Glutathione and amino acid concentrations in human liver during short warm ischemia and reperfusion: A pilot study
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Glutathione is a major antioxidant. In the present study we investigated if a clinical model of short warm ischemia and reperfusion of the human liver during surgery would influence glutathione and amino acid metabolism. Previous studies on man have demonstrated that ischemia and reperfusion in skeletal muscle up to 120 minutes have no major effect on muscle glutathione concentration. Liver ischemia and reperfusion in animals have demonstrated diverging results concerning glutathione metabolism.

In the present study six patients with malignancies of the liver, undergoing liver resection during warm ischemia were included. Liver biopsies were obtained from healthy-appearing liver tissue from both lobes before ischemia and at maximal ischemia, and from the remaining liver lobe after 5, 10, 15, 20, 25 and 30 minutes of reperfusion. The biopsies were analyzed for glutathione, amino acids and lactate. Median ischemia time was 28 (range, 15 -36) minutes. Lactate increased by 266 % at maximal ischemia (p < 0.05). No alterations in glutathione concentrations or the redox-status of glutathione (GSH/tGSH) were seen. Glutamate decreased at maximal ischemia by 24 % (p < 0.05) and increased thereafter by 71 % at 30 minutes of reperfusion (p < 0.05). Alanine increased by 100 % at maximal ischemia (p < 0.05) and was normalized during reperfusion. BCAA increased by 67 % at maximal ischemia (p < 0.05).

Short time ischemia and reperfusion in the human liver did not affect glutathione concentrations, while changes were seen in amino acid concentrations both during ischemia and reperfusion.

INTRODUCTION

Warm ischemia with subsequent reperfusion is a potent inducer of oxidative stress by production of reactive oxygen species (ROS) [START_REF] Gute | Inflammatory responses to ischemia and reperfusion in skeletal muscle[END_REF][START_REF] Grisotto | Indicators of oxidative injury and alterations of the cell membrane in the skeletal muscle of rats submitted to ischemia and reperfusion[END_REF][START_REF] Clanton | Hypoxia-induced reactive oxygen species formation in skeletal muscle[END_REF]. This oxidative stress is potentially harmful but there are several endogenous scavenging systems to counteract such noxious effects. Glutathione is quantitatively the most important scavenging system in human cells [START_REF] Meister | Glutathione metabolism and its selective modification[END_REF]. In the normal state, glutathione exists in the reduced form (GSH) to more than 95 %, but when utilized in scavenging, the reduced form is transferred into the oxidized form (GSSG). Consequently the redox status of glutathione is changed during oxidative stress. The effects of warm ischemia on liver tissue in terms of glutathione and amino acid status is not well characterised in man. However in human skeletal muscle warm ischemia up to 120 minutes leaves glutathione status virtually unaffected [START_REF] Westman | Muscle glutathione metabolism during ischemia and reperfusion in patients undergoing aorto-bifemoral bypass surgery[END_REF][START_REF] Westman | Effects on skeletal muscle glutathione status of ischemia and reperfusion following abdominal aortic aneurysm surgery[END_REF][START_REF] Westman | Knee replacement surgery as a human clinical model of the effects of ischemia/reperfusion upon skeletal muscle[END_REF]. On the other hand characteristic and reproducible alterations in the free amino acid pattern in muscle have been demonstrated together with the expected increase in lactate concentration. This high tolerance level for warm ischemia as measured by the glutathione status may be tissue specific for skeletal muscle. From a clinical point of view, ischemia of the liver is used in trauma surgery in order to stop excessive bleeding from the liver and during elective hepatic surgery to prevent excess bleeding, especially during hemihepatectomy when a considerable amount of blood could be lost. Pringle stated in 1908 that occlusion of the hepatic artery and portal vein was possible to achieve up to 60 minutes without any negative side effects, during surgery for traumatic hepatic lesions [START_REF] Pringle | Notes on the arrest of hepatic haemorrhage due to trauma[END_REF]. Furthermore, ischemia times between 60 and 85 minutes in the liver have been studied during elective partial hepatic resections, without any signs of irreversible liver cell damage. This made the author to recommend occlusion of the circulation during hepatic surgery as a safer procedure [START_REF] Huguet | Liver ischemia for hepatic resection: where is the limit?[END_REF][START_REF] Huguet | Hepatic resection with ischemia of the liver exceeding one hour[END_REF].

To elucidate the effect of warm ischemia in human tissues, we have chosen models from clinical practice. So presently we have studied patients undergoing hepatic resection including a period of warm ischemia. The primary aim was to investigate if short liver warm ischemia and reperfusion is a suitable model to study oxidative stress measured by liver glutathione concentrations and red-ox status in man. Secondly, the effect of warm ischemia on the free amino acid pattern in liver tissue was studied. 

MATERIAL AND METHODS

Six patients, 4 females and 2 males, 56 (41-72) years old with secondary malignancies (colorectal cancer metastases) of the liver, suitable for hemihepatectomy and otherwise considered healthy, were included in the study. The patients were overnight fasted and received intravenous Glucose 50 mg/ml, approximately 30 ml/kg/day (Fresenius Kabi, Uppsala, Sweden). Additional Ringer solution was administered as needed (Fresenius Kabi, Uppsala, Sweden). The patients were anaesthetized by intravenous thiopentothalsodium (Pentotal Natrium Abbott, Abbott Scandinavia AB, Solna Sweden) and kept on mechanical ventilation during the surgical procedure. Anaesthesia was achieved by inhalation of isoflurane (Isofluran Baxter, Baxter medical AB, Kista Sweden), and muscular relaxation was maintained with pancuroniumbromide mg/ml, 0,01-0,02 mg/kg (Pavulon, Organon, Gothenburg, Sweden). An indwelling epidural catheter was used as additional analgesia with a mixture of local anaesthetics bupivacaine (Marcain Astra Zeneca Sverige AB, Södertälje, Sweden) and morphine (Morphine Epidural Bioglan, Bioglan, Malmö, Sweden). Central venous lines for intravenous administration and measurement of central venous pressure were used in all cases. The surgical procedure was performed through a right subcostal incision, mobilisation of the liver, including the inferior caval vein above and below the liver. Before resection, a non-traumatic clamp was placed on the hepatoduodenal ligament (Pringle manoeuvre). This includes clamping of the hepatic artery and the portal vein. Furthermore, the inferior caval vein was occluded with rubber ligatures both below and above the liver to prevent blood loss from retrograde flow from the liver veins. The clamp was maintained during the resection. Liver biopsies were obtained from healthy-appearing liver tissue from both lobes before ischemia, at maximal ischemia and from the remaining liver lobe at 5, 10, 15, 20, 25 and 30 minutes of reperfusion. The biopsies were immediately plunged into liquid nitrogen for later analyzes of glutathione, amino acids and lactate. The patients were informed about the study and approved participation. The protocol was approved by the ethics committee of the Karolinska Institutet, Stockholm, Sweden.

ANALYZES Lactate

The freeze-dried liver samples were pulverized. Lactate samples were analyzed using an EnzyPlus L-lactic acid kit (Diffchamp, Gothenburgh, Sweden) as described in detail elsewhere [11]. The concentrations of lactate in liver are expressed as mmol/kg ww weight (ww) of liver. The content of water in the tissue specimens was calculated by the difference between wet and dry weight.

Thiols

Analyze of thiols was performed with a method described in details earlier [START_REF] Luo | Determination of intracellular glutathione in human skeletal muscle by reversed-phase high-performance liquid chromatography[END_REF]13]. GSSG was calculated as the difference between tGSH and GSH divided by 2. The ratio between GSH/tGSH was used to express the redox-status of glutathione. The concentrations of thiols are expressed as mmol/kg wet weight (ww) of liver.

Amino acids

The frozen liver biopsies were homogenized in 4 % SSA containing norvaline as an internal standard. Samples were analyzed on a HPLC after precolumn derivatization with ophtaldialdehyde as described previously [14]. The concentrations of amino acids are expressed as mmol/kg wet weight (ww) of liver.

Statistical analyzes

Non-parametric statistics was used for the statistical analyzes. A Friedman ANOVA followed by a Wilcoxon's test was used. Values are given as percentage change of medians in the text and as medians and ranges in the tables. Changes are expressed as differences in percentage between the median values. 

RESULTS

The percentage of water in the biopsies was not affected during the ischemia and reperfusion period (Table 2).

Lactate (Table 2)

Lactate increased by 266 % at maximal ischemia (p < 0.05) and was normalized after 5 minutes of reperfusion.

Thiols (Table 2)

There were no alterations seen regarding thiols in terms of redox-status and concentration of glutathione and cysteine during the study period.

Amino acids (Table 3)

Glutamate decreased by 24 % at maximal ischemia (p< 0.05), and increased thereafter up to 71 % of baseline after 30 minutes of reperfusion (p < 0.05). Glutamine did not change at maximal ischemia but increased thereafter with 24 % after 30 minutes of reperfusion. (p < 0.05). Alanine increased by 100 % at maximal ischemia (p < 0.05), and was then normalized early during reperfusion. The branched chain amino acids (BCAA) valine and isoleucine increased up to 50 % and 117 % respectively compared to baseline at maximal ischemia (p <0.05) and were thereafter restituted during the following reperfusion period. The sum of BCAA increased with 67 % at maximal ischemia (p < 0.05). The total sum of amino acids increased with 19 % after 15 minutes and with 22 % after 30 minutes of reperfusion (p < 0.05). 

DISCUSSION

The main result in the present study is that liver glutathione status in man is not influenced by a short period (15-36 minutes) of warm ischemia followed by 30 minutes of reperfusion. Short ischemia increased levels of lactate reflecting anaerobic metabolism, changes that were rapidly normalized during the following time of reperfusion. The short period of ischemia did not lead to any changes of the water content in the tissue. The levels of glutathione in liver tissue is three-fold higher than the concentrations previous reported from skeletal muscle which may reflect organ specific differences regarding the liver's importance in amino acid metabolism, inflammation, and scavenging [START_REF] Westman | Effects on skeletal muscle glutathione status of ischemia and reperfusion following abdominal aortic aneurysm surgery[END_REF][START_REF] Luo | Determination of intracellular glutathione in human skeletal muscle by reversed-phase high-performance liquid chromatography[END_REF]15]. The time of ischemia in the present study was considerably shorter compared to our earlier studies on skeletal muscle ischemia and reperfusion in which the ischemia times were up to 120 minutes. Despite the longer ischemia times in skeletal muscle, muscle glutathione red-ox status was left virtually un-affected [START_REF] Westman | Muscle glutathione metabolism during ischemia and reperfusion in patients undergoing aorto-bifemoral bypass surgery[END_REF][START_REF] Westman | Effects on skeletal muscle glutathione status of ischemia and reperfusion following abdominal aortic aneurysm surgery[END_REF][START_REF] Westman | Knee replacement surgery as a human clinical model of the effects of ischemia/reperfusion upon skeletal muscle[END_REF]. An observation in the present study was the consistent alteration of the free amino acid pattern. Increments in the concentrations of free BCAA and alanine were accompanied by a reduction in glutamate at maximal ischemia in the liver. These findings are different from those previously demonstrated in skeletal muscle, where BCAA decreased in aorto-bifemoral surgery at maximal ischemia and was restituted after 24 hours of reperfusion with ischemia times of up to 120 minutes and was left un-affected during both ischemia and reperfusion in abdominal aortic surgery with ischemia times of about 60 minutes and in knee replacement surgery with ischemia of 85 minutes [START_REF] Westman | Muscle glutathione metabolism during ischemia and reperfusion in patients undergoing aorto-bifemoral bypass surgery[END_REF][START_REF] Westman | Effects on skeletal muscle glutathione status of ischemia and reperfusion following abdominal aortic aneurysm surgery[END_REF][START_REF] Westman | Knee replacement surgery as a human clinical model of the effects of ischemia/reperfusion upon skeletal muscle[END_REF]. In abdominal surgery without ischemia and reperfusion, BCAA were found to be increased 24 hours postoperative while no changes were seen 6 hours postoperatively [16].

Studies of ischemia and reperfusion of liver tissue has been performed mainly in animals but data also exist from human studies. In rats increased serum liver enzymes and hepatic water content was seen after 90 minutes of hepatic ischemia followed by 60 minutes of reperfusions [17]. In isolated perfused rat liver, ischemia was induced and maintained for 60 and 90 minutes. The reperfusion was conducted during 120 minutes. After 30 -60 minutes of reperfusion there was an increase in the production of ROS without any increase in sinusoidal GSSG [18]. In warm liver ischemia during 60 minutes through the Pringle manoeuvre and reperfusion in man, decreased reduced glutathione and increased oxidized glutathione concentrations in hepatic vein plasma during reperfusion has been described [19]. It is plausible that longer ischemia time than in the present study would have induced oxidative stress and would have influenced the scavenging systems. However, in clinically controlled situations warm liver ischemia time is restricted to be below 60 minutes and therefore the effect of prolonged ischemia on oxidative stress and scavenger systems in humans are impossible to study.

The metabolism of free amino acids is different in muscle compared to the liver. Alanine is more or less constantly produced in and exported from skeletal muscle, which in turn make an accumulation during ischemia logic. We have previously interpreted that the decrease of glutamate in muscle is reflecting an abrupt stop of the delivery of glutamate to muscle tissue. Hence, the glutamate decrease in the liver at maximal ischemia must have a different background as the liver is a constant exporter of glutamate [20]. One conceivable explanation is that glutamate was used for increased glutathione synthesis to maintain its level. However, this synthesis would also have affected glycine and cysteine levels similarly, which did not happen. Probably the decrease in glutamate is due to an increased production of alanine in which glutamate donates the nitrogen. The elevation in alanine at maximal ischemia may be a way to handle the increase in lactate, when the alternative to oxidize pyruvate is not at hand. During reperfusion, lactate and alanine decreased and had reached initial pre-ischemic levels after 30 minutes of reperfusion. Furthermore, the increases in the BCAA at maximal ischemia A c c e p t e d M a n u s c r i p t may be explained by decreased utilization in the Krebs cycle during anaerobic conditions. This is supported by the observation that BCAA levels are normalized during reperfusion. The clinical model used in patients undergoing hepatic resection enabled us to study the immediate reperfusion period by tissue biopsies. The results revealed a normalization of the BCAA and alanine. The decline in glutamate at maximal ischemia was found to be followed by increased levels at reperfusion. Concomitantly with the increase in glutamate, there was also a gradual rise in glutamine and the sum of total amino acids during reperfusion. The increases seen in total amino acid concentrations as well as in glutamate and glutamine during reperfusion may be explained by an increased net protein degradation of liver proteins and augmented metabolic activity in the reperfused liver. The increase in total amino acid concentration during the reperfusion period may reflect a similar decrease in liver protein synthesis caused either by the surgery alone or in combination with the reperfusion. A high plasma clearance of gluconeogenic and ureagenic amino acids to the liver during surgical trauma and increased urea production might be another explanation [21].

In summary, human liver warm ischemia within a time limit of 36 minutes can be performed without any oxidative stress as measured by glutathione concentrations and red-ox status. The unchanged glutathione concentrations during reperfusion, indicates that liver resection surgery in man with liver biopsies from the periphery during short ischemia time is not a suitable model to study oxidative stress using glutathione as a marker. However, it can not be outruled that other scavenging systems and markers of oxidative stress may be involved and influenced by the short term ischemia and reperfusion. Still, amino acids were affected by both ischemia and reperfusion, probably due to increased anaerobe glycolysis during ischemia, decreased protein synthesis and by a net uptake of amino acids to the liver during reperfusion. 
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Table 3

 3 Liver amino acids (mmol/kg ww tissue)

	Pre	Max	5 min	10 min	15 min	20 min	25 min	30 min
	Glu							
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Glu (glutamate), Asn (asparagine), Ser (serine), Gln (glutamine), His (histidine), Gly (glycine), Thr (threonine), Arg (arginine), Ala (alanine), Tau (taurine), Tyr (tyrosine), Val (valine), Met (methionine), Trp (tryptophane), Phe (phenylalanine), Ile, (isoleucine), Orn (ornithine), Leu (leucine), Lys (lysine), BCAA (branched chain amino acids), ESS (essential amino acids), TAA (total amount of amino acids). *Denotes a statistical difference (p<0.05) compared to the preoperative levels. Values are given as median (range).