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                                                Abstract  

 

Ischaemia of the liver followed by reperfusion results in endothelial and 

parenchymal injury through a complex cascade of events. This often occurs in 

human liver transplantation as well as with major liver resections and is referred 

to as Ischaemia Reperfusion (IR) Injury. Bucillamine is a low molecular weight 

thiol antioxidant that is capable of rapidly entering cells. 

 

This thesis evaluates the effect of Bucillamine on both the early and late phases 

of liver warm IR injury with the hypothesis that beneficial effects are induced 

could be due to its action as a free radical scavenger. The drug was evaluated in 

an in vivo lobar liver ischemia reperfusion model as previously described. Male 

Sprague –Dawley rats were subjected to 45 mins of partial hepatic (70 %) 

ischaemia followed by 3 hrs of reperfusion to investigate the early phase of 

hepatic IR and 24 hrs of reperfusion to study the late phase of hepatic IR. 

Changes to the microcirculation, leucocyte adherence and apoptosis were 

assessed by intra-vital microscopy. Hepatocellular injury was assessed by 

standard liver function tests. Expression of pro and antiapoptotic gene 

expression was studied by RT-PCR. Oxidative stress was assessed by 

measuring plasma and hepatic F2 isoprostane levels and tissue glutathione 

levels. Cytokine response was assessed by measuring serum CINC-1 levels.  

Bucillamine improved liver sinusoidal perfusion, reduced leukocyte adherence 

and apoptosis in both the early and late phases of IR injury. Hepatocellular injury 
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was reduced. There was no difference in the level of tissue glutathione or tissue 

and plasma F2 isoprostane levels.  

 

This study shows that the hepato protective effect of Bucillamine in warm Liver 

ischemia reperfusion injury is not by direct replenishment of Glutathione level; 

however, it is through decreased neutrophil activation and recruitment. A clinical 

trial could hence be undertaken in the future to study its efficacy. 
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Materials and Methods- Model, Intravital microscopy: An description of animals 
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of warm hepatic IR, microvascular, neutrophil endothelial interactions, 

biochemical changes & hepatocellular death seen in hepatic IR and the impact of 

Bucillamine on these changes. 
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Chapter 5 
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Chapter 6 
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Chapter 7 

Effect of Bucillamine on Oxidant stress: is mediated by the replenishment of 
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Chapter 8 
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induced   inhibition of Cytokine-induced neutrophil chemoattractant in the early 
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Chapter 9 

Summary and discussion of   thesis.  
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Publications and abstracts from the thesis are enclosed after references of the 
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Introduction  

Liver Transplantation and liver resection surgery have increased dramatically due 

to the excellent outcomes they offer in patients with chronic liver disease and 

liver cancers. Both procedures involve a period of ischaemia and reperfusion to 

the liver which initiates an inflammatory cascade resulting in liver and remote 

organ injury. When severe these changes can be fatal. Reactive oxygen species 

(ROS) have a central role to play in Ischaemia –Reperfusion injury (IR). 

 

ROS activate cytokines, macrophages and other components of the inflammatory 

pathway(Entman et al. 1991; Jaeschke and Farhood 1991a; Le et al. 1997). 

When generated in large numbers they can also cause direct oxidative damage 

to the cells through iron mediated reactions(Horwitz et al. 1998). Thiol donors are 

antioxidants which can interrupt redox signalling pathway and thereby reduce 

cytokine and macrophage activation(Sano et al. 2001). In addition, thiol donors 

can protect against oxidative injury by replenishing intracellular glutathione and 

other endogenous thiol compounds(Ceconi et al. 1988a). 

 

1.1 Pathophysiology of Liver I/R  

 

1.1.1 Effects of ischaemia in the Liver:  

In aerobic cells the energy necessary to maintain cell integrity is supplied by the 

mitochondrial system through complete reduction of oxygen to water with the 

concomitant production of ATP through oxidative phosphorylation (Chazouilleres 
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et al. 1993). When oxygen supply to cells becomes insufficient as a result of 

ischaemia or hypoxia, mitochondrial respiratory chain function alters and the 

reduction-oxidation (redox) state of the mitochondrial enzymes becomes 

reduced. This causes inhibition of the mitochondrial ATP synthase with the 

subsequent reduction of oxidative phosphorylation(Gonzalez-Flecha et al. 1993). 

Reduction of cellular ATP causes disturbances  in the cell membrane ion 

translocation by inhibition of the ATP-dependent sodium (Na+)/potassium (K+) 

ATPase, resulting in sodium influx and intracellular sodium and calcium  

accumulation with cell swelling, cytoskeleton disorganization, cellular acidosis, 

decreased cellular phosphocreatinine and glutathione, and finally results in cell 

death(Blum et al. 1991).  

 

Intracellular calcium accumulation is thought to be a crucial step in the transition 

to irreversible damage with ischaemic injury(Dhar et al. 1996). It occurs 

secondary to calcium release from the intracellular stores and inhibition of the 

ATP-dependent calcium pumps in the plasma membrane and endoplasmic 

reticulum. The increased cytosolic calcium causes activation of cell membrane 

phospholipases resulting in phospholipid degradation and cell membrane 

disruption(Farber 1981). Calcium also activates tissue proteases such as 

xanthine oxidase (XO) which play a role in oxygen free radical production and 

reperfusion injury(Ishii et al. 1990). Calpains are proteases that are capable of 

degrading cytoskeletal proteins such as spectrin. There is experimental 

evidence, that calpains are mediators of both warm and cold ischemic injury in 
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the rat liver(Kohli et al. 1999a). Calpains seem to be activated by raised levels of 

free cytosolic Ca+2 that accumulates in the liver during ischemia(Arnould et al. 

1992). 

 

Although the basic mechanisms of I/R injury after warm and cold liver ischaemia 

are similar, there are also significant differences. In liver transplantation the liver 

undergoes cold ischemic storage followed by rewarming ischaemia and 

reperfusion. Cold ischemia is associated with marked ATP depletion and 

increased glycolysis (Churchill et al. 1994). Cold ischaemia causes Kupffer cell 

stimulation, while warm ischemia leads to oxidative stress and mitochondrial 

dysfunction (Baumann et al. 1989; Mochida et al. 1994). It is the hepatocytes 

which are most susceptible to warm ischaemia(Gujral et al. 2001; Kohli et al. 

1999c), whereas, nonparenchymal cells (Kupffer, endothelial cells, and Ito cells) 

are more susceptible to cold I/R than hepatocytes (Ikeda et al. 1992).. It has 

been shown in the 1980s that cold ischaemia specifically caused injury in the 

sinusoidal endothelial cells (EC)(Caldwell-Kenkel et al. 1988; Otto et al. 1984; 

McKeown et al. 1988; Momii and Koga 1990). On exposure to cold ischaemia the 

EC get detached, lose cytoplasmic processes, become rounded as a result of 

alteration of the extracellular matrix and cytoskeleton and sloughed into the 

sinusoidal lumen(Caldwell-Kenkel et al. 1988; Holloway et al. 1990; McKeown et 

al. 1988). The degree of EC detachment has been shown to correlate with 

duration of cold ischaemia(Clavien et al. 1991; Caldwell-Kenkel et al. 1988; 

Holloway et al. 1990). Despite these structural changes most ECs remain viable 
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during the cold ischaemic period but rapidly die on reperfusion(Imamura et al. 

1997; Miyagawa et al. 2002). The resultant disruption of endothelium results in 

leukocyte(Clavien et al. 1991; Clavien et al. 1993; Jaeschke et al. 1990; 

Jaeschke and Farhood 1991a; Takei et al. 1991) and platelet adhesion(Cywes et 

al. 1993; Sindram et al. 2000), which induces microcirculatory disturbances(Marzi 

et al. 1991) in the reperfusion phase. Leukocytes and platelets synergistically 

exacerbate EC injury by induction of apoptosis(Sindram et al. 2001). Kupffer cells 

play a contributive role in the EC injury along with platelets and 

leukocytes(Sindram et al. 2001). 

 

Increased activities of non-lysosomal proteases preferentially in anoxic 

hepatocytes may play a causal role. Inhibition of non-lysosomal proteolysis by 

acidosis or glycine protects against anoxic hepatocyte death (Nichols et al. 

1994).  

 

1.1.2 Reperfusion Injury  

Although ischemia causes significant injury to tissue and cells, reperfusion 

results in an escalation of organ and cellular damage. Reperfusion injury occurs 

in a biphasic manner(Jaeschke and Farhood 1991a). 

1.1.2.1 Early phase:  This occurs within 1-4 hours following reperfusion and is 

characterized by Kupffer cell (KC) and polymorphonuclear(PMN)(Cutrin et al. 

1998) cell activation, increased production of NO by liver mitochondria and 

KCs(Kurose et al. 1996; Stephenson et al. 1997), activation of complement 
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cascade and production of C5a by proteolytic cleavage(Jaeschke et al. 1994) 

and generation of reactive oxygen species (ROS)(Jaeschke and Farhood 1991a; 

Bailey and Reinke 2000; Liu et al. 1995; Shiratori et al. 1994). This early phase 

injury is mediated by ROS generation(Fan et al. 1999a; Jaeschke 1998; 

Lichtman and Lemasters 1999; Muller et al. 1996). During this phase the main 

event is the activation of Kupffer cells(Jaeschke and Farhood 1991b).The 

activation starts during ischemia but becomes more evident during the onset of 

reperfusion. This effect occurs after no-flow ischemia (major liver resections with 

Pringle maneuver, transplantation) but not after low flow ischaemia 

(haemorrhagic shock)(Jaeschke and Farhood 2002). Complement activation, 

recruitment and activation of CD4+ T-cells are the factors responsible for the 

activation of Kupffer cells(Fondevila et al. 2003; Jaeschke 2003a). Kupffer cell 

activation and the subsequent vascular inflammation can be enhanced by 

extrahepatic mechanisms. The most important event is the priming of Kupffer 

cells by endotoxin(McCuskey et al. 1996; van Goor et al. 1994). Endotoxin 

translocates across the gut, most likely as a consequence of intestinal 

congestion due to portal vein clamping at the time of surgery.  Kupffer cells are 

the main source of formation of vascular reactive oxygen species (ROS) during 

the initial reperfusion period. Other sources of ROS formation are xanthine 

oxidase(Jaeschke 2002) and mitochondria(Jassem et al. 2002).  Activation of 

Kupffer cells leads to activation of neutrophils and production of cytokines (like 

TNFα, IL-1 and IL-12)(Lentsch et al. 2000). The production of TNF-α induces the 

expression of adhesion molecules on vascular endothelial cells and stimulates 



 23

the production and release of neutrophil-attracting chemokines (like CINC-

1)(Hisama et al. 1996). The final result is the recruitment of neutrophils within the 

late phase. 

 

1.1.2.2 Late phase: This occurs 4-24 hours after onset of reperfusion and is 

characterized by PMN influx into the post ischaemic liver and organ injury(Fan et 

al. 1999a; Jaeschke 1998; Jaeschke and Smith 1997a; Simpson et al. 1997). 

PMNs accumulate in the liver vasculature in response to the exposure to 

inflammatory mediators such as TNF-α, IL-1, CXC chemokines [ IL-8, CINC-1, 

macrophage inflammatory protein-2 (MIP-2)], activated complement factors and 

platelet activating factors (PAF)(Jaeschke 2003a; Jaeschke and Smith 1997b; 

Okaya and Lentsch 2003). These mediators increase the expression of 

CD11b/CD18, a member of the β2-integrin family of adhesion molecules, and 

other receptors on the surface of neutrophils by causing fusion of the secretory 

vesicles within the neutrophils to cell membrane(Jaeschke 2006). ICAM-1 is also 

transcriptionally induced in endothelial cells and hepatocytes(Farhood et al. 

1995; Bell et al. 1997). Selectins(Sawaya, Jr. et al. 1999) and β2-integrin-ICAM-

1(Rentsch et al. 2000; Vollmar et al. 1995a) interactions are involved in 

neutrophil rolling and adhesion, respectively, in post sinusoidal venules. β1-

integrin have also been implicated in leukocyte rolling/adhesion(Fox-Robichaud 

and Kubes 2000). There is however, little evidence of transmigration of 

neutrophils from the venules(Vollmar et al. 1994b). In contrast sinusoids are 

identified as a site of major extravasation(Chosay et al. 1997). Extravasation is 
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considered a prerequisite for hepatocyte damage by neutrophils(Chosay et al. 

1997). There is no experimental evidence for involvement of adhesion molecules 

in neutrophil accumulation in sinusoids(Rentsch et al. 2000; Vollmar et al. 1995a; 

Fox-Robichaud and Kubes 2000). However, the extensive vascular injury during 

reperfusion damages the sinusoidal endothelial barrier and allows direct access 

for the neutrophils to the hepatocytes(McKeown et al. 1988; Caldwell-Kenkel et 

al. 1991). Once extravasated the neutrophils adhere to hepatocyte by β2-integrin-

ICAM-1 interactions with the ICAM-1 expressed on hepatocytes)(Nagendra et al. 

1997). The adherence to the target induces degranulation of neutrophils with 

release of proteases and formation of ROS. Some of the ROS can diffuse into 

the hepatocytes and can cause intracellular oxidant stress resulting in 

mitochondrial dysfunction and cell death(Jaeschke and Smith 1997b). 

Intracellular oxidant stress leads to oxidation of pyridine nucleotides, 

accumulation of calcium in mitochondria, and superoxide formation by 

mitochondria, which ultimately leads to opening of membrane permeability 

transition pores and breakdown of mitochondrial membrane potential(Jaeschke 

and Smith 1997b; Nieminen et al. 1997a). Some of the proteases (cathepsin G, 

elastase) increase the hepatocyte damage, whereas others generate more pro 

inflammatory mediators(Jaeschke and Smith 1997b).  

 

1.1.3 The role of reactive oxygen species in I/R in jury  

A radical is any atom or biomolecule that contains unpaired electrons(Halliwell B 

and Gutteridge JMC 1999). These unpaired electrons alter the chemical reactivity 
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by making the radical more reactive than the corresponding non-radical. The 

most biologically relevant  radicals  are the superoxide anion (O2
.-) and  hydroxyl  

(HO.) (Halliwell 1994). Under normal conditions around 1-3 % of the oxygen that 

is metabolized in the body is converted to superoxide (Nohl et al. 2003).  Another 

important radical is nitric oxide (NO.). Some other species are intermediate in the 

metabolism of O2 or NO. but are not radicals as they do not contain unpaired 

electrons. These intermediate species along with radical species are called 

reactive oxygen species and reactive nitrogen species (RNS) respectively. The 

most representative examples of non radical ROS are hydrogen peroxide (H2O2) 

and hypochlorous acid (HOCl). The most representative of the RNS is 

peroxynitrite (ONOO-)(Ischiropoulos et al. 1992). Peroxynitrite is a toxic 

substance that is formed when there is simultaneous production of    nitric oxide 

with superoxide anion: 

 

NO.      +     O2
.-      ONOO. (1) 

 

Superoxides damage cells by their direct reactivity with numerous biological 

molecules including lipids, DNA, RNA, catecholamines and steroids, and from its 

dismutation to form H2O2(Cuzzocrea et al. 2001). Trace amounts of metals ions 

(principally iron or Copper) can react with H2O2 in what is known as the Fenton 

reaction to produce the  toxic hydroxyl radical (Sutton and Winterbourn 1989). 

This radical can cleave covalent bonds in proteins and carbohydrates and 

destroy cell membranes. 
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The burst of ROS generated after reperfusion may contribute to the initiation of 

postischemic liver injury and to the subsequent inflammatory activation. Although 

the exact subcellular sources of ROS generation in I/R are still under 

investigation, both the xanthine /xanthine oxidase system and mitochondria have 

been suggested to play important roles (Fan et al. 1999b). Although xanthine 

oxidase was regarded as the principal source of post ischemic oxidant stress in 

the liver, recent evidence suggests that xanthine oxidase plays a minor role 

compared to mitochondria(Jaeschke 2002). Mitochondria are the site of the 

production of large amounts of superoxide, under conditions of oxidative stress. It 

is this  stress that finally leads to the formation of membrane permeability 

transition pores and the  breakdown of the mitochondrial membrane potential that 

can cause cellular death (Nieminen et al. 1997b). 

 

Intracellular production of ROS can activate signal transduction pathways and  

regulate gene expression. Two of the systems that are believed to be affected by 

ROS are the nuclear factor-kappa B (NF-kB) and activator protein 1 (AP-1) 

pathways. Both of these  affect cell growth and apoptosis(Palmer and Paulson 

1997). There is evidence that extracellular ROS, such as superoxide radicals 

produced by activated neutrophils, may act on redox-sensitive membrane 

receptors to initiate intracellular ROS production. Through this mechanism 

extracellular ROS lead to necrotic cell death. 
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Although ROS have a significant role in hepatic I/R injury, they also have an 

essential role in  the defence function of phagocytes and are involved in the 

production of mediators regulating liver blood flow and regeneration(Nakatani et 

al. 1997; Pannen 2002). In summary, ROS are important cytotoxic and signalling 

mediators in the pathophysiology of liver I/R injury. A list of ROS properties and 

roles in liver I/R injury is given in table 1. 

 

1.1.4 The role of nitric oxide in liver I/R injury  

NO. is a  radical synthesized via the oxidation of L-arginine by NO.   synthetase 

(NOS)(Moncada and Higgs 1993). There are two major isoforms of NOS in the 

liver, endothelial NOS (eNOS) and inducible NOS (iNOS). eNOS is expressed 

constitutively and its activity is dependent on Ca++ and Calmoduline(Vasquez-

Vivar et al. 1998). eNOS is expressed only in sinusoidal endothelial cells, whilst 

iNOS is induced by extracellular stimuli such as cytokines and lipopolysacharide 

(LPS), leading to the production of much higher levels of NO.. iNOS is produced 

by endothelial cells, hepatocytes and Kupffer cells and its activity is Ca++ 

independent. All NOS isoforms can be inhibited to varying degrees with N-

substituted L-arginine analogs. Many of the biological actions of NO. are 

mediated through the guanylyl cyclase/cyclic GMP system. NO.  is a lipophilic 

biomolecule that diffuses to adjacent cells and enters the cytosol, where it 

activates soluble guanylyl cyclase by binding to the iron in the heme center 

resulting in an intracellular increase of cGMP levels(Schmidt et al. 1993). 

Triggering the cyclic GMP cascade has different effects in different cells that it is 
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produced(Cottart et al. 2003). In the sinusoidal endothelial cells it offers 

cytoprotection as well as inhibits platelet aggregation and infiltration of 

PMNs(Cottart et al. 2003). In hepatocytes, through mechanism regulated by p38 

mitogen activated kinase (p38 MAPK) it causes cytoprotection by preservation of 

pH, Na+ and Ca++ homeostasis, preservation of mitochondrial functions, 

reduced production of ROS and preservation of cytoskeleton(Carini and Albano 

2003). NO can also bind to non-heme  iron in the iron-sulphur centers of a variety 

of enzymes, thus altering their biological activity (Nathan 1992).  

Under physiologic conditions only constitutive eNOS is present in the liver and 

the low level of NO.  produced regulates hepatic perfusion, preventing platelet 

adhesion, thrombosis and polymorphonuclear cell (PMN) accumulation(Mittal et 

al. 1994).  NO.  also  induces vasodilation at the level of the sinusoid and at 

presinusoid sites(McCuskey 2000; Ming et al. 1999); and plays an important part 

in keeping a balance with  vasoconstrictors such as  endothelins (Pannen 2002). 

It has also been reported that NO. inhibits leukocyte-endothelial cell adhesion 

and prevent leukocyte secretion of inflammatory mediators(Gauthier et al. 1994).   

 

Induction of iNOS may have either toxic or protective effects. The effects are 

dependent on the type of insult to the tissue, the tissue type, the level and 

duration of iNOS expression and the simultaneous production of superoxide 

anion (Cuzzocrea et al. 2001).  
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In liver I/R iNOS is  expressed 5 hours after the ischaemic insult(Hur et al. 1999). 

The literature concerning the effect of iNOS in liver I/R injury is still ambivalent. 

Some studies suggest  that iNOS expression can have detrimental 

effects(Meguro et al. 2002; Serracino-Inglott et al. 2003) in liver function whilst 

others that it is beneficial(Hsu et al. 2002; Wang et al. 1998) and yet in others  no 

effect(Hines et al. 2002; Rivera-Chavez et al. 2001). One study with mice 

deficient in iNOS showed a moderate reduction in reperfusion injury.  

 

The toxic effects are linked with the production of peroxynitrite which can cause 

cell injury, either by inhibiting mitochondrial enzymes and thus mitochondrial 

respiration or through the formation of nitrotyrosine and nitrosylation which can 

cause DNA damage.  

 

1.1.5 Oxidative stress and antioxidant system  

The body has developed major antioxidant defense mechanisms to protect it 

from free radicals. The definition of an antioxidant is quite difficult. A broad 

definition is that an antioxidant is any substance that when present at low 

concentrations compared with those of an oxidizable substrate, significantly 

delays or prevents oxidation of the substrate(Gutteridge 1995). These defenses 

can be classified according to the site of action as: intracellular; membrane and 

extracellular. 

Another classification is according to the mode of action. There are four 

mechanisms:  
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a. Catalytical removal of ROS. Enzymes such as superoxide dismutase, 

catalase, peroxidases and thiol-specific antioxidants act through this 

mechanism. 

b. Chelation of prooxidants such as iron ions, copper ions and haem. 

Proteins like transferrins, haptoglobins, haemopexin, metallothionein and 

caeroloplasmin are examples. 

c. Protection of biomolecules against oxidative damage. In this category are 

the heat shock proteins.  

d. Scavenging of ROS and RNS. Examples are low-molecular-mass 

antioxidants such as glutathione, a-tocopherol, ascorbic acid, bilirubin, uric 

acid. 

 

 

1.1.5.1 Intracellular antioxidant defences  

Intracellular antioxidant defences include: the superoxide dismutase (SOD); 

catalase; glutathione peroxidase and reductase enzymes, thioredoxine and other 

peroxidases such as Cytochrome c, NADH, horseradish peroxidase. 

 Superoxide dismutases catalyse the dismutation of superoxide to hydrogen 

peroxide and oxygen: 

 

2O2
.-      +   2H+                      H2O2   +      O2  (2) 

Three forms of SOD exist with different subcellular localizations. Those 

containing copper and zinc (Cu/ZnSOD) are located in cytosol,  manganese 
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(MnSOD) in the mitochondria (Ho and Crapo 1988) and the third form is secreted 

into the extracellular environment. 

The product of reaction (2), hydrogen peroxide, is a weak oxidant and is 

relatively stable. However unlike superoxide, H2O2 can rapidly diffuse across cell 

membranes and in the presence of transition metal ions it can be converted to 

hydroxyl radicals via Fenton chemistry:  

 

Fe+2    +   H2O2                       Fe+3   +    .OH +  OH- (3) 
 

Two enzymes can break down H2O2 . 

One of them is the hemoprotein catalase. Catalase is present in all major body 

organs being especially concentrated in liver. It catalyzes the breakdown of 

hydrogen peroxide in oxygen and water:   

2 H2O2                            O2       +      2H2O (4) 

 

The second is the system consists of glutathione peroxidases. This group 

includes four different isoforms(Dufaure et al. 1996). They are located in cytosol 

and mitochondria and have a major role in removing hydrogen peroxide 

generated by superoxide dismutase with the oxidation of glutathione (GSH): 

2 GSH   +  H2O2                   GSSG  +  2H2O (5) 

Glutathione reductase is also an important enzyme in this system. It expresses 

its action through the regeneration of GSH from GSSG using NADPH(Meister 

1988). 
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GSH scavenges .OH, OHCl, peroxynitrite, carbon centred radicals and singlet 

oxygen (1O2). GSH is involved in many other metabolic processes, including 

chelation of Copper ions, and prevention of oxidation of protein –SH groups.  

 

Thioredoxin is a polypeptide being especially concentrated in the endoplasmic 

reticulum but some is also found on the cell surface. Thioredoxin contains two 

adjacent –SH groups in its reduced form that are converted to a disulphide in 

oxidized thioredoxin. It can undergo redox reactions with multiple proteins. 

 

1.1.5.2 Extracellular antioxidant defences  

Major extracellular antioxidant defences include the metal-binding 

proteins(Betteridge 2000). It is well known that the free metals iron and copper 

can promote free radical damage, accelerating lipid peroxidation and catalyzing 

hydroxyl radical formation. The body is protected against these potentially 

adverse effects by binding proteins (transferrin, lactoferrin and ceruloplasmin) 

which ensure that these metals are maintained in a nonreactive state(Halliwell 

and Gutteridge 1990). Similarly haptoglobins, hemopexin and albumin bind 

haemoglobin and haem.  Haemoglobin and myoglobin are normally intracellular 

proteins. When these proteins are exposed to a large amount of oxidative stress 

(e.g. large amounts of H2O2) they are degraded releasing both haem and iron 

ions that can stimulate lipid peroxidation.  
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1.1.6 Role of Hemoxygenase in IR  

Hemoxygenase is an enzyme found in the endoplasmic reticulum that catalyses 

the first and rate limiting step of degradation of haem to yield equimolar amounts 

of biliverdin, carbon monoxide (CO) and free divalent iron(Wunder and Potter 

2003). Biliverdin is subsequently reduced to bilirubin while the iron is 

sequestered by ferritin. 

 

 

Figure 1.1  

                                                                                Fe++  

                    Hemoxygenase 

Haem                                                                              CO 

 

 

                                                                      Biliverdin IX α 

 

                            NADPH: Biliverdin reductase   

 

                                                                       Bilirubin IX α  

 

Three isoforms of HO have been identified. HO-1 also known as heat shock 

protein 32, is highly inducible in all cells. HO-2 is a constitutively expressed 

36kDa protein which is unresponsive to stimuli increasing HO-1 expression. HO-

3 is a 33 kDA protein which is a weak catalyst for haem degradation and is non 

inducible(Maines 1988; McCoubrey, Jr. et al. 1992; McCoubrey, Jr. et al. 1997). 

HO-2 is most abundant in hepatocytes, sinusoidal endothelial cells, hepatic 

stellate cells and Kupffer cells(Bauer et al. 1998). In normal physiological states, 
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Kupffer cells are the only cells which constitutively express HO-1(Bauer et al. 

1998). In conditions of stress such as hypoxia, I/R, hyperthermia, oxidative or 

cytotoxic stress HO-1 is upregulated primarily in the parenchymal cells(Wunder 

and Potter 2003; Bauer et al. 1998). Endogenous HO activity within the liver was 

shown to preserve microcirculatory dysfunction and prevent cell injury following 

I/R injury(Kobayashi et al. 2002; Coito et al. 2002; Kato et al. 2001; Redaelli et al. 

2002). The exact mechanism of the protective role although not known, CO, 

biliverdin and ferritin are thought to be responsible for it(Wunder and Potter 

2003). 

 

1.1.6.1 Carbon Monoxide (CO ) 

CO released during haem oxidation by HO functions as a second messenger in a 

fashion similar to NO(Verma et al. 1993; Maines 1997). CO has a stimulatory 

effect on soluble guanylate cyclase thereby increasing cyclic GMP, which in turn 

through effect on smooth muscle contractility leads to vasodilatation(Pannen et 

al. 1998; Morita et al. 1995; Sammut et al. 1998). CO has also been shown to 

cause smooth muscle relaxation via activation of calcium dependent potassium 

channels(Wang et al. 1997). CO also influences vascular resistance by inhibiting 

cytochrome P450 mediated production of endothelin-1(Coceani et al. 1996; 

Coceani et al. 1997). It also acts through mitogen activated protein kinase 

(MAPK) in reducing the expression of TNFα, IL-1β, and macrophage 

inflammatory protein (MIP-1)(Otterbein et al. 2000). The use of water soluble 
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carbon monoxide releasing molecule intravenously in reperfusion phase of I/R 

has been shown to reduce the infarct size in hearts of mice(Guo et al. 2004).  

 

1.1.6.2 Biliverdin and Bilirubin  

Both bilirubin and biliverdin have antioxidant properties(Stocker et al. 1987; 

Stocker and Ames 1987) and are known to prevent oxidation of poly unsaturated 

fatty acids(Neuzil and Stocker 1994). Bilirubin protects cells from oxidative stress 

by scavenging ROS(Snyder and Baranano 2001). Administration of bilirubin to 

rats has been shown to modulate the expression of P-selectin and E-selectins 

which suggests that bilirubin has anti inflammatory properties(Vachharajani et al. 

2000). 

 

In addition to the major protective role of the metal-binding proteins, various low-

molecular-weight molecules that are synthesised in vivo have antioxidant 

properties(Ames et al. 1981; Frei et al. 1988; Layton et al. 1996). The most 

important of these substances are bilirubin, melatonin, lipoic acid, Coenzyme Q, 

Uric acid and Melanin. 

        

In clinical settings where liver I/R injury occur, the endogenous antioxidant 

system can be depleted and a serious imbalance between production of 

ROS/RNS and antioxidant defence can happen. This imbalance called oxidative 

stress leads to cell, tissue and organ injury. In these situations the replacement 

of the antioxidants that have been depleted could have a therapeutic role.  
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Figure 1.2  
Schematic Representation of Pathophysiology of Liver I/R injury 
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Figure 1.3  Antioxidant defences against Ischaemia reperfusion injury 
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Table 1.1  
 

 Role of ROS in liver IR injury 

1. Enhance pro-inflammatory gene expression (TNF-a, IL-1, IL-8, cellular 

adhesion 

    molecules) 

2. Induce expression of the transcription factors NF-kB and activator 

protein-1  

3. Direct cellular damage through protein oxidation and degradation, lipid 

     peroxidation and DNA damage 

4. Direct induction and regulation of apoptotic and necrotic cell death 

5. Inactivation of antiproteases 

6. Induction of protective stress genes in hepatocytes 

7. Formation of mediators involved in regulating sinusoidal blood flow and 

liver regeneration 
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2.1 Bucillamine: Introduction  

Bucillamine [N- (2-mercapto-2- methylpropinyl- L- cysteine)] (previously called 

SA96), is structurally analogous to cysteine. The compound contains two 

donatable thiol groups and is more potent than cysteine and other cysteine 

derivatives containing only one thiol grouping ameliorating the effects of 

IR(Amersi et al. 2002; Amersi et al. 2002; Horwitz and Sherman 2001). 

Bucillamine is fourfold more potent than NAC in in vitro studies(Horwitz and 

Sherman 2001) and in mice 20 mg /kg i.p. of bucillamine had similar effects to a 

16-fold greater dose of NAC (320 mg/kg i.p.) in models of cardiac I/R(Whitekus et 

al. 2002). . As an oral formulation it is marketed in Japan and Korea for the 

treatment of rheumatoid arthritis(Matsuno et al. 1998). 

 

2.2 Chemistry  

Bucillamine [Molecular Weight 223.3] 

Cysteine is the rate limiting intracellular precursor of glutathione(De et al. 2001). 

Reduced glutathione (GSH) cofactored by glutathione peroxidase gets converted 

to the oxidised form (GSSG) in the presence of peroxides(Ceconi et al. 1988b). It 

serves as a major endogenous defence against oxidative stress. Bucillamine can 

be rapidly transported into the cells by transport protein utilised by cysteine and 

can restore intracellular glutathione levels. Bucillamine is available as a 

lyophilized powder which is highly soluble. It forms an acidic solution with normal 

saline which can be neutralised with sodium hydroxide for intravenous use in 

experimental animals. 
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Figure2.2.1 : Chemical structure of Bucillamine 
 
 
 
 
 
 
 
 
 

                                