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Abstract. Previously, we demonstrated an energy-de-
pendent injury to cultured liver endothelial cells dur-
ing cold incubation in University of Wisconsin (UW)
solution. Here, the effects of Histidine-Tryptophan-
Ketoglutarate (HTK) and Euro-Collins (EC) solutions on
these cells were studied. In HTK solution, 83 % +4 % of
the cells had lost viability after 9 h of incubation at 4°C.
The addition of cyanide (1 mM) to simulate hypoxic con-
ditions protected the cells to the extent that only
9% 1% of the cells lost viability over the same period;
the addition of glucose (10 mM) led to increased cell in-
jury. ATP levels were highest in the incubations with the
most rapid loss of viability. In Krebs-Henseleit bufter and
EC solution, in contrast, cell injury increased upon addi-
tion of cyanide; the addition of glucose to Krebs-Henseleit
buffer decreased injury. We conclude that the injury to
cultured liver endothelial cells during cold incubation in
HTK solution is energy-dependent, asitisin UW solution,
whereas cells behave differently in EC solution and
Krebs-Henseleit buffer.

Key words: Preservation, liver endothelial cells — Liver
endothelial cells, preservation — Endothelial cells, liver,
preservation — Preservation solutions

Introduction

Injury to the sinusoidal endothelium, leading to microcir-
culatory disturbance upon reperfusion, is regarded as one
of the main causes of primary graft failure after liver trans-
plantation 11, 16]. Morphological alterations such as en-
largement of fenestrations, retraction of cytoplasmic pro-
cesses, and detachment of endothelial cells have been
described following storage of the liver in Euro-Collins
(EC) and University of Wisconsin (UW) solutions [5, 6,
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20]. Other studies have demonstrated the loss of lining cell
viability in EC-stored livers by estimating trypan blue up-
take [4, 18], and Manner et al. [16] were able to relate the
decrease in microcirculation of Histidine-Tryptophan-
Ketoglutarate (HTK)-stored livers to post-transplanta-
tion mortality, thereby underlining the functional conse-
quences of endothelial cell injury. Although there are
some differences in the degree and time-course of the in-
jury in different solutions, the endothelial cell injury ap-
pears to precede parenchymal cell injury, regardless of the
preservation solution used [5, 6, 19, 20].

This endothelial cell injury, though possibly aggravated
upon reperfusion [5, 18], is in fact already present before
reperfusion [5, 6, 20}, i.e., the injury occurs at the time of
cold storage. Cell swelling has been shown to play no
major role in the pathogenesis of lining cell injury [10],
and it is unlikely that the hypoxia that is present during
cold preservation accounts for the injury since liver endo-
thelial cells, unlike hepatocytes, are very resistent to hy-
poxia at 37°C (unpublished results). Thus, the factors and
mechanisms leading to endothelial damage during liver
preservation are not clear at present.

We previously demonstrated that cultured endothelial
cells from the rat liver are highly susceptible to preserva-
tion injury in UW solution and that this injury is energy-
dependent [21]. The purpose of this study was to assess the
vulnerability of cultured liver endothelial cells in other
clinically used preservation solutions, namely HTK solu-
tion and EC solution, and to determine whether the en-
ergy-dependent injury described previously is unique to
UW solution or whether it is based on a more general
mechanism occurring during organ preservation.

Materials and methods

Preservation solutions

UW solutiton was purchased from DuPont (Bad Homburg, Ger-
many), HTK solution from Ké&hler {Alsbach, Germany), and EC
solution from Fresenius (Bad Homburg, Germany). The UW solu-
tion was supplemented with 200000 IU/I benzylpenicillin (Griinen-
thal, Stolberg, Germany), 40 IU/I insulin, and 16 mg/l dexametha-
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Table 1. Compositon of the preservation solutions and of the modified Krebs-Henseleit hydrogen carbonate buffer that was used for compari-
son. HEPES, 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid

UW Solution HTK Solution Euro-Collins Solution Krebs-Henseleit Buffer

Na* 20 mM Na* 15 mM Na* 10 mM Na* 144 mM
K* 140 mM K~ 10 mM K* 115 mM K* 6 mM
Mg?* 5mM Mg*~ 4mM Cl- 15 mM Mg** 1.2mM
SO 5mM Cl- 50 mM H,PO,- 15 mM Ca** 2.5 mM
H,PO, - 25 mM Tryptophan 2mM HPO,- 43 mM Ci- 128 mM
Lactobionate 100 mM Ketoglutarate 1 mM HCO;- 10 mM HCO;- 25 mM
Raffinose 30 mM Histidine/histidine HC1 180/ 18 mM Glucose 198 mM SO2- 1.2 mM
HAES 50 g/l Mannitol 30 mM H,PO,- 1.2 mM
Allopurinol 1 mM HEPES 20 mM
Adenosine 5 mM

Glutathione 3mM

Dexamethasone 16 mg/l

Insulin 40 1U/1

Penicillin 200000 TUA

pH 74 pH pH 7.25 pH 7.4

sone (both from Merck, Darmstadt, Germany). For comparison, a
modified Krebs-Henseleit hydrogen carbonate buffer was used. The
composition of the solutions is given in Table 1.

Isolation and culturing of liver endothelial cells

Endothelial cells were isolated from the livers of male Wistar rats
(200-240 g) by means of collagenase perfusion, differential centrifu-
gation, and selective adherence, as described previously [21]. Cells
were cultured in RPMI 1640 medium supplemented with fetal calf
serum (20%), L-glutamine (2 mM), gentamycin (100 pg/ml) cefo-
taxime (10 pg/ml), amphotericin B (5 ug/ml), and dexamethasone
(1 uM) at 37°C in a 100 % humidified atmosphere containing 5%
CO4/95% air. Subcultures were obtained by trypsinization (0.25 %
trypsin in citrate saline for 7-8 min). Cultured cells were identified as
liver endothelial cells by immunological demonstration of the von
Willebrand factor [22], using the sandwich immunofluorescence
method described by Williams [23]. The uptake of latex spheres [14]
was tested to exclude Kupffer cells.

Experimental procedures

The third to seventh passage cultures of liver endothelial cells of
three preparations, forming a confluent monolayer in 5.5 cm? culture
tubes (Nunc, Roskilde, Denmark), were used in this study. Cells
used for one experiment were subcultured on the same day (5-9 days
before the experiment); cell density was similar in all tubes used for
one experiment but varied in different experiments from 90 x 10° to
160 x 10° cells/cm?

Cells were washed three times with Hanks’ balanced salt solution
(HBSS; 37°C) and then covered with cold (4°C) preservation solu-
tion or with cold Krebs-Henseleit buffer. All solutions contained try-
pan blue in a final concentration of 0.08 mM,; glucose and/or cyanide
(KCN) were added to some of the tubes immediately after addition
of the incubation medium. KCN and glucose were dissolved in dis-
tilled water, trypan blue in normal saline; controls without trypan
blue were included.

Closed tubes were kept at 4°C and care was taken to maintain
this temperature while measurements were taken. Cell viability was
assessed using the parameters of trypan blue exclusion and lactate
dehydrogenase (LDH) release [12].

Assays

Samples for LDH were measured using a standard assay [2]. At
the end of the incubation period, cellular LDH activity was de-
termined following lysis of the cells by the detergent Triton X-100

(1% in HBSS, 30 min at 37°C). LDH values were corrected for the
change in volume of incubation medium resulting from repetitive
sampling.

Samples for ATP analysis were briefly immersed in liquid ni-
trogen, deproteinized with perchloric acid, and immediately frozen
in liquid nitrogen. ATP was determined in the neutralized samples
using a two-wavelength spectrophotometer (Sigma ZFP-22, Sigma
Instrumente, Berlin, Germany) at 366 and 436 nm and a 3-phos-
phoglycerate kinase assay [13].

Statistics

All experiments were performed with two to six tubes per condition
and repeated one to seven times with at least one different prepara-
tion. Data are expressed as means +SE. Comparisons among
multiple groups were performed using an analysis of variance with
Student-Newman-Keuls post hoc comparisons [24]. A P value less
than 0.05 was considered significant.

Results
Viability

Under aerobic control conditions, i.e., in the absence of
KCN, the cultured liver endothelial cells lost viability
rapidly in UW and in HTK solutions: after 12 h of incuba-
tion, 25 % +4 % of the cells had lost viability in UW solu-
tion and 97% +3% of the cells in HTK solution. After
24 h, 82% £14% of the cells had lost viability in UW so-
lution and all cells were dead in HTK solution (Fig. 1a,b).
In EC solution and in Krebs-Henseleit buffer, cells sur-
vived markedly better with only 47% £11% and 25% +
6% of the cells, respectively, being inviable after 24 h
(Fig.1c,d).

LDHrelease and trypan blue uptake gave the same re-
sults, apart from a time shift in indication; therefore, only
one parameter (trypan blue uptake) will be shown.

Effectof KCN
Addition of KCN (1 mM) to the preservation solution

markedly diminished the injury in UW and HTK solu-
tions, whereas it increased injury in EC solution and
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Fig.1a—d. Injury to cultured liver endothelial cclls during cold incu-
bationin: a UW solution; b HTK solution; ¢ ECsolution; d Krebs-
Henseleit buffer (KH). Cells were incubated in the different solu-
tions at4°C. KCN (1 mM) was added to simulate hypoxic conditions;
glucose (10 mM) was added in order to allow energy generation by
anacrobic glycolysis. Injury was assessed by the uptake of the vital
dye trypan blue; values shown represent means £ SE of eight experi-
ments. P <0.05 compared to incubations in the same solution
without any additions; ° P < 0.05 for incubations with KCN and with
KCN + glucose in the same solution

Krebs-Henseleit buffer: in the former two solutions, KCN
protected the cells to the extent that after 24 h only
4% £1% instead of 82 % + 14 % of the cells had lost via-
bility in UW solution (Fig. 1a) and 67 % + 18 % instead of
100% of the cells had lost viability in HTK solution
(Fig.1b). The addition of KCN to Krebs-Henseleit buffer
increased injury from 25% £ 6% to 51 % £ 10%, the ad-
dition to EC from 47 % £ 11 % to 70% £ 18 % after 24 h
(Fig. 1¢,d). Although the addition of cyanide to EC solu-
tion predominantly damaged the cells, this injurious effect
was sometimes minor, and occasionally an opposite effect,
i.e., a slightly protective one, was observed.
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Effect of glucose

The additon of glucose (10 mM) to the preservation solu-
tion significantly diminished the protective effect of
cyanide in UW and HTK solutions. In the absence of
KCN, glucose did not alter cell survival in UW solution,
whereas it increased cell injury significantly in HTK solu-
tion (Fig.1a,b). In contrast to these results in UW and
HTK solutions, glucose increased survival in Krebs-
Henseleit buffer, both in the presence and in the absence
of KCN (Fig.14d).

EC solution already contains vast amounts of glucose;
therefore, glucose was not added to this solution.

Energy state

In UW and HTK solutions as well as in Krebs-Henseleit
buffer, the ATP levels during the first hours of incubation
(the values after 6 h of incubation in UW solution and
after 4 h of incubation in the other solutions are shown in
Table 2) were highest in the incubations without cyanide,
moderate in the incubations with cyanide and glucose, and



Table 2. ATP levels of liver endothelial cells during incubation in
UW, HTK and EC solutions and in Krebs-Henseleit buffcrat4°Cin
the absence and in the presence of glucose (10 mM) and KCN
(1 mM). Because of the longer incubation times in UW solution, the
ATP levels after 6 h of incubation in this solution are given [21];in all
other solutions values were determincd after 4 h of incubation.
Values shown represent means £ SE of four experiments. Initial
ATP levels,i.e., ATP levels before the start of cold incubation, were
15.1 £ 1.6 nmol/10° cells. ~ P <0.05 compared to incubations in the
same solution without any additions; ° P < 0.05 for incubations with
KCN and with KCN + glucose in the same solution

Incubation medium ATP
(nmol/10° cells)
Uw 199140
UW + glucose 137+29
UW + KCN 1.9+15°
UW + KCN + glucose 69+19%
HTK 10.8+2.2
HTK + glucose 10.9+25
HTK + KCN 1.9+0.8
HTK + KCN + glucose 434037
Euro-Collins 13.1+£1.6
Euro-Collins + KCN 94+12
Krebs-Henseleit 13.8+£2.8
Krebs-Henseleit + glucose 13.1+14
Krebs-Henseleit + KCN 25407
Krebs-Henseleit + KCN + glucose 43+1.0%

lowest in the incubations with cyanide only. In UW and
HTK solutions, high energy levels were thus seenin the in-
cubations where the cells died early, whereas the lowest
energy levels corresponded to the best survival of cells
(Table 2, Fig.1a,b). In contrast, in Krebs-Henseleit buff-
er, ATP levels were lowest in the incubations where the
cells died first (Krebs-Henseleit buffer + KCN; Table 2,
Fig.1d). In ECsolution, the ATP levels were only moder-
ately decreased after the addition of cyanide; the de-
creased ATP levels corresponded to slightly increased cell
injury (Table 2, Fig.1¢).

Discussion

Cell injury occurring during the cold preservation of or-
gans, 1. e. before reperfusion, is predominantly attributed
to hypoxia [3]. Hypoxia decreases oxidative phosphoryla-
tion in the mitochondrial respiratory chain and, thus, leads
to energy deficiency. This energy deficiency compromises
homeostatic regulatory functions [9] and may lead to dis-
ruption of the cytoskeleton [7] and increased cytosolic
Ca’* levels, which may cause membrane damage via acti-
vation of phospholipases [9]. ATP depletion, together
with hypothermia, may also decrease the activity of the
Na*/K*-ATPase and, thus, cause cell edema [1, 9, 15, 17].
All of these consequences of hypoxia, which can be simu-
lated in experimental models by blocking the mitochon-
drial respiratory chain (e. g., with KCN), are due to energy
deficiency. An improvement in the energy state of cells
should, therefore, be associated with decreased cell injury.

In contrast to this current view of the pathogenesis of
preservation injury, we have previously demonstrated
that the injury to cultured endothelial cells from the rat
liver during cold preservation in UW solution is energy-
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dependent. The injury was diminished by the addition of
diverse inhibitors of mitochondrial ATP formation (the
respiratory chain inhibitors KCN, antimycin A and rote-
none; the ATP synthase inhibitor oligomycin; and the un-
coupler of oxidative phosphorylation carbonyl cyanide
m-chlorophenylhydrazone), and the protective effect of
cyanide was largely diminished by the addition of glucose,
which supported anaerobic glycolysis [21].

In the present study liver endothelial cells proved to be
even more sensitive to preservation in HTK solution. As
in UW solution, the injury occurring in HTK solution was
diminished in the presence of the respiratory chain inhibi-
tor KCN, whereas it was increased by the addition of glu-
cose. Inthe presence of both cyanide and glucose, medium
cell injury occurred (Fig. 1b). The high buffering capacity
of HTK solution and the beneficial effect of glucose when
added to Krebs-Henseleit buffer render it unlikely that
the damage provoked by the addition of glucose is due to
lactic acidosis; such an injury should also become evident
in Krebs-Henseleit buffer. The paradoxical cyanide effect
and the damaging effect of glucose therefore suggest that
the endothelial cell injury in HTK solution is energy-de-
pendent, as it is in UW solution, and this energy depend-
ence was confirmed by ATP measurements (Table 2).

In contrast to these results in UW and HTK solutions,
the addition of KCN to Krebs-Henseleit buffer led to in-
creased cell injury, and the addition of glucose to Krebs-
Henseleit buffer was protective (Fig.1d). Thus, in Krebs-
Henseleit buffer, a decrease in the energy level correlated
with increased endothelial cell injury (Table 2, Fig.1d).

EC solution contains vast amounts of glucose, i.e., an
abundance of substrate for anaerobic glycolysis. Liver en-
dothelial cells possess a very high glycolytic capacity (un-
published results); it is therefore not surprising that the
ATP level was only decreased by about 30 % following ad-
dition of KCN to EC solution. This relatively small de-
crease in the energy content may explain the only small
injurious effect of cyanide and the somewhat variable re-
sults regarding the loss of viability in this solution
(Fig.1c¢). However, the predominant effect of cyanide in
EC solution was an injurious effect, i.e., EC solution
showed more similarity to Krebs-Henseleit buffer than to
the other preservation solutions with regard to its effect
on liver endothelial cells.

Taking these results together, in Krebs-Henseleit buf-
fer and in EC solution decreased energy levels seem to be
followed by anincrease in injury tocultured liver endothe-
lial cells —a correlation that is in line with current concepts
of the pathogenesis of preservation injury. The predomi-
nantinjuryin UW and HTK solutions, in contrast, appears
to be energy-dependent. Apparently, UW and HTK solu-
tions provide good protection against (hypoxic) “energy-
deficiency” injury but damage the cells in the presence of
ATP by an as yet unknown mechanism.

Although in EC solution cells behaved predominantly
like in Krebs-Henseleit buffer, one cannot rule out the
possibility that the energy-dependent mechanism also
contributes to injury in this solution.

With regard to the normal behavior of liver endothelial
cells in Krebs-Henseleit buffer at 4°C (i.e., cyanide pro-
vokes injury and glucose protects the cells), the energy-
dependent injury appears to be related, at least partly, to
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the composition of UW and HTK solutions. Comparing
the composition of the four solutions used (Table 1),
neither the absence of Ca?* nor the concentration of po-
tassium nor a single substance is likely to account for the
energy-dependent injury in UW and HTK solutions, sug-
gesting that some working principle of these solutions
might be responsible for the injury.

Our results were obtained in cultured cells. This ap-
proach simplifies the experimental system and makes it
possible to study a single cell type under relatively control-
led conditions, but it disregards the complex interactions
between the various cell types in the intact organ. There-
fore, it is unclear to what extent the energy-dependent in-
jury observed in cultured cells contributes to the lining cell
injury described in the whole liver. However, we believe
that one can conclude, based on the results presented in
this paper, that UW and HTK solutions possess, in addi-
tion to the good protection they provide against hypoxic
injury, some damaging potential affecting liver endothe-
lial cells and that the damaging process requires energy. It
is possible that the various cell types of the liver show dif-
ferent degrees of susceptibility to different types of injury
and that the known protective efficiency of UW and HTK
solutions in the preservation of the whole liver, which
could not be confirmed for endothelial cell preservation in
this study, is based on the protection of hypoxia-sensitive
cells, e.g., hepatocytes, against hypoxic damage. While
endothelial cells might be less dependent on this protec-
tion, they might be able to generate enough energy for the
initiation of the injury observed in our cultured cells, even
under the hypoxic conditions of liver preservation, as he-
patocytes break down glycogen [8] and possibly release
glucose during preservation.
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