then into the bile canaliculus.

The biliary excretion profile after i.v. BRS and BV administration support the plasma
disappearance data and show unique excretion profiles (Figure 5.1B, 5.1D). Approximately
one third of bile pigment excreted was intact BRS and was quantitively less than intact

excreted BV after i.v. BV administration over the 180 minutes of experimentation. These data
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support the notion that BV is excreted as BMG or BDG after its conversion to UCB by BVR??,
with a small amount of BV excreted intact in the bile, due to probable saturation of BVR.% 162
While MRP2 is a primary transporter of organic anions from the hepatocyte to bile canaliculi,
studies administering BV and C-10 substituted bilins to MRP2 deficient rats suggest that MRP2
is not essential for their excretion.6? The authors instead suggest that albumin plays a part
in biliary excretion, either directly or indirectly, and go on to describe the biliary excretion
curve of C-10 substituted bilins as delayed, showing a very broad-peaked and trailing biliary
excretion curve.%? These data support the prolonged elimination half-life data and delayed
peak of BRS excretion (Figure 5.1B) and strengthen the conclusion of impaired biliary

excretory transport of BRS.

i.p. administration

Results obtained following i.p. administration suggest that; both BV and BRS diffuse through
the peritoneum and into the circulation; they have a similar bioavailability (31.6% vs 31.9%;
Table 2); however, both the AUCisp and peak plasma concentration following BRS
administration were much greater compared to BV administration. The most striking
differences observed following i.p. administration (Table 2) were the ~8.5-fold increase in
peak BRS plasma concentrations when compared to BV administration and the ~8.9-fold
increase in BRS AUCis0. These data indicate that lower doses of i.p. BRS could be administered
(perhaps one-eighth dose) to achieve similar circulating concentrations of BV, after BV
administration. As previously reported, the majority of bile pigment excretion after BV
administration is in the form of BMG:BDG (2:1 approx. ratio). In contrast, the major bile
pigment excreted following BRS administration was BRS itself (in addition to increased

BMG/BDG; 2:1 approx. ratio), further supporting a conclusion that hepatic conjugation is not
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required for its excretion. These data, in the context of similar cumulative excreted dose over
180 minutes, demonstrate that enhanced absorption/impaired excretion of BRS are likely
responsible for vascular retention of BRS. Such retention could be highly beneficial in
promoting antioxidant efficacy as demonstrated in the FRAP assay’®® and reducing the

necessary dose to achieve therapeutic concentrations as indicated earlier.

The appearance of BV in the plasma following BRS administration (Figure 5.2C) is an
interesting observation. These findings are consistent with BRS decomposition to BV observed
over time in plasma and following ESI ionisation during LCMS analysis.?¢% The labile nature
of BRS, a result of nucleophilic addition should be considered carefully, as this C10 addition is
in thermodynamic equilibrium and is therefore, reversible.?67-179 Furthermore, BRS was
detected following i.p. BV administration, and this is likely caused by reaction with bisulfite
ions present in peritoneal fluid.”% 172 This is a novel and unexpected finding, suggesting that
BRS may confer some in vivo anti-inflammatory protection following i.p. BV administration
and raises questions as to how much, if any, of the inflammatory protection reported in the

literature(” 132 134, 141, 143, 144) coy|d instead be attributed to BRS.

These data demonstrate substantial intraperitoneal bioavailability and absorption of BRS and
BV over 3 hours. Standard liver transaminases, released during hepatic injury, were tested

following compound administration, revealing no significant elevation after 3 hours.

i.d. administration

Results obtained following i.d. administration confirm that BV is converted to BRS in the
duodenum, as reported previously (~22% conversion)® 6% and suggest that BRS and BV are

absorbed poorly through the intestine with bioavailability marginally increased for BRS
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compared to BV (0.14% vs 0.08%; Table 2). However, BRS administration resulted in a
significantly greater AUC1s0 compared to BV, which was a probable consequence of partial
intraduodenal BV to BRS conversion, which was then absorbed. Limited duodenal absorption
of both compounds is further supported by insignificant changes in biliary bile pigment

excretion and cumulative excreted dose over 180 minutes.

These data are supported by reports indicating paracellular diffusion of bile pigments in the
caco-2 cell permeability assay.?”> 174 Interestingly, the authors demonstrated mildly
improved permeability of BV and BRDT (a water soluble bilirubin analogue) compared with
mannitol control.?”% We speculate that enteric paracellular absorption occurs over greater
than the 180 minutes assessed here. Therefore, the administration of BRS and BV to conscious
animals with intermittent blood sampling over 1-2 days may be required to accurately assess

enteric bioavailability.

Limitations

The single compartment model applied here assumes homogenous compound distribution
throughout tissues. In this case, true tissue distribution may be confounded by rapid
conversion of BV to UCB via ubiquitous BVR, which may lead to overestimation of distribution
volumes here. While no data exists regarding the affinity of BRS for BVR, the literature shows
other bilins substituted at C10 are not substrates for BVR?”? and therefore the volume of
distribution is less likely to be overestimated for BRS. Additionally, the same dose (mg kg™) of
BV and BRS was administered, however the molar mass of BRS is greater than BV (~663 vs
~582 amu). Therefore, BRS concentrations are marginally underestimated from a

stoichiometric perspective. Finally, given that the bile duct was permanently cannulated,
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entero-hepatic circulation of BV and BRS was interrupted and therefore, circulating

concentrations have likely been underestimated here.

Conclusion

This study describes the complete plasma absorption, clearance and biliary excretion profiles
of BRS and BV following i.v., i.p. and i.d. administration, identifying i.p. administration as the
suggested route for future study of their therapeutic efficacy. This manuscript describes the
complex interplay of BV and BRS metabolism, which is critical to understanding BV’s apparent
anti-inflammatory effects, withi.p. and i.d. BV administration leading to BRS formation in rats.
Therefore, assessment of the contribution of BRS in models of BV administration is warranted
and may lead to the development of BRS as a therapeutic molecule. Following i.p.
administration of both compounds, sustained elevations in plasma concentrations are shown;
however, BRS and BV were poorly absorbed following i.d. administration. These conclusions
provide a justification for i.p. BRS and BV administration studies in animal models of

inflammation to determine their therapeutic potential.
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Chapter Six: Biliverdin and bilirubin sulfonate inhibit monosodium

urate induced sterile inflammation in the rat

Foreword: Guided by the pharmacokinetics documented in Chapter Five, this study sought to
investigate the effects of intraperitoneal BV and BRS administration in animals experiencing
sterile inflammation induced by monosodium urate crystal administration into a
subcutaneous air pouch. As the third and final research chapter, this study demonstrates for
the first time, the anti-inflammatory effects of BRS and BV in an animal model of gouty

arthritis and identifies BRS as a novel anti-inflammatory worthy of further study.

The abbreviations, formatting and referencing of this document have been altered slightly to

more closely reflect the formatting of other chapters and published work in this thesis.
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Background: Biliverdin, a by-product of haem catabolism, possesses potent endogenous
antioxidant and anti-inflammatory properties. Bilirubin-C10-sulfonate (BRS), an active
metabolite formed after enteral administration of BV in the rat, also possess antioxidant
properties. Therefore, we investigated the anti-inflammatory and antioxidant activity of BV
and BRS in an in vivo model of monosodium urate induced sterile inflammation.

Methods: Subcutaneous air pouches were created on the dorsal flanks of Wistar rats (10-12
weeks of age). Prior to stimulation of the 6-day old pouch with monosodium urate (25 mg),
groups were pre-treated with intraperitoneal BRS (27 mg/kg) and BV (27 mg/kg). Total and
differential leukocyte counts were determined in pouch fluid aspirate at 1, 6, 12, 24 and 48 h.
Biliverdin (BV), BRS and unconjugated bilirubin (UCB) concentrations in the serum and pouch
fluid were quantified using liquid chromatography-mass spectrometry. Pouch fluid cytokine
concentrations (IL-1B, IL-1a, TNF, IL-17A, 1L-12, GM-CSF, IL-33, IFN-y, IL-18, IL-10, MCP-1,
CXCL-1 and IL-6) were assessed after 6 hours. In addition, 24 h protein carbonyl and
chloramine concentrations were assessed in pouch fluid using ELISA and spectrophotometry,
respectively.

Results: BRS and BV significantly (p < 0.05) inhibited leukocyte (total, neutrophil and
macrophage) infiltration into the pouch fluid from 6 to 48 h. For example, after 6 h neutrophil
counts decreased following BRS (0.32 + 0.11 x 108 cells mL?) and BV (0.17 + 0.03 x 10° cells
mL?) compared to MSU only (3.51 + 1.07 x 10° cells mL?). Both BV and BRS significantly (p <
0.05) reduced pouch GM-CSF (BV: 5.8 + 1.2 pg mL%, BRS: 6.9 + 1.5 pg mL™* vs MSU only: 13.0
+1.9 pg mL?) and MCP-1 concentrations at 6 h (BV: 1804 + 269 pg mL™, BRS: 7927 + 2668 pg
mLvs MSU only: 17290 + 4503 pg ml), whilst BV additionally inhibited IL-6 (4354 + 977 pg
mL?! vs MSU only: 25070 + 5178 pg mL?) and IL-18 (17.6 + 2.0 pg mL*vs MSU only: 81.5 +

19.9 pg mL1) concentrations at 6 h (p < 0.05). Despite these differences, no change in pouch
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chloramine or protein carbonyl concentrations occurred at 24 h (p > 0.05). Serum BV
concentrations rapidly diminished over 6 h, however, BRS was readily detected in the serum
over 48 h, and in pouch fluid over 12 h.

Conclusions: This study is the first to elucidate anti-inflammatory activity of BRS and the
efficacy of BV administration in a model of gouty inflammation. Reduced leukocyte infiltration
and cytokine production in response to sterile inflammation further support the importance

of these molecules in physiology and their therapeutic potential in sterile inflammation.
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Introduction

Tetrapyrroles are involved in cellular metabolic processes including respiration and
photosynthesis, and are evolutionarily conserved across all kingdoms of life.?”®) From a
precursor for phycobilin synthesis in cyanobacteria and algae®’?, to a part of the haem
catabolic pathway/anti-inflammatory mechanism in mammals/?® 42, these tetrapyrroles

appear to be vital for the survival of all organisms that synthesise them.

Tetrapyrrolic bile pigments such as biliverdin (BV) and unconjugated bilirubin (UCB) are
formed during haem catabolism following red blood cell breakdown, an event associated
with acute tissue injury.2? The innate inflammatory responses to injury occurs in the early
phases of tissue injury, however tissue injury is accompanied by the production of BV and
UCB, which attenuates the subsequent inflammatory response and improves wound
healing.(3% Additionally, Gilbert’s Syndrome (GS) is a condition presenting with a mildly
elevated circulating UCB concentration caused by a reduced uridine glucuronosyltransferase
1A1 (UGT1A1) deficiency due to a polymorphism (~%60 reduction in function), and is
associated with protection against oxidative processes underpinned by a greater antioxidant
capacity in plasma which contributes to the 10.1% lower incidence of cardiovascular disease

within the GS pOpulation.(Zf 15, 116, 118, 119)

Administration of BV protects from inflammatory and oxidant-mediated damage in vivo.” 132
141, 144) Specifically, BV administration protects via reducing the expression or release of
inflammatory cytokines IL-6, MCP-1 and TNF in models of ischemia-reperfusion injury.(% 133
144) pdditionally, BV protects from Forssmann reagent induced anaphylaxis#”), tissue

transplantation?#?, and endotoxin-induced acute lung injury™®3? with a recent study
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demonstrating that BV and related bile pigments neutralise the harmful effects of
superoxide.®? Interestingly, intraduodenal (i.d.) and intraperitoneal (i.p.) administration of
BV in rodents also leads to the formation of bilirubin-10-sulfonate (BRS)* 260, a novel
antioxidant with the potential to confer protection against oxidative and, potentially,
inflammatory processes.2¢% Testing the anti- inflammatory therapeutic potential of these bile
pigments clearly requires further in vivo investigation in models of sterile inflammation with
clinical relevance to human inflammatory conditions in order to determine their potential
physiological importance and their suitability as novel therapeutics. Gouty arthritis is a
common clinically relevant sterile inflammatory condition. In the United States alone, the
financial burden of gouty arthritis in 2013 was ~$1 billion, with acute gouty arthritis attacks
accounting for 32% of this cost.(?”” New treatments could potentially aid in the treatment of
this condition, however, it remains unknown whether bile pigments can influence the course

of this condition or its pathophysiology.

MSU crystals can activate the NLRP3 inflammasome via lysosomal leakage of cathepsins into
the cytosol./?78) Furthermore, it is well documented that MSU crystals induce inflammatory
cytokine and chemokine production/® 193 and initiate an acute inflammatory response
mimicking the condition of gout in humans.®% 179 This response is likely induced by multiple
mechanisms, including direct activation of leukocytes, membrane lysis and complement
activation.®? During the acute phase of the inflammatory response, inflammatory cytokines
monocyte chemotactic protein-1 (MCP-1), interferon-gamma (IFN-y), interleukin-6 (IL-6),
interleukin-1pB (IL-1B), myeloperoxidase (MPQO), macrophage inflammatory protein-1a (MIP-
1), tumour necrosis factor (TNF), chemokine ligand 1 and 2 (CXCL-1 and CCL-2 respectively),

interleukin-8 (IL-8), and macrophage inflammatory protein-2 (MIP-2) have been reported to

94| Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

increase in MSU crystal air pouch inflammation models.%%/ Bile pigments attenuate MCP-1,
IL-6 and MPO responses, therefore, it was hypothesised that BRS and BV administration to
the MSU subcutaneous air pouch model of inflammation would significantly reduce both
leukocyte infiltration, inflammatory cytokines and biomarkers of oxidative

stress/modifications within the inflammatory milieu of the pouch.
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Materials and Methods

Materials

Biliverdin hydrochloride and bilirubin sulfonate were obtained from Frontier Scientific (Utah,
USA). All other reagents were obtained from Sigma-Aldrich (Australia), unless otherwise

stated.

Sodium biliverdinate synthesis

50.07 mg of NaOH (1.252 mmol) was added to 400 mL of ethanol and sonicated for 10 min at
32°C. This solution was then added to a flask containing 250 mg of BV-HCI (0.404 mmol). This
solution was again sonicated for 10 min at 32°C, then 20 mL aliquots of the 0.625 mg mL* BV
solution were transferred to 50 mL Falcon tubes, with each containing 12.5 mg of BV. These
solutions were then evaporated to dryness (Speedyvac centrifuge vacuum concentrator;
LabGear, Australia) at 400 x g, 32°C for 12 h at a pressure of ~2 millibar. The dry aliquots were
sealed, transferred to a -80°C freezer and reconstituted in PBS immediately prior to use. All
solutions were protected from light during preparation using aluminium foil and a darkened

laboratory.

Monosodium Urate Crystal synthesis

Monosodium urate crystals were synthesised using previously published methods.8% Uric
acid (1.680 g; Abcam, United Kingdom) was added to 400 mL of double distilled H,O and
stirred at 15 RPM for 5 s. Then, 2.25 mL of 5 M NaOH was added and the solution was stirred
at 15 RPM for 5 s. The solution was then rapidly heated to 60°C, allowed to cool with the heat

source removed and left at room temperature for 24 h. Following this, the solution was
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filtered under light vacuum (grade 5 Whatman paper, Thomas Scientific, USA) and the
resulting crystalline solids were washed with 200 mL of 100% ethanol before being dried
under vacuum. The crystals were observed via Scanning Electron Microscopy (SEM) at 15 kV
under high vacuum with images taken at 10 random fields of view (15 kV x 1000). In each
field, 10 crystals were counted, and their respective length and width quantified (Neoscope
JCM-5000, Jeol, Japan) and were observed to have the characteristic needle-like appearance
and dimensions observed in clinical gout (length: 11.4 + 5.52 um, n=100, width: 2.09 + 0.73
um, n=100)% 181) (Figure 6.1). MSU crystals were gently pressed and distributed over
electrical tape and loaded onto a sample stub, which was then coated with gold for 2 min
using a NeoCoater (MP-19020NCTR, Jeol, Japan). Administered MSU crystals were tested via
gel-forming limulus amebocyte lysate kit and were endotoxin free (<0.03 EU mg'; Genscript,

USA).

15 kV x 2000

Figure 6.1: A representative scanning electron microscope image of monosodium urate
crystals used to induce sterile inflammation within the air pouch model.

Sterile Inflammation Air Pouch Model
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Adult male Wistar rats (10-12 weeks of age; 344-440 g) were housed at constant
temperature, under a 12 h light-dark cycle and with free access to food and water. Prior to
each procedure, animals were anaesthetised using 3% isoflurane (Pharmachem, Australia), at
1 L min! in 100% oxygen and maintained under anaesthesia via nose cone. Initially, the
animals’ dorsal flanks were shaved, and subcutaneous air pouches were formed immediately
below the scapulae via subcutaneous delivery of 20 mL of sterile filtered air (0.22 um syringe
filter and a 27G needle). On the fourth day, a further 10 mL of filtered air was delivered to the

pouch to maintain patency and assist the formation of a pseudosynovial joint capsule.®

On the sixth day, under light anaesthesia, 5 mL of a 5 mg mL? sterile suspension of MSU
crystals in 0.9% NaCl (Baxtor, Australia) was injected into the air pouch of each rat via a 21G
needle, except for the sham group (n=3), which received only 5 mL of saline. Thirty min prior
to MSU delivery, rats received a 3.5 mL i.p. injection of BRS (27mg kg1, n=6), BV (27 mg kg™,
n=>5, dissolved 1:1 in PBS:0.9% NaCl), ibuprofen (positive control; 8.1 mg kg, n=5; Glentham
Life Sciences, United Kingdom) or PBS (MSU only and sham groups) through a 5 mL syringe
and 0.45 pM syringe filter. The dose of BV and BRS were chosen following a recent
pharmacokinetic study” and the dose of ibuprofen was chosen as it represents molar
equivalence with BV and a low range effective dose."8?) All compounds were dissolved in PBS

and injected with a 25G needle unless otherwise stated.

Samples of pouch exudate were taken under light anaesthesia periodically at 1, 6, 12, 24, and
48 h after MSU administration by injecting 5 mL of sterile saline into the pouch, gently
massaging the pouch and withdrawing 4 mL of exudate which was collected into a 4 mL EDTA
tube (5.3 mM EDTA; BD, USA) and stored on ice. Additionally, 200 uL of blood was collected

via a tail vein bleed at each timepoint. Leukocyte counts were estimated via haemocytometer,
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and the remaining fluid along with the blood sample were centrifuged for 8 min at 2000 x g
at room temperature (RT). The supernatant and serum were aliquoted, placed on dry ice and
stored at -80°C, and cell pellets were used for differential staining using a Rapid Diff stain

(Australian Biostain, Australia) according to the manufacturer’s instructions.

Inflammatory markers

Cytokines (IL-1B, IL-1a, TNF-a, IL-17A, IL-12, GM-CSF, IL-33, IFN-y, IL-18, IL-10, MCP-1, CXCL-1
and IL-6) were quantified in the 6 h pouch exudate using a bead-based immunoassay
sandwich ELISA method (LEGENDplex, Biolegend, USA). Samples were processed
guantification of soluble analytes performed utilising a BD SORP LSR Il Fortessa flow
cytometer, as per the manufacturer’s instructions for use (IFU). A minimum of 500 events per
analyte was acquired in the classification channel fluorophore APC (Ex 640nm Em: 670/30)
with Median Fluorescence Intensity (MFI) of the reported fluorophore (PE; Ex 561 Em 588/12)
interpolated against relevant standard curves using the proprietary Biolegend Software

(LEGENDplex v8.0).

Biomarkers of oxidative stress/modification

Protein carbonyl concentration in pouch fluid was assessed at 24 h via ELISA (Biocell, New
Zealand) and chloramine concentration was assessed using previously published methods.(83)
Protein concentration was assessed by Pierce BCA kit (Thermofisher, Australia).
Myleoperoxidase (MPQO) was assessed at 6, 12 and 24 h via ELISA (resolvingIMAGES,

Australia), however, the values were below the sensitivity of the assay and are not presented.

99| Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

Bile pigment quantification

Serum samples were analysed for bile pigments via quantitative UHPLC-MS (LCMS-2020,
Shimadzu, Japan). Separation of the targeted tetrapyrroles was achieved using a reverse
phase C18 column (Vision HT C18HL, 2 mm x 100 mm, 1.5 um, PhaseSep, Australia). The
UHPLC column was preceded by a VisionHT C18HL guard column (2 mm x 5 mm, 1.5 um,
PhaseSep, Australia) and an UltraShield UHPLC precolumn filter (Restek, 0.2 um, Shimadzu,
Australia), respectively. The column oven and autosampler were set to 45°C and 4°C,

respectively, and the flow rate was 0.35 mL min~2.

Analysis of bile pigments in serum and pouch exudate

The initial mobile phase consisted of 34% mobile phase B (HPLC grade methanol, Scharlau,
Spain) and 66% mobile phase A (10 mM ammonium acetate in 25% HPLC grade methanol and
75% Milli-Q H20), representing a 50.5% initial methanol concentration. The gradient program
applied for the analytical portion of the analysis was as follows: 0.3 min - 50% B; 1.5 min - 74%
B; 1.8 min - 92% B; 3.1 min - 92% B. The re-equilibration portion of the analysis ran from 3.1
min to 6.5 min at 34% B, with the flow rate increased to 0.42 mL min~* at 3.5 min, held until
4.0 min, reducing linearly to 0.35 mL min~! at 4.4 min and remaining so until 6.5 min. The total
run time including re-equilibration was 6 min, with retention times of 2.00, 2.25 and 2.76 min
for BRS, BV and UCB, respectively. A 2 pL injection volume was used for all analyses. ESI
operating conditions were: desolvation line temperature 250°C, heat block temperature
200°C, nebulizing gas flow 1.5 L mint (N2), drying gas flow 15 L min! with all detection

voltages set via autotune using the manufacturer’s tuning solution (Shimadzu, Japan). Data
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were collected in negative ion mode via single ion monitoring (SIM) of the m/z corresponding

with the deprotonated anion [M-H] of each compound.

External and Internal Quantification Standards

Stock solutions of BRS, BV and UCB were dissolved individually at 8 mM in DMSO, then
combined with additional DMSO to form a mixed stock solution containing 2 mM of each
compound. This mixed stock solution was further diluted with DMSO in order to form
‘working solutions’ with concentrations from 390 nM to 200 uM and were made fresh prior

to each standard curve.

Internal standards (IS) included mesobilirubin-10-sulfonate, mesobiliverdin and mesobilirubin
(mBRS, mBV and mUCB, respectively; Frontier Scientific, USA). A mixed IS solution was
created by initially dissolving each IS at 8 mM in DMSO, which were then combined and
further diluted with DMSO to form the final IS solution with mBRS/mBV/mUCB concentrations
of 80/80/40 uM, respectively. Aliquots of 500 uL of the IS solutions were made, and frozen in
liquid nitrogen prior to storage at -80°C. Prior to use, IS aliquots were defrosted in darkness

at room temperature.

Calibration

Matrix matched calibration standards were prepared by adding 10 pL of ‘working solution’ to
390 pL of fresh rat serum to form spiked serum containing BRS/BV/UCB at concentrations
from ~391 nM to 200 uM plus one DMSO only blank. After 10 s of mixing via vortex and 10
min of incubation in the dark at room temperature, 40 uL of spiked serum was added to 10
uL of IS solution followed by mixing for 5 s via vortex. To this solution, 150 pL of 1:4

DMSO:methanol was added and mixed via vortex again for 10 s before being centrifuged
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(21500 x g; 10 min). Prior to injection, the supernatant was passed through a 0.22 um syringe

filter (PhaseSep, Australia) and 2 pL of the filtrate was injected for analysis.

Quality control

Quality control (QC) standards were prepared as per the calibration standards above at
BRS/BV/UCB concentrations of 1.56/12.5/50 uM representing a low/medium/high
concentration, and 40 pL of each were aliquoted into 1.5 mL microtubes. Prior to flash
freezing in liquid N2 and storage at -80°C, 10 uL of IS was spiked into each aliquot of rat serum
spiked with mixed standard and vortexed for 10 s. Prior to each batch of sample analysis, one
aliquot of each concentration level was defrosted while shielded from light, prepared as
above and injected for analysis to confirm accuracy within acceptance criteria range of 85 -
115%. Following every 10" sample injection, one QC standard was reanalysed to ensure assay

validity over time.

Sample analysis

Prior to serum analysis, 10 pL of IS solution was added to 40 pL of sample serum or pouch
exudate, mixed via vortex for 10 s before adding 150 pL of 1:4 DMSO:methanol and mixing
via vortex again for 10 s before being centrifuged (21500 x g; 10 min). The supernatant was
then passed through a 0.22 um syringe filter (PhaseSep, Australia) and 2 uL of the resulting

filtrate was injected for analysis.

Concentrations of tetrapyrroles in serum were calculated via the internal standard method
using AUC integration of single ion monitoring (SIM) mass chromatograms at the relevant m/z
to compare each analyte to its meso internal standard. Linear calibration curves (r? > 0.9995)

were generated in Labsolutions software (version 5.87 sp1, Shimadzu, Japan) and the limit of
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guantification for bile pigments in serum and exudate approximated to be 250 nM for all

analytes.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.1. Differences in leukocyte
counts, cytokines and oxidative stress/damage markers were analysed via one-way ANOVA
(Holm-Sidak post hoc) to test for differences between MSU only and treatment groups at each
time point. Normality of data sets was assessed using the Shapiro-Wilk test. If data sets lacked
normal distribution, equivalent non-parametric tests were conducted and outliers were

removed using the ROUT test (Q = 1%). All error bars are displayed as SEM throughout.

Results

An acute, sterile inflammatory response was observed in the air pouch of rats following the
administration of MSU crystals, which was assessed by measuring leukocyte infiltration,
cytokine concentrations and markers of oxidative stress. The population of the infiltrating
leukocytes primarily consisted of neutrophils and monocytes, which peaked at 12 and 48 h

respectively (Figures 6.2 and 6.3).

Leukocyte infiltration

Leukocyte infiltration was determined by measuring leukocyte counts in the pouch exudate
at each timepoint via haemocytometer (Figures 6.2 and 6.3). A marked and significant (p <
0.05) increase in leukocyte infiltration was observed for the MSU only group when compared

with the sham group from 6 to 48 h inclusive (Figure 6.2). All treatment groups (BRS, BV and
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ibuprofen) had significantly decreased total leukocyte and neutrophil counts compared with

the MSU only group from 6 to 48 h inclusive (Figure 6.2).

A

25+ H MSU only
I BRS

I BV

B 1BU

Leukocyte count (x1 0® cells)

1 6 12 24 438
Timepoint (Hours)

B

207 m VISU only
m BRS
m BY

15- IBU
SHAM

104

Neutrophil count (x1 0® cells)

1 6 12 24 48
Timepoint (Hours)

Figure 6.2: Effects of 27 mg kg-1 i.p. pre-treatment of BRS (n=6, orange) and BV (n=5, blue)
on leukocyte infiltration (A) and neutrophil infiltration (B) following MSU administration
(25 mg in 5 mL sterile saline) to a 6 day old air pouch model of acute inflammation.
Ibuprofen (8.11 mg kg-1i.p. molar equivalent to BRS) was administered as a positive
control (IBU n=5, grey), and PBS (3.5 mL, i.p.) was administered as a negative control (MSU
only n=5, black). The sham group (SHAM, white) was pre-treated with 3.5 mL PBS i.p. and
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received 5 mL of saline into the pouch instead of MSU. * denotes significant difference (p
< 0.05) compared to MSU only, ¥ denotes significant difference (p < 0.05) compared to BRS
at the same timepoint and ¥ denotes significant difference (p < 0.05) compared to BV for

the same time point. From 6-48 h, the sham group was significantly lower than MSU only
(not shown with symbol for neatness). Data are presented as mean + SEM.
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87 B MSU only
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| m BV
6- IBU
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Figure 6.3: Effects of 27 mg kg i.p. pre-treatment of BRS (n=6, orange) and BV (n=5, blue)
on monocyte infiltration (A) and lymphocyte infiltration (B) following MSU administration
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(25 mg in 5 mL sterile saline) to a 6 day old air pouch model of acute inflammation.
Ibuprofen (8.11 mg kgt i.p., molar equivalent to BRS) was administered as a positive
control (IBU n=5, grey), and PBS (3.5 mL, i.p. n=3) was administered as a negative control
(MSU only, n=5, black). * denotes significant difference (p < 0.05) compared with VEH, *
denotes significant difference (p < 0.05) compared to BRS. From 12-48 h, the sham group
was significantly lower than MSU only (not shown with symbol for neatness). Data are
presented as mean + SEM.

Inflammatory Cytokines

Concentrations of cytokines in pouch exudate at 6 h were determined using a multiplexed
bead-based flow cytometric immunoassay. Only cytokines that were significantly (p < 0.05;
unpaired t-test) elevated in MSU only groups versus sham and significantly decreased in
treatment groups versus MSU only (p < 0.05; ANOVA) are reported here (Figure 6.4). All other

cytokine responses can be found in Figure 6.9.
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Figure 6.4: Effects of 27 mg kg i.p. pre-treatment of BRS (n=6, orange) and BV (n=5, blue)
on concentrations of IL-6 (A), MCP-1 (B), GM-CSF (C) and IL-18 (D) in pouch exudate
following MSU administration (25 mg in 5 mL sterile saline) to a 6 day old air pouch model
of acute inflammation at the 6 h time point. * denotes p < 0.05 (ANOVA) compared with
MSU only (black). Data are presented as mean * SEM.

Markers of Oxidative Stress

Chloramine and protein carbonyl concentrations in BRS and BV treated animals were not

significantly different when compared to the MSU only (Figure 6.5 and 6.6).
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Figure 6.5: Effects of 27 mg kg i.p. pre-treatment with MSU only (n=5, black), BRS (n=6,
orange) and BV (n=5, blue) on concentrations of chloramine expressed in nmol chloramine
per mg of protein in pouch exudate following MSU administration (25 mg in 5 mL sterile
saline) into the 6 day old air pouch at the 24 h time point. No significant differences were
detected between groups. Data are presented as mean + SEM.
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Protein Carbonyl
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Figure 6.6: Effects of 27 mg kg! i.p. pre-treatment with MSU only (n=5, black), BRS (n=6,
orange) and BV (n=5, blue) on concentrations of protein carbonyl (hmol carbonyl per mg
of protein) in pouch exudate following MSU administration (25 mg in 5 mL sterile saline)
into the a 6 day old air pouch. Data are presented as mean + SEM.

Bile Pigment Concentrations

Concentrations of BRS, BV and UCB were determined in venous blood over the course of 48

h and are shown in Figure 6.7.
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Figure 6.7: Effects of 27 mg kg i.p. pre-treatment of BRS (n=6, A, left) and BV (n=5, B,
right) on serum concentrations of BRS, BV and UCB. Data is omitted where compound
concentrations were not detectable. Data are presented as mean + SEM.

Samples of pouch exudate were also analysed for bile pigment concentrations. No bile
pigments were detected in the pouch exudate of MSU only or BV treated animals, however
BRS was detected in pouch exudate of BRS treated animals between 1 and 24 h of MSU

administration (Figure 6.8).
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Figure 6.8: Effects of 27mg kg i.p. BRS pretreatment of (n=6) on exudate BRS
concentrations. BV and MSU only treatment had no quantifiable bile pigment
concentrations.

Discussion

The role of inflammation in chronic disease is well established, and bile pigments continue to
show therapeutic potential across a range of models of non-sterile, sterile inflammation and
oxidative damage.® 2 > 42 160, 184) Thjs manuscript is the first to explore the anti-inflammatory
potential of bile pigment administration against gouty inflammation, and the first to describe
the anti-inflammatory activity of BRS. BV and BRS pre-treatment decreased leukocyte
infiltration (Figure 6.2A), neutrophil and monocyte ingress (Figure 6.2B and 6.3A) from 6-48 h
and cytokine concentrations in pouch exudate (IL-6, MCP-1, GM-CSF and IL-18; Figure 6.4A-
D) at 6 h following treatment compared with the MSU only group. Additionally, these data
show that BRS is retained in the circulation, peaking at approximately 120 uM and remaining
above 5 uM after 48 h, demonstrating a favourable pharmacokinetic profile and potential to

confer protection over a greater time period compared to BV.
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Leukocyte Infiltration

In addition to the significant decrease in leukocyte and neutrophil infiltration observed in the
BV and BRS treatment groups, monocyte and lymphocyte infiltration into the pouch from 12-
48 h were also significantly decreased (Figure 6.3). These data suggest initial suppression of
the inflammatory cascade during the early phase of the inflammatory response may have
reduced the severity of subsequent leukocyte infiltration promoting prompt resolution. At 12
h, the neutrophil (Figure 6.2A) and monocyte (Figure 6.3B) counts were significantly reduced
in the BV group compared to BRS, suggesting more potent inhibition of leukocyte infiltration
by BV. Interestingly, at 48 h BV and BRS both significantly reduced leukocyte infiltration
compared with MSU only (Figures 6.2 and 6.3) and were similar with the effect observed with
ibuprofen treatment, suggesting the capacity to acutely resolve inflammation is shared by
both compounds and has a similar effect to that of ibuprofen. Furthermore, BRS significantly
reduced neutrophil infiltration compared with BV at 48 h (Figure 6.2B), indicating that BRS
administration may have been more effective in resolving and preventing neutrophil
infiltration, or promoted neutrophil apoptosis/phagocytosis after 48 h compared to BV.
Neutrophil infiltration into tissues during an inflammatory response occurs following rolling,
adhesion and transmigration of neutrophils on endothelial cells.’8® Significant down-
regulation of these events occurs following BV administration in adult Balb/c mice (i.p. 9 mg
kg1).(285 BV pre-treatment in swine (single bolus i.v. 50 umol kg™) also significantly inhibits
neutrophil infiltration following hepatic ischaemic reperfusion injury.®*Y Furthermore, in
vitro studies conclude that binding of BV to biliverdin reductase-A (BVR-A) on the surface of
neutrophils and macrophages interferes with TLR4, PI3 kinase and Akt signalling pathways,

thus reducing leukocyte infiltration via inhibition of chemotaxis.(?% 13> 186-188) Fyrther studies
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show that BVR deletion enhances macrophage chemotaxis, demonstrating an inhibitory role
for BVR-A.(87) While there are no previous data regarding BRS, UCB is reported to inhibit
leukocyte extravasation with no changes observed in ICAM-1 or VCAM-1 expression.18%
These data imply that UCB may have interfered with adhesion molecule signalling and
contributed to the improved resolution seen here after 48 h. These data further corroborate
BV’s inhibitory effects on chemotaxis and demonstrate, for the first time, that BRS also
exhibits similar effects which in part, may occur following the spontaneous decomposition of

BRS to BV.(160)

Inflammatory Cytokines

These data show that BV treatment significantly reduces IL-6, MCP-1, GM-CSF and IL-18 pro-
inflammatory cytokine concentrations in pouch exudate 6 h post treatment (Figure 6.3) and

BRS administration reduced MCP-1 and GM-CSF concentrations (p < 0.05; Figure 6.3).

Inflammatory cytokines that are clinically associated with gout-induced inflammation(29%
were decreased following BV treatment. These data supported the hypothesis and agree with
published literature reporting administration of BV generally reduces pro-inflammatory
cytokine expression. For example, 50 mg kg i.p. BV treatment prior to and immediately after
small bowel transplant in Lewis rats significantly decreases serum IL-6.32 Another study
reports significant decreases in IL-6 and MCP-1 for i.p. BV (5 mg kg?) treatment in a caecal
ligation model™, with BV treatment delivered 8, 6, and 3 h before laparotomy, once
immediately prior to laparotomy closure and 15 h postoperatively. This study repeatedly
dosed BV, to ensure bioavailability of BV over a longer period, which was achieved in our

study following single BRS treatment (Figure 6.7A). The decrease in MCP-1, a mediator of
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monocyte and lymphocyte recruitment associated with inflammation/insulin resistance®?,
observed in both BV and BRS administered conditions here and in the caecal ligation study??,

support the decrease in monocyte and lymphocyte recruitment (Figure 6.3).

The significant decrease in IL-18 following BV treatment is a novel finding of this study.
Canonically, IL-18 is an inducing factor for interferon gamma (IFN-y)*°?, suggesting that BV
might have inhibit macrophage M1 polarisation as recently shown in BVR knockout
macrophages.(?%8 The IL-18 receptor exerts similar effects to the IL-1 receptor and plays an
important role in regulating the differentiation of cell types of the adaptive immune
system.93) |nterestingly, serum IL-18 concentrations are significantly reduced in aged
UGT1A1-deficient Gunn rats (i.e. rats with naturally elevated serum UCB) compared to the
wild type.® Biliverdin is rapidly reduced to UCB in vivo (Figure 6.7B), therefore, it is possible

that physiological reduction of BV mediated the IL-18 response in this study.

Finally, GM-CSF, a mediator of neutrophil recruitment®®®, was significantly reduced in pouch
exudate at 6 h (Figure 6.4C) for BV and BRS, which supports the decreased leukocyte
infiltration findings here. Additionally, a recent in vitro study reports that proinflammatory
cytokine production, including GM-CSF, is downregulated by BV and phycocyanobilin (PCB;
an algal linear tetrapyrrole structurally similar to BV) pre-treatment of human peripheral

blood mononuclear cells (PBMC) stimulated by a mixed lymphocyte reaction.%/

These data agree with recent reports that BV and enzymes involved in bile pigment
metabolism (BVR/Haem Oxygenase-1) inhibit sterile inflammatory responses. For example,
BV treatment protects rats from acetaminophen-induced toxicity®®”), ameliorates cerebral

ischemia reperfusion injury in rats’®® and supresses inflammatory cytokine release in
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ischemia reperfusion injury and insulin resistance models.”*” These studies, while they
measure different outcomes, add to a growing body of evidence demonstrating that these
bile pigments play a significant role in attenuating inflammation. Improved understanding of
these compounds’ roles within mammalian physiology could lead to their future development

as safe and effective anti-inflammatory therapeutics.

Bile Pigments in Serum

Biliverdin administration induces potent anti-inflammatory effects(’ 132 133 144): however, we
recently demonstrated that i.p. and i.d. biliverdin administration results in appreciable
bilirubin-10-sulfonate (~22%) conversion in vitro and ex vivo.%% Following i.p. BV and BRS
administration, bile pigments were systemically and readily available during the acute phase
of inflammation. In addition, this manuscript brings very important information regarding
longer term systemic concentrations of BRS retained in the circulation. In conscious animals,
circulating concentrations ranged between 120 and 5 uM over 48 h. While BV rapidly
decreased over time (i.e., 24 h) with consequent formation of unconjugated bilirubin
(presumably due to metabolism via BVR™) and a small amount of BRS (Figure 6.7B). After BRS
administration however, serum BRS concentrations were elevated for 48 h, with only small
amounts of BV present over 24 h (Figure 6.7A). These data demonstrate that BRS slowly
decomposes, releasing BV, which could mediate longer term anti-inflammatory effects via

BVR signalling.

We also detected BRS in pouch exudate (Figure 6.8) over 24 h, indicating that it either leaked
into the pouch with exudate formation, or diffused through tissues into this compartment.

Surprisingly, markers of oxidative stress were not significantly impacted by BV or BRS (despite
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consistent reductions in protein carbonyl for BRS and BV) (Figures 6.5 and 6.6). These data
are, however, most likely related to the relatively low local concentrations of bile pigments in
the pouch environment. Future studies could investigate the effect of injecting the
compounds directly into the pouch (akin to the joint) to determine whether local
concentrations can similarly inhibit inflammatory and oxidative processes. Additionally, MPO
concentrations in pouch exudate were below the limit of detection for our assay; however, it
is possible that BRS, which possesses a reduced C10 bridge, behaves similar to UCB, which
inhibits neutrophil burst and neutralises superoxide radicals.? Furthermore, high urate
concentrations in the pouch may also have competed for radical formation over the relatively
low concentrations of BRS, impacting protection from pouch fluid oxidation. Therefore
perhaps increased bile pigment concentrations in pouch fluid could inhibit MPO mediated
chloramine and protein carbonyl formation?, supporting the need for further studies to

address this question.

Conclusion

Current human and clinical data indicates consistent benefits associated with mild elevation
of UCB (as observed in Gilbert’s Syndrome) as well as the potential of tetrapyrrole
administration®¥ to treat a myriad of inflammatory diseases including cardiovascular

disease and type 2 diabetes mellitus.

This study describes the in vivo anti-inflammatory efficacy of BRS and BV in an MSU crystal
induced model of sterile inflammation in the rat, as well as longer term serum
pharmacokinetics in conscious animals for both compounds. The data presented

demonstrates the importance of bile pigments as endogenous anti-inflammatory compounds
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that are actively produced during sterile inflammation and indicates that BV/BRS
administration are potential therapeutic avenues for the treatment of sterile
inflammation/gout. BRS administration confers similar benefits to BV administration while
remaining in systemic circulation for up to 48 h following treatment. We propose that the
administration of BRS, a hydrophilic compound, is a simple method to increase BV and UCB
in vivo, which could help in realising the anti-inflammatory therapeutic potential of bile

pigments.
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Figure 6.9: Concentrations of cytokines in pouch exudate at 6 h were determined using a
multiplexed bead-based flow cytometric immunoassay.
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Chapter Seven: Thesis Summary and Conclusion

This thesis includes three original investigations, presented as a series of chapters which
examine the discovery, pharmacokinetics and in vivo anti-inflammatory effects of bilirubin-
10-sulfonate and compared to biliverdin. This final chapter will discuss the implications of the
combined experimental chapters and outline future research directions based upon the

reported findings.

7.1 Introduction

This thesis investigated bilirubin-10-sulfonate (BRS), a novel metabolite of biliverdin (BV), and
details the discovery and characterisation of BRS as well as its pharmacokinetics and anti-
inflammatory/antioxidant properties in an animal model of gouty arthritis. The findings of this
thesis identify BRS as a molecule of therapeutic potential, based upon favourable

pharmacokinetic profile and anti-inflammatory efficacy in a model of sterile inflammation.

7.2 Project Summary

The first study (Chapter 4) documents the discovery of BRS following intraduodenal
administration in the rat. Our current understanding of bile pigment metabolism is limited to
the canonical haem catabolic pathway, ending with the conversion of BV to UCB and
conjugation of UCB prior to biliary excretion where bacterial reduction/oxidation converts the
excreted pigments into stercobilins and urobilins, which provide colour to urine and faeces.
Chapter 4 was important because it presents the first evidence of a new metabolic pathway
for bile pigment metabolism in the gut. This chapter showed that biliverdin was metabolised
to BRS and that bacteria were responsible. This implies that any BV excreted in bile would

likely be metabolised to BRS and raises important questions surrounding previous research
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conclusions involving BV administration in vivo. Specifically, previous studies that
administered BV in mammals and attributed any effects to it, may have done so erroneously,
due to BRS formation. Additionally, very little is known regarding the pharmacology, including
pharmacokinetics, of BRS, with McDonagh discovering it in bullfrogs and performing limited
hepatic metabolism studies showing intravenous administration of BRS is excreted intact in

the bile of the bullfrog, but not the rat.¢/

It was hypothesised that enteric bacteria were responsible for the conversion of BV to an
unknown tetrapyrrolic compound via addition at the C10 bridge. Following the identification
of BRS following BV treatment of bacteria, as well as formation of BRS in aseptic controls with
BV added to nutrient broth containing sodium thioglycolate, tandem mass spectrometric
analysis concluded that the unknown compound was bilirubin-10-sulfonate (BRS), and was a
product of bisulfite (HSO3") addition to BV at the C10 carbon bridge. This was confirmed by
the analysis of synthetic BRS, where sodium bisulfite was added to BV and analysed by NMR
to confirm identify. This study also showed the antioxidant capacity of BRS in plasma to be
comparable with that of BV, thereby identifying BRS as a compound with therapeutic

(antioxidant) potential.

Having discovered this compound and the possibility of a new enteric metabolic pathway for
biliverdin, we hypothesised that BRS (from BV) would be absorbed from the gut into the blood
stream and re-excreted in bile. Based upon BRS possessing structural similarities with
unconjugated bilirubin, we speculated that its half-life would be greater, and distribution and
elimination rates would be significantly greater than BV. In order to answer this question, BRS
and BV were administered intravenously, intraperitoneally and intraduodenally to

anaesthetised rats, with blood and bile concentrations assessed over 3 hours (Chapter 5). The

121 |Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

results supported the hypothesis in that BV and BRS were absorbed from the peritoneum and
intestine, with intraperitoneal administration causing a much larger increase of circulating
bile pigments in serum compared with intraduodenal administration. These data are
supported by previous preliminary data following intraperitoneal and intraduodenal
biliverdin administration./) The data also showed that BRS was excreted intact in the bile,
with increases in conjugated bilirubin suggesting some conversion of BRS to BV prior to biliary
excretion occurred. This stands in stark contrast to historically published data that reported
BRS was not excreted in the bile of rats following intravenous administration of BRS.¢ The
pharmacokinetic data showed that BRS has a significantly smaller volume of distribution and
rates of elimination and distribution, a greater intravenous half-life, and an increased AUCiso
compared with BV administration. Additionally, detection of trace BRS after intraperitoneal
administration also challenges the possibility of bacteria being the sole source of bisulfite for
BV reduction. Other cellular sources may exist that contribute in vivo to this transformation
and this should be considered carefully, when investigating the efficacy of intraperitoneal BV
administration in models of inflammation. Furthermore, the poor intestinal bioavailability of
BRS and BV as well as an acceptable and similar intraperitoneal bioavailability (~30%)
suggested that intraduodenal administration is not a viable route of administration. Further
studies are required to confirm this and explore means to improve intraduodenal
bioavailability.?%? This study was important because was the first to document the
pharmacokinetic profile of BRS versus BV and it guided the next study in terms of selecting an
appropriate dose and route of BRS administration in order to test both compounds for their

anti-inflammatory properties.
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Based upon the varying pharmacokinetics of both BRS and BV along with the increased
vascular retention of BRS, we tested their anti-inflammatory efficacy in an animal model of
sterile inflammation. This third study (Chapter 6), investigated the effects of intraperitoneal
BV and BRS administration in animals experiencing sterile inflammation induced by
monosodium urate crystal administration into a subcutaneous air pouch. This study was
important because bile pigments (including BRS) have not been tested in any models of joint
based inflammation to date. It was hypothesised that BV and BRS treated animals would have
decreased leukocyte infiltration, cytokine concentrations and oxidative stress markers in the
pouch over a period of 48 hours. The results partially supported the hypothesis, showing
significant decreases in leukocyte infiltration (BV and BRS) and cytokine concentrations (MCP-
1 and GM-CSF for BV and BRS with BV also having decreased IL-6 and IL-18), however no
significant decreases in markers of oxidative stress were noted. Bile pigments in serum were
also measured, and BRS was still detectable up to 48 hours after administration in conscious
animals, while BV was not detected after 12 hours, building on data in Chapter 5 and
suggesting that BRS has a favourable pharmacokinetic profile over the longer term in

conscious animals.

Due to its favourable pharmacokinetic profile and ability to inhibit inflammatory processes
such as leukocyte infiltration and release of inflammatory cytokines, this thesis concludes that

BRS may be a viable treatment for inflammatory joint disease such as gout.

7.3 Future Directions

Cumulatively, this thesis has broken new ground in that it has discovered 1) a new pathway
of BV metabolism in mammals 2) documented the pharmacokinetics of this compound in rats

and 3) tested the therapeutic efficacy of BRS and BV in sterile model of inflammation. These
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data make an important contribution to realising the potential utility of bile pigments that

could be used therapeutically in future.

As this thesis did not perform in vitro mechanistic research on these compounds, this type of
study will need to be performed in order to determine the mechanisms of action in which BRS
exerts its effect, its mechanism of formation and pathways which that lead to its production
in vivo. Given BRS ostensibly exists in a thermodynamic equilibrium with BV in solution, and
has a much greater half-life than BV, it is possible that BRS administration also activated
biliverdin reductase, which has well appreciated cell signalling and anti-inflammatory
effects.(?97 Therefore, the activation of PI3Kinase and Akt signalling pathways in the presence
of BRS is warranted in macrophages. Furthermore, adding BRS to BVR knockout cells could
show whether BRS exerts anti-inflammatory effects, independent of BVR./8” Where possible
in both in vivo and in vitro studies, flow cytometry should also be used to measure any
changes that a regular availability of BV (via BRS degradation) may induce on the
differentiation of monocytes and neutrophils. Furthermore, Chapter 3 provided a preliminary
investigation of BRS antioxidant capacity. However, Chapter 5 showed no significant
reduction in chloramine and protein carbonyl formation in pouch exudate. Therefore, based
upon bilirubin’s known capacity to inhibit chloramine and protein carbonylation (and lipid
peroxidation)?, further studies investigating BRS antioxidant properties and ability to inhibit
protein and lipid oxidation are warranted. It is possible that the monosodium urate model
was unable to detect protection from inflammatory oxidation, due to very low MPO
concentrations and large urate (antioxidant) concentrations within the pouch. Therefore, BRS

could be tested in other inflammatory models characterised by strong MPO and hypochlorous
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acid induced injury (e.g. in a hypochlorous acid induced model of systemic sclerosis(?0% 203)),

which BRS is likely to protect against.

Regardless of the theorised mechanism of action and possible concerns regarding BRS
degradation, the efficacy of BRS could be broadly applicable to many disease processes.
Considering that BRS possesses antioxidant and anti-inflammatory activity and that it is
excreted intact in the bile (and found in the circulation) in high concentrations, future
research could also explore its efficacy of BRS in models of gastrointestinal inflammatory
disease.?%? Furthermore, future research should also include dose-response studies,
subcutaneous/rectal administration pharmacokinetics, efficacy testing after gout is induced,
as well as a focus on whether bile pigment administration leads to better clinical outcomes.

(i.e. pain assessment).

Finally, following the investigation of BRS mechanisms of action and its relevance in
gastrointestinal inflammatory disease, the safety and efficacy of BRS will have to be
demonstrated in larger mammals, such as swine, before being made available for testing in
humans. Once determined to be safe in humans, BRS will need to demonstrate efficacy in
phase 2 and 3 clinical studies in patients with inflammatory disease prior to approval for use

in humans.

In conclusion, it is hoped that this thesis has clearly documented the discovery of a novel bile
pigment, performed a comprehensive pharmacokinetic evaluation of this compound and
provided a ‘proof of concept’ for the use of BRS as a treatment of sterile inflammation. It is
hoped that this data will lay the foundation for future studies which aim to develop new
treatments for patients with conditions that are currently poorly managed and therefore

impact patient quality of life. As such, this thesis hopes to demonstrate how investment in

125|Page



The pharmacokinetics and anti-inflammatory capacity of Bilirubin Sulfonate: A novel biliverdin metabolite

early biomedical science can be translated into research that in future has the potential to

benefit human health and wellbeing.
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