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Introduction 

Ischemia can be defined as „a condition in which an organ is deprived of sufficient blood supply‟. 

Ischemia is accompanied by lack of oxygen and substrates, essential sources for cellular energy 

metabolism and a failure to remove end products of metabolism. Since energy is needed for 

maintenance of cell homeostasis and integrity, the lack of adenosine 5‟-triphosphate (ATP) 

initiates a cascade of damaging effects that leads to cellular dysfunction, cellular and interstitial 

oedema and ultimately, to cell death. Plasma membrane changes lead to an influx of sodium, 

drawing with them a volume of water to maintain osmotic equilibrium, resulting in cell swelling. 

The energy consuming resynthesis of the cytoskeleton will be hampered by the shortage of ATP, 

resulting in damage to the cytoskeleton. Rupture of lysosomes and release of hydrolases lead to 

intracellular injury as well as activation of calcium-dependent proteases and phopholipases. 

Eventually, membrane integrity cannot be maintained and the cell dies.  

Although under normal conditions one would try to avoid a state of ischemia of an 

organ, in hepatic surgery, ischemia is often deliberately introduced to reduce the risk of excessive 

bleeding. During major liver resections, blood flow to the liver may be temporarily occluded to 

prevent major blood loss. This maneuver, first described by Pringle in 1908 as a measure to 

control blood loss in liver trauma, reduces intra-operative blood loss and significantly improves 

post-operative outcome 
1-3

. A second factor contributing to intraoperative blood loss during 

resection is back-bleeding from the hepatic veins. This problem can be tackled by occluding the 

supra- and infrahepatic caval vein in conjunction with vascular inflow occlusion. This technique 

of total hepatic vascular exclusion (THVE) has been reported to effectively reduce blood loss 

during extensive resectional procedures of the liver 
4,5

. At the same time, these maneuvers induce 

ischemia of the liver by vascular inflow occlusion of the portal vein and hepatic artery. 

Subsequent reperfusion is initiated when the clamps are released and the circulation to the liver is 

restored, giving rise to ischemia/reperfusion (I/R) injury 
6
.   

Reperfusion can be defined as „re-establishment of blood flow‟. Reperfusion has two 

beneficial consequences for ischemic tissue; the oxygen supply needed for energy metabolism is 

restored and toxic metabolites are removed. Although reperfusion is a prerequisite to reverse the 

progression towards ischemic cell death, paradoxically, it can also enhance liver injury by 

initiating a mosaic of biochemical processes, in which a number of cells, mediators and enzymatic 

systems take part. Three important pathways can be recognized: production of reactive oxygen 

species (ROS), microcirculatory dysfunction and an inflammatory response.  
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Reactive oxygen species formation: 

ROS formation has been the focus of a large body of studies and is considered to be an important 

contributor to liver I/R injury. Production of ROS takes place at the intracellular and extracellular 

level. At the intracellular level, the respiratory chain in mitochondria and cytoplasmic xanthine 

oxidase were identified as the main sources of ROS 
7,8

. During ischemia, xanthine oxidase (XO), 

which is produced by the conversion of xanthine dehydrogenase (XD), accumulates in the cell. 

Under non-ischemic conditions, xanthine oxidase converts hypoxanthine to xanthine, releasing 

superoxide in the process 
9
. Therefore, during ischemia, tissue levels of hypoxanthine also 

increase. With the introduction of oxygen on reperfusion, the reaction proceeds, releasing large 

quantities of superoxide 
9
. However, several studies showed little evidence for enhanced 

intracellular ROS formation during reperfusion, except after relatively long ischemic periods 
7,10-

12
. Debate about the importance of intracellular ROS production continues since cultured 

sinusoidal endothelial cells (SEC) and hepatocytes are capable of generating significant quantities 

of ROS 
13,14

.  

Several studies provided evidence that in post-ischemic livers, ROS formation occurs 

predominantly in the extracellular space 
11,15-18

. The most potent toxins are hydroxyl radicals 

(OH●). Under normal conditions, Fe
2+

 is bound to ferritine. However, superoxide promotes the 

release of free ferrous iron, which catalyses the Haber-Weiss reaction resulting in hydroxyl 

radical production. These aggressive oxygen free radicals lead to lipid peroxidation, which results 

in structural and functional cell damage 
19

. However, the contribution of lipid peroxidation to total 

cell destruction in liver I/R is still controversial 
20,21

. 

Other oxygen radicals such as nitric oxide (NO●), superoxide anion (O2
-
●) and hydrogen 

peroxide (H2O2) have important physiological functions. The role of NO● as an important 

determinant in vascular tone has been postulated by several authors and can play an important 

role in the attenuation of liver I/R injury 
22-25

, although Jaeschke et al. could not show any role for 

NO in liver I/R injury 
26

. Excessive prolonged production of NO contributes to tissue damage in 

septicaemia, ischemia/reperfusion injury, and other inflammatory conditions 
27,28

.  

 

Microcirculatory dysfunction: 

Attempts to reperfuse ischemic tissue might not always be successful due to progressive 

microcirculatory obstruction, leading to the process called „no-reflow phenomenon‟. 

Microcirculatory dysfunction is the primary event in the development of liver I/R injury 
29-31

. In 

the early stages of reperfusion, failure of transmembrane transport mechanisms leads to 
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intracellular oedema and cellular swelling particularly of the sinusoidal endothelial cells, thereby 

narrowing the sinusoids 
31,32

. Furthermore, the concentration of endothelin (ET) in plasma and 

hepatic parenchyma increases during reperfusion 
33

, eliciting contraction of stellate cells 
34

 and 

hence a further decrease in liver blood flow 
23,24

. The accumulation and consequent stasis of 

neutrophils in the sinusoids further hamper the hepatic microcirculation by increasing flow 

resistance 
35

. This cessation of flow, leading to intravascular hemoconcentration, constitutes a 

continuation of the ischemic period. 

 

Inflammatory response: 

Kupffer cells play a central role as the initial cytotoxic cell type and as a source of many pro-

inflammatory mediators. Kupffer cells become activated during liver I/R 
36

. Kupffer cells have 

been postulated as the main sources of ROS in the early reperfusion phase 
37-40

, leading to 

recruitment of neutrophils into the liver 
37,41,42

. Furthermore, activation of Kupffer cells leads to 

the release of inflammatory mediators, such as interleukins (IL-1 and IL-6) and tumor necrosis 

factor-α (TNFα). TNFα and IL-1 are potent pro-inflammatory cytokines responsible for up-

regulation of the expression of adhesion molecules (selectins and B-integrins), giving rise to 

enhanced leukocyte-sinusoidal endothelial cell interactions 
43

. They also play a role in neutrophil 

chemotaxis and activation 
44

, possibly through activation of complement 
45,46

. After ischemia, 

TNFα and IL-1 appear in plasma only after 5 min of reperfusion 
47

. The important role of these 

mediators in liver I/R injury was confirmed by blockade of the IL-1 receptor, which attenuated 

oxygen-derived free radical production and microcirculatory disturbances and reduces TNFα 

production, tissue injury and mortality after hepatic ischemia-reperfusion 
48,49

.  

The inflammatory cascade after I/R injury induces the release of platelet activating 

factor (PAF). PAF is thought to activate neutrophils by promoting the production of TNFα and 

cytokine induced neutrophil chemoattractant (CINC), since rats pretreated with a PAF receptor 

antagonist showed a decreased elevation in TNFα and CINC levels during reperfusion 
50

. Pre-

treatment of rats with a specific PAF antagonist improved hepatic erythrocyte flux and function 

and decreased hepatocyte and SEC damage 
51-54

. Only Chavez-Cartaya and co-workers failed to 

show reduced reperfusion injury after normothermic in vivo ischemia in rats with another PAF 

antagonist 
55

.  

The complement system, which consists of a number of plasma proteins, is part of the 

humoral defence system. These proteins circulate in their inactive form and are activated by 

proteolytic cleavage. Complement activation leads to the generation of opsonins and 
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anaphylotoxins and the formation of the membrane attack complex. In many organs, ischemia is a 

crucial initiator of complement-mediated tissue damage 
56-62

. Complement activation has been 

proposed to play a role in the development of liver I/R injury 
63,64

. Depletion of complement 

before ischemia 
64

 or blocking of complement activation with either soluble complement receptor 

1 
65,66

 or C1- inhibitor 
67

 attenuated liver I/R injury. The precise mechanism of action has not been 

elucidated until now, but a role for the stimulation of Kupffer cells and neutrophils has been 

proposed 
64

. Activation of the classical pathway of complement was found in ischemic 

myocardium, which was associated with the deposition of C-reactive protein (CRP), suggesting a 

role for this acute phase protein in the activation of complement in ischemic tissue 
68,69

.  

There is no single factor responsible for liver injury after temporary ischemia and 

reperfusion. One deals with a mosaic of biochemical processes, in which a number of cells, 

mediators and enzymatic systems take part. Single intervention therapies based on physiological 

(superoxide dismutase, nitric oxide, catalase), pharmacological (allopurinol, antioxidants) and 

physical (ischemic preconditioning, hypothermia) approaches have been explored to reduce the 

consequences of liver I/R injury. However, combined efforts using antioxidants, anti-

inflammatory mediators, cytokine receptor antagonists, soluble complement receptors may prove 

more useful than single target strategies to ameliorate the effects of liver I/R. However, care 

should be taken to design safe interventions, without completely blocking the natural healthy 

defence mechanisms. 

 

Normothermic versus hypothermic ischemia: 

A distinction has been postulated between the onset of injury after normothermic or hypothermic 

liver ischemia. In in vitro experiments, prolonged normothermic ischemia in rat livers resulted in 

irreversible damage to the SEC in a much earlier stage than in parenchymal cells. These 

differences were even more marked during cold ischemia 
70,71

. SEC will undergo various changes, 

such as rounding and detachment from the sub-endothelial plate 
72-74

. Although these changes 

occur rapidly after the onset of ischemia, the SEC remain viable for long periods of time 
75,76

. 

Upon reperfusion however, the SEC rapidly die 
72,77,78

.  Recently, evidence has been provided that 

SEC do not die due to necrosis 
73,75

, but due to apoptosis after cold ischemia 
76,79

. After warm 

ischemia however, the importance of apoptosis is not yet clear. Results presented by Kohli et al. 

suggested that apoptosis of endothelial cells followed by hepatocytes is an important mechanism 

of cell death after ischemia/reperfusion injury in the liver 
80

. In contrast, more recently, Gujral et 

al. showed that apoptosis does not play a significant role in liver I/R injury and oncotic necrosis 



Chapter 1 

 

14 

appears to be the principal mechanism of cell death for both SEC and hepatocytes 
81

. The precise 

role of apoptosis in warm liver I/R injury needs further investigation.  

Outline of the thesis 

The worldwide effort to elucidate the mechanisms involved in I/R injury and the enormous 

amount of studies published each year have led to the situation in which multiple animal models 

and anesthetic methods result in large variation in outcome, rendering many of these studies 

incomparable. And although one study in itself may be very relevant to the issue of liver ischemia 

and reperfusion injury (I/R), the fact that it is incomparable to other studies makes it less valuable. 

In chapter 2, an overview of the world literature is presented involving liver I/R injury using in 

vivo rat models and a standardised rat model is proposed. Liver I/R research has been conducted 

in many animal species, all with their species-specific differences in anatomy and susceptibility to 

liver I/R injury. Chapter 3 describes a number of experimental models in several animal species 

and discusses their specific differences. In humans, the need for maintenance of body temperature 

and physiological pH by ventilation during surgery seems obvious. However, in animal 

experiments, these issues have not received much attention and the importance of maintaining 

physiological body temperature and pH seems to be underestimated. In Chapter 4 we, therefore, 

investigated the effect of minor fluctuations in body temperature on liver I/R injury whereas in 

Chapter 5, the effects of ventilation and hence blood pH on liver I/R injury were studied.  

Inappropriate or excessive activation of the complement system can lead to harmful, 

potentially life-threatening consequences due to severe inflammatory tissue destruction. These 

consequences are clinically manifested in various disorders, including septic shock, multiple 

organ failure and hyperacute graft rejection. Genetic complement deficiencies or complement 

depletion have been proven to be beneficial in reducing tissue injury in a number of animal 

models of severe complement-dependent inflammation. This led to the concept that therapeutic 

inhibition of complement is likely to arrest the process of certain diseases. In Chapter 6, an 

attempt to inhibit liver I/R injury has been made by application of an endogenous, soluble 

complement inhibitor (C1-inhibitor). Furthermore, the contribution of C-reactive protein (CRP) to 

CRP-mediated complement activation in liver I/R has been investigated. 

Application of prolonged periods of hepatic pedicle clamping in combination with 

clamping of the supra-hepatic and infra-hepatic caval vein (total hepatic vascular 

exclusion=THVE) can be necessary to perform more complicated liver resections. Inevitably, 

concomitant liver I/R injury is introduced and different approaches for reduction in I/R injury 
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have been attempted, like intermittent clamping of the hepatic pedicle instead of continuous 

clamping. Since the influence of temperature on I/R injury has been well established, also in 

relation with liver preservation and liver transplantation, an attempt was made to reduce the 

consequences of liver I/R injury by infusion of cold Ringer-glucose thereby decreasing core liver 

temperature by 10°C during THVE in chapter 7. Chapter 8 focuses on the microcirculatory 

consequences and production of oxygen free radicals while the liver was being cold perfused in 

the latter series of experiments.  

A major cause of mortality after liver resection is failure of the remnant liver. Therefore, 

it is important to estimate total and segmental liver function in the work-up of partial liver 

resection in order to predict postoperative function of liver remnant. At present, indocyanine 

green (ICG) clearance is considered one of the most reliable function tests. However, it only 

estimates global liver function whereas a similar function test, hepatobiliary scintigraphy, is 

capable of providing segmental information of functional liver mass. In Chapter 9, pre-operative 

assessment of liver function using both the ICG clearance test and hepatobiliary scintigraphy were 

compared in a consecutive series of patients considered for partial liver resection. 
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Introduction 

A period of liver ischemia occurs during a number of surgical procedures concerning the liver, 

especially during interruption of hepatic vascular flow during extensive liver resections for liver 

trauma or intrahepatic lesions 
1,2

 and during storage of the liver for transplantation 
3
. Furthermore, 

hypoxic injury can be the consequence of hypotensive periods and various shock syndromes 
4
 and 

even has been suggested as a contributory factor in alcoholic liver disease 
5,6

. When the blood 

flow to the liver is restored, reperfusion of the liver paradoxically leads to aggravation of liver 

damage initiated during the ischemic period.  

 The pathophysiological mechanisms underlying hepatic ischemia and reperfusion (I/R) 

injury have been the focus of a large number of animal studies. Most of these studies have been 

performed in rats and mice. Methodological differences have a large impact on the results 

obtained with these models, make comparison of results difficult and can potentially lead to 

wrong conclusions. The aim of this review is to highlight the different rat models for liver I/R 

injury and the different anesthetic procedures that are used. Ultimately, criteria are proposed to 

achieve a standardized model for the study of I/R phenomena in the rat liver. 

 To achieve this goal, the world literature was searched via Medline. Keywords included 

a combination of „rat‟, „liver‟, „ischemia‟, reperfusion and „vivo‟. Afterwards, all abstracts were 

examined and after shifting, a total of 392 references were retrieved. From these references, 105 

were randomly selected and carefully examined for: 

 

1 Hepatic liver I/R model; 

2 Use of heparin during clamping; 

3 Rat type and strain; 

4 Fasting; 

5 Anesthetic methods; 

6 Temperature control. 
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Hepatic I/R model in the rat 

In literature, 9 different I/R models are described which can be categorized in six partial liver 

ischemia and three total liver ischemia models.  

 

 

Total liver ischemia models 

In total liver ischemia models, the liver is made ischemic by occlusion of the afferent vessels to 

the liver or by decreasing blood supply to the liver by inducing hypotension 
7
. The latter method 

was encountered only once in our review of literature and will therefore not be discussed in detail. 

Clamping of the afferent vessels to the liver was first described by Pringle in 1908 as a method to 

control blood loss during major liver trauma
8
. The Pringle maneuver is often used in total liver 

ischemia models in rats since it is easy to perform in rats and it well represents the clinical 

situation. However, clamping of the portal vein causes obstruction of efferent blood flow in the 

splanchnic circulation. Although most humans are able to tolerate clamping of the portal vein up 

to several hours due to an extensive collateral circulation, the collateral circulation of a rat is 

much less developed leading to splanchnic congestion within 20 minutes 
9
. To allow investigation 

of ischemia times longer than 20 min, the splanchnic circulation must be decompressed during 

ischemia by applying a porto-systemic shunt. In rats, the construction of a porto-systemic shunt 

requires advanced microsurgical skills and this procedure cannot be performed very easily. 

Secondly, blood clotting inside the shunt occurs frequently since the blood flow through the shunt 

is low. To prevent clotting, anti-coagulants are frequently used, which can interfere with I/R 

injury (see paragraph “The use of heparin during clamping”). Another, more elaborate possibility 

is to use a pump-driven extracorporeal shunt 
9
, which, reportedly, prevents mortality in 

comparison with rats who received only a passive porto-systemic shunt. Also, portal-systemic 

decompression during ischemia prevents the inhibition of hepatic regeneration caused by 

reperfusion of pooled portal blood 
10

. In our opinion, the use of a porto-systemic shunt should be 

avoided whenever possible, in view of the aforementioned drawbacks.  

 In 13 out of the 105 examined references, the Pringle maneuver was used without a 

porto-systemic shunt, making it the second most common used model in rats. In general, the used 

ischemic times are shorter than in other models of liver I/R injury, owing to the drawbacks related 

to splanchnic congestion. 
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 When the Pringle maneuver is combined with a veno-venous shunt (n=11), several 

different types of shunts are used, ranging from different spleno-systemic shunts 
11,12

, multiple 

types of porto-systemic shunts 
13-20

, to a pomp driven porto-systemic shunt 
9
. In most cases, 

heparin was needed to prevent blood clotting except when a (short) porto-caval shunt was used. 

 Selective occlusion of the portal vein to induce liver I/R injury was used in 5 of the 

examined articles, all by the group of Ogawa et al. 
21-25

. In this model, the liver is still supplied 

with oxygen rich blood from the hepatic artery and therefore, the liver will not be rendered totally 

ischemic or anoxic but merely hypoxic to a limited extent. This model has not been copied by 

others until now. In one article, the hepatic artery was selectively occluded in combination with a 

porto-systemic shunt in order to investigate the influence of acute liver failure on neuroactive 

amino acids and glutamate (NMDA) receptors in frontal cortex 
26

.   

 

 

Partial liver ischemia models 

In these models, the afferent blood supply to one or more lobes of the liver are occluded, with a 

maximum of 70% of total liver volume. The remaining 30% of the liver is still perfused and is 

able to adequately drain the blood from the portal vein. Therefore the common feature in these 

models is the lack of splanchnic congestion, which obviates the use of a veno-venous bypass 

procedure 
27,28

. This is considered to be a major advantage over total liver ischemia models.  

On the other hand, during reperfusion, when the clamp is released, both ischemic and non-

ischemic liver tissue is perfused, which in most cases does not resemble the clinical situation and 

could complicate the interpretation of results. To overcome this drawback, some authors occluded 

or removed the non-ischemic parts of the liver before initiation of reperfusion, rendering only the 

ischemic lobes to be reperfused. Reportedly, the blood flow to the previously ischemic left lobe is 

only 50% of normal while that of the non-occluded right lobe is 134% 
29

. This preferential 

shunting of blood to the non-occluded tissues has been advocated to be the reason for failure of 

therapy with ATP-MgCl2, since occlusion of the non-ischemic part of the liver during reperfusion 

did show beneficial effects of ATP-MgCl2 
29

. Preferential shunting also causes a slower rate of 

recovery of high energy phosphates and energy charge to normal levels in previously occluded 

liver lobes 
30

. Perhaps, the aforementioned observations were biased by the limited period of 

reperfusion (60 min) in those particular studies. On the other hand, others have shown that longer 

reperfusion times in animals undergoing resection of the non-ischemic hepatic lobes at the time of 

reperfusion do not reveal differences in pulmonary and hepatic levels of epithelial cell-derived 
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neutrophil attractant-78 (ENA-78) or in the development of lung and liver injury, as compared 

with animals undergoing hepatic I/R alone due to preferential shunting to non-occluded lobes 
31

.  

 Due to an extensive collateral circulation, the Pringle maneuver can be applied in most 

patients without the need for porto-systemic bypass surgery. One could argue that in humans, the 

possibility of shunting of blood to the collateral circulation exists, resembling shunting to the non-

occluded lobes in rats, thereby reducing the blood flow to the previously occluded liver lobes as 

well. Therefore, in our opinion, the partial ischemia model resembles the clinical situation most.  

 

Occlusion of the median and left lateral liver lobes: 

For induction of partial liver ischemia, 

the afferent vessels to the median and 

left lateral liver lobes are occluded most 

frequently, rendering about 70% of 

liver volume ischemic (54 out of 105 

publications) 
32-85

. The afferent vessels 

to these lobes can easily be exposed by 

everting the median and left lateral liver 

lobes outside of the abdominal cavity 

by lateral pressure on the thorax 

without actually touching the liver. In 3 

reports, the afferent vessels to the right 

hepatic lobes were ligated before 

reperfusion was initiated 
35,53,85

, 

whereas in 5 cases the right liver lobes were resected 
46,54,62,79,86

.  

 

Occlusion of the median, left and caudate liver lobes: 

To our knowledge this model has been used only twice 
87,88

. The rationale for using this particular 

model has not been described in the articles. This model has not been copied by others until now. 

 

Occlusion of the left lateral liver lobe: 

Selective occlusion of the vessels to the left lateral liver lobe has been used 11 times 
89

 and is 

most often used for studying local phenomena by intravital microscopy 
90-97

 or NMR spectroscopy 
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98
. The left lateral liver lobe comprises about 35% of the liver and can easily be made accessible 

for intravital microscopy or other imaging devices. 

 

Occlusion of the right lateral liver lobe: 

This model was used 6 times by 4 different research groups, rendering 15% of the liver ischemic 

99-104
. In two cases, the afferent vessels to the median and left lateral lobes were ligated or 

removed after ischemia before reperfusion to avoid preferential shunting. In both cases the 

caudate lobe was continuously perfused. 

Occlusion of the right lateral and caudate liver lobes: 

Selective occlusion of the afferent vessels to the right lateral and caudate liver lobes comprises 

about 30% of liver volume and has only been published twice 
105,106

. In one article, the median 

and left lateral lobes were removed after ischemia to prevent preferential shunting. 

 

Occlusion of the median and right lateral liver lobes: 

Occlusion of the median and right lateral liver lobes, rendering 65% of the liver ischemic, has 

been performed only once by Branum et al. 
107

, but the rationale for using this particular model 

has not been explained in the article. 

The use of heparin during clamping 

Inducing ischemia by clamping the afferent vessels to the liver for a prolonged period brings 

about the risk of intravascular coagulation and hence, hampered blood flow during reperfusion. 

To prevent blood clotting, heparin can be administered before induction of ischemia. However, 

for several reasons, the use of heparin should be avoided. In the clinical setting, during major liver 

resections when the Pringle maneuver is used, the administration of heparin is avoided since this 

may cause excessive hemorrhage endangering the life of the patient. Furthermore, heparin can 

interfere in liver I/R injury by decreasing cytokine-induced, neutrophil chemo-attractant (CINC) 

23,108
 or by inhibition of complement activation 

109,110
. Heparin is also a competitive ligand for the 

hyaluronic acid (HA) receptor on sinusoidal endothelial cells and therefore has been suggested to 

decrease HA uptake 
111

. Still, in 19 out of 105 articles (in which heparin was not a subject of 

interest), heparin was used during ischemia to reduce blood clotting and to ensure adequate 

reperfusion 
14,16-19,37,39,40,43,50,67,70,98,99,106,112-115

. Although reasoning seems valid, the beneficial effect 

of heparin for maintenance of liver blood flow during reperfusion has not been confirmed 
116

.  
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Rat gender and strain  

The gender and strain of the rat can potentially influence liver I/R injury. Consensus seems to 

exist amongst authors about the use of the male gender in rats, since in all but three studies, male 

rats were used. Less consensus exists about the used rat strains. The Wistar rat has been used in 

47 studies (44.7%), the Spraque Dawley in 46 (43.8%), the Fisher rat in 8 (7.6%), the Lewis rat in 

2 (1.9%) and the Holtzman rat only once. A large body of evidence exists about the influence of 

the used rat strain on the results obtained with the study. In fact, even the same strain obtained 

from a different vendor can produce marked differences in outcome 
117,118

. Infarct volume 

reportedly varies with rat strain and vendor in models of cerebral ischemia 
119-121

, myocardial 

ischemia 
122

, unilateral kidney ischemia 
123

, epigastric flap ischemia 
124

 and testicular toxicity 
125

. 

Based on the aforementioned responses to ischemia and on the potential differences in liver 

enzyme 
126

, differences in the outcome of liver I/R injury between rat strains are likely, although 

to our knowledge, this has not yet been described. As genetic differences between rat strains may 

underlie the observed differences in the outcome of liver I/R injury, investigating and comparing 

DNA profiles of the rat strains may prove useful for unraveling the pathophysiology of the 

development of liver I/R injury 
127,128

. 

 

Fasting 

Fasting can have a large effect on the outcome of an experiment. Frederiks and co-workers 

showed that the administration of ATP-MgCl2 or adenosine- MgCl2 reduced the volume density 

of necrotic areas in the liver of a fasted rat from about 15% to almost zero. However, the extent of 

necrosis was not reduced when ischemia was induced in the liver of a fed rat which showed a 

more massive necrosis (about 30%) 
33

. Although several authors described that livers from fed 

rats sustained more injury from liver I/R than fasted rats 
33,129

, other authors describe the opposite 

130,131
 

 Le Couteur et al. showed that the livers of fed rats are resistant to hypoxia- 

reoxygenation injury and that aging does not increase the susceptibility of the liver to injury in the 

fasted state 
132

. These differences in susceptibility to I/R injury might be related to a decrease in 

GSH content 
133

, a decrease in heat shock protein mRNA 
134

 or a marked augmentation of lipid 

peroxidation 
135

 after fasting. Furthermore, an increase in fasting times tends to increase the 

susceptibility of the liver for I/R injury 
136,137

. Also in the transplantation setting there is still much 
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controversy about whether fasting increases resistance to ischemic injury after cold-ischemia 

135,138,139
 or not 

137,140
.  

In 40 out 105 articles reviewed, the nutritional status was not mentioned 
12,16,18,26,34,40,43,46,48,50,57-

59,61,64,65,69,70,72,75,80-82,84,87,88,90,91,96,97,101-105,107,141-143
. In 20 cases rats were not fasted prior to the 

experiment 
7,9,10,15,20,38,51,54,55,62,67,73,76,79,98-100,115,144,145

. Fasted rats were fasted for overnight (15 

times) 
32,35,39,45,47,60,68,77,78,83,92-95,146

, for 24 hours (13 times) 
21-25,36,41,53,71,74,85,89,106

, for 12 hours (11 

times) 
11,14,17,19,37,42,44,56,112-114

, for 18 hours (1 time) 
63

 or for 15 hours (1 time) 
66

. In 4 articles, the 

fasted or non-fasted state was a topic of interest and therefore both conditions were applied 

13,33,49,52
. In conclusion, the impact of fasting on warm and cold ischemia remains a topic of 

debate. In the clinical setting, fasting prior to surgery is still applied whenever possible and 

therefore, we feel that during liver I/R experiments fasting is appropriate.  

 

Anesthetic methods 

 

Introduction 

The anesthetic management of experimental animals deserves a good deal of attention, not only 

on ethical, legal and moral grounds, but also because anesthetics can interfere with results when 

not carefully chosen. For the study of liver I/R injury, anesthetics which are neither toxic to the 

liver nor metabolized by the liver are preferable for obvious reasons. Furthermore, the effects on 

depression of the cardiovascular and respiratory system differ highly between anesthetic agents 

and could lead to undesirable effects on outcome. A major hazard is the development of 

respiratory acidosis during the experiment, since acidosis leads to unpredictable difficulties in 

interpretation of results 
147

. To tackle this problem, the respiration can be facilitated by placing a 

cannula in the trachea although this does not always suffice. In any case, active ventilation of the 

animal is preferred 
147

. Furthermore, the use of particular anesthetics can influence bile secretion 

148,149
, a widely used parameter for hepatocellular function. Administration of anesthetics can be 

performed by injection or inhalation. Both methods have their advantages and disadvantages. The 

advantages and disadvantages of the most commonly used anesthetics in rats, administered via 

both routes, will be discussed briefly. For further reading, the books by L.W. Hall and K.W. 

Clarke (1991) and P.A. Flecknell (1996) are highly recommended. 
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Injectable anesthesia 

Ketamine: 

Ketamine has been used in 14 out of 105 references almost always in combination with other 

agents like xylazine, atropine, pentobarbital or inhalation anesthetics. Ketamine can be 

administered by intramuscular 
14,16,19,32,40,70,115,150

 intraperitoneal 
37,53,85,112

 and intravenous routes 

96,97
.  

 Although often used, ketamine has several major drawbacks, which render it less 

favorable for the use in small rodents. The degree of analgesia produced is very variable and in 

small rodents, severe respiratory depression is produced following administration of the high dose 

needed to produce surgical anesthesia. Salivary secretion is increased and airway obstruction is a 

hazard. Therefore ketamine should preferably be combined with atropine to reduce excessive 

saliva secretion. Ketamine produces little, if any, muscle relaxation. Generally, there is an 

increase in skeletal muscle tonus, even when used in combination with xylazine, which could 

hamper the surgical procedure. Ketamine has a stimulatory effect on the cardiovascular system 

and the minimal arterial blood pressure is seldom less than the preoperative level. Thus, the 

arterial blood pressure is generally maintained during ketamine-induced anesthesia. However, the 

use of ketamine in combination with xylazine results almost invariably in hypotension. 

Furthermore, in our experience (not yet reported), the high dosage of the acidic compound 

ketamine needed for adequate surgical anesthesia results in an acidosis which cannot be corrected 

by hyperventilation. 

 

Pentobarbital: 

Pentobarbital has been used 40 times out of 105 
7,15,20,35,36,39,41-

45,51,59,60,64,65,67,69,72,73,75,76,81,82,106,107,113,114,142,143,145,151
, often in combination with ketamine (5 times) 

14,16,19,96,97
 or the volatile anesthetic ether (4 times) 

17,18,46,141
. Although it is cheap and one of the 

most widely used laboratory animal anesthetics, there are several better alternatives available. 

Surgical anesthesia is only achieved when dosages are administered close to those that cause 

respiratory failure. At these dosages, pentobarbital causes severe cardiovascular and respiratory 

depression. Prolonged recovery includes vocalization, involuntary paddling, thrashing and muscle 

fasciculation. Complete recovery following pentobarbital anesthesia may take hours to days. 

Furthermore, pentobarbital is metabolized primarily by the liver and may cause further injury to 

an already damaged liver. Therefore, in experiments involving liver ischemia and reperfusion 

injury, pentobarbital should be avoided if possible. 
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Chloral hydrate: 

Application of chloral hydrate was found 7 times out of 105 publications 
90,91,146

, of which 4 times 

in combination with atropine 
92-95

. It has been used exclusively by Vollmar et al. Chloral hydrate 

produces stable, light anesthesia with minimal effects on the cardiovascular system. However, the 

large dosages required for surgical anesthesia can produce severe respiratory depression, hence 

explaining the use of a tracheotomy in these animal experiments. Furthermore, intraperitoneal 

administration to rats has been associated with a high incidence of post-anesthetic ileus and the 

response to chloral hydrate has a considerable strain variation. In conclusion, this compound can 

be replaced by more effective anesthetics if surgical procedures are to be undertaken. 

 

Urethane: 

Urethane has been used 3 times by Peralta et al. 
101-103

. Urethane produces long periods of stable 

anesthesia with minimal depression of the cardiovascular and respiratory systems. However, the 

cardiovascular stability is in part due to the sustained sympathetic nervous system activity, 

associated with high circulating levels of adrenaline and noradrenaline. Furthermore, urethane is 

both mutagenic and carcinogenic and is regarded as a potential hazard to laboratory investigators. 

It is advised not to allow animals to recover from urethane anesthesia, which makes urethane not 

suitable for use in survival experiments.  

 

Hypnorm (Fentanyl/Fluanisone):  

Hypnorm has been used only twice in combination with diazepam by Chavez-Cartaya et al. 
47,78

 

and will not be discussed here.  

 

 

Inhalation anesthetics 

Ether: 

Ether was the most frequently applied inhalation anesthetic. It has been used 34 times, alone 
10-

13,21-25,33,34,38,49,52,57,58,62,63,66,68,74,77,79,80,84,88,89,99,105
 or in combination with pentobarbital (4 times) 

17,18,46,141
 or metofane 

100
. Ether was one of the earliest inhalation anesthetics available and it has 

the justified reputation of being a safe anesthetic agent. It is easy to vaporize in simple apparatus 

and it is difficult to kill an animal with an overdose of ether. It is usually associated with 

reasonable good muscle relaxation, lesser depression of respiration than other inhalation agents 

and good postoperative analgesia. However, it has some considerable drawbacks. Induction of 
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anesthesia with ether is slow and unpleasant since it is highly irritating to the mucosa and can 

cause coughing, profuse bronchial and salivary secretions and occasional laryngospasm. For this 

reason, the use of ether for anesthetic purposes is prohibited in The Netherlands. Furthermore, 

ether is highly inflammable and forms explosive mixtures with both oxygen and air. Therefore, 

despite its popularity as an anesthetic, the use of ether is not recommended since better and less 

irritating agents are readily available. 

 

Halothane: 

Halothane has been used in 3 liver I/R studies by different authors 
26,98,104

. Halothane is relatively 

cheap and easy to vaporize. Induction and recovery are rapid and free from agitation during the 

recovery period. Halothane is not irritating to the mucosa of the respiratory tract and can produce 

bronchodilatation. However, halothane has a depressant effect on the cardiovascular system and 

moderate hypotension can be produced at surgical levels of anesthesia. Halothane is metabolized 

for 20-25% by the liver and kidneys and hepatotoxicity has been described 
152

 which makes 

halothane unsuitable for liver I/R injury experiments.  

 

Methoxyflurane: 

Methoxyflurane has been used in 4 liver I/R studies, alone 
54,55

 or in combination with ketamine 

32,50
. It is non-irritant, non-inflammable and non-explosive in air or oxygen. It has potent analgesic 

effects and has some post-operative analgesic action. High-output renal failure has been reported 

following prolonged administration of high concentrations, which resulted in withdrawal of the 

compound from medical practice and as of the year 2000, methoxyflurane is no longer available 

in the United States. Up to 50% of methoxyflurane is metabolized by the liver and kidneys, which 

renders it less suitable for liver I/R experiments. 

 

Isoflurane: 

Isoflurane has been used twice in liver I/R studies in combination with nitrous oxide 
9,144

. It is 

non-irritant, non-inflammable and non-explosive in air or oxygen. It has very rapid induction and 

recovery from anesthesia and the depth of anesthesia can be adjusted rapidly. It produces 

excellent muscle relaxation, which is helpful during operation. Isoflurane is almost completely 

eliminated through the respiratory tract and only 0.17% is metabolized by the liver and kidneys, 

which makes it ideal for liver I/R experiments although mild protective properties of isoflurane on 

liver I/R injury have been reported 
153-155

. Isoflurane like halothane requires special vaporizers and 
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equipment, which are expensive. For the moment, isoflurane seems to be the most favourable 

anesthetic in liver I/R experiments. 

 

Enflurane: 

Enflurane has been used only once and will not be discussed here. 

 

Temperature control 

In animal experiments involving rats, temperature control has not been a topic of much interest 

until now. In 74 out of 105 articles, temperature has not been recorded during the experiment at 

all or has not been mentioned in the article, assuming it has not been measured. In four articles, 

the temperature was controlled between 36°C and 38°C 
112-114,142

, while in 10 articles the 

temperature was controlled between 36°C and 37°C 
11,90,92-95,101-103,146

. Three times, the 

temperature was controlled between 36.5°C and 37.5°C 
7,73,97

, once between 35°C and 36°C 
35

, 

and also once between 37°C and 37.5°C 
72

. Seven times, temperature was controlled at exactly 

37°C 
26,45,68,89,91,98,141

. Although in the majority of cases the temperature was not monitored at all, 

changes in body temperature of 2°C are also not acceptable since a rise in body temperature from 

36°C to 38°C leads to a 4-fould increase in liver damage 
156

. Acclaimed pharmacological 

protection during I/R could often be the result of a drop in body temperature, which is a common 

side-effect of many drugs, instead of a protective effect of the drug itself. De Haan et al. showed 

this potential hazard in a review in the field of spinal cord ischemia 
157

, as did Duncker et al. by 

showing that temperature modulated the protection by adenosine during coronary artery occlusion 

158
. Therefore, rigorous control of body temperature during investigation of liver I/R injury is 

mandatory. 
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Discussion 

The aim of this review was to highlight the different rat models for liver I/R injury and the 

different anesthetic procedures that are used, with emphasis on rat model, use of heparin during 

clamping, rat type and strain, fasting, anesthesia and temperature control. The world literature was 

searched via Medline using a combination of keywords and eventually 105 references were 

randomly selected and carefully examined.  

 In total, 9 different liver I/R models were found, with or without (extracorporeal) shunts 

or use of heparin. Temperature was controlled in only ¼ of cases but maintained at 37°C only 7 

times although temperature control at exactly 37°C proved to be highly important 
156

. Anesthesia 

was induced and maintained with numerous compounds and combinations. More literature is 

becoming available about the influence of the used anesthetic on the outcome of the experiment 

and the impact it has on several metabolic and hemodynamic properties 
159-161

.  

 In order to achieve a unified animal model, consensus has to be reached about the most 

suitable animal model in liver I/R research. In our opinion, a suitable model is a partial liver 

ischemia model, preferably by occlusion of the median and left lateral liver lobes (most widely 

used, well documented and easily applicable, no need for bypass surgery or use of heparin) with 

stringent body temperature control at exactly 37°C. Assuming that in humans a collateral 

circulation is present which could serve as a post-ischemic shunt, ligation or removal of the non-

ischemic lobes pre-reperfusion seems not necessary. Not mentioned in this overview are the used 

ischemia and reperfusion times that differ among researchers. In the proposed partial liver I/R 

model, ischemia times range from 15 min to 120 min. Although every researcher has reasons for 

using a particular ischemia time, consensus should be a goal in this area too. The most commonly 

used ischemia time is 60 min, which provides enough liver injury for conducting experiments and 

for performing interventional studies. Reperfusion times range between 0 min and 1 month. These 

differences in reperfusion times are often determined by the specific research questions raised in 

the various studies and consensus is less easily reached.  

 The most suitable rat gender is male (almost used exclusively) and the strain should be 

Wistar or Spraque Dawley (both used most often). The influence of vasting on liver I/R injury is 

still controversial but since vasting is common in the clinical setting it would be appropriate to do 

the same in animal experiments. The most common used vasting period is overnight, which 

resembles the clinical situation. As an anesthetic drug, isoflurane seems to be the most favourable 

in liver I/R experiments at the moment. Ideally, isoflurane should be used during ventilation of 



Chapter 2 

36 

the rat to prevent the development of respiratory acidosis 
147

. At least, when a ventilation 

apparatus is not available, insertion of a short cannula into the trachea, either by tracheal 

intubation or tracheotomy, should be performed to facilitate spontaneous respiration of the 

animal. If other anesthetics are used, facilitation of respiration is still advisable.  

 This article attempts to reach more consensus in the field of liver I/R research. As the 

methodology of animal experimentation has a large impact on the results, inconsistent animal 

studies hamper clear comparison of results and may lead to wrong conclusions about the 

pathophysiology of liver I/R injury and about the effectiveness of treatments. This review 

underscores the confusion within the currently available literature on experimental methods used 

in rat liver I/R research. A plea for standardization of this methodology is made along with the 

following proposal for a standard animal model to study liver I/R phenomena: 

 

Standard rat liver I/R model; 

1 Wister or Spraque Dawley rat; 

2 Male gender; 

3 Fasting overnight; 

4 Isoflurane as anesthetic drug (both induction and maintenance of anesthesia); 

5 Facilitation of respiration by insertion of a short tracheal cannula or (preferably) by ventilation; 

6 Maintenance of body temperature at 37°C; 

7 No use of systemic or local heparin; 

8 Induction of partial liver ischemia by clamping of the median and left lateral liver lobes (70% of 

total liver volume); 

9 Duration of ischemia: 60 minutes. 
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Introduction 

When reading dr.Pringle´s landmark publication in the Annals of Surgery of 1908 in which he 

relates the successful occlusion of the afferent vessels to control severe liver bleeding, it becomes 

apparent that it was only with great concerns that he attempted this maneuvre (1). He thought that 

clamping of the vessels to the liver was a highly risky undertaking because animal experiments 

reported in the German literature at that time, had shown disastrous results from obstructing the 

hepatic and portal vessels leading to immediate collapse of the animal or death in short time. 

These animal experiments might have been well devised but the conclusions drawn from these 

studies were wrong, because we know now that these animals did not die of liver ischemia but 

succumbed because of intestinal congestion secondary to occlusion of the portal vein. Fortunately, 

in humans collateral circulation of the portal venous system is better developed and allows 

occlusion of the hepatic pedicle for considerable time. Hence, one should be cautious when 

drawing conclusions for the clinical, human setting on the basis of animal experiments. 

Nevertheless, the current techniques in liver resection have in part been derived from animal 

experiments which have improved our understanding of how to handle the liver during major liver 

surgery. This section deals with experimental liver resection, paying special attention to models in 

several animal species, techniques of temporary vascular inflow occlusion and total vascular 

isolation of the liver, and to some of the answers these studies have provided in relation with the 

sequelae of ischemia and reperfusion of the liver. 

 

Comparative anatomy of animal livers 

Experimental liver resections can be performed in either small or large animals. Clearly, the use 

of small animals has important advantages in terms of availability, costs, laboratory management, 

anesthesia and the possibility of using well defined strains of biologically identical animals. 

Because of the similarity in histoarchitecture of rat and human liver, the rat liver has been 

extensively studied in various models relating to liver physiology (2). The choice of large animals 

has shifted more and more from the use of dogs to the use of pigs for obvious reasons as costs and 

public opinion. For liver resection studies encompassing vascular occlusion procedures, dogs 

unlike pigs and humans, have the additional disadvantage of well-developed sphincters in the 

hepatic veins that constrict in response to ischemia and may give rise to the phenomenon of 

outflow block (3). Resection models in large animals are clinically more relevant in view of the 
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volume and weight of the liver, similarity of surgical procedures and impact on hemodynamic 

parameters. 

In the pig, the shape and position of the liver as well as its vascularization and histologic 

appearance are quite the same as it is in the human (4). There are again four major liver lobes, the 

left lateral and median lobes and the right median and lateral lobes. The caudate process extends 

medially of the right lateral lobe. The course of the extrahepatic biliary tract in pigs is well 

defined in the hepatoduodenal ligament, with the confluence of the left and right hepatic duct 

situated more distally than is usually the case in humans. The anatomy of the hepatic artery is 

quite consistent coming off from the celiac trunc which runs adjacent to the medial border of the 

portal vein. After giving off branches to the pancreas and stomach, the artery divides into 

branches to the right and left liver lobes in the porta hepatis. The portal vein bifurcates or 

trifurcates in the porta hepatis and ramifies into the right and left liver lobes. Different from the 

human situation is the hepatic venous drainage into the vena cava which occurs through three 

large and several small veins directly into the vena cava. The intraparenchymal location of the 

hepatic veins hampers separate isolation of these veins during partial liver resection. The 

infrahepatic vena cava lies remarkably loose and is surrounded by a projection of liver 

parenchyma before taking its retroperitoneal position. 

The dog liver is grossly divided into four lobes (5): The left lobe forms a third to one half 

of the total liver mass. The quadrate lobe lies in the median plan adjacent to the gall bladder fossa 

on its right side. The right lobe is much smaller than the left lobe and caudally overlaps the 

caudate process of the caudate lobe. The caudate lobe is composed of the caudate and papillary 

processes connected by a bridge of liver tissue. The portal bifurcation is similar to the situation in 

humans. Three or more hepatic veins drain into the suprahepatic vena cava and can be isolated 

extrahepatically before running into the vena cava.  

As in most rodents, the rat liver is composed of four distinct lobes joined dorsally. The 

median lobe is most prominent and is divided by a cleft into a right and left portion. The median 

lobe is flanked by the right lateral lobe and the larger left lateral lobe. The caudate lobe is the 

smallest portion of the liver lying both dorsal and ventral to the esophagus (Figure 1). The 

common bile duct is formed by fusion of the hepatic ducts and lacking a gallbladder, has no 

capacity for the storage of bile (2). 
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Figure 1 

The rat liver, showing four distinct lobes. 

The common bile duct is formed by fusion 

of the hepatic ducts and lacks a gallbladder. 

 

 

 

 

 

The liver of the mouse is quite similar in its anatomy to the rat liver. Mice do have a 

gallbladder located in the confluence of the median lobe. The availability of genetically modified 

mouse strains have made these animals particularly interesting for the study of e.g., the 

inflammatory responses to partial liver resection. 

 

Liver resection in pigs 

Because the left portal vein is readiliy accessible in the porta hepatis, a left hemihepatectomy is 

usually preferred as standard partial liver resection in the pig (6). Through a midline laparotomy 

the hepatic pedicle is isolated and if required, the common bile duct cannulated to assess 

postoperative bile production. All peritoneal connections of the liver to diafragm and posterior 

abdominal wall are divided. The left branch(es) of the hepatic artery and portal vein are ligated 

and divided resulting in discoloration of the left liver lobes, thereby defining the resection plane. 

The line of resection runs inbetween the left and right medial lobes, just left of the gallbladder 

fossa. The left branch of the extrahepatic bile duct is ligated near its confluence. To limit blood 

loss, parenchymal dissection is best performed under total vascular exclusion: After clamping of 

the hepatic pedicle (portal vein and hepatic artery) and the suprahepatic and infrahepatic caval 

vein, a left hemihepatectomy is performed using an electrosurgical knife. Hemostasis at the 

resection margin is reliably achieved by application of 5 millilitres of fibrin glue (Tissucol , 

Baxter, The Netherlands) at the raw surface, followed by suture closure of the resection plane. 
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After completion of the resection, circulation in the suprahepatic and infrahepatic caval vein is 

restored and the hepatic pedicle clamp released. The average time of this resection technique is 10 

minutes and should not be extended lest hypotension and acidosis occur due to splanchnic venous 

congestion secondary to prolonged occlusion of the portal vein. The mean percentage of liver 

tissue resected by standard left hemihepatectmy in the pig is approximately 45%. 

 

Assessment of liver function and damage after experimental liver resection 

Parenchymal damage of the liver is classically assessed by determination of serum aspartate 

aminotransferase (AST), alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) in the 

blood. Glutathion-s-transferase (GST) has proven a more sensitive parameter for hepatocellular 

injury during ischemia than AST or ALT. An additional advantage of GST is that only small 

amounts of plasma (5 l) are required for its determination which enables repeated assessments in 

rats and mice (7). Bile production is a parameter of excretory liver function and can be monitored 

continuously as final proof of liver function. Microvascular injury can be assessed by 

measurement of intrahepatic tissue pO2 and determination of sinusoidal endothelial cell damage. 

Intrahepatic tissue pO2 measurements using the polarographic pO2 needle electrode method as 

described previously, has the advantage of yielding a pO2 histogram constructed from 100 

consecutive pO2 values obtained by stepwise withdrawal of the needle over a 2 cm tract in the 

liver parenchyma (8,9). Mean values of intrahepatic tissue pO2 as well as pO2 distribution patterns 

(CFDC) can be computed. A method for evaluation of SEC damage devised in our laboratory, 

consists of the ability of the SECs to take up exogenous hyaluronic acid after reperfusion, as 

compared to baseline uptake capacity of hyaluronic acid before ischemia (10,11). Bile production 

is monitored as a parameter of excretory liver function. As a metabolic liver function test, the 

galactose elimination capacity of the liver before and after liver resection can be determined. 

Alternatively, indocyanine green elimination can be assessed which test is more a function of 

microvascular tissue perfusion (6,12,13). 

 

Vascular inflow occlusion methods in the pig 

Since massive blood loss and function of the remnant liver are major concerns when performing 

extensive liver resections, a number of experimental studies have focussed on temporary vascular 

inflow occlusion methods to reduce blood loss. Arrest of circulation in the liver translates into 

hepatocellular ischemia and subsequent reflow into parenchymal reperfusion. The sequelae of 
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vascular inflow occlusion in combination with liver resection can therefore be studied as post-

ischemic, reperfusion phenomena. The pig liver is remarkably tolerant to normothermic ischemia, 

a finding reported previously by Nordlinger who found no significant increase in hepatic enzyme 

release in pig livers after 90 minutes of ischemia and subsequent reperfusion (3). In our 

labarotory, 120 mins of ischemia in which time a left hemihepatectomy was performed, resulted 

in substantial hepatocellular and sinusoidal endothelial cell damage. As in most animals, however, 

splanchnic congestion due to portal vein occlusion is not tolerated and necessitates the 

construction of a portal-caval shunt during prolonged hepatic pedicle clamping. A portal caval 

shunt can be created by interposition of a 10 mm Dacron graft between portal and caval vein, 

which can be clamped or left open according to the portal vein being open or occluded (Figure 2).  

 

 

 

 

Figure 2 

Experiments involving prolonged vascular 

inflow occlusion of the pig liver, necessitate 

construction of a portal-caval shunt to prevent 

splanchnic congestion. A portal caval shunt is 

created by interposition of a 10 mm Dacron 

graft. 

 

 

 

 

Using this model, the hypothesis was tested whether intermittent clamping of the hepatic pedicle 

during prolonged vascular inflow occlusion was less injurious to the liver than continuous 

clamping. The outcome was that continuous clamping resulted in less microcirculatory and 

hepatocellular damage compared to intermittent clamping, when vascular inflow occlusion was 

applied for 90 minutes. However, when vascular inflow occlusion was extended to 120 minutes, 

intermittent clamping of the hepatic pedicle was the preferred method resulting in less injury 

during liver resection (14). 

Favorable results have been claimed of total vascular occlusion in combination with 

cooling of the liver during extended liver resection procedures (15-17). Hypothermic protection of 

the liver during ischemia is a well known strategy in the transplantation setting, when donor livers 

are flushed with an appropriate organ preservation solution and stored at 4
0
C. Experiments in 

which the liver is cooled in situ for resection, require not only total vascular isolation of the liver, 
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but also free drainage of the cooling solution from the hepatic veins. If the cooling solution is 

allowed to enter the circulation, not only will a systemic drop of temperature occur, but also the 

components of the flush solution, with usually a high potassium content, constitute a potential 

hazard. In our laboratory, experiments are conducted in which the liver is cooled in situ under 

complete vascular isolation. A device is used consisting of a two-way, perspex prosthesis which is 

introduced through a venotomy of the infrahepatic vena cava and advanced into the caval vein 

above the level of the diafragm. Ties around the suprahepatic vena cava between liver and 

diafragm at the cranial end of the prosthesis, and around the infrahepatic vena cava (above the 

renal veins) at the caudal end, secure the prosthesis. The lumen of the prosthesis provides 

continous venous drainage of the lower caval system while excluding the hepatic veins and at the 

same time receives the portal venous blood from a shunt inserted in the portal vein and connected 

to a side-port of the prosthesis (Figure 3).  

Figure 3 
Experiments under complete vascular 

isolation of the pig liver are conducted by 

using a portal-caval, intraluminal 

prosthesis. This device consists of a two-

way, perspex prosthesis which is 

introduced through a venotomy of the 

infrahepatic vena cava and secured at the 

level of the diafragm. The prosthesis 

provides continuous venous drainage of the 

lower caval system while excluding the 

hepatic veins. Portal venous blood is 

drained via a shunt connected to a side-port 

of the prosthesis. Prior to left 

hemihepatectomy, the right hemi-liver is 

flushed by retrograde canulation of the 

divided, left hepatic artery. 
 

The flush solution after passing through the hepatic veins, leaves the caval vein via the venotomy. 

Circulation is reestablished by releasing the tie around the suprahepatic vena cava and placing a 

tie around the infrahepatic vena cava cranial to the venotomy, or removal of the prosthesis and 

closure of the venotomy. 

 

Liver resection in dogs 

Partial liver resections in dogs are carried out more or less along the same lines as in pigs, and in 

humans. Usually, a left hemihepatectomy is performed resulting in resection of around two-thirds 

of the whole liver volume. After division of the left hepatic artery and left portal vein the line of 

demarcation will appear just right to the quadrate lobe and the gallbladder fossa, and left to the 
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right medial lobe. A bridge of parenchyma, most of which consists of the body of the caudate lobe 

between its caudate and papillary processes, connects the left and right liver lobes and is dissected 

for separation of both sides of the liver. The hepatic veins, usually a left and right hepatic vein 

with a smaller vein adjacent to the left hepatic vein confluence, are readily dissected before 

entering the suprahepatic vena cava. 

 

Liver resection and induction of liver ischemia in the rat 

A midline laparotomy is performed extending from below the xiphoid cartilage. The transparent, 

falciforme ligament between the convex face of the liver and the diaphragm is cut down to the 

suprahepatic vena cava. For liver resection, the median and left lateral lobes are mobilized and 

pushed out of the abdominal cavity. Two suspensory ligaments, one attaching the dorsal face of 

the left lateral lobe to the median blood vessels and to the stomach, and the other, attaching the 

anterolateral edge to the posterior peritoneum, are divided. A ligature is tied around the base of 

the blood vessels to the median and left lateral lobes after which both lobes are cut near to the 

ligature. Within 10-20 days post-resection, the liver will be found to have fully regenerated (18). 

Liver ischemia can be induced partially or in the whole liver, followed by reperfusion. 

Total liver ischemia as results from clamping of the hepatoduodenal ligament will lead to 

splanchnic congestion, which is badly tolerated in rodents. Partial liver ischemia by clamping of 

the portal and arterial branches to the median and left lateral lobes is better tolerated because 

portal outflow via the right lateral lobe remains secured. After restoration of vascular inflow, the 

right lateral lobe may be excised leaving only the reperfused liver portions for assessment of post-

ischemic damage (19,20).  

Prolonged ischemia in the rat requires appropriate anesthesia and monitoring of vital 

parameters and arterial p02 to prevent tissue acidosis which influences ischemic tolerance of the 

liver. Preferably, tracheal intubation and continuous ventilation with volatile anesthetics are 

applied while continuously monitoring end-tidal CO2, to maintain physiological pH during the 

entire procedure (21). In a rat liver resection model of limited (30 minutes) ischemia, improved 

results following continuous vascular inflow occlusion were found as compared to intermittent 

clamping (19). However, in a cirrhotic liver model or when applying prolonged periods of 

ischemia, a benefit from intermittent hepatic vascular inflow occlusion was found although in the 

latter experiments, no partial liver resection was performed (22-24). 
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Conclusion 

Models of liver resection, in small animals (rats, mice) as well as in large animals (pigs, dogs) 

have proven valuable in increasing our understanding of the mechanisms of the local and systemic 

injurious effects associated with major liver surgery. Especially the sequelae of liver ischemia and 

reflow resulting from temporary vascular inflow occlusion, with or without caval vein isolation, 

have been the subject of several experimental studies. The major limitation of animal studies 

concerning liver resections are, apart from a species difference in ischemic tolerance of the liver, 

the inability of the venous splanchnic system to sustain portal vein occlusion. Unlike in humans, 

in which the naturally occurring portal-systemic collateral circulation allows prolonged clamping 

of the portal vein, animals require construction of a portal-caval shunt to decompress the 

splanchnic venous system during occlusion of the portal vein for longer than a few minutes. 

Similar precautions need to be observed in experimental liver resections as in human liver 

surgery, i.e. prevention of major blood loss and postoperative insufficiency of the remnant liver. 

Application of fibrin glue (Tissucol , Baxter) on the liver resection surface in large animals has 

proven extremely helpful in reducing intraoperative and postoperative bleeding complications. 

When performed under standardized conditions and assessed according to validated criteria, 

experimental liver resections can contribute substantially to improvement of techniques and safety 

in clinical liver surgery. 
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Abstract 

This study examined the effects of 1°C hypo- or hyperthermia on in vivo liver I/R injury in fifteen 

fasted male Wistar rats. Rats were ventilated and rectal temperature was maintained at 36°C, 

37°C (normothermic) or 38°C. In all rats 70% liver ischemia was induced by clamping the 

afferent vessels to the median and left lateral lobes for 60 min and reperfusion was allowed for 90 

min. Changes in plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT) and 

alpha-glutathione S-transferase (α-GST) levels were measured, hemodynamics and bile secretion 

were monitored and arterial blood gas analysis was performed. All ventilated rats showed a 

normal pH, paCO2 and paO2. AST, ALT and α-GST levels were significantly higher in the 38°C 

group when compared to the 36°C and 37°C groups after ischemia. No differences in bile 

secretion were found between all groups. Histopathological alterations were in agreement with 

AST, ALT and α-GST levels in plasma. We conclude that a decrease of only 1°C in body 

temperature significantly attenuates liver I/R injury, whereas an increase of 1°C significantly 

increases liver I/R injury.  
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Introduction 

Liver injury due to normothermic ischemia and reperfusion (I/R) processes has been the focus of 

a large number of animal studies. Most of these studies have been performed in controlled models 

of ischemia and subsequent reperfusion. Temporary cross clamping of the pedicle to the left 

lateral and median lobes is the most commonly used in vivo model of liver I/R. Although it is 

considered a reliable model, little attention has been paid to the impact of body temperature on the 

results produced with this model. The influence of temperature on I/R injury is already well 

established in literature (2), however the influence of only 1°C fluctuation in body temperature on 

liver I/R injury has not been investigated. Based on previous studies performed in our laboratory 

(unpublished results; Heijnen BHM, Straatsburg IH, van Gulik TM), we hypothesized that even 

small fluctuations in body temperature could have a major impact on the extent of liver I/R injury. 

This study was undertaken to examine in detail the influence of 1°C body temperature fluctuation 

on the extent of liver I/R injury in an in vivo rat model of 60 min of normothermic liver ischemia, 

by clamping the afferent vessels to the median and left lateral lobes (70%), and 90 min of 

reperfusion. 

Materials and methods 

Animal preparation 

This study was approved by the Animal Experiment Committee of the Academic Medical Center, 

University of Amsterdam, The Netherlands. Male Wistar rats (325-375 g; Broekman, Someren, 

The Netherlands) were allowed to acclimatize to the laboratory environment for 7 days with free 

access to water and standard laboratory chow (Hope Farms, Woerden, The Netherlands). Rats 

were housed under standard environmental conditions with a 12-hour light/dark cycle. Before use 

in experiments, rats were fasted overnight with free access to water.  

 

Temperature control and anesthesia 

Fifteen rats were divided into four groups. Three groups of 5 rats were anesthetised via inhalation 

of a mixture of O2 : N2O (1 : 1 V/V, 2 l/min) and isoflurane 2-3% (Florene
®
, Abbott Laboratories 

Ltd., Queensborough, United Kingdom). After endotracheal intubation (14G Venflon
®
), rats were 

ventilated (Zoovent ventilator, Instruvet, Amerongen, The Netherlands) and anesthesia was 

maintained with the same mixture. Adequate ventilation was verified by continuous monitoring of 

end-tidal CO2, assuring physiological pH during the entire procedure. After manual removal of 
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fecal content, a temperature probe (HP temperature module M 1029A, Agilent Technologies 

Netherlands B.V., Amstelveen, The Netherlands) was inserted up to 1.5 cm in the rectum after 

induction of anesthesia. Rectal temperature of either 36°C, 37°C or 38°C was maintained during 

the procedure and controlled by keeping the animals in supine position on a heating pad with the 

additional use of a heating lamp.  

 

Surgical procedure 

In all animals a silicone catheter (diameter 0.9 mm) was inserted into the left carotid artery for 

assessment of hemodynamic parameters during operation and for collection of blood samples. 

Arterial blood pressure was maintained at the initial level by adjustment of the isoflurane 

concentration in the mixture.  

 After midline laparotomy, the common bile duct was cannulated with a polyethylene 

catheter (  0.4 mm) for collection of bile. Bile was continuously collected before ischemia (15 

min), during ischemia (60 min) and during reperfusion (90 min). After dissection of the falciform 

ligament, the afferent vessels to the median and left lateral lobes were exposed by everting the 

hepatic lobes upward. An atraumatic vascular clip was applied to these vessels to induce partial 

hepatic ischemia (70%) during 60 min. Complete cessation of blood flow was verified with a 

laser-Doppler perfusion monitor (Periflux System 4000, Perimed Ltd, Suffolk, United Kingdom) 

equipped with a fiberoptic probe (Probe 408). At the end of the ischemic period, the clip was 

removed and subsequent reperfusion was initiated. After 90 min of reperfusion liver biopsies were 

collected, fixed in 4% buffered formaldehyde and routinely processed for haematoxylin and eosin 

staining of paraffin sections (4µm). Per animal, biopsies of two I/R liver lobes and one non-I/R 

control lobe were examined for vascular congestion of erythrocytes, parenchymal cell swelling, 

cytoplasmic microvacuolisation, cytoplasmic fading due to protein leakage and appearance of 

pyknotic and fragmented nuclei. 

 

Blood sampling 

Blood samples (500 l) were collected from the carotid artery prior to induction of ischemia (T0), 

at the end of the ischemic period (T1) and after 90 min of reperfusion (T2) in microtainer
®
 tubes 

containing lithium heparin (Becton Dickinson and Company, Franklin Lakes, New Jersey). 

Samples were centrifuged (10 min, 3000 rpm, 4°C) and plasma was collected for the assessment 

of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and α-glutathione-S-

transferase (α-GST) as parameters for hepatocellular injury. Activity of AST and ALT in plasma 
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was determined by routine laboratory testing. Protein levels of α-GST were analyzed by ELISA 

(HEPKIT
TM

-Alpha, Biotrin, Dublin, Ireland) according to the instructions provided.  

 After 90 min of reperfusion, routine arterial blood gas analysis was performed (ABL
TM

 

505 and OSM 3 hemoximeter
®
, Radiometer, Copenhagen, Denmark). 

 

Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). Statistical analysis (Student t-

test) was performed using GraphPad Prism version 3.00 for Windows (GraphPad Software, San 

Diego California USA). A p-value <0.05 was considered significant. 

Results 

Hemodynamics 

In all groups 70% liver occlusion produced minor alterations in systemic hemodynamics (mean 

arterial blood pressure (MAP) and heart rate) immediately after occlusion. Hemodynamic 

parameters returned to pre-ischemic values within five to ten minutes and splanchnic congestion 

was not observed. All rats remained hemodynamically stable during the entire procedure. 

 

Blood gas analysis 

After 90 min of reperfusion, rats kept at 36°C, 37°C and 38°C showed a physiological blood pH 

(pH=7.35-7.45), normal blood values of paCO2 (38±5, 34±2, 31±3 mmHg, resp.) and paO2 

(184±32, 189±12, 204±23 mmHg, resp.), indicating adequate ventilation.  

 

Hepatocellular injury 

Hepatocellular injury was assessed by measuring the activity of AST and ALT and protein levels 

of α-GST in plasma. AST and ALT levels at the end of ischemia (T1) and after 90 min of 

reperfusion (T2) were elevated in rats of all groups when compared to pre-ischemic (T0) values 

(figures 1 and 2; T1 vs T0, all data p<0.05; T2 vs T0, all data p<0.05). After 90 min of 

reperfusion at 38°C body temperature, plasma AST and ALT levels were elevated when 

compared to plasma levels obtained at 36°C and 37°C, indicating increased hepatocellular injury 

during I/R at 38°C. In addition, ALT levels in ventilated rats at 37°C were elevated when 

compared to rats at 36°C body temperature after 90 min of reperfusion, suggesting a direct 

relation between body temperature and extent of hepatocellular I/R injury (figures 1 and 2). 
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Figure 1 and 2 

Plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT) measured pre-

 ischemia (T0), at the end of ischemia (T1) and after 90 min of reperfusion (T2) in rats with rectal 

 temperatures of either 36°C (dashed bar), 37°C (grey bar) or 38°C (open bar).  

Bars represent means ± SEM. 

 * Significantly different from rats at 36°C (p<0.05).  

   # Significantly different from rats at 37°C (p<0.05). 

 

α-GST levels after 90 min of reperfusion (T2) were elevated in rats of all groups when 

compared to pre-ischemic (T0) values (figure 3; T2 vs T0, all data p<0.05). In contrast to AST 

and ALT levels, plasma α-GST levels at the end of ischemia (T1) were only different from pre-

ischemic levels in rats kept at 37°C (p<0.05). α-GST levels in rats at 38°C were elevated when 

compared to rats at 36°C but not when compared to rats at 37°C (p=0.08) after 90 min of 

reperfusion (figure 3).  

 

 

 

Figure 3 

Plasma α-glutathione S-transferase (α-

GST) concentrations measured pre-

ischemia (T0), at the end of ischemia 

(T1) and after 90 min of reperfusion 

(T2) in rats with rectal temperatures of 

either 36°C (dashed bar), 37°C (grey 

bar) or 38°C (open bar). Bars represent 

means ± SEM. 

* Significantly different from rats at 

36°C (p<0.05). 
  

 

 Bile secretion was measured during the entire procedure as parameter of hepatocyte 

function. Overall, bile secretion was reduced during liver ischemia and during 90 min reperfusion 

when compared to pre-ischemic levels in all rats. Only rats kept at 36°C showed a recovery of bile 
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secretion after 90 min of reperfusion (figure 4). However, bile secretion was never different 

between rats kept at 36°C, 37°C or 38°C.  

 

 

Figure 4 

Bile secretion as percentage of pre-

ischemic values. Bile secretion 

during ischemia (T1) and during 90 

min of reperfusion (T2) in rats with 

rectal temperatures of either 36°C 

(dashed bar), 37°C (grey bar) or 

38°C (open bar). Bars represent 

means ± SEM. All groups showed 

significant reduction in bile 

secretion at T1 and T2 when 

compared to T0 (significance not 

shown). 

* Significantly different from rats 

at 36°C at T1 (p<0.05). 
 

 

Histopathology 

Light microscopic evaluation of liver I/R injury was performed on H&E stained sections of liver 

biopsies after 60 min of ischemia and 90 min reperfusion in all groups. After liver I/R at 36°C 

only mild vascular congestion in the major vessels and vacuolisation in the I/R lobes was 

observed, while the non-I/R control lobes showed almost no alterations. More pronounced 

vacuolisation and protein leakage was observed in I/R lobes of ventilated rats at 37°C. Severe 

histopathological alterations were observed in I/R liver lobe sections at 38°C as compared to the 

non-I/R control lobes.  
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Discussion 

The results of this study show that minor changes in body temperature have substantial impact on 

the extent of liver I/R injury.  

Temporary cross clamping of the pedicle to the left lateral and median lobes of the liver 

is the most commonly applied in vivo model of partial (70%) liver ischemia and reperfusion (I/R) 

in the rat. A major advantage of this model is the absence of severe splanchnic congestion. 

Splanchnic congestion, when prolonged for more than 20 min, will result in circulatory shock 

with intestinal ischemia, unless a concomitant decompressing portal venous-systemic shunt is 

created (5). Because venous return to the heart is not compromised in this model, only minor 

temporary changes in blood pressure are observed directly after selective vascular inflow 

occlusion. Despite its widespread use, little attention has been paid to standardisation and 

validation of this model.  

A literature search on in vivo liver I/R studies in the rat (ca. 360 articles) learns that 

measurement and control of body temperature are not commonly practiced in experiments dealing 

with in situ models of liver I/R. The results of our study emphasize that only minor fluctuations in 

body temperature may have substantial impact on the extent of liver I/R injury. Our findings 

suggest that comparison between published results using a 70% partial liver I/R rat model should 

be made with caution.  

The upper paO2 limit in the ventilated rats was 204 mmHg, which is only marginally 

higher than normal O2 pressures (ca. 160 mmHg). It has been reported that hyperoxia (100% 

oxygen, under normobaric conditions) can increase reactive oxygen species formation in different 

organs after at least 24 hours of exposition (1;13;16). Because in the ventilated rats exposure to 

high O2 pressures lasted for a maximum of 3 hours, hyperoxia is not thought to contribute to the 

extent of liver I/R injury. 

In this study plasma levels of AST, ALT and α-GST were used as parameters of 

hepatocellular injury. Whereas AST and ALT are commonly used as parameters of hepatocellular 

injury, α-GST is a relatively new plasma marker, which has not been frequently used. It has been 

reported that α-GST is a sensitive parameter for assessment of hepatocellular injury (14), due to 

its distribution (80% of all α-GST is present in hepatocytes) (4), high cytosolic concentration 

(5%) and shorter half-life (60 min). The present study confirms the sensitivity of α-GST, however 

α-GST did not discriminate in hepatocellular injury between rats kept at 38°C and 37°C after 90 
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min of reperfusion whereas AST and ALT did, rendering α-GST less discriminative than 

conventional parameters.  

The reported physiological temperature of rats varies between 37°C and 38°C, but male 

rats show a lower mean body temperature than female rats (37°C) (11). Therefore, a body 

temperature of 37°C is considered to be physiological in this study. In the present study, up to a 

fourfold difference in plasma levels of liver enzymes after liver I/R at 37°C and 38°C was 

observed, which was confirmed by the histopathological evaluation. These findings are in 

agreement with a detrimental cerebral outcome after complete cerebral ischemia in canines with 

an elevation of body temperature of only 1°C or 2°C (17). In order to elucidate the mechanism 

underlying the substantial influence of body temperature on the outcome of liver I/R injury further 

study is required. 

The use of isoflurane is not likely to be of importance in this type of experiments. Some 

volatile anesthetics (halothane and enflurane) are known to impair hepatocellular integrity while 

others (isoflurane) preserve hepatic blood flow and oxygen delivery and thereby facilitate 

recovery from ischemia (6-10;12;15). In this study, no relation was found between the extent of 

liver I/R injury and the concentration of isoflurane used in the anesthetic mixture during the 

experiment (data not shown).  

As parameter of hepatocyte function, bile secretion was measured during the entire 

procedure. Bile secretion is considered to be a good indicator of hepatocyte function (3). During 

I/R in this study however, bile secretion between rats with body temperatures of 36°C, 37°C or 

38°C was not significantly different, although large differences in hepatocellular I/R injury were 

observed. Only rats kept at 36°C showed some recovery in bile secretion within 90 min of 

reperfusion, but bile secretion was still significantly lower when compared to pre-ischemic values. 

Although prolonged observation may reveal larger differences between the groups, previous 

studies in our laboratory showed incomplete recovery of bile secretion also after 24 hours of 

reperfusion (data not shown). Analysis of bile composition might show differences between 

groups but was not investigated in this study. 

The results of this study suggest a significant role of body temperature in in situ models 

of liver ischemia and reperfusion and therefore body temperature should be controlled during the 

entire procedure. A drop of as little as one degree Celsius in body temperature gave rise to a 75% 

decrease in liver injury as reflected by the release of liver transaminases and α-GST in the blood. 

We suggest that standardisation of methods used in I/R studies is beneficial for comparison and 



Chapter 4 

70 

validation of animal models. This should include, as is our conclusion from the data presented 

here, conscientious maintenance of animal body temperature. 
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Abstract 

The contribution of acidosis to the development of reperfusion injury is controversial. In this 

study we examined the effects of respiratory acidosis and hypoxia in a frequently used in vivo 

liver ischemia and reperfusion (I/R) injury rat model. Rats were anesthetised with intraperitoneal 

anesthetics and subjected to partial liver ischemia (70%) for 60 min and subsequent reperfusion 

for 90 min under the following conditions: 1) no acidosis and normoxia, maintained by controlled 

ventilation, 2) acidosis and normoxia, maintained by passive supply with oxygen, 3) no acidosis 

and hypoxia, maintained by bicarbonate administration without respiratory support and 4) 

acidosis and hypoxia, i.e. without respiratory support or pH correction. Changes in plasma AST 

and ALT levels were measured as parameters of hepatocellular injury and bile secretion was 

monitored. AST and ALT levels were lowest in the ventilated rats and highest in the bicarbonate 

treated rats. No differences in bile secretion were found between groups. Our results suggest that 

respiratory acidosis significantly enhanced liver I/R injury under normoxic conditions whereas 

respiratory acidosis significantly reduced liver I/R injury under hypoxic conditions.  
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Introduction 

Normothermic ischemia and reperfusion (I/R) injury of the liver has been the focus of a large 

number of animal studies. Temporary cross clamping of the pedicle to the left lateral and median 

lobes is a frequently used in vivo model of liver I/R. Although it is considered a reliable model, 

little attention has been paid to the influence of the method of anesthesia on the results produced 

with this model in the rat. Different anesthetic procedures, especially the use of respiratory 

support, may influence both pH and oxygen tension in the blood, producing potential differences 

in the extent of I/R injury. Although the influence of acidosis on hepatocytes and endothelial cells 

have been studied in vitro (2;4), no data exist on the influence of acidosis on liver I/R injury in 

vivo. Previous experiments in our laboratory showed development of marked acidosis and 

hypoxia during liver I/R in non-ventilated rats (unpublished observations). Although the use of 

respiratory support by intubation and ventilation is not commonly practiced, this may strongly 

influence the extent of liver I/R injury and thus the interpretation of results. This study was 

undertaken to examine liver I/R injury in acidotic and non-acidotic rats under normoxic and 

hypoxic conditions. We hypothesized, based on in vitro results in literature (2), that acidosis 

would have a protective effect on liver I/R injury under hypoxic conditions and no effect under 

normoxic conditions in an in vivo rat model of partial liver I/R.  

Materials and methods 

Animal preparation 

This study was approved by the Animal Experiment Committee of the Academic Medical Center, 

University of Amsterdam, The Netherlands. Male Wistar rats (325-375 g; Broekman, Someren, 

The Netherlands) were allowed to acclimatize to the laboratory environment for 7 days with free 

access to water and standard laboratory chow (Hope Farms, Woerden, The Netherlands). Rats 

were housed under standard environmental conditions with a 12-hour light/dark cycle. Before use 

in experiments, rats were fasted overnight with free access to water.  

 

Anesthesia 

All rats were anesthetised by intraperitoneal (i.p.) injection of 3 ml/kg of a mixture of 0.4 ml 

midazolam (0.5 mg/ml; Dormicum
®
, Roche Nederland B.V., Mijdrecht, The Netherlands), 1 ml of 

fentanyl citrate and fluanisone (0,315 mg/ml and 10 mg/ml resp.; Hypnorm
®
, Janssen-Cilag Ltd., 

Saunderton, High Wycombe, Buckinghamshire, United Kingdom) and 2.6 ml of NaCl (0.9%). 
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Anesthesia was maintained by 0.1 ml Hypnorm
®
 i.p. every 45 min. A temperature probe (HP 

temperature module M 1029A, Agilent Technologies Netherlands B.V., Amstelveen, The 

Netherlands) was inserted up to 1.5 cm in the rectum after induction of anesthesia. Rectal 

temperature of 37°C was maintained during the procedure and controlled by keeping the animals 

in supine position on a heating pad with the additional use of a heating lamp (8). 

 

Experimental design 

Twenty-four Wistar rats received i.p. anesthesia and were subjected to partial liver ischemia under 

four different conditions. In the ventilated group, rats were endotrachealy intubated (14G 

Venflon
®
) and ventilated (Zoovent ventilator, Instruvet, Amerongen, The Netherlands) with a 

mixture of oxygen and air (1:1 vol/vol, 2 l/min) without the use of positive end-expiratory 

pressure (PEEP). Adequate ventilation was confirmed by continuous monitoring of end-tidal CO2. 

In this group we aimed at maintaining a physiological pH without development of hypoxia. In the 

second group, rats received oxygen and air (1:2 liter) via a mask while rats were breathing 

spontaneously without further respiratory support. These rats should develop acidosis, but not 

hypoxia. In the bicarbonate group, rats received bicarbonate infusion (2.1%, 3 ml/h) via the tail 

vein while respiratory support was not provided. These rats should develop hypoxia without 

acidosis. In the control group, rats were breathing spontaneously without any form of respiratory 

or metabolic support. These rats will develop acidosis and hypoxia. 

 

Surgical procedure 

In all animals a silicone catheter (  0.9 mm) was inserted into the right carotid artery for 

assessment of hemodynamic parameters during surgery and for collection of blood samples. After 

midline laparotomy, the common bile duct was cannulated with a polyethylene catheter (  0.4 

mm) for collection of bile. Bile was continuously collected before ischemia (15 min), during 

ischemia (60 min) and during reperfusion (90 min) as parameter of hepatocyte function. After 

dissection of the falciform ligament, the afferent vessels to the median and left lateral lobes were 

exposed by everting the hepatic lobes upward. An atraumatic vascular clip was applied to these 

vessels to induce partial hepatic ischemia (70%) during 60 min. At the end of the ischemic period, 

the clip was removed and subsequent reperfusion was initiated. After 90 min of reperfusion liver 

biopsies were collected, fixed in 4% buffered formaldehyde and routinely processed for 

haematoxylin and eosin staining of paraffin sections (4 µm). 
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Blood sampling 

Blood samples (500 l) were collected prior to induction of ischemia, at the end of the ischemic 

period and after 90 min of reperfusion in microtainer
®
 tubes containing lithium heparin (Becton 

Dickinson and Company, Franklin Lakes, New Jersey). Samples were centrifuged (10 min, 3000 

rpm, 4°C) and plasma was collected for the assessment of aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT) as parameters for hepatocellular injury. Activity of AST and 

ALT in plasma was determined by routine laboratory testing. Pre-ischemia, at the end of the 

ischemic period and after 90 min of reperfusion, routine arterial blood gas analysis was performed 

(ABL
TM

 505 and OSM 3 hemoximeter
®
, Radiometer, Copenhagen, Denmark). 

For calculation of mean and significant differences, pH values were converted to blood hydrogen 

ion concentrations and expressed as mean ± standard error of the mean (SEM). However for 

clarity, also mean pH values are mentioned in table 1.  

 

Histopathology 

Light microscopic evaluation of liver I/R injury was performed on H&E stained sections of liver 

biopsies after 60 min of ischemia and 90 min reperfusion in all groups. After liver I/R, vascular 

congestion in the sinusoidal space, presence of polymorphonuclear leukocytes, cell death 

(karyorhexis, pyknosis, karyolysis or cytolysis) and vacuolisation were semi-quantitatively 

assessed in ten high power fields (40x objective) per section. Semi-quantitative scores for each 

phenomenon ranged from 0 to 5, depending on the frequency of the phenomenon (0, never; 1, 

seldom (frequency in less than 1% of the cells); 2, occasionally (1-10% of the cells scattered 

throughout the liver section); 3, regularly (in 1-10% of the liver parenchyma); 4, often (10-50% of 

the liver parenchyma); 5, very often (>50% of the liver parenchyma).  

 

Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). A two-way ANOVA and 

repeated measurements testing were performed using SPSS
®
 version 10.1 for Windows

®
. A p-

value <0.05 was considered significant. 
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Results 

Hemodynamics 

Mean arterial pressures (MAP) returned to pre-ischemic values within five to ten minutes after 

vascular inflow occlusion and splanchnic congestion was not observed, owing to partial occlusion 

of the afferent liver vessels. Animals in all groups, except for the non-supported control group, 

showed stable hemodynamics during the entire liver I/R procedure. At the end of the ischemic 

period and after 90 min of reperfusion, rats in the control group showed a lower MAP when 

compared to all other groups. After 90 min of reperfusion, the MAP in the control group was 

significantly decreased when compared to the pre-ischemic values (table 1). 

 

pH 

Ventilated rats and rats in the bicarbonate group showed a physiological blood pH during the 

entire procedure. Rats in the control group developed acidosis during the ischemic period with pH 

values lower than ventilated rats and bicarbonate treated rats. Rats with an oxygen mask showed 

the lowest pH (table 1).  

 

HCO3
-
 

Blood bicarbonate (HCO3
-
) levels were lowest in ventilated rats and highest in rats treated with 

bicarbonate. Bicarbonate levels remained stable in all rats during the experiment, except in 

bicarbonate treated rats (table 1).  

 

pCO2 

All non-ventilated rats showed increased blood pCO2 levels, whereas normal blood pCO2 levels 

were maintained in the ventilated rats. Blood pCO2 levels were highest in rats in the mask group, 

followed by pCO2 levels in rats in the control group and the bicarbonate group (table 1). 

 

pO2 

Although rats in the mask group showed lower blood oxygen pressures after ischemia when 

compared to ventilated rats, blood oxygen pressures in both groups were sufficient to maintain 

adequate organ oxygen supply during the experiment. In contrast, both rats in the bicarbonate and 

control group showed low oxygen pressures immediately after induction of anesthesia. After 

ischemia, oxygen pressures dropped to critically low levels in both the bicarbonate and the control 

group (table 1). 
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Experimental groups Ventilated Mask Bicarbonate Control 

MAP        

(Torr) 

pre-I 67 ± 2 68 ± 1 66 ± 2 65 ± 4 G 

end-I 62 ± 2 A 67 ± 2 B 64 ± 2 C 56 ± 2 A B C 

90 min R 66 ± 2 D 68 ± 2 E 64 ± 2 F       55 ± 4 D E F G 

H+  

(nM) 

{pH} 

pre-I 
38.9 ± 1.3 

           {7.41} 

46.9 ± 4.7 F M 

           {7.33} 

39.0 ± 1.3 

        {7.41} 

43.2 ± 1.9 G N 

         {7.36} 

end-I 
38.8 ± 1.7 A D 

           {7.41} 

64.2 ± 4.7 A B C F 

           {7.19} 

39.3 ± 2.5 B E 

        {7.41} 

53.9 ± 1.5 C D E G 

         {7.27} 

90 min R 
38.2 ± 1.1 H K 

           {7.42} 

62.5 ± 3.2 H I J M 

           {7.20} 

36.1 ± 1.2 I L 

        {7.44} 

55.7 ± 1.9 J K L N 

         {7.25} 

pCO2 

(Torr) 

pre-I    35.6 ± 1.4 A     49.3 ± 5.1 A L    44.7 ± 2.1 M     43.7 ± 2.9 N 

end-I 32.1 ± 1.9 B C D  64.8 ± 4.2 B E F   49.6 ± 3.5 C E     52.4 ± 4.0 D F 

90 min R 31.6 ± 1.3 G H I 62.4 ± 1.9 G J K L   52.1 ± 1.5 H J M 51.2 ± 2.1 I K N 

HCO3
- 

(mmol/L) 

pre-I 22.1 ± 0.4 A B C 25.2 ± 0.7 A D 27.6 ± 0.7 B D E 24.6 ± 0.9 C E 

end-I 20.2 ± 1.2 F G H 23.7 ± 0.4 F I 30.6 ± 1.0 G I J 22.8 ± 0.5 H J 

90 min R 20.1 ± 0.8 K L 23.3 ± 0.9 K M 35.2 ± 1.0 L M N 22.9 ± 0.6 N 

pO2 

(Torr) 

pre-I        221 ± 11 A B        195 ± 17 C D O      87 ± 4 A C J P        76 ± 11 B D K Q 

end-I 195 ± 11 E F G 133 ± 17 E H I      63 ± 3 F H J        58 ± 2 G I K 

90 min R 197 ± 3 L M N 127 ± 14 L O      49 ± 2 M P 49 ± 3 N Q 

 
Table 1 

Mean arterial blood pressure (MAP), arterial pH, pCO2 and pO2 values measured before induction of partial 

liver ischemia (pre-I), at the end of 60 min ischemia (end-I) and after 90 min of reperfusion (90 min R). 

Control rats showed a decrease in MAP at the end of ischemia and after 90 min of reperfusion. Physiological 

pH was maintained in ventilated and bicarbonate treated rats, whereas mask and control rats developed 

acidosis (see comments in „materials and methods‟). An accumulation of CO2 was observed in all rats, except 

for ventilated rats. Bicarbonate (HCO3
-
) levels were different between groups. All rats showed a stable 

bicarbonate concentration during the experiment, except in bicarbonate treated rats. pO2 values in bicarbonate 

and control rats were significantly lower than in ventilated rats and rats with an oxygen mask. Values 

represent means ± SEM. Significant differences exist between values tagged with equal fonts (p<0.05). 
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Hepatocellular injury and function 

AST and ALT levels at the end of ischemia and after 90 min of reperfusion showed significant 

elevation in rats of all groups when compared to pre-ischemic values (figure 1). After 90 min of 

reperfusion, plasma AST and ALT levels were lower in the ventilated rats when compared to all 

other groups. AST and ALT levels of rats in the bicarbonate group were higher when compared to 

rats in the mask and control group.  

 

 

 

 

 

 

 

Figure 1 

Plasma aspartate 

aminotransferase (AST, top) 

and alanine aminotransferase 

(ALT, bottom) measured 

before induction of partial 

liver ischemia (pre-I), at the 

end of 60 min ischemia 

(end-I) and after 90 min of 

reperfusion (90 min R) in 

ventilated rats (hatched 

bars), rats with and oxygen 

mask (grey bars), 

bicarbonate treated rats 

(open bars) and control rats 

(closed bars). AST and ALT 

levels were lowest in 

ventilated rats and highest in 

bicarbonate treated rats. 

Bars represent means ± 

SEM. 

* Significantly different 

from ventilated rats.  

# Significantly different 

from bicarbonate rats. 
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Overall, bile secretion was significantly reduced during liver ischemia and during 90 

min reperfusion when compared to pre-ischemic levels in all rats. None of the animals showed a 

significant recovery of bile secretion after 90 min of reperfusion. Furthermore, bile secretion was 

not significantly different between rats in all groups (figure 2).  

 

Figure 2 
Bile secretion measured during 

15 min before induction of 

partial ischemia (pre-I), during 

ischemia (during I) and during 

90 min of reperfusion (90 min 

R) in ventilated rats (hatched 

bars), rats with an oxygen mask 

(grey bars), bicarbonate treated 

rats (open bars) and control rats 

(closed bars). All groups showed 

significant reduction in bile 

secretion during ischemia and 

reperfusion when compared to 

pre-ischemic bile secretion 

(significance not shown). Bars 

represent means ± SEM. 
 

 

Histopathology 

In H&E-stained paraffin sections of the I/R liver lobes (illustrated in figure 3), the semi-

quantitative scoring of liver injury corresponded to the degree of parenchymal injury indicated by 

the plasma AST and ALT levels found in all groups (mean scores, ventilated rats 2.5, mask group 

3.0, bicarbonate group 4.2 and control group 3.2), while the non-I/R control lobes showed none of 

the investigated alterations (see material & methods).  
 

 

 

 

Figure 3 

Microphotograph of a H&E 

stained paraffin section of rat 

liver after 60 min of ischemia 

and 90 min of reperfusion in a 

bicarbonate treated rat showing 

congestion of erythrocytes (A), 

extensive multifocal pericentral 

and midzonal parenchymal 

necrosis with hepatocellular 

cytolysis, vacuolization, 

pyknosis (B) and karyorhexis 

(C). CV, central vein; PV, portal 

vein. 
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Discussion 

The results of this study emphasize that the development of acidosis and/or hypoxia during in 

vivo liver I/R experiments has substantial impact on the extent of liver I/R injury. Temporary 

cross clamping of the pedicle to the left lateral and median lobes of the liver is a frequently 

applied in vivo model for partial (70%) liver I/R in the rat. The absence of severe splanchnic 

congestion is a major advantage of this model, since splanchnic congestion, when prolonged for 

more than 20 min, will result in circulatory shock with intestinal ischemia, unless a concomitant 

decompressing portal venous-systemic shunt is created (6). Because venous return to the heart is 

not compromised in this model, only minor temporary changes in blood pressure were observed 

directly after selective vascular inflow occlusion.  

When reviewing literature on the use of the partial liver ischemia rat model, anesthesia 

appears to be induced and maintained with numerous drugs (chloralhydrate, pentobarbital, 

atropine, ketamine, xylazine, diazepam, Hypnorm
®
, urethane, isoflurane, halothane, metofane, 

ether and multiple combinations). Drugs are administered via intra-muscular and intra-peritoneal 

injections as well as by inhalation and by ventilation. Our findings suggest that comparison 

between published results using a 70% partial liver I/R rat model should take into account the 

method of anesthesia applied and, accordingly, should be made with caution.  

In this study, non-ventilated rats with bicarbonate infusion retained a physiologic pH, 

whereas other non-ventilated rats developed acidosis. Also, non-ventilated rats developed hypoxia 

when oxygen was not supplied. Ventilated rats maintained normocapnia, a physiological pH and 

mild hyperoxia. Hypercapnia and hypoxia in the non-ventilated rats are evidently caused by 

inadequate gas exchange in the alveoli due to inadequate respiration, leading to respiratory 

acidosis. At the end of the ischemic period, when the hepatic circulation was not yet restored, 

liver-derived lactic acid unlikely played a role in the development of acidosis. Moreover, 

differences in pH between rats with an oxygen mask and ventilated rats already existed before 

induction of ischemia. During reperfusion, pH remained stable in all groups (as did the pCO2 and 

HCO3
-
 levels), which makes the contribution of lactic acid to the prolongation of acidosis less 

likely.   

The upper pO2 limit in the ventilated rats was 200 Torr, which is higher than normal O2 

pressures (ca. 94 Torr). It has been reported that hyperoxia (induced by exposure to 100% oxygen 

under normobaric conditions) can increase reactive oxygen species formation in different organs 

after at least 24 hours of exposure (1;12;13). Because in our study ventilated rats were exposed to 
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high O2 pressures for a maximum of 3 hours, hyperoxia is not thought to contribute to the 

development of liver I/R injury.  

Although rats with an oxygen mask showed increased respiratory insufficiency (i.e. 

increased pCO2 levels) and significantly lower blood O2 pressure after ischemia compared to 

ventilated rats, O2 pressures were still above physiological levels. This suggests that the 

differences in arterial O2 pressures unlikely contributed to the differences in liver I/R injury 

between rats with an oxygen mask and ventilated rats. 

Rats with an oxygen mask showed significantly enhanced hepatocellular I/R injury when 

compared to ventilated rats. This suggests that hypercarbic acidosis during normoxic reperfusion 

has an adverse effect on liver I/R injury. In our experiments, pCO2 levels did not exceed 65 Torr 

and therefore, only mild acidosis developed. Although it has been reported that mild acidosis can 

be protective whereas severe acidosis can enhance hypoxic injury in isolated hepatocytes (7), the 

present experiments show opposing results under normoxic conditions. Our data suggest that 

enhanced hepatocellular I/R injury despite normoxic reperfusion in rats with an oxygen mask was 

due to respiratory acidosis. 

In contrast, rats of the control group with mild acidosis and severe hypoxia during liver 

I/R showed significantly less hepatocellular injury when compared to bicarbonate treated rats with 

hypoxia only. The protective effect of acidosis under hypoxic conditions is well documented in 

literature (2;4). Some studies suggest that the supply of bicarbonate may well restore blood pH 

values, but leads to a paradoxical decrease of intracellular pH and hence to impaired cellular 

function (9;10;17). This assumption is still highly controversial and other studies suggest that the 

role of this phenomenon is minimal (5;11;14) and transient (15) in vivo. 

The critically low pO2 during liver I/R in non-ventilated control- and bicarbonate rats 

actually prolonged the hypoxic period of the liver during reperfusion despite restoration of blood 

flow. Prolonged hypoxia during reperfusion, reportedly, severely augments liver I/R injury (16). 

As was mentioned before, mild acidosis in hypoxic, non-ventilated control rats attenuated liver 

I/R injury during hypoxia when compared to hypoxic, non-ventilated bicarbonate-treated rats with 

physiologic pH. Mild acidosis did not completely protect the liver from the adverse effects of 

hypoxic reperfusion, since plasma AST and ALT levels in non-ventilated, hypoxic control rats 

with acidotic pH were still significantly higher when compared to ventilated, normoxic rats with 

physiologic pH. 

Bile secretion is considered to be a good indicator of hepatocyte function (3). However 

in this study during the entire period of liver I/R, bile secretion was not significantly altered by 
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acidosis and/or hypoxia, despite large differences in hepatocellular I/R injury. Although 

prolonged observation may reveal larger differences between the groups, previous studies in our 

laboratory showed incomplete recovery of bile secretion also after 24 hours of reperfusion (data 

not shown).  

In conclusion, the results of this study suggest that respiratory acidosis significantly 

enhanced liver I/R injury under normoxic conditions whereas respiratory acidosis significantly 

reduced liver I/R injury under hypoxic conditions. Clearly, standardisation of methods used in I/R 

studies is crucial for comparison and validation of animal models. This should include, as is our 

conclusion from the data presented here, controlled respiratory support of the animal during 

ischemia and reperfusion of the liver. 
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Abstract 

Activation of the complement system contributes to the pathogenesis of ischemia/reperfusion 

(I/R) injury. We evaluated inhibition of the classical pathway of complement by C1-inhibitor (C1-

Inh) in an experimental model of 70% partial liver I/R injury in male Wistar rats (n=35). C1-inh 

was administered at 100, 200 or 400 IU per kg bodyweight into rats, 5 min before 60 min 

ischemia (pre-I) or 5 min before 24 h reperfusion (end-I). Hundred IU per kg bodyweight 

significantly reduced the increase of plasma levels of activated C4 as compared to albumin-

treated control rats, and also attenuated the increase of the liver enzyme alanine aminotransferase 

(ALT). These effects were hardly better with higher doses of C1-inhibitor. Administration of C1-

inh pre-I resulted in lower ALT levels and higher bile secretion after 24 h of reperfusion than 

administration at end-I. There were no differences in plasma IL-6 levels at any time and 

histopathology scores in H&E-stained liver sections after 24 hr of reperfusion between C1-inh 

and albumin-treated rats. Immunohistochemical assessment indicated that activated C3, the 

membrane attack complex C5b9 and C-reactive protein (CRP) co-localised in hepatocytes within 

midzonal areas, which are particularly at risk for I/R injury, suggesting CRP is a mediator of I/R-

induced, classical complement activation in rats. We conclude that pre-ischemic administration of 

C1-inh is an effective pharmacological intervention to protect against liver I/R injury.  
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Introduction 

Normothermic ischemia of the liver leads to hepatocellular injury which, depending on the time 

of ischemia, may be aggravated by restoration of flow of oxygenated blood (reperfusion). 

Pathogenic mechanisms involved in I/R injury have been extensively investigated. Studies in 

models of myocardial 
1-3

 intestinal 
4
, renal 

5
 and hepatic 

4,6-8
 I/R have provided evidence for the 

role of complement in the pathogenesis of I/R injury. 

 The effect of complement activation during liver I/R is diverse. Several complement 

components become localized in ischemic liver 
7,9-11

, presumably facilitating opsonisation of 

injured cells for phagocytosis 
12

. Furthermore, plasma levels of activated complement components 

are increased after liver I/R in pigs 
11

 and humans 
9
. Complement activation products as the 

anaphylatoxins and the terminal complement membrane attack complex (MAC) have deleterious 

effects on the liver -amongst others by activating neutrophils- and contribute to vasoconstriction, 

impaired microcirculation, increased vascular permeability and cell lysis. In rats, depletion of 

complement before ischemia attenuates superoxide generation by Kupffer cells and accumulation 

of neutrophils in the liver during reperfusion, thereby suppressing liver I/R injury 
13

. Inhibition of 

the complement pathways by administration of soluble complement receptor type 1 (sCR1) just 

after the onset of liver ischemia, significantly reduces endothelial complement C3 deposition and 

the amount of liver necrosis 
7
. Taken together, these studies demonstrate that reperfusion of the 

ischemic liver may induce activation of complement. Hence, inhibition of the complement 

cascade may be a therapeutic option to reduce the inflammatory damage in postischemic, 

reperfused liver. 

 Main activators of complement by the classical pathway are IgM or IgG antibody-

antigen complexes, whereas bacteria trigger the alternative and lectin pathways 
14,15

. Also, 

cytokines 
16

, the release of intracellular proteins 
17,18

 and reactive oxygen species 
19,20

 may be 

involved in triggering the activation of complement. The molecular mechanism of the observed 

activation of complement during liver I/R is not clear. A previous study from our department in 

humans suggests a contribution of the acute phase protein C-reactive protein (CRP) 
9
. 

 Although some studies show that the activation of complement in ischemic liver occurs 

via the alternative pathway 
7,13,21

, the involvement of C4, and hence the classical pathway has 

been demonstrated in human liver 
9
. C1-inhibitor (C1-Inh) is a member of the serine protease 

inhibitor (serpin) family and is a major inhibitor of the classical complement pathway 
22

. Because 

of its anti-inflammatory properties, C1-inh has been evaluated in various animal models for 
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diseases such as sepsis 
23

 and myocardial infarction 
24-26

. These studies have yielded promising 

results, and initial studies with this compound in patients with these diseases have been started 

27,28
. A recent, concise study reports that reperfusion-related microcirculatory disorders were 

minimised by C1-inh in rat liver 
29

. In the present study, the role of the classical pathway in liver 

I/R and possible therapeutic use of C1-inh for reduction of liver I/R injury was investigated. 

Purified human C1-inh was administered at different dosages and at different time points in an in 

vivo rat model of partial liver ischemia. A possible mechanistic role of CRP in the initiation of 

complement activation was investigated by measurement of specific CRP-complement complexes 

in plasma 
30

.  

Materials and methods 

Animals 

This study was approved by the Animal Experiment Committee of the Academic Medical Center, 

University of Amsterdam, The Netherlands. Male Wistar rats (n=35; 325-375 g) were purchased 

from Broekman (Someren, The Netherlands). All rats were allowed to adapt to the laboratory 

environment for 7 days with free access to water and standard laboratory chow (Hope Farms, 

Woerden, The Netherlands). Rats were housed under standard environmental conditions with a 

12-h light/dark cycle. Before use in experiments, rats were fasted overnight with free access to 

water.  

 

Anesthesia 

All animals were anesthetized via inhalation of a mixture of O2:N2O (1:1 L/min) and isoflurane 2-

3% (Florene
®
, Abbott Laboratories Ltd., Queensborough, Kent, UK). After endotracheal 

intubation, rats were ventilated (Zoovent ventilator, Instruvet, Amerongen, The Netherlands) and 

anesthesia was maintained with the same mixture. Adequate ventilation was verified by 

continuous monitoring of end-tidal CO2, assuring physiological pH during the entire procedure 
31

. 

A silicone catheter (  0,9 mm) was introduced into the left carotid artery and tunnelled 

subcutaneously to the back of the rats for the assessment of hemodynamic parameters during 

operation as well as for withdrawal of blood samples and injection of C1-inh, albumin or saline. 

Arterial blood pressure was maintained at approximately preoperative levels by adjustment of the 

isoflurane levels. The animals were kept in supine position on a heating pad and rectal 

temperature was controlled at 37°C with the use of a heating lamp 
32

. 
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Operation techniques  

A midline laparotomy was performed. After dissection of the falciform ligament, the afferent 

vessels to the median and left lateral lobes were exposed by turning the hepatic lobes upwards. An 

a-traumatic vascular clip was applied to these vessels to induce partial hepatic ischemia (70%) for 

60 min, after which the clip was removed and subsequent reperfusion initiated. After surgical 

closure of the abdomen, the rat was allowed to regain consciousness and was provided with water 

and food.  

After 24 h of reperfusion the rat was anesthetized again for re-laparotomy. A cannula (  

0,4 mm) was inserted into the distal bile duct and bile was collected during 15 min as a parameter 

of hepatocyte function. Afterwards the rat was sacrificed under anesthesia by haemorrhage, liver 

biopsies were taken, frozen in liquid nitrogen and stored at –80°C or fixed in 4% (W/V) 

formaldehyde for future analyses. 

 

Intervention 

Five minutes before ischemia (pre-I) or 5 min before reperfusion (at the end of ischemia, end-I), 

either C1-inh (Sanquin, Amsterdam, The Netherlands) at 100 IU/kg, 200 IU/kg or 400 IU/kg or an 

equivalent amount of human albumin (Cealb
®
, Sanquin) was administered intravenously.  

 

Blood sampling 

Blood samples of 500 l were collected prior to induction of ischemia, after 90 min, 6 h and 24 h 

of reperfusion in tubes containing lithium heparin or K2EDTA. Blood was centrifuged (10 min at 

2,000x g at 4°C). Aliquots of plasma were stored at –80°C for further analysis.  

 

Assessment of hepatocellular injury 

ALT activity in heparin plasma was determined by routine spectrophotometry using alpha-

ketoglutaric acid and pyridoxal phosphate (General Clinical Chemistry Laboratory, AMC, 

Amsterdam. The Netherlands).  

 

ELISA 

Functional human C1-Inh was detected as described before 
33

. Briefly, C1-Inh was bound to 

plates coated with mAb RII against human C1-Inh 
34

 and detected with biotinylated C1s 
35

. 

Notably, this end-stage assay measures the number of functional C1-Inh molecules and not the 
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kinetics of the interaction between C1s and C1-Inh. Results were compared to those of normal 

human plasma pool (NHP). 

Activated rat C4 was detected with a novel ELISA 
36

. Briefly, an IgG fraction of sheep 

polyclonal Ab against human C4 (SHC4; Department of Immune Reagents; CLB, Amsterdam, 

The Netherlands), which cross-reacts with activated rat C4 
36

, was incubated at 2 µg/ml, final 

volume 100 microliter, in 0.1 M carbonate/bicarbonate, pH 9.6, overnight at room temperature in 

Maxisorb plates (Nunc). Plates were washed with PBS 0.02% (w/v) Tween 20 (PBS-Tween). Rat 

plasma samples were appropriately diluted in PBS-Tween containing 0.2% (w/v) gelatin and 10 

mM EDTA. Hundred µl of each dilution was incubated for 1 h at 4°C, the plates being gently 

shaken. The plates were washed 5 times in PBS-Tween and incubated with biotinylated IgG 

fraction of SHC4, diluted in PBS-Tween-0.2% gelatin (PTG), for 1 h at room temperature. Plates 

were then washed 5 times in PBS-Tween and incubated with streptavidin-polymerized-HRP 

(Business Unit Reagents, Sanquin) 1:10,000 diluted in PBS containing 2% (v/v) cow milk) for 25 

min at room temperature. Finally, the plates were developed with 3, 3', 5, 5'-tetramethylbenzidine 

(0.1 mg/ml in 0.11 M NaAc, pH 5.5, 0.003% H2O2) and stopped by addition of H2SO4. 

Absorption was measured at 450 nm. Levels of activated C4 in the plasma samples tested were 

compared to those in aged normal rat serum (NRA), which was used as an in house standard. 

NRA was prepared by incubating normal rat serum for 7 days at 37°C in the presence of sodium 

azide. 

Levels of the cytokine IL-6 were determined with a commercial ELISA according to the 

manufacturer‟s instructions (Pierce Endogen, Rockford, IL, USA). This assay has a sensitivity of 

< 16 pg/mL. 

 

Histopathology and histochemistry for C1-inh, C3, C5b9 and CRP 

Formalin-fixed, wax-embedded tissue was stained with haematoxylin and eosin. Liver injury was 

scored considering the following phenomena: clogging of sinusoids by erythrocyte stasis, 

hepatocyte vacuolisation, cell death (either nuclear condensation and fragmentation, nuclear 

fading or eosinophilia), cytoplasmic fading (cytolysis) and granulocyte accumulation. Each of 

these 5 parameters were scored on a scale from 0 to 5 and added to form a total pathology score. 

Immune peroxidase labelling of human C1-inh, rat complement fragments C3 and C5b9 

and CRP was performed on acetone-fixed frozen sections (8 µm) using mAbs mouse-anti-human 

C1-inh (1:40, clone RII IgG1; Sanquin Research), mouse-anti-rat C3 (ED11, Serotec), mouse-anti 

rat C5b-9 (1:40, clone 2A1, a kind gift of Dr. W. Couser), rabbit-anti-rat CRP (1:100; affinity 
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purified and absorbed with rat plasma depleted for CRP) and mouse-anti-rat IgG1 (1:40, Caltag, 

Burlingame, CA) as a control antibody for aspecific binding. Primary antibodies were detected with 

peroxidase-labelled rabbit-anti-mouse IgG (1:200, DAKO, Glostrup, Denmark) or peroxidase-

labelled goat-anti-rabbit IgG (1:100, DAKO). Peroxidase activity was visualised by incubating the 

sections for 12 min with a medium containing 0.5 mg/ml diaminobenzidine (DAB), 10 µM 

hydrogen peroxide and 50 mM Tris-HCL buffer (pH 7.6). All antibodies were diluted in PTG 

buffer (PBS, 0.2% gelatin 0.02 % Tween 20). 

To demonstrate co-localisation, single sections of I/R liver were sequentially stained for 

CRP and C5b9. Immunostaining for CRP was performed as described above and followed by 

intensive rinsing with double distilled water and PBS, incubation with mouse-anti rat C5b-9 and 

peroxidase-labelled rabbit-anti-mouse IgG as described above and visualisation (12 min) with 4-

chloro-1-naphthol (2.24 mM, Sigma) dissolved in 0.2% dimethyl formamide and 0.3% ethyl 

alcohol, 10 µM hydrogen peroxide and 50 mM Tris-HCl buffer (pH 7.6). 

Statistical analysis 

Results are expressed as mean ± SEM. A paired Student t-test for analysis of matched data and 

one-way ANOVA followed by a Newman-Keuls post-test for analyses between groups were 

performed using GraphPad Prism version 3.02 for Windows (GraphPad Software, San Diego 

California USA). A p-value <0.05 was considered significant. 
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Results 

Bile secretion 

Bile secretion after 24 h of reperfusion was higher in all rats treated with any dose of C1-inh 

before induction of ischemia as compared to albumin-treated rats. Rats treated with 200 IU/kg 

C1-inh before ischemia showed better bile secretion than rats treated with the same dose at the 

end of ischemia. Only treatment with 400 IU/kg of C1-inh at the end of the ischemic period 

rendered a significantly improved bile secretion when compared to albumin-treated rats (Fig. 1). 

 

Figure 1 

Bile secretion (means ± 

SEM) measured during 

15 min after 24 h of 

reperfusion (24 h R). 

Rats were treated with 

albumin (white bar), 100 

IU/kg C1-inh pre-I 

(black bar), 100 IU/kg 

C1-inh end-I (black 

chequered bar), 200 

IU/kg C1-inh pre-I (dark 

grey bar), 200 IU/kg C1-

inh end-I (dark grey 

chequered bar), 400 

IU/kg C1-inh end-I (light 

grey bar) and 400 IU/kg 

C1-inh pre-I (light grey 

chequered bar). All rats 

treated with C1-inh pre-I 

showed higher bile secretion than albumin treated rats (* significant versus albumin treated rats, p<0.01). 

Rats treated with 200 IU/kg C1-inh pre-I showed better bile secretion than rats treated with the same dose at 

the end of ischemia (# significant versus 200 IU pre-ischemia, p<0.05). 
 

Hepatocellular injury 

The increase of plasma ALT levels in rats treated with C1-inh was significantly less than that in 

the albumin-treated rats. Only after 24 h of reperfusion this reduction in ALT levels reached 

statistical significance (p<0.001) in all experimental groups. After 24 h of reperfusion, rats treated 

with either 200 or 400 IU/kg of C1-inh before ischemia showed significantly lower ALT levels 

when compared to rats treated with 100, 200 or 400 IU/kg of C1-inh at the end of the ischemic 

period (Fig. 2). 
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Figure 2 

Plasma ALT (means ± SEM) 

measured pre-ischemia (pre-

I), after 90 m of reperfusion 

(90 m R), 6 h (6 h R) and 24 h 

of reperfusion (24 h R) in rats 

receiving albumin or C1-inh 

(bars are coded as in Fig. 1). 

After 24 h R, ALT levels in 

C1-inh treated rats were 

significantly lower than in 

albumin-treated rats (* 

p<0.001) and ALT levels 

were lower in rats treated with 

C1-inh before ischemia than 

in rats treated at the end of 

ischemia (# and $ significant 

versus end-ischemia treated 

rats, p<0.05). 
 

 

Functional C1-inh  

Administration of either 100, 200 or 400 IU/kg of human C1-inh resulted in an increase of plasma 

C1-inh levels by 1.9, 3.8 and 6.2 IU per ml, respectively (one IU is the amount present in pooled 

human plasma). As expected, human C1-inh was not found in the rats treated with albumin. 

Plasma C1-inh levels between groups treated with either 100, 200 or 400 IU/kg of C1-inh 

remained significantly different during 24 h of reperfusion (not shown). No differences in C1-inh 

levels existed between rats treated with equivalent amounts of C1-inh administered either before 

ischemia or at the end of the ischemic period (Fig. 3). Mean plasma half-life was 4.4 h. 

 

Figure 3 

Percentage of functional C1-

inh compared to normal plasma 

pool (NMP) measured pre-

ischemia (pre-I), after 90 m of 

reperfusion (90 m R), 6 h (6 h 

R) and 24 h of reperfusion (24 

h R) in rats receiving albumin 

or C1-inh (bars are coded as in 

Fig. 1). Plasma C1-inh levels 

between groups treated with 

either 100, 200 or 400 IU/kg of 

C1-inh remained significantly 

different during 24 h R 

(significance not shown). Bars 

represent means ± SEM. 
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Complement activation  

All rats treated with C1-inh, irrespective of dosage and either before or at the end of ischemia, had 

lower plasma levels of activated C4 after 90 min and 6 h of reperfusion than the albumin-treated 

rats. After 24 h of reperfusion, no significant differences in activated C4 levels between C1-inh- 

and albumin-treated rats were observed (Fig. 4). Although activated C4 levels after 90 min of 

reperfusion were dissimilar in rats treated with equivalent amounts of C1-inh either before or at 

the end of ischemia, significance was not reached (C1-inh pre-I versus C1-inh end-I, 100 IU/kg 

p=0.18, 200 IU/kg p=0.09, 400 IU/kg p=0.06). Complete inhibition of the classical pathway of 

complement could not be achieved with any dosage of C1-inh, since all rats still had a significant 

increase of activated C4 levels after 90 min of reperfusion when compared to pre-ischemic levels. 

However, after 6 h of reperfusion, activated C4 levels were not different when compared with 

pre-ischemic levels. After 24 h of reperfusion activated C4 levels in several C1-inh-treated 

experimental groups were higher than pre-ischemic levels. In albumin-treated rats activated C4 

levels were consistently higher during reperfusion as compared to pre-ischemic levels (Fig. 4). 

 

 
Figure 4 

Percentage of activated C4 

compared to normal rat plasma 

aged pre-ischemia (pre-I), after 

90 m of reperfusion (90 m R), 6 

h of reperfusion (6 h R) and 24 h 

of reperfusion (24 h R). Albumin 

showed the highest increase in 

plasma activated C4 levels after 

90 m R and 6 h R. Bars represent 

means ± SEM.  

* significantly different from 

C1-inh treated rats (p<0.001); $ 

significantly different from pre-I 

levels (p<0.05). 
 

 

 

IL-6 

As expected, IL-6 levels rose after 90 min and 6 h of reperfusion (Fig. 5). However, no 

differences between peak levels of IL-6 were observed between C1-inh-treated and albumin-

treated rats. 
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Figure 5 

IL-6 levels in plasma (mean 

±SEM) before ischemia 

(pre-I), after 90 m of 

reperfusion (90 m R), 6 h of 

reperfusion (6 h R) and 24 h 

of reperfusion (24 h R) in 

rats receiving albumin 

(white bar), 100 IU/kg C1-

inh pre-I (black bar), 100 

IU/kg C1-inh end-I (black 

chequered bar), 200 IU/kg 

C1-inh pre-I (dark grey bar), 

200 IU/kg C1-inh end-I 

(dark grey chequered bar), 

400 IU/kg C1-inh end-I 

(light grey bar) and 400 

IU/kg C1-inh pre-I (light 

grey chequered bar). IL-6 

levels peaked in all animals 

after liver I/R at 90 min and 6 hr of reperfusion. There was no significant alteration of IL-6 levels in C1-inh-

treated animal compared to albumin–treated rats. 
 

 

 

Histopathology and histochemistry for C1-inh, C3, C5b9 and CRP 

Histopathological analysis of liver injury in H&E-stained paraffin sections according to a semi-

quantitative score (see Material & Methods) revealed no differences between I/R livers at 24 hr 

after treatment with either albumin or C1-inh (Fig. 6).  

Figure 6 

Liver pathology was scored in 

H&E-stained sections 

considering the following 

phenomena: clogging of 

sinusoids by erythrocyte 

stasis, hepatocyte 

vacuolisation, cell death 

(either nuclear condensation 

and fragmentation, nuclear 

fading or eosinophilia), 

cytoplasmic fading (cytolysis) 

granulocyte accumulation. 

Each of these 5 parameters 

were scored on a scale form 0 

to 5 and added to form a total 

pathology score. No 

difference in pathology score 

was observed after treatment 

with either albumin or c1-

inhibitor. 
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In frozen sections of ischemic-reperfused liver, after control immune histochemistry without 

primary antibody, focal light brown staining was found on pericentral and midzonal hepatocytes, 

likely due to non-specific adhesion of secondary antibodies and staining with the chromogen 

DAB. Upon incubation with rat IgG protein, a control for non-specific adhesion of plasma 

proteins to injured cells, a similar light brown staining in ischemic foci was observed. In all 

ischemic livers, intense dark brown staining was observed in granulocytes, showing high levels of 

endogenous peroxidase and non-specific conversion of DAB colour product (Fig. 7 A, B). 

Human C1-inh was never demonstrated in livers at 24 after administration of the 

compound, neither on sinusoidal endothelium nor on hepatocytes or any other constituent of the 

liver. Rat complement C3 was found on the hepatocyte plasma membrane both in normal and 

ischemic-reperfused livers. Occasionally, C3 staining was more intense in the cytoplasm of 

hepatocytes in pericentral and midzonal areas of I/R liver (Fig.7 C, D). 

Complement protein C5b9 as well as CRP were never observed in non-ischemic livers 

and appeared very intense in midzonal and pericentral hepatocytes in I/R livers. Incubation of 

serial sections and double staining of single sections showed that these proteins co-localised (Fig. 

7, E-H and Fig.8).  
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Figure 7 
Immune histochemistry for IgG (A, B), complement C3 (C, D) and C5b9 (E, F) and CRP (G, H) on a series of 

frozen sections of normal liver (A, C, E, G) and liver after 60 min of ischemia and 24 hr of reperfusion (B, D, 

F, H). In pericentral and midzonal areas, hepatocytes show clear staining for C5b9 and CRP (arrowheads). 

After ischemia/reperfusion, complement C3 was mainly increased at the plasma membrane of hepatocytes 

(insert in D, arrowheads). No cytoplasmic staining of native C3 is observed in normal (C) or ischemic-

reperfused livers (D). Arrows point at granulocytes showing non-specific, endogenous peroxidase staining. 

(cv, central vein; pv, portal vein; original magnification with 10x objective and for inserts 40x objective) 
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Figure 8 
In a single, frozen section of ischemic-reperfused liver, sequential staining for CRP and complement C5b9 

was performed. Arrows show co-localisation of CRP and C5b9 in hepatocytes. (Original magnification with 

100x objective) 
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Discussion 

Inappropriate complement activation is an important mediator of I/R injury after major surgery 

37,38
. Activation of the classical complement pathway in this type of tissue damage can occur via 

Ab-dependent as well as Ab-independent mechanisms, which in the latter case may involve the 

direct binding of C1q to damaged cells and in situ deposited acute phase proteins 
38

. To prevent 

undesired effects of complement activation, the therapeutic application of complement inhibitor 

C1-inh, a physiological inhibitor of the serine proteases C1r and C1s of the classical pathway, and 

of the manna binding lectin associated serime proteases (MASPs) of the manna binding lectin 

pathway, has been preliminary tested in man 
22,27,39

. Herein, C1-inh was tested in a rat model of 

liver I/R injury at different doses and different time points. In our study exogenous administration 

of C1-inh significantly attenuated liver I/R injury after 24 h of reperfusion, which is in agreement 

with previous studies 
25,40

. Furthermore, we show that pre-ischemic administration of C1-inh was 

more effective in attenuating liver I/R injury than administration of C1-inh at the end of the 

ischemic period. With respect to the recommended dose of C1-inh, our study suggests that a dose 

of 100 IU/kg is sufficient. 

 We observed increased bile secretion, reduced ALT leakage and lower levels of 

activated C4 when C1-inh was administered before the start of ischemia. This suggests that either 

C1-inh should be distributed thoroughly within the liver microcirculation or perhaps should be 

bound to the sinusoidal endothelium to exert its effect 
41

. The observations also suggest that at 

least part of the complement activation is initiated during the period of ischemia and is inhibited 

by C1-inh. A state of minimal flow hypoxia during ischemia, due to collateral circulation, cannot 

be excluded.  

 Inhibition of an early step in the classical pathway is of relevance in view of the pro-

inflammatory effects of early products of the complement activation cascade, such as C4a 
42

. 

Although in this study the classical pathway of complement (i.e. level of activated C4) was only 

partially blocked by C1-inh, hepatic I/R injury (i.e. ALT leakage from hepatocytes) was 

significantly attenuated. This suggests that C1-inh exerts its effects not only via reduction of 

classical complement activation. C1-Inh is also a major inhibitor of the lectin pathway of 

complement activation, the contact activation system and the intrinsic pathway of coagulation 
22

. 

It is, therefore, endowed with anti-inflammatory properties. These additional effects of C1-

inhibitor probably explain the therapeutic benefit of C1-Inh independent of an effect on the 

classical complement activation. 
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 The differences in liver I/R injury between albumin and C1-inh treated rats were most 

apparent after 24 h of reperfusion. This late beneficial effect of complement inhibition can be 

explained by the modulating effects of C1-inh on the inflammatory response, resulting in a 

blunted late phase of I/R injury, which is mainly propagated by activated neutrophils 
13

.  

 The finding that preischemic C1-inh administration has a more beneficial effect on liver 

I/R injury after 24 h of reperfusion versus administration of C1-inh at the end of ischemia is 

intriguing. Although this may be explained in various ways, we favour the explanation that the 

better effect of C1-inh given before ischemia, is due to inhibition of an activation process that 

already starts in the ischemic tissue before reperfusion. Indeed, we found a tendency towards 

lower activated C4 levels after 90 min of reperfusion when rats were treated with C1-inh-treated 

pre-ischemia. Support for this reperfusion-independent activation of complement is provided by 

experiments in dogs undergoing experimental myocardial infarction. In these animals it was 

observed that C1-inh produced a significant cardioprotective effect when coronary vessels were 

permanently occluded (WTh Hermens, CE Hack et al., manuscript in preparation). 

 Hepatic ischemia is associated with the release of a variety of acute reactant cytokines 

such as IL-6, a cytokine with pleiotrophic biological effects including induction of the acute phase 

reaction 
43

. Interleukins and oxygen free radicals, formed as a result of complement activation 

itself, may give positive feed-back to complement activation 
16,20

. IL-6 also appears to have 

unique protective properties in enhancing hepatocyte proliferation and preventing ischemic cell 

death 
44

. We observed no differences between peak levels of IL-6 between C1-inh-treated and 

albumin-treated rats at 6 hr after liver ischemia. Hence, complement inhibition likely does not 

interfere with hepatoprotection by IL-6 after liver ischemia. 

 Histopathological examination revealed no differences between I/R livers at 24 hr after 

treatment with either albumin or C1-inh. It should be noted that when it comes to assessing liver 

injury, tissue morphology is seldom conclusive 
45

. Bile secretion however, as parameter of 

hepatocyte function, did show differences between groups, analogous to the ALT levels.  

 C1-inh has been found to bind to sinusoidal endothelium or the sinusoidal pole of the 

liver trabeculae, linked to sinusoidal endothelium, after 8 hr of cold storage in UW solution 

containing C1-inh and 2 hr of reperfusion 
11

. We could not demonstrate that human C1-inh was 

retained by the livers at 24 hr after administration of the compound. We did find C3 deposition on 

plasma membranes of hepatocytes both in normal and postischemic liver. The mouse-anti-rat 

antibodies did not discriminate between native C3 and activation fragments of C3. In normal 

livers, the low background staining in the cytoplasm of hepatocytes as well as the more intense 
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staining of the hepatocyte membranes results from the synthesis of native C3 by these cells. In I/R 

livers, more cytoplasmic C3 was found in pericentral and midzonal hepatocytes. Whether this is 

native or activated C3 cannot be distinguished. Deposition of the anti-C3 antibodies on liver cells 

shows marked heterogeneity, which is likely related to the mainly midzonal expression of I/R 

injury, but perhaps also to variability in sensitivity to complement activation. We made no attempt 

to quantify the amount of C3 in hepatocytes after administration of C1-inh or albumin, 

considering the large variation that results from assessment of liver sections 
45

. 

 The MAC or C5b9 complex was found in the same areas (and by serial sectioning 

suggesting the same hepatocytes) as C3. This co-localisation indicates that the increased binding 

of anti-C3 antibodies to the cytoplasm of hepatocytes represents deposition of activated C3. The 

co-existence of activated C3 and C5b9 on hepatocytes in areas renowned for ischemic/reperfusion 

injury suggests that these hepatocytes may die through MAC-mediated cell lysis. 

 CRP co-localised with both activated C3 and C5b9 in hepatocytes in ischemically 

injured midzonal areas whereas periportal areas (notably most resistant to ischemic injury) were 

negative for CRP and complement. These results suggest CRP directly participates in local 

inflammatory processes, possibly via complement activation, after binding of a suitable ligand. 

Lagrand et al. first hypothesised that CRP fixed to injured plasma membranes in infarcted 

myocardium could promote local activation of the complement system via the classical route in 

humans 
46

. Although a previous attempt failed to demonstrate this phenomenon in rats 
47

, recent 

findings have proven that rat CRP activates the endogenous complement system in rats 
48

. Our 

own study in ischemic human livers also suggested a contribution of the acute phase protein CRP 

9
, but candidates like reactive oxygen species and immunoglobulin M 

49
 can not be excluded. 

Whether mitochondrial constituents play a role as ligand in the molecular mechanism of 

complement during I/R in the liver, as is suggested from studies in ischemic myocardium, remains 

to be evaluated 
50,51

.  

 Hepatocytes and sinusoidal endothelial cells, which have a defective expression of 

complement-regulatory proteins in normal liver, might therefore be at risk for complement-

mediated injury 
52

. This may explain in part the high susceptibility of the liver to complement-

mediated injury as shown in experimental models 
6
. 

 Complement activation leads to the formation and release of complement-derived 

peptides (C3a and C5a), potent pro-inflammatory mediators, which contribute to neutrophil 

accumulation, contraction of smooth muscle cells, increased vascular permeability and activation 

of Kupffer and endothelial cells 
53-56

. These mechanisms all contribute to impaired hepatic 
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microcirculation upon reperfusion, which is an important determinant in hepatic I/R injury 
57

. 

Although there is no doubt that complement is activated by ischemic liver, it remains to be 

established that inhibition of this activation is at the basis of the beneficial effects of C1-inh. 

Thus, if inhibition of the classical activation of complement is the main inhibitor of I/R injury, the 

question remains which effect of the complement cascade is attenuated: (1) release of C3a and 

C5a for attraction of leukocytes, (2) opsonisation of injured cells for macrophage recognition and 

phagocytosis, and/or (3) lysis of cells by formation of the MAC? It has been suggested that part of 

the cardioprotective effect of C1-inh is related to a diminished infiltration of neutrophils because 

of lower myeloperoxidase (MPO) activity in the ischemic myocardium of treated animals 
24

. It 

was also shown that increases of circulating C3a, and to a lesser extent C5a, were attenuated by 

intracoronary application of C1-inh in an experimental pig model of myocardial ischemia and 

reperfusion 
26

. Also, the inhibitory effect of C1-inh on leukocyte rolling and adhesion has been 

shown in rat mesentery 
58

 and liver 
29

. Lysis of hepatocytes by formation of the MAC leads to a 

rise of ALT in plasma, which was largely reduced by administration of C1-inh in our study. 

 Although activation of the classical complement pathway is causally involved in harmful 

complement activation during liver I/R, other pathways are likely to be involved as well. The 

alternative pathway amplifies the complement activation cascade induced via any pathway at the 

level of C3. The lectin pathway can be involved in complement activation after endothelial 

oxidative stress 
59

. Next to inhibiting the C1 complex, C1 inhibitor also affects the lectin pathway 

of complement activation and the contact system. Therefore, further definition of the contribution 

of the various complement pathways in liver I/R is of major importance for the development of an 

effective, specific, and safe treatment, e.g. in transplantation medicine. 

 We conclude that our results provide further evidence for the pivotal role of classical 

complement activation in mediating liver I/R injury. Our study also demonstrates that pre-

ischemic administration of C1-inh is more effective in reducing liver I/R injury than 

administration just prior to reperfusion, representing an effective pharmacological intervention to 

protect against liver I/R. Furthermore, our data support the hypothesis for CRP-mediated 

complement activation in liver I/R. 
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Abstract 

Objective: The aim of this study was to assess liver I/R injury under a mild decrease in core liver 

temperature with 10°C by in situ hypothermic perfusion during ischemia.  

Methods: Liver ischemia was induced by total hepatic vascular exclusion with concomitant in 

situ perfusion with hypothermic (4°C) Ringer-glucose (cold perfused group, core liver 

temperature maintained at 28°C), with normothermic (38°C) Ringer-glucose (warm perfused 

group) or without in situ perfusion (control group).  

Results: In the cold perfused, warm perfused and control groups, 24 hrs survival was 5/5, 0/5 and 

3/5 respectively. Hemodynamic parameters in the cold perfused group remained stable whereas 

pigs in both other groups required circulatory support. Plasma AST and IL-6 levels were lower in 

the cold perfused group than in both other groups. Hepatocellular function was best preserved in 

the cold perfused group as indicated by complete recovery of bile production during reperfusion 

and no loss of indocyanine green (ICG) clearance capacity. In both other groups, bile production 

and ICG clearance capacity were significantly reduced. Hyaluronic acid uptake capacity of pigs in 

the cold perfused group or control group did not differ, indicating preserved sinusoidal endothelial 

cell function. Histopathological injury-scores during reperfusion were significantly lower in the 

cold perfused group when compared to both other groups. 

Conclusions: A mild decrease in core liver temperature with 10°C by in situ hypothermic liver 

perfusion during ischemia significantly protects the liver from I/R injury. This protection owes to 

cooling of the liver rather than the wash out of blood during perfusion.  
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Abbreviations 

AST   aspartate aminotransferase 

HA  hyaluronic acid  

ICG   indocyanine green  

I/R  ischemia/reperfusion 

LHX  left hemihepatectomy 

SEC  sinusoidal endothelial cell 

THVE  total hepatic vascular exclusion  
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Introduction 

During major liver resections, blood flow to the liver may be temporarily occluded to prevent 

massive blood loss. This maneuver, first described by Pringle in 1908, reduces intra-operative 

blood loss and significantly improves post-operative outcome 
1-3

. A second factor contributing to 

intraoperative blood loss during resection is back-bleeding from the hepatic veins. This problem 

can be tackled by occluding the supra- and infrahepatic caval vein in conjunction with vascular 

inflow occlusion. This technique of total hepatic vascular exclusion (THVE) has been reported to 

effectively reduce blood loss during extensive resectional procedures of the liver 
4;5

. At the same 

time, this maneuver induces ischemia of the liver by vascular inflow occlusion of the portal vein 

and hepatic artery. Subsequent reperfusion is initiated when the clamps are released and the 

circulation to the liver is restored, giving rise to ischemia/reperfusion (I/R) injury 
6
.  

Normothermic ischemia up to one hour is well tolerated in normal human livers, 

however morbidity rates in patients with chronic hepatic disease are significantly higher 
1;2;7

. 

Whereas in the majority of liver resections, parenchymal dissection can be completed within one 

hour, tumoral invasion in surrounding vascular structures may necessitate major liver resections 

with vascular reconstruction, leading to longer periods of normothermic ischemia 
8;9

. When liver 

I/R injury can be reduced, clamping times can be safely prolonged, allowing a more prudent, 

unhurried transection of liver parenchyma and consequent decrease in the risk of technical error, 

bile leakage and intra- and postoperative hemorrhage.  

To attenuate ischemic injury, hypothermia is commonly used for the preservation of 

liver grafts and recently has also been applied during hepatic resections under THVE 
10-12

. The 

influence of ischemia on parenchymal cells and sinusoidal endothelial cells (SEC) under 

hypothermic conditions, are clearly distinct. Whereas parenchymal cells are protected from I/R 

injury, SEC injury is enhanced by hypothermic ischemia and subsequent reperfusion 
13

. Recent 

studies have pointed out that the optimal temperature for cooling of organs has not been defined 

and that mild hypothermia (26-34°C instead of 4°C) effectively protects the liver microcirculation 

14
. 

The aim of this study was to assess liver I/R injury under 120 min of THVE while 

decreasing the core temperature of the liver with 10°C by in situ hypothermic perfusion of the 

liver during left hemihepatectomy (LHX). Perfusion of the liver prevents stasis of blood in the 

microcirculation, which could be in part responsible for the attenuation of liver I/R injury. 

Therefore, to distinguish between the effects of cooling per se, and blood clearance of the liver on 
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I/R injury, a second group of pigs underwent LHX during THVE in combination with in situ, 

normothermic liver perfusion. A third group of pigs underwent LHX during 120 min of THVE 

without in situ perfusion as control series. The main outcome parameters were survival of the 

animal, hemodynamic changes, parenchymal and SEC injury, functional capacity of hepatocytes 

and inflammatory response during 24 hrs of reperfusion.  

Materials and methods 

Animal preparation 

This study was approved by the Animal Experiment Committee of the Academic Medical Center, 

University of Amsterdam, The Netherlands. Fifteen female pigs (36-46 kg; Vendrig, Amsterdam, 

The Netherlands) were used. All pigs were allowed to acclimatize to the laboratory environment 

for 7 days with free access to water and standard laboratory food (Blok, Woerden, The 

Netherlands). Pigs were housed under standard environmental conditions with a 12-hour 

light/dark cycle. Pigs were fasted overnight with free access to water before use in experiments.  

 

Anesthesia 

Female pigs were premedicated with ketamine (10mg/kg; Nimatec
®
, Eurovet, Bladel, The 

Netherlands), clonidine (5µg/kg) and atropine (0.1mg/kg). After inhalation of a mixture of O2 : 

N2O (1 : 1 l/min) and isoflurane (1-1.5%; Florene
®
, Abbott Laboratories Ltd., Queensborough, 

Kent, United Kingdom), pigs were intubated endotrachealy and ventilated with a mixture of O2 

and air. Anesthesia was maintained by intravenous administration (25 ml/h before LHX and 12 

ml/h after LHX) of a mixture of sufentanil citrate (20mg/l; Sufenta Forte
®
, Janssen-Cilag, Tilburg, 

The Netherlands) and ketamine (20g/l). Muscle relaxation was accomplished by intravenous 

administration (2 ml/h) of pancuronium bromide (2 mg/ml; Pavulon
®
, Organon Teknika B.V., 

Boxtel, The Netherlands). Arterial blood pressure was maintained by fluid infusion (Hartman, 

Ringer-glucose, NPBI B.V., Emmer-Compascum, The Netherlands and eloHaes, Fresenius B.V., 

„s-Hertogenbosch, The Netherlands). If fluid infusion alone could not maintain mean arterial 

blood pressure above 55 mmHg, phenylephrine (10 mg/ml; 2-25 ml/h i.v.) was administered. 

Plasma glucose level was controlled by infusion of 20% glucose solution in saline.  

 

Surgical procedure 

All operative procedures were performed under sterile conditions. A cannula was inserted in the 

ear vein for administration of all anesthetic drugs. A second cannula was inserted in the cephalic 
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vein for fluid infusion. Furthermore, a cannula was inserted in the popliteal artery for monitoring 

of blood pressure and heart rate and for the purpose of blood sampling and a Swann-Ganz catheter 

was inserted in the left jugular vein for measurement of pulmonary, wedge and central venous 

pressures. Urine production was monitored after surgical insertion of a catheter in the bladder. A 

cell-saver unit (Cellsaver
®
 3 plus, Haemonatics

®
, Massachusetts, USA) was used during the 

procedure.  

After midline laparotomy, all ligamentous connections to the liver were divided. After 

isolation of the hepatic pedicle, the common bile duct was cannulated to assess bile production 

during the experiment and the common hepatic artery, portal and caval vein were dissected free. 

In order to cut off any accessory blood supply to the liver, the right gastric and gastroduodenal 

artery were divided. The left main branch(es) of the portal vein and hepatic artery were ligated 

resulting in discoloration of the left liver lobes, thereby defining the resection plane. Ischemia of 

the liver was induced by clamping the portal vein, common hepatic artery as well as the 

suprahepatic and infrahepatic caval vein for total hepatic vascular exclusion (THVE). A 

Venflon
TM

 (16 GA) was inserted in the proximal stump of the severed, left hepatic artery for 

retrograde perfusion of cold or warm isotonic Ringer-glucose into the right liver. Because pigs do 

not resist splanchnic congestion, a polyethylene prosthesis with one side port was devised to 

bypass blood from the infrahepatic caval vein and the portal vein to the suprahepatic caval vein. 

After transverse incision in the infrahepatic caval vein, the prosthesis was inserted and guided in 

cranial direction after which the distal end was fixed with a sling cranial to the hepatic veins. 

Caudal to the incision in the infrahepatic caval vein, the prosthesis was fixed with a sling above 

the renal veins. A silicone tube (DLP
®
 16 Fr, Medtronic Cardiac Surgical Products, Grand Rapids, 

MI 49504-6393 USA) was inserted in the portal vein and attached to the side port of the 

prosthesis as a portal-systemic shunt (Figure 1). The bypass procedure did not last for more than 5 

min on average to complete. During retrograde perfusion, the perfusate was drained from the 

caval vein via the previous incision. A left hemihepatectomy was performed using an 

electrosurgical knife. Hemostasis at the resection margin was achieved by suture closure of the 

resection plane of the remnant liver. Reperfusion was initiated by removing the clamps from the 

hepatic artery and portal vein. Just prior to reperfusion, the sling above the hepatic veins was 

released, allowing blood from the liver to drain again into the caval vein and a second ligature 

was placed distal of the caval incision (preventing blood from the liver to enter the abdominal 

cavity during reperfusion). The portal-systemic shunt was removed and the abdomen was closed.  
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Figure 1. 

Situation created during total hepatic vascular exclusion (THVE) in the pig. Both portal vein (PV) and 

hepatic artery (HA) are occluded. A polyethylene prosthesis (P) is inserted in the inferior caval vein (ICV) 

and slings are tightened at both ends, allowing blood from the infrahepatic vein to drain through the 

prosthesis to the heart. A silicone tube is inserted in the PV and is attached to the side-port of the prosthesis 

as a portal venous shunt. An infusion system is applied after division of left HA and retrograde perfusion is 

initiated, resulting in discoloration (with or without cooling) of the right hepatic lobes. The perfusate is 

drained from the caval vein via the incision used for access of the prosthesis. THVE was continued for 2 hrs 

in which time a left hemihepatectomy (LHX) was performed. 
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Experimental design 

Fifteen female pigs underwent 120 min of continuous liver ischemia under THVE, followed by 24 

hrs of reperfusion. The first group received a left hemihepatectomy while the future remnant liver 

was perfused with cold (4°C) isotonic Ringer-glucose (cold-LHX group). The second group 

underwent a left hemihepatectomy while the future remnant liver was perfused with 

normothermic (38°C) isotonic Ringer-glucose (warm-LHX group), to compare with the effects of 

in situ cooling. The third group underwent a left hemihepatectomy without in situ fluid perfusion 

(control-LHX group, n=5). In all pigs, both rectal and esophageal temperature were monitored 

continuously as well as core liver temperature (Mon-a-therm
®
 Myocardial Thermistor YSI 400 

series 30mm temperature probe connected to a Thermistor monitor model 4070, Mallinckrodt, St. 

Louis, USA). 

A pressurized standard clinical infusion system (Flexline, Medisize, Hillegom, The 

Netherlands) was used to perfuse the right liver lobes by retrograde infusion of Ringer-glucose 

through the left hepatic artery. This infusion system allows for adjustment of flow rate. 

Immediately after induction of ischemia, maximum flow rate was used to rapidly drain the liver 

from blood with or without cooling. In case of cooling, maximum flow rate was maintained until 

the desired core liver temperature of 28°C was reached. To maintain a liver temperature of 28°C 

flow rate was adjusted accordingly. In case of normothermic ischemia, liver temperature was 

maintained at 38°C (= body temperature). 

 

Assessment of hepatocellular injury 

Hepatocellular injury was assessed by measurement of aspartate aminotransferase (AST) levels in 

plasma. In pigs, alanine aminotransferase (ALT) and lactate dehydrogenese (LDH) are less 

discriminative and less sensitive parameters for hepatocellular injury, as was concluded from 

previous experiments in our laboratory 
15

. Plasma aspartate aminotransferase (AST) levels were 

measured before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion. 

 

Assessment of hepatocellular function 

Bile production is an active secretory process of hepatocytes involving bile salt-dependent and 

salt-independent mechanisms. Both bile salt-dependent and bile salt-independent bile productions 

are considered to be reliable parameters for the assessment of hepatocellular function 
16

. Bile 

production, as parameter of excretory hepatocellular function, was monitored continuously and 

was expressed as ml/min. In order to make comparison between pre-ischemic and post-ischemic 
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values possible, reported pre-ischemic levels reflect the bile production of the functional mass of 

the future remnant liver after resection. 

The indocyanine green (ICG) clearance test, expressed as % of ICG cleared from the 

circulation 15 min after intravenous infusion, was used to assess hepatocellular function 
17

. ICG is 

a dark green synthetic dye which is exclusively cleared from the circulation by the liver and 

secreted into bile without being metabolized 
18-21

. After intravenous administration of ICG (0,5 

mg/kg bw, SIGMA
®
, Steinheim, Germany), plasma samples were collected every 5 min until 20 

min. ICG concentration in plasma was determined by spectrophotometric analysis (λ=805nm). 

The ICG clearance rate after 6 and 24 hrs of reperfusion was compared with baseline clearance 

before ischemia. 

 

Assessment of SEC function 

The SEC take up and metabolize more than 90% of circulating hyaluronic acid (HA) 
22-24

. The 

percentage of administered HA taken up by the SEC during 60 min was used as parameter for 

SEC function. After intravenous infusion of 5 mg HA (Healon®, Pharmacia & Upjohn AB, 

Uppsala, Sweden), plasma samples were collected every 10 min during 60 min starting 1 min 

after infusion. Plasma HA concentrations were measured using a radio-labeled binding assay 

(Pharmacia & Upjohn AB, Uppsala, Sweden). We examined the ability of SEC to take up 

exogenous HA after 24 hours of reperfusion. 

 

Assessment of inflammatory response 

Several parameters can be used to assess a systemic inflammatory response. In this study, plasma 

TNF-α and IL-1 levels were measured in the pigs but proved undetectable in any sample at any 

given time. Plasma IL-6 levels, however, could be accurately measured and are considered to be a 

reliable indicator of inflammatory response 
25-27

. IL-6 concentration was measured in plasma by 

cell proliverative assay using the B9 cell line 
28

 and rHuIl-6 as a standard (CLB, Amsterdam, The 

Netherlands) before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion.  

 

Histopathology 

Liver biopsies were taken before ischemia, and after 10 min and 24 hrs of reperfusion, 

respectively. For light microscopy, biopsies were fixed in 4% buffered formaldehyde and were 

routinely processed for paraffin embedding. Sections (4μ) were cut and stained with haematoxylin 

and eosin. Semi-quantitative light microscopic evaluation was performed of all sections to assess 
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liver parenchymal injury. All sections were examined for hepatocellular cytoplasmatic color 

fading, hepatocellular vacuolisation, hepatocellular nuclear condensation, hepatocellular nuclear 

fragmentation, hepatocellular nuclear fading and erythrocyte stasis. Each phenomenon was scored 

according to the percentage of cells showing this phenomenon per 10 microscopic fields (200x): 

0=0%, 1=0-10%, 2=10-50%, 3=50-100%.  

 

Statistical analysis 

esults are expressed as mean ± standard error of the mean (SEM). Statistical analysis (Student t-

test and ANOVA for repeated measurements) was performed using GraphPad Prism version 3.02 

for Windows (GraphPad Software, San Diego California USA). A p-value <0.05 was considered 

significant. 

Results 

Survival 

All pigs in the cold-LHX group survived 120 min ischemia and 24 hrs of subsequent reperfusion, 

whereas not one pig survived in the warm-LHX group. In the control-LHX group, 3 out of 5 

animals survived. Survival rate of pigs in the warm-LHX group was significantly lower when 

compared to pigs in the cold-LHX and control-LHX group (figure 2). 

 

 

Figure 2. 

Survival curves (Kaplan-

Meier) of pigs after cold-

LHX (straight line, n=5), 

warm-LHX (dashed line, 

n=5) and control-LHX 

(dotted line, n=5) and 24 

hrs of reperfusion. All 

pigs survived after cold-

LHX, whereas after 

warm-LHX and control-

LHX, none and three 

pigs survived, 

respectively. 

* Significantly lower 

when compared to the 

cold-LHX and control-

LHX group. 

0 4 8 12 16 20 24
0

20

40

60

80

100

Reperfusion time (hrs)

P
e
rc

e
n
t 
S

u
rv

iv
a
l

*



In situ hypothermic perfusion 

 

121 

General parameters 

In pigs in the cold-LHX, warm-LHX and control-LHX groups, both resected liver weights 

(453±25, 472±36, 447±18 gr, resp.) and remnant (736±15, 718±30, 728±35 gr, resp.) liver 

weights (mean±SEM) were comparable. 

Although normal body temperature of pigs is considered 38°C, pigs in this study showed 

higher pre-ischemic body temperatures of 39°C due to anesthesia-induced stress, a commonly 

observed phenomenon in our laboratory. Body temperature of pigs in all groups was significantly 

decreased with 1-2°C after 2 hrs ischemia when compared to pre-ischemic levels, showing no 

significant differences between pigs in all groups. During reperfusion body temperature remained 

significantly below pre-ischemic temperature values in all groups (table 1).  

Hemodynamic parameters changed significantly during the experiment (table 1). 

Hemodynamic parameters of pigs in the cold-LHX group remained stable during the experiment, 

without the need for intravenous phenylephrine administration .  

 

Experimental groups Cold-LHX Warm-LHX Control-LHX 

Body temp (°C) 

pre-I 39.1 ± 0.3 A 39.2 ± 0.4 B 38.7 ± 0.2 C 

0 hr R 37.1 ± 0.1 A 38.0 ± 0.2 B 37.4 ± 0.3 C 

6 hrs R 38.0 ± 0.2 38.3 ± 0.7         38.3 ± 0.2 

24 hrs R 38.1 ± 0.0          38.3 ± 0.1 

SAP (mmHg) 

pre-I 110.6 ± 2.60 107.8 ± 2.4 D E       106.4 ± 0.7 F 

0 hr R 99.8 ± 7.7 67.0 ± 12.9 D 75.6 ± 7.7 F 

6 hrs R 95.6 ± 3.2 87.0 ± 2.3 E         96.5 ± 2.8 

24 hrs R 105.8 ± 1.20          97.3 ± 4.3 

DAP (mmHg) 

pre-I 81.2 ± 3.1 G H I 71.5 ± 3.7 K L 75.8 ± 3.2 M N 

0 hr R 59.6 ± 4.7 G 40.8 ± 7.5 K 43.2 ± 5.2 M 

6 hrs R 51.0 ± 2.6 H J 37.3 ± 5.7 J L 46.3 ± 3.5 N 

24 hrs R 59.0 ± 4.3 I          46.0 ± 8.9 

Heart rate 

(beats/min) 

pre-I            69 ± 4            84 ± 5         79 ± 6 

0 hr R 94 ± 10          112 ± 6          132 ± 20 

6 hrs R 77 ± 6 O         111 ± 7 O 94 ± 10 

24 hrs R 81 ± 10           118 ± 30 

Phenylephrine 

(mg/h) 

pre-I               0                 0 0 

0 hr R               0                 0 3.3 ± 3.3 

6 hrs R    0 P Q 226 ± 81 P 90 ± 19 Q 

24 hrs R  0 R   106 ± 71 R 
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Table 1 

Mean rectal body temperature, hemodynamic parameters and use of phenylephrine before induction of 

ischemia and after 0, 6 and 24 hrs of reperfusion. Hemodynamic parameters remain most stable in pigs after 

cold-LHX with no need for phenylephrine. Values are expressed as mean ± SEM. 

Temp=temperature, SAP=systolic arterial pressure, DAP=diastolic arterial pressure 

Significant differences exist between values tagged with equal fonts (p<0.05). 

 

Hepatocellular injury 

After control-LHX, AST levels were significantly elevated during reperfusion when compared to 

pre-ischemic levels and continued to increase during reperfusion, reaching maximum levels at 24 

hrs. AST levels after warm-LHX were higher when compared to pigs after control-LHX during 

reperfusion but this did not reach statistical significance (p=0.17). After cold-LHX, AST levels 

were significantly lower than in pigs after warm-LHX and control-LHX at all time points and 

reached maximum levels after 6 hrs of reperfusion (figure 3).   

 
Figure 3 

Plasma aspartate aminotransferase 

(AST) assessed in pigs after cold-LHX 

(dashed bar, n=5), warm-LHX (grey bar, 

n=5, n=3 at 6 hrs of reperfusion) and 

control-LHX (closed bar, n=5, n=4 at 6 

and 12 hrs of reperfusion, n=3 at 24 hrs 

of reperfusion) at pre-ischemia and after 

10 min, 6, 12 and 24 hrs of reperfusion. 

After cold-LHX, AST levels were 

significantly lower than after warm-

LHX and control-LHX. Bars represent 

mean ± SEM. 

* Significantly different from pigs after 

cold-LHX. 

 

 

Hepatocellular function 

Bile production decreased to almost zero during ischemia in all pigs. During 24 hrs of reperfusion 

bile production in pigs after cold-LHX returned to pre-ischemic levels. In contrast, bile 

production in pigs after warm-LHX and control-LHX did not recover and remained significantly 

lower when compared to pigs after cold-LHX (figure 4). 

Indocyanine green (ICG) clearance in pigs in the cold-LHX group did not change during 

the time course of the experiments. However, after warm-LHX and control-LHX, ICG clearance 

after 6 hrs of reperfusion was significantly decreased. Pigs in the control-LHX group did not show 

any recovery of ICG clearance after 24 hrs of reperfusion and ICG clearance remained 

significantly lower when compared to pigs after cold-LHX (figure 5). 
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Figure 4 
Bile production in pigs after cold-

LHX (dashed bar, n=5), warm-

LHX (grey bar, n=5, maximum n=4 

during 21 hrs of reperfusion) and 

control-LHX (closed bar, n=5, n=4 

during reperfusion) assessed pre-

ischemia, during ischemia and 

during 24 hrs of reperfusion. In 

contrast to pigs after warm-LHX 

and control-LHX, bile production 

completely recovered during 

reperfusion after cold-LHX. Bars 

represent mean ± SEM. 

* Significantly different from pigs 

after warm-LHX and control-LHX. 

 

 

 

 

 

 
 

Figure 5 

Indocyanine green (ICG) clearance 

in pigs after cold-LHX (dashed bar, 

n=5), warm-LHX (grey bar, n=5, 

n=3 at 6 hrs of reperfusion) and 

control-LHX (closed bar, n=5, n=4 

at 6 hrs of reperfusion, n=3 at 24 

hrs of reperfusion) at pre-ischemia 

and after 6 and 24 hrs of 

reperfusion. ICG clearance 

capacity was maintained during 

reperfusion after cold-LHX. After 

warm-LHX and control-LHX, ICG 

clearance was decreased during 

reperfusion, showing rates 

compatible with severely impaired 

liver function. Bars represent mean 

± SEM. 

* Significantly different from pigs 

after cold-LHX. 
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SEC function 

HA uptake could only be measured in pigs after cold-LHX and control-LHX since all pigs after 

warm-LHX died within 24 hrs of reperfusion. The HA uptake profile after 24 hrs of reperfusion 

was not significantly different between both groups during the 60 min sampling period. After 

cold-LHX and control-LHX, 74% and 78%, resp. of exogenous HA was cleared from the 

circulation indicating near normal SEC function 
29

 after 24 hrs of reperfusion in both groups. 

 

 

 

Figure 6 
Uptake of exogenous hyaluronic acid 

(HA) in a 60 min period following 2 

hrs ischemia and 24 hrs of reperfusion 

after cold-LHX (dashed bar, n=5) and 

control-LHX (closed bar, n=3). There 

were no survivors in the warm-LHX 

group after 24 hrs of reperfusion. 

Results were expressed as the 

percentage of exogenous administered 

HA taken up by the sinusoidal 

endothelial cells (SEC) during 60 

min. No decrease in SEC function 

was observed in pigs after cold-LHX 

when compared to pigs after control-

LHX. Bars represent mean ± SEM. 
 

 

 

 

Inflammatory response 

Inflammatory response was assessed by measurement of IL-6 in plasma. Plasma IL-6 was not 

detectable before induction of ischemia, indicating that none of the pigs suffered from infectious 

diseases prior to the experiment. After 10 min of reperfusion, pigs in all groups showed a marked 

increase in IL-6 levels, but levels in pigs after cold-LHX were significantly lower when compared 

to both other groups. At 6 hrs of reperfusion IL-6 levels of pigs in the warm-LHX and control-

LHX group reached maximum values whereas IL-6 levels of pigs in the cold-LHX group showed 

a decrease. After 12 hrs and 24 hrs of reperfusion IL-6 levels of pigs after cold-LHX were still 

lower than in pigs after control-LHX but this did not reach statistical significance (p=0.09 and 

p=0.08 resp., figure 7). 
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Figure 7 

Plasma IL-6 levels measured in pigs after 

cold-LHX (dashed bar, n=5), warm-LHX 

(grey bar, n=5, n=3 at 6 hrs of reperfusion) 

and control-LHX (closed bar, n=5, n=4 at 6 

and 12 hrs of reperfusion, n=3 at 24 hrs of 

reperfusion) at pre-ischemia and after 10 

min, 6, 12 and 24 hrs of reperfusion. After 

cold-LHX, IL-6 levels were significantly 

lower than after warm-LHX and control-

LHX until 6 hrs of reperfusion. Bars 

represent mean ± SEM. 

* Significantly different from pigs after 

cold-LHX. 

 

 

Histopathology 

Microscopic evaluation of liver biopsies of all pigs showed a significant increase in 

histopathology score after 10 min of reperfusion when compared to pre-ischemia. The score in 

pigs after cold-LHX was significantly lower when compared to pigs after warm-LHX and control-

LHX after 10 min of reperfusion. After 24 hrs of reperfusion, pigs in both the cold-LHX and the 

control-LHX group showed more pathologic changes when compared to 10 min of reperfusion 

although statistical significance was not reached (p=0.25 and p=0.05 resp.). The histopathological 

scores in biopsies collected at 24 hrs of reperfusion were significantly higher in pigs after control-

LHX than after cold-LHX (figure 8). Histopathological scores in the warm-LHX group are 

lacking because there were no survivors in this group after 24 hrs of reperfusion.  

 

 

Figure 8 
Histopathology scores (min=0, 

max=18) of H&E stained liver sections 

of pigs after cold-LHX (dashed bar, 

n=5), warm-LHX (grey bar, n=5) and 

control-LHX (closed bar, n=5) at pre-

ischemia and after 10 min as well as 24 

hrs of reperfusion. After cold-LHX, 

histopathology scores were 

significantly lower than after warm-

LHX and control-LHX. Bars represent 

mean ± SEM. 

* Significantly different from pigs after 

cold-LHX. 
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Discussion 

Various vascular occlusion techniques have been used to prevent massive blood loss during 

partial hepatectomy. Portal triad clamping (Pringle maneuver) and THVE are two methods to 

reduce hemorrhage during parenchymal dissection. Although hemorrhage can be more effectively 

reduced during partial hepatectomy under THVE, there is evidence that by applying this 

technique, liver tissue oxygenation is further hampered due to the lack of back-perfusion from the 

caval vein thereby enhancing I/R injury 
30;31

. This finding underscores the use of protective 

measures when applying THVE, such as in situ hypothermic perfusion of the future remnant liver.  

The objective of this study was to examine whether in situ hypothermic perfusion is a 

useful tool to attenuate liver I/R injury and to investigate if this protective effect resulted from 

clearance of the liver from blood or to cooling of the liver per se. Cooling of the organ leads to a 

decrease in cell metabolism, as was demonstrated by a reduction in the velocity of various organic 

reactions by a factor 2 for every 10°C reduction in temperature 
32

. This results in a decrease in 

hepatic oxygen demand and uptake and thus provides an effective protection from hepatic oxygen 

deprivation thereby reducing reperfusion injury 
33

. In literature, a major role is attributed to the 

formation of reactive oxygen species during reperfusion 
34-36

, which is attenuated by cooling of 

the organ. Other mechanistic factors, like maintenance of mitochondrial function by preventing 

calcium overload 
37

, suppression of nitric oxide formation 
38

 or preservation of important 

intracellular concentrations of metabolites are also shown to play a role in temperature related I/R 

injury. This study showed that clearance of the liver from blood without concomitant cooling 

severely aggravates liver I/R injury. The use of Ringer-glucose as perfusion fluid has several 

implications for the observed outcome in this study. Although the Ringer-glucose solution was 

isotonic, the lack of proteins and the acidotic pH (4.65) probably enhanced endothelial cell 

swelling at normothermic temperatures, leading to microvascular disturbances and ultimately 

enhanced liver injury during reperfusion 
39

. This explanation is corroborated by the extensive 

congestion of the liver observed at the onset of reperfusion in pigs of the warm perfused group.  

In the present study, a decrease in core liver temperature of 10°C was chosen to 

investigate if hepatocytes could be protected from I/R injury at this temperature without 

hampering sinusoidal endothelial cell (SEC) function. Preserved hyaluronic acid (HA) uptake 

capacity after 24 hrs of reperfusion indicates that a drop of 10°C in liver core temperature did not 

affect SEC function. In fact, SEC still had a high reserve capacity for HA uptake after left 
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hemihepatectomy which is in agreement with previous experiments performed in our laboratory 

29
.   

This pig liver I/R model constitutes a clinically relevant, large animal model, but at the 

same time has its limitations. Relatively long THVE times were used in this protocol for optimal 

investigation of the protective effect of in situ cooling on liver I/R injury. A THVE time of 2 hrs 

results in sub-lethal liver failure, indicated by the survival of only 3 out of 5 pigs in the control-

LHX group during 24 hrs of reperfusion. If circulatory support by infusion of phenylephrine was 

not provided in the control-LHX group, all pigs would have died during the 24 hrs of reperfusion 

period and a statistical significant difference with the cold-LHX group would have been easily 

reached. Pigs in the cold-LHX group did not require phenylephrine infusion. Whereas plasma 

AST levels in pigs in the cold-LHX group reached maximum levels after 6 hrs of reperfusion, 

AST levels in pigs in the control-LHX group continued to increase during the 24 hrs of 

reperfusion period. This indicates that only pigs in the cold-LHX group showed recovery from the 

sustained hepatic I/R injury.  

In humans, an ICG clearance in livers of >90% is considered normal. In this study, ICG 

clearance in all pigs before induction of ischemia was 89.9±1.01 (mean±SEM), which is 

comparable to the human situation. In literature, a correlation was observed between ICG 

clearance and functional liver mass 
40

. In this study however, no differences were observed 

between ICG clearance in pigs of the cold-LHX group before and after partial liver resection, 

indicating an ample reserve capacity of the liver for ICG clearance. Pigs after warm-LHX and 

control-LHX, however, showed clearance rates of <70%, compatible with severely impaired liver 

function.  

Use of THVE can cause serious side effects like hemodynamic instability 
41

. Because 

portosystemic collateral circulation is poorly developed in pigs, portal venous drainage is 

mandatory under THVE 
31;42

. In humans, however, collateral circulation of the portal venous 

system is better developed and therefore, a portal venous shunt is usually not required. Sustained 

hypotension by test clamping prior to resection 
1
, indicates the need for a venovenous bypass 

during THVE of which several systems have been described, both passive 
43

 and active 
12;31;33

. 

Usually in these cases, systemic heparinisation is required to minimize the risk of intra-shunt 

clotting, thereby increasing the risk of uncontrolled hemorrhage. In the present experiments, a 

custom made, stiff polycarbonate intraluminal prosthesis with one side-port was used to bypass 

blood from the infrahepatic caval vein to the suprahepatic caval vein while at the same time 

draining the portal venous system. Intra-shunt clotting was not observed and systemic 
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heparinisation or local use of heparin was not required, which can be a major advantage during 

these operative procedures.  

Several methods have been described for in situ cooling of the liver. Yang-IL et al. used 

simple in situ cooling by rapid infusion of chilled 450 ml Ringer-lactate before clamping of the 

portal triad (Pringle maneuver). In their study, hypothermia of the liver lasted about one hour and 

no concomitant depression in body temperature was observed 
44

. These findings, however, could 

not be reproduced in our laboratory in which liver temperature in pigs could not be significantly 

reduced by rapid cold infusion without a concomitant decrease in body temperature (data not 

shown). Cooling of the liver can be achieved by infusion of different fluids via the hepatic artery 

11;12
 or portal vein 

43
, or via both at the same time 

10
. Alternatively, topical surface cooling during 

partial hepatectomy can be used 
45;46

. It is not yet known which perfusion method is most 

effective, although our study shows that perfusion via the hepatic artery alone provides sufficient 

cooling of the liver.  

In conclusion, a mild decrease in core liver temperature with 10°C by in situ 

hypothermic perfusion proved effective in attenuating liver I/R injury as demonstrated by 

improved hepatocellular function, preservation of SEC function, less histopathological damage, 

decreased systemic inflammatory response and increased survival in this pig model. Clearance of 

the liver from blood using Ringer-glucose without concomitant cooling severely aggravated I/R 

injury. 
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Abbreviations 

AST   Aspartate aminotransferase 

CFDC   Cumulative frequency distribution curves 

GSH   Glutathione 

HA   Hyaluronic acid 

I/R   Ischemia/reperfusion  

LHX   Left hemihepatectomy  

MDA   Malondialdehyde  

ROS   Reactive oxygen species 

SEC   Sinusoidal endothelial cells 

TBARS   Thiobarbituric acid reactive substance 

THVE   Total hepatic vascular exclusion  
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Abstract 

This study examined attenuation of ischemia and reperfusion (I/R) induced liver injury during 

liver resections by hypothermic perfusion of the liver under total hepatic vascular exclusion 

(THVE). Reactive oxygen species (ROS) formation, microcirculatory integrity and endothelial 

cell damage were investigated.  

Left hemihepatectomy (LHX) was performed without in situ perfusion (control-LHX, 

n=5) or with concomitant in situ perfusion with hypothermic (4°C) Ringer-glucose (cold-LHX, 

n=5) or normothermic (38°C) Ringer-glucose (warm-LHX, n=5). Glutathione (GSH) and 

malondialdehyde (MDA) concentrations, tissue pO2 levels and hyaluronic acid (HA) uptake 

capacity were determined. 

After cold, warm and control-LHX, 24 hrs survival was 5/5, 0/5 and 3/5, respectively. GSH levels 

were best preserved after cold-LHX during reperfusion. MDA levels increased in all groups 

without significant differences between the groups during reperfusion. Tissue pO2 levels 

increased after cold-LHX whereas after warm-LHX and control-LHX, pO2 levels decreased 

during reperfusion. HA uptake capacity remained normal after cold-LHX. After warm-LHX and 

control-LHX, HA uptake capacity decreased after 6 hrs of reperfusion but recovered after 24 hrs 

of reperfusion in the control-LHX group. 

Conclusion: Moderate hypothermic perfusion protects the liver from I/R injury during 

LHX under THVE. This protective effect depended on maintenance of liver microcirculation 

rather than a reduction in ROS formation.  

 

 

 

 

 

 

 

 

 

Key words: malondialdehyde, glutathione, liver, ischemia, reperfusion, hepatectomy, 

hypothermia, perfusion, microcirculation, hyaloronic acid. 
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Introduction 

Control of blood loss during liver resections can be achieved by clamping of the hepatic pedicle in 

combination with clamping of the suprahepatic and infrahepatic caval vein, resulting in total 

hepatic vascular exclusion (THVE) (1). This method, however, induces liver ischemia and 

subsequent reperfusion injury when blood flow is re-established and may damage the remnant 

liver, increasing the risk of liver failure especially in the cirrhotic or cholestatic liver (2).  

Hypothermia significantly increases ischemic tolerance of the liver. The onset of liver 

injury, either under normothermic or hypothermic conditions occurs in sinusoidal endothelial cells 

(SEC) rather than in parenchymal cells. However, after hypothermic ischemia (4°C) this 

difference is more marked than after normothermic ischemia (3;4). The plasma membrane of SEC 

is more susceptible to hypothermia induced injury than hepatocytes (5). The inhibition of 

Na+/K+-ATPase at low temperatures, leading to intracellular accumulation of sodium and 

chloride is a process that is followed by cell swelling (6) and contributes to luminal narrowing and 

microcirculatory disturbances during reperfusion (7-9). The aim of this study was to assess the 

influence of moderate hypothermia on parenchymal cell injury, oxygen free radical formation, 

SEC function and microcirculation in a liver resection model under THVE. SEC function was 

determined by measurement of exogenous hyaluronic acid (HA) uptake capacity and the 

accumulation of endogenous HA (10-12). As parameter of early I/R induced microcirculatory 

liver injury, postischemic recovery of intrahepatic tissue pO2 during reperfusion was assessed 

(13). Formation of reactive oxygen species (ROS) during reperfusion (14) was assessed by 

measuring liver tissue glutathione levels and malondialdehyde content of plasma and liver tissue. 

We hypothesized that moderate cooling of the future remnant liver to 28°C by in situ hypothermic 

perfusion under THVE during partial hepatectomy would result in less parenchymal injury while 

preserving SEC function, leading to less microcirculatory disturbances and lower ROS formation. 

Materials and Methods 

Animals and anesthesia 

This study was approved by the Animal Experiment Committee of the Academic Medical Center, 

University of Amsterdam, The Netherlands. Female pigs (36-46 kg) were allowed to acclimatize 

to the laboratory environment for 7 days with free access to water and standard laboratory food. 

Pigs were fasted overnight with free access to water before use in experiments.  
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After premedication with ketamine (10mg/kg), clonidine (5µg/kg) and atropine 

(0.1mg/kg), pigs were ventilated with O2 and air. Anesthesia was maintained by intravenous 

administration of sufentanil citrate (20mg/l) and ketamine (20g/l) at 12ml/h and pancuronium 

bromide (2mg/ml) at 2ml/h. Arterial blood pressure was maintained by fluid infusion (Hartman, 

Ringer-glucose, and eloHaes, Fresenius B.V., The Netherlands). If fluid infusion alone could not 

maintain mean arterial blood pressure above 55mmHg, phenylephrine (10mg/ml; 2-25ml/h i.v.) 

was administered. Plasma glucose level was monitored and if necessary controlled by infusion of 

20% glucose solution in saline. 

 

Surgical procedure 

After midline laparotomy, the left main branch(es) of the portal vein and hepatic artery were 

ligated resulting in discoloration of the left liver lobes, thereby defining the resection plane. Total 

ischemia of the liver was induced by THVE. Via the right hepatic artery, the right liver was 

perfused with cold or warm isotonic Ringer-glucose. To avoid splanchnic congestion, a prosthesis 

with one side port was inserted into the caval vein to bypass blood from the infrahepatic caval 

vein and the portal vein to the suprahepatic caval vein. This excludes the liver from the portal and 

systemic circulation while preserving caval blood flow. A left hemihepatectomy (LHX) was 

performed using an electrosurgical knife. Reperfusion was initiated by removing the clamps from 

the hepatic artery and portal vein. After reperfusion, the portal-systemic shunt was removed and 

the abdomen was closed.  

 

Experimental design 

Fifteen female pigs underwent 120 min of liver ischemia under THVE, followed by 24 hrs of 

reperfusion. In the first group, LHX was performed while the future remnant liver was perfused 

with cold (4°C) isotonic Ringer-glucose (cold-LHX group, n=5). The second group underwent a 

left hemihepatectomy while the future remnant liver was perfused with normothermic (39°C) 

Ringer-glucose (warm-LHX group, n=5), to compare with the effects of in situ cooling. The third 

group underwent a left hemihepatectomy without in situ fluid perfusion (control-LHX group, 

n=5). In all pigs, both rectal and esophageal temperature were monitored continuously as well as 

core liver temperature (Mon-a-therm
®
 Myocardial Thermistor YSI 400 series with a 30mm 

temperature probe).  

A pressurized (max 150mmHg) standard clinical infusion system was used to perfuse 

the right liver lobes. Immediately after induction of ischemia, maximum flow rate was used to 
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rapidly drain the liver from blood. In case of cooling, maximum flow rate was maintained until 

the desired core liver temperature of 28°C was reached (mean time 7±2 min). To maintain a liver 

temperature of 28°C, flow rate was adjusted accordingly. In case of normothermic ischemia, liver 

temperature was maintained at 38°C, which corresponds to body temperature of female pigs. 

 

Assessment of liver blood flow 

Hemodynamic parameters as well as portal vein and hepatic artery flow (Transonic Systems, A.B. 

Medical B.V., Roermond, The Netherlands) were monitored continuously. 

 

Assessment of hepatocellular and SEC injury 

Hepatocellular injury was assessed by measurement of aspartate aminotransferase (AST) levels in 

plasma before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion, respectively.  

SEC take up and metabolize more than 90% of circulating hyaluronic acid (11;12;15). 

The percentage of administered HA taken up by the SEC during 60 min was used as parameter for 

SEC function. The ability of SEC to take up exogenous HA after 6 and 24 hrs of reperfusion was 

compared with baseline uptake capacity before ischemia. After intravenous infusion of 5 mg HA 

(Healon®, Pharmacia & Upjohn AB, Uppsala, Sweden), plasma samples were collected every 10 

min during 1 hr starting 1 min after infusion. During the 120 min period of THVE of the liver, 

plasma samples were collected every 15 min without administration of HA. Plasma HA 

concentrations were measured using a radio-labelled binding assay (Pharmacia & Upjohn AB, 

Uppsala, Sweden). 

 

Assessment of microvascular injury 

Intrahepatic tissue pO2 measurements were performed using a polarographic pO2 needle electrode 

(SIGMA pO2-Histograph KIMOC, Eppendorf, Hamburg, Germany), as described previously (16-

18). Before and after each measurement the pO2 device was calibrated to compensate for drift and 

was corrected for blood and tissue temperature, arterial blood gas values, arterial hemoglobin 

concentration and air pressure. A pO2 histogram was constructed from 100 consecutive pO2 

values obtained by stepwise withdrawal of the needle over a 2 cm tract (pilgrim step method) in 

the liver. Negative readings below –2 mm Hg were considered as measurement errors and were 

omitted (16). Intrahepatic pO2 measurements were performed before ischemia (left median lobe), 

after 10 min of reperfusion (right median lobe) and after 24 hrs of reperfusion (right median lobe). 
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Individual pO2 values were pooled in each group to compute intrahepatic pO2 histograms and 

cumulative frequency distribution curves (CFDC).  

 

Assessment of tissue glutathione 

Liver tissue glutathione levels were measured as an indirect measure of oxidative stress, which 

process leads to consumption of reduced glutathione. Total glutathione (GSHt) and oxidized 

glutathione (GSSG) concentrations were determined in liver tissue using a microtiter plate (MTP) 

assay based on the method described by Baker et al. (19) and Richie et al. (20).  

Three liver biopsies (1 cm
3
 each) were taken before ischemia, after 10 min and 24 hrs of 

reperfusion. After determination of wet weight, biopsies were homogenized (2 min) in 2 ml of 

ice-cold PBS. For determination of protein content, 100 μl sample homogenate was stored at -

80°C. After adding 7,2 ml cold MPA (50g/L), the suspension was vortexed (1 min) and 

centrifuged (4500 rpm, 10 min). Supernatants were stored at -80°C.  

GSHt and GSSG concentrations were determined in triplicate and calculated from standard curves 

of GSHt and GSSG. 

 

Assessment of malondialdehyde 

The lipid-peroxidation product malondialdehyde (MDA) was measured as thiobarbituric acid 

reactive substance (TBARS) (21). Tetramethylpropane (Janssen Chimica, Geel, Belgium) served 

as standard ranging between 0-0.30 nmol/tube. 

 

Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). Statistical analysis (Student t-

test and ANOVA for repeated measurements) was performed using GraphPad Prism version 3.02 

for Windows (GraphPad Software, San Diego California USA). A p-value <0.05 was considered 

significant. 

Results 

General parameters 

In pigs in the cold-LHX, warm-LHX and control-LHX groups, both resected liver weights 

(453±25, 472±36, 447±18 g, resp.) and remnant liver weights (736±15, 718±30, 728±35 g, resp.; 

mean±SEM) were comparable. 
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Although normal body temperature of pigs is considered 38°C, pigs in this study showed 

higher pre-ischemic body temperature of 39°C due to anesthesia-induced stress, a commonly 

observed phenomenon in our laboratory. Body temperature of pigs in all groups was significantly 

decreased with 1-2 °C after 2 hrs ischemia when compared to pre-ischemic levels, showing no 

significant differences between pigs in all groups. During reperfusion body temperature remained 

significantly below pre-ischemic temperature values in all groups (table 1).  

No significant differences could be demonstrated in mean arterial pressures (MAP) and 

heart rate of pigs in the cold-LHX and control-LHX group. Pigs in the warm-LHX group showed 

a lower MAP after 6 hrs of reperfusion when compared to both other groups and a higher heart 

rate when compared to pigs in the cold-LHX group (table 1). 

 

Experimental groups Cold-LHX Warm-LHX Control-LHX 

Body temp 

(°C) 

pre-I 39.1 ± 0.3 A 39.2 ± 0.4 B 38.7 ± 0.2 C 

10 min R 37.1 ± 0.1 A 38.0 ± 0.2 B 37.4 ± 0.3 C 

6 hrs R 38.0 ± 0.2 38.3 ± 0.7          38.3 ± 0.2 

24 hrs R 38.1 ± 0.0           38.3 ± 0.1 

MAP        

(mm Hg) 

pre-I 88.0 ± 6.3 84.6 ± 4.3 87.0 ± 4.0 

10 min R 75.8 ± 5.4  54.6 ± 11.0  57.4 ± 7.3  

6 hrs R 69.8 ± 3.1 D 52.7 ± 6.1 D, E 66.8 ± 3.7 E 

24 hrs R 81.6 ± 3.0  65.0 ± 9.0 

Heart rate 

(beats/min) 

pre-I               69 ± 4             84 ± 5             79 ± 6 

10 min R 94 ± 10           112 ± 6           132 ± 20 

6 hrs R 77 ± 6 F           111 ± 7 F 94 ± 10 

24 hrs R 81 ± 10            118 ± 30 

 

Table 1  

Mean rectal body temperature and hemodynamic parameters before induction of ischemia and after 10 min, 6 

and 24 hrs of reperfusion. Hemodynamic parameters remain most stable in pigs after cold-LHX. 

Values are expressed as mean ± SEM. 

Temp = temperature, MAP = mean arterial pressure 

Significant differences exist between values tagged with equal letters (A-F; p<0.05). 

 

Survival 

All pigs in the cold-LHX group survived 24 hrs of reperfusion, whereas none of the pigs survived 

in the warm-LHX group. In the control-LHX group, 3 out of 5 animals survived. Survival rate of 
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pigs in the warm-LHX group was significantly lower when compared to pigs in the cold-LHX and 

control-LHX group (table 2). 

 

Hepatocellular injury 

After control-LHX, AST levels were significantly elevated during reperfusion when 

compared to pre-ischemic levels and continued to increase during reperfusion, reaching maximum 

levels at 24 hrs. AST levels after warm-LHX were higher when compared to pigs after control-

LHX during reperfusion but this did not reach statistical significance (p=0.17). Plasma AST levels 

were significantly lowest after cold-LHX at all time points and reached maximum levels after 6 

hrs of reperfusion (table 2). 

 

Experimental groups Cold-LHX Warm-LHX Control-LHX 

Survival After 24 hrs 100 % 0 % 60 % 

AST (U/L) 

pre-I 31.8 ± 3.0 27.4 ± 4.1 36.6 ± 7.0 

10 min R 177 ± 44.0 A 513 ± 77.5 A 444 ± 166 

6 hrs R 634 ± 167 B, C 1597 ± 312.1 B 1153 ± 78.5 C 

24 hrs R 498 ± 78.2 E  1799 ± 484 E 

 

Table 2 

Twenty-four hrs survival and plasma concentration of aspartate aminotransferase (AST) at pre-ischemia, 10 

min, 6 and 24 hrs of reperfusion. After cold-LHX all pigs survived 24 hrs of reperfusion and showed the least 

elevation in plasma AST levels. After warm-LHX and control-LHX none and three out of five pigs survived 

respectively and AST levels were higher during reperfusion. AST values are expressed as mean ± 

SEM.Significant differences exist between values tagged with equal letters (A-E; p<0.05). 
 

Liver blood flow 

After warm-LHX and control-LHX, total liver flow (TLF) decreased in the initial phase of 

reperfusion. After 6 hrs of reperfusion, TLF continued to decrease after warm-LHX, whereas TLF 

completely recovered after control-LHX (figure 1). In the cold-LHX group, TLF was preserved 

during the whole sequence of 24 hrs reperfusion. Hepatic artery flow (HAF) showed significant 

differences between the cold-LHX group and both other groups during 6 hrs of reperfusion. After 

12 hrs of reperfusion, pigs after control-LHX still showed a decreased HAF when compared to 

pre-ischemic levels. No significant differences were observed in portal vein flow (PVF) between 

pigs after cold and control-LHX. After 6 hrs of reperfusion, PVF in pigs after warm-LHX was 

decreased when compared to both other groups and when compared to pre-ischemic levels. 
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Figure 1 

Total hepatic flow, hepatic artery 

flow and Portal vein flow in pigs 

after cold-LHX (dashed bar, 

n=5), warm-LHX (grey bar, 

n=5) and control-LHX (closed 

bar, n=5). After cold-LHX, no 

changes in hepatic flow were 

observed whereas after warm-

LHX and control-LHX hepatic 

flow decreased significantly 

during the initial phase of 

reperfusion. After control-LHX, 

total liver flow and Portal vein 

flow recovered after 6 hrs of 

reperfusion. Bars represent mean 

± SEM. 

# Significantly different from 

pigs after cold-LHX. 

* Significantly different from 

pre-ischemic values. 
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SEC injury 

Before induction of ischemia, SEC of pigs in all groups almost completely cleared HA from the 

circulation within the first 30 minutes after administration (figure 2). During 120 min of THVE, 

SEC were unable to take up HA and plasma HA levels showed an 8-fold increase in pigs in all 

groups due to continued synthesis of HA by connective tissue. After 6 hrs of reperfusion, HA 

uptake after control-LHX was decreased when compared to pre-ischemic uptake and also when 

compared to pigs after cold-LHX. In contrast, pigs after cold-LHX showed no decrease in HA 

uptake after 6 hrs of reperfusion. Due to the low survival rate in pigs after warm-LHX, statistical 

analysis after 6 hrs of reperfusion could not be performed appropriately (n=2). The HA uptake 

profiles of the control-LHX and the cold-LHX groups after 24 hrs of reperfusion were not 

significantly different during the 60 min sampling period. Although initial HA uptake rate in both 

groups was decreased when compared to pre-ischemic HA uptake rate, full recovery of SEC 

function after 24 hrs of reperfusion in both groups was observed (figure 2). 

 

 

Figure 2 

Uptake of exogenous hyaluronic acid (HA) during a 60 min time period pre-ischemia, during 2 hrs of 

ischemia as well as after 6 and 24 hrs of reperfusion after cold-LHX (dashed bar, n=5), warm-LHX (grey bar, 

n=5) and control-LHX (closed bar, n=5). There were no survivors in the warm-LHX group after 24 hrs of 

reperfusion. Results were expressed as the percentage of administered HA taken up by the sinusoidal 

endothelial cells (SEC) during 60 min. During ischemia, plasma HA levels were expressed since no HA was 

administered. No decrease in SEC function was observed in pigs after cold-LHX when compared to pigs after 

control-LHX. Bars represent mean ± SEM. 

# Significantly different from pigs after cold-LHX. 

* Significantly different from pre-ischemic values. 
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Intrahepatic tissue pO2  measurements  

After 10 min of reperfusion, mean intrahepatic tissue pO2 decreased after warm-LHX and control-

LHX when compared to pre-ischemic values but recovered completely after 24 hrs of reperfusion 

in pigs in the control-LHX group (table 3). In contrast, after cold-LHX mean tissue pO2 increased 

after 120 min of ischemia and remained elevated during 24 hrs of reperfusion. The CFDC 

calculated after 10 min of reperfusion showed a shift to the left after warm and control-LHX 

(figure 3) with an increase in values below 10 mm Hg (table 3), indicating more 

hypoxic/hypoperfused areas in the liver. However, after cold-LHX the CFDC shifted to the right 

with an increase in values above 60 mm Hg (table 3), indicating more hyperoxic/hyperperfused 

areas in the liver. After 24 hrs of reperfusion, CFDC after control-LHX returned to normal, 

although there was a tendency towards more hypo- and hyperperfused areas in the liver (rotation 

of the CFDC curve). After cold-LHX, CFDC shifted towards the pre-ischemic configuration 

without a concomitant rotational shift. 

 

 Cold-LHX Warm-LHX Control-LHX 

Pre-ischemia  

Mean pO2 mm Hg 

% values<10 mm Hg 

% values>60 mm Hg 

 

      39.1 ± 0.7 A, B 

0.6 ± 0.2 

4.8 ± 1.4 I 

 

38.4 ± 0.7 D 

0.80 ± 0.2 G 

10.0 ± 3.2 

 

39.3 ± 0.7 E 

0.80 ± 0.4 H 

8.2 ± 3.3 

10 min of reperfusion 

Mean pO2 mm Hg 

% values<10 mm Hg 

% values>60 mm Hg 

 

        54.1 ± 0.8 A, C, M,N 

0.2 ± 0.2 J, K 

17.0 ± 4.2 I, M 

 

25.8 ± 0.8 D, M 

17.3 ± 3.7 G, J 

2.0 ± 2.0 M 

 

28.4 ± 0.8 E, F, N 

14.0 ± 6.0 H, K 

4.8 ± 3.2 

24 hrs of reperfusion 

Mean pO2 mm Hg 

% values<10 mm Hg 

% values>60 mm Hg 

 

47.6 ± 0.9 B, C, O 

0.3 ± 0.3 L 

15.5 ± 7.8 

 

 

 

39.4 ± 1.5 F, O 

10.5 ± 4.2 L 

19.5 ± 9.7 

 

Table 3 

Mean intrahepatic tissue pO2, percentage of values below 10 mm Hg and percentage of values above 60 mm 

Hg at pre-ischemia, after 10 min and 24 hrs of reperfusion in pigs after cold-LHX, warm-LHX and control-

LHX. Values represent mean ± SEM. 

Significant differences exist between values tagged with equal letters (A-O; p<0.05). 
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Figure 3 

Cumulative pO2 frequency 

distribution curves (CFDC) before 

ischemia (solid line), after 10 min of 

reperfusion (dashed line) and 24 hrs 

of reperfusion (dotted line) in pigs 

after cold-LHX, warm-LHX and 

control-LHX. After cold-LHX, pO2 

values increased after 10 min of 

reperfusion (right shift of the CFDC 

curve) when compared to pre-

ischemic values, whereas after warm-

LHX and control-LHX pO2 values 

decreased (left shift of the CFDC 

curve). After cold-LHX, the CFDC 

only partially returned to the pre-

ischemic after 24 hrs of reperfusion 

values. After control-LHX, the CFDC 

completely returned to pre-ischemic 

values, however showed a 

concomitant clockwise rotation 

indicating increased areas with hypo- 

and hyperperfusion. 
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Glutathione 

After 10 min of reperfusion GSH levels had decreased in pigs in all groups when compared to 

pre-ischemic levels (figure 4). However, levels in pigs after warm and control-LHX decreased 

significantly more. Only after cold-LHX, the initial drop in GSH level after ischemia was 

followed by a subsequent recovery to levels significantly exceeding pre-ischemic values after 24 

hrs of reperfusion.  

 

 

Figure 4 

Liver tissue glutathione (GSH) 

levels per mg protein at pre-

ischemia (pre-I), 10 min of 

reperfusion (10m R) and 24 hrs 

of reperfusion (24h R) after 

cold-LHX (dashed bar, n=5), 

warm-LHX (grey bar, n=5) and 

control-LHX (closed bar, n=5). 

After 10 min of reperfusion GSH 

levels decreased more after 

warm-LHX and control-LHX 

than after cold-LHX. After cold-

LHX overcompensation in GSH 

levels after 24 hrs of reperfusion 

was observed whereas after 

control-LHX no recovery in 

GSH levels was observed. Bars 

represent mean ± SEM. 

# Significantly different from 

pigs after cold-LHX. 

* Significantly different from 

pre-ischemic values. 
 

 

 

Malondialdehyde 

Plasma TBARS levels (reflecting levels of malondialdehyde as a parameter for lipid peroxidation) 

were elevated in pigs in all groups after 10 min of reperfusion when compared to pre-ischemic 

levels. After prolonged reperfusion, TBARS levels had returned to pre-ischemic levels in all 

groups (figure 5). In liver tissue, changes in TBARS level were not significant (figure 6). 
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Figure 5 

Plasma TBARS levels 

reflecting malondialdehyde 

levels at pre-ischemia (pre-

I), 10 min of reperfusion 

(10m R), 6, 12 and 24 hrs 

of reperfusion (24h R) after 

cold-LHX (dashed bar, 

n=5), warm-LHX (grey bar, 

n=5) and control-LHX 

(closed bar, n=5). After 10 

min of reperfusion TBARS 

level significantly 

increased in all groups and 

returned to normal after 6 

hrs of reperfusion. Bars 

represent mean ± SEM. 

* Significantly different 

from pre-ischemic values. 

 

 

 

 

Figure 6 

Tissue TBARS levels 

reflecting malondialdehyde 

levels at pre-ischemia (pre-

I), 10 min of reperfusion 

(10m R) and 24 hrs of 

reperfusion (24h R) after 

cold-LHX (dashed bar, 

n=5), warm-LHX (grey bar, 

n=5) and control-LHX 

(closed bar, n=5). All pigs 

showed an increase in 

TBARS level but this did 

not reach statistical 

significance. Bars represent 

mean ± SEM. 
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Discussion 

In situ liver cooling during LHX plus THVE reduced liver failure and increased survival to 100%. 

Our data show that this protective effect owed to cooling of the liver and not to the wash out of 

blood because normothermic flush of the liver vasculature resulted in no survival at all. 

Although hypothermia during ischemia can augment SEC injury (3;4), the present study 

shows that a limited decrease in liver temperature, i.e. 10°C, during ischemia protects not only the 

hepatocytes but also the SEC from I/R injury. As a consequence, microcirculatory integrity was 

not affected and hepatic arterial and portal venous flows were maintained during reperfusion. In 

contrast, without liver cooling, HA uptake capacity was diminished after 6 hrs of reperfusion 

indicating SEC injury, which explains the initial drop in hepatic flow.  

Normothermic perfusion of the liver severely aggravated liver I/R injury, to the extent 

that no animal survived 24 hrs of reperfusion. The Ringer-glucose solution used for perfusion 

probably accounts for the observed outcome in this study. Although Ringer-glucose solution is 

isotonic, the lack of protein and the acidotic pH (4.65) enhances endothelial cell swelling at 

normothermic temperature, leading to microvascular disturbances and ultimately, enhanced liver 

injury during reperfusion (22;23).  

Microcirculatory disturbances lead to impaired tissue oxygenation (24) and therefore, 

can be assessed by measurement of intrahepatic tissue pO2. The mean pre-ischemic value of tissue 

pO2 in the present study is within the range obtained in previous studies (35.0 and 43.4mmHg) 

(17). After cold-LHX, mean pO2 values increased significantly during reperfusion when 

compared to baseline values. Both a compensatory hyperperfusion/ hyperoxygenation and a 

decrease in oxygen consumption by the liver could be responsible for this phenomenon. The latter 

is considered a sign of poor liver function (25), however, in the present study, liver function after 

cold-LHX was preserved. Therefore, the observed hyperperfusion is assumed to be a normal 

physiological response after an ischemic insult (26), demonstrating functional integrity of the 

microvascular system. Furthermore, intrahepatic pO2 disturbances are more likely the result of 

differences in blood supply rather than oxygen demand (13). Since tissue oxygenation is 

characterized by a heterogeneous distribution, mean tissue pO2 does not identify local areas of 

hyper- or hypoperfusion. To identify local differences in perfusion, cumulative frequency 

distribution curves (CFDC) were composed from individual intrahepatic pO2 values. After cold-

LHX and 10 min or 24 hrs of reperfusion, a right shift of the CFDC was observed, indicating a 

general increase in hyperperfused areas. After warm and control-LHX a left shift was observed, 



Hypothermic perfusion on pO2 and ROS 

149 

indicating more hypo- or nonperfused areas. After control-LHX and 24 hrs of reperfusion, the 

CFDC showed increased frequencies of both low and high pO2 values compatible with 

microcirculatory maldistribution (27).  

Kupffer cells and neutrophils have been identified as the dominant sources of post-

ischemic oxidative stress (28;29), although recent evidence also indicates a relevant role for 

intracellular oxidative stress (30;31) in liver I/R injury. Endogenous GSH has been recognized as 

an important antioxidant protecting the liver from the influence of reactive oxygen species (ROS) 

(32;33). This was confirmed by Bilzer et al. who showed that an increase in extracellular GSH 

concentration by administration of GSH significantly protected the liver from I/R injury (34). 

Measurement of tissue GSH concentration has been widely used as indicator of oxidative stress. 

In the present study, tissue GSH levels were significantly less decreased after cold-LHX than after 

warm and control-LHX and 10 min of reperfusion, indicating significantly less GSH consumption 

during the initial phase of reperfusion after hypothermic ischemia (14). During detoxification of 

ROS, oxidized glutathione (GSSG) is generated and the ratio between GSH and GSSG decreases. 

In the present study however, elevation of liver GSSG concentrations was limited to 125% of pre-

ischemic values during the experiments (data not shown), which is consistent with previous 

observations by Jaeschke et al. (28) and could indicate a predominantly extracellular source for 

ROS formation. However, since GSH was measured in liver tissue and not in plasma, enhanced 

release of GSH into the systemic circulation due to increased hepatocellular injury could also 

explain the lower liver GSH levels after warm and control-LHX.  

The contribution of lipid peroxidation to liver I/R injury is still controversial (35;36). In 

the present study the TBARS concentration in plasma increased, although significantly, by only 

1.6-fold above baseline values. TBARS elevation in liver tissue was not significant. In contrast, 

up to a 100-fold increase in experimental models of chemically induced lipid peroxidation were 

observed (37;38). Therefore it is unlikely that lipid peroxidation was an important mechanism in 

the development of parenchymal I/R injury in this study.  

In conclusion, this study shows the protective effects of in situ hypothermic perfusion on 

liver I/R injury during LHX under THVE. This protection was associated with sustained hepatic 

(arterial and portal venous) flow and microcirculatory integrity. Oxidative stress occurred during 

the initial phase of reperfusion and was abrogated in part by in situ hypothermic perfusion. 

Clinical application of this intervention for salvaging the remnant liver after partial hepatectomy 

under compromising conditions deserves further investigation.  
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Abstract 

Background: Preoperative assessment of liver function is used to estimate the outcome of major 

liver surgery. The indocyanine green (ICG) clearance test is the most frequently used test for liver 

parenchymal function but has its limitations. The aim of this study was to investigate the 

correlation between the liver uptake of 
99m

Tc-Mebrofenin measured with hepatobiliary 

scintigraphy and the ICG clearance test.  

Patients and Methods: 54 patients were diagnosed as hepatocellular carcinoma (n=9), hilar 

(Klatskin) tumours (n=20) and 25 patients with non-parenchymal tumours (NPT) including 

colorectal metastasis (n=15) and miscellaneous tumours (n=10). Hepatobiliary 
99m

Tc-Mebrofenin 

scintigraphy was performed after intravenous injection of 85 Mbq 
99m

Tc-Mebrofenin, and hepatic 

uptake rate was calculated. 
99m

Tc-Mebrofenin hepatobiliary scintigraphy, the 15-minute clearance 

rate of ICG (ICG-C15) and conventional plasma liver function tests were carried out one day 

prior to operation. 

Results: The mean ICG-C15 was 86.86 ± 1.19 % (SEM). The mean 
99m

Tc-Mebrofenin uptake rate 

was 12.87 ± 0.52 %/min.. A significant correlation was obtained between 
99m

Tc-Mebrofenin 

uptake rate by scintigraphy and ICG-C15 (r = 0.73, P < 0.0001). The mean 
99m

Tc-Mebrofenin 

clearance capacity of the right liver segments (79.83 ± 1.63, range 47.75-95.97 %) was larger than 

that of the left segments (mean 20.24 ± 1.55, range 6.51 to 52.51 %). 

Conclusions: These data show that 
99m

Tc-Mebrofenin uptake rate as assessed by scintigraphy is an 

efficient method for determining liver function and correlates well with ICG clearance. At the 

same time, 
99m

Tc-Mebrofenin scintigraphy provides information of segmental functional liver 

tissue which is of additional use when planning liver resection. 
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Introduction 

Hepatic resection is the therapy of choice for malignant and symptomatic benign, hepatobiliary 

tumours. Recent years have shown a marked decrease in morbidity and mortality rates after major 

liver resections 
1,2

. Refinements in operative techniques, better selection of patients and advances 

in peri-operative care are thought to be responsible for this improvement 
3
. Nevertheless, peri-

operative blood loss and post-operative liver failure have remain the most significant 

complications after liver resections, particularly in patients with suboptimal liver function due to 

parenchymal liver disease, such as cirrhosis or steatosis 
4
. The major cause of mortality after liver 

resection consequently, is liver failure 
1
. For this reason it is important to estimate total and 

regional liver function before planning partial resection of the liver in order to predict function of 

the remnant liver.  

To date, the most frequently used test for evaluating preoperative liver function is the 

indocyanine green (ICG) clearance test 
5-8

. ICG is a tricarbocyanine dye, exclusively removed by 

the liver and excreted into the bile 
9
. ICG clearance, requiring intravenous injection and multiple 

blood samples, provides indirect measurement of global liver function only. 

Alternatively, Technetium-99m-labeled Iminodiacetic acid (IDA) analogues, transported 

in blood by binding to albumin in the same manner as ICG, can be used for hepatobiliary 

scintigraphy in the assessment of liver function 
10

. In liver transplant patients, hepatobiliary 

scintigraphy has been performed to obtain information about the functional and morphological 

status of the graft 
11

. Hepatobiliary scintigraphy, requiring a single intravenous injection, provides 

visual and quantitative information of global and regional liver function as well as excretory 

function (intrahepatic and extrahepatic bile transport). Both ICG and 
99m

Tc-Mebrofenin are 

excreted in bile by the hepatocytes 
12

 by the ATP-dependent export pump multidrug-resistance 

associated protein 2 (MRP 2), without undergoing biotransformation during their transit through 

the hepatocyte 
13,14

. Therefore, these agents are well suited for the study of hepatic transport. The 

aim of this study is to examine correlation of the ICG clearance test with the uptake of 
99m

Tc-

Mebrofenin as determined from the blood and by scintigraphical assessment. 

Both ICG clearance test and 
99m

Tc-Mebrofenin uptake and scintigraphy were 

sequentially performed in patients planned to undergo partial liver resection for primary or 

metastatic liver tumours or proximal bile duct malignancies. Special attention was paid to 

additional information obtained from the dynamic scintigraphy images such as possible, local 

differences in liver function or cholestasis of the left- and/ or right liver lobes. 
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Patients and methods 

Patients 

The study group consisted of patients planned to undergo partial liver resection for hepatobiliary 

tumours between March 2000 and September 2002 in the Academic Medical Center (AMC) in 

Amsterdam, The Netherlands. 54 patients were included (25 female, 29 male) with a mean age of 

59.2 years (range 37-80 years).  Nine patients were diagnosed as hepatocellular carcinoma, 20 as 

proximal bile duct cancer (Klatskin tumours) and 15 as colorectal metastasis and 10 as 

miscellaneous tumours. This study was approved by the local Medical Ethics Committee of the 

AMC (protocol 99/167) and was performed with informed consent of all patients. Patient 

characteristics are listed in table 1. 

 

 

AGE (YEARS)* 59.2 ± 10.32 (37-80)  

GENDER (M/F, NUMBER OF PATIENTS) 29/25 

PARENCHYMAL DISEASE 

Hepatocellular carcinoma 

Klatskin tumour 

 

NON PARENCHYMAL DISEASE 

- Colorectal metasases 

- Angiosarcoma 

- Cysteadenocarcinoma 

- Cysteadenoma 

- Angiomyolipoma 

- Non seminoma testis metastases 

- Adenocarcinonoma ductus cysticus 

29 

9 

20 

 

25 

15 

1 

4 

2  

1 

1 

1 

POST-RESECTION MORTALITY (N) 4 

UNRESECTABLE TUMOURS (N) 12 

 

Table 1  

* Age is expressed as mean number of years ± SD (min-max range). 
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ICG clearance Test 

One day prior to surgery, bilateral intravenous Venflons
TM

 were placed in the antecubital veins. 

After an overnight fast, 25 mg of ICG (Infracyanine, Laboratoires pharmaceutiques, Paris, 

France) was dissolved in 10 ml of 5 % dextrose solution and injected rapidly into the antecubital 

vein. The clearance tests were performed after overnight fasting because food consumption 

stimulates hepatic function and bile flow. Blood samples were drawn before the administration of 

ICG (blank) and at 5, 10, 15 and 20 minutes after ICG injection. Plasma samples were read 

against the plasma blank at 805 nm by spectrophotometry to determine the concentration of ICG. 

The theoretical maximum concentration at zero minutes was estimated by using the least squares 

method 
15

. Results were expressed as the percentage ICG cleared at 15 minutes (ICG-C15 value). 

 

Hepatobiliary scintigraphy 

On the same day, all patients underwent hepatobiliary scintigraphy using the radiopharmaceutical 

agent 99-Technetium-labeled (Tc-99m)-Mebrofenin. After intravenous administration of 85 MBq 

99m
Tc-Mebrofenin, dynamic image acquisition was performed with a gamma camera (Diacam, 

Siemens, Milwaukee, USA) with the liver and heart in the field of view (FOV), using a 128x128 

matrix. Dynamic acquisition was performed in one hour at 10 seconds per frame for 60 frames 

(liver uptake sequence) followed by 50 frames of 1 minute (bile excretion sequence). Regions of 

interest (ROI) were drawn around the liver, the heart and large vessels within the mediastinum 

(serving as blood pool) and around the total FOV (indicative of total activity). Three different 

time versus radio activity curves were generated, based on the liver, blood pool and total FOV. 

Liver uptake was calculated in %/min as described by Ekman 
16

, based on these three parameters. 

Furthermore, ROI could be drawn around parts of the liver to calculate regional differences in 

99m
Tc-Mebrofenin uptake. Calculations of 

99m
Tc-Mebrofenin uptake by the liver were performed 

using scanned radio activity values acquired between 150 and 350 seconds post-injection, to make 

sure that calculations were made during a phase of homogenous distribution of the agent in the 

blood pool and before the rapid phase of hepatic excretion 
16

. 

Since ICG clearance is measured in blood samples, and scintigraphic liver uptake 

function is measured on planar imaging, additional blood samples were taken to measure 
99m

Tc-

Mebrofenin blood clearance. Blood samples were taken before the administration of 
99m

Tc-

Mebrofenin and at 1, 2, 3, 5, 10, 15, 20 and 30 minutes after injection. By measuring radioactivity 

in the blood samples, the percentage clearance at 15 minutes was calculated in the same way as 

the ICG clearance was.  
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For calculating regional liver uptake on hepatobiliary scintigraphy the global liver ROI 

was manually divided into two parts referring to the right margin of the aorta as the border 

between the right and left liver lobes. 

 

Blood plasma analysis 

Blood samples were collected for routine laboratory biochemistry of liver enzymes alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), 

gamma-glutamyl transferase (GGT) and alkaline phosphatase (ALP) and of total and conjugated 

bilirubin. Routine laboratory chemistry tests were performed to obtain values of albumin, 

prothrombin time (PTT), antithrombin III (AT III) and activated partial tromboplastin time 

(APTT). 

 

Statistical analysis 

Commercial computer package was used for analysis of the data (GraphPad Prism; GraphPad 

Software, San Diego, California, USA). The relationship between ICG clearance at 15 minutes 

and liver uptake of 
99m

Tc-Mebrofenin was tested using the standard Pearson correlation 

coefficient r. A p-value < 0.05 was considered significant. 

Results  

The mean ICG-C15 was 86.86% ± 1.19 % (SEM) with a range of 58.51-98.32 %. 

The mean 
99m

Tc-Mebrofenin clearance at 15 minutes was 83.70 % ± 1.72 % (n= 36, range 

51.80-93.20 % in 15 min).The mean 
99m

Tc-Mebrofenin uptake rate was 12.87 %/min. ± 0.52 

(SEM) with range of 3.2- 24.4 %/min. The ICG-C15 value and the 
99m

Tc-Mebrofenin 

clearance rate in blood in 15 min showed a significant, positive correlation (r = 0.81, P < 

0.0001, Figure 1). 
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Figure 1  

Correlation between 

clearance at 15 minutes of 

ICG and 
99m

Tc-Mebrofenin 

(%/15 min; r=0.81, P < 

0.0001, N=36). 

 

 

 

 

 

 

 

 

 

A significant, positive correlation was obtained between the 
99m

Tc-Mebrofenin 

clearance rate at 15 minutes and 
99m

Tc-Mebrofenin uptake by scintigraphy (r = 0.76, P 

<0.0001, Figure 2). Also, the ICG-C15 value and the 
99m

Tc-Mebrofenin uptake (as evaluated 

by scintigraphy) showed a significant, positive correlation (r = 0.73, P < 0.0001, Figure 3). 

 

 

 

Figure 2 
Correlation between 

99m
Tc-

Mebrofenin clearance from 

blood at 15 min and 
99m

Tc-

Mebrofenin uptake as 

measured by scintigraphy 

(%/min; correlation 

coefficient r
 
= 0.76, p< 

0.0001, N=36). 
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Figure 3 
Correlation between ICG clearance at 15 minutes and 

99m
Tc-Mebrofenin uptake as measured by scintigraphy 

(y = 0,2925x – 12,745; r =0.73, P < 0.0001, N=54). 

 

In total, 26 measurements with ICG-C 15 above 90 % were found. Eleven patients 

had ICG-C15 values between 86 and 90 % and 18 patients had values lower than 86 %. 

The obtained correlation between ICG C-15 and AST was strong. No significant correlation 

was found between the ICG-C15 values and LDH, APTT and AT III.  

Moderate correlation was obtained between the ICG-C15 values and conjugated 

bilirubin (r = -0.49), total bilirubin (r = -0.53), ALT (r = -0.50) and albumin (r = -0.60) in the 

blood (Table 2).  

The median values for 
99m

Tc-Mebrofenin uptake in the patients with various liver 

malignancies are shown in figure 4. The median values for 
99m

Tc-Mebrofenin uptake were 

significantly different between patients in the non-parenchymal tumour (NPT) group (n=25) 

and patients with Klatskin tumours (n=20), as well as between patients in the NPT group and 

patients with hepatocellular carcinoma (HCC, n=9; p<0.05). 

The mean 
99m

Tc-Mebrofenin clearance capacity of the right liver lobes (79.83% ± 

10.80, range 47.75-95.97 % in 15 min) was larger than that of the left lobes (mean 20.24% ± 

10.26, range 6.511 to 52.51 % in 15 min; figure 5). Atrophic right or left segments as was 

apparent from CT images, had values lower than the mean (data not shown). 
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ICG-C15. 

n 
Correlation 

coefficient r 

Qualification of 

correlation* 

ALT 54 -0.50 moderate 

AST 51 -0.63 strong 

AF 52 -0.36 weak 

GGT 51 -0.38 weak 

LDH 51 0.07 ns 

Total bilirubin 49 -0.53 moderate 

Conjugated bilirubin 50 -0.49 moderate 

albumin 51 0.60 moderate 

PTT 51 -0.34 weak 

APTT 52 0.02 ns 

AT III 43 0.08 ns 

Table 2   

Correlations between the ICG-C15 and the plasma parameters for hepatocellular damage (ALT, AST, LDH), 

bile duct epithelium damage (ALP, GGT) or cholestasis (total and conjugated bilirubin) and hepatic synthetic 

function (albumin, APTT, PTT and AT III). 

Abbreviation: ns; not significant. 

n, number of patients evaluated. 

* According to Swinscow, Statistics at square one. 9th ed. (1997) 

 

 

Figure 4 
Box-Whisker plot of 

median values for 
99m

Tc-

Mebrofenin uptake in 

patients with non-

parenchymal tumor (NPT), 

Klatskin tumor or 

hepatocellular carcinoma 

(HCC). Whiskers represent 

the min-max range of 
99m

Tc-Mebrofenin uptake, 

boxes represent the 

interquartile range (*, 

p<0.05 by Mann Whitney 

U test). 
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Figure 5 

Box-Whisker plot of an 

estimation of median (range 

and interquartile range) values 

of  
99m

Tc-Mebrofenin uptake in left 

and right liver lobes expressed 

as percentages of total liver 

uptake. (***, p < 0.05 by Mann 

Whitney U test). 
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Discussion  

Prevention of postoperative hepatic insufficiency is important for improvement of the outcome 

after partial liver resection in patients with malignant liver disease. Patients with hepatic 

insufficiency after major liver resection have low chances for survival 
1,17

. Therefore, adequate 

preoperative estimation of liver function potentially improves postoperative morbidity and 

mortality after major liver resections 
6
. 

In literature, the results of ICG tests are expressed as ICG-R15, which describes the 

percent of retention in 15 minutes. It has been reported that the ICG-R15 value is a better 

indicator of liver function than the Child-Pugh classification in patients who underwent cardiac 

surgery. In these patients a high ICG-R15 correlated with a high rate of mortality 
6
. ICG retention 

of 14 percent at 15 minutes, equalling a clearance of 86 percent at 15 minutes, has been suggested 

as the safe limit for patients undergoing major liver resection 
5
. Clinical use of ICG has been 

associated with a few cases of serious adverse reactions including anaphylactic shock, 

hypertension, and urticaria 
18

. We did not encounter any of these complications during our study. 

Several studies have been performed to estimate the preoperative hepatic functional 

reserve by making use of 
99m

Tc-diethylenetriamine-penta acetic acid-galactosyl-human serum 

albumin (
99m

Tc-GSA) liver scintigraphy. 
99m

 Tc-GSA is a novel liver scintigraphy agent that binds 

to the asialoglycoprotein receptor (ASGPR) on hepatocytes 
19

. It was found that the total counts 

and counts per unit hepatic volume based on  
99m

Tc-GSA in the entire liver significantly decreased 

in patients with more extensive liver disease 
20

. The disadvantages of  
99m

Tc-GSA are that it does 

not provide any information on hepatic excretory function. For the present study 
99m

Tc-

Mebrofenin was used because it has high hepatic uptake and fast excretion and it has been shown 

to have a very low renal excretion 
21,22

. Moreover, it can be used at higher plasma bilirubin levels 

than previous derivatives due to a halogen atom on the phenyl ring 
21

. It has been demonstrated 

that uptake of ICG is competitively inhibited by conjugated 
23

 and unconjugated bilirubin 
24

. In 

our study this is of less importance because most of the patients underwent decompression of the 

biliary tract by stenting to reduce serum bilirubin levels prior to surgery 
25

. The patients who were 

not decompressed showed bilirubin values within normal range. 

From the ICG blood-time curve and 
99m

Tc-Mebrofenin levels in blood samples taken 

during scintigraphy, it was concluded that a mono exponential fit rendered a suitable 

mathematical model to describe the concentration of circulating radioactivity in the chosen 
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interval. The blood concentration curves of ICG and 
99m

Tc-Mebrofenin showed the same decline, 

suggesting the same hepatic uptake rate for ICG and 
99m

Tc-Mebrofenin. (Figure 6) 

 

 

 

 

Figure 6 
ICG (■)and 

99m
Tc-Mebrofenin (▼) curves in blood after bolus injection.  

 

To compare clearance of ICG and 
99m

Tc-Mebrofenin, the clearance rate at 15 minutes 

from blood was calculated with the same mono exponential regression analysis. A strong positive 

correlation coefficient was seen, indicating that the clearance function of the liver was equally 

represented by both agents. 

When the 
99m

Tc-Mebrofenin clearance rate at 15 minutes was compared with the uptake 

rate calculated by using the scintigraphy images, a strong positive correlation was seen. Also, a 

statiscally significant, positive correlation was seen between 
99m

Tc-Mebrofenin liver uptake by 

scintigraphy and ICG-C15 levels. These findings indicate that both the blood clearance rate and 

liver uptake by scintigraphy of 
99m

Tc-Mebrofenin give a similar estimation of liver function. 

The results of this study confirm that the standard tests for liver enzymes and bilirubin 

plasma levels are not appropriate for describing actual liver function in pre-operative patients. 
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When ICG-C15 was compared with the liver enzymes as ALT, ALP, poor correlation was found. 

Between the ICG-C15 and hepatic synthetic function tests, a correlation was observed for albumin 

and PTT, but nor for APTT. Furthermore, the degree of improvement in routine liver 

transaminase levels was not able to identify clinically improved or unimproved patients with 

alcoholic hepatitis 
26

.  

It is known that unaffected liver segments may retain good function and that liver 

function in cancer-bearing segments tends to be decreased when compared with that of non-

cancerous segments 
27

. Thus, although liver enzymes may be increased due to regional 

hepatocellular damage, other liver lobes may compensate and establish good liver function.  

The correlation coefficient between ICG-C15 and ALT plasma values was lower than between 

ICG-C15 and AST plasma levels. The discrepancy between the correlations of these 

transaminases with ICG-C15 can be explained by the localisation of the enzymes within 

hepatocytes. ALT is localised in the cytosol, whereas AST is found for 80 % in mitochondria 
28

. 

Mitochondria are the site of oxidative phosphorylation and are specialised in the production of 

cellular ATP 
29

. A study showed that the hepatic ATP level is reflected by the amount of ICG and 

excretion of ICG in bile. Severe damage of hepatocytes leads to damage of mitochondria as 

reflected by the increase of AST in blood, and due to lack of ATP, a decrease of ICG clearance 

results
30

.  

In this study, patients with colorectal metastases (including other liver malignancies in 

the non-parenchymal tumour (NPT) group) showed a better 
99m

Tc-Mebrofenin uptake in liver than 

patients with HCC or patients with a Klatskin tumour. Hepatic changes develop very rapidly after 

bile duct obstruction. Hepatocyte function can decrease in late stages of biliary obstruction, as is 

the case in many Klatskin tumour patients, resulting in secondary decline of hepatocyte extraction 

31
. In long-standing cases biliary cirrhosis develops

32
 which in part explains the decreased 

99m
Tc-

Mebrofenin uptake seen in this patient group. An advantage of hepatobiliary scintigraphy is that 

affected areas of the liver can be seen as not properly visualized areas on the dynamic images 

obtained during scintigraphy.  

Another main advantage of scintigraphy over ICG clearance studies is the additional 

information that comes with the obtained dynamic images, e.g. visualisation of bile pooling in 

ducts of patients with cholestasis and heterogeneous uptake of the radiopharmaceutical agent in 

the presence of liver disease 
33

. Moreover, the images may be valuable in separating primary 

biliary from primary hepatocyte disease 
22

.  
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Hepatobiliary scintigraphy has high diagnostic sensitivity in the diagnosis of biliary 

obstruction during long-term follow-up after curative hepatic resection with biliary-enteric 

anastomosis. It has proven especially helpful in diagnosis of segmental biliary obstruction
34

.  

Patients with biliary obstruction involving one or two segments may present with normal or 

minimally deviating liver function clearance tests. The rest of the liver may function normally 

21,35
. Scintigraphy allows distinguishing bile pooling in the uptake-image of the corresponding 

segment. In our study the dynamic images in some of the patients with segmental biliary 

obstruction showed clearly which parts were affected (figure 7). 
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Figure 7 

Dynamic hepatobiliairy scintigraphy with 85 Mbq 
99m

Tc-Mebrofenin. Sequential 5 minutes images starting at 

15 minutes post-injection. The images show homogenous tracer distribution in the liver (panel A), with 

excretion into large bile ducts and subsequently, galbladder and bowel. In segment 7 and 8 stasis of tracer is 

visualized (panel C-I), corresponding with bile duct obstruction. 
 

 

In our study, for calculating function of the left- and right liver lobes as a percentage of 

total liver uptake, the right margin of the aorta was taken as the border. This choice was based on 

the appearance of the aorta in the first dynamic images. In truth, the border is defined by the 

inferior vena cava. Scintigraphy showed that the right liver lobes had a higher uptake function in 

comparison with the left lobes. This is in accordance with the larger liver volume of the right liver 

lobes. It should be noted that the true border between the right and left liver lobes (i.e. the division 

of segments 5 and 8 on the right side and segment 4 on the left side) corresponds with the caval 

vein, lying right of the aorta, accounting for an underestimation of function of the left liver. 

Affected uptake activity of liver segments could be detected by decreased function 

percentage. Affected liver segments showed decreased uptake activity when compared to the 

mean value. Livers with atrophy of the right lobes due to obstruction of the right portal vein as a 

result of tumorous ingrowth, showed a decrease in 
99m

Tc-Mebrofenin uptake when compared to 

non–atrophic livers. Cirrhosis present in particular segments of the liver showed decreased 

activity (figure 8). Other studies showed that in diseases like cirrhosis the hepatic extraction, i.e. 

the portion of the radiopharmaceutical removed during each circulatory pass from plasma, 

decreases 
22

. 

Following the comparison between ICG-C15 and 
99m

Tc-Mebrofenin uptake by 

scintigraphy, an uptake rate of 12.6 %/minute could be regarded as the safe limit. It should be 

noted, that this is a theoretically calculated cut off value. 

 

Conclusion  

These data show that 
99m

Tc-Mebrofenin uptake rate as assessed by scintigraphy is a valid method 

for determining liver function and correlates well with ICG clearance. Additional morphological 

information obtained from hepatobiliary scintigraphy, provides valuable information on 

localisation of liver segments with inferior function and/or bile pooling in obstructed liver 

segments. Plasma levels of liver enzymes, bilirubin and tests that measure hepatic synthetic 

function do not correlate well with ICG clearance and are therefore less suitable for assessment of 

global liver function in patients in need of a liver resection.   
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Figure 8 

Dynamic hepatobiliairy scintigraphy with 85 Mbq 
99m

Tc-Mebrofenin. A decreased uptake is depicted in 

segment 7 and 8 (panel A-I). Galbladder has been marked out for image quality purposes. 
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Summary and conclusions  

The effects of liver I/R injury are still a major concern during extensive liver resections in which 

clamping of the afferent vessels are necessary to minimize blood loss. Although extensive 

research has been conducted over the past decades to elucidate the mechanisms involved in I/R 

injury, these complex mechanisms, involving several pathways, are not yet fully understood. 

Animal studies are still an important part of current research, especially when mechanistic issues 

are investigated. Rodents have often been used for these studies, but, although rodents are well 

suited for these experiments, comparison of these studies becomes very difficult.  

In Chapter 2, an overview is presented of the rat animal models used in literature, in 

regard with anesthetic methods, rat gender and strain. In total, 9 different animal models, 11 

different anesthetics (single or combined) and 5 different rat strains have been used as described 

in 105 articles. Applied ischemia times vary largely as well as reperfusion times, use of systemic 

heparin and body temperature control. In all, there seems to be no consensus on the rat model to 

be used in liver I/R research. An attempt is made to reach such consensus by proposing a 

standardised rat model based upon literature reports. We strongly believe that a consensus as 

such, will benefit the liver I/R research community.  

Liver I/R research has been conducted not only in rats but in many other animal species. 

Each species has its own species-specific differences in anatomy and susceptibility to liver I/R 

injury. Chapter 3 describes experimental liver I/R models in several animal species and their 

specific differences.  

The influence of temperature on liver I/R injury has been well established already. In the 

transplantation setting, decreasing temperature of the organ extends the limits of storage time until 

24 hours depending on species and the organ transplanted. However, the influence of small 

fluctuations in (body) temperature is less defined. Although in humans, temperature control is a 

major concern during operations, in animal experiments, control of body temperature is seldom 

performed routinely. During any type of anesthesia, it is not uncommon to find a drop in body 

temperature up to several degrees when no special measures have been undertaken. In Chapter 4, 

the influence of a decrease or an increase in body temperature of 1°C on liver I/R injury was 

investigated. We showed that a slight drop in body temperature significantly protected the liver 

from I/R injury, whereas a slight increase tripled the amount of liver injury. Therefore, the 

influence of temperature on outcome in liver I/R experiments, or in any other type of experiment 

involving liver ischemia, should not be underestimated and it is thus advisable to maintain the 
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body temperature of rats during the experiments on 37°C exactly. This condition is quite easily 

achieved by placing the rat in supine position on a warm heating pad and adjust the temperature 

using a lamp.  

A condition which is also commonly encountered during liver I/R research in rats is the 

development of acidosis and hypoxia due to respiratory failure. Almost all anesthetic compounds 

suppress the respiratory system to some extent. However, insertion of a tracheal tube is seldom 

used to facilitate spontaneous respiration, let alone tracheal intubation and active ventilation. 

According to literature data, the resulting acidosis and hypoxia can influence the outcome of the 

experiment. In Chapter 5, the influence of acidosis and hypoxia on liver I/R injury was 

investigated in four groups of rats: 1) no acidosis and normoxia, maintained by controlled 

ventilation, 2) acidosis and normoxia, maintained by passive supply with oxygen, 3) no acidosis 

and hypoxia, maintained by bicarbonate administration without respiratory support and 4) 

acidosis and hypoxia, i.e. without respiratory support or pH correction. We showed that that 

influence of acidosis was deleterious under normoxic conditions but protected the liver from I/R 

injury under hypoxic conditions. These findings cannot be neglected in liver I/R research and 

therefore, respiration should be facilitated and cautiously controlled during anesthesia. 

The role of complement activation in liver I/R research still is unclear, although it has be 

identified as an important mechanism in liver I/R injury. Although at first, most authors referred 

to the alternative pathway as the main activator of complement in liver I/R, the classical pathway 

has more recently also been shown to play a role in this activation. The molecular mechanisms of 

the observed activation of complement during liver I/R have not been defined, but a contribution 

of CRP mediated activation has been suggested. In Chapter 6, purified human C1-inh was 

administered using different dosages and at different time points in an in vivo rat model of partial 

liver ischemia. Furthermore, a possible role of CRP mediated complement activation was 

investigated. We found that administration of C1-inh before induction of ischemia as compared to 

administration at the end of the ischemic period resulted in less hepatocellular injury after 24 h of 

reperfusion, which was significantly lower when compared to albumin treated, control rats. 

Furthermore, our data strongly suggest a role of CRP-mediated complement activation in liver I/R 

injury. The amount of C1-inh necessary to decrease liver I/R injury seems to be no more than 100 

IU/kg bwt. 

The decrease in intra operative and postoperative complications has improved the 

outcome of major liver surgery over the last decades. The reduction of intra-operative blood-loss 

by clamping the afferent vessels to the liver, with or without clamping of the supra-hepatic and 



Chapter 10 

178 

infra-hepatic caval vein, significantly contributed to this achievement. A further decrease in 

postoperative morbidity and mortality can be accomplished by reducing procedure related liver 

injury, such as I/R injury. The objective of Chapter 7 was to decrease liver I/R injury by means 

of a mild decrease in core liver temperature of 10°C, achieved by in situ hypothermic perfusion of 

the liver during ischemia.  

To this end, liver ischemia was induced by total hepatic vascular exclusion with concomitant in 

situ perfusion by way of the hepatic artery, using hypothermic (4°C) Ringer-glucose (cold 

perfused group, core liver temperature maintained at 28°C), normothermic (38°C) Ringer-glucose 

(warm perfused group), or without in situ perfusion (control group). We found that a mild 

decrease in liver temperature during ischemia significantly attenuated hepatocellular I/R injury 

while the sinusoidal endothelial cells remained viable without loss of function.  

Microcirculatory disturbances are an early event of I/R injury. Since intrahepatic tissue 

oxygenation depends on oxygen delivery by the liver microvasculature, the tissue distribution of 

oxygen reflects the microcirculatory status of the liver. Also, during reperfusion, reactive oxygen 

species (ROS) are formed, contributing to liver I/R injury. In Chapter 8, the influence of mild 

cooling of the liver during ischemia on microcirculation and ROS production was investigated. 

We concluded that the protective effect of mild cooling against liver I/R injury was associated 

with sustained hepatic (arterial and portal venous) flow and preservation of microcirculatory 

integrity. Oxidative stress occurred during the initial phase of reperfusion and was abrogated in 

part by in situ hypothermic perfusion. Therefore, clinical application of this intervention for 

salvaging the remnant liver during partial hepatectomy under compromising conditions, deserves 

further investigation. 

Despite all advances made in recent years, the major cause of mortality after liver 

resection has remained failure of the remnant liver. Thus, it is important to estimate total and local 

liver function before planning partial resection of the liver in order to predict function of the 

remnant liver. At present, the indocyanine green (ICG) clearance test is considered to be one of 

the most reliable function tests although it only gives an estimate of global liver function. A 

similar function test, hepatobiliary scintigraphy, is capable of providing segmental information of 

functional liver mass. In Chapter 9, pre-operative assessment of liver function with both the ICG 

clearance test and hepatobiliary scintigraphy were compared in 30 patients undergoing partial 

liver resection for liver tumours. Both liver function tests were comparable with regard to liver 

uptake. Only hepatobiliary scintigraphy however, could provide information about local 

excretatory liver function. Despite pre-operative biliary drainage in patients with hilar bile duct 
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tumours, hepatobiliary scintigraphy could still show decreased liver function of the tumour-

affected side of the liver. This provided useful information on the functional status of the future 

remnant liver segments. 
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Samenvatting en conclusies 

Bloedverlies tijdens leverresecties vergroot de kans op post-operatieve morbiditeit en mortaliteit. 

Om bloedverlies bij het uitvoeren van grote leveroperaties te verminderen kunnen de bloed 

aanvoerende vaten naar de lever worden afgeklemd. Het afklemmen van de vaten leidt echter tot 

een stilstand van bloed in de lever (ischemie) en derhalve ook tot stagnatie van de aanvoer van 

zuurstof, hetgeen leidt tot weefselschade. Wanneer de klemmen worden verwijderd en de 

circulatie naar de lever is hersteld, spreekt men van reperfusie. Tijdens reperfusie ontstaat de 

paradoxale situatie waarin zuurstofrijk bloed door de lever stroomt maar waarin toch additionele 

schade wordt gegenereerd. De oorzaken die leiden tot ischemie en reperfusie (I/R) schade zijn 

onderwerp van vele studies geweest maar deze complexe mechanismen zijn nog niet volledig 

opgehelderd. Veel van dit onderzoek is uitgevoerd in ratten, maar gezien het aantal verschillende 

proefdiermodellen waarvan gebruik wordt gemaakt, wordt de vergelijkbaarheid van deze studies 

steeds moeilijker. 

In Hoofdstuk 2 zijn de verschillende rattenmodellen die in de literatuur worden gebruikt 

beschreven met speciale aandacht voor de methode van anesthesie, het geslacht en het soort rat. In 

totaal werden in 105 artikelen 9 verschillende ischemiemodellen, 11 verschillende 

anesthesiemethoden en 5 verschillende soorten rat gebruikt. De toegepaste ischemie- en 

reperfusietijden vertoonden veel variatie, evenals het toepassen van heparine en het beheersen van 

de lichaamstemperatuur. Er is derhalve geen consensus over het rattenmodel dat kan worden 

gebruikt in onderzoek op het gebied van lever I/R. In dit hoofdstuk hebben we een eerste poging 

gedaan om tot consensus te komen door een gestandaardiseerd rattenmodel te beschrijven op 

grond van de literatuur. Het is duidelijk dat het bereiken van consensus het lever I/R onderzoek 

ten goede zal komen. 

Het uitvoeren van onderzoek op het gebied van lever I/R schade is niet alleen in ratten 

uitgevoerd maar tevens in verscheidene andere diersoorten. Binnen de diersoorten bestaan 

specifieke verschillen in de anatomie van de lever en in gevoeligheid voor lever I/R schade. In 

Hoofdstuk 3 worden de verschillen tussen enkele diersoorten beschreven met betrekking tot 

experimenteel lever I/R onderzoek. 

De invloed van temperatuur op lever I/R schade is reeds lange tijd bekend. Organen die 

worden gebruikt ten behoeve van transplantatie worden gekoeld om de schade tijdens preservatie 

te verminderen. Hierdoor kunnen de preservatietijden worden verlengd tot 24 uur, afhankelijk van 

het type orgaan. De invloed van kleine fluctuaties in temperatuur is echter minder bekend. 
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Hoewel tijdens humane operaties de temperatuur nauwlettend in de gaten wordt gehouden, wordt 

gedurende experimenten met proefdieren de temperatuur zelden routinematig gecontroleerd. 

Tijdens vrijwel elke vorm van anesthesie kan de lichaamstemperatuur met enkele graden Celsius 

dalen wanneer er geen maatregelen worden genomen om warmteverlies te voorkomen. In 

Hoofdstuk 4 wordt de invloed van een stijging of een daling van de lichaamstemperatuur met 

1°C op lever I/R schade onderzocht. Het blijkt dat een lichte daling in lichaamstemperatuur een 

significante vermindering geeft van lever I/R schade terwijl een lichte stijging de schade 

verdrievoudigd. De invloed van temperatuur op de uitkomst van lever I/R experimenten moet 

daarom niet worden onderschat en derhalve is het aan te bevelen de temperatuur van de rat tijdens 

deze experimenten nauwkeurig op 37°C te houden. Dit kan vrij eenvoudig worden bereikt door de 

rat op een warmtemat te leggen waarbij de lichaamstemperatuur met behulp van een warmtelamp 

wordt gereguleerd. 

Ook kunnen ratten tijdens anesthesie een insufficiënte ademhaling ontwikkelen, met als 

gevolg acidose en hypoxie. Vrijwel alle middelen die worden gebruikt om ratten onder anesthesie 

te houden onderdrukken het ademhalingscentrum in meer of mindere mate. Toch wordt zelden de 

ademhaling gefaciliteerd door het plaatsen van een tracheatube of door het intuberen en beademen 

van de rat. In de literatuur wordt beschreven dat acidose en hypoxie invloed kunnen hebben op de 

uitkomsten van I/R experimenten. Om de invloed van acidose en hypoxie op lever I/R 

experimenten te onderzoeken werden in Hoofdstuk 5 ratten onderverdeeld in 4 groepen: 1) 

intubatie en beademing van de rat waardoor geen acidose noch hypoxie ontstaat, 2) spontane 

ademhaling met toedienen van zuurstof waardoor er geen hypoxie maar wel acidose ontstaat, 3) 

toedienen van bicarbonaat bij spontane ademhaling waardoor geen acidose maar wel hypoxie 

ontstaat en 4) geen interventie waardoor acidose en hypoxie ontstaat. Het blijkt dat onder 

normoxische omstandigheden acidose de schade doet toenemen terwijl acidose onder hypoxische 

omstandigheden juist beschermend tegen lever I/R werkt. Derhalve concluderen wij dat de 

invloed van acidose en hypoxie tijdens lever I/R experimenten bij de rat van belang is en dat de 

ademhaling ondersteund danwel kunstmatig overgenomen moet worden. 

Hoewel de rol van complementactivatie in lever I/R schade nog niet volledig is 

opgehelderd, wordt het wel als een belangrijke oorzakelijke factor beschouwd. In eerste instantie 

werd vooral de alternatieve route als voornaamste activator van het complementsysteem 

aangewezen. Meer recent echter blijkt dat ook de klassieke route een rol speelt in deze activatie. 

De moleculaire mechanismen die een rol spelen bij de activatie van complement zijn nog niet 

opgehelderd maar de rol van C-reactive protein (CRP) gemedieerde activatie van de klassieke 
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route is in dit verband gesuggereerd. In Hoofdstuk 6, werd humane C1-inh in verschillende 

doseringen en op verschillende tijdstippen toegediend aan ratten in een in vivo model van partiële 

leverischemie. Tevens werd een mogelijke rol van CRP gemedieerde activatie van het 

complementsysteem onderzocht. Het blijkt dat partiële blokkade van de klassieke route door C1-

inh de schade door lever I/R na 24 uur reperfusie significant verlaagd. Het toedienen van C1-inh 

voor ischemie geeft betere bescherming tegen lever I/R schade dan toediening vlak voor 

reperfusie. De dosis C1-inh die toegediend dient te worden lijkt niet meer te zijn dan 100 IE/ kg 

lichaamsgewicht. Tevens zijn de uitkomsten van deze studie sterk suggestief voor een rol voor 

CRP gemedieerde complementactivatie. 

De laatste jaren is, door vermindering van het aantal complicaties tijdens en na de 

operatie, de uitkomst van grote lever resecties verbeterd. Het beperken van bloedverlies tijdens de 

operatie door het afklemmen van de afferente vaten naar de lever, soms gecombineerd met het 

afklemmen van de supra- en infrahepatische vena cava (totale vasculaire leverisolatie), heeft in 

belangrijke mate bijgedragen tot deze vermindering in complicaties. Verdere afname van de 

morbiditeit en mortaliteit kan worden verwacht als de leverschade die tijdens deze procedure kan 

ontstaan, zoals lever I/R schade, kan worden teruggebracht. Het doel van het onderzoek in 

Hoofdstuk 7 was de lever I/R schade te verminderen door tijdens ischemie de temperatuur van de 

lever met 10°C te verlagen. Dit werd bereikt door de lever in situ te perfunderen via de arteria 

hepatica met koude Ringer-glucose oplossing (4°C) tijdens totale vasculaire leverisolatie. Ter 

controle werd een tweede groep met warme Ringer-glucose (38°C) geperfundeerd en tevens werd 

er een controlegroep onderzocht waarvan de lever niet werd geperfundeerd tijdens ischemie. Wij 

zagen dat een milde hypothermie tijdens ischemie de hepatocellulaire schade significant 

verminderde terwijl de sinusoidale endotheelcellen geen schade ondervonden en geen verlies in 

functie vertoonden. 

Verstoringen in de microcirculatie treden vroeg op in het proces van lever I/R schade. 

Omdat de weefseloxygenatie van de lever afhankelijk is van de toevoer van zuurstof door het 

microvasculair systeem, kan de plaatselijke verdeling van zuurstof in de lever als maat voor de 

integriteit van de microcirculatie dienen. Vrije zuurstofradicalen worden gevormd tijdens 

reperfusie en dragen bij aan lever I/R schade. In Hoofdstuk 8 wordt de invloed van milde koeling 

van de lever onderzocht voor wat de microvasculaire schade en de produktie van vrije 

zuurstofradicalen betreft. Wij concludeerden dat het beschermende effect van milde koeling op 

lever I/R schade samen hangt met het behoud van een normale aanvoerende bloedstroom (zowel 

arterieel als veneus) en een normale microcirculatie. Het ontstaan van vrije zuurstofradicalen 
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vond plaats gedurende de initiële fase van reperfusie en werd gedeeltelijk verminderd door het 

koelen van de lever. Derhalve verdient klinische toepassing van deze interventie, die bescherming 

van de restlever biedt tijdens partiële leverresecties, verder onderzoek. 

Ondanks alle vorderingen die zijn gemaakt in de afgelopen jaren blijft de voornaamste 

oorzaak van overlijden van de patiënt na leverchirurgie het falen van de restlever. Daarom is het 

belangrijk om voordat een leverresectie wordt voorgenomen, de totale en lokale leverfunctie te 

bepalen teneinde de functie ven de restlever te kunnen inschatten. Op dit moment lijkt de klaring 

van indocyanine groen (ICG) de functie van de lever het best te benaderen, al geeft het alleen de 

globale leverfunctie aan. Een vergelijkbare functietest, biliaire leverscintigrafie, is in staat om 

segmentele informatie te verschaffen over de leverfunctie. In Hoofdstuk 9 werden pre-operatief 

zowel ICG klaring als leverscintigrafie met behulp van 
99m

Tc-Mebrofenin bepaald in 45 patiënten 

die een leverresectie zouden ondergaan in verband met levertumor. De opname van de beide 

stoffen door de lever was vergelijkbaar. Alleen met behulp van leverscintigrafie kon informatie 

worden verkregen over locoregionale verschillen in leverfunctie en over de excretatoire functie 

van de lever. Ondanks het feit dat in alle patiënten met een Klatskin tumor pre-operatief de 

galwegen waren gedraineerd met behulp van een stent, kon d.m.v. leverscintigrafie toch een 

verminderde functie worden aangetoond van de aangedane zijde. Deze meting verschafte nuttige 

informatie over de functionele status van de toekomstige restlever.  

In Hoofdstuk 10 volgen de samenvattingen en conclusies van de in het proefschrift beschreven 

onderzoeken. 
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Het slot van dit proefschrift wil ik graag gebruiken om vele mensen en zo mogelijk nog meer 

dieren te bedanken voor de totstandkoming van dit proefschrift.  

 

Prof. Dr. T.M. van Gulik, beste Thomas, nooit zal ik vergeten hoe jij, binnen een half uur, mij 

ervan hebt weerhouden op een AIO plaats bij de farmacotherapie te solliciteren. Dat was de tijd 

die jij nodig had om een aantrekkelijke plaats op het Chirurgisch Laboratorium te regelen. Het 

resultaat van deze inspanning ligt voor je. Dit inspringen op ad hoc momenten kenschetst 

eveneens jouw gepassioneerde werkwijze in het onderzoek. Ook jouw motto “door het schieten 

met vele pijlen raak je eerder doel” zal memorabel blijven. Moge onze wegen zich in de toekomst 

blijven kruisen, zowel op onderzoeksgebied als op het chirurgisch vlak. Heel hartelijk dank voor 

deze goede tijd. 

 

Dr. I.H. Straatsburg, beste Irene, ik vond mezelf al redelijk kritisch maar jij hebt me gelukkig 

laten inzien dat dit wel meeviel. Ik ben heel blij dat ik van jouw expertise heb mogen profiteren. 

Ik heb genoten van de gesprekken die we hadden, van plat (vooral veel plat) to diep (ultimate 

lows). Je bent een duizendpoot die niet te temmen is door het in een bootje op te sluiten en ik 

hoop dat ik nog lang kan meegenieten van jouw expansiedriften, te beginnen bij mijn promotie.  

 

Dr. S.L. Abrahamse, beste Leo, my main man, prachtig dat je zo‟n vriend kunt ontmoeten op een 

„stoffig‟ laboratorium. De anti-I/R Boleo mix praat tijdens de dagelijkse pendelbewegingen met 

de auto maakte de ritten aangenaam en de lachsessies tijdens en buiten ons werk over de meest 

benullige en onbenullige zaken waren een verademing. Wij (Yvette en ik) hopen nog lang van 

jullie (Leo en Alice) te kunnen genieten. 

 

Prof. Dr. D.J. Gouma, uw aanstekelijke enthousiasme voor het chirurgisch vak heeft mij tijdens 

mijn opleiding in Maastricht reeds overtuigd van mijn wens ooit chirurg te willen worden. Het feit 

dat ik straks jonge klare mag worden onder uw vleugels beschouw ik derhalve als een waar 

voorrecht. 

 

Ivo Schoots, roommate, oeverloze discussies hebben wij gevoerd over wereldverbeterende 

onderwerpen en nu ga jij in prime time een jaar naar Boston. Hoewel dit betekent dat je mij niet 

als paranimf kunt steunen tijdens de promotie, betekent het wel een gezellig vakantie adres. De 
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gezamelijke surfjam sessies zullen we even moeten uitstellen maar zullen zeker worden hervat bij 

jouw thuiskomst. Dan ben jij aan de beurt.  

 

De leden van de promotiecommissie Prof. dr. C.E. Hack, dr. E. Hesselink, Prof. dr. Ir. C. Ince, 

Prof. dr. H. Obertop, Prof. dr. J.H. Ravesloot en Prof. dr. O.T. Terpstra wil ik bedanken voor het 

kritisch doornemen van het manuscript en het zitting willen nemen in de promotiecommissie. 

 

Goos Huyzer, Marloes Klein, John Dries, Henk de Wit en Adrie Maas, enorm bedankt voor al 

jullie inzet tijdens de experimenten op de meest onmogelijke tijden, voor de gezelligheid en voor 

jullie expertise en liefde voor de dieren.  

 

Kitty Cisse, bedankt voor al die slechte grappen over en weer en voor die (onzin)verhalen. Dit 

was een welkome afwisseling met de serieuze zaken van alledag. Ook bedankt voor het kritisch 

nakijken van het manuscript op het laatste moment. 

 

Peter Schneider voor het verschaffen van de nodige technische en niet technische voorzieningen 

om de experimenten mogelijk te maken (ik heb nog hoofdpijn van de anesthesiegassen...geintje, 

de hoofdpijn valt wel mee). 

 

Erik Endert en Tineke Kakes van het Endocrinologisch Laboratorium wil ik bedanken voor de 

hyaluronzuur bepalingen. 

 

Deha Erdogan
 
voor de inzet tijdens vele experimenten en het negende hoofdstuk van dit 

proefschrift. Suzanne van Veen, Rienk van Beek, Yasser Elkhaloufi, Salcey Amzand, Maaike de 

Blauw, Mariël Kok, Michael Kortleve, Noureddine Moumli en Liesbeth Kager voor jullie enorme 

hulp en gezelligheid tijdens de experimenten, zonder jullie was dit nooit gelukt. Sander Dinant, 

succes met de voortzetting van het lever I/R onderzoek. 

 

Rutger van Geenen, Jeroen Lips, Robert Saat, Roderik Flikweert en Mathijs Remmen, altijd weer 

goed om na gedane arbeid los te gaan met een stel enthousiastelingen. De mobiele tamtam die elk 

weekend rondgaat om de beste spot te vinden moeten we in ere houden. Ik hoop dat er nog menig 

uurtje op het water zal worden doorgebracht en ben benieuwd naar wie nu eindelijk die eerste 

forward draait (anders komt Flikweert nooit van die blue label af). Hang loose. 
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De onderzoekers van G4: Jan Hulscher (laten we nog eens een misser slaan, squash danwel golf), 

Esther Tilleman (tot straks in het Gelre), Michalda Dunker, Christianne Buskens (tot straks in het 

Gelre) en Tjarda van Heek, bedankt voor de gezellige en broodnodige uitstapjes.  

 

Alle huidige collega‟s en reeds vertrokken collega‟s in Apeldoorn die mij de mogelijkheid hebben 

geboden om dit proefschrift te voltooien en voor de goede tijden die wij samen nog gaan beleven. 

 

Lieve pa en ma, Gerard en Ankie, jullie zorg en liefde hebben mij gemaakt tot wat ik ben, 

eenvoudigweg gelukkig. Liefde is een ander gunnen wat je zelf niet hebt gehad. Wees verzekerd 

van mijn onnoemelijke dankbaarheid voor alle mogelijkheden die jullie mij hebben geboden. Ook 

jullie promoveren op 22 mei, hoewel jullie voor mij reeds jaren geleden het hoogst haalbare 

hebben bereikt. 

 

Lieve Kim, mijn kloon, zonder jou ben ik niet compleet. Gelukkig hoef ik jou nooit uit te leggen 

wat ik bedoel. 

 

Yvette, mijn allerliefste, hoewel promoveren vaak wordt omschreven als een bevalling, weet ik 

dat dit niet waar is. Het geluk wat jij mij hebt geschonken in de vorm van twee kleine mensjes zal 

ik nooit kunnen evenaren, zelfs niet met dit proefschrift. Dit geluk en onze wederzijdse liefde 

voor elkaar zijn het fundament van dit werk. 

 

Lieve Lukas, wat ben jij een open en hartverwarmend lekker mannetje. Lieve Maud, zo jong en 

nu al lekker in je vel, wij gaan van jou genieten. Alleen voor jullie zou ik nog een keer willen 

promoveren. 
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