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Are slaughterhouse-obtained
livers suitable for use in ex vivo
perfusion research?

Alicia Ruppelt1,2 , Iris Pijnenburg2,
Claire Pappers2, Roos-Anne Samsom3,
Linda Kock2,4, Guy C. M. Grinwis5, Bart Spee3,
Marco Rasponi1 and Marco Stijnen2

Abstract

Objectives: The success of the ex vivo machine perfusion of pig livers used for preclinical research

depends on organ quality and availability. In this study, we investigated whether livers obtained from

slaughterhouses are suitable and equivalent to livers obtained from laboratory pigs.

Methods: Livers were obtained from slaughterhouse pigs stunned by electrocution or CO2

inhalation and from laboratory pigs. For the latter group, 45 minutes of warm ischemia was

mimicked for a subgroup, ensuring a valid comparison with slaughterhouse-derived livers.

Results: Livers from CO2-stunned pigs showed lower indocyanine green clearance and bile

production, higher blood lactate and potassium concentrations, and higher alanine aminotrans-

ferase activities than electrically stunned pigs. Furthermore, livers from electrically stunned pigs,

and livers from laboratory pigs, subjected or not to warm ischemia, showed similar performance

in terms of perfusion and metabolism.

Conclusion: For an ex vivo liver model generated using slaughterhouse pigs, electrical stunning is

preferable to CO2 stunning. Livers from electrically stunned slaughterhouse pigs performed

similarly to laboratory pig livers. These findings support the use of livers from electrically stunned

slaughterhouse pigs, which may therefore provide an alternative to livers obtained from labora-

tory pigs, consistent with the principle of the 3Rs.

1Department of Electronics, Information and

Bioengineering, Politecnico di Milano, Milan, Italy
2LifeTec Group, Eindhoven, The Netherlands
3Department of Clinical Sciences, Faculty of Veterinary

Medicine, Utrecht University, Utrecht, The Netherlands
4Department of Biomedical Engineering, Eindhoven

University of Technology, Eindhoven, The Netherlands

5Veterinary Pathology Diagnostic Centre, Department of

Biomedical Health Sciences, Faculty of Veterinary

Medicine, Utrecht University, Utrecht, The Netherlands

Corresponding author:

Alicia Ruppelt, LifeTec Group B.V., 10-11 Kennedyplein,

Eindhoven 5611ZS, The Netherlands.

Email: ruppelt.alicia@polimi.it

Journal of International Medical Research

2023, Vol. 51(8) 1–13

! The Author(s) 2023

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/03000605231189651

journals.sagepub.com/home/imr

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits

non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed

as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0003-1109-1668
mailto:ruppelt.alicia@polimi.it
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/03000605231189651
journals.sagepub.com/home/imr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03000605231189651&domain=pdf&date_stamp=2023-08-11


Keywords

Normothermic machine perfusion, slaughterhouse animal, the 3Rs, duration of warm ischemia,

liver perfusion, electrical stunning

Date received: 17 March 2023; accepted: 6 July 2023

Introduction

Ex vivo normothermic machine perfusion
(NMP) maintains a perfused organ in a
viable state, improves its preservation versus
cold storage, and might even be suitable for
the repair of organs rejected for transplanta-
tion.1–4 Thereby, NMP is not only important
for transplantation research, but also as model
for preclinical research purposes.5 Reliable ex
vivo models are of great importance for the
bridging of the gap between bench testing
and in vivo modeling for the assessment of
potential novel therapies.6 The ability to
directly control the experimental parameters
and monitor effects in real time renders ex
vivo organ perfusion a valuable preclinical
model for use in intervention studies.7

Here, the use of porcine livers obtained
from the slaughterhouse as an ex vivo liver
perfusion model for research purposes that
is compliant with the 3Rs principle (i.e.,
replacement, reduction, and refinement)
was investigated. The 3Rs principle guides
the selection of methods for use in experi-
ments that do not involve the use of ani-
mals, minimize their use, or involve less
painful procedures.8 Today, in addition to
laboratory animal-derived organs,9–12

slaughterhouse-derived organs are increas-
ingly used in perfusion research,5,13–16 but
standardized protocols for organ harvesting
and the slaughter of the animals have not
been established. The fixed processes used
in slaughterhouses present a challenging
environment for organ sampling, because
the infusion of substances such as heparin
prior to slaughter is not permitted, which
increases the risk of intrahepatic thrombo-
sis. Moreover, organ collection in this

context is subject to prolonged periods of
warm ischemia, as well as prolonged expo-
sure to a non-sterile environment, which is
not the case for laboratory animals. In
addition, the stunning technique used
might have a substantial impact on the
quality of the organ and its subsequent
perfusion.

In Europe, the most commonly used
stunning techniques are CO2 stunning and
electrical stunning.17 CO2 stunning has the
major advantage of being suitable for use
with groups of animals, but is also known
to significantly affect the balance of blood
gases and chemicals in pigs.18 Electrical
stunning also affects blood gases, but
blood chemicals are affected to a lesser
extent.18,19 Therefore, we aimed to study
how these stunning techniques affect liver
function during ex vivo perfusion, in order
to optimize the utility of slaughterhouse-
derived livers. The second aim was to com-
pare livers obtained from slaughterhouses
with those obtained from laboratory pigs
to investigate whether the former represents
a suitable alternative to the latter, despite
the challenges posed by the slaughterhouse
processes. Finally, to ensure that we com-
pared equivalent situations, and to assess
the influence on liver function of warm
ischemia time (WIT), which is inherent
to slaughterhouses, we mimicked a WIT
of 45 minutes in livers from laboratory pigs.

Methods

Liver and blood procurement

Livers were harvested from clinically
healthy Dutch Landrace Hybrid pigs in
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two local slaughterhouses and from Norsvin

Landrace laboratory pigs. Permission was

not required from an Ethics committee,

because the livers were harvested from

slaughterhouse pigs that had been exsangui-

nated for human consumption. The proto-

cols were consistent with EC regulations

1069 and 2009 regarding the use of slaugh-

terhouse material for diagnosis and research,

as supervised by the Dutch Government

(Dutch Ministry of Agriculture, Nature,

and Food Quality) and were approved by

the associated legal authorities for animal

welfare (Food and Consumer Product

Safety Authority). Furthermore, livers were

obtained from fresh cadavers of surplus

pathogen-free laboratory pigs (surplus mate-

rial, UMCU, 3Rs policy) that had been used

in non-liver related research (approval num-

bers: AVD1150020209706, AVD11500201

72624, and AVD1150020209965). All the

personnel involved were trained according

to EU Directive 2010/63/EU regarding the

protection of animals used for scientific pur-

poses and had adequate knowledge regard-

ing appropriate hygiene measures for the

prevention of zoonosis.
The pigs were 4-to-6 months old and had

a mean body mass of 80 to 100 kg. The pigs

were stunned with CO2 (>90% CO2 for

15 seconds) in one slaughterhouse

(SH_gas, n¼ 6) and head-to-body electri-

cally stunned (1.3 A for 10 seconds) in the

other slaughterhouse (SH_elec, n¼ 6).

Dictated by the slaughter process, livers

from CO2-stunned pigs could only be har-

vested after a WIT of approximately 45

minutes, while livers from electrically

stunned pigs were harvested after a WIT

of a maximum of 20 minutes. The complete

gastrointestinal tract was excised from each

of the pigs, and the liver was then isolated.

The livers were cannulated and cold-flushed

(4�C) with 2L of heparinized (5,000U/L,

LEO Pharma, Amsterdam, The Netherlands)

CustodiolVR solution (Dr. Franz K€ohler

Chemie GmbH, Bensheim, Germany) via the
portal vein (PV).14

Laboratory animals were sedated with
ketamine (10mg/kg), midazolam (0.4mg/
kg), and atropine (0.05mg/kg), and eutha-
nized with potassium (LB, n¼ 4). Some
livers were obtained from surplus animals
to study the effect of a WIT of 45 minutes
(WI45, n¼ 6). The livers were cannulated
and cold-flushed in situ immediately after
euthanasia, then excised. WI45 livers were
prepared in the same manner, but only
flushed after they had undergone a WIT
of 45 minutes at 37�C outside the body.

For all livers obtained during this study, a
perfusate of 3L of blood was collected from
electrically stunned donor pigs and supple-
mented with 5,000U/L heparin (LEO
Pharma) and 50mg/L gentamicin (Carl
Roth, Karlsruhe, Germany). The livers
were transported in CustodiolVR solution at
4�C. The cold storage time was a maximum
of 2 hours.

Reperfusion

The total perfusion volume was 3.5 L, and
was composed of 0.7L priming solution
and 2.8L heparinized blood. The perfusion
circuit (Figure 1) consisted of an organ recep-
tacle, which also functioned as the main
blood reservoir, a centrifugal pump
(Biomedicus 550, Dublin, Ireland), an arterial
filter (38mm, Medtronic, Dublin, Ireland),
and an oxygenator with an integrated heat
exchanger (Quadrox-ID, Maquet, Getinge
Group, Rastatt, Germany). The pressure
(Merit Medical Systems, Pressure
Transducer, South Jordan, UT, USA) and
flow rate (SonoTTTM Clamp-On Transducer,
em-tec, Lerchenberg, Germany) were mea-
sured at the inlets of the hepatic artery (HA)
and PV. The liver was connected as described
previously.16 The gas provided to the oxygen-
ator was composed of a mixture of O2 (95%
O2, 5% CO2) and N2 (95% N2, 5% CO2) in a
1:3 ratio. The oxygen saturation of the blood
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was maintained at >95%. At the beginning of
the reperfusion, the pressures were set to
30mmHg and 5mmHg for the HA and PV,
respectively. Over the 30 minutes of rewarm-
ing, the pressures were increased gradually
until they reached the physiological levels of
80mmHg and 8mmHg for the HA and PV,
respectively. After these values were reached
(T0), the livers were perfused for 5 hours
at 39�C.

Analysis

Gas parameters were measured in blood
samples obtained after 0, 60, 180, and 300
minutes using a VetScan i-Stat 1 (CG4þ,
Chem8þ, Abaxis, Union City, CA, USA),
and used to maintain the pH (7.40� 0.4)
and ionized calcium (1.05 to 1.3mmol/L)
levels by adding bicarbonate or calcium,
respectively. The pressures and flow rates
in the HA and PV were recorded continu-
ously. Blood samples were centrifuged
(15 minutes, 2,300� g) and the plasma sam-
ples obtained were stored at �80�C until
further analysis. Bile was collected

continuously and weighed at the end of the

period of perfusion. The albumin concentra-

tions (Albumin assay kit, 124CA02A2,

Sigma-Aldrich, St. Louis, MO, USA) and

alanine aminotransferase (ALT) activities

(700260, Cayman Chemical, Ann Arbor,

MI, USA) were measured in plasma sam-

ples, according to the manufacturers’

instructions. The livers were weighed using

a Quintix 5101 balance (Sartorius AG,

G€ottigen, Germany) (Table S1). To analyze

liver functionality, indocyanine green (ICG)

5mg/L (7695-2, Carl Roth, Karlsruhe,

Germany) was added to the perfusate at

the �15 and 285-minute time points and

the distributions were analyzed as described

previously.16 Tissue samples were obtained

using a biopsy punch (8 mm diameter,

Megro GmbH & Co. KG, Wesel,

Germany) for histologic evaluation follow-

ing cold storage and 5 hours of perfusion.

As a control, tissue samples were also

obtained immediately after the harvesting

of the livers. The samples were further

processed as described previously.16

Figure 1. Schematic representation of the perfusion circuit. PV, portal vein; HA, hepatic artery; Q, flow
sensor; P, pressure sensor.
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Histologic evaluation was performed by a

board-certified veterinary pathologist.

Data analysis

Statistical analysis was performed using

GraphPad Prism v.9 (San Diego, CA,

USA). Liver functionality was compared

using two-way ANOVA, followed by

Tukey’s post hoc test, with specific reference

to the effects of the stunning technique, the

liver source, and the WIT over time. Bile

production was analyzed using a two-

tailed unpaired t-test. Differences were con-

sidered to be statistically significant when

p< 0.05.

Results

Blood chemistry analysis showed that livers

procured after CO2 stunning had poorer

functionality. The plasma lactate concen-

trations increased significantly from 7.0�
3.1 (T0) to 12.01� 6.6mmol/L (p¼ 0.0346)

(T300), whereas SH_elec was associated with

a low lactate concentration throughout

the perfusion (1.2� 1.0mmol/L (T300))

(Figure 2a). The blood glucose concentra-

tions decreased in SH_elec from 17.3� 11.3

(T0) to 6.5� 3.4mmol/L (T300), whereas

those of SH_gas were initially higher

(24.0� 9.9mmol/L (T0)) and only slowly

decreased over the 5 hours of perfusion (to

15.8� 11.1mmol/L (T300)) (Figure 2b).

Figure 2. Blood chemistry for ex vivo perfused livers procured from CO2- and electrically stunned pigs and
from laboratory pigs. (a) Blood lactate concentrations over the 5 hours of perfusion. These were higher for
SH_gas, as were the (b) plasma glucose and (c) potassium concentrations, versus SH_elec, LB, and WI45.
(d) ALTactivities, which were significantly higher for SH_gas from the beginning of the perfusion period. The
ALT activities of SH_elec and LB increased from T0 to T300, but stayed within the reference range. (e) HA
flow and (f) PV flow during the 5 hours of liver perfusion. Data are reported as mean� s.d. *P< 0.05,
**P< 0.01, ***P< 0.001, ****P< 0.0001; ns, non-significant. SH_gas, livers from pigs stunned with CO2 gas;
SH_elec, livers from pigs that were electrically stunned; LB, laboratory pig livers; WI45, laboratory pig livers
subjected to warm ischemia for 45 minutes; ALT, alanine aminotransferase; HA, hepatic artery; PV, portal
vein.
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The potassium concentrations in the perfus-

ate were higher in SH_gas than in SH_elec

throughout the perfusion (T180, p¼ 0.036;

T300, p¼ 0.024) (Figure 2c). Hepatocellular

injury was assessed by measuring ALT activ-

ity, and in SH_gas, this increased from 69�
10.0 (T0) to 103.3� 31.0U/L (T300), which

was approximately five times higher than in

SH_elec, in which it increased from 13.2�
2.0 (T0) to 21.6� 12.0U/L (T300) (Figure 2d).

Furthermore, the ALT activities of SH_elec

remained within the reference range of 7 to

70U/L.20 The flows through the HA in

livers from CO2-stunned pigs were slower

(152.5� 20mL/minute) than those in the

other groups (SH_elec: 281.6� 20.1mL/

minute, LB: 272.6� 16.3mL/minute, WI45:

272.6� 15.5mL/minute), whereas a physio-

logical PV flow was achieved in all the livers

(Figure 2e, f). Marginally lower bile pro-

duction was identified in SH_gas (6.6�
3.4 g/hour) than in SH_elec (11.5� 7.5 g/

hour) (Figure 3a). The half-life of the ICG

significantly increased from 9.8� 4.4 (T0)

to 18.7� 5.0min (p¼ 0.0027) (T300) in

SH_gas (Figure 3b), which was consistent

with the decrease in functionality.21 The

plasma albumin concentrations were main-

tained in both groups over the 5 hours of

perfusion (Figure 3c).

Tissue integrity was analyzed using

hematoxylin and eosin staining. Although

biochemical and plasma protein analysis

indicated good viability and functionality

for livers of the SH_elec group, the histo-

logical findings indicated tissue damage,

including congestion and mild leukocytosis,

in both groups (Figure 4a, b). Most impor-

tantly, prominent portal and parenchymal

disruption was noted for SH_gas, and

prominent portal and mild parenchymal

disruption was noted for SH_elec at the

end of the perfusion period. Mild sinusoidal

leukocytosis was already visible in samples

obtained immediately after the harvesting

of the livers in both slaughterhouses. In

addition, early apoptosis/necrosis was

apparent in samples from both groups,

identified on the basis of eosinophilia of

the cytoplasm and karyopyknosis and kar-

yorrhexis of the hepatocytes on hematoxy-

lin and eosin-stained sections. We did

not perform additional testing, such as

immunohistochemistry for caspase-3 or a

TUNEL assay to differentiate between

these two types of cell death.
Livers from SH_elec and LB pigs showed

similar viability and functionality. The

blood lactate concentrations of SH_elec

(1.2� 1.4mmol/L (T300)) were lower than

Figure 3. Functionality of livers obtained from slaughterhouse and laboratory pigs. (a) Mean bile produc-
tion by SH_gas, SH_elec, LB, and WI45 at the end of perfusion. (b) Indocyanine green half-life. Those for
SH_gas and LB had significantly increased by T300, but those for SH_elec and WI45 had not and (c) Plasma
albumin concentrations were maintained in all the groups over 5 hours. Data reported as mean� s.d.
*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001; ns, non-significant. SH_gas, livers from pigs stunned with
CO2 gas; SH_elec, livers from pigs that were electrically stunned; LB, livers from laboratory pigs; WI45,
double laboratory pig livers subjected to warm ischemia for 45 minutes.
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those of LB at the end of the perfusion period

(4.3� 1.4mmol/L (T300)) (Figure 2a). The

plasma glucose concentrations of LB

decreased to 6.1� 3.1mmol/L (T300), which

was comparable to those of SH_elec (6.5�
3.5mmol/L (T300)) (Figure 2b). Bile produc-

tion during the perfusion was similar (17.4�
8.0 vs 11.5� 7.5 g/hour in LB and SH_elec,

respectively) (Figure 3a). Interestingly, LB

showed an increase in ICG half-life from

2.7� 0.5 (T0) to 12.0� 3.3 minute (T300),

which did not occur in SH_elec (Figure 3b).

On histologic analysis, LB also showed mild

leukocytosis at T0 and T300. In addition,

some tissue congestion was present, indicat-

ing impaired outflow from the tissue in LB,

and disruption of the tissue architecture was

visible (Figure 4c).
To determine whether the slaughter pro-

cedure or the WIT alone resulted in signifi-

cant changes in the viability or functionality

of the livers, we mimicked a WIT of 45

minutes using surplus livers obtained from

laboratory animals, which allowed us to

compare the results with those for livers

that did not undergo WIT. Overall, blood

chemistry analysis showed no significant dif-

ferences between livers that did or did not

undergo WIT (Figure 2a, d, Figure S1A–F).

However, the ALT activities were significant-

ly higher at T0 for WI45 (69.4� 20.0U/L)

than for LB (7.8� 5.0U/L) (p¼ 0.0018), but

Figure 4. Histology of liver samples after 5 hours of perfusion. Representative images of hematoxylin and
eosin-stained sections, showing liver damage in (a) SH_gas, (b) SH_elec, (c) LB, and (d) WI45. Scale bars
represent 50mm. SH_gas, livers from pigs stunned with CO2 gas; SH_elec, livers from pigs that were
electrically stunned; LB, livers from laboratory pigs; WI45, double laboratory pig livers subjected to warm
ischemia for 45 minutes.
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had decreased after 60 minutes of perfusion
(Figure 2d). Notably, the data from the WI45
was more highly variable than those from LB
(Figure 2a, d). A comparison of the plasma
ALT activities of slaughterhouse pigs and
WI45 showed that those for WI45 were sim-
ilar at T0 (69.4� 20.7U/L) to those measured
for SH_gas (69.9� 10.3U/L) and were signif-
icantly higher than those for SH_elec (13.2�
1.5U/L) (p¼ 0.0043). However, at T300, the
ALT activities of WI45 (46.6� 28.5U/L)
were lower than those of SH_gas (103.3�
31.4U/L) (p¼ 0.0358), but still higher than
those of LB (19.8� 13.0U/L).

WI45 showed a slightly higher mean bile
production of 24.7� 3.0 g/h than that of
LB (17.4� 7.9 g/hour) and a significantly
higher bile production than that of
SH_gas (6.6� 3.4 g/hour) (p< 0.0001)
(Figure 3a). Liver functionality testing
showed a 2.5-times higher ICG half-life at
T0 for WI45 than for LB (Figure 3b).
However, the half-life had not increased sig-
nificantly by the end of the perfusion period,
as for SH_gas and LB. In addition, in WI45,
signs of sinusoidal leukocytosis and mild
parenchymal disruption were visible before
and after the perfusion, as in the other exper-
imental groups; however, there was superior
tissue integrity at a histologic level than for
all the other samples (Figure 4d).

Discussion

In the present study, we aimed to investi-
gate the utility of slaughterhouse-derived
livers for research purposes using an ex
vivo liver perfusion platform. We showed
that the CO2 stunning of pigs has a negative
effect on liver viability and functionality
during subsequent ex vivo perfusion, com-
pared to electrical stunning. In addition,
electrical stunning was associated with
superior liver functionality and similar
quality to livers obtained from laboratory
animals. Furthermore, we found that warm
ischemia for 45 minutes did not cause

significant liver damage, and therefore con-
cluded that the differences resulted from the
stunning technique itself.

CO2 is known to cause coma and death
in humans at concentrations of >10%22

and induces unconsciousness in pigs after
exposure for <1 minute at concentrations
>90%.19 Forslid and Augustinsson identi-
fied acidosis and stress hormone release in
response to 1 minute of 80% CO2 inhala-
tion.23 They showed high plasma potassium
concentrations during and 1.5 minutes after
CO2 exposure, as well as a high plasma glu-
cose concentration 5min following exposure.
In the same study, the plasma potassium con-
centration was found to decrease again after
exposure to air.23 This temporary increase in
potassium might explain the potassium and
glucose concentrations in SH_gas that were
measured in the present study, which were
2.7- and 2.3-fold higher than those of
SH_elec (Figure 2). After CO2 exposure
(>90% for 1 minute), the pigs in the present
study were immediately exsanguinated, and
therefore the high potassium and glucose con-
centrations might not decrease until the livers
are harvested and put in cold storage. CO2

stunning is known to reduce pH and induce
lactic acidosis,24 and despite adding bicarbon-
ate during the perfusion as a pH buffer, there
was a very low base excess (�10� 4mmol/L)
for SH_gas until the end of perfusion period
(Figure S1D), which together with the lower
lactate clearance (Figure 2a) confirms the
presence of metabolic acidosis in SH_gas.

Hyperkalemia is a known risk during
liver transplantation after cold storage in
humans,25 and Burlage et al. also showed
this in ex vivo normothermically perfused
livers after they had been in cold storage,
as in the present study.26 However, there
was no hyperkalemia in livers from electri-
cally stunned or laboratory pigs in the pre-
sent study, despite their exposure to cold
storage and the subsequent normothermic
perfusion. Therefore, we excluded these
factors as the explanation for the high
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potassium concentrations in SH_gas.
Interestingly, Burlage et al. showed in
human donor livers that hypothermic
machine perfusion prior to normothermic
perfusion and after cold storage is associat-
ed with significant lower circulating potas-
sium concentrations.26 Therefore, in future
experiments, it might be useful to add a
hypothermic perfusion phase prior to the
normothermic perfusion to evaluate its
effects on livers from CO2-stunned pigs.

The housing, care, and euthanasia of
laboratory animals and farm animals must
follow European Commission protocols to
ensure animal welfare.27 However, labora-
tory animals are subject to more strict pro-
cedures with regards to housing, feeding,
and transportation time, tominimize inter-
individual variation.28 Furthermore, the livers
that were harvested from both slaughterhouses
came from a number of farms, which might
have meant that there were more differences
in their husbandry and transportation.
Therefore, using slaughterhouse-derived mate-
rial may be associated with greater variation
between animals and their organs.
Parameters for SH_gas showed noticeably
higher standard deviations than those for
SH_elec. This greater variability may have
arisen because of the presence of confound-
ing factors prior to slaughter, but also
because of variations in WIT during the
procurement of the liver. Employees of
slaughterhouses require different lengths
of time (30 to 45 minutes) to harvest the
intestinal tract, which results in varying
periods of warm ischemia during the
slaughter procedure. Therefore, strict pro-
tocols and close collaboration between
slaughterhouse technicians and researchers
need to be established to ensure consistency
of the harvesting protocol.

Although there were significant differen-
ces in the values of markers of functionality
between SH_gas and SH_elec, these groups
showed similar tissue changes on histologic
examination, including mild tissue

disruption, at the end of the perfusion
period. A prolonged perfusion might also
be associated with abnormal function in
SH_elec after T300, but this possibility
requires further analysis. In summary,
SH_elec showed superior functionality and
viability to SH_gas during the 5 hours of
perfusion. With respect to transplantation,
electrocution is not a contraindication for
organ donation,29 and in the present
study, electrical stunning had less damaging
effects on the liver than CO2 stunning.
Terlouw et al. showed that there was less
severe acidosis in the muscles of electrically
stunned animals than in CO2-stunned ani-
mals, and the less acidic environment of
livers from electrically stunned animals
may explain the physiological values
obtained for SH_elec.30

We also compared livers harvested at the
slaughterhouse with livers harvested from
laboratory animals, and found similar func-
tionality during the 5 hours of perfusion.
The ICG half-life for SH_elec was approx-
imately 5 minutes, which is comparable to
the reference values in humans.21 In LB, the
ICG half-life increased two-fold between T0
and T300. When considered alongside the
results of previous studies, in which tissue
damage was assessed by measuring the ICG
half-life up to 183min,16,31 this increase
seemed not to be significant. However, the
increase in ALT activity during the perfu-
sion that occurred in LB might indicate
initial tissue damage. Because cold storage
and reperfusion of the liver cause tissue
stress, increases in markers of liver
damage were expected. Although LB
showed higher values of markers of tissue
damage, they were still within the reference
ranges. However, longer perfusions should
be evaluated to determine if the level of
functionality would remain stable or
decrease in SH_elec, or recover in the
case of LB.

Finally, to better understand the liver
injury that occurred in SH_gas, the effect
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of a longer WIT during the slaughter pro-
cess was assessed. Studies of porcine livers
described a WIT of <30 minutes14,15,32 up
to 60 minutes.33,34 Nassar et al. described
the ability of NMP to permit the recovery
of injured organs after an extended WIT of
60 minutes, but stated that 30 minutes is the
maximum accepted WIT in most transplan-
tation protocols.33 In addition, He et al.
found that a WIT of 45 minutes was the
maximum for an animal transplantation
model before irreversible injury was
observed.35 In the present study, WI45
showed comparable functionality to LB,
but this WIT also resulted in significantly
higher initial ALT activities than in LB,
indicating that 45 minutes of WIT does
have an initial deleterious effect on the
liver, with the values of markers of
damage decreasing within the first hour.

A limitation of the present study was the
lack of a comparison of the use of CO2

stunning technique with or without a
WIT. To assess whether the CO2 stunning
procedure itself is the major cause of the
lower hepatic viability and functionality
that characterized these pigs, compared to
electrocuted and laboratory pigs, additional
experiments should be performed. Such
experiments could not be performed
during the study because of the lack of
availability of livers from CO2-stunned
pigs that did not experience warm ischemia.
However, we can conclude that CO2 stun-
ning under the slaughter conditions used
does have major effects on the livers used
for ex vivo perfusion, and that these might
depend on the WIT that the livers experi-
ence, alongside the acidic environment that
is induced by the stunning technique.
Hence, livers obtained from CO2-stunned
animals are not recommended for use in
ex vivo perfusion studies.

Histologic examination revealed mild
portal and parenchymal disruption in liver
samples obtained at T300 from laboratory

pigs, whereas more marked disruption was
visible in livers obtained from slaughter-
houses. The degree of disruption in
SH_gas showed clear inter-individual vari-
ation, which typifies the variability of livers
obtained from slaughterhouse animals. The
noted leukocytosis and the differences in
the amount of fibrosis in the portal region
(Glisson’s capsule) was already visible in
samples taken immediately after liver har-
vesting, and these were therefore inter-
preted as representing individual variation
at baseline, and not as being the result of
either the sampling method or the perfu-
sion. The disruption of the hepatic paren-
chyma was visible only at T300, and was
sometimes associated with apoptosis or
necrosis of hepatocytes, which might be
the result of the perfusion technique,
although influences of the method of har-
vesting and the characteristics of the ani-
mals cannot be excluded. To further
analyze the architectural consequences of
the disruption, additional histological eval-
uation of the livers, for example using retic-
ulin staining, would be useful. To further
assess liver viability, bile chemistry should
be assessed, because this has been shown to
be an important biomarker of viability.36,37

Improvement of the perfusion technique is
necessary for future studies, especially
because architectural changes are already
present after 5 hours of reperfusion, where-
as robust applicability in research would
require that the livers remain viable and
functional for longer periods of time. The
use of a longer duration of perfusion might
also be useful for the evaluation of incipient
tissue damage, which is already visible on
histologic examination.31 Tissue damage
might occur because of ischemia, which
results in reperfusion injury, a feature of
every transplantation or ex vivo reperfu-
sion.38 Schlegel et al. showed a protective
effect of hypothermic machine perfusion
prior to normothermic reperfusion against

10 Journal of International Medical Research



reperfusion injury, which also resulted in
less tissue necrosis.39 In future research,
hypothermic perfusion could be used prior

to normothermic reperfusion in an attempt
to reduce tissue damage and improve the
condition of livers harvested from CO2-
stunned animals.

In conclusion, we have shown the utility
of pig livers obtained from a slaughter-

house, but also the important effect of the
stunning technique used on this. Ex vivo
organ perfusion using slaughterhouse
tissue represents a more ethical and easily

accessible research model for preclinical
studies, thereby reducing the use of labora-
tory animals. The source of the material

and the harvesting procedure should be
standardized as much as possible to create
an attractive research model, or materials
for use in tissue response or interventional

studies. The results of this study contribute
to this area of research by evaluating the
effect of the source of porcine livers
(slaughterhouse and experimental pigs),

and show superior performance of livers
obtained from electrically stunned pigs
over CO2-stunned pigs. In conclusion,

livers obtained from pigs that were slaugh-
tered following electrical stunning could be
used as an alternative to laboratory pigs
that are euthanized specifically for the har-

vest of livers for ex vivo studies.
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16. Krüger M, Ruppelt A, Kappler B, et al.

Normothermic ex vivo liver platform using

porcine slaughterhouse livers for disease

modeling. Bioengineering (Basel) 2022; 9: 471.
17. Gerritzen MA, Marahrens M, Kongsted H,

et al. Review of pig welfare in slaughterhouses

at stunning and bleeding. EURCAW-Pigs

2021. https://edepot.wur.nl/546026.
18. Becerril-Herrera M, Alonso-Spilsbury M,

Lemus-Flores C, et al. CO2 stunning may

compromise swine welfare compared with elec-

trical stunning. Meat Sci 2009; 81: 233–237.
19. Sindhøj E, Lindahl C and Bark L. Review:

potential alternatives to high-concentration

carbon dioxide stunning of pigs at slaughter.

Animal 2021; 15: 100164.

20. Wilczek C and Merl K. MemoVet: Praxis-

Leitfaden Tiermedizin. Stuttgart: Schattauer,

2010.
21. De Gasperi A, Mazza E and Prosperi M.

Indocyanine green kinetics to assess liver

function: Ready for a clinical dynamic

assessment in major liver surgery? World J

Hepatol 2016; 8: 355–367.
22. Permentier K, Vercammen S, Soetaert S,

et al. Carbon dioxide poisoning: a literature

review of an often forgotten cause of intox-

ication in the emergency department. Int J

Emerg Med 2017; 10: 14.
23. Forslid A and Augustinsson O. Acidosis,

hypoxia and stress hormone release in

response to one-minute inhalation of 80%

CO2 in swine. Acta Physiol Scand 1988;

132: 223–231.
24. AlamMS, Song DH, Lee JA, et al. Effects of

high concentration nitrogen gas stunning of

pigs on the quality traits of meat and small

intestine. Animals (Basel) 2022; 12: 2249.
25. Weinberg L, Lee DK, Koshy AN, et al.

Potassium levels after liver reperfusion in

adult patients undergoing cadaveric liver

transplantation: a retrospective cohort

study. Ann Med Surg 2020; 55: 111–118.
26. Burlage LC, Hessels L, Van Rijn R, et al.

Opposite acute potassium and sodium

shifts during transplantation of hypothermic

machine perfused donor livers. Am J

Transplant 2019; 19: 1061–1071.
27. European Commission. Council Regulation

(EC). No 1099/2009 of 24 September 2009

on the protection of animals at the time of

killing. Off J Eur Union 2009; 1–30.

28. European Commission. Directive 2010/63/

EU of the European parliament and of the

council of 22 September 2010 on the protec-

tion of animals used for scientific purposes.

Off J Eur Union 2010; 33–79.
29. Todeschini DP, Maito ED, Maldotti A,

et al. Brain death caused by electric shock

and organ donation in children. Transplant

Proc 2007; 39: 399–400.
30. Terlouw EMC, Deiss V and Astruc T.

Comparing gas and electrical stunning:

effects on meat quality of pigs when pre-

stunning physical activity isminimal. Foods

2021; 10: 319.

12 Journal of International Medical Research

https://edepot.wur.nl/546026


31. Schreiter T, Sowa JP, Schlattjan M, et al.
Human ex-vivo liver model for
acetaminophen-induced liver damage. Sci

Rep 2016; 6: 31916.
32. Stevens LJ, Zhu AZX, Chothe PP, et al.

Evaluation of normothermic machine perfu-
sion of porcine livers as a novel preclinical
model to predict biliary clearance and
transporter-mediated drug-drug interactions
using statins. Drug Metab Dispos 2021; 49:
780–789.

33. Nassar A, Liu Q, Farias K, et al. Ex vivo
normothermic machine perfusion is safe,
simple, and reliable: Results from a large
animal model. Surg Innov 2015; 22: 61–69.

34. Xu H, Berendsen T, Kim K, et al.
Excorporeal normothermic machine perfu-
sion resuscitates pig DCD livers with extend-
ed warm ischemia. J Surg Res 2012; 173:
e83–e88.

35. He XS, Ma Y, Wu LW, et al. Safe time to
warm ischemia and posttransplant survival of
liver graft from non-heart-beating donors.
World J Gastroenterol 2004; 10: 3157–3160.
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