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Abstract 

Background: Bile pigments (BPs) are endogenously produced molecules including biliverdin 

(BV), unconjugated bilirubin (UCB) and bilirubin glucuronides, and have historically been 

referred to as waste products of haem catabolism. New metabolic pathways of BP metabolism, 

including the formation of bilirubin-C10-sulfonate (BRS), have been discovered, which 

suggest a physiologically important role for BPs in mammals. For example, BPs possess potent, 

antioxidant and anti-inflammatory properties which may protect against inflammatory diseases 

such as cardiovascular disease, diabetes, ischemia/reperfusion injury, rheumatoid arthritis and 

ulcerative colitis.  To understand the therapeutic utility of BPs however, the pharmacokinetics 

of these compounds must be investigated, followed by efficacy testing in models of 

inflammatory pathology. This thesis contains two experimental chapters, which aim to i) 

explore and compare the pharmacokinetics of BRS and BV in the rat and ii) to test the efficacy 

of intraperitoneal administration of BRS and BV in a rat pouch model of monosodium urate 

(MSU) crystal-induced sterile inflammation.  

 

Methods: In the first experimental chapter, 10-12-week male Wistar rats were anaesthetised 

and BRS (n=5) and BV (n=5) were administered via intravenous (2.7 mg/kg), intraperitoneal 

(27 mg/kg) and intraduodenal (27 mg/kg) routes. Periodic blood samples were collected from 

the right jugular vein over 180 min. The concentration of BRS, BV and UCB were quantified 

in the serum using ultra-high-performance liquid chromatography coupled to mass 

spectrometry (UHPLC-MS) and pharmacokinetic parameters were calculated using a 

noncompartmental model to compare the pharmacokinetics of administered BRS and BV. The 

second experimental chapter involved inflating a subcutaneous air pouch (20 ml) on the dorsal 

flank of 10-12-week male Wistar rats to generate a pseudo-synovial capsule. On day 7, a sterile 

suspension of MSU crystals (25 mg in 5 mL saline) was introduced into the pouch to stimulate 

an acute inflammatory response, similar to that observed in gout.  Groups were pre-treated (27 

mg/kg, i.p.) with BRS (n=11) and BV (n=11) 30 min prior to MSU crystal infusion into the 

pouch. For comparison, an untreated group (MSU only, n=8) received an equivalent volume 

of i.p. PBS. Exudate was aspirated from the air pouch at 1, 6, 12, 24 and 48 hours. Total and 

differential leukocyte counts in the pouch fluid were determined using a haemocytometer and 

an exudate smear/rapid differential staining method, respectively. The concentration of 

inflammatory cytokines: IL-1⍺, IL-1β, TNF-⍺, IL-6, IL-10, IL-12, IL-17A IL-18, GM-CSF, 
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CCL2, CXCL1 and IFN-γ were investigated in the 6-hour pouch fluid using a multiplexed 

bead-based flow cytometric immunoassay.      

 

Results: After i.v. delivery, both pigments had similar tissue distribution (volume of 

distribution, Vd; BRS:0.0463±0.00820, BV:0.0560±0.00750 L/kg, P>0.05). However, BRS 

was less readily eliminated from the systemic circulation as indicated by its elimination half-

life (BRS:190±52.1, BV:58.7±11.7 min, P<0.01) and area under the curve over 180 min 

(AUC180;BRS:7480±2059, BV:873 ±143 µMmin, P<0.0001), which were 3- and 8-fold greater 

than BV, respectively. Despite this, i.v. BV administration resulted in more pronounced 

increases in serum UCB (UCB AUC180; BRS:101±25.6, BV:246±30.1 µMmin, P<0.05). After 

i.p. delivery, the AUC180 (BRS:23300±2220, BV:2670±436 µMmin, P<0.0001) and peak 

concentrations (Cpeak; BRS:179±11.5, BV:22.1±2.94 µM) for BRS were considerably greater 

than those for BV. Moreover, the increase in serum UCB over 180 min was similar in both 

conditions (AUC180; BV:606±110, BRS:532±41.0 µMmin, P>0.05). After enteral 

administration, BRS had poor bioavailability (BA: 1.25 %, Cpeak 1.12 ±0.220 µM ) while BV 

was not bioavailable, and both treatments failed to increase serum UCB over 180 min.  

 

Stimulation of the subcutaneous air pouch with MSU crystals resulted in a marked acute 

inflammatory response characterised by infiltration of leukocytes consisting of neutrophils, 

monocytes and lymphocytes.  Both i.p. BRS and BV reduced (P<0.05) leukocyte infiltration 

across 48 hours.  At 6 hours, GM-CSF concentrations in the pouch exudate were lower after 

BRS and BV treatment (MSU only:13.0±1.97, BRS:6.96±1.54, BV:5.83±1.21 pg/mL, both 

P<0.05 vs MSU only). Biliverdin additionally attenuated CCL2 (MSU only:17290±4500, 

BV:4270±2480 pg/mL, P<0.05) and IL-18 (MSU only:81.6±20.0, BV:25.7±8.15pg/mL, 

P<0.05) concentrations. Investigation of other cytokines after BRS and BV treatment showed 

no significant (P>0.05) differences compared to the MSU only group.  

 

Conclusion: This study was the first to investigate the pharmacokinetics of BRS and anti-

inflammatory properties of BRS and BV against MSU crystal-induced inflammation in the rat. 

BRS was retained within the circulation for longer after i.v. and i.p. administration, and 

therefore induced higher circulating concentrations, suggesting a potential advantage of BRS 

compared to BV, which was eliminated more rapidly. Against MSU crystal-induced 

inflammation, i.p pre-treatment with both pigments similarly inhibited leukocyte infiltration, 

however, BV exhibited a broader spectrum of inhibition of pro-inflammatory cytokines when 
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compared to BRS. Despite this, exogenous delivery of BRS may induce elevations in BP 

concentrations over longer durations and therefore provide longer lasting antioxidant and anti-

inflammatory properties which may prove clinically valuable for treatment of acute and/or 

chronic inflammatory diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VIII | P a g e  

Table of Contents  

Statement of Contribution ........................................................................................................................................ I 
Declaration of Originality ...................................................................................................................................... III 
Acknowledgments ................................................................................................................................................. IV 
Abstract ................................................................................................................................................................... V 
Table of Contents ............................................................................................................................................... VIII 
List of Figures ........................................................................................................................................................ XI 
List of Tables ........................................................................................................................................................ XII 
List of Abbreviations and Symbols .................................................................................................................... XIII 
Chapter 1 Introduction ............................................................................................................................................. 1 
Chapter 2 Literature Review ................................................................................................................................... 4 
2.1 Inflammation ..................................................................................................................................................... 4 

2.1.1 The Innate Immune Response ................................................................................................................... 4 
2.1.2 The Adaptive Immune Response ............................................................................................................... 5 

2.2 The Role of Cytokines in Inflammation ............................................................................................................ 6 
2.3 The Role of Lipid Mediators in Inflammation .................................................................................................. 7 
2.4 The Role of Complement in Inflammation ....................................................................................................... 8 
2.5 Inflammatory Cells ............................................................................................................................................ 9 

2.5.1 Neutrophils ................................................................................................................................................ 9 
2.5.2 Macrophages .............................................................................................................................................. 9 
2.5.3 Endothelial Cells ...................................................................................................................................... 11 

2.5 Total and Differential Leukocyte Counting Methods ..................................................................................... 11 
2.6 Intracellular Signalling in Inflammation ......................................................................................................... 12 
2.7 Inflammation in Gout ...................................................................................................................................... 13 
2.8 The Subcutaneous Air Pouch Model ............................................................................................................... 14 
2.9 The Inflammatory Response to Monosodium Urate Crystals ......................................................................... 16 

2.9.1 Initiation of Inflammation ........................................................................................................................ 16 
2.9.1.1 IL-1 .................................................................................................................................................. 17 
2.9.1.2 TNF-α ............................................................................................................................................... 18 
2.9.1.3 IL-6 .................................................................................................................................................. 19 
2.9.1.4 Mast Cells ........................................................................................................................................ 20 

2.9.3 Propagation of Inflammation ................................................................................................................... 21 
2.9.3.1 Neutrophil Recruitment ................................................................................................................... 21 
2.9.3.2 Monocyte Recruitment ..................................................................................................................... 21 
2.9.3.3 Monocyte Differentiation ................................................................................................................. 21 

2.9.4 The Complement System ......................................................................................................................... 22 
2.9.5 Lipid Meditators ...................................................................................................................................... 22 
2.9.6 The Cell Mediated Response ................................................................................................................... 23 

2.9.6.1 IL-18 ................................................................................................................................................ 23 
2.9.6.2 IL-12 ................................................................................................................................................ 23 
2.9.6.3 IFN-γ ................................................................................................................................................ 24 
2.9.6.4 IL-17A .............................................................................................................................................. 24 

2.9.7 The Humoral Response ............................................................................................................................ 24 
2.9.8 Resolution of Inflammation ..................................................................................................................... 25 

2.10 Metabolism of Bile Pigments and their Derivatives ...................................................................................... 27 
2.10.1 Haem Catabolism ................................................................................................................................... 27 
2.10.2 Biological Chemistry and Excretion of Bile Pigments .......................................................................... 28 
2.10.3 Intestinal Modification of Bile Pigments ............................................................................................... 29 

2.11 Exogenous Administration of Bile Pigments ................................................................................................ 30 
2.12 Antioxidant Properties of Bile Pigments ....................................................................................................... 32 
2.13 Role of Haem oxygenase and Inflammation ................................................................................................. 33 
2.14 Anti-inflammatory Properties of Bile Pigments in Models of Inflammation ................................................ 34 
2.15 Mechanisms Underpinning Anti-inflammatory Properties of Bile Pigments ............................................... 35 



IX | P a g e  

2.15.1 Leukocyte Extravasation ....................................................................................................................... 36 
2.15.2 Cell Surface Molecule Expression ......................................................................................................... 37 
2.15.3 Cell Proliferation ................................................................................................................................... 38 
2.15.4 Other Intracellular Signalling Cascades ................................................................................................ 39 
2.15.5 Biliverdin Reductase .............................................................................................................................. 39 
2.15.6 The Complement System ....................................................................................................................... 41 
2.15.7 Lipid Mediators ..................................................................................................................................... 41 
2.16 Rationale ................................................................................................................................................... 42 

Chapter 3 Aims & Objectives ................................................................................................................................ 43 
3.1 Aims ................................................................................................................................................................ 43 
3.2 Objectives ........................................................................................................................................................ 43 
3.3 Research Hypotheses ....................................................................................................................................... 44 
Chapter 4 Methods ................................................................................................................................................ 45 
4.1 Animals ............................................................................................................................................................ 45 
4.2 Bile Pigments ................................................................................................................................................... 45 
4.3 Pharmacokinetics of Bile Pigments ................................................................................................................. 45 

4.3.1 Study Design ............................................................................................................................................ 45 
4.3.2 Bile Pigment Analysis ............................................................................................................................. 48 

4.3.2.1 Chromatography .............................................................................................................................. 48 
4.3.1.2 Mass spectrometry ........................................................................................................................... 49 
4.3.1.3 Standard Curves ............................................................................................................................... 50 
4.3.1.4 Sample Analysis ............................................................................................................................... 50 

4.3.3 Pharmacokinetic Analysis ....................................................................................................................... 51 
4.4 Anti-inflammatory Properties of Bile Pigments in the Subcutaneous Air Pouch Model of MSU Crystal 
Inflammation ......................................................................................................................................................... 51 

4.4.1 Monosodium Urate Crystal Synthesis ..................................................................................................... 51 
4.4.2 Study Design ............................................................................................................................................ 52 
4.4.3 Total Leukocyte Counting ....................................................................................................................... 56 
4.4.4 Differential Leukocyte Counting ............................................................................................................. 56 
4.4.5 Cytokine Analysis .................................................................................................................................... 56 
4.4.6 Data Analysis ........................................................................................................................................... 57 
4.4.7 Application of Exclusions ........................................................................................................................ 57 

4.5 Statistical Analysis .......................................................................................................................................... 59 
4.5.1 Pharmacokinetic Study Statistical Analysis ............................................................................................ 59 
4.5.2 Inflammatory Model Study Statistical Analysis ...................................................................................... 59 

Chapter 5 Results - Pharmacokinetics of Bile Pigments ....................................................................................... 60 
5.1 UHPLC-MS Analysis ...................................................................................................................................... 60 
5.2 Vehicle Groups ................................................................................................................................................ 60 
5.3 Intravenous Administration ............................................................................................................................. 61 

5.3.1 Bilirubin-C10-sulfonate ........................................................................................................................... 61 
5.3.2 Biliverdin ................................................................................................................................................. 61 

5.4 Intraperitoneal Administration ........................................................................................................................ 63 
5.4.1 Bilirubin-C10-sulfonate ........................................................................................................................... 63 
5.4.2 Biliverdin ................................................................................................................................................. 63 

5.5 Intraduodenal Administration .......................................................................................................................... 65 
5.5.1 Bilirubin-c10-sulfonate ............................................................................................................................ 65 
5.5.2 Biliverdin ................................................................................................................................................. 65 

5.6 Comparative Analysis ..................................................................................................................................... 67 
5.6.1 Intravenous Administration ..................................................................................................................... 67 
5.6.2 Intraperitoneal Administration ................................................................................................................. 67 
5.6.3 Intraduodenal Administration .................................................................................................................. 67 

Chapter 6 Results - Anti-inflammatory Properties of Bile Pigments in the Subcutaneous Air Pouch Model of 
MSU Crystal Inflammation ................................................................................................................................... 69 
6.1 Monosodium Urate Crystal Synthesis ............................................................................................................. 69 
6.2 Leukocyte Counts ............................................................................................................................................ 70 

6.2.1 MSU only and Sham ................................................................................................................................ 70 



X | P a g e  

6.2.2 Ibuprofen .................................................................................................................................................. 70 
6.2.3 Bilirubin-C10-sulfonate ........................................................................................................................... 71 
6.2.4 Biliverdin ................................................................................................................................................. 71 
6.2.5 Comparative Analysis .............................................................................................................................. 71 

6.3 Cytokine Concentrations ................................................................................................................................. 74 
6.3.1 MSU only and Sham ................................................................................................................................ 74 
6.3.2 Ibuprofen .................................................................................................................................................. 74 
6.3.3 Bilirubin-C10-sulfonate ........................................................................................................................... 75 
6.3.4 Biliverdin ................................................................................................................................................. 75 
6.3.5 Comparative Analysis .............................................................................................................................. 75 

Chapter 7 Discussion ............................................................................................................................................. 78 
7.1 Main Findings .................................................................................................................................................. 78 
7.2 Pharmacokinetics of Bile Pigments ................................................................................................................. 79 

7.2.1 Intravenous Administration ..................................................................................................................... 79 
7.2.2 Intraperitoneal Administration ................................................................................................................. 81 
7.2.3 Intraduodenal Administration .................................................................................................................. 83 
7.2.4 Limitations and Amendments .................................................................................................................. 86 

7.3 Anti-inflammatory Properties of Bile Pigments in the Rat Subcutaneous Air Pouch Model of MSU Crystal 
Inflammation ......................................................................................................................................................... 88 

7.3.1 The Acute Inflammatory Response to MSU Crystals ............................................................................. 88 
7.3.2 Bile Pigments Attenuate the Inflammatory Response to MSU Crystals ................................................. 90 
7.2.3 IL-1 .......................................................................................................................................................... 92 
7.2.4 TNF-α and IL-6 ....................................................................................................................................... 93 
7.2.5 CCL2 and CXCL1 ................................................................................................................................... 94 
7.2.6 GM-CSF .................................................................................................................................................. 95 
7.2.7 IL-18 ........................................................................................................................................................ 96 
7.2.8 IL-10 ........................................................................................................................................................ 96 
7.2.9 IFN-γ, IL-12 and IL-17A ......................................................................................................................... 97 
7.2.10 Limitations and Amendments .............................................................................................................. 100 

Chapter 8 Conclusions ......................................................................................................................................... 103 
References ........................................................................................................................................................... 105 
Appendices .......................................................................................................................................................... 130 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



XI | P a g e  

List of Figures 

Figure 1.1 Catabolism of haem leading bilirubin formation, its excretion and reabsorption in mammals5 ........... 2 
Figure 2.1 Time course of an acute inflammatory response. .................................................................................. 4 
Figure 2.2. Time course of the inflammatory cascade and immobilisation of cell types (top). Interaction of an 
arbitrary inflammatory agent with cells of the innate immune system and their interactions with the adaptive 
immune system (bottom).33 ..................................................................................................................................... 6 
Figure 2.3 Simplified schematic of various cytokine interactions between immune cells. .................................... 7 
Figure 2.4 Synthesis of eicosanoids from arachidonic acid. .................................................................................. 8 
Figure 2.5 Overview of the complement system.53 ................................................................................................ 8 
Figure 2.6 The effects of MPO on inflammatory and endothelial cells.62 .............................................................. 9 
Figure 2.7 Macrophage Differentiation. ............................................................................................................... 10 
Figure 2.8 Leukocyte recruitment and migration into inflamed tissue sites. ....................................................... 11 
Figure 2.9 Peripheral blood smear stained with Wright’s stain.76 ........................................................................ 12 
Figure 2.10 Protein kinase activation in response to insult. ................................................................................. 13 
Figure 2.11 Hypothetical model of MSU crystallisation. ..................................................................................... 14 
Figure 2.12 NLRP3 inflammasome engagement by MSU crystals. ..................................................................... 16 
Figure 2.13 IL-1 signalling on and TLRs (top)111 and IL-1R (bottom). ............................................................... 18 
Figure 2.14 TNFR signalling.114 ........................................................................................................................... 19 
Figure 2.15 IL-6 mediated effects during inflammation116. ................................................................................. 20 
Figure 2.16 The adaptive immune response in gout.42 ......................................................................................... 23 
Figure 2.17 Clusters of differentiation chart of Fc Receptors160. .......................................................................... 25 
Figure 2.18 Mechanisms underpinning the resolution of MSU crystal induced inflammation. .......................... 26 
Figure 2.19 Conformers of biliverdin (left) and bilirubin (right) ......................................................................... 27 
Figure 2.20 Sequential catabolism of haem leading to formation of UCB, BV and BDG (left).183Bilirubin 
uptake at the hepatocyte and excretion into the bile (right).182 ............................................................................. 29 
Figure 2.21 Sequential reduction/oxidation reactions of UCB in the gut. ........................................................... 30 
Figure 2.22 Structure of bilirubin-C10-sulfonate. ................................................................................................ 32 
Figure 2.23 UCB-BV antioxidant cycle (left). The FRAP status of BRS, BV and BRDT (0-100 µM) in serum 
(right). .................................................................................................................................................................... 33 
Figure 2.24 Immunomodulatory activities of UCB. ............................................................................................. 35 
Figure 2.25 Proposed mechanism by which UCB modulates VCAM-1 and ICAM-1 dependent leukocyte 
extravasation. ......................................................................................................................................................... 36 
Figure 2.26 Immunomodulatory effects of UCB on cell surface marker expression.231 ...................................... 38 
Figure 2.27 Potential mechanism of bilirubin-mediated growth arrest of VSMCs257. ......................................... 39 
Figure 2.28 Proposed feedback loop for human BVR (hBVR) regulation by TNF⍺, NFκB and hypoxia i.e. 
sterile inflammation (Left).261  Induction of HO-1 and production of haeme degradation products, which exert 
anti-inflammatory and antioxidative properties (Right). ....................................................................................... 40 
Figure 4.1 Allocation of treatment groups ............................................................................................................ 48 
Figure 4.2 Schematic of allocation of treatment groups (top) and experimental protocol (bottom) .................... 55 
Figure 4.3 Flow chart depicting exclusions criteria applied and final sample sizes in each group ...................... 58 
Figure 5.1 Serum concentrations of UCB, BV or BRS after i.v. treatment with  BRS (A) and BV(B). .............. 62 
Figure 5.2 Serum concentration of UCB, BV or BRS after i.p treatment with BRS(A)and BV(B). ................... 64 
Figure 5.3 Serum concentration of UCB, BV or BRS after i.d treatment with BRS(A) and BV(B). .................. 66 
Figure 6.1 SEM images of the optimised MSU crystals at x1000 (A) and x2000 (B) magnification .................. 69 
Figure 6.2 Effects of BRS and BV pre-treatment on leukocyte infiltration in the subcutaneous air pouch model 
of MSU crystal induced acute inflammation. ........................................................................................................ 72 
Figure 6.3 The effect of BRS and BV pre-treatment on cytokine concentrations in the subcutaneous air pouch 
model of MSU crystal induced acute inflammation. ............................................................................................. 76 
Figure 6.4 The effect of BRS and BV pre-treatment on cytokine concentrations in the subcutaneous air pouch 
model of MSU crystal induced acute inflammation. ............................................................................................. 77 
Figure 7.1 Proposed schematic for distribution of BRS and BV across tissue compartments under normal 
physiological conditions in the rat. ........................................................................................................................ 85 
Figure 7.2 Simplified schematic depicting inflammatory reactions induced by MSU crystals during initial states 
of inflammation (0-6 hours). ................................................................................................................................. 98 
Figure 7.3 Simplified schematic depicting inflammatory reactions induced by MSU crystals during later states 
of inflammation (6-48 hours) . .............................................................................................................................. 99 
 



XII | P a g e  

List of Tables  

Table 2.1 Simplified summary of cytokines and their role in MSU crystal-induced inflammation ..................... 15 
Table 4.1 Masses (m/z) monitored for UHPLC/MS analysis of BPs in serum and their respective ISs .............. 49 
Table 5.1 Pharmacokinetic parameters in the systemic circulation after i.v., i.p and i.d administration of BRS 
and BV. .................................................................................................................................................................. 68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



XIII | P a g e  

List of Abbreviations and Symbols  

 
A  Amp 
AA  Arachidonic acid 
AggNET  Aggregated NETs 
Ahr   Aryl hydrocarbon receptor 
APC  Antigen presenting cell 
APR  Acute phase response 
AP-1  Activator protein-1 
AUC180       Area Under the Curve over 180 minutes  
BDG      Bilirubin diglucuronide 
BMG      Bilirubin monoglucuronide 
BP       Bile Pigment  
BRDT  Bilirubin ditaurate 
BRS      Bilirubin-C10-sulfonate 
BV       Biliverdin  
BVR  Biliverdin reductase  
C  Carbon or complement  
CCL2/MCP-1  Chemokine ligand 2/monocyte chemoattractant protein-1 
CD  Cluster of differentiation  
CO  Carbon monoxide  
COX       Cyclooxygenase  
Cpeak  Peak concertation  
CTL  Cytotoxic T lymphocyte 
CV  Coefficient of variation  
CXCL1/KC   Chemokine ligand-1/ keratinocyte chemoattractant  
CXCR2  CXC chemokine receptor 2  
C0  Theoretical concentration at time 0 
DAMP  Damage associated molecular pattern  
DC  Dendritic cells 
DF  Dilution factor  
DNA  Deoxyribonucleic acid 
DMSO     Dimethyl sulfoxide  
EC      Endothelial cell  
EDTA      Ethylenediaminetetraacetic acid  
ERK  Extracellular signal-regulated kinases 
EU  Endotoxin unit  
e.g.  Example  
Fe2+/Fe (II)  Ferrous  
FRAP  Ferric reducing ability of plasma 
g     gram 
G     Gage  
GA  Glucuronic acid 
GM-CSF  Granulocyte/monocyte colony stimulating factor  
G-CSF  Granulocyte colony stimulating factor 
Hb  Haemoglobin  
HCl  Hydrochloric acid  
HDL  High density lipoprotein   
HO       Heme oxygenase 



XIV | P a g e  

HOCl  Hypochlorous acid 
HSO3-  Bisulfide  
H0  Null hypothesis  
H1  Alternative hypothesis  
H2O2     Hydrogen Peroxide  
IBU  Ibuprofen  
ICAM-1  Intercellular adhesion molecule-1  
ID  Inside Diameter  
IFN  Interferon  
Ig  Immunoglobulin  
IKK  IκB Kinase 
IL       Interleukin  
IL-1Ra  IL-1 receptor antagonist 
iNOS       Inducible nitric oxide synthase  
IRI  Ischemia reperfusion injury  
IU  International Unit  
IκB  Inhibitor kappa B 
i.e.  In other words  
i.d.      Intraduodenal or intraduodenally 
i.p.      Intraperitoneal or intraperitoneally  
i.v.  Intravenous or intravenously  
JNK  c-Jun N-terminal kinase 
k  kilo 
Ka  Dissociation constant  
Kdist  Distribution constant 
Kelim  Elimination constant  
L  Litre  
LAL  Limulus amebocyte lysate 
LDL  Low density lipoprotein  
LOD  Limit of detection 
LOQ  Limit of quantification  
LOX  Lipoxygenases 
LPS  Lipopolysaccharide  
LT  Leukotriene 
m  mili  
M  Molar 
mBRS    meso bilirubin-C10-sulfonate 
mBV       meso biliverdin  
MAPK  Mitogen activated protein kinase 
MeOH      Methanol  
mg      milligram  
MHC  Major histocompatibility complex  
Milli-Q        Ultrapure water   
Min      Minute(s) 
MIP  Macrophage inflammatory protein 
MMP  Metalloproteinase 
MPO  Myeloperoxidase 
mRNA  Messenger RNA  
MRP2       multidrug resistance related protein 2  
MSU      Monosodium Urate 



XV | P a g e  

mTOR  Mammalian target of rapamycin 
mUCB       meso unconjugated bilirubin  
MYD88  Molecule differentiation primary-response protein 88 
M-CSF  Macrophage Colony stimulating factor 
NK  Natural killer cell 
n  nano 
NaBV  Sodium biliverdinate  
NADPH      Nicotinamide adenine dinucleotide  
NaCl  Sodium chloride  
NaOH       Sodium Hydroxide  
NaUCB  Sodium bilirubinate  
NFAT  Nuclear factor of activated T-cells 
NFkB      Nuclear Factor kappa B 
NLRP3  Nucleotide-binding domain, leucine-rich-containing family, pyrin 

domain containing-3 
NO  Nitric Oxide 
NOX  NADPH Oxidase  
N2  Nitrogen 
OATP      Organic anion transporting polypeptide family 
OD      Outside Diameter 
O2  Oxygen  
O2-  Superoxide  
p  pico 
PBS       Phosphate Buffered Saline  
PG  Prostaglandin  
pH  Potenz-hydrogen  
PK  Protein Kinase 
PKB/Akt  Protein kinase B  
PLA2  PhospholipaseA2s 
PRO   Protoporphyrin 
R  Receptor 
Rb  Retinoblastoma 
RBC       Red Blood Cell  
RNA  Ribonucleic aicd  
RNS     Reactive Nitrogen Species  
ROS    Reactive Oxygen Species  
RPM  Revolutions per minute  
RT     Room temperature  
R2  Correlation coefficient  
SD  Standard deviation  
Sec   Second(s) 
SEM  Standard error of the mean or scanning electron microscope  
SF  Synovial fluid  
SIM  Single ion monitoring  
SMC  Smooth muscle cell  
SOD  Superoxide dismutase  
Syk  Sullen tyrosine kinase 
S4O62-  Tetrathionate 
s.c.  Subcutaneous  
TGF-ß  Tumour Growth Factor- ß 
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TFH  Follicular helper T  
TH  Helper T  
TLR  Toll like receptor  
TNF-a     Tumour Necrosis Factor-a 
TNFR  TNF receptor  
TPTZ  Tripyridyl triazine 
Treg  Regulatory T cell  
t0  Time 0/baseline  
t1/2⍺  Distribution half life 
t1/2β  Elimination half life 
UA  Uric acid  
UGT1A1  Uridine diphosphate glucuronosyltransferase 1A1 
UCB     Unconjugated Bilirubin  
UDP    Uridine phosphate 
UHPLC-MS       Ultra-high-pressure liquid chromatography coupled to mass 

spectrometry  
v  Volts 
VCAM-1  Vascular cell adhesion molecule-1 
Vd  Volume of distribution  
VSMC  Vascular smooth muscle cells  
vs  Versus  
W  Watts 
XO  Xanthine oxidase  
a     alpha 
ß  beta 
µ   micro  
"  gamma 
d	  delta 
λ  lambda  
λmax  Maximal light absorption  
%  Percentage  
~  Approximately  
oC  Degree Celsius  
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Chapter 1 Introduction 

  

Red blood cells (RBCs) transport oxygen from the lungs to the peripheral tissues, which is 

essential for cellular metabolism. Humans remove senescent and impaired RBCs to maintain 

the quality of the circulating pool and, therefore, oxygen transport capacity of the blood. In this 

process, haem which binds oxygen within RBCs, is catabolised into numerous by-products, 

including biliverdin (BV). Interestingly, this non-toxic, water soluble green coloured pigment 

is enzymatically converted to a potentially toxic yellow coloured pigment, unconjugated 

bilirubin (UCB).1 Unconjugated bilirubin is as regarded useless in many respects; it is insoluble 

in water,  necessitates binding to plasma albumin for transport in the blood and requires 

enzymatic conjugation for excretion.2 Total serum bilirubin concentrations in healthy human 

adults usually vary between 1.7-20.5 µM.3  However, total bilirubin concentrations up to 90 

µM are observed in ~5% of the population, who have a benign condition of impaired bilirubin 

excretion, called Gilbert’s syndrome.4  Hyperbilirubinaemia can be considered a pathological 

symptom of liver failure or haemolytic conditions. Serum total bilirubin concentrations of >50 

µM can result in jaundice which is characterised by a yellow colouration of the sclera in the 

skin and eyes. Due to an underdeveloped blood brain barrier, neonates with jaundice are 

susceptible to kernicterus, a pathological feature of profound jaundice associated with yellow 

staining of the basal ganglia and neuronal apoptosis.5 In cells, UCB can inhibit 

deoxyribonucleic acid (DNA) synthesis and uncouple oxidative phosphorylation.6 This leads 

to symptoms including seizures, hearing deficits, abnormal reflexes and eye movements.7 The 

symptoms of bilirubin encephalopathy are also observed in individuals with Crigler-Najjar 

syndrome, who have severely and chronically elevated serum bilirubin levels (>345µM) due 

to an inherited mutation in the gene, uridine glucuronosyl transferase 1A1 (UGT1A1), which 

is responsible for bilirubin conjugation and therefore excretion.8 Despite the energy consuming 

nature of bilirubin formation and excretion, and its potential for toxicity, the catabolism of 

haem (Figure 1.1) and formation of bilirubin has been conserved throughout evolution, from 

fish to mammals. This observation suggests bilirubin may have a unique role in human biology 

and possibly confer a survival advantage in humans.2  
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In 1929, a rheumatologist, reported a correlation between the relief of arthritis with the onset 

of jaundice. Of 30 patients with rheumatoid arthritis who presented with different types of 

sporadic intercurrent jaundice, 25 (83%) experienced a marked or complete temporary 

remission of their arthritic symptoms. Upon resolution of jaundice, their symptoms reappeared. 

Interestingly, when  serum bilirubin concentrations rose above 102µM, relief occurred in 25 of 

26 (96%) of patients.9 At the time, numerous other reports claimed that the onset jaundice led 

to improvement of inflammatory disorders including psoriatic arthritis, hay fever and 

asthma.10,11 Following studies investigating the effects of exogenous bile salts and bilirubin 

administration however were inconsistent, questioning a direct role of bilirubin in symptom 

relief.12-14  The mechanisms underpinning the improvement of inflammatory diseases 

secondary to hyperbilirubinaemia have recently resurfaced due to a strong protective 

association between mildly elevated bilirubin and the incidence of cardiovascular disease.14-19 

The strength of this association is similar in magnitude to smoking, systolic blood pressure, 

high-density lipoprotein (HDL) and cholesterol, suggesting that bilirubin could be a potent 

cardioprotective molecule.15 Similar protective associations are observed in individuals with 

Gilbert’s syndrome, who have mildly elevated serum bilirubin (20-90 µM) due to partially 

reduced UGT1A1 function.20,21 More recent observational studies have reported bilirubin’s 

potential protective effects against conditions underpinned by inflammatory responses 

Figure 1.1 Catabolism of haem leading bilirubin formation, its excretion and reabsorption in 
mammals5 

Image Removed
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including cancer, Alzheimer’s disease, ulcerative colitis, Crohn’s disease and diabetes.22 These 

studies suggest that UCB exerts powerful immunosuppressive effects at moderately elevated 

levels and therefore, could be used therapeutically for inflammatory diseases.14 This thesis 

investigated the pharmacokinetics and anti-inflammatory properties of a novel bile pigment 

called bilirubin-C10-sulfonate (BRS), which is formed via bacterial reduction of BV when it 

is administered into the gut.23  In the first experimental chapter, this thesis investigated the 

serum concentrations of BRS and BV after intravenous, intraperitoneal and intraduodenal 

administration in the rat. In the second experimental chapter, the same intraperitoneal dose of 

BRS and BV were administered and the inflammatory response to monosodium crystal induced 

sterile inflammation was assessed.  
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Chapter 2 Literature Review 

 

2.1 Inflammation  

 

Chronic diseases, including arthritis, cancer, cardiovascular disease, diabetes, Alzheimer’s 

disease and Parkinson’s disease are a major cause of death and disability worldwide.24,25 Risk 

factors such as physical inactivity, poor diet, stress, excessive tobacco and/or alcohol 

consumption, exposure to radiation and infection with pathogenic microorganisms dysregulate 

inflammatory pathways, leading to the development of chronic diseases.2625,225,27 Inflammation 

is a natural response to injury, tissue damage and infection, which occurs via mobilization and 

coordination between local and systemic mediators.28,29 Normally, the inflammatory cascade 

is activated acutely, which removes the insult, initiates tissue repair, terminates inflammation 

and facilitates wound healing (Figure 2.1).30  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1 The Innate Immune Response  

The innate immune system coordinates the initial response against insult and is called the acute 

phase response (APR).31 A key feature of the APR is oedema, which is caused by movement 

of plasma proteins, followed by migration of leukocytes from the circulation into the affected 

tissue. This process is initiated by resident cells including macrophages, fibroblasts and mast 

cells which secrete cytokines, lipid mediators, vasoactive amines (histamine) and reactive 

Figure 2.1 Time course of an acute inflammatory response. 
Failure to remove the initiating insult leads to chronic inflammation (straight arrow) and 
disease/progressive loss of organ function .30 
 

Image Removed
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oxygen species (ROS). Infiltrating leukocytes, including monocytes and neutrophils assist in 

combatting the insult and removal of necrotic/apoptotic cells to promote tissue healing (Figure 

2.2).32,33 Once inside the tissue, leukocytes also secrete pro-inflammatory signals to promote 

the APR. When the APR persists beyond 48-72 hours due to persistent inflammatory stimuli 

or dysregulation of mechanisms underpinning the resolution phase, chronic inflammation 

ensues, leading to continuous tissue damage, followed by tissue fibrosis, necrosis and 

progressive loss of organ function (Figure 2.1). This characterises the pathogenesis of 

numerous neurodegenerative, autoimmune, respiratory and cardiovascular disorders.28,30,32  

2.1.2 The Adaptive Immune Response   

 
Increasing evidence highlights the importance of the adaptive immune response during acute 

and chronic inflammation, which is orchestrated via interactions the innate immune system.34 

Unlike innate immunity, adaptive immunity is characterised by specificity to individual 

pathogens, toxins or irritants, and mediates its effector functions via lymphocytes and antigen 

presenting cells (APCs).35,36 Lymphocytes, derived from the bone marrow, consist of B and T 

cells. During development, B cells remain within the bone marrow, whilst T cells migrate to 

the thymus.37 The interaction of B and T cells with antigens generate the humoral and cell 

mediated responses respectively (Figure 2.2).33,38 T cells are divided into cluster of 

differentiation (CD)4+, CD8+ and γδ T cells, which are further classified based on function and 

expression of cell surface markers.39 Essentially, CD4+T cells consist of T helper (TH)1, TH2, 

TH17, T follicular helper (TFH) and CD4+T regulatory (Treg) cells, while CD8+T cells are 

divided into cytotoxic T and CD8+Treg cells. T helper and Treg cells can either promote or 

supress the immune response via release of cytokines and interactions with APCs. Antigen 

presenting cells, which include  macrophages, B cells and dendritic cells (DCs), internalise 

antigens via phagocytosis and display part of that antigen by expressing major 

histocompatibility complex (MHC) molecules on their surface.40 The interaction of the T cell 

receptor (TCR) with antigen-MHC-II complexes and co-stimulatory signals (CD80, CD86 and 

CD40) leads to T cell differentiation and secretion of TH1, TH2 and TH17 cytokines.41 When 

cytotoxic T cells interact with antigen-MHC-I complexes under the influence of TH cytokines, 

they differentiate into cytotoxic T lymphocytes (CTLs), which eliminate antigens. T regulatory 

cells mitigate over reaction of this response by supressing T-cell activation.42 B cells have a 

naive phenotype characterised by an unmutated immunoglobulin (Ig) status, absence of CD27 

and CD38, and expression of IgM and IgD. When B cells interact with antigens, they 
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differentiate into antibody-secreting plasma cells, with class switching to either the IgG, IgA 

or IgE phenotype.42,43 Generated antibodies bind to antigens and therefore facilitate recognition 

and elimination by the immune system.44   

 

 

2.2 The Role of Cytokines in Inflammation 

Cytokines are a group of messenger peptides that mediate interactions between cells and 

include lymphokines (released by lymphocytes), interleukins (mediated between leukocytes), 

monokines (released by monocytes), chemokines (having chemotactic activities) and 

interferons (IFNs). Generally, cytokines act as pro-inflammatory or anti-inflammatory signals 

and are produced in a cascade, as one cytokine stimulates its target cells to produce and secrete 

additional cytokines (Figure 2.3).43,45 For example, tumour necrosis factor (TNF)-α, members 

of the interleukin family (IL-1,2,4,6,8,12,15,17,19,33,39), IFN-γ, colony stimulating factors 

(CSFs), chemokine ligand 1 (CXCL1) and monocyte chemotactic protein (MCP)-1/CCL2 and 

macrophage inflammatory proteins (MIPs) are broadly considered pro-inflammatory. 

Figure 2.2. Time course of the inflammatory cascade and immobilisation of cell types (top). 
Interaction of an arbitrary inflammatory agent with cells of the innate immune system and 
their interactions with the adaptive immune system (bottom).33  

Image Removed
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However, IL-10 and  transforming growth factor (TGF)-ß can stimulate anti-inflammatory 

effects.46 All cytokines have a short lifespan, are released by and act on different cell types, 

exhibit redundancy, are recognised by specific receptors and can act synergistically or 

antagonistically with one another to modulate their activities.45,47  

 

 

 

2.3 The Role of Lipid Mediators in Inflammation 

In addition to cytokines, lipid mediators play an important role in regulating the inflammatory 

responses.31 PhospholipaseA2s (PLA2s) are a group of hydrolytic enzymes that release free 

unsaturated fatty acids (primarily arachidonic acid, AA) and lysophospholipid from membrane 

phospholipids. Free AA is transformed by lipoxygenases (LOXs) and cyclooxygenases 

(COXs) into pro-inflammatory lipid mediators called eicosanoids (Figure 2.4).48,49 

Cyclooxygenase is a bifunctional enzyme containing cyclooxygenase and peroxidase active 

sites. The cyclooxygenase activity converts AA into Prostaglandin (PG) G2 while the 

peroxidase activity coverts PGG2 into PGH2. Prostaglandin H2 is converted by tissue specific 

synthases and isomerases into eicosanoids.48 Cyclooxygenase-1 is constitutively expressed in 

numerous tissues at low levels and is essential for maintenance of organ and tissue homeostasis 

while COX-2 is expressed in monocytes, macrophages, synovial cells and fibroblasts.50 When 

stimulated, monocytes upregulate COX-2 to synthesise prostanoids including PGE2 and 

thromboxane A2.48 

Figure 2.3 Simplified schematic of various cytokine interactions between immune cells. 
Left, as found in Zhang et al, 2007.45 Copyright:Lippinoccot Williams & Wilkins. Right, as 
found in Kuwabara et al, 2016.43 Creative Commons BY 4.0 licence. Copyright: Taku 
Kuwabara et al. 
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2.4 The Role of Complement in Inflammation 

The complement system is important in both innate and adaptive immunity as it mediates 

recognition and elimination of pathogens. The complement system can be activated via the 

classical, lectin, alternative and extrinsic pathways (Figure 2.5).51-53 The classical, lectin and 

alterative pathways converge at central complement components C3 and C5, enzymes required 

for generation of anaphylatoxins; C3a and C5a, as well as formation of the membrane attack 

complex on target cells.54,55 In contrast, the extrinsic pathway is C3 independent. The classical 

pathway is stimulated by C1 after activation by IgG, IgM immunocomplexes and C-reactive 

protein, while the lectin pathway is stimulated by mannose-binding lectin and ficolin, and the 

alternative pathway is activated by lipopolysaccharide (LPS), carbohydrates, lipids and 

antigens.56 The extrinsic pathway is activated by proteases generated from neutrophils and 

macrophages which act with C5 to promote the release of C5a.57  

Figure 2.5 Overview of the 
complement system.53 

Figure 2.4 Synthesis of eicosanoids from arachidonic acid. 
By Shankar, 2 January, 2018.49 Creative Commons BY-NC-SA 3.0 license. 

Image Removed
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2.5 Inflammatory Cells 

2.5.1 Neutrophils 

Neutrophils, also called polymorphonuclear leukocytes due to their segmented nuclei, mediate 

the inflammatory response after being recruited by resident cells.58 Within the blood, 

neutrophils have a circulating  half-life of 6-11 hours and are therefore continuously produced 

from myeloid precursors in the bone marrow under regulation of granulocyte colony 

stimulating factor (G-CSF) and granulocyte/macrophage colony stimulating factor (GM-

CSF)(Figure 2.7).59,60 As a first line of defence, neutrophils neutralize pathogens and promote 

clearance of cellular debris via phagocytosis.29  In a process called the respiratory burst, 

stimulated neutrophils consume oxygen (O2) and produce superoxide (O2- ) via rapid assembly 

of the membrane bound NADPH-oxidase (NOX) multicomponent system. The conversion of 

O2.- to water (H2O) involves a two-step reaction whereby O2.- is converted to H2O2 by 

superoxide dismutase (SOD), and is then acted on by myeloperoxidase (MPO) which utilizes 

physiologically available chloride anions to generate hypochlorous acid (HOCl).61 This system 

plays and important role in neutralizing invading pathogens and can amplify the inflammatory 

response via leukocyte activation and release of pro-inflammatory cytokines (Figure 2.6). 

However, excessive or continuous production ROS can lead to protein and lipid oxidation, and 

therefore tissue damage.62  

2.5.2 Macrophages 

Macrophages are mononuclear cells that differentiate from monocytes in the presence of GM-

CSF, G-CSF and macrophage colony-stimulating factor (M-CSF) (Figure 2.7). Monocytes are 

Figure 2.6 The effects of MPO on inflammatory and endothelial cells.62 

Image Removed
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recruited to the local tissue site via chemoattractants released by neutrophils. Macrophage 

function is dependent on its polarisation state, which is influenced by local cytokine levels. 

Broadly speaking, the terms M1 and M2 are applied to describe macrophages with pro-

inflammatory and anti-inflammatory phenotypes respectively (Figure 2.7).60,63 In cell cultures, 

monocytes/macrophages generated in the presence of GM-CSF/G-CSF or M-CSF are skewed 

towards the M1 or M2 phenotypes respectively.63,64 Macrophage colony-stimulating factor is 

constitutively and ubiquitously expressed by cells of epithelial and mesenchymal origin for 

maintenance of tissue macrophage populations at steady states. Thus, the ratio of GM-CSF/G-

CSF to M-CSF plays a key role in the inflammatory response.60 Neutralization of GM-CSF 

adversely effects neutrophil recruitment but not monocyte recruitment.65 Development of the 

M1 phenotype leads to increased expression of pattern recognition receptors and cytokines 

including IL-1β, TNF-α and IL-6. In contrast, M2 macrophages express IL-10 and TGF-β.66 

Figure 2.7 Macrophage Differentiation. 
Representation of haematopoiesis from stem cells to fully differentiated cell types (top).60 
Polarization of macrophages into the M1 and M2 phenotype (bottom), as found in Lebre 
and Tak, 2010.63 Creative Commons BY-NC-3.0 license . Copyright: Lebre and Tak. 

Image Removed
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2.5.3 Endothelial Cells 

Endothelial cells (ECs), which line blood vessels, also mediate the inflammatory response to 

tissue injury. Cytokine signalling activates ECs, promoting protein exudation and leukocyte 

migration into the vascular wall and damaged tissue.67 Resident macrophages and activated 

ECs express chemokines CXCL1 (KC) and CXCL2, which are transported to the luminal 

surface of ECs to become immobilized on glycosaminoglycan chains of endothelial 

proteoglycans.68,69 As these chemokines are concentrated at the source of injury, an 

immobilised chemotactic gradient is formed which provides directional signals to guide 

migration of leukocytes (Figure 2.8).69 Activated ECs express cell adhesion molecules such as 

P and L-selectin, intercellular adhesion molecule (ICAM)-1 and vascular adhesion molecule 

(VCAM)-1.  As leukocytes roll along the endothelium, weak interactions between P and L-

selectins and the leukocyte occurs, reducing their speed. Glycosaminoglycan bound 

chemokines at or near the source engage with cognate receptors expressed on the surface of 

neutrophils and monocytes, leading to leukocyte arrest via integrin activation. Activated 

integrins on leukocytes bind to VCAM-1 and ICAM-1 to trigger downstream signalling of 

NOX and xanthine oxidase (XO) within ECs to promote tight junction disruption, in turn 

allowing leukocyte transmigration into the interstitium.69,70  

2.5 Total and Differential Leukocyte Counting Methods 

Quantification of leukocyte concentrations in relevant tissue compartments (e.g. spinal fluid) 

can be used to determine the progression of inflammation in animal models of inflammatory 

Figure 2.8 Leukocyte recruitment and migration into inflamed tissue sites.  
As found in Proudfoot et al, 2017.69 Creative Commons CC BY 4.0 license. Copyright: 
Proudfoot et al. 
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pathology.71 Differentiation of leukocyte populations provides further insight on the different 

immune cells responding to the inflammatory stimulus.72 The number of leukocytes in tissue 

fluids can be counted by transferring trypan blue stained leukocytes into a haemocytometer 

and counting the number of live/dead cells using a standard microscope.73,74 A differential 

count can be obtained by performing a blood smear technique followed by application of a 

Romanowsky stain, the most commonly used is the Wright’s stain (Figure 2.9).75,76  Rapid diff 

is a variant Romanowsky stain, that allows for quicker staining.77 Up to 100 cells are then 

counted under a standard microscope to estimate the proportion of leukocytes including 

neutrophils, monocytes and lymphocytes based on cytological features (Figure 2.9).78  

2.6 Intracellular Signalling in Inflammation 

Inflammatory mediators stimulate specific responses from cells via activation of intracellular 

signalling pathways. Most forms of cellular stress (e.g. ROS) and cytokine signalling activate 

the transcription factor, nuclear factor (NF) κB, a heterodimeric protein composed of p50 and 

p52 subunits. Nuclear factor κB is a primary mediator of leukocyte activation and leads 

transcription of an array of inflammatory genes which will be discussed throughout this review. 

To exert transcriptional activity, NFκB must translocate to the nucleus from the cytoplasm. In 

unstimulated cells, NFκB is bound to the inhibitor κB (IκB) family and therefore localised 

within the cytoplasm. Activation of NFκB is mediated by the IκB kinase (IKK) complex, which 

phosphorylates IκB for ubiquitination and degradation.79,80 Inflammatory stimuli, such as 

monosodium urate crystals, destabilise the cellular membrane and phagolysosomes of cells, 

consequently activating signal transduction pathways including G proteins, phospholipase A2, 

C and D, protein kinases (PKs) B/Akt and C, tyrosine kinases and mitogen activated protein 

kinases (MAPKS).81 Mitogen activated protein kinases include; extracellular signal-regulated 

kinases (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 kinase (Figure 2.10).82 Stimulation 

Figure 2.9 Peripheral blood smear 
stained with Wright’s stain.  

A, band cell (immature neutrophil); 
B, monocyte; C, lymphocyte; D, 
mast cell; E, mature neutrophil; F, 
basophil; G, erythrocyte (RBC)   

By Takizawa, 18 November, 2011.76 
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of these pathways leads to activation of NFκB and other nuclear factors such as signal 

transducer and activator of transcription 1 (STAT1), activator protein-1 (AP-1) and nuclear 

factor of activated T-cells (NFAT), which together mediate transcription of an array of 

inflammatory genes.83,84 

 

 

2.7 Inflammation in Gout 

This review will now expand on components of the acute inflammatory response in the context 

of monosodium urate (MSU) crystal-induced sterile inflammation i.e. in the absence of 

microorganisms.  Acute gout attacks demonstrate the consistent hallmarks of an acute 

inflammatory response. Gout is characterised by the intra-articular deposition of MSU 

monohydrate (NaC5H3N4O3·H2O) crystals within the synovial fluid (SF).54 The bone ends of 

the synovial joint are enclosed by articular cartilage and a thin membrane of lining cells 

(synoviocytes) that face the joint cavity as well as overlying fatty and fibrous material. 

Synoviocytes consist of; macrophages, which clear and engulf debris produced from wear and 

tear in the joint, and fibroblast-like cells that secrete hyaluronic acid responsible for the 

viscosity of synovial fluid (SF). The cell lining also acts as a barrier against movement of 

proteins from plasma in to the joint cavity.85 Gout is often observed in individuals with elevated 

Figure 2.10 Protein kinase activation in response to insult. 
As found in López-Camarillo et al, 2012.83 Creative Commons BY-NC-SA 3.0 license. 
Copyright: López-Camarillo et al. ‘UV irradiation’ replaced with ‘insult’. 

Insult 



14 | P a g e

serum uric acid (UA), the end product of purine metabolism, normally excreted via the urine.86 

Monosodium urate crystalizes when UA plasma concentrations exceed its solubility limit (7 

mg/dL) whereby urate anions coalesce via hydrogen bonding to form sheets of purine 

molecules (Figure 2.11).68,86,87 Nucleation and growth of MSU crystals occurs when they 

cluster and reach a critical mass and are no longer susceptible to dissolution with the local 

environment.86 Local conditions such as temperature, salt concentrations, cellular debris and 

cartilage matrix components also affect nucleation.54,88 Monosodium urate crystals can initiate, 

amplify and sustain an intense inflammatory response due to their ability to stimulate the 

formation and release of humoral and cellular inflammatory mediators. This leads to significant 

hyperplasia of the lining membrane and infiltration of neutrophils, monocytes and 

lymphocytes.54 

2.8 The Subcutaneous Air Pouch Model 

The subcutaneous air pouch is an in vivo model used to study components of the inflammatory 

and oxidative stress response in the presence of potentially efficacious pharmacological 

agents.72 This model was first described by Selye; who injected air between the subcutaneous 

and dermal skin layer of the intra-scapular zone of the rat, generating an avascular cavity lined 

by macrophage- and fibroblast like cells.72,89  Overtime, the pouch wall progressively thickens 

as fibroblasts secrete collagen, closely mimicking the morphology of a synovial joint.90 

Figure 2.11 Hypothetical model of MSU crystallisation. 
As found in Martillo et al, 2014.86 Copyright: Springer Science Business Media New York 
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Additional air is delivered to maintain the cavity open.91 Delivery of MSU crystals, into the 

pouch is characterized by oedema, leukocyte infiltration, production of pro-inflammatory 

cytokines (Table 2.1) and lipid mediators, and a reproducible oxidative stress response. The 

injection of air to generate the cavity causes no significant inflammatory reaction.91 Studies 

investigating MSU crystal-induced inflammation in this model are summarised in Appendix 

A, which report peak cell response between 6-24 hours.  

 
Table 2.1 Simplified summary of cytokines and their role in MSU crystal-induced 
inflammation   

Cytokine Primary Sources Primary Action
IL-1

IL-1α
IL-1β

TNF-α Macrophages, monocytes, 
neutrophils mast cells, fibroblasts, 
epithelial cells  

EC activation,  secretion of  pro-
inflammatory cytokines, T cell  proliferation

IL-4 Mast Cells Mast cell degranulation, T and B cells 
proliferation 

IL-6 Monocytes, macrophages, ECs Leukocyte recruitment,  acute phase 
protein production, EC activation,  
secretion of  pro-inflammatory cytokines

CXCL1/KC Neutrophils, monocytes, 
macrophages, ECs, fibroblasts

Leukocyte recruitment, angiogenesis

CXCL8/IL-8 Neutrophils, monocytes, 
macrophages

Leukocyte recruitment, angiogenesis

CCL2/MCP-1 Monocytes, macrophages ECs, 
fibroblasts, epithelial cells

Monocyte and lymphoycte recruitment

CCL3/MIP-1α Monocytes, macrophages Leukocyte recruitment, angiogenesis
GM-CSF Macrophages, mast cells, 

fibroblasts, ECs, T cells
Neutrophil recruitment, macrophage 
polarization

G-CSF Macrophages, mast cells, 
fibroblasts, ECs

Neutrophil recruitment, macrophage 
polarization

TGF-β T cells, macrophages Inhibition of EC activation and secretion of 
proinflammatory cytokines

IFN-γ TH2 cells Lymphocyte differentiation, macrophage 
polarisation 

IL-10 Macrophages, monocytes,TH2 
cells

Inhibitiom of secretion of proinflammatory 
cytokines , T cell proliferation   

IL-17A TH17 cells Neutrophil recruitment,  secretion of 
proinflammatory cytokines

IL-18 Neutrophils, monocytes, 
macrophages, T cells

T cell proliferation,  secretion of 
proinflammatory cytokines

IL-12 B cells, macrophages T cell proliferation,  secretion of 
proinflammatory cytokines

Neutrophils, monocytes 
macrophages, ECs

Leukocyte recruitment, EC activation,  
secretion of  pro-inflammatory cytokines
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2.9 The Inflammatory Response to Monosodium Urate Crystals 

2.9.1 Initiation of Inflammation  

The initial insult from MSU crystals induces a rapid response from resident myocytes, 

macrophages and mast cells.92 Monosodium urate crystals destabilise the cell membrane, 

particularly in cholesterol-rich lipid rafts by crosslinking with membrane receptors, lipids and 

glycoproteins, which triggers activation of intracellular ‘sensors’, including the nucleotide-

binding domain, leucine-rich-containing family, pyrin domain containing-3 (NLRP3) 

inflammasome (Figure 2.12).68,93 Inflammasome engagement is divided into two steps: 

priming and activation.94 Signal 1 or priming, originates by engagement of innate immune 

receptors on the cell surface. Monosodium urate crystals stimulate the secretion of proteins, 

s100A8 and s100A9, which activate toll-like receptors  (TLRs)-2 and 4. 95-97 Signal 2 or 

activation is provided by interaction of MSU crystals with the cell, which perturb ionic 

balances (e.g. potassium and calcium influx/efflux) leading to generation of mitochondrial 

ROS.68,93 Furthermore, phagocytosis of MSU crystals is often aborted due to their prohibitive 

size, leading to activation of sullen tyrosine kinase (Syk), MAPK and PI3K pathways, which 

contribute to NLRP3 engagement and activation of NFκB.57,81 Importantly, recruitment of 

caspase-1 to generate the NLRP3 inflammasome leads to proteolytic cleavage of  pro-IL-18, 

pro-IL1β and pro-IL1α to produce mature IL-18, IL-1β and IL-1α respectively.94 

Figure 2.12 NLRP3 inflammasome engagement by MSU crystals.  
As found in Miguel et al, 2013.93 Copyright: Springer Science. 
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2.9.1.1 IL-1 

Interleukin-1α and IL-1β, collectively referred to as IL-1, are produced by neutrophils, 

monocytes, macrophages and ECs. The role of IL-1β in MSU crystal-induced inflammation 

has been widely documented, however information on interleukin-1α is limited.98,99  Both IL-

1α and IL-1β act on the IL-1 receptor type 1(IL-1R1) expressed primarily on macrophages, 

monocytes and neutrophils.100 Interleukin-1 signalling is counteracted by the IL-1 receptor 

antagonist (IL-1Ra), which competitively inhibits IL-1 binding, and is secreted by neutrophils, 

monocytes and macrophages.101 The ratio of IL-1 to IL1-Ra tightly regulates the inflammatory 

response.101,102 Mature IL-1β and IL-1α are often believed to exert similar biological responses 

as they both bind to IL-1R, however, the most abundant form of IL-1α is its precursor. Unlike 

pro-IL-1β, pro-IL-1α is constitutively expressed inside cells and can directly stimulate IL-1R. 

The secretion of pro- and mature IL-1α is facilitated by the activation of NFκB and presence 

of IL-1β, which binds to IL-1α and acts as a shuttle.103 Interestingly, pro-IL-1α does not contain 

a predicted cleavage site for cappase-1 and therefore does not require NLRP3 inflammasome 

engagement for secretion.104 In sterile hypoxic injury, IL-1α and IL-1β are expressed in 

different phases of the inflammatory response and lead to recruitment of different subsets of 

myeloid cells. Furthermore, IL-1α and IL-1β are preferentially expressed by neutrophils and 

macrophages respectively. Addition of MSU crystals to neutrophil and monocyte preparations 

leads to cell necrosis and release of constitutively expressed pro-IL-1α, which may act as an 

alarm signal to initiate inflammation, leading to neutrophil recruitment.105  Infiltrating 

neutrophils also secrete IL-1α, thus amplifying neutrophil recruitment.106-109 In a similar 

manner, the production of IL-1β by resident macrophages, and chemokine signalling by 

neutrophils upregulate monocyte recruitment, which further secrete IL-1β. Essentially, IL-1α 

may be required for initiation of inflammation whilst IL-1β may be required for propagation 

of inflammation.106 Importantly, activation of IL-Rs and TLRs via the adaptor molecule 

differentiation primary-response protein 88 (MyD88) dependent pathway (Figure 2.13) leads 

to IKK mediated release of NFκB and transcription of IL-1β,TNF-α, IL-6, CCL2 and COX-

2.93,94,98,110,111 
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2.9.1.2 TNF-α 

Tumour necrosis factor-α is a pleiotropic cytokine, synthesised as proTNF-α, and released via 

proteolytic cleavage by matrix metalloproteinases (MMPs) derived from fibroblasts, which are 

stimulated by IL-1.112,113 In response to insult, TNF-α is rapidly upregulated which leads to EC 

Figure 2.13 IL-1 signalling on and TLRs (top)111 and IL-1R (bottom), 
as found in Miguel et al, 2013.93 Copyright: Springer Science.93 

Image Removed
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activation and production of  pro-inflammatory mediators including ILs, IFNs and PGs which 

promote further MMP expression.113 Tumour necrosis factor-α signals via transmembrane 

receptors (Figure 2.14); TNF receptor 1 (TNFR1), which is expressed ubiquitously throughout 

the body , and TNFR2, which is predominantly expressed in ECs and cells of the immune 

system.114,115 Both receptors contribute to TNF-α mediated cell death, lymphocyte proliferation 

and activation of NFκB.114  In MSU crystal-induced inflammation, production of TNF-α is 

slow and preceded by the release of IL-1. Inhibition of IL-1 signalling reduces TNF-α release 

in human monocytes, suggesting IL-1 is a proximal event in the inflammatory cascade.94  

2.9.1.3 IL-6 

Numerous chronic inflammatory disorders are characterised by unregulated production of IL-

6.116 Patients with gout have elevated IL-6 concentrations in the SF, which is predominately 

released by monocytes, macrophages and ECs.94,117 Interestingly, neutrophils do not release 

significant amounts of IL-6 when stimulated by MSU crystals.92 Interleukin-6 mediates the 

production of acute phase proteins including; C-reactive protein (CRP), serum amyloid A, 

haptoglobin, fibrinogen, albumin and transferrin.118 The acute phase proteins are synthesised 

within the liver and are defined by a group of plasma proteins with concentrations that either 

increase (positive acute phase protein) or decrease (negative acute phase proteins) during 

inflammation.30 Plasma proteins such as CRP can directly stimulate to secretion of cytokines 

such as IL-18 by ECs.119 Furthermore, IL-6 induces secretion of CXCL8/IL-8 and CCL2, and 

expression of vascular adhesion molecules.120 Interestingly, ECs only express the gp130 

transducing protein of the IL-6 receptor complex (Figure 2.15).116 For EC activation, IL-6 must 

combine with the soluble recombinant ligand binding unit IL-6Rα, which is only expressed on 

Figure 2.14 TNFR signalling.114  

Image Removed
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leukocytes and hepatocytes, however is abundant in neutrophil enriched inflammatory fluids 

as it can be shed from the neutrophil membrane (Figure 2.15). Interleukin-6 also stimulates 

production of IL-1Ra and can therefore confer anti-inflammatory effects.116 

2.9.1.4 Mast Cells  

Mast cells are important initiators of MSU-crystal induced inflammation as they contain pre-

formed pro-inflammatory mediators such as histamine, cytokines (IL-4, CXCL1, CXCL8, 

TNF-a), eicosanoids, lysosomal enzymes and serine proteases, which are released via direct 

crystal-mediated interactions.121,122 In the subcutaneous air pouch, mast cell density increases 

rapidly after MSU crystal delivery, which correlates with histamine content.123 In MSU crystal-

induced peritonitis, depletion of peritoneal mast cells attenuates the inflammatory response.124 

Furthermore, mast cell activation leads to tyrosine kinase mediated phosphorylation and 

mobilization of internal calcium, followed by activation of PKC, MAPKs and NF-kB. Notably, 

this leads to increased secretion of IL-4 to facilitate further mast cell degranulation and 

secretion of IL-10 by lymphocytes.125 

Figure 2.15 IL-6 mediated effects during inflammation116. 
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2.9.3 Propagation of Inflammation 

2.9.3.1 Neutrophil Recruitment 

Tumour Necrosis factor-a, IL-1 and IL-6 activate ECs to secrete pro-inflammatory cytokines 

and express E-selectin, ICAM-1 and VCAM-1 to allow leukocyte extravasation into the local 

tissue.30,54,93,94Animals with leukopenia have attenuated inflammatory responses in joint tissue 

after MSU crystal challenge, highlighting the importance of cell recruitment in the 

pathogenesis of gout.126 Monocytes and neutrophils increase CXCL-1,2 and 8 production to 

stimulate leukocyte recruitment as well as adhesion molecule expression and angiogenesis, 

primarily via the chemokine receptor, CXCR2.54 Interestingly, different cell types have 

different profiles for the degree CXCL1 and CXCL2 expression.  In inflammatory models 

similar to the subcutaneous air pouch, fibroblasts and ECs primarily produce CXCL1, while 

neutrophils, monocytes and macrophages produce CXCL2.127,128 Patients with gout have 

elevated CXCL8 levels in the SF and mice lacking CXCR2 show reduced neutrophil 

infiltration when stimulated with MSU crystals.54,129-131 

2.9.3.2 Monocyte Recruitment 

Monocytes, macrophages, ECs, fibroblasts and epithelial cells secrete CCL2, which regulates 

migration and infiltration of monocytes and lymphocytes (CD4+ and CD8+) via stimulation of 

the chemokine receptor, CCR2.127 Chemokine (C-C motif) ligand 2 can be expressed either 

constitutively or after induction by cytokines, growth factors and oxidative stress. In the 

subcutaneous air pouch, peak neutrophil response precedes monocyte infiltration, which 

progressively increases over ~12-24 hours.91 Indeed, stimulation of IL-6/ IL-6Rα complex on 

ECs, which increases as neutrophils accumulate, upregulates CCL2 and further IL-6 secretion, 

thereby favouring monocyte recrtuiment.127 Furthermore, neutrophils stimulated by pro-

inflammatory cytokines for several hours selectively produce CCL2 instead of CXCL8.96  

2.9.3.3 Monocyte Differentiation 

When incubated with MSU crystals, monocytes secrete GM-CSF, which upregulates CD14 

expression and TLR stimulation to induce macrophages differentiation into the M1 phenotype. 

This increases pro-inflammatory (e.g. IL-1β) cytokine production, consequently amplifying the 
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inflammatory response.54,60,65,132 Mast cells and fibroblasts can also be directly stimulated by 

MSU crystals and pro-inflammatory cytokines (IL-1, IL-6 and TNF-a) to secrete G-CSF and 

GM-CSF.60  

2.9.4 The Complement System 

MSU crystals activate both the classical and alternative complement pathways. Complement 

components including C1q, C1r, C1s bind to the MSU crystal surface and trigger cleavage of 

C5 in to C5a and C5b subunits.133 Indeed, activated complement components are abundant in 

the SF of patients with gout.134 In MSU crystal-induced peritonitis, C3a and C5a act as potent 

leukocyte chemoattractants and stimulate expression of pro-inflammatory cytokines.135 The 

activity of C3a and C5a on their receptors C3aR and C5aR respectively, mediate intracellular 

signalling via Akt, PKC and MAPK pathways.136 Mice deficient in C3,  unable to activate the 

complement cascade beyond formation of C3-covertase, exhibit markedly reduced leukocyte 

infiltration in response to inflammatory stimuli.135 Addition of C5a to peritoneal macrophages 

stimulated by MSU crystals upregulates intracellular ROS production, which promotes NLRP3 

activation and IL-1β secretion.94,137  

2.9.5 Lipid Meditators 

Interestingly, rats deficient in essential fatty acids develop reduced foot pad swelling following 

MSU crystal delivery,  and prostaglandin E2 levels are elevated in the SF of patients with 

gout.50 Monocytes and macrophages incubated with MSU crystals release PGs in a dose 

dependent manner which contribute to early vasodilation, oedema and leukocyte 

migration.50,138 Crystal interactions with the lipid membrane, directly activate  5-LOX, leading 

to leukotriene B4 (LTB4) production, which triggers generation of intracellular ROS and 

therefore NLRP3 activation.139 As COX-2 expression is mediated under NFκB, it can also be 

upregulated by IL-1 and TNF-α signalling.140 Downregulation of COX-2 and 5-LOX inhibits 

MSU-mediated M1 macrophage polarisation and decreases expression of IL-1β and NLRP3 

components via downregulated STAT-1 and NFκB signalling.141  Indeed pharmacological 

agents that reduce PG generation, such as ibuprofen (inhibits COX 1 and 2), are effective 

therapeutic targets for the management of gout.142-144 In the subcutaneous air pouch, ibuprofen 

dose dependently reduces leukocyte infiltration.145,146  



23 | P a g e

2.9.6 The Cell Mediated Response 

MSU crystals activate T-cells in an antigen-independent manner and  upregulate secretion of 

co-stimulatory molecules on APCs, in turn driving CD4+ and CD8+ cell differentiation (Figure 

2.16).42

2.9.6.1 IL-18 

Patients with gout have elevated IL-18 levels in the serum, which is a potent proliferative factor 

for lymphocytes.117 The IL-18 receptor complex (IL-18R) exerts biological effects similar to 

the IL-1 receptor, which include activation of MAPKs, NFκB and STAT1.147 Similar to IL-1α, 

IL-18 is also constitutively expressed in cells in the uncleaved form and can be released during 

cell necrosis148.  

2.9.6.2 IL-12 

Interleukin-12/IL-12p70, composed of two subunits; IL-12p35 and IL12p40, is secreted by 

macrophages and B cells in response to antigenic stimulation.45,149 Interleukin -12 stimulates 

TNF-α secretion by T cells and CTLs, and in conjunction with IL-18, strongly induces TH1 

polarisation.150 However, in the absence of IL-12, IL-18 can drive TH2 responses.150 T helper 

2 cells secrete IL-10, which acts directly on macrophages to reduce IL-12 production and 

therefore TH1 polarisation.151 

Figure 2.16 The adaptive immune response in gout.42 
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2.9.6.3 IFN-γ 

T-helper 1 cells primarily secrete IFN-γ, which stimulates further differentiation of CD4+ cells

into TH1 cells in a positive-feedback manner. Interferon-γ mediates it effects via the IFN-γ

receptor (IFN-γR), which activates the JAK-STAT pathway to upregulate genes mediating cell

differentiation/death and leukocyte adhesion. Importantly, in conjunction with TNFα, IFN-γ

can prime macrophages for innate stimuli and induce M1 polarisation.147,152,153

2.9.6.4 IL-17A 

T helper 17 cells are defined by the secretion of IL-17, and are stimulated by IL-1α, IL-1β and 

IL-18.42 The IL-17 family includes six members, with IL-17A promoting neutrophil 

chemotaxis and secretion of G-CSF, TNFα and CXCL-1, 2, 8.154 Interestingly, NLRP3 

deficient APCs have reduced capacity to induce TH17 polarization and  CD4+T cells lacking 

IL-1R and IL-18R are unable to differentiate into TH17 cells, suggesting an important 

regulatory role for IL-18.57 Indeed, in association with IL-23, IL-18 promotes TH17 cell 

responses.117,150 

2.9.7 The Humoral Response 

All mature B cells, except plasma cells, express CD20, with CD20+ B cells being abundant in 

the joints of gout patients.155,156 Immunoglobulins IgG and IgM promote MSU crystallization 

by stabilising initial stacking of UA molecules. Furthermore, superoxide and pro-inflammatory 

cytokine  production by neutrophils exposed to IgG coated MSU crystals  is greater than those 

exposed to uncoated crystals.157 Interestingly, IgG coating facilitates recognition of MSU 

crystals via interactions of the IgG-Fc receptor  (FcγRIIIb, Figure 2.17) with the CD11b/CD18 

integrin complex and prevents membrane lysis to facilitate crystal phagocytosis and 

processing.158-160 However, within the phagolysosome, antibodies become denatured by 

lysosomal enzymes and therefore, the now uncoated crystals lyse the phagolysosomal 

membrane, leading to cell necrosis.161 Immunoglobulin M also triggers complement induction, 

which facilitates crystal phagocytosis.159 However, MSU crystals are less active in serum, 

possibly due to preferential coating of other serum proteins. In fact, protein binding on MSU 

crystals varies during phases of the inflammatory response. In later stages, coating with HDL 

inhibits crystal induced inflammation, which therefore contributes to the resolution of gout.162 
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2.9.8 Resolution of Inflammation 

Acute gout attacks are generally self-limited and resolve within hours to a few days due to the 

production of anti-inflammatory cytokines.93,163 Monocytes, macrophages and T cells produce 

IL-10,  which signals via receptor complexes IL-10R1/2 to increase secretion of IL-1Ra and 

inhibit activation of NFκB, thus attenuating expression of pro-inflammatory cytokines, COX-

2 and, MMP-2 and 9.164,165 Indeed, transfection of macrophages with IL-10 complementary 

DNA inhibits production of TNF-α and CCL3 in the subcutaneous pouch model.166 However, 

differentiated macrophages do not express IL-10 when exposed to MSU crystals, hence in this 

context, IL-10 may be primarily derived from cells of the adaptive immune system.167 

Transforming growth factor-β levels are also elevated in the SF of patients with gout and 

inhibits leukocyte infiltration in the subcutaneous pouch by downregulating  pro-inflammatory 

cytokine release and EC activation (Figure 2.18).54,168,169 Furthermore, G-CSF induces 

macrophage differentiation to promote clearance of apoptotic neutrophils and upregulates 

TGF-β secretion, which reduces CXCL8 production.96,127,170 

Moreover, neutrophils undergo NETosis to limit the spread of cellular debris. Activation of 

cytokine receptors, TLRs, Fc receptors and complement components trigger calcium release 

from the endoplasmic reticulum, in turn upregulating PKC activity.171 This induces assembly 

Figure 2.17 Clusters of differentiation chart of Fc Receptors160. 
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of the cytosolic and membrane bound subunits of NOX into functional complexes at the 

cytoplasmic and phagosomal membrane. Generation of ROS disintegrates the nuclear 

membrane and granules of the cell to form NETs containing decondensed chromatin blended 

with nuclear/granular proteins and enzymes including histones, neutrophil elastase, MPO, 

proteinase-3 and MMP-9. Theses NETs  are expelled into the extracellular environment by cell 

membrane rupture and can exacerbate inflammation.172 However, at very high neutrophil 

densities, they form aggregated NETs (aggNETs). Monosodium urate crystals become 

imbedded within this matrix/tophus, which also sequesters and degrades inflammatory 

mediators, thus terminating the inflammatory response (Figure 2.18).93,173,174 Indeed, patients 

with chronic gout who present with tophi to do not exhibit signs of inflammation and mice that 

cannot produce aggNETs develop chronic and exacerbated neutrophil driven paw 

inflammation in response to MSU crystals.68,93,173,175 

 Figure 2.18 Mechanisms underpinning the resolution of MSU crystal induced inflammation. 
Top, as found in Miguel et al, 2013.93 Copyright: Springer Science. Bottom, as found in Li et al, 
2018.173 Creative Commons BY 4.0 license. Copyright: Li, Cao, Liu, Zhao and Hermann.  
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2.10 Metabolism of Bile Pigments and their Derivatives 

The review will now discuss the metabolism in bile pigments, their beneficial effects and 

potential uses in the treatment of inflammatory diseases.  

2.10.1 Haem Catabolism 

Bile pigments are endogenous compounds derived from the metabolism of haemoglobin (Hb) 

within senescent RBCs.176  Haem, the prosthetic group of Hb, consists of a ferrous ion (Fe-II) 

complexed within a tetradentate ligand, protoporphyrin(PRO)-IX which allows for oxygen 

binding and delivery to the tissues.177 Red blood cells are continuously exposed to endogenous 

and exogenous ROS which gradually deteriorate the cell membrane and cytoplasmic contents, 

ultimately impairing function.176 Haemolysis of RBCs leads to the release of dissociated (Fe-

PRO-IX), which is cytotoxic. Therefore, mammals remove RBCs via the mononuclear 

phagocytic system including the spleen, liver and bone marrow.178-181 Haem is first acted on 

by haem oxygenase (HO-1) located on the rough endoplasmic reticulum to liberate iron (Fe2+), 

carbon monoxide (CO) and BV (Figure 2.20).182 Protoporphyrin-IX, can be opened at different 

meso bridge positions (a,b,g,d) to produce isomers of BV designated IXa, IXb, IXg and IXd.  

Biliverdin and UCB isomers are described using notations such as IXα (Z, Z). The Greek letter 

α refers to the site of cleavage of PRO and the Z, Z refers to the configuration of the carbon 

C4-C5 and C15-C16 double bonds (E or Z conformation)(Figure 2.19).183 In the human body, 

UCB IXa is the predominant isomer formed, and will be referred to as ‘bilirubin’ or ‘UCB’ 

from hereon.183  

Figure 2.19 Conformers of biliverdin (left) and bilirubin (right) 
BV adopts a helical ‘lock washer shape’ while enantiomers of UCB (4Z,15Z) lead to 
formation of a folded ‘ridge-tile’ like confirmation via intramolecular hydrogen 
bonding.183,289 
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2.10.2 Biological Chemistry and Excretion of Bile Pigments 

Due to the hydrophilic nature of BV, it is unable to cross the cellular membrane for excretion. 

Therefore,  cytosolic biliverdin reductase (BVR) chemically reduces BV to UCB (Figure 

2.20).184 This process produces approximately 300 mg of UCB per day in adults.185 Biliverdin 

and UCB are incorrectly referred to as tetrapyrroles considering only two of the four rings are 

conjugated pyrroles.183 Therefore, these compounds are more commonly referred to as bile 

pigments (BPs).  The Z, Z configuration of UCB allows for intramolecular hydrogen bonding 

between the nitrogens in the pyrrole rings and the carboxyl groups leading to a folded structure 

with its lipophilic components exposed (Figure 2.19). However, the unsaturated C10 bridge of 

BV prevents the dipyrrollic units from rotating. Thus, BV cannot form intramolecular hydrogen 

bonds like UCB and has greater water solubility. Bilirubin’s lipophilicity allows it to diffuse 

into the blood and complex with albumin for transport to the liver.186 The liver is the primary 

site for bilirubin excretion because UCBs tight binding with albumin only allows trace amounts 

to be excreted via the kidneys.182 At the liver, the permeability of the hepatic microcirculation 

allows the bilirubin-albumin complex to enter the space of Disse and interact with the 

basolateral border of hepatocytes. This process is quite inefficient, as first pass clearance of 

UCB approximates 20%.182 Therefore, considerable amounts of bilirubin enter the systemic 

circulation and is redelivered to the liver for processing. The dissociation of UCB from albumin 

at the liver is mediated in part by the 1A and 1B members of the organic anion transporting 

polypeptide family (OATP), which allows facilitated uptake. Bilirubin can also be passively 

absorbed across the hepatocyte membrane and then bound by ligandins and Z protein to prevent 

reflux into to the blood and to facilitate transport to the endoplasmic reticulum for 

conjugation.187,188 In mammals, glucuronic acid (GA) is synthesized from cytosolic glucose 

complexed with uridinediphosphate (UDP) to form UDP-GA.  Both carboxylic acid side chains 

of UCB are sequentially esterified with GA molecules by UDP glucoronyl transferase 1A1 

(UGT1A1) to form bilirubin mono- and then di-glucuronide (BMG/BDG) (Figure 

2.20).182,183,189 When this conjugation system is overwhelmed during conditions of excessive 

bilirubin formation (e.g. haemolysis), BMG is principally formed.182 Conjugation markedly 

increases bilirubin’s water solubility to allow for transport in the bile without protein carriers. 

Bilirubin conjugates enter the bile canaliculus via the ATP-binding cassette family of 

membrane transport protein, multidrug resistance-related protein 2 (MRP2) (Figure 2.20) and 

are then excreted into the duodenum via the common bile duct.182,188,189 Due to their 



29 | P a g e

hydrophilicity and increased molecular size, bilirubin conjugates are not readily reabsorbed 

from the intestinal lumen and are further metabolised prior to excretion in the faeces.182   

2.10.3 Intestinal Modification of Bile Pigments 

Bilirubin conjugates are rapidly deconjugated by ß-glucuronidases derived from mucosal cells 

and gut microflora in the small intestine, reforming UCB.2,189 Bilirubin can then be reabsorbed 

at the distal intestine and re-conjugated in the liver via the entero-hepatic circulation. This 

entero-hepatic recirculation is increased under conditions of impaired gastric motility (e.g. 

during fasting), bacterial reductase activity and salt malabsorption.190-193  Within the large 

intestine, UCB is chemically reduced to urobilinogens and stercobilinogens, which have 8 and 

12 additional hydrogens respectively (Figure 2.21).194 These compounds are unstable and are 

readily oxidised into urobilinoids; urobilin and stercobilin which give faeces its characteristic 

brown colour. Around 30-60% of excreted bilirubin can be converted to urobilinoids.195 This 

activity is attributed to the genus Clostridium, particularly C. perfingens and C. difficile, and 

may provide a detoxification mechanism against excessive UCB accumulation.2,189,196 

Although the bulk of urobilinoids are excreted via the faeces, urobilinogen can cross the 

colonic epithelium, enter the enterohepatic circulation, and due to its water solubility, excreted 

through the urine.182,189,195 

Figure 2.20 Sequential catabolism of haem leading to formation of UCB, BV and BDG 
(left).183Bilirubin uptake at the hepatocyte and excretion into the bile (right).182 

Image Removed



30 | P a g e

2.11 Exogenous Administration of Bile Pigments 

While UCB remains cytotoxic at high concentrations, it possesses remarkable potency for 

scavenging free radicals at physiological concentrations and exerts powerful 

immunosuppressive effects at physiological or moderately elevated levels.14 Numerous 

observational studies have reported inverse correlations between serum bilirubin 

concentrations and the incidence of inflammatory diseases including cardiovascular disease, 

ulcerative colitis, diabetes, cancer and arthritis.197-200 Furthermore, the induction of mild 

hyperbilirubinaemia has been suggested for treatment of diseases including cardiovascular 

disease and diabetes.201,202 There has been limited information on the parenteral delivery of 

bilirubin in humans since1981. Recently, Dekker et al. re-established the utility of parenteral 

Figure 2.21 Sequential reduction/oxidation reactions of UCB in the gut. 
As found in Vítek et al, 2006.196 Copyright: Elsevier B.V.  
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delivery of bilirubin for the induction hyperbilirubinaemia. Intravenous (i.v.) delivery of UCB 

(2.9 mg/kg) resulted in peak serum concentrations around 70-90µM, with an elimination half-

life of 270 min.203 Their extensive review on over 1750 individual infusions further supported 

its safety, with a mild headache being the most common occurrence.  The volume of 

distribution of UCB in humans (0.068 L/kg) and rats (0.070 L/kg) suggest distribution within 

the blood and extracellular compartments.204-206 After UCB (2.7 mg/kg,i.v.) delivery in rats, 

only 29.1% of the dose is excreted via the bile over 180 min, most likely due to its affinity for 

vascular proteins, extracellular albumin and cellular distribution. Biliverdin (2.7 mg/kg, i.v.) 

delivery in rats, however, increases serum BV and UCB concentrations, suggesting reduction 

of BV within the reticuloendothelial system by BVR.204 Bile pigments are also readily 

bioavailable after intraperitoneal (i.p.) delivery. Biliverdin (2.7 mg/kg, i.p. ) administration 

leads to sustained increases in circulating BV and UCB over 3 hours with 16.1% 

bioavailability.204 In another study, BV (50 mg/kg,i.p.) increased total  (unconjugated + 

conjugated) bilirubin from 0.7 to 18.3 µM within 30 mins.207 Thus, i.p. administration is 

commonly utilised in in vivo models when investigating the therapeutic efficacy of BPs. 

Intestinal absorption of UCB has been previously estimated by quantifying biliary 

radiolabelled bilirubin excretion after enteral/intraduodenal (i.d.) delivery.208,209 Across 

studies, 2.5-28% of the administered doses were excreted over 72 hours in rats after UCB 

administration.210-212 Intraduodenal UCB (27 mg/kg) increases systemic UCB concentrations 

from 0.8-1.5 µM over 3 hours, however has poor bioavailability (1%), because in its diacid 

form, UCB  forms aggregates which hinders its diffusion across the lipid membrane.191,204 Few 

studies have elucidated the kinetics of BV absorption from the gut after enteral delivery. 

Intraduodenal BV (27 mg/kg) increases systemic BV concentrations, but also has poor 

bioavailability (0.7%). Interestingly, BV is metabolised into novel BP derivatives within the 

intestinal lumen which are detectable in the serum, bile and urine, suggesting enteric BV 

metabolism followed by enterohepatic absorption. These compounds, had maximum light 

absorption (λmax) between 420-450 nm, suggesting cleavage or reduction at the C10 bridge.204 

Investigations utilising liquid chromatography (LC), LC coupled to mass spectroscopy (LC-

MS) revealed modification of BV by addition of a bisulfide (HSO3-) and hydrogen at its C10 

bridge to form an active metabolite, bilirubin-C10-sulfonate (BRS)/ranarubin (Figure 2.22).23 

Addition of BV to Citrobacter youngae cultures, which constitute part of the normal microflora 

in humans and animals, leads to formation of BRS.23,204 C. youngae may enzymatically or 

through generation of sulphite at the membrane during tetrathionate (S4O62-) reduction, catalyse 

the formation of BRS from BV.23 Based upon these findings, a synthetic method for BRS has 
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been established and can be readily purchased in pure form for assessment of its therapeutic 

efficacy. Although one study showed that BV is enzymatically sulfonated into BRS in the 

American bull frog liver and therefore excreted in the bile, the pharmacokinetics of BRS after 

exogenous delivery have not yet been elucidated.213The ionisation of the sulfonate group vastly 

increases its solubility relative to BV and UCB.23 This may circumvent problems regarding to 

bilirubin’s poor dissolution and absorption and therefore represent a pharmacological means 

for delivering bilirubin in vivo. 

 

 

2.12 Antioxidant Properties of Bile Pigments 

Bilirubin is a potent free radical scavenger of reactive oxygen/nitrogen species (ROS/RNS) 

and therefore protects fatty acids, phospholipids and proteins against oxidative damage (i.e. 

peroxidation).214,215 Free radicals can attack the double bonds of the dipyrromethenone rings 

of UCB, leading to fragmentation of the pigment. Alternatively, hydrogen can be abstracted 

from the methylene group at the C10 bridge to form a double bond and thus generate BV.216 In 

this case, the antioxidative capacity of UCB can be amplified by the biliverdin-bilirubin cycle 

(Figure 2.23); as UCB is oxidised into BV, it can be reduced back by BVR to UCB which can 

repartake in oxidation reactions in a cyclic manner up to 10,000 times.217 Reports indicate that 

10 nM of UCB can protect Hela cells from a 10-,000-fold excess of H2O2.218,219 Other ROS 

such as lipid hydroperoxides and peroxyl radicals also drive this cycle.214 Indeed, bilirubin’s 

potent peroxyl radical scavenging capacity surpasses that of vitamin E and effectively protects 

LDL from peroxidation.220 Biliverdin and bilirubin ditaurate (BRDT), a bilirubin conjugate, 

dose dependently scavenge HCOL derived  from MPO, which is implicated in the pathogenesis 

of atherosclerosis.221 Gunn rats, a congenitally jaundiced mutant species of Wistar rat, cannot 

Figure 2.22 Structure of bilirubin-C10-sulfonate. 
As found in Shiels et al, 2019.23 Creative Commons BY 4.0 license. Copyright: Shiels et al. 
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form bilirubin glucuronides and therefore possess elevated UCB levels. The serum of Gunn 

rats and individuals with Gilbert’s syndrome, have reduced susceptibility to MPO-induced 

HOCl and chloramine formation, which can decompose leading to protein oxidation.222  Even 

when bound to albumin, the antioxidant capacity of UCB is retained. One molecule of albumin 

binds two molecules of UCB and scavenges two molecules of lipid peroxide radicals.204,223 

Bilirubin ditaurate has very strong antioxidant potential, however, is excreted more readily than 

BV and UCB after exogenous administration.23,204 Moreover, its antioxidant capacity is lost 

upon binding with iron.154 Shiels et al., recently investigated the ferric reducing ability of 

plasma (FRAP) activity of BRS (Figure 2.23). FRAP, is a robust quantitative test of reductive 

potential and therefore antioxidant power within a sample.224 Bilirubin-C10-sulfonate reduced 

3.069 molar equivalents of ferric-tripyridyltriazine (Fe3+-TPTZ) to the ferrous form (Fe2+-

TPTZ) in serum and had greater reductive capacity than ascorbate which reduced 1.969 molar 

equivalents of Fe2+-TPTZ.23  However, this was less than BV and BRDT, which reduced 4.153 

and 4.250 molar equivalents respectively.23  

 

 

 

2.13 Role of Haem oxygenase and Inflammation 

Numerous studies have demonstrated the anti-inflammatory properties of haem oxygenase as 

well as its by-products CO, ferritin and BV. Haem oxygenase-1 knockout mice show increased 

leukocyte infiltration, and IL-1β and TNF-⍺ secretion in the zymosan stimulated subcutaneous 

Figure 2.23 UCB-BV antioxidant cycle (left). The FRAP status of BRS, BV and BRDT (0-
100 µM) in serum (right).
Left, as found in Sedlak et al, 2004.217 Copyright: American Academy of Paediatrics. Right, 
as found in Shiels et al, 2019.23 Creative commons BY 4.0 license. Copyright: Shiels et al.  
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air pouch.113 In another study, injection of haem into to the pouch prior to zymosan stimulation 

led to UCB production via HO-1, and thereby reduced leukocyte infiltration, and IL-1β and 

TNF-⍺  secretion over 24 hours.225 In adjuvant-induced arthritis, i.p. haem dose dependently 

reduced paw oedema, and thermal and mechanical hyperglasia.226 However, these results 

should be interpreted with caution as elevated levels of CO and ferritin also exert potent anti-

inflammatory properties.227 Despite this, topical application of BV abrogates neutrophil 

infiltration and inflammation associated with corneal neovascularization in HO-2 knockout 

mice, implicating a strong role for BV in the ant-inflammatory properties associated with haem 

oxygenase.228  

2.14 Anti-inflammatory Properties of Bile Pigments in Models of Inflammation 

The anti-inflammatory properties of BV and UCB have been established  in numerous models 

of inflammation, including organ transplantation and ischemia/reperfusion injury (IRI).229 

These findings are summarised below and presented in Appendix B. Treatment of the mouse 

paw with UCB and bilirubin dimethyl ester (20 µg) prior to carrageen induced inflammation, 

attenuated oedema and mechanical hyperglasia.48  In collagen-induced arthritis, repeated BV 

(25 mg/kg,i.p.) reduced synovial inflammation, articular cartilage damage and bone erosion.230  

In syngeneic small bowel transplants, BV (50 mg/kg,i.p.) pre-treatment of donor and recipient 

rats markedly attenuated cell infiltration and IL-1β, IL-6, COX-2 and ICAM-1 tissue mRNA 

expression.207 In pancreatic islet transplantations, UCB (10 mg/kg, i.p.) pre-treatment markedly 

reduced early islet cell death, and addition of UCB (20 µM) to islet cultures 1 hour before IRI 

reduced media concentrations of IL-1β, IL-6 and CCL2.231 In intra-portal islet transplantations, 

UCB (8.5 mM, i.p.) reduced macrophage and CD68+ cell infiltration, as well as, serum IL-1β, 

TNF-⍺, CCL2 and soluble ICAM-1 concentrations.232  Biliverdin (50 µmol/kg, i.v.) also 

ameliorated IRI in rat liver grafts and reduced tissue TNF-α levels.233 Biliverdin (35 mg/kg, 

i.p.) pre-treatment in lung graft recipients and brain-dead donor rats prior to transplantation

improved graft function and reduced neutrophil infiltration, hyaline membrane formation and

intra-alveolar haemorrhaging.234 Likewise, BV (10 µM) pre-treatment of isolated rat lungs

before IRI attenuated oedema, cell infiltration and IL-1β, TNF-⍺, IL-6 and COX-2 tissue

mRNA expression.235 Lung grafts incubated with BV (10 µM) show reduced neutrophil

infiltration and TNF-α, IL-6, CXCL8 and COX-2 tissue mRNA expression after

transplantation.236 Biliverdin (50mg/kg, i.p.) pre-treatment also protected against IRI in renal
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transplants via reduced IL-6, IL-1β and ICAM-1 tissue mRNA expression.237 In smoking 

induced emphysema, regular UCB (20 mg/kg, gavage) treatment reduced leukocyte infiltration 

and secretion of TNF-α, CXCL8, CXCL2, CCL2 and IL-17A levels in the bronchoalveolar 

lavage fluid.154 In an open excision wound model, treatment with a UCB ointment lead to 

accelerated wound healing with reduced leukocyte infiltration and increased fibroblast 

proliferation, along with reduced tissue mRNA expression of ICAM-1 and TNF-⍺.238 Similar 

findings were observed in diabetic rats where mRNA expression of TGF-1β and IL-10 were 

upregulated while TNF-⍺, MMP-9, IL-1β were downregulated.239 Biliverdin (35 mg/kg, i.p.) 

also protected against LPS (35 mg/kg i.v.) induced septic shock. At sublethal LPS (3 mg/kg, 

i.v.) doses, BV supressed serum IL-6 production and increased IL-10 concentrations. In LPS-

induced lung inflammation, BV and UCB (35 mg/kg, i.p.) treatment inhibited leukocyte

infiltration in the bronchoalveolar lavage fluid.240 These data generally support a strong role

for bile pigments in the prevention of sterile inflammatory responses, which could be mediated

via prevention of leukocyte recruitment and/or activation. To date, the impact of bile pigments

have not been tested in the MSU crystal mediated pouch model of inflammation

2.15 Mechanisms Underpinning Anti-inflammatory Properties of Bile Pigments 

The mechanisms by which BPs have been shown exert immunomodulatory properties will now 

be expanded on (Figure 2.24).14 

Figure 2.24 Immunomodulatory activities of UCB. 
As found in Jangi et al, 2013.14 Copyright: Elsevier. 

UCB 
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2.15.1 Leukocyte Extravasation 

Both BV and UCB may inhibit leukocyte infiltration by modulating adhesion molecule 

expression on ECs. In carrageenan induced peritonitis, BV (15 µmol/kg, subcutaneous(s.c.)) 

reduced leukocyte rolling and adhesion on ECs.241 Similarly, in IRI of cardiac transplants, BV 

(50 µmol/kg, i.p.) attenuated CD8+T and CD4+ T cell infiltration,237 and was consistent  another 

study which revealed BV (50mg/kg, i.p.) inhibited tissue ICAM-1 mRNA expression.242 

Bilirubin also dose dependently inhibited monocyte migration across TNF-a stimulated human 

umbellic vein endothelial cells.70 Similarly, UCB (30 mg/kg, i.p.) treatment in low-density 

lipoprotein receptor-deficient mice markedly reduced infiltration of monocytes and 

lymphocytes, and proliferation of smooth muscle cells (SMCs) within atherosclerotic lesions.70 

In dextran sodium sulfate-induced colitis, UCB (30 mg/kg, i.p.) attenuated eosinophil, and 

CD3+ and CD68+ T cell infiltration via downregulation of VCAM-1. Interestingly, independent 

to dextran sodium sulfate challenge,  UCB treated rats showed an increase in the % of 

circulating eosinophils, suggesting eosinophil extravasation was specifically attenuated, and 

not leukocyte recruitment.243  Additionally, as UCB is able to passively diffuse through the 

plasma membrane, it may scavenge intracellular ROS (O2. and H2O2) generated by NOX after 

VCAM-1 and ICAM-1 activation (Figure 2.25).70,187,244 Furthermore, in vitro, UCB and BV 

directly inhibit the assembly of NOX by binding to the hydrophobic regions of the cytosolic 

subunits and inhibiting translocation to the cell membrane.245  These presented mechanisms 

would attenuate EC tight junction disruption and therefore leukocyte extravasation.  

Figure 2.25 Proposed mechanism by which UCB modulates VCAM-1 and ICAM-1 dependent 
leukocyte extravasation.    
As found in Vogel et al, 2017.70 Creative Commons: BY-NC-ND 4.0 license. Copyright: Vogel 
et al.  
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2.15.2 Cell Surface Molecule Expression 

Bilirubin may exert powerful immunosuppressive effects by modulating direct cell 

interactions. Neonates who develop jaundice have difficulty producing antibodies in response 

to routine vaccinations against diphtheria, tetanus and measles. Consistent with this, 

lymphocytes exhibit reduced activity when incubated with UCB (102 µM).246,247 Bilirubin can 

also affect macrophage phagocytic and antigen presenting function by altering Fc subset 

expression, including upregulation of Fcλ1, Fcε, Fcµ and Fcα and downregulation of 

Fcγ2B.248,249 Expression of Fc receptors for IgM, IgH22B, IgA and IgE are downregulated in 

peritoneal macrophages of mice treated with i.p. UCB.250 This occurred almost immediately, 

and expression of Fc subsets did not return to baseline for at least 24 hours.14 Other studies 

have reported UCB inhibits MHC-II class molecules on APCs and CD28 expression on CD4+ 

cells, a potent co-stimulatory signal for interleukin production.14,251 Furthermore, UCB (100 

µM) treated CTLs have reduced CD25 and CD71 expression, induction of which are dependent 

on IL-2, thus, cytokine binding or subsequent signal transduction may be attenuated by UCB.252 

In cancer patients treated for obstructive jaundice, IL-1 and 2 concentrations significantly 

increased after biliary stenting and resolution of hyperbilirubinaemia.253 Similarly, in infants 

treated with phototherapy for underlying hyperbilirubinaemia, IL-2 production increased as 

serum UCB decreased.254 Programmed death ligand-1 (PD-L1), a regulatory extracellular 

marker constitutively expressed on T cells, B cells and APCs, inhibits lymphocyte activation 

when bound to its receptor, PD-1. Furthermore, APCs expressing PD-L1 induce Treg 

differentiation (Figure 2.26).231 In one report, UCB (20µM) increased PDL-1 expression on 

LPS-stimulated macrophages and therefore  stimulated Treg differentiation and inhibited TH1 

polarisation.231 Bilirubin (100 mg/kg, i.p.) also alleviated experimental autoimmune myelitis 

via reduced CD80 and CD86 expression on macrophages, which inhibited TH1 and TH2 

cytokine release.255  
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2.15.3 Cell Proliferation  

Bilirubin may also modulate cell growth, including lymphocyte proliferation.14  Gunn rats 

show reduced neointimal hyperplasia after balloon injury in the carotid artery compared to wild 

type rats; an effect that is also observed in Wistar rats treated with BV (50 µmol/kg, i.p.). 

Bilirubin and BV dose dependently reduce vascular smooth muscle cell (VSMCs) proliferation, 

possibly by modulating the cell cycle. Indeed, UCB and BV inhibit cdk2 and cyclin A, D1 and 

E, leading hypophosphorylation of retinoblastoma (Rb) tumour suppression protein in 

VSMCs.256 The transcription factor YY1 is a direct target of Rb in VSMCs. Hypohophorylated 

Rb restrains YY1 in the cytosol and prevents migration into the nucleus, inhibiting gene 

expression for cell-cycle transition from growth arrest to S phase.257 Furthermore, BV and UCB 

are direct ligands of the aryl hydrocarbon receptor (Ahr), which also mediates cell cycle arrest 

via hypophosphorylation of Rb.224 Bilirubin also leads to hypophosphorylation of the 

Ras/Raf/MEK/ERK (Figure 2.27) pathway at numerous target sites and reduces cellular Raf 

content, potentially by inhibiting activation of this pathway by intracellular ROS and direct 

phosphorylation of Raf by Ras.257,258 

Figure 2.26 Immunomodulatory effects of UCB on cell surface marker expression.231  

Image Removed



39 | P a g e

Figure 2.27 Potential mechanism of bilirubin-mediated growth arrest of VSMCs.257 

2.15.4 Other Intracellular Signalling Cascades 

Bilirubin (20-150 µM) can induce widespread inhibition of protein kinases including PKC and 

IKK, which can downregulate activation of nuclear factors NFκB, AP-1, STAT-1 and NFAT 

and therefore expression of inflammatory genes.232,255,259 Indeed, lymphocytes  incubated with 

BV (50µM) have attenuated IL-2 and IFN-γ production via reduced  NFAT and NFκB 

activation.242 Biliverdin (5µM) also inhibited NFκB activation in HEK293A cells stimulated 

with TNF-⍺.260,261 Cumulative effects of bilirubin at physiological concentrations may also 

interfere with cytokine-receptor interactions and protein phosphorylation as UCB localises in 

hydrophobic cellular compartments (i.e. the cell membrane).259 In BV (10µM) treated rat lungs, 

the activity of the JNK/MAPK pathway was downregulated via reduced phosphorylation of 

JNK.235 In another study, lung grafts treated with BV (10µM) demonstrated  reduced 

expression of p38MAPK, ERK and JNK.236 In liver graft transplants, BV (50µM,i.v.) inhibited 

the JNK/AP-1 pathway, leading to TNF-α mRNA instability and reduced expression.233,256 

2.15.5 Biliverdin Reductase 

The anti-inflammatory effects of exogenous BV may be attributed to its conversion to UCB by 

BVR.256 However, BVR itself exerts ant-inflammatory properties. Biliverdin reductase is a 

kinase (serine/threonine/tyrosine) that requires phosphorylation to reduce BV to UCB, which 

allows for joint interactions with MAPKs, MEKs, Akt and PKC in response to cell 

stimulation.262 In macrophages stimulated with LPS, BVR exerts anti-inflammatory effects via 

modulation of the PI3K pathway and can translocate to the nucleus to regulate expression of 

Image Removed
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genes, including HO-1.258,263-265 Addition of BV in unstimulated cells also leads to increased 

BVR and HO-1 expression.266,267  During induction of stress, for example by ROS, exogenous 

BV increases BVR and decreases HO-1 expression, which attenuate BV 

accumulation.207,236,240,268 However, some studies report increases in HO-1 expression and/or 

no changes in BVR expression .207,256 There may exist time, dose and tissue dependent factors.  

Indeed, rat livers treated with a single dose of BV (40µmol/kg, s.c.) show reduced HO-1 

expression at 3 hours, followed by a rebound increase at 48 hours.269 To further explain this, 

the activity of NFκB must be considered because a regulatory feedback cycle exists, by which 

NFκB limits its own activity via HO-1 and BVR expression. Overexpression of BVR in 

unstimulated cells activates NFκB while prolonged NFκB activation reduces BVR expression 

(Figure 2.28).261 Essentially, BVR binds to the IκB kinase, triggering phosphorylation and 

degradation of IκB. In turn, NFκB translocates and binds to the BVR promoter to inhibit BVR 

transcription, while upregulating HO-1 expression. The inhibitory action of NFκB on the BVR 

promoter is detectable within 15 min after TNF-⍺ induced activation of NFκB (Figure 2.28).258 

Increased HO-1 and decreased BVR expression results in accumulation of BV which in turn 

inhibits NFκB via downregulation of IKK signalling.261 In models where NFκB expression is 

increased after BV treatment, it is also observed in the absence of the inflammatory stimulus.207 

Pre-treatment with BV in unstressed systems may upregulate NFκB dependent genes via BVR 

to pre-condition a protective phenotype against insult,207 as the increase in NFκB may not be 

as pronounced after induction of stress.236,240  

 

 

Figure 2.28 Proposed feedback loop for human BVR (hBVR) regulation by TNF⍺, NFκB and 
hypoxia i.e. sterile inflammation (Left).261  Induction of HO-1 and production of haeme 
degradation products, which exert anti-inflammatory and antioxidative properties (Right).  
Right, as found in pae et al, 2009.364 Creative Commons BY-NC 3.0 license. Copyright: Pae et 
al.  

Image Removed
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Furthermore, treatment of primary airway epithelial cells with HO-1 or BV (50µM) inhibits 

NLRP3 expression. Haem oxygenase-1 binds to the NACHT domain of NLPR3 to inhibit 

signal transduction.270 Biliverdin may prevent NLRP3 assembly by inhibiting TLR-4 

expression via BVR translocation to and suppression of AP-1 sites on the TLR-4 promoter.262 

2.15.6 The Complement System 

Bilirubin also exerts powerful inhibitory actions on the complement system. Signals generated 

by C5a and C3a increase phosphorylation of MAPKs, which interact with the TLR-4 pathway. 

Therefore, C5a and C3a can amplify TLR-4 mediated activation of NFκB to increase pro-

inflammatory cytokine production271 Indeed, inhibiting C5aR decreases LPS-mediated release 

of IL-6 in monocytes and macrophages. In one study, BV (50µM) inhibited LPS-induced 

expression of C5aR, partly via activation of the PI3K/Akt/mammalian target of rapamycin 

(mTOR) pathway leading to reduced IL-6 and TNF-α mRNA expression. Interestingly, this 

only reduced IL-6 concentrations as TNF-α mRNA is short lived and does not contribute to 

rapid increases in TNF-α released by RAW macrophages when challenged with LPS.262,272 It 

was further concluded that although BV inhibited TNF-α mRNA expression, MMP induced 

cleavage and release of TNF-α was likely unaffected.273 Interestingly, repeated BV (5 mg/kg, 

i.p. ) administration inhibited ultraviolet B (UVB) induced phosphorylation of p38MAPK and

MMP-1/3 in the mouse skin.273,274 Furthermore, in a model of ulcerative colitis, regular UCB

(40 µM, 3.5mL intragastric) reduced TNF-⍺ and IL-1β concentrations in the colonic tissue.275

These inconsistent findings may be explained by differences in experimental design including

dose dependent effects and inflammatory stimuli.

2.15.7 Lipid Mediators 

Bilirubin may also downregulate the synthesis of lipid mediators, which contribute to 

inflammation. In vitro, UCB and bilirubin dimethyl ester, a chemically modified derivative of 

UCB, dose dependently inhibited sPLA2IIA, 5-LOX and COX-2 activity. In vivo, both UCB 

and bilirubin dimethyl ester, dose dependently reduced footpad swelling in the mouse paw 

challenged with sPLA2IIA (4 µg). Bilirubin dimethyl ester also dose dependently inhibited AA 

induced platelet aggregation via downregulation of COX-148.  
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2.16 Rationale 

 

Anti-inflammatory drugs are important in reducing the morbidity, mortality and economic 

burden caused by chronic disease.  The inverse relationship between serum bilirubin and 

incidence of chronic diseases are extensively documented. This literature review demonstrated 

that BPs can exert powerful anti-inflammatory effects due to their potent antioxidant capacity, 

and inhibitory action on leukocyte recruitment/infiltration and inflammatory signalling. 

Therefore, the induction of mild hyperbilirubinaemia could be suggested for the treatment of 

inflammatory diseases. However, BV and UCB are rapidly excreted after exogenous delivery 

for effective clinical use. In order to substantiate the clinical utility of BRS, its 

pharmacokinetics and anti-inflammatory potential in animal models must be elucidated. It is 

anticipated that the greater water solubility of BRS relative to BV and UCB, may circumvent 

problems regarding to the rapid excretion of BPs and therefore represent a pharmacological 

means for increasing circulating concentrations in vivo. The first experimental chapter in this 

thesis compares the pharmacokinetics of BRS and BV in the rat after their i.v., i.p. and i.d. 

administration. As the, pharmacokinetics of BV has been previously documented, it serves as 

a suitable comparison. The second experiment chapter is the first to investigate the anti-

inflammatory properties of i.p delivered BRS and BV in the rat subcutaneous air pouch model 

of MSU crystal-induced inflammation. The findings made in these experimental chapters may 

improve our current understanding on the role of BPs in mammalian physiology and stimulate 

further research into their exogenous administration for clinical use.  
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Chapter 3 Aims & Objectives 

3.1 Aims 

The aims of this research project were to: 

1. To compare the pharmacokinetics of bilirubin-C10-sulfonate (BRS) and biliverdin

(BV) after intravenous (i.v.), intraperitoneal (i.p.) and intraduodenal (i.d.)

administration in the rat

2. To determine whether i.p. pre-treatment with BRS or BV would confer protection

against monosodium urate crystal (MSU) induced sterile inflammation in the rat

3.2 Objectives 

The objectives of aim 1 were to determine and compare changes in bile pigment concentrations 

in the serum after exogenous administration of BRS and BV in the rat. Anaesthetised, male 

Wistar rats (10-12 weeks) were administered BRS and BV via i.v., i.p. and i.d. administration 

routes after fasted for approximately 12 hours. Over 180 min, periodic serum samples were 

collected via a jugular cannula.  The concentration of BRS, BV and unconjugated bilirubin 

(UCB) in serum was determined using ultra high-performance liquid chromatography coupled 

to mass spectrometry (UHPLC-MS) and compared to baseline bile pigment concentrations and 

relevant vehicle groups, which received saline via each administration route. Pharmacokinetic 

parameters including; the Area Under the Curve over 180 min (AUC180) , distribution half-life, 

elimination half-life and volume of distribution, for BRS and BV were calculated using a 

noncompartmental model on a pharmacokinetic data analysis program (PK solver), and then 

compared276.   

The objectives of Aim 2 were to determine whether pre-treatment with BRS or BV would 

confer anti-inflammatory effects in a subcutaneous air pouch model of MSU crystal induced 

sterile inflammation. Male Wistar rats (10-12 weeks) had a subcutaneous air pouch inflated on 

their dorsal flank. On day 4, the air pouches were reinflated. On day 6, treatment groups were 

pre-treated with 27 mg/kg, i.p. BRS or BV. After 30 min, synthesised, endotoxin-free MSU 

crystals (25 mg, 5 mL saline) were injected into the air pouch.  For a positive control, rats were 
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pre-treated with a molar equivalent dose of ibuprofen (9.11 mg/kg, i.p.).  A vehicle group was 

pre-treated with PBS only (3.5 mL, i.p.). A sham group was injected with saline (5mL) instead 

of MSU crystals into the air pouch and pre-treated with PBS only (3.5 mL, i.p.). Exudate from 

the air pouch was collected at 1,6,12,24 and 48 hours after MSU crystal delivery. Total 

leukocyte counts in the pouch exudate were determined using a hemocytometer.  Differential 

leukocyte counts were carried out on pouch exudate smears using a rapid diff stain. Cytokine 

concentrations in the pouch exudate at 6 hours were determined using a multiplexed bead-

based flow cytometric immunoassay capable of simultaneously measuring IL-1⍺, IL-1β, TNF-

⍺, IL-6, IL-10, IL-12, IL-17A IL-18, GM-CSF, CCL2, CXCL1 and IFN-γ.  

3.3 Research Hypotheses 

Hypotheses for Aim 1: 

Null Hypothesis (H0): There are no significant differences in the elimination half-life, AUC180, 

volume of distribution, bioavailability and serum concentrations of BRS and BV after their i.v., 

i.p. or i.d. administration

Alterative Hypothesis (H1): There are significant differences in the elimination half-life, 

AUC180, volume of distribution, bioavailability and serum concentrations of BRS and BV after 

their i.v., i.p. or i.d. administration 

Hypotheses for Aim 2: 

Null Hypothesis (H0): There are no significant reductions in pouch leukocyte infiltration and/or 

cytokine concentrations after MSU crystal administration and i.p BRS or BV pre-treatment 

compared to control (MSU only).  

Alterative Hypothesis (H1): There are significant reductions in pouch leukocyte infiltration 

and/or cytokine concentrations after MSU crystal administration and i.p. BRS or BV pre-

treatment compared to control (MSU only).  
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Chapter 4 Methods 

4.1 Animals 

Male Wistar rats (Animal Resource Centre, Perth, Australia), were housed in groups of three 

and acclimatized in a PC2 Animal Facility (G26) at Griffith University for 1 week under a 12-

hour dark/light cycle, at constant room temperature (220C, RT) with had free access to rat chow 

and water. All animals were studied between 10-12 weeks of age and weighed between 320-

430g. All experimental procedures were approved by the Griffith University Animal Ethics 

Committee prior to commencement (MSC/03/018/AEC).  

4.2 Bile Pigments 

Biliverdin hydrochloride (BV-HCl) (CAT B655-9), bilirubin-C10-sulfonate (BRS) (CAT 

B15671), unconjugated bilirubin (UCB) (CAT B584-9), meso-biliverdin (m-BV) (CAT 

M14136), meso-bilirubin-10-sulfonate (mBRS) (CAT M34099 ), meso-bilirubin (mUCB) 

(CAT B588-9) and bilirubin conjugate (CAT B850), a di-sodium salt of bilirubin diataruate 

(BRDT), were purchased from Frontier Scientific (Logan, USA). The sodium salt of biliverdin, 

sodium biliverdinate (NaBV) was prepared from BV-HCl using previously published 

methods.204 250 mg of BV-HCl was added to 400 mL of ethanol (Chemsupply, Port Adelaide, 

Australia, CAT EA043-2.5L-J) containing 50.07 mg of sodium hydroxide (NaOH) (MERCK, 

Kilsyth, Australia CAT 1310-73-2). The solution was the sonicated for 10 min at 320C and 

evaporated to dryness at 400 x g, 320C for 12 hours at 2 millibar (Scan Speed 40, Labogene, 

Lynge, Denmark) to obtain NaBV, referred to as biliverdin from heron. All other BPs were 

used as supplied. All BPs were stored in a -800C prior to use.  

4.3 Pharmacokinetics of Bile Pigments 

4.3.1 Study Design 

Experimental work was carried out under minimal light and vessels containing BPs were 

covered using aluminium foil to minimise bile pigment degradation. Animals were fasted for 
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12 hours prior to surgery, with free access to water.  Surgical procedures were conducted under 

a dissecting microscope.  Surgical instruments were washed with 2% bleach (Chemsupply, 

Port Adelaide, Australia, CAT ST044-5L) and 70% ethanol prior to and between surgeries. 

Animals were anaesthetised with i.p.  xylazine (3 mg/kg) (Troy Laboratories, Glendenning, 

Australia CAT 3828) and ketamine (50 mg/kg) (Troy Laboratories, Glendenning, Australia 

CAT 3405).  Subsequent anaesthetic doses (0.05-0.1 mL) were given in 5-minute intervals, 

until corneal and toe pinch reflexes were lost. After the neck and abdomen were shaved, 

animals were placed over a heating pad and a rectal probe with a digital thermometer secured 

(52 II Thermometer, Fluke, Baulkham Hills, Australia, CAT 61010-1-04). Rectal temperature 

was maintained within 1.50C from the starting temperature by adjusting the temperature of the 

mat.  

The surgical procedures consisted of a superficial incision above the right jugular vein and a 

midline laparotomy. Pain was assessed in 15 min intervals during surgery and across the 180 

min experimental protocol. Animals were maintained under anaesthesia with periodic 

administration (0.05-0.1 mL, i.p.) of the xylazine: ketamine mix mentioned above.  The jugular 

right vein as cannulated using silastic tubing (1.19 mm OD x 0.64 mm ID) (Dow Corning, 

Midland, USA, CAT 508-003).  50 IU of warm sterile sodium heparin in 0.9% saline (100 

IU/mL; Pfizer, New York, USA) was flushed through the line to prevent occlusion. As part of 

this study, the common bile duct was permanently cannulated using polyethylene tubing (0.6 

mm OD x 0.28 mm ID) (Microtube extrusions, North Rocks, Australia, CAT PE6128) to 

collect data on bile pigment excretion, which will be reported in a sperate thesis. The jugular 

tubing was connected to a three-way valve (BD, Franklin Lakes, USA, CAT 394600), which 

allowed for periodic venous blood collections and infusion of sodium taurocholate (Sigma-

Aldrich, St. Louis, USA CAT 345909-26-4) to replenish bile acids lost due to bile duct 

cannulation. Sodium taurocholate was continuously infused (100 nmol/min/100 g body weight) 

throughout the 180 min protocol through a 0.45 µm membrane filter (Merck Millipore, 

Burlington, USA, CAT SLHU033RS) using a dual infusion pump (Harvard Apparatus, 

Holliston, USA, Model # 55-2222). 

After jugular and bile duct cannulas were secured, the laparotomy incision was sutured closed 

and the animal allowed to rest for 20 min. After this time, a baseline blood sample (150 µL) 

was collected to quantify endogenous serum BP concentrations. Treatments were randomly 

allocated to animals (saline control, BV and BRS). It was not possible to blind experimenters 
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from treatments due to the characteristic colours of the BPs. All solutions were administered 

within 15-20 min of preparation. BRS was dissolved in PBS (Invitrogen, Carlsbad, USA, CAT 

003002) and BV was dissolved in 1:1 (% v/v) 0.9% Saline:PBS. Solutions were vortexed for 

15 sec and sonicated for 7 min to ensure they were fully dissolved. Biliverdin and BRS were 

administered at 2.7 mg/kg for i.v. (n=5 per treatment) and 27 mg/kg for i.p. (n=5 per treatment) 

and i.d. (n=5 per treatment). The administered i.v. doses were based on a previous study with 

a similar experimental design investigating the pharmacokinetics of BV and UCB.204 Hence, 

using the same doses allowed for results generated in this thesis to be compared to previously 

published findings. Due to the potentially low bioavailability of BPs, greater i.p. and i.d. doses 

(27 mg/kg) were administered versus i.v. delivery to maximize the likelihood of detecting them 

in the serum.  Vehicle groups were administered PBS; 1ml for i.v. (n=4) and 3 mL for i.p. (n=4) 

and i.d. (n=4). All compounds were administered through a 0.45µm membrane filter (Merck 

Millipore, as above). Allocation of treatments for the study are provided in Figure 4.1. For i.v. 

administration, compounds were administered directly into the right jugular vein via the jugular 

cannula over 10 sec. For i.p. administration, compounds were distributed into the peritoneum 

via the abdominal incision. For i.d. administration, prior to treatment, a loosely tied, temporary 

suture (Surgical Specialties, Frenchs Forest, Australia, CAT 784B) was placed around the 

pyloric sphincter to prevent reflux of compounds into the stomach. Using a 27G needle (BD, 

Franklin Lakes, USA, CAT 394600), compounds were directly injected in an anterograde 

direction into the duodenum, 5 cm distal to pyloric sphincter over 2 min to gradually fill the 

intestine. The needle was then removed and wound immediately sealed using super glue 

(Loctite, Germany, CAT 298449) and the pyloric suture was undone 5 min after compound 

administration. The laparotomy wound was sutured and covered with gauze. 0.9% saline was 

placed over the wound at 30 min intervals to prevent dehydration.    

 

150 µL blood samples were collected via 1mL syringes (BD, Franklin Lakes, USA, CAT 

302100) and placed into 0.65 mL microtubes (WWR international, Radnor, USA CAT 

LAC11154) at 0,2,5,10,15,20,30,60,90,120,180 min for i.v. and 0,15,30,60,90,120,150,180 

min for i.d. and i.p. groups. Lost fluid was replaced by infusing an equivalent volume of 10.0 

IU/mL sodium heparin in 0.9% saline. Samples were allowed to clot for 20-30 min and spun 

for 10 min at 5,000 x g, RT. 40 µL serum aliquots were then immediately flash frozen in liquid 

nitrogen (N2). After 180 min, rats were euthanised by excision of the heart.  All samples were 

stored at -800C until analysis. 
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4.3.2 Bile Pigment Analysis  

Serum BPs were quantified using Ultra High-Pressure Liquid Chromatography coupled to 

Electrospray Ionisation Mass Spectrometry (UHPLC-ESI/MS). UHPLC-MS analysis was 

performed using the Shimadzu Nexera 2X system, which consisted of a single DGU-20A5R 

degassing unit, two LC-30AD pumps, a SIL-30AC autosampler, a CTO-20AC column oven, a 

SPD-M30A DAD and a LCMS-2020 single quadrupole mass spectrometer. A Shimadzu FCV-

32AH valve was employed between the DAD and the LCMS-2020 to divert flow from the 

mass spectrometer and minimise contamination.  Data analysis was performed using Shimadzu 

LabSolutions software (version 5.80). HPLC grade ammonium acetate (CAT AM02550250), 

and Supragradient HPLC grade methanol (CAT ME03064000) and acetonitrile (CAT 

AC0331400) were purchased from Scharlau (Sentmenat, Spain). 

 

4.3.2.1 Chromatography  

 

Separation of targeted BPs were achieved on a reverse phase C18 column (Vision HT, C18HL, 

2.0 x 100 mm, 1.5 µ particle size, PhaseSEP, Victoria, Australia). The column was preceded 

by a VisionHT C18HL guard column (2.0 x 5 mm, 1.5 µ, Doncaster East, Victoria, Australia) 

and an Ultrashield UHPLC column filter (Restek, 0.2µ, Shimadzu, Sydney Australia). The 

i.v. (n=14) 
 

d 

BV (2.7 mg/kg, n=5) 
 

BRS (2.7 mg/kg, n=5) 
 

Vehicle (1 mL saline, n=4) 
 

i.p. (n=14)  
 

d 

BV (27 mg/kg, n=5) 
 

BRS (27 mg/kg, n=5) 
 

Vehicle (3 mL saline, n=4) 
 

i.d. (n=14) 
 

BV (27 mg/kg, n=5) 
 

BRS (27 mg/kg, n=5) 
 

Vehicle (3 mL saline, n=4) 
 

Figure 4.1 Allocation of treatment groups 
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column oven was set at 450C. The autosampler was set at 120C. The flow rate was 0.35 mL/min. 

The initial mobile phase consisted of 34% mobile phase B (100% HPLC grade methanol) and 

66% mobile phase A (10 mM ammonium acetate in 25% HPLC grade methanol and 75% Milli-

Q), which equated to a 50.5% initial methanol concentration. The total run-time with re-

equilibration was 6 min.  For the analytical portion, the gradient program used was as follows: 

0-0.3 mins 50% B, 0.3-1.5 min 74% B, 1.5-1.8 min 92% B, 1.8-3.1 min 92% B. The re-

equilibration phase ran between 3.1 - 6.0 min at 34% B, with the flow rate at 0.42 mL/min at 

3.5 min, decreased linearly to 0.35 mL/min at 4.4 min, and maintained until 6 min. Retention 

times were 1.865, 2.078, 2.420 min for BRS, BV and UCB respectively.  The sample injection 

volume was 2µL. Between injections, the external surface of the needle was rinsed using neat 

methanol and acetonitrile.   

 

4.3.1.2 Mass spectrometry 

 
ESI/MS analysis was carried out using selected ion monitoring (SIM) as the data acquisition 

mode. The interface voltage was 4.5 kV and current 0.1 μA. Nitrogen was used for the nebulizer 

and drying gas and was delivered at 1.5 L/min and 20 mL/min respectively. The temperature 

of the heat block and desolvation line was 200 and 250oC respectively. The Q-array RF voltage 

was 13.8 V.  Flow was diverted to the MS between 1.25 min and 3 min to capture the peaks of 

interest and was diverted to waste outside of these times. Data was collected in 0.1 sec intervals. 

Ions corresponding to BV, BRS, UCB and their respective meso internal standards (ISs) (mBV, 

mBRS and mUCB), which are chemically reduced and therefore have four additional 

hydrogens (+4 atomic mass units), were monitored in negative ion mode at the mass/charge 

ratios (m/z) given in Table 4.1.  

 

 

 

 

 

 

 

 

 

Compound m/z Retention Time 
(min)

BV 581.25 2.078
m BV 585.25 2.156
BRS 663.20 1.865
m BRS 667.20 1.933
UCB 583.25 2.420
mUCB 587.25 2.470

Table 4.1 Masses (m/z) monitored for UHPLC/MS analysis of BPs in serum and their 
respective ISs  
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4.3.1.3 Standard Curves 

Best practices for MS quantitative analysis require the use of internal standards (ISs) to correct 

for variable extraction/recovery, matrix effects, carry-over and ionisation responses of the 

analytes of interest during sample preparation and analysis. Internal standards have similar 

chromatographic retention times, extraction recovery and ionization responses to the analytes 

of interest. The ratio of the AUC of the external standard used for the analyte of interest to a 

reference concentration of the IS in solution is plotted against concentrations of the external 

standard across a dynamic range.  This curve is then applied to ratio of the AUC of the analyte 

of interest in a unknown sample spiked with the same reference concentration of the IS, to 

more precisely quantify its concentration.277,278 In this study, standard curves were generated 

each week during sample analysis. Stock solutions of BV, BRS and UCB were dissolved at 8 

mM in dimethyl Sulfoxide (DMSO)(Chemsupply,CAT DA013-500M). They were combined 

(1:1:1:1, BR:BRS:UCB: DMSO) to form a mixed standard solution containing 2 mM of each 

BP. The mixed standards were then serial diluted (1:1) with DMSO in 1.5mL microtubes to 

generate standard curves. For BRS and BV, standards were between 200-0.766 µM. For UCB, 

standards were between 100-0.766 µM.  Internal standards mBV, mBRS and mUCB were 

separately dissolved at 8mM in DMSO. They were subsequently combined and diluted in 

DMSO to form an IS mixture containing mBV, mBRS and mUCB at concentrations; 80,80 and 

40 µM respectively. 500 µL aliquots of the IS mixture were flash frozen in N2 and stored at -

800C. Standards were prepared by adding 40 µL each mixed standard solution to 150 µL of 

initial mobile phase (34% B) and 10 µL of IS solution. The solution was vortexed for 5 sec and 

passed through 0.22 µm syringe filter (PhaseSep, The Pines, VIC, Australia CAT 2394) into a 

HPLC insert (Shimadzu ,Kyoto, Japan  CAT 226-5023-00) and placed in an amber vial 

(Phenomenex, Torrance, USA CAT AR0-3901-13). Standards were immediately placed into 

a the autosampler (120C) and 2 µL of the filtrate was injected for analysis.  

4.3.1.4 Sample Analysis 

Before analysis, 10 µL of the IS mix was added to 40 µL serum aliquots. After samples were 

vortexed for 10 sec, 150 µL of 1:4 (%v/v) DMSO:methanol was added to precipitate serum 

proteins and extract BPs. Samples were prepared for analysis in the same manner as standards.  

After vortexed for 10 sec, samples were spun for 19 at 21, 500 x g, RT. The supernatant was 

then passed through a 0.22 µm syringe filter. Samples were immediately placed in the 
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autosampler and 2 µL of the filtrate was injected for analysis. BP concentrations were 

determined via the mentioned internal standard method using AUC integration of single ion 

monitoring (SIM) mass chromatographs at the relevant m/z (Table 4.1) to compare each analyte 

to its meso internal standard. The limit of quantification (LOQ), limit of detection (LOD) was 

determined by running successive dilutions of the BP standards. The limit of quantification 

(LOQ) for BRS was 0.33 µM, and BV and UCB was 0.28 µM.  The limit of detection (LOD) 

for BRS was 0.11 µM, and BV and UCB was 0.09 µM. The inter-run coefficient of variation 

(CV) for all three analytes was <10%. The recovery of all three pigments (at 100, 50, 12.5 µM) 

spiked together in plasma with the IS mix using the extraction method above returned within 

15% of the expected concentrations. 

4.3.3 Pharmacokinetic Analysis  

 
The peak (Cpeak) and maximum theoretical concentration at time 0 (C0), the area under the 

concentration curve (AUC180), volume of distribution (Vd), distribution (t1/2⍺) and elimination 

(t1/2β) half-lives were calculated using a noncompartmental model on PK solver (2010)276. The 

AUC180 for UCB in each treatment group was adjusted for endogenous UCB concentrations by 

subtracting the AUC180 from respective vehicle groups.  All other calculations were carried 

using Microsoft Excel (2016). Bile pigment bioavailability was calculated by dividing the 

AUC180 for the i.p. and i.d. groups by the AUC180 of the respective i.v. group, corrected for the 

different doses administered.  

 

4.4 Anti-inflammatory Properties of Bile Pigments in the Subcutaneous Air Pouch 

Model of MSU Crystal Inflammation  

 

4.4.1 Monosodium Urate Crystal Synthesis  

 
All glassware and equipment were autoclaved at 120oC for 1 ½ hours and stored in a 60oC oven 

prior to use. MSU crystals were synthesised using methods similar to Mccarty et al.279 The 

synthesis was carried out under a fume hood to minimise contamination risk. In a 500 mL 

beaker, 1.680 g of uric acid (Abcam, Camrbridge, United Kingdom,CAT ab14623) was added 

to 400 mL of Milli-Q and stirred (15 RPM) for 5 sec. 2.25 mL of 5M NaOH   was then added 

and the solution was stirred (15RPM) for 5 sec. A digital thermometer was used to measure the 
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temperature of the solution. The solution was heated to 60oC and then immediately removed. 

The pH of the solution was approximated using a pH strip (Bili, China, CAT BL-A1014).  

Unlike methods by Mccarty et al., where the pH was decreased to 7 using 1M HCl, it was 

maintained at 9 to yield crystals that more closely resembled the morphology and dimensions 

observed in clinical gout.280 The solution was left at RT for 24 hours undisturbed.  To isolate 

crystals, the solution was passed through a filtration apparatus under a class 2 biohazard 

cabinet. Grade 5 Whatman paper (Thomas Scientific, Swedesboro, USA CAT 4712R25) was 

placed over a Büchner funnel. The solution was then poured over the filter paper under negative 

pressure and the filtrate was collected into a Büchner flask. Over the filter paper, the crystals 

were washed with 200 mL of 100% ethanol and dried under vacuum. 25 mg aliquots were then 

transferred into sterile 50 mL falcon tubes (CELLSTAR, Kremsmünster, Austria CAT 

227261). A Scanning electron microscope (SEM) (Neoscope JCM-5000, Jeol, Tokyo, Japan) 

was used to inspect crystal morphology and quantify crystal dimensions. The specimen was 

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, Tokyo, Japan). 

The specimen was observed at 15 kV under high vacuum mode and SEM images were taken 

at 10 random fields of view (15kV x 1000). In each field, 10 crystals were counted, and their 

respective length and width quantified using the inbuilt Neoscope software. An endotoxin 

assay (Genscript, Piscataway, USA CAT L00488-20) was used to assess the sterility of random 

aliquots of study material. Endotoxin standards and samples were constituted in sterile water 

provided in the kit. As per manufacturer’s recommendations, a positive control (0.125 

Endotoxin units, Eu/mL standard) was used at two lambda concentrations of endotoxin, lambda 

being the labelled sensitivity (0.03 Eu/mL) of the kit.  Using a pH strip (same as above), the 

pH of the suspended MSU solution was confirmed to be within the test operating range (pH 6-

8). A test containing 0.02 mL of endotoxin standard solution (4 EU/mL) in the MSU suspension 

(5mg/mL) was carried out to confirm MSU crystals did not inhibit the test reagent. Sterile water 

was used as a negative control.  Positive reactions were characterized by the formation of a 

firm gel that remained intact when inverted. All other results (soft gel, turbid, increased 

viscosity, or clear liquid) were considered negative. 

4.4.2 Study Design   

 
Prior to each procedure, animals were lightly anaesthetised using 3% isoflurane (Pharmachem, 

Eagle Farm, Australia, CAT FGIS0250) at 1L/min in 100% O2 in an enclosed chamber. During 
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following procedures, they were maintained under anaesthesia via a nose cone. On day 0, the 

dorsal surface around the shoulders was shaved and 20 ml of air was injected subcutaneously 

using a 27G needle and 0.22 µm filter (PhaseSep, as above) between the scapulae to inflate an 

air pouch. The procedural site was sprayed with 70% (v/v) ethanol prior to inflation. After 

animals regained consciousness, they were monitored for signs of discomfort and housed back 

in groups of three for the remainder of the 8-day protocol.  Animals were monitored daily 

throughout this period. On day 4, the pouch was re-inflated by injecting 10 ml of air using the 

same method. On day 6, 25 mg of MSU crystals was suspended in 5 ml of sterile 0.9% Saline 

and injected into the air pouch via 21G needle (BD, Franklin Lakes, USA, CAT NN+2125RL).  

The sham group (n=4) received 5 ml of sterile 0.9% Saline instead of MSU suspension.  The 

pouch was gently massaged to ensure adequate distribution of the crystals throughout the pouch 

cavity. All treatments were administered 30 min prior to MSU administration. Two groups 

were treated with BRS (27 mg/kg, i.p.) (n=11) or BV (27 mg/kg, i.p.) (n=11). Bilirubin-C10-

sulfonate was dissolved in PBS and BV was dissolved in 1:1 v/v 0.9% saline: PBS. As 

demonstrated in Chapter 5, i.p. administration was the most effective delivery route for 

maintaining elevated BP concentrations over 180 min. Previous in vivo studies have established 

the anti-inflammatory properties of i.p. BV and UCB at ~27 mg/kg.231,232,238,243,274 As shown 

in Figure 5.2, BRS treatment resulted in peak serum BRS concentrations of 179 ±11.5 μM 

while BV treatment resulted in peak serum BV concentrations of 22.1 ± 2.94 μM. In a model 

of smoking-induced emphysema, a 2 μM increase in serum UCB alone conferred strong anti-

inflammatory effects.154 Moreover, similar increases in serum UCB were observed after i.p 

treatment of BV and BRS over 180 min (Figure 5.2).  Therefore, these doses were applied as 

the circulating concentrations achieved were deemed sufficient to induce antioxidant/anti-

inflammatory effects. The positive control group (n=7) received a molar equivalent dose of i.p. 

ibuprofen (9.11 mg/kg b.w) (Glentham Life Sciences, Wiltshire, United Kingdom, CAS  

15687-27) dissolved in PBS. The sham (n=5) and a vehicle (MSU only, n=8) group received 

3.5 mL of i.p. PBS. Endotoxin tests (GenScript, as above) were conducted on the PBS and 

saline prior to use.  In total, 42 animals were used. It was not possible to blind experimenters 

due to the characteristic colours of the administered BPs. Figure 4.2 depicts the allocation of 

treatments for the study and experimental protocol. Pouch fluid was collected at 1,6, 12, 24 

and 48 hours, whilst animals were lightly anaesthetised (3% isoflurane in 100% O2). While the 

animal was placed on its side, 5ml of 0.9% saline was directly injected into the pouch using a 

21G needle and 5mL syringe (same as above). The pouch was gently and carefully massaged 
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with the needle remining within the pouch, and 4 ml of exudate was aspirated.  The exudate 

was collected into 4ml EDTA tubes (5.3 mM) (BD, Franklin Lakes, USA, CAT 367839) and 

inverted 8 times. The tube was placed on ice between sample handling to preserve cell integrity 

and minimize cell death. 20 µL of the exudate was used for total leukocyte counting. The 

remaining cell suspension (3.5-4.0 ml) was centrifuged for 8 min, 2,000 x g, RT. The 

supernatant was aliquoted into 1.5 mL and 0.65 mL microtubes respectively. The cell pallet 

was used for differential cell staining. Samples were immediately placed on dry ice and 

subsequently stored at -800C. 
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4.4.3 Total Leukocyte Counting 

Leukocytes were counted manually using a haemocytometer (BRAND, Wertheim, Germany 

CAT 7178 05). The cell suspension was diluted 1:1 with 0.4% trypan blue (MP Biomedicals, 

Ohio, United States CAT 1691049) and left for 3 min to stain dead cells. The hemocytometer 

chamber was loaded with 20 µL of the mixture and observed under x10 objective lens. Cells 

were counted using a predetermined method with a manual counter (Skyinternational, India). 

Cells in the large four corner squares (4x4) were counted in order from top right, top left, 

bottom left and bottom right. Cells lying on the right and top border of each large square were 

included. If >200 cells were present in each corner square, the mixture was diluted by a factor 

of 2 with PBS and recounted.  Between samples, the haemocytometer and cover slip were 

thoroughly washed with 1.5% v/v bleach and 100% isopropanol.   

4.4.4 Differential Leukocyte Counting  

50 µL of PBS was added to the cell pallet and vortexed for 5 seconds. 25 µL of the resuspended 

cells were smeared over a single frosted microscope slide. The smear was air dried for 15-30 

min and fixed in Rapid Diff fixative (Australian Biostain, Taralgon, Australia CAT ARDF 

2.5L) for 8 sec. The sample was dipped in Rapid-Diff solution 1 (Australian Biostain, CAT 

ARD1 2.5L) 20 times each lasting 1 sec and allowed to drain. The slide was then dipped in 

Rapid Diff 2 (Australian Biostain, CAT ARD2 2.5L) 5 times each lasting 1 sec and allowed 

to drain. Samples were then rinsed with tap water (pH 7) and left to dry. Slides were mounted 

with DPX (Chemsupply, Port Adelaid, SA, Australia, DL028-100M) and cover slipped for 

later analysis. Under 40x objective lens, differential cell counts were carried out using a manual 

differential cell counter. The proportion neutrophils, monocytes, lymphocytes and mast cells 

were estimated based on haematological criteria.281-283100 leukocytes were counted on each 

slide and red blood cells were excluded from the count.  

4.4.5 Cytokine Analysis 

Cytokine concentrations were determined using a multiplexed bead-based flow cytometric 

immunoassay (Biolegend, San Diego, CA, United States CAT 740401) capable of 
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simultaneously measuring IL-1⍺, IL-1β, TNF-⍺, IL-6, IL-10, IL-12, IL-17A IL-18, GM-CSF, 

CCL2, CXCL1 and IFN-γ. The assay was carried out using 6-hour pouch exudate samples, 

when peak cytokine expression was expected in the model (see Appendix A). The assay was 

conducted according to the manufacturer’s instructions and under minimal light conditions. 

The plate was read on a BD LSR Fortessa (Reporter channel:PE, 575-585nm, classification 

channel: APC,660 nm). The top standard concentration for IL-17A was 10 ng/mL. The top 

standard concentration for IL-1α, IL-6, IL-10, GM-CSF, IFN-γ and TNF-⍺ was 20ng/mL. The 

top standard concentration for IL-1β, IL-12, IL-18, CXCL1 and CCL2 was 50ng/mL. 

Standards were serially diluted by a factor of 5 with assay buffer to generate 8 point standard 

curves, including a blank. All standard and sample analyses were conducted in duplicate. The 

standard curves were applied to the unknown samples, and the CV and sensitivity for each 

analyte was obtained from the Legendplex data analysis software 

4.4.6 Data Analysis 

To obtain the total leukocyte count per mL of pouch fluid, the average number of cells per 

corner square was multiplied by the dilution factor (DF) and 104 (per ml). Differential 

leukocytes counts were obtained by multiplying the % each cell-type by the total leukocyte 

count284,285. Cytokines concentrations were reported as pg per mL of pouch fluid. For cytokine 

levels that were below the assay sensitivity,  the sensitivity/√2 was substituted286 

4.4.7 Application of Exclusions 

During data collection, potential sources of error were identified. For example, an optimal air-

pouch inflation is essential as displacement of the superficial skin layers stimulates formation 

of the membranous lining. Although a 2nd air inflation was applied to re-inflate the pouch, in 

some instances, an adequately formed cavity was not observed on day 6 prior to treatment. By 

palpating the inflated area, it was noted that the volume of the pouch did not match the volume 

of air injected.  Furthermore, blood was observed to contaminate the exudate of numerous 

collections. Unlike other studies which only access the pouch once, this study accessed it 

several times, increasing risk of localised damage to the vasculature. Bloody exudate was 

always accompanied by abnormally elevated total leukocyte counts (100-1000-fold greater), 

which have not been reported in the literature (see Appendix A), and increased RBC density in 
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the pouch exudate smears. On this basis, animals were removed from the statistical analysis if 

they provided visibly red/pink samples. Lastly, there was one instance of suboptimal 

administration of BV evidenced by perforation of the bladder upon euthanasia (animal did not 

display any adverse side effects). Therefore, data from animals, with optimally formed air 

pouches, non-haemolysed pouch exudate and optimal dosing were included for analysis. The 

exclusions applied are highlighted by the flowchart below (Figure 4.3).  Raw data is presented 

in (Appendix C) 

 Figure 4.3 Flow chart depicting exclusions criteria applied and final sample sizes in each group 
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4.5 Statistical Analysis 

Data was presented as mean ± standard error of mean (SEM). All statistical analysis was 

conducted using GraphPad Prism version 7.0. Normality of data sets was assessed using the 

Sharpio-Wilk test. If data sets lacked normal distribution, equivalent non-parametric tests were 

conducted.  Equality of variance was tested using the Brown-Forsythe test. If this assumption 

was violated, data sets were logarithmically transformed and appropriate statistical tests (t-

tests,RM ANOVA or Friedman repeated-measures ANOVA) were completed. A P<0.05 was 

considered statistically significant. Exemplar statistical outputs are given in Appendix I.  

4.5.1 Pharmacokinetic Study Statistical Analysis  

Changes in bile pigment concentration relative to baseline (t0) in serum were analysed using 

one-way repeated measures ANOVA (RM ANOVA) (Bonferroni post hoc) or Friedman 

repeated-measures ANOVA on ranks (Dunn’s post hoc).  Differences in circulating UCB 

concertations between treatment and vehicle groups was analysed using t-tests or ranked sum 

t-tests. Differences in AUC180 and pharmacokinetic parameters between treatment groups was

analysed using t-tests or rank sum t-test.

4.5.2 Inflammatory Model Study Statistical Analysis 

Differences in leukocyte counts and cytokine levels at specific timepoints between treatment 

groups relative to vehicle was assessed using One-way ANOVA (Bonferroni post hoc), t-test 

or rank sum t-test. Kruskal-Wallis ANOVA was deemed inappropriate due to the low sample 

sizes included for analysis.287 Differences in leukocyte counts across time in each group was 

assessed using the same statistical tests.  Differences in leukocyte counts and cytokine 

concentrations between BV and BRS treatment groups were assed using t-tests or rank sum t-

test.  
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Chapter 5 Results - Pharmacokinetics of Bile Pigments 

This experimental chapter explored the pharmacokinetics of bilirubin-C10-sulfonate (BRS) 

and biliverdin (BV) after exogenous intravenous (2.7 mg/kg), intraperitoneal (27 mg/kg) and 

intraduodenal (27 mg/mg) administration in the rat. This was achieved by measuring the 

concertation of bile pigments (BPs) in the serum using UHPLC-MS. Changes in BP 

concentrations were compared to baseline and respective vehicle groups. Pharmacokinetic 

parameters were calculated using a noncompartmental model on PKsolver.   

5.1 UHPLC-MS Analysis  

Standard curves were generated by calculating the AUC ratio for each standard with its 

respective internal standard between concentrations of 0.39-100 µM for unconjugated bilirubin 

(UCB) and 0.39-200µM for BRS and BV.  Sample standard curves for each analyte are given 

in Appendix D.  For these curves, the linear equations for BRS, BV and UCB were y= 0.05991x 

+ 0.01048 (r2= 0.9998, CV < 6%), y= 0.05016x + 0.1519 (r2= 0.9892%, CV<5%) and y=

0.06516x + 0.01764 (r2= 0.9988%, CV< 3%) respectively. These standard curves were applied

to the area ratios of unknown serum samples to determine their concentration of BRS, BV and

UCB.

5.2 Vehicle Groups 

Saline (1/3 mL saline) was administered in each experimental model (i.v.,i.p. and i.d.) to 

determine the effect of the solvent control on the UCB AUC over 180 min. There were no 

significant differences (P>0.05) in AUC180 between the vehicle groups for each administration 

route. There were no significant differences (P>0.05) in serum UCB over 180 min relative to 

baseline (t0) for each administration route. 
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5.3 Intravenous Administration  

 

5.3.1 Bilirubin-C10-sulfonate  

 

After i.v. BRS administration (2.7 mg/kg) (Figure 5.1), systemic BRS was elevated at 2 min 

(t2:64.0± 7.04 µM), and decreased and remained detectable over 180 min (t180:26.5 ± 4.35µM). 

Relative to t0 (1.04 ± 0.0959 µM), serum UCB was elevated at 5 min (t5:1.49 ± 0.155 µM, 

P<0.05) and remained elevated until 10 min (t10:1.52 ± 0.299 µM, P<0.05).  Relative to vehicle, 

systemic UCB was elevated at 2 min (t2:1.04 ± 0.0892 µM, P<0.05) and remained elevated 

until 60 min (t60:1.19 ± 0.152 µM, P<0.05). Serum BV increased at 2 min (t2:4.81 ± 0.663 µM), 

and decreased and remained detectable until 120 min (t120:0.748 ± 0.216 µM).  

5.3.2 Biliverdin  

 

After i.v BV administration (2.7 mg/kg) (Figure 5.1), systemic BV was elevated 2 min (t2:57.4 

± 5.50 µM), and decreased and remained detectable over 180 min (t180: 0.328 ± 0.201 µM). 

Serum UCB was elevated (P<0.01) at 5 min (t5:6.70 ± 0.816 µM) relative to t0 (0.648 ± 

0.178µM) and vehicle (t5:0.370 ± 0.0700 µM). Serum UCB concentrations peaked at 10 min 

(t10: 7.39 ± 0.948 µM) and remained elevated (P<0.01) relative to t0 until 30 min (t30:2.87 ± 

0.374 µM) and vehicle until 90 min (t90:1.16 ± 0.0605 µM).   
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Figure 5.1 Serum concentrations of UCB, BV or BRS after i.v. treatment with  BRS (A) and 
BV(B). 

Data points indicate serum concentrations at 0,2,5,10,15,20,30,60,90,120 and 180 min. *P <0.05 
vs t0; #P <0.05 treatment vs vehicle group serum UCB concentrations  at that time point. Data 
are presented as mean ± SEM.      
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5.4 Intraperitoneal Administration 

5.4.1 Bilirubin-C10-sulfonate 

After i.p. BRS administration (27.0 mg/kg) (Figure 5.2), systemic BRS was elevated at 15 min 

(t15:39.0 ± 17.0 µM), and increased over 180 min (t180:120 ± 7.39 µM). Serum BV was also 

elevated at 15 min (t15:2.58 ± 1.05 µM), increased and remained elevated over 180 min 

(t180:5.37 ± 0.501 µM). Serum UCB was elevated (P<0.05) at 30 min (t30:2.33 ± 0.371 µM) 

and 60 min (t60:3.44 ± 0.640 µM) relative to vehicle and t0 (0.354 ± 0.0970 µM) respectively.

Serum UCB peaked at 120 min (t120:4.53 ± 0.484 µM) and remained elevated (P<0.01) over 

180 min (t180:3.28 ± 0.651 µM) relative to t0 and vehicle.  

5.4.2 Biliverdin 

After i.p. BV administration (27.0 mg/kg) (Figure 5.2), systemic BV was elevated at 15 min 

(t15:16.3 ± 4.88 µM), and decreased over 180 min (t180:10.7 ± 2.28 µM). Serum BRS was also 

elevated at 15 min (t15:0.0680 ± 0.0680 µM), increased and remained elevated over 180 min 

(t180: 3.06 ± 0.593 µM). Serum UCB was elevated (P<0.05) at 15 min (t15:2.74 ± 0.630 µM), 

peaked at 30 min (t30:4.82 ± 0.808 µM) and remained elevated (P<0.05) over 180 min (t180:2.98 

± 0.630 µM) relative to t0 (0.262 ± 0.0903 µM) and vehicle.  
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Figure 5.2 Serum concentration of UCB, BV or BRS after i.p treatment with BRS(A)and 
BV(B). 

Data points indicate serum concentrations at 0,15,30,60,90,120, 150 and 180 min. *P <0.05 
vs t0; #P <0.05 treatment vs vehicle group serum UCB concentrations at that time point. 
Data are presented as mean ± SEM.      
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5.5 Intraduodenal Administration 

5.5.1 Bilirubin-c10-sulfonate 

After i.d. BRS administration (27.0 mg/kg) (Figure 5.3), systemic BRS was elevated at 30 min 

(t30:0.07 ± 0.0444 µM) and increased over 180 min (t180:0.728 ± 0.234 µM). Biliverdin was not 

detected in the serum over 180 min.  Serum UCB was elevated (P<0.05) at 15 min (t15:0.816 ± 

0.0611 µM) relative to t0 (0.732 ± 0.0594 µM) but not vehicle.  

5.5.2 Biliverdin 

After i.d. BV administration (27.0 mg/kg) (Figure 5.3), BV was not detected in the serum over 

180 min. Serum BRS elevated at 60 min (t60:0.272 ± 0.0650 µM) and increased over 180 min 

(t180:0.734 ±0.202 µM). Serum UCB did not change over time (P>0.05) relative to t0 (0.532 ± 

0.113 µM) or vehicle.  
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Figure 5.3 Serum concentration of UCB, BV or BRS after i.d treatment with BRS(A) and 
BV(B). 

 Data points indicate serum concentrations at 0,15,30,60,90,120, 150 and 180 min. *P <0.05 
vs t0; #P <0.05 treatment vs vehicle group serum UCB concentrations at that time point. Data 
are presented as mean ± SEM.   
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5.6 Comparative Analysis 

Pharmacokinetic parameters for BRS and BV after i.v., i.p. and i.d. administration are 

presented in table 5.1. 

5.6.1 Intravenous Administration 

The t1/2α for BRS was significantly (P<0.0001) greater than BV. The t1/2β for BRS was 

significantly (P<0.01) greater than BV. The AUC180 for BRS after BRS delivery was 

significantly (P<0.0001) greater the AUC180 for BV after BV delivery. The AUC180 for UCB 

was significantly greater (P<0.01) in BV compared to BRS. The C0, Cpeak and Vd were not 

significantly (P>0.05) different between BRS and BV,  

5.6.2 Intraperitoneal Administration 

The i.p. bioavailability for BRS and BV were similar (BRS:34.3, BV: 30.6 %). The AUC180 

for BRS after BRS deliver was significantly (P<0.0001) greater than the AUC180 for BV after 

BV delivery. The AUC180 for UCB was not significantly different (P>0.05) between BRS and 

BV. 

5.6.3 Intraduodenal Administration 

The i.d. bioavailability for BRS was 1.25 %. The bioavailability for BV could not be calculated 

as it was not detected in the serum over 180 min. The AUC180 for UCB was not different 

(P>0.05) between the BRS and BV group. 
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Data is presented as mean ± SEM.      
#The AUC180 for UCB has been corrected for the endogenous UCB AUC180 in the vehicle groups. 

Table 5.1 Pharmacokinetic parameters in the systemic circulation after i.v., i.p and i.d administration of BRS and BV. 

Treatment Kdist
⍺

 (min-1 ) T1/2

⍺
 (min) Kelimβ (min-1 ) T1/2β (min) C0 (µM) Cpeak (µM) AUC180 (µM 

min)
UCB AUC180 

(µM min)# Vd (L/kg) Bioavailability (%)

I.V (2.7 mg/kg)
BRS (n=5) 22.2 ± 3.10  x 10-3 34.1 ± 12.1 4.74  ± 1.09 x 10-3 190 ± 52.1 98.3 ± 23.0 76.6 ±19.6 7480 ± 2050 101 ± 25.6 0.0463 ± 0.00820 -

BV (n=5) 133 ± 17.2  x 10-3 5.61 ± 1.76 12.2  ± 0.940 x 10-3 58.7 ±11.7 84.6 ± 27.2 57.7 ± 11.6 873 ±143 246 ± 30.1 0.0560 ±0.00750 -
I.P (27 mg/kg)

BRS (n=5) - - - - - 179  ± 11.5 23300 ± 2220 532 ± 41.0 - 34.3
BV (n=5) - - - - - 22.1 ± 2.94 2670 ± 436 606 ± 110 - 30.6

I.D (27 mg/kg)
BRS (n=5) - - - - - 1.12 ± 0.220 94.6 ± 17.6 19.8 ± 25.8 - 1.25
BV (n=5) - - - - - 0 0 −30.5 ± 16.4 0 0



69 | P a g e

Chapter 6 Results - Anti-inflammatory Properties of Bile 
Pigments in the Subcutaneous Air Pouch Model of MSU Crystal 
Inflammation  

This experimental chapter explored the effect of i.p (27 mg/kg) BRS and BV pre-treatment on 

the inflammatory response to monosodium urate (MSU) crystals in the rat subcutaneous air 

pouch model. An untreated group which received MSU only (3.5 mL PBS, i.p.), was compared 

to a sham group (saline into the pouch) to determine changes in leukocyte infiltration over 48-

hours and cytokine production at 6 hours after MSU crystal delivery. To validate the ability of 

anti-inflammatory compounds to inhibit the inflammatory response in this model, a group was 

pre-treated with ibuprofen (9.11 mg/kg, i.p.). The treatment groups were then compared to the 

MSU only group to evaluate their therapeutic utility in this model.  

6.1 Monosodium Urate Crystal Synthesis 

Using previously published methods, MSU crystals were successfully synthesised as 

demonstrated by their characteristic needle like appearance (Figure 6.1).279  The crystal 

dimensions (mean ± SD, length: 11.4 ± 5.52, width: 2.09 ± 0.730 µm, n=100 ) resemble those 

observed in clinical gout.280 All tested MSU crystal aliquots and solvent used were endotoxin 

free (<0.03 EU/mg). Monosodium urate crystals did not inhibit the LAL endotoxin assay. 

 

 

A 
 

B 

Figure 6.1 SEM images of the optimised MSU crystals at x1000 (A) and x2000 (B) 

magnification 
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6.2 Leukocyte Counts   

Total and differential leukocyte counts in the pouch exudate were determined using a 

haemocytometer and a rapid differential staining method, respectively. The total leukocyte 

counts and differential counts for neutrophils, monocytes and lymphocytes between groups at 

6,12,24 and 48 hours are presented in Figure 6.2. Differential count data, % wise, is presented 

in Appendix E.   

6.2.1 MSU only and Sham 

The predominant leukocyte populations observed in sham were lymphocytes and monocytes. 

From 6 hours onwards, the total leukocyte count was significantly (P<0.05) greater in MSU 

only compared to sham.  Peak leukocyte count in MSU only was observed at 24 hours (195 ± 

40.9 x 105 /mL), which was not significantly different (P>0.05) to values at 12 and 48 hours 

(12 hrs:180 ± 30.3 x 105, 48 hrs:115 ± 36.6 x 105 /mL). From 6 hours onwards, the neutrophil 

count was significantly (P<0.05) greater in MSU only compared to sham. Peak neutrophil 

response in MSU only was observed at 12 hours (147 ± 25.8x 105/mL), however this was not 

significantly different (P>0.05) to the neutrophil count 24 hours (137 ± 32.9 x 105/mL). The 

neutrophil count at 48 hours (39.4 ± 13.9 x 105/mL) was significantly lower (P<0.01) vs 24 

hours. The monocyte counts in MSU only progressively increased over 48 hours and was 

significantly greater than sham (P<0.05) at 12, 24 and 48 hours. The lymphocyte counts in 

MSU only were significantly elevated (P<0.05) at 12 and 48 hours (but not at 24 hours, 

P>0.05). There were no significant differences (P>0.05) in mast cell count between MSU only

and sham over 48 hours.

6.2.2 Ibuprofen 

From 6 hours onwards, the total leukocyte count was significantly (P<0.05) lower in ibuprofen 

compared to MSU only and peaked at 24 hours (80.1 ± 35.0 x 105 /mL). From 6 hours onwards, 

neutrophil count was significantly lower (P<0.05) compared to MSU only. The monocyte 

count was significantly lower (P<0.05) than MSU only at 12 and 48 hours, however, was not 

significantly different at 24 hours (ibuprofen: 21.8 ± 8.58 x 105, MSU only: 44.0 ± 8.41x 105 

/mL, P=0.115).  The lymphocyte count was significantly lower ibuprofen compared to MSU 

only at 48 hours (ibuprofen:1.88 ± 0.660x 105, MSU only: 26.7 ± 11.6 x 105 /mL, P<0.05).  
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6.2.3 Bilirubin-C10-sulfonate 

From 6 hours onwards, the total leukocyte count was significantly (P<0.05) lower BRS relative 

to MSU only.   Peak leukocyte count was observed at 12 hours (65.8 ± 9.86 x105 /mL) and was 

not significantly different (P>0.05) to 24 hours (54.8 ± 9.60 x105 /mL). The neutrophil and 

monocyte counts were significantly lower (P<0.05) than MSU only from 6 and 12 hours 

onwards, respectively. Compared to MSU only, the lymphocyte count was significantly 

(P<0.01) reduced at 12 and 48 hours, however, was not significantly different at 24 hours 

(BRS: 3.67 ± 0.895 x105, MSU only: 9.21 ± 4.82 x105 /mL, P =0.368).  

6.2.4 Biliverdin 

The total leukocyte count at 6, 12 and 24 hours was significantly (P<0.05) lower in BV 

compared to MSU only, however, was not significant at 48 hours (BV=28.8 ± 13.1 x 105, MSU 

only=114.9 ± 36.6 x 105 /mL, P=0.056).  Peak leukocyte count was observed at 24 hours (50.3 

± 19.2 x105 /mL). From 6 hours onwards, the neutrophil count was significantly (P<0.05) lower 

than MSU only. At 12 and 48 hours, the monocyte count was significantly (P<0.05) lower 

compared to MSU only, however, was not significant at 24 hours (BV: 18.8 ± 6.88 x 105, MSU 

only: 44.0 ± 8.41 x 105 /mL, P=0.0605). The lymphocyte counts at 1, 12 and 48 hours were 

significantly (P<0.05) lower compared to MSU only, however, was not significant (P>0.05) at 

6 and 24 hours.  

6.2.5 Comparative Analysis 

At 12 hours, the total leukocyte count in BV was significantly lower vs BRS (BRS=65.8 ± 9.86 

x 105, BV=14.2 ± 4.02 x 105 /mL, P<0.01).   At 12 hours, the neutrophil (BRS: 53.4 ± 8.80 x 

105, BV only: 11.0 ± 3.61 x 105 /mL, P<0.01) and monocyte (BRS: 10.4 ± 1.50 x 105, BV only: 

2.65 ± 0.533 x 105 /mL, P<0.01) counts were also significantly lower in BV compared to BRS. 

Compared to BRS, BV also showed a trend towards lower lymphocyte counts at 12 hours 

(BRS: 2.53 ± 0.837x 105 /mL, BV: 0.504 ± 0.147 x 105 /mL, P=0.0602) and 24 hours (BRS: 

3.67 ± 0.895 x 105 /mL, BV: 1.04 ± 0.882 x 105 /mL, P=0.0664).  At 48 hours, BRS showed a 

trend towards lower neutrophil counts compared to BV (BRS: 1.51 ± 0.272x 105 /mL, BV only: 

5.85 ± 1.95 x 105 /mL, P=0.0893).  



72 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Effects of BRS and BV pre-treatment on leukocyte infiltration in the subcutaneous 

air pouch model of MSU crystal induced acute inflammation.  

 

Total leukocyte (A) and neutrophil (B) count in the pouch exudate at 1,6,12,24 and 48 hours 

in BRS (n=6), BV (n=5), ibuprofen (n=5), MSU only (n=5) and sham (n=3) groups.  P<0.05*, 

P<0.01**, P<0.001***, P<0.0001**** vs MSU only. Data is presented as mean ± SEM. For 

clarity, statistical significance for timewise comparisons are not shown. 
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Figure 6.2 Continued. 

Monocyte (C) and lymphocyte (D) count in the pouch exudate at 1,6,12,24 and 48 hours in 

BRS (n=6), BV (n=5), ibuprofen (n=5), MSU only (n=5) and sham (n=3) groups. <0.05*, 

P<0.01**, P<0.001***, P<0.0001**** vs MSU only. Data is presented as mean ± SEM. 

For clarity, statistical significance for timewise comparisons are not shown. 
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6.3 Cytokine Concentrations  

 

Cytokine concentrations in the pouch exudate at 6 hours were measured using a multiplexed 

bead-based flow cytometric immunoassay. The sensitivity/minimum detectable concentrations 

and CVs for each analyte are presented in Appendix F. CVs for all analytes were below 

<1.42%. The applied standard curves applied are presented in Appendix G. Raw data for 

cytokine concentrations are presented in Appendix H.  

6.3.1 MSU only and Sham  

 

In MSU only, cytokines; TNF-α (MSU only: 14.5 ± 3.41, Sham: 2.12 ± 0 pg/mL, P<0.05), IL-

6 (MSU only: 25100 ± 5180, Sham: 37.3 ± 23.2 pg/mL, P<0.05), CCL2 (MSU only: 17300 ± 

4500, Sham: 21.0 ± 7.50 pg/mL, P<0.01), GM-CSF (MSU only: 13.0 ± 1.97, Sham: 2.02 ± 

0.0300 pg/mL, P<0.01) and IL-18 (MSU only: 81.6 ± 20.0, Sham: 3.27 ± 0 pg/mL, P <0.05) 

were significantly elevated compared to sham. MSU only treatment showed a trend towards 

elevated IL-10 concentrations relative to sham (MSU only: 12.0 ± 2.87, Sham:4.33 ± 0.270 

pg/mL, P=0.0681). There were no differences in cytokine concentrations for IL-1α (MSU only: 

7.24 ± 2.06, Sham: 5.11 ± 0.400 pg/mL, P>0.999), IL-1β (MSU only: 7.82 ± 3.39, Sham: 2.20 

± 0.120 pg/mL,P=0.530), CXCL1 (MSU only: 82.6 ± 32.8, Sham: 11.06 ± 1.33 

pg/mL,P=0.178), IFN-γ (MSU only : 5.31 ± 2.16, Sham: 1.79 ± 0.350 pg/mL, P=0.354), IL-

12 (MSU only: 10.2 ± 5.66, Sham: 2.46 ± 0.400 pg/mL, P=0.651) and IL-17A (MSU only: 

1.69 ± 0.700,Sham: 1.90 ± 0.150 pg/mL, P>0.999) between MSU only and sham. Cytokine 

concentrations for TNF-⍺, IL-6, CXCL1, CCL2, IL-18, GM-CSF and IL-10 between treatment 

groups are presented graphically in Figure 6.3 and 6.4. 

6.3.2 Ibuprofen  

 

The concentration of CCL-2 was significantly lower in ibuprofen compared to MSU only 

(Ibuprofen: 5710 ± 1480, MSU only:17300 ± 4500 pg/mL,P<0.05). Ibuprofen treatment also 

showed a trend towards reduced GM-CSF concentrations relative to MSU only (Ibuprofen: 

7.28 ± 1.57, MSU only:13.0 ± 1.97 pg/mL P=0.0673). The concentration of IL-1α, IL-1β, TNF-

α, IL-6, CXCL1, IL-18, IFN-γ, IL-12 and IL-17A were not significantly (P>0.05) different 

between ibuprofen and MSU only.  
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6.3.3 Bilirubin-C10-sulfonate   

 

The concentration of GM-CSF was significantly lower in BRS compared to MSU only (BRS: 

6.96 ± 1.54, MSU only:13.0 ± 1.97 pg/mL,P<0.05). BRS treatment tended to reduce IL-10 

concentrations compared to MSU only (BRS:6.17 ± 0.74, MSU only: 12.0 ± 2.87 pg/mL 

P=0.0673). The concentration of IL-1α, IL-1β, TNF-α, IL-6, CCL2, CXCL1, IL-18, IFN-γ, IL-

12 and IL-17A were not significantly (P>0.05) different between BRS and MSU only. 

6.3.4 Biliverdin  

 

Relative to MSU only, BV significantly reduced cytokine concentrations for GM-CSF (BV: 

5.83 ± 1.21, MSU only:13.0 ± 1.97 pg/mL,P<0.05), CCL2 (BV: 4270 ± 2480, MSU 

only:17300 ± 4500 pg/mL,P<0.05) and IL-18 (BV: 25.7 ± 8.15, MSU only: 81.6 ± 20.0 

pg/mL,P<0.05). Relative to MSU only, BV showed a trend towards reduced cytokine 

concentrations for IL-6 (BV: 9620 ± 5140, MSU only:25100 ± 5180 pg/mL,P=0.056) and 

CXCL1 (BV: 4.39 ± 0.940, MSU only:82.6 ± 32.8 pg/mL,P=0.055).  The concentration of IL-

1α, IL-1β, TNF-α, IFN-γ, IL-12 and IL-17A were not significantly (P>0.05) different between 

BV and MSU only. 

6.3.5 Comparative Analysis  

 

There were no significant differences (P>0.05) in cytokine concentrations between BRS and 

BV. 
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Figure 6.3 The effect of BRS and BV pre-treatment on cytokine concentrations in the subcutaneous air pouch model of MSU crystal induced 
acute inflammation. 

Pouch exudate cytokine concentrations for TNF⍺ (A), IL-6 (B) and CXCL1(C) at 6 hours in BRS (n=6), BV (n=5), ibuprofen (n=5), MSU only 
(n=5) and sham (n=3) groups. *P<0.05, **P<0.01 vs MSU only. Data are presented as mean ± SEM.     
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Figure 6.4 The effect of BRS and BV pre-treatment on cytokine concentrations in the subcutaneous air pouch model of MSU crystal induced 
acute inflammation.  

Pouch exudate cytokine concentrations for CCL2(D), GM-CSF (E), IL-18 (F) and IL-10 (G)  at 6 hours in BRS (n=6), BV (n=5), ibuprofen 
(n=5), MSU only (n=5) and sham (n=3) groups. *P<0.05, **P<0.01 vs MSU only. Data are presented as mean ± SEM.     
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Chapter 7 Discussion 

7.1 Main Findings 

Chapter 5 of this thesis contains the first investigation on the pharmacokinetics of bilirubin-

C10-sulfonate (BRS), and compared it to biliverdin (BV), which has been reported to form 

BRS in the gut via bacterial metabolism. After i.v delivery, BRS was less rapidly eliminated 

from the systemic circulation, as supported by the significantly greater AUC180 (8-fold) and 

elimination half-life (3-fold) for BRS compared to BV. However, i.v delivery of BV lead to 

more pronounced increases in serum unconjugated bilirubin (UCB) over 180 min. After i.p 

delivery, the AUC180 for BRS was 9-fold greater than BV, and both pigments led to sustained 

increases in serum BV and UCB over 180 min, with a similar AUC180 for UCB. Unexpectedly, 

i.p. administration of BV led to formation of BRS, suggesting sulfonation of BV within the

peritoneal cavity. Enteral/intraduodenal BRS administration had poor bioavailability while BV

was not bioavailable. Both pigments failed to increase serum UCB over 180 min after i.d.

delivery.  This thesis is the first to demonstrate that intraperitoneal/intraduodenal BRS delivery

may serve to be an appropriate means to deliver this agent for pharmacological evaluation, and

overcomes problems related to the rapid elimination of other bile pigments BV and UCB.

Based upon the findings above, the effect of BRS and BV (27 mg/kg, i.p.) pre-treatment on 

monosodium urate (MSU) crystal-induced inflammatory responses in the rat subcutaneous air 

pouch model was investigated in Chapter 6. Both BRS and BV significantly reduced 

neutrophil, monocyte and lymphocyte infiltration into the pouch from 6 hours onwards, 

suggesting the inflammatory response was stunted via downregulation of early inflammatory 

events. At 6 hours, both pigments reduced pouch GM-CSF concentrations, however, BV 

demonstrated a broader anti-inflammatory profile as it additionally reduced CCL2 and IL-18 

concentrations. This thesis provides the first evidence to demonstrate that intraperitoneal BRS 

and BV attenuates the acute inflammatory response to MSU crystals via downregulation of 

cytokine signalling. These findings may have important implications for future treatment of 

inflammatory conditions, including gout.  
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7.2 Pharmacokinetics of Bile Pigments   
 
The development of pharmacological agents to induce hyperbilirubinaemia have been 

suggested for the treatment of inflammatory diseases.  This thesis investigated the 

pharmacokinetics of BRS to evaluate its clinical utility, and was compared to BV, which has 

been previously documented and therefore served as a suitable reference. Moreover, BV is 

transformed into BRS in the gut via bacterial metabolism, hence, we wanted to investigate 

whether i.d BRS or BV delivery would be the most efficient means in increasing circulating 

BRS concentrations.  A proposed schematic explaining the distribution of BRS and BV within 

tissue compartments is summarised in Figure 7.1 

7.2.1 Intravenous Administration  

 
Most studies investigating the pharmacokinetics of BV after i.v. administration are limited to 

measurements in biliary BP excretion.288-294  Consequently, the circulating bioavailability and 

tissue distribution of BV has not been widely documented.204 Delivery of i.v. BV (2.7 mg/kg) 

increased serum concentrations, however, rapidly diminished over 180 min (Figure 5.1).  These 

findings are consistent with Bulmer et al., who also investigated circulating BV concentrations 

after i.v., i.p. and i.d. administration in similar sized male Wistar rats204. This further 

strengthens the validity of the data reported here. However, differences in experimental design, 

including administration of different anaesthetics and infusion of sodium taurocholate in this 

study need to be highlighted as they can influence hepatic metabolism.295,296  Indeed, sodium 

taurocholate infusion increases biliary excretion of bilirubin in the rabbit, hence serum BP 

concentrations are lower compared to those reported by Bulmer et al.295 Intravenous BRS (2.7 

mg/kg) delivery considerably increased serum BRS concentrations. As mentioned, previously 

investigated BPs are rapidly eliminated in the rat (elimination half-life, t1/2β; UCB:128, 

BV:103, BRDT:75 min),204 rendering their clinical utility. In comparison to i.v. BV delivery, 

BRS appears less readily eliminated from the systemic circulation (Figure 5.1). This is 

supported by the t1/2β (Table 5.1) for BRS, which was ~3 fold greater than that of BV (BRS: 

190 ± 52.1, BV:58.7 ±11.7 min). Thus, the area under the curve over 180 min (AUC180) was 

also significantly greater (8-fold) for BRS than BV (Table 5.1). This suggests that, in vivo,  

BRS may impart greater antioxidant capacity than BV over 180 min,23 and potentially other 

BPs. Hence, parenteral delivery of BRS may be useful for protection against 

inflammatory/oxidant insult. To further support this conclusion, assessment of the global 
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antioxidant capacity (FRAP) of serum in BV and BRS groups is necessary. Moreover, after i.v. 

BRS delivery, serum BV was also elevated at 2 min (4.81 ± 0.66 µM) and decreased over 120 

min (0.75 ± 0.22 µM) (Figure 5.1). The initially elevated BV is a likely result of BRS auto-

oxidation to BV in solution prior to compound administration, as documented previously.23 

The lack of BV formation over time may indicate greater stability of BRS within the 

reticuloendothelial system.  

Intravenous delivery of BV significantly increased serum UCB concentrations over 30 min 

(Figure 5.1), suggesting reduction of BV by biliverdin reductase (BVR) within the 

reticuloendothelial system, which agree with previous findings.204,297-300 Our data showing that 

serum UCB peaked at 10 min and abated over 30 min agree with findings in the guinea pig and 

swine.299,301 In comparison, after i.v BRS delivery, systemic UCB was only briefly elevated 

over 10 min, which was likely a consequence of the transiently elevated BV, reduced by BVR. 

As BVR is unable to catalyse the reduction of C10-substituted adamantly-, t-butly- and mesityl- 

biliverdin analogues, direct reduction of BRS is also unlikely.291 In support of this, the AUC180 

for UCB in the BV treatment group was significantly greater than the BRS (BRS:101 ± 25.6, 

BV: 246 ± 30.1 µM min) group. This is important to consider because numerous protective 

effects of bile pigments have been attributed to elevated serum UCB concentrations alone.14 

For example, every 1.71 µM increase in serum UCB is associated with reduced  incidence of 

pathologies including lung cancer and COPD by 3-8%.302 The previously documented volume 

of distribution (Vd) for UCB in rats (0.070 ± 0.002 L/kg) and humans (0.0681± 0.0125 L/kg) 

indicate distribution into the extravascular compartments.204,205 The volume of distribution (Vd) 

of BRS and BV were not significantly different from one another (BRS:0.0463 ± 0.00820, BV: 

0.0560 ± 0.00750 L/kg, P>0.05). Relative to UCB, however, both pigments appear less readily 

distributed to the peripheral tissues. The distribution half-life (t1/2α) for BV, which was 

significantly smaller than BRS (BRS: 34.1 ± 12.1, BV: 5.61 ± 1.76 min), is indicative of its 

rapid reduction to UCB by BVR.204,297,299  In agreement with this, i.v. infusion of radiolabelled 

UCB and BV into the guinea pig foetus demonstrate that the emergence UCB in the maternal 

serum precedes BV, which cannot cross the placenta unless reduced by BVR.299 Similar to BV, 

the affinity of BRS for proteins (e.g. extracellular albumin) is likely to be less than that of UCB 

due to its hydrophilicity, however, warrants investigation as this could explain varying tissue 

distribution.23,303  
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To better understand the elimination of these pigments, their hepatic excretion must be 

analysed by measuring changes in biliary BP excretion, which was collected for this study, 

however, will be reported in a sperate thesis. Although not reported here, BV is rapidly excreted 

via the bile as it reduced to UCB, which can be readily conjugated by UGT1A1 to form 

bilirubin conjugates.204,288-290 Contrary to this, BRS appears relatively stable and not readily 

converted to UCB in serum (Figure 5.1), due to the addition of the sulfonate group at the C10 

bridge. The sustained elevations in circulating concentrations and larger AUC180 after i.v. 

administration suggest that BRS avoids hepatic conjugation and mitigates rapid excretion into 

the bile.304 However, when the bilirubin conjugation system is saturated, as seen after i.v. BV 

delivery (2.7 mg/kg), BV can be excreted intact in the bile due to its aqueous solubility.204,291 

Indeed, C10 substituted analogues of BV, more polar than UCB, are readily excreted intact in 

the bile after intravenous infusion in the rat.291 Therefore, despite the enzymatic activity in 

place to promote removal of BV, BRS likely bypasses this route which might otherwise assist 

in removal of bilirubin.  

7.2.2 Intraperitoneal Administration  

 
After intraperitoneal (27 mg/kg) delivery, the bioavailability of BRS (34.3%) and BV (30.6%) 

were similar (Table 5.1). The pH of the administered solvent can affect BP absorption by 

altering the ionization state of their carboxyl groups, leading to changes in hydrogen bonding 

and therefore changes in their folding conformations.183 At pH ranges utilised in our study 

(pH=7.4-8.5), both BV and BRS were likely ionized, water soluble and therefore readily 

bioavailable from the peritoneum.304  Serum BRS and BV concentrations increased after 15 

min, following their respective administration and remained constant over 180 min, indicating 

the compounds were absorbed at a rate that did not saturate excretory mechanisms. Given that 

concentrations remained constant until 180 min, it is likely that concentrations would have 

remained elevated after this time, although was not monitored in this experiment. The AUC180 

for BRS after i.p. BRS administration was ~9-fold greater than BV (BRS: 23300 ± 2220, BV: 

2670 ± 436 µM min) after i.p. BV administration (Table 5.1). Thus, intraperitoneally delivered 

BRS may also impart greater antioxidant capacity in the serum than BV.23 Intraperitoneal 

administration of both pigments increased serum BV and UCB over 180 min (Figure 5.2). The 

concurrent increase in UCB at 15 min after i.p. BV delivery may suggest reduction of BV 

within the peritoneum as BVR is highly expressed in the peritoneum.305 In a previous report,  

delivery of BV (2.7 mg/kg, i.p.) led to peak UCB concentrations at 60 min in Wistar rats.204 In 
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agreement with our observations, serum UCB was elevated across the experimental protocol 

period (180 min). However, the concentration of BV decreased over 180 min, likely because 

the dose administered was 10 times less and completely absorbed over the experimental period.  

Another study on rats reported only trace amounts of BV is observed in the plasma relative to 

UCB after i.p. administration due to the high expression of BVR in the peritoneal cavity.305 

Evidently at the dose administered here, BVR activity in the peritoneum was likely saturated, 

leading to a steady release of BV into the systemic circulation.  These findings are in agreement 

with those that administered larger i.p. doses of BV. Wang et al. reported BV treatment (35 

mg/kg, i.p.) resulted in peak total bilirubin (conjugated + unconjugated) at 30 min, which 

increased from 2.60 to 23.2 µM.234 Similarly, BV (50 mg/kg, i.p.) delivery in Lewis rats led to 

peak total bilirubin levels at 30 min which increased from 0.700 to 18.3 µM.207 Andrews et al. 

reported BV treatment (25 mg/kg,i.p.) in Sprague-Dawley rats led to a 3-fold increase in total 

bilirubin (21.4 µM) compared to untreated rats at 1-hour.240  Repeated BV (5 mg/kg,i.p.) dosing 

over 7 days in Wistar rats increased total bilirubin from 0.800 to 102 µM.306  

Contrary to i.v. delivery, the AUC180 for UCB between the BRS and BV group after i.p. 

administration was not significantly different (Table 5.1). Likewise, peak serum UCB 

concentrations were similar between treatments (BV:4.82 ± 0.808, BRS:4.57 ± 0.669 µM) 

(Figure 5.2). This could be explained by a continual formation of BV from BRS within the 

peritoneum, a conclusion which is supported by the constant serum BV concentrations over 

180 min after BRS delivery (Figure 5.2). Interestingly, significant elevations in serum UCB 

were achieved earlier with BV treatment (15 min) compared to BRS administration (30 min). 

This finding further supports the conclusion that BRS undergoes spontaneous (intermediate) 

metabolism/degradation to BV before forming UCB. These findings support the use of i.p. 

administration for testing both BPs in future studies.  

An unexpected finding of this thesis was that i.p. BV administration led to formation of BRS, 

as detected in the serum (Figure 5.2). This suggests the peritoneal environment may support 

spontaneous/enzymatic BRS formation (from BV). Previous reports demonstrate that BRS is 

formed via sulfonation of BV by C. youngae. In the absence of the bacterium, BRS was not 

formed over time.23 There is no evidence for bacteria existing in the peritoneum under 

physiological conditions.307 Contamination of the peritoneal cavity by commensal bacterial 

species via the surgical site is unlikely as the field was maintained sterile. Thus, BRS may have 

been formed via cellular metabolism as it diffuses across the peritoneum. Previous reports 
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administered i.p. BV at 2.7 mg/kg as opposed to 27.0 mg/kg.204 Evidently, formation of BRS 

may not have been detectable at this dose. Although speculative, it is possible that enzymatic 

or spontaneous reactions of sulfites and sulfite radicals (i.e. generated from peritoneal 

macrophages) with BV may have led to BRS formation.308-311 Sulphites are also endogenously 

detected in the serum of mammals, hence, sulfonation of BV may occur enzymatically or 

spontaneously within the reticuloendothelial system. However, BRS was not detected in the 

serum after i.v. BV administration (Figure 5.1).312 McDonagh et al. also observed BRS was 

not formed in the bile after i.v. BV administration in the rat, however, serum concentrations 

and the administered dose were not reported.213 Quantification of BP biliary excretion clearly 

requires investigation to better understand this phenomenon. Previous authors may not have 

reported formation of BRS after i.p. BV administration as most authors did not utilise specific 

analytical techniques such as HPLC or UHPLC-MS. Measuring BV metabolism in peritoneal 

cells is warranted. This finding has implications for our future understanding of BV metabolism 

and its therapeutic effects, as it is often administered i.p., with BV or BVR kinase activation 

attributed to therapeutic outcomes. 

7.2.3 Intraduodenal Administration 

 
Changes in BP biliary excretion after i.d. delivery of UCB have been widely documented, while 

information on the bioavailability UCB, BV and BRS are very limited.204,206,208-210 Kotal et al. 

reported bilirubin (2.9 or 5.4 mg/kg, i.d.) administration increased serum UCB concentrations 

from 0.86 to 1.52-1.72 µM over 180 min.191 Similarly, Bulmer et al. reported bilirubin 

administration (27 mg/kg, i.d.) resulted in a 2-fold increase in serum UCB within 15 min, from 

0.75 to 1.52 µM, which was considered clinically relevant for therapeutic application.204 

Previous reports demonstrate that BV has low bioavailability (0.4%) after i.d. 

administration.204 In this study, BV was not detected in the serum after i.d. administration even 

though the same dose was administered (Table 5.1).  This difference might be related to the 

analytical methods employed. The limit of detection of BV for the UHPLC-MS method used 

here (0.28 µM, section 4.3.2.4) was greater than previously published HPLC methods (40 

nM).204 The previous HPLC method used a mobile phase containing n-dioctylamine, which is 

incompatible with UHPLC-MS. Quantification of BP metabolites, particularly BV and BRS 

using UHPLC-MS provide improved analyte separation and quantification compared to 

HPLC.23 In agreement with previous reports however, BRS was detected in the systemic 

circulation ~30 min after i.d. BV delivery.204 Moreover, the concentration of BRS increased 
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over 180 min (Figure 5.3). As mentioned previously, this has been attributed to bacterial 

sulfonation of BV in the gut.23 Interestingly  pre-treatment with oral BV (5 mg/kg)  protects 

against Forsmann reagent induced anaphylaxis in the guinea pig.313  Furthermore, animal bile, 

which can contain considerable amounts of BV, have been prescribed orally in traditional 

Chinese practices for treatment of inflammatory conditions such as heart disease.314,315 Our 

findings have profound implications as we show that primarily BRS is bioavailable over 180 

min after i.d. delivery of BV. Despite this, enteral delivery of BRS (27.0 mg/kg) had relatively 

poor bioavailability (1.25%) (Table 5.1).  Considering that BRS is water soluble, it may not be 

readily absorbable across the lipid membrane of enterocytes.23 Unexpectedly, the 

bioavailability of BRS was similar to  previous reports for UCB (1.0%, 27.0 mg/kg).204 This 

however should be interpreted with caution due to UCBs poor solubility and pH dependent 

ionization of its carboxyl groups.316,317 In its diacid form, UCB tends to form aggregates, 

hindering its diffusion across the lipid membrane.204,318  Interestingly, the concentration of BRS 

in serum after i.d. BRS and BV were similar (Figure 5.3), suggesting BV is readily sulfonated 

in the intestinal environment. Indeed, within 30 min BV (1.2 mg/mL) addition in duodenal 

chyme,  BV concentrations decreased by ~35 µM (~22%) while BRS is increased by ~40 µM, 

suggesting a 1:1 stoichiometric reaction.23 After i.d. BRS administration, systemic UCB was 

significantly elevated at 15 min (Figure 5.3). However, the AUC180 for UCB in both BRS and 

BV groups were less than 0 when adjusted for endogenous UCB, indicating no pronounced 

elevation in serum UCB after either treatment. Bulmer et al. also reported no significant 

increases in serum UCB after i.d.  BV administration over 180 min.204  Although this limits the 

clinical efficacy of this administration route for increasing serum UCB, i.d. delivery of BRS 

and BV may provide appreciable increases in serum BRS which may confer antioxidant 

potential.23 Furthermore, they may exert local effects in the gut clinically relevant for treatment 

of intestinal diseases such as ulcerative colitis.275 
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Figure 7.1 Proposed schematic for distribution of BRS and BV across tissue compartments under normal physiological conditions in the rat.  
The arrows represent physiological movement/conversion of BPs. Autodeg: auto-degradation, Alb: albumin, BVR: biliverdin reductase, ROS: 
Reactive oxygen species, UGT1A1: uridine-glucuronosyl transferase 1A1. There likely exist other BP derivatives, particularly in the gut. These 
have been annotated under ‘other derivatives’. Created with BioRender. 
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7.2.4 Limitations and Amendments 

 

Animal models of pharmacokinetics are not entirely representative of what would occur in 

humans. For example, the rate of BP clearance is expected to be greater in the rat compared to 

humans due to the relatively larger size of the rat liver, faster metabolic rate and differences in 

hepatic blood flow.205 However, investigation on animal models allowed for homogenous 

experimental conditions as animals were the same age and body size, which effect hepatic 

function.319,320 The bile duct was also permanently cannulated, consequently interrupting 

enterohepatic re-circulation of BPs. Circulating BP concentrations after exogenous 

administration would be greater in conditions of uninterrupted bile flow.204 Our methods 

required constant anaesthetisation of animals, which might have altered the pharmacokinetics 

of BPs. Indeed, administration of barbiturates and ketamine affect bile flow, UDP-GA stores 

and UGT1A1 transferase activity.296  However, the effects of anaesthetics is reported to be 

minimal over 3 hours.204,296 Under similar surgical conditions to our study, haem break down 

is shown to increase BP excretion after 2 hours.296 However, this is likely negligible as no 

significant increases in endogenous serum UCB concentrations were observed over 180 min 

across the vehicle groups for each delivery route. 

 

This thesis did not report biliary excretion and enteric absorption of BRS and BV after 

exogenous administration. Quantification of BPs in the bile and portal vein would provide 

additional insight on the enterohepatic circulation and first pass clearance of BRS. It may be 

that enterally delivered BRS is readily absorbed from the intestine but rapidly excreted into the 

bile due to its aqueous solubility. Furthermore, i.v. infusion of BV in the chicken leads to  

excretion  of BV in the urine, hence, BRS may also be excretable via the urine, although the 

prolonged appearance of BRS after i.v. administration argue against rapid renal excretion.23,321 

A ureteral catheter could be inserted to quantify changes in urinary excretion of BPs over time. 

Quantification of BPs in the liver and peripheral tissue homogenates are also warranted to 

assess the biodistribution of these molecules. Given that BRS and BV have low tissue 

distribution, and that enterohepatic re-circulation was interrupted, the noncompartmental 

model accurately described the pharmacokinetics of both pigments. However, the calculated 

pharmacokinetic parameters are to be interpreted considering that the administered pigments 

can be transformed into other bile pigments, BRS, BV or UCB, which does complicate the 

interpretation of data. For example, the clearance of BV is likely overestimated in this model,  
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because a considerable portion of the administered dose is chemically reduced to UCB in vivo 

(Figure 5.1),which can be redistributed into lipid rich tissues.205 Similarly, the bioavailability 

of the i.p. administered pigments (which were calculated from the AUC180 data of the parent 

compound only) are underestimated because both BRS and BV are biotransformed to other 

pigments that were not captured in the AUC180 data (Figure 5.2).   

Previous studies in rats show that after i.d. UCB administration, 2.5-28.0% of doses are 

excreted in the bile in over 72 hours.206,211,212 Evidently, the experimental collection period in 

our study may have been insufficient to allow for sufficient absorption of BPs after i.d. 

administration. This conclusion is supported by increasing concentrations of BRS over time 

after BRS and BV treatment (Figure 5.3). Under physiological conditions,  most BP 

metabolism and UCB reabsorption occur at the distal intestine.189 Either an increased 

experimental protocol duration or i.d. infusion into the distal intestine may need to be 

conducted in future studies. Despite this, rats were fasted to facilitate enteral absorption of 

BPs.191 Future studies could investigate oral/intragastric administration BPs with regular tail 

vein collections over an extended period. A clinical study on exogenous administration of oral 

BRS is also warranted to investigate its bioavailability and metabolism in humans. 

Administration of BPs with excipients was not an objective in this study, however, co-

administration of BPs with bile salts may result in different pharmacokinetic profiles and 

improved bioavailability by utilization of the micellar shuttle across the intestinal 

epithelium.204,322,323 Given the pH sensitivity of BPs, i.d. administration bypasses the gastric 

environment which could affect absorption and bioavailability of BPs (i.e. via gastric 

digestion).204,324  Despite this, Wei et al. demonstrated UCB (20 mg/kg, gavage) delivered in 

rats increased circulation bilirubin levels and conferred strong anti-inflammatory effects 

against smoking induced emphysema.154 It should be noted that the administered enteral doses 

here could also be toxic to the intestinal tissue or microbiota because highly elevated UCB 

levels can impair membrane function and inhibit digestive enzymes including chymotrypsin 

and trypsin.2 Quantification of BPs within the intestinal lumen may provide additional insight 

on bacterial and mucosal metabolism of BRS. This could be achieved by flushing the 

duodenum with a fixed volume of saline and analysing the flushed fluid using UHPLC-MS. 

Alternatively, faecal specimens could be incubated with BRS and subsequently analysed.  

UHPLC-MS is considered a superior method to HPLC due to its greater specificity and 

sensitivity.  The use of internal standards was valuable in this study as they corrected for BP 
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loss during sample extraction, strengthening the validity of the data reported here. However, 

the use of chemically reduced ‘meso’ internal standards (+4 atomic mass units) was not ideal 

in this study as they are not ‘identical’ to the studied analytes. The use of radio labelled isotopes 

of the analytes of interest are considered the ‘gold standard’.325 However, such compounds are 

expensive and unavailable for BPs.  Finally, internal standards were added to samples on the 

day of analysis in this study. However, it is more suitable to add internal standards immediately 

after serum collection to account for degradation during storage. Conducting standard curves 

in plasma can further account for matrix effects.326 More sensitive analytical methods such as 

triple quadrupole mass spectrometry could also prove useful for BP quantification after enteral 

administration where serum concentrations are very low.327  

 

7.3 Anti-inflammatory Properties of Bile Pigments in the Rat Subcutaneous Air Pouch 

Model of MSU Crystal Inflammation  

 
To date, there has been no investigation on the therapeutic utility of bile pigments against MSU 

crystal-induced sterile inflammation. This thesis evaluated the inflammatory response to MSU 

crystals after i.p. BRS and BV pre-treatment in the rat subcutaneous air pouch model. The 

findings presented here may provide novel targets for the treatment of gout and other 

inflammatory diseases.   

7.3.1 The Acute Inflammatory Response to MSU Crystals   

 
Delivery of MSU crystals into the subcutaneous air pouch resulted in a robust and pronounced 

inflammatory response, evidenced by significantly increased pouch fluid leukocyte counts in 

animals receiving MSU only relative to sham from 6 hours onwards (Figure 6.2). The 

infiltrating leukocyte population primarily consisted of neutrophils, which peaked between 12-

24 hours, and monocytes, which increased over 48 hours (Figure 6.2). Although no significant 

differences existed in total leukocyte counts between 12 to 48 hours, peak response likely 

occurred between 12-24 hours. In comparison, other studies report peak leukocyte infiltration 

between 4-12 hours (also see Appendix A).95,166,168,328-333 Studies that utilise more frequent 

collection intervals estimate it closer to 9 hours.96,122,334,335 Interestingly, some studies report 

bi-phasic increases in leukocyte counts at 3-4 hours and 24 hours.123,336 Consistent with 

previous reports, the increased neutrophil count over 12 hours (Figure 6.2) suggest increased 

signalling mediating neutrophil recruitment.96,123,166,336 Furthermore, the significantly reduced 
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neutrophil  count (at 48 vs 24 hours) and increase in monocyte count over 48 hours (Figure 

6.2),  indicate a shift towards monocyte recruitment and potentially apoptosis of 

neutrophils.127,170 In agreement with this observation, other studies have reported elevated total 

leukocyte counts over 24 hours while peak neutrophil response occurred at 12 hours.91,337 

Resolution in this model is observed over 48 hours, similar to the data here.334,335 In the study 

by Rull et al., the leukocyte count was elevated between 24 and 48 hours,but additional 

sampling demonstrated resolution over 7 days.338 Lymphocytes were also observed throughout 

the 48 hours (Figure 6.2) and were likely involved in modulating the inflammatory response.123 

 

Due to a lack in standardised methods used between studies, caution must be practiced when 

making comparisons. Most studies on this model utilise mice as opposed to rats.  Relative 

species differences need to be considered as these may the influence inflammatory response.  

Indeed, the degree of cell infiltration in the pouch is proportional to circulating leukocyte 

concentrations in the blood.126 Administration of larger crystal suspensions (dose and volume 

of saline) facilitate crystal interactions and wider dispersion over the membrane.91  Larger air 

pouches provide greater dispersion of crystals and a larger cell population to initiate 

inflammation. Furthermore, 6-day old pouches exhibit sustained increases in leukocyte counts 

over 24 hours in comparison to the 1- and 3-day old pouch which have earlier peak responses.91 

Compared to other reports, this study generated a larger pouch, which was stimulated at 6 days 

with larger crystal suspensions. Differences in crystal morphology, size, surface area and 

ultrastructure must also be considered as they influence phagocytosis, membranolytic effects 

and other crystal induced reactions. Longer crystals are less readily phagocytosed and induce 

weaker inflammatory responses. Crystal ultrastructure effects the association of proteins (e.g. 

immunoglobulins, complement proteins, ApoE, HDL) with the surface,162 which may further 

explain conflicting  findings on the inflammatory pathways activated by MSU cyrstals.280 

Interestingly, in the absence of HDL binding, the onset of resolution is delayed 162,336. 

Differences in lipid profile between rodents could possibly explain  the disparity in 

inflammatory responses observed.339-341 A study on Sprague-Dawley rats, using methods 

identical to here, reported a similar degree of inflammation.342 The crystals used in this study 

(Section 6.1) were synthesised according to previously validated methods, their dimensions 

were confirmed using SEM (Figure 6.1) and resembled those observed in vivo.279,280 Thus, the 

administered preparations were standardised across animals and free from LPS contamination, 

to ensure the induction of a sterile inflammatory response.  
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A multiplexed bead-based immunoassay quantified cytokine concentrations in the pouch 

exudate at 6 hours, when peak TNF-α and IL-6 concentrations were reported by Kotiw et al. 

who administered the same dose of MSU crystals (also see Appendix A).342 Consistent with 

these findings, TNF-α and IL-6 were significantly elevated after MSU crystal administration 

(Figures 6.3). Additionally, CCL2, GM-CSF and IL-18 were significantly elevated (Figure 

6.4), which are consistent with other studies.65,98,117,119 Similar to previous reports, the group 

pre-treated with ibuprofen (9.11 mg/kg, i.p., n=5), which served as a quality control, had 

significantly reduced peak leukocyte infiltration from 6 hours onwards (Figure 6.2).342-344 

Furthermore, ibuprofen pre-treatment significantly reduced CCL2 and non-significantly 

(P=0.0673) reduced GM-CSF in the pouch fluid (Figure 6.4), therefore validating the ability 

of anti-inflammatory compounds to inhibit leukocyte infiltration in this model. 

7.3.2 Bile Pigments Attenuate the Inflammatory Response to MSU Crystals 

Animals pre-treated (27 mg/kg, i.p.) with BRS and BV exhibited significantly reduced 

leukocyte infiltration from 6 hours onwards (Figure 6.2), which was paralleled by reduced 

neutrophil infiltration.  This finding was supported by the significantly  reduced pouch fluid 

GM-CSF concentrations at 6 hours after BV and BRS treatment (Figure 6.4), which mediates 

neutrophil recruitment.60 Both pigments also inhibited monocyte and lymphocyte infiltration 

across 12-48 hours (Figure 6.2). Thus, downregulation of  initial events in the acute 

inflammatory response may have reduced the intensity of subsequent phases within 

inflammation, leading to reduced cell infiltration across 48 hours.30 Interestingly, at 12 hours, 

the neutrophil and monocyte counts were significantly lower in the BV group compared to 

BRS (Figure 6.2), suggesting more potent inhibition of leukocyte infiltration.  Indeed, BV 

treatment also significantly reduced CCL2 and IL-18 pouch fluid concentrations at 6 hours 

(Figure 6.4) which mediate  monocyte and lymphocyte recruitment, and subsequent signalling 

mediating neutrophil recrtuiment.127 Interestingly at 48 hours, BV non-significantly reduced 

(P=0.0563) leukocyte infiltration, while BRS strongly inhibited neutrophil, monocyte and 

lymphocyte infiltration (Figure 6.2).  This finding is consistent with the greater and prolonged 

increases in BRS compared to BV, as shown in the pharmacokinetic study (Chapter 5).  These 

assertions, however, must be interpreted with caution as the pharmacokinetic study only 

evaluated serum BP concentrations over 3 hours in anaesthetised animals.  
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The anti-inflammatory of BRS and BV may be explained by their antioxidant properties.23,345 

Direct crystal-interactions, cytokines, lipid mediators and complement components stimulate 

the respiratory burst, leading to generation of ROS.346-348 Oxidants such as H2O2 trigger kinase 

signalling pathways, which activate NFkB and AP-1, leading to pro-inflammatory gene 

expression.348-352 Exposure of cells to hydroperoxides or lipid peroxides can stimulate calcium-

dependent signalling pathways, which can for example, stimulate cytosolic PLA2s leading 

eicosanoids synthesis.349,353-355 Oxidised lipids trigger TLRs, activating NFkB-and NLRP3 

mediated immune responses in monocytes and ECs.356-358 Bilirubin and bilirubin derivatives 

can scavenge H2O2, hypochlorous acid, lipid hydroperoxides and peroxyl radicals with as much 

efficiency as vitamin E.214,217,221,359 Bilirubin is also highly reactive towards superoxide, and 

can protect neurons from NMDA induced cell death (which generates superoxide).360  The 

antioxidant activity of BV is attributed to its reduction to UCB by BVR, allowing a single 

molecule to partake in oxidation reactions in a cyclic manner,217,218 making bilirubin one of the 

most powerful antioxidants in the serum.240 Indeed, BVR knockout mice and embryonic 

fibroblasts are susceptible to oxidative stress361. Although BRS possess weaker equimolar 

antioxidant potential than BV and UCB,23 the earlier pharmacokinetic study showed that the 

AUC180 for BRS was greater than BV after i.p. delivery (Figure 5.2).23 Thus, in vivo, the greater 

bioavailability of BRS may allow this pigment to exert stronger or similar antioxidant effects 

relative to BV. Therefore, both pigments likely attenuated extracellular ROS generated during 

the oxidative burst, mitigating tissue injury and the intensity of the subsequent inflammatory 

response. These antioxidant properties may also be observed within the intracellular 

environment and disrupt inflammatory events such as leukocyte extravasation, which although 

not investigated here, may further explain the pronounced reductions in leukocyte infiltration. 

Both BV and UCB have inhibited leukocyte extravasation in numerous inflammatory 

models.70,241,243,244,256,275,362 Some studies have reported downregulation of adhesion molecules, 

which are likely regional dependent241. Vogel et al. revealed that, UCB scavenged intracellular 

ROS generated by NOX, thereby attenuating EC tight junction disruption. 70,121,187,244,274 

Bilirubin, BV and BRS (which generates UCB and BV) may also directly inhibit the assembly 

of NOX245,259 Interestingly, diabetic mice treated with oral BV (5 mg/kg),  have reduced NOX 

expression in the kidney, which could be directly attributed to BRS formation (Figure 5.3).363 

Evidently, reduced vascular permeability may have attenuated localised increases in cytokine 

production derived from leukocyte infiltration. This effect may be quite pronounced as both 

pigments were readily bioavailable within the circulation after i.p delivery (Figure 5.2).  
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To further explain differences in cytokine inhibition by BRS and BV, the direct anti-

inflammatory effects of bilirubin compounds and BVR mediated signalling must be considered 

independently.  Similar UCB mediated anti-inflammatory effects would be expected in both 

groups as the AUC180 for UCB after i.p. BRS and BV treatment were alike (Figure 5.2). The 

reduction in CCL2 and IL-18 in the BV group could be due to greater BV bioavailability 

(Figure 5.2), leading to higher tissue concentrations activating BVR/HO-1 

signalling.219,262,272,315 .In LPS induced lung injury, BV (35 mg/kg, i.p.) inhibited NF-κB 

activation via BVR/HO-1.240  In addition to their direct effects, it should be considered that BV 

and  BRS (an amount which degrades to BV) may mediate anti-inflammatory effects by 

triggering a feedforward cycle, generating CO and ferritin.364,365 In macrophages, CO 

downregulates pro-inflammatory cytokine expression by inhibiting p38MAPK, and NFκB/AP-

1 activation241,364,365. Bilirubin, however, can exert similar effects, in that UCB inhibits CCL2 

and M-CSF expression in a p38MAPK independent manner364,366. This report, however, is the 

first to demonstrate a similar effect of a novel, hydrophilic bilirubin metabolite. Revealing the 

direct anti-inflammatory effects BRS was beyond the scope of this thesis. However, the pouch 

tissue has been persevered for later analysis of protein expression and histological features. 

Bilirubin glucuronides, which are water soluble (like BRS), retain their antioxidant capacity, 

however, do not induce anti-inflammatory effects.48,259,315 Biliverdin reductase cannot catalyse 

reduction of C10-substituted biliverdin analogues, hence direct activation of BVR by BRS is 

unlikely.291 Furthermore, it is possible that BRS’s hydrophilic properties may prevent it from 

binding to lipophilic targets such as intracellular receptors, which UCB binds to.48,367  

Schematics summarising the mechanisms underpinning MSU crystal induced inflammation 

and proposed inhibitory actions of BPs are presented in Figure 7.2 and 7.3. The following 

sections will discuss the effects of BPs on specific cytokines.  

7.2.3 IL-1   

 
Although implicated in hypoxic injury,106 IL-1⍺ production has not been investigated in in vivo 

models of MSU crystal-induced inflammation. Despite IL-1β concentrations in the MSU only 

group being 3-fold greater than sham, this was not significant (P=0.178), suggesting MSU 

crystal delivery did not stimulate NLRP3 inflammasome activation and IL-1 secretion, which 

contradicts the literature on this model (also see Appendix A).54,68,86,139,368 However, in vivo 

studies have reported peak IL-1β concentrations (~10-20 pg/mL) similar to those observed in 

this study (MSU only:7.82 ± 3.39, Sham: 2.20 ± 0.120 pg/mL).336,337 The 6-hour collection 
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may not have been the optimal timepoint to capture peak IL-1β levels, which likely occurred 

between 12-48 hours when the monocyte population was significantly elevated (Figure 

6.2).72,106,369-372 Similarly, peak IL-1⍺ levels may have occurred at 12 hours when neutrophils 

were dominant (Figure 6.2).106 Some studies reported cytokines in cell lysates, which is not 

representative of the extracellular environment.94 More importantly, the methods used in this 

study were different to the literature (Appendix A), and the sample sizes (n=3-6 per group)  

may not have generated enough statistical power to determine these differences, which will be 

clarified in the limitations. Moreover, the non-significant reductions in IL-1 levels after BRS 

and BV pre-treatment indicate proximal events such as crystal-induced cell necrosis and 

NLRP3 mediated cytokine release initially overwhelmed BP anti-inflammatory effects.   

7.2.4 TNF-α and IL-6   

 

Both TNF-α and IL-6 mediate EC activation and secretion of other pro-inflammatory 

cytokines.94,373 The elevated IL-6 concentrations are consistent with previous findings,342 and 

suggest considerable plasma exudation within the pouch as IL-6 also mediates acute phase 

protein production.30  This is important to consider as plasma proteins such as CRP induce IL-

18 secretion by ECs.119 Moreover, the data from this study indicate that TNF-α and IL-6 

precede IL-1 secretion, which challenges the current belief that IL-1 is the proximal mediator 

in this model.94,139,170,374-376 Despite this, TLRs can increase IL-6 and TNF-α secretion 

independent to NLRP3 formation, and inhibition of IL-1R does not completely attenuate their 

production.94 In agreement with our findings, IL-6 and TNF-α are generally reported at higher 

concentrations than IL-1β (also see Appendix A).377  Similar to our findings , in carrageenan 

induced peritonitis in mice, BV treatment (8.7 mg/kg, s.c.) although did not effect TNFα and 

IL-1β concentrations, significantly reduced leukocyte infiltration over 4 hours.241 However BV 

and UCB have been shown to reduce TNFα, IL-1β and IL-6 concentrations in endotoxin-, 

ischemia/reperfusion- and organ transplant injury.207,231,232,234,236,237,240,274 In this study, BV 

treatment non-significantly (P=0.056) reduced IL-6 pouch fluid concentrations (Figure 6.3), 

which may be explained by the significant reduction in IL-18 signalling (Figure 6.4), as it  

contributes to TNF-α and IL-6 mRNA expression.378 Similar to here, BV and UCB (10µM) 

have been observed to inhibit IL-18 mediated EC death.379 Furthermore, in LPS-stimulated 

macrophages, although BV (50µM) inhibited IL-6 and TNF-α mRNA expression, only IL-6 

protein levels were reduced,240,272,300 as TNF-α mRNA does not contribute to rapid increases 

in TNF-α levels.233,272  
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Most studies that have substantiated the anti-inflammatory properties of BPs have delivered 

either larger or multiple doses. Repeated BV (5 mg/kg,i.p.) administration in mice exposed to 

UVB light, lead to reduced IL-6 concentrations in the skin.274 In LPS induced lung injury and 

transplanted lung grafts from brain dead donor rats, BV (35 mg/kg,i.p.) reduced tissue IL-6 and 

TNF-α concentrations respectively.234,240 In syngeneic bowel transplants, BV (50 mg/kg,i.p.) 

reduced tissue IL-6, IL-1β and COX-2 mRNA expression.207 Similarly, administration of haem 

into the zymosan stimulated pouch, led to accumulation of UCB (total bilirubin: ~0.83 µM), 

CO and ferritin  over 24 hours which reduced leukocyte infiltration, as well as TNFα and IL-

1β levels.225 These conflicting findings may also be explained by differences in inflammatory 

stimuli, as activated signalling pathways are not identical, and experimental conditions.91 

Furthermore, the subcutaneous pouch is poorly oxygenated with nascent blood vessels whilst 

organs (e.g. lungs), are highly perfused and oxygenated. 90,380  Hence, in models of organ 

transplant and IRI, i.p. treatment may be more effective. Similarly, in models of peritonitis and 

paw oedema, drugs are often brought into direct contact with the target tissue, increasing local 

concentrations. Increased vascular permeability due to inflammation may however facilitate 

BP entry into the pouch.30 Despite this, the distribution of BRs and BV into the pouch tissue 

after i.p. treatment requires elucidation, which is important to consider as their anti-

inflammatory properties are often dose dependent. e.g. the inhibition of  5-LOX and COX-2 

activity by UCB.48 Despite this, cumulative effects of BPs may downregulate endothelial 

activation,70,243,366,381,382 and exposure to low concentrations of UCB may still mediate 

intracellular signalling as UCB localises in hydrophobic compartments, including the cell 

membrane.259  

7.2.5 CCL2 and CXCL1  

 

Chemokine (C-X-C) ligand 1, which acts synergistically with CXCL-2 and 8, 68,96 was non-

significantly (P=0.178) elevated after MSU crystal delivery (Figure 6.3), however, 

concentrations up to ~630 pg/mL have been reported at 4 hours.383,384 Interestingly, neutrophils 

stimulated for several hours preferentially secrete CCL2 instead of CXCL1 to favour monocyte 

recruitment, which may have occurred prior to the 6-hour timepoint analysed here.96,106,127,128 

Biliverdin significantly reduced CCL2 and non-significantly reduced CXCL1 (P=0.055), 

which mediate monocyte and neutrophil recruitment respectively127. In agreement with our 

findings, BV (50µM) reduced CXCL8 secretion in intestinal epithelial cells stimulated with 

IL-1β385. Interestingly, CXCL8 mRNA expression was unaffected, indicating BV inhibited 
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processes mediating the release of CXCL8, which can be pre-formed in neutrophils385,386 

Similarly, UCB (20 mg/kg, gavage) reduced CCL2, CXCL2 and CXCL8 concentrations in the 

bronchioalveolar lavage fluid in a rat model of emphysema.154  

 

These findings may also be explained by interactions with the complement cascade and TLRs. 

Complement component 5a, which is implicated in this model, mediates TLR4 signalling, 
271,387 and upregulates CXCL2 and CCL2 expression via MAPK and Akt pathways 

respectively.133,233 Biliverdin can directly inhibit C1-antiobdy interactions,14,313 and C5aR 

expression via the  PI3K/Akt/mTOR pathway.272 Therefore, BV may confer anti-inflammatory 

effects by downregulating the C5a-C5aR axis.14,96,262 Indeed, UCB (20 µM) attenuated the 

release of TLR ligands, HMG1 and HSP70, and secretion of IL-1β, IL-2 and CCL2 in hypoxic 

injury in pancreatic islet cells 231 In this study, BRS did not affect CXCL1 and CCL2 (Figure 

6.3 and 6.4) concentrations, however, maintained significantly reduced neutrophil, monocyte 

and lymphocyte infiltration (Figure 6.2). Interestingly, oral administration of BV (5 mg/kg) in 

guinea pigs, which likely induced BRS formation (Figure 5.3),23 attenuated Forsmann induced 

anaphylaxis via complement inactivation.313 It is possible that BRS inhibited complement 

activation via downregulation of ROS.23,388  

7.2.6 GM-CSF     

 

The significantly reduced GM-CSF concentrations after BRS and BV treatment (Figure 6.4), 

may be explained by inhibition of early events in the inflammatory response, leading to reduced 

monocyte recruitment or extravasation (Figure 6.2) and therefore less pronounced GM-CSF 

secretion.  Indeed, monocytes, which primarily secrete GM-CSF,60,65  were lower at 6 hours in 

both groups compared to MSU only (Figure 6.2). Interestingly, overexpression of HO-1 in 

macrophages decreased GM-CSF expression in response to LPS, which was attributed to 

reduced activation of NF-κB by CO.389 Bilirubin and BV may also exert similar effects as they 

can inhibit MAPK and IKK mediated phosphorylation, and therefore NF-κB 

activation.232,255,259 Interestingly, neutralization of GM-CSF inhibits neutrophil recruitment but 

not monocyte recruitment, which is likely maintained by CCL2.65 At 12 hours, the leukocyte 

count in the BV group was significantly lower than BRS (Figure 6.2), due to significantly lower 

neutrophil and monocyte counts. This may be explained by the significant reduction of CCL2 

in BV group, which would lead to reduced monocyte recruitment and in turn attenuating 

subsequent signalling mediating neutrophil and monocyte recruitment. Furthermore, GM-CSF 



96 | P a g e  
 

induces differentiation of macrophages into the pro-inflammatory/M1 phenotype via CD14 

expression, which engage with TLRs to stimulate NLRP3 activation.65 Evidently, BRS and BV 

may attenuate development of the M1 phenotype.60  However, changes in local concentrations 

of G-CSF and M-CSF must be investigated to support this conclusion,390 as the latter  induces 

differentiation of macrophages into the M2 phenotype.391,392 In ECs stimulated with TNF-

α/oxidised LDL, UCB (5 µM) inhibited CCL2 and M-CSF expression possibly via reduced 

NF-κB activation366. These findings indicate BRS and BV may inhibit macrophage 

polarisation. Indeed, IL-6, secreted by M1 macrophages, tended to be lower in the BV group 

(Figure 6.3).  However, this was not observed with BRS treatment, possibly due to lower 

activation of BVR mediated signalling, which inhibits expression of M1-associated cytokines 

via the C5a-C5aR1 axis.387,393  

7.2.7 IL-18   

 

Interleukin-18 was significantly elevated after MSU stimulation, despite the non-significant 

increases in IL-1α and IL-1β (Figure 6.4). There may exist differences in NLRP3 

inflammasome dependent processing and secretion of IL-1 and IL-18.394,395 Alternatively, in 

an inflammasome independent manner,  mature IL-18 may be derived from the cleavage of 

constitutively expressed proIL-18 by serine proteases, both of which are released during cell 

necrosis148,171,173,378,396-400. Interestingly, one study reported that IL-1β is primarily upregulated 

during gout flares, whilst during steady states, only IL-18 was detected.117 Indeed, the 6-hour 

time point in this model does not represent peak cell response (Figure 6.2). The significant 

reduction of  IL-18 in the BV group (Figure 6.4) may be explained by decreased CCL2 

mediated recruitment of monocytes, which primarily secrete IL-18,401 and GM-CSF stimulated 

secretion of IL-18.378,402 Bilirubin-C10-sulfonate treatment did not inhibit CCL2 (Figure 6.4), 

explaining the non-significant reduction in IL-18, and may further highlight a synergistic 

interaction by which GM-CSF and CCL2 mediate IL-18 secretion.  Interestingly, serum IL-18 

concentrations in aged Gunn rats are significantly lower compare to wild types.403  C-reactive 

protein also induces secretion of IL-18 by ECs and bilirubin is negatively and consistently 

correlated with CRP concentrations in clinical studies, providing and additional mechanism 

whereby BPs could reduce IL-18 cocnentrations.404-406  

7.2.8 IL-10  
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Interleukin-10, although implicated in gout, increased non-significantly (P=0.068) after MSU-

crystal stimulation (Figure 6.4).407 However, in this model, IL-10 is primarily derived from 

cells of the adaptive immune system, hence, would be produced more readily at later time 

points i.e. when monocyte and lymphocyte counts were significantly elevated (Figure 

6.2).166,167 The inhibitory effects of BRS and BV may have extended to the release of anti-

inflammatory cytokines as they non-significantly reduced IL-10. In agreement with these 

findings, humans given atazanavir (300 mg twice a day for 4 four days), which induces 

hyperbilirubinemia via inhibition of UGT1A, have significantly decreased IL-10 

concentrations in the serum after LPS stimulation.408,409 Similarly, UCB (50µM) inhibits IL-10 

production in lymphocytes.255 Bilirubin may inhibit NFκB activation which regulates T-cell 

development (i.e. TH2 mediated IL-10 secretion) and IL-10 expression.66,150,151,395,410-413 These 

findings would be expected to promote a pro-inflammatory response. However, IL-10 is 

upregulated by innate stimuli (e.g. LPS) and is self-regulated to mitigate over-activation.414 

Furthermore, peak IL-10 expression occurs after the induction of pro-inflammatory cytokines, 

which correlate with transition from the acute inflammatory to the resolution phase.410 Despite 

this, Wei et al. reported UCB (20 mg/kg, gavage) attenuated the reduction in IL-10 observed 

in a rat model of emphysema.154 Interestingly, overexpression of BVR, which would increase 

PI3K/Akt/mTOR signalling, increased IL-10 secretion in macrophages.265,415 Indeed, the 

reduction in IL-10, was more pronounced after treatment with BRS (P=0.09) than BV 

(P=0.28). The latter, produced greater circulating BV concentrations (Figure 5.2).66,265,416,417  

7.2.9 IFN-γ, IL-12 and IL-17A 

Although IFN-γ, IL-12 and IL-17A are implicated in the pathogenesis of gout, they were not 

significantly elevated after MSU crystal-stimulation.42,119,407 Similar to IL-10, their production 

may be more pronounced during later stages of inflammation (12-48 hours), as they are 

primarily derived from cells of adaptive immune system.42 This could be investigated in future 

as both pigments inhibited lymphocyte infiltration at 12 and 48 hours. Interestingly, in vitro 

UCB (20-50µM) inhibits lymphocyte proliferation.418 Similarly, BV and UCB can exert 

regulatory phenotypes on macrophages and therefore inhibit TH cell polarisation.231,262,419. 

Furthermore, the BV group had non-significantly lower lymphocyte counts than the BRS group 

at 12 (P=0.0602) and 24 hours (P=0.0664), likely due to lower CCL2 concentrations, which 

also mediates CD4+ and CD8+ T cell recruitment.420  
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Figure 7.2 Simplified schematic depicting inflammatory reactions induced by MSU crystals during initial states of inflammation (0-6 hours).  
The potential mechanisms by which BV, BRS and UCB may attenuate the inflammatory response are also highlighted. A. Initial TLR and crystal 
mediated interactions stimulate cytokine secretion by resident cells. B. Cell necrosis contributes to release of alarm signals. C. Cytokine signalling 
leads to EC activation. D. ECs contribute to pro-inflammatory cytokine release which include chemokines. E.  Chemokine signalling leads to 
increased neutrophil recruitment in turn amplifying the inflammatory response.  Created with BioRender.  
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Figure 7.3 Simplified schematic depicting inflammatory reactions induced by MSU crystals during later states of inflammation (6-48 hours) . 
The potential mechanisms by which BV, BRS and UCB may attenuate the inflammatory response are also highlighted. A. Sustained stimulation 
of neutrophils leads to release of chemokines involved in recruitment of monocytes. B. Recruited monocytes contribute to release of pro-
inflammatory cytokines. Differentiation of monocytes into macrophages lead to release of pro-inflammatory and anti-inflammatory cytokines 
C. Lymphocyte recruitment and differentiation contribute to cytokine secretion and modulation of the inflammatory response. Created with 
BioRender.
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7.2.10 Limitations and Amendments  

 

Methods for harvesting pouch exudate vary across studies (see Appendix A). Leukocyte and 

cytokine concentrations acquired using the technique applied here may not be representative 

of true concentrations within the pouch. For example, during collections, 5 mL of saline is 

delivered into the pouch and 4 mL is then withdrawn, leaving 1 mL behind. Consecutive 

dilution of the exudate therefore occurred with each collection (i.e. at 1,6,12, 24 and 48 hours). 

More importantly, after the 1-hour collection, a considerable portion of the administered 

crystals (~10 of 25 mg), stimulated cells, cellular debris and inflammatory mediators are 

removed, thereby stunting the inflammatory response. This would be repeated with each 

collection. Hence, leukocyte and cytokine concentrations were likely to have been greater and 

peaked earlier, without repeated sampling. Furthermore, repeated perforations of the pouch 

membrane/skin, and stress after animals recovered from anaesthesia may have stimulated 

immune responses. Anaesthetics, including isoflurane, can exert systemic immunosuppressive 

and activating effects.421 However, brief isoflurane anaesthesia was used during repeated pouch 

access in this study. Furthermore, the low leukocyte counts (Figure 6.2) observed in the sham 

group argue against immune responses stimulated secondary to MSU crystal delivery. 

Importantly however, as the collection technique was standardised, comparisons between 

groups remain valid and allowed the acute response to be tracked over time to determine the 

efficacy of different treatments over 48 hours whilst minimising the number of animals used.  

 

The effects of ibuprofen on cytokine signalling were not readily observed. In comparison to 

Kotiw et al. who administered carprofen (an ibuprofen analogue),342 pre-treatment with 

ibuprofen did not significantly reduce IL-6 (Figure 6.3). However, as opposed to a single dose 

in this study, Kotiw et al. pre-treated animals over three days (5 mg/kg per day, s.c.). 

Furthermore, MSU crystals are able to mediate inflammation via COX independent 

pathways.68 Therefore, a drug with a broader spectrum of anti-inflammatory effects such as 

dexamethasone may be more appropriate as positive control for this model.338,422 Manual cell 

counting methods, although robust, are limited in their ability to assess varied cell 

differentiation. Differentiation of cells using flow cytometry with cell surface marker 

expression may provide insight on the effect of BP treatment on immune cell distribution and 

their interactions following inflammation.123,423,424 The non-significant elevations in cytokines 

implicated in gout mediated inflammation (IL-1α, IL-1β, CXCL1 IFN-γ, IL-12, IL-17A and 
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IL-10),54,94,117,119,131,368,425-427  after MSU crystal delivery may also be explained by the 

variability in the inflammatory response stimulated by MSU crystals between individual 

animals (see Appendix C and H),91,337 and the smaller than anticipated statistical power of the 

study. Indeed, in clinical gout, the degree of inflammation can vary between patients, 

independent to intra-articular deposition of MSU crystals.117,119,428-430 Although individual 

differences between animals are likely minimal, in future, baseline circulating leukocyte counts 

in peripheral bloods could be measured to further adjust for differences in the degree of 

inflammation, particularly if small sample sizes are used. Initially, 8-11 animals were used for 

the MSU only and treatment groups, while 4 were used for sham (Section 4.4.7). Due to 

suboptimal technique in generation of the pouch and collection of exudate samples, exclusions 

were applied due to bloody collections and suboptimal pouch formation, resulting in smaller 

sample sizes (3 in sham,5-6 in MSU only and treatment groups). Thus, the analysed group sizes 

may not have enough statistical power to confirm these differences. Histological assessment of 

the pouch tissue (which was collected) could be used to confirm adequate formation of the 

membranous lining after inflation and may also provide insight on morphological changes.123 

Importantly, the pouch was accessed several times using a 21G needle to administer MSU 

crystals and collect exudate. Repeated insertions via the same site may have led to localised 

bleeding, which was observed in some collections and increased with each subsequent 

collection over time. Bleeding into the pouch may alter the exudate matrix due to accumulation 

of blood components. To preserve cytokines, samples were collected into EDTA tubes (5.3 

mM) and kept on ice during cell counting and dry ice prior to storage at -80oC.431 Despite these 

measures, prior to centrifugation, there may have be consumption of cytokines by cells, 

possibly contributing to underestimation of cytokine concentrations.72 For the cytokine assay, 

samples were treated like cell culture supernatant as recommended by the manufacturer. To 

conduct the assay on plasma/serum, samples must be diluted with matrix C. Plasma and 

particularly serum, can inhibit the readout of certain cytokines in multiplexed 

immunoassays.432 It may have been more appropriate to treat samples as plasma, since the 

elevated IL-6 levels (Figure 6.3) suggest pronounced plasma exudation.30 However, if samples 

were diluted in matrix C, most cytokines may be read below the sensitivities for the assay 

(Appendix F).  Differences in commercial cytokine kits must also be considered.117 The 

cytokine panel has not been validated outside of rat plasma and cell cultures, therefore protein 

interactions in the pouch matrix may have interfered with their readout. Anticoagulants, 

including EDTA can also affect measurement of cytokines in multiplexed immunoassays.433  
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Although BV and BRS may prime the body against inflammation, the active inhibition of pro-

inflammatory pathways would be lost over time as BPs are cleared from the body.14  As 

mentioned previously, the kinetics of BRS and BV are difficult extrapolate beyond 180 min 

from the initial pharmacokinetic study. Importantly, tail vein blood was also collected during 

pouch exudate collections (1,6,12,24 and 48 hours) for quantification of circulating BPs and 

will be presented in a separate thesis. The pouch exudate will also be analysed to quantify local 

BP concentrations.14 Depending on the outcome of this analysis, multiple i.p doses could be 

administered prior to MSU stimulation or periodically throughout the 48-hour protocol to 

maintain threshold serum concentrations. Prior to repeated administration studies, the safety of 

the delivered doses warrant investigation. If the bilirubin conjugation system is overwhelmed, 

this could affect excretion of other physiological metabolites due to depletion of UDP-GA 

stores, and therefore confound findings.182,204,434 For example, assessment of liver 

transaminases after 48 hours of this study would help determine whether the BP doses 

administered affect liver function.  Groups treated with only BRS or BV could provide insight 

on their effects in unstressed conditions. Importantly, as the primary objective of this study was 

to investigate the efficacy of BPs against inflammation, BPs could be directly delivered into 

the pouch prior to MSU delivery. The effect of BV and BRS on serum levels of cytokines 

warrant investigation and can be completed using stored aliquots for this purpose. Differential 

leukocyte counts on peripheral bloods over the 48-hour experimental duration would also 

provide insight leukocyte mobilisation from the bone marrow. The concentration of lactate 

dehydrogenase, a marker of cell necrosis, could be quantified in the pouch fluid to assess cell 

death throughout the 48-hour protocol.435  The effect BV and BRS against the oxidative stress 

response in this model is also of great interest, which could be investigated by measuring the 

total antioxidant capacity (FRAP) in pouch fluid. It is likely that ROS generated during the 

respiratory burst is attenuated by an antioxidant mechanism of action.61,215 Furthermore, our 

current understanding of inflammation is limited to a focus on cytokines. The effects of BPs 

on lipid mediators and signals involved in the resolution of inflammation including resolvins, 

protectins, lipoxins, maresins, warrant investigation.31 As MSU crystals activate numerous 

inflammatory pathways and due to complex interactions between cells, it is difficult to 

elucidate the mechanisms of the anti-inflammatory effects observed after BP treatment in vivo. 

Therefore, in vitro investigations on the effects of BPs on NLRP3 inflammasome activation, 

phosphorylation status of IκB, and BVR and pro-inflammatory gene expression in cell lines 

primed with MSU crystals would be invaluable.  
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Chapter 8 Conclusions 

The first experimental chapter described, for the first time, the comparative pharmacokinetics 

of bilirubin-C10-sulfonate (BRS) and biliverdin (BV) when administered intravenously (i.v.), 

intraperitoneally (i.p.) and intraduodenally (i.d.).  Both pigments had similar distribution to the 

extracellular compartments, however, BRS was less readily eliminated from the systemic 

circulation. This led to sustained elevated concentrations of BRS compared to BV, which was 

eliminated more rapidly. Upon i.p. administration, both BRS and BV were readily bioavailable 

(~30%) and resulted in similar increases in unconjugated bilirubin (UCB), however circulating 

BRS concentrations were considerably (8-fold) greater than BV.  These findings suggest the 

pharmacokinetic profile of BRS may circumvent problems regarding to the rapid excretion of 

UCB, BV and other bilirubin derivatives. Unexpectedly, i.p. BV delivery led to the formation 

BRS, revealing a novel metabolic pathway for BV within the peritoneum. Given that most 

previously published studies administer BV i.p., these results suggest BRS may be partly 

responsible for BVs reported anti-inflammatory effects. Furthermore, the bioavailability of 

enterally delivered BRS (1.25%) was greater than BV (0%). Studying means to increase i.d. 

BRS bioavailability therefore appear warranted, if the compound was to be applied clinically.  

This study also confirmed that i.p. administration was the most appropriate delivery route to 

study the therapeutic efficacy of these pigments in the second chapter, which demonstrated that 

BRS and BV exert anti-inflammatory action against sterile acute inflammation. Both pigments 

significantly attenuated leukocyte infiltration in the subcutaneous air pouch after challenged 

with MSU crystals from 6 hours onwards. To provide some mechanistic insight, cytokine 

concentrations within the pouch fluid were assessed, using a multiplexing approach. At 6 hours, 

both BRS and BV inhibited GM-CSF concentrations by a currently unknown mechanism of 

action. Biliverdin exerted a broader inhibitory action on cytokine signalling, as it also inhibited 

CCL2 and IL-18 concentrations, which could be attributed to BVR mediated anti-inflammatory 

effects. The inhibitory action of BRS on leukocyte infiltration was more pronounced at 48 

hours than BV. Given the size of this study, further assessment of inflammatory endpoints in 

the blood and pouch fluid are planned to strengthen the mechanistic understanding and efficacy 

of these pigments.  

The significance of these findings may be valuable for future applications. Both BRS and BV 

may be useful for protection against and treatment of sterile inflammatory diseases including 
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ulcerative colitis, gout, rheumatoid arthritis, diabetes, ischemia/reperfusion injury and 

cardiovascular disease. This adds to the growing evidence-base supporting the potential 

therapeutic use of bile pigments. Although BV demonstrated a broader anti-inflammatory 

profile on cytokine signalling, the pharmacokinetic properties of BRS may be more practical 

for clinical use. Intraperitoneally delivered BRS shows promise as a pharmacological means 

for providing sustained elevations in BP concentrations and their antioxidant and anti-

inflammatory potential. Therefore, further trials in larger mammals will be required to assess 

and translate these findings into clinically meaningful results.  

Hidden References329,436-445 
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Appendices  

Appendix A: Review of studies investigating MSU crystal inflammation in vivo 

 
 

 

Animal Duration Air Inflation Crystal 
Administration    Exudate Collection 

Collection 
points  (After 

cyrstal 
delivery)

Leokocyte Concentration or % Inflammatory cytokines  

7 Days Day 0 – 3ml IL-1β 

Day 3 – 3ml ·    6 Hour – Increased (~ 10 pg/mL) 

·    24Hour – Decreased (>10 pf/mL)

CXCL1

·     6 Hour - Increased (~40 pg/mL) 

·     24 Hour – Decreased (>10 pg /mL)

7 Days Day 0 – 5 mL 4 Hour 4 Hour - Increased (~ 7.5 ± 6.5 x 10
5 IL-1β 

Day 4 – 3 mL ·     4 Hour ~125± 25 pg/mL  

IL-6

·     4 Hour ~420 ± 60 pg/mL

CXCL1

·     4 Hour ~630 ± 170 pg /mL 

7 Days Day 0 – 5 mL Not specified   Increased over 8 hours IL-1β

Day 3 – 3 mL ·         0 Hour ~ 4.5 x 10
6
/pouch ·      0-8 Hours – Elevated Throughout 

(~38 pg/mL)  

Day 5 – 3 mL ·         4 Hour ~ 6.0 x 10
6
/pouch TNF-α (mRNA)

·         8 Hour ~10.0 x 10
6
/pouch ·      4 Hour – Peaked (2.3x)

SD Rat
437 6 Days Day 0 – 30 mL Not specified 4 Hour IL-1β 

·      4 Hour -7.6 ng/mL

PGE2

·      4 Hour - 40 ng/mL

7 Days Day 0 – 5 mL Increased over 12 hours IL-1β

Day 4 – 3 mL ·         3 hour –1.5 x 10
6
/pouch ·      3 Hour – Peak (400 pg/mL)  

Day 5 – 3 mL ·         6 hour – 4 x 10
6
/pouch IL-4

·         12 hour – 6 x 10
6
/pouch ·      3 Hour - Peak (45 pg/mL)

7 Days Day 0 – 3 mL Day 7 – 3 mg, 1 

mL

Not specified 6 Hour 6 Hour –  1.205 ± 0.211 x 10
6
/pouch IL-1β

Day 3 - 1.5 mL ·       6 Hour - 37.6 ±  5.0 pg / pouch 

IL-6

·       6 Hour - 184.1 ±  41.2pg / pouch 

MCP-1

·       6 Hour  - 1946.6 ±  396.0 pg / 

pouch  

MIP-1α

·       6 Hour  -  142.2 ±  33.6 pg / 

pouch 

MIP-2

·       6 Hour  -  256.1  ±  78.5 pg / 

pouch  

7 Days Day 0 – 5 ml Not specified 6 Hour  6 Hour – Increased 7.5 x 10
6
 /pouch IL-1β

Day 3 – 3 mL ·       6 Hour ~ 2500 pg/pouch)  

CXCL-1-

·       6 Hour ~ 4500 pg/pouch)

C57BL/6
95 8 Days Day 0 – 5 ml ·       0 Hour  ~ 0.5 x  10

6
/pouch) IL-1β

Day 3 – 3 mL ·       6 Hour -Peak (~13 x 10
6
 /pouch) ·        0 Hour –   3 pg/mL

·       24 Hour ~2 x 10
6
 / Pouch ) ·        6 Hour – Peak- 330 pg/mL

·        24 Hour -  10 pg/ mL

SD Rat
125 6 Days Day 0 – 24 mL  6, 12 Hour Increased over 12 hours IL-1β

·         6 Hour ~ 50 x 106 /pouch ·        12 Hour – Increased (~ 180 

pg/pouch)

·         12 Hour ~ 52 x 106 /pouch TNF-α  

·         12 Hour - Increased (~ 3900 

pg/pouch)

IL-6  

·         12 Hour - Increased (~ 23000 

pg/pouch)

C57BL/6J 

Mice
384

C57BL/6J 

Mice
337 

Day 7 – 3 mg, 1 

mL PBS

C57BL/6/129  

Mice1
384 

5 mL PBS containing 

5 mM EDTA injected 

into pouch and 

withdrawn

Day 7 – 3 mg, 1 

mL PBS

Pouch dissected and  

washed with 2 mL 

PBS twice

C57BL/6J 

Mice
383

Day 6 - 1 mg/mL 

in PBS

B6:129P/J 

mice
422

C57BL/6J 

Mice
436   

Day 7 – 3 mg, 1 

mL PBS

0, 6 24 Hour

5 mL of PBS  injected 

in to the pouch, then 

instilled and withdrawn 

three times

Day 7 – 3 mg, 

1mL

Day 3 – Given 

selectively if 

necessary 

(unspecified 

volume/criteria)

Day 6 – 5 mg/rat 

in PBS  

Pouch dissected and 

washed with 2 mL 

PBS

3,6, and 12 

Hour

·         4 Hour ~ 8 x 10
6
 /mL 

6 and 24 

Hour

Day 7 – 20 mg, 5 

mL in Saline

5 ml heparinised saline 

injected into pouch 

and withdrawn 

·   6 Hour ~1 x 10
6
 /pouch, PMN: 63 

± 1%

·   24 Hour ~0.8 x 10
6
 /pouch PMN: 45 

± 2%

0, 4 and 8 

Hour

Day 6 – 150 mg, 

15 mL PBS
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Animal Duration Air Inflation Crystal Administration    Exudate Collection Collection points  (After 
cyrstal delivery) Leokocyte Concentration or % Inflammatory cytokines  

SD Rat
328 9 Days Day 0 – 20 mL ·     6 Hour – Increased (~ 4000/mm

3
) TNF-α  

Day 4 – 10 mL ·     24 Hour – Decreased (~2800/mm
3
) ·     24 Hour – Increased (~ 17 ng/mL

CD1 Mice
438 7 Days  Day 0 – 3. 5 mL 0, 3, 6, 24 Hour ·      0 Hour ~ 2 x 10

5
 /mL) IL-1β

Day 3 – 3.5 mL ·      3 Hour – Peak (~ 8 x 10
5
 /mL) ·      0 Hour ~ 2 pg/mL

·      6 Hour ~ 2.5 x 10
5
 /mL) ·      3 Hour – Peak (~ 38 pg/mL)

·      6 Hour ~ 19 pg/mL

·      24 Hour ~ 12 pg/mL

IL-6

·      0 Hour ~ 90 pg/mL

·      3 Hour – Peak (~550 pg/mL)

·      6 Hour ~ 250 pg/mL

·      24 Hour ~ 90 pg/mL

CXCL1

·      0 Hour ~ 40 pg/mL

·      3 Hour - Peak (~ 390 pg/mL)

·      6 Hour ~ 120 pg/mL

·      24 Hour ~ 300 pg/mL

CCL2

·      0 Hour ~ 100 pg/mL

·      3 Hour - Peak (~ 1500 pg/mL)

·      6 Hour ~ 200 pg/mL

·      24 Hour ~ 200 pg/mL

CD1 Mice
336 7 Days Day 0 – 3. 5 mL 24 Hour 24 Hour ~ 1746 ± 172.42 mm

3 IL-6

Day 3 – 3.5 mL ·      24 Hour - 53.69 ± 27.60 pg/mL 

KC

·      24 Hour – 154.35 ± 106.50 pg/mL

TNF-α   

·      24 Hour – 306.78 ± 32.24 pg/mL

CCL-2

·      24 Hour – 306.78 ± 32.24 pg/mL

SD Rat
439  6 Days Day 0 – 24 mL 12 Hour 12 Hour ~ 10 x 10

6
 /pouch IL-1β

·      12 Hour – 2000 pg/pouch

IL-6

·      12 Hour – 13000 pg/pouch

ICR Mice
440 6 Days Day 0 – 5 mL Unspecified 6 Hour IL-1β

Day 3 – 3 mL ·      6 Hour ~ 90 pg/mL

IL-6

·      6 Hour ~ 130 pg/mL

TNF-α   

·      6 Hour  ~ 480 pg/mL

 8 Days Day 0 – 3 mL ·     0 Hour ~ 0.2 x 10
6
 /pouch IL-1β (mRNA)

Day 3 – 2 mL ·     1 Hour ~ 0.4 x 10
6
 /pouch ·      4 Hour – Peak (208 fold)

·     4 Hour ~ 4.5 x 10
6
 /pouch

·     9 Hour – Peak (~ 10 x 10
6
 /pouch)

·     18 Hour ~ 2 x 10
6
 /pouch

·     27 Hour ~ 1.2 x 10
6
 /pouch

·     50 Hour ~ 0.8 x 10
6
 /pouch

8 Days Day 0 – 5 mL  0, 6, 24 Hour ·     0 Hour ~ 0.05 x 10
6
 /mL IL-1β

Day 3 – 3 mL ·     6 Hour- Peak ( ~ 0.55 x 10
6
/pouch) ·     6 Hour ~ 135 pg/mL)

·     24 Hour ~ 0.18 x 10
6
 /pouch

7 Days Day 0 – 5 mL 6 Hour ·     6 Hour  ~ 3.8 x 10
6
 /pouch)

Day 2 – 3 mL

8 Days Day 0 – 3 mL ·     0 Hour~ 0.4 x 10
6
 /pouch IL-6

Day 3 – 2 mL ·     1 Hour~ 0.5 x 10
6
 /pouch ·     9 Hour – 380 pg/mL

·     4 Hour~ 4.5 x 10
6
 /pouch

·     6 Hour~ - Peak (10.0 x 10
6
/pouch) Pouch Membrane (mRNA expression )

·     18 Hour~ 2.5 x 10
6
 /pouch ·     IL-1β – 4 Hour Peak (~125 fold)

·     27 Hour~ 2.0 x 10
6
 /pouch ·     IL-6 – 1 Hour Peak (~110 fold)

·     50 Hour~ 1.0 x 10
6
 /pouch ·     TNF-α  - 1 Hour Peak (~115 fold) 

BABLB/c Mice
122 Pouch washed with 

2mL PBS  

Day 6 – 2 mg, 1 mL 

PBS

Day 6 – 3 mg, 1 mL 

PBS
6 Hour – Increased (14.39 ± 1.80 x 10

6 

/pouch, PMN: 91%)

PBS  (unspecified 

volume) injected 

into pouch and 

withdawn  

Day 6 – 2 mg, 1mL 

PBS

1,4,9,18,27 and 50 

Hour
BALB/c Mice

335

1,4,9,18,27 and 50 

Hour

Pouch dissected 

and washed with 5 

mL PBS (5mM 

EDTA)

Day 7 – 3 mg, 1 mL 

PBS  

Day 7 - 1 mg, 0.5 mL 

PBS

Pouch washed with 

5 mL stain buffer
C57BL/6 Mice

441

C57BL/6 Mice
329

Pouch dissected 

washed with 2 mL 

PBS

Day 6 – 2 mg, 1mL 

PBS

Day 6 – 5 mg/rat 

(Suspension solution 

unspecified)
Day 3 - Given 

selectively if necessary 

(unspecified 

volume/criteria)

5 mL of PBS was 

injected in to the 

pouch, then  

instilled and 

withdrawn three 

times
Day 6 – 5 mg/rat 

(Suspension solution 

unspecified)

4 mL saline 

injected into pouch  

and withdrawn

Day 6 – 25 mg, 4 mL 

PBS   

0, 6, 12, 24 and 73 

Hour

·      24 Hour- Secondary Peak (~ 5.0 x 10
5 

/mL)

Pouch dissected 

and washed with 2 

mL PBS

Day 6 - 2 mg/mL,  

PBS
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Animal Duration Air Inflation Crystal Administration    Exudate Collection 
Collection points  

(After cyrstal 
delivery)

Leokocyte Concentration or % Inflammatory cytokines  

Day 0- 3 mL ·    0 Hour~ 0.4 x 106 /pouch IL-6

·    1 Hour~ 0.6 x 106 /pouch ·   9 Hour – 391.54 ± 16.77 pg /mL )

·    4 Hour~ 2.0 x 106 /pouch PGE2

·    6 Hour~ 3.8 x 106 /pouch ·   9 Hour – 1530.49 ± 205.93 pg /mL )

·    9 Hour- Peak (~ 7.8 x 106 /pouch) Pouch Membrane mRNA Expression

·    12 Hour~ 5.6 x 106 /pouch ·  IL-6 – 1 Hour Peak (~55. 47 ± 2.68-fold)

·    18 Hour~ 5.0 x 106 /pouch ·  TNF-α - 1 Hour Peak (~20.43 ± 2.91-fold

·    24 Hour~ 3.6 x 106 /pouch

·     36 Hour~ 2.5 x 106 /pouch

7 Days Day 0 – 24 mL Unspecified 24 Hour  24 Hours –  2508 ± 792.3 /mm3 IL-10
·  24 Hour -Increased (60.6 ± 63.0 ng/mL)

TNF-α   
·   24 Hour Increased ( 50 ±  13.4 ng/mL)

7 Days Day 0 – 5 mL Day 7 – 3 mg, 1mL PBS ·     0 Hour~ 5.0 x 106 /pouch
Day 3 – 3 mL ·     2 Hour~ 5.0 x 106 /pouch

·     4 Hour~ 20.0 x 106 /pouch

·     8 Hour– Peak (~ 100 x 106 /pouch)

·     12 Hour-  30.0 x 106/pouch

C57BL/6119 7 Days Day 0 – 3 mL Day 3 – 
4 mL

Day 7 – 3 mg, PBS 
(unspecified volume)

8 Hours  8 Hour – 1.41 ± 0.42 x 106 / pouch IL-1β

·   8 Hour – 947.0 ± 595.4 pg/mL
KC
·   8 Hour – 652.9 ± 323.6 pg/mL
MIP1-α   
·   8 Hour – 52.8 ± 17.7 pg/mL
IL-6 
·   8 Hour –  553.8 ± 306.6 pg/mL
IL-18
·   8 Hour –  Not detected

7 Days Day 0 - 24 mL 24 Hour  24 Hour – 1412.5 ± 039.7 /mm3 TNF-α   

Day 3 - Given 
selectively if necessary 
(unspecified 
volume/criteria)

·   24 Hour – 0.79 ±  0.05 ng/mL

Day 0 – 10 mL Unspecified ·     6 Hour - 1462 /mm3

·     24 Hour - 1200 /mm3

·     48 Hour - 1225/mm3

·     168 Hour -  666 /mm3

6 Days Day 0 – 5mL Day 5 – 3 mg, 1 mL PBS ·     0 Hour~  0.4 x 106 /pouch CXCL1
Day 3 – 3 mL ·     4 Hour~ 2.0 x 106 /pouch ·   4 Hours – Peak (3.5 ng/pouch)

·     8 Hour~ 4.7 x 106 /pouch

·     12 Hour~ 2.0 x 106 /pouch

·     24 Hour- Peak (~ 2.0 x 106 /pouch)

Wistar444 7 Days Day 0 – 15-20 mL 100 mg, 10 mL PBS 4 Hour ·     4 Hour ~ 6.0 x 106 /mL PGE2

Day 3 – 15-20 mL ·  4 Hour - 12 353 ± 3995 pg /mL)

TXB2
·  4 Hour – 16717  ± 4340 pg /mL)

Day 0 – 15 mL ·     0 Hour ~  0.2 x 106/ml/hr PGE2
Day 2 - 15 mL ·     1 Hour ~  0 x 106/ml/hr ·   6 Hour – Peak (~ 14 nM)

Day 4 – 15 mL ·     2 Hour ~  0.25 x 106/ml/hr

·     4 Hour ~  1.05 x 106/ml/hr

·     6 Hour – Peak (~  1.15 x 106/ml/hr)

·     8 Hour ~   0.4 x 106/ml/hr

0, 2, 4, 8 and 12 
Hours

SD Rats338

Day 2/3 - Given 
selectively if necessary 
(unspecified 
volume/criteria)

6, 24, 48, 168 
Hours

C57BL/6166 3 ml cold PBS 
injected in to pouch 
and withdrawn

0,4,8,12 and 24 
Hours

3 mL cold PBS 
injected into the 
pouch and withdrawn

1 mL sample drawn 
and collected into 
EDTA (10 mM)

Day 7-10 - 10 mg/mL saline 
(volume unspecified)

Day 7 - Exudate 
collected in plastic 
tube containing 
400µL of 0.25 M 
EDTA

0, 1, 4, 6, 9, 12, 
18, 24 and 36 
Hours

Wistar330 7-10 
Days

1,2,4,6, and 8 
Hour

Day 6 – 5 mg/mL in salineSD Rat442

SD Rats443 5 mL saline injected 
into pouchand 
withdrawn

Day 6 – 10 mg, 10 mL 
saline

 Day 6 – 15 mg, saline 
(unspecified volume)

13 Days

3 mL PBS injected 
into pouch and 
withdrawn

Day 2 - Given 
selectively if necessary 
(unspecified 
volume/criteria)

Day 3 – Volume Not 
specified  

BABLB/c 

Mice334

7 ½  
Days

C57/BL6 

Mice331

Pouch dissected and 
washed with 2 mL 
PBS

Day 6 – 2 mg, 1 mL PBS
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Animal Duration Air Inflation Crystal 
Administration    Exudate Collection Collection points  (After 

cyrstal delivery) Leokocyte Concentration or % Inflammatory cytokines  

SD rat
342 8 Days Day 0 – 20 mL IL-6

Day 4 – 10 mL

TNF-α   

·    6 Hour – Peak (450 pg/mL)

Day 0 – 3 ml ·     0 Hour ~ 0.1 x 10
6
 /pouch CXCL1

Day 3 - 3 mL ·     3 Hour~ 0.6 x 10
6
 /pouch ·     3 Hour – Peak (550 ± 145 

pg/mL) 

·     6 Hour~ 2.5 x 10
6
 /pouch CXCL2

·     9 Hour- Peak (~ 3.8 x 10
6
 )/pouch ·     3 Hour – Peak (1800 ± 170 

pg/mL) 

·     12 Hour~ 2.7 x 10
6
 /pouch CCL2

·     24 Hour ~ 0.7  x 10
6
 /pouch ·     2 Hour – Peak (13500 ± 3950 

pg/mL) 

CCL3

·     8 Hour – Peak (1290 ± 170 

pg/mL) 

C57BL/6 

Mice
332

Day 0 – 3 mL Day 7 -  3 mg, 1 

mL PBS

3 mL PBS injected into 

pouch and withdawn 

4, 8 and 12 Hours ·     4 Hour~  2.2 x 10
6
 /pouch

Day 3 – 5 mL ·     8 Hour Peak (~ 4.0  x 10
6
 /pouch)

·     12 Hour~ 2.0 x 10
6
 /pouch

7 Days Day 0 – 5 mL 4 Hours 4 Hours – 750 ± 623 /mm
3

Day 4 – 3 mL

SD Rat
168 10 Days Day 0 – 20 mL Day 7 – 5 mg, 5 

mL saline

A catheter was instilled ·     0.5 Hour~ 800 /mm
3

Day 3 – 10 mL ·     3 Hour~ 600/ mm
3

·     6 Hour~ Peak (~9800/mm
3
)

·     24 Hour ~ 5000 /mm
3

·     48Hour~ 1800/ mm
3

·     72 Hour ~ 400/mm
3

SD Rat
445 6 Days Day 0 – 20 mL  Day 6 – 50 mg, 5 

mL saline

Pouch dissected and exudate 

collected without washing  

6 Hours 6 Hours ~ 30000 /mm
3

C57BL/6 

Mice
129

Pouch washed with 1 mL 

PBS containing 0.0005% 

phenol red and 20 units/mL 

heparin

·    6 Hour – Peak (27.4 ± 3.1 ng/mL) 

0, 3, 6, 9, 12, 24 

Hours

Pouched  dissected, washed 

once with 1 mL PBS-5mM 

EDTA, then twice with 2 

mL PBS-5mM EDTA

CD1 or 

BALB/C
96

8 Days

7 Days

Pouch injected with 5 mL 

saline and 4 mL withdrawn

1, 6, 12, 24, 48 Hours

0.5, 1, 6, 24. 48 and 

72 Hours

Day 6 – 25 mg, 5 

mL saline

Day 7 – 1.5 mg, 1 

mL

Day 7 – 10 mg, 1 

mL saline

 12 Hour – Peak (1.50 ±  0.10 x 10
7
 /pouch, 

PMN:95%)
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Appendix B: Review of studies investigating bile pigment anti-inflammatory properties in vivo 
 
 

  

Model Animal Duration Measurement Time 
Points  Method for Induction of Inflammation BP Treament Groups Measurments Outcomes with BP treatment

SD rat 7 days Day 1, 3, 7  Vehicle –saline (3.5mL) Colonic tissue: Macroscopic & Histology (H&E):

Sham -colonic instillation of saline (1 mL)   ·         Inflammatory cell infiltration
·         Mucosal architecture
·          Oedema

Colonic Tissue: Immunoassay
·         MPO
·         TNF⍺ 
·         IL-1β

A/J mice Islets harvested at 12, 24 
and 48 hours

Vehicle - standard media (0.01 ml/g) Cell Viability : Propodium iodide exclusion 

165 min Vehicle – addition of Krebs-Henseleit solution Lung Tissue; Histology (H&E)

SD rats Positive control – L-glutathione (4 mmol/L)  Lung Tissue: PCR

Sham – continuous perfusion ·         TNF⍺
·         IL-1β
·         IL-6
·         iNos
·         COX-2
·         IL-8

Wistar rats  12 weeks Week 12 Vehicle – saline (0.3 mL) Bronchoalveolar lavage fluid (BALF)

Sham – flash air ·         Leukocyte count

·         Differential leukocyte count
Lung Tissue
·         Histology (H&E)

Immunoassay: Serum, BALF, lung tissue 
homogenate

·         TNF⍺
·         IL-10
·         IL-17
·         CCL2
·         CXCL2
·         CXCL8
·         IL-6

BALB/c mice  10 weeks 24 hours after final Vehicle – UVB irradiation Histology (H&E): Skin tissue
 Sham – no UVB radiation ·         Erythema

·         Edema
·         Desquamation
Immunoassay: Skin tissue
·         IL-6

Reduced photo damage, epidermal hypotrophy and IL-
6 levels.   

UCB ( 20 mg/kg, 0.3 mL, gavage) before each 
session

 UCB (40 µM ,3.5ml,intragastirc) after colonic 
instillation

Interruption of perfusion /ventilation for 60 
minutes, then reperfusion  for 90 minutes

15 min 
stabilization 
period  + 150 
min protocol

Reduced macroscopic damage scores and histological 
inflammation scores on day 3. Reduced MPO, TNF⍺, 
IL-1β levels in colonic tissue on day 3.   

Reduced  islet cell death  at 24 amd 48 hours after 
hypoxic injury. 

UCB (10 mg/kg,i.p.) 1 hour before islet 
harvest 

Reduced tissue edema, immune cell infiltration and 
haemorrhage. Reduced tissue TNF⍺, IL-1β,  iNOS 
and COX-2 mRNA expression. 

Incubation of harvested islets cells  for 3 hours at 

37oC under hypoxia (1% O2)

Reduced cell infiltration in the BALF. Reduced 
CXCL2, CCL2 in the BALF, serum and lung tissue. 
Reduced TNF⍺ in the BALF and lung tissue.  
Reduced CXCL8 in the serum and lung tissue Reduced 
IL-17 in the BALF.  Increased IL-10 in the BALF 
and serum.

48 hours 

 BV (5mg/kg, 1 mL,i.p.) 1 hour before each 
irradiation.  

Addition of BV (10 µM/L) at onset of 
reperfusion

Smoking induced emphysema154

Irradiation of the dorsal skin with UVB light 
(peak: 312 nm, range: 290-320nm) 3x per week 

with 50 mJ/cm2/d first week 100 mJ/cm2/d for 
subsequent 9 weeks.  

Trinitobenzensulfonic aicd (TNBS) 

induced colitis275

TNBS colonic instillation (25 mg, 1 mL 50% 
ethanol) via anal cannula   

Exposure to 20 commercial cigarettes 
(unfiltered) in a closed space every day (5 min 
per cigarette with 10 min smoke free intervals) 
for 6 days a week for 12 weeks

Transplant associated nutrient 
deprivation and hypoxia of isolated 

islet cells231

UVB-induced skin photo-damage274

Ischemia Reperfusion Injury of 

isolated lungs235
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Model Animal Duration Measurement Time 
Points  Method for Induction of Inflammation BP Treament Groups Measurments Outcomes with BP treatment

Swiss albino mice 5 hours 5 hours Vehicle – saline (40 µL) into opposite paw Edema Ratio 

·  Weight of treatment:vehicle leg

45 mins 45 mins Vehhicle – saline (20 µL) into opposite paw Edema Ratio

·  Weight of treatment:vehicle leg

LEW rats A.Non-operated , saline (1mL) treatment Intestinal Tissue: Histology
B. Non-operated, BV treatment ·         Mucosal Erosion
C. SITx without preservation time ·         Apoptotic cells/10 crypts
D. SITx after 6-hour cold ischemic time, saline (1 
mL) treatment

Colonic Tissue (Group without cold ischemia): 
PCR

·         IL-6
·         IL-1β
·         IL-10
·         TNF-⍺
·         COX-2
·         iNOS
·         ICAM-1

Collagen-induced arthritis230 DBA/1 mice 60 days Day 60 Vehicle – PBS Paw Tissue: Histology Reduced cartilage degradation.   

·         Synovial inflammation

Dose 2: Same dose given after 2 weeks.  ·         Bone erosion
·         Cartilage degeneration
·         Osteoclast detection

Open Excision Wound238 Wistar rats 10 days Day 0,2,4,7 and 10 Vehicle – saline Wound: Macroscopic

·         % wound contraction
Wound Tissue: PCR
·         IL-10
·         TNF-⍺
·         ICAM-1
·         Β-actin
Wound Tissue:  Immunoassay
·         IL-10
·         TNF-⍺

Reduced edema ratio for both BPs from 5 µg 
onwards.

Dose 1: chicken collagen type II (intra dermal, 
200 µg) at tail base.

 BV (35 mg/kg,i.p.) for 14 days twice per day

1µg, 5µg, 10µg and 20µg UCB and bilirubin 
dimethyl ester directly into to paw 20 minutes 
before carrageenan stimulation

 BV (50 mg/kg, 1mL,i.p.) 3 hours before 
surgery to donor and recipients. Second dose 
given immediately after transplantation to 
recipients

Improved survival of recipients following prolonged 
ischemia. Decreased neutrophil infiltration in 
duodenal muscularis.  Reduced   IL-6, ICAM-
1,iNOS,COX-2 and IL-1β  mRNA expression.

Reduced edema ratio for both compounds from 5 µg 
onwards.

UCB (30 mg/kg,i.p.) once every day for 9 
days

Accelerated wound contraction from day 4 relative to 
control. Reduced ICAM-1, TNF-⍺   and increased IL-
10 mRNA expression. Reduced TNF-⍺   levels and 
increased IL-10 levels.

Syngeneic Small Intestine 

Transplants207

4-6 hours + 
animal survival 
post-surgery  

4 Hours after transplant 
or 6 hours after ischemia

Syngeneic small intestine transplant (SITx) with 
or without 6 hour cold ischemia  time    

Open excision-type wound created to the depth 
of loose subcutaneous tissue

Carrageenan induced paw edema48

sPLA2IIA induced paw edema48 Swiss albino mice Human sPLA2IIA (40 µg) injected into hind 
paw

1µg, 5µg, 10µg and 20µg of UCB and 
bilirubin dimethyl ester co-injected with 
sPLA2IIA (total volume 20µL)

Carrageenan (40 µL) saline) injected in to hind 
paw  
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Model Animal Duration Measurement Time 
Points  Method for Induction of Inflammation BP Treament Groups Measurments Outcomes with BP treatment

SD rats 24 hours 8, 24 hours LPS (3 mg/kg,i.v.) Vehicle – saline BALF (24 hour)
· Manual Cell Count
·  Differential Cell Count
Serum (8 hour) – Immunoassay
· IL-6
·  IL-10
Lung Tissue (8 hour) -PCR
· IL-6
· IL-10

C57BL6/J mice 7 days Daily  2.5 % DSS in drinking water Vehicle –  untreated, potassium phosphate Intestinal/colonic tissue:  Histology (H&E)
· Inflammation
· Injury
·  Crypt Damage
Colon: Immunohistochemistry 
· iNOS
· VCAM

Carrageenan induced peritonitis241  Balb/c mice  2 or 4 hours 2 or 4 hours Carrageenan (500µg,i.p.) Vehicle – untreated, saline Peritoneal Exudate (2 or 4 hours)
Sham – saline instead of carrageenan · Cell Count

·  Differential Count
Peritoneal exudate (2 hours): Immunoassay 
· TNF⍺
·  IL-1 β
Microscopic (2 hours in 10 min intervals)
· Leukocyte rolling
· Leukocyte Adhesion

Lewis rats 24 hours  Vehicle – untreated, saline (1 ml/kg) Liver tissue: Histology
Sham – No IPIT · Cell Infiltration

Serum (3,6,12,24 hour): Immunoassay  
· TNF⍺
· IL-1β
· MCP-1
· Soluble,sICAM-1

Wistar rats UCB ointment (0.3%) applied twice daily Wound: Macroscopic
·  % Wound contraction

Would tissue: Histology
· General (H&E)
·  Collagen (Picrosirius Red)
Wound tissue:  PCR 
· HIF-1⍺
· VEGF
· SDF-1⍺
· TGF-β1
· TNF-⍺
· IL-10
· IL-1β
·  MMP-9 
Wound tissue: immunoassay 
· TNF-⍺
· IL-10

2, 4, 7 Days  BV Eye Drop (100µM, 10 µL) Vehicle – untreated Microscopic   Examination
· Corneal Vascularization

Corneal Tissue: Spectrophotometry –
· PMN Infiltration – MPO Activity

Endotoxin Induced Acute Lung 
Injury389

Reduced leukocytes and neutrophil  infiltration in the 
BALF. Reduced IL-6 and increased IL-10 levels in 
serum. Reduced IL-6 and increased IL-10 mRNA 
expression in lung tissue.

Dextran sodium sulfate (DSS)-
Induced Colitis243

Reduced colon shortening and mucosal inflammation 
Reduced eosinophil, macrophage/monocyte infiltration 
in the small intestine. Reduced eosinophil, T 
lymphocyte, macrophage/monocyte infiltration in the 
colon. Reduced VCAM-1 and iNOS mRNA 
expression in the colon.

Intraportal Islet Transplantation  
(IPIT)232

3,6,12,24 hours after 
transplantation  

Intraportal injection of islets (100 islet 
equivalents)

UCB (8.5µmol/kg,i.p.) every 12 hours from 
day 1 until 5

Reduced infiltration of Kupffer cells in transplanted 
islet cells. Reduced IL1- β,TNF⍺, sICAM-1,MCP-1 
and NO levels across all time points.  

BV (35 mg/kg,i.p.) pre-treatment 16 h and 1 
hour before LPS

UCB (30 mg/kg,i.p.) 24 hours after DSS 
commencement every 8 hours for 7 days Sham – filtered water without DDS

BV treatment (15µmoL/kg,s.c.) 15 mins 
before carrageenan stimulation  

Reduced neutrophil migration. Reduce leukocyte 
rolling and adhesion to endothelium.  

Vehicle – untreated, ointment Base (5% hard 
paraffin, 90% soft paraffin, 5% lanolin)

Wound Healing in Diabetic Rats239 Diabetes induced by streptozotocin ( 60 
mg/kg,i.p.). Rats selected if blood glucose >300 
mg/dL (Post 72 hours). Open excision type 
wound (400 mm2) created on dorsal thoracic 
region to the depth of subcutaneous tissue.

Accelerated  rate of wound closure  from day 7. 
Increased fibroblast proliferation, collagen deposition 
and  epithelial layer regeneration. Increased  HIF-1⍺, 
VEGF, SDF-1⍺, TGF-β1 mRNA expression  between 
day 3-14. Reduced  TNF⍺ (day 3-19), IL-10 (day 7-
19) IL-1β (Day 7-19) mRNA expression.

Corneal Inflammation and 
Neovascularization228

HO-2 null Mice 
(C57BL/6 x 
129/Sv)

Day 2, 4, 7 (Groups 
Sacrificed each day)

8-0 silk suture placed intrastromally (1.5 mm
from the limbus) 

Reduced neovascularization at day 2 and day 4 after 
suture insertion. Reduced infiltrating neutrophils 4 
days after suture insertion.

0,3,7,14,19 days 0,3,7,14,19 days (Groups 
dacrificed each day)
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Model Animal Duration Measurement Time 
Points  Method for Induction of Inflammation BP Treament Groups Measurments Outcomes with BP treatment

Wistar rats 2 hours 2 hours Lung tissue: Immunoassay

·         IL-8

Vehicle – untreateds, saline to donor and recipient ·         TNF-⍺

Lung tissue: Histology (H&E)
·         Neutrophil Infiltration
·         Airway epithelial damage
·         Interstitial edema
·         Hyaline membrane function
·         Haemorrhaging

Wistar rats 1 hours 1 hours Vehicle – untreated Cardiac tissue: PCR

Sham - unoperated ·         TNF-⍺
·         A – untreated ·         IL-6
·         B- BV treated ·         ICAM-1

·         IL-1β

Wistar rats 3 hours 3 hours Vehicle – untreated RT PCR – Renal Tissue
Sham - unoperated ·         TNF-⍺
·         B– untreated ·         IL-6
·         A-BV treated ·         ICAM-1

·         IL-1β

Immunohistochemical Staining –
·         ED1+1 macrophage infiltration.

1/2, 2 6 hours Tissue – PCR  
·         TNF-⍺

Sham - anaesthesia and thoracotomy ·         IL-6
·         iNOS
·         COX-2 
·         IL-8
Lung Tissue – Histology
·         Neutrophils

SD rats Vehicle – untreated, saline Liver Tissue: Histology (H&E)
·         Tissue damage
Liver Tissue: Electron Microscopy
·         Mitochondria  
Liver Tissue: Immunoassay  
·         TNF-⍺

Reduced netrophil infiltration, hyaline membrane 
formation and intra-alveolar haemorrhage,reduced 
TNF-⍺ levels in the lung tissue. 

Heterotopic Heart transplantation237

Reduced macrophage infiltration. Reduced mRNA 
expression of  IL-6,   ICAM-1 and IL-1β. 

 BV (50 mg/kg, 1 mL,i.p.) 2 hours before 
transplantation. Additional dose given 
immediately after reperfusion.

 BV (50 mg/kg in 1 mL,i.p.) 2 hour before 
transplantation. Additional dose given 
immediately after graft reperfusion.

Heart graft was harvested and cold preserved for 
24 hours before transplantation.

Orthotopic Kidney Transplantation237 Donor left kidney harvested, cold preserved for 
24 hours and transplanted into syngeneic 
recipient within 30 min of warm ischemia.   .

Saline (200 µL/min) injected into the  
intracranial cavity via balloon catheter to induce 
brain dead (BD) state. After 1.5 hours 
ventilation, lungs from BD rats transplanted into 
non BD rats. 

BV (35 mg/kg, 1 mL saline,i.p.) into BD 
donor and recipient after confirmation of BD 
and  transplantation respectively 

Sham – catheter inserted but no induction of BD

Improved cardiac contractillity and reduced ICAM-1 
mRNA expresion. 

Lung grafts from brain dead 

donors232

BV (50µmol/kg,i.v.) given to recipient before 
reperfusion.

Preserved hepatic architecture and minimal decreased 
in mitochondria post 6 hours. Reduced TNF-⍺ levels 
in liver tissue at 1,6 and 24 hours.

Ischemia/Reperfusion Injury in Lung 

Grafts234

LEW  rats 6 hours (post 
reperfusion)

Syngeneic orthoptic lung transplantation after 6-
hour cold preservation

Lung grafts perfused and stored 1 µM or 10 
µM BV for 6 hours.  

Reduced neutrophil sequestration into graft tissue at 2 
hours after reperfusion. Reduced  TNF-⍺, IL-6, 
iNOS, COX-2 and IL-8 mRNA expression with 10 
µM BV.

Ischemia/Reperfusion Injury in Liver 

grafts231

1, 6, 24 hours 
(post perfusion)

1,6,24 hours (groups 
sacrificed)

Syngeneic orthotopic liver transplantation after 
80 minutes cold preservation time.

Vehicle – untreated
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Appendix C: Raw data for total leukocyte counts 
 

 
 
 

Reason For Exc Subop Collection Subop Pouch Subop Pouch Subop Collection Subop Pouch Normal Normal Normal Normal Normal Normal 
1H 1.60E+07 5.24E+07 3.10E+05 1.02E+07 1.36E+06 1.78E+06 6.35E+05 1.64E+06 4.25E+05 2.00E+05 3.85E+05
6H 2.41E+07 1.59E+07 6.98E+06 1.61E+07 2.39E+07 4.90E+05 4.35E+05 8.50E+04 9.50E+05 5.85E+05 1.15E+06
12H 4.74E+07 2.27E+06 5.38E+07 4.00E+07 2.05E+07 8.15E+06 3.08E+06 1.02E+07 6.68E+06 5.45E+06 5.96E+06
24H 1.07E+08 4.00E+06 4.70E+07 3.59E+08 1.45E+07 3.08E+06 2.82E+06 7.45E+06 8.45E+06 6.55E+06 4.53E+06
48H 7.00E+07 7.60E+05 7.13E+07 8.10E+08 1.20E+07 5.90E+05 1.14E+06 4.80E+05 2.70E+05 2.80E+05 2.20E+05

Reason For Exc Subop Collection Subop Pouch Subop Collection Subop Collection Subop Collection Normal Normal Normal Normal Normal Subop Treatment
1H 2.72E+07 1.40E+08 5.93E+06 7.13E+06 4.05E+05 6.20E+05 4.15E+05 1.70E+05 5.00E+05 9.30E+05 7.30E+05
6H 4.92E+07 1.40E+07 5.35E+06 2.04E+06 2.99E+07 3.03E+06 2.65E+05 2.90E+05 1.60E+05 3.25E+05 2.05E+06
12H 6.24E+07 1.68E+08 4.95E+06 3.29E+07 8.65E+06 9.95E+05 1.49E+06 1.49E+06 3.35E+05 2.79E+06 2.73E+06
24H 8.56E+07 1.65E+08 5.31E+07 2.29E+08 2.05E+06 9.90E+06 3.75E+06 9.10E+06 1.35E+05 2.26E+06 7.10E+06
48H 1.86E+07 3.28E+07 6.42E+07 1.22E+08 2.20E+05 3.13E+06 2.78E+06 7.60E+06 8.50E+04 8.38E+05 8.60E+06

Reason For Exc Subop Pouch Subop Pouch Subop Collection Normal Normal Normal Normal Normal 
1H 2.00E+07 6.65E+06 1.34E+07 2.50E+05 8.75E+05 2.96E+06 6.85E+05 1.70E+05
6H 1.95E+06 1.84E+06 6.50E+06 8.35E+05 4.80E+05 1.99E+06 1.65E+06 2.25E+05
12H 4.28E+07 2.00E+07 8.66E+08 3.90E+06 5.15E+06 3.75E+06 1.62E+07 1.44E+06
24H 5.06E+07 4.36E+07 4.75E+08 1.20E+07 1.98E+07 8.63E+05 5.35E+06 2.37E+06
48H 1.62E+07 5.22E+07 3.42E+08 9.95E+05 1.51E+06 1.55E+05 2.83E+06 1.36E+06

Reason For Exc Subop Collection Subop Collection Subop Collection Normal Normal Normal Normal Normal 
1H 6.49E+06 5.80E+06 1.50E+04 7.75E+05 3.15E+06 1.09E+07 6.80E+05 9.15E+05
6H 1.28E+07 1.96E+08 2.58E+07 5.88E+06 3.50E+06 1.15E+07 1.40E+06 1.96E+06
12H 2.71E+07 3.58E+08 1.04E+08 7.65E+06 1.68E+07 1.96E+07 2.64E+07 1.96E+07
24H 4.73E+07 3.93E+07 1.39E+08 1.99E+07 1.52E+07 1.07E+07 3.47E+07 1.70E+07
48H 2.41E+08 1.31E+07 3.87E+08 3.45E+06 9.75E+06 4.25E+06 2.12E+07 1.88E+07

Reason for Exc Subop Collection Normal Normal Normal 
1H 4.88E+07 1.00E+05 1.85E+05 1.29E+06
6H 2.60E+05 1.80E+05 1.65E+05 3.00E+04
12H 4.15E+05 5.50E+04 6.00E+04 4.50E+04
24H 1.60E+06 1.65E+05 5.50E+04 1.20E+05
48H 430000 85000 35000 190000

-

BRS

BV

IBU

Vehicle

Sham

-

-



139 | P a g e  
 

Appendix D: Exemplar standard curves applied for serum analysis 
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Appendix E: Differential leukocyte count data 
 

  
Differential leukocyte (% wise) counts in the pouch exudate throughout 1,6,12, 24 and 
48 hours 
 
 

Pouch exudate smears were stained with rapid diff stain to estimate the % of neutrophils, 
monocytes, lymphocytes and mast cells. Up to 100 leukocytes were counted. Data is expressed as 
a % of the total count and presented as mean ± SEM.      
 
Pouch exudate smears were stained with rapid diff stain to determine changes in the % of 

VEH BRS BV IBU SHM

1 30.6 ± 7.41 7.33 ± 1.41 19.4 ± 5.46 20.2 ± 9.97 15.7 ± 6.89
6 78.6 ± 5.22 50.2 ± 4.34 66.4 ± 8.91 66.4 ± 6.36 12.0 ± 2.00
12 81.2 ± 1.71 80.7 ± 1.74 74.0 ± 3.73 78.4 ± 3.50 7.33 ± 7.33
24 69.4 ± 4.03 66.8 ± 5.96 55.4 ± 5.99 64.0 ± 2.51 11.0 ± 5.51
48 36.6 ± 9.00 36.8 ± 5.43 24.0 ± 9.81 38.4 ± 4.71 0

1 28.0 ± 8.61 79.5 ± 3.19 40.4 ± 7.03 59.8 ± 11.0 30.3 ± 17.0
6 22.0 ± 6.88 38.8 ± 5.02 13.8 ± 1.77 19.8 ± 2.06 18.7 ± 15.7
12 21.0 ± 2.30 16.17 ± 1.11 14.2 ± 2.48 15.8 ± 2.73 26.7 ± 3.8
24 38.2 ± 4.64 28.17 ± 6.65 25.4 ± 5.64 28.8 ± 1.98 21.3 ± 5.9
48 39.8 ± 14.27 44.7 ± 3.35 35.6 ± 5.90 44.6 ± 4.04 13.3 ± 6.7

1 23.4 ± 5.22 18.0 ± 6.16 12.2 ± 5.94 10.6 ± 3.40 36.0 ± 20.23
6 6.80 ± 3.69 13.8 ± 6.93 11.2 ± 3.65 13.6 ± 4.85 62.7 ± 13.9
12 4.60 ± 1.54 5.17 ± 2.04 5.00 ± 1.52 5.80 ± 2.40 66.3 ± 10.3
24 4.00 ± 1.26 8.17 ± 3.24 4.20 ± 2.62 7.40 ± 2.38 71.7 ± 0.880
48 28.0 ± 10.1 21.2 ± 7.02 12.6 ± 4.87 14.8 ± 5.47 86.7 ± 6.67

1 7.60 ± 3.87 1.17 ± 0.750 4.20 ± 2.31 5.80 ± 3.69 1.33 ± 0.670
6 0.800 ± 0.580 0.67 ± 0.670 0.400 ± 0.4000.200 ± 0.200 6.67 ± 6.67
12 0 0 0 0 0
24 0 0.170 ± 0.170 0.200 ± 0.2000 0
48 0 0.500 ± 0.500 1.20 ± 1.20 0.200 ± 0.200 0

Mast Cell %

Times 
(Hours) 

Neutrophil %

Monocyte %

Lymphocyte %
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Appendix F: Sensitivities and CVs for analytes in the multiplex immunoassay  
 

  
Analyte Sensitivity (pg/mL) % CV
IL-1⍺ 2.09 0.29
IL-1β 2.34 0.93
TNF⍺ 3.00 1.38
IL-6 0.17 1.18
CXCL-1/KC 2.51 1.17
CCL2/MCP-1 1.92 0.99
GM-CSF 2.05 0.98
IFN-" 1.01 0.93
IL-10 1.29 1.1
IL-12p70 1.08 0.31
Il-17A 0.74 0.72
IL-18 4.63 1.42

Values were acquired from the Legendplex data analysis software  
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Appendix G: Standard curves generated for cytokine analysis 
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Appendix H: Raw cytokine data 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Sample ID  Dilution A4.IL-10 A5.IFN-y A6.CXCL1 A7.MCP-1 A8.TNF-a A10.GM-CSFB2.IL-18 B3.IL-12p70 B4.IL-1b B5.IL-17A B7.IL-1a B9.IL-6

6H-9-VEH 1 1.34 0.714 165.02 12299.22 2.121 7.15 75.42 0.764 1.655 0.523 1.478 23843.36
6H-9-VEH 1 10.64 4.32 233.92 30773.61 16.61 19.13 209.36 0.764 5.96 0.523 6.12 31807.21
6H-12-VEH 1 7.54 2.86 2.57 6893.33 13.95 4.77 49.06 0.764 1.655 0.523 6.86 32278.29
6H-12-VEH 1 26.48 14.92 4.19 11125.89 30.18 15.17 141.43 22.66 13.14 4.26 21.64 41671.86
6H-15-BRS 1 9.85 9.8 3.15 2825.73 11.18 6.09 12.58 12.51 11.13 1.5 6.86 5466.39
6H-15-BRS 1 1.94 5.73 3 1739.3 10.22 3.3 6.17 9.09 12.14 1.26 4.11 3459.77
6H-17-VEH 1 3.91 2.11 46.99 7003.92 9.25 7.33 96.05 0.764 8.06 0.523 3.22 8078.38
6H-17-VEH 1 5.32 1.34 64.53 8074.78 10.22 7.6 149.79 7.38 2.72 0.523 3.51 10129.3
6H-20-BV 1 11.43 4.32 6.03 15734.23 17.48 12.31 70.34 7.38 8.06 1.26 8.44 31288.14
6H-20-BV 1 13.84 6.43 5.25 12571.83 17.48 8.26 44.89 12.51 11.13 2.23 6.86 28652.4
6H-21-VEH 1 17.14 8.47 43.23 14296.84 17.48 10.22 34.02 26 18.97 2.98 8.03 16200.23
6H-21-VEH 1 20.49 15.54 72.25 18019.19 29.44 22.3 40.86 37.47 22.72 5.31 11.01 19051.85
6H-24-BRS 1 6.79 5.03 31.35 8616.18 15.74 14.94 78.23 20.98 12.14 3.49 5.08 14366.45
6H-24-BRS 1 4.61 7.12 22.85 6131.22 13.04 10.84 77.15 20.98 12.14 2.23 4.11 10641.67
6H-25-BV 1 9.85 9.8 3.15 1051.01 13.04 5.01 12.91 19.29 13.14 4.52 8.44 2639.11
6H-25-BV 1 7.54 7.12 2.57 978.29 13.95 5.09 14.38 14.21 12.14 6.62 6.86 2846.97
6H-26-IB 1 1.94 1.34 4.19 7027.72 5.16 3.58 21.96 0.764 3.82 0.523 3.51 20629.97
6H-26-IB 1 3.91 2.11 4.19 11576.22 5.16 6.17 45.25 0.764 3.82 0.523 5.42 25130.71
6H-27-BRS 1 0.912 0.714 1.775 160.74 2.121 1.45 4.85 0.764 1.655 0.523 1.478 262.78
6H-27-BRS 1 6.79 2.86 2.57 570.69 7.25 3.03 8.15 14.21 15.11 3.23 6.12 1028.6
6H-28-BRS 1 7.54 2.11 50.97 12474.12 7.25 6.35 50.72 7.38 8.06 0.523 3.8 21329.16
6H-28-BRS 1 9.85 2.11 72.38 20215.87 8.26 9.92 72.23 5.68 7.01 0.523 2.68 26106.51
6H-29-BV 1 0.912 0.714 1.775 1951.47 2.121 2.58 13.02 0.764 3.82 0.523 1.478 6002.65
6H-29-BV 1 1.34 0.714 4.19 2434.14 2.121 3.58 20.34 0.764 3.82 0.523 1.478 8497.11
6H-30-VEH 1 17.14 2.11 130.36 45073.85 10.22 27.77 365.76 5.68 1.655 1.26 5.42 36990.76
6H-30-VEH 1 9.85 0.714 62.81 19339.63 5.16 8.64 185.13 0.764 1.655 0.523 5.08 30649.35
6H-31-IB 1 4.61 6.43 3.59 2558.57 12.12 3.58 7.09 19.29 17.05 1.26 6.49 9636.9
6H-31-IB 1 0.912 0.714 1.775 1914.09 2.121 2.28 3.274 0.764 2.72 0.523 1.478 6949.02
6H-33-BRS 1 13.84 5.03 151.49 23807.43 13.04 11.46 146.8 14.21 11.13 3.49 6.86 27191.48
6H-33-BRS 1 1.94 1.34 62.28 6226.62 5.16 6.09 44.18 12.51 11.13 0.523 2.68 16803.69
6H-34-BV 1 7.54 7.8 7.75 2177.3 10.22 6.09 26.63 9.09 9.09 6.62 6.49 3772.91
6H-34-BV 1 6.79 7.12 7.27 1982.69 8.26 5.75 20.08 10.8 12.14 5.57 6.49 3422.5
6H-35-IB 1 13.03 0.714 40.55 6442.04 9.25 7.42 84.18 0.764 2.72 0.523 9.69 25919.49
6H-35-IB 1 20.49 0.714 30.62 7524.61 15.74 9.82 90.73 0.764 3.82 0.523 13.33 26539.89
6H-37-BRS 1 3.91 0.714 43.37 6894.8 5.16 4.23 22.37 0.764 1.655 0.523 1.478 13162.96
6H-37-BRS 1 6.05 0.714 1.775 5456.16 21.66 5.83 17.76 0.764 1.655 0.523 3.51 26701
6H-38-BV 1 10.64 9.8 4.19 2856.69 17.48 7.24 27.07 20.98 15.11 5.57 8.44 6453.77
6H-38-BV 1 4.61 0.714 1.775 997.6 8.26 2.34 6.83 5.68 11.13 0.523 1.478 2639.11
6H-40-IB 1 3.91 1.34 68.87 6526.46 9.25 15.39 79.54 5.68 8.06 0.523 2.68 11722.38
6H-40-IB 1 8.3 7.12 139.78 9206.25 11.18 8.64 78.23 19.29 11.13 1.26 5.42 14366.45

pg/ml
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Appendix I: 
 
Exemplar statistical output: Repeated measures one-way ANOVA (Bonferroni’s post 
hoc) of changes in serum UCB relative to baseline after i.v. BV delivery  
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Exemplar statistical output: unpaired t test of differences in total leukocyte count 

between BRS and BV at 12 hours   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exemplar statistical output: Mann-Whitney U test of differences in serum UCB at 15 

min between i.v. BV and i.v. VEH treatment 
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Exemplar Statistical Out: One-way ANOVA (Bonferroni’s Post Hoc) of differences in 

leukocyte count between treatment groups at 24 hours relative to MSU only  




