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Warm flush at 37 "C following cold storage 
attenuates reperfusion injury in preserved 
rat livers 

Abstract Pretransplant rinse solu- 
tions have been shown to reduce re- 
perfusion injury in cold-stored liver 
grafts, especially at the nonparen- 
chymal level in sinusoidal endothe- 
lial cells (SEC). In this study, differ- 
ent rinse temperatures were tested 
in a rat liver preservation model. 
Livers were washed out in situ via 
the portal vein with cold (4°C) Uni- 
versity of Wisconsin (UW) solution, 
and after hepatectomy (to), were 
stored for 8,16, or 24 h of cold is- 
chemia time (CIT). After storage, 
livers were flushed with UW solu- 
tion at either 4 "C, 20 "C, or 37 "C 
and reperfused for 90 min (37 "C). 
Control livers were reperfused at t0 
without preflush. Levels of hyalu- 
ronic acid (HA), purine nucleoside 
phosphorylase (PNP), AST, and 
LDH were measured in the reperfu- 
sion medium. Bile production was 
monitored during reperfusion. At 
the end of reperfusion, liver biopsies 
were taken for enzyme hystochem- 
istry (5'-nucleotidase and LDH). 
After 8-h CIT and a flush at 4 "C, a 
release of endogenous H A  (-7 'YO) 
was observed, whereas uptake of 
exogenous HA occurred after the 
20°C flush (2%, P = NS) and after 
the 37"Cflush (24  YO,^ < 0.001). H A  
release occurred at all three preflush 
temperatures after the 16-h CIT but 

was significantly lower when flushed 
at 37 "C (-1 0 'Yo ) that at 4 "C and 
20 "C (-64 'YO and -17 %, respective- 
ly, p = 0.05). After the 24-h CIT, the 
release of endogenous HA in- 
creased in the 4 "C and 20 "C pre- 
flush groups, but not in the 37 "C 
group. Levels of PNP and AST in- 
creased until the 24-h CIT in all 
groups but were significantly lower 
after preflush at 37 "C. Release of 
LDH did not increase with increas- 
ing periods of cold storage in any of 
the flush series. Compared to con- 
trol livers, mean bile production 
during reperfusion was significantly 
decreased following preflush at 4 "C 
or 37 "C after all periods of CIT. No 
differences in mean bile production 
could be demonstrated in the three 
preflush groups after any period of 
CIT. LDH activity in liver tissue was 
best preserved after the 8 and 16-h 
CIT in combination with the 37 "C 
preflush, indicating less hepatocel- 
lular damage. In conclusion, in cold 
stored rat livers flushed at 37 "C be- 
fore reperfusion, SEC and hepato- 
cellular damage is attenuated. 

Key words Liver preservation, UW 
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Introduction 

Preservation damage to liver grafts, resulting from is- 
chemia during cold storage and reperfusion after reflow 
of the graft, is an important denominator of graft viabili- 
ty. Several studies have demonstrated that ischemia and 
reperfusion (UR) injury in preserved livers primarily oc- 
curs at the microvascular level, particularly in sinusoidal 
endothelial cells (SEC) [4,14,17,19]. With the introduc- 
tion of University of Wisconsin (UW) preservation solu- 
tion, a revolutionary increase in tolerance of liver grafts 
to ischemia has been achieved [ll, 22,311. Cold ischemia 
time (CIT) can now be extended up to 24 h, which has 
changed the setting of liver transplantation from an 
acute procedure to a semielective procedure. Since, in 
most liver transplantation centers, CIT averages be- 
tween 10 and 14 h, UW preservation solution offers the 
liver graft sufficient protection from ischemic damage. 
Consequently, there is little to be gained from new stor- 
age solutions that can further extend preservation time. 

A more beneficial approach to improving the quality 
of the liver graft is to reduce the injury sustained by the 
liver during reperfusion of the graft. A reduction in 
post-ischemic reperfusion injury can be accomplished 
by adapting the microvasculature of the liver to the 
events that take place at reflow, when the cold liver is re- 
circulated with warm and oxygenated blood of the re- 
cipient [ S ,  24,251. Several studies have pointed out that 
warm rinsing of cold-stored organs before reflow reduc- 
es tissue damage caused by postischemic reperfusion 
processes [l, 28,33, 36,371. A reduction in reperfusion- 
induced SEC injury, resulting in an improved condition 
of the hepatic microvasculature, has been proposed as 
an important mechanism underlying this phenomenon. 

The aim of this study was to assess the effect of the 
temperature (4"C, 2O"C, or 37°C) of a pretransplant 
rinse solution on reperfusion induced hepatic injury, us- 
ing an in vitro rat liver model of cold storage and subse- 
quent normothermic and oxygenated reperfusion. Mi- 
crovascular damage was quantified by determination of 
hyaluronic acid (HA) uptake of the liver [27] and the re- 
lease of purine nucleoside phosphorylase (PNP) [26]. 
HA is a glycosaminoglycan produced by connective tis- 
sue and synovial membranes throughout the body that 
is exclusively taken up and metabolized by the SEC of 
the liver. The release of PNP, an enzyme predominantly 
located in the SEC, indicates SEC necrosis. The 
amounts of aspartate aminotransferase (AST) and lac- 
tate dehydrogenase (LDH) released into the perfusate 
were measured since these are parameters of hepatocel- 
lular damage. Enzyme histochemistry of 5'-nucleotidase 
(5'-NT) and LDH, markers of ischemic damage induced 
in bile canalicular plasma membranes and liver paren- 
chymal cells, respectively, was performed in liver sec- 
tions. Bile production, a parameter of overall liver func- 
tion, was monitored during reperfusion. 

Materials and methods 

Animals and preparation of livers 

Inbred female Wistar rats weighing 710-270 g were anesthetized 
with pentobarbital sodium (50 mgikg) intrapcritoneally. After in- 
travenous administration of heparin (10 units/100 g), livers were 
washed out in situ by infusion of 50 ml cold (4°C) UW solution 
(DuPont, Raamsdonkveer, The Netherlands) via the portal vein. 
Before excision of the liver, the suprahepatic caval vein was cannu- 
latcd with an 8 Fr plastic cannula (Baxter, Trieste, Italy). The ex- 
perimental groups consisted of five to six animals. Principles of lab- 
oratory animal care were followed, and ethical approval was grant- 
ed by the Animal Experimental Committee of the Academic Med- 
ical Center, Amsterdam. 

Reperfusion model of cold-stored rat livers 

Immediately after cold (UW, 4°C) in situ washout and hepatecto- 
my, livers were stored in UW solution for 8, 16, or 24 h at 4°C. At 
the end of cold ischemia, the livers were gravity-flushed (15 cm 
H,O) with 15 ml UW solution either at 4"C, 70°C. or 37°C. The 
flush volume consisted of approximately 45% of the liver wet 
weight [23]. The livers were subsequently placed in a reperfusion 
cabinct [70] and reperfused for 90 min at 37 "C via the portal vein 
with 150 ml oxygenated Krebs-Henseleit buffer to which 50 pg/l 
(34-55 pg/l) HA (Sigma, St. Louis, Mo., USA) was added [27]. 
Control livers were reperfused immediately after cold (UW, 4°C) 
in situ washout and hepatectomy, without prerepcrfusion flush. 
Perfusion was performed at a constant pressure of 15 cm H20, re- 
sulting in a mean flow of 13.2 i 0.6 mlimin at 30 min of repcrfu- 
sion. The common bile duct was cannulated with a polyethylene 
cannula (0.4 mm, Laboratoire Portex, Berck-sur-Mer, France) for 
collection of bile during the reperfusion period. Bile production 
was expressed as pl/gram liver per minute. Perfusate samples 
were collected at 0, 15,30,45,60, and 90 min of reperfusion for de- 
termination of HA, PNP, AST, and LDH. H A  concentration was 
measured in the perfusate using a radioimmunometric assay (Phar- 
macia Diagnostics, Uppsala, Sweden), as described previously [27]. 
Uptake of exogenous HA, or release of endogenous HA, was ex- 
pressed as a percentage of the initial H A  concentration in the per- 
fusate. PNP release into the perfusate was measured using a fluo- 
rescence spectroscopy method [26], modified according to Ku- 
likowska et al. [16]. 

Enzyme histochemical methods 

Biopsies of 5 mm3 were obtained from the left lateral liver lobe of 
rat livers at the end of reperfusion, chilled in liquid nitrogen, and 
stored at -80°C. Gross morphological integrity was assessed in cry- 
ostat sections after Giemsa staining. The activity of 5'-NT was de- 
tected in unfixed cryostat sections of tissue samples using the lead 
salt procedure, as described previously [ 121. Decreased activity of 
5'-NT at plasma membranes of hepatocytes demonstrates early 
membrane damage [lo, 371. LDH activity was detected in cryostat 
sections according to the tetrazolium salt procedure [7]. Decreased 
cytoplasmic LDH activity is the consequence of LDH released 
from the hepatocytes and is a marker of cell damage. Semiquanti- 
tative assessment of enzyme activity was performed blindly by an 
independent investigator and scored on a 0 to + + + scale (Ta- 
ble 2 ) .  
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Statistical analysis ers (no cold storage) was significantly higher than that 
in livers after the 8 and 16-h CIT and flush at 20 "C and 
37 OC. ~f~~~ the 8-h CIT, the release of AST was signifi- 
cantly lower when livers were preflushed at 37 "' than 
at 4°C. The release of AST after the 16-h CIT and pre- 
flush at 20°C and 37°C was significantly lower than 

Results are expressed as mean k SEM. Statistical analysis was per- 
formed using SPSS 6.0 for Windows and consisted of the Student's 
t-test and the ANOVA for repeated measures. A P value below 
0.05 was considered to be statistically significant. 

that after flush at 4°C. After 24h of CIT, AST levels 

Results 

Prereperfusion flush of cold-stored rat livers 

Uptake of HA from the perfusate after 90 min of reper- 
fusion was 49% in the control group and was signifi- 
cantly higher than in any of the other groups (Fig. 1). Af- 
ter an 8-h CIT and a preflush at 4 "C, a release of endog- 
enous HA (-7 YO) was observed at the end of 90 min of 
reperfusion, whereas uptake of exogenous HA occurred 
after the 20 "C flush (2 YO) and the 37 "C flush (24 YO). 
The results after the 37°C preflush were significantly 
better than the 4°C or 20°C preflush ( P  < 0.001, ANO- 
VA). After a 16-h CIT, a release of endogenous HA oc- 
curred in all three preflush groups, but it was significant- 
ly lower when flushed at 37 "C (-10 %) than at 4 "C and 
20°C (-64 YO and -17 YO, respectively, P = 0.05, ANO- 
VA). After the 24-h CIT, the release of endogenous 
HA increased in both the 4°C and 20°C preflush 
groups, but not in the 37°C preflush group (37°C vs 
4°C and 20°C; P < 0.01 and P < 0.001, respectively, 
AN OVA). 

The release of PNP into the perfusate after 90 min of 
reperfusion in control livers (no cold storage) was signif- 
icantly higher than the release in livers after the 8-h CIT 
and preflush at 4 "C and 37 "C, and after the 16 and 24-h 
CIT and preflush at 37 "C (Table 1). Levels of PNP in all 
groups increased until 24 h of CIT, but were significantly 
lower after preflush at 37°C. The release of AST into 
the perfusate after 90 min of reperfusion in control liv- 

Fig. IA-C Release and/or uptake of hyaluronic acid (HA) by con- b 
trol livers and cold stored livers (8, 16, or 24 h of CIT) during 
90 rnin of reperfusion. Cold-stored livers were flushed before re- 
perfusion with 15 ml UW solution at either 4°C (a), 20°C ( 
or 37 "C (m). Control livers (A-A) were reperfused without pre- 
flush, immediately after in situ washout (50ml UW solution at 
4°C) and hepatectomy. H A  kinetics of control livers and cold- 
stored livers are shown: A after 8-h CIT; B after 16-h CIT; and C af- 
ter 24-h CIT. H A  uptake or release was expressed as a percentage 
of the initial H A  concentration in the reperfusion medium. 
*' P = 0.001 for control livers versus all other groups (ANOVA); 
*2 P < 0.001 for 8-h CIT and preflush at 37 "C versus 8-h CIT and 
preflush at 4°C and 20°C (ANOVA); *3 P <0.05 for 16-h CIT 
and preflush at 20°C versus 16-h CIT and preflush at 4°C (ANO- 
VA); *4 P < 0.001 forl6-h CIT and preflush at 37°C versus 16-h 
CIT and preflush at 4°C and 20°C (ANOVA); *' P i 0 . 0 1  
and < 0.001 for 24-h CIT and preflush at 37°C versus 24-h CIT and 
preflush at 4°C and 20°C, respectively (ANOVA) 
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Table 1 Concentration of purine nucleoside phosphorylase hepatectomy. Values are expressed as mean ? SEM. Levels of 
(PNP), aspartate aminotransferase (AST) and lactate dehydrogen- PNP and AST in the perfusate of control livers were significantly 
ase (LDH) in the perfusate of 90-min-reperfused rat livers, follow- higher (a-a) or lower (b-b) than in the experimental groups. 
ing cold storage (8, 16, or 24 h CIT) and flush at 4"C, 20°C, or p < 0.05 for c-c, d-d, e-e, f-f, i-i, j-j, m-ni, n-n; p < 0.01 for g-g, 
37°C. Control livers (0 h CTT) were reperfused without preflush, h-h, k-k, 1-1 
immediately after in situ washout (SO ml UW solution at 4°C) and 
CIT Preflush temperature PNP (nmoles/niin/ml) AST (Uil) LDH (Uil) 

Oh No preflush 152.5 ?i 33.9" 45.3 i 3 . 1 a . h  89.2 5 19.5 

8 h  20 "C 73.3 k 14.5C*e 24.5 i 4.9d 75.8 k 20.7 
4 "C 31.6 f 6.2" . '~~  35.0 i 5.2' 118.0 i 17.5' 

37 "C 18.9 k 5.2a,d.' 16.0 f2.6"' 42.0 k 10.48 
4 "C 131.8 k 22.6h 116.9 f 22.6h.'.J 528.0 k 247.7 

16h 20 "C 112.5 i 57.3 25.3 rt 9.0a.' 94.0 * 32.2 
37 "C 21.9 i 2.6". 13.8 k 3.1"J 64.8 i 18.1 

4 "C 149.1 f 26.7k 65.2 f 8.1b,"' 98.8 rt 22.2 

37°C 27.6 f 3.3". k , '  37.5 f 8.7". 94.9 f 26.2 
24 h 20 "C 196.6 f 27.5' 67.8 f 4.4'. " 75.0 f 7.6 

Fig.2 Mean bile production of 
control livers and cold stored 
livers (8,16, or 24 h of CIT) 
during YO min of reperfusion. 
Cold-stored livers were flushed 
before reperfusion with 15 ml 
UW solution at either 4°C (a), 

), or 37°C (m). Con- 
trol livers (0) *' k' = 0.001 for 
control livers versus all other 
groups (ANOVA). *' P < 0.001 
for 8-h CITand preflush at 
37°C vs 8-h CITand preflush at 
4 "C and 20 "C (ANOVA); 

P < 0.05 for 16-h CITand 
preflush at 20°C vs 16-h CIT 
and preflush at 4°C (ANOVA) 

n 
C 
3 \ 

M 

Cold storage time (hours) 

were significantly lower after preflush at 37 "C than after 
preflush at 4°C and 20°C. The release of LDH into the 
perfusate was not different between control livers and 
any of the preflush groups. Only after the 8-h CIT was 
the release of LDH significantly lower following pre- 
flush at 37 "C than preflush at 4°C. The mean bile pro- 
duction during 90 min of reperfusion in control livers 
(no cold storage) was 0.38 f 0.03 pl/g per minute 
(Fig.2). Compared to control livers, the mean bile pro- 
duction during 90 min of re perfusion was significantly 
decreased after all periods of CIT following preflush at 
4°C or 37°C. No differences in mean bile production 
could be demonstrated with increasing periods of CIT. 
There were no differences between the different pre- 

flush groups, except for a significant reduction in mean 
bile production after the 24-h CIT and 37°C preflush, 
compared to 4°C and 20°C preflush ( P  < 0.05 and 
P < 0.01, respectively). 

Enzyme histochemistry of cold-stored 
and reperfused rat livers 

5'-NT Activity was not detectable in any of the liver bi- 
opsies studied at the end of reperfusion. LDH activity 
in fresh liver biopsies is localized exclusively in the cyto- 
plasm of liver parenchymal cells, with a homogeneous 
distribution over periportal (zone 1) and pericentral 
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Table 2 Semiquantitative assessment of lactate dehydrogenase 
(LDH) activity in liver biopsies at the end of 90-min-reperfused 
rat livers following cold storage (8, 16, or 24 h CIT) and flush at 
4"C, 20"C, or 37 "C. Control livers (0 h CIT) were reperfused with- 
out preflush, immediately after in situ washout (50 nil UW solution 
at 4 "C) and hepatectomy. Microscopic images of cold-stored and 
reperfused rat livers were blindly scored for enzyme activity 
(+++ = high; ++ = moderate; + = low; 0 = absent) and for localiza- 
tion of decreased enzyme activity (Pericentral area: c incidental 
involvement, cc frequent involvement, C total involvement; mid- 
zonal area: rn incidental involvement, mm frequent involvement, 
M total involvement) 

CIT Preflus h LDH activity LDH 
temDerature localization 

Oh  Control 
4 "C 

8 h  20 "C 
37 "C 
4 "C 

16 h 20 "C 
37 "C 
4 "C 

24 h 20 "C 
37°C 

+++ 
++ 
++ 
++ 
+ 
+ 
+ 
01+ 
o/+ 
01+ 

C 

cdmm 
clm 
c/m 
CIM 
cclnim 
clm 
CIM 
CIM 
C/M 

(zone 3) areas [7]. After 90 min of reperfusion of un- 
stored control livers, LDH activity was slightly de- 
creased in pericentral areas (Table 2). After 8 h of CIT, 
LDH activity was moderately decreased at all three pre- 
flush temperatures, but pericentral and midzonal areas 
were only incidentally affected when livers were flushed 
at 20 "C or 37 "C, compared to frequent involvement af- 
ter flush at 4 "C. After 16 h of CIT, LDH activity in peri- 
central and midzonal areas was distinctly reduced in all 
three preflush groups. Pericentral and midzonal areas 
were totally involved in those livers after 4°C preflush 
(Fig. 3 a), frequently affected after 20°C preflush 
(Fig. 3 b), and only incidentally involved after 37 "C pre- 
flush (Fig.3~). After 24-h CIT in all three preflush 
groups, LDH activity was dramatically decreased in 
periportal and pericentral areas, with extensive damage 
to the cell morphology. 

Discussion 

UW preservation solution has become the gold standard 
for cold flush and storage of livers, making extended 
preservation of liver grafts feasible [34]. Before reflow 
of the graft, the solution is usually removed from the 
vasculature of the liver in order to prevent it from enter- 
ing the circulation of the recipient (UW solution con- 
tains high concentrations of potassium). A buffered so- 
lution, such as cold Ringers lactate, can be used to rinse 
the liver, or the first effluent of blood after reflow of 
the graft can be drained from the caval vein and discard- 

Fig.3a-c Localization of LDH activity in 1641 cold-stored rat liv- 
ers: a after preflush at 4°C and 90 min of reperfusion. LDH activ- 
ity was extensively reduced in pericentral and midzonal areas (m- 
terisk, magnification x 70); b after preflush at 20°C and 90 min of 
reperfusion. LDH activity was moderately decreased in pericentral 
and midzonal areas with extension to midzonal areas (asterisk, 
magnification x 70); c after flush at 37 "C and 90 min of reperfu- 
sion. LDH activity was only incidentally decreased in pericentral 
and midzonal areas (asterisk, magnification x 70) 
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ed. However, one may choose to exploit this opportuni- 
ty to rinse the liver with a solution designed to counter- 
act the injurious processes that take place during reper- 
fusion of the graft. Recently, certain rinse procedures 
have been shown to reduce reperfusion injury following 
cold storage of livers [5,8,9,24,25]. Carolina rinse solu- 
tion is one of these solutions and is composed of electro- 
lytes similar to blood, with an acidotic pH of 6.5, ade- 
nosine, three antioxidants, a calcium channel blocker, 
an iron chelator, hydroxyethyl starch, fructose, glucose, 
and insulin [25]. When Carolina rinse solution was used 
in 12-h cold-stored rat liver grafts before implantation, 
survival increased from 5 Yo to 60 Yo [8]. Attenuation of 
I/R injury, in vitro as well as in vivo, was accomplished 
by reduction of nonparenchymal cell (SEC) kill, im- 
proving the microvascular perfusion rate. 

The efficacy of a rinse solution is not only determined 
by its composition; its temperature has also been shown 
to be an important factor in reducing microcirculatory 
damage following I/R of livers [ l ,  28,33,37]. The litera- 
ture provides much evidence that the major focus of I/R 
injury is at the microvascular level. In order to  further 
explore the potential benefits of rinsing a liver graft be- 
fore reflow, we designed this study to assess the optimal 
temperature of a rinse solution. It was demonstrated 
that flushing at 37"C, and not at 4°C or 20°C  reduced 
subsequent reperfusion injury in cold-stored rat livers. 

Microcirculatory damage in preserved livers was de- 
termined by measuring the capability of SEC to take 
up HA, a method described in various previous studies 
[6,27,29,32]. We demonstrated that the uptake of exog- 
enous H A  by the SEC decreased with increasing peri- 
ods of CIT, reflecting progressive I/R damage in cold- 
stored and isolated, reperfused rat livers [27]. After 
16 h of CIT, endogenous H A  was released as a result of 
SEC necrosis. Saturation of the SEC with H A  during re- 
perfusion cannot take place with the bolus amount of 
HA chosen for this study [18,30]. 

Uptake of exogenous H A  after 90 min of reperfusion 
was only detectable in control livers and in livers after 8- 
h CIT in combination with a 20 "C or 37 "C flush. In all 
other experiments, endogenous H A  was released indi- 
cating predominant SEC death. After all periods of 
cold storage applied in this study, preflush at 37°C be- 
fore reperfusion gave results superior to those with pre- 
flush at 4 "C or 20 "C. Release of PNP into the perfusate 
increased progressively with prolonged CIT, but was sig- 
nificantly reduced after all periods of cold storage when 
livers were flushed at 37°C. The increased PNP levels 
after 8-h CIT and flush at 20 "C compared to 4 "C and 
37 "C were most likely due to variation in test results. 

Hepatocellular damage, evidenced by the release of 
liver enzymes into the perfusate, was shown to be a late 
phenomenon of I/R injury [15, 171. In this study, the re- 
lease of AST from livers increased after 16-h CIT and 
preflush at 4 "C, and after 24-h CIT and preflush at 4 "C 

and 20°C. The release of LDH did not increase until 
24 h of CIT in any of the groups. Only after 8-h CIT and 
flush at 37 "C was there a significant reduction in LDH 
release compared to flush at 4 "C. The results of AST re- 
lease suggest that flushing cold-stored livers at 37 "C be- 
fore reperfusion reduces parenchymal damage. This 
damage is also reduced after prolonged periods of CIT. 

The elevated levels of PNP and AST found after re- 
perfusion of control livers are assumed to be a conse- 
quence of retained PNP or AST, which is otherwise re- 
moved from the liver by the rinse procedure. This expla- 
nation is supported by the finding of a progressive in- 
crease in PNP and AST levels in the effluent during re- 
peated flush of stored rat livers for up to 48 h of CIT 
without reperfusion [35]. 

Bile production during reperfusion is a commonly 
applied marker of liver function and is determined by 
microcirculatory perfusion and the quality of hepato- 
cytes [2,20]. In this study, no differences were observed 
between the different preflush groups in the mean bile 
production during 90min of reperfusion, except for a 
significant reduction in mean bile production after 24 h 
of CIT and 37 "C preflush compared to 4 "C and 20 "C. 
After all periods of CIT, mean bile production following 
preflush at 4 "C or 37 "C was significantly decreased 
compared to control livers. Remarkably, mean bile pro- 
duction in all preflush series did not change with in- 
creasing periods of CIT. Therefore, it was not a very dis- 
criminative parameter of I/R injury in the liver in this 
study. 

Loss of 5'NT activity in liver tissue is an early param- 
eter of ischemic damage. In a previous study in which 
liver biopsies were obtained at the end of storage, 5'- 
NT was found to be localized at bile canicular and sinu- 
soidal plasma membranes [13]. The activity of 5'-NT de- 
creased and the localization changed with increasing 
CIT. In the present experiments in which the livers 
were stored and reperfused, this enzyme histochemical 
parameter appeared to be too sensitive for the level of 
I/R damage present since no 5'-NT activity could be 
demonstrated in any of the liver biopsies studied. LDH 
activity provided more information on ischemic liver 
damage and was only slightly decreased in unstored 
and reperfused control livers. This parameter proved to 
be more suitable for detection of I/R injury in rat livers 
and provided histochemical evidence in support of a 
beneficial effect of flushing at 37 "C before reperfusion. 

UW solution was developed for organ preservation 
at hypothermic temperatures. To study the effect of 
temperature per se, we chose to rinse livers with UW so- 
lution before normothermic reperfusion, thereby focus- 
sing only a temperature and not on the composition of 
the rinse solution. One might argue that using UW solu- 
tion for flushing at higher temperatures (20 "C or 37 "C) 
would induce liver damage due to its high osmotic prop- 
erties and high potassium content. To rule this out, we 



performed additional experiments in which livers 
( n  = 5 )  were stored for 8 or 24 h and then flushed before 
reperfusion with Ringers lactate at 37 "C (data not 
shown). The results of these experiments were compara- 
ble to those of livers flushed with UW solution at 37°C 
after 8 or 24 h of CIT. In support of this notion, Brass 
et al. [3]  demonstrated that liver damage following 
warm (37°C) hypoxic perfusion with UW solution was 
similar to that after perfusion with warm Krebs-Hense- 
leit buffer. Therefore, the use of warm UW solution in 
the present experiments did not seem to affect the re- 
sults of the study. 

Because bovine serum albumin has been reported to 
be toxic to rat livers, thus enhancing liver damage during 
reperfusion [21], it was left out of the reperfusion solu- 
tion used in the present study. However, compared to a 
previous study [27] in which albumin was included in the 
reperfusion solution, the uptake of HA by SEC was de- 
creased and the release of liver enzymes was increased. 
This observation suggests a beneficial role, rather than a 
toxic one, of albumin in the reperfusion solution. 

Flushing cold-stored livers at 37 "C before reperfu- 
sion results in a reduction in microcirculatory (SEC) 

damage, which is in accordance with other reports using 
Carolina rinse solution [l, 281. In vivo, when livers grafts 
are reperfused with warm, whole blood after cold stor- 
age, SEC damage induces leukocyte and platelet adher- 
ence, which potentially initiates a cascade of inflamma- 
tory events [l, 28,33,37]. In this study, asanguineous re- 
perfusion was performed with simple Krebs-Henseleit 
buffer. Since SEC damage has been implicated as one 
of the initiating factors in I/R-mediated events, such as 
the accumulation and activation of leukocytes [4, 14, 
17, 191, these secondary events are also likely to be re- 
duced when liver grafts are flushed at 37°C before re- 
flow in the in vivo situation. 

In conclusion, a warm flush at 37 "C of cold-stored rat 
livers attenuates non-parenchymal (SEC) and hepato- 
cellular damage during subsequent normothermic re- 
perfusion. Considering that liver grafts are usually 
rinsed before reflow to remove intravascular UW solu- 
tion, this procedure may be further optimized and stan- 
dardized. 
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