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Highlights Lay summary

� During cold storage, liver grafts lack oxygen.

� Addition of the marine worm haemoglobin M101
provides oxygen during cold storage.

� ATP synthesis and antioxidant activities are pre-
served by M101.

� Reperfusion damage is reduced by M101.
https://doi.org/10.1016/j.jhepr.2020.100119
When transported between donors and recipients,
even cold-stored liver grafts need oxygen to maintain
their viability. To provide themwith oxygen, we added
a marine worm super haemoglobin (M101) to the
cold-storage solution UWCS. Using a pig liver trans-
plant model, we revealed that livers cold stored with
UWCS+M101 showed improved oxygenation
compared with simple cold-storage solutions, but did
not reach the oxygenation level achieved with ma-
chine perfusion.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2020.100119&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2020.100119&domain=pdf


Research article
Adding the oxygen carrier M101 to a cold-storage solution could
be an alternative to HOPE for liver graft preservation
Pierre Alix,1,† David Val-Laillet,2,† Bruno Turlin,2,3 Ismail Ben Mosbah,4 Agnes Burel,5 Eric Bobillier,2

Claude Bendavid,2,6 Eric Delpy,7 Franck Zal,7 Anne Corlu,2 Karim Boudjema1,8,*

1Service de Chirurgie Hépatobiliaire et Digestive, CHU Rennes, Université de Rennes, Rennes, France; 2INRAE, INSERM, Université de Rennes, Nutrition
Metabolisms and Cancer, Rennes, St Gilles, France; 3Service d’Anatomie et de Cytologie Pathologiques, CHU Rennes, Université de Rennes, Rennes, France;
4Biopredic International, Saint-Grégoire, France; 5Plateforme Microscopie Electronique, MRic, BIOSIT UMS 3480, Université de Rennes, Rennes, France;
6Laboratoire de Biochimie et Toxicologie, CHU Rennes, Université de Rennes, Rennes, France; 7HEMARINA, Aéropôle Centre, Morlaix, France; 8CIC-INSERM,
CHU Rennes, Université de Rennes, Rennes, France
JHEP Reports 2020. https://doi.org/10.1016/j.jhepr.2020.100119

Background & Aims: Hypothermic oxygenated machine perfusion (HOPE) is a promising technique for providing oxygen to
the liver during graft preservation; however, because of associated logistical constraints, addition of an oxygen transporter to
static cold-storage solutions (SCS) might be easier. M101 is marine worm haemoglobin that has been shown to improve
kidney preservation in the clinic when added to SCS. This study evaluated the effects of the addition of M101 to SCS on the
quality of pig liver graft preservation.
Methods: Pig liver grafts were preserved using SCS, HOPE, or SCS+M101, and the liver functions were compared during cold
preservation and after orthotopic allotransplantation (OLT) in pigs.
Results: During preservation of the liver grafts, mitochondrial function, ATP synthesis, antioxidant capacities, and hepatocyte
architecture were better preserved, and free radical production, antioxidant activities, and inflammatory mediators were
lower, with HOPE or SCS+M101 than with SCS alone. However, after 1 h of preservation, liver functions with HOPE were
superior to those with SCS+M101. After 6 h of preservation and OLT, blood levels of aspartate and alanine aminotransferases
and lactate dehydrogenase increased with a peak effect at Day 1 post-transplant; values were similar with HOPE and
SCS+M101, and were significantly lower than those in the SCS group. At Days 1 and 3, tumor necrosis factor a levels remained
lower with HOPE and SCS+M101 vs. SCS. At Day 7, liver cell necrosis and inflammation were less marked in both oxygenated
groups.
Conclusions: When added to SCS, M101 effectively oxygenates liver grafts during preservation, preventing post-transplant
injury; although graft performances are below those achieved with HOPE.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
In liver transplantation, graft quality is a key factor of procedural
success and long-term survival and outcome.1 Liver graft quality
depends not only on its intrinsic performance at the time of
harvesting, but also on the quality of preservation during
transportation from donor to recipient. Core flushing and static
cold storage (SCS) using an appropriate solution is the gold-
standard method of preservation. Hypothermia (temperature of
4–8�C) depresses liver cell metabolism and triggers liver tissue
adaptation to the anoxic environment. However, even slow
metabolism requires O2 and, after a few hours’ storage, O2

deprivation and the consequent dramatic reduction in ATP
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synthesis induces cell swelling as a result of inhibition of the
membrane Na+/K+ pump,2 intracellular acidosis by anaerobic
glycolysis, lactate accumulation and intracellular Ca2+ elevation,
resulting in protease activation and mitochondrial respiratory
channel dysfunction.3 Moreover, at revascularisation, sudden
restoration of normothermia and an O2 supply in degraded tissue
leads to the massive production of oxygen radical species and
consequent cell membrane rupture.4 Taken together, these
events are referred as ‘ischaemia-reperfusion injury’ (IRI).
Although the most effective strategy is to reduce cold ischaemia
time, novel conditioning methods have also been investigated to
improve graft quality, including providing oxygen to the graft
during cold storage.

Hypothermic oxygenated machine perfusion (HOPE) was first
developed during the 1970s.5 It was applied to liver preservation
in Belzer and colleagues laboratory at the University of Wis-
consin during the late 1980s6 and has been shown to preserve
liver grafts better and for longer compared with ischaemic cold
storage.7 Recently, HOPE showed efficacy in liver trans-
plantation8 and superiority in preserving steatotic liver grafts.9

https://doi.org/10.1016/j.jhepr.2020.100119
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Compared with SCS, HOPE is more expensive, requires more
manpower, and can incur specific risks, such as barometric
trauma. Thus, despite its effectiveness, HOPE is not universally
used in clinical practice for liver transplantation. Supplying SCS
solutions with an oxygen carrier would be more convenient and
easier to implement. For example, adding perfluorocarbon (PFC),
a high-capacity oxygen-binding compound, to the SCS solution
has been shown to improve the quality of liver grafts harvested
after cardiac arrest10; however, PFC equilibrates quickly with the
surrounding atmosphere and rapidly loses its capacity to
oxygenate the tissue. Therefore, a more efficient oxygen carrier
would be desirable.

M101 (Hemarina SA, Morlaix, France) is a natural giant
extracellular haemoglobin (Hb) extracted from the marine
invertebrate Arenicola marina. Each Hb molecule transports 156
O2 molecules, compared with just four with human Hb. More-
over, M101 is functional over a large temperature range (4–37�C),
and passively releases O2 with an oxygen gradient, providing the
environment with exactly the right amount of oxygen without
requiring any allosteric effector. Moreover, it has intrinsic Cu/Zn-
superoxide dismutase (SOD) activity, with antioxidant effects.11

In a pig kidney transplant model, the addition of M101 to
University of Wisconsin cold-storage solution (UWCSS)
improved preservation, with significant benefit in both early
functional recovery and outcome.12 Similar results were reported
in preclinical models of lung, heart, and pancreas graft preser-
vation.13–16 Recently, in a French clinical trial using kidney
transplantation from deceased donors, M101 demonstrated
safety and efficacy, drastically decreasing the rate of delayed
graft function recovery from 26% to 7%.17 However, M101 per-
formance in cold-stored liver graft remains to be studied.

Here, we present an experimental study of M101 added to the
SCS solution. Cold-stored livers with or without added M101
were compared vs. livers preserved using HOPE. Preservation
method performance was first assessed in vitro, during cold
storage, and then in an allogeneic pig OLT model.
Materials and methods
Animals
Thirty female Large White/Landrace × Piétrain pigs (15 donors
and 15 recipients) were obtained from the French National
Research Institute for Agriculture, Food, and the Environment
(INRAE, Saint-Gilles, France). All experiments were performed in
accordance with the European Union regulations for animal
experimentation (directive 2010/63/EU and INRAE facility
agreement n�A35-622), and conformed to the ARRIVE guidelines
of the NC3Rs. The Regional Ethics Committee in Animal Experi-
ment of Brittany validated the entire procedure described in this
paper (n�2015042811522667, individual authorisation for DVL,
n�35-88). Experimented surgeons (KB and PA) performed all the
surgical interventions with the assistance of INRAE-trained staff
for humane pig handling, anaesthesia, and analgesia.

Animals were 3 months old, weighing 35–40 kg. Just before
and after surgery, the pigs were housed in individual pens (150
×80×60 cm) and had free access to water. Toys (e.g. chains and
balloons) were provided to enrich their environment and fulfil
their natural disposition to play. The room was maintained at
24.0 ± 0.3�C with a 13:11-h light–dark cycle combining both
daylight and artificial lighting. The animals were fed daily a
pelleted diet comprising 40% pea, 15% corn, 14.46% barley, 13.92%
wheat, 13.56% soybean meal, 0.68% calcium carbonate, 0.58%
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mono-calcic phosphate, 0.3% vegetable oil, 0.3% vitamin com-
plement, and 0.24% salt (net energy: 2.15 MCal/kg of feed). The
daily feed ration before surgery corresponded to the usual
standards for the age and species. The week after surgery, this
ration was progressively resumed according to the status of the
animals and caretakers’ insight.

Twenty four hours before surgery, the animals were fasted
with free access to water. After slight sedation by intramuscular
injection of ketamine 15 mg/kg (Imalgene 1000; Merial, Lyon,
France), all animals were anaesthetised by spontaneous mask
ventilation (Isoflurane 2–3% v/v; Baxter, France). Once the
pharyngotracheal reflex was abolished, tracheal intubation was
performed and general anaesthesia was prolonged with
controlled ventilation (mixed air and oxygen 60%). The marginal
vein of one ear was catheterised to allow fluid (Ringer Lactate
250 ml/h, Baxter) and anaesthetic drug administration.
Controlled ventilation was maintained throughout the surgical
procedure; the fraction of inspired oxygen (FiO2) was maintained
above 60%, and SpO2 saturation on pulse oximetry (3800 Pulse
Spo2 Oximeter, Datex-Ohmeda, France) was maintained above
98%. Per operative analgesia was obtained by intravenous fen-
tanyl infusion (one vial of 10 ml, 0.05 mg/ml; Renaudin, France)
at 1.4 ml/min until the end of the procedure. In transplanted
animals, 10 mg morphine hydrochloride was also injected sub-
cutaneously for analgesia.

At the end of the experiments (i.e. immediately after aortic
cross clamping in donors and at Day 7 after blood sampling in
recipients), animals were euthanised under general anaesthesia
by intravenous overdose bolus of T61
(embutramide + mebezonium).

Liver procurement and preservation
Graft harvesting, cold washout, and back-table preparation were
performed as previously described.18 Briefly, livers were har-
vested after in situ flushing through the aorta (1 L) and portal
vein (1 L) using 4–8�C Belzer UWCSS (Bridge to Life Ltd, London,
UK). The liver was then quickly detached from its vessels and
ligaments. The hepatic artery and portal vein were retrieved in
continuity with the coeliac trunk and superior mesenteric vein,
respectively, and the infrahepatic vena cava was left long and cut
below the ostia of the renal vein, which were tightened. The graft
was then transferred to a back-table and placed in a sterile
plastic bag in a basin on ice (for cold-stored grafts) or in the
perfusion cassette (for machine-perfused grafts). The graft was
then placed posterior surface facing upward, exposing the
pedicle for an ex situ second flush through the portal vein before
preservation using one of the three study methods.

Study groups
Three cold-preservation methods were compared: (i) static cold
storage (SCS group, N = 10): the ex situ second flush was per-
formed through the portal vein with 1 L cold (4�C) UWCSS alone.
Livers were then stored floating in the effluent solution; (ii) static
cold storage with added M101 (SCS+M101 group, N = 10): the ex
situ flush was performed through the portal vein with 1 L cold
(4�C) UWCSS supplemented with 1 g M101. The vial containing
the M101 (HEMO2life

®; Hemarina) was stored at −20�C, allowed
to thaw at room temperature for 2 h before use, then carefully
retrieved from the vial using a sterile glass syringe and injected
into the 1 L of UWCSS under sterile conditions immediately
before reflush. Livers were then stored floating in the effluent
solution; and (iii) HOPE group (N = 10): The ex situ flush was
2vol. 2 j 100119



performed through the portal vein with 1 L cold (4�C)
Belzer UW® Machine Perfusion Solution (UWMPS). One supple-
mentary litre of UWMPS was added directly to the cassette. The
experimental perfusion machine was designed in the INRAE
workshops and inspired by the machine used by F.O. Belzer’s
group at the University of Wisconsin.6 Briefly, the cassette was
sterile and closed, infusion was provided by a roller pump
through the portal vein only, and oxygenation was provided by
continuous oxygen flow (1 L/min) delivered to the surface of the
solution. A pressure sensor was placed at the entrance of the
portal vein and the perfusion pressure, which depends on
intrahepatic vascular resistance, regulated the perfusion flow.19

Maximum perfusion pressure was set at 5 mmHg and the flow
capped at 200 ml/min. In all perfused livers, the flow reached its
maximum (200 ml/min) in under 5 min, while the pressure
remained steady between 3 mmHg and 5 mmHg.

Ten livers were studied per group: five for ex situ analysis
during preservation and five for transplantation.

Sampling, biochemical determination, and electron
microscopy in ex situ experiments
Liver biopsies using a 4-mm sterile puncher were taken from
different lobes at 30 min, 60 min, 120 min, 180 min, 360 min, and
540 min of cold preservation. Samples were snap-frozen in liquid
nitrogen and stored at −80�C awaiting analysis. For analysis,
frozen tissue samples were homogenised (100 mg per 1 ml PBS);
intrahepatic ATP content was measured on a bioluminescence
assay kit (Sigma Aldrich, St Quentin Fallavier, France); tissue
tumor necrosis factor alpha (TNFa) levels were quantified on
porcine ELISA (BD Bio-sciences, San Diego, CA, USA); lipid per-
oxidation, as an indirect measure of oxidative stress induced by
reactive oxygen species, was determined by quantification of
malondialdehyde (MDA) using a thiobarbituric acid reactive
substances assay kit (Interchim, Montluçon, France); catalase
and SOD activities were determined on colorimetric and spec-
trophotometric assay, respectively (Interchim, Montluçon,
France).

For electron microscopy, tissue samples were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer for at least 4 h at room
temperature or overnight at 4�C. Subsequently, after rinsing in
the same buffer, samples were post-fixed for 1 h with 1% osmium
tetroxide solution diluted in 0.1 M cacodylate buffer, rinsed,
dehydrated through a graded acetone series, and embedded in
Epon® resin (Silmid, France). Finally, samples were polymerised
at 60�C for 48 h. From the resin-embedded tissue blocks, ultra-
thin (80 nm) sections were cut using a Leica UC7 ultramicro-
tome (Leica Geosystems, Vienna, Austria), mounted on 300-
mesh thin-bar nickel support grids (EMS, Hatfield, PA, USA)
and stained with uranyl acetate and lead citrate. Grids were
observed using a Jeol JEM-1400 transmission electron micro-
scope (Jeol Ltd, Tokyo, Japan) at an accelerating voltage of 120 kV,
equipped with an Orius 1000 camera (Gatan Inc., Pleasanton, CA,
USA). Images were taken from three different livers for each
condition and, for each liver, four different areas were investi-
gated. An accurate comparison of tissue ultrastructural alter-
ations on the same pictures were conducted by three different
observers independently (AB, AC, and BT).

Allogeneic liver orthotopic transplantation experiments
Livers were cold-preserved for 6 h. Grafts were retrieved from
the preservation solution 20 min before the estimated time of
revascularisation, for ex situ preparation and implantation.
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All recipient animals (N = 15) underwent the same surgical
procedure, using the cuff technique.20 Briefly, before laparotomy,
the left internal jugular vein was freed, ready for later intro-
duction of the portojugular shunt. After median laparotomy, the
native liver was freed from its attachments and its vessels were
taped. Immediately before retrieval of the native liver, the liver
graft was removed from the preservation container and prepared
on a back-table on a layer of sterile crushed ice. The suprahepatic
vena cava was shortened right above a thin diaphragm collar and
the diaphragmatic veins were stitched; the infrahepatic vena
cava and portal vein were hemmed around a homemade Teflon
cuff adapted to vessel diameter (internal diameter, 5–10 mm);
the coeliac trunk was sectioned 5 mm below the origin of the
splenic artery and the gastric artery was obliterated. In the
recipient, the native liver was retrieved and a passive veno-
venous shunt was established between the portal vein and left
internal jugular vein. During the anhepatic phase, 250 ml of 9%
saline was infused through the peripheral venous line to main-
tain stable haemodynamic conditions. The graft liver was
implanted orthotopically with end-to-end anastomoses between
the suprahepatic inferior vena cava, portal vein (cuff technique),
infrahepatic inferior vena cava (cuff technique), and hepatic ar-
tery (separate stiches), in that order. Liver grafts were reperfused
with the portal blood after completion of the portal vein anas-
tomosis. Bile ducts were also connected by end-to-end anasto-
mosis. Just before clamping off, 40 ml of 4.2% sodium bicarbonate
and 4 ml of 10% calcium gluconate were intravenously admin-
istered to the recipient.

At the end of the transplant procedure, a central silicone
catheter was introduced through the left internal jugular vein
and externalised at the posterior surface of the neck of the ani-
mal for daily blood sampling. After each blood sample, the
intravenous line was rinsed with 0.5 ml of heparinised serum
and kept closed with a sterile three-way stopcock wrapped in a
plaster.

Recipients were extubated immediately after surgery and
placed back in their cage with heat lamps. Analgesia was given
by subcutaneous injection of 0.3 mg/kg of morphine. Water was
provided ad libitum and feeding was allowed on postoperative
Day 1. After transplantation, no immunosuppression treatment
was implemented.

Sampling, biochemical determination, and histological
studies in transplanted animals
Transplanted animals were studied until Day 7 post-transplant.
Blood samples were taken 1 h and 3 h after transplantation for
assessment of TNFa plasma levels, then every morning between
07:00 h and 08:00 h from Day 1 to Day 7. Hepatocellular injury
(i.e. membrane rupture) was evaluated using AST, ALT, and
lactate dehydrogenase (LDH) plasma levels. Liver function was
assessed using total bilirubin (tBil), prothrombin time (PT), factor
V (FV) level, and the international normalised ratio (INR). Sys-
temic inflammation and macrophage activation were assessed
using TNFa blood levels. AST, ALT, LDH, and tBil were measured
by photometry using a multiparametric analyser (Cobas 8000,
Roche, France). PT, FV, and INR were analysed using a multi-
parametric analyser (STAR Max, Stago, France). TNF-a levels were
quantified by means of a porcine ELISA kits (BD Bio-sciences).

At Day 7 post-transplant, immediately after animal sacrifice,
autopsy was performed, with two wedge biopsies of the liver
graft for pathological examination. Liver tissue samples were
fixed in 4% formaldehyde at room temperature, embedded in
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Fig. 1. Progression of tissue ATP concentration according to liver cold
preservation time. Data are presented for the three groups: (i) SCS; (ii) SCS
with M101 added to the UWCSS (SCS+M101); and (iii) HOPE with the UW
machine perfusion solution. Bars represent SEM. *p <0.05; **p <0.01 (ANOVA +
Tukey’s test). HOPE, hypothermic oxygenated machine perfusion; SCS, static
cold storage; UWCSS, University of Wisconsin cold-storage solution.
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paraffin, and cut into 5 lM slices. Slides were stained with
haematoxylin–eosin–saffron (HES). Histological damage blind
assessment was performed by an experienced liver pathologist
(BT). The histological severity of the liver damage was graded
using Suzuki’s score, as recently reported.21 It comprised three
parameters of hepatic IRI: sinusoidal congestion, vacuolisation of
hepatocyte cytoplasm, and parenchymal necrosis. Each param-
eter was graded numerically as follows: 0 = none; 1 = minimal;
2 = mild; 3 = moderate; and 4 = severe. The same criteria
were utilised in the graduation of vacuolisation, and for necrosis,
 
 
 
 
 
 
 
 
 
  

Time 0 Preservation 9h SCS  

A B  

E  F  

Fig. 2. TEM pictures of pig liver tissue. Data are presented before (A,E) and a
(SCS+M101) (C,G), and HOPE (D,H). Low magnification (scale bar: 5 lm) of liver
mitochondrial ultrastructure. White arrows and solid-black arrows indicate crist
HOPE, hypothermic oxygenated machine perfusion; SCS, static cold storage;
cold-storage solution.
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the numerical graduation was as follows: 0 = nonnecrotic cells;
1 = single cell necrosis; 2 = <30% necrosis; 3 = <60% necrosis;
and 4 = >60% necrosis. Inflammation in the centrilobular and
portal areas, which is not considered in the Suzuki’s score, was
also graded as follows: 0 = none; 1 = minimal; 2 = mild; 3 =
moderate; and 4 = severe.

Statistical analyses
A size sample of five animals per group was considered the
minimum required to guarantee sufficient statistical power for
this study, in terms of the physiological parameters considered
as major judgment criteria (i.e. enzyme activity, inflammation
markers, and histological criteria). The sample size was validated
by an independent ethics committee and was coherent with
previously published papers in this thematic in the pig model.12

Data were expressed as the mean ± standard error of the
mean for five animals per group. Differences between the groups
were tested using a two-way ANOVA followed by a Tukey’s
multiple comparisons test when the overall comparison of
groups was significant. A p value <0.05 was considered to be
significant. Analyses were performed using Graph Pad Prism
software (version 6.0; Graph Pad, San Diego, CA, USA).
Results
Liver study during preservation
Mitochondrial function and ATP synthesis were improved with
SCS+M101 and HOPE
Given that ATP stock reflects the preservation of mitochondrial
function and, thus, the ability of the liver to recover after IRI, ATP
was quantified in liver samples at various time points during
preservation. As shown in Figure 1, whichever the preservation
9h SCS + M101 9h HOPE  

D  C 

G H  

fter 9 h preservation during SCS (B,F), SCS with M101 added to the UWCSS
cells (A–D) and high magnification (scale bar: 0.5 lm) (E–H) of intracellular

ae alteration and loss of outer mitochondrial membrane integrity, respectively.
TEM, transmission electron microscopy; UWCSS, University of Wisconsin
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Fig. 3. Activities of mitochondrial complexes I, II and IV according to liver
cold preservation time. Data are presented for the three groups: during SCS,
method, ATP levels declined after 20 min of preservation, but
were significantly lower with SCS alone than with either
SCS+M101 or HOPE at 1 h (2.9 ± 0.7 lmol/mg vs. 9.9 ± 3.1 lmol/
mg and 9.6 ± 1.7 lmol/mg protein, respectively), 3 h (1.8 ± 0.8
lmol/mg vs. 4.9 ± 1.6 lmol/mg and 6.3 ± 1.4 lmol/mg protein,
respectively), and 9 h (0.8 ± 0.3 lmol/mg vs. 2.4 ± 0.6 lmol/mg
and 6.4 ± 2.8 lmol/mg protein, respectively). At the end of
preservation, ATP levels were significantly higher in HOPE-
preserved livers than in livers preserved with SCS+M101.

Parallel to ATP depletion in the SCS group, electron micro-
scopy showed marked disintegration of hepatic cellular archi-
tecture compared with the SCS+M101 and HOPE groups (Fig. 2).
After 9 h of preservation vs. T0 (immediately before cold storage
or perfusion), cell impairment was detected in all preserved
livers, but ultrastructural changes were particularly marked in
the SCS group, with swollen and less dense mitochondria and
disappearance of cristae. In the HOPE and SCS+M101 groups,
mitochondrial ultrastructure was also altered, with loss of matrix
and impaired outer membrane integrity; however, in both
oxygenated groups, typical mitochondrial morphology persisted,
especially in HOPE-preserved livers, in which the outer mem-
brane of mitochondria and cristae were better preserved.

To shed light on the mechanisms involved in liver ATP pro-
duction, mitochondrial complex activities were evaluated. In the
SCS group, complex I, II, and IV activity was preserved
throughout the experimental period (Fig. 3). By contrast, in the
HOPE group, the activity of complexes I and IV of the respiratory
chain was greater than in the SCS and SCS+M101 groups.

Free radical production, antioxidant activity, and inflammatory
mediators were reduced with SCS+M101 and HOPE
To evaluate the impact of preservation strategy on oxidative
stress, MDA levels and catalase and SOD activities within liver
tissue were analysed throughout the preservation period. As
shown in Figure 4A, MDA levels increased over time in all groups,
but were lower with SCS+M101 and HOPE than with SCS alone.
After 60 min of preservation, HOPE did better than SCS+M101. In
addition, SOD activity was significantly higher with SCS+M101
and HOPE (Fig. 4B) than with SCS. Catalase activity was higher in
both oxygenated preservation groups than with SCS, although
HOPE did better than SCS+M101 throughout the preservation
period (Fig. 4C). TNFa concentrations increased markedly over
time in the SCS group and remained significantly higher than
with SCS+M101 or HOPE throughout preservation (Fig. 4D).
SCS with M101 added to the UWCSS (SCS + M101), and HOPE with the UW
machine perfusion solution (bars represent SEM). *p <0.05, **p <0.01, ***p
<0.001 (ANOVA + Tukey’s test). HOPE, hypothermic oxygenated machine
perfusion; SCS, static cold storage; UWCSS, University of Wisconsin cold-
storage solution.
Post-transplant liver function
Animal weights ranged between 30 kg and 32 kg. Cold ischaemia
time (327 ± 18 min, 323 ± 16 min, and 345 ± 14 min) and anhe-
patic phase duration (29 ± 6 min, 35 ± 7 min, and 34 ± 4 min)
were similar in SCS, SCS+M101, and HOPE groups, respectively. All
animals survived transplantation and were euthanised at Day 7.

Hepatocellular damage was lower in SCS+M101 and HOPE livers
To evaluate hepatocellular injury, release of ALT, AST, and LDHwas
determined postoperatively from Day 1 to Day 7. Enzyme release
peaked at Day 1, then slowly returned to normal by Day 4. Blood
levels at postoperative Day 1 were significantly higher after SCS
thanwith SCS+M101 or HOPE, but there was no further significant
difference between groups from postoperative Day 2 to 7 (Fig. 5A).
JHEP Reports 2020
Liver synthesis capacity was similar in all groups
Prothrombin time (INR) and factor V values had similar profiles
in all groups (Fig. 5B). Total bilirubin concentrations were normal
in all groups until postoperative Day 4, and then slightly
increased until sacrifice at Day 7 with no difference between
groups.

Plasma TNFa concentrations were significantly lower in
SCS+M101 and HOPE groups at both 1 day and 3 days post-
transplant than in the SCS group (Fig. 6).
5vol. 2 j 100119
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Histological damage was more pronounced with SCS than with
SCS+M101 or HOPE
HES staining revealed significant morphological changes in
Suzuki scores. The lower levels of congestion, vacuolisation, and
necrosis were observed in the SCS+M101 and HOPE groups (SCS
group vs. SCS+M101 group: 4.2 ± 0.7 vs. 2.4 ± 0.7, p <0.05; SCS
group vs. HOPE group: 4.2 ± 0.7 vs. 1.8 ± 0.3, p <0.01) (Fig. 7).

Portal and centrilobular inflammatory infiltrate levels
appeared greater with SCS and HOPE compared with SCS+M101.
However, the scores did not show significant differences be-
tween groups (SCS group vs. SCS+M101 group: 6.4 ± 1.1 vs. 5.6.4 ±
0.5, NS; SCS group vs. HOPE group: 6.4 ± 1.1 vs. 6.2 ± 0.3, NS)
(Fig. 8). None of the groups showed ischaemic-type biliary
ductules lesions.
Discussion
The aim of this study was to evaluate the benefit of adding a
novel biological oxygen carrier, M101, to the UWSCS solution
during preservation of pig liver grafts. Livers preserved with
M101 added to the SCS solution were compared with livers
preserved either under anoxic conditions with SCS alone, or by
HOPE. Both during hypothermic preservation and after trans-
plantation, livers preserved with SCS+M101 or HOPE showed
better outcomes than those preserved by SCS alone. These
JHEP Reports 2020
results show that oxygen, added to the solution, is crucial in
improving the efficacy of preservation solutions, as do the
hydroxyethyl starch, high-molecular-weight sugars, and antiox-
idants contained in the UWSCS.

Oxygen can be delivered continuously using an infusion
machine. Although several machine perfusion techniques are
now available, including normothermic perfusion, we chose to
compare SCS+M101 with HOPE because the latter was the most
widely used perfusion technique in clinical practice at the time
the project was set. In that case, the oxygen dissolves in the
preservation solution and is released and used by the cells via a
mechanism that remains poorly understood. Alternatively, ox-
ygen can be delivered as an initial charge bound to transporter
(e.g. bound on haemoglobin, similar to M101) and released
physiologically (i.e. gradually along a concentration gradient,
the level of which depends on the needs of the irrigated
tissue16).

To show the effectiveness of static preservation with added
M101 (SCS+M101), we first studied the behaviour of liver grafts
ex vivo throughout the preservation period. In the SCS-alone
group, during cold preservation, tissue ATP concentrations
markedly decreased in the first hour. This previously described
phenomenon22 reflects a switch from aerobic glycolysis via the
Krebs cycle to anaerobic glycolysis via the lactate pathway. In
SCS+M101 preserved liver or with HOPE, tissue ATP levels also
6vol. 2 j 100119
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fell after 1 h of storage, but were significantly higher than with
SCS alone.

This difference can be explained by the difference in the
available oxygen level in the solution rather than an alteration
of mitochondrial function. Indeed, we showed that, after 1 h
of storage, the activities of complexes I, II, and IV were equally
preserved in the SCS and SCS+M101 groups, and that the
structural alteration of the mitochondria, more marked in the
SCS group, did not appear until after 9 h of preservation. This
suggested that, in SCS-preserved livers, ATP depletion was due
JHEP Reports 2020
mainly to reduced ATP synthase (complex V) activity. This
hypothesis is in line with previous studies showing that
ischaemia mainly impairs ATP synthase activity,23,24 via the
degradation of complex V.25 Thus, the significant prevention
of ATP depletion observed with SCS+M101 and HOPE
compared with SCS suggests some preservation of ATP syn-
thase activity. Alternatively, the superiority of HOPE over
SCS+M101 regarding ATP synthesis could also result from
better preservation of complex I and IV activities (possibly
because of higher protection against oxidative stress and
7vol. 2 j 100119
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lower TNFa release) as well as permanent reload of O2

allowed by fluid recirculation.
The superiority of HOPE preservation over SCS+M101 can be

explained by the continuous supply of oxygen by recirculation of
the solution during storage with the machine whereas, with
SCS+M101, oxygen availability might decrease with consump-
tion. Although M101 has been shown to be reloadable with O2 at
the interface between the solution and the air, the solution does
not recirculate into the sinusoids as it does with HOPE. Another
explanation for the superior performance of HOPE is the elimi-
nation of cell catabolism products and toxic oxygen derivatives,
because machine perfusion rinses the hepatic sinusoids.26

A maintained ability to synthesise ATP in M101 cold-stored
livers and with HOPE could also explain the lower tissue levels
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Fig. 7. Suzuki score at Day 7 post-transplantation. Animals were trans-
planted using liver grafts preserved using SCS, SCS with M101 added to the
UWCSS (SCS+M101), or HOPE with the UW machine-perfusion solution (bars
represent SEM). *p <0.05, **p <0.01 (ANOVA + Tukey’s test). HOPE, hypothermic
oxygenated machine perfusion; SCS, static cold storage; UWCSS, University of
Wisconsin cold-storage solution.
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of MDA and TNFa: liver preservation in the presence of oxygen
might enhance antioxidant strategies, such as increased catalase
or SOD activities. Again, the slightly better results obtained with
HOPE than with SCS+M101 might be related to the continuous
capillary network rinsing in perfused livers.

The ultimate test in evaluating the effectiveness of any pres-
ervation protocol is the successful transplantation of the pre-
served organs. We used a pig transplant model because it is a
validated and well-recognised model, in which we have experi-
ence.18 Although it is usually used in murine models, we
preferred cuffed anastomoses to standard vascular anastomosis
to shorten the anhepatic phase and splanchnic venous flow
obstruction, which are crucial episodes in the pig liver transplant
model. We also chose to use a short, 6-h cold ischaemia time so
as to be below the 8-h limit beyond which the solutions and the
cold ischaemia preservation technique are associated with sig-
nificant deterioration of liver cells and impaired survival in the
pig liver transplant model.18,27 We might have been able to
detect more notable differences between the groups if we had
used a more extreme preclinical model, such as a deceased after
circulatory death (DCD) model, or a prerecovery period of warm
ischaemia. However, the goal of our preliminary study was to
focus on the ability of M101 to provide oxygen (and allow aerobic
metabolism) to the liver tissues rather than showing its capacity
to prolong hypothermic preservation or ameliorate the quality of
preservation in stress conditions. Therefore, we think that, rather
than being a method to prolong cold storage, SCS+M101 should
be a method to improve preservation conditions in a limited
time of preservation. This limit has yet to be found.

In this preclinical transplant model, the most demonstrative
marker was the plasma intracytoplasmic enzyme peak that re-
flects the level of necrosis and apoptosis of hepatic cells (i.e.
mainly hepatocytes) and, indirectly, the performance of the
storage solutions and modalities. Enzyme release was lower in
the SCS+M101 and HOPE groups compared with SCS alone at 24
h post-transplant, a difference that faded rapidly and dis-
appeared at 72 h, reflecting the regenerative capacity of the
hepatic parenchyma. Such an effect was not observed on liver
synthesis and excretion capacity, which were similar between all
experimental groups. In all three groups, bilirubin levels
increased from Day 4 post-transplant, possibly reflecting a graft
rejection process, favoured by the absence of immunosuppres-
sive therapy in this model.

Morphological analysis, performed either by electron or op-
tical microscopy, is known to be subjective; however, in the
present study, the pathologist operated blindly and found higher
hepatocyte necrosis, cytoplasmic vacuolisation, and sinusoidal
congestion levels in the SCS-alone group than in livers preserved
in the presence of oxygen, whether supplied by M101 or by the
perfusion machine. In some cases, periportal inflammation
appeared more marked in livers preserved by HOPE, possibly
because of the continuous infusion into the portal network and
perfusion pressure damage to the endothelium. This raises the
question whether a lower flow or a lower pressure perfusion
with HOPE should be mandatory. There are currently no data
that reflect the optimal parameters of hypothermic organ
perfusion.

In this experimental study, one drawback was that two
different solutions were used in the SCS and HOPE groups. We
chose to use UWCSS for cold storage and UWMPS for perfusion
to better reflect clinical practice. Even if UWMPS might be suit-
able to cold store livers, this has not yet been documented, and
8vol. 2 j 100119
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the UWCSS (SCS+M101), or HOPE with the UW machine-perfusion solution. HES staining. Original magnification ×200. Line I shows centrolobular inflammatory
infiltrate, and line II shows portal inflammatory infiltrate. HES, haematoxylin–eosin–saffron; HOPE, hypothermic oxygenated machine perfusion; SCS, static cold
storage; UWCSS, University of Wisconsin cold-storage solution.
UWCSS remains the gold standard for cold storage in liver
transplantation.28 Another drawback is that here are no medico-
economic data available regarding the potential benefit of M101
in liver transplantation. However, in the field of kidney trans-
plantation, a medico-economic study (called OXYOP2) is
currently comparing the costs of kidney transplantation
depending onwhether the graft is HOPE or SCS+M101 preserved.
This study is the continuation of the OXYOP trial,17 which
showed that the rate of patients necessitating at least one
post-transplant dialysis was significantly lower in SCS+M101-
preserved kidneys compared with HOPE-preserved kidneys (7%
vs. 26%, p = 0.038). As a comparison to this 19% difference in
delayed graft function (DGF) rates, an international randomised,
JHEP Reports 2020
controlled trial, comparing HOPE or SCS in deceased-donor
kidney transplantation29 reported DGF rates of 20.8% and 26.5%
in SCS and HOPE groups, respectively. This 5.7% difference could
have largely covered the excessive costs induced by HOPE.

Conclusion
In conclusion, we evaluated the performance of a static cold-
storage solution supplemented with a highly effective oxygen
carrier, and showed that this protocol was effective to provide
oxygen to the graft during preservation. HOPE was even more
effective than M101 supplementation, but this needs to be
weighed against the cumbersomeness and cost of infusion ma-
chines, which require continuous manpower presence and know-
9vol. 2 j 100119
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how, and are associated with a risk of vascular trauma in organ
grafts that might compromise the outcome of transplantation.
M101 (HEMO2life®; Hemarina) provides a valuable alternative
option in the field of organ preservation, complementary to the
JHEP Reports 2020
range of available modalities, and enabling tailored organ preser-
vation solutions depending on the quality of the graft and the time
available to transport the graft from the donor to the recipient.
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