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Abstract

Ischaemia reperfusion (IR) injury is a major cdmitor to morbidity and mortality
following liver resection and transplantation. Hinth remote ischaemic
preconditioning (RIPC) reduces liver IR injury libé mechanisms underlying this
protection are unknown. This thesis evaluated tfeets of RIPC on the early phase
of liver IR injury in a new mouse model. This mogls used to assess the role of
the nitric oxide (NO) pathway in mediating the maitve effects of RIPC on liver

IR injury.

In the initial experiments wild type C57BL/6 miceke used to establish a new
model of hindlimb RIPC that protects against liiRrinjury. The new experimental
model hindlimb protocol consisted of 6 cycles ahi#hutes of femoral vessel
clamping followed by 4 minutes of reperfusion. TReprotocol consisted of a well-
described 40 minutes of lobar liver (70%) ischaefoilwed by 2 hours
reperfusion. This hindlimb RIPC model resultedigngicant reductions in liver IR
injury, as evaluated by plasma liver transaminésess, histopathological scores,
and ultrastructural assessment of cellular damagfgei liver. In addition hindlimb
RIPC preserved the hepatic microcirculatory bldod/f{MBF) in livers subjected

to IR.

In subsequent experiments administration of thectiee NO scavenger C-PTIO to
wild type mice abrogated the protective effectirob RIPC on liver IR injury. In
addition the RIPC-induced preservation of hepatBRAMvas attenuated by C-PTIO
administration. In contrast to the protective efenf imb RIPC on liver IR injury

in wild type mice; mice lacking the constitutivedypressed NO synthase (eNQS



enzyme were not protected against liver IR injuyyhindlimb RIPC, and MBF
measurements in these mice showed no benefit & RPthe microcirculation. In
wild type mice hepatic and limb eNOS protein expi@s was similar among
preconditioned and non-preconditioned animalsoimgarison expression of the

inducible NOS (iNOS) isoform was only seen in presitoned animals.

In order to elicit the pathway through which RIP€riged NO protects against liver
IR injury, plasma nitrite and nitrate (NOXx) levelere quantified in wild type
animals and shown to be significantly elevatedrgcpnditioned compared to non-
preconditioned animals. However, intravenous adstrigiion of exogenous nitrite to
eNOS" mice undergoing liver IR injury failed to mimicetprotective effects of
RIPC-derived endogenous NOx in wild types. Admmaison of the soluble
guanylyl cyclase (sGC) inhibitor ODQ showed a tremicating reversal of the
protective effects of RIPC on liver IR injury binig did not reach statistical
significance. ODQ significantly annulled the prdiee effects of limb RIPC on
hepatic MBF during liver reperfusion. Measuremetepatic cyclic GMP levels in
wild type animals showed a significant increasariimals subjected to limb RIPC
only compared to sham. However there was no diffsxen the cGMP levels in the

RIPC + IR compared to the IR group.

In conclusion this thesis has described a new moestel of limb RIPC that

protects against liver IR injury. It was also showvat NO and eNOS are essential in
mediating the protective effects of limb RIPC ortli IR injury. Endogenous NOx
metabolites of NO play a crucial role in RIPC indd@rotection. The hepatic sGC-

cGMP pathway is at least partially involved in RH#@uced liver protection.
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1.1 Clinical importance of liver ischaemia reperfusioninjury

Ischaemia reperfusion (IR) injury results from alpnged ischaemic insult followed
by restoration of blood perfusion. It affects atygen dependent cells that rely on
an uninterrupted blood supply. These aerobic cetisire mitochondrial oxidative
phosphorylation for their energy supply. Consedyexit aerobically metabolising
tissues and organs (central nervous system, intna¢ic, and intra-abdominal
organs; as well as blood vessels, skeletal muaote adipo-cutaneous tissues) are

potential targets of IR injury (1).

Significant liver IR injury during surgical reseati is commonly a consequence of
prolonged portal triad clamping followed by repeitin, performed as an elective
pre-planned procedure or as an emergent manodawentrol excessive bleeding
from the cut hepatic surface (2). Transplantatibthe liver can also lead to IR
injury. Here, the damage is sustained during coddgrvation of the liver following
explantation from the donor, and during subsequemnin reperfusion at
implantation into the recipient (3). In non-heagabng transplantation there is
additional warm ischaemic damage until hepatic peidusion is commenced.
Importantly however, liver dysfunction in IR injury not solely dependent on blood
flow interruption, but is also seen with excessiamdling and mobilisation of the
liver during resection or procurement in transpéion, even without blood supply
interruption in the former and regardless of itsation in the latter (4). This is
mostly due to hepatic microcirculatory disturban@e®l in some cases to hepatic
artery vasospasm (4). Systemic low flow stateshaypabxia such as is encountered
in haemorrhage (5), sepsis, congestive cardiagr&itrauma, and respiratory failure

may also lead to liver IR injury (6).
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The degree of IR injury sustained is dependenhenength and method of
ischaemia applied to the liver, as well as the gemknd liver condition. Patients
that undergo short intermittent periods of ischaesuistain less liver dysfunction
compared to those receiving a continuous periagabiaemia (7). This is especially
the case in patients with underlying cirrhosisteatsis (7). Animal studies also
support the notion that the background liver pangnal condition significantly
determines the degree of tolerance to IR. Animad@of steatosis and cirrhosis
exhibit worse liver damage when subjected to IR gared to those with normal
livers (89). Other determinants of liver susceptibility ®ihjury include: age —
older livers exhibit more damage compared to youmes (10), and gender — in
animal models males tolerate ischaemic insultstless females, however there is
insufficient evidence for a firm clinical recommextn on the role of gender in
liver IR injury (11). Systemic and localised negea@nt chemotherapy is
increasingly being used to down stage liver tum@uisr to surgical resection.
There is increasing evidence that, contrary tarinsve beliefs, neo-adjuvant
chemotherapy does not increase liver susceptitditir injury (1214). In fact,
through suppression of inflammatory pathways, chieerapy may attenuate the IR

injury (12-14).

In the mildest form of IR injury sustained duringgl resections, liver transaminase
enzymes are elevated in the circulation. More seireaults lead to clinical liver
dysfunction and progressive failure. Direct IRMe tiver can also result in distant
organ dysfunction due to remote IR injury. LungS)(theart (16), kidneys (17), and
blood vessels (18) have all been shown to sustanote dysfunction secondary to

direct liver IR. Humoral factors such as reactneefradicals and cytokines released
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from kupffer cells are the main mediators of liveinduced remote IR injury (39
22). Substantial IR injury sustained during liverisplantations increase the
incidence of primary graft non-function, primanagrdysfunction, and biliary
strictures (234). Hepatic non-function and intra-hepatic biliatgictures in
transplantation, and failure of the remnant livere@sectional surgery usually
necessitate transplantation, placing an even grpeg¢gsure on the limited number

of donor livers.

1.2 Pathophysiology of liver IR injury

Liver IR injury is a complex process involving nuroes cell types and molecular
mediators in various pathways. The cellular danwageirs during both the
ischaemic and reperfusion phases. The end resétlidar death via a combination
of apoptosis and necrosis. Warm ischaemic damasgsarhen the blood supply to
the liver is interrupted at normal body temperaasas the case during liver
resections. Cold ischaemic damage arises durirgpefusion and storage of livers
in transplantation. The following is an up to degeiew of the mechanisms of liver
IR injury. The discussion begins by reviewing thadtion of each of the main
cellular types within the liver, which participatelR injury. This is followed by a
description of the role of platelets, complemegtpkines, endogenous initiators of

inflammation, and mitochondria in liver IR injury.

1.2.1Cellular contributors

During the ischaemic phase as a result of glycagesumption and lack of oxygen
(Oy) supply, kupffer cells, sinusoidal endothelialle¢SEC), and hepatocytes suffer

with lack of adenosine triphosphate (ATP) produti{®526). The lack of ATP
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leads to failure of the sodium / potassium ATP-aeeait plasma membrane pump
(Na'/ K" ATPase) and subsequent intracellulai’ Becumulation, oedema, and
swelling. Kupffer cell and SEC swelling combinediwan increase in the
vasoconstrictors endothelin (27) and thromboxan€282 and a decrease in the
vasodilator nitric oxide (29) lead to sinusoidatmoaving. In addition on reperfusion
there is increased adhesion and aggregation ofaphils and platelets in the
sinusoids. The end result is significant reductbmicrocirculatory blood flow on
reperfusion, including some areas with completeiats of blood flow which is

known as “no-reflow” (30) (figure 1.1).

Decreased
NO
Kupffer cell
swelling SEC swelling
Sinusoidal
narrowing
& decreased
Neutrophil MESS Platelet
aggregation adhesion
Increased Increased
endothelin thromboxane

Figure 1.1.The pathophysiology of the decreased microciromablood flow
(MBF) seen on reperfusion of the ischaemic liveultidle factors contribute to
sinusoidal narrowing with subsequent reduction BRVINO, nitric oxide;SEG

sinusoidal endothelial swellinydBF, microcirculatory blood flow.
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Kupffer cells are the liver resident macrophagd®ylplay a key role in initiating
and propagating cellular damage and death in BRyr(31). Kupffer cells are
activated during the ischaemic phase and even swoa reperfusion. On activation
they produce reactive free radicals, specificabuative oxygen species (ROS) (32),
and pro-inflammatory cytokines including tumour reesis factor- (TNF- ),
interleukin-1 (IL-1 ), and IL-1 (22,33). These ROS and cytokines have
widespread effects in the initiation and propagatdIR injury. Their main role is

to recruit and activate circulating neutrophilsreperfusion (34). In addition they
induce remote IR injury in distant organs (22)ruécand activate CD4+ T-
lymphocytes (35), activate SEC leading to expressiacell — surface adhesion
molecules and contribute to their damage38% stimulate hepatocytes to produce
ROS and contribute to their damage,88j, and stimulate platelet adhesion to SEC
(39). Kupffer cells are mainly activated as a dinsequence of IR causing
disruption of mitochondria and ATP production, tlag also activated indirectly

via the complement system (4Q) (figure 1.2).

Activated SEC, hepatocytes, and neutrophils exprelésurface adhesion
molecules. On neutrophils L-selectin andntegrins (CD11b/CD18) adhere to
intercellular adhesion molecule-1 (ICAM-1) and wa#ac adhesion molecule-1
(VCAM-1) on the surface of SEC and hepatocytes4dp(figure 1.2). In liver IR
injury however, early neutrophil accumulation il inusoids mainly results from
mechanical trapping by the swollen, constrictedtgdt-adhering sinusoids (44). In
response to chemokines from activated and injuepdtocytes, sinusoidally-
accumulated neutrophils use the surface-expresess®mn molecules to bind their

SEC'’s counterpart and migrate across the endothefito the parenchyma. The
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binding of CD11b/CD18 on the neutrophils to ICAMatid VCAM-1 on the
hepatocytes triggers an enhancement of ROS praduttiiough the NADPH
oxidase system as well as degranulation of cytogasesicles containing various
enzymes that assist in the degradation of the @ettrtdar matrix and dead

hepatocytes, and damage viable hepatocytes (42).

The liver contains all the subtypes of lymphocyssesident cells. These comprise
B-cells, CD8+ and CD4+ T-cells (conventional T-lynggytes), natural killer T
(NKT) cells and T-cells (unconventional T-lymphocytes) (45). CDéid to a
lesser extent NKT lymphocytes play a key role velilR injury. CD4+ cells
accumulate in the liver within one hour of repeidadollowing IR, preceding any
neutrophil accumulation (447). They are recruited to the liver and activatsd,
various kupffer cell-derived products (figure 1.2Zhese include chemokines
(CXCL9, CXCL10 (IP-10), CXCL11), ROS, cytokines (FN IL-6), and matrix
metalloproteinase 9 (348,49). CD4+ cells have been shown to be important
contributors in neutrophil recruitment into the pisshaemic liver which is
supported by experiments demonstrating signifigenettiuced liver neutrophil
accumulation in CD4-/- mice and in CD4+ mice adstigied anti-CD4+ antibodies
(46,47). CD4+ lymphocytes stimulate neutrophil accurmaoitathrough production
of the chemotactic agent IL-17 (46). Furthermore@D4+ cells produce interferon-
(IFN- ) that activates kupffer cells to produce TNfnd IL-1, and hepatocytes to
produce chemokines (50). Thus CD4+ T-lymphocyteklarpffer cells reciprocally
activate one another (35). The end result of hegzbi4+ cell recruitment and
activation post ischaemia, is hepatocyte and SE@ada with microvascular

perfusion defects (431). NKT cells are recruited and activated into pbost
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ischaemic liver on a time scale similar to CD44c646). NKT cell activation is
dependent on interaction with CD1d antigen presgmntiolecules, expressed on
hepatocytes and antigen presenting cells withirliviee (5253). CD1d presents
either self or foreign glycolipid antigens to NK&lls. Activated NKT cells are
capable of damaging the liver directly and of pr@dg IFN- with subsequent

kupffer cell and hepatocyte activation (52).

Cells o *cD4+
activated Neutrophils NKT cells lymphocytes
Humoral i ROS Pro-inflammatory
factors rodlscl:\led by Complement IL-17 produced by: Cytokines and
P Y- | produced by: produced by: || Kupffer cells chemokines
CD4+ cells Hepatocytes CD4+ cells || Neutrophils produced by:
NKT cells Hepatocytes Kupffer cells
Neutrophils
Hepatocytes
Cells

Figure 1.2.Cellular and humoral factors in liver IR injuryhd figure illustrates the
activation of immune cells, and damage to hepagscgnd SEC, by humoral
factors. Note the humoral factors are themselveduyared by the same group of
cells that they activate. *NKT cells are activalsdCD1d antigen presenting
molecules expressed on hepatocytes and antigearnpirgs cells. #NKT and CD4+
T cells can directly damage hepatocytes and SEGS. , interferon-; IL-17,
interleukin-17;NKT, natural killer T;ROS reactive oxygen specieSEC sinusoidal

endothelial cells.
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1.2.2Platelets

Platelet adhesion and aggregation within the sidgsmntributes to neutrophil
accumulation, SEC apoptosis, and sinusoidal penfiusiilure during the post
ischaemic period (394,55). The IR-induced damaging effects of kupffetssel
neutrophils, and platelets are interdependent. Batiese acts synergistically with
the other, resulting in a degree of IR damageithgteater than the damage
sustained if one of these cell types is missings(Bp In contrast, platelets may also
play a beneficial role in postoperative liver regeation. Platelet-derived serotonin
has recently been shown to be an important faattver regeneration, and more
specifically hepatocyte proliferation, as mice diefint in this effector fail to

regenerate their livers (58).

1.2.3Complement

The complement system comprises approximately B®bEoand membrane-bound
proteins. Hepatocytes manufacture 90% of plasmatament components (59).
The majority of published studies used either aglement component-specific
transgenic mouse strain or selective complemenpooient inhibitors to elucidate
the role of complement in liver IR injury. Threestiinct pathways are known to
activate the complement cascade, the classicatnalive, and mannose-binding
lectin pathways. All three pathways are likely cdnitors to complement activation
in liver IR (60). Once activated in IR injury, colament leads to liver damage
either directly by lysing liver cells through theriation of a membrane attack
complex in the plasma membrane (61), or by recryitieutrophils and activating
both neutrophils and kupffer cells (41) (figure)lPherefore complement

activation during liver IR injury leads to accertioa of the inflammatory cascade
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and subsequent cellular death (62). Complementaditin has also been implicated
in the pathogenesis of remote IR injury. For examplrodents, bilateral hindlimb
IR injury leads to remote liver IR injury by actti@n of kupffer cells via
complement factor C5a (48). Direct liver IR injury on the other hand, réésun

remote endothelial damage in the lungs and smalebm the mouse, that is
significantly attenuated by mice transgenically o@gpressing the physiologically
occurring complement inhibitor called C1 inhibi{@#). C1 inhibitor inhibits
complement factor C1 and therefore the classiddivesy of complement activation.
These observations implicate C1 (classical pathwayg mediator of liver IR injury-

induced remote organ injury (64).

1.2.4Cytokines

Cytokines are a diverse group of signalling molesuhat may act in an autocrine,
paracrine, or endocrine manner. They are importessengers between the cellular
players in both direct and remote IR injury. Cytwds exert their effect by binding

to cell surface receptors on target cells, and piay a pro- or an anti-inflammatory
role. An extensive volume of literature is avai@abh the function of a large number
of cytokines in liver IR injury. In this review thaction of three key (IL-12, IL-23,
TNF- ) cytokines involved in liver IR injury modulatias described in detail. The
actions of a further ten important (aFGF, bFGF, HEN- |, IL-1 , IL-6, IL-10, IL-

13, IL-18, VEGF) cytokines is summarised.

1.2.4a1L-12 and IL-23
IL-12 and IL-23 are heterodimeric cytokines. Ea&miade of a common p40

subunit, and a second cytokine-specific subunithéncase of IL-12 this is p35, and

35



in the case of IL-23 itis p19 (65). Within thedivthese cytokines are produced by
hepatocytes and kupffer cells (66). IL-12 discovery preceded that of IL-23 by
many years (65) and preliminary work showing that? was one of the key
molecules in initiating a pro-inflammatory cytokinascade in liver IR injury (66),
was later re-examined and could have been dué¢hterdi-12 or indeed IL-23 (67).
This is because the two techniques used to ith@trole of IL-12 relied on the use
of anti-p40 antibodies and p4@nice. Nevertheless, these studies indicated that IL
12 / IL-23 production occurs during the ischaentiage and first hour of
reperfusion. One or both of these cytokines iseagguisite for the induction of
TNF- ., the central component of the pro-inflammatorypkine cascade in liver IR
injury (66,67). The mechanisms through which this is achiénace not been
resolved, but the transcription factors NB-and STAT-4 have been suggested as
possible regulators of IL-12 / IL-23’s effects oNF- expression (68).Other effects
of IL-12 include leukocyte infiltration, kupffer tectivation, and cell-surface
adhesion molecule expression (69); and of IL-28uihe stimulation of CD4+ cells
to produce IL-17 which stimulates neutrophil acciatian in the post ischaemic

liver (70).

1.2.4b TNF-

TNF- is the central cytokine mediator of the pro-inffaatory cascade in liver IR
injury. TNF- is produced by kupffer cells and acts both lociallg paracrine
fashion, and remotely as an endocrine mediates dtcrucial effecter of remote
organ damage following hepatic IR injury (71). Ada number of endogenous pro-
or anti-inflammatory molecules either stimulatardribit the expression of TNF-

respectively. These are summarised in table 1.E-TNp-regulation in liver IR
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injury leads to liver damage. TNFbinds to specific TNF-receptors (TNF-R) on the
surface of hepatocytes. This results in increasedyction of the chemokine
epithelial neutrophil activating protein-78 (ENAj/@&1d ROS; as well as activation
of NF- B and the mitogen activated protein kinase (MAPKJUD N-terminal

kinase (JNK) (72/5). In addition, TNF- up-regulates expression of the adhesion
molecules ICAM-1 and P-selectin (76). Through various mechanisms, all these

molecules are able to recruit and activate neuti®ptio the post ischaemic liver.

Furthermore, JNK and ROS are capable of directileeldamage within the liver

(75).

Table 1.1 Stimulators and inhibitors of TNF-expression in hepatic IR injury.

Molecule Reference Effect on TNF-|  Transcription
expression | factor intermediate
bFGF (77) decreased Not provided
IL-1 (78) increased Not provided
IL-4 (79) decreased Activates STAT-6
IL-6 (80-83) decreased | Activates STAT-3
IL-10 (84-86) decreased Inhibits NFB
IL-13 (87-90) decreased Activates STAT-6
ANP (91) decreased Inhibits NFB
PGE2 (92) decreased Not provided
PAF (93) increased Not provided
NO (33) decreased Not provided
NO (94) decreased Not provided
ROS (73,75) increased | Activates JNK

#IL-6 has been shown to decrease TN&ad activate STAT-3 in separate experiments.

JNK is not a transcription factor, but an intragkl transduction pathway that phosphorylates
transcription factors, amongst other functions.
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1.2.4c Other cytokines

The role of other important cytokines in liver IRury is summarised in table 1.2.
The expression of these cytokines is under therabot a variable group of
upstream regulators. Downstream, the cytokinesanite the expression of various
molecules that ultimately lead to either protecfimm, or exacerbation of liver IR
injury. Each of these molecules belongs to a gthapshares similar functions.
There are transcription factors (AP-1, HSF, N&;-STAT-3, STAT-6), antioxidants
(SOD, GSH), adhesion molecules (ICAM-1, E-seleciimjammation — stimulated
inducible enzymes (COX-2, INOS, and HO-1), Intradal signalling molecules
(Akt), anti-apoptotic proteins (Bcl-2 / Bcl-x exdheir effect by altering the
mitochondrial membrane permeability), and chemakif@NC, ENA-78, IP-10,
MCP-1, MIG, MIP-2). The latter are chemotactic dytees that direct and regulate
the accumulation of neutrophils, monocytes / malcagies, and T-lymphocytes into

the post ischaemic liver.
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Table 1.2The role of important cytokines in liver IR injury

Cytokine

Reference (s)

Cellular source

Upstream regulator

Down stream

Summary effect on
liver

mediator(s) of effect

[9)

Acidic and basic (77,95-98) T-lymphocytes, Not provided expression of NO | Reduces hepatic IR
fibroblast growth hepatocytes, hepatic and SOD; markers | injury
factors (aFGF and stellate cells of oxidative stress
bFGF)
Hepatocyte growth | (99-101) Non-parenchymal Not provided hepatocyte DNA Reduces hepatic IR
factor (HGF) liver cells, mainly synthesis and injury and pro-
kupffer cells hepatocyte proliferative
proliferation; GSH
expression, markers
of oxidative stress;
ICAM-1 expression
on SEC; CINC,
neutrophil infiltration
Interferon- (IFN- ) (66,85,90,102-108) T-lymphocytes, NKT | TLR-4 activation & | Dual action: Dual action:
cells, hepatocytes IL-12 stimulate IFN- | 1. Physiological 1. Physiological
production; Aa doses: neutrophil doses: increase
adenosine receptor | recruitment & hepatic IR injury
activation, IL-10, IL- | activation. 2. Pharmacological
13, STAT-6, & 2. Pharmacological | doses: reduce hepati
VEGF inhibit IFN- doses: IP-10, MIG, | IR injury
production neutrophil
recruitment; CINC,
MIP-2, ENA-78,
neutrophil activation
Interleukin-1 (IL-1 ) | (33,109-114) Kupffer cells IP-10 stimulates IL- | hepatocyte NO Increases hepatic IR

1 production; PGE1

production via Akt,

injury
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NO, IL-10, & Aza
adenosine receptor
activation, all inhibit
IL-1 production

NF- B, & INOS;
ROS production;

leukocyte recruitment

& adhesion via
activation of NF-B
& MIP-2

IL-6 (80-83,115) Kupffer cells NF-B & HSF Activates STAT-3; | Reduces hepatic IR
stimulate IL-6 GSH expression, injury and pro-
production markers of oxidative | proliferative

stress
IL-10 (84-86,104114,116- | Kupffer cells, T COX-2-derived HO-1; Bcl-2/Bcl-x; | Reduces hepatic IR
119) lymphocytes prostanoids & IP-10 | NF- B; IL-1 ; IL- | injury and pro-
inhibit 1L-10 2; IFN-; MIP-2; proliferative
production CINC; E-selectin;
neutrophil
accumulation
IL-13 (87-90,120) Kupffer cells, T Not provided Inactivates TLR-4; | Reduces hepatic IR
lymphocytes activates STAT-6; injury
HO-1; Bcl-2/Bcl-x;
IL-4; IL-1 ; IL-2;
IFN- ; MIP-2; E-
selectin; neutrophil
accumulation

IL-18 (103121) Kupffer cells A adenosine Activates NF-B & Increases hepatic
receptor activation | AP-1; activation of | injury
inhibits 1L-18 STAT-6; MIP-2;
production IL-4; IL-10;

neutrophil
accumulation
Vascular endothelial | (108122-125) Kupffer cells, T CD154-CD40 co- Dual action: Duatian:
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growth factor
(VEGF)

lymphocytes, SEC,
hepatocytes

stimulation

1. Endogenous
expression with
hepatic IR injury:
activation of VEGF
receptor and cytosoli
SRC tyrosine kinases

expression of TNF-

, IFN- , MCP-1, &
E-selectin leading to
hepatic accumulation
of T-cells,
macrophages, and
neutrophils.

2. Exogenous
administration: INOS

1. Endogenous
expression increases
hepatic IR injury.

2. Exogenous
cadministration
,reduces hepatic IR
injury.

up-regulation.

*Only the downstream mediators of bFGF were givemdbwnstream pathways were provided for aFGF.
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1.2.5Endogenous mediators of inflammation

1.2.5a Danger associated molecular patterns

Danger associated molecular patterns (DAMPs) ammalgphysiological molecular
constituents of cells or the extracellular enviremi) that are passively released by
necrotic cells or the damaged extracellular mabtnactively secreted by stressed
and injured cells. These molecules have the ghdiinitiate and propagate the
inflammatory response in an analogous manner tpatigogen associated molecular
patterns (PAMPSs). PAMPs are conserved moleculaifsrfound in various
prokaryotic pathogens but not in mammals, andreeetfore recognised as foreign
by the cells of the innate immune system in the,Heading to the initiation of an
immune response (126). Examples of PAMPs inclystgpblysaccharide from

Gram negative bacteria, lipoteichoic acid from Ggausitive bacteria, and double-
stranded RNA from viruses (127). Examples of DAMé&lsased during liver IR
injury include the nuclear transcription factor tnignobility group box-1 (HMGB-1)
(128129), the cytoplasmic aregulator S100 (130), the cell matrix component
hyaluronic acid (131), urate and ATP (132). ItIsamportant to note that DAMPs
are released during both, infectious states susleare sepsis or localised purulent
infections; and during sterile inflammatory conalits other than IR injury, such as
arthritis, burns, and cancer (126). Both DAMPs BAMPs exert their effects by
binding to pattern recognition receptors eithettensurface of or in the cytoplasm

of mammalian cells.

1.2.5b Pattern recognition receptors (PRRS)
PRRs are constitutively expressed on cells ofrihate immune system and

function to immediately recognise invading micrcamgms by binding to their
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associated PAMPs without the need to involve theptade immune system. PRRs
have the essential function of sensing tissue dartfagugh the recognition of
DAMPs on dead and injured host cells. Different BR&ognise specific PAMPs
and DAMPs, show distinct cellular expression pateand activate specific
signalling pathways culminating in the initiationdapropagation of the
inflammatory response (133). Broadly speaking, tfasses of PRRs have been
shown to initiate and propagate the inflammatospomses in liver IR injury; the
most extensively studied of these are the toll-tg&@eptors (TLRs) specifically
TLR-4. The receptor for advanced glycation end potsl (RAGE) is the second

family of PRRs that has been shown to mediate feffinjury.

TLRs are type 1 transmembrane proteins containingx&racellular amino terminus
and an intracellular carboxy terminal domain. Tdi¢er includes an IL-1 and an IL-
18 receptor — like signalling motif called Toll k-1 receptor (TIR) homology
domain (134). TLRs that detect DAMPs released dusterile inflammatory
conditions of the liver provide an important linktiveen liver parenchymal damage
and the activation of the immune system. ElevendwifLRs (TLR-1 to TLR-11)
have been identified. An agreed general model d&® Techanism of action
involves engagement of a TLR by its ligand(s) whiatpgers an intracellular
signalling cascade that culminates in the up-reguiaof pro-inflammatory
cytokines, chemokines, and other mediators ofimfteation (134). The cascade
begins with the TIR domain on the cytoplasmic morif the TLR recruiting and
activating one or more TIR — containing intracelluddaptors. The type of adaptor
recruited broadly defines the subsequent intraleelkignalling pathway involved.

The adaptor recruited maybe the myeloid differeiatrefactor 88 (MyD88 —
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dependent) which is common to all human TLRs exd&-3; or non-MyD88
(MyD88 — independent) adaptors. The latter inclubl&s domain-containing
adaptor protein (TIRAP), TIR domain-containing amapnducing interferon

(TRIF), and TRIF-related adaptor molecule (TRAM3%)

In MyD88-dependent signalling and as a consequeh@&R-2 or TLR-4
activation, TIRAP is recruited to the TLR-MyD88 cplex. The TLR-MyD88-
TIRAP complex recruits and phosphorylates IL-1 ptgoe-associated kinase 4
(IRAK4), which then recruits and phosphorylates KA The activated IRAK1
then dissociates from the MyD88 receptor complekiateracts with TNF receptor-
associated factor-6 (TRAF-6), which in turn acteésma complex composed of the
MAPK kinase kinase transforming growth facteactivated kinase-1 (TAK-1) and
TAK1-binding proteins-1, -2, and -3 (TAB-1, TAB-ZAB-3). This TAK1-
TAB1/2/3 complex leads to the activation oBlkinase (IKK) and eventually NF-
kB nuclear translocation. In addition one or moréhef MAPK family members is
activated leading to the eventual activation oftth@scription factor activator
protein 1 (AP-1). The end result is pro-inflammgtoytokine and chemokine gene
transcription (13335). TLR-3 and TLR-4 can transduce their activatiorough
MyD88-independent signalling pathways, culminaim@ctivation of the
transcription factors interferon regulatory fact8rer -2 (IRF-3 or IRF-2), or NF-
B. This leads to the production of type 1 IFN (113%). Moreover, activation of
TLR-7, TLR-8, and TLR-9 also leads to inductiortyge 1 IFN. Figure 1.3
summarises the MyD88-dependent and —independeardlbigy pathways
downstream of TLR-4 activation. For TLRs that aapable of transducing their

signal through more than one pathway such as TLiRe4factor that determines

44



which pathway is recruited every time the TLR if\ated is the cell type. For
example MyD88 signalling exclusively transduces T4 Rctivation in the
endothelium since these cells lack TRAM expres§l®4). However, within a
defined cell type the specificity of TLR mediatagmalling is determined by a
combination of the TLR, the intracellular adaptmd the intracellular signalling

pathway (133).

1.2.5c DAMPs and PRRs in liver IR injury

Only endogenous DAMP signals rather than exogeR#WP signals are involved
in PRR activation in liver IR injury (12936). The most extensively studied DAMP
in liver IR injury is HMGB-1. Liver IR results in significant increase in serum and
hepatic HMGB-1 levels that contribute to hepatadatl damage (12237).
Physiologically, HMGB-1 acts as a regulator of DiAnscription, organisation,
and repair. All nucleated cells posses HMGB-1 aildrelease it passively upon
necrosis. In addition, monocytes, macrophagesgdandritic cells can secrete
HMGB-1 actively (126). A further function of HMGB-ihvolves mediating the
increased expression of TLR-4s that is observdigan IR injury and that leads to
hepatocellular damage (1,389). This is at least partially achieved by HMGB-1
acting on liver dendritic cells (140). During tleehaemic phase of liver IR the
active secretion of HMGB-1 has been shown to inediizR4-dependent ROS
production and calcium / calmodulin kinase-mediatigahalling (141). In a positive
feedback cycle, HMGB-1 released during liver IRyds to and activates TLR-4
receptors (129). Downstream of this DAMP-TLRA4 iation, at least three separate
signalling pathways maybe recruited (figure 1.3NE-KB (142143); 2. p38

MAPK, JNK, and ERK (114.29,142,143); 3. the sequential activation of IRF-
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3 type 1IFN (e.g. IFN-) STAT-1 1P-10 (114138144,145). All three of the
MAPK families maybe activated by HMGB-1 (129), véhilP-10 exclusively
activates ERK (114). Whatever signalling pathwaytikzed, increased production
of pro-inflammatory cytokines (TNF; IL-1 , IL-12 ) and chemokines (IP-10) is
the final result (11429,142144). TLR-4 receptors on none parenchymal livelscel
that are derived from the bone marrow (kupffer deddritic cells) are preferentially
activated in liver IR injury and result in hepattakar damage (14Q243). The
hepatocytes do not undergo TLR-4 activation diselsy DAMPS but respond to
inflammatory mediators produced from the non-pahngn@l cells that are directly
stimulated by DAMPs (146). The signalling pathwaiising IRF3-type 1 IFN in
hepatic IR is down-regulated by HO-1. HO-1 induetidocks the expression of
type 1 IFN, the subsequent activation of STAT-H #Hre expression of downstream
IP-10 (138144). Furthermore, HO-1 even leads to a reductiorLiR-4 protein
levels (147). The mechanisms described hitherte hdébeen elucidated in direct
liver IR models. However in a haemorrhagic shodloweed by resuscitation animal
model, which is synonymous with systemic IR injusgrum and liver HMGB-1
levels are significantly elevated causing activaixd TLR-4s on circulating
polymorphonucleocytes. Activated TLR-4s increaseéSR@oduction through the
NADPH oxidase system. This is achieved througlsdwuential activation of
MyD88-IRAK4-p38 MAPK or MyD88-IRAK4-Akt downstrearof TLR-4 (148). In
addition, trauma haemorrhage followed by resuseiatesults in engagement of
TLR-2, TLR-4, and TLR-9 in kupffer cells with sulzgeent p38 and JNK activation
(149). Thus, in hepatic IR injury the signallingip&ay(s) mediating the activation

of a PRR will at least be partly dependent on tleemanism of the IR.
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Figure 1.3.General and liver IR injury-related TLR-4 signadji In non-liver IR

injury, ligand engagement of TLR-4 leads to signahsducton through one of two
pathways that are known to mediate TLR-4 signallamylyD88-dependent and an —
independent pathway. The molecules highlighted bitie have been shown to
mediate TLR-4 signalling in liver IR injury modelShose highlighted with yellow
have been shown to mediate liver injury in haenagit shock followed by
resuscitation models, which are synonymous witkesy IR injury. The
culmination of either pathway is propagation o€livnjury. HO-1 down-regulates
TLR-4 expression and blocks various parts of thd®B®-independent pathway. IP-
10 activates ERK (dashed red line) and therefoogiges a linkage between the

MyD88-independent and MyD88-dependent pathways lvfuoms a positive
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feedback loop to enhance liver injury through tperegulation of pro-inflammatory
cytokines.Akt, protein kinase BAP-1, activator protein 1DAMP, danger
associated molecular patteERK extracellular signal regulated kinas#yIGB-1,
high mobility group box 1HO-1, hemoxygenase-1EN-1, interferon-1]KK, | B
kinase;IL-1B/-12B interleukin-1B/12BjP-10, inducible protein-10lRAK-1/-4 IL-

1 receptor-associated kinaseF-2/-3 interferon regulatory factor-2/-3NK, C-Jun
N-terminal kinaseMyD88 myeloid differentiation factor 884AD(P)H, reduced
nicotinamide adenine dinucleotide phosphhlie; B, nuclear factor kappa B;
PAMP, pathogen associated molecular pattB88 P38 mitogen activated protein
kinase;ROS reactive oxygen specieSTAT-1 signal transducer and activator of
transcription-1TAB-1/-2/-3 TAK1-binding proteins-1/-2/-3T AK-1, transforming
growth factor B-activated kinase-ItRAP, TIR domain-containing adaptor protein;
TLR-4 toll-like receptor-4TNF- , tumour necrosis factor- TRAF-6 TNF
receptor-associated factor-BRAM TRIF-related adaptor molecul€RIF, TIR

domain-containing adaptor inducing interferon B.

The receptor for advanced glycation end productg3R) is the second family of
PRRs that is involved in liver IR injury. WithingHiver RAGE is mainly expressed
on dendritic cells and to a lesser extent kupfé#isq15Q151). Hepatic IR leads to
increased expression of RAGE and engagement o tlieegptors by endogenous
DAMPs such as HMGB-1 with consequent hepatocelinfary (150151). HMGB-
1 binding to RAGE in the setting of liver IR leaidsa signalling cascade involving
the activation of INK / ERK, which increase the megsion and activation of the
inducible transcription factor early growth respeqiis(Egr-1). Egr-1 acts as a
coordinating up-regulator of divergent gene farsibdfected by stress, that in the
setting of hepatic IR includes MIP-2 that functidgagecruit immune cells into the
post ischaemic liver (151). Engagement of RAGE theoDAMPSs results in the

activation of other intracellular mediators of arfimation such as p38 MAPK, and
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the transcription factors STAT-3 and AP-1, withcamgequent increase in pro-

inflammatory cytokines such as TNF150) (figure 1.4).

|HMGB-1| |Other DAMP|

I

|
Cytoplas / \

P38 MAPK
y

Egr-1 [STA"I'-3] [AF:-l]

Nucleus A 4 A 4 A 4
Egr-1 STAT-3| |AP-1

MIP-2) > TNF-

y
[Neutrophil recruitment]

and activation

Figure 1.4.RAGE signalling in liver IR injury. Engagement RAGE by one of its
ligands leads to signal transduction through onsvofpathways. The end result of
both pathways is activation of transcription fasttivat increase expression of the
chemokine MIP-2 and the cytokine TNE-These two mediators are pro-
inflammatory and act to propagate the liver injtusther. AP-1, activator protein-1;
DAMP, danger associated molecular patt&mur-1, early growth response-ERK
extracellular signal regulated kinas&¥IGB-1, high mobility group box-1JNK, C-
Jun N-terminal kinaséyllP-2, macrophage inflammatory protein238 MAPK

P38 mitogen activated protein kinaBAGE receptor for advanced glycation end
products;STAT-3 signal transducer and activator of transcrip8odNF- , tumour

necrosis factor-.
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1.2.6 Mitochondria

Physiologically, the primary function of the mitastdria is maintenance of a
continuous supply of ATP to meet the cell's eneguirements. In addition, the
mitochondria is involved in numerous other physiidal processes, such as steroid
and lipid synthesis, metabolic control of cell-&y/g@rogression, intracellular ions
regulation, cellular growth and differentiationgsalling, cytokine production, and
embryonic development (152). In IR injury, the ncitondrion participates in
various pathophysiological processes. There iaraibf ATP production as a
consequence of disruption of oxidative phosphoigtataused by the generation of
and damage by ROS, RNS, and free radicals. Cytoismiic ([C&] [Na'][H"])
disturbances lead to mitochondrial ionic disturleesn@nd vice versa, with
consequent plasma and mitochondrial membrane danmageding the formation of

mitochondrial permeability transition (MPT) pores.

1.2.6a ROS, RNS, and free radicals

Reactive oxygen species (ROS) are molecules orfaynsed by the incomplete
one-electron reduction of oxygen. Reactive nitrogieecies (RNS) are nitrogenous
products of nitric oxide synthase. A free radisahny atom or molecule with

unpaired electrons in one or more valence sheli8)(IThe terms ROS and RNS

encompass free radicals. The physiopathologicaipoirtant ROS include£)-

(superoxide anion), D, (hydrogen peroxide)OH (hydroxyl radical), and HCLO

(hypochlorous acid). The equivalent biologicallypiontant RNS include NO (nitric

oxide), NG (nitrogen dioxide), MO (dinitrogen trioxide), and ONOO
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(peroxynitrite). Out of these,z'O-, 'OH, NO, and NQ@constitute the free radical

species (15354).

The main intracellular mechanisms for producing RD&the xanthine oxidase,
mitochondrial respiratory chain, and NADPH oxidagstems. Xanthine
dehydrogenase (XD) is a dehydrogenase enzyme, ngeanises the co-enzyme
nicotinamide adenine dinucleotide (NADas an electron acceptor during its normal
function of oxidising hypoxanthine and xanthineutec acid. However, during
ischaemia intracellular proteases are activatedlitg to proteolytic modification of

XD to yield xanthine oxidase (XO). XO does not bMAD" and therefore electrons

are transferred to Qwith subsequent production ofz'C-)(155). The mitochondrial

respiratory chain is involved in the productiorR®S via various pathways.

Physiologically, a small fraction of the electrargering the respiratory chain are

passed onto £from ubisemiquinone to formzd Some of the @- is dismutated

into HO, by the antioxidant superoxide dismutase presetitearmitochondrial
matrix (MnSOD). HO, is able to diffuse out of the mitochondria to a#pate in
intra- and intercellular signalling. In addition®; directly oxidises protein thiols
and mediates the formation of disulfide bonds. Birtyi, complexes | and Il are
also involved in physiological ROS production witlihe mitochondria. Following

cytochrome C inhibition by mitochondrial NO, comyds | and Ill are reduced

which subsequently act as reducing agents,db@enerate Q)- (154). During IR

injury mitochondrial Kxrp channel opening increases'-Cgeneration by complex |
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(156). Furthermore, ‘ROS-induced ROS release’ &RRIs a recently described
phenomenon involving the mitochondria. When ROSIpation reaches a threshold
level, the MPT pore or the inner membrane aniomeiks, or both, are opened
leading to loss of mitochondrial membrane potentigth subsequent cessation of
electron flow in the respiratory chain and increBB©®S production by complexes I-
[l (157). With a disrupted mitochondrial membramé&arge amount of ROS is
released into the cytosol that may induce RIRRdja@nt mitochondria. Thus, this
mechanism of ROS production may act as a self-peagieg cycle leading to
mitochondrial and cellular destruction (157). Th&DPH oxidase system is a
membrane-associated enzyme complex which normadigtions to produce ROS to

kill invading microbes. It is the predominant RO§enerating system in

neutrophils and kupffer cells. This system gensr@é- from NADPH oxidase

itself, HLO, from SOD, and HCLO from the enzyme myeloperoxidd$&,158).
All three systems (XO, mitochondrial respiratoraichh NADPH oxidase) of
intracellular ROS production are utilized by thensgning cell types found in the

liver, namely SEC and hepatocytes, to generate @6%). Other ROS species such
as the OH radical is produced Whenz'C-)or HO; interact with certain transition
metals, for example iron or copper. AdditionallyQ& may also interact with haem

proteins, for example haemoglobin or the cytochineproduce the porphyrin

cationic radical {HP-Fé") (158).

NO is produced by the enzyme nitric oxide synt{&&@S) which has three
isoforms. Endothelial NOS (eNOS) is a constituwmeyme expressed in vascular

endothelial cells. The expression of the induchd@S (iNOS) isoform is up-

52



regulated in inflammatory conditions, includingitigury, and is expressed by all
nucleated cells. The neuronal NOS (nNOS) is a @atise isoform, the expression
of which is mostly restricted to the nervous tisand few other tissues. NO reacts
with superoxide and molecular oxygen to produce¢hneaining biologically

important RNS species in the following reactionsqt

NO+0O ONOO
2NO + G 2NO,
NO, + NO N2O3

A further mechanism which increases NO and theeeRiNS production involves
ROS. Superoxide radicals have been shown to ineid#3S gene expression in IL-
1 - treated hepatocytes. This effect is mediated ®dox-sensitive response
element, termed antioxidant response element (ARE3ted in the INOS gene
promoter (160). ARE has been shown to bind a resdsitive nuclear protein, that

has not yet been characterised (160).

ROS and RNS play a dual role in liver IR injury.€fdmay contribute to the injury
of the various cell types found in the liver, leaglto both apoptotic and necrotic
cell death. Alternatively they may function to ot the liver from the deleterious
effects of IR injury by the process of preconditi@n Their exact role is likely to be
dependent on multiple factors, including the lergftthe ischaemic and reperfusion
periods, in vitro versus in vivo experimental madend exogenous versus
endogenous sources of ROS or RNS. ROS contribuiteetolR injury by multiple

mechanisms. ROS cause oxidative damage to memliaiee(lipid peroxidation),
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especially polyunsaturated fatty acids, which resudlisturbances in ion
homeostasis, cell swelling and death (155). Theadgnsustained is not limited to
the plasma membrane but also extends into theceituéar compartment to
encompass all membrane-bound organelles; for exathglmitochondrion and the
nucleus. In addition, within the mitochondria, RC cause oxidative damage to
the enzyme complexes of the respiratory chain feathi failure of ATP production
and release of cytochrome C into the cytosol triggeapoptosis (16162), and
within the nucleus the DNA can be oxidatively daethgesulting in failure of
protein transcription and translation (163). Anbigases can also sustain ROS
damage leading to their inactivation which allowappropriate activation of
proteases to inflict cellular damage. Kupffer caltsl neutrophils generate ROS into
the extracellular space through the antimicrobiaDR®H oxidase system. Some of
these ROS species such as hydrogen peroxide aodHigpous acid are capable of
diffusing through the plasma membrane of hepatscgtel SEC to inflict
intracellular oxidative damage. ROS can also atgitae redox-sensitive
transcription factors, namely NEB and AP-1 (75L64). Amongst their functions
NF-kB up-regulates pro-inflammatory cytokines like TNE165), and AP-1
promotes hepatocyte apoptosis through cytochromede@se and caspase-3
activation (75). RNS inflict their damage by anytled mechanisms described for
ROS, and in addition they cause post translatipre@tein modifications that may
result in the inactivation or introduction of a né@wnction to a protein (16667). A
detailed discussion of the molecular biology of R their redox reactions is

beyond the scope of this review but can be fousevéhere (16869).
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1.2.6b lonic disturbances

Intracellular C&" plays an important physiological role in regulgtihe

hepatocyte’s function in response to extracellgignals such as hormones and
growth factors. C4 is mainly found in three cellular compartmentg, ¢iytosol, the
mitochondria, and the endoplasmic reticulum (ERe ihterplay of C& movement
across the membranes of these structures deterthsmésmporal and spatial
distribution of [C4"] in the three compartments. Within each of thesamartments
C&" has various functions. That of the cytosol is &ythe most diverse ranging
from cellular contraction to proliferation to modtibn of numerous intracellular
signalling pathways (170). The ERCatores represent a mechanism to regulate
[Ca"]cytosor Mitochondrial C&" has three main functions: regulation of metabolism
(ATP production), stimulation of apoptosis, andulagon of [C&Jeytosol (171). In
order to understand the pathological disturbant€s0 homeostasis in liver IR
injury, it is important to have a good comprehensib the various mechanisms that
control C&* movement across the membranes of the thréer€gulating cellular

compartments (summarised in table 1.3).
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Table 1.3Physiological C& pathways in the plasma, mitochondrial, and ER nramgs of hepatocytes.

Cd" pathway Membrane Main regulating signal(s) of Gamovement Direction of C&" |Ref. | Role
location movement in IR
Ligand gated Cd Plasma Extracellular signalling molecule (e.g. home growth factor) |From extracellular|(172,1
channels binds to receptor on extracellular domain of Gzhannel space to cytosol |73)
Store operated €& | Plasma Activated by a decrease inTa ER From extracellular(172)
(SOC) channels space to cytosol
Receptor activated | Plasma Extracellular signalling molecule (e.g. homay growth factor) |From extracellular|(1721
C&* channels binds to G-protein or tyrosine kinase coupled rémepeading |space to cytosol (73)
to generation of second messengers that bind toytb@lasmic
domain of the C& channel that is separate from the receptor
Stretch activated Plasma Mechanical force applied to hepatocytessldadctly to C& From extracellular|(172)
Cé" channels channel opening space to cytosol
Cea* ATPase Plasma Inhibited by low [€Rytso and by hormones (vasopressin, |From cytosol to  [(174)
epinephrine, angiotensin Il, PTH, calcitonin, erdin B) extracellular space
through a mechanism that involves activation ofrGtgins
Na'/ C&* exchanger] Plasma The Nand C& gradients across the plasma membrane. In tidormally extrudes(1751
heart, the N&/ Cd exchanger is regulated by phosphorylationCa’ into 76)
by protein kinase A (PKA) and C (PKC), which inrware extracellular space
activated by numerous extracellular signals (eogmones) but may act in
reverse if Na/
Ca gradient is
altered, e.qg. if
[l\laJr]extracellulaljS
decreased
massively
Cea* ATPase ER SOC stimulation and raised”[Gaosol From cytosol into [(174)
lumen of ER
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Inositol triphosphate| ER Extracellular signalling molecule (e.g. vassspie ADP, From ER to (1741
(IP3) and Ryanodine angiotensin Il, noradrenalin) binds to plasma membrG- cytosol 77)
receptors protein coupled receptor leading to productionfwdgpholipase

C (PLC). PLC produces #and diacylglycerol (DAG) which

stimulate IR and ryanodine receptors, resulting irf Gelease

into the cytosol
Na’/ Ca&" exchanger| Inner Mitochondrial transmembrane potential across therin Extrudes C& into (1781

mitochondrial membrane (m ), and cytosolic [Na] and [G§. Other cations |the cytosol from 79)

either stimulate (K) or inhibit (Mcf*, B&*, Ni?*) the activity of
the exchanger

mitochondrial

for cytosolic N&.
Can act in reverse
if mitochondrial
membrane potenti
is depolarised

matrix in exchange

1Y

H* / C&* exchanger | Inner Mitochondrial transmembrane chemical (pH) gradiant Extrudes C& into [(179)
mitochondrial [Caz*]cytosm the cytosol from
mitochondrial
matrix
Ca " uniporter Inner Cytosolic [Cd&"7and m . Mitochondrial purinergic — like From cytosol to  |(180
channel mitochondrial (mP2Y) receptors regulate €dlow through the uniporter. mitochondrial 182)3

Specifically mP2Y are activated by ADP and AMP and lead t
increased mC4 uptake; mP2Y are activated by ATP and lead
to inhibition of mC4" uptake. Both P2Y receptors use PLC to
regulate mC& uptake through the uniporter

onatrix

D
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Liver IR injury leads to disturbances in the’Caegulating mechanisms in the
plasma, ER, and inner mitochondrial membranesi@®). The consequence is
C&* overload in the cytosol and mitochondrial matfi83-185). The rise in
cytosolic [C&"] results from a combination of increased Gantry across the
plasma membrane as well asO=lease from ER stores. This is brought about by
the activation of SOC channels in the plasma men#aad ryanodine receptors in
the ER membrane (1887). How these channels and receptors are adiigteot
clear. However, there is evidence that ROS and BSactivate some €a
permeable non-selective cation channels — thelmldaansient receptor potential
(TRP) channels (188). TRP channels include sona@diggated, receptor activated,
and stretch activated €achannels (see table 1.3) (172). Specifically tREWM7
channel subtype is found in liver cells, and RO& BRNS can activate these
channels leading to &ainflux from the extracellular space into the cytbs
(188189). In addition, cold ischaemic injury inhibiteth the plasma membrane and
ER C&" ATPases, which normally function to extrude cytims6a’* into the
extracellular space and ER lumen respectivelyethyecompounding the rise in

[Ca2+_| cytosol (185).

The rise in cytosolic GAduring liver IR injury leads to a secondary rige i
mitochondrial C&" (mC&") (183). This is a consequence of stimulation ef th
mitochondrial C&" uniporter (190191). How these G&selective channels are
activated in IR injury hasn’'t been fully elucidatedt probably involves the PLC —
dependent mP2Y — like receptors that regulafé faw through the mCa
uniporter (192193). mP2Y are activated by ADP and AMP and lead to stimarati

of C&" uptake by the uniporter. mP2¥re activated by ATP, ADP, and AMP and
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lead to the inhibition of the uniporter. Duringetlschaemic phase of IR injury,
there is a relative decrease in [ATRl. and an increase in [AMP and ARR]sol
resulting in an overall increase in the activityté C4" uniporter and therefore in
mitochondrial [C&] (181). This increase in mitochondrial faresults in a
reduction of the mitochondrial transmembrane paéfmn ). In response, and in
order to maintain m , ATP-synthase reverses its activity and hydrolyS€B to
provide energy for the various ionic pumps in theoohondrial membrane that
maintain the mitochondrial potential. This resudtpartial restoration of m ,

which in turn leads to a further increase of ‘Gaflow through the mCa uniporter.
Therefore a cycle of increasing nfCaverload and ATP depletion (as the
mitochondria become a net consumer of ATP duriolgaemia as a consequence of
the reversed activity of ATP synthase) is establis{183). The mCGa overload

leads to Bax translocation from the cytosol torttimchondria and subsequent MPT

pore formation, cytochrome C release, and celiddsath (19194).

Sodium (N&) and hydrogen (H ions also have important functions in determining
the liver’s response to IR insults. Hepatic ischaerasults in intracellular acidosis
through anaerobic respiration (1996). To restore intracellular pH towards normal,
the liver cells activate the NaH" exchanger (NHE) and the NAaHCOs
cotransporter (NHCT) (197) (figure 1.5). The NHEragles H into the extracellular
space in exchange for Nmflow into the cell. The NHCT transports Nand HCQ'
intracellularly. Both these mechanisms of corrertime ischaemically-induced
intracellular acidotic pH result in intracellulamNaccumulation. It is the increase in
intracellular [Nd] ([Na'];) secondary to intracellular acidosis that contiéstto

cellular death. Intracellular acidosis per se tsialty cytoprotective (198399).
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Support for this finding comes from five experinmerdbservations. Firstly,
blocking the function of the NHE and the NHCT pidgeagainst hepatic IR injury
(195200). Secondly, in vitro experiments using Mia&e incubation buffers results
in hepatocyte and SEC protection by inhibitingtise in [N&]; (198,199). Thirdly,
IPC protects hepatocytes by the activation of viaruel)-ATPase (V-ATPase)
which lead to H extrusion from the cells, with a subsequent desgrémintracellular
[Na'] (201). Fourthly, maintenance of an acidotic pHemterfusion, results in a
decrease in [N and cellular protection, a phenomenon known aptHeparadox’
(199200,202). Fifthly, ischaemia — induced hepatocyte deathresult of ATP
depletion with subsequent inhibition of the'™M&™ ATPase and an increase in
[Na']; (197,200). The question as to how increased TN&omotes, and decreased
[H™]i inhibit cellular death in liver IR injury is notifly resolved. Two experimental
observations have been reported that shed ligtisnThe first is that [Na;
accumulation does not lead to hepatocyte deathrdoypqiting cellular swelling
(198); and the second is that maintenance of atoacipH at reperfusion prevents
the formation of MPT pores (1999). Further research is needed to fully explain

how [Na7; and [H]i mediate their respective action in hepatic IR ipjur
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ca’* permeable
TRP channels
are activated by
ROS and RNS

Na HCO

Ca**ATPase
SOC channels are Inhibited.

activated secondary to Both the NHE and the
decreased [Ca |er. NHCT are stimulated

by an increase in [H]..

Cell
membrane

Ryanodine receptor Ca**

,. release channels are activated. mCa’* uniporter activity is
2 Exact mechanism is unclear in regulated by mP2Y; and
liver IR injury. mP2Y; through PLC.

Cat*ATPase Ca’
Inhibited.

During liver ischaemia, stimulation of
mP2Y; by rising [ADP] / [AMP], and lack
of mP2Y, stimulation by declining [ATP],
leads to an increase in Ca" flow through
the mCa®" uniporter mediated by PLC.

Figure 1.5.lonic disturbances in liver IR injury. The pertatlons of membrane-
associated ion channels, pumps, and carriers sasdin increase in cytosolic
[Ca2+] and [Na+], and mitochondrial [Ca2+] that Bamportant consequences in
promoting cellular injury — see main teAtMP / ADP / ATRadenosine mono / di/
tri-phosphateCa2+, calcium ionsgR, endoplasmic reticulunti+, hydrogen ions;
HCO3-, bicarbonatemP2Y, mitochondrial purinergic-like receptolda+, sodium
ions;NHCT, Na+/HCO3- cotransporteNHE, Na+/H+ exchangePLC,
phospholipase (RNS reactive nitrogen specieROS reactive oxygen species;

SOQC store operated Ca2¥RP, transient receptor potential.
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1.2.6¢ Mitochondrial permeability transition

The mitochondria is surrounded by a double membr&he outer mitochondrial
membrane (OMM) is significantly more permeable thainner mitochondrial
membrane (IMM). This is due to the presence ofagdtdependent anion channels
(VDAC) in the OMM that non-selectively permit thagsage of solutes up to 5 kDa.
Under normal physiological conditions the IMM isrpeeable to solutes only
through specific exchangers, channels, and tratesgoHowever, under certain
circumstances such as IR injury, the IMM becomesselectively permeable to
molecules up to 1500 Da, resulting in mitochondiligpholarization and collapse of
the m , uncoupling of oxidative phosporylation, and mitondrial swelling due

to colloid osmotic forces that lead to the releafspro-apoptotic factors such as
cytochrome C. These changes are known as the M¥8]).(The MPT is due to the
formation and opening of pores, with an averagedtar of 3 nm when fully
opened, through the IMM. It used to be thought thase pores are formed from
VDAC in the OMM, adenine nucleotide transporter (AN responsible for
exchanging ADP/ATP across the IMM) in the IMM, azytolphilin D (CycD — a
mitochondrial matrix protein) in the matrix. Howewhis model did not explain
experimental observations such as why ANT knockeige still undergo MPT
(203). The current prevailing hypothesis is thatMPT is formed from integral
mitochondrial membrane proteins, that as a conseguef modifications by ROS
and by reactive chemicals, lead to exposure ofdphilic residues in the protein to
the hydrophobic membrane environment, and as # tsyproteins aggregate at
these hydrophilic residues to form channels thatioat aqueous solutes (20@5)
(figure 1.6). The identity of proteins in the MP®rps is not known for certain but is

thought to include misfolded ANT and anion transeis such as aspartate-
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glutamate and phosphate carriers (206). The MP& patein composition is not
consistent but depends on the relative abundanitee ohisfolded proteins.
Therefore even in ANT deficient mitochondria, MPGr@ formation can still occur
(206). Moreover, two conductance modes of MPT pareghought to be
operational depending on the number of misfoldedgims and therefore on the
number of pores formed. In the regulated conduetamode the MPT pores
associate with chaperone-like proteins, includiygZ on the inner surface of the
IMM (figure 1.6). These proteins serve to inhiboincluctance through the MPT
pores. When the number of newly formed MPT poregeds the number of
chaperones available then unregulated pore opeaiciy's (207). CycD confers
C&*, ROS, and cyclosporine A sensitivity on pore cardnce (208). A rise in
matrix [C&] increases, and cyclosporine A inhibits pore opgnMany other
factors influence opening of and therefore condwumsahrough the pores (209).
Aside from C4, other divalent cations such as ¥gSF*, and MA" inhibit pore
opening. H (and therefore acidotic pH) inhibit pore openingthe reversible
protonation of histidyl residues, thereby explaghiwhy maintenance of acidosis at
reperfusion of ischaemic hepatocytes significadtdgreases cellular death (199).
ROS induce pore opening. Inorganic phosphate (&ys@ dual role in regulating
MPT pore opening. In the mitochondrial matrix Rids H and Md* blocking their
pore — inhibitory effect, and resulting in pore ppg. On the other hand Pi can bind
to MPT pores directly leading to inhibition of paspening only when CycD has
been ablated or in the presence of cyclosporinen&iwinhibits CycD activity. This
is because it is thought that active CycD normiaifys to the Pi — binding sites on
the MPT pores thereby preventing Pi binding. Indgbsence or inactivation of

CycD, Pi binds to and inhibits the opening of MRirgs (209).
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Figure 1.6.Current model of MPT pore structure and functidreross section of
the mitochondrial double membrane illustrating dgethintegral mitochondrial
membrane proteins that misfold and aggregate atltig@rophilic residues to form
aqueous pores through the IMM. The conductanceaigirthe pores is inhibited by
CycD and other chaperone proteins. These are mragulated by other ions and
molecules as described in the figure. The fenéstratin the OMM denotes the high
physiological conductivity of this membrar@a2+, calcium ionsCycD,

cyclophilin D; H+, hydrogen ionstMM, inner mitochondrial membranktg2+,
magnesium iondyIn2+, manganese ionMPT, mitochondrial permeability
transition;OMM, outer mitochondrial proteir®i, inorganic phosphat®0S

reactive oxygen specieSr2+, strontium ions.
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The end result of MPT depends on the number ofahdodria affected and
therefore cellular ATP levels. When mitochondridhivi a hepatocyte are afflicted
by MPT then these mitochondria are depolarisedaaagpermanently damaged.
When the number of these dysfunctional mitochonidrgamall then the hepatocyte
removes these by the process of mitophagy (21@pp¥iagy is the process of
sequestration of mitochondria into autophagosomdstzeir delivery to lysosomes
for degradation. This is an important process #liscas damaged mitochondria are
a source of accelerated ROS production and ATPucopson (211212). As the
number of mitochondria undergoing MPT rises, wélative preservation of cellular
ATP levels, apoptotic cell death occurs due to dytome C release and subsequent
formation of the ATP — dependent apoptosome (2A8}the majority of the
hepatocyte’s mitochondria undergo MPT, the ATP lepdummet, causing cell
death by necrosis (19814,215). In summary, with an increasing number of
mitochondria undergoing MPT the hepatocyte’s gra@sgonse is:

Mitophagy Apoptosis Necrosis
Whilst in the preceding discussion, the majoritytef experimental data supports
the observation that IR resulting in MPT leads itophagy, there has also been
recent work showing that on the contrary, anoxeokgenation of cultured
hepatocytes which results in MPT does not causepmétgy but leads to
accumulation of dysfunctional mitochondria (21&tthre the source of increased
ROS production and subsequent mitochondrial damageding mitochondrial
DNA damage (212). The discrepancy in whether IRwsitbsequent MPT formation
results in mitophagy maybe due to differences énrttodels used such as in vitro
versus in vivo settings. This discrepancy alondnhie fact that the molecular

constituents of the MPT pores have not been disedyeeek to highlight the need
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for much more research in this field to better akbterise the main players and their

interrelationships in MPT pore formation and cohtrboconductance.

1.2.7Conclusions and future directions

Despite two decades of research into the pathoplogscal basis of liver IR, many
questions remain unanswered. The complex interactven by each of the
cellular contributors is only just beginning to tm@pped. The function of different
TLRs and their respective DAMPs is a relatively rfemd of research about which
little is known. The detrimental means by whichtdilbances of the homeostatic
concentrations of G4 Na', and H arise, and the pathways mediating the
consequences of these disturbances are incompletégrstood. The structure and
regulation of conductance of MPT pores in liverihiRiry is poorly characterised
and warrants further research. Only by understantia action of these factors and
how they interact with each other will it be possito design therapeutic strategies

to ameliorate liver IR injury.

1.3 Strategies to reduce liver IR injury

Over the past two decades extensive research hasigfo attempting to better
understand the molecular pathophysiology that Ueddnoth the ischaemic and
reperfusion phases of liver IR injury and that dalate in cellular death.
Understanding these processes will pave the wathédevelopment of new
therapeutic strategies to ameliorate the effect®oThe current strategies, albeit
mostly limited to experimental settings, revolvewand three methods: in situ
cooling, pharmacological interventions, and ischagmeconditioning (IPC). The

first two of these strategies, in situ cooling @fdrmacological preconditioning, are
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beyond the scope of this thesis and will not beudised here in detail. Suffice to
say that in situ cooling, which is performed whetat vascular exclusion (TVE) of
the liver is required during surgical resectiors baen shown clinically and
experimentally, to significantly reduce liver IRuny compared to resections

performed under TVE without in situ cooling (2220). A large number of

pharmacological agents have been investigatedfawlrsto ameliorate liver IR
injury in experimental settings, summarised by uieiget al (221). However,
systematic reviews and meta-analysis of human rars#al clinical trials of
pharmacological interventions in liver resectioesfprmed under vascular
occlusion have failed to show clear benefits for plnarmacological agent in

reducing clinical liver IR injury (22223).

IPC involves subjecting an organ to brief ischaestimuli that afford the same
organ, protection against subsequent prolonge@ésult insults. IPC has been
shown to be beneficial in many organs includingliver, heart, brain, kidneys,
intestine, and skeletal muscle (2225). IPC is the only strategy that has reached
clinical practice in some centres. A variation 8Clis remote IPC (RIPC) which
involves a brief ischaemic stimulus to one orgaat #ffords protection against a
subsequent sustained ischaemic insult to a seagaah that is at a distance from the
first organ. RIPC is known to exist across multipigan combinations. The
following two subsections will summarise our cutrenderstanding of
preconditioning non-liver organs that subsequemtbtect the liver against IR injury
(subsection 1.3.1), and the evidence that nitrid®plays a role in mediating the
beneficial effects of RIPC of one organ againsinjgry of a second distant organ

(subsection 1.3.2).
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1.3.1Mechanisms of remote ischaemic preconditioning pgotion
against liver IR injury
Four publications have evaluated the mechanismeriynalg the protective effects

of RIPC on liver IR injury. The findings of each thiese studies will now be

discussed in turn.

Wanget al (226) applied an elastic band around the thigil@minutes to induce
hindlimb ischaemia followed by 10 minutes reperdnsin a mouse model. The liver
IR protocol consisted of 1 hour partial hepatih@emia and up to 4 hours of
reperfusion. Their results demonstrated significaductions in liver IR injury in

the RIPC + IR compared to the IR alone group. Tkehanisms underlying the
protection afforded by RIPC were further explonmedhis study, and through the use
of transgenic mice expressing mutant TLR-4 receptbey were able to
demonstrate that hindlimb RIPC require functionaRT4 receptors to exert its
protective effect. Moreover, HMGB-1 levels incre&skowing RIPC; injection of
HMGB-1 into mice with functional but not into miegth mutant TLR-4 receptors
protected against liver IR; and injection of antMBB-1 antibodies prior to RIPC
reversed its protective effects (226). The conolusif this study was RIPC reduces

liver IR injury through the release of HMGB-1 tladt on TLR-4 receptors.

The work described by Kanorét al (227) consisted of a rabbit model with
hindlimb RIPC achieved through the use of a towetdo induce 3 cycles of 10
minutes ischaemia followed by 10 minutes reperfusigver IR consisted of total
hepatic inflow occlusion for 25 minutes followed Byours reperfusion. The RIPC

+ IR group had significant improvements in liveritiury compared to the IR alone
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group. This study evaluated the effect of RIPChenhaemodynamics and showed
RIPC + IR preserves total hepatic blood flow ateéhd of the 2 hour reperfusion
period compared to IR. Similarly the RIPC + IR godwad significantly higher mean
arterial pressure and peripheral oxygen saturatidghe end of 2 hours liver
reperfusion compared to IR alone (227). The commtuom this work is that RIPC
offers liver protection, at least partially, thrédugreservation of haemodynamic

parameters.

The experiments by La&it al (228) described hindlimb RIPC consisting of 4 egcl
of 10 minutes femoral artery clamping followed Wyrhinutes reperfusion. The
liver IR protocol consisted of partial liver iscimai@ for 45 minutes followed by 4
hours reperfusion. RIPC + IR group had significafeks liver IR injury compared
to the IR alone group. Hindlimb RIPC also resuited significant increase in the
expression and activity of hepatic HO-1 with nor@ase in circulating lymphocyte
HO-1 expression. Zinc protoporphyrin IX (a specifibibitor of HO enzymatic
activity) reversed the effects of RIPC on liveriffury and enzymatic activity
(228). The conclusion being that the protectiveaigrom the RIPC site acts

through the HO-1 pathway within the liver.

The final study by Tapuriat al (229) used a specially designed tourniquet tocedu
4 cycles of 5 minutes ischaemia followed by 5 masuteperfusion in the rat
hindlimb. Liver IR consisted of 45 minutes of palthepatic ischaemia and 3 hours
reperfusion. This RIPC protocol resulted in a digaint reduction of liver IR injury
in the RIPC + IR compared to the IR alone groupil¥Vthis study did not

investigate the signal that transmits the proteatiifects from the RIPC site to the
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liver, it did evaluate the intrahepatic consequerafehindlimb RIPC. The study
demonstrated RIPC + IR had significantly higherdtgpsinusoidal RBC velocity,
sinusoidal blood flow, and sinusoidal perfusion pamed to the IR group.
Moreover, sinusoidal neutrophil adhesion and heyadlidar death were
significantly less in the RIPC + IR compared to Regroup (229). The conclusion
from these results was that hindlimb RIPC modultteshepatic microcirculation to

reduce the effects of hepatic IR injury.

1.3.2Nitric oxide as a mediator of the beneficial effsobf remote
ischaemic preconditioning on IR injury

A summary of the published studies that have evaduthe capacity of NO to act as
an important facilitator of the protective effecfsRIPC is provided in table 1.4. All
these studies with the exception of one (230) adieated NO could be an
important molecule in the beneficial effects of RIF he results of four of these
studies (22, 230-232) need further corroboration as each of thebeused a single
technique to evaluate the role of NO (table 1.4 $tudy by Kanoriat al (227) is
the only one to allude to the effects of NO in aoraking liver IR injury by RIPC;
however, the only pertinent endpoint measured byrthestigators was the plasma
NOXx levels, and therefore more research is neededmy to substantiate these

results, but also to assess how NO generated b Rttenuates liver IR injury.
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Table 1.4A summary of the actions of NO in RIPC.

Ref. | species|RIPC site an¢ IR site and | Effect of RIPC on endpoint] Assessment of nitric oxide’s Conclusions
protocol protocol of IR injury involvement in mediating
effects of RIPC
(233) Rats Bilateral Left anterior myocardial infarct size; Administration of L-NAME prior [NO is a mediator of
femoral arteriedescending maximal rate of rise of LV |to RIPC + IR abolished protectivgprotective effects of
ischaemia (I.) |(LAD) pressure; Left ventricular end |effects of RIPC on all endpoints |#IPC
for 15 min coronary arterydiastolic pressure (LVEDP); [IR injury. Administration of L-
followed by 2 |I. for 30 min serum CK-MB and LDH levelsarginine before IR protected
hrs reperfusionfollowed by 2 against IR injury
(R.) hrs R.
(232) Rats Contralateral |Abdominal flap survival; p38 MAP kinas¢Administration of L-NAME prior [INO mediates increased
hindlimb I. for |adipocutaneougphosphorylation in flaps (30 mito RIPC + IR abolished flap tissue survival following
10 min flaps raised onjafter RIPC but not following 3 |survival advantage conferred by|IR through
followed by 30 superficial hrs of ischaemia) RIPC, and diminished phosphorylation of p38
min R. epigastric phosphorylation of p38 MAP MAP kinase
artery I. for 3 kinase
hrs followed by
up to 5 days R.
(230) Rabbits | Two cycles of|Spinal cord (improved) neurological scoreMeasurement of serum NOXx levdlO does not mediate
left renal artery(through aortic) viability index; inflammatory |at 2 and 48 hrs post reperfusion |effects of RIPC
[. for 5 min I. for 40 min  |response; neuron-specific showed no significant differences
followed by 15 [followed by 48|enolase measured at 2 hrs posbetween RIPC + IR and IR alone
min R. hrs R. reperfusion (marker of ischaengroup
neuronal injury)
(231) Rats Four cycles of|LAD coronary | myocardial infarct size Administration of L-NAMEipr |NO is a mediator of

bilateral
hindlimbs I. for
5 min followed

artery I. for 30
min followed
by 2 hrs R.

by 5 min R.

to RIPC + IR abolished protectiv|
effects of RIPC on myocardial
infarct size

@rotective effects of
RIPC
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(234) Mice Six cycles of |24 hrs myocardial infarct size;Left | cardiac INOS levels post RIPCJiINOS-derived NO is a
bilateral following ventricular developed pressurgiNOS’ mice lost protective effectmediator of protective
hindlimb I. for |RIPC, hearts [(LVDP); LVEDP of RIPC on infarct size, LVDP, |effects of RIPC
5 min followed \were and LVEDP
by 5. min R. |langendorff-

perfused, and

subjected to 4(
min of global 1.
followed by 60
min R.

(235,236)|Rats Right hindlimb Epigastric mean flap necrosis area Administration of L-NAMEopr [NO is a mediator of
or right fem. |adipocutaneous to RIPC + IR abolished protectivprotective effects of
artery and veinflaps raised on effects of RIPC on mean flap  |RIPC
. for 10 left superficial necrosis area. 1.V. administration
minutes epigastric of NO donor Sper/NO prior to IR
followed by 30 artery I. for 3 simulated the effects of RIPC
min R. hrs followed by

5 days R.

(237,238)|Rats Hindlimb I. for|Cremaster RBYV in arterioles and Administration of L-NAME prior [NO is a mediator of
10 min muscle flap I. |capillaries; capillary flow; to RIPC + IR abolished protectivgprotective effects of
followed by 30|for 2 hrs number of leukocytes adhererffects of RIPC on RBV, capillanRIPC
min R. followed by 1 |to endothelium of venules. flow, and number of adherent

hr R. leukocytes. 1.V. administration of
NO donor Sper/NO prior to IR
simulated the effects of RIPC

(227) Rabbits | Three cycles of otal liver I. serum ALT, AST, and LDH; |Measurement of plasma NOx |NO is a mediator of
hindlimb I. for [for 25 min total hepatic blood flow showed higher levels in the protective effects of
10 min followed by 2 RIPC+IR compared to IR RIPC

followed by 10
min R.

hrs R.
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1.4 Thesis hypothesis

The foregoing review on the mechanisms of liveiffary, and our knowledge base
of the therapeutic strategies to ameliorate liRmjury specifically through the
actions of NO (chapter 2), resulted in the follogvimypothesis (summarised in

figure 1.7):

Liver IR injury in the mouse is ameliorated by himdb preconditioning through the
production of NO from eNOS (and iNOS). This N@asgported in the circulation
as nitrite and nitrate to reach the liver whergrbvides hepatic protection against
IR injury through the sGC-cGMP pathway which actpteserve the hepatic

microcirculation.

1.5 Obijectives of the thesis
1. To investigate if hindlimb RIPC affords protectiagainst liver IR injury in
the mouse.
2. Toinvestigate the putative beneficial role of NOmediating the protection

afforded by hindlimb RIPC on liver IR injury.

The next chapter reviews the literature with regaodthe beneficial effects of NO

in IR injury and in mediating organ protection affed by IPC.
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mouse hindlimb
preconditioning

NO (from eNOS / INOS)
Nitrite / nitrate

i (hypoxic / acidotic liver)

(NO)

!

sGC

!

cGMP

}

Preservation of hepatic microcirculation

)

Figure 1.7.Thesis hypothesis. Mouse hindlimb precondition@ayls to the release
of NO from both eNOS and iNOS. NO is then oxidiseditrite and nitrate that
travel in the circulation and reach the post-isamiaéhypoxic and acidotic liver.
Under these conditions the nitrite and nitraterateiced to NO which acts locally
through the sGC-cGMP pathway to preserve the hepagrocirculation and
ultimately attenuate live IR injurgGMP, cyclic 3’, 5" guanosine monophosphate;
eNOSandiNOS endothelial and inducible nitric oxide synthasspectivelyNO,

nitric oxide;sGGC soluble guanylyl cyclase.
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Chapter 2

The mechanisms of nitric oxide

protection in liver IR injury
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2.1 Introduction

Nitric oxide (NO) is a gas with a molecular mas8010 daltons. It is a free radical
due to the presence of an unpaired electron waitnce shell. This structural
configuration results in NO being highly reactiwgth a consequent half life in the
order of 5-10 seconds. In vivo synthesis of NQaitalysed by the enzyme nitric
oxide synthase, which has three isoforms (sectidh ZI'he effects of NO
production in liver IR may be harmful or beneficiat a combination of both. The
determining factors are the length of the ischaensalt and the NOS source of
NO. This concise review focuses on the hepato-ptiwgemechanisms of action of
NO in liver IR injury. Specifically, three core aeare discussed: nitric oxide
synthase, arginine, and the soluble guanylyl cgetaglic GMP-protein kinase G

pathway.

2.2 Nitric oxide synthase

The synthesis of NO is catalysed by nitric oxidethgise, an enzyme with three
isoforms of distinct tissue distribution. NeurohDS (nNOS) is found in neural
tissue and will not be discussed further. Endcah&li0S (eNOS) is Ga/
calmodulin dependent and catalyses the electrosfeareactions during the
synthesis of NO from L-arginine. This electron sfam requires eNOS binds
calmodulin, a process that is in turn dependernherellular concentrations of €a
(239). eNOS is constitutively expressed in manytgpkes, including sinusoidal
endothelial cells and hepatocytes (Z4B). Inducible NOS (iNOS) is €a
independent as it is tightly bound to calmodulimiatellular concentrations of €a
(244). iINOS is not expressed under normal circunt&s, but is up-regulated in

various nucleated cell types in inflammatory coioai, including hepatocytes,
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neutrophils, T-lymphocytes, endothelial, biliarpdakupffer cells in liver ischaemia
reperfusion (IR) injury (24249). NOS catalyses NO formation in a two-step

oxidation of L-arginine to L-citrulline and NO (2351):

1 NADPH

L-arginine W» Nhydroxy—L—arginine%i L-citrullen+ NO
0, HO G HO

The reaction also requires the co-factors tetrattyidpterin, flavin adenine

dinucleotide (FAD) and flavin mononucleotide (FM({250,251).

Experimental evidence indicates that eNOS-derivedis\hepato-protective against
liver IR injury. This has been demonstrated usiagous animal models and
experimental techniques. eNOS knockout (eNPDice exhibit significantly
greater liver injury following warm IR comparedwald type (WT) counterparts
(94,252-254). Similarly, eNO% mice demonstrate more severe liver injury
following cold preservation (cold ischaemic injugnd warm reperfusion in a
mouse orthotopic liver transplantation (OLT) mo(®85). It is not just the baseline
constitutive eNOS-derived NO that is protectivet imice with transgenic
overexpression of eNOS show greatly reduced liReinjury compared to WT
animals (256). The protective effects of eNOS oxeression would raise the
possibility that IR injury may act by down-regutadithe expression of eNOS. This

has indeed been shown in mouse and rat liver IReted@40257).

The role of INOS-derived NO in liver IR injury isuah less clear than that of
eNOS. However, there is some evidence that thetsftd INOS expression on liver

IR injury maybe be dependent on the length of isafia the liver is subjected to.
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Animal experiments with relatively short ischaenmsults of less than 60 minutes
show either exacerbation of (254), or no effecB(258) of INOS expression on the
degree of liver injury. These seemingly incongruesults could be a consequence
of the specific methods used to ascertain the fonsf INOS in liver IR injury.

For example, Hines et al (258) described a sigamtiencrease in liver IR injury in
iINOS™ mice with 45 minutes ischaemia followed by 3 haofreeperfusion
compared to WT animals. However, using exactlystiae ischaemic protocol,
whilst varying the reperfusion period length, tlwewld not illicit a difference
between iNOS and WT animals with either 1 or 6 hours of repsida (258). The
investigators also showed a time-dependent increflseer IR injury in WT mice,
but without an increase in INOS expression. Moreoagministration of the relative
iINOS inhibitor L-NIL to WT animals did not worsehe IR injury or alter serum
nitrate and nitrite (NOXx) levels, indicating thht@S-derived NO does not influence
liver IR injury with 45 minutes of ischaemia. HoveeyiNOS™ mice exhibit worse
liver injury at 3 hours reperfusion due to a medsarthat is independent of INOS-
derived NO, which the authors hypothesised coultbbexample due to altered
expression of a different gene(s) that is influehiog the iINOS deletion in INO'S

(258).

In contrast to the confusing situation with shedhaemic periods, INOS-derived
NO has consistently been shown to contribute tr liR injury with prolonged (>
60 minutes) cold (24259,260) and warm (24959,261) liver ischaemic insults.
The mechanisms underlying the deleterious effefctid@S-derived NO with
prolonged ischaemic insults are beyond the scoplei®feview, suffice to say that

excessive iINOS-derived NO generation in kupffelscahd neutrophils (247),
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promote pro-inflammatory cytokine and chemokineask, and leukocyte activation
and trafficking into the liver (260). In additioexorbitant NO production reacts with
superoxide resulting in the formation of peroxyitet{261262), a molecule that is

extremely toxic to cells (262).

Some experimental evidence points to the proteetifexts of INOS-derived NO
during the late phase of liver IR injury, startisig6 hours and continuing to 48
hours post reperfusion. In one study of rat OLT3(2@onor livers were transduced
with an adenovirus encoding iINOS four days priohaovest. The livers were then
explanted from donors, cold preserved for 18 th@4rs and transplanted into
recipients. The adenovirally-transduced livers sédwignificant expression of
INOS and elevated serum NOXx levels compared tarabliters that had been
transduced with a control gene. In addition livinat were transduced with iINOS
showed significant reductions in IR injury and adistration of a relative INOS
inhibitor to these livers abrogated the protectfforded by iINOS transduction
(263). As good a study as this was, clearly theipeerole of INOS in protecting
against or exacerbating liver IR injury, has nog¢éully elucidated and requires
more research to establish the exact conditionsmuntdich iINOS-derived NO will

prove beneficial or harmful.

The actions of eNOS-derived NO and iNOS-derivediN@irect and remote

ischaemic preconditioning are discussed in se@&itn
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2.3 L-arginine

Arginine is an amino acid that is physiologicalbtige in the L-form. It is
metabolised either by NOS as outlined in the previgection, or by arginase. The
latter catalyses the reaction:

L-arginine + HO 29M85§ | _ornithine + urea

L-arginine protects the liver from IR injury. Howay a review of published
experimental studies indicate that the mechanidrttgoprotection are not
necessarily through L-arginine’s metabolism to NON©DS enzymes in every
experimental model, but rather depends on the aypechaemic insult the liver is
subjected to. Table 2.1 lists the studies whichsuead hepatic, plasma, or serum
NOx levels as a marker of NO production followirgerfusion in hepatic IR
models. In all these studies, with the exceptiotwaf (264265), L-arginine was
administered to the animals and resulted in siggifi amelioration of liver IR
injury. The two studies that did not administerrgiaine, instead administered the
selective arginase inhibitor nor-NOHA which resdlia a significant increase in
endogenous L-arginine levels associated with ptioteagainst liver IR injury
(264,265). Table 2.1 indicates that L-arginine protegainst liver IR through an
NO-dependent pathway during short warm ischaemucyrand through an NO-
independent mechanism during prolonged cold isci@gmsults. The in vivo
experimental evidence summarised in table 2.1 doeshed light if it is the
ischaemic length, type of ischaemia (cold vs waonjg combination of both, which
determines if an NO-dependent or -independent mathsiresponsible for L-

arginine’s fate when protecting against hepatiaijRry. However, an in vitro study
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(266267) that subjected rat livers to 60 minutes oflasthaemia followed by
warm reperfusion with oxygenated Krebs-Henseldiit&m in an organ bath,
showed the livers are protected with L-arginine sustration from the effects of
cold ischaemia in association with a rise in NOsels, albeit statistical significance
was only achieved during the first 10 minutes @irdusion, indicating that short
ischaemic lengths result in L-arginine protectiggiast liver IR through an NO-
dependent mechanism regardless of the type ofestiaa(266267). Nonetheless
these results need to be corroborated by in viestdangth cold ischaemic models.
The question remains how could L-arginine proteeiiast prolonged ischaemic
insults through an NO-independent pathway? Twoangtions are possible. The
first of these is supported by experimental reshtsving NOx levels are non-
significantly elevated following prolonged cold semic injury to livers either
supplemented with L-arginine (2680) or the arginase-selective inhibitor nor-
NOHA (265) and resulting in significant elevatiohpdasma L-arginine levels. With
this explanation L-arginine indeed is metabolisgdNI®S to form NO which then
acts to protect the liver, but there is simply ffisient L-arginine to result in
significant elevation of NOx Levels (2651) due to the release of arginase from
livers subjected to prolonged ischaemia (268,270,272) that divert L-arginine
metabolism from NOS to metabolism by arginaseulpsrt of this, prolonged cold
ischaemia in the setting of OLT results in increbglasma levels of ornithine due to
metabolism by arginase (2@68,270,272), without an increase in citrulline levels
from metabolism by NOS (26370). Moreover, it has also been shown that L-
arginine administration in OLT results in elevapgdsma levels of both ornithine
and citrulline indicating that both pathways, irdihg NOS, catabolise L-arginine

(268). Therefore it is likely that L-arginine prote against prolonged ischaemic

81



insults through an NO-dependent pathway, but asdinee time there is release of
arginase from these livers subjected to prolongekaemia that results in the partial
diversion of L-arginine away from NOS metabolisnb®consumed by arginase.
The second explanation is that apart from NO andlone, L-arginine can be
catabolised to various other products (273), sohvehach may yet prove to offer a
degree of protection against IR injury. Howeveesth products are likely to be of
minor importance especially with short ischaemguits, and are therefore not

discussed in this review.

Table 2.1 The effects of L-arginine administration on NOxdés in vivo in liver IR

injury. In all these studies L-arginine adminisivatsignificantly ameliorated liver

IR injury.

Experimental evidence showing L-arginin&xperimental evidence showing
significantly increases NOXx levels L-arginine does not increase NOx

levels
Ref. Species| Type of [Length of |Ref. Species| Type of |Length of
ischaemigischaemig ischaemigischaemig
(274) Rats/ | Warm 60 min. | (268)| Pigs Cold 20 hours
pigs

(275) Rats Warm 45 min.| (269) Rats Cold 18 hours
(276) Pigs Warm 120 min.(270) | Rats Cold 18 hours
(277) Rats Warm 30 min.| *(26%)Rats Cold 18 hours
(278279) | Rats Warm 45 min.

(240) Rats Warm 45 min.

(280281) | Rats Warm 60 min.

*(264) Mice Warm 60 min.

#(266267) | Rats Cold 60 min.

*L-arginine was not administered in these studigisthbe arginase inhibitor nor-
NOHA was, leading to a rise in endogenous L-argi@vels.

#This study was performed in vitro in an organ b##arm reperfusion was
performed using oxygenated Krebs-Henseleit soludiodi7 ¥

The protective mechanisms of L-arginine in liveritiury are a reflection of the
widespread protective effects of NO in this comuaitiSpecifically, L-arginine

protects hepatocytes and liver endothelial cetimfthe deleterious effects of IR
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injury (275282). The mechanisms of L-arginine’s protectiofiviar IR are detailed

in figure 2.1. These may conceptually be divided in-arginine’s effects on hepatic

circulation (283289), energy stores (2,279,287,290-292), oxidative status

(276,281,287,290,293), leukocyte activation (28337,291,294,295), mitochondria

(280282294), and other effects on the liver (2284,286,287,291,294) (figure 2.1).

v

Effects on
circulation:

* Maintains
sinusoidal and
post sinusoidal
venule diameter
(283-286)

®*  microcircul-
atory blood flow
(283, 284, 286-
288)

* portal vein
blood flow (285)
* platelet
aggregation
(289)

Effects on
energy stores:

* hepatic ATP
levels (279,
291, 292)

® hepatic
glycogen
storage (276,
287, 290)

Effects on
oxidative
status:

* hepatic and
plasma thiol
group
antioxidants
e.g. glutathione
(293)

* lipid
peroxidation
(293, 276, 281,
287, 290)

Effects on
leukocyte
activation:

* leukocyte
infiltration of
liver (285, 287,
291, 294, 295)

* leukocyte
adherence in
sinusoidal and
post sinusoidal
venules (283,
284, 286)

* hepatocyte
P-selectin
expression
(291)

Effects on
mitochondria:

* mitochondri-
al respiratory
and anioxidant
enzymes (280)

®  mitochondri-
al ultrastructur-
al damage
(280, 294)

® caspase-3
activation (282,
294)

Other effects
on liver:

* hepatic
tissue pO2
(283, 284, 286)
* hepatic
cyclic GMP
(279)

* liver bile

production
(291, 294)

Figure 2.1.Mechanisms of protection of L-arginine in liver iRury, references are

in bracketsATP, adenosine triphosphatd, nitric oxide;pO2, partial pressure of

oxygen.
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2.4 sGC-cGMP-PKG

The soluble guanylyl cyclase (sGC)-cyclic 3, Sagwsine monophosphate
(cGMP)-protein kinase G (PKG) pathway is one ofacbenmonest utilized by NO
in mammalian biology. A detailed discussion of tinection of SGC and cGMP in

liver IR is given in section 8.1.

cGMP-dependent protein kinase or PKG is a seridetlareonine specific protein
kinase that is activated by cGMP. PKG plays an irgmb role in the downstream
pathway of cell protection elicited by NO. It haselp shown that isolated
hepatocytes pre-incubated with a NO donor aretegsiso hypoxia-induced cellular
death through a PKG-dependent pathway, as thegpiarieof the NO donor was
inhibited by the PKG-selective blocker KT5823 (29@preover the protection
offered by PKG resulted in the phosphorylation, #retefore activation, of p38
MAPK leading to a significant reduction in intralcddr [Na'] ([Na'];) in hypoxic
hepatocytes (296). Preconditioning-induced phospaton of p38 MAPK in
hepatocytes results in activation of vacuol&ATPase (V-ATPase) (297). V-
ATPases are proton pumps spanning the membranesiofis intracellular
compartments as well as the plasma membranes afdspes. They are
responsible for acidification of organelles sucllyassomes and endosomes; and
play an important role in maintaining intracellui homeostatsis (298). Hepatic
ischaemia results in intracellular acidosis throagherobic respiration. To restore
intracellular pH towards normal, the liver cellgigate the Na/ H" exchanger
(NHE) and the N&/ HCO;™ cotransporter (NHCT). The NHE extrude§ihto the
extracellular space in exchange for'Nalow into the cell. The NHCT transports

Na" and HCQ intracellularly (299). Both these mechanisms afecting the
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ischaemically-induced intracellular acidotic pHuksn intracellular Na
accumulation (299). It is the increase in [Naecondary to intracellular acidosis
that contributes to hepatocytes death. Preconditiprand NO-induced
phosphorylation of p38 MAPK activates V-ATPasesliag to extrusion of Hfrom
the cytosol of hepatocytes into the extracellutari®nment (297), thereby resulting
in inhibition of the NHE and NHCT with a consequegduction in [N&]; and
protection from hypoxic cellular death. The NO-PK&hway does not only lead to
the activation of V-ATPases but may also, throdghdctivation of PI3K in
hepatocytes, result in the exocytosis of lysosoamelsconsequent insertion of
lysosomal V-ATPases into the plasma membrane (30@xefore through
activation of two separate molecules (p38 MAPK &iigK), the NO-PKG cascade
results in not only the activation of but alsohe increase in number of plasma
membrane V-ATPases. Activated PKG has one othesezprence and that pertains
to the prevention of onset of the mitochondriahpeability transition (MPT) in
hepatocytes (301); an effect that averts hepatsdgath. It is postulated this effect
on the MPT could be due to phosphorylation of gefithreonine residues of
mitochondrial proteins that participate in MPT fation (301) but this has not been

corroborated by experimental evidence.

A summary of the mechanisms through which the N@sRiathway exerts its

protective actions in liver IR injury is provided figure 2.2.
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Na+
H-I-
V-ATPase inserti(t))nai:;o =
mbr;
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Inhibition of MPT protects L
against hepatocytes death. :

Activation of plasma membrane V-ATPases
results in the extrusion of H* and a decrease
in [HY]i. The decrease in [H*]j leads to
inhibition of the NHE and NHCT. Consequently
the [Na+]i decreases which protects against
hepatocytes death.

PKG\\ Phospho- 1’/’11;‘;{\40\
\ ‘\\\\‘ Activates ///,/// (P8 DRI
-3
<cGMP
L-arginine consumption by S
arginase, released during - séc .

ischaemia, diverts this substrate

of NOS away from NO synthesis.

L-arginine
\ eNOS - early and late
__ phase IR protection.
~ o

iNOS - early phase IR: either a protecteive

or a deleterious role (dependant on
experimental model and length of ischaemia).
- late phase IR: a protective role.

Figure 2.2. A summary of the main mechanisms involved in NGdiaed protection against liver IR injury. A scheéimaepresentation of a
liver cell with NO-mediated protective pathways winocGMP, cyclic 3’, 5' guanosine monophosphaa®OS endothelial nitric oxide
synthaseGTP, guanosine triphosphate;, hydrogen ionsHCOys', bicarbonateiNOS inducible nitric oxide synthas®|PT, mitochondrial
permeability transitionNa’, sodium ionsNHCT, Na/HCOs™ cotransportedNHE, Na/H* exchangerNO, nitric oxide;PI3K, phosphoinositide
3-kinasePKG, protein kinase G (cGMP-dependent protein kinas®};, soluble guanylyl cyclas&,-ATPasevacuolar H-ATPase.
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2.5 Conclusions and future directions

NO is a ubiquitous free radical. Liver IR incread&3 synthesis. The ramifications
of this may be one of protection against or oneasttribution towards liver IR
injury. Whilst eNOS-derived NO is hepato-protectindiver IR injury, the role of
INOS-derived NO is much less clear and needs furdsearch to shed light on the
specific circumstances that determines the benefitstherwise, of NO generated
from iINOS. Furthermore, there is very limited pshid literature on the effects of
direct and remote ischaemic preconditioning on eN@&$INOS expression and
function. L-arginine supplementation attenuatesatiep@R injury through increased
NO synthesis. At the same time, IR injury resuitthie release of arginase with the
repercussion of diversion of L-arginine away froi® Nynthesis and towards urea
and ornithine synthesis. The full significance wjimase release during IR is
incompletely understood; indeed the implicationp@conditioning (direct or
remote) on arginase release are unknown and refguiler research. Most of the
work investigating the actions of PKG in IR wasfpemed in vitro using
hepatocyte cultures. In vivo work is desperatelydsel to confirm the applicability
of these results to liver IR injury. Only by undargling the detailed protective
actions of NO, including the factors that influernksesynthesis, will it be possible to
design therapeutic strategies against liver IRrinjhat exploit the full potential of

this molecule.
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Chapter 3

Materials and Methods
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3.1 Introduction

In this thesis an experimental animal model wasl tigenvestigate the role of nitric
oxide (NO) in mediating the protective effects ofdiimb remote ischaemic
preconditioning (RIPC) on liver ischaemia repedus{IR) injury. A mouse
hindlimb RIPC protocol was developed and validai®dd type (C57BL/6) and
eNOS" mice were used. Throughout the thesis, quantifinaf liver injury was
assessed by plasma liver enzymes and H & E stéiuerchistopathological
sections. Transmission electron microscopy was tesedovide an insight into the
cellular structures and organelles that are aftebieNO in RIPC. Hepatic
microcirculatory blood flow measurements were usednderstand the effects of
RIPC and NO on blood flow in the hepatic microclation in the context of IR
injury. eNOS and iNOS protein expression were agseby Western blots. Plasma
nitrite and nitrate act as circulating reservoirf® and were assessed by a
colorimetric assay. NO can act through various\wayls to exert its effects,
including the guanylyl cyclase — cGMP route. Theref hepatic cGMP levels were

quantified using an enzyme immunoassay Kkit.

3.2 Chemicals and reagents

C-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethyliaedline-1-oxyl-3-
oxide.potassium salt; Alexis Biochemicals) is adirintravascular NO scavenger. It
was dissolved in Dulbecco’s — phosphate bufferédesgD-PBS)and was
administered intravenously at a dose of 1 mg/kg wolume of 50 |, based on a
previous study by Duranskt al (302). C-PTIO reacts with NO stoichiometrically
(303) and was used to inhibit the effects of NOdpieed during RIPC. ODQ (1H-

[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one; AlexisoBhemicals) is a highly selective
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inhibitor of soluble guanylyl cyclase (sGC). It dsto the haem site on sGC in an
irreversible NO-competitive manner (3885). It was dissolved in DMSO and was
administered topically to the liver prior to hindlb preconditioning and liver IR
(302) in a volume of 100l containing 600 g of ODQ (256). Sodium nitrite
(NaNG,, Sigma-Aldrich) was dissolved in D-PBS and was mistered into the
peritoneal cavity in a volume of 50 containing 48 nmol (3.31g) sodium nitrite
(167,302). In hypoxic and acidotic environments, typligaincountered in ischaemic
tissues, sodium nitrite is reduced to KBD6),and therefore we administered it to

eNOS" mice undergoing liver IR to replace the deficibi® production.

3.3 Animals

Male inbred C57BL/6 wild type mice (Charles Rivabbratories, UK); and mice
lacking the constitutively expressed enzyme, erelathnitric oxide synthase
(eNOS', bred in-house) (307), were utilized in the présendy.All mice used

were aged 8-12 weeks, were kept in a temperaturgadied environment, had a 12
hour light-dark cycle, and were freely allowed stard mouse chow pellets and

drinking water.

3.4 Mouse model of hindlimb remote ischaemic precaiitioning of

the liver

The study was conducted under a license (PPL 76/682 70/20759) granted by
the Home Office in accordance with the Animals €atific Procedures) Act 1986.
In addition the experimental protocols were alspraped by the institutional

animal ethics and welfare committee. Randomly setemice were anaesthetised in
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an induction chamber using 2% isofluraMaintenance of anaesthesia was
achieved by the use of 1.5-2.0 % isoflurane viargcentric oronasal mask
connected to an anaesthetic circuit. Core body éeatpre was maintained at 37.0 +

0.5 ¥ using a heating pad and a rectal temperature probe

3.4.1Hepatic IR protocol

Laparotomy was performed through a midline incisiblme falciform ligament and
the ligament connecting the caudate to the lek lakre divided. A bolus of 400

of 2.5 U/ml warmed heparinised saline was admiresténto the peritoneal cavity
to maintain rehydration and prevent blood clottiAgnicrovascular clamp was then
applied to the portal triad supplying the left anddian lobes, rendering
approximately 70% of the liver ischaemic. This wedtablished partial hepatic
ischaemia model prevents mesenteric venous coagesttestinal mucosal damage
caused by venous ischaemia, and subsequent bhtrtanglocation across the
intestinal wall by permitting portal decompresstbrough the caudate and right
lobes of the liver (30810). Successful occlusion of the portal triad uestion was
confirmed by a change in colour and a reductiotmémicrovascular blood flow as
measured by Laser Doppler Flowmetry (LDF). The abiial wall was sutured shut
during hepatic ischaemia which lasted 40 minutgmrireperfusion of the
ischaemic lobes, 406 of warmed normal saline was administered into the
peritoneal cavity to prevent dehydration during $hesequent two hours of
reperfusion in which the abdominal cavity was kegp¢n to permit hepatic

microcirculatory blood flow (MBF) measurements wsitDF.
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At the end of the reperfusion period blood waseat#d by cardiac puncture and
immediately centrifuged at 3500 rpm (1150 g) fomiidutes. The plasma

supernatant was stored at -¥0until assayed for liver transaminases and NOX.

The liver lobes subjected to IR were harvestetieaend of each procedure. The
median and part of the left lobe were snap fromdiguid nitrogen and subsequently
stored in the same for eNOS, iINOS, and cGMP coragonns. The majority of the
reminder of the left lobe was stored in 10% forsadine for histopathology and
immunohistochemistry processing. Samples for trasson electron microscopy
were also obtained from the left liver lobe at ¢imel of the experiment and were

stored in 1.5% glutaraldehyde and 2% paraformaldiehy

Preconditioned hindlimbs were de-skinned and déetkaised at the end of the
experiment. The skeletal muscle remaining was [@segein two ways. The
majority of each sample was snap frozen in liquicbgen and subsequently stored
in the same for eNOS and iNOS protein quantificatibe remainder was placed in

10% formal saline for immunohistochemistry procegsi

3.4.2Technique of hindlimb preconditioning

Two techniques of RIPC were used. In the prelimyjreperiments non-invasive
preconditioning was achieved by alternate inflagma deflation of a pneumatic
tourniquet placed around the proximal right hinddiBBased on the neuromuscular
damage (see results section in chapter 4) observedcovery of these mice, a
second method of preconditioning was developeduti@#ed an open technique. A

longitudinal skin incision was made over the rightero-medial thigh that extended
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from the inferior end of the midline laparotomy dow the right knee. The femoral
vascular bundle (femoral artery and vein) was isoldrom the surrounding muscles
and was clamped using an operating microscopgjosimal to its confluence with
the femoral nerve (figure 3.1). In both techniqoaeRIPC a protocol of four minutes
of limb ischaemia followed by four minutes repeifusfor a total of six cycles was
used. This was based on a study that utilized #asiprotocol of hindlimb
preconditioning prior to myocardial IR, applied vian-invasive finger pressure to
the femoral vessels (311). Cessation of blood flowhe hindlimb was confirmed by
the change in foot colour and by the reductioromt MBF measured by LDF.
Furthermore, in the tourniquet technique, the LDdswsed to determine the
inflation pressures at which blood flow to the Himdb ceased in order to prevent

over inflation of the tourniquet and subsequent s&due damage of the hindlimb.

Figure 3.1.(A) Mouse photograph showing the dissected right famassels and

nerve with a microvascular clamp on the forngBj. Close up magnification of
outlined area in (A) with the microvascular clangpked to the femoral artery and
vein before the vessels are joined by the femaalenthereby protecting the latter

from any damage.
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In these preliminary studies, mice that were prd@é@med with a tourniquet (n =

2), and mice from the open clamp technique of RIRPE 4) were allowed to
recover from anaesthesia during the two hour lieperfusion period in order to
assess general mobility and hindlimb function failog RIPC. From these it
became clear that the tourniquet technique resuitéohb paralysis probably
secondary to hindlimb neuromuscular damage as estkeby gross neuromuscular
bruising in the preconditioned hindlimb soft tissu&herefore the tourniquet
technique was abandoned and all remaining expetawegre performed using the

open method of preconditioning.

3.4.3Experimental groups

The experimental groups in the wild type and eN®Sce are summarised in
figures 3.2 and 3.3 respectiveBach group had a minimum of six animals. The
total anaesthetic time was equal in all the grodfisanimals underwent
laparotomy, mobilization of the liver, and mobiliian of the right femoral vascular
bundle. In addition some of the groups were eablested to a specific procedure
as follows:

Wild type groups:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described abov

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the

femoral vessels under an operating microscope.
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IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.
C-PTIO + RIPC + IR: The NO scavenger C-PTIO was iadgtered intravenously at
a dose of 1 mg/kg in 50 of D-PBS, followed by the RIPC + IR procedure.
ODQ + RIPC + IR: The sGC inhibitor ODQ was admiaist topically to the liver,
in a volume of 100 | of DMSO containing 600 pg of ODQ, followed by tRéPC +
IR procedure.

eNOS" groups:

Sham: Only underwent laparotomy, mobilization & liver, and mobilization of
the right femoral vascular bundle.

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the
femoral vessels under an operating microscope.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.
Nitrite + IR: Underwent the IR procedure with admiration of sodium nitrite, at a
dose of 48 nmol in 50! of D-PBS, topically into the peritoneal cavity Blinutes
into liver ischaemia. To elicit the optimal time sddium nitrite administration,
plasma transaminases levels and liver MBF were anedsn two additional eNOS
. groups (n = 2 each) that received the sodiunt@igither inmediately preceding

liver ischaemia or just before liver reperfusiortreg end of liver ischaemia.
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liver & hindlimb perfusion
1. Sham 3 hrs 28 min
HICIEIE 2 ISP IR R S A IS 6 liver & hindlimb perfusion
2. RIPC min min min min min min 160 min
3. IR liver & hindlimb perfusion liver & hindlimb perfusion

48 min 120 min

liver & hindlimb perfusion
120 min

HR1] HR2] HR3] HRA4| HRS5| HR6}
4. RIPC + IR 4 4 4 4 4 4
min min min min min min

HR1 HR2 HR3 HR4 HR5 HR6 li [ :
iver & hindlimb perfusion
5. C-PTIO 4 4 4 4 4 4 ) p
min min min min min min 120 n

C-PTIO

liver & hindlimb perfusion
120 min

HR1| HR2| HR3| HR4| HR5] HR#|
6. ODQ 4 4 4 4 4 4
min min min min min min
oDQ

Figure 3.2.Wild type animal groups. Group 1 (sham) underviep&rotomy,
mobilization of the liver, and mobilization of thight femoral vascular bundle.
RIPC (group 2) had the right hindlimb preconditidrveith 6 cycles of 4 min
ischaemia (using direct femoral vessels clampiatipwed by 4 min reperfusion. IR
(group 3) had 40 min of ischaemia to the medianleftdiver lobes followed by 2
hrs reperfusion. RIPC + IR (group 4) underwentRieC followed by the IR
procedures. C-PTIO + RIPC + IR and ODQ + RIPC {dRups 5 and 6) were
administered C-PTIO and ODQ respectively, follovgdthe RIPC + IR procedure.
Note the total anaesthetic time was equal in allgtoupsHI, hindlimb ischaemia;

HR, hindlimb reperfusion.



liver & hindlimb perfusion
7. Sham 3 hrs 28 min

8. RIPC HRI{IIE|HRZRISIHRS HI) R4 FIS HRS G| HRS liver & hindlimb perfusion
- RIP min min min min min min 160 min

9. IR liver & hindlimb perfusion liver & hindlimb perfusion
' 48 min 120 min

liver & hindlimb perfusion
120 min

HR1| HR2] HR3| HR4| HR5] HR#|
10. RIPC + IR 4 4 4 4 4 4
min min min min min min

liver & hindlimb perfusion
120 min

11. Nitrite + liver & hindlimb perfusion
IR 48 min

Sodium nitrite

Figure 3.3.eNOS-/- animal groups. Group 7 (sham) underwgrarizomy,
mobilization of the liver, and mobilization of thight femoral vascular bundle.
RIPC (group 8) had the right hindlimb preconditidrveith 6 cycles of 4 min
ischaemia (using direct femoral vessels clampiatipwed by 4 min reperfusion. IR
(group 9) had 40 min of ischaemia to the medianleftdiver lobes followed by 2
hrs reperfusion. RIPC + IR (group 10) underwentRiteC followed by the IR
procedures. Nitrite + IR (group 11) underwent tRegpfrocedure with administration
of sodium nitrite 20 min into liver ischaemia. Nalte total anaesthetic time was

equal in all the groupsil, hindlimb ischaemiadR, hindlimb reperfusion.

3.5 Measurement of liver enzymes

Plasma concentrations of alanine aminotransferals€)(and aspartate
aminotransferase (AST) were measured by a starsgaairophotometric method
using an automated clinical analyzer (Modular AtiesyP, Roche Diagnostic Ltd,
West Sussex UK). These enzymes are sensitive nsaokéver injury which are

released from injured hepatocytes into the circorat
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3.6 Histopathology

A liver biopsy was taken from the left lobe at #el of the experiment for each of
the animals and was immediately fixed in 10% forsadine. The fixed tissues were
then embedded in paraffin, cut into B sections and stained with haematoxylin
and eosin (H&E). Sections were examined underta figcroscope using 50x or
100x magnification for assessment of the degrdwefinjury by a liver pathologist
blinded to the grouping of the animals. Each H&Ehgke was scored using two
different methods. In the first of these an ovenédtopathological injury grade was
assigned to each sample based on the extent oifjting Seen on examining each
section. This overall grading system was a modibtceof the ordinal grading scale

reported by Camarget al(81) and was as follows:

grade O— minimal or no evidence of injury,

grade 1 —mild injury characterised by cytoplasmic vacuolizaton and focal
nuclear pyknosis

grade 2 — moderate injury exhibiting cytoplasmic vauolization, confluent areas
of hepatocyte ballooning but no frank necrosis, simsoidal dilatation and
congestion, and blurring of intercellular borders;

grade 3— moderate to severe injury with areas of coagulativeecrosis,
cytoplasmic hypereosinophilia, extensive sinusoiddilatation and congestion;
grade 4-— severe injury consisting of severe confluent coagative necrosis, and
disintegration of and haemorrhage into hepatic cord leading to loss of tissue
architecture.

A photomicrograph example of each of these graslgs/en in figure 3.4.
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Figure 3.4.Representative photomicrographs of liver sectaemonstrating the
overall histopathological injury grad€g#) Grade 0{B) Grade 1{C) Grade 2{D)
Grade 3(E) Grade 4. See main text for a description of ed¢hese grades.

The second method of analysing the samples codsi$t® semi-quantitative
evaluation of individual histological features il IR injury in each sample (Table
3.1). The individual features are those reportevipusly (294302,312313) but

with additions and modifications to the scoringemia of each feature as shown in
table 3.1. Each of these features was scoredectafi areas identified by the

histopathologist in each of the sections.
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Table 3.1.Scoring systenfor individual histopathological features of liviét injury.

Histopathological | Score Interpretation of scores
features of liver injur] (S)
Neutrophil 0 None
infiltration 1 Rarely seen
2 Scattered in some lobules
3 Scattered in most lobules
4 On the verge of confluence or with some
5 confluence
Dense clusters
Cell necrosis 0 None
1 1-2 apoptotic bodies
2 > 3 apoptotic bodies
3 Focal necrosis with 1-2 foci seen
4 Focal necrosis with 3 or more foci seen
5 One confluent area of necrosis
6 Multiple bridging confluent areas of cellular dea
7 Areas of necrosis exceed areas of viable
8 parenchyma
No or very focal viable parenchyma identified
Eosinophilic None
changes of Rarely seen
hepatocytes Scattered in some lobules
Scattered in most lobules
Widespread
Discohesive Mild
hepatocytes Moderate
Severe
Liver cell None
ballooning Focal, spotted after extensive search
Some lobules affected
Most lobules affected
Widespread
Cytoplasmic None
vacuolization Rarely seen

Scattered in some lobules
Scattered in most lobules
Widespread

Nuclear pyknosis

None
Rarely seen
Scattered in some lobules
Scattered in most lobules

Widespread
Blurring or loss of None
intercellular borders Rarely seen

A WONRPRPOPWONREPOPRPWONREPRPORRWONREPRPOWNR|RARWNE,O

Scattered in some lobules
Scattered in most lobules
Widespread
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0
Red blood cell 1 None
extravasation / 2 Rarely seen
haemorrhage 3 Frequent perivenular
4 Frequent perivenular midzonal
Frequent panlobular
Sinusoidal dilatation 0 None

Rarely seen
Frequent perivenular
Frequent perivenular midzonal
Frequent panlobular

A WNBE

3.7 Transmission electron microscopy

Transmission electron microscopy (TEM) was perfatneeidentify the cellular
structures and organelles that are protected ldjiib preconditioning prior to
liver IR (RIPC + IR group) compared to IR alonesréby providing an insight into
the cellular organelles that are receptive to tfexes of the remote preconditioning
process. Furthermore, TEM assessment in eN@smals, and animals
administered C-PTIO, ODQ, or sodium nitrite undémgdRIPC allows an
assessment of cellular ultrastructures that alieediby nitric oxide in mediating

the protective effects of RIPC on liver IR injury.

Liver biopsies of approximately 1 nirdimensions were cut from the left lobe and
fixed in a solution containing 1.5% glutaraldehyd® 2% paraformaldehyde in
PBS overnight. An automated tissue processor (LeMar P) was utilized to
process the samples in the following sequenceategdevashings with PBS; post-
fixation in 1% osmium tetroxide; dehydration througp, 50, 70, 90, and 100 %
alcohol; and embedding in Lemix epoxy resin. Sdmn-{1 m) sections were cut
and stained with 1% Toluidine Blue — 1% Borax ardneined under light

microscopy to determine the areas to be cut anckpsed for TEM. Ultrathin (70
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nm) sections were stained with 2% aqueous uramghtefollowed by Reynold’s
lead citrate, and viewed using a Philips 201 TEMpRsentative areas were
photographed and the images were interpreted &M\ Scientist who was blinded
to the groups. Multiple parameters of ultrastrualtinjury were evaluated based on
modifications to those previously reported in ligrinjury studies (31416).

Within hepatocytes these were: mitochondrial daneaggent by outer membrane
disruption and cristae shortening and disruptiooplasmic reticulum dilatation
and vesiculation; formation of cytosolic vacuolessmation of phagolysosomes;
and abundance of lipid droplets and glycogen gemuh addition, injury of the bile
canaliculi was determined by dilatation and losthefmicrovilli; and damage to the
sinusoids was determined by disruption of the siied endothelial cells’
cytoplasm, presence of sinusoidal luminal debxagasation of red blood cells,

and obliteration of the space of Disse microvilli.

3.8 Assessment of microcirculatory blood flow

3.8.1Principle of laser Doppler flowmetry

Laser Doppler flowmetry (LDF) is an optical techugfor assessing tissue
microcirculation that provides continuous measurmsief blood flow in the
capillaries, arterioles, and venules. Measurematiltsing LDF necessitate probe
placement on the tissue surface. Therefore there disruption of tissue

architecture or interruption to blood flow (317).

The basic principle that underlies LDF is the Dephift which describes the
frequency change that a wave undergoes when erfitteda moving object

relative to a static detector (318). LDF emits anoehromatic laser light that is
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carried by the transmitting optical fibre to thestie. Some of the light photons will
be scattered by moving red blood cells and theeafimdergo Doppler shift. Photons
that encounter static tissue will not have anyderpy change of the light
wavelength (no Doppler shift). Both Doppler shifi@ad non-Doppler shifted back-
scattered light from the tissue is conducted thinoting receiving optical fibre
(separate from the transmitting optical fibre) foh@to detector that produces an
electrical signal containing all of the Dopplerduency shift information (31,819).
Further processing of the signal is performed l@yghoto detector, and the final
output signal is displayed as blood flow perfusimits or blood cell ‘Flux’ units.
The blood flow displayed represents the produtheinumber of moving red cells

and their mean velocity (319).

The relationship between total tissue blood floughsas in the liver or hindlimb,
and the signal measured by LDF on the surfaceeofi$Bue has been shown to be
linear and reproducible (320). Furthermore, LDBdssitive to rapid blood flow
changes within tissues (320). However it is imparta note that LDF is only
accurate in assessing relative changes in tisstiesp® but should not be used to
quantify tissue MBF in absolute units as theredganversion factor to achieve this

(321,322). Hepatic and hindlimb MBF assessments in thaga using LDF are well
described (32324). Hindlimb MBF is assessed by LDF measurenmaaige in the

foot (323325).

3.8.2Measuring liver and hindlimb microcirculatory blod flow

A dual channel laser Doppler flowmeter (DRT4, Mdéwstruments Ltd., UK) was

used to measure blood flow in the microvasculapdithe liver and hindlimb. For
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each experiment one probe was placed on theett lbbe, whilst the second was
placed on the sole of the right foot. In both cakesprobe was positioned so that it
was just in contact with the tissue surface. Thgatie probe was mounted in a
tubular probe holder in order to prevent the privbm pressing on the hepatic
surface and causing microvascular occlusion. FRaméar reason, the hindlimb
probe was fixed to the operating table using adiesipe, with the tip positioned on
the sole of the right foot (figure 3.5). LDF datasicollected as the means of four
readings recorded over a one minute period. Figuirehows the time points of
LDF recordings during the study protocol. The himtd LDF measurements were
made but not recorded, as these were performed@elysure adequate blood flow
interruption to the hindlimb during ischaemia, witgtovery of blood flow during

hindlimb reperfusion.

Figure 3.5.Photograph of a mouse illustrating LDF probestmosd on the left

hepatic lobe and sole of the right foot.
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BL HI1 HR1——//—— HI6 HR6 BLI ELI BR R30 R60 R90 R120

liver & hindlimb perfusion
120 min

FF A

Figure 3.6.Time points of Laser Doppler Flowmetry (LDF) megsuents. /]\

MA X

indicates time points of foot and liver LDF measnesmtsﬁ indicates time points of
liver only LDF recordings. The mean of four LDF d&zgs over a one minute period
was recorded at each time point indicated. Notendurycles 1 to 6 of HI and HR
the hindlimb LDF measurements were made but notrded, as these were
performed only to ensure adequate blood flow iofgion to the hindlimb during

HI, with recovery of blood flow during HRBL, baselineHlI, hindlimb ischaemia;
HR, hindlimb reperfusionBLI, beginning of liver ischaemi&LI, end of liver
ischaemiaBR, beginning of liver reperfusioi®30to R120- liver reperfusion at 30,

60, 90, and 120 min post ischaemia.

3.9 eNOS and iNOS Western blot analysis

3.9.1Protein extraction and quantification

Individual samples of liver and skeletal musclsumss (100 mg) were homogenised
in liquid nitrogen. Cell lysis was achieved by #ddition of RIPA buffer (Sigma)
containing a protease inhibitor (Roche), and repegexing. The samples were
then centrifuged at 12,700 rpfh5150 g) for 15 mimt 4 ¥ . Protein concentrations
in the supernatants were measured by the modifedy protein assay kit (Pierce

Biotechnology, USA).

3.9.2SDS gel electrophoresis and Western blotting

Protein denaturation was achieved by the additiohaemmli sample buffer (2X,
Sigma, UK) to each protein sample (made up withARbBffer to a concentration of

8 g/ I)in a volumetric ratio of 1:1, followed by headimo 95 ¥ . Nu-
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polyacrylamide gel electrophoresis (NUPAGE 4-12% Biis Gel, Invitrogen,

USA) in NuPAGE running buffer was used to sepatta¢eproteins, which were then
electro-blotted onto polyvinylidene difluoride (P¥Pmembrane (Bio-Rad, USA)
soaked in NUPAGE transfer buff@ihe membranes were blocked with 5 % semi-
skimmed milk powder (Marvel) dissolved in PBS, dolled by incubation over night
with either polyclonal rabbit anti-eNOS or anti-ilS@Santa Cruz Biotechnology,
USA) in a 1:200 dilutionThe membranes were then washed with RBSibated
with secondary goat anti-rabbit IgG antibody comajegl with HRP in a 1:1000
dilution for 45 minwashed with PBS|luminated with Super Signal West Dura
Extended Duration Substrate (Pierce, USA), and sxgdo x-ray films (Fuji
medical x-ray films) for variable duration to vidise the proteins bound to
antibody. The x-rays were scanned and the denkityeaeNOS protein bands were
analysed witlBio-Rad densitometry software (Molecular Analystindbws

software for Bio-Rad'’s image analysis system verdi®, USA).

3.10 eNOS immunohistochemistry

The left liver lobe and the thigh of the right hiinab were biopsied at the end of the
experiment in each of the animals and were immelgiditxed in 10% formal saline.
The fixed tissues were then embedded in parafiininto 3 m sections, dewaxed
in xylene, and taken through alcohol. Endogenousxiase was blocked with
hydrogen peroxide in methanol followed by washinthwater. The sections were
then pressure cooked for three and a half minategrate buffer (pH 6.0), washed
with water, soaked in Tris Buffered Saline with TemgTBS-T), and treated with a
protein solution (Casein- Leica Microsystems) todkl background staining.

Incubation with rabbit polyclonal eNOS primary &ty (Santa Cruz
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Biotechnology, CA, USA) was done overnight a¥4in a 1:100 dilution. The

sections were then washed with bufiacubated with secondary antibody
conjugated with HRP for 30 mimashed with buffer, developed with 3,3’-
Diaminobenzidine, washed with water, counterstaingd Mayer's Haematoxylin,
and mounted for microscopic examination. Placergslie was used as positive
control. For negative controls, liver sections werecessed without primary

antibody.

3.11 Nitrite and nitrate measurements

The plasma nitrite and nitrate (NOXx) levels wereasuged in wild type mice using a
commercially available colorimetric assay kit (CaymChemical, catalogue No.
780001). The plasma was first deproteinated usinkC® centrifugal filters and
diluted 1 in 8 using assay buffer. Total nitritelamtrate concentrations were
determined by the reduction of nitrate to nitrigeng nitrate reductase (Cayman
Chemical, catalogue No. 780010) in the presen@pyme cofactor (Cayman
Chemical, catalogue No. 780012). Greiss reagentheasadded to the solution
containing nitrite and the resultant colour develept was quantified by reading
the absorbance at 550 nm. The total N@M) were calculated using the nitrate

standard curve.

3.12 Measurement of hepatic cGMP
cGMP (cyclic 3’, 5’ guanosine monophosphate) acdatmn in liver tissue was
determined in wild type mice. To extract cGMP frower tissue 2561 of 0.1M

HCL was added to each liver tissue followed by hgemisation at 50 Hz for 2

minutes using a TissueLyser (Qiagen). The sampégs thhen centrifuged at 13000
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rpm for 5 minutes at 4 C and the supernatant viteseid through 30 kDa centrifugal
filters. The filtrates were dried under vacuum4dmrs. Quantification of cGMP in
the samples was performed using a commercial enaymeinoassay (EIA) kit
(Cayman Chemical, catalogue No. 581021). Briefig, dry pellets were
resuspended in EIA buffer. Samples (B0 or standard solutions of cGMP (5@

of 30 pmol/ml to 0.23 pmol/ml) were incubated tdgatwith cGMP EIA antiserum
(50 L) and acetylcholinesterase linked to cGMP trab@m() in a plate pre-coated
with mouse monoclonal anti-rabbit IgG at room terapge for 18 hours. After the
plates were washed, colour development was achiey¢ide addition of Ellman’s
Reagent (200L) and incubation for 60 minutes. Absorbance waasue=d at 410

nm. cGMP concentrations were calculated usingtdredsrd curve generated.

3.13 Statistical analysis

Values are expressed as mean + standard errag afgan (SEM). One way
analysis of variance (ANOVA) with Post Hoc Bonfarraorrection for multiple
comparisons was used. Independent-samples t-tssisea to compare means
when there were only two groups. Paired-samplesttwas used to compare the
means within a single group at different pointsinme. P < 0.05 was considered

statistically significant in all analyses.
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Chapter 4

Development of a new mouse model to study the effext

hindlimb ischaemic preconditioning on liver IR injury



4.1 Introduction

Hepatic IR injury is seen either in clinical se¢ggncausing direct liver ischaemia
such as liver surgery and transplantation, orensitting of systemic hypoxemia
(e.g. respiratory failure) or shock states follovilydesuscitation (e.g. haemorrhage,
sepsis). The consequences of liver IR injury deperidnly on the length of the
ischaemic insult, but also on the background candibf the liver (7). For example
cirrhotic and steatotic livers are more susceptiblEk compared to normal livers
(8,9). One of the therapeutic strategies to lessem IR injury is remote ischaemic
preconditioning (RIPC). This concept involves biggfhaemia to one organ
protecting a remote organ against prolonged isciamsults. RIPC was first
described by Przyklenk et al (326) in 1993 who skbwhat brief occlusion of the
circumflex artery in the heart protected againstidsequent prolonged ischaemic
insult of the myocardial territory supplied by tleé anterior descending artery.
RIPC is a systemic phenomenon, meaning precondigasf one body region will
protect all other organs to varying degrees. Thigeovation has led to the search for
both humoral and neuronal mediators of RIPC, restly Tapuriget alin 2008
(327). The hepato-protective effects of directdipeeconditioning (IPC) are seen
over two time windows (328). The early phase otprelitioning commences
immediately following a brief ischaemic stimulusddasts under four hours. The
late phase begins 12-24 hours after preconditioamylasts 72-96 hours. Similarly,
RIPC has also been shown to exert its beneficiatesf over the same timeframe

(327).

The main advantage of RIPC over direct IPC is p@ieability of the former to the

upper or lower limb in a non-invasive manner thiotite use of external pressure
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on the limb, to achieve vessel occlusion and bftea cessation. Simple devices
such as tourniquets and blood pressure cuffs agd.i@he clinical attractiveness and
safety of this non-invasive approach to preconditig is obvious. Human studies,
including randomised clinical trials, have showa tteart and vascular endothelium
to be protected by limb RIPC (3230). However, to date there are no published

human studies on the benefits of limb RIPC in aomating liver IR injury.

The protective effects of limb RIPC against livBrihjury in the rabbit (227), and
the rat (229) have previously been demonstrateceiy a mouse model of limb
RIPC followed by liver IR was described (226). Tnghors of this study used an
elastic band to induce hindlimb ischaemia in fermaiee and they reported a
reduction in liver IR injury. However, they did noljectively measure blood flow
in the limb. In addition, elastic bands lose etastiwith repeated usage and will
produce variable pressures when applied to the Ifalthermore, the female
hormone oestrogen and its derivatives are knovgndtect against IR injury of the
liver (331). Therefore the variation in oestrogevells during the oestrous cycle in
females leads to variable susceptibility to IR rgjaongruent with the stage of the
oestrous cycle (332). In light of this the majotyexperimental IR injury models

use male animals only.

Mice are the only species with commercially avdéabansgenic strains. The use of
transgenics in scientific research represents btfeeanost accurate methods of
delineating the functions of specific gene productproteins, and thereby of the
underlying molecular pathways underpinning the benef RIPC. If the molecular

mechanisms of RIPC are understood then it may bsilple to develop targeted
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pharmacological interventions to mitigate the harreffects of IR injury. Mouse
limb RIPC models have been described that offereptmn against myocardial,
pulmonary, and intestinal IR injury (2383). Experimental hindlimb
preconditioning may be performed either with thpleation of an external device
to occlude femoral blood flow, such as with the asa tourniquet or a rubber band;
or maybe done through an open incision and dilactging of the femoral artery,
or femoral artery and vein. The open method hasdvantage of not exerting any
direct pressure on the neuro-musculature of thimmgndhich could lead to pressure
necrosis of these structures and a consequentimigory reaction with

disturbances in limb and systemic haemodynamics.

In the present study, we developed a mouse modehdfimb RIPC that protects
against liver IR injury and that could be utilizedshed light on the mechanisms

underlying the protection of RIPC.

4.2 Materials and methods

The detailed methodology was described in chaptérssimmary of the most

pertinent points is given below.

4.2.1Mouse model of hindlimb remote ischaemic precoiaiiing of

the liver

Inbred male C57BL/6 wild type mice (Charles Rivaodratories, UK) were utilized

in the present studie$he animals were anaesthetised using 2% isoflume=
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body temperature was maintained at 37.0 +¥.6sing a heating pad and

monitored by a rectal temperature probe.

Laparotomy was performed through a midline incisiblme falciform ligament and
the ligament connecting the caudate to the lek lakre divided. A microvascular
clamp was then applied to the portal triad suppiyire left and median lobes.
Successful occlusion of the portal triad was coméid by a change in colour and a
reduction in microcirculatory blood flow (MBF) assmsured by laser Doppler
flowmetry (LDF). The animals were subjected to 4ilutes of hepatic ischaemia
followed by two hours of reperfusion. At the endfuéd reperfusion period the
animals were terminated by exsanguination throagtiac puncture and blood
collection. The blood was immediately centrifuged she plasma supernatant was

stored at -73¥ until assayed for liver transaminases. The ledt median liver

lobes were harvested at the end of each procedutestopathology and transition

electron microscopy.

The preliminary experiments involved recovering dmimals from anaesthesia
during the two hour liver reperfusion period in erdo assess general mobility and
hindlimb function following RIPC. The RIPC protoaodnsisted of four minutes
ischaemia followed by four minutes reperfusionddotal of six cycles. Cessation
of blood flow to the hindlimb was confirmed by tbleange in foot colour and by the
reduction in foot MBF as measured by LDF. From ¢hgeliminary experiments it
became clear that the tourniquet technique resuitéchb paralysis probably
secondary to hindlimb neuromuscular damage as eskeby gross neuromuscular

bruising in the preconditioned hindlimb soft tissu€herefore the tourniquet



technique was abandoned and all remaining expetawegre performed using the

open method of preconditioning.

4.2.2Non-recovery experimental groups

Four groups with a minimum of six animals in eacrevused (Figure 3.2). The
total anaesthetic time was equal in all the grodfisanimals underwent
laparotomy, mobilization of the liver, and mobiliia of the right femoral vascular
bundle. In addition some of the groups were eablested to a specific procedure

as follows:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described abov

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the
femoral vessels under an operating microscope.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvdacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.

The plasma ALT and AST levels, and the histologasad ultrastructural markers of

liver damage were all assessed at the end of twostad reperfusion following liver

ischaemia (or equivalent time points in the shachRIPC groups).
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4.2.3Measurement of liver enzymes

The concentrations of ALT and AST were measurdtierplasma using an
automated clinical analyzer (section 3.5). Thessymyes are sensitive markers of

liver injury which are released from injured hemates into the circulation.

4.2.4Histopathology

A liver biopsy was taken from the left ischaemibdoof each animal at the end of
the experiment and was immediately fixed in 10%alrsaline. The fixed tissues
were embedded in paraffin, and stained with H&EctiBas were assessed by a liver
pathologist blinded to the animal groups. Each H&fple was scored using two

different methods as described in section 3.6.

4.2.5Transmission electron microscopy

Liver biopsies were obtained from the left lobgeamination of the animals and
were fixed in a glutaraldehyde / paraformaldehydeume overnight. An automated
tissue processor (Leica EM TP) embedded the sarirple=mix epoxy resin.
Stained semi-thin sections were examined undet figéroscopy to determine the
areas exhibiting damage. Ultrathin sections oféhesre then cut, stained, and
viewed with a transmission electron microscope.rBsgntative areas were
photographed and the images were interpreted tanaition electron microscopy
(TEM) scientist who was blinded to the groups. Asseent of the images was

performed according to the parameters outlinecaticen 3.7.
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4.2.6Liver and hindlimb microcirculatory blood flow

A dual channel laser Doppler flowmeter (DRT4, Méwstruments Ltd., UK) was
used to measure blood flow in the microvasculatdie liver and hindlimb
(section 3.8). One probe was placed on the ledt ligbe, whilst the second was
placed on the sole of the right foot. In both cakesprobe was positioned so that it
was just in contact with the tissue surface. HedallF data was collected as the
means of four readings recorded over a one mireriegh Figure 3.8hows the

time points of the LDF recordings during the stpdgytocol. The hindlimb LDF
measurements were made but not recorded, as tleesgerformed only to ensure
adequate blood flow interruption to the hindlimlridg ischaemia, with recovery of

blood flow during hindlimb reperfusion.

4.2.7Animal survival and postoperative complications

In order to evaluate the delayed benefits and efidets of hindlimb
preconditioning, the clinical postoperative coun$enice in the sham, IR, and RIPC
+ IR group (n = 6 per group) was followed for 28slaEach group underwent its
respective surgical procedure followed by a recpperiod of up to 28 days. At the

end of this period the animals were humanely teateith.

4.2.8Statistical analysis

Values are expressed as mean + SEM. One way aalygariance (ANOVA) with
Post Hoc Bonferroni correction for multiple comgans was used. Paired-samples
t-test was used to compare the means within aesgrglup at different points in

time. P < 0.05 was considered statistically significanalianalyses.
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4.3 Results
4.3.1Preliminary recovery experiments: Hindlimb RIPC liits hepatic

IR injury but the tourniquet technique causes hindib paralysis

The initial experiments were designed to testhé dffectiveness of hindlimb RIPC
in mitigating liver IR injury; and 2. the possild@le effects of the tourniquet versus
the open clamp techniques of hindlimb RIPC. To ¢md the mice were recovered
from anaesthesia during the two hours of liver rigfsgon.

The plasma ALT and AST levels were lower in thevaads that had either the
tourniquet (n = 2) or open clamp (n = 4) methodkinéllimb preconditioning prior
to liver IR (RIPC + IR group) compared to the grabat had liver IR alone. Whilst
the difference in ALT levels between the IR andtihe RIPC + IR (tourniquet and
open clamp) groups did not reach statistical sigaiice P > 0.05), those of AST
were significantly lower in the preconditioned gosuP = 0.034 vs RIPC + IR
(tourniquet);P = 0.004 vs RIPC + IR (open clamp)). There wersigaificant
differences in both the ALT or AST levels betweka two techniques of

preconditioning.

On recovery of the animals from general anaesthésagroup that had the
tourniquet technique of hindlimb RIPC was notetyégparalysed in the
preconditioned limb upon ambulation. Moreover, ptgisbruising of skeletal
muscles and femoral nerves were noted followinghahtermination and dissection
of preconditioned hindlimbs. The group that wascprelitioned using direct
application of a microvascular clamp to the femeessels (open clamp technique)

did not show paralysis, or neuromuscular bruisihthe preconditioned hindlimb.



Similarly, the liver IR alone group with a sham egpre and mobilisation of vessels

showed no limb neuromuscular damage.

Based on the results of the preliminary experimshtsving equipotent benefit with
both the invasive and non-invasive techniques mdlimb preconditioning, but
revealing neuromuscular paralysis only with théelatall subsequent experiments (n

6 in each group) were performed using the openglmethod of preconditioning.
The biochemical, histological, and ultrastructunarkers of liver damage were
assessed at the end of the two hours of reperfésiiowing liver ischaemia in all
these experiments, or the equivalent time pointeersham and RIPC groups

(figure 3.2).

4.3.2Hindlimb RIPC reduces plasma transaminases levels

The two groups (sham and RIPC) not subjected & IR had minimal increases in
both plasma ALT and AST levels at the end of theeeixnental protocol. In
comparison the IR group had significantly higheels of both enzymes (figure
4.1), indicating significant liver damage. Whendiimb RIPC preceded liver IR
(RIPC + IR group) there was a significant reductioplasma levels of both

enzymes in comparison to the IR groip<(0.05).
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Figure 4.1.Plasma liver enzyme level$\) Alanine aminotransferase (ALT)P*<
0.05 vs IR; # < 0.05 vs RIPC+IR.R) Aspartate aminotransferase (ASTP.¢ 0.05
vs IR; #° < 0.05 vs RIPC+IR.

4.3.3Hindlimb RIPC attenuates IR-induced liver histopattogical
injury

An overall histopathological grade was assigneelaith sample (figure 4.2). The
sham and RIPC groups showed minimal signs of liReénjury with a mean overall
grade of 0 in each. Liver IR resulted in a sigmifitincrease in the mean overall
injury grade (IR group mean overall grade = 1.88npared to the sham and RIPC
groups P < 0.05). Preconditioning prior to liver IR (RIPCIR group) decreased the

mean overall injury score to 1.3B € 0.05 vs sham or RIP@,> 0.5 vs IR).



Figure 4.2.Vertical scatter plot of histopathological grad€ach dot represents the
overall grade assigned to each individual liverpbipsample (n = 6 per group).

Horizontal bars represent the mear3<*0.05 vs sham or RIPC.

To confirm the findings of the overall grade ofunj and to further explore the
histopathological features which are most improwgdhindlimb preconditioning in
liver IR injury, each sample was assessed and g¢d¢oreeach feature of injury as
outlined in the methods. The sham and RIPC groagdsslqual mean scores in 6 out
of the 10 individual features assessed. The remgihifeatures had a higher mean
score in the RIPC compared to the sham, althougbme of these was statistical

significance achieved (figure 4.3).

Liver IR resulted in a higher mean score in aliddlvidual features compared to
both the sham and RIPC alone groups (figure 4 8yvé¥er, statistical significance
(P < 0.05) was only achieved in 4 of these featude¢hesive hepatocytes, liver

cell ballooning, blurred intercellular borders, RB&ravasation).
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In contrast the RIPC + IR group resulted in a highean score in 8 of the 10
individual features compared to both the sham afRCRilone groups, with
statistical significance achieved in only two oésk features compared to sham
(discohesive hepatocytes, liver cell ballooning) annone compared to RIPC
(figure 4.3). Compared to IR, the RIPC + IR groapulted in a lower mean score in
8 out of the 10 individual features. The remairinigatures (neutrophil infiltration
and nuclear pyknosis) had a higher mean scoreeiRtRC + IR compared to the IR
group (figure 4.3). None of the differences betwgenRIPC + IR and the IR alone

group reached statistical significance.

4.3.4Ultrastructural damage is ameliorated by hindlimbliRC

Table 4.1 details the ultrastructural damage se@ach of the animal groups. The
sham group showed normal ultrastructural appeasaride RIPC group showed
pleomorphic undamaged mitochondria, endoplasmicuietn (ER) dilatation,
phagolysosomal formation, lipid droplet formati@amd cytosolic glycogen granules.
The IR group exhibited extensive mitochondrial dgey@&R dilatation, cytosolic
vacuole formation, phagolysosomal formation, ligidplet formation, glycogen
depletion, bile canaliculi dilatation with damag®étrovilli, and sinusoidal
endothelial cell (SEC) disruption with extravasataf red blood cells (RBC) into
the liver parenchyma. In contrast the main ultragtrral features exhibited by the
RIPC + IR group consisted of pleomorphic undamagédchondria, ER dilatation,
phagolysosomal formation, lipid droplet formatighycogen depletion, and
disruption of SEC but without RBC extravasatiorgu¥e 4.4shows representative

transmission electron micrographs from each angraup.
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Figure 4.3.Histopathological scores of individual featurediwdr IR injury. Each
bar chart is the mean histopathological scoreosimals in that group. The error

bars are the standard error of the meaRs: .05 vs sham;R< 0.05 vs RIPC.

122



Animal | Mitochondrial| ER dilatatior] Vacuolation| Phagolysos Lipid Glycogen Bile Sinusoidal
group damage omes droplets granules | canaliculi damage
Sham Rare Rare Rare Rare Rare FrequenRarely dilated Normal SEC

microvilli microvilli in
present SD
RIPC |Rarely damage Frequent with Rare Frequent Frequent Frequent |Rarely dilated Rare SEC
but pleomorphic vesiculation microvilli damage with
present sinusoidal
debris. Micro
villi in SD
IR Frequently | Homogenoug Abundant, Frequent Frequent Rare Frequentlpevere disrup-
damaged and dilatation and variable size dilated, tion to SEC,
pleomorphic | vesiculation | and contain microvilli sinusoidal
amorphous disrupted debiris,
material frequent RBC
extravasation|,
damaged SO
microvilli
RIPC + IR |Rarely damage Frequent with Rare Frequent Frequent Rare |Rarely dilated] Frequent
but pleomorphic vesiculation microvilli disruption to
present |SEC, sinusoid-
dal debris, rar|
RBC extravas-
ation. Microvi-
lliin SD

Table 4.1.Summary of TEM appearances in each animal grR&% red blood cellER, endoplasmic reticulung8D, space of DisS&SEC

sinusoidal endothelial cell.
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Figure 4.4.Hepatic transmission electron micrographs. Therlsamples were taken at the end of the respgmtbeedure in each grou?)
& (B) Sham group showing normal endoplasmic reticulury) ke canaliculi with microvilli (bc), mitochondh (m), glycogen (gl), sinusoidal

endothelial cells (sec), and microvilli in spacebi$se (ms)(C) & (D) RIPC group showing pleomorphic mitochondria (ngrmal (er) and
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dilated (der) endoplasmic reticulum, bile canalieuith microvilli (bc), glycogen (gl), lipid dropks (Id), phagolysosomes (pl), sinusoidal
endothelial cells (sec), microvilli in space of 88s(ms), and red blood cells in the sinusoidal lugniec).(E) & (F) IR group demonstrating
irreversibly damaged mitochondria (dm) with somegimg into vacuoles (vc), dilatation and vesicudatbf endoplasmic reticulum (der), lipid
droplets (Id), lysosomes (ly) and phagolysosomgs &pd severely damaged sinusoidal endothelidd ¢gbec) associated with extravasation of
red blood cells (erbc) and obliteration of the gpatDisse (sd)G) & (H) RIPC + IR group demonstrating pleomorphic mitochaa¢m),

normal (er) and dilated (der) endoplasmic reticyltipid droplets (Id), lysosomes (ly) and phagolssmes (pl), damaged sinusoidal
endothelial cells (dsec), and microvilli in spad¢dasse (ms).
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4.3.5Hepatic microcirculatory blood flow is preserved byndlimb
RIPC

The MBF expressed as a percentage of baselinenédefis 100%) is illustrated in

figure 4.5.

The sham (group 1) and RIPC (group 2) groups dicshow any significant
changes in hepatic MBF, as compared to their réisedeaseline measurements or
to each other. The IR (group 3) and RIPC + IR (gréugroups exhibited constant
MBF with no significant deviation either from thegspective baselines, or mean
values of other groups, up to the time point ofdtepischaemia inductiorBLI in

figure 4.5).

With the onset of partial hepatic ischaemia, tleodlflow in the affected lobe
decreased to 39.1% and 41.0% of pre-ischaemicibadeVels in the IR and RIPC

+ IR groups respectively. At the end of 40 minwéschaemia, immediately
preceding liver reperfusion, the flow remained laveraging 36.3% and 46.6%
respectively in the two groups. The MBF levels dgrepatic ischaemia were
significantly lower in both the IR and RIPC + IRogps compared to their baselines
and to the sham and RIPC groups (figure 4.5). Theseno significant difference

between the IR and RIPC + IR groups during hepsticaemia.

Upon reperfusion of the liver, recovery of the rowrculation was greater in the
group with RIPC preceding liver IR as comparech® IR only group. At the
beginning of liver reperfusion in the IR group flev increased but was still low at

58.0% of baselineR = 0.006 vs baselin® < 0.0001 vs shank = 0.001 vs RIPCP
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= 0.046 vs RIPC + IR), whilst that of the RIPC +dRup showed much greater
recovery of MBF to 84.3%= 0.08 vs baselin& > 0.05 vs sham or RIPC).
During the ensuing two hours of liver reperfusitie MBF continued to improve in
the RIPC + IR group, so that the mean flow at 8),9%9, and 120 minutes of
reperfusion recovered towards 90% of baseline $\waid was not significantly
different from either the baseline or from the sl@niRIPC groups. In the RIPC +
IR group the mean flow at 120 minutes was as hgg®35% of baseline. In contrast
over the same period the flow in the IR group remdisignificantly depressed,
recording a mean of 53.4% of baseline at the end/@fhours reperfusion. At all
time points of reperfusion the flow was signifidgiriower in the IR group
compared to the baseline and to the sham, RIPCR#@ + IR groupsK < 0.01 vs

baseline, Sham, RIPC, or RIPC + IR, at 30, 6028@,120 minutes reperfusion).

Considered together these findings show that adestnindlimb preconditioning
preserves the blood flow through the hepatic miassulature in livers subjected to

IR injury.

4.3.6Animal survival and postoperative complications

There were no postoperative complications or mitytduring the 28 day recovery
period. Furthermore, none of the mice suffered@oplems with mobility during

this interval.
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Figure 4.5.Hepatic microcirculatory blood flow, measured WyH, is illustrated as
mean percentage compared to pre-ischaemic bas€heecoloured * at each time
point indicates P < 0.05 vs baseline value (10@$%each group. Significant (P <
0.05) inter-group differences are shown verticalbpve the time points on the x-
axis. BL, baseline; Hl, hindlimb ischaemia; HR,dlimb reperfusion; BLI,
beginning of liver ischaemia; ELI, end of liver ieemia; BR, beginning of liver
reperfusion; R30 to R120, liver reperfusion at@D, 90, and 120 min post

ischaemia.

4.4 Discussion

The clinical need for effective strategies to regllR injury emanating from liver
surgery and transplantation is great. One of tegsgegies is hindlimb RIPC which
has been shown to decrease hepatic IR injury imatbleit (227) and rat (229). In
this study we have described and validated a mowskel in which hindlimb RIPC
significantly reduced liver IR injury. Mice are toaly species that currently offer
transgenic animals with targeted gene mutatiorss tlaerefore represent one of the
most useful tools available to study the molecpthways underpinning the

protection exhibited by hindlimb RIPC upon liver iiijury.
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The liver ischaemia protocol we used is well désatiin the literature (334), and
encompasses clamping the left and median liversldhereby rendering 70% of the
liver ischaemic. This produces a significant liugury but also permits portal
venous decompression through the right and calmlagés, preventing intestinal
venous congestion and ischaemia. In order to éstisdblhindlimb preconditioning
protocol we initially used an inflatable tourniquetocclude the blood flow to the
hindlimb in a non-invasive manner. Whilst this teicjue did achieve hindlimb
ischaemia, as measured by the MBF in the foot usidig, it resulted in
neuromuscular bruising and paralysis at tourniguessures needed to cause
cessation of blood flow to the hindlimb. This wasi@portant finding as the
bruising indicated damage and ischaemia to the hisuromuscular structures
which in itself could cause remote IR injury of theer (335336). In our previous
studies using an external tourniquet to inducelmi@RIPC in the rabbit and rat
(227,229), no hindlimb damage was sustained. The neusoufar structures in the
limbs of mice are more delicate and fragile comgaeethose of rabbits and rats;
hence the mouse is much more susceptible to peessarosis brought about by
external circumferential pressure devices appbeithé limbs. Based on these
findings we established an invasive model of hm#llipreconditioning that involved
direct clamping of the femoral vascular bundle,lsthavoiding any soft tissue
injury. All animals, including the sham and IR gps,underwent mobilisation of
the femoral vessels thereby ensuring all the gremp®xposed to comparable levels
of surgical stress induced by the hindlimb inciséo vascular bundle dissection.
To verify limb ischaemia and ensure comparabilgyeen the groups we used

LDF on the sole of the foot to measure MBF.



Recently Wang et al (226) described the use ofastie band to produce hindlimb
ischaemia in female mice. The authors did not deter whether hindlimb soft
tissue injury was present. Furthermore the usdastie bands can produce variable
pressures (and therefore variable degrees of vesskision) on application to the
limb due to two factors. First repeated usage reaylt in loss of some of the elastic
recoil of elastic bands (become slack); seconddyptfessure exerted by the elastic
band is dependent on the circumference of the nghhence the exact level of the
band on the leg, with larger thighs being subjettegreater pressures. Objective
confirmation of blood flow cessation to the limhtferefore essential in
preconditioning models. In addition the female hone oestrogen and its
derivatives are known to protect against IR injafyhe liver (331), therefore usage
of female mice is to be avoided in IR researchasvariation in oestrogen levels
during the oestrous cycle may lead to variable equisuility to IR injury (332). To
ensure the reliability and validity of any animabdel of limb RIPC it is important
to address these confounding variables, otherwsimic errors may be introduced
into the results. In the invasive hindlimb precaiosing model we describe, the
effects of confounding variables were minimiseatigh the measurement and
control of body temperature, utilisation of an iethistrain of mice, usage of only
male animals of similar age and weight, randomcsiele of mice into each
experimental group, subjection of all animals ® same sham procedure in
addition to any group-specific procedure, confinerabf liver and hindlimb
ischaemia by LDF measurements, and assessmestapihological and
ultrastructural damage to the liver by expertsd#uh to group allocation. The model

demonstrated a consistent reduction in plasmadnamsises, histopathological and

13C



ultrastructural liver injury, and an improvementhiepatic MBF as a result of remote

preconditioning.

Other mouse models of limb RIPC have been useth@i@rate IR injury in other
organs. In two of these studies bilateral limb erbands or tourniquets were used
(234,333) for preconditioning, but assessment of theyadey of limb blood flow
interruption during ischaemia was not reportedhinthird study external finger
pressure was applied to the femoral vessels armiiohaemia was verified by
means of pulse oximetry (311). Although digitalgmere is less likely to result in

neuromuscular damage the degree of inflow occlusiomlikely to be consistent.

The invasive hindlimb RIPC mouse model describaeihas primarily to be

utilized as a well-controlled, robust experimemteddel to study the mechanisms
underlying RIPC. The preconditioning protocol isaVio the modulation of liver IR
and is species specific (337). The optimal numibeyoles and the length of each
cycle have not been determined for different anispaicies. We found a protocol of
six cycles of four minutes ischaemia followed byrfoninutes reperfusion results in

significant reductions of liver IR injury in our rdel.

With this model of open clamping technique of liptleconditioning, both the ALT
and AST plasma levels were significantly lowerhe RIPC + IR compared to the
IR alone group. In agreement with this, the overailopathological grade (figure
4.2) and eight out of the ten individual featuréhistopathological injury (figure
4.3) showed less injury in the RIPC + IR comparetRt alone. Interestingly, in this

model with a two hour reperfusion period all tediuidual features had a higher
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mean score in the IR compared to the sham grouptatistical significance was
only achieved in four of these features. In ordesxplain the lack of statistical
significance for the RIPC + IR compared to IR alcared in six of the ten individual
features for the IR compared to sham, it is impdrta understand that the sequence
of events in liver IR injury is conceptually dividento two phases (338). The early
or acute phase covers the first two hours followegerfusion and is dominated by
kupffer cell activation and release of various mtglis such as reactive oxygen
species and cytokines. The late phase commeneé®at six hours of reperfusion
and is characterised by neutrophil accumulatictheénliver and progression of
hepatocyte and sinusoidal endothelial cell dam&gese events form a continuum
of injury progression, and importantly differentlaar morphological changes may
have different kinetics of expression and tempwpialy behind the molecular events
following microcirculation injury (33840). In our mouse model liver biopsies were
taken at the end of two hours of reperfusion, whegresents the early phase of
injury when histopathological features of IR injuase in their early stages before
they have exhibited their full manifestations, reegplaining théack of statistical
significance in the eight histopathological featuo liver IR injury (and the overall
grade) that showed less damage with RIPC + IR cozdpa IR. In addition the fact
that liver biopsies in our model were obtainedhaténd of two hours of reperfusion
would also explain why statistical significance veady observed in four out of the
ten features that had a higher mean score in tleetRpared to sham. Previous
studies support our results by showing that foivargperiod of liver ischaemia, the
degree of histopathological manifestations of livgury is dependent on the length
of liver reperfusion. Hinest al (258) showed a 45 minute partial liver ischaemia

results in a gradual increase in histopathologigaly scores as length of the
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reperfusion period increases with statistical gigance only achieved between the
sham and IR groups at six hours of reperfusionedtudies support this concept of
increasing severity of histopathological manifastag of liver IR injury with
increasing liver reperfusion length, up to a 24rreperfusion period, for a given
length of liver ischaemia (34342). In contrast the histopathological benefits
afforded by direct liver IPC do not seem to be deleait on the length of the
reperfusion period, as there is significant attéiomeof histopathological injury with
IPC that is seen from 30 minutes post reperfusissome studies, and that is
extended to various time points of up to 48 hotdireperfusion in others

(82,312,343-345).

Assessment of ultrastructural changes by TEM shadviedlimb RIPC acts on
multiple subcellular structures to protect agalivstr IR. Specifically RIPC
protected against mitochondrial damage, vacuola#tion, bile canaliculi damage,
and limited the extent of damage to the sinusditisachondrial damage is a central
event in liver IR injury and has been shown, astied an ultrastructural level, to be
ameliorated by direct liver ischaemic preconditt@n(312), and now we have
demonstrated a reduction in mitochondrial ultragtrical damage by remote
preconditioning. Hepatocyte vacuole formation hasrbshown to be induced by
tissue anoxia in a time-dependent manner, with prence of larger coalescing
vacuoles as the anoxic period increases,®@5. Moreover, vacuoles are mainly
thought to contain sinusoidal plasma and to a fesgent cellular organelles debris.
Vacuoles probably arise secondary to disruptiothefplasma membrane in
combination with the high intrahepatic venous blpoessure that forces the

sinusoidal plasma into hepatocytes to form vacu(@é6).Our results in this study



show an abundance of vacuole formation in the Bigrthat are reduced by
antecedent RIPC, indicating RIPC protects agaiestformation of vacuoles.
Previous work has shown direct liver ischaemic pnelitioning reduces IR-induced
ultrastructural SEC injury (347). We have extenthezte results by showing RIPC
of the hindlimb has similar beneficial effects @ducing the damaging effects of
liver IR on the sinusoids and SEC. The RIPC alawweg showed mild signs of
hepatic ultrastructural injury which were probab&used by the systematic effects
of the remote IR stimulus (3336). Two main differences were noted between the
RIPC alone and RIPC + IR group. The first of thpsgained to an abundance of
glycogen in the RIPC alone group and an almost ¢etepack of this in the RIPC +
IR group. This is because during liver ischaenmaeaobic metabolism of hepatic
glycogen predominates, resulting in significandgd energy being produced per
molecule of glycogen compared to the aerobic mditahmf the RIPC alone group,
and therefore more of the hepatic glycogen staiees@sumed by anaerobic
metabolism during ischaemia in order to maintaeeéhergy levels required for
cellular function (2326). The second difference concerned the more s@lanage
to the sinusoids and the SEC seen in the RIPCcoifpared to the RIPC alone
group. Whilst the RIPC + IR group exhibited songnsiof ultrastructural damage,
the injury sustained by the IR alone group wasceatdoly much worse across all the
parameters that were assessed, indicating RIPCtpri& significantly attenuated

ultrastructural evidence of damage.

In the present study MBF was assessed using LDthiMthe liver LDF measures
blood flow in the sinusoids, arterioles, and poatad hepatic venules. Liver

ischaemia caused significant reductions in MBF @pain reperfusion there was
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minimal improvement in the IR group for the two heeperfusion period. In
contrast the RIPC + IR group showed significantiowement in LDF readings that
started at reperfusion, and continued to recoweatds baseline flow rates for the
subsequent two hour reperfusion period. Our gragpgdneviously shown that direct
liver IPC prior to liver IR results in improvementsMBF during reperfusion (279),
and we are the first group now to show signifidargrovement in liver MBF with
RIPC prior to liver IR. Multiple factors are thougb contribute to the reductions in
MBF following hepatic IR injury (30). Additionallypur current TEM results
indicate significant destruction of the sinusoidd ¢he SEC with sinusoidal luminal
debris. The end result is a significant reductibM8F on reperfusion including
some areas with complete absence of blood flow knasv‘no-reflow” (30). The
observed benefits of RIPC upon the microcirculatiaticate the factors responsible
start working during liver ischaemia as there gngicant improvement in RIPC +
IR compared to the IR group commencing at the sfartperfusion. In agreement
with the current results, we previously showedpgsntravital microscopy in a rat
model, hindlimb RIPC prior to liver IR significagtincreases the ratio of perfused

hepatic sinusoids (229).

The 28 day mouse recovery experiments were perfbtmevaluate the long term
outcome of hepatic IR injury and hindlimb RIPC. Tresults showed no
complications or mortality during this period inditg that the partial hepatic
ischaemia model used is non-lethal, and that theélimib RIPC model we utilized

does not have any complications associated with it.
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The signal(s) mediating the effects of hindlimb RIRay in theory be conveyed to
the liver either through the blood or through amaéunetwork (327). The evidence
for a humoral signal is stronger and possible aatés include HMGB-1,
adenosine, NO acting through nitrite, cytokines] fiee radicals (22827).Further
research is needed to ascertain the exact idertitymoral mediators of hindlimb

RIPC.

In conclusion we described and validated a new mousdel of hindlimb RIPC that
significantly reduces liver IR injury. This expemmtal model is consistent, shows
no side effects of preconditioning, minimises camfding variables, and should

prove useful in investigating the mechanisms of@Rifthe mouse.

In this chapter it was shown hindlimb RIPC protesgainst liver IR injury in the
mouse. In the next chapter we will investigatertile of nitric oxide, through the
use of the nitric oxide scavenger C-PTIO, in medgathe protective effects of

RIPC upon liver IR injury.
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Chapter 5

The nitric oxide scavenger Carboxy-PTIO blocks the

protective effects of remote ischaemic preconditiong



5.1 Introduction

NO is an important molecule in IR injury. Previousrk has suggested a
dichotomous role for NO in IR injury with some siesl showing NO worsens IR
injury (348349); and others pointing to a protective roleN®, reviewed in

Phillips et al (29). These opposing effects of the role of N@Rnnjury maybe due
to the enzymatic source and concentration of théhegised NO, factors that are in
turn influenced by the experimental conditions urithg, such variables as the
length of the ischaemic insult, the organ beinglistl, the cellular redox status of
the organ, time of reperfusion, and in vivo versugitro experimental set up. The
concentration of released NO is important becausay determine the benefits, or
otherwise, of NO in IR injury; with high concenti@is of NO promoting the
formation of reactive nitrogen species such as)paitrite (ONOO) that enhance

IR injury; and lower concentrations of NO being protective2(260,351).

Direct organ ischaemic preconditioning (IPC) prégeagainst subsequent IR injury
at least partially through an NO-dependent mechanishis has been shown in
several organ systems, including the liver (358p@®rting evidence for the role of
NO in mediating the protection offered by direc€IPomes from experiments
showing inhibition of nitric oxide synthase (NOSpforms by the non-selective
NOS inhibitor N-Nitro-L-arginine methyl ester (L-NVAE) results in abrogation of
the protective effects of IPC (2853). Additionally, IPC results in increased NOS
expression (24354) with a subsequent increase in the NO oxidgiraducts,

nitrite and nitrate, that connotes a rise in NGeley24Q355). In contrast to the

known beneficial effects of NO in direct liver IPi&5 role in RIPC of the liver is

currently unknown.
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NO is a highly reactive free radical molecule, watshort half life that is in the
order of 5-10 seconds. Therefore direct measureafentvivo NO production in IR
research is impractical and quantification of thaction products of NO such as
nitrites, nitrates, and S-nitrosothiols is perfodiaad the results are extrapolated to
reflect the levels of NO. An alternative approdalprder to mitigate the
inaccuracies associated with the assumption thaieaNO reaction products bear a
linear relationship to the concentration of NORresearch, which it does not, is to
directly eliminate the released NO through theafghe direct NO scavenger

carboxy-PTIO (C-PTIO) (303).

There are no previous studies evaluating the afiecC-PTIO on the protection
afforded by RIPC on liver IR injury. Therefore thin of the present study was to
determine the effects of scavenging the NO produdlcethg hindlimb RIPC,
through the use of C-PTIO, on liver IR injury. lag/found that NO plays an

important role in mediating the protective effeatfRIPC on liver IR injury.

5.2 Materials and methods

The detailed methodology was described in chaptérssimmary of the most

pertinent points is given below.

5.2.1Animal surgical procedure
Male inbred C57BL/6 wild type mice (Charles Rivabdratories, UK) were utilized
in the present studyhe animals were anaesthetised using 2% isofluame body

temperature was maintained at 37.0 + 8.5ising a heating pad and a rectal



temperature probe. Hepatic IR was performed aslelgtia section 3.4.1. At the end
of the reperfusion period the animals were terneiddty exsanguination through
needle cardiac puncture and blood collection. Thedwas immediately

centrifuged and the plasma supernatant was stor&@ & until assayed for liver

transaminases. The left and median liver lobes Wareested at the end of each
procedure for histopathology and transition elattmacroscopy. Hindlimb
preconditioning consisted of microvascular clampighe femoral vessels for four
minutes followed by four minutes reperfusion faotal of six cycles as described in

section 3.4.2.

5.2.2Experimental groups

Four groups with a minimum of six animals in eagrevused (Figure 3.2). The
total anaesthetic time was equal in all the grodfisanimals underwent
laparotomy, mobilization of the liver, and mobiliia of the right femoral vascular
bundle. In addition some of the groups were eablested to a specific procedure

as follows:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described abov

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: The right hindlimb was preconditionediwé cycles of 4 minutes

ischaemia followed by 4 minutes reperfusion, usingicrovascular clamp to
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occlude the femoral vessels under an operatingosgope. This was followed by
the IR group procedure described above.
C-PTIO + RIPC + IR: The NO scavenger C-PTIO was iadstered intravenously at

a dose of 1 mg/kg in 50 of D-PBS, followed by the RIPC + IR procedure.

5.2.3Measurement of liver enzymes

The concentrations of ALT and AST were measurdtierplasma using an

automated clinical analyzer as described in se@&ibn

5.2.4Histopathology

A liver biopsy was taken from the left ischaemibdoof each animal at the end of
the experiment and was immediately fixed in 10%alrsaline. The fixed tissues
were embedded in paraffin, and stained with H&EctiBas were assessed by a liver
pathologist blinded to the animal groups. Each H&fple was scored using two

different methods as described in section 3.6.

5.2.5Transmission electron microscopy

Liver biopsies were obtained from the left lobgeamination of the animals and
were fixed in a glutaraldehyde / paraformaldehydetume overnight, processed as
described in section 3.7, and viewed with a trassian electron microscope.
Representative areas were photographed and theswage interpreted by a
transition electron microscopy (TEM) scientist wiias blinded to the groups.
Assessment of the images was performed accorditigetparameters outlined in

section 3.7.
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5.2.6Liver and hindlimb microcirculatory blood flow

Laser Doppler flowmetry (LDF) was used to measuoed flow in the
microvasculature of the liver as described in sec8.8. The probe was placed on
the left liver lobe so that it was just in contadth the tissue surface. LDF data was
collected as the mean of four readings recorded @eme minute period. In
addition, a second LDF probe was positioned orsttie of the right foot to ensure
blood flow interruption and reperfusion during feralovessels clamping and
unclamping respectively. Figure 36ows the time points of the LDF recordings

during the study protocol.

5.2.7 Statistical analysis
Values are expressed as mean + SEM. One way aalygariance (ANOVA) with
Post Hoc Bonferroni correction for multiple comgans was used?. < 0.05 was

considered statistically significant in all analyse

5.3 Results

The plasma transaminases levels, histopathologicaks, ultrastructural changes,
and MBF results of the C-PTIO + RIPC + IR groupasied in this chapter were

compared to results of the sham, IR, and RIPC grtRps described in chapter 4.

5.3.1C-PTIO increases plasma transaminases levels indiimb

preconditioned mice undergoing liver IR

Liver IR caused a significant rise in the plasmeels of ALT and AST compared to

the sham groupR(< 0.05). Antecedent hindlimb preconditioning (RIPR group)
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significantly reduced the plasma transaminaseddemmpared to IR alon® K
0.05). Intravenous administration of C-PTIO priotindlimb RIPC and liver IR
(C-PTIO + RIPC + IR group) resulted in a significarcrease® < 0.05) in the

plasma levels of ALT and AST compared to the RIPIR group (figure 5.1).
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Figure 5.1.Plasma liver enzyme level$\Y Alanine aminotransferase (ALT)P*<
0.05 vs IR, RIPC+IR, or C-PTIO (C-PTIO+RIPC+IRogp). B) Aspartate
aminotransferase (AST)P*< 0.05 vs IR, RIPC+IR, or C-PTIO (C-PTIO+RIPC+IR

group).



5.3.2C-PTIO non-significantly abrogates the beneficiaffects of

RIPC on liver histopathological injury

The mean overall histopathological grade for eawinal group is given in figure
5.2. The sham group showed minimal signs of li®emjury with a mean overall
grade of 0. Liver IR resulted in a significant iease in the mean overall injury
grade (IR group mean overall grade = 1.83) compgreéde sham grougP(< 0.05).
Preconditioning prior to liver IR (RIPC + IR grouggcreased the mean overall
injury score to 1.33, which is not significantlyffdrent from the sham or IR groups
(P > 0.05). Administration of C-PTIO prior to RIPCIR (C-PTIO + RIPC + IR
group) resulted in an increase of the mean oviejally grade to 1.5 < 0.05 vs

sham;P > 0.05 vs IR or RIPC + IR).

P <0.05

P <0.05

Figure 5.2.Vertical scatter plot of histopathological grad€ach dot represents the
overall grade assigned to each individual liverpbipsample (n = 6 per group).

Horizontal bars represent the means.
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Five individual histopathological features of liM& injury (discohesive

hepatocytes, liver cell ballooning, cytoplasmic w@lation, blurred intercellular
borders, RBC extravasation) showed a significaeriei@se in the mean score in each
of the IR and C-PTIO + RIPC + IR groups comparesdham P < 0.05).

Additionally, the mean score of the C-PTIO + RIP@R+group in cytoplasmic
vacuolation was significantly higheP & 0.05) than the mean score in the RIPC +
IR group (figure 5.3). Despite there being no statally significant differences
between the mean scores of the RIPC + IR compart#@tC-PTIO + RIPC + IR
group in the majority of the individual features@ssed; there was a trend showing
an increase of the mean scores in the C-PTIO + RIFCcompared to the RIPC +

IR group in 7 of the individual features assessigdire 5.3).

5.3.3C-PTIO nullifies the protective effects of hindlimBIPC on

specific features of ultrastructural damage in livéR

Figure 5 dillustrates representative changes exhibited by eithe animal groups.
The sham group showed normal ultrastructural agpeas. The IR group exhibited
extensive mitochondrial damage, ER dilatation, sgtic vacuole formation,
phagolysosomal formation, lipid droplet formatighycogen depletion, bile
canaliculi dilatation with microvilli damage, anohgsoidal endothelial cell (SEC)
disruption with extravasation of red blood cell8@® into the liver parenchyma. In
contrast the ultrastructural damage sustained®RtRC + IR group consisted of
ER dilatation, phagolysosomal formation, lipid dieigormation, glycogen

depletion, and disruption of SEC but without RB@&raxasation.
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The administration of C-PTIO prior to RIPC + IRuéted in extensive
mitochondrial damage, vacuole formation, lipid dedfiormation, bile canaliculi
dilatation with microvilli destruction, and homogers SEC disruption with RBC
extravasation. In addition this group exhibitedjfrent condensed crescent shaped

lengths of ER indicative of ER membrane damagers#any to lipid peroxidation.

Figure 5.3. Histopathological scores of individual featurediedr IR injury. Each
bar chart is the mean histopathological scoreosimals in that group. The error
bars are the standard error of the meais< 6.05 vs sham; < 0.05 vs C-PTIO +
RIPC + IR.
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Figure 5.4.Hepatic transmission electron micrographs. Therlsamples were taken at the end of the procedwaah group(A) & (B)
Sham group showing normal endoplasmic reticulurj fele canaliculi with microvilli (bc), mitochondx (m), glycogen (gl), and sinusoidal

endothelial cells (sec) with microvilli in space@itse (sdm)(C) & (D) IR group demonstrating irreversibly damaged mitochi@ (dm) with
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some merging into vacuoles (vc), dilatation andotdation of endoplasmic reticulum (der), lysosor{igsand phagolysosomes (pl), lipid
droplets (Id), and severely damaged sinusoidal teedial cells (dsec) associated with extravasageldotood cells (erbc) and plasma (€g).

& (F) RIPC + IR group demonstrating undamaged pleomaniticchondria (m), lipid droplets (Id), lysosomégy @nd phagolysosomes (pl),
normal (er) and dilated (der) endoplasmic reticylbite canaliculi with microvilli (bc), glycogen g and damaged sinusoidal endothelial cells
(sec) but without RBC extravasatiq@) & (H) C-PTIO + RIPC + IR group showing damaged mitochi@nftim), vacuolation (vc), lipid
droplets (ld), severely damaged sinusoidal endiaiheglls (dsec) associated with red blood celtassation (erbc), and condensed crescent

shaped lengths of endoplasmic reticulum indicabivipid peroxidation of the endoplasmic reticulunembrane (ler).

148



5.3.4The protective effects of hindlimb RIPC on hepatic

microcirculatory blood flow in liver IR are aboliséd by C-PTIO

Figure 5.5 illustrates hepatic MBF for the duratajrihe experiment. The sham
group demonstrated constant hepatic MBF, whilstfthand RIPC + IR exhibited a
significant reduction of MBF during liver ischaemldpon reperfusion the IR group
showed no significant improvement in MBF, whilse¢ tRIPC + IR group
demonstrated significant recovery of MBF towardsdtiae values compared to the

IR group P < 0.05).

C-PTIO administration prior to RIPC + IR (C-PTIORtPC + IR group) resulted in
reductions of MBF throughout the duration of theenment. During the first
hindlimb ischaemia (HI1) the mean MBF was 93.8%adeline P = 0.038 vs
sham;P = 0.045 vs IRP > 0.05 vs RIPC + IR). Similarly, during the fitsindlimb
reperfusion (HR1) the mean MBF was 93.8% of basdln= 0.025 vs shan® =
0.007 vs IRP > 0.05 vs RIPC + IR). In comparison there weresigaificant
differences in mean MBF values between the C-PTRIRC + IR and the other
groups during the sixth HI and HR. Commencemetivef ischaemia resulted in a
significant reduction in MBF compared to the shammot the IR or RIPC + IR
groups. Following reperfusion, MBF in the C-PTIQR#PC + IR group failed to
recover, showing significant differences compacethe sham and RIPC + IR
groups throughout reperfusioR € 0.05). At the end of the 2 hour reperfusion
period the mean MBF value was 48.2¥%baseline in the C-PTIO + RIPC + IR
group compared to 93.5% of baseline in the RIP® grbup P < 0.0001). There
were no significant differences in the mean MBRueal between the C-PTIO +

RIPC + IR and the IR groups throughout the rep@fuperiod (figure 5.5).
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Figure 5.5.Hepatic microcirculatory blood flow, measured YR, is illustrated as
mean percentage compared to pre-ischaemic basslgwficant (P < 0.05) inter-
group differences are shown vertically below eacie tpoint on the x-axis. BL,
baseline; HI, hindlimb ischaemia; HR, hindlimb refpsion; BLI, beginning of liver
ischaemia; ELI, end of liver ischaemia; BR, begmgof liver reperfusion; R30 to
R120, liver reperfusion at 30, 60, 90, and 120 past ischaemia.

5.4 Discussion

C-PTIO is a nitronyl nitroxide that neutralises #etions of NO in biological
systems in a reaction that results in the prodoatioNO, and the amino nitroxide
C-PTI (303356). The substrate C-PTIO directly extinguishesNi©® generated by
NOS without affecting NOS activity (356). C-PTIOshaeen used extensively in
vivo to investigate the biological effects of N@cluding in liver IR research

(302357) where administration of C-PTIO has been shmaabolish the protective

effects of nitrite-derived NO (30257).
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The role of NO in mediating the protective effeatRIPC on liver IR injury is
currently unknown. The only study to allude to timisasured the plasma nitrite and
nitrate (NOXx) levels in peripheral arterial and &gpvenous blood following
hindlimb RIPC and hepatic IR in a rabbit model (RZhe plasma NOx levels were
non-significantly lowered following hepatic IR coamed to the sham group in both
peripheral arterial and hepatic venous blood. HimkdIRIPC prior to hepatic IR
resulted in an increase in NOx levels comparetiédR alone group which only
reached statistical significance in hepatic vertdasd samples but not in arterial
samples (227). These results indicated RIPC poitivér IR prevented a reduction
in NOx plasma levels compared to IR alone. Wibards to the role of NO in
mediating the protective effects of RIPC in othegams, various experimental
designs have been utilized to elicit this in diéier combinations of RIPC sites and
organs subjected to index ischaemic insults. Th@ach mainly revolved around
the use of NOS inhibitors to block NO synthesisther use of NOS knockout
animals. Shahid et al (233) showed femoral arteeggnditioning prior to
myocardial ischaemia significantly reduces myocarifarct size and improves
cardiac function compared to non-preconditionednais. Administration of the
NOS inhibitor L-NAME abrogated the protection fushéd by preconditioning
(233). Similarly, infusion of L-NAME prior to hingdhb RIPC abolished its
protective effects against subsequent abdomingbadianeous flap ischaemia
(232). Other NOS inhibitors such as N omega-nitrarginine (L-NNA) and S-
methylthiosulfourea have also been shown to blbekprotective effects of femoral
artery RIPC, but in these studies the index iscla@mult was global brain

ischaemia (35859). The use of NOS knockout animals has beeelio a study
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in which iNOS" mice lost the protection afforded by hindlimb RIRGeducing

myocardial IR injury compared to wild type animé2s4).

The results of the current study showed that N®pse-requisite for full
manifestations of the benefits of RIPC upon liverihjury, as neutralisation of NO
with C-PTIO abolished the protection of RIPC. Thasma liver enzymes showed a
significant elevation in the C-PTIO + RIPC + IR qoaned to the RIPC + IR group.
The overall histopathological grade and 7 individuastopathological features of
liver IR injury, showed increased mean scores wi®nwas abolished using C-
PTIO, although only in one individual feature, gyf@smic vacuolation, was the
difference statistically significant. The reasontiois has been discussed in chapter
4 and mainly pertains to the short (2 hour) repsofu period in this experimental
model, which means histopathological manifestat@ni® injury at levels
detectable by light microscopy are in their eathges. However, when higher
power studies using TEM were performed to assess liltrastructural IR injury,

clearer negative effects of C-PTIO on RIPC protectvere seen.

The ultrastructural changes in the C-PTIO + RIPIR group showed increased
mitochondrial damage, ER membrane lipid peroxidatand increased SEC
damage compared to the RIPC + IR group. NO has ipaotgctive functions within
cells. In liver IR injury NO has been shown to d&e hepatic injury by preserving
the mitochondria and antioxidant enzyme activit§Q,260,361), hence providing an
explanation for the increase in mitochondrial daenagd ER membrane lipid
peroxidation observed in our study. Moreover, NOns of the main endothelial

cell homeostatic factors, fulfilling a range of @tions to maintain the endothelium

152



physiological status quo, including anti-inflammatactions (362). Therefore
removal of NO in our study led to SEC damage texent not seen in the RIPC +

IR group.

The explanation for the significant reductions @patic MBF during liver
reperfusion, seen in the C-PTIO + RIPC + IR companethe RIPC + IR group, is
likely to be multifactorial. SEC damage was worséhe group receiving C-PTIO
and this would have contributed to the reductioblgod flow within the sinusoids.
In addition NO significantly increases hepatic M&#ring direct liver IPC (279)
and our results here indicate RIPC has a simifacefMoreover, NO is a
vasodilator (362) and is known to induce an inaegasVIBF in chronically
ischaemic limbs which is significantly reduced layranistration of C-PTIO (363).
Therefore removal of NO through the use of C-PTd\ers subjected to
ischaemia in our experiments was likely to be anngantributor to the reductions in
hepatic MBF seen during reperfusion. It is impartamote that the use of C-PTIO
has been shown either not to affect mean arteloaldpressure (364), or only to
cause a slight transient increase in blood preg86); and therefore the failure of
MBF recovery during liver reperfusion in the C-PTHRIPC + IR group in our
experiments is likely to be independent of any gesnn systemic blood pressure,
although this was not directly measured in ouryst@PTIO was administered
prior to the first cycle of hindlimb RIPC and inestingly resulted in a small but
significant hepatic MBF reduction prior to any Iiischaemia induction, only
during the first hindlimb RIPC cycle, comparedhe sham and IR groups. This is

likely a transient effect of C-PTIO administratias hepatic MBF values were not



significantly different from other groups duringeteecond to the sixth hindlimb

RIPC cycles.

An additional control animal group that could hédeen included in this study
would have been C-PTIO + IR. However this grouplteesn included in a previous
study (302) and as expected showed a significanteming of liver injury
compared to the IR alone group. Hence this groupmed repeated in the present

study.

In conclusion, scavenging NO through the adminiigmaof C-PTIO prior to limb
preconditioning and liver IR leads to abrogatiorseveral of the protective effects
of RIPC on liver IR injury. These results indictitat NO mediates the effects of
RIPC by reducing ultrastructural damage to the ahibtmdria, ER membranes, and
SEC. In addition NO is needed to preserve the ptiveeeffects of RIPC on hepatic

MBF.

In this chapter it was shown NO is required forghetective effects of RIPC in

liver IR injury. In the next chapter we will invégate the contribution of the nitric

oxide synthase isoforms in the protection affordgdhindlimb RIPC.

154



Chapter 6

The role of nitric oxide synthase in remote

iIschaemic preconditioning of the liver

15¢



6.1 Introduction

Nitric oxide (NO) is synthesised by one of threginioxide synthase (NOS)
isoforms. The expression of the neuronal NOS (nN©&)jostly limited to neural
tissue and will not be discussed further. Endoath®liOS (eNOS) is constitutively
expressed in many cell types, including liver ehdbal cells and hepatocytes (240
243). Inducible NOS (iNOS) is not expressed un@emal circumstances, but is up-
regulated in inflammatory conditions including iselmia reperfusion (IR) injury of
the liver, in hepatocytes, endothelial cells, iyliaells, kupffer cells, neutrophils,

and T-lymphocytes (24349).

There is a limited amount of literature on eNOS BN(@S in direct ischaemic
preconditioning (IPC) of the liver. One study (248sessed eNOS expression in
IPC and showed increased expression in rats unihgrgepatic IPC + IR compared
to those subjected to IR alone. Furthermore, tbeease in eNOS expression was
associated with significantly higher plasma nitatal nitrate (NOx) levels in the
preconditioned (IPC + IR) compared to the IR algreup. Three studies assessed
INOS expression in IPC. One of these, a human shatyevaluated gene
expression in living donor liver transplants, shdvrecreased iINOS expression
following IPC performed prior to liver procuremes@gmpared to non-
preconditioned group (354). Similarly, INOS expiessvas also increased in rats
livers receiving IPC + IR compared to those sulggdo IR alone (366).
Additionally, this study demonstrated an increasplasma NOXx levels in
association with the increased iINOS expressioherlRC group (366). In contrast
the work by Kotiet al (240) showed iNOS expression was absent in akrxgntal

groups, including the IPC + IR and the IR aloneug
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The role of eNOS in remote ischaemic preconditigrfRIPC) of any organ has not
been studied. However that of INOS has, and thHrelies seem to indicate iNOS is
required for the protection of RIPC. &i al (234) demonstrated hindlimb RIPC
protects against delayed myocardial ischaemia4 &o2irs post RIPC, that is
associated with increased myocardial iNOS exprassiowever, INOS animals
lose the protection provided by RIPC (234). Likesyigitestinal preconditioning
protects against myocardial ischaemia 24 hoursgresbnditioning, which is
accompanied by increased iINOS activity (367). Meeepthe relative iNOS
inhibitors, aminoguanidine and S-methylisothiouiiehjbited the protective effects
of intestinal RIPC (367). Spontaneous or inducednbischaemia has also been
shown to protect against subsequent myocardishesoia in wild type but not
iINOS™ animals 24 hours after brain ischaemia (368). HeneNOS expression
was not increased in wild types at 24 hours paanbschaemia, which was
interpreted by the authors to indicate NO acts g ger rather than a mediator of

RIPC (368).

The aim of the current study was to assess fofirteime the contribution of
eNOS in the protection furnished by RIPC on liverinjury. Furthermore, we

wished to examine the effects of RIPC on iNOS esgioa.

6.2 Materials and methods

The detailed methodology was described in chaptérssimmary of the most

pertinent points is given below.



6.2.1Animal surgical procedure

Male inbred C57BL/6 wild type mice (Charles Rivabdratories, UK); and mice
lacking the constitutively expressed enzyme, erelathnitric oxide synthase
(eNOS', bred in-house) were utilized in the present stilithg animals were
anaesthetised using 2% isoflura@ere body temperature was maintained at 37.0 +

0.5 ¥ using a heating pad and a rectal temperature pkdgeatic IR was performed

as detailed in section 3.4.1. At the end of therision period the animals were
terminated by exsanguination through needle camlicture and blood collection.
The blood was immediately centrifuged and the ptasapernatant was stored at -

70 ¥ until assayed for liver transaminases. The left median liver lobes were

harvested at the end of each procedure for hidtofeagy and transition electron

microscopy.

Hindlimb preconditioning consisted of microvascut&amping of the femoral
vessels for four minutes followed by four minuteperfusion for a total of six

cycles as described in section 3.4.2.

6.2.2Experimental groups

Four groups of eNOSmice (figure 3.3) with a minimum of six animalséach

were used to investigate the effects of RIPC oerlIRR injury through the
assessment of liver enzymes, histopathologicaks¢caiEM damage, and MBF. In
addition four groups of wild type mice (figure 3\2¢re used to investigate the
effects of RIPC on liver and hindlimb expressiorebiOS and iNOS; as well as the
cellular distribution of eNOS expression. The t@tahesthetic time was equal in all

the groups. All animals underwent laparotomy, ninéilon of the liver, and
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mobilization of the right femoral vascular bundleaddition some of the groups

were each subjected to a specific procedure asiisll

eNOS" groups:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described jonesly.

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the
femoral vessels under an operating microscope.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.

Wild type groups:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described abov

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the
femoral vessels under an operating microscope.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvdaicalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.



6.2.3Measurement of liver enzymes

The concentrations of ALT and AST in the plasmaNDS" animals were

measured using an automated clinical analyzer sigied in section 3.5.

6.2.4Histopathology

The histopathological damage sustained by the éN@8ups was assessed. A liver
biopsy was taken from the left lobe of each aniatahe end of the experiment and
fixed in 10% formal saline. The fixed tissues wenebedded in paraffin and stained
with H&E. Sections were assessed by a liver pathsidlinded to the animal
groups. Each H&E sample was scored using two @iffemethods as described in

section 3.6.

6.2.5Transmission electron microscopy

Liver biopsies were obtained from the left lobeeNOS™ mice at termination, and
were fixed in a glutaraldehyde / paraformaldehydetume overnight, processed as
described in section 3.7, and viewed with a trassian electron microscope.
Representative areas were photographed and thesmwage interpreted by a TEM
scientist who was blinded to the groups. Assessofetie images was performed

according to the parameters outlined in section 3.7

6.2.6Liver and hindlimb microcirculatory blood flow

eNOS" MBF measurements were performed in this chap&set.Doppler
flowmetry (LDF) was used to measure blood flowha ticrovasculature of the

liver as described in section 3.8. One probe wasadl on the left liver lobe so that
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it was just in contact with the tissue surface. Ldfa was collected as the mean of
four readings recorded over a one minute perioddthtion, a second LDF probe
was positioned on the sole of the right foot touealood flow interruption and
reperfusion during femoral vessels clamping andammping respectively. Figure

3.6 shows the time points of the LDF recordings duthmgstudy protocol.

6.2.7eNOS and INOS Western blot analysis

Individual samples of liver and skeletal musclsuiss (100 mg) from wild type
mice were homogenised in liquid nitrogen. Celldysias achieved by RIPA buffer
and repeat vortexing. Following centrifusion, pmtoncentrations in the
supernatants were measured by the modified Lovetepr assay kit. Protein

denaturation was achieved by Laemmli sample baifer heating to 9% . Nu-

polyacrylamide gel electrophoresis was used torsgp#he proteins, which were
then electro-blotted onto polyvinylidene difluorideembraneThe membranes were
incubated with either polyclonal rabbit anti-eNOSaati-iNOS in a 1:200 dilution,
followed by incubation with secondary goat antib#lgG antibody and
illumination with Super Signal West Dura Extendedgr&tion Substrate. The
membranes were exposed to x-ray films for variabiations to visualise the
proteins. The density of the eNOS protein band®waealysed witldensitometry

software.

6.2.8eNOS immunohistochemistry

In order to ascertain the cellular distributionedfOS in wild type animals, the left

liver lobe and the thigh of the right hindlimb wedrepsied at the end of the
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experiment in each of the animals and were immelgiditxed in 10% formal saline.

The tissues were processed as described in s&ction

6.2.9Statistical analysis

Values are expressed as mean + SEM. One way aalygariance (ANOVA) with
Post Hoc Bonferroni correction for multiple comganns was used?. < 0.05 was

considered statistically significant in all analyse

6.3 Results
6.3.1Antecedent hindlimb RIPC reduces plasma transamiaagevels

in wild type but not eNOS mice

In this study the sham and RIPC groups in eN@8imals showed only small
elevations of plasma ALT and AST. The IR group skdw significant rise of these
enzymes compared to sham and RIP& 0.05). Hindlimb preconditioning
preceding liver IR (RIPC + IR group) in eNO@nimals did not reduce neither the
plasma ALT nor the plasma AST compared to the tRelgroup R > 0.05) (figure

6.1).

These findings are in contrast to the previousifigsl in section 4.3.2 (figure 4.1)
which demonstrated that in wild type animals himdiipreconditioning preceding
liver IR (RIPC + IR group) significantly reducecketplasma transaminases levels

compared to IR alond’(< 0.05).
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Figure 6.1.Plasma liver enzyme levels in eNOSice. (A) Alanine
aminotransferase (ALT).P< 0.05vs IR; £ <0.05 vs RIPC + IR. (B) Aspartate
aminotransferase (AST)P*< 0.05 vs IR; £ < 0.05 vs RIPC + IR.

6.3.2Histopathological injury is attenuated by hindlimBIPC

preceding liver IR in wild type but not eNOSnimals

The mean overall histopathological injury gradewild type animal groups were
given in section 4.3.3 (figure 4.2). For comparisioese results of wild type groups
are shown again next to the results of eNi@@imals in figure 6.2. The mean

overall histopathological grades in eNO8nimals were: 0.33 in the sham, 0.5 in



the RIPC, 1.0 in the IR, and 1.0 in the RIPC + iBups. None of the differences
between these mean overall histopathological grawitee eNOS mice reached
statistical significanceR(> 0.05) (figure 6.2). Wild type sham and RIPC greup
demonstrated minimal signs of liver IR injury wihmean overall grade of O in
each. However, the wild type IR group resulted sigmificant increase in the mean
overall injury grade (IR group mean = 1.83) comparethe sham and RIPC groups
(P < 0.05). Preconditioning in wild types prior tedr IR (RIPC + IR group)
decreased the mean overall injury grade to 1238 Q.05 vs sham or RIP®@,> 0.05

vs IR).

Figure 6.2.Vertical scatter plot of histopathological gradresvild type and eNO$
mice. Each point represents the overall grade @editp each individual liver
biopsy sample (n = 6 per group) in wild type and>3{ mice. Horizontal bars
represent the means. In the wild type groBp<*0.05 vs sham or RIPC.
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The mean scores of individual histopathologicatdess of liver IR injury in wild
type mice were also given in section 4.3.3 (figh®). For ease of comparison the
results for each individual feature of liver IRuny in the wild type groups are
shown next to the results of eNO&nimals in figure 6.3. There were no statistically
significant differences, in any of the individuabtures of liver IR injury, between
any of the eNO$ animal groups (figure 6.3). In comparison in wiijge groups, 4
individual features (discohesive hepatocytes, loadt ballooning, blurred
intercellular borders, RBC extravasation) had aificantly higher mean score in
the IR compared to the sham and RIPC gro&ps@.05). In addition discohesive
hepatocytes and liver cell ballooning were alsmificantly higher in the RIPC + IR
compared to the RIPC grouP € 0.05). There were no other statistically sigmifit

differences amongst wild type groups.
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Figure 6.3.Histopathological scores of individual featurediedr IR injury in wild
type and eNOS mice. Each bar chart is the mean histopathologitate of six
animals in that group. The error bars are the stahdrror of the means. In the wild

type group P < 0.05 vs sham;®< 0.05 vs RIPC.
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6.3.3Hepatic ultrastructural damage is ameliorated byrlilimb RIPC

preceding liver IR in wild type but not eNOSmice

Representative ultrastructural appearances in efttte eNOS groups are shown
in figure 6.4.The sham group showed some ultrastructural distedsconsisting
of sporadic endoplasmic reticulum (ER) dilatatiphagolysosomal and lipid droplet
formation. The RIPC group showed frequent ER dilateand phagolysosomal
formation. The IR group exhibited extensive mitoathoal damage, ER dilatation,
cytosolic vacuole formation, phagolysosomal formatilipid droplet formation,
glycogen depletion, bile canaliculi dilatation witticrovilli disruption, and
sinusoidal endothelial cell (SEC) disruption wittiravasation of red blood cells
(RBC) and plasma into the liver parenchyma. Impulyathe RIPC + IR group
sustained similar damage to the IR group, indicgtite protective effects of
hindlimb preconditioning on ultrastructural featsigf liver IR injury act through an

eNOS-dependent mechanism.

In comparison the typical appearances seen in tldetype mouse groups were
discussed in section 4.3.4 (figure 4.4). The sheongshowed normal
ultrastructural appearances. The RIPC group shdu®dilatation, phagolysosomal
formation, and lipid droplet formation. The IR gpaxhibited extensive
mitochondrial damage, ER dilatation, cytosolic valeuformation, phagolysosomal
formation, lipid droplet formation, glycogen dejdet, bile canaliculi dilatation with
microvilli damage, and SEC disruption with extraatasn of RBC into the liver
parenchyma. In contrast the ultrastructural dansagéained by the RIPC + IR
group consisted of ER dilatation, phagolysosomahttdion, lipid droplet formation,

glycogen depletion, and disruption of SEC but withBRBC extravasation.

167



e
pl
m m *sec> der m
“
b i
c m be
der 5 Pl
m Y
y N/
m ms pl er
der der—
Ve dm
der
ly Id
(
/ dm epmn A -
dm
~ T
db dsec Id
dm
Id
dm dsec |
erbc Pl —
" 4 ve
Id erbc  ep

Figure 6.4.Hepatic transmission electron micrographs of eN@fice. The liver samples were taken at the enti@ptocedure in each group.

(A) & (B) Sham group showing normal looking mitochondria, (n@rmal (er) and dilated (der) endoplasmic retioul phagolysosomes (pl),
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bile canaliculi with microvilli (bc), sinusoidal dothelial cells (sec), and microvilli in the spadeDisse (ms)(C) & (D) RIPC group
demonstrating normal mitochondria (m), normal éer)l dilated (der) endoplasmic reticulum, and lyswe® (ly) with phagolysosomal (pl)
formation.(E) & (F) IR group demonstrating damaged mitochondria (diitgted endoplasmic reticulum (der), vacuole foiioragvc),
lysosomes (ly), lipid droplet formation (Id), andrdaged sinusoidal endothelial cells (dsec) witheestsated red blood cell (erbc),
polymorphonucelocyte (epmn), and plasma (ep) imohepatocytegG) & (H) RIPC + IR group showing damaged mitochondria (dfitgted
endoplasmic reticulum (der), vacuolation (vc), pilggosome formation (pl), lipid droplet formatiod), dilated bile canaliculi (dbc), and

damaged sinusoidal endothelial cells (dsec) assaliaith extravasated red blood cell (erbc).
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6.3.4Hepatic microcirculatory blood flow is preserved hindlimb

RIPC in wild type but not eNOSanimals

In eNOS" mice, the sham and RIPC groups displayed cons&pdtic MBF
throughout the experimental protocol. MBF was digantly lower during liver
ischaemia in the IR and RIPC + IR compared to barsand RIPC group®
0.05). Throughout liver reperfusion, the MBF renegirsignificantly lower in the IR
compared to the sham and RIPC groups, so thag atrith of the 2 hour reperfusion
period the mean MBF was 52.2% of baseline in thgridup (figure 6.5). The
highest mean MBF during liver reperfusion in thegiRup was recorded at 90
minutes and was 52.686 baseline. The RIPC + IR group displayed trarisien
improvement in MBF during the first 30 minutes eperfusion with a mean value
of 69.0% P = 0.034 vs IR) and 76.5% & 0.014 vs IR) at the beginning and at 30
minutes of liver reperfusion respectively. Durig tremaining reperfusion period
MBF in the RIPC + IR group dropped, with mean relear values of 61.6%, 64.3%,
and 62.6% at 60, 90, and 120 minutes reperfusibe.niean MBF values in the
RIPC + IR group at 60, 90, and 120 minutes of feys@n were significantly lower
than those of the sham and RIPC groups (0.05), but not significantly different

from those of the IR groupP(> 0.05) (figure 6.5).

These results are in stark contrast to those ve®dsed in wild type animals
described in section 4.3.5 (figure 4.5). Followlivgr reperfusion wild type IR
group did not significantly recover MBF values caamgd to the sham, IR, and
RIPC + IR groups. At the end of the two hour repgidn period the flow remained
significantly low, recording a mean of 53.4% of &lae in the IR group. In

contrast, MBF in the wild type RIPC + IR group dooed to recover towards
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baseline values during reperfusion, so that thenmfieav at 120 minutes was 93.5%
of baseline. At all time points of liver reperfusithe flow was significantly lower in
the wild type IR group compared to the wild typarsh RIPC, and RIPC + IR
groups P < 0.01 vs sham, RIPC, or RIPC + IR, at 30, 60,a91@ 120 minutes
reperfusion); and at the same time points there wersignificant differences
between mean MBF in the RIPC + IR compared to tiaensand RIPC group® ¢

0.05).
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Figure 6.5. Hepatic microcirculatory blood flow in eNJSnice, measured by LDF,
is illustrated as mean percentage + SEM of preasetic baseline (n = 6 for each
group). Significant (P < 0.05) inter-group diffecexs are shown vertically below
each time point on the x-axis. BL, baseline; Hhdtimb ischaemia; HR, hindlimb
reperfusion; BLI, beginning of liver ischaemia; Eehd of liver ischaemia; BR,
beginning of liver reperfusion; R30 to R120, liveperfusion at 30, 60, 90, and 120

min post ischaemia.
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6.3.5Hindlimb RIPC alters INOS but not eNOS expressiamliver

and hindlimb skeletal muscle of wild type mice

At the end of the two hours of reperfusion eNOSreggion, as assessed by Western
blotting in liver and hindlimb skeletal muscle sdegy was evident in all the animal
groups (figure 6.6). As eNOS is constitutively esgeed, semi-quantitative grading
of the blots was performed using densitometricymisilof each protein band to
ascertain differential expression between the gsobjpwever none of the groups,
either in liver or hindlimb skeletal muscle samplevealed any significant
difference in eNOS expression (data not showngolmrast, at the end of two hours
of reperfusion iINOS protein expression was onlynsaghe RIPC and RIPC+IR
groups, in both the liver and hindlimb skeletal olasamples (figure 6.7). The
sham and IR groups did not show iINOS expressi@itier tissue type. Semi-
quantitative densitometric analysis was not peréairan the iINOS blots as iNOS is
an inducible enzyme and the purpose of INOS Wedgtlarts was to ascertain the

effects of hindlimb RIPC on absolute INOS expreassio
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RIPC RIPC + IR

RIPC + IR

Figure 6.6.eNOS Western blots in wild type mice. RepresergadiNOS protein
expression as measured by Western blotting. Eaath fegresents an individual
animal in the corresponding group@)(Liver samples.B) Hindlimb skeletal muscle

samples.

RIPC IR RIPC + IR

RIPC + IR

Figure 6.7.INOS Western blots in wild type mice. Represem&aiNOS protein
expression as measured by Western blotting. Eaath fegresents an individual
animal in the corresponding group)(Liver samples.B) Hindlimb skeletal muscle
samples.



6.3.6Cellular eNOS distribution in liver and hindlimb siletal muscle

of wild type mice

Figure 6.8 and figure 6.9 illustrate representapiietomicrographs of eNOS-
stained immunohistochemical sections of the livet hindlimb skeletal muscle
respectively. The trophoblasts in the placentaltpescontrol sections stained
universally, whilst the negative controls had rairshg. Within the liver eNOS
immunostaining was localized to hepatocytes andriéiseular endothelium (figure
6.8). In the hindlimb skeletal muscle eNOS stainwas seen in the myocytes and

vascular endothelium (figure 6.9).
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Figure 6.8.eNOS immunohistochemical staining of liver sec$i¢X420
magnification) in wild type mice. The brown colayptake is the eNOS stain. Both
hepatocytes (closed arrow heads) and endothelial(eerows) demonstrated eNOS
expression in all the experimental grou@sy Sham;(B) RIPC;(C) IR; (D) RIPC +
IR. (E) Placental positive control showing brown eNOSrsitej (open arrow heads)
of the trophoblastic cell layefF) Liver negative controls showing lack of any

brown staining.
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Figure 6.9.eNOS immunohistochemical staining of hindlimb skal muscle
sections (X20 magnification) in wild type mice. Tim®wn colour uptake is the
eNOS stain. Both skeletal myocytes (arrow headd)emdlothelial cells (arrows)
demonstrated eNOS expression in all experimentalpg:(A) Sham;(B) RIPC;
(C) IR; (D) RIPC + IR.

6.4 Discussion

The findings of this study show that eNOS is acaitenzyme in mediating the
protective effects of RIPC on liver IR injury. Mareer it was demonstrated that
eNOS is responsible for the preservation of livdRvin hindlimb preconditioned
animals. Additionally hindlimb RIPC, but not livéR, up-regulates the expression

of INOS in the liver and hindlimb skeletal muscle.

We previously established and validated a new mows#e! in which hindlimb

RIPC significantly ameliorated liver IR injury (cbier 4). In the current study the
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same mouse model was used to begin exploring thecoar mechanisms

underlying the protection offered by hindlimb RIBGainst liver IR injury.

The eNOS and INOS enzymes are responsible for raaturing NO in vivo in
extraneural tissues. Their role, if any, in thetpetion afforded by RIPC is
unknown. eNOS mice were used and the protection that had prelyjidesn
exhibited by wild type mice (chapter 4) subjectedivter IR with antecedent
hindlimb RIPC dissipated. The loss of protectiomiwidlimb preconditioning in
eNOS" animals was evidenced by an increase in the plasmsaminases levels,
histopathological injury scores, and ultrastrudtararkers of injury in the RIPC +
IR compared to the IR alone group. This was in @sttto the decrease observed in
these parameters of hepatic injury in the RIPC €dRipared to IR alone group in
wild type mice. Amongst these parameters of liRirjury the overall
histopathological grades and the histopathologicates of individual features of
liver IR injury showed a lack of statistical signdnce between the different eNOS
groups, and a lack of significance between the RtRR compared to the IR alone
group in wild type animals. This was due to the that liver biopsies for
histopathological scoring were performed at 2 hadireperfusion, which is too

early for the full histopathological manifestatiasidiver IR injury.

Our group previously showed that eNOS-derived N@nismportant mediator of the
protective effects of direct liver ischaemic predibioning (240). The current study
adds to this by demonstrating, for the first timexny remote preconditioning model
of any organ, that eNOS is an essential preregusitthe protective effects of

RIPC upon hepatic IR injury at 2 hours of liver egpision. Moreover hepatic and



hindlimb skeletal muscle eNOS protein expressisrsaani-quantified by
densitometric analysis of eNOS protein bands ofté/adlots, was similar amongst
the various wild type animal groups. This would iynihat at 2 hours of reperfusion
it is likely that eNOS activation rather than irgsed expression causes the observed
protection of RIPC, although eNOS activity was spécifically measured in this
study. eNOS activation is controlled by severalrtay@ing mechanisms that
dynamically regulate eNOS function. These mechasisitiude eNOS acylation,
C&"* / calmodulin binding, phosphorylation, and dersgiation (239369); all
process that can be completed in a much shortergegnod than eNOS up-
regulation. An increase in enzyme expression engailino acid synthesis, DNA
transcription, post-transcriptional modificatiordatnanslation of mMRNA, and post-
translational modifications of the enzyme; procedbat take hours to complete

rather than the minutes required for the activatibthe enzyme.

The expression of eNOS within the liver was obsgimehepatocytes and the
vascular endothelium; results that are congruetit thibse reported previously
(240241). In hindlimb skeletal muscle sections eNOSresgion was apparent in
the myocytes and vascular endothelium; cellularcstires that have also been
reported to express eNOS (33D1). It is likely that both hepatic and precoratied
hindlimb skeletal muscle eNOS contribute to the@eton of RIPC. However,
arguably it is also possible that only hindlimb eBI® activated and increases its
production of NO, that through one of its metabeliti products traverses the
circulation to reach the liver where it exertsptstective effects. Alternatively, it
maybe that a none NO-related, RIPC-induced fa@ogleased into the circulation

to reach the liver and activate hepatic eNOS wthelm affords protection against
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liver IR injury. Further research is needed toifyethis issue. An interesting result
we uncovered was that INOS expression, in the kwer hindlimb skeletal muscle,
was only seen in the two groups subjected to mmalpreconditioning, the RIPC
alone group and the RIPC + IR groups. INOS is iedua inflammatory conditions
(372) and it would have been expected that INOStrbg up-regulated, at least
within the liver, in the IR group. However, no iN@8pression was observed in any
of the liver samples in the IR alone group subgdteWestern blots. This may
indicate a protective role for iINOS since its exgsien was only associated with
hindlimb preconditioned mice. Only one previousistassessed iINOS expression
following RIPC (234). In this study bilateral himaib preconditioning was followed
by global myocardial ischaemia 24 hours post tHe@Rs$timulus resulting in
significant reduction in the myocardial infarctesiZ he hindlimb RIPC was
associated with increased myocardial INOS mRNA esgion starting at 3 hours
post the RIPC stimulus and peaking at 24 hours)(Z#thermore, nuclear
translocation of NAkB was observed in heart and preconditioned skeletscle
following hindlimb RIPC (234). NKkB is a transcription factor that is well known
for up-regulating iNOS expression, and thereforg study demonstrated that
hindlimb RIPC results in INOS expression in the gamlium, and possibly
increases INOS expression, through RB-activation in skeletal muscle; although
direct INOS expression was not measured in skatetigicle (234). There are no

previous studies that measure INOS expressionRCRIf the liver.

In this study it was demonstrated that one of teelmnisms through which eNOS
mediates the protective effects of RIPC on liveiriRry comprise preservation of

hepatic MBF. We previously proved, in wild type raais, hindlimb RIPC prior to



liver IR preserves hepatic MBF during the earlyadpsion period, compared to
animals subjected to IR alone (chapter 4). In @stfrthe current study failed to
demonstrate preservation of hepatic MBF in the RHFI& group in eNO% mice
compared to liver IR alone group. This would indécan essential role for eNOS in
preservation of the hepatic microvasculature, wisah accord with the well known
functions of eNOS-derived NO as a vascular homéodgtector, acting to protect the
endothelium against various insults (362). The sigmificant improvement of
hepatic MBF in the RIPC + IR compared to the IRnalgroup in eNOS animals
during the two reperfusion period is in contrasthi® results in chapter 5 showing
no improvement in the MBF of the C-PTIO + RIPC +gRup compared to the IR
group. The explanation for this probably lies ia fact that C-PTIO ‘mops-up’ all
of the synthesized NO, whilst eNO@nimals can maintain some NO production

through up-regulation of iINOS.

In conclusion we demonstrated that eNOS is an &abprerequisite for the
protective effects of hindlimb RIPC on liver IR imy. At 2 hours of reperfusion this
is probably due to increased activation of eNOBerathan increased expression of
this enzyme. We also demonstrated an increase iexjpression of iNOS in
preconditioned groups, which may be contributingh protection of RIPC but this

needs further research to prove.

In this chapter we demonstrated an essential fomdtir eNOS in the protection
afforded by RIPC. In the next chapter we will intigate the role of nitrite / nitrate
as the signal released from the preconditionedlimibdinto the circulation to elicit

protection against hepatic IR injury.
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Chapter 7

Nitrite and nitrate as circulating carriers of

nitric oxide induced by hindlimb RIPC
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7.1 Introduction

Nitric oxide (NO) is a highly reactive free radicablecule and consequently has a
short half life that is in the order of 5-10 secendO, which is synthesised by one
or more of the nitric oxide synthase (NOS) isoforiasapidly oxidised to nitrite
(NOy) and nitrate (N®@). Oxidation to NQ is accomplished either via auto-
oxidation using molecular QOor through a more rapidly occurring reaction that
utilizes the copper-containing protein ceruloplasd73). NQ' is generated by one
of two reactions that utilize oxyhaemoglobin. le first of these N@ reacts with
oxyhaemoglobin to generate N@nd methaemoglobin (374). In the second

reaction oxyhaemoglobin directly reacts with NGQyieeld NGs™ (373).

Both NGO, and NQ (NOx) are released into the circulation, and aateservoirs of
NO under specific circumstances (3345). NQ ' is reduced to NO by enzymatic
and non-enzymatic pathways. Enzymatic nitrite régses include xanthine
oxidoreductase, cytochrome P450, and complexesdllV of the mitochondrial
electron transport chain (375). The non-enzymatigenreductases include
deoxyhaemoglobin and myoglobin (375). The reductibNOs” to NO requires a
nitrate reductase enzyme that was thought to benabbs mammalian cells.
However, increasing evidence supports a role fathiae oxidoreductase as a
nitrate reductase (378/7). Additionally, dietary N@ represents a significant
contribution to the circulating pool of NQthrough the conversion of NGQo NG,
by the bacterial reductase enzyme found in theardlgastrointestinal tract
commensal population. The contribution of theséways to the rate of NO

generation from nitrite in a specific tissue typeéependent on the local pH and
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oxygen tension, with acidosis and tissue hypoxeatly enhancing NO production

from the above pathways (375).

Organs subjected to ischaemia reperfusion arealpioypoxic and acidotic at the
end of the ischaemic period, and consequentlytitaaght nitrite reduction to NO is
greatly increased locally at these sites (373). Evidence supportive of NO
protecting against IR injury, through its reducttorNO, is accumulating for most
major organs. Exogenous administration of sodiunit@iprotects against brain
(378), heart (302), Kidney (379), and lung (380)rfiry. Moreover, inhalation of
NO results in elevated plasma NOXx levels, that lBeen shown to reduce heart

(381), lung (380), and lower extremity (382) IRuny.

Experimental liver IR injury is also reduced by sod nitrite administration
(167,302). In further support of this, a human randowhizentrolled trial that
assessed the benefits of inhaled NO in recipientstbotopic liver transplants,
found patients that were administered inhalatidé@lhad significantly raised
plasma NQ@ levels that were associated with significant iny@raents in liver
function tests in the postoperative period, sigaifit decrease in hepatocyte
apoptosis, and a significant decrease in hosgitajth of stay compared to placebo
group (383). Evidence for the protective role od@genously generated NGn

liver IR injury comes from an experiment that z&d wild type and mice with
cardiac-specific over-expression of eNOS (CS-eN@p-FPlasma and hepatic NOx
levels were elevated in the CS-eNOS-Tg mice contptarevild types, with a
consequent significant protection against liveirifry in CS-eNOS-Tg but not

wild type mice (384).



The role of NOx generated as a consequence ofitmbdRIPC, in the protection
against liver IR injury is currently unknown. Thineof the present study was to
evaluate the role of endogenously generated NOxgltindlimb RIPC in wild
type mice, in protecting against liver IR injuryaged on the initial results we
elicited, we proceeded to determine the effecesxofyenous nitrite administration

on liver IR injury in eNOS mice.

7.2 Materials and methods

The detailed methodology was described in chaptérssimmary of the most

pertinent points is given below.

7.2.1Animal surgical procedure

Male inbred C57BL/6 wild type mice (Charles Rivabdratories, UK); and mice
lacking the constitutively expressed enzyme, erelathnitric oxide synthase

(eNOS', bred in-house) were utilized in the present stilithg animals were

anaesthetised using 2% isoflura@ere body temperature was maintained at 37.0 +

0.5 ¥ using a heating pad and a rectal temperature pkdgeatic IR was performed

as detailed in section 3.4.1. At the end of therision period the animals were
terminated by exsanguination through needle camlicture and blood collection.
The blood was immediately centrifuged and the pasapernatant was stored at -
70 ¥ until assayed for liver transaminases. The left median liver lobes were
harvested at the end of each procedure for hidtofeagy and transition electron
microscopy (TEM). Hindlimb preconditioning consdtef microvascular clamping
of the femoral vessels for four minutes followedfbyr minutes reperfusion for a

total of six cycles as described in section 3.4.2.
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7.2.2Experimental groups

Wild type animal groups (figure 3.2) were used tasure plasma NOx levels. The
results of these experiments demonstrated a signifrise in plasma NOx levels in
hindlimb preconditioned animals. Therefore furtegperiments were conducted to
evaluate the effects of exogenous nitrite admiaiistn on liver IR injury in eNO$
animal groups (figure 3.3). Total anaesthetic timas equal in all the groups. All
animals underwent laparotomy, mobilization of tiwver, and mobilization of the

right femoral vascular bundle. In addition soméhaf groups were each subjected to

a specific procedure as follows:

Wild type groups:

Sham: Underwent the laparotomy, mobilization oflther, and mobilization of the
right femoral vascular bundle described above.

RIPC: The right hindlimb was preconditioned witley&les of 4 minutes ischaemia
followed by 4 minutes reperfusion, using a micravdar clamp to occlude the
femoral vessels under an operating microscope.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: Animals were subjected to the RIPC fokal by the IR procedures.

These wild type groups were used to measure tisenaldNOx levels in the current
chapter. The extent of liver injury in these growas previously assessed in chapter
4 using plasma transaminases levels, evaluatitwstifpathological and

ultrastructural features of IR injury, and hepMBF measurements.
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eNOS'" groups:

Sham: Underwent the laparotomy, mobilization oflther, and mobilization of the
right femoral vascular bundle described previously.

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

Nitrite + IR: Underwent the IR procedure with admiration of sodium nitrite, at a
dose of 48 nmol in 50! of D-PBS (167302), topically into the peritoneal cavity 20
minutes into liver ischaemia. To elicit the optiniade of sodium nitrite
administration, plasma transaminases levels aed MBF were measured in two
additional eNOS groups (n = 2 each) that received the sodiunteigither
immediately preceding liver ischaemia or just beflover reperfusion at the end of

liver ischaemia.

These eNOSgroups were used in the present chapter to agsegdatsma liver
enzymes, histopathological and ultrastructuraluiesg of IR injury, and MBF

measurements.

7.2.3Nitrite and nitrate measurements

The plasma nitrite and nitrate (NOXx) levels wereasuged in wild type mice using a
commercially available colorimetric assay kit (CamtChemical, catalogue No.

780001) as detailed in section 3.11.
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7.2.4Measurement of liver enzymes

The plasma concentrations of ALT and AST were mesin the eNO$ groups

using an automated clinical analyzer as describesggtion 3.5.

7.2.5Histopathology

A liver biopsy was taken from the left lobe of ea$OS" animal at the end of the
experiment and fixed in 10% formal saline. The dixssues were embedded in
paraffin and stained with H&E. Sections were assg &gy a liver pathologist
blinded to the animal groups. Each H&E sample wasesl for features of liver IR

injury using two different methods as describedantion 3.6.

7.2.6Transmission electron microscopy

Liver biopsies were obtained from the left lobeath eNOS animal at
termination, and were fixed in a glutaraldehydergiormaldehyde mixture
overnight, processed as described in section Bd7yigwed with a transmission
electron microscope. Representative areas wer@gtagthed and the images were
interpreted by a TEM scientist who was blindedh® groups. Assessment of the

images was performed according to the parametelinexulin section 3.7.

7.2.7Liver and hindlimb microcirculatory blood flow

Laser Doppler flowmetry (LDF) was used to measuoed flow in the liver
microvasculature of eNOSanimals as described in section 3.8. The probe was
placed on the left liver lobe so that it was justontact with the tissue surface. LDF

data was collected as the mean of four readinggded over a one minute period.



In addition, a second LDF probe was positionednensble of the right foot to
ensure blood flow interruption and reperfusion dgriemoral vessels clamping and
unclamping respectively. Figure 336ows the time points of the LDF recordings

during the study protocol.

7.2.8Statistical analysis
Values are expressed as mean + SEM. One way aalygariance (ANOVA) with
Post Hoc Bonferroni correction for multiple comgans was used?. < 0.05 was

considered statistically significant in all analyse

7.3 Results

The plasma transaminases levels, histopathologicaks, ultrastructural changes,
and MBF results of the Nitrite + IR group in eNO&nimals obtained in this
chapter, were compared to the results of the sihRigroups in eNOSanimals

described in chapter 6.

7.3.1Hindlimb RIPC significantly increases plasma NOxvels

Total plasma nitrite and nitrate (NOX) levels wareasured in wild type animals.
Both the RIPC and RIPC + IR groups showed a sicpmiti increase in plasma NOx
levels compared to sharR € 0.05) (figure 7.1). In addition the RIPC + IRogp
demonstrated a significant rise in the NOx levelsipared to the IR grouf’ &

0.05).
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Figure 7.1.Plasma nitrite and nitrate (NOX) levels in wilgpéymice (n 6 per
group). < 0.05 vs sham.Rt< 0.05 vs IR.

7.3.2Sodium nitrite administration, to eNOSmice subjected to

hepatic IR, does not reduce plasma transaminase®le

Liver IR resulted in a significant rise in the ptes ALT and AST compared to the
sham groupR < 0.05). Sodium nitrite administration 20 minute®ilR did not
reduce the plasma transaminases levels (figure Tw®) further experimental
groups were performed (n = 2 each) to determittgeitime of administration of
sodium nitrite affects the transaminases levelsthdethe administration of sodium
nitrite immediately preceding liver ischaemia nastjbefore liver reperfusion at the
end of liver ischaemia, had any effect on plasraasaminases levels (data not

shown).
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Figure 7.2.Plasma liver enzyme levels in eNO8ice. (A) Alanine

aminotransferase (ALT).P< 0.05 vs sham. (B) Aspartate aminotransferasd JAS
*P < 0.05 vs sham.

7.3.3Liver histopathological IR injury is not attenuatetly sodium
nitrite administration in eNOS™ animals

The sham group demonstrated some signs of livamjiRy with a mean overall
grade of 0.33 (figure 7.3). The IR group resulte@ non-significant increase in the
mean overall injury grade to 1.0. The administratd sodium nitrite during IR

(nitrite + IR group) resulted in a significant wersng of the overall
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histopathological manifestations of IR injury comguto the sham but not IR

groups P < 0.05 vs shanP > 0.05 vs IR).

Four individual features of liver IR injury (livexell ballooning, nuclear pyknosis,
blurred intercellular borders, RBC extravasatioandnstrated significantly
increased scores in the nitrite + IR compared ¢ostitam groupR < 0.5) (figure
7.4). None of the other individual features of tiV injury showed significant

differences between any of the animal groups coispas.

Figure 7.3.Vertical scatter plot of histopathological gradeeNOS”™. Each dot
represents the overall grade assigned to eachdodiMiver biopsy sample (n = 6

per group). Horizontal bars represent the medas .05 vs sham.
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Figure 7.4.Histopathological scores of individual featuresigdr injury in eNOS"
animals. Each bar chart is the mean histopathabgeore of six animals in that

group. The error bars are the standard error ofnhens. P < 0.05 vs Nitrite + IR.
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7.3.41R-induced liver ultrastructural damage is not reaed by

sodium nitrite administration in eNO3S mice

Representative ultrastructural images from eachefjroups are shown in figure
7.5.The sham group showed some ultrastructural dishedsaconsisting of
sporadic ER dilatation, phagolysosomal and lipipdiet formation. The IR group
exhibited extensive mitochondrial damage, ER dilata cytosolic vacuole
formation, phagolysosomal formation, lipid dropfie@tmation, glycogen depletion,
bile canaliculi dilatation with microvilli disruptin, and SEC disruption with
extravasation of RBC and plasma into the liver paingma. Importantly the
administration of nitrite during ischaemia (nitri¢eR) did not alter the IR-induced
ultrastructural damage resulting in appearancedsibee comparable to those in the

IR group (figure 7.5).
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Figure 7.5.Hepatic transmission electron micrographs in eN@fice. The liver
samples were taken at the end of the proceduracim group(A) & (B) Sham
group showing normal looking mitochondria (m), nafrter) and dilated
endoplasmic reticulum (der), phagolysosomes (jd§,danaliculi with microvilli
(bc), sinusoidal endothelial cells (sec), and mitlian the space of Disse (ms)C)
& (D) IR group demonstrating damaged mitochondria (ditgtestl endoplasmic
reticulum (der), vacuole formation (vc), lysoson(lg$, lipid droplet formation (ld),

and damaged sinusoidal endothelial cells (dset) ewtravasated red blood cell
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(erbc), polymorphonucelocyte (epmn), and plasmaitep the hepatocyteéE) &

(F) Nitrite + IR group showing damaged mitochondrienfddilated endoplasmic
reticulum (der), vacuolation (vc), lysosomes (Igplaohagolysosomal formation (pl),
lipid droplet formation (Id), damaged sinusoidatiethelial cells (dsec) associated
with obliteration of the space of Disse (osd), angelin figure (mf) indicative of

membranous damage.

7.3.5The reductions in hepatic microcirculatory bloodoiv seen with
IR injury in eNOS"™ animalsare unaffected by exogenous sodium
nitrite

Hepatic MBF remained relatively constant throughbetexperiment in the sham

group (figure 7.6).

In the IR group the MBF decreased from a mean 8%%f baseline during the
pre-ischaemic period, to a mean of 31% of baselureng hepatic ischaemia (figure
7.6). Immediately following liver reperfusion, theean MBF was 35.7%, and this
improved to 52.3% of baseline at 30 minutes of reeyg@n. The MBF remained
relatively constant from then on, recording a regaif 52.2% at the end of the 2

hour reperfusion period.

Administration of nitrite during IR (nitrite + IRrgup) resulted in a mean MBF of
67.4% of baseline (figure 7.6) immediately follogireperfusion, which is
significantly higher than the MBF observed in tRegroup at this time poinP(<
0.05). Throughout the remainder of the reperfupienod the mean MBF ranged

between 60.1% - 67.9% of baselifeX 0.05 vs IR). Between 30 minutes to the end
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of the reperfusion period at 2 hours, the diffeeebhetween the sham and the other 2

groups (IR and nitrite + IR) was statistically sigrant (P < 0.05).
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Figure 7.6.Hepatic microcirculatory blood flow in eNJSanimals, measured by
LDF, is illustrated as mean percentage of pre-ischa baseline. Significant (P <
0.05) inter-group differences are shown verticalbpve the time points on the x-
axis. BL, baseline; Hl, hindlimb ischaemia; HR,dlimb reperfusion; BLI,
beginning of liver ischaemia; ELI, end of liver iemia; BR, beginning of liver
reperfusion; R30 to R120, liver reperfusion at@D, 90, and 120 min post

ischaemia.

7.4 Discussion

The results of the experiments in this chapter gfibthat hindlimb RIPC (RIPC and
RIPC + IR groups) in wild type mice results in grsficant elevation of plasma
NOX levels. In contrast exogenous nitrite admiaitn to eNOS mice did not

attenuate liver IR injury.
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The wild type animal experiments in this study destmted that RIPC alone
significantly increases plasma NOx levels compapesham animals. This indicates
limb RIPC results in increased NO production teatpidly oxidised to N@ and
NOs". Further support for the theory that limb RIPC@ases NO production comes
from the demonstration in these experiments thRCRt IR significantly increased
plasma NOx levels compared to IR alone. In additienRIPC + IR group had NOx
levels that were significantly higher comparedhose of sham. These results in
combination with the results in chapter 4, showimag in wild type mice limb RIPC
significantly reduces liver IR injury and increasepatic MBF, would support the
hypothesis that RIPC-induced NO synthesis is resiptenfor protection against

liver IR injury. Only one previous publication deib@d the measurement of plasma
NOx levels following RIPC of the liver (227). Inishstudy peripheral arterial and
hepatic venous plasma NOx levels were quantifildviang hindlimb RIPC and
hepatic IR in a rabbit model (227). The plasma N&¥els were non-significantly
lowered following hepatic IR compared to the shaoug in both peripheral arterial
and hepatic venous blood. Hindlimb RIPC prior tpdie IR resulted in an increase
in NOx levels compared to the IR alone group whunly reached statistical
significance in hepatic venous blood samples btitmarterial samples (227),
suggesting that liver IR leads to reduction in N@tkesis whilst antecedent limb
RIPC acts to prevent this reduction in NO levaisthle present study we did not
observe a reduction in plasma NOx levels in thedRpared to the sham group, but
we did see a significant elevation of plasma NQelein the RIPC compared to the
sham group and in the RIPC + IR compared to thgréip. Our results imply limb
RIPC protects against liver IR injury through thevation of NOx, and therefore

NO levels.



Direct ischaemic preconditioning is known to in@e&O synthesis (385) which in
turn is rapidly oxidised to NOQand NQ'". Oxidation to NQ is accomplished via
auto-oxidation using molecular,@nd through a more rapidly occurring reaction
that uses the protein ceruloplasmin (373). OxiaetibNO to NQ" uses
oxyhaemoglobin as the oxidising agent (373). Catng NG and NQ™ enter the
liver upon reperfusion to encounter an acidotic amypoxic environment that
accelerate the reduction of these molecules to 35,386). Whilst NO, resulting
from the reduction of N@ and NQ' in the post-ischaemic liver environment, is the
commonest pathway through which these moleculetgmbtect against IR injury
(374,386); other NO-independent pathways may mediatb¢neficial effects of
NO, and NQ@, however the role of these pathways in protecgainst liver IR

injury is currently unclear (37486).

Based on the findings of elevated plasma NOx leivelisnb preconditioned wild
type animals; exogenous sodium nitrite was adngirést to eNO% animals to
establish if exogenous nitrite possesses the lmalediffects we demonstrated with
elevated endogenous NOXx levels secondary to linllCRHowever, we were unable
to reproduce the protective effects of endogendds tirough the administration of
exogenous nitrite. Histopathologically the ovenailiry grade and 4 individual
features of liver IR injury demonstrated a sigraficincrease in the nitrite + IR
group scores compared to the sham group scoresisTini contrast to the IR group
scores which did not show significant differencesif sham scores. These results
could suggest that exogenous nitrite administratdieast on histopathological

assessment, may increase liver damage in the ¢anité. However, this would
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need further research to establish, as neithestbeall nor the individual features
scores showed significant differences betweenRhand IR + nitrite groups.

More than a single explanation is possible forldok of protection of exogenously
administered nitrite to eNOSmice. The dose of the administered nitrite wagbtas
on previous dosing studies (18@2) that showed 48 nmol of sodium nitrite elicits
maximal protection in both, wild type and eNO8nimals. Moreover, the route and
timing of nitrite administration was also as preisly reported (16302). Despite
all of this we were unable to elicit protection mga liver IR injury with exogenous
nitrite administration. This may have been dueitiedng experimental variables
such as the type of anaesthesia used or exachgaofjthe ischaemia and
reperfusion periods. Future dosing studies woulddezled to clarify the role of
exogenous nitrite in protection against liver Ifuny. These experiments would
evaluate the effects of altering the dose, timing ebute of nitrite administration,
on liver IR injury in the mouse model describedhis thesis. An alternative
explanation for the lack of efficacy of exogenoitsite administration in eNOS
animals pertains to the fact that eNOS acts agigenieductase under hypoxic
conditions (387) leading to the reduction of n&rtio NO which in turn elicits
protection. In an in vivo renal IR injury modelhias been shown that topical
administration of nitrite to wild type but not eNO®xhibit protection against
kidney damage (388). Furthermore this has beemwloorated by in vitro work in
which wild type and eNOSkidney homogenates, under hypoxic and acidotic
conditions, had nitrite-derived NO quantified. Tiesults showed that wild type
homogenates produce significantly more NO compmeaNOS' homogenates

(388). These results suggest that eNOS is an @ssaitiite reductase under



hypoxic and acidotic conditions. The mechanismsedgthg the nitrite reductase

activity of eNOS are reviewed elsewhere (374).

In conclusion based on the results observed, emdogecirculating NOx levels are
elevated following hindlimb RIPC and are associatétl protection against liver
IR injury. However, administration of exogenousitétto eNOS mice at the dose,

timing, and route described did not afford hepptimtection against liver IR injury.

In this chapter it was shown that hindlimb RIPCr@&ses circulating levels of NO
andNOs'. In the next chapter the role of the hepatic selginanylyl cyclase-cyclic
GMP pathway in mediating the protective effect&iofllimb RIPC on liver IR

injury will be evaluated.
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Chapter 8

Importance of the hepatic sGC-cGMP pathway in the

protective effects of RIPC against liver IR injury
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8.1 Introduction

Nitric oxide (NO) may act through various pathwaythin the liver to exert its
protective effects; including through the solublmgylyl cyclase (sGC)-cyclic 3’, 5’

guanosine monophosphate (cGMP) pathway in thengetfiliver IR injury (29).

The purification, quantification, and measuremdrthe activity of sGC is very
difficult (389). Therefore, the inhibition or stirtation of sGC, using specific
blockers or activators respectively, is used toitatis functions in experimental
models (389). sGC has been shown to mediate theqpine effects of NO in liver
IR injury, and administration of the sGC blocker Q@brogates these beneficial
effects of NO, indicating NO acts through sGC iatpcting the liver against IR

injury (256296,302,360). This has been shown in vivo (Z5@82) and in cultured
hepatocytes models (28®0). Moreover, the specific SGC activator YC-luees

IR injury when administered to mice being subjedtetiver IR (256).

Several experimental studies show NO protects aghver IR injury by elevating
cGMP levels. Mice over-expressing the eNOS gene Bagnificantly elevated
hepatic cGMP levels compared to wild types whichssociated with protection
against liver IR injury (256). Other in vivo work@wed rat pretreatment with the
cGMP analogue 8-bromoguanosine 3',5' monophos8dte-cGMP) diminished
subsequent hepatic IR injury (390). Furthermoretrpatment with the non-
selective NOS inhibitor N-omega-nitro-L-arginineANworsens liver IR injury,
however when the administration of NA is precedg®@Br-cGMP then the NA-
induced adverse effects on IR are prevented (3®@fldating that NOS-derived NO

acts through cGMP to exert its protective effelrtsiitro studies using cultured
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hepatocytes further support the in vivo work, byndestrating NO donors
ameliorate hypoxia re-oxygenation injury througé #tevation of cGMP levels
(360). Moreover, re-oxygenation of hypoxic hepatesypretreated with 8-Br-cGMP
ameliorated the IR-induced cell necrosis (280). The administration of the
phosphodiesterase inhibitor sildenafil, which rais&MP levels, to mice subjected

to liver IR has also been shown to significantlyediorate the IR injury (256).

The role of the sGC-cGMP pathway in mediating thetgxtive effects of direct

liver ischaemic preconditioning (IPC) has been eatdd. IPC reduces liver IR
injury through increased production of hepatic cG{@P9). In contrast the role of
the hepatic sGC-cGMP pathway in mediating the ptote effects of RIPC on liver
IR injury has not been studied. The aim of theenirstudy was therefore to assess
involvement of the hepatic SGC-cGMP pathway in ragalg the protective

functions of hindlimb RIPC on liver IR injury.

8.2 Materials and methods

The detailed methodology was described in chaptérssimmary of the most

pertinent points is given below.

8.2.1Animal surgical procedure

Male inbred C57BL/6 wild type mice (Charles Rivabdratories, UK) were utilized
in the present studyhe animals were anaesthetised using 2% isofluame body
temperature was maintained at 37.0 + 8.5ising a heating pad and a rectal
temperature probe. Hepatic IR was performed asle@ta section 3.4.1. At the end

of the reperfusion period the animals were terneiddty exsanguination through
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needle cardiac puncture and blood collection. Thedwas immediately

centrifuged and the plasma supernatant was stor&@ & until assayed for liver

transaminases. The left and median liver lobes Wwareested at the end of each
procedure for histopathology and transition elattmacroscopy. Hindlimb
preconditioning consisted of microvascular clampihghe femoral vessels for four
minutes followed by four minutes reperfusion faotal of six cycles as described in

section 3.4.2.

8.2.2Experimental groups

Four wild type groups with a minimum of six animaiseach were used (Figure
3.2). The total anaesthetic time was equal inhallgroups. All animals underwent
laparotomy, mobilization of the liver, and mobiliian of the right femoral vascular
bundle. In addition some of the groups were eablested to a specific procedure

as follows:

Sham: Only underwent the laparotomy, mobilizatibthe liver, and mobilization
of the right femoral vascular bundle described abov

IR: The median and left hepatic lobes were rendes@themic for 40 minutes
followed by 2 hours reperfusion, using a microvadacalamp to occlude the portal
triad branch to these lobes.

RIPC + IR: The right hindlimb was preconditionediwé cycles of 4 minutes
ischaemia followed by 4 minutes reperfusion, usigicrovascular clamp to
occlude the femoral vessels under an operatingosgope. This was followed by

the IR group procedure described above.
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ODQ + RIPC + IR: The sGC inhibitor ODQ was admiaist topically to the liver,
in a volume of 100 | of DMSO containing 600 g of ODQ, followed by the RIPC +

IR procedure.

8.2.3Measurement of liver enzymes

The concentrations of ALT and AST were measurdtierplasma using an

automated clinical analyzer as described in se@&ibn

8.2.4Histopathology

A liver biopsy was taken from the left lobe of eastimal at the end of the
experiment and fixed in 10% formal saline. The dixssues were embedded in
paraffin and stained with H&E. Sections were assg &gy a liver pathologist
blinded to the animal groups. Each H&E sample wases! using two different

methods as described in section 3.6.

8.2.5Transmission electron microscopy

Liver biopsies were obtained from the left lobgeamination of the animals and
were fixed in a glutaraldehyde / paraformaldehydetume overnight, processed as
described in section 3.7, and viewed with a trassian electron microscope.
Representative areas were photographed and theswagye interpreted by a
transition electron microscopy (TEM) scientist wiias blinded to the groups.
Assessment of the images was performed accorditigetparameters outlined in

section 3.7.
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8.2.6Liver and hindlimb microcirculatory blood flow

Laser Doppler flowmetry (LDF) was used to measuoed flow in the
microvasculature of the liver as described in sec8.8. The probe was placed on
the left liver lobe so that it was just in contadth the tissue surface. LDF data was
collected as the mean of four readings recorded @eme minute period. In
addition, a second LDF probe was positioned orsttke of the right foot to ensure
blood flow interruption and reperfusion during feralovessels clamping and
unclamping respectively. Figure 36ows the time points of the LDF recordings

during the study protocol.

8.2.7Measurement of hepatic cGMP

Hepatic cGMP levels were measured using a comniigrasailable enzyme
immunoassay kit (Cayman Chemical, catalogue NoO88) as detailed in section

3.12.

8.2.8Statistical analysis

Values are expressed as mean + SEM. One way aalygariance (ANOVA) with
Post Hoc Bonferroni correction for multiple comgans was used?. < 0.05 was

considered statistically significant in all analyse

8.3 Results

The plasma transaminases levels, histopathologicaks, ultrastructural changes,
and MBF results of the ODQ + RIPC + IR group obk#dim this chapter were
compared to the results of the sham, IR, and RIPR groups obtained in chapter

4.

20¢€



8.3.10DQ increases plasma transaminases levels in himndbli

preconditioned mice

The results of the plasma transaminases are susedari figure 8.1. Liver IR
resulted in a significant increase in the plasmealteof ALT and AST compared to
the sham groupR(< 0.05). Hindlimb preconditioning preceding V& (RIPC + IR
group) significantly reduced the plasma transangisdesvels compared to IR alone
(P < 0.05). Topical administration of ODQ to the livprior to hindlimb RIPC and
liver IR (ODQ + RIPC + IR group), increases ALT aA8T compared to the RIPC

+ IR group but this did not reach statistical siigaince.
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Figure 8.1.Plasma liver enzyme level$\) Alanine aminotransferase (ALT)P*<
0.05 vs sham; < 0.05 vs IR. B) Aspartate aminotransferase (ASTI.< 0.05 vs
sham; # < 0.05 vs IR.



8.3.2The protective effects of hindlimb RIPC on hepatic

histopathological IR injury are diminished by ODQ

The overall IR injury grade assigned to each saraptethe mean overall grade for
each animal group are both given in figure 8.2. Siem group showed minimal
signs of liver IR injury with a mean overall gradi0. Liver IR resulted in a
significant increase in the mean overall injurydggIR group mean overall grade =
1.83) compared to the sham gro#®p<(0.05). Preconditioning prior to liver IR
(RIPC + IR group) decreased the mean overall ingagre to 1.33, which is not
significantly different from the sham or IR grous> 0.05). Administration of
ODQ prior to RIPC + IR (ODQ + RIPC + IR group) r&ed in an increase of the

mean overall injury grade to 1.B € 0.05 vs shan® > 0.05 vs IR or RIPC + IR).

Figure 8.2.Vertical scatter plot of histopathological grad€ach dot represents the
overall grade assigned to each individual liverpbipsample (n = 6 per group).

Horizontal bars represent the mear3<*0.05 vs sham.
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Assessment of the 10 individual histopathologieakidires of liver IR injury
revealed a higher mean score of all 10 featuré®einR compared to the sham
group, although statistical significande< 0.05) was only achieved in 5 of the 10

individual features. (figure 8.3).

Compared to IR, the RIPC + IR group resulted ioveelr mean score in 8 out of the
10 individual features, although in none of theses \statistical significance reached.
The remaining 2 features (neutrophil infiltratiomdanuclear pyknosis) had a higher

mean score in the RIPC + IR compared to the IRg(figure 8.3).

Administration of ODQ prior to RIPC + IR (ODQ + RIP+ IR group) resulted in a
higher mean score in 7 out of the 10 individuatdeas compared to the RIPC + IR
group, although none of these reached statistigaificance (figure 8.3). Two of
the remaining features (sinusoidal dilatation aosirephilia) had mean scores that
were identical in the ODQ + RIPC + IR and the RP@R group. One feature
(nuclear pyknosis) showed a lower mean score OB + RIPC + IR compared

to RIPC + IR.



Figure 8.3.Histopathological scores of individual featurediedr injury. Each bar
chart is the mean histopathological score of simats in that group. The error bars

are the standard error of the meanB.<*0.05 vs sham.
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8.3.30DQ inhibits the protective effects of hindlimb RGPon

ultrastructural damage in liver IR

Figure 8 .4illustrates representative changes exhibited by edthe animal groups.
The sham group showed normal ultrastructural agpeas. The IR group exhibited
extensive mitochondrial damage, ER dilatation, sgtic vacuole formation,
phagolysosomal formation, lipid droplet formatighycogen depletion, bile
canaliculi dilatation with microvilli damage, anthgsoidal endothelial cell (SEC)
disruption with extravasation of red blood cell8@® into the liver parenchyma. In
contrast the ultrastructural damage sustained®RtRC + IR group consisted of
ER dilatation, phagolysosomal formation, lipid dieigormation, glycogen

depletion, and disruption of SEC but without RB@&raxasation.

The administration of ODQ prior to RIPC + IR (OD@RHPC + IR group) resulted
in appearances that are very similar to the IR g@nd that consisted of extensive
mitochondrial damage, ER dilatation with vesicuativacuole formation, lipid
droplet formation, glycogen depletion, and homogsn8EC disruption with RBC

extravasation.
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Figure 8.4.Hepatic transmission electron micrographs. Therlsamples were taken at the end of the procedwaah group(A) & (B)
Sham group showing normal endoplasmic reticulurj fele canaliculi with microvilli (bc), mitochondx (m), glycogen (gl), and sinusoidal

endothelial cells (secfC) & (D) IR group demonstrating irreversibly damaged mitoxch@ (dm) with some merging into vacuoles (vc),
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dilatation and vesiculation of endoplasmic retienl(der), lysosomes (ly) and phagolysosomes (jpiid lroplets (Id), and severely damaged
sinusoidal endothelial cells (dsec) associated wmeithblood cell extravasation (erb(g) & (F) RIPC + IR group demonstrating undamaged but
pleomorhic mitochondria (m), lipid droplets (Idysbsomes (ly) and phagolysosomes (pl), and damsigadoidal endothelial cells (sec) but
without RBC extravasatioiG) & (H) ODQ + RIPC + IR group showing irreversibly damageitbchondria (dm) some of which are
coalescing into vacuoles (vc), dilatiation and eekition of endoplasmic reticulum (er), lipid drefd (Id), severely damaged sinusoidal

endothelial cells (dsec) associated with obliterabf the space of Disse (osd) and extravasatioadblood cells (erbc) and plasma (ep).
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8.3.40DQ abolishes the protective effects of hindlimbA on

hepatic microcirculatory blood flow in liver IR

Figure 8.5 illustrates hepatic MBF for the duratajrihe experiment. The sham
group demonstrated constant hepatic MBF, whilstfthand RIPC + IR exhibited a
significant reduction of MBF during liver ischaendampared to sham. Upon
reperfusion the IR group showed no significant ioyement in MBF, whilst the
RIPC + IR group demonstrates significant recovdrylBF towards baseline values

compared to the IR group K 0.05).

The ODQ + RIPC + IR group did not show significdrviations in MBF from the
other groups during the pre-ischaemic period. H@wneduring liver ischaemia MBF
readings dropped significantly compared to the shatmot the IR or RIPC + IR
groups. Upon reperfusion MBF in the ODQ + RIPC +gigup failed to recover,
showing significant differences compared to the@®#PIR group throughout
reperfusionP < 0.05). At the end of the 2 hour reperfusion getthe mean MBF
value was 41.5%f baseline in the ODQ + RIPC + IR group comparef3.5% of
baseline in the RIPC + IR group € 0.0001). There were no significant differences
in the mean MBF values between the ODQ + RIPC arn&the IR groups

throughout the reperfusion period (figure 8.5).
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Figure 8.5.Hepatic microcirculatory blood flow, measured WyH, is illustrated as
mean percentage compared to pre-ischaemic basslgwficant (P < 0.05) inter-
group differences are shown vertically above tivetpoints on the x-axis. BL,
baseline; HI, hindlimb ischaemia; HR, hindlimb r&psion; BLI, beginning of liver
ischaemia; ELI, end of liver ischaemia; BR, begmgof liver reperfusion; R30 to
R120, liver reperfusion at 30, 60, 90, and 120 pust ischaemia.

8.3.5RIPC alone but not RIPC + IR significantly elevatdepatic
cGMP levels

The RIPC alone group showed significantly higheels of hepatic cGMP
compared to the sham group. There were no signifidéferences between the

remaining groups (figure 8.6).
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Figure 8.6.Hepatic cGMP levels in wild type mice (n = 6 peoyp). *P < 0.05 vs
Sham.

8.4 Discussion

The results of the current study indicated thatgmiive mechanisms of hindlimb
RIPC include the hepatic SGC-cGMP pathway. This attested to by a trend
showing an elevation in the ALT and AST plasma lgvend an increase in the
overall histopathological injury grade and in sewei of the ten individual features
of liver IR injury, in the ODQ + RIPC + IR comparg&althe RIPC + IR group.
Moreover, hepatic MBF measurements during liveerision were significantly
reduced in the ODQ + RIPC + IR compared to the RtAR group. Finally, hepatic
cGMP levels were significantly elevated in the RI&Gne group compared to the

sham group.

Eukaryotic sGC possesses high affinity for NO aa@ivating ligand (392). More

than a single explanation is possible as to whyetimyme and histopathological
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markers of liver IR injury were not significantlygher in the ODQ + RIPC + IR
compared to the RIPC + IR group. Firstly the séectGC inhibitor ODQ acts
through an interaction with the iron of haem presithgroups and therefore would
bind not just sGC but also haemoglobin in the daton and restrict its
effectiveness when administered intravenously (389)minimise the interaction
with haemoglobin ODQ was administered topicallytte liver in the present study.
Topical administration however, would have stilbaled interaction of ODQ with
the haem iron centres of other proteins found énlither such as cytochrome P450.
Nonetheless, topical intraperitoneal ODQ has beed in multiple in vivo studies
in the past to investigate the effects of inhilgtsGC on organ IR injury
(256,302,393394). The second explanation for the presencetreina but not a
significant difference in the increase in plasmayemes and histopathological
markers of liver IR injury may relate to the falgat NO can act through multiple
different pathways (39397) to exert its effects. Therefore it is feasibhiat NO
acted through an alternate mechanism; such as fioma peroxynitrite,
nitrosylation of thiol and amine groups, or nitoatiof amino acids such as tyrosine
and tryptophan (39897) that subsequently provided heptoprotectioimagver

IR injury; in addition to the sGC-cGMP pathway. Hewer, this requires further

research to ascertain.

The results of hepatic cGMP levels suggested #usrsd messenger is at least
partially responsible for mediating the effecthafdlimb RIPC. This is because the
RIPC alone group had a significantly elevated lkewélcGMP compared to sham;
whilst at the same time the cGMP levels in the R#PIR group did not differ from

those in the IR alone group. An alternate explamais that IR completely abrogated



the effects of RIPC on hepatic cGMP levels. Wetlesfirst group to demonstrate a
possible role for the hepatic sGC-cGMP pathway @diating the protective effects
of RIPC. Previous in vivo (25890,391) and in vitro studies (28%60) have
demonstrated a protective role for the NO-sGC-cGidthway in protecting against
liver IR injury. Moreover, direct liver ischaemicgzonditioning preceding liver IR
(IPC + IR) significantly elevates cGMP levels comgzhto sham and IR alone

(279).

In this study it was demonstrated that hepatic MIBFng liver reperfusion is
significantly reduced in the ODQ + RIPC + IR comgzhto the RIPC + IR group.
Considering that sGC possesses high affinity for(8@2) and that the only known
end product of SGC catalysis is cGMP, then thesaltsesuggest hindlimb RIPC
acts through NO and the sGC-cGMP pathway to mairtepatic MBF during the 2
hour reperfusion time period following liver iscimai@. In support of these results, a
previous study showed that intraportal administrabf the cGMP analogue 8-Br-
cGMP for 30 minutes immediately prior to and foliog liver ischaemia in pigs
results in a significant improvement in hepatic MBBmpared to control animals
that received intraportal saline, as measured bly dbring 3 hours of liver

reperfusion following 60 minutes of hepatic ischae(398).

In conclusion the sGC-cGMP pathway contributes &aliating the protective
effects of hindlimb RIPC on liver IR injury. Howavyether pathways are probably
involved as the protection exhibited by sGC-cGMRB waomplete. Additionally,
the hindlimb RIPC-induced sGC-cGMP pathway presetlie hepatic MBF during

the reperfusion period following liver ischaemia.
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Chapter 9

Thesis discussion, conclusions, and future dirastio



9.1 Methodological considerations

9.1.1The experimental model

Understanding the molecular mechanisms that undéngi protective effects of
RIPC on liver IR injury will facilitate the desigsf pharmacological interventions
that mimic the beneficial effects of RIPC. Animabdels of liver IR injury offer
standardised reproducible experimental strategishich to dissect the molecular

pathways mediating the beneficial effects of RIPC.

Experimental work using mice offers many advantapes the use of other animal
species. The most important of these is the comalereailability of numerous
transgenic strains that no other species offeadttition mice reproduce quickly, are
easy to maintain, and the mouse genome has maiigréies to the human genome
(399). For example, the mouse genome contains 2wW@bt that of humans

contain 2.9Gb; 40% of the human genome can bealigm the mouse genome at
the nucleotide level; both human and mouse genam&in 30000 genes each; and
the proportion of mouse genes with a single idedttié orthologue in the human
genome is approximately 80%, and the proportiomofise genes without any
homologue currently detectable in the human gen@me vice versa) seems to be
less than 1% (399). The use of mice in researchatsa present disadvantages
including the small size and therefore small ciatinly and solid tissue volumes; the
cost which is strain-dependent; and breeding diffycand high mortality seen in

some strains.

In this thesis inbred C57BL/6 wild type and eNOice were used. C57BL/6 mice

are the commonest ‘control’ strain used in medieakarch. eNOSmice have been
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generated that had disruption to each of the fibeiea found in the mouse eNOS
gene (307400-402). The eNO3 mice used in this research were originally

produced as an F1 hybrid between SV129 and C5780®), with all subsequent
matings and generations conducted as SV129/BLK8228/BLK6 homozygotes

in a closed colony.

The liver ischaemic model used in this thesis i sablished and involves
clamping the portal triad supplying the left anddimae lobes, rendering
approximately 70% of the liver ischaemic. This f@ttepatic ischaemia prevents
mesenteric venous congestion and subsequent iretestucosal damage leading to
bacterial translocation across the intestinal \Wwalpermitting portal decompression
through the caudate and right lobes of the liveB{310). A disadvantage of partial
hepatic ischaemia is that it does not accuratetgimelinical total hepatic ischaemia
following performance of the Pringle manoeuvre dgriver resections; or the total
hepatic ischaemia livers are subjected to durimgsplantation. Animals poorly
tolerate ischaemia to the whole liver. For exang@leninutes of total hepatic
ischaemia in rabbits results in cardiac arresttdueetabolic acidosis (403). An
alternative would have been a liver transplant rhddewever, such a model would
have involved cold ischaemic injury to the livéretmolecular pathways of which
differ from those mediating normothermic ischaerMareover, liver
transplantation in the mouse is technically vermndeding, and all transplantation
models involve denervation of the liver and mayoirre immunologically-mediated
damage to donor livers once implanted in recipiefatgors that could significantly

influence the results of the endpoints assess#tusgirthesis.
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An invasive hindlimb RIPC protocol involving opelamping of the femoral vessels
was used based on the findings of the preliminapgaments that demonstrated
non-invasive hindlimb RIPC resulted in hindlimb neumuscular bruising and
paralysis. In contrast direct clamping of femoraésels did not lead to any
complications. Hence the decision was taken to @&ithepopen clamping technique.
The other main advantage of the open method of feiwessel occlusion is the
ability to induce hindlimb ischaemia in every aniraexactly the same position on
the thigh. In comparison it would be difficult tordrol the precise position of non-
invasive techniques, such as the use of fingerspresor tourniquet to induce
hindlimb ischaemia. Furthermore some non-invasieghwds such as finger
pressure or elastic bands may induce variable areliable pressures during vessel
occlusion. The clinical applicability of the opeamping method to perform
hindlimb RIPC in humans prior to liver resectiont@nsplantation is limited as it is
very unlikely femoral vessel dissection and didatmping would be done for the
sole purpose of preconditioning. In contrast, novasive techniques of femoral
vessel occlusion may have better clinical apploatiin inducing hindlimb
ischaemia. However, the gist of using an invasaahmique in this thesis was to
establish a well-controlled and validated animabeido be used for studying the

mechanisms underlying the protective effects ofRi liver IR injury.

A total of 142 mice were used for this thesis. Tiusnber consisted of 113 animals
that were used successfully in the experimentabpads. The remaining 29 animals
used did not contribute to the experimental readtthese either died during the

experimental procedure, or sustained a complicatimh as perforation of the colon
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from the rectal temperature probe or vessel darfrageintravenous drug

administration.

9.1.2Liver enzymes

The liver is responsible for multiple metabolic asdretory pathways and
consequently a single method of quantifying livendtion is not possible. To fully
assess the state of health of the liver would emteasurement of all the various
functions performed by the liver, in addition te@ssment of markers of liver

injury. True liver function tests would entail measment of the synthetic function

of the liver such as serum levels of aloumin awmdticlg factors; and measurement

of the liver’'s excretory function such as indocyengreen clearance and rate of urea
formation. Furthermore, the physiological reserféhe liver allows it to sustain

severe damage with only minimal metabolic deranggme

Alanine aminotransferase (ALT) and aspartate amamsferase (AST) are released
into the circulation from damaged hepatocytes, whwath enzymes are found in the
cytoplasm. The degree of release of these enzymm@shie circulation correlates

with length of the ischaemic insult and subseqlieet injury (404-407). ALT is

very specific for hepatocyte damage whilst ASTIs® aeleased from many other
tissue types such as cardiomyocytes, skeletal nigecgnd erythrocytes. Serum
levels of both these enzymes reflect the integritthe plasma membrane as well as
the proportion of parenchymal cells affected. Tfeeethese enzymes are a measure
of liver damage rather than liver function per@ar results showed that WT

animals had greater ALT and AST levels compareeN©®©S™ mice. This may

reflect different sensitivity to IR injury betweéme two groups, but this would



require further research to clarify, especiallyras thesis concentrated on the

benefits or otherwise of RIPC in each species.

9.1.3Histopathology

In this thesis two semi-quantitative injury gradswales were used; an overall score
and scores of individual features of liver IR injulThe specific criteria in each of
the scales has been described and used multipds timvarious publications
(81,294,302,312,313). A liver histopathologist performed the scgrimhilst

unaware of the animal grouping. This histologicgdesssment of liver sections
allows objective appraisal of ischaemically damatiesiie. However the main
disadvantage of using such a technique at 2 hdueperfusion is that lethally
damaged cells may appear relatively intact atahity stage, and hence significant
differences between the animal groups were fredyitatking despite

demonstrating a trend. Ideally the histologicakasment should have been

performed at 8 to 48 hours of reperfusion.

9.1.4Transmission electron microscopy

Transmission electron microscopy (TEM) facilitatéssessment of structural
damage to subcellular structures. Unlike histopatfical damage to whole cells,
which is not usually manifested during the earlgghof reperfusion injury; damage
to subcellular organelles of a cell is seen dutivegearly phase of reperfusion,
however the extent of such damage is organellerdkge. For example nuclear
damage manifests at a much later point in time @Btto mitochondrial damage.
Some ultrastructural appearances are indicativ®ozhemical processes within a

cell. For example in chapter 5 the observation shate of the endoplasmic
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reticulum (ER) within hepatocytes exhibited condeias was indicative of lipid

peroxidation damage to the membranous structuldRof

The assessment of the degree of ultrastructurahdaran TEM was performed by a
TEM scientist who was blinded to the animal groufiSM may be best used for
qualitative rather than quantitative damage apataldis is because it is very
difficult to process and assess a whole sectianliver lobe for TEM. However
sampling errors that could be introduced if a gryler biopsy was processed for
TEM were minimized by performing multiple biopsiesm different regions of the

left liver lobe in each animal.

9.1.5Laser Doppler flowmetry

Laser Doppler flowmetry (LDF) was used to: 1. qifgrtiepatic microcirculatory
blood flow (MBF); 2. ensure adequate blood flowrdjion during hindlimb
ischaemia with adequate blood reperfusion duriegptieconditioning protocol.
There is good evidence that hepatic IR injury rssiibm altered MBF secondary to
damage of the liver microvasculature (40B0). Moreover hepatic MBF alterations
following reperfusion in liver transplant recipierdirectly correlate with the
maximum postoperative AST levels (411). Changdseatic MBF following IR

have also been shown to be useful in predictingéverity of liver IR injury (412).

Liver IR injury results in multiple consequences fioe microcirculation that include
Kupffer cell and sinusoidal endothelial cell swedji(2526), an increase in the

vasoconstrictors endothelin (27) and thromboxan€283, and a decrease in the

vasodilator nitric oxide (29). These effects conebio cause sinusoidal narrowing.



In addition, on reperfusion there is increased amimeand aggregation of
neutrophils and platelets in the sinusoids; withend result being a significant
reduction in MBF on reperfusion (30). LDF is aaéle optical technique for the
assessment of hepatic microcirculation and provigesinuous measurements of
blood flow in the sinusoids, arterioles, and vesy&l7). The wavelength of the
laser used was 785nm which measured MBF at a sagnaite of 1 Hz in tissue
volumes of 0.6-2.3 mi This penetration range of the LDF laser is cosrsid
sufficient to study MBF in a liver lobe with a maxim thickness of 4 mm. LDF
does not measure MBF in the liver as a whole. Wasld be ideal; however, the
positioning of the LDF probe on a fixed site of tiver surface permits the
continuous measurement of MBF throughout the erpetal procedure at that
point which reflects the relative changes in MBEwting elsewhere in the liver
lobes subjected to IR. We previously studied inergariability of LDF
measurements and found a co-efficient of variatibn 4% (413). This suggested
that a single point to assess hepatic MBF satwifiygteflects the MBF in the rest
of the affected lobe. The mean relative percengdigeation in liver MBF compared
to baseline (which was taken as 100% in each axeet); and to the other animal
groups as a percentage of baseline at each timewas quantified. Relative
changes in MBF are more important than absoluigegin these experiments as

they reflect the consequences of each intervewtiotine liver microcirculation.

The use of LDF to assess the dynamic changes iivéranicrocirculation of the
mouse presents few challenges. One being motiefaatt Vibration and other
movements of the LDF probe cause artefact signatbe laser Doppler monitor. In

addition respiratory movements in the mouse may tediver movements.
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However, these were considerably reduced by seffianobilisation of the liver to
avoid diaphragmatic movements; and by positionireggrobe loosely in a solid
plastic tubing (held firmly in place by a clamp)tiwthe laser emitting end
protruding through the plastic tube and being lbosecontact with the surface of

the liver, allowing the probe to move with any klignovement of the liver.

9.1.6Nitrite and nitrate studies

Nitric oxide (NO) is a free radical molecule anérfore is highly unstable. The
transient and volatile nature of NO means it isdigpoxidised to nitrite and nitrate
(NOx), the commonest stable end products of in W@ reactivity. The
concentration of NOx is commonly used as a quaivitaneasure of NO production
in vivo (414). Moreover both nitrite and nitrateaeduced to NO, a process that is
accelerated in the hypoxic and acidotic liver emwment (375386) during IR.
Therefore nitrite and nitrate act as circulatirap$ reservoirs of NO. A colorimetric
assay kit was used to measure plasma NOx leveils kiths well established, of
proven efficacy, and has been used numerous timie ipublished literature

(415416).

Exogenous sodium nitrite was administered to eN@fice with the expectation
that this would ameliorate liver IR injury. The @osnd timing of the administered
nitrite was based on those previously shown toifsigmtly reduce liver IR injury in
mice (167302). However, no protection was elicited. Thislddae due to any one
of multiple reasons discussed in chapter 7, anddventail the need for further
dosing studies to determine the accurateness oéthdts described in previous

studies.



9.1.7Assessment of the sGC-cGMP pathway

The specific soluble guanylyl cyclase (SGC) blodR&Q has been used numerous
times in the published literature in vivo studi2§302). ODQ interacts with the
iron of haem prosthetic groups and therefore woird to haemoglobin in the
circulation and restrict its effectiveness when anistered intravenously (389).
However, topical administration to the liver as wlase in chapter 8 circumvents
the problem of the interaction between ODQ and leagabin. An enzyme
immunoassay was used to measure cyclic GMP (cGMR)ar samples. This
technique is well established, of proven efficanyd is well described in the

published literature (25879).

9.2. Summary of the thesis’s findings

The aim of the thesis was to establish a mouse heddendlimb RIPC that protects
against liver IR injury, and subsequently to use thodel to evaluate the role of the

NO pathway in this protection.

In chapter 4 a model of hindlimb RIPC that protegainst liver IR injury was
established and validated in wild type mice. Thiadel used open clamping of the
femoral vessels to induce hindlimb RIPC rather thaourniquet technique as the
latter resulted in damage to the neuro-musculacstres in the limb. In contrast the
open method had no side effects. This mouse mddietlo RIPC significantly
reduced liver IR injury and preserved hepatic MBIy the 2 hour liver

reperfusion period.
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In chapter 5 the NO scavenger C-PTIO was admieidtey wild type mice, and as a
consequence the protective effects of hindlimb R#g&inst liver IR injury
disappeared. In addition, the C-PTIO + RIPC + |1Bugr exhibited significantly
lower hepatic MBF measurements, during the 2 hwar reperfusion, compared to
the RIPC + IR group. These findings indicated NQliated the protective effects of

limb RIPC against liver IR injury.

In chapter 6 eNOS mice were used. The protection that had been ietiby

RIPC in wild type mice disappeared in eNOice. Furthermore eNOSmice did
not demonstrate any benefit of limb RIPC on hepd&F, which is in contrast to
the protective effects of limb RIPC on hepatic M&#served in wild type mice.
Liver and hindlimb skeletal muscle eNOS Westernisbttemonstrated equal protein
expression amongst the various animal groups. eis@&inohistochemistry
showed eNOS was expressed in hepatocytes andgbelaaendothelium within

the liver; whilst within the hindlimb eNOS was eggsed in skeletal myocytes and
the vascular endothelium. Liver and hindlimb skaletuscle INOS Western blots
showed protein expression only in the RIPC and RAR groups. Taken together
these results indicated that eNOS is essentidh®protective effects of limb RIPC
on liver IR injury, and it is likely at 2 hours d¥er reperfusion this protection is due
to increased activation of eNOS rather than in@eéasxpression of this enzyme.
Additionally there is increased expression of iN@$reconditioned groups, which
may be contributing to the protection of RIPC lus needs further research to

prove.



In chapter 7 the initial experiments were perforroadvild type mice to measure
plasma nitrite and nitrate concentrations. Theltesiowed hindlimb RIPC alone
significantly increased plasma NOXx levels compaeethe sham group; and RIPC +
IR significantly elevated plasma NOx compared ®IfR and sham groups. Based
on these results, the effects of exogenous niritéver IR injury in eNOS mice
were assessed, and were found not to protectredgainst IR injury. The dose,
route, and time of administration of the exogenoitrtie were based on previous
published studies that administered nitrite to nsigkjected to liver IR as discussed
in chapter 7. Therefore, further nitrite dosingds#s using the mouse model we
describe in this thesis are needed to clarify violesieficial effects, if any, exogenous

nitrite may have on liver IR injury.

In chapter 8 the sGC inhibitor ODQ was administeécedild type mice. The results
showed the ODQ + RIPC + IR group sustained a ngm{giant increase in liver IR
injury compared to the RIPC + IR group. Howevepdte MBF was significantly
decreased during the 2 hour liver reperfusion peinadhe ODQ + RIPC + IR
compared to the RIPC + IR group. Quantificatiomepatic cGMP levels showed a
significant increase of this second messengerariRiiPC compared to the sham
group; but there was no significant difference le&wthe IR and RIPC + IR groups.
Taken together these results suggested that icotftext of hindlimb RIPC, NO is
likely to exert its protective effects against VR injury at least partially through
the hepatic sGC-cGMP pathway. In addition NO map &le acting through a
second different pathway to exert its protectiiees and further research is

warranted to identify other pathways that NO maybng through.
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9.3 Overall conclusions arising from thesis and futre directions

The major conclusions drawn from this study were:

1. Hindlimb ischaemic preconditioning significandtenuates liver IR injury in the
mouse. In contrast to the tourniquet method, tliasive technique of inducing
hindlimb ischaemia does not result in neuromusduraising and paralysis.

2. eNOS-derived NO mediates the protective effettandlimb RIPC on liver IR
injury.

3. Circulating levels of nitrite and nitrate inceeaas a consequence of hindlimb
RIPC. These circulating molecules are end prodofd&O oxidation and are
associated with hepato-protection against livemiRry.

4. The hepatic SGC-cGMP pathway is at least pbrtiesponsible for mediating the
protective effects of hindlimb RIPC on liver IR imy.

5. Hindlimb RIPC, acting through NO, preserves liegdBF during liver

reperfusion following liver ischaemia.

The above conclusions support the hypothesis sthigsis. The findings are
applicable to the early reperfusion period ashelexperiments, with the exception
of the survival studies in chapter 4, were perfatwéh a reperfusion period of 2
hours. The potential clinical applications of thedings arising from this thesis are
two fold. Firstly, whilst it maybe clinically uneidal to use an open technique of
femoral vessel clamping for the sole purpose odlmmb preconditioning preceding
either liver surgery performed with the Pringle m@nvre or liver transplantation; it
would be acceptable clinically to use a non-invasechnique, such as a tourniquet,
to induce hindlimb preconditioning. Secondly, amih@ps more pertinently, the

new mouse model described in this thesis was dedigith the main aim of having
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a validated and robust animal model to study theh@eisms underlying the
protective effects of RIPC. This would then faeiié the development of

pharmacological agents that mimic the beneficisdat$ of hindlimb RIPC.

Although clinical non-invasive hindlimb RIPC woub@ simple to implement prior
to liver surgery or transplantation; a number gjtienate concerns may arise from
the use of this technique on humans such as saff&PC in diseased hindlimbs
(e.g. peripheral arterial disease, diabetics),thagotential effect of RIPC on
diseased livers (e.g. cirrhotic livers, fatty lisepost chemotherapy). The other
major issues would be the optimal preconditioningtqcol in humans and the time
interval between RIPC and the beginning of surg&ryadditional point of
contention in liver transplantation would be whetiteximal benefits are obtained
by preconditioning the donor, the recipient, orrba@ll these issues would require

well designed randomized clinical trials for wortiile answers.

Based on the finding of this thesis potential thergtic pharmacological strategies
may aim to increase NO availability through theragulation of eNOS, an increase
in endogenous nitrite and nitrate concentratiops;agulation or decreased
degradation of SGC-cGMP, or through the use of lW@ods. An additional strategy
may aim at mechanisms to preserve the hepatic wasoolature as MBF
significantly decreases with liver IR and is preserwith hindlimb RIPC through
an action involving eNOS and NO. These potentiahaes for targeted drug

development would entail significant scientificeasch.
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Many questions have arisen as a result of the redséadings in this thesis. The
findings of this study are applicable to the eathase of IR injury as the
experiments were performed with a reperfusion @eoib2 hours. Future research
needs to analyse the effects of RIPC during tleegatse of IR injury as well as the
role eNOS-derived NO plays during the late phasidi#tonally the exact
contribution of hindlimb versus liver eNOS to thefection elicited by RIPC needs
further clarification. The most precise and scigedlly-valid method of conquering
this would be to use tissue-specific knockout ntize selectively lack the eNOS
gene in the liver or hindlimb. In the present stilS expression in the liver and
hindlimb skeletal muscle was faintly up-regulateé@ &ours of reperfusion. To
further shed light on the role of INOS in RIPC fieuesearch could utilize iNOS
animals in both early and late phase IR injury. &ffects of RIPC probably
represent a systemic phenomenon with cross-talidset different organs. For
example is it possible that hindlimb RIPC up-regegeeNOS and / or iNOS in non-
hepatic organs such as the heart or the kidneyxhdibsequently amplify the
protection exhibited by the liver? Could precoratitng the hindlimb act as the
triggering signal that initiates multi-organ pratea with positive feedback loops

between the organs? These questions remain unatswer

It is now clear that disturbances to the microvéscuwe of the liver may represent a
key mechanism through which IR injury acts to daendwe liver. In this study it was
demonstrated hindlimb RIPC significantly preserieshepatic microvasculature
and eNOS-derived NO plays a crucial role in thisitlirermore, preservation of liver
MBF is associated with a significant reductionivet IR injury. Previous work

using intravital microscopy has shown hindlimb RIgignificantly increases liver



sinusoidal RBC velocity, sinusoidal blood flow, aheé ratio of perfused hepatic
sinusoids during the early phase (3 hours of rege&h) of liver IR injury (229).

The long term benefits or otherwise, of hindlimiPRlon liver IR injury, may well
depend on the long term effects of RIPC on hepaiicovascular perfusion.
Therefore long term recovery studies (e.g. up td&g) using wild type and eNOS
/

“mice supplemented with NO donors, and using tegles such as LDF and

intravital microscopy, would be valuable in assegshe hepatic microvasculature.

Finally, RIPC offers a systematic means of protectigainst liver IR injury. Our
understanding of the pathways mediating the prveeeffects of this phenomenon
is increasing. It is hoped, with the culminatioreobugh knowledge about RIPC,
mechanistic and / or pharmacological therapeutatesgies will eventually be

developed and used in the clinical setting of linesgections and transplantation.
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