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Abstract

Purpose Ischemia-reperfusion injury induced by the

Pringle maneuver is a well-known problem after liver

surgery. The aim of this study was to monitor metabolic

changes in the pig liver during warm ischemia and the

following reperfusion preceded by ischemic precondition-

ing (IPC).

Methods Eight Landrace pigs underwent laparotomy.

Two microdialysis catheters were inserted in the liver, one

in the left lobe and another in the right lobe. A reference

catheter was inserted in the right biceps femoris muscle.

Microdialysis samples were collected every 30 min during

the study. After 2 h of baseline measurement, IPC was

performed by subjecting pigs to 10 min of ischemia, fol-

lowed by 10 min of reperfusion. Total ischemia for 60 min

was followed by 3 h of reperfusion. The samples were

analyzed for glucose, lactate, pyruvate, and glycerol. Blood

samples were drawn three times to determine standard liver

parameters.

Results All parameters remained stable during baseline.

Glycerol and glucose levels increased significantly during

ischemia, followed by a decrease from the start of reper-

fusion. During the ischemic period, lactate levels increased

significantly and decreased during reperfusion. The lac-

tate–pyruvate ratio increased significantly during ischemia

and decreased rapidly during reperfusion. Only minor

changes were observed in standard liver parameters.

Conclusions The present study demonstrated profound

metabolic changes before, during, and after warm liver

ischemia under the influence of IPC. Compared with a

similar study without IPC, the metabolic changes seem to

be unaffected by preconditioning.
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Introduction

Major operative blood loss and transfusion requirements

are related to increased morbidity, mortality, and recur-

rence after hepatectomy for malignant disease [1–3].

Because the liver receives about a quarter of the total

cardiac output, different techniques are used to reduce

perioperative hemorrhage. Portal triad clamping by Prin-

gle’s maneuver (PM) is often applied to reduce blood loss

during liver resection. However, portal triad clamping

predisposes the remaining liver to ischemia-reperfusion (I/

R) injury, ranging from local damages to severe injury,

which in turn may result in liver failure [4].

During recent years, several studies have shown that

ischemic preconditioning (IPC), defined as a brief period of

ischemia followed by a short interval of reperfusion before

a prolonged ischemic period, confers a state of protection

in several organs, including the liver, resulting in improved

organ tolerance to longer subsequent episodes of ischemia

[5–7]. The exact mechanisms by which IPC confers pro-

tection is not fully understood [8, 9].

Microdialysis is a method that provides the opportunity

for continuously monitoring metabolic changes in the liver
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and other tissues [10–13]. A number of different metabo-

lites can be measured to monitor hepatic metabolism. In

particular, glucose, lactate, pyruvate, and glycerol have

been evaluated. In a previous study, we described profound

metabolic changes in the pig liver during and after warm

ischemia measured by microdialysis [14].

The aim of the present study was to use microdialysis to

monitor metabolic changes in the pig liver during warm

ischemia, followed by reperfusion in a group of animals,

which had been subjected to IPC.

Methods

A total of 8 female pigs (Danish Landrace/Yorkshire;

Påskehøjgård Centre, Aarhus, Denmark) weighing

approximately 60 kg were used for the experiments. The

research procedure was conducted under a local project

license (registration number: 2002-561-574) in accordance

with the Danish regulations on animal experiments.

The animals were overnight fasted before the experi-

ment. After premedication with an intramuscular injection

of midazolam 0.4 mg/kg and ketamine 4 mg/kg, the pigs

were intubated and mechanically ventilated with a mixture

of air, oxygen, and 1.5% isoflurane. Fentanyl was admin-

istered intravenously at 10 ml/h, as well as saline at

12.5 ml/kg/h.

The left carotic artery and the left jugular vein were

exposed and catheters were inserted. Samples for blood gas

analysis were drawn hourly from the left carotic artery and

analyzed for pO2, pCO2, pH, arterial base excess, and

lactate concentration on an ABL615 apparatus (Radiome-

ter, Copenhagen, Denmark); blood pressures were also

measured in this vessel. Fluid and drugs were administered

through the left jugular vein, and blood samples for mea-

surements of alanine aminotransferase (ALT), alkaline

phosphatase (AP), bilirubin, prothrombin time (PT), and

total leukocytes (TL) were also drawn from this vessel.

Animals were placed on a heating blanket and rectal

temperature was taken and maintained at 37.5�C. Finally, a

urinary catheter was inserted.

Pigs were humanely killed with an overdose of saturated

potassium chloride while under anesthesia at the end of

each experiment.

A midline laparotomy was performed and the liver was

mobilized. Structures in the portal triad were exposed. Two

microdialysis catheters (CMA 60 Microdialysis Catheter,

Stockholm, Sweden) were inserted and fixed in the liver,

one in the left lateral lobe and another in the right lateral

lobe. A reference catheter was inserted in the right biceps

femoris muscle. Each microdialysis catheter was connected

to a microinfusion pump (CMA 107: CMA Microdialysis

AB) and perfused with Ringer’s chloride at a flow rate of

0,3 ll/min. After insertion of the catheters, a ‘‘washout

period’’ of 1 h was used to flush the dialyses probes and

allow the liver tissue to recover from cellular damage due

to the implantation procedure.

Microdialysis samples were collected every 30 min

during the experiment. Ischemic preconditioning was per-

formed by subjecting pigs to 10 min of hepatic ischemia,

followed by 10 min of reperfusion. Ischemia was achieved

by using the portal triad clamping, that is, the PM. Total

ischemia for 60 min was followed by 3 h of reperfusion

(Fig. 1).

A total of 12 samples were collected. The dialysate in

collected samples was analyzed for metabolites of the

carbohydrate and lipid metabolism (glucose, lactate,

pyruvate, and glycerol), using a CMA 600 microdialysis

analyzer (CMA Microdialysis AB), and the lactate–pyru-

vate ratio was calculated. Between events in the monitored

tissue and collected dialysate, there was a time delay of

approximately 30 min REF. Baseline was an average of

sample points 1–5. Sample point 6 represents time of

preconditioning. Sample points 7 and 8 express the ische-

mic period. Sample point 9 represents the reperfusion

period, and an average of sample points 10–12 represents

the postreperfusion period (Fig. 1).

During the experiment ALT, AP, bilirubin, PT, and total

leukocyte (TL) were measured three times, at the baseline,

at the end of ischemia, and at the end of reperfusion.

Statistical methods

Statistical analyses were performed by SPSS� 10.0 pro-

grams (SPSS Inc., Chicago, IL). The results are expressed

as mean ± SEM. Comparisons of data within a group and

between groups were performed by nonparametric Krus-

kal–Wallis test, followed by the Mann–Whitney test. A P

value \0.05 was considered significant.

Results

Lactate, glucose, pyruvate, and glycerol all remained stable

during the baseline period before preconditioning.

Fig. 1 The experimental design

schematically
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Glycerol

Glycerol level increased significantly (P \ 0.01) from

baseline during preconditioning and peaked during ische-

mia. At the end of ischemia, glycerol levels decreased

rapidly but did not reach baseline levels. An insignificant

increase in glycerol levels in the reference tissue was

observed from the time of ischemia toward the end of the

experiment (Fig. 2).

Lactate

After initiating ischemia, lactate levels increased signifi-

cantly (P \ 0.01) from baseline levels and reached highest

levels at the end of total ischemia. During reperfusion,

lactate decreased over the next hour without normalization.

Lactate levels in the reference catheter showed an insig-

nificant increase from the time of preconditioning until the

end of experiment (Fig. 3).

Pyruvate

At the end of ischemia, an increase in pyruvate levels was

observed. This increase continued significantly (P \ 0.05)

during the reperfusion period before levels declined at the

end of the experiment. From the start of the experiment, a

gradual increase was observed in pyruvate levels in the

reference tissue and a slight decrease was seen during the

reperfusion period (Fig. 4).

Lactate–pyruvate ratio

Immediately after initiating ischemia, the lactate–pyruvate

ratio increased significantly (P \ 0.01), followed by an

immediate decrease from the time of reperfusion to base-

line levels. The lactate–pyruvate ratio in the reference

tissue remained low and stable during the whole of the

experiment (Fig. 5).

Glucose

Significantly higher levels of glucose (P \ 0.05) were

observed from the time of preconditioning and ischemia.

This increase continued during the ischemic period. From

the time of reperfusion, glucose levels decreased to base-

line levels. In the reference catheter, glucose levels showed

a slight but insignificant increase during the ischemic

period until 1 h after reperfusion (Fig. 6).

Fig. 2 Glycerol levels in the whole liver at the time of (1–5) baseline,

(6) preconditioning, (7) ischemia, (8) ischemia, (9) reperfusion, and

(10–12) postreperfusion. * P \ 0.05 compared with baseline

Fig. 3 Lactate levels in the whole liver at the time of (1–5) baseline,

(6) preconditioning, (7) ischemia, (8) ischemia, (9) reperfusion, and

(10–12) postreperfusion. * P \ 0.05 compared with baseline

Fig. 4 Pyruvate levels in the whole liver at the time of (1–5)

baseline, (6) preconditioning, (7) ischemia, (8) ischemia, (9) reper-

fusion, and (10–12) postreperfusion. * P \ 0.05 compared with

baseline
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Transaminase levels

Only minor and insignificant variations were observed in

ALT, AP, bilirubin, PT, and TL during the experiment

(Table 1).

Discussion

In the present study, we have investigated the metabolic

changes in the pig liver before, during, and after warm liver

ischemia preceded by IPC. We demonstrated pronounced

metabolic changes in glycerol, lactate, pyruvate, and

glycerol levels determined by microdialysis and only minor

changes in transaminase levels.

The main purpose of vascular occlusion is to decrease

blood loss during liver resection. However, portal triad

clamping by the PM not only produces ischemia but also

leads to I/R injury when the blood flow to the liver is re-

established. I/R injury can in some cases lead to either an

uneventful postoperative course or postoperative death

[15–17]. To avoid this situation, strategies for early

detection of biochemical changes and potential minimiza-

tion of the degree of I/R injury are important. We

considered microdialysis to be an appropriate method to

continuously obtain information about metabolic changes

in the liver during ischemia before preconditioning. By

monitoring glucose, lactate, pyruvate, and glycerol levels,

we achieved an insight in molecules reflecting oxygen

supply as well as cell membrane damage.

Glycerol is an integrate component of the cell membrane

and, hence, an indicator of cell membrane disintegration

[12, 18]. From the time of preconditioning, we observed a

significant increase in glycerol levels before a decrease at the

end of the ischemic period. This variation could be an

expression of cellular disintegration because we observed

similar variations in glycerol levels in a previous study on

warm ischemia without preconditioning [14]. This is also in

agreement with a study by Nowak et al. [12] on cold

ischemia.

When total ischemia is performed and the oxygen sup-

ply is decreased, the organism changes to anaerobic

metabolism and lactate is produced from pyruvate to

maintain anaerobic glycolysis. In the aforementioned study

[14], we observed a significant increase in lactate levels

immediately after initiating ischemia. The same significant

increase was observed in this study after preconditioning.

In agreement with the change to anaerobic metabolism

during ischemia, we had expected a decrease in pyruvate

levels in the ischemic period. However, we did not see a

decrease from the time of ischemia, but a steady state was

observed during the ischemic period before a slight

increase from time of reperfusion. This deviation could not

Fig. 5 Lactate–pyruvate ratio in the whole liver at the time of (1–5)

baseline, (6) preconditioning, (7) ischemia, (8) ischemia, (9) reper-

fusion, and (10–12) postreperfusion. * P \ 0.05 compared with

baseline

Fig. 6 Glucose levels in the whole liver at the time of (1–5) baseline,

(6) preconditioning, (7) ischemia, (8) ischemia, (9) reperfusion, and

(10–12) postreperfusion. * P \ 0.05 compared with baseline

Table 1 Transaminase levels

Time 1

Baseline

Time 2

Ischemia

Time 3

Reperfusion

ALT (U/l) 51 (±18) 56 (±12) 66 (±19)

AP (U/l) 114 (±23) 128 (±35) 130 (±12)

Bilirubin (lmol/l) 4 (±1) 5 (±1) 5 (±1)

PT 0.96 (±0.08) 0.93 (±0.12) 0.84 (±0.13)

TL (109/l) 16.71 (±6.2) 21.07 (±7.21) 21.26 (±7.42)

Liver parameters: Alanine aminotransferase (ALT), alkaline phos-

phates (AP), bilirubin, prothrombin time (PT), and total leukocytes

(TL)
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be explained by collateral blood flow because all ligaments

were transected to avoid this. Furthermore, the lactate–

pyruvate ratio, which is a sensible marker for a low oxygen

supply [19], increased significantly immediately after ini-

tiating ischemia as well as decreased rapidly after

reperfusion.

The impaired blood flow to the liver and tissues is

normally associated with a decreased delivery of glucose

[20, 21]. However, we observed a significant increase in

glucose levels from the start of ischemia. This increase

could be explained by gluconeogenesis as part of anaerobic

metabolism, but this is unlikely in the present study

because we demonstrated an increase in lactate levels and a

steady state in pyruvate levels at the same time. More

likely, the increase in glucose levels results from the

hepatic cells responding to activation from nucleotides as

shown by Guinzberg et al. [22].

Transaminase levels are sensitive markers of hepatocyte

injury [23]. In a study by Clavien et al. [24], IPC was found

to confer protection to the liver as demonstrated by a

decrease in AST and ALT levels 24 h after patients

underwent surgery compared with patients who were not

sustained to IPC. In our study, the hepatic injury was

minimal as evaluated by changes in transaminase levels.

Despite this, we demonstrated profound metabolic changes

during and after warm ischemia preceded by IPC, changes

that were similar to the ones we demonstrated in a previous

study before, under, and after ischemia without IPC [14].

In conclusion, we have shown that microdialysis is a

sensitive method for detecting rapid changes in metabolism

in the liver during warm ischemia under the influence of

ischemic preconditioning. Compared with a similar study

without IPC, metabolism judged by glycerol, lactate,

pyruvate, and glucose levels seems to be unaffected by

IPC, at least when hepatic I/P injury is mild.
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