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Abbreviations s 

ASTT Aspartate aminotransferase 

CFDCC Cumulative frequency distribution curves 

GSHH Glutathione 

HAA Hyaluronic acid 

I/RR Ischemia/reperfusion 

LHXX Left hemihepatectomy 

MDAA Malondialdehyde 

ROSS Reactive oxygen species 

SECC Sinusoidal endothelial cells 

TBB ARS Thiobarbituric acid reactive substance 

THVEE Total hepatic vascular exclusion 
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Hypothermicc perfusion on pC>2 and ROS 

Abstract t 

Thiss study examined attenuation of ischemia and reperfusion (I/R) induced liver injury during 

liverr resections by hypothermic perfusion of the liver under total hepatic vascular exclusion 

(THVE).. Reactive oxygen species (ROS) formation, microcirculatory integrity and endothelial 

celll  damage were investigated. 

Leftt 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 

malondialdehydee (MDA) concentrations, tissue p02 levels and hyaluronic acid (HA) uptake 

capacityy were determined. 

Afterr cold, warm and control-LHX, 24 hrs survival was 5/5, 0/5 and 3/5, respectively. GSH levels 

weree best preserved after cold-LHX during reperfusion. MDA levels increased in all groups 

withoutt significant differences between the groups during reperfusion. Tissue p02 levels 

increasedd after cold-LHX whereas after warm-LHX and control-LHX, p02 levels decreased 

duringg 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 

off  reperfusion in the control-LHX group. 

Conclusion:: Moderate hypothermic perfusion protects the liver from I/R injury during 

LHXX under THVE. This protective effect depended on maintenance of liver microcirculation 

ratherr than a reduction in ROS formation. 

Keyy words: malondialdehyde, glutathione, liver, ischemia, reperfusion, hepatectomy, 

hypothermia,, perfusion, microcirculation, hyaluronic acid. 
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Introduction n 

Controll  of blood loss during liver resections can be achieved by clamping of the hepatic pedicle in 

combinationn with clamping of the suprahepatic and intrahepatic caval vein, resulting in total 

hepaticc vascular exclusion (THVE) (1). This method, however, induces liver ischemia and 

subsequentt 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). 

Hypothermiaa 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 

differencee is more marked than after normothermic ischemia (3;4). The plasma membrane of SEC 

iss more susceptible to hypothermia induced injury than hepatocytes (5). The inhibition of 

Na+/K+-ATPasee at low temperatures, leading to intracellular accumulation of sodium and 

chloridee is a process that is followed by cell swelling (6) and contributes to luminal narrowing and 

microcirculatoryy disturbances during reperfusion (7-9). The aim of this study was to assess the 

influencee of moderate hypothermia on parenchymal cell injury, oxygen free radical formation, 

SECC function and microcirculation in a liver resection model under THVE. SEC function was 

determinedd by measurement of exogenous hyaluronic acid (HA) uptake capacity and the 

accumulationn of endogenous HA (10-12). As parameter of early I/R induced microcirculatory 

liverr injury, postischemic recovery of intrahepatic tissue p02 during reperfusion was assessed 

(13).. Formation of reactive oxygen species (ROS) during reperfusion (14) was assessed by 

measuringg liver tissue glutathione levels and malondialdehyde content of plasma and liver tissue. 

Wee hypothesized that moderate cooling of the future remnant liver to 28°C by in situ hypothermic 

perfusionn under THVE during partial hepatectomy would result in less parenchymal injury while 

preservingg SEC function, leading to less microcirculatory disturbances and lower ROS formation. 

Materialss and Methods 

AnimalsAnimals and anesthesia 

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

Universityy of Amsterdam, The Netherlands. Female pigs (36-46 kg) were allowed to acclimatize 

too the laboratory environment for 7 days with free access to water and standard laboratory food. 

Pigss were fasted overnight with free access to water before use in experiments. 
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Afterr premedication with ketamine (10mg/kg), clonidine (5ug/kg) and atropine 

(O.lmg/kg),, pigs were ventilated with 02 and air. Anesthesia was maintained by intravenous 

administrationn of sufentanil citrate (20mg/l) and ketamine (20g/l) at 12ml/h and pancuronium 

bromidee (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 

maintainn mean arterial blood pressure above 55mmHg, phenylephrine (10mg/ml; 2-25ml/h i.v.) 

wass administered. Plasma glucose level was monitored and if necessary controlled by infusion of 

20%% glucose solution in saline. 

SurgicalSurgical procedure 

Afterr midline laparotomy, the left main branch(es) of the portal vein and hepatic artery were 

ligatedd resulting in discoloration of the left liver lobes, thereby defining the resection plane. Total 

ischemiaa of the liver was induced by THVE. Via the right hepatic artery, the right liver was 

perfusedd with cold or warm isotonic Ringer-glucose. To avoid splanchnic congestion, a prosthesis 

withh one side port was inserted into the caval vein to bypass blood from the infrahepatic caval 

veinn and the portal vein to the suprahepatic caval vein. This excludes the liver from the portal and 

systemicc circulation while preserving caval blood flow. A left hemihepatectomy (LHX) was 

performedd using an electrosurgical knife. Reperfusion was initiated by removing the clamps from 

thee hepatic artery and portal vein. After reperfusion, the portal-systemic shunt was removed and 

thee abdomen was closed. 

ExperimentalExperimental design 

Fifteenn 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 

withh cold (4°C) isotonic Ringer-glucose (cold-LHX group, n=5). The second group underwent a 

leftt hemihepatectomy while the future remnant liver was perfused with normothermic (39°C) 

Ringer-glucosee (warm-LHX group, n=5), to compare with the effects of in situ cooling. The third 

groupp 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 

coree liver temperature (Mon-a-therm® Myocardial Thermistor YSI 400 series with a 30mm 

temperaturee probe). 

AA pressurized (max 150mmHg) standard clinical infusion system was used to perfuse 

thee right liver lobes. Immediately after induction of ischemia, maximum flow rate was used to 
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rapidlyy drain the liver from blood. In case of cooling, maximum flow rate was maintained until 

thee desired core liver temperature of 28°C was reached (mean time 2 min). To maintain a liver 

temperaturee of 28°C, flow rate was adjusted accordingly. In case of normothermic ischemia, liver 

temperaturee was maintained at 38°C, which corresponds to body temperature of female pigs. 

AssessmentAssessment of liver blood flow 

Hemodynamicc parameters as well as portal vein and hepatic artery flow (Transonic Systems, A.B. 

Medicall  B.V., Roermond, The Netherlands) were monitored continuously. 

AssessmentAssessment of hepatocellular and SEC injury 

Hepatocellularr injury was assessed by measurement of aspartate aminotransferase (AST) levels in 

plasmaa before ischemia and after 10 min, 6, 12 and 24 hrs of reperfusion, respectively. 

SECC take up and metabolize more than 90% of circulating hyaluronic acid (11; 12; 15). 

Thee percentage of administered HA taken up by the SEC during 60 min was used as parameter for 

SECC function. The ability of SEC to take up exogenous HA after 6 and 24 hrs of reperfusion was 

comparedd 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 

minn during 1 hr starting 1 min after infusion. During the 120 min period of THVE of the liver, 

plasmaa samples were collected every 15 min without administration of HA. Plasma HA 

concentrationss were measured using a radio-label led binding assay (Pharmacia & Upjohn AB, 

Uppsala,, Sweden). 

AssessmentAssessment of microvascular injury 

Intrahepaticc tissue p02 measurements were performed using a polarographic p02 needle electrode 

(SIGMAA p02-Histograph KIMOC, Eppendorf, Hamburg, Germany), as described previously (16-

18).. Before and after each measurement the p02 device was calibrated to compensate for drift and 

wass corrected for blood and tissue temperature, arterial blood gas values, arterial hemoglobin 

concentrationn and air pressure. A p02 histogram was constructed from 100 consecutive p02 

valuess obtained by stepwise withdrawal of the needle over a 2 cm tract (pilgrim step method) in 

thee liver. Negative readings below -2 mm Hg were considered as measurement errors and were 

omittedd (16). Intrahepatic p02 measurements were performed before ischemia (left median lobe), 

afterr 10 min of reperfusion (right median lobe) and after 24 hrs of reperfusion (right median lobe). 
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Individuall  p02 values were pooled in each group to compute intrahepatic p02 histograms and 

cumulativee frequency distribution curves (CFDC). 

AssessmentAssessment of tissue glutathione 

Liverr tissue glutathione levels were measured as an indirect measure of oxidative stress, which 

processs leads to consumption of reduced glutathione. Total glutathione (GSHt) and oxidized 

glutathionee (GSSG) concentrations were determined in liver tissue using a microtiter plate (MTP) 

assayy based on the method described by Baker et al. (19) and Richie et al. (20). 

Threee liver biopsies (1 cm3 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-coldd PBS. For determination of protein content, 100 ul sample homogenate was stored at -

80°C.. After adding 7,2 ml cold MPA (50g/L), the suspension was vortexed (1 min) and 

centrifugedd (4500 rpm, 10 min). Supernatants were stored at -80°C. 

GSHtt and GSSG concentrations were determined in triplicate and calculated from standard curves 

off  GSHt and GSSG. 

AssessmentAssessment of malondialdehyde 

Thee lipid-peroxidation product malondialdehyde (MDA) was measured as thiobarbituric acid 

reactivee substance (TBARS) (21). Tetramethylpropane (Janssen Chimica, Geel, Belgium) served 

ass standard ranging between 0-0.30 nmol/tube. 

StatisticalStatistical analysis 

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

testt and ANOVA for repeated measurements) was performed using GraphPad Prism version 3.02 

forr Windows (GraphPad Software, San Diego California USA). A p-value <0.05 was considered 

significant. . 

Results s 

GeneralGeneral parameters 

Inn pigs in the cold-LHX, warm-LHX and control-LHX groups, both resected liver weights 

,, , 8 g, resp.) and remnant liver weights , , 5 g, resp.; 

)) were comparable. 
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Althoughh normal body temperature of pigs is considered 38°C, pigs in this study showed 

higherr pre-ischemic body temperature of 39°C due to anesthesia-induced stress, a commonly 

observedd phenomenon in our laboratory. Body temperature of pigs in all groups was significantly 

decreasedd with 1-2 °C after 2 hrs ischemia when compared to pre-ischemic levels, showing no 

significantt differences between pigs in all groups. During reperfusion body temperature remained 

significantlyy below pre-ischemic temperature values in all groups (table 1). 

Noo significant differences could be demonstrated in mean arterial pressures (MAP) and 

heartt rate of pigs in the cold-LHX and control-LHX group. Pigs in the warm-LHX group showed 

aa lower MAP after 6 hrs of reperfusion when compared to both other groups and a higher heart 

ratee when compared to pigs in the cold-LHX group (table 1). 

Experimentall  groups 

pre-I I 

Bodyy temp 10 min R 

(°C)) 6 hrs R 

244 hrs R 

pre-I I 

MAPP 10 min R 

(mmm Hg) 6 hrs R 

244 hrs R 

pre-I I 

Heartt rate 10 min R 

(beats/min)) 6 hrs R 

244 hrs R 

Cold-LHX X 

39.11 3 A 

37.11  0.1 A 

38.00 2 

38.11 0 

88.00 3 

75.88 4 

69.88  3.1D 

0 0 

699 4 

944 0 
F F 

811 0 

Warm-LHX X 

39.22  0.4 b 

38.00  0.2 B 

38.33 7 

84.66 3 

54.66 0 

52.77 1 DK 

844 5 

1122  6 
F F 

Control-LHX X 

38.77  0.2 c 

37.44  0.3 c 

38.33 2 

38.33 1 

87.00 0 

57.44 3 

66.88  3.7 E 

65.00 0 

799 6 

1322 0 

944  10 

1188  30 

Tablee 1 
Meann rectal body temperature and hemodynamic parameters before induction of ischemia and after 10 min, 6 
andd 24 hrs of reperfusion. Hemodynamic parameters remain most stable in pigs after cold-LHX. 
Valuess are expressed as mean  SEM. 
Tempp = temperature, MAP = mean arterial pressure 
Significantt differences exist between values tagged with equal letters (A-F; p<0.05). 

Survival Survival 

Al ll  pigs in the cold-LHX group survived 24 hrs of reperfusion, whereas none of the pigs survived 

inn the warm-LHX group. In the control-LHX group, 3 out of 5 animals survived. Survival rate of 
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pigss in the warm-LHX group was significantly lower when compared to pigs in the cold-LHX and 

control-LHXX group (table 2). 

HepatocellularHepatocellular injury 

Afterr control-LHX, AST levels were significantly elevated during reperfusion when 

comparedd to pre-ischemic levels and continued to increase during reperfusion, reaching maximum 

levelss at 24 hrs. AST levels after warm-LHX were higher when compared to pigs after control-

LHXX during reperfusion but this did not reach statistical significance (p=0.17). Plasma AST levels 

weree significantly lowest after cold-LHX at all time points and reached maximum levels after 6 

hrss of reperfusion (table 2). 

Experimentall  groups 

Survivall  After 24 hrs 

pre-I I 

100 min R 
ASTT (U/L) 

6hrsR R 

244 hrs R 

Cold-LHX X 

100% % 

0 0 
A A 

B C C 

4988  78.2 E 

Warm-LHX X 

0% % 

27.44 1 
A A 

15977 1 B 

Control-LHX X 

60% % 

36.66  7.0 

4444 6 

11533  78.5 c 

17999 E 

Tablee 2 
Twenty-fourr 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 
elevationn in plasma AST levels. After warm-LHX and control-LHX none and three out of five pigs survived 
respectivelyy and AST levels were higher during reperfusion. AST values are expressed as mean
SEM.Significantt differences exist between values tagged with equal letters (A-E; p<0.05). 

LiverLiver blood flow 

Afterr 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 

completelyy recovered after control-LHX (figure 1). In the cold-LHX group, TLF was preserved 

duringg the whole sequence of 24 hrs reperfusion. Hepatic artery flow (HAF) showed significant 

differencess between the cold-LHX group and both other groups during 6 hrs of reperfusion. After 

122 hrs of reperfusion, pigs after control-LHX still showed a decreased HAF when compared to 

pre-ischemicc levels. No significant differences were observed in portal vein flow (PVF) between 

pigss after cold and control-LHX. After 6 hrs of reperfusion, PVF in pigs after warm-LHX was 

decreasedd when compared to both other groups and when compared to pre-ischemic levels. 
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Figuree 1 
Totall  hepatic flow, hepatic artery 
flowflow and Portal vein flow in pigs 
afterr cold-LHX (dashed bar, 
n=5),, warm-LHX (grey bar, 
n=5)) and control-LHX (closed 
bar,, n=5). After cold-LHX, no 
changess in hepatic flow were 
observedd whereas after warm-
LHXX and control-LHX hepatic 
flowflow decreased significantly 
duringg the initial phase of 
reperfusion.. After control-LHX, 
totall  liver flow and Portal vein 
flowflow recovered after 6 hrs of 
reperfusion.. Bars represent mean 

. . 

## Significantly different from 
pigss after cold-LHX. 
**  Significantly different from 
pre-ischemicc values. 
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SECSEC injury 

Beforee induction of ischemia, SEC of pigs in all groups almost completely cleared HA from the 

circulationn within the first 30 minutes after administration (figure 2). During 120 min of THVE, 

SECC were unable to take up HA and plasma HA levels showed an 8-fold increase in pigs in all 

groupss due to continued synthesis of HA by connective tissue. After 6 hrs of reperfusion, HA 

uptakee after control-LHX was decreased when compared to pre-ischemic uptake and also when 

comparedd to pigs after cold-LHX. In contrast, pigs after cold-LHX showed no decrease in HA 

uptakee after 6 hrs of reperfusion. Due to the low survival rate in pigs after warm-LHX, statistical 

analysiss after 6 hrs of reperfusion could not be performed appropriately (n=2). The HA uptake 

profiless of the control-LHX and the cold-LHX groups after 24 hrs of reperfusion were not 

significantlyy different during the 60 min sampling period. Although initial HA uptake rate in both 

groupss was decreased when compared to pre-ischemic HA uptake rate, full recovery of SEC 

functionn after 24 hrs of reperfusion in both groups was observed (figure 2). 

100-, , 1200--

Durin gg ischemi a 

6hrsR R 

Time e 

244 hrs R 155 30 45 60 75 90 105 120 
Timee perio d (min ) 

Figuree 2 
Uptakee of exogenous hyaluronic acid (HA) during a 60 min time period pre-ischemia, during 2 hrs of 
ischemiaa 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 
endotheliall  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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IntrahepaticIntrahepatic tissue p02 measurements 

Afterr 10 min of reperfusion, mean intrahepatic tissue p02 decreased after warm-LHX and control-

LHXX when compared to pre-ischemic values but recovered completely after 24 hrs of reperfusion 

inn pigs in the control-LHX group (table 3). In contrast, after cold-LHX mean tissue p02 increased 

afterr 120 min of ischemia and remained elevated during 24 hrs of reperfusion. The CFDC 

calculatedd after 10 min of reperfusion showed a shift to the left after warm and control-LHX 

(figuree 3) with an increase in values below 10 mm Hg (table 3), indicating more 

hypoxic/hypoperfusedd areas in the liver. However, after cold-LHX the CFDC shifted to the right 

withh an increase in values above 60 mm Hg (table 3), indicating more hyperoxic/hyperperfused 

areass in the liver. After 24 hrs of reperfusion, CFDC after control-LHX returned to normal, 

althoughh there was a tendency towards more hypo- and hyperperfused areas in the liver (rotation 

off  the CFDC curve). After cold-LHX, CFDC shifted towards the pre-ischemic configuration 

withoutt a concomitant rotational shift. 

Pre-ischemia Pre-ischemia 

Meann p02 mm Hg 

%% values<10 mm Hg 

%% values>60 mm Hg 

1010 min of reperfusion 

Meann p02 mm Hg 

%% vatues<10 mm Hg 

%% values>60 mm Hg 

2424 hrs of reperfusion 

Meann p02 mm Hg 

%% values<10 mm Hg 

%% values>60 mm Hg 

Cold-LHX X 

39.11  0.7 A B 

0.66 2 

4.88  1.41 

54.11 A C M N 

JK K 

17.00  4.2 'M 

47.66  0.9 B r o 

0.33  0.3L 

15.55 8 

Warm-LHX X 

38.44  0.7 D 

0.800  0.2 G 

10.00 2 

D M M 

17.33  3.7° J 

M M 

Control-LHX Control-LHX 

39.33  0.7 E  E 

0.800  0.4 H  H 

8.22 3 

28.44  0.8 E FN 

14.00  6.0 H K 

4.88 2 

39.44  1.5 F'° 

10.55  4.2 L  L 

19.55 7 

Tablee 3 
Meann intrahepatic tissue pC>2, percentage of values below 10 mm Hg and percentage of values above 60 mm 
Hgg 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. 
Significantt differences exist between values tagged with equal letters (A-O; p<0.05). 
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Figuree 3 
Cumulativee p02 frequency 
distributionn curves (CFDC) before 
ischemiaa (solid line), after 10 min of 
reperfusionn (dashed line) and 24 hrs 
off  reperfusion (dotted line) in pigs 
afterr cold-LHX, warm-LHX and 
control-LHX.. After cold-LHX, p02 

valuess increased after 10 min of 
reperfusionn (right shift of the CFDC 
curve)) when compared to pre-
ischemicc values, whereas after warm-
LHXX and control-LHX p02 values 
decreasedd (left shift of the CFDC 
curve).. After cold-LHX, the CFDC 
onlyy partially returned to the pre-
ischemicc after 24 hrs of reperfusion 
values.. After control-LHX, the CFDC 
completelyy returned to pre-ischemic 
values,, however showed a 
concomitantt clockwise rotation 
indicatingg increased areas with hypo-
andd hyperperfusion. 
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Glutathione Glutathione 

Afterr 10 min of reperfusion GSH levels had decreased in pigs in all groups when compared to 

pre-ischemicc levels (figure 4). However, levels in pigs after warm and control-LHX decreased 

significantlyy more. Only after cold-LHX, the initial drop in GSH level after ischemia was 

followedd by a subsequent recovery to levels significantly exceeding pre-ischemic values after 24 

hrss of reperfusion. 

Figuree 4 
Liverr tissue glutathione (GSH) 
levelss per mg protein at pre-
ischemiaa (pre-I), 10 min of 
reperfusionn (1 Om R) and 24 hrs 
off  reperfusion (24h R) after 
cold-LHXX (dashed bar, n=5), 
warm-LHXX (grey bar, n=5) and 
control-LHXX (closed bar, n=5). 
Afterr 10 min of reperfusion GSH 
levelss decreased more after 
warm-LHXX and control-LHX 
thann after cold-LHX. After cold-
LHXX overcompensation in GSH 
levelss after 24 hrs of reperfusion 
wass observed whereas after 
control-LHXX no recovery in 
GSHH levels was observed. Bars 
representt mean  SEM. 

## Significantly different from 
pigss after cold-LHX. 
**  Significantly different from 
pre-ischemicc values. 

Malondialdehyde Malondialdehyde 

Plasmaa TBARS levels (reflecting levels of malondialdehyde as a parameter for lipid peroxidation) 

weree 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 

groupss (figure 5). In liver tissue, changes in TBARS level were not significant (figure 6). 
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Figuree 5 
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Plasmaa TBARS levels 
reflectingg malondialdehyde 
levelss at pre-ischemia (pre-
I),, 10 min of reperfusion 
(10mm R), 6, 12and24hrs 
off  reperfusion (24h R) after 
cold-LHXX (dashed bar, 
n=5),, warm-LHX (grey bar, 
n=5)) and control-LHX 
(closedd bar, n=5). After 10 
minn of reperfusion TBARS 
levell  significantly 
increasedd in all groups and 
returnedd to normal after 6 
hrss of reperfusion. Bars 
representt mean  SEM. 
**  Significantly different 
fromm pre-ischemic values. 

200 0 

O) ) 

w w 100 0 

m m 

Figuree 6 
Tissuee TBARS levels 
reflectingg malondialdehyde 
levelss at pre-ischemia (pre-
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Discussion n 

InIn situ liver cooling during LHX plus THVE reduced liver failure and increased survival to 100%. 

Ourr data show that this protective effect owed to cooling of the liver and not to the wash out of 

bloodd because normothermic flush of the liver vasculature resulted in no survival at all. . 

Althoughh hypothermia during ischemia can augment SEC injury (3;4), the present study 

showss that a limited decrease in liver temperature, i.e. 10°C, during ischemia protects not only the 

hepatocytess but also the SEC from I/R injury. As a consequence, microcirculatory integrity was 

nott 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 

indicatingg SEC injury, which explains the initial drop in hepatic flow. 

Normothermicc perfusion of the liver severely aggravated liver I/R injury, to the extent 

thatt no animal survived 24 hrs of reperfusion. The Ringer-glucose solution used for perfusion 

probablyy 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 

normothermicc temperature, leading to microvascular disturbances and ultimately, enhanced liver 

injuryy during reperfusion (22;23). 

Microcirculatoryy disturbances lead to impaired tissue oxygenation (24) and therefore, 

cann be assessed by measurement of intrahepatic tissue p02. The mean pre-ischemic value of tissue 

p022 in the present study is within the range obtained in previous studies (35.0 and 43.4mmHg) 

(17).. After cold-LHX, mean p02 values increased significantly during reperfusion when 

comparedd to baseline values. Both a compensatory hyperperfusion/ hyperoxygenation and a 

decreasee in oxygen consumption by the liver could be responsible for this phenomenon. The latter 

iss considered a sign of poor liver function (25), however, in the present study, liver function after 

cold-LHXX was preserved. Therefore, the observed hyperperfusion is assumed to be a normal 

physiologicall  response after an ischemic insult (26), demonstrating functional integrity of the 

microvascularr system. Furthermore, intrahepatic p02 disturbances are more likely the result of 

differencess in blood supply rather than oxygen demand (13). Since tissue oxygenation is 

characterizedd by a heterogeneous distribution, mean tissue p02 does not identify local areas of 

hyper-- or hypoperfusion. To identify local differences in perfusion, cumulative frequency 

distributionn curves (CFDC) were composed from individual intrahepatic p02 values. After cold-

LHXX and 10 min or 24 hrs of reperfusion, a right shift of the CFDC was observed, indicating a 

generall  increase in hyperperfused areas. After warm and control-LHX a left shift was observed, 
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indicatingg more hypo- or nonperfused areas. After control-LHX and 24 hrs of reperfusion, the 

CFDCC showed increased frequencies of both low and high p02 values compatible with 

microcirculatoryy maldistribution (27). 

Kupfferr cells and neutrophils have been identified as the dominant sources of post-

ishemicc oxidative stress (28;29), although recent evidence also indicates a relevant role for 

intracellularr oxidative stress (30;31) in liver I/R injury. Endogenous GSH has been recognized as 

ann 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 

concentrationn by administration of GSH significantly protected the liver from I/R injury (34). 

Measurementt of tissue GSH concentration has been widely used as indicator of oxidative stress. 

Inn the present study, tissue GSH levels were significantly less decreased after cold-LHX than after 

warmm and control-LHX and 10 min of reperfusion, indicating significantly less GSH consumption 

duringg 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. 

Inn the present study however, elevation of liver GSSG concentrations was limited to 125% of pre-

ischemicc values during the experiments (data not shown), which is consistent with previous 

observationss by Jaeschke et al. (28) and could indicate a predominantly extracellular source for 

ROSS formation. However, since GSH was measured in liver tissue and not in plasma, enhanced 

releasee of GSH into the systemic circulation due to increased hepatocellular injury could also 

explainn the lower liver GSH levels after warm and control-LHX. 

Thee contribution of lipid peroxidation to liver I/R injury is still controversial (35;36). In 

thee present study the TBARS concentration in plasma increased, although significantly, by only 

1.6-foldd above baseline values. TBARS elevation in liver tissue was not significant. In contrast, 

upp to a 100-fold increase in experimental models of chemically induced lipid peroxidation were 

observedd (37;38). Therefore it is unlikely that lipid peroxidation was an important mechanism in 

thee development of parenchymal I/R injury in this study. 

Inn conclusion, this study shows the protective effects of in situ hypothermic perfusion on 

liverr I/R injury during LHX under THVE. This protection was associated with sustained hepatic 

(arteriall  and portal venous) flow and microcirculatory integrity. Oxidative stress occurred during 

thee initial phase of reperfusion and was abrogated in part by in situ hypothermic perfusion. 

Clinicall  application of this intervention for salvaging the remnant liver after partial hepatectomy 

underr compromising conditions deserves further investigation. 
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