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Abstract

Sepsis is lifghreatening organ dysfunction caused by a dysregulated host response to
infection. The inflammatory response is an integral part of sepsis and leads to the systemic
inflammatory response syndroen(SIRS) and multiple organ failure. The overall objective of
this thesis was to investigate whether hydrogen sulfidgS{iHsubstance P (SP) and Kupffer
cells modulate the inflammatory response, organ damage and liver sinusoidal endothelial

cells (LSEC®nestrations in sepsis.

H.S is a key mediator of inflammation and recent studies have implicat&d itd the
pathogenesis of sepsis. However, these studies have limitations due to the disadvantages of
the HSsynthesising enzyme inhibitor ancb$donors sed to conduct the experiments.
Gene deletion technology offers a definitive approach to investigate the roleQirtsepsis.

The aim of this thesis was to investigate the potential role of endogene8ssiththesised
through cystathionine! -lyase (CSk)ing CSE knockout (CSE KO) micaecaligation and
puncture (CLRinduced sepsis. This thesis also aimed to examinariklerlying mechanisms

by which CSHerived HSregulates inflammation and taeterminethe interaction between

H.Sand SP in regulatgthe inflammatory response in sepsis.

Kupffer cells are tissueesident macrophages in the liver that play an important role in
inflammation associated with infection. The studies described in this thesis investigated the
potential roles of Kupffer cl on liver and lung injury, inflammation and the systemic
inflammatory response in sepsis using gadolinium chloride ¢sttChactivate these cells.
LSECsre specialised fenestrated entthelial cells in the liver thaundergo structural

alteration durng inflammationand infection.The structural alterations ihSEC fenestrae



following CLRnduced sepsis were examined and the effecGaliCi, CSE gene deletion and

PPTA gene deletion (PPTA, a SP encoding gene) were determined.

The final aim was to invagate the alteration of circulatory ¥ and SP levels and their
association with the inflammatory response in patients with sepsis compared t&ejatic
patients with similar disease severity and organ dysfunction admitted to the hospital

Intensive Car&Jnit (ICU).

Following CLdhduced sepsis in miceydreased gpression of liver and lungSEliver: ~1.98
fold; lung: ~2.49 fold)increased liver ¥$synthesising activity~1.27 fold)and plasma bS5
levels (~1.45 fold)were obsewved. Micedeficient inthe CSE genshowed significantly
reduced sepsiassociatedtissue (liver and lung)myeloperoxidasg MPO)activity, tissue
(liver and lungand circulatory levels of cytokines (TNFE-6 anfl Itmi 0 | YR OKSY2 1 A
(MCR1 and MIPH ", @nd histological chages in the liver and lung. In additiomechanistic
studies revealed thathe proinflammatory role ofCSElerived HS wasmediated by the
activation ofthe ERK1/2NFkB p65 signalling pathway. SP and IR expression have been
shown to play an essentiallmin sepsisssociated liver and lung injury. Mice with CSE gene
deletion had significantly reduced tissue (liver and lung) and circulatory SP(lexzls-0.50
fold; lung: ~0.42 fold; plasma: ~0.61 fold) d@rss$ue (liver and lung) NKR expressiofiiver:
~1.11 fold; lung: ~0.93 fold)This study showed that G8Erived HS in sepsis could
upregulate SP and NKR expressionthereby contributing to liver and lung injurgnd

inflammation

Examination of the effect dbdCd on the inflammaory responseand organ injury following
induction of sepsis showed there was protection against injury in the lasthere was

reduced MPO activitygytokine(TNFh 2-6 anfl Ikem i &d chemokindMCR1 and MIPH M 0



levelsand histological changein the liver In contrast, administration of GdChiled to
reduce lung injunand inflammation (as there was no change in MPO activity, cytokine and
chemokine levelsand histological changesnd the systemic inflammatory respons@s

evidenced by no change in circulatory cytokines and chemokinesgpsis.

Study ofLSEC feneste following induction of sepsis revealed that @idRiced sepsis was

associated withdefenestration (decreased diameter, frequency and porosity) and gaps
formation in LSEC fenestr&e9 fold) Mice with CSE gene deletion, PPTA gene deletion and
mice treated with Gd@lIshowed less defenestration (increased diameter, frequency and

porosity) andrewer gapg~0.16 fold)n LSEC fenestrae following sepsis.

Studies of septic patients admitted to the ICU showed higher circulatory leveiSairtd SP
compared to norseptic patients, which correlated with the inflammatory response in septic

patients.

In conclusion, theesults presented in this thesis have shown that the-@8&tved H,S,SP

and Kupffer cellall play a key ra in modulating inflammationassociated organ damage
and LSEf@nestrae in experimental sepsis. This thesis has also shathitfher circulatory
levels of HHS and SP are associated with inflammatory response in septic patients and are
consistent with results from experimental sepsis, suggesting thatdé®ked HS and SP

play an important role in the inflammatory process epsis in both experimental and human
sepsis This studycontributes to a better understanding of the pathegesis of sepsis and

highlights novepotential approaches to the treatment of sepsis.
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Chapter 1

Introduction

1.1 General introduction

Sepsis is defined as hfereatening organ dysfunction caused by a dysregulated host
response to infectior{1). The inflammatory rgsonse is an integral part of sepsis tHaads

to systemic inflammatory response syndrome (SIRS) and multiple organ failhisditerature
reviewsummarises the pathophysiology of sepsis, describing the mediators and cells involved

as well as the underiyg mechanisms and multiple organ failure during sepsis.

Hydrogen sulfide (#%) and substance P (SP) are known mediators of inflammation in sepsis.
This review is focused on the physiological roles ¢ ldnd SP and their pathological
significance in seps Kupffer cells are tissue resident macrophages in the liver. They are the
primary responders to infection and act by engulfing pathogenic microorganisms and
subsequently releasing a series of inflammatory mediators. This review discusses the
pathophysidogical role of Kupffer cells in inflammation and sepsis. Liver sinusoidal
endothelial cells (LSECs) are specialised fenestrated endothelial cells in the liver and play a
key role in the transfer of substrates from sinusoidal blood to the hepatic parerehym
through space of Disse. They are known to undergo structural alteration in different
physiological and pathological conditions. This review also encompasses the physiological role
of LSEC fenestrae and its alteration in different pathophysiologicalttmm&lincluding sepsis.
Finally, based on the existing knowledge eEHSP, Kupffer cells and LSECs in sepsis, this

literature review discusses the rationale and objectives presented in this thesis.



1.2 Sepsis

1.2.1 Definition and pidemiology

Sepsisis defined as liféghreatening organ dysfunction caused by a dysregulated host
response to infection. In lay terms, sepsis is athfeatening condition that arises when the
02R&8Qa NBaLkRyasS G2 Fy AyFSOu@® 2)ySeplic/sBudabld a A G &
subset of sepsis in which underlying circulatory, cellular and metabolic abnormalities are
associated with a greater risk of mortality than with sepsis al@)elhe definitios of sepsis

and septic shockave been unified considerably by thecaenmendatiors of the European
Society of Intensive Care Medicine and the Society of Critical Care Medicine i(12@)6
Based on their recommendations, organ dysfunction during sepsis can be identified by the
Sequential [Sepsielated] Organ Failure AssessméSOFA) Score (summarised in Table 1.1)
(1-3). Despite advances in care, sepsis remains a major health problem worldwide and reports
on incidence are increasing. This is likely to reflect ageing of the populatigin rates of
comorbidities that increase susceptibility to infection, and increasing numbef
immunocompromised patientsuch as those with malignancies, organ transplants or HIV
infection (4-7). For instancein the United States, sepsis incidence rates increased from 359
cases per 100,000 population in 2003 to 535 cases per 100,000 population in 2009 (49%
increase)accounting for more than $20 billion in costs and 5.2% of the total United States
hospital coss in 2011(4, 6, 8) Although the true incidence is unknown, conservative
estimates indicate that sepsis is a leading cause of mortality and critical illness worldwide and
in-hospital mortality rates remain hight 25-30%(4, 6) The scale and seriousness of this

problem requires innovative approaek to management.



Table 1.1 Sequential [Sepsislated] Organ Failure Assessment Score (adopted from Singer et al.
2016)(1).

System Score
0 |1 |2 |3 | 4
Respiration
PaQ/FiO,, Xnonan <400 <300 (40) <200 (26.7) with| <100 (13.3) with
mmHg (kPa) (53.3) respiratory respiratory support
support
Coagulation
Platelets, x1&/uL [ xMmp n | <150 | <100 | <50 | <20
Liver
Bilirubin, mg/dL | <1.2 (20) | 1.2-1.9 2.059 (33|6.011.9 (102|>12.0(204)
(umol/L) (20-32) 101) 204)

Cardiovascular
MAP (mm Hg) or | MAP>70 MAP<70 | Dopamine <5 | Dopamine 5.1 | Dopamine >15 or
Catecholamine | mm Hg mm Hg or dobutamine| 15 or epinephrine >0.1 or
(1g/kg/min) (any dose) epinephrine norepinephrine >0.1
Ko odm 2N
norepinephrine

Ko dm
Central Nervous System
Glasgow Coma | 15 1314 1012 6-9 <6
Scale Scores
Renal
Creatinine, <1.2(110) | 1.211.9 2.03.4 (172 3.54.9 (300 >5.0 (440)
mg/dL (umol/L) (110170) | 299) 440)
Urine output, <500 <200
mL/d)

Abbreviations
FiQ, fraction of inpired oxygen; MAP, mean arterial pressure; Rq@rtial pressure of oxygen

1.2.2 Animal models of sepsis

A number of animal models have been developed and modified to study the pathophysiology

of sepsis(9, 10) They include exogenous administration of endotoxin lipopolysaccharide
O[t{0X FTGSNIGAZ2Y 2F (GKS | y enalflor@GaecdigaiRod 3 Sy 2 dz3
and puncture, CLP) and exogenous administration of various pathogens (intravenous (i.v.)
infusion of live bacteria, administration of faecal matter into the peritoneal cavity and the

placement of infectious foreign material mthe soft tissue of extremity). All of these models



have contributed significantly to our understanding of mechanisms of sepsis pathophysiology.
Although these models replicate many features of human sepsis, injection of LPS and caecal

ligation and punctte surgery are the most commonly used animal models to study sepsis.

Even though many researchers use administration of endotoxin LPS to study sepsis, the
clinical features of human sepsis are quite different from-ind8ced endotoxaemia mice

and rats(10, 11) The kinetics and magnitude of hemodynamic changes and peritoneal and
systemic cytokinemia in LM®luced endotoxaensi do not accurately mimic the
hemodynamic changes and cytokine levels of human sgifis 13) For example, the
hemodynamic response observed during difsiced endotoxaemia in mice is a
hypodynamic response, as opposed to the hyperdynamic response observed in septi
patients (9, 10) Changes in the serum cytokine profile are transient and much greater in
magritude than those observed in septic patieffi®). Many anticytokine clinical trials based

on promising results from this model have turned out to be unsucceddf8) 14)
Furthermore, LPS injection in rodents causes suppressed gluconeogenesis and subsequent
hypoglycaemia, whereas the opposite results occur in pagievith sepsig10). Injection of

LPS in this odel also causes activation of the innate immune system, which can have
deleterious effects; therefore, any intervention that blunts the inflammatory response is likely
to be beneficial. In contrast, sepsis in patients is triggered by an infectious praceédshe
immunological responses to microbial challenge that can have both beneficial and deleterious
effects. For these reasons, LPS injection is currently considered to be a suitable model for

endotoxic shock but not for sepsis.

On the other hand, sepsin the CLP model causes a persistent endogenous release of bacteria

from the perforated caecum into the abdominal cavity, resulting in bacterial peritonitis that

4



successfully mimics human sep@sl1). A major @vantage of this model is that the initial
hyperdynamic cardiovascular changes such as cardiac output and systemic vascular
resistance, accurately reflect the response seen in human sépsjsl6) Another major
advantage of this model is that it reproduces the relative magnitude of the release of serum
cytokines and chemokines observed in human sgdgls17, 18)In addition, the CLP model

has the advantage of inducing sepsis of varied severity, which is used for investigating both
acute and chronic sepsis. However, it is important to use a consistent protocol in this model
to obtain reliable and reproducible selts, as the length of the caecum ligated, size of the
needle used and number of punctures determine the outcome of resulting sepsis.
Furthermore, in experiments using small animals (mice and rats), an increased sample size

can resolve the problem of vaiility that can sometimes be seen in this model.

In summary, different animal models can be used to study different aspects of sepsis and the
choice of animal model depends on the type of pathological change to be studied in sepsis.
For instance, the ClLiRodel is good for studying hemodynamic and metabolic changes and

biochemical, immune and inflammatory responses in sepsis, whereas i.v. infusion of live
bacteria may be suitable for observing the blood clearance kinetics of bacteria. Although LPS
induced endotoxaemia is to some extent similar to human sepsis, the dissimilarities in

hemodynamic and inflammatory changes between these two conditions make the LPS

injection model less relevant to the study of human sepsis.

1.2.3Pathophysiology of sepsis

The pathogenesis of sepsis is a complex and multifactorial disease and so far no single
mediator, system, pathway or pathogen has been reported to drive this disease. Despite

extensive basic and clinical studies, the pathophysiology of sepsis is still podésstood.
5



Sepsis is most commonly associated with bacterial infections but may also be caused by
viruses and fungal infections. Although gr@wsitive pathogens have been documented to

be most common cause of sepsis, there is now evidence that sepsiscchy grarmegative
bacteria occurs with equal frequency in some settir{§8, 20) Staphylococcus aureus,
Streptococcus pneumonand Escherichia colire the most common causes of sepsis, while
Psudomonas aeruginosa reported to be the most lethgR1, 22) However, many cases of

sepsis are attributed to mixed infection and polymicrobial or{@iB).

Innate and adaptive immune systems preserve host integrity against invading pathogens
during sepsis. The interaction between the host immune system and molecular components
of invading pathogens is crucial for initiatimymune events during sepgi24). Immune cells

such as monocytes/macrophages, neutrophils and natural killer cells recognise biochemical
patterns displayed by pathogens and trigger active responses, either directly or indirectly by
activating intracellular signallingathways(25, 26) Immune cells utilise pattern recognition
receptors (PRRs) to recognise highly conserved pathogen associated molecular patterns
(PAMPs) such as bacterial cell wall components (lipopolysaccharide, LPS and peptidoglycans).
Tolkike receptas (TLRs) are a family of pattamrognition receptors present on mammalian
macrophages, dendritic cells and other cells that initiate innate immune respg@ggsTo

date, at least 11 human TLRs have been identified; each is known to detect specific PAMP and
have a specific intracellular signalling pathway. Of these4§ldRd TLRs have been widely
studied in sepsis. The peptidoglycan from gxaositive bacteria and the LPS from gram
negative bacteria bind to TERand TLH, respectively(27). Once activated, TLRs trigger a
cascade of signals such as mitogativated protein kinase (MAPK) and phosphatidylinositol

4, 5bisphostate %kinase (PI3K) activation and engage a sequence of cytoplasmic interactions



that result in activation of transcription factor nuclear fackB (NFkB) and transcription of
targeted proinflammatory genes. The resulting release of mediators such as proinftangma
cytokines and chemokines, adhesion molecules and lipid mediators as well as generation of
reactive oxygen and nitrogen species (ROS and RNS) and compébetieation products can

lead to a systemic inflammatory response, multiple organ failure ardhde
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Figure 1.1 Schematic representation of the pathogenesis of sepgising sepsis, bacteria drtheir
components, includingPS and peptidoglycaactivate pattern recognition recepto(®RRsuch as
TLR2 and TLR4, respectiyphgesent on the surfze of immune cell@7). Activation of these receptors
can lead to te recruitment of adapter proteins at the receptor site and subsequently stimulate
intracellular signalling pathwaysuch as MAP kinases (MARES, 26) Activation of MAPKuch as
ERK1/2 can lead to the activation &BI kinases (IKK), which in turn deggadkB and allows
translocation of NFB subunits intdhe nucleus. Binding of NEB subunits to the promoter region of
the DNA can lead to the transcription and release of proinflammat@gtiatorssuch as cytokines,
chemokines and adhesion molecu(@8, 29) Activation of TLRs can also lead to the generation of
reactive oxygen species (ROS) through NADPH ox{88s€31) Together, thesanflammatory
mediators and ROS can cause significant organ dysfunction and systemic inflammatory response
during sepsis.



The inflammatory response is an integral part of sepsis. A finelyd balance between the
immune and inflammatory systems, and be@n the pre and anttinflammatory networks

is crucial for maintaining the balance between protective and tissar@aging responses
during sepsig24, 32) The initial hyperinflammatory response, a result of an overwhelming
immune response to infection, leads to imbalance between-@od antiinflammatory
pathways during seps(83) The subsequent antnflammatory response serves as a negative
feedback to downregulate proinflammatory mediators and to modulate their effects, thereby
restoring homeostasis. Although antiflammatory mediators counterbalance pro
inflammatory substances, prolonged and excessive production of these mediators leads to
immune dysregulation and may cause increased host susceptibility to concurrent infections,

subsequently, and a range of clinical sequéR®.

The present chapter focuses mainly on the proinflammatory pathways such-&8 ldRd
MAPK signalling, the role of immune seknd proinflammatory mediators such as cytokines

and chemokines in pathophysiology of sepsis.
1.2.3.1The nuclear factor] " {4B) &anscription factor

NFkB is a transcription factor belonging to the Rel protein farf84). NFkB is fomed by
various home and heteredimeric combinations of Rel family proteins such #@Ret, RelA
(p65), RelB, NkKB1 (p50 and its precursor, p105) and-RB2 (p52 and its precursor, p100)
(34, 35) The combination of the@50/p65 heterodimer is the most predominant form of NF
kB (36). In normal resting cells, NéB is bound to inhibitorkB (kB) proteins such a&.l h *

k. i tkyR Ly K SkBObinslidtetact With NEB through multiple ankyrin

repeats that inhibit its DNA binding activity. Of thede, P o6 f 201 a4 GKS ydzOf SI |
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mechanism for the termination of the NéB responsg35, 3739).
1.2.3.1.1The role ofNFAB in sepsis

NFkB is an important transcription factor involved in regulating immune and inflammatory
responses to infection. Activation of MB plays a central role in the pathophysiolodgy o
sepsis. A greater level of MB activity is associated with a higher rate of mortality and poorer
clinical outcomes in septic patients. For example, it has been shown thaBN#€tivity is
significantly higher in nosurviving septic patients than inuviving septic patients during
their illness(40, 41) A significant increase in MIB activity is also observed in the alveolar
macrophages of patients with septic lung inj#2). Inhibition of NFkB activation prevents
multiple organ injury and improves survival rates in rodemdels of sepsi$43-47). For
example, mice deficient in NEB-dependent genes are resistant to the development of septic
shock and death from seps{¢8-50). More importantly, blockade of the NkB pathway
corrects septic abnormalities. For example, inhibition ofkdBFactivation restores systemic
hypotension, ameliorates myocardial dysfunction and vascular derangement, diminishes
intravascular coagulation, inhibits multgp inflammatory gene expression, reduces tissue
neutrophil influx and prevents microvascular endotheledkagein the rat model of sepsis

(47, 51, 52)

Extracellularsignatregulated kinases (ERKSs), a familysefine/threonine protein kinases
belonging to the MAPKSs, play a key roléNirRkB activation(53). Two isoforms of ERKSs, p44
MAPK (ERK1) and p42 MAPK (ERK2) are known and both are importahtfkBhactivation

processFollowing stimulation of TLRs by bacteria and their components, a series of adaptor



proteins are recruited to the receptor site and activate ERKI32bsequently, the
coordination and interaction of the ERK1/2 andihNB-cascadesiimportant in regulating the
transcription of inflammatory mediator@8, 29) For example, ERK1/2 activation has been
shown to be an important temporal reguta of NFkB and, subsequently, NéB-dependent
gene expression(54). Specific inhibitors of ERK1/2 have been shown to inhibkBIF

activation or to suppress the expressions of proinflammatory genes followirgjstég).

NFkB activation is a central event in regulating cytokine response and subsequent
chemokines and adhesion moleculesepsis. The upstream signalling pathways that activate
NFkB proteins result in its translocation to the nucleus, where it binds to the consensus
sequence in the promoter or enhancer regions of-K- target genes and induces
transcription of genes for cytakes, chemokines and adhesion molecules. Excessive
generation and release of these mediators by activation ofkRFn sepsis leads to an
extensive activation of the inflammatory cascade and widespread organ i(§dr35). For
example, elevation of inflammatory mediators during sepsis has been shown to depend on
NFkB activation, while inhibition of NKB activation decreases production of inflammatory
cytokines, chemokines and adhesion molecules, ameliorating diseaserity during
endotoxaemia and sepdi43, 44, 52, 55, 56T hese results suggest that-KB is an important

signalling cascade that plays a central role in the pathophysiology of sepsis.

1.2.3.2 Rle of immunecells in sepsis

Immune cells are the first cellular responders to invading organisms and are therefore vital to
host response. Among the immune cells, macrophages and neutrophils are key cells in the

pathogenesis of sepsis. Macrophages, after being séitadlby pathogenic substances, can

10



augment the release of classic proinflammatory cytokines such asuunecrosis factoh

(TNFh 0 = A y-i @M)faidaiedeykiss (I1-6), and in addition release an array of other
cytokines, including interleukifhi2 (1.-12), interleukinl5 (1l-:15) and interleukirl8 (1-18) and

other small molecule§s7, 58) The high mobility group B1 (HBB1) has been identified as a
cytokinelike product of macrophages that appears much later after LPS stimulation and may
represent a more tractable target for interventi¢d9). This hyperinflammatory state in sepsis

is called systemic inflammatory response syndrome (SIRS) and is associated with an enhanced
releaseof chemokines and expression of adhesion molecules that lead to a major infiltration
of neutrophils and monocytes into the body organs. Activated neutrophils and macrophages
also generate large amount of ROS, including hydrogen peroxide)(Hypochloras acid
(HOCI) and other hydroxyl radical viaatinamide adenine dinucleotide phosphatdADPH)
oxidases and myeloperoxidase, and RNS such as nitric oxide and peroxynitrite(30,j@&13
Although the activated immune cells imiliy promote clearance of bacteria, their products
can bring both reversible and irreversible changes in proteins and DNA, resulting in
diminished biochemical functions that subsequently contribute to organ injury and death in

sepsiq60).
1.2.3.3 Role of cytokinés sepsis

Cytokines are a group oflsible, low molecular weight glycoproteins that are synthesised and
released by many types of cells (mainly monocytes, macrophages and neutrophils and also
from lymphocytes, mast cells and fibroblasts) in response to tissue damage. They are
important reguldors for host defence, tissue repair and other homeostasis functions and are
often secreted when bacteria or bacternierived components are exposed to the host

immune response.

11



Cytokines are the key elements in the pathogenesis of sepsisir@l t ¢ O G & A NI €
(overwhelming release of the cytokines) is thought to be responsible for triggering
inflammation in sepsis. The major proinflammatory cytokines that stimukatstemic
inflammation are TNF X -1 brid Ik6 (58). Activation of TLRs by pathogens trigger the
proRdzOGA2Y YR NBfSFasS 2% Jd SARNISE are rEl@ased quing Sa & c
the first 3090 mins after exposure to LPS and work synergistically to release secondary
cytokines such as-fi.and other lipid mediators and ROS. These mediatgrsabendothelial

cells to upregulate chemokines and adhesion molecules and begin the recruitment of
neutrophils and other inflammatory cells to the site of infecti@i, 62) In addition, these
mediators signal the release of amiflammatory cytokines such as interleuldn(IL-4),
interleukin10 (1:10) and interleukiAl3 (1:13), which may counteregulate the
inflammatory response and pfa role in tissue repa({d9). Although cytokines are crucial for

host defence, overwhelming levels of cytokines can result in the systemanmihtory
response syndrome (SIRS) and multiple organ dysfunction in sepsis. Therefore, cytokines are

considered to play a key role in the pathogenesis of sepsis.

Among all cytokines, TNF A4 2yS 2F GKS Y2ad AYLRNII Yy
inflammation in the pathogenesis of sepg&3, 64) Through type | and Il TNF receptors
(TNFRs), TN' A y O NXkB-raeflidted traDscription of proinflammatory mediators and
coordinates with other cytokines such asllland IE6 to initiate acute phase response in

sepsis. For example, TRFZ 2 3 S (-K &t piwibundeffdetg upon the endothet,
vasculature and coagulation cascade during sep®S, 66) The importance of
proinflammatory cytokines has been reported in both experimental and human sepsis.

Animal studies have demonstrated that concentratiofhddbFh Ay LJt IsignNidantlyg S NB
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increased in seere sepsis and in animals thatibsequently died67). Administration of a
combination of TN#® | y1Ractdd pynergistically to cause increased toxicity in raljefs

66). Patients with fulminant meningococcakpticaemiaare also reported to have high
plasma levels of NFh (68). Experiments conducted with aAtiNFh antibodieshave shown
decreased levels of other cytokines and improved survival in animal models of septic shock
(69, 70) In baboons infused with livEscherichia colantiTNFh | £ Y 2 & (circhl&ingdzO S R
ILm i %6 dnd I8 (71, 72)levels to the normalin contrast, the role of K6 in the
pathophysiology of sepsis remains unclear. In animal models of sepsis, blockagehafsIL
produced inconsistent protectiof61). In addition, infusion of 6 into human volunteers and
experimental animals has not induced a segi&rs state (73). However, compared to other
cytokines, It6 has been found to be a better predictor of severity and outcome in human

sepsis and the development of multiple organ failure in patients with sép$)s
1.2.3.4Role of chemokines in sepsis

Chemokines are a large family ofLl8 kDainducible cytokines that play a crucial role in
trafficking and recruiting ardbacterial leukocytes to the primary sites of the immune
responsg75). To date, more than 40 chemokines have been identified and are classified into
four subfamilies(C, CCCXC an®€XC chemoking) depending on the relative posith of
cysteine residue$76, 77) Of these, CC and CXC chemokinesttagenost widely studied

peptides in inflammation and sep<is3).

It has been demonstrated that exposure to various pathogens results in a substantial increase
in chemokines in both humans and animals. For example, circulatory levels of CX&}JL8 (IL
were significantly elevated in patients with bacterial sed3@). Similarly, high plasma levels

of CXCL9 (a monokine induced by interfeto@  alL DO //[H o6Y2y20e(Ss
13



protein-1, MCP1), CCL3 (macrophage inflammatory protgit = -MahLOt> / M O & a/LRt
CCL8 (MCP) were also observed during sep&3). Although chemokines are crucial for host
defence against invading pathogens, overexpression of these chemokinegplamayan

important role in the inflammatory response and organ damage in sepsis. For example, MIP

2, a CXC chemokine released by macrophages in sepsis, binds to CXCR1 and CXCR2 on
neutrophils and has been associated with neutrofhduced organ injury andeath rates in
CLRnduced sepsi$80). Neutralising the effects of CXCR2 stimulation in murine peritonitis
resulted in an attenuated neutrophil response with less organ injury and improved survival

(81)

Although cytokines are considered to play a key role in the pathogenesis of sepsis and
neutralising these mediators has shown protection in experimental sepsis models, clinical
studies based on inhibiting the activity of cytokirteesve failed to improve the outcome in
sepsis patients. Despite the encouraging results in experimental sepsis models, monoclonal
antibodies targeted against TMF(82-84), soluble TN  NX O $86)i IRINE&Cceptor
antagonists(86-88) and soluble H1 receptors have failed to decrease mortalityphase II

and Il clinial studies(89, 90) The improvedutcome of anticytokine therapies in septic
animalscompared with humans is thought toe a result of a short therapéie window period

for reversinghe events of lethal sepsis in anim&H.). Moreover,the ineffectiveness of anti
cytokine therapies in patients arises as a result of a prolonged immunosuppressive state at
later time points of sepsis developmerfurthermore, althougtseveralexperimental and
clinical studieshave shown the importance of emokines and their receptors in the
pathophysiology of sepsis, clinical appcbhabased on chemokines failed to proas a

therapeutic targets.
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To understand the complex role of inflammatory mediatanssepsis, there is a need to study
newly characterisd mediators In addition, studyingnovel mediators will improve our
understanding of their role in signal transduction, croswlk, and synergistic ah
immunomodulating duringepsisRecent research has shown that hydrogen sulfidsS)Ha
gasotransmitterplays an important role in the inflammatory process in experimental disease
models of sepsis. Further understanding the inflammatory role-8f&hd its interaction with
other inflammatory mediators will help to design novel therapeutic targets for sepsis

treatment.

1.3 Hydrogen sulfide (H2S)

H>S has been known for decades as a toxic gas with a strong characteristic odor of rotten
eggs. Recent research has shown thg$ lis generated endogenously in many tissues and
exerts various physiological functienlt has been proposed as a third physiological

gasotransmitter, following nitric oxide (NO) and carbon monoxide (CO).
1.3.1 Physical and chemical properties of$l

H.S is a colorless, flammable gas with a strong odor of rotten eggs or the obnoxiousf ado
blocked sewer. It is a weak acid (pKa 6.96). At physiological conditions (pH 7.4), approximately
one third of HS remains in a nedissociated form and two thirds dissociate intoahd HS
(hydrosulfide anion), which may subsequently dissociate idt and $. Since the latter
reaction only takes place at high pH, the level?inS/ivois very low. At present it is unknown,
whether the biological effects of 28 are mediated directly by.H, HS or whether a

combination of both species is reged.
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1.3.2Enzymatic and norenzymatic pathways foH2Sproduction

H:Sis generated endogenoushy both enzymatic and neanzymatic pathways. Through an
enzymatic pathwaymany mammalian tissugsroduce HS from sulfur amino acids such as
homocysteine ad L-cysteine, during their metabolism. This reactiorcégalysed bythree
enzymescystathionine’ -lyase (CSE, EC 4.4.1.1), cystathiehisgnthase (CBS, EC 4.2.1.22)
and 3mercaptopyruvate sulfurtransferase -{8ST EC 2.8.1)2 along with cysteine
aminaransferase (CAT, EC 2.6.1(92-94). Of these, CSE and CBf® the major HS
synthesising enzymes and their activity is dependenttlom availability ofpyridoxatp -Q
phosphate(PLP), an active form of vitamirg, Bhichacts as a cdéactor for CSE and CBS.
Although CBS and CSE are widely expressed in cells and tissues, CSE is the pred@&ninant H
synthesising enzyme itihe peripheral organs and vasculgystem whereas CBS is mainly
distributed inthe centralnervous systemAs the end product of the CS&hd BScataly®d
cysteine metabolismH,S exerts a negative feedback effect on theivity of thesetwo
enzymeslt has been found recently thatB is also produced from&ysteine by the enzymes
D-amino acid oxlase (DAO) and-BIST. This pathway is mainly localised within the

cerebellum and kidneg95).

H.S is also produced from n@nzymatic pathways from stored sulfur compounds; however,
this is physiologically much less significant. Two forms of sulfur stores in cells have been
identified: acidlabile sulfur and bound sulfargulfur (96, 97) Under acidic conditions (low

pH), HS is released from acldbile sulfur compounds such as irsalfur clusterg97). In the
presence of reducing agents or under reducing conditionS, isl also produced frobmound

sulfanesulfur such as protein persulfide and polysulfig@8) (Figure 1.2).
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Figure 1.2 Schematic representation of endogenous$ leneraibn through enzymatic and non
enzymatic pathwaysThe enzymatic source obHlinvolves the action éfanssulfuration pathway
enzymegystathionineglyase (CSE) (EC 4.4.1.1), cystathiehisgnthase (CBS) (EC 4.2.1.22) and 3
mercaptopyruvate sulfurtransfase (3MST) (EC 2.8.1.Both CSE and CB&alyse the synthesis of
H.S by utilising homocysteine anecysteine as substrate®@9, 100) whereas3-MST utilise 3-
mercaptopyruvate (generated by cysteine aminasferase (CAT) fromdysteine and Eamino acid
oxidase (DAO) from-Eysteine) to generate 23 (95, 101) HS is also gesrated from stored sulfur
poolssuch ascidlabile sulfur and sulfansulfur throughthe non-enzymatic pathway. % is released
from ironsulfur clusters of neheme sulfur proteins under acidic conditid83) and from sulfane
sufur of persulfide and polysulfide with the help of reducing agég}

1.3.3H2Scatabolismand mode of action

The major catabolic pathway ob8lis via a series of redox converss in the mitochondria
that ultimately leads to the formation of thiosulfaté his pathway is mediated by three
enzymes, sulfidequinoneoxideductase (SQR), and sulfur dioxygenase andsulfur

transferase Apart from ths catabolic pathway,H.S has recently been shown to

physiologically react with other molecules owing to the nucleophilic capacity of the
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hydrosulfide ion (H$ (99). Currently, there are three general forms of hydrogen sulfide
interaction within the biologcal milieu reported under physiologicalonditions; as a
reductant (100) through protein ssulfhydration (327) and interaction with meth ion
containing moleculeg101). The discovery ofhese interactions have alsted to the
elucidation of the direct argets and mechanisms by whidhS exerts its observed

physiological effects.

1.3.4Physiological roleof H:S

H.S is thought to perform a wide range of physiological functions, including neuromodulation
and neuroprotection(102) vasorelaxation(103) cytoprotection and antoxidation (104,
105) angogenesis(106) cellular energ production and metabolisnfl07, 108) HS also

regulates cellular process such as proliferation, migration and apoptd4i86)

Functionally, by acting on ATd@pendent potassium p channels, endogenous;$ican
hyperpolarise cell membranes, vascular smooth muscle cells, gastrointestinal smooth muscle
cells, cardiomyocytes, neurons and pancreatic OSf f 8> (KSNBo& NBIdz |
intestinal contractility, myocardial contractility, neurotransmissiondainsulin secretion,
respectively(103, 109) Despite a direct vasodilator effect on vascular smooth muscks, H
can modulate nitric oxide (N@pediated vasodilatiorf110) HS is a strong reducing agent
(anti-oxidant) and reacts with ROS and RNS, limiting their toxic effects and resulting in the
protection of proteins and lipidfom ROS/RN&ediated damagé€l111) HS produced by-3

MST can scavenge ROS in mitochondria and protect cells from oxidativg 504s&urther,

H.S plays a role in the angiogenesis process. The angiogenic effeciS afddmediated
through the activation of the vascular endothelial growth factor (VEG&E)) In addition to

serving as a signalling molecule;SHparticipges in mitochondrial function and cellular
18



bioenergeticslt also acts as a mitochondrial electron donor, which results irstimulation

of ATP synthesid.13)

In the central nervous systemp$lacts as a neuromodulator. It enhances the sensitity
methylD-aspartate (NMDA) receptors to glutamate, thereby promoting hippocampatlong
term potentiation (learning and memory) as well as phosphorylation of these receptors by
protein kinase A (PKA)05) H:S also evokes calcium (@avaves in astrocytes and microglia
cells, which play an importantle in the regulation of brain pH levels, neurotransmitter levels
and neuronal excitability114) Additionally, HS donor NaHS is kad to the inhibition of
apoptosis, a decrease of oedema formation in the brain and amelioration of cognitive

dysfunction(115)(Figure 1.3).

L-Cysteine Acid labile sulfide, Sulfane sulfur

Neuromodulation Cell proliferation Apoptosis Angiogenesis
Smooth muscle . Cellular
. Cytoprotection . :

regulation bioenergetics

Anti-oxidant

Figure 1.3Possible pysiological functions of b§. lllustration of the current known physiological
effects of HS.H,S performs wide range of physiological functions in both central nesystsm and
peripheral organs, includimpuromodulatior{102) vasorelaxatiorf103), cytoprotection, antioxidant
(104, 105), energy production and metaboli€k®7, 108)and other cellular process€s06).
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1.3.5Pathological effects of t6

Despite physiological functions, the pathological roles £8 Have been demonsted in a
number of diseases in both the central nervous system and the peripheral organs. In the
central nervous system,.8 has a proven neuromodulatory role in the protection of neurons
from oxidative stress(116) and cytotoxicity (111) HS promotes glutamatenediated
transmission via NMDA receptors, which might also have implications for neunoelegire
diseases in which excessive activation of NMDA receptors is inv&d On the other
hand, in peripheral organs,H has been reported to be deficientviarious animal models of
arterial and pulmonary hypertensiof118) myocardial injury(119) gastric mucosal injury
(120) colitis (121) and cirrhosis (122) Exogenous i$releasing drugs attenuate
cardiovascular dysfunctiofl23)and repair the damage of gastrointestinal muc@$a4) In
addition, HS scaenges RNS, peroxynitrite (ONQ oxygen free radicals andpild
peroxidation, resulting in cardiovascular protection and neuroprotect{@al, 125) In
contrast, increased levels of>8l have also been reported in various animal models of
inflammatory diseases such as sei(4’ 44, 126)endotoxaemigl27)and acute pancreatitis
(128, 129) Therefore, it is clear that endogenousSHplays an important role in the
pathophysiology of different diseases in both the central nervous system and peripheral

organs.

1.3.6Role of HS in inflammation

Numerous studies have gposed that HS plays a key role in the pathogenesis of
inflammatory diseases such as acute pancreafiti®8-132), inflammatory bowel disease
(IBD)(133136), hindpaw oedena (137) burn injuries(138) endoibxaemia(139)and sepsis

(44, 126, 140, 141The role exerted by #5 in inflanmation remains controversial because it
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has been repded to have both preand anttinflammatory effectsPrevious research has
indicated that HS is likely to be an endogenous regulator of inflammatory response in various
inflammatory diseaseslable 12 lists the pre and anttinflammatory role of KHS inanimal
models ofinflammatory diseaselrhemixed results oboth pro- and antiinflammatory effecs

of S appeato be due to differences between studiesich as variation in the choice of$
donor orinhibitor, route of administration and dosage regimaes well as chosemethod of

inducing disease or injury.

Although HS has wide implications in different inflammatory disease conditions, this chapter

is primarily focused on the inflammatory role of3+in the pathophysiology of sepsis
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Model of disease/injury Species Treatment/approach Type of Reference
inflammatory
H,S inhibitor H,S donor response
CLRnduced sepsis Mouse SiRNA (7 mg/kg) i.v| Pro-inflammatory (126)
CLRnduced sepsis Mouse PAG (50ng/kg)i.p. | NaHS Pro-inflammatory (142144)
(180umolrkg) i.p.
LPSnducel endotoxaemia | Mouse PAG (50ng/kg)i.p. Pro-inflammatory (145)
10mg/kg ip.
LPSnduced endotoxaemia| Mouse PAG (113ng/kg) NaHS (30 Proinflammatory (146)
~4pug/kg ip. s.C. pmol/kg)s.c.
LPSinduced endotogemia | Rat PAG (50ng/kg)i.p. Pro-inflammatory (147)
1mg/kg ip.
Burns injury (30% exposur§ Mouse PAG (50ng/kg)i.p. | NaHS (180 Proinflammatory (148)
for 8s) pmol/kg)i.p.
Caeruleirinduced Mouse SIiRNA (7 mg/kg) i.v| Pro-inflammatory (149)
pancreatitis; 5Qug/kg/hr,
10 hours, i.p.
Caeruleirinduced Mouse CSE gene deletion Proinflammatory (229)
pancreatitis; 5Qug/kg/hr,
10 hours, i.p.
Caeruleirinduced Mouse PAG(100 mg/kg) Proinflammatory (150, 151)
pancreatitis 50 pg/kg/hr, i.p.
10 hours, i.p.
Sodium aurocholate Rat PAG (80ng/kg)i.p. | NaHS (28 Proinflammatory (152)
induced pancreatitis pumol/kg)i.p.
Haemorrhagic Shock Rat PAG (50ng/kg) Proinflammatory (153)
Carrageearrinduced hind | Rat PAG (50ng/kg)i.p. Proinflammatory (154)
pawoedema
MPp N, 2% [ulv)
intraplantar injection
Carrageenaiinduced hind | Rat PHE4i (2, 5, and 10 Proinflammatory (155)

pawoedema
Mpn BMWDH ™
intraplantar injection

mg/kg)i.p.
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CLPinduced sepsis Mouse PAG (50ng/kg)i.p. | NaHSLaws (10 Anti-inflammatory | (156)
100umol/kg)s.c.

CLPRinduced sepsis Mouse NaHS (100 Anti-inflammatory (157)
pmol/kg)s.c.

LPSinduced endotogemia | Rat SDiclofenac Anti-inflammatory | (158)

10mg/kg ip. i.p.

LPSnduced endotoxaemia| Rat GYY4137 (50 Anti-inflammatory | (159)

4 mg/kg iv. mg/kg)i.v.

Burns injury (40% exposurd Mouse NaHS (36 Anti-inflammatory | (160)

for 10s) pmol/kg)s.c.

Caeruleirinduced Mouse ACS15 (1Bhgkg) | Anti-inflammatory | (161)

pancreatitis; 50ug/kg/hr, i.p.

10 hours, i.p.

L-arginineinduced Rat PAG (50 mg/kg) i.p.| NaHS (5, 10, 20r | Anti-inflammatory | (162)

pancreatitis 100 mg/kg).p.

250 mg/100g i.p.

Renal ischaemia Rat PAG (50ng/kg)i.p. Anti-inflammatory | (163)

reperfusion, 45min

Renal ischaemia Rat NaHS (0.15mol) | Anti-inflammatory | (164)

reperfusion, 60min i.p.

Renal ischaemia Pig NaS (1.28 Anti-inflammatory (165)

reperfusion, 60min pmol/10min)i.v.

Haemorrhagic shock Rat PAG (50ng/kg)i.v. | NaHS (3.57 Anti-inflammatory | (166)
pmol/kg)i.v.

Carrageenafinduced knee | Rat N&S (5 Anti-inflammatory | (167)

joint arthritis nmol/joint) i.a.

10pL, 2% i.a.

Carrageenainduced knee | Rat PAG (0.47g/joint) | Laws (3.6 Anti-inflammatory | (168)

joint synovitis i.a. pmol/joint) i.a.

Carrageeaninduced hind | Rat SDiclofenac Anti-inflammatory | (169)

pawoedemal50pL, 2% (11.847.2

w/v, intraplantar injection pmol/kg)i.p.

Colitis Rat PAG (50ng/kg/) NaHS (1.7ng/kg) | Anti-inflammatory | (170)

i.p. Laws (12.Ing/kg)

i.c.

Myocardial ischaemia Rat NaHS (54 Anti-inflammatory | (171)

reperfusion injury pmol/kg) i.v.
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Table 1.2Summary of studies investigatinthe role of hydrogen sulfide(H.S)in animal models of
disease/injury.This table shows reported role ob$lin different inflammatory experimental disease
animal models and injury. Studies used different approaches to modulate endogenSulevéls
results are mixed,l®wing both pre and antiinflammatory effects of k& even in similar models of
disease. However, there appear to be differences between studies such as variations in the choice of
H.S donor or inhibitor, route of administration and dosage regime, as aglthosen method of
inducing disease or injury. (i.p., intraperitoneal, s.c., subcutaneous; i.v., intravenous; i.a.,
intraarticular; i.c., intracolonic; PAG, ptopargylglycine; NaHS, sodium hydrogen sulfide; anébNa
disodium sulfide).

1.3.61 Role 6H:Sin sepsis

Understanding the role of 43 in sepsis and septic shock is particularly important due to the
high mortality rates associated with these conditions. Several early studies have confirmed
the inflammatory role of &5 in sepsis. Two animal medd of sepsis have been used to study

the role of HS:administration of the LPS endotoxin and @hdRiced sepsis.

Early studies used the Lifsluced endotoxaemia model to study the role ofSHn sepsis.
Injection of LPS resulted in an overproduction @idogenous &5, as shown by a marked
increase in plasma23 concentrations, CSE activity and CSE mRNA levels in liver and kidney
tissues associated with an increased inflammatory response, and by multiple organ damage
(127, 172, 173) Administration of NaHS aggravated endotoxaemduced leukocyte
infiltration of tissues and multiple organ damage, whereas these symptoms were alleviated
by pretreatment with CSE inhibit@L-propargyldycine (PAG)L74) In addition, formation of

H>S in endotoxaemia was greatly inhibited by -Neasing flurbiprofen, highlighting the
potential interaction betweerNO and ES in endotoxaemigl75) Together, these results
suggested that k6 had a proinflammatory role in LP$duced endotoxaemia. In contrast,
other studies have reportedJ3 has an aninflammatory role. For example, studies withSH

donors &diclofenac and GYY4137 have reported decreased leukocyte infiltration, cytokine
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and eicosanoid genation, andNFkBactivation in LP8duced endotoxaemiél58, 176) The
discrepancy between different studies might be due to differences in the useStibhors
and inhibitors, the route of administration and dage regime. Furthermore, irrespective of
the pro- or antrinflammatory role of HS, LP#$ducedendotoxaemia does not mimic the

cytokine profiles or hemodynamic changes of human se€p3is

To avoid the limitations of LA&duced endotoxamia as a model for sepsis in humgms,

the inflammatory role of &5 was studied using another animal disease modekir@iLieed
sepsis. In recent years, Bhatia and colleagues have shown that significantly increased
expression of CSE and3Hevels are associated with leukocyte infiltration and organ injury in
CLPinduced sepsi$¢126, 140, 177)HS is also overproduced in the vascular tissues of rats
with experimental shock induced by GiobBuced &psis(178) Similarly, a preliminary study

in patients with septic shock showed there was a significant increase in plasgnkeels
compared with healthy control§l72) Converselyadministration of the CSE inhibitor PAG
decreased plasma-8 levels and inhibited leukocyte infiltration, liver and lung injury, and
improved survival following CtiRduced sepsi§l4, 140) A recent study used siRNA to silence
CSE genprotected mice against sepsisduced leukocyte infiltration and liver and lung
damage(126) Elevated levels of proinflammatory cytokines and chemokines correlated with
increased CSE expression, activity ag $ynthesis in CliRduced sepsi#43, 126, 173)and

the proinflammatory cytokine anghemokine response was further augmented wheis H
donor NaHS was administered to mice with sep4& 44) Treatment with PAGttenuated
activation of ERK2 and NFkB p65 and subsequent cytokine and chemokin@darction
following CLRnduced sepsi$43, 44) Together, these results suggested that the temporal

increase in CSE expression an8 Bynthesis during sepsis correlated with the occurrence of
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phoghorylation of ERK1/2 and activation of KB p65 and subsequently regulated

generation of proinflammatory cytokines and chemokines.

In contrast to the proinflammatory role, other studies have reported the protective effect of

H>S in CLéhduced sepsis.df example, it has been reported that administration ofSH
R2Yy2NAR adzOK +Fta bll{ FYyR [l sSaaz2yQa NBI3ISyid A
through a mechanism involving the activation gfrikchannels in Clidduced sepsi$156)

Similarly, another study using NaHS reported increased survival rates in mice by inhibition of

the C/EBP homologous protein 10 (CH@Mowing CL#hduced sepsi§l57)

Together, thesstudies have shown the inflammatory role ofSHn sepsis. Irrespective of the
type of sepsis disease modeb3-has been reported to have both pend anttinflammatory
effects in LP$hduced endotoxaemia and Clrifluced sepsis. These mixed results simgwv
both the pro and anttinflammatory effects of b6 are appear to be due to the use of different
pharmacological donors and inhibitors of;34 Dosage regime, route and time of
administration of HS donors and inhibitors may activate or inhibit differesignalling
pathways, which in turn produce either a pror antrinflammatory effect in sepsis.eéWwer

and more promising alternative tools are required to further investigate the complex

inflammatory role ofH:Sin sepsis.

1.4 Substance P(SP)
1.4.1 Biognthesis and physiological functions &P

SPis anll amino acid neuropeptideelonging to the tachykinin family and encoded by the
preprotachykininrA (PPTA) ger@79181){ t a KI NB& Gl OKe& | Megihiyah Q O2 Y
sequence Ph&-GlyLeuMet-NH, which is essential to interacting with its specific receptors
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and producing biological actiorf$82) SP is widely distributed in the central nervous system
and is released from nerve endings in several peripheral tissues, including the entire length
of the gastrointestinal tract and the pancre@d$33-186) Although SP has been described as a
peptide of neuronal origin, studies on rodents have demonstrated that it is produced by
inflammatory cells such as macrophag&87) eosinophilg188)and dendritic cell§189) The
biological actions of SP are mainly mediated through a family of rhoddigsirlGprotein-
coupled receptors, of which neurokinihreceptor (NKLR) has the highest affinity for SP
(190) The most widely known roles of SP are in nociception and neurogenic inflammation
(191, 192) However, the diverse exession of NKIR suggests that SP also elicits local
vasodilation and increases microvascular permeability and plasma extravasation, thereby

enhancing the delivery and accumulation of leukocytes in inflamed tid® 194)

1.4.2 The role of Bin sepsis

SP acts as a proinflammatory mediator in sepsis and studies in both experimental and clinical
sepsis have provided evidence of its proinflammatory role. For example, in boihdiR8d
endotoxaemia and CLiRduced sepsis SP levels were significantlyemsed in plasma and

lungs and were associated with lung injt@5200) Similarly, in patients with postoperative
sepsis, circulatory levels of SP (related to the lethal outcome of sepsis) were significantly
elevated (201-203) Intervention studies using NKR antagonists and mice deficient in the
PPTA genwvere protected against endotoxaemia and sepsiuced lung injury(196, 198

200) These data suggest that SP has a proinflammatory role in sepsis and associated organ

damage.

An increased inflammatory response and organ injury throughnitdiated activation of SP

and NKIR has also been reported in sepsisS Hipregulates theyeneration of SRand
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activation of NKLRin CLHnduced sepsig141) both of which are further augmented by
administration of NaHS204) Conversely, administration of PAG reduced SP levels and NK
1Rfollowing sepsi¢141, 205, 206)However, the mechanisms ob&mediated regulation of

SP production and NKR receptor activation remain to be elucidated.

1.5 Liver and liver s inusoidal endothelial cells

1.5.1Anatomyand functionof the liver

The liver is the largest organ in the body and is responsible for multiple dynamic functions. As
the principal organ for maintaining systemic homeostasis, the liver has a major role in the
metabolism, synthesis, storagdetoxification and secretion of numerous substra{@97)

The live is also vital in maintaining and establishing immune functi(@@8) The liver
synthesises plasma proteins such as albumin and is involved in the metabolism of lipoproteins
and bilirubin, together with bile formation and secretion. It also plays a key role in nutrient

storage and the processing and regulation of blood glu¢aes)

Anatomically, the liver is located in the upper right quadrant of the abdominal cavity. An adult
human liver weighs approximately two kilograms and compris@s5?4 of total body weight.

The liver is functionally divided into mainly four lobes: left, right, median or quadrate and
caudate, which are further subdivided into eight segments by divisions of the right, middle
and left hepatic veins, with each segmemceiving blood from its own portal pedicle.
Uniquely, the liver receives its blood supply from two main sources: the portal vein and
hepatic artery. Seventy percent of its blood is from the portal vein, which carries
deoxygenated blood from the splanchmicculation system while the remaining 30% comes

via the hepatic artery, which carries oxygenated bl¢20)(Figure 1.4).
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Figure 1.4 Segmental anatomy of the liver (adapted from Siriwardena et al., 20Adatomically,
the liver divided into eight segments by divisions of the right, middle and left hepatic veins, with each
segment receiving blooddm its own portal pedicl€10)

The functional units of the liver are described as interconnecting lobules. Lobules are
hexagonal in shape and contain a central vein surrounded by repeating branches of the portal

triad (portal vein, bile ducts and heppah O I NISNE O ® 5SLISYRAY3I 2y (K
central vein and portal triads, each lobule is classified into three anatomical zones: periportal

or portal zone, midzonal or midlobular zone and centrilobular or central zone. In addition to

the classtal lobular delineation, the functional units of the liver are classified as acini, each of

which are divided into three zones according to the level of oxygenation and nutrient
exposure of the cells. Zone 1 contains cells receiving the most oxygenateditimht-rich

blood (located closest to the portal triad), while zones 2 and 3 respectively contain cells that

are exposed to less oxygenated and less nutrigstt blood (remote from arteriolar blood
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and located in the microcirculatory periphery of theirsus)(211). The zones are depicted in

Figure 1.5.

Figure 1.5 Diagrammatic representation of the classic lobule and liver acinus (adopted from Cattley
etal, 2002)5 SLISYRAY 3 2V nitKtS thel chidBdl i andINd@tat friads, each
lobule is classified into three anatomical zones: peripatele (close to the portal triad),
midzonalzone and centrilobular zonelose to the central veinThe functional units of the

liver are classifid as acini, each of which are divided into three zones according to the level of
oxygenation and nutrient exposure of the cells. Zorexgdosed tomost oxygenated and
nutrient-rich blood(close to the portal triad), zon2 andzone3 exposed to less oxyuogted

and less nutrientich blood(close to the central veirf211)

1.5.2 The liversinusoid

The liver sinusoid is a unique and highly specialised capillary blood vessel. These channels
have an aerage diameter of approximately 7 to 10 um and connect the portal venous system
with the terminal hepatic veins in the centre of the hepatic lobu{2%2) Blood flow is

relatively slow in the liver sinusoids and allows for prolonged contact with the hepatocytes.
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The smaller diameter and slow blood flow facilitate metabolic exchange beta#erent

blood and the hepatic parenchyma, which may play an important role in immune surveillance
and cellular interactions. Flow of arterial and venous blood is regulated by contractions of
sphincters in the walls of the sinusoifisl3) The hepatocytes, arranged in single cell plates,
are separated by sinusoids. The space between the sinusoidal wall and the hepatocytes is
called space of Disse. Therefore, through its basolateral surfacthargpace of Disseach

hepatocyte has access to the blood and its con{@it)

Four types of cells constitute the liver sinusoid: liver sinusoidal endothelial cells (LSECSs),
Kupffer cells, stellate cells (also known as Ito cells or fat stareli@® and pit cells, each with
specific morphology and function. LSECs constitute approximately 20% of liver cells, Kupffer
cells 15% and stellate cells 5%. Depending on the disease process, each cell type can undergo
morphologic or quantitative changg215, 216) This chapter mainly focuses on Kupffer cells

and LSECs and their role in the inflammation associated with infection.
1.5.3Kupffer cells

Kupffer cells are the resident macrophages in the liver sinusoid. They differentiate from yolk

sac cells and represent 898> 2F (G KS 02 R& Qa (2NBIAAKRHaf dellsY | ONE L
are mainly located in the lumen of the liver sinusoids, usually in close proximity to endothelial

cells, and play a key loin host defence, homeostasis and regulation of metabolic functions

in the liver (218) The major function of Kupffer cells is to clear particulate and foreign
materials from portal circulation. Substrates including microorganisms, endotamtohsnd

foreign cells, complement components, immune complexes and collagen fragments, are

phagocytosed and degraded by the Kupffer d@z0)
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1.5.3.1Kupffer cells role in infection anéghflammation

Kupffer cells play an important role in the cleaca of pathogenic substances carried to the
liver through portal circulation and regulate immune and inflammatory responses. Pathogens
or endotoxins enter the liver through portal circulation are phagocytosed by Kupffer cells,
which activate specific memane receptors (such as TLR4) present on their suifazg)

TLR4 associates with CD14 on the surface of Kupffer cells, which then mediate erdotoxin
induced signal transduction and release proinflammatory medgat&upffer cells primarily
produce TN = o6dzi | f a2 20KSeanORMI2Y AlySag KdIOKI & ab i
(including superoxide) to modulate inflammatory and immune responses. Although these
cells and cellular responses are necessary to combatfegtion and endotoxin, persistently

high or overwhelming activation may result in an uncontrolled proinflammatory cascade,
leading to a systemic inflammatory response and potentially to multiple organ f4Ra22

224)(Figure 1.5

The role of Kupffer cells during infection and inflammation has been studied using
experimental disease models of iR8uced endotoxaemig221, 222, 225, 226nd CLP
induced sepsi§220, 227230) Inactivation of Kupffer cells using gadolinium chloride (¢dCl
was shown to protect against Lifsluced liver injury and inflammatio(222, 223, 231)
Increased sup@xide production and hepatic expression of TINE-m L [ | -6 iR redpfnse

to LPSnduced Kupffer cell activation was decreased by &@3ll-234) Similarly, inhibition

of Kupffer cell phagocytosis by Ggl@ttenuated sepsimssociated hepatic dysfunction by
reducing the expression of cyclooxygen2s€COX2) and modulation of inflammatory
response. At the same time, Kupffer cells released the-iafitimmatory cytokine H10 to

overcome the inflammatory respoes For example, the inflammatory response to
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endotoxaemia is downregulated by the local release dfQlirom Kupffer cell§235) These
results suggest that Kupffer cells play a crucial in regulating inflammatory response associated

with infection and endotoxaemia.
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Figure1.6 RPole of Kupffer cells in sepsiSteps involved in the Kupffer eslédated inflammatory
response during infection: 1) Entering of bacteria and their components into the gastrointestinal tract
(GIT). 2) Translocation of bacteria and their components from the GIT into the liver via portal
circulation. 3) Activation of Kupfferells. 4) Release of cytokines and chemokines from activated
Kupffer cells. 5) Migration of chemokines into systemic circulation. 6) Migration of neutrophils from
circulation into the liver. 7) Activation of neutrophils and transformation of monocytes to
macrophages. 8) Engulfment of bacteria and their components by macrophages and neutrophils. 9)
Release of cytokines and chemokines from activated neutrophils and macrophages. 10) Migration of
cytokines and chemokines into systemic circulation. lbtjease inflammatory mediators in
circulation leading to a systemic inflammatory response. 12) Multiple organ féag2&224)
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The role of Kupffer cells in multiple organ injury (particularly lung injury) and systemic
inflammatory response was also investigated using different experimental inflammatory
disease models. For example, it has been shown that treatment with; @tt€@huates LPS

induced pulmonary injury by decreased activation of casgga$236) Similarly, ozone

induced pulmonary injury was abrogateby pretreatment with Gd@I(237) In contrast,
pretreatment with GdGlincreased leukocyte infiltration intthe lungs as well as chemokine

levels in LR#iduced lung alveolitis and endotoxaenfZ®?3, 234) Furthermore, pretreatment

with Gd decreased expression of astiflammatory cytokine H10 in CLinduced

peritonitis (230) Despite the local effects on liver and lung injury, mice pretreated withsGdCl
showed significant increases in mortality in @hduced sepsig227) Convesely, rats

pretreated with GdGI showed decreases in mortality by suppression of superoxide
production associated with endotoxaen (226, 238) Addiionally, both GdGland clodronate

liposomes have been shown to lower serum levels of-TNF6 Arjd Ikmi = g KA OK 4 S|
increased following LF8duced endotoxaemia and sepgia20, 225, 228, 239However,

treatment with GdQGJ had no effect on elevated serum TRF £ S@Sfa Ay 20KSNJ R

(222, 226, 240)

The results of previous studies on the effect of Gd@lliver and lung injury and the systemic
inflammatory reponse indicate that there is currently a poor understanding of the role of
Kupffer cells in different disease models of endotoxaemia and sepsis. This discrepancy might
be due to the use of different experimental disease models and observations of injury or
inflammation in only one organ rather than multiple organ systems. Studying the effect of
GdC4 on multiple organ injury or inflammation using a single disease model would help to

contribute a better understanding of the role of Kupffer cells in sepsis.
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1.5.4Liver sinusoidal endothelial celld.SECs)
1.5.4.1 Structure and functions of LSECs

LSECs are specialised endothelial cells lining the hepatocytes that form a barrier between the
sinusoidal blood and hepatic parenchyma, from which they are sepatatesgppace of Disse.
LSECs represents approximately2B846 of liver cells but only 3% of the total liver volume.
Unlike vascular endothelial cells, LSECs do not have an organised basement membrane (both
diaphragm and underlying basal lamina) and are fenésttaLSECs fenestrations are pores
that range in size from 50 to 250 nm in diameter. Most LSECs fenestrations are aggregated
into groups of 16100 called sieve plates, which together with the subendothelial space of
Disse (containing an extracellular majrconstitute the liver sievg241) These fenestrations

are surrounded by a dense filamentous ring of actin (fenestragissociated cytoskeleton),

while the sieve plates are surrounded by a network of microtubules. The fenestrated
sinusoidal endothelium acts as a dynamic filter to exchamhgdsf, solutes and substrates
between the sinusoidal blood and the space of Disse, sieving substrates on the basis of size
(242, 243) The sinusoidal endothelium also acts as a scaveggtema: endothelial scavenger
receptors are responsible for clearing blood of physiological waste products such as oxidised
low density proteins, matrix components and advanced glycation end products from normal

cell turnover(244)

LSEC porosity is determined by fenestration frequency (B/jand fenestration diameter
(FD). The natural porosity of the liver sinusoid increases from the portal triad (zone 1) towards
the central vein (zon8) owing to slight increases in fenestration frequency and perhaps also

an increase in fenestration diameter. It has been demonstrated that there are approximately
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double the number of sieve plates and fenestrations per sieve plate in the pericentral

sinusoids than in the periportal sinusoi@216)

1.5.4.2Alteration of LSEQenestration

LSEC fenestrations are dynamic structures and alteration in their size and number can affect
hepatic traffickingof lipoproteins and other endogenous substrates across the sinusoidal
lumen and space of Disse, influencing liver function. Loss of fenestrae is called defenestration
and can be due to reductions in fenestration size and/or fenestration numb8EC
fenedration diameter and frequency cawary between and within specigseviewed by
Wisseet al) (245) For example, New Zealand white rabbits have smaller fenestrations than
rats and more fenestrations than chickefi16-248) Changes in fenestration diameter and
number ae also observed in response to various biological mediators such as hormones
(serotonin) (249) neurotransmitters (adrenaline and acetylcholine) and grovdictors
(vascular endothelial growth factor§}50) LSEC fenestrations are inducibteuctures and
cytoskeleton plays an important role in the formation and maintenance of fenestrae and liver
sieve; agents that alter sieve plate structure and porosity induce changes in cytoskeleton and
vice versa. For example, actin disrupting agents sigctytochalasin B51) jasplakinolides,
swinolide A and latrunculin A misakinolide (252) each with their own distinct actin

disrupting properties alter LSEC fenestration diameter and frequency.

Fenestration diameter and frequency can also be altered by a variety of processes affecting

liver function. Several studies have investigated the effects of acute and chronic exposure of

different substances and conditions on LSEC fenestrae and how these changes affect liver
function. For example, acute and medium exposure to alcohol inima#s/o or in isolated

LSECsn vitro is associated with increased LSEC fenestration diameter, frequency and
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porosity. In contrast, with chronic lorigrm alcohol intake, humans and mice display LSEC
defenestration(253-255) Drugs such as pantethine increase LSEC porosity, whereas nicotine
decreases fenestrae diameté?256) In addition, the carcinogen dimethylnisamine(257)

and surfactant poloxame#07 reduce LSEC porosity by decreasing fenestration frequency,
which leads to defenestration. Pathological conditions such as liver cirrhosis and fibrosis
(258) oxidative stres§259, 260) endotoxaemia, infection, inflammatiq@61, 262and more

recently, normal ageing, have alsodmeassociated with loss of LSEC fenestrae.

1.5.4.3 Infection, inflammation and LSEC fenestrae

LSEC fenestrae are often altered in liver diseases associated with infection and inflammation
and their lesions may contribute to the downstream functional impe&nt of parenchymal

cells. Inflammatory mediators released from Kupffer cells and LSECs play a role in the loss of
LSEC fenestrations. Excessive stimulation of Kupffer cells and LSECs during infection or
endotoxaemia leads to secretion of an array of maéors including proinflammatory
cytokines and biologicaHgctive free radicals (oxygen and nitrogen radicals), which lead to
LSEC damage and hepatocyte inf2%5, 261263) For example, it has been shown th&3.
induces defenestration in LSECs by the release of proinflammatory mediators from activated
LSECs and Kupffer cqlB35, 261) Recent evidence has shown thiateraction between
programmed death (B-1) molecule of Kupffer cedland programmed death ligarid(PDL1)

of LSECs potentiate LSEC injury in s€@&8) These results suggest that inflammatory
mediators released from Kupffer cells and LSECs play a crucial role in the alteration of LSEC

fenestrae.
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1.6 Research rationale, hypothesis and objectives

Sepsis and septic shock are common and serious medicdeprsiin severely ill patients and
leading causes of morbidity and mortality in medical and surgical intensive care units. The
inflammatory response is an integral part of sepsis and the systemic inflammatory response
to bacterial infection during sepsis ©haracterised by coagulatory, hemodynamic and
metabolic changes that contribute to the progression to septic shock, MODS and even death.
Although antibiotic treatment may efficiently eradicate the infection, it does not specifically
reverse systemic inflamation and its sequelae. In addition, clinical approaches based on the
cytokines (inhibition of cytokines) have failed to improve the outcome in septic patiants.
better understanding of the mechanisof sepsis and its sequet may identify novel target

for the development of new and effective therapies

Recent research has shown thatSHacts as a mediator of the inflammatory process in
experimental disease models of sepsis. Although previous studies have indicated the
importance of HS in sepsis usiNPAG, pharmacological inhibitor of the CSE enzyme, #d H
donors such as NaHS,48aand GYY4137, these drugs have limitations to use for investigating
the role of HS in sepsi$43, 44, 140, 141, 174, 177, 205620For example, PAGak non
specific actions, includirgteration of homocysteine metabolis(@64)and inhibition of AST
(265)andALT(266)enzyme activitiesyhich are unrelated to CSE enzyme inhibition. Similarly,
the therapeutic potential of 6 donors are limited due to difficulties in obtaining precisely
controlled concentrations anthe possible toxic impact axces+-S(133, 172, 176, 267)n
addition, the use of these drugs in different investigations have reported bothgmo antt
inflammatory roles of b6 in sepsis. These contradictory results showing bothard antt

inflammatory effects of k6 appear tde due to the use of different pharmacological donors
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and inhibitors of HS.Newer and more promising alternative tools are required to further

investigate the compleinflammatory role oH:Sin sepsis.

The gene deletion approach overcomes the disadages of IS inhibitors and donors and
offers a definitive method for investigating the role ofSHin sepsis. Hence, the first part of

this thesis (Chapters 3 to 5) uses mice deficient in the CSE gene to study the potential role of
H>S in CLéhduced seps, examines theunderlying mechanisms by whidi.S regulates
inflammation and explores interaction between>® and SP in regulatingflammatory

response in sepsis

Kupffer cells are tissueesident macrophages in the liver. They play a crucial role én th
clearance of invading pathogenic substances from portal circulation and subsequent
inflammatory response during sepsis. Numerous efforts have been made to elucidate the role
of Kupffer cells in liver and lung injury, inflammation and systemic inflammagsponse in
different experimental disease models using G@@d clodronate liposome@20222, 225

230) However, there are many divergent findings among the published studliesse
discrepancies might be du® the use of different experimental disease models and the
observation of injury or inflammation in only single organs rather than multiple organ
systems. Studying the effect of Gel@ multiple organ injury or inflammation usirgsingle
experimental dsease model of sepsis that closely mimics human seusikl help contribute

a better understanding of the role of Kupffer cells in sepdence, the second part of this
thesis (Chapter 6) uses Ggl@ explore the role of Kupffer cells in liver and luimgury,

inflammation and systemic inflammatory resmse in CL¥hduced sepsis

Liver sinusoidal endothelial cells (LSECs) play an important role in the exchange of

endogenous substrates between sinusoidal blood and hepatic parenchyma. Although the
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physiobgical and pathological significance of LSEC fenestrae has been increasingly
recognised, understanding the structural changes in LSEC fenestrae during sepsis is still at
early stage. Studying structural alteration of LSEC fenestrae will help contributerto
understanding of the systemic complications associated with sepsis. Previous studies have
demonstrated that inflammatory mediators, particularlyfNFh =~ LJ | ¢ | 1Se& NP
structural changes of LSEC fenestrae following sdpsigever, these studies were confined

to LPSnduced endotoxaemig235, 261, 262)Therwefore, to further explorestructural
alterations in LSEC fenestrateis necessary to use amimal model of sepsighat mimics

human sepsisFurthermore, the roles of 43 and SP (as a mediators of inflammation) and
Kupffer cells (as key resident macrophages) in the modulation of LSEC fenesitngesdpsis

have not yet been elucidated. Therefore, the third part of this thesis (Chapter 7) explores
structural alterations in LSEC fenestrae following sepsis and examines the effects of Kupffer
cell inactivator Gde| as well as gene deletion of,$yrthesising enzyme CSE and SP

encoding PPTA on sepsisiuced structural alterations in LSEC fenestrae.

The fatal outcome in sepsis is mainly due to an overwhelming inflammatory response and
subsequent multiple organ failure. However, clinical approachesedbaon inflammatory
cytokines (inhibition of cytokines) have failed to reduce fatal outcomes in septic patients.
Studying the roles of novel inflammatory mediators such £sahd SP will help contribute to

our understanding of the underlying mechanismstioé inflammatory process in human
sepsis with the aim of improving the outcome of sepsis. Previous studies using different
experimental sepsis models have shown the importance & id sepsi$43, 44, 140, 141,

174, 177, 205, 206)however, the importance of 43 in patients with sepsis remains to be

elucidated. In additioncirculatorySP levels have been assessed in septic patients; however,
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these studies mainly focused dme comparison of septic patients withellthy controls and
septic patientswho survived compared to those who died. Furthermore, results contradict
each other(201-203) It is clear that healthy controls are very different physiologically from
patientswho are acutely unwell, and acutely unwell rseptic patients experience a wide
variety of activated stress responses that may modulate the response to sepsis. Studying the
role of BS and SP in human sepsis (associated with infection) in comparisotiiotpavith
similar disease severity and organ dysfunction from-imdactious complications is therefore
important in the understanding precise role of3and SP in sepsis; however, this remains to
be elucidated. The final part of this thesis (Chapteth&refore explores the alteration of
circulatory HS and SP in septic patients and their possible association with inflammatory
response in septic patients compared to severely ill patients with -intectious

complications admitted to the hospital ICU.

1.6.1 Hypothesis

The hypothesis of the present thesis was to determine whetherde8ized HS, SP and
Kupffer cells modulate the inflammatory response, organ injury and LSECs fenestration in CLP
induced sepsis. To investigate this, mice deficient in tBE §ene ($synthesising enzyme),

mice deficient in the PPTA gene (SP encoding gene), and mice treated wiglikag@er cell
inhibitor) were used. Furthermore, the thesis was to determine whether alteration of
circulatory HS and SP levels correlatelmihe inflammatory response in septic patients. The

schematic representation of thesis hypothesis depicted in Figure 1.7.
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Figure 1.7Schematic representation of hypothesis.
1.6.20bjectives

The objective of this study was to investigdkee role of HoS, SP and Kupffer cells on the
inflammatory response, organ injury and LSEC fenestration followingn@uéed sepsis.
Further, these studies aimed to investiggbessible assciations between circulatorkhS and

SPlevelsand the inflammatory response septic patients.

More specifically, the studgought to examine:

1) The role of HSon systemic inflammation anorganinjury in CLRnduced sepsis.

2) Theunderlying mechanisms by which$regulates the inflammatory response in CLP
induced sepsis.

3) The roé of BS in regulating the production and release of SP and the activation-of NK
1R in CL#hduced sepsis.

4) The role of Kupffer cells on CLP segsduced organ injury, inflammation and

systemic inflammatory response.
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5) The role Kupffer cells,.8 and SProCLP sepsisiduced structural changes in LSEC
fenestrae.
6) To determine alteration in circulatory.B and SP levels and their association with the

inflammatory response in septic patients admitted to the ICU.
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Significance

The first partof the present study (Chapters 3 to 5) used mice deficient in the gene fo

r the

H>Ssynthesising enzyme CSE to study the role ofde8ized HS in sepsis. To the best of my

knowledge, this is the first time the role of G&&ived HS has been studied mgj CSE KO

mice in CLfhduced sepsis. Previous research has investigated the rolgSointsepsis usin

CSE enzyme inhibitor and31donors; however, pharmacological inhibitor and donors h

ave

limitations to their use for investigating the role o$$in epsis. For example, PAG has npn

specific actions such as alteration of homocysteine metabolism and inhibition of AST and ALT

enzyme activities, which are unrelated to CSE enzyme inhibition. Similarly, the thera
potential of BHS donors such as NaHSdaNaS are limited due to difficulties in obtainir
preciselycontrolled concentrations and possible toxic impact of excesS. th addition
dosage regime, route and time of administration afSHlonors and inhibitors activate
inhibit different signalhg pathways, which in turn produce either a poo antrinflammatory
effect in sepsisGene deletion technology overcomes the disadvantages of these inhit
and donors and offers a definitive approach to investigate the role ofde8t#ed HS in
sepss. The results of this study provide evidence that contribute to our understanding ¢
potential roles of endogenous G8e&rived HS in CL¥hduced sepsis and the underlyir
mechanisms by which endogenousSHregulates inflammation and organ injurysepsis.
Furthermore, the results presented in these chapters show the interaction betweSrahid

SP in regulating the inflammatory response in sepsis.

The second part of the present study (Chapter 6) used{&al@ivestigate the role of Kupffe
cells insepsis. This is the first study showing the effect of &OICICLP sepsiaduced liver

and lung injury, inflammation and the systemic inflammatory response. Kupffer cells p

peutic

g
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important role in inflammation associated with infection; however, the roidupffer cells

on the systemic inflammatory response and multiple organ failure iri@llRed sepsis i

[72)

unknown. This study helps to elucidate the role of Kupffer cells in liver and lung injury,

inflammation and the systemic inflammatory response iR-@duced sepsis.

The third part of the present study (Chapter 7) used three different approaches (Kupffer cell
inactivation, CSE gene deletion and PPTA gene deletion) to study the alterations in LSEC
fenestrae in sepsis. To the best of my knowledge, ithike first study to report structural

alterations in LSEC fenestrae following @idRced sepsis and the effect of GgJ@SE gen

D

deletion and PPTA gene deletion on CLP sépdisced structural changes in LSEC fenestrae.
LSEC fenestrae play a key ralethe transfer of endogenous substrates and mediators
between the sinusoidal blood and the space of Disse. Inflammation associated with infection
causes structural changes in LSEC fenestrae; however, the alteration of LSEC fenestrae during
inflammation &sociated with sepsis was unknown. This study demonstrates the strugtural
alterations in LSEC fenestrae following -@idaced sepsis and the role of Kupffer cells, CSE

or CSHlerived HS and SP on CLP sejistkiced alterations in LSEC fenestrae.

Finally the present study investigated the alteration in circulatopgtand SP levels and thei

1%
=

association with inflammatory response in septic patients as compared t&eptic patients|

with similar disease severity and organ dysfunction admitted to the [CHagter 8). The

A174

results of this study have increased our understanding of the role8fatid SP during the
inflammatory response in septic patients. They have also shed light on the correlation
between experimental sepsis and human sepsis with regartiégotoinflammatory role of

H.,S and SP.
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Chapter 2

Materials and m ethods

2.1 Materials

The DuoSé&Enzymeinked Immunosorbent Assafl(ISpADevelopment System (for TNFX
IL-6, I.mi 3 -lRahdMIPH h O | YR { dzo ®RachktatiliSdteir&nhefhdbgnzidine
and hydrogen peroxide mixtuyevere purchased from R&D Systems (Minneapolis, USK).
SP Enzyme Immunoass&}A kit was purchased from Peninsula Laboratories International,
Inc. (California, USA). TleansAmTM NKB p65 trarscription factor ELISA kit (Active Motif)
was purchased from Australian Biosearch (Wangarra, Australiag clone 4E11B7
monoclonal antibody against CSE was purchased from Abfi@wae( Taiwan).The abbit
monoclonal antibody against phospipd4/42 MAK (ERK1/2) and rabbit monoclonal anti
p44/42 MAPK (pERK1/2) antibody were purchased from Cellllgign@Boston, USAYhe
rabbit polyclonal antibody against glyceraldehydet®sphate dehydrogenase (GAPDH),
rabbit polyclonal IgG antibody against hypoxane phosphoribosyl transferase 1 (HPRT) and
goa anti-mouse Ig&HRP conjugatedecondary antibody were purchased from Santa Cruz
Biotechnology, Inc. (Texas, USHje abbit polyclonal antibody againstk1Rwas purchased
from Abcam (Victoria, Australidrestained recombinargrotein molecular weight markers,
30% acrylamide/bis solution anthe DC protein assayitkwere obtained from Bigad
(California, USA). dlt Protease Inhibitor Cockta@ind HaltPhosphatase Inhibitor Cocktail
were purchased fronThermo Scientific Pierce Protein Biold@gockford USA. Nitrocellulose
blotting YSYO NI yS FyR FAf (SNJI-861) Wwedlobtaided Iframy GE «
Healthcare (Little Chalfont, UK)he tiemiluminescence detection kit was purchased from

Perkin Elmer (Massausetts, USA). Glutaraldehyde, Grade | (25%.(),Hinc acetate,
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hexadecyltrimethylammonium bromide (hDMAB}alcium chloride anhydrougCaG)),
paraformaldehyde (powder, 95%jjchloroacetic acid (TCA3pdium cacodylate trihydrate
gadolinium chlorié hexahydratdGdC{.6H0), anmonium persulphate (APSf, € OSNR2 f = b Ql
tetramethylethylenediamine (TEMED)ween20, PLP,ekamethyldisilazangHMDS), L
cysteine, sulfuric acid ¢8Q), hydrochloric acid (HCI), Tris base, sodium dodecyl sulfate (SDS),
ethylenediaminetetraacetic acid (EDTA), MiNethykp-phenylenediamine sulfate (NNDM),
ferric chloride (Fe@), 2mercaptoethanolN-ethyl malemide (NEM),sodium chloride (NaCl),
potassium chloride (KCI), sodium hydroxide (NaOH), sodium deoxycholate, sodium
dihydrogen phosphate (NaRQ), disodium hydrogen phosphate (M#PQ), potassium
dihydrogen phosphate (kAQ) and glycine were purchased from Sigdrich (St Louis,
USA. Sodium pentobarbital (60 mg/kg; 150 mg/kg), buprenorphine (Temgesic, 0.2mg/kg) and
isoflurane were obtained from Christctalr Animal Research Area (CARA) and the

commercial mice diet was obtained from Envigo (Cambridgeshire, UK).

2.2 Buffers and solutions

Table 2.1 List of different buffers/solutions and their preparation used in difiet assays and
experiments.

Buffers/solutions Preparation
PBS was prepared by dissolving 8 g NaCl, 0.2 g KCI,

Phosphatebuffered saline

(PBS NaHPQ and 0.2 g KHPQyin 1 L ultrapure watefprovided in

the facilityat University of Otag&hiistchurch).

TBS was prepared by dissolving 2.4 g Tris base and 8 g
Trisbuffered saline (TBS)
900 mL ultrapure water. pH was adjusted to 7.6 with eit
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NaOH or HCI and the final volume was adjusted to 1 L

ultrapure water.

Trisbuffered sahe-tween
(TBST)

TBST was prepared by adding 1 mL Tween20to 1 L of T

Transfer buffer

Transfer buffer for western blotting was prepared
dissolving 3.02 g Tris base and 14.4 g glycine in 500 r
ultrapure water. To this, 100 mL of methanol was ed@&nd

made up to 1 L with ultrapure water.

Running buffer

Upper tank buffer was prepared by dissolving 30 g Tris
144 g glycine and 10 g SDS in ultrapure water; final vol
was adjusted to 1 L with ultrapure water.

Lower tank buffer was prepared/talissolving 20 g Tris base
ultrapure water; final volume was adjusted to 1 L w

ultrapure water.

Western blotting blocking
solution

Western blotting blocking solution was prepared by dissol

2.5 g milk powder in 50 mL TBST.

1.5 M Tris (pH 6.8stock
buffer for stacking gel)

118.20 g Tri#dCl and 90.82 g Tris base were dissolved in
mL ultrapure water and pH was adjusted to 6.8 either w
NaOH or HCI. The volume was adjusted to 1L with ultra
water (solution cooled to room temperature @k making

the final pH adjustment).

1.5 M Tris (pH 8.8, stoc
buffer for stacking gel)

41.19 g TriHCl and 150 g Tris base were dissolved in 70

ultrapure water and pH was adjusted to 8.8 either with Na|
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or HCI. The volume was adjusted to 1L wilinapure water
(solution cooled to room temperature before making the fir

pH adjustment).

Protein loading buffer (3x

To prepare 45 mL of stock, 4.5 g of SDS was dissolved in
of ultrapure water and then 6.25 mL 1M Tris solution

adjusted to 6.3, 15 g sucrose, 1.5 mL of 100 mM EDTA &
mg bromophenol blue were added and stirred to dissg
before the addition of 7.2 mL -Bercaptoethanol; fina

volume was adjusted to 45 mL with ultrapure water.

10% stacking gel

10% stacking gel was prepareg &dding 1.67 mL of 30% B
acrylamide to a mixture of 1.25 mL FHEI buffer (1.5 M, pH
8.8), 1.98 mL ultrapure water, 50 pL of 10% (w/v) APS ar
puL of 10% (w/v) SDS. 5 uL TEMED was added immec

prior to pouring the gel to initiate polymerisation

5% resolving gel

To prepare 5% resolving gel, 0.83 mL of 30%@&idamide
solution was added to a mixture of 0.63 mL HiS| buffer (1
M, pH 6.8), 3.4 mL ultrapure water and 50 pL of 10% (
APS, 50 pL of 10% (w/v) SDS. 5 pL TEMED was
immedately prior to pouring the gel to initiatg

polymerisation.

Radioimmunoprecipitatior]

assay (RIPA) buffer

RIPA buffer was prepared by dissolving 10 mM-CFid mL
(pH 8.0), 1 mM EDTA (186 mg) (EDTA), 140 mM NacCl (50

1% Triton XLOO (5 mL), 0.1% daum deoxycholate, 0.1% SI
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(500 mg), 0.9 % N&O (4.5 mL) and halt protease inhibit
cocktail (1:100) in ultrapure water; final volume was adjus

to 500 mL with ultrapure water.

Sodium phosphate buffe
(pH 7.4)

Sodium phosphate buffer (1 L) was pregé by combining
774 mL NabPQ and 226 mL N&IPQ. pH was adjusted t

7.4.

Neutral phosphate
buffered formalin (10%)

To prepare 1L of 10% neutral phosphdigfered formalin,
100 mL of 37% stock formalin was added to 900 mL ultra
water and then neutalised by dissolving 4 g Na#Q and 6.5

g NaHPQ into the solution.

Electron Microscopy (EM

fixative

To prepare 100 mL EM fixative, 8 g paraformaldehyde
dissolved in 25 mL ultrapure water by heating°@®p 10 mL
of 25% glutaraldehyde, 50 mL of20M sodium cacodylat
buffer, 2 g sucrose and 2 mL of 2 mM Ga@ke dissolved ir
the solution. pH was adjusted to 7.4 either with NaOH or
and the final volume was adjusted to 100 mL with ultrap

water.

0.2 M Sodium cacodylat
buffer

700 mL of 0.2M sodium cacodylate buffer was prepared
dissolving 22.9 g sodium cacodylate trihydrate then adc

25.2 mL of 0.2 M HCl in 674.8 mL ultrapure water.

0.1 M Sodium cacodylat
buffer

1L of 0.1 M sodium cacodylate buffer was prepared
combining equaVolumes of 0.2 M sodium cacodylate buff

(500 mL) and ultrapure water (500 mL).
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250mM L-cysteine 250 mM Lcysteine was prepared by dissolving 30 mg

cysteine in 1 mL of 20 mM pH 7.4 sodium phosphate buff

2 N HSQ 100 mL of 2 N #Q was preparedby adding 5.5 ml

concentrated HSQ to 94.5 mL ultrapure water.

30 mM FeGl 30 mM FeGlwas prepared by dissolving 4.86 mg E@C1 mL
of 1.2 M HCI.

18 mM PLP 18 mM PLP was prepared by dissolving 5 mg PLP in 1 ml
mM NaHPQ.

20 mM NNDM 20 mM NNDM was prepared by dissolving 4.18 mg NNDI

1 mL of 7.2 M HCI.

2.3 Mice

All mice were maintained in the Christchurch Animal Research (@ARA) under specific
pathogenfree (SPF) conditions and were allowed free access to rwatel sterilised
commercial mousaliet. Experiments were performed usingale miceaged between 8 and
10 weeks old (weight 2880 g). C57B6J, CSE KO (on a C57BL/6J backgrow#d)B/c and
PPTA KO (on a BALBackground) mice were obtained from the CARRTA KO mice were
a gift from Prof. Allan Basbaum, University of California, San FranciscoCS5AKO mice
generated by crossing CSE heterozygous @amckewvere a generous gift from Dr. Isao Ishii,
Graduate School of Pharmaceutical Sciences, Keio University, Japan. Atherfseewere
approved by the Animal Ethics Committee of the University of O@gastchurch (protocol

numberC3/13) and were performed according to dstiahed university guidelines.
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2.4 Induction of polymicrobial sepsis in mice

Caecaligation and punaire (CLR)nduced sepsis was inducextcording to apreviously
described protocol with minor modificatior{268) Mice were randomly assigned &ther a
control (sham) or experimental group (CLP sepsis). Mice were lightly anesthetised with
inhaled isofluraneZ% isoflurane in 1 L/mi@,) and maintainedvith isoflurane during surgery
(1.5% isoflurane in 1 L/min2 Buprenorphine (Temgesic, 0rBg/kg, subcutaneously, s)c.

was administered 45 mins prior to surgery for analgesia. Sterile surgical techniques were used
to perform the CLP peration. After shaving the abdominal fur, a topical disinfectant was
applied. Thereafter, a small midline incision was made through the skin and peritoneum of
the abdomen to expose the caecum. The caecal appendage was ligated with silkam 5.0 thread
at 810 mm from the tip of the caecum withowkccluding the bowel passage then perforated

in two-evenly spaced locations at the distal end of the caecum with a 22 gauge (22G) sized
needle. Followinghis, a small amount of stool was squeezed out through botlesidtinally,

the bowel was repositioned and the abdomen was sutured with sterile permilene 5.0 thread.
Mice in thesham operationgroup underwent the same procedure without caedmjation

and puncture.

Gadolinium chloride (Gd£[L0 mg/kg), a setdive nhibitor of Kupffer cell activation or saline
was administeredbefore the CLP or sham operation (prophylactiE)ght hoursafter the
operation, mice were euthanised by an intraperitoneal (i.p.) injectiora ¢éthal dose of
sodium pentobarbital (150 mg/RgBlood samples were withdrawn from the right ventricle
using heparinised syringes and centrifuged (1,000 g for 5aif<). Thereafter, plasma was
aspirated andstored at-80°C.Samples of liver and luntissues were stored at80°C for

subsequent mesurement.
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2.5 Western blotting

Liver and lung tissue lysates were prepared by homogenising ~50 mg ofvislsizeLabserv
homogenisein icecold RIPAuffer supplemented with dalt protease inhibitor cockta{and
halt phosphatase inhibitor cocktaibf p-ERK1/2). Theesulting homogenates weriacubated

at 4°C for 30 mins and centrifuge(d0,000 g for 10 mm at £Q. The clear lysates
(supernatants) were collected and measured for protein contesmgthe Bio-rad DC protein
assayandbovine serum dumin BSA protein standards as reference. Samples were run on
a 10% SDBAGE gel under reducing conditions vatiequd loading of 15 pg of protein from
each sample per welGels were rur{using the running bufferdt a constant 200 V until the
gel frant had run ouf then transferred(using transfer bufferpnto a 0.45mm nitrocellulose
membraneand runat a constant 100 V for 1 h using a0l system. Membranes were then
rinsed inTBSTnd blocked with 5% nefat dry mik preparedin TBST. Blots werait at the

37 kDa Mw marking and each portion of the membrane was probedC®E~42 kDa,;
1:1,000) anti-ERK1/2 and anp-ERK1/2444/42 kDa1:2,000), NKLR (~46 kDa; 1:1,000), and
GAPDH (=35 kDa; 1:2,000) or HPRT (~23 kDa; 1:in0floxking bufferovernightat 4°C.
Blots were then washedvith TBST three timefor 10 mins each therprobed with the
corresponding HRPonjugated secondary antibody (1:10,000) for 2 h at room temperature.
Blots were then washedith TBST three timef®r 10 mins each witta final TBS rinse for 5
mins.Blots wereincubated with a chemiluminescenseibstratefor 1 min and visualised on

a chemidoc systen (Uvitec, UK). Bands were sequiantitated usingAlliance 4.2 software
and compared for relative intensitiefRResults were xpressed as foldncrease over the

control.
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2.6 H2S-synthesising activity assay

H.Ssynthesigng activity in the liver and lung homogenatesre measured with a mdified
protocol based on the methodescribed previously269) Liver and lung tissue§-50 mg
each)were homogenisedising a Labserv homogenisar20 mM icecold sodium phosphate
buffer (pH 7.4) witha protease inhibitor coktail. The reaction mixture contained tissue
homogenate (230 pL) in 20 mM sodium phosphate buffer (pH #&)steine (10 pl250 mM)
and PLR10 pL, 18 mM). The reaction was performed in tightly paraséaled microfuge
tubes and initiated by transfeirig the tubes from ie to a shaking water bath at 3C. After
incubation for 30 mins, 1% /w zinc acetate (125 |Lwas injectedto trap evolved HS.
Subsequently, a mixture ®NDM(20 mM) in 7.2 M HCl and Fe(@0 mM) in 1.2 M HCI (133
uL, in 1:1 ratiowas injected Samples were left to incubate at room temperature in the dark
for 20 mins Following this, 10% v/VCA(25 uL) was added to denature the protein and stop
the reaction. After centrifugatiori20,000 g for 10 mins at’@) the absorbance of thelear
supernatant (200 uyL) was measured i 96well microplateusing aspectrophotometer
(Varioskan flash, Thermo Fisher Scientdich70 nm. The #b concentration was calculated
against a calibration curve afodium sulfide NaS. Results were then crected for the
protein content of the tissue sample determined by the -Bad DC protein assagnd

expressed as nmole-H formed per mg protein.

2.7. Plasma H:S measurement

Plasma BB levels were measured with a modified protocol based on the metiesdibed
previously(270) The reaction mixture contained plasma (QQL) 20 mM sodium phosphate
buffer (pH 8.5 (100 pL), {cysteine (10 pL, 250 mM), PU® uL, 18 mM)1% wv zinc acetate

(200pL)anda mixture oNNDM(20 mM) in 7.2 M HCI and Fe(@0 mM) in1.2 M HCI (8QL,
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in 1:1 ratio).Samples were left to incubate at room temperature in the dark for 20 mins
Following this, 10% v/v TCA (320 was added to denature the protein and stbpe reaction.
After centrifugation(7700 g for 5 mins at°€) the absorbance of the clear supernatdat0

pML) was measured ia 96well microplate using aspectrophotometer(Varioskan flash,
Thermo Fisher Scientifigt 670 nm.The HS concentration was atculated against a

calibration curve of N&5.Results were expressed as umbkS formed per rh plasma.

2.8 Tissue myeloperoxidase activity measurement

Leukocyte sequestration in liver and lutigsueswas quantified by measuring tissidPO

activity asdescribed previously with minor modificatio{s29) Tissue sanlps were thawed
andhomogenisedising a Labserv homogenisarice-cold 20 mM sodiumphosphate buffer

(pH 7.4) (50 mg/mlgupplemented witha protease inlibitor cocktail. Homogenates were

then centrifuged(10,000 g for 10 mins &°C) and the resulting fiet resuspended in 50 mM
phosphate buffer (pH 6.0) containing 0.5% W®MAB The suspension was subjected to

three cycles of freezing and thawing and further disrupted by sonication or2@8édower,

80% pulse for 48emnds). Samples were then centrifged (10,000 g for 5 mins 4¢C) and

the supernatant was used for the MPagtivity assay. The reaction mixture csisted of
AdzLISNY FGFyd 6pn >[ 02 &l hahdehpardxiRle mixduiedayesti K& f 6
@2t dzY S Y This mixture\ja® idzulbed at room temperature for ~10 mins for the colour

02 RSOSt2LJ YR (KS NBIOGA2Y ,.30. AsoibshdeMas/ | i SR
measuredusing a spectrophotometer (Varioskan flash, Thermo Fisher Scieati#50 nm

with a 570 nm correction. Thidaorbance was then corrected for the protein content of the

tissue sample using results from the Bawl DC protein assay. The results were expressed as

fold increassover the control.
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2.9 Morphological examination of liver and lung damage

Samples of lier and lung were fixed in 10% v/v neutral phosphhtgfered formalin for 24 h
at room temperature without rotation andubsequently impregnated in paraffin waefore
beingsectioned to 45 nm slices and mounted ontmicroscopic slides. Liver and lungstie
sections were dehydrated through a graded ethanol sg1€9% to 80%&nd stained by the
Christchurch Anatomical Patholo®epartment with hematoxylin anceosin. Three sections
were prepared for each liver and lusgmpleand were examined by light neroscopy using

a CarZeiss Ntroscope (Axiocam, Germanibjective lens magnification of x20; eyepiece
magnification of x10)Ten random images (Imager.Z1) fraach section of liver and lung
were taken and assessed for liver and lung pathology. Livsegeswere assessed for capsular
inflammation and lobular necrotic damage usimpdified Knodell Histology Activity Index
(HAI) of blinded scoring system of liver inj@®y1, 272) while lng sections were assessed
for leukocyte infiltration and alveolar wall thickening using blinded lung injury scoring system

suggested by American Thoracic Society guide(£3)

2.10 Measurement of sulfur amino acid homocysteine using HILIC-MS/MS

A hydrophilic interaction liquid chromatographyass spectrometry (HILNS/MS)
technique was used to measuh®mocysteindevels with a modified protocol based dime

methoddescribed previousl{274)

For measurement of homocysteine, liver and lung tissues (~58aunlg)were homogenised
using a Labserv homogeniser 1 mL sodium phosphate buffer (pH 7.4) wilprotease
inhibitor cocktailand centrifuged1,000 g for 10 mins at 4fCSupernatants were collected

separate tubes and protein content was measured usirggBiorad DC protein assay and
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normalised by diluting with sodium phosphate buffer (pH 7RWtein-corrected liver and

lung supernatants and plasmeere treated with an addition of fold excess of acetonitrile

to sample (2QuL ofthe sample with180 L of acetonitrile addedl The samples were left in

the freezer (20°C) for 30 mimthen centrifuged (1,000 g for 10 mins at°4) to collect the
supernatants. These supernatants were then injected onto the HISMAS for
measurement of horacysteine

Chromatography was performed using a Dionex (Sunnyvale, USA) 3000 HPLC. Separation was
achieved using Luna HILIC 100 x 2 mm, 3 micronwlfPhenomenex, Torrance, USA). The
sample (20 L) was injected with a gradient of twanlvents (solvent A, ammonium formate

20 mM, pH 4.2 and solvent &cetonitrile). Initial condibns were 85% B/15% A at 0.2/min

flow rate. This was held for 8 mins followed byradient of50/50 over 2.5 mins before re
equilibration. The olumn was held at 40°C and samples were kept at 4°C.

Effluent from the HPLC was directed to a Sciex (Framingham, USA) 4000 QTrap mass
spectroneter after the first 3 mins. Detection was performed usingcgigspray ioniation in

positive mode with multiple reaction monitoringvith needle spray at 4.%V, detector
temperature at 4°C and collisional energy of 24ofdocysteinewas monitored using.36.2

to 90 m/z and this analyte waalso confirmed using secondary ions. Data analysis was
performed using Analyst 1(&ciex, California, USA) armhiocysteine levels were expressed

as mass intensity in arbitra units (A.U.).

2.11 Preparation of nuclea r extract and determination of NF -[ "p65 activation

Nuclear extracts from liverral lung tissues were preparaginga Nuclear Extraction Kit as
RSAONAOGSR o0& GKS Yl ydzZFI OGdzNEND&a LINRPG202¢

homogenates were prepareddy homogenising ~50 mg tissue in 200 pl-ciolel Complete
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Lysis Buffer (10 mMithiothreitol (DTT (0.2 uL), lysis buffer (178 pL), protease inhibitor
cocktail (2 pL) anghosphatase inhibitor cocktgi20 L)) on ice usirglLabserv homogeniser

and inculated for 30 mins at 4C. Tissue homogenates were cénied (10, 000 g, 10 mins

at 4°C) and supernatd/nuclear extract was measurefdr protein content usinghe Bio-rad
DCprotein assay. The proteicorrected nuclear xtracts were used to measufd~kB p65
activation.

To monitor NFkB p65 activation in lier and lung nuclear extractg, TransAM N¥kB p65
Transcription Factor Assay Kias used followingi KS Y I ydzF I OG0 dzZNBNRa Ay a
described previously275) The kitconsists of a 98vell plate, oto which oligonucleotide
containing theNFkB consensus site (B5GGACTTT@Qis bound. The active form di~kB

p65in the nuclear extracts (20 pg) specifically binds to this consensus site and isisecbg

by a primary antibody specific for the activated form of p65N&kB. A HRPconjugated
secondary antibody provides the basis for the colorimetric quantification. The absorbance of
the resulting solution was measured 2 mins later (450 nm witference wavelength of 655

nm) using a spectrophotometer (Spectramax, Molecular Devices, USA). Theypeld
consensus oligonucleotide is provided as a competitoNiekB p65 binding to monitor the

specificity of the assay. Results were expressed as falglase over the control group.

2.12 Cytokine and chemokine measurement by enzyme -linked immunosorbent

assay

Liver,lungs and plasmaNFh >-6,ll-pi = -BahdMPHh GgSNBE YSI &dzZNBR dzi A\
Set kits from R&D&a GSYa I O02 NRA Y 3 siiptotocdl.Kiger anid Wirg¥ I O dzl
homogenates were prepared by homogenising ~50 mg tissue in 1 mL 20 mM sodium

phosphate buffer (pH 7.43upplemented witha protease inhibitor cocktail on ice usirgy
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Labserv homogeniseHomogenates were centrifuggd 0,000 g fo 10 mins at 4Q and 100

pL of the supernatant (or 100 pL of plasma) was used for each &ssely kit cosisted of a
capture and biotirconjugated detection antibody pair, standards and streptavidiRP
conjugate. ELISA specific plates (Corning, USA)finstreoated with capture anbody in PBS
overnight at room temperaturePlates were then aspiratedvashed with PBST (0.05% w/v)
and blocked with 300 of BSA (1% w/v) for 1 h at room temperatdmlowed by washing

and addition of 100vL samples or anhdards. After 2 h incubation, plates were decanted,
washedand100ni of biotinconjugated detection antibodyas addedAfter 2 h icubation,
plates were decantedyashedand 100 L of streptavidirconjugated HRW®as added After

a 20 min incubation, ptas were decanted, washeand 100 ni of substrate reagent was
added Plates were incudted at room temperature for upo 20 mins to allow the colour to
develop and the reaction was terminated by addition off@02 N HSQ. Plates were read at
450 nm on aspectrophotometer (Spectramax, Molecular Devices, USA) with a 570 nm
correction. Cytokine and chemokine levels were corrected for total prateitientmeasured
usingthe Biorad DC protein assay and expressed as pg or ng per mg protein in tissue samples

or ng per mL in plasma.

2.13 Measurement of SP levels

SPlevels in liver and lung tissues and plasma were measured trengeptide EIA Kk from

t SYyAyadzZ I [02NIG2NASa | OO2NRAyYy3I (2 GKS YIyd
(204, 275)Liver and lung tissues (~50 wfgeach were homogenised bgdding 1 mL iceold

P asay buffer (for plasman equal amount of assay buffeas addedon ice usingLabserv
homogeniser. The homogenates were centrifuged (17,000 g for 20 mi®@t and

supernatants were collecte@ levels were extracted usinigs cartridge columns (Bachem)
59



as described ithe Y I y dzF | O (i dzNB NIXudcolwin®vier: eifibded gsikdBuffer

A (1% trifluoroacetic acid, TFA) and thereafter, samples were loaded onto the equilibfated C
columns. The adsorbed peptide was eluted with Buffer B (60% acetonitrile, 1% TFA and 39%
distilled water). The samples were freedaed and recastituted in the SP assay buffer.

SP content in the samplegas determined with an Bkit according to the manufacturer's
instructions. Each kit emisted of a capture and bioticonjugated detection antibody pair,
standards and streptavidiflRP conjugat Sandards or sample&0 pL ofeach)and 25 pL
antiserum were added tprecoated (with captured antibody and blocked with 1% BSA) El
plates and incubated for 1 h at room tempgure. Thereafter, 25 pL biotioonjugated
detection antibody was added. A&it 2 h incubation, plates were decanted, washed with 300
pL EIA bufferand 100 pL of streptavidioonjugated HRRvas added. After a 20 min
incubation, plates were aspiratesvashed with 300 pL EIA bufiamd100 pL of TMB solution

was addedPlates were ioubated at room temperaturéor 30-60 mins to allow the colour to
develop and the reaction was terminated by addition of 100 pL 2$0OHPlates were read

at 450 nm on a spectrophotometer (Spectramax, Molecular Devices, USA) with a 570 nm
correction. Reslts were then corrected for the protein content of the tissue samples and

were expressed as ng per mg protein or ng per 100 pL plasma.

2.14 Measurement of procalcitonin levels

Plasma procalcitonin (PCT) waeasured usinghe ELISA DuoSet kit from R&Rstems
accordingli 2 (G KS Y ydzF I OHaczN\® bBisted bINMPcapfu@ 2ahddbiotin
conjugated detection antibody pair, standards anekptavidinHRP conjugate. ELFSpecific

plates (Corning, USA) were first coated with captureibandty in PBS®vernight at room
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temperature Plates were then aspiratedvashed with PBST (0.05% w/v) and blocked with
300nL of BSA (1% wi/v) for 1 h at room temperature followed by washing and addition of 100
nL plasmeor standards. After 2 h incubation, plates were deted, washedcand 100 i of
biotin-conjugated detection antibodwas addedAfter 2 h incubation, plates were decanted,
washedand 100 nL of streptavidin conjugateBiRPwas added After a 20 min incubation,
plates were decanted, washeahd 100 ni of substrate reagent was addedPlates were
incubated at room temperature foup to 20 mins to allow the colour to develop and the
reaction was terminated by addition of 58 2 N SQ. Plates were read at 450 nm on a
spectrophotometer (Spectramax, Molecular Deggc USA) with a 570 nm correctidACT

concentration wagxpressed as pg per mL in plasma.

2.15 Scanning electron microscopy

2.15.1Liver perfusion and fixation (primary fixation)

Sample preparation for scanning electron microscopy (SEM) was performéésaribed
previously(276) Eight hours after sham or CLP operation, mice were anaesthetisedawith
singlei.p. injection of sodium pentobarbital Bmg/kg). A large midline laparotomy incision
was made and ler and portal vein were exposed. The portal vein was cannulatedad®G
sized intravenous (i.vcannula. Liver perfusion was commenced first with approximately 5
20 mLPBYpH 7.4warmed to 37C)at a pressure of 15 cm heighthe vena cava was severe
before commencing perfusion to minimise outflow resistance and high perfusion pressures.
PBSwas thenreplaced withEMfixative and pefused for approximately 5 minsntil the liver

was hardened and very pale. Following adequate fixation, the liver wasesl, weighed and

placed in a small amount of fregMfixative. Random samples of liver were cut int@ tnn?
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blocks usin@ sharp scalpel andlockswere immersed in fresh EM fixative for approximately

24-72 h at4°C(postfixation).

2.15.2Processingf tissue blocks (secondary fixation)

After postfixation, the liver blocks weravashed for5 mins three timesin 0.1 M sdium
cacodylate buffer andixed in 2% osmium tetroxide in 0.1 M sodium cacodylate butie@
h to impregnate the tissue with a lay metal for interaction with the electron beam.
Specimens were again washéat 5 mins, three timesn 0.1 M sodium cacodylate buffer.
Specimens were gradually dehydrated in an increasinhgreil gradient: 50% ethanol (twice
for 10 mins), 70% ethanol (tee for10 mins)90% ethanol (twice fot0 mins)95% ethanol

(twice for10 mins) and finally 100% dehydrated ethaffolr times for5 mins).

2.15.3Tissue preparation for scanning electron microscopy

Processing for SEM involved the complete dryintheftissue. All the ethanol was replaced
with HMDSandsamples weréncubated for 10 minghen left for overnight inafume hoodto
allow residuaHMDSto be evaporated The liver specimen blocks were mounted onto SEM
slug mounts under the dissecting misompe then coateavith a thin layer of platinum using

the sputter coater to increase the electrical conductivity.

2.15.4Tissue examination wh scanning electron microscope

Randomly selected blocks of liver were examined wiilsM6380 SEM (JEOL, Japafp kV
acceleration voltage. Examination at low magnification was performed to assess successful
fixation and tissue drying. At leatsn images of the sinusoidal endothelial cdlism each
mounted slugwere taken at 15,000x magnification for visualien of endothelial lumen

surface and fenestrations. Fenestration number and diameter were measured, together with
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total area assessed, using Image J (NIH). These data were used to calculate the porosity (the

percentage of the LSEC surface area cover#ufemnestrationsY276)

2.16. Measurement of plasma ALT and AST activity levels

Eight hours aftelCLP o sham operation, mice were sacrificed and blood samples were
withdrawn from theright ventricle using hearinised syringes. Plasma was collected following
centrifugation (1,000g for 5 mins at’@) and the ALT and AST activity levels were measured
following established protocols at Canterbury Health Laboratri€hristchurch, New

Zealand. Theesultsof ALTand AST activity levelgere expressed in U/L.
2.17 Statistical a nalysis

Data are presented as meats.E.M. Statistical analysis was performed usingi@tag Prism

Software version 6.04GraphPad Software Incorporated, La Jolla, CA, BBAXperimenal

data were analysed for Gaussian or Normal distribution using the Shaflkaest. Oneway

Analysis of Variance (ANOVA) with pss2 O ¢ dz]l SeQa (GSald ol a LISNF2N
distribution data and a nojparametric KruskaWallis test was performewith the data that

were not followed Gaussian distribution to compare multiple gropfvalue of less than

0.05 was considered asstatistically significant.
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Chapter 3

Effect of CSE gene deleton on leukocyte infiltration and organ damage follo  wing
caecal-ligation and puncture -induced sepsis in mice

3.1 Introduction

Hydrogen sulfide (#%) has been well known for several decades as a toxic gas with the smell
of rotten eggs (277, 278) However, it is also generated endogenously through the
transsulfuration pathway catalysed by CBS and CSE enZ2i@sThe sulfur amino acids
such as homocysteine and cysteine, are the intermediate precursors$s\thesis through
CBS and CSE enzyr(20) Of these two enzymes, CSE is the predominaStskhthesising

enzyme with significant biological functions in the peripheral orgé?31)

In recent years, ¥ has been identified as a mediator of inflammatié8, 44, 173, 174, 177,

277, 282) BS synthesid through CSE acts as a proinflammatory mediator in various
inflammatory conditions including, endotoxaen{it27, 172) haemorrhagic shoc{282)and
sepsiq126, 140, 177)Studies on endotoxaemi@duced by LPS injection showed an increase

in BS synthesis and has been asstmawith inflammation, leukocyte infiltration and
multiple organ damagg127, 172, 173)However, LR#duced endotoxaemia does not
accurately reflect the cytokine profiles and hemodynamic changes of human g8psis
Alternatively, another disease model, GhBuced sepsis has been used to study the
pathogenesis of sepsis that mimics the cytokine profiles and hemodynamic changes of human
sepsis and has been shown to promote significant inflammatesponse(283) Recent
studies have shown that increased CSE expression a8dld¥els are associated with
leukocyte infiltration and organ injury following CGidduced sepsig126, 140, 177)For
example, it has been shown that treatment with CSE enzyme inhibitor PAG inhibits leukocyte
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infiltration and liver and lung injury following GlriRluced sepsig44, 140) These studies

suggest the significance ob&lin the inflammatory process in sepsis.

The sulfur amino acid homocysteine plays iamportant role in immune function and
inflammation, as well as being one of the intermediate precursors8fdynthesi€280, 284)
Homocysteine acts as a potential proinflammatory cauwpd that enhances the production

of specific cytokines and contributes to the pathogenesis of inflammatory disé€288s286)

Alteration of homocysteine levels has been reported in various inflammatory diseases such

as cardiovascular diseas€¢a87-289), diabetes(290) cirrhosis(291) rheumatoid arthritis

(284) chronic kidney damage (CK@P2)and sepsig293, 294) For example, it has been
demonstrated that higher cirdating concentrationsof TNF - | NB AA Ay AFAOlI yif &
hyperhomocysteinemia in atherosclerosi€89) Recent studies have shown that
homocysteine also induces chemokines such as-M@IMIPH Ay YSal y3aiaAlf OS
the induction of these inflammatory mediators is linked to the adverse outcomes in patients

with cardiovascular disease and QB5-298) Furthermore, it has been shown that an &arl
increase in plasma homocysteine levels is associated with poor outcomes in patients with
sepsiq293, 294, 299)Elevated levels of homocysteine have also been observed in peripheral
blood nuclear cells when exped to inflammatory stimulin vitro (300, 301) Based on

previous research, homocysteine has been implicated in promoting inflammation inateve

different conditions including sepsis.

The interaction between ¥$ and homocysteine has been reported in various pathological
conditions. Although homocysteine is one of the precursors & $ynthesis and high levels
of homocysteine seem to promote>8 generation, it has been reported that increased

peripheral blood levels of homocysteine (or hyperhomocysteinemia) are associated with
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decreased CSE expression an8 Bynthesi§302, 303) For example, it has been shown that
CSE expression and>3 production are attenuated in the renal cortical tissue of
hyperhomocysteinemia mig@92) In additionLiet al. have shown decreasddSE expressi
and HS production ilfmacrophagesxposed to homocysteinm vitro (264) Furthermore,
mouse glomerular mesangial cells stimulated with homocysteine increaselM@G®PMIRH h
production while endogenous28 production is decreas€d03) Conversely, treatment with
H>S in conjunction with CSE cDNA esgpression markedly reduced homocysteimediated
upregulation of MCA and MIPH h Ay Y S & (3G8H Sirhilarly, 88Sdrelvedts renal
damage and regulates inflammation associated with hyperhomocysteinemia in
glomerulosclerosis mic€292, 304) Together, these previous studiesuggest counter
regulatory interactions occur between homocysteine, CSE expression #h¢rbiduction

during inflammation in different pathological conditions.

Although the inflammatory role of4$ has been studied in sepsis using the CSE inhibitor PAG,
these studies have limitations due to there being possible actions of PAG that are unrelated
to CSE; this has led to criticism of studies where PAG has beenFasezkamplePAG has
non-specific actionsuch as alteration of homocysteine metaboli$264)and inhibition of
AST(265)and ALT266)enzyme activities, which are unrelated to CSE enzyme inhibltion.
addition, previous studies using.$®l inhibitors anddonors have reported the anti
inflammatory effect of KIS in sepsi$305, 306) It is clear that newer and more promising
alternative tools are required to further investigatke complex biological roles of28lin
sepsis Gene deletion technology offers a definitive approach to investigate the roles®f H

in sepsis. In additioralteration inhomocysteine levels and iisipact on HS synthesis remain

unknown inCLFinduced sepsis.
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The objective of the present gy was to determine whether CSE gene deletion modulates

homocysteine and ¥$ synthesis and consequently liver and lung injury in sepsis.

3.2 Aims

The present study aimed to determine the effect ofSldynthesising enzyme CSE gene
deletion on leukocyte irltration (as evidenced by MPO activity), homocysteine levelS, H
synthesis, and liver and lung injury (evidenced by the amount of oedema and necrosis in the
tissues). To investigate this, an animal model ofi@d&ced sepsis was used in mice deficient

in the CSE gene and CSE protein expressighsydthesising activity, 43 levels and
homocysteine levels were measured. Disease severity was assessed by leukocyte infiltration

and liver and lung damage.

3.3 Experimental approach

Thirty two WT (C57B&J) and CSE KO (on a G&bJ backgroundjmales agedetween8-10
weeks;25-30 g)micewere randomlydivided into controlWT $amand CSE KO Sham) and
experimental (WT Sepsis and CSE KO Sepsis) groups, with eight mice in each group (n=8)
Sepsis was induced/ICLP as described iacBon 2.4and 8 h after CLP or sham operation,

mice were euthanisetly an i.p. injection of pentobarbital (150 mg/kghereafter, bloodvas
aspirated, plasma separated and stored-&®d°C.Liver and lungissueswere processed and

stored at-80°C Subsequently, CSE protein expressi@tt{én 2.5, BhSsynthesising activity
(Section 2.6, MPO activity &tion 2.9, liver and lung injury &tion 2.9 and homocysteine

levels (8ction 2.10Q were measured by the methods describedhe Material and Methods

of (hapter 2 Statistical analysis was performed as describe@ati®& 2.17
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3.4 Results

3.4.1 CSkarotein expression in WT and CSE KO mice following-DdBced sepsis
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