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	 Background:	 Split-liver transplantation can be useful in situations of limited donor resources. However, novel preservation 
methods are required to help the recipient recover from severe ischemic reperfusion injury incurred due to re-
ceiving a relatively small liver graft.

	 Material/Methods:	 Our experiment was performed using porcine livers without warm ischemia time, assuming a brain-dead or-
gan. We made porcine split-liver grafts by 75% liver resection at the back table and divided the specimens into 
4 groups. Group 1 was preserved with simple cold storage after splitting (CS; n=3), Group 2 was preserved with 
hypothermic perfusion preservation (HMP) after splitting (SBP; n=3), Group 3 was preserved with HMP after 
splitting under perfusion preservation (SDP; n=4), and Group 4 had the whole liver perfused as control grafts 
(Whole Liver; n=3). To assess potential methods of preservation and their effects, all grafts were evaluated by 
an ex vivo isolated liver reperfusion model using diluted autologous blood.

	 Results:	 Portal vein pressure resistances during reperfusion were low in Group3 (SDP). Hepatic artery pressure resistanc-
es during reperfusion were markedly higher in Group 1(CS) than in the other groups. The levels of AST and LDH 
were high and increased at 2 h after reperfusion in Group 1 (CS). The histological findings show that the liv-
er cell structure was irregular in Group 1 (CS) but remained regular in Groups 2 (SBP) and 3 (SDP). Histological 
Suzuki scores were also significantly better in Groups 2 (SBP) and 3 (SDP) compared with Group 1 (CS).

	 Conclusions:	 Splitting the liver under machine perfusion preservation may help restore the function and reduce ischemia-
reperfusion injury.
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Background

As the number of patients waiting for a liver transplant increas-
es, the shortage of donors becomes more serious. It is impor-
tant to identify all potential transplant donors and avoid unnec-
essary graft loss [1]. Split-liver transplantation is an important 
method that can increase the available donor pool. However, 
the graft-to-recipient weight ratio (GRWR) is an important 
predictive factor of small-for-size syndrome (SFSS) [2,3]. SFSS 
is caused by insufficient grafts and leads to severe ischemia-
reperfusion injury and excessive postoperative portal blood 
flow. In clinical practice, only ex situ splitting is available in 
Japan. Compared to in situ splitting, ex vivo splitting has sev-
eral limitations, including longer cold ischemia time (includ-
ing back-table operation). Furthermore, it is more difficult to 
identify the bile duct and vascular tissues, which results in an 
increased incidence of bleeding and bile spillage and a high-
er rate of rewarming injury on the back table.

The major methods of organ storage are simple cold storage 
(CS) and machine perfusion (MP). Due to its simplicity and low 
cost, CS is currently being used as a standard organ preserva-
tion method. In MP, oxygen, substances, and nutritional ele-
ments are provided, and harmful metabolites are washed out 
to support metabolism. Compared with static CS, MP can re-
store the liver energy reserve and reverse injury caused by in-
terruption of the adenosine triphosphate (ATP) supply during 
warm ischemia through the continuous supply of oxygen and 
nutrients, and also prevents further injury to liver cells dur-
ing preservation [4]. The use of marginal donor livers is asso-
ciated with a high risk of primary graft dysfunction or severe 
ischemic injury and can result in poor outcomes, thus requir-
ing MP [5]. Split-liver grafts may thus be considered marginal 
grafts because of their small size and the degree of injury in-
curred due to splitting the liver, especially when utilizing the 
ex vivo split procedure.

Recently, MP has been reported to be superior to CS in clinical 
settings [6,7]. Hypothermic machine preservation (HMP) is char-
acterized by practicability and has gradually become the most 
commonly used approach for preservation of the liver [6,4]. The 
preclinical work of Dutlowski et al. indicates that even brief 
HMP prior to transplantation improves mitochondrial and en-
ergetic damage, which are associated with cold ischemia [8]. 
We hypothesize that the application of HMP for a small split-
liver graft exerts protective effects against reperfusion injury.

In this study, we simulated and evaluated post-transplant re-
perfusion by using an extracorporeal reperfusion model. The 
livers were evaluated by reperfusion with oxygenated diluted 
autologous blood at 38°C instead of after transplantation. This 
isolated ex vivo reperfusion model can reduce the need for an-
imal experiments of transplantation. In addition, the beneficial 

effects of oxygenated HMP for small split porcine livers was 
evaluated using this model to determine its applicability.

Material and Methods

Animals

The Institutional Animal Ethics Committee of the Clinical 
Research Center, Asahikawa Medical University, Japan (per-
mit no. 14172) approved all the experimental procedures. 
We used domestic pigs (female, crossbred Large-Yorkshire, 
Landrace, and Duroc hogs, 2–3 months old, 20 kg; Taisetsu-
Sanroku-Sya, Asahikawa, Japan) in this study. The recovering 
procedures were performed under sufficient anesthesia using 
isoflurane. We intravenously infused potassium chloride and 
induced cardiac arrest.

Machine perfusion system

The grafts were perfused using our original MP system that 
we developed independently (Figure 1). In our system, each 
hepatic artery (HA) and portal vein (PV) was perfused. Details 
of our system are reported in previous papers [9,10]. Each cir-
cuit consisted of a roller-type pump (MasterFlex7520-40; Cole-
Parmer, Bunker Court, IL, USA), an electrical flow meter (VN05; 
Aichi Tokei, Aichi, Japan for PV; FD-SS02; Keyence, Osaka, Japan 
for HA), a ceramic capacitive pressure sensor (KL76; Nagano 
Keiki, Nagano, Japan), and an air trap developed in-house. An 
oxygenator (HP0-06 H-C; Senko Medical Instrument, Tokyo, 
Japan) was installed in the circuit for the PV and HA [10]. The 
flow rate of the PV was 0.22 mL/min/g and that of the HA 
was 0.06 mL/min/g.

Organ holder

PV

Optical oxy. sensor

HA

Pump Pump

Air trap

Flow meter

Pressure gauge

Oxygenator and
heat exchanger

Figure 1. �Connection diagram for the machine perfusion device. 
(Copyright 2018 Yoshikawa R, et al. Reproduced under 
CC BY-NC-ND 4.0 License: Evaluation Using an Isolated 
Reperfusion Model for Porcine Liver Donated After 
Cardiac Death Preserved with Oxygenated Hypothermic 
Machine Perfusion. Figure 1. Ann Transplant, 2018; 23: 
822–27).

e919920-2

Ishii D. et al.: 
HMP preservation for split-liver transplantation in a porcine model

© Ann Transplant, 2020; 25: e919920
ORIGINAL PAPER

Indexed in:  [Science Citation Index Expanded]  [Index Medicus/MEDLINE] 
[Chemical Abstracts]  [Scopus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Oxygenation

Oxygenated perfusate supplied oxygen to the liver grafts dur-
ing MP under HMP conditions using an oxygenator. We con-
trolled the oxygen concentrations with the blending volume 
conditions of oxygen and air using the air blender of the oxy-
genator. We maintained the condition of the oxygen concen-
tration to hold the minimum dissolved oxygen concentration 
for the calculation of the oxygen consumption at the outlet 
port. We calculated the oxygen consumption (mg/min/100 g 
liver) of the organ as normalized values with the mass of the 
organ (mg/min/100 g liver) from the difference in the oxygen 
concentration at the inlet port of the PV circuit and the outlet 
port positioned near the hepatic vein [10].

Experimental design (Figure 2)

Our experiment was performed using porcine livers without 
warm ischemia time, assuming a brain-dead organ. We made 
porcine split-liver grafts by 75% liver resection at the back 
table and divided the specimens into 4 groups. In Group 1, 
grafts were preserved with CS for 4 h after splitting (CS; n=3). 
In Group 2, grafts were preserved with HMP for 4 h after split-
ting (SBP; n=3). In Group 3, grafts were preserved with HMP 
after splitting under perfusion preservation (SDP; n=4). In 
Group 4, whole livers were perfused for 4 h as control grafts 
(Whole Liver; n=3). The grafts were perfused for 4 h with UW-
gluconate solution (Adenine: 5 mmol/L, Calcium Chloride: 0.5 
mmol/L, Dextrose: 10 mmol/L, Glutathione: 3 mmol/L, HEPES: 10 
mmol/L, Hydroxyethyl Starch, Magnesium Gluconate: 5 mmol/L, 
Mannitol: 30 mmol/L, Potassium Phosphate: 25 mmol/L, Ribose: 
5 mmol/L, Sodium Gluconate: 80 mmol/L, Sodium Hydroxide, 
osmolarity: 300 mOsm, pH: 7.4; Belzer MPS UW Machine 
Perfusion Solution; Bridge to Life, Columbia, SC, USA).

Isolated ex vivo reperfusion model

After MP preservation, the liver function was evaluated by an 
isolated liver reperfusion model [11]. Following the preservation, 

all organs were rinsed with 500 mL of cold Euro-Collins solution. 
The grafts were then reperfused with oxygenated diluted au-
tologous blood at 38°C. The autologous blood was diluted with 
saline (40%), dextran (20%), Calcicol (5%), sodium bicarbonate, 
heparin sodium, and potassium. The hematocrit was maintained 
at around 10–12%. The oxygenator was adjusted so that the 
pO2 was 150–200 mmHg and the pCO2 was 30–50 mmHg. HA 
perfusion was set at 70 mL/min. Perfusion of the PV was main-
tained in a flow-constant manner (200 mL/min) [11].

Evaluation methods

Aspartate aminotransferase (AST), lactate dehydrogenase 
(LDH), and hyaluronic acid were measured from perfusate ev-
ery 30 min.

In addition to observing hematoxylin and eosin-stained speci-
mens, we used the Suzuki classification [12] to evaluate isch-
emia-reperfusion injury, which consists of 3 parameters — si-
nusoidal congestion, vacuolization of hepatocyte cytoplasm, 
and parenchymal necrosis – scored on a scale from 0 to 4.

Statistical analyses

We presented the results as the mean±standard deviation. 
We performed statistical analysis using the Microsoft Excel 
2013 software program (Microsoft, Redmond, WA, USA). We 
compared the results using a one-way analysis of variance 
(ANOVA) and the Steel-Dwass test. We performed a postmor-
tem analysis using Bonferroni’s modification when significant 
differences were detected, defined as p value less than 0.05.

Results

Pressures in the PV and HA during perfusion preservation 
(Figures 3, 4)

In Group 2 (Split Before Perfusion [SBP]), the PV pressure was 
4.50±1.25 mmHg at 120 min of perfusion preservation and 
4.78±1.17 mmHg at 240 min. In Group 4 (Whole Liver), the PV 
pressure was 2.83±0.45 mmHg at 120 min of perfusion pres-
ervation and 2.69 ± 0.50 mmHg at 240 min. The PV pressure 
tended to be higher in Group 2 (SBP) than in Group 4 (Whole 
Liver). In Group 3 (Split During Perfusion [SDP]), the PV pres-
sure was 2.77±0.80 mmHg at 120 min of perfusion preser-
vation and 3.20±1.44 mmHg at 240 min. The PV pressure in 
Group 3 (SDP) was highest at the start of perfusion preserva-
tion among the 3 groups, but at 60 min of perfusion preserva-
tion, it was similar to that in Group 4 (Whole Liver).

In Group 2 (SBP), the HA pressure was 49.83±35.52 mmHg at 
120 min of perfusion preservation and 48.53±27.26 mmHg at 

HMP (6–10°C)
240 min

Control (whole liver), n=3
IRM (35–38°C)

120 min

HMP (6–10°C)
240 min

IRM (35–38°C)
120 min

Split

HMP (4–8°C)
240 min

IRM (35–38°C)
120 minSplit

CS (4–8°C)
240 min

IRM (35–38°C)
120 minSplit

4

HMP (SDP; split during perfusion), n=43

HMP (SBP; split before perfusion), n=32

CS (statics cold storage), n=31

Figure 2. Study design. IRM – isolated ex vivo reperfusion model.
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240 min, showing the highest pressure among the 3 groups af-
ter 60 min of perfusion preservation. In Group 4 (Whole Liver), 
the HA pressure was 22.97±4.27 mmHg at 120 min of perfu-
sion preservation and 23.86±4.30 mmHg at 240 min, showing 
the lowest pressure among the 3 groups during perfusion pres-
ervation. In Group 3 (SDP), the HA pressure was 37.35±6.63 
mmHg at 120 min of perfusion preservation and 36.58±6.75 
mmHg at 240 min, showing the highest pressure among the 
3 groups at the start of perfusion preservation, but with pres-
sure decreasing after 60 min. An intermediate pressure was 
maintained in Group 3 (SDP).

AST and LDH in the perfusion solution during perfusion 
preservation (Figures 5, 6)

In Group 2 (SBP), the AST was 433.66±420.33 IU/L/100 g liv-
er at 120 min of perfusion preservation and 436.43±422.78 
IU/L/100 g liver at 240 min, which was significantly higher than 
in Group 3 (SDP) and 4 (Whole Liver). In Group 3 (SDP), the 
AST was 112.48±33.59 IU/L/100 g liver at 120 min of perfusion 
preservation and 120.80±33.94 IU/L/100 g liver at 240 min. In 

Group 4 (Whole Liver), the AST was 87.52±39.66 IU/L/100 g 
liver at 120 min of perfusion and 96.03±39.29 IU/L/100 g liv-
er at 240 min, which was the lowest among the 3 groups.

In Group 2 (SBP), the LDH was 601.04±507.86 IU/L/100 g liv-
er at 120 min of perfusion preservation and 622.97±518.84 
IU/L/100 g liver at 240 min, which was significantly higher 
than in Group 3 (SDP) and 4 (Whole Liver). In Group 3 (SDP), 
the LDH was 172.93±84.74 IU/L/100 g liver at 120 min of per-
fusion preservation and 180.23±86.94 IU/L/100 g liver at 240 
min. In Group 4 (Whole Liver), the LDH was 107.28±30.88 
IU/L/100 g liver at 120 min of perfusion preservation and 
110.31±25.74 IU/L/100 g liver at 240 min, which was the low-
est among the 3 groups.

PV pressure (PVP) and HA pressure (HAP) resistance after 
reperfusion (Figures 7, 8)

In Group 2 (SBP), the PVP resistance was 0.065±0.012 mmHg/ml/
min at 60 min of reperfusion and 0.059±0.012 mmHg/ml/min at 
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Figure 3. PV pressure during perfusion. PV – portal vein.
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Figure 5. �AST during perfusion. AST – aspartate 
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Figure 6. LDH during perfusion. LDH – lactate dehydrogenase.
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Figure 4. HA pressure during perfusion. HA – hepatic artery.
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120 min, which was the highest among the 4 groups. In Group 
3 (SDP), the PVP resistance was 0.033±0.009 mmHg/ml/min 
at 60 min of reperfusion and 0.030±0.010 mmHg/ml/min at 
120 min, which was significantly lower than in Group 2 (SBP). 
In Group 1, static cold storage (CS), the PVP resistance was 
0.053±0.017 mmHg/ml/min at 60 min of reperfusion and 
0.041±0.017 mmHg/ml/min at 120 min. In Group 4 (Whole 
Liver), the PVP resistance was 0.035±0.025 mmHg/ml/min in 
60 min of reperfusion and 0.027±0.011 mmHg/ml/min at 120 
min. These results showed that the PVP resistance was lowest in 
whole liver preserved with CS and was highest in Group 1 (CS).

In Group 1 (CS), the HAP resistance was 3.84±1.08 
mmHg/ml/min at 60 min of reperfusion and 3.74±0.90 
mmHg/ml/min at 120 min, which was the highest among the 
4 groups. In Group 2 (SBP), the HAP resistance was 2.14±1.37 
mmHg/ml/min at 60 min of reperfusion and 2.14±1.02 
mmHg/ml/min at 120 min. In Group 3 (SDP), the HAP resis-
tance was 1.51±0.74 mmHg/ml/min at 60 min of reperfusion 

and 1.33±0.70 mmHg/ml/min at 120 min. In Group 4 (Whole 
Liver), the HAP resistance was 0.72±0.56 mmHg/ml/min at 60 
min of reperfusion and 0.72±0.54 mmHg/ml/min at 120 min.
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Figure 7. �PVP resistance during reperfusion. PVP – portal vein 
pressure.
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Figure 9. AST during reperfusion.
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Figure 10. LDH during reperfusion
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AST, LDH and hyaluronic acid in the perfusion solution 
after reperfusion (Figures 9–11)

In Group 1 (CS), the AST was 295.00±64.11 IU/L/100 g liver at 
60 min of reperfusion and 404.30±107.70 IU/L/100 g liver at 120 
min, which was the highest AST among the 4 groups. In Group 
3 (SDP), the AST was 88.15±33.16 IU/L/100 g liver at 60 min 
of reperfusion and 176.61±113.45 IU/L/100 g liver at 120 min, 
which was significantly lower than in Group 1 (CS). In Group 
3 (SDP), the AST was 91.13±26.78 IU/L/100 g liver at 60 min 
of reperfusion and 176.60±58.68 IU/L/100 g liver at 120 min. 
In Group 4 (Whole Liver), the AST was 67.28±39.52 IU/L/100 
giver at 60 min of reperfusion and 89.54±46.60 IU/L/100 g liv-
er at 120 min. In Group 1 (CS), the LDH was 428.12±158.89 
IU/L/100 g liver at 60 min of reperfusion and 616.13±314.32 
IU/L/100 g liver at 120 min, which was the highest among the 4 
groups. In Group 3 (SDP), the LDH was 141.55±13.08 IU/L/100 
g liver at 60 min of reperfusion and 232.64±54.28 IU/L/100 g 
liver at 120 min. In Group 2 (SBP), the LDH was 181.76±53.47 
IU/L/100 g liver at 60 min of reperfusion and 272.68±41.02 
IU/L/100 g liver at 120 min. In Group 4 (Whole Liver), the LDH 
was 119.38±38.3 IU/L/100 g liver at 60 min of reperfusion and 
151.07 ± 53.66 IU/L/100 g liver at 120 min.

Histological findings during reperfusion (Figures 12, 13)

The histological findings show that the Glisson sheath was more 
edematous in Group 1 (CS) than in Groups 2 (SBP) and 3 (SDP). 
Furthermore, the liver cell structure was irregular in Group 
1 (CS) but remained regular in Groups 2 (SBP) and 3 (SDP). 
Under high-power magnification, the liver cells showed more 
lipid drops in Group 1 (CS) than in Groups 2 (SBP) and 3 (SDP).

HE stain (×40)

HE stain (×4)
CS SBP SDP321

Figure 12. �Histopathological findings of the isolated ex vivo reperfusion model. The histological findings show that the Glisson sheath 
was more edematous in Group 1 (CS) than in Groups 2 (SBP) and 3 (SDP). Furthermore, the liver cell structure was irregular 
in Group 1 (CS) but remained regular in Groups 2 (SBP) and 3 (SDP). Under high-power magnification, the liver cells showed 
more lipid drops in Group 1 (CS) than in Groups 2 (SBP) and 3 (SDP). CS – cold storage; SBP – split before perfusion; 
SDP – split during perfusion.
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Figure 13. Histological scores (Suzuki scores).
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In addition, H&E staining revealed significant morphological 
changes in total Suzuki scores (12.0±0.0 vs. 6.7±0.7 vs. 4.6±0.7) 
in Groups 2 (SBP) and 3 (SDP) compared with Group 1 (CS).

Discussion

The current severe donor shortage is a serious global problem. 
However, while split-liver transplantation can be performed 
under limited donor conditions, this transplantation can cre-
ate 2 extended-criteria grafts and increase the risk of trans-
plant failure [1,2], Split-liver transplantation is thought to be 
a type of “marginal” donor liver transplantation because of 
the small size of the graft [3]. Split-liver transplantation can 
produce insufficient grafts, and the transplantation of such 
grafts often causes excessive PV blood flow due to HA spasm 
via HA buffer response [13]. These conditions can increase the 
risk of HA thrombosis [13]. This HA spasm can reduce blood 
supply to the biliary system, which can increase the risk of 
biliary tract complications [14]. When small-for-size grafts are 
transplanted to recipients with severe portal hypertension, 
they have a risk of primary graft dysfunction resulting from 
the inconsistency of GRWR [15]. Thus, both small split-liver 
grafts or marginal-size livers are generally exposed to severe 
ischemic reperfusion injury. The shear stress to the sinusoi-
dal and parenchymal cells after reperfusion can result in isch-
emic reperfusion injury.

The current standard method of organ preservation is CS. 
However, it has been recently suggested that the MP tech-
nique for ex vivo organ preservation could replace CS. The MP 
technique is considered effective, particularly for organ pres-
ervation and resuscitation in marginal donors, including those 
obtained after cardiac death or from extended-criteria donor 
grafts [6]. HMP allows for successive circulation of preserva-
tive solution and metabolic substances. Simultaneously, the 
associated washout effect removes waste products from en-
dothelial and parenchymal cells and dilutes the products to 
stabilize microcirculation. HMP has been reported to improve 
early graft function [4] and ATP levels in tissues during reper-
fusion [8]. In addition, HMP allows for pharmacological ma-
nipulation and the pre-transplant evaluation of grafts [4] and 
has enhanced the use of grafts obtained from extended-crite-
ria donors [7]. Recent reports have also suggested that HMP 
has a benefit in long-term survival of grafts [16].

On comparing whole liver with split liver of any small size in 
the present study, it was clear that the split graft was a mar-
ginal graft based on an evaluation using the MP system. Our 
findings showed that MP is useful for small split-liver grafts 
as an effective preservation procedure. The AST, LDH, and 
HA levels were lower in Groups 2 (SBP) and 3 (SDP) than in 
Group 1 (CS). An evaluation by ex vivo isolated liver reperfusion 

indicated that the early graft function was significantly differ-
ent between Group 1 (CS) and Groups 3 (SDP) and 2 (SBP).

Preserving small split-liver grafts using oxygenated HMP may be 
much more effective than other techniques and positively affect 
the prognosis of split-liver transplantation, potentially leading 
to liver regeneration. The tissue-protective effect induced by 
oxygenated HMP is achieved by the reactivation of mitochon-
drial respiration, which occurs prior to reperfusion, when HMP 
oxidizes mitochondrial electron complexes. Mitochondrial elec-
tron overload upon reperfusion is prevented by the decreased 
production of reactive oxygen species through a reduction in 
lipid peroxidation and the storage of intracellular glutathione, 
as observed in rat livers [8,17]. Other studies have suggested 
that preservation without oxygenation also protects the endo-
plasmic reticulum and the vascular endothelium [18].

However, extended periods of preservation without oxygen-
ation are also associated with certain drawbacks and limita-
tions, particularly with regard to endoplasmic stress and chang-
es in the sinusoidal endothelial cells [19]. Shear stress occurs 
due to the reaction of oxygen with increased concentrations 
of intracellular redox-active iron, which triggers free-radical-
mediated cell injury [20]. The present findings suggest that ox-
idative stress and endothelial shear stress can be reduced by 
regulating the perfusion temperature and oxygenation. The tis-
sue-protective effect induced by oxygenated HMP is achieved 
by the reactivation of mitochondrial respiration, which occurs 
prior to reperfusion, when HMP oxidizes mitochondrial elec-
tron complexes. Mitochondrial electron overload upon reper-
fusion is prevented by the decreased production of reactive 
oxygen species [21]. Even short-term (2 h) oxygenated HMP 
before transplantation ameliorates the mitochondrial and en-
ergetic disturbances and injuries associated with cold isch-
emia. The results of the present study thus suggest that ox-
idative stress and endothelial shear stress can be decreased 
by regulating the perfusion and oxygenation for a short time.

Zhang et al. reported the effectiveness and stability of nor-
mothermic machine perfusion (NMP) by splitting pig livers in 
perfusion preservation. Their results showed that NMP can be 
used for split-liver preservation without causing significant liv-
er damage. The effects of MP include the washout effect and 
the successive supply of metabolic substrates and antioxidant 
agents to the endothelium and the parenchyma. [22]. However, 
they did not demonstrate any marked difference between CS, 
HMP, and NMP. The theory of NMP is that normal tempera-
ture is maintained and the substrates essential for cell me-
tabolism are provided so that physiological circumstances can 
be reproduced [23].

However, due to the very high demand for oxygen and energy 
under conditions of normal temperature, NMP requires oxygen 
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carriers and dialysis. Furthermore, in clinical settings, organ 
transportation between facilities may require cold preserva-
tion [12]. Currently, no conclusion has been reached on the ideal 
temperature for MP, as few studies have directly compared the 
results of HMP with those of NMP under the same conditions.

Conclusions

Splitting under conditions of MP can aid in recovery of func-
tion and help reduce ischemia-reperfusion injury. HMP is safe 
and can improve graft function while attenuating liver pres-
ervation injury.
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