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Introduction

Summary

Recently, the endoplasmic reticulum (ER) has been disclosed as subcellular tar-
get reactive to ischaemia/reperfusion and possibly influenced by hypothermic
machine preservation. Here, the respective role of perfusate, perfusion itself,
and the effect of continuous oxygenation to trigger ER-stress in the graft
should be investigated. Livers were retrieved 30 min after cardiac arrest of male
Wistar rats and preserved by cold storage (CS) in histidine-tryptophan-ketoglu-
tarate (HTK) for 18 h at 4 °C. Other organs were subjected to aerobic condi-
tions either by oxygenated machine perfusion with HTK (MP-HTK) or Belzer
solution (MP-Belzer) at 4 °C or by venous insufflation of gaseous oxygen dur-
ing cold storage (VSOP). Viability of livers was evaluated upon reperfusion
in vitro according to previously validated techniques for 120 min at 37 °C.
Oxygenation during preservation (MP-HTK, MP-Belzer or VSOP) concor-
dantly improved functional recovery (bile flow, ammonia clearance), reduced
parenchymal enzyme leakage and histological signs of necrosis and significantly
attenuated mitochondrial induction of apoptosis (cleavage of caspase 9) com-
pared to CS. However, MP with either medium produced about 500% elevated
protein expression of CHOP/GADDI153, suggesting pro-apoptotic ER-stress
responses, paralleled by a significant elevation of caspase-12 enzyme activity
compared to CS or VSOP. Although MP also promoted a slight (20%) induc-
tion of the cytoprotective ER-protein Bax inhibitor protein (BI-1), prevailing
of proapoptotic reactions was seen by increased cleavage of caspase-3 and poly
(ADP-Ribase)-polymerase (PARP) in both MP-groups. Endoplasmic stress acti-
vation is conjectured a specific side effect of long-term machine preservation
irrespective of the medium, actually promoting cellular apoptosis via activation
of caspase-12. The simple insufflation of gaseous O, may be considered a feasi-
ble alternative, apparently indifferent to the endoplasmic reticulum.

culatory compromise of the donor, including grafts from
nonheart beating donors (NHBD), which are used in a

In view of the increasing shortage of donor organs for
clinical transplantation, the donor acceptance criteria for
liver retrieval have been expanded towards inclusion of
older donors and the use of ‘less than optimal’ grafts. The
latter comprise, for instance, livers with varying degrees
of steatosis and livers that were retrieved after cardiocir-
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growing number of centres as an alternative supply of
donor organs [1-3].

The cellular decline of high energy phosphates during
cardiac standstill of the donor results in a structural and
functional deterioration of the graft, which particularly
endangers its tolerance to ulterior preservation [4-6].
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To make optimum use of organs harvested after cardiac
arrest of the donor, preservation techniques like
continuous machine perfusion were proposed, aiming to
reverse deleterious priming of the graft by means of ex vivo
tissue oxygenation immediately after harvest [7-9].

Oxygenated machine perfusion of livers may restore
energetic status of the livers, thought to be a major
denominator of hepatic viability and remove waste prod-
ucts from the tissue.

Feasibility of liver preservation by hypothermic
machine perfusion (HMP) has also been documented in
experimental studies as well as upon anecdotal use in the
clinical setting [9].

However, despite the fact that restoration of tissue
aerobiosis is conjectured to be the most valuable means
for preventing progression of tissue alterations during
preservation of the NHBD graft [10], this technique is
rather cumbersome, needs an attentive surveillance during
transportation and may be prone to induce alterations at
the vascular endothelial site, if performed for a long time
or under suboptimal conditions [11,12].

Accumulating evidence suggests perturbations at the
endoplasmic reticulum (ER) as a novel subcellular effec-
tor, possibly involved in promotion of cell death in vari-
ous pathologies [13] including the pathophysiology of
organ preservation [12,14].

Various stimuli, collectively known as ER stress, can
potentially induce accumulation of unfolded protein
response (UPR) in the ER. In the early phase, transla-
tional attenuation occurs to decrease the load in the ER;
then transcriptional induction of ER localized molecular
chaperones and enzymes occurs to augment the folding
capacity in the ER and eventually ER associated protein
degradation is induced to eliminate misfolded proteins by
the ubiquitin proteasome system [15].When ER stress
persists or is more severe, the UPR ultimately triggers
apoptosis pathways through activation of the ER-bound
caspase 12 or upregulation of genes belonging to the
growth arrest and DNA damage family (GADD).

Both mechanisms have been found operative in experi-
mental or clinical liver preservation [12,14] and the first
data suggest that ER-stress activation is especially
favoured by long term HMP, where ultrastructural altera-
tions of the ER, as well as particular ER-stress-associated
gene responses, were significantly more prominent after
18 h of machine preservation compared with cold storage
(CS) [12]. In this study, however, machine perfusion
was performed with histidine-tryptophan-ketoglutarate
(HTK), being a noncolloid containing solution, primarily
designed for static preservation and not yet fully validated
for long-term graft perfusion.

Therefore, questions arise, whether the increase in
endoplasmic stress upon oxygenated perfusion must be
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attributed to the process of long-term hypothermic perfu-
sion itself, to the specific use of HTK or if it must be
considered a result of continuous oxygenation of the
ischaemic graft.

Thus, the aim of this study was to define the extent
and quality of ER-stress, which might be induced by
machine preservation in its dependence on the perfusion
medium, comparing the classical Belzer machine perfu-
sion solution (MPS) with the HTK solution. Moreover,
the influence of continuous oxygenation of the grafts
should be isolated by nonperfusion related aeration of the
liver by mere gaseous oxygen insufflation during hypo-
thermic storage, as was proposed earlier [16,17].

Material and methods

All experiments were performed in accordance with the
federal law regarding the protection of animals. The prin-
ciples of laboratory animal care (NIH Publication No.
85-23, revised 1985) were followed.

Livers were harvested from fed male Wistar rats
(250-300 g bw) under general anaesthesia with isoflurane.
The abdomen was opened by midline incision, the liver
skeletonized and freed from all ligamentous attachments.

Cardiac arrest was induced by phrenotomy; 30 min
later, the portal vein was cannulated and the livers were
retrieved for cold preservation.

Control livers (n = 6) were rinsed via the portal vein
with 60 ml of HTK solution at 4 °C and then stored sub-
merged in HTK for 18 h at 4 °C.

Other organs were put on a recirculation machine per-
fusion device with 125 ml of either HTK (n =6) or
Belzer MPS solution (n = 6) after initial flush-out with
the respective medium. An in-line filter (5 pm) was
incorporated into the perfusion circuit to prevent recircu-
lation of blood clots or cellular debris [12].

A last group of organs (n =6) was cold stored in
HTK, but subjected to aerobic conditions by insufflation
of gaseous oxygen via the venous vascular system of the
cold stored organ (VSOP), as described previously [17].

Viability of all livers was evaluated thereafter upon rep-
erfusion in vitro according to previously described tech-
niques [18] in a recirculating system for 120 min at
37°C  with  oxygenated (95%  O0,-5%  COy;
pO, > 500 mmHg) Krebs—Henseleit buffer at a constant
flow of 3 ml/g min. This set up has been shown to allow
adequate approximation tissue integrity and detection of
structural changes in rat livers after hypothermic preser-
vation [18].

To simulate the period of slow rewarming of the organ
during surgical implantation in vivo, all livers were
exposed to room temperature on a Petri-dish for 20 min
prior to reperfusion.
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Portal venous pressure was measured during isolated
perfusion by means of a water column connected to the
portal inflow line and precalibrated to the respective cal-
culated flow using PE-catheters of length and size identi-
cal to the one used for the perfusion of the livers.

Perfusate enzyme activities of alanine aminotransferase
(ALT) and lactate dehydrogenase (LDH) were assessed

photometrically using commercialized standard Kkits
(Fa. Roche, Mannheim, FRG; Roche, Mannheim,
Germany).

Metabolic activity of the livers was approximated by
the calculation of hepatic oxygen utilization. Perfusate
samples were taken at the portal inflow and from the
venous effluent and oxygen content was measured imme-
diately using a pH-blood gas analyzer (ABL 500 acid-base
laboratory, Radiometer, Copenhagen, Denmark). Oxygen
uptake of the livers was calculated from the differences
between portal and venous sites and expressed as pl O,/g
liver per min according to transhepatic flow and liver
mass.

Urea production from ammonium chloride was used
as an additional functional parameter of liver viability
after preservation. To this purpose, NH,Cl was added to
the Krebs—Henseleit perfusion buffer at a concentration
of 1 mmol/l. Concentrations of urea in the effluent per-
fusate were measured enzymatically and urea production
was calculated as pmol/g/h.

Tissue preparation and biochemical analysis

Western blot for caspase9, GADD153/CHOP, cleaved poly
(ADP-Ribase)-polymerase (PARP) and Bax inhibitor
protein (BI-1)

Frozen tissue was Dounce-homogenized on ice with 30
vol of hypotonic lysis buffer, designed to prevent degrada-
tion of the phosphorylation sites during preparation
(20 mm Tris—HCI, pH 7.5, 50 mm NaF, 50 mm Nas;VO,,
20 mM nitrophenyl phosphate, 1 mm ethylene glycol tetra
acetic acid, 1% Triton %100, 5 mMm freshly added benz-
amidine). The suspension was left on ice for 30 min
and then centrifuged at 4 °C for 15 min at 15 000 g.
Aliquots from the clear supernatant were diluted to 2 mg
protein/ml after determination of protein content by
Bradford’s method [19].

The whole cell extracts were then used for Western
analysis as described previously [20]. In brief: equal
amounts of protein (20 pg) were suspended in Laemmli
buffer and loaded on sodium dodecyl sulfate polyacryla-
mide gel (SDS-PAGE). After gel electrophoresis, proteins
were blotted onto nitro-cellulose membrane (0.2 pm) and
homogeneous transfer confirmed by staining with Pon-
ceau S. Membranes were then blocked for 1 h at room
temperature with 5% nonfat dry milk in TBST and

© 2007 The Authors

Role of perfusion medium, oxygen and rheology

subsequently incubated overnight at 4 °C with the pri-
mary antibody.

Proteins were eventually visualized on X-ray film via
chemiluminescence after exposure to horseradish peroxi-
dase conjugated secondary antibody (Phototope®; New
England Biolabs, Inc., Schwalbach/Taunus, Germany).
Subsequently, blots were stripped and were probed with
monoclonal anti actin (AB-1; Calbiochem, Darmstadt,
Germany) antibody to confirm equal amounts of protein
loading.

We used the following primary antibodies: rat reactive
caspase 9 (rabbit anti human) polyclonal antibody, react-
ing with the small fragment produced upon cleavage of
the proenzyme purchased from Calbiochem and rabbit
anti-GADD153/CHOP (affinity isolated) from Sigma
Chemicals (Sigma Chemicals, Hamburg, Germany).

Bax inhibitor protein was detected using a rat reactive
rabbit polyclonal antibody raised against full length BI-1
of human origin from Santa Cruz biotechnology (Santa
Cruz Biotechnology, Heidelberg, Germany).

Proteolytic cleavage of Poly (ADP-Ribose) Polymerase
(PARP) was quantified using a rabbit antibody, selectively
recognizing the large fragment of PARP (85 kDa) that
results from caspase cleavage of the 116kDa intact mole-
cule (Promega Corp, Mannheim, Germany).

Histology

Liver tissue was cut into small blocks (3 mm), fixed by
immersion in 4% buffered formalin and embedded in
paraffin. Sections of 3 um were used for standard histol-
ogy and immunohistochemistry. Detection of apoptotic
cells in tissue sections was performed using a rabbit poly-
clonal antibody specific for the cleaved fragment of
caspase-3 (Cell Signalling Technology, Danvers, MA,
USA). Sections were used after deparaffinization and
blocking of endogenous enzyme activity and incubated
overnight with primary antibody (1:100).

After rinsing, the sections were covered with a biotiny-
lated secondary antibody (LSAB+ Link solution, Dako,
Germany) and incubated with peroxidase-conjugated
streptavidin. Labelling of bound streptavidin was visualized
by substrate incubation with DAB (diaminobenzidine) and
the sections were counterstained with hemalaun.

Enzymatic activity of caspase 12

Functional activity of caspase 12 was analysed from
homogenized tissue lysates in 96 well plates using a
fluorometric assay kit (Biovision, Mountain View, CA,
USA), based on the detection of the cleavage product
7-amino-4-trifluoromethyl coumarin (AFC), which emits
yellow —green fluorescence (max. at 505 nm) upon excita-
tion at 400 nm.
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Measurements were performed using a fluorescence
microplate reader (Tecan, Grailsheim, Germany) and
enzymatic activities of caspase 12 in the experimental
groups were presented in arbitrary units and compared
with the CS group.

Statistics

All values were expressed as means £ SEM. After proving
the assumption of normality and equal variance across
groups, differences among groups were tested by anova
followed by the appropriate post hoc comparison test. Sta-
tistical significance was set at P < 0.05.

Results

Liver viability upon postischaemic reperfusion

Enzyme releases of ALT and LDH during reperfusion
were taken as general parameters of hepatocellular injury
of the liver.

100 -
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Figure 1 Release of alanine aminotransferase during normothermic
reperfusion after 18 h of ischaemic preservation. Values are given as
mean + SE; *P < 0.05 vs. cold storage.
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A progressive rise in enzyme leakage was noted after
CS, documenting an ongoing reperfusion injury to the
hepatic parenchyma during the entire observation period
(Fig. 1). This reperfusion injury was largely and signifi-
cantly abrogated after machine perfusion preservation
either with HTK or with Belzer-MPS.

Likewise, aerobic preservation by venous systemic oxy-
gen persufflation (VSOP) also resulted in a significantly
less leakage of hepatocellular enzymes upon reperfusion
than observed after CS.

A similar patter was also found with respect to LDH,
the maximal perfusate activities of which were 718 + 140;
425 + 32%; 309 £ 69* and 333 £ 54* U/l after CS,
MP-HTP, MP-Belzer and VSOP, respectively (*P < 0.05
vs. CS).

Structural data on liver integrity were more or less cor-
roborated by the analysis of functional recovery upon
reperfusion (Table 1).

While there were no statistically significant differences
between the groups regarding portal vascular resistance
during either warm reperfusion or hepatic oxygen uptake
from the perfusate, the mode of liver preservation
did have an influence on ammonia clearance and bile
production.

Gaseous aerobiosis during cold liver preservation
resulted in an approximately 50% increase in postischae-
mic recovery of hepatic bile production as well as in its
capacity to detoxify ammonia, both of which were signifi-
cant compared with simply cold stored livers.

Oxygenated machine perfusion was also able to
improve on hepatic functional outcome but statistical sig-
nificance was only reached for ammonia clearance after
machine preservation with HTK and for bile production
after machine preservation with Belzer MPS.

Differential activation of mitochondrial and endoplasmic
stress responses

Induction of the mitochondrial pathway of apoptosis was
looked for by analysing cleavage of caspase 9 in tissue
homogenates upon warm reperfusion (Fig. 2). It was
found that the appearance of cleaved caspase 9 was prom-
inent after static CS, but significantly mitigated, if aerobic

Cold
storage (CS) MP-HTK

MP-Belzer

Table 1. Functional parameters
obtained upon isolated normothermic
reperfusion after 18 h of ischaemic

Venous systemic
oxygen persufflation

preservation.

Vascular resistance (Pa/s/ml) 1372 (109) 1519 (197)° 1176 (199)"° 1127 (106)N°
Oxygen utilization (umol/g/min) 1.54 (0.06) 1.32 (0.07)™° 1.69 (0.04)"° 1.77 (0.12)N°
Ammonia clearance (umol urea/g/h) 0.16 (0.02) 0.24 (0.01)* 0.17 (0.02)Y° 0.22 (0.01)*
Bile production (ul/g/h) 10.5(0.8) 133 (3.0M 19.5(1.9)* 18.0 (1.0)*

Data are given as mean and SE; *P < 0.05 vs. CS; anova + post hoc test; n > 5/group. NS, not

significant; MP-HTK, machine perfusion histidine-tryptophan-ketoglutarate.
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Figure 2 Cleavage of caspase-9, shown by Western detection of the
p17 cleavage product of caspase-9. Numerical evaluation is based on
densitometric analysis of three independent experiments, comparing
the individual densities corrected for the respective beta actin signal
used as a house-keeping gene. Values are given as mean = SE;
*P < 0.05 vs. cold storage.

preservation conditions were provided. In this regard, it
was not important, if aerobiosis was obtained by oxygen-
ated machine perfusion or by gaseous oxygen persuftla-
tion. Moreover, machine perfusion of the livers yielded
quite similar results, whether performed with HTK or
with Belzer MPS.

Deregulation of intracellular homeostasis may result in
adverse repercussions at the ER, which were investigated by
determining the impact of organ preservation modalities
on the activation of caspase 12, known as pro-apoptotic
initiator caspase specifically responsive to ER-stress [21].

As depicted in Fig. 3, the catalytic activity of caspase
12 was found to be minimal after simple CS, but
approximately twofold enhanced by machine perfusion
preservation with either HTK or Belzer MPS.

However, activation of caspase 12 proved to be virtu-
ally prevented, if aerobiosis during ischaemia was main-
tained by VSOP instead of machine perfusion.

Further evidence of ER stress in the machine-perfused
livers comes from the induction of the pro-apoptotic
transcription factor GADD153/CHOP (Fig. 4).

Western blot analyses demonstrated protein expression
of GADD153/CHOP to be minimal after simple CS. An
up to sixfold and significant increase in GADDI153

© 2007 The Authors
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Figure 3 Enzymatic activity of caspase-12 in whole tissue homogen-
ates. Numerical evaluation is based on analysis of four independent
measurements in duplicate/group. Values are given as mean = SE;
*P < 0.05 vs. cold storage.
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Figure 4 Induction of GADD153/CHOP, shown by Western detection
of the protein in whole tissue extracts. Numerical evaluation is based
on densitometric analysis of three independent experiments, compar-
ing the individual densities corrected for the respective beta actin sig-
nal used as a house-keeping gene. Values are given as mean = SE;
*P < 0.05 vs. cold storage.

immunoreactivity was observed after machine perfusion
with HTK and similar results were found after perfusion
with Belzer MPS.
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Figure 5 Protein expression of Bax inhibitor protein shown by
Western detection in whole tissue extracts. Numerical evaluation is
based on densitometric analysis of three independent experiments,
comparing the individual densities corrected for the respective beta
actin signal used as a house-keeping gene. Values are given as
mean + SE; *P < 0.05 vs. cold storage.

This increase was not present after VSOP treatment of
the livers.

Less pronounced but nonetheless significant changes
were disclosed with regard to the expression of BI-1 in
the liver tissue (Fig. 5).

Compared to simple CS, machine perfusion preserva-
tion led to a concise increase in the protein immunoreac-
tivity, irrespective of the perfusion solution used, while
gaseous aeration through VSOP did not.

To evaluate actual liver cell apoptosis after graft preser-
vation and subsequent reperfusion, the appearance of the
cleaved PARP-fragment was also quantified in whole cell
lysates by immunoblot techniques. Mean relative densito-
metric intensities confirmed significantly higher reactivity
in both machine perfused groups (1.1 + 0.04, 4.2 = 0.9%,
3.5+ 0.9% 1.5+ 0.2 arb. units, CS, vs. MP-HTK vs.
MP-Belzer vs. VSOP, resp.; *P < 0.05).

Histopathological changes

Architecture of liver structures was quite well preserved in
all groups. Notwithstandingly, in the cold storage group,
areas of hepatocyte necrosis and cytoplasmic vacuolisation
were observed more frequently than in any of the three
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other groups. It is to be noted that machine perfusion
preservation with either medium did not result in recog-
nizable oedema formation or in expansion of sinusoidal
space compared to cold stored livers.

To confirm apoptotic transformation of liver cells after
different types of ischaemic preservation, we also looked
at activated caspase 3 by immunohistochemical detection
of the cleaved fragment of caspase 3 (Fig. 6a—d).

Sporadic appearance of the immunoreactive product
was notable throughout the livers after machine perfusion
preservation with HTK as with Belzer MPS, while the
positive staining of hepatocytes was largely reduced in liv-
ers after CS or gaseous oxygen persufflation.

Discussion

In this study, we investigated the respective influence of
HMP with different preservation solutions or aeration by
gaseous oxygen persufflation on the degree of cellular
endoplasmic stress response of liver grafts from nonheart-
beating donor rats.

Consistent with reports from previous studies and that
from our laboratory [11,22,23], it was found that HMP
significantly improves hepatic parenchymal enzyme
release and functional recovery upon reperfusion. Beyond
this, we could provide evidence that oxygenation during
ex vivo storage by machine perfusion with either preserva-
tion medium significantly improved mitochondrial integ-
rity, compared to simple CS, and largely attenuated
cleavage of caspase 9, hallmark of the initiation of the
intrinsic pathway of apoptosis. As similar results were
obtained by mere gaseous persufflation with oxygen, it is
conjectured that cellular aerobiosis rather than provision
of substrates and/or removal of waste products by contin-
uous perfusion do account for this effect.

However, our findings also indicate that long term
machine perfusion accentuates endoplasmic stress
responses in the grafts. ER-stress has only recently been
discovered as a putative mechanism of liver tissue
injury during and after ischaemic preservation in exper-
imental animals [12,24] as well as in human liver biop-
sies [14]. Although the exact pathological significance
of excessive stress at the ER during organ preservation
is yet to be deciphered, a novel apoptotic pathway, in
which caspase-12 functions as the initiator caspase in
response to a toxic insult to the ER, has emerged from
several studies [21].Upon ER-stress, caspasel2, localized
on the outer membrane of the ER, is proteolytically
cleaved and its membrane association disrupted [25].
The processed form of caspase-12 must be considered
to endanger cellular homeostasis e.g. by activation of
caspase 3 as has been shown in human neuroblastoma
cells [26]. Actually, in our study enzymatic activation

© 2007 The Authors
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Figure 6 Immunohistochemical staining of cleaved caspase 3 in sections of livers, which were preserved by simple cold storage in histidine-trypto-
phan-ketoglutarate (HTK) (a), by oxygenated machine perfusion with HTK (b) or Belzer MPS (c) or which were stored aerobically by gaseous oxy-
gen persufflation in HTK (d). Although parenchymal necrosis is seen in group A, only few cells do stain positive for cleaved caspase 3. Machine
perfusion with either HTK or Belzer MPS results in a sporadic but notably higher incidence of cells expressing the antigen (b+c) most often in the

pericentral regions, which, however, did not show up after gaseous oxygenation (d). (Original magnification x 200).

of caspase-12 was paralleled by an increased cleavage of
PARP, as would be expected from the mechanistic
hypothesis of the alternate pathway of ER-stress initi-
ated apoptosis [27].

It was pointed out previously that machine perfusion
inadequately stresses the ER, only if extended over a long
time but not, if restricted to several hours [12]. Accord-
ingly, positive results have consistently been reported after
several hours of machine preservation of predamaged liv-
ers from rats, pigs and humans [9,28], while descriptions
of adverse side effects accumulate after prolonged HMP
[11,12].

The importance of the described observations lies in the
fact that the occurrence of ER-stress responses after
prolonged HMP does not seem to be related to the

© 2007 The Authors

preservation solution used, as very similar effects were
observed using either HTK (a substrate free, low viscosity,
extra-cellular type medium) or Belzer MPS (a nutritive,
high viscosity, colloidal intra-cellular type solution). More-
over, it must not be linked to possible adverse effects of
hyperoxia. Exposure of the graft, to 100% of gaseous
oxygen by gaseous oxygen persufflation during storage,
provided an excellent functional recovery but circumvented
the activation of caspase 12 as well as the upregulation of
the Growth Arrest and DNA Damage protein GADD153/
CHOP observed after machine perfusion of the livers.

It is of interest that stress at the ER is not necessarily
deleterious in itself and may, depending on the extent of
injury, also trigger adaptive and possibly defence reactions
termed the UPR, allowing the cell to survive [13].
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Role of perfusion medium, oxygen and rheology

Recently, the antiapoptotic protein BI-1 has been
implicated in cellular regulation of the ER-stress induced
apoptosis [29]. BI-1 mRNA increased after hypoxic
ER-stress [30] and the actual protein content could be
shown to rise after ischaemic preconditioning in primary
neuronal cell cultures [31].

Bax inhibitor protein is an intracellular ER mem-
brane protein abundantly expressed in the liver and
kidney tissues [30], and appears to block the transition
of a death signal from damaged ER/Golgi to mitochon-
dria [29].

We have shown a significant elevation of BI-1 protein
content in tissue homogenates of livers, which were pre-
served by oxygenated machine perfusion compared to
simple CS as well as gaseous oxygen persufflation. How-
ever, the extent of this presumably protective induction
of BI-1 remained rather limited compared to the proa-
poptotic triggers (i.e. upregulation of GADD153/CHOP
and activation of caspase 12) observed under the same
conditions.

Unlike previous reports on ER stress induced initia-
tion of the caspase cascade [12,15,32], we here have
documented not only the structural cleavage of the
zymogene, but also the actual enzymatic activity of
caspase 12. It was moreover found that the degree of
caspase 12 activation neatly corresponded to the amount
of cleaved PARP, detected in the respective liver homo-
genates in the different groups and taken as readout for
tissue apoptosis.

Although the continuous oxygenation of the livers dur-
ing cold preservation actually did attenuate cleavage of
caspase 9 and thus putatively counteracted mitochondria
initiated induction of apoptosis, long-term machine per-
fusion thus resulted in a distinct increase in apoptotic
changes in the liver compared to simple CS. It is hence
conjectured that endoplasmic stress activation must be
considered not only a specific side effect of long term
machine preservation, but also actually operative in pro-
moting cellular apoptosis in the setting of preservation
injury via caspase 12 induced direct activation of execu-
tioner caspases and PARP cleavage.

Pharmacological protection of the ER has recently been
shown to promote increased survival in hypoxic isolated
cardiomyocytes [15] as well as after warm liver ischaemia
in mice [32], in so far underlining the pathomechanistic
role of ER-stress in cellular death pathways.

In our model, however, the side effects of machine
preservation eventually seemed to be outweighed by
aerobic protection conferred during ischaemia, as func-
tional recovery actually proved superior to after anoxic
storage.

On the other hand, gaseous oxygen persufflation rec-
ommends itself as a technically feasible alternative, which
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provides equal protection to the hepatic parenchyma, pre-
vents mitochondrial caspase activation while being appar-
ently indifferent to the ER.
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