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Background. Ex vivo perfusion technology has been actively developed to solve the problem of severe donor short-
age. In this study, the ex vivo metabolic characteristics of porcine donation after circulatory death (DCD) liver in short-term
perfusion using whole or diluted blood were compared with those of the in vivo transplanted state to evaluate their initial
response to resuscitation. Methods. The porcine DCD model was constructed by clamping the thoracic aorta. After 60
min of blood flow cessation, retrieved livers were flushed with 500 mL of heparin saline (20000 IU/L) followed by perfusion
with 500 mL of cold histidine-tryptophan-ketoglutarate solution. The liver grafts were immersed in cold histidine-tryptophan-
ketoglutarate solution for 60 min. Subsequently, normothermic ex vivo perfusion was performed with 20000 IU/L of heparin
added to the collected blood (whole blood group) or medium mixed with 10% whole blood (dilution group) for 3 h. Blood
from the portal vein, the hepatic artery, and infra hepatica inferior vena cava was collected hourly and metabolomic analyses
were performed. The other liver graft was heterotopically transplanted as a control (in vivo group). Each experiment was
conducted once. Results. The guanosine levels demonstrated similar fluctuating trends in the whole blood and in vivo
groups. In contrast, the levels increased during the perfusion in the diluted blood group. Fluctuations in choline metabolism
demonstrated similar trends in the whole blood and in vivo groups. Conclusions. Ex vivo machine perfusion with whole
blood over a short time resulted in a metabolic trend similar to that in the in vivo model. Further studies in this regard are

warranted to progress in the utilization of DCD organs.

(Transplantation Direct 2021;00: e712; doi: 10.1097/TXD.0000000000001170. Published online 10 June, 2021.)

Donor shortage is a severe problem globally. One solution
is the transplantation of liver grafts via a donation after
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circulatory death (DCD). Recently, it has been reported
that reperfusion injury of livers from a controlled DCD
(c-DCD) or uncontrolled DCD (u-DCD) following trans-
plantation could be reduced with normothermic ex vivo
perfusion using diluted blood."? This ex vivo perfusion
method can be further improved by maintaining the
metabolism of the extracted liver and culturing it for a
week.> Additionally, it was highlighted that it is crucial
to maintain the metabolism of the extracted liver ex vivo
similar to that of an in vivo system.

While it has been reported that the ex vivo system with
culture medium-based diluted blood works in small animal
models,** most clinical cases are currently perfused normo-
thermally with whole blood-based perfusate with anticoagu-
lant.>¢ However, ex vivo perfusion is difficult to perform in
livers with prolonged circulatory arrest and large amounts of
microthrombi. Furthermore, the metabolism of these livers has
not been fully characterized, although investigations into the
viscosity of the perfusate and analysis of the metabolic state
during perfusion have been studied.” Previously, we reported
a method for continuous resuscitation of the ischemic liver
between the initiation of machine perfusion and vascular
anastomosis in the recipient in a porcine u-DCD model.!® The
aim of this study was to characterize the metabolism of resus-
citated livers in a porcine u-DCD model by comparing diluted
blood perfusion with whole blood-based perfusion over a
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short duration. Furthermore, we compared the metabolism
of resuscitation in vivo by transplanting heterotopically with
those in the 2 types of ex vivo perfusions.

MATERIALS AND METHODS

Experimental Design

A DCD liver model with 60 min of circulatory arrest was
constructed in pigs as reported previously.!” The extracted
liver grafts were flushed with 500 mL of heparin saline (20 000
IU/L) and replaced with 500 mL of cold histidine-tryptophan-
ketoglutarate solution. Subsequently, normothermic ex vivo
perfusion was performed using our custom-made system
with 2 types of perfusion solutions. For the dilution group,
the perfusion solution consisted of 10% diluted donor blood,
Leibovitz’s Medium (L-15 medium, Thermo fisher scientific,
Waltham, MA), and pig serum (26250, Thermo fisher scien-
tific, Waltham, MA) (total volume, 2000 mL). For the whole
blood group, the perfusion solution consisted of whole blood
from a donor and heparin (5000 IU/L, NIPRO, Osaka, Japan)
(total volume, 1300mL). Each experiment was conducted
once.

The fluids flowing in and out of the liver were sampled
every hour immediately after perfusion was initiated for
metabolomic analysis. As a control group, heterotopic trans-
plantations were also performed (in vivo group, N=1). Under
general anesthesia, blood from the portal vein (PV) and infra
hepatica inferior vena cava (IH-IVC) was collected for 3 h
after resuming blood flow and analyzed similar to that in the
other groups (Figure 1). Metabolomic analysis was performed
with 1 case in each group.

Animals and Study Design

The experiments with pig livers were approved by the
Ethics Committee for Animal Experimentation of the Keio
University School of Medicine (Approval number. 16072[0]),
and the procedures were performed according to the
Guidelines of Keio University on Animal Use. The pigs were
female juvenile 3-way hybrid pigs (Landrace, Large White;
25-30kg). The pigs were anesthetized, and cannulation tubes
were inserted into the right carotid artery for reagent admin-
istration and blood collection. The animals underwent liver
resection while being infused with Ringer’s solution (Lactec
D, Otsuka Pharmaceutical Factory, Inc., Japan).

Porcine DCD Model

The preparation of the porcine DCD model and subse-
quent liver removal was performed as described previously.!
In brief, following anesthesia, the thoracic aorta was clamped
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after performing thoracotomy. By clamping the thoracic
aorta, blood flow from the diaphragm to the lower body can
be blocked and blood can be collected through the middle
cardiac vein to the upper body while the liver is in cardiac
arrest. A tube was inserted into the carotid artery beforehand,
and blood was collected using blood pressure and hydroce-
phalic differences. Approximately 500 mL of saline solution
was infused to maintain the blood pressure, while the blood
was being collected. Blood collection tubes were filled with
heparin saline to prevent clotting.

The blood collection bag contained sodium citrate as an
anticoagulant, and the bag was stirred slowly during blood
collection to prevent clotting. Finally, the liver was placed in
the abdominal cavity to establish an ischemic liver model; 60
min after the aortic clamp, the liver was removed.

The in vivo group was treated with ectopic liver transplan-
tation as previously reported.'® Briefly, the recipient under-
went laparotomy, and the PV and IH-IVC of the donor liver
grafts were subjected to end-to-lateral anastomosis with the
PV and IH-IVC of the recipient. Subsequently, the donor HA
in the form of a Carrel patch was sutured to the recipient’s
aorta. After all treatments were completed, blood flow was
switched to the transplanted liver by ligating the PV and HA in
the recipient while measuring blood pressure using a Mediate
catheter (Nippon Covidien, Shizuoka, Japan) (Figure 2).

Ex vivo Perfusion System

We developed an experimental machine to perfuse the large
animal liver ex vivo (Figure 3). The perfusion circuit included
a reservoir bag (Corning, NY), silicone tube (Asone, Osaka,
Japan), tubing pump (custom made, SCREEN Holdings,
Japan), artificial lung (HMO11000, Getinge, Sweden), ther-
mostat (Asone, Osaka, Japan), and chiller (Ohm Electric,
Tokyo, Japan). A hydraulic head differential was used for
inflow to the liver, and a reservoir bag was placed 80cm from
the liver. The perfusate collected in the reactor was delivered
to the artificial lung by a tubing pump; subsequently, it was
oxygenated, warmed to 37°C, and returned to the reservoir
bag.

Biochemical Assays

To evaluate the oxygen delivery of each group, the partial
pressures of oxygen of the hepatic artery and the IH-IVC
were measured by using a blood analyzer (i-stat, Abbott
Laboratories, Chicago, IL) and the oxygen partial pressure of
the blood inflowing into the artery was compared with that of
the output blood from the IVC. The dissolved oxygen partial
pressure of the fluid entering the artery was compared with
the dissolved oxygen partial pressure of the fluid coming out

Machine A: 10 % diluted blood
perfusion B: Whole blood
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FIGURE 1. Experimental design.
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FIGURE 2. In vivo settings. HA, hepatic artery; IVC, inferior vena cava; PV, portal vein.

of the IVC. Lactate and glucose were measured in situ using
a blood analyzer (i-stat, Abbott Laboratories, Chicago, IL).

Metabolomic Analysis

Perfusate samples were collected every hour from the PV
inflow and IVC outflow after reperfusion of blood or perfu-
sate and compared with the in vivo conditions. Metabolomic
analyses were performed using liquid Chromatography—-mass
spectrometry and Capillary electrophoresis—mass spectrom-
etry to quantify 110 water and fat-soluble compounds.

RESULTS

In the whole blood group during 3 h of mechanical perfu-
sion at the setting of reservoir with a water head difference of
80 cm, the mean PV flow rate was 383 (SD, 18.5) mL/min and
the mean HA flow rate was 44 (SD, 3.6) mL/min. Meanwhile,
in the 10% dilution group, the mean PV flow rate 354 (SD,
16.9) mL/min and the mean HA flow rate was 47 (SD, 1.8)
mL/min. Metabolic analysis of the perfusate was performed
under these conditions.

Blood Analyses

Figure 4 shows the results of the blood analyses. The pH of
10% diluted blood was more acidic than the in vivo perfusion
solution. The pH of whole blood was kept stable at the same
level of the blood in vivo, even though the Pco, of the whole
blood was lower than that of whole blood in vivo and the
same as in the 10% diluted perfusion solution.

To evaluate the oxygenation delivery of each group, we
compared the partial pressure of dissolved oxygen in the
inlet into the arterial line with the outlet of the IH-IVC. In
the control, the Po, in the arterial blood remained stable at
around 100 mmHg, while in the IH-IVC, the partial pres-
sure decreased to nearly 30 mmHg whereas, in mechanical

perfusion group, oxygen gas was supplied to the oxygenator,
and the Po, was >400 mmHg, but the Po, in TH-IVC was
>130 mmHg in the 10% diluted blood group and near 50
mm Hg in whole blood.

In the 2 mechanical perfusion groups, using whole blood
tended to be alkalotic and using 10% diluted blood tended
to be acidotic in the first few minutes, but during mechanical
perfusion, the pH of the whole blood was closer to that in
vivo, while the pH of 10% diluted blood remained acidotic.

The pH of the whole blood group was kept at the same
level as that in vivo 1 h after starting perfusion, although CO,
partial pressure and bicarbonate concentration were lower
during mechanical perfusion compared with that in vivo. The
values of lactate and glucose were measured as central car-
bon metabolism. Lactate tended to have an initial increase
and then a gradual decrease in the whole blood, while it was
eliminated in the first hour in 10% diluted blood and began
to decrease after 2 h. Blood urea nitrogen, the final product of
urea metabolism, was stable in the controls but continued to
be gradually stored in the ex vivo perfusate.

Results of the Metabolomic Analyses

The quantified values from the metabolomic analyses were
compared with determining which perfusate was most similar
to the blood in vivo (Figure 5). Regarding guanosine, an indi-
cator of reperfusion injury, the controls had the highest initial
level, while it increased during normothermic perfusion in
10% diluted blood and reached the same level as that in in vivo
conditions at 3 h. Ex vivo perfusion in whole blood resulted
in the lowest average level of guanosine; it increased from 0.5
pmol/L to 1.0 pmol/L over 1 h and dropped subsequently.

Lactate variability in whole blood ex vivo perfusion was
high initially but gradually decreased, and lactate production
in 10% diluted blood revealed that it was expelled from the
cells into the fluid. Some of the amino acids, such as isoleucine,
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FIGURE 3. Perfusion settings of the ex vivo machine. HA, hepatic artery; PV, portal vein.

inosine, phenylalanine, and pyruvic acid, contained in the
medium used in 10% diluted blood, and tended to remain in
the perfusate, while others approached the values observed in
vivo through metabolism. Regarding choline, its initial level
was high in the whole blood perfusion and decreased over
time as it was taken up by the hepatocytes in the first hour,
remaining at a level of ~50 pmol/L, which was the same level
as that observed in vivo, while its level in the 10% diluted
blood perfusion increased over time. The concentration of bile
acids and related substances was constant during the in vivo
perfusion; however, during the whole blood ex vivo perfu-
sion, it decreased over time even though the initial levels were

comparable to those in vivo, and in 10% diluted blood, the
levels were initially very low. Detailed results of the metabo-
lomic analysis can be found in Figure S1 (SDC, http://links.
lww.com/TXD/A332).

DISCUSSION

In this study, we performed mechanical perfusion using 2
types of perfusion fluid and in vivo heterotopic transplanta-
tion as a control to analyze the metabolic profiles of DCD
livers and evaluate their initial response to resuscitation (N=1
in each group). For normothermic perfusion, blood products
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FIGURE 4. Comparison of blood analyses. BUN, blood urea nitrogen; HA, hepatic artery; IVC, inferior vena cava.
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FIGURE 5. Comparison of metabolomic analyses. His, histidine; lle, isoleucine; Leu, leucine; Phe, phenylalanine; Pro, proline; Thr, threonine;

Tyr, tyrosine.

were used as the perfusate and with a temperature range
equivalent to the living body temperature.® However, it has
been reported that metabolism can be suppressed by reducing
the perfusion temperature, and studies have been conducted
to investigate the metabolic status of the perfusate in ex vivo
perfusion.'!2 Based on these studies, metabolic studies in pigs
are of great value because the metabolism of pigs is similar
to that of humans. The required components of ex vivo per-
fusion were examined by comparing perfusion ex vivo with
10% diluted blood and whole blood collected from donors.

The Composition Related to Reperfusion Injury

In in vivo perfusion, the guanosine level remains around
0.9 pmol/L. In ex vivo perfusion, the guanosine level after 3
h was lower in whole blood and increased to 2 pmol/L in
10% diluted blood. Because guanosine is oxidized by reac-
tive oxygen species, it is used as a marker of oxidative stress
derived from ischemia-reperfusion injury. Although the Po,

and dissolved oxygen was comparable between whole blood
and diluted blood, the concentration of erythrocytes may have
affected the generation of guanosine. Some studies have exam-
ined the minimum concentration of oxygen delivery required
for normothermic perfusion.!?!3

Many studies have also correlated liver function and lac-
tate gradient after liver transplantation,'*'” and high lactate
clearance after reperfusing blood flow is expected to predict
good liver function. In this study, we observed that the lac-
tate concentration tended to increase during perfusion with
10% diluted blood but decrease during perfusion with whole
blood. Further studies are warranted in this regard.

Metabolism Involved in ATP Synthesis

L-15 medium used in 10% diluted blood contains galactose
instead of glucose and high levels of pyruvate. The metabo-
lomic analysis revealed no significant changes in 6-carbohy-
drate, which is believed to be galactose; however, the pyruvate
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level (initially 1800 pmol/L) decreased to approximately 200
pmol/L, the biologic equivalent, in 1 h Its conversion target
was lactic acid, which suggests that the conversion of pyru-
vate, a substrate of the citric acid circuit, to lactate is adjusted
in a biomimetic manner even when the substrate of the citric
acid circuit, pyruvate, is administered in excess to promote
ATP synthesis.

Methods such as the use of insulin and glucagon to con-
trol long-term glucose concentrations have also been stud-
ied,? and it is expected that more progress will be achieved
in future studies on how to control the central carbon
metabolism. Some components in the L-15 medium, such as
phenylalanine and isoleucine, were not adjusted by metabo-
lism, unlike pyruvate; thus, suggesting that the amino acids
were selectively consumed immediately after reperfusion of

blood flow.

Choline Metabolism

In vivo studies have gradually elucidated the correlation
between blood choline levels and liver function.'® In vivo
studies have discussed the activity of liver function using
blood choline concentration as an indicator of its vital activ-
ity. However, in ex vivo perfusion, the evaluation based on
the incoming and outgoing balance of the extracted liver is
expected to be a very useful indicator in the assessment of
liver function since ex vivo perfusion can be used to directly
evaluate liver function. In ex vivo perfusion, there was a lin-
ear increase of choline in 10% diluted blood and a plateau
in whole blood perfusion at the same level as that in in vivo
perfusion; thus, suggesting that ex vivo perfusion using whole
blood may be a promising way to assess the choline metabo-
lism to mimic in vivo conditions.

Bile Acid Metabolism

Bile production was observed in all groups. When com-
paring ex vivo whole blood and in vivo perfusion, the ini-
tial blood bile acid concentration was comparable; however,
the concentration decreased over time in ex vivo perfusion.
Since this level was maintained during the in vivo perfusion,
it is likely that components or systems that enhance bile acid
metabolism instead of the enterohepatic circulation during ex
vivo perfusion are necessary for liver metabolism. Detailed
results of the metabolomic analysis can be found in Figure S1
(SDC, http://links.lww.com/TXD/A332).

In conclusion, there was a tendency toward oxidative dam-
age in perfusion with 10% diluted blood prepared on a L-15
medium basis despite higher dissolved oxygen content com-
pared with in vivo blood. In contrast, in ex vivo perfusion
with whole blood, markers of oxidative damage were also
low; thus, suggesting that sufficient metabolic maintenance is
possible.

www.transplantationdirect.com

These analyses are expected to reconstitute an in vitro envi-
ronment closely similar to the in vivo environment for a longer
period of time. We hope that this metabolic analysis will con-
tribute to further progress in the utilization of DCD organs.
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