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ABSTRACT
The human liver plays a central metabolic role; however, its physiology may become imbalanced in inborn errors of metabolism 
(IEM), a broad category of monogenic disorders. Liver transplantation has been increasingly used to improve patient metabolic 
control, especially in diseases related to amino acid metabolism, such as urea cycle disorders and organic acidurias, to provide 
enzyme replacement. Ex vivo liver normothermic machine perfusion (NMP) techniques have recently been developed to in-
crease the number of transplantable grafts and improve transplantation outcomes. This study used seven NMP of explanted 
livers from patients with IEM undergoing transplantation as models to investigate disease-related liver metabolism and function. 
The perfused livers demonstrated positive viability indicators and disease-specific targeted metabolomics providing the proof-
of-principle that our ex vivo model expresses the biochemical disease characteristics and responds to therapeutical intervention 
in a unique “physiological” milieu, offering an ideal tool to study novel treatments, in a setting closely mirroring human disease.

Marco Spada and Carlo Dionisi Vici shared last authorship.  

Abbreviations: 3OHP, 3-hydroxy propionate; ASA, argininosuccinic aciduria; C3, propionyl carnitine; CPS1, carbamoyl phosphate synthetase I; HA, hepatic artery; H&E, hematoxylin–
eosin; IEM, inborn error of metabolism; MCA, methyl citrate; NMP, normothermic machine perfusion; NO, nitric oxide; OA, organic aciduria; OAT, ornithine aminotransferase; PA, propionic 
acidemia; PAS, periodic acid-Schiff; PG, propionyl glycine; PV, portal vein; SCS, static cold storage; UCD, urea cycle disorders.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 

properly cited.

© 2025 The Author(s). Journal of Inherited Metabolic Disease published by John Wiley & Sons Ltd on behalf of SSIEM.

https://doi.org/10.1002/jimd.70010
https://doi.org/10.1002/jimd.70010
mailto:
https://orcid.org/0000-0003-0796-6847
mailto:marco.spada@opbg.net
http://creativecommons.org/licenses/by/4.0/


2 of 12 Journal of Inherited Metabolic Disease, 2025

1   |   Introduction

The liver plays a central metabolic role in the human body, 
as it is involved in several hundred physiological processes, 
including synthesis, detoxification, degradation, regulation, 
processing, and cellular trafficking machinery [1]. The tightly 
regulated liver physiology, which combines anabolic and cata-
bolic processes, may become imbalanced due to an inborn error 
of metabolism (IEM), a broad category of monogenic disorders 
affecting metabolic and cellular pathways [2]. Cellular and an-
imal models have helped understand the underlying patholog-
ical mechanisms of many IEMs, driving the discovery of new 
therapies. The generation of induced pluripotent stem cells and 
organoids has provided promising tools to study urea cycle dis-
orders (UCD) and organic aciduria (OA), two IEM categories in-
volved in amino acid metabolism [3–6].

Although in vitro and animal models have played a crucial role 
in the study of IEMs, direct exploration of human metabolism 
is challenging because of the diverse expression of metabolic 
processes in tissues and subcellular organelles, often limiting 
our understanding of “metabolic compartmentalization” [7–9]. 
Recently, culturing precision-cut liver slices has been success-
fully used to investigate ex vivo the impact of novel therapies in 
UCD [10].

In recent years, to increase the pool of transplantable organs 
and preserve and improve their viability, extracorporeal ma-
chine perfusion has emerged as a valuable tool to tackle these 
challenges, evolving from experimental technology to clinical 
standards [11–14]. Various normothermic machine perfusion 
(NMP) techniques that allow ex vivo liver preservation even for 
prolonged periods have been developed [15–19].

However, the versatility of machine perfusion extends beyond 
transplantation, providing an ex  vivo platform for disease 
study [20–22], for repair/reconditioning of damaged livers 
[23–30] and to explore biomarkers linked to ex vivo liver func-
tion [31–34].

As for IEMs, liver transplantation has been increasingly used, 
especially in diseases related to amino acid metabolism, such 
as UCD and OA, aiming to improve metabolic control, reduce 
disease burden, and prevent long-term complications [35, 36], 
by replacing the underlying enzymatic defect. Remarkably, the 
affected IEM livers, explanted during transplantation, maintain 
their functional and structural integrity, allowing their use for 
domino transplantation [37].

This study aimed to address the use of NMP in livers explanted 
from patients undergoing transplantation for metabolic disor-
ders, as a novel ex vivo model for IEM study.

2   |   Materials and Methods

This study was conducted at Bambino Gesù Children's Hospital 
of Rome, Italy. Livers were obtained from donors with UCDs 
and OA who underwent liver transplantation. Only livers not 
considered suitable for domino transplantation were used in the 
study, following an ethical protocol approved by the Hospital 

Ethical Committee (1522_OPBG_2018). Informed consent for 
the study was obtained at the time of obtaining consent for liver 
transplantation.

2.1   |   Liver Preparation and NMP

After total hepatectomy, the livers were cold-perfused with 
Celsior solution (Celsior, IGL, France), weighed, and cannu-
lated on the back table through the portal vein (PV), hepatic 
artery (HA), and bile duct. Following static cold storage (SCS), 
the livers were connected to a perfusion machine (Liver Assist, 
X-Vivo, Mölndal, Sweden) for oxygenated NMP. Perfusion pres-
sures were set to 80–100 mmHg for the hepatic artery (HA) and 
10–15 mmHg for the portal vein (PV), with the aim of achieving 
a flow of 100 mL/min/100 g of liver parenchyma (25% through 
HA and 75% through PV).

The perfusion solution contained human AB0-matched red 
blood cells, fresh frozen plasma, saline solution, albumin, essen-
tial nutrients, antibiotics, heparin, and electrolytes (Table  S1). 
The hematocrit (HCT) was targeted at 25%–27%.

Donors estimated standard liver volume was calculated, based 
on the formula proposed by Herden et  al. [38] and the ratio 
between the actual volume of the explanted and perfused 
liver and the estimated standard liver volume was calculated 
(Table 1).

2.2   |   Perfusion Management and Parameters

Temperature, HA and PV pressures, flows and  resistences were 
continuously monitored throughout the perfusion. A blood gas 
analyzer (GEM Premie 5000; Werfen, Bedford, MA, USA) was 
used to monitor lactate, pH, glucose, pO2 and pCO2. Glucose 
was targeted between 60 and 120 mg/dL and insulin was admin-
istered when needed. Oxygenation and acid–base balance were 
maintained at a pO2 of 100–200 mmHg and a pH of 7.3–7.45 
through regulation of gas flow and bicarbonate administration. 
Arterial vasospasm was corrected via epoprostenol infusion 
(Caripul, Jessen Cilag S.P.A., Milano, Italy). Oxygen consump-
tion was calculated using Fick's principle. Bile production was 
measured and analyzed for pH, HCO3

-, bilirubin, gamma-
glutamyl transferase, and LDH.

2.3   |   Laboratory Determinations

a.	 Biochemical and hematological profile

Laboratory parameters (ALT, AST, gamma-GT, ALP, ammo-
nia, LDH, BUN, bilirubin, and electrolytes) were measured 
bihourly using a Roche cobas 8000 c 702 module (Basel, 
Switzerland). Red blood cell count, HCT and Hemoglobin (Hb) 
levels were measured using Siemens Advia 2120i (Munich, 
Germany), internal normalized ratio (INR), and factor V with 
STA R Max 2 (Diagnostica Stago S.A.S., Asnières sur Seine 
Cedex, France).

b.	 Metabolic profile
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TABLE 1    |    Characteristics of liver donors and duration of perfusions.

Sex

ASA-1 ASA-2 CPS-1 PA-1 PA-2 PA-3 PA-4

Female Male Male Female Male Male Female

Age at liver transplant 
(years)

7 19 2 1.1 10 16 1

Disease onset Neonatal Neonatal Neonatal Neonatal Neonatal 6 months Neonatal

Gene ASL ASL CPS1 PCCA PCCA PCCA PCCB

Allele 1 c. 436C>T c. 1366C>G c.1264-2A>G delex23 c.184_300del c. 1268C>T delex1_5

Allele 2 c. 436C>T c. 1366C>G c. 2975 T>C delex23 c.184_300del c. 1268C>T delex1_5

Liver weight (g) 1395 1750 330 303 1130 1150 380

Estimated liver volume 
(mL)

642 1219 354 269 1092 1135 290

Actual-to-estimated liver 
volume ratio

2.17 1.44 0.93 1.13 1.03 1.01 1.31

SCS (min) 990 555 90 1080 420 70 750

NMP (h) 8.0 8.5 8.0 8.0 8.5 8.0 16

Abbreviations: ASA, argininosuccinic aciduria; CPS, carbamoyl phosphate synthetase I deficiency; NMP, normothermic machine perfusion; PA, propionic acidemia; 
SCS, static cold storage.

FIGURE 1    |    Hemodynamic and vitality parameters in the perfusate during normothermic machine perfusion. (A) Percent of liver perfusion pro-
vided by portal vein (PV) and hepatic artery (HA); (B) Perfusate flows through PV and HA (mean ± standard deviation); (C) PV pressure (mean ± stan-
dard deviation); (D) HA pressure (mean ± standard deviation); (E) Lactate levels (mean ± standard deviation); (F) Glucose levels (mean ± standard 
deviation).
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Aminoacid analysis was performed using high-performance 
liquid chromatography (1200 HPLC System, Agilent 
Technologies Inc., Santa Clara, CA, USA). 3-hydroxypropionate 
(3OHP), propionyl glycine (PG), methylcitrate (MCA), and 
propionyl carnitine (C3) were assessed by tandem mass 
spectrometry using an API 4500 Qtrap Mass Spectrometer 
(Sciex, Framingham, MA, USA), as previously described [39]. 
Biomarker levels measured in the perfusate during NMP were 
compared with those observed in donors 12 months prior to 
transplantation.

c.	 Biopsy analysis

Liver and bile duct biopsies were obtained before, during, 
and after perfusion, and analyzed after hematoxylin–eosin 
(H&E), periodic acid-Schiff (PAS), cytokeratin 7, and CD31 
dye staining.

2.4   |   Statistical Analysis

Graph-Pad Prism 10 (Graph-Pad Software Inc., San Diego, 
CA) was used for statistical analysis. Mean ± SD or median 
with interquartile range (IQR, 25th–75th percentiles) were 
used for normally distributed and not-normally distributed 
measurements, respectively. Mann–Whitney and Kruskal–
Wallis followed by Dunn's Multiple Comparison as post-test 
were used as nonparametric tests to compare two or more 
groups, respectively. Two-way ANOVA was used to evaluate 
changes among groups over time. A correlation matrix based 
on Spearman correlation r was also included to correlate non-
parametric variables. The correlation coefficient ranges from 
−1 to +1, where +1 implies the existence of a linear equation 
establishing a relationship between two factors (X and Y) that 
increase simultaneously. The statistical significance was set 
at p < 0.05.

3   |   Results

3.1   |   Donors and Livers Characteristics

Seven livers from IEM patients were perfused, 6 for 8 h, and 
1 for 16 h at a temperature between 36°C and 37.5°C. Donors 
demographics and livers characteristics are shown in Table 1. 
The mean liver weight was 919 ± 539 g, and the mean SCS 
duration before NMP was 565 ± 372 min. Data collection had 
some limitations. In the first perfused liver (PA-1), the avail-
able data did not include lactate and metabolic analyses. 
Viability data of PA-3 were not inserted in the analysis, as the 
HA could not be cannulated, and the perfusion was obtained 
only via the PV. Similarly, PA-4 was evaluated only for the ef-
fect of glycine administration.

3.2   |   Vital Functions and Liver-Related Profiles

Hepatocellular viability during perfusion was assessed in all 
livers. The PV flow was 692 ± 468 mL/min, corresponding to 
69 ± 6 mL/min/100 g of liver parenchyma, whereas the HA flow 
was 156 ± 87 mL/min, corresponding to 18 ± 7 mL/min/100 g 

of liver parenchyma. Livers were perfused 80 ± 7% through the 
PV and 20 ± 7% through the HA (Figure 1A). PV flow remained 
stable, whereas HA flow significantly increased during perfu-
sion (T0 120 ± 85 vs. T8 178 ± 94 mL/min, p < 0.01) (Figure 1B). 
In three cases, epoprostenol was added to maintain HA flow. 
The PV and HA pressures remained stable during perfusion 
(Figure 1C,D), allowing adequate oxygenation (Figure S1A–C) 
and facilitated CO2 extraction (T0 14 ± 10 vs. T8 31 ± 9 mmHg, 
p < 0.0001) (Figure  S1D). The initial low pH was corrected by 
bicarbonate administration and maintained in the physiologi-
cal range, while perfusate HCO3

− increased during perfusion 
(Figure  S1E,F). Perfused livers demonstrated decreasing val-
ues of lactate (T0 6.7 ± 1.9 vs. T8 3.7 ± 1.1 mmol/L) (Figure 1E), 
while high glucose level at T0 (314 ± 177 mg/dL) was reduced at 
T8 (127 ± 129 mg/dL) (Figure 1F), requiring insulin administra-
tion in three livers.

Transaminases and LDH were significantly elevated in ASA 
compared to non-ASA livers (ALT 2537 ± 388 vs. 115 ± 69 U/L, 
p < 0.000; AST 2342 ± 613 vs. 209 ± 130 U/L, p < 0.0001; LDH 
2060 ± 1051 vs. 446 ± 28 U/L, p < 0.001), maintaining stable val-
ues throughout NMP (Figure 2A–C). Gamma-GT, total biliru-
bin, and ALP levels remained within the physiological ranges 
(Figure S2A,B). Factor V significantly increased (T0 15.7 ± 4.5 
vs. T8 20.7 ± 6.6%, p < 0.05) with a concomitant decrease in INR 
(T0 3.97 ± 0.7, T8 2.7 ± 0.6; p < 0.01) (Figure 2E and Figure S2D), 
while hematological parameters remained within target ranges 
throughout perfusion (Figure S2C).

Bile production increased throughout perfusion (from 1.5 ± 0.3 
to 4.7 ± 0.7 mL/h, p < 0.0001) (Figure  S3A), with a cumulative 
volume of 9.4 ± 1.6 mL. The bile pH remained in an alkaline 
range, with increasing HCO3

− and bilirubin levels and decreas-
ing gamma-GT and LDH levels (Figure S3B–E). Bile quality was 
visually confirmed by its yellow-greenish color (Figure S3F).

The livers showed a preserved appearance in color, surface, and 
consistency (Figure  S4A). Histological examination revealed 
that the architecture was preserved, and the hepatocytes were 
viable and intact. No intracellular glycogen inclusions or apop-
tosis were observed (Figure 3A–C). The sinusoids were patent 
(Figure  S4C,D), without endothelial damage (Figure  S4D). 
The bile ducts were normal in number, size, and position 
(Figure  S5A–C). One liver showed incomplete septal cirrhosis 
in the context of native pathology (ASA) without further injury 
after perfusion (Figure S4B).

3.3   |   Disease-Specific Metabolic Profiles

During NMP, ammonia levels were significantly different be-
tween the two disease categories, showing higher concentra-
tions in UCD livers compared to PA livers (Figure 4A, top) with 
increasing values during perfusion (Figure 4A, bottom). Within 
the UCD category, ammonia levels were higher in ASA livers 
than in CPS1 livers. BUN levels (Figure 4B) were significantly 
higher in PA than those in UCD (top), with increasing values 
during perfusion (bottom).

The levels of glutamine (Figure 4C) were significantly elevated 
in UCD livers compared to PA livers (top), showing increasing 
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values over perfusion (bottom). Overall, the perfusate concen-
trations of BUN and glutamine reflected those found in donors 
(Table 2). The glutamate values did not differ between the two 
disease categories (Figure  4D, top). However, like the gluta-
mine profile, an increasing trend was recorded in UCD livers 
(Figure  4D, bottom). Notably, glutamate concentrations in the 
perfusate were about 30 times higher than those seen in the 
donors plasma (Table  2). Alanine levels were also elevated in 
the perfusate of both UCDs and PA livers (Figure  4E), with a 
3-6-fold increase compared to donor plasma (Table 2).

Citrulline concentrations were higher in ASA livers than in 
CPS1 and PA livers (Figure  5A). Citrulline concentrations in 
ASA livers were significantly lower than those in the donors 
plasma (Table 2). Lower arginine levels were observed in the per-
fusate of PA and ASA livers compared to CPS1 (Figure 4F). The 
arginine concentrations in the PA perfusate were consistently 
lower than those in the donors plasma (Table  2). In perfused 
ASA livers, argininosuccinic acid levels showed an increasing 
trend over perfusion (Figure 5B), exceeding up to seven times 
those seen in donors plasma (Table 2).

Glycine concentrations (Figure 5D) were different between the 
two disease categories, with (unexpected) significantly higher 
values in UCDs than in PA (top). Interestingly, the highest 

glycine levels in UCD livers were recorded in the first 2 h of 
perfusion, followed by a decreasing trend over time, reaching 
levels like those of PA (bottom). In the PA perfusate, the mean 
glycine values (523 ± 67 μM/L) were lower than those observed 
in the donors plasma (Table 2). Regarding the levels of disease-
related biomarkers, C3 and PG were the major representative 
compounds in perfused PA livers, followed by 3OHP and MCA 
(Figure  5C, top). C3 (54%) and PG (28%) accounted for over 
80% of the sum of the four biomarkers, whereas 3OHP (14%) 
and MCA (4%) accounted for less than 20%. C3 and PG showed 
increasing trend values, while 3OHP and MCA remained un-
changed during perfusion (Figure 5C, bottom). The values and 
distribution of biomarkers in perfused livers strikingly diverged 
from those observed in donors plasma (Table 2), in which 3OHP 
(38%) and MCA (42%) accounted for 80% of the sum of the four 
biomarkers, with C3 (8%) and PG (12%) accounting for the re-
maining 20%.

To test the potential therapeutic use of glycine, the perfusion 
solution of one PA liver (PA-4) was pre-supplemented with 
a supraphysiological concentration of glycine. As shown in 
Figure 5E, during perfusion, glycine levels decreased, whereas 
PG levels significantly increased. The two compounds were 
highly correlated (R2 = 0.9) with a net PG kinetic/production of 
105 nmol/h/g liver.

FIGURE 2    |    Functional and hematological parameters measured during normothermic machine perfusion. (A) Aspartate aminotransferase 
(AST); (B) Alanine aminotransferase (ALT); (C) Lactate dehydrogenase (LDH) in ASA livers (mean ± standard deviation) and in one PA liver; (D) 
Total bilirubin (mean ± standard deviation); (E) Factor V (mean ± standard deviation); (F) Hemoglobin (Hb) (mean ± standard deviation).



6 of 12 Journal of Inherited Metabolic Disease, 2025

3.4   |   Metabolic Correlations From the Spearman 
Correlation Test

As shown in Figure S6 (top), in UCD livers, ammonia, glutamine, 
glutamate, alanine, and BUN were positively correlated, while all 
these parameters were negatively correlated with glycine. In ASA 
livers (Figure  S6 bottom), argininosuccinic acid was correlated 
with ammonia and glutamate and negatively with citrulline and 
glycine; arginine and citrulline showed opposite reciprocal correla-
tions with disease-related biomarkers. In PA livers (Figure S7), PG 
was positively correlated with glutamine, glycine, C3, and BUN, 
while negatively correlated with citrulline and arginine. Similarly, 
C3 was positively correlated with glutamine and BUN and nega-
tively correlated with citrulline and arginine. MCA was positively 
correlated with glutamate, while 3OHP was not correlated with 
any of the markers. Ammonia was correlated with alanine, citrul-
line, and arginine, and negatively with BUN.

4   |   Discussion

In this study, we explored the possibility of creating a novel 
model for the ex  vivo study of IEMs by applying the NMP 

technique to explanted livers from metabolic patients undergo-
ing liver transplantation.

The perfused livers exhibited favorable functional, structural, 
and viability outcomes. Early hyperglycemia due to ischemia–
reperfusion injury [40] decreased to normal levels with insulin 
supplementation, demonstrating an active liver hormonal re-
sponse [41, 42]. Similarly, the initial high lactate levels, reflect-
ing cold storage and lactate derived from packed red blood cells 
used in the perfusate [43], decreased during perfusion, provid-
ing valuable and earlier information on liver function than those 
provided by bile production and glucose metabolism/glucose 
measurement [20, 22, 23, 44]. Transaminase levels fulfilled the 
viability criteria [45–47], while the significantly higher levels in 
ASA livers confirmed the primary hepatic involvement in this 
disease [48]. Moreover, all the livers produced bile, indicating 
the recovery of secretory biliary function.

The few studies addressing the urea cycle and nitrogen related-
metabolism in “non-metabolic” human livers showed, under 
different perfusion settings and analyzing different biological 
components (liver extracellular space by microdialysis or liver 
perfusate fluid) [34, 49, 50], that glutamate concentration was 

FIGURE 3    |    Livers histology before (T0) and after (T8) normothermic machine perfusion. (A) PA-2: Preserved architecture with intact, viable he-
patocytes; no apoptotic bodies (hematoxylin & eosin [H&E] staining; 10×); (B) CPS-1: No pathological modifications at both T0 and T8 (H&E, 10×); 
(C) CPS-1: No glycogen storage inside the hepatocytes (PAS, 10×).
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highly elevated compared to patients' plasma, while arginine, 
ornithine, and citrulline levels were significantly decreased in 
the backtable phase compared to the in situ state, with increas-
ing concentrations after ex vivo perfusion. A recent untargeted 
metabolomics study confirmed the presence of higher ex situ 
glutamate levels, and RT-qPCR analysis highlighted the upregu-
lation of ornithine aminotransferase (OAT), ornithine transcar-
bamylase, and ornithine decarboxylases in ex situ liver samples 
[34], which may result in increased glutamate synthesis from 
α-ketoglutarate, by shifting the OAT reaction toward the pro-
duction of pyrroline-5-carboxylate. Our study, showing steadily 

elevated levels of glutamate in the perfusate of UCDs and PA 
livers, largely exceeding the concentration seen in the patient's 
plasma, confirms previous studies in non-metabolic livers. 
Interestingly, in an experimental PA model, a major glutamate 
release was observed after perfusing rat livers with propionate 
and 3HP [51]. As seen in our model, a steady increase in BUN 
levels over perfusion time has been reported as a positive marker 
of liver function [34, 52].

Disease-related biomarker analyses demonstrated, with some 
quantitative differences, that our ex vivo model closely mimicked 

FIGURE 4    |    Metabolic parameters measured in the perfusate during normothermic machine perfusion. Top figures display median and inter-
quartile range values of all measurements during perfusion (*p < 0.05; **p < 0.01; ***p < 0.001); bottom figures show the measurements at the differ-
ent time points (mean ± standard deviation). (A) Ammonia levels in propionic acidemia (PA) and in urea cycle defects (UCDs) liver perfusions (top), 
variations during perfusion of PA, argininosuccinic aciduria (ASA) and carbamoyl phosphate synthetase 1 (CPS1) livers (bottom); (B) Urea nitrogen 
(BUN) levels in PA and in UCDs liver perfusions (top), variations during perfusion (bottom); (C) Glutamine levels in PA and in UCDs liver perfusions 
(top), variations during perfusion (bottom); (D) Glutamate levels in PA and in UCDs liver perfusions (top), variations during perfusion (bottom); (E) 
Alanine levels in PA and in UCDs liver perfusions (top), variations during perfusion (bottom); (F) Arginine levels in PA, ASA and CPS liver perfu-
sions (bottom), variations during perfusion (bottom).
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what was observed in vivo in patients. Consistent with the de-
creased ureagenesis, ammonia and BUN levels in UCD differed 
significantly from PA livers. Accordingly, glutamine levels were 
higher in perfused UCDs livers than in PA livers, reflecting the 
increased glutamine synthesis to buffer the excess of ammonia 
[53]. Conversely, the lower glutamine level in perfused PA liv-
ers is consistent with the reduced availability of α-ketoglutarate, 
causing decreased glutamine synthesis [54]. The lower levels 
of arginine and citrulline observed in our model confirm that 
they are primarily synthesized by the kidney and intestinal 
cells [55, 56]. Although the expected trend levels in the three 
disease models (i.e., ASA, CPS1, PA) were maintained, the ab-
solute values of citrulline were lower than those measured in 
the patient plasma. Citrulline reduction could also be due to 
downregulation of the citrulline-nitric oxide (NO) cycle. Under 
normal conditions, NO synthase utilizes L-arginine and O2 to 
produce equimolar amounts of NO and L-citrulline. However, 
ischemia–reperfusion injury can cause l-arginine depletion, 
with a negative impact on NO and citrulline production [57, 58] 
and on microvascular flow [59]. Notably, administration of high 
doses of vasodilator was necessary to maintain the target HA 
flow in ASA-perfused livers compared to other diseases. This 
demonstrates that perfused ASA livers express the characteris-
tic defect in NO synthesis, due to the impaired ASL assembly 
with ASS, NOS, CAT1, and HSP90 in a functional multiprotein 
complex [60].

The levels of arginosuccinic acid in perfused livers were higher 
than those observed in ASA patients, reflecting not only its 

production but also its accumulation due to the absence of renal 
clearance during NMP.

The great differences in the distribution of the four PA-related 
biomarkers between the ex  vivo setting compared to that ob-
served in  vivo in patients advances our understanding of the 
role of the liver in detoxification processes. In contrast to the 
patient's plasma, C3 and PG were the major compounds in the 
perfusate, highlighting the primary function of the liver in the 
clearance of propionyl-CoA, by producing its carnitine and gly-
cine esters [61] through the action of carnitine acyl transferase 
and glycine-N acylase [54]. Consistent with these findings, Guo 
et al. reported a significant increase in C3 levels also in perfused 
“non-metabolic” livers [34].

To test the “druggability” of our model, glycine supplementation 
to a perfused PA liver demonstrated its conversion to PG to buf-
fer the excess of propionyl-CoA, highlighting the need to further 
explore in PA the potential therapeutic use of glycine, which 
represents a standard of care in isovaleric aciduria [62], thus far 
attempted only in a single patient [63].

Our study has some limitations. First, given the rarity of UCDs 
and OA, the sample size was limited. Second, we analyzed 
disease-related biomarkers in a closed setting for a limited time. 
However, to allow a more comprehensive metabolic view in a 
prolonged time setting, NMP should be supported by dialysis 
(which provides the clearance of biomarkers), making necessary 
to analyze, in addition to the perfusate, liver extracellular fluid 

TABLE 2    |    Plasma metabolic profiles of donors before liver transplantation. All values represent the mean ± standard deviation of measurements 
performed in the 12 months preceding transplantation, except for α-fetoprotein and FGF21 which were determined only once before transplantation.

ASA-1 ASA-2 CPS-1 PA-1 PA-2 PA-3 PA-4

Ammonia (μM/L) 28 ± 15 88 ± 56 24 ± 17 21 ± 14 97 ± 35 26 ± 5 34 ± 10

BUN (mg/L) 2 ± 0.6 3 ± 0.7 9 ± 3 8 ± 3 10 ± 4 10 ± 6 7 ± 3

ALT (U/L) 104 ± 65 32 ± 9 50 ± 23 22 ± 5 35 ± 10 35 ± 15 33 ± 10

AST (U/L) 50 ± 15 21 ± 2 52 ± 26 37 ± 8 27 ± 7 31 ± 6 43 ± 10

Glutamine (μM/L) 735 ± 137 919 ± 92 755 ± 256 644 ± 197 784 ± 96 656 ± 42 360 ± 195

Glutamate (μM/L) 75 ± 17 76 ± 30 41 ± 15 72 ± 21 63 ± 22 39 ± 27 73 ± 30

Alanine (μM/L) 443 ± 52 535 ± 78 451 ± 117 363 ± 180 902 ± 247 582 ± 152 403 ± 202

Citrulline (μM/L) 227 ± 46 154 ± 32 41 ± 26 15 ± 7 21 ± 7 23 ± 5 18 ± 8

Arginine (μM/L) 91 ± 34a 65 ± 18a 87 ± 28a 56 ± 20 59 ± 21 49 ± 5 43 ± 27

Argininosuccinic acid (μM/L) 317 ± 129 479 ± 95 — — — — —

Glycine (μM/L) 373 ± 68 367 ± 106 210 ± 133 605 ± 261 1241 ± 199 842 ± 296 756 ± 338

Methylcitric acid (μM/L) — — — 147 ± 68 182 ± 46 71 ± 35 55 ± 34

3OH-propyonic-acid (μM/L) — — — 105 ± 5 186 ± 103 74 ± 2 7 ± 3

Propionyl carnitine (μM/L) — — — 29 ± 20 28 ± 5 16 ± 6 34 ± 12

Propionyl glycine (μM/L) — — — 13 ± 0.2 76 ± 23 34 ± 7 40 ± 36

α-Fetoprotein (ng/mL) 3.1 4.4 5.9 17.0 11.5 3.6 33.6

FGF21 (pg/mL) 1523 2037 4178 494 2120 1019 2106

Abbreviations: ASA, argininosuccinic aciduria; CPS, carbamoyl phosphate synthetase I deficiency; PA, propionic acidemia; FGF, fibroblast growth factor.
aWhile on oral arginine supplementation.
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through microdialysis, and to extend the investigations to tissue 
expression studies (by mRNA and/or proteomic analyses) and/
or fluxomics analyses using labelled molecules. Moreover, the 
recent possibility of simultaneous perfusion of split livers [19] 
provides a control organ for testing the impact of therapeutic 
interventions.

In conclusion, this proof-of-concept model shows that the ex vivo 
NMP of metabolic livers (Figure  6) expresses the biochemical 
disease characteristics in a unique “physiological” milieu, pro-
viding novel insights into disease pathophysiology, on the dis-
tinct role of the liver in metabolic compartmentalization, and 
offering an ideal tool to study novel therapeutic interventions 

FIGURE 5    |    Metabolic parameters measured in the perfusate during normothermic machine perfusion. In A, C and D top figures display median 
and interquartile range values of all measurements during perfusion (*p < 0.05; **p < 0.01; ***p < 0.001); bottom figures show the measurements at 
the different time points (mean ± standard deviation). (A) Citrulline levels in propionic acidemia (PA), argininosuccinic aciduria (ASA) and carba-
moyl phosphate synthetase 1 (CPS1) liver perfusions (top), variations during perfusion (bottom); (B) Argininosuccinic acid levels during perfusion 
of ASA livers (mean ± standard deviation); (C) Methylcitrate (MCA), 3-hydroxy-propionate (3OH propionate), propionyl-glycine (PG) and propionyl-
carnitine (C3) levels in PA liver perfusions (top), variations during perfusion (bottom); (D) Glycine levels in PA and UCDs livers perfusions (top), 
variations during perfusion (bottom); (E) Glycine and PG levels during perfusion of PA-4 liver after pre-treatment (T0) of the perfusate solution with 
supraphysiological concentration of glycine.

FIGURE 6    |    Schematic representation of ex vivo Normothermic Machine Perfusion of explanted metabolic livers. The flow chart illustrates sam-
ple collection of perfusate, bile fluid, hepatic and bile biopsies. NMP, normothermic machine perfusion; SCS, static cold storage.
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(e.g., mRNA, small molecules, cell therapies) in a setting closely 
mirroring the human disease.

Author Contributions

C.D.V. and M.S. designed the experimental model and protocol and 
wrote the manuscript; S.F. contributed to the drafting of the protocol, 
coordinated the execution of the experiments and the analysis of the 
results, and wrote the manuscript; R.C., G.S., G.B., M.M., E.B., A.M.F., 
R.P., M.V., and A.C. participated in the execution of the experiments, 
data collection, and processing; and D.M., P.F., A.D.A., G.D.F., R.S., 
E.S., S.C., C.A., C.R., and A.P. participated in data collection and anal-
ysis. All authors revised and approved the final version of the paper.

Acknowledgments

The authors disclosed receipt of the financial support for the research 
by “5 per mille” Bambino Gesù Children's Hospital, IRCCS, Rome, Italy. 
This work was also supported by the Italian Ministry of Health with 
“Current Research Funds”. The Division of Metabolic Diseases and 
Hepatology is an affiliated member of the European Reference Network 
for Hereditary Metabolic Disorders (MetabERN) and partner of the 
Unified European Registry for Inherited Metabolic Disorders (UIMD) 
and of the European Registry and Network for Intoxication type 
Metabolic Diseases (E-IMD). The Division of Hepatobiliopancreatic 
Surgery, Liver and Kidney Transplantation and the Unit of Hepatology 
and Transplant Clinic are affiliated members of the European Reference 
Network Transplant Child and of the European Reference Network 
Rare Liver. Open access funding provided by BIBLIOSAN.

Consent

All procedures followed were in accordance with the ethical standards 
of the responsible committee on human experimentation (institutional 
and national) and with the Helsinki Declaration of 1975, as revised in 
2000. Informed consent was obtained from all patients for being in-
cluded in the study. Proof that informed consent was obtained will be 
available upon request.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data archiving is not mandated but data will be made available on rea-
sonable request.

References

1. E. Trefts, M. Gannon, and D. H. Wasserman, “The Liver,” Current 
Biology 27, no. 21 (2017): R1147–R1151, https://​doi.​org/​10.​1016/j.​cub.​
2017.​09.​019.

2. C. R. Ferreira, S. Rahman, M. Keller, J. Zschocke, and ICIMD Advi-
sory Group, “An International Classification of Inherited Metabolic Dis-
orders (ICIMD),” Journal of Inherited Metabolic Disease 44, no. 1 (2021): 
164–177, https://​doi.​org/​10.​1002/​jimd.​12348​.

3. M. Zabulica, T. Jakobsson, F. Ravaioli, et al., “Gene Editing Correc-
tion of a Urea Cycle Defect in Organoid Stem Cell Derived Hepatocyte-
Like Cells,” International Journal of Molecular Sciences 22, no. 3 (2021): 
1217, https://​doi.​org/​10.​3390/​ijms2​2031217.

4. V. Lehmann, I. F. Schene, A. I. Ardisasmita, et al., “The Potential and 
Limitations of Intrahepatic Cholangiocyte Organoids to Study Inborn 
Errors of Metabolism,” Journal of Inherited Metabolic Disease 45, no. 2 
(2022): 353–365, https://​doi.​org/​10.​1002/​jimd.​12450​.

5. A. J. Armstrong, M. S. Collado, B. R. Henke, et al., “A Novel Small 
Molecule Approach for the Treatment of Propionic and Methylmalo-
nic Acidemias,” Molecular Genetics and Metabolism 133, no. 1 (2021): 
71–82, https://​doi.​org/​10.​1016/j.​ymgme.​2021.​03.​001.

6. M. Zabulica, R. C. Srinivasan, P. Akcakaya, et al., “Correction of a 
Urea Cycle Defect After Ex Vivo Gene Editing of Human Hepatocytes,” 
Molecular Therapy 29, no. 5 (2021): 1903–1917, https://​doi.​org/​10.​1016/j.​
ymthe.​2021.​01.​024.

7. H. M. Huttanus and X. Feng, “Compartmentalized Metabolic Engi-
neering for Biochemical and Biofuel Production,” Biotechnology Journal 
12, no. 6 (2017), https://​doi.​org/​10.​1002/​biot.​20170​0052.

8. T. Hao, H. W. Ma, X. M. Zhao, and I. Goryanin, “Compartmentaliza-
tion of the Edinburgh Human Metabolic Network,” BMC Bioinformatics 
11 (2010): 393, https://​doi.​org/​10.​1186/​1471-​2105-​11-​393.

9. L. Bar-Peled and N. Kory, “Principles and Functions of Metabolic 
Compartmentalization,” Nature Metabolism 4, no. 10 (2022): 1232–
1244, https://​doi.​org/​10.​1038/​s4225​5-​022-​00645​-​2.

10. D. Perocheau, S. Gurung, L. Touramanidou, et  al., “Ex Vivo 
Precision-Cut Liver Slices Model Disease Phenotype and Monitor Ther-
apeutic Response for Liver Monogenic Diseases,” F1000Res 12 (2024): 
1580, https://​doi.​org/​10.​12688/​​f1000​resea​rch.​142014.​2.

11. J. Xu, J. E. Buchwald, and P. N. Martins, “Review of Current Machine 
Perfusion Therapeutics for Organ Preservation,” Transplantation 104, no. 
9 (2020): 1792–1803, https://​doi.​org/​10.​1097/​TP.​00000​00000​003295.

12. S. P. Reddy, J. Brockmann, and P. J. Friend, “Normothermic Perfu-
sion: A Mini Review,” Transplantation 87, no. 5 (2009): 631–632, https://​
doi.​org/​10.​1097/​TP.​0b013​e3181​995e83.

13. A. Petrenko, M. Carnevale, A. Somov, et  al., “Organ Preservation 
Into the 2020s: The Era of Dynamic Intervention,” Transfusion Medi-
cine and Hemotherapy 46, no. 3 (2019): 151–172, https://​doi.​org/​10.​1159/​
00049​9610.

14. M. Leemkuil, G. Lier, M. A. Engelse, et al., “Hypothermic Oxygen-
ated Machine Perfusion of the Human Donor Pancreas,” Transplanta-
tion Direct 4, no. 10 (2018): e388, https://​doi.​org/​10.​1097/​TXD.​00000​
00000​000829.

15. D. Nasralla, C. C. Coussios, H. Mergental, et  al., “A Randomized 
Trial of Normothermic Preservation in Liver Transplantation,” Nature 
557, no. 7703 (2018): 50–56, https://​doi.​org/​10.​1038/​s4158​6-​018-​0047-​9.

16. N. Karimian, A. P. Matton, A. C. Westerkamp, et al., “Ex Situ Nor-
mothermic Machine Perfusion of Donor Livers,” Journal of Visualized 
Experiments, no. 99 (2015): e52688, https://​doi.​org/​10.​3791/​52688​.

17. D. Eshmuminov, D. Becker, L. Bautista Borrego, et  al., “An Inte-
grated Perfusion Machine Preserves Injured Human Livers for 1 Week,” 
Nature Biotechnology 38, no. 2 (2020): 189–198, https://​doi.​org/​10.​1038/​
s4158​7-​019-​0374-​x.

18. N. S. Lau, M. Ly, C. Dennis, et al., “Long-Term Normothermic Per-
fusion of Human Livers for Longer Than 12 Days,” Artificial Organs 46, 
no. 12 (2022): 2504–2510, https://​doi.​org/​10.​1111/​aor.​14372​.

19. N. S. Lau, M. Ly, C. Dennis, et al., “Long-Term Ex Situ Normother-
mic Perfusion of Human Split Livers for More Than 1 Week,” Nature 
Communications 14, no. 1 (2023): 4755, https://​doi.​org/​10.​1038/​s4146​
7-​023-​40154​-​8.

20. F. Maione, N. Gilbo, S. Lazzaro, et al., “Porcine Isolated Liver Per-
fusion for the Study of Ischemia Reperfusion Injury: A Systematic Re-
view,” Transplantation 102, no. 7 (2018): 1039–1049, https://​doi.​org/​10.​
1097/​TP.​00000​00000​002156.

21. R. Ravikumar, H. Leuvenink, and P. J. Friend, “Normothermic Liver 
Preservation: A New Paradigm?,” Transplant International 28, no. 6 
(2015): 690–699, https://​doi.​org/​10.​1111/​tri.​12576​.

22. N. Goldaracena, V. N. Spetzler, J. Echeverri, et al., “Inducing Hep-
atitis C Virus Resistance After Pig Liver Transplantation-A Proof of 

https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.1002/jimd.12348
https://doi.org/10.3390/ijms22031217
https://doi.org/10.1002/jimd.12450
https://doi.org/10.1016/j.ymgme.2021.03.001
https://doi.org/10.1016/j.ymthe.2021.01.024
https://doi.org/10.1016/j.ymthe.2021.01.024
https://doi.org/10.1002/biot.201700052
https://doi.org/10.1186/1471-2105-11-393
https://doi.org/10.1038/s42255-022-00645-2
https://doi.org/10.12688/f1000research.142014.2
https://doi.org/10.1097/TP.0000000000003295
https://doi.org/10.1097/TP.0b013e3181995e83
https://doi.org/10.1097/TP.0b013e3181995e83
https://doi.org/10.1159/000499610
https://doi.org/10.1159/000499610
https://doi.org/10.1097/TXD.0000000000000829
https://doi.org/10.1097/TXD.0000000000000829
https://doi.org/10.1038/s41586-018-0047-9
https://doi.org/10.3791/52688
https://doi.org/10.1038/s41587-019-0374-x
https://doi.org/10.1038/s41587-019-0374-x
https://doi.org/10.1111/aor.14372
https://doi.org/10.1038/s41467-023-40154-8
https://doi.org/10.1038/s41467-023-40154-8
https://doi.org/10.1097/TP.0000000000002156
https://doi.org/10.1097/TP.0000000000002156
https://doi.org/10.1111/tri.12576


11 of 12

Concept of Liver Graft Modification Using Warm Ex Vivo Perfusion,” 
American Journal of Transplantation 17, no. 4 (2017): 970–978, https://​
doi.​org/​10.​1111/​ajt.​14100​.

23. A. Weissenbacher, G. Vrakas, D. Nasralla, and C. D. L. Ceresa, “The 
Future of Organ Perfusion and Re-Conditioning,” Transplant Interna-
tional 32, no. 6 (2019): 586–597, https://​doi.​org/​10.​1111/​tri.​13441​.

24. Y. L. Boteon, J. Attard, A. P. C. S. Boteon, et al., “Manipulation of 
Lipid Metabolism During Normothermic Machine Perfusion: Effect of 
Defatting Therapies on Donor Liver Functional Recovery,” Liver Trans-
plantation 25, no. 7 (2019): 1007–1022, https://​doi.​org/​10.​1002/​lt.​25439​.

25. A. R. Gillooly, J. Perry, and P. N. Martins, “First Report of siRNA 
Uptake (For RNA Interference) During Ex Vivo Hypothermic and Nor-
mothermic Liver Machine Perfusion,” Transplantation 103, no. 3 (2019): 
e56–e57, https://​doi.​org/​10.​1097/​TP.​00000​00000​002515.

26. N. Goldaracena, J. Echeverri, V. N. Spetzler, et  al., “Anti-
Inflammatory Signaling During Ex Vivo Liver Perfusion Improves the 
Preservation of Pig Liver Grafts Before Transplantation,” Liver Trans-
plantation 22, no. 11 (2016): 1573–1583, https://​doi.​org/​10.​1002/​lt.​
24603​.

27. M. F. Thijssen, I. M. A. Brüggenwirth, A. Gillooly, A. Khvorova, T. F. 
Kowalik, and P. N. Martins, “Gene Silencing With siRNA (RNA Inter-
ference): A New Therapeutic Option During Ex Vivo Machine Liver Per-
fusion Preservation,” Liver Transplantation 25, no. 1 (2019): 140–151, 
https://​doi.​org/​10.​1002/​lt.​25383​.

28. E. R. Thompson, C. Connelly, S. Ali, N. S. Sheerin, and C. H. Wilson, 
“Cell Therapy During Machine Perfusion,” Transplant International 
34, no. 1 (2021): 49–58, https://​doi.​org/​10.​1111/​tri.​13780​.

29. F. Rigo, N. De Stefano, V. Navarro-Tableros, et  al., “Extracellular 
Vesicles From Human Liver Stem Cells Reduce Injury in an Ex  Vivo 
Normothermic Hypoxic Rat Liver Perfusion Model,” Transplantation 
102, no. 5 (2018): e205–e210, https://​doi.​org/​10.​1097/​TP.​00000​00000​
002123.

30. R. W. Laing, S. Stubblefield, L. Wallace, et al., “The Delivery of Mul-
tipotent Adult Progenitor Cells to Extended Criteria Human Donor Liv-
ers Using Normothermic Machine Perfusion,” Frontiers in Immunology 
11 (2020): 1226, https://​doi.​org/​10.​3389/​fimmu.​2020.​01226​.

31. M. Cortes, E. Pareja, J. C. García-Cañaveras, et al., “Metabolomics 
Discloses Donor Liver Biomarkers Associated With Early Allograft Dys-
function,” Journal of Hepatology 61, no. 3 (2014): 564–574, https://​doi.​
org/​10.​1016/j.​jhep.​2014.​04.​023.

32. O. Hrydziuszko, M. A. Silva, M. T. Perera, et  al., “Application of 
Metabolomics to Investigate the Process of Human Orthotopic Liver 
Transplantation: A Proof-Of-Principle Study,” OMICS 14, no. 2 (2010): 
143–150, https://​doi.​org/​10.​1089/​omi.​2009.​0139.

33. C. Legido-Quigley, L. McDermott, H. Vilca-Melendez, et  al., “Bile 
UPLC-MS Fingerprinting and Bile Acid Fluxes During Human Liver 
Transplantation,” Electrophoresis 32, no. 15 (2011): 2063–2070, https://​
doi.​org/​10.​1002/​elps.​20100​0512.

34. Z. Guo, L. Zhan, N. Gao, et  al., “Metabolomics Differences of the 
Donor Livers Between in Situ and Ex Situ Conditions During Ischemia-
Free Liver Transplantation,” Transplantation 107, no. 5 (2023): 
e139–e151, https://​doi.​org/​10.​1097/​TP.​00000​00000​004529.

35. F. Molema, D. Martinelli, F. Hörster, et  al., “Liver and/or Kidney 
Transplantation in Amino and Organic Acid-Related Inborn Errors of 
Metabolism: An Overview on European Data,” Journal of Inherited Met-
abolic Disease 44, no. 3 (2021): 593–605, https://​doi.​org/​10.​1002/​jimd.​
12318​.

36. P. J. McKiernan, A. Ganoza, J. E. Squires, et al., “Evolving Trends 
in Liver Transplant for Metabolic Liver Disease in the United States,” 
Liver Transplantation 25, no. 6 (2019): 911–921, https://​doi.​org/​10.​1002/​
lt.​25433​.

37. M. Spada, R. Angelico, and C. Dionisi-Vici, “Maple Syrup Urine Dis-
ease and Domino Liver Transplantation: When and How?,” Liver Trans-
plantation 25, no. 6 (2019): 827–828, https://​doi.​org/​10.​1002/​lt.​25481​.

38. U. Herden, F. Wischhusen, A. Heinemann, et  al., “A Formula to 
Calculate the Standard Liver Volume in Children and Its Application 
in Pediatric Liver Transplantation,” Transplant International 26, no. 12 
(2013): 1217–1224, https://​doi.​org/​10.​1111/​tri.​12198​.

39. E. Maines, G. Catesini, S. Boenzi, et al., “Plasma Methylcitric Acid 
and Its Correlations With Other Disease Biomarkers: The Impact in 
the Follow Up of Patients With Propionic and Methylmalonic Acide-
mia,” Journal of Inherited Metabolic Disease 43, no. 6 (2020): 1173–1185, 
https://​doi.​org/​10.​1002/​jimd.​12287​.

40. C. J. Watson, V. Kosmoliaptsis, L. V. Randle, et al., “Preimplant Nor-
mothermic Liver Perfusion of a Suboptimal Liver Donated After Cir-
culatory Death,” American Journal of Transplantation 16, no. 1 (2016): 
353–357, https://​doi.​org/​10.​1111/​ajt.​13448​.

41. B. Banan, R. Watson, M. Xu, Y. Lin, and W. Chapman, “Develop-
ment of a Normothermic Extracorporeal Liver Perfusion System To-
ward Improving Viability and Function of Human Extended Criteria 
Donor Livers,” Liver Transplantation 22, no. 7 (2016): 979–993, https://​
doi.​org/​10.​1002/​lt.​24451​.

42. D. Becker, D. Eshmuminov, R. Keller, et al., “Automated Insulin De-
livery—Continuous Blood Glucose Control During Ex Situ Liver Per-
fusion,” IEEE Transactions on Biomedical Engineering 68, no. 4 (2021): 
1399–1408, https://​doi.​org/​10.​1109/​TBME.​2020.​3033663.

43. B. Cohen and I. Matot, “Aged Erythrocytes: A Fine Wine or Sour 
Grapes?,” British Journal of Anaesthesia 111, no. Suppl 1 (2013): i62–i70, 
https://​doi.​org/​10.​1093/​bja/​aet405.

44. M. T. Perera, D. A. Richards, M. A. Silva, et al., “Comparison of En-
ergy Metabolism in Liver Grafts From Donors After Circulatory Death 
and Donors After Brain Death During Cold Storage and Reperfusion,” 
British Journal of Surgery 101, no. 7 (2014): 775–783, https://​doi.​org/​10.​
1002/​bjs.​9478.

45. R. W. Laing, H. Mergental, C. Yap, et al., “Viability Testing and Trans-
plantation of Marginal Livers (VITTAL) Using Normothermic Machine 
Perfusion: Study Protocol for an Open-Label, Non-randomised, Pro-
spective, Single-Arm Trial,” BMJ Open 7, no. 11 (2017): e017733, https://​
doi.​org/​10.​1136/​bmjop​en-​2017-​017733.

46. P. Dutkowski, A. Schlegel, K. Slankamenac, et al., “The Use of Fatty 
Liver Grafts in Modern Allocation Systems: Risk Assessment by the 
Balance of Risk (BAR) Score,” Annals of Surgery 256, no. 5 (2012): 861–
869, https://​doi.​org/​10.​1097/​SLA.​0b013​e3182​72dea2.

47. C. J. E. Watson, V. Kosmoliaptsis, C. Pley, et al., “Observations on 
the Ex-Situ Perfusion of Livers for Transplantation,” American Journal 
of Transplantation 18, no. 8 (2018): 2005–2020, https://​doi.​org/​10.​1111/​
ajt.​14687​.

48. G. Ranucci, M. Rigoldi, G. Cotugno, et al., “Chronic Liver Involve-
ment in Urea Cycle Disorders,” Journal of Inherited Metabolic Disease 
42, no. 6 (2019): 1118–1127, https://​doi.​org/​10.​1002/​jimd.​12144​.

49. M. A. Silva, D. F. Mirza, J. A. Buckels, et  al., “Arginine and Urea 
Metabolism in the Liver Graft: A Study Using Microdialysis in Human 
Orthotopic Liver Transplantation,” Transplantation 82, no. 10 (2006): 
1304–1311, https://​doi.​org/​10.​1097/​01.​tp.​00002​41099.​93794.​d6.

50. D. Patrono, D. Roggio, A. T. Mazzeo, et  al., “Clinical Assessment 
of Liver Metabolism During Hypothermic Oxygenated Machine Perfu-
sion Using Microdialysis,” Artificial Organs 46, no. 2 (2022): 281–295, 
https://​doi.​org/​10.​1111/​aor.​14066​.

51. K. A. Wilson, Y. Han, M. Zhang, et  al., “Inter-Relations Between 
3-Hydroxypropionate and Propionate Metabolism in Rat Liver: Rele-
vance to Disorders of Propionyl-CoA Metabolism,” American Journal of 
Physiology. Endocrinology and Metabolism 313, no. 4 (2017): E413–E428, 
https://​doi.​org/​10.​1152/​ajpen​do.​00105.​2017.

https://doi.org/10.1111/ajt.14100
https://doi.org/10.1111/ajt.14100
https://doi.org/10.1111/tri.13441
https://doi.org/10.1002/lt.25439
https://doi.org/10.1097/TP.0000000000002515
https://doi.org/10.1002/lt.24603
https://doi.org/10.1002/lt.24603
https://doi.org/10.1002/lt.25383
https://doi.org/10.1111/tri.13780
https://doi.org/10.1097/TP.0000000000002123
https://doi.org/10.1097/TP.0000000000002123
https://doi.org/10.3389/fimmu.2020.01226
https://doi.org/10.1016/j.jhep.2014.04.023
https://doi.org/10.1016/j.jhep.2014.04.023
https://doi.org/10.1089/omi.2009.0139
https://doi.org/10.1002/elps.201000512
https://doi.org/10.1002/elps.201000512
https://doi.org/10.1097/TP.0000000000004529
https://doi.org/10.1002/jimd.12318
https://doi.org/10.1002/jimd.12318
https://doi.org/10.1002/lt.25433
https://doi.org/10.1002/lt.25433
https://doi.org/10.1002/lt.25481
https://doi.org/10.1111/tri.12198
https://doi.org/10.1002/jimd.12287
https://doi.org/10.1111/ajt.13448
https://doi.org/10.1002/lt.24451
https://doi.org/10.1002/lt.24451
https://doi.org/10.1109/TBME.2020.3033663
https://doi.org/10.1093/bja/aet405
https://doi.org/10.1002/bjs.9478
https://doi.org/10.1002/bjs.9478
https://doi.org/10.1136/bmjopen-2017-017733
https://doi.org/10.1136/bmjopen-2017-017733
https://doi.org/10.1097/SLA.0b013e318272dea2
https://doi.org/10.1111/ajt.14687
https://doi.org/10.1111/ajt.14687
https://doi.org/10.1002/jimd.12144
https://doi.org/10.1097/01.tp.0000241099.93794.d6
https://doi.org/10.1111/aor.14066
https://doi.org/10.1152/ajpendo.00105.2017


12 of 12 Journal of Inherited Metabolic Disease, 2025

52. J. Reiling, D. S. Lockwood, A. H. Simpson, et al., “Urea Production 
During Normothermic Machine Perfusion: Price of Success?,” Liver 
Transplantation 21, no. 5 (2015): 700–703, https://​doi.​org/​10.​1002/​lt.​
24094​.

53. J. Häberle, A. Burlina, A. Chakrapani, et al., “Suggested Guidelines 
for the Diagnosis and Management of Urea Cycle Disorders: First Revi-
sion,” Journal of Inherited Metabolic Disease 42, no. 6 (2019): 1192–1230, 
https://​doi.​org/​10.​1002/​jimd.​12100​.

54. H. A. Haijes, P. M. van Hasselt, J. J. M. Jans, and N. M. Verhoeven-
Duif, “Pathophysiology of Propionic and Methylmalonic Acidemias. 
Part 2: Treatment Strategies,” Journal of Inherited Metabolic Disease 42, 
no. 5 (2019): 745–761, https://​doi.​org/​10.​1002/​jimd.​12128​.

55. D. Rabier and P. Kamoun, “Metabolism of Citrulline in Man,” Amino 
Acids 9, no. 4 (1995): 299–316, https://​doi.​org/​10.​1007/​BF008​07268​.

56. M. Tuchman, “Persistent Acitrullinemia After Liver Transplanta-
tion for Carbamylphosphate Synthetase Deficiency,” New England Jour-
nal of Medicine 320, no. 22 (1989): 1498–1499, https://​doi.​org/​10.​1056/​
NEJM1​98906​01320​2219.

57. A. Khanna, P. A. Cowled, and R. A. Fitridge, “Nitric Oxide and Skel-
etal Muscle Reperfusion Injury: Current Controversies (Research Re-
view),” Journal of Surgical Research 128, no. 1 (2005): 98–107, https://​
doi.​org/​10.​1016/j.​jss.​2005.​04.​020.

58. G. Wu and S. M. Morris, Jr., “Arginine Metabolism: Nitric Oxide and 
Beyond,” Biochemical Journal 336, no. Pt 1 (1998): 1–17, https://​doi.​org/​
10.​1042/​bj336​0001.

59. S. Trzeciak, I. Cinel, R. Phillip Dellinger, et al., “Resuscitating the 
Microcirculation in Sepsis: The Central Role of Nitric Oxide, Emerging 
Concepts for Novel Therapies, and Challenges for Clinical Trials,” Aca-
demic Emergency Medicine 15, no. 5 (2008): 399–413, https://​doi.​org/​10.​
1111/j.​1553-​2712.​2008.​00109.​x.

60. A. Erez, S. C. Nagamani, O. A. Shchelochkov, et al., “Requirement of 
Argininosuccinate Lyase for Systemic Nitric Oxide Production,” Nature 
Medicine 17, no. 12 (2011): 1619–1626, https://​doi.​org/​10.​1038/​nm.​2544.

61. A. Sidorina, G. Catesini, E. Sacchetti, C. Rizzo, and C. Dionisi-Vici, 
“Propionic Acidemia, Methylmalonic Acidemia, and Cobalamin C De-
ficiency: Comparison of Untargeted Metabolomic Profiles,” Metabolites 
14, no. 8 (2024): 428, https://​doi.​org/​10.​3390/​metab​o1408​0428.

62. M. Yudkoff, R. M. Cohn, R. Puschak, R. Rothman, and S. Segal, 
“Glycine Therapy in Isovaleric Acidemia,” Journal of Pediatrics 92, no. 
5 (1978): 813–817, https://​doi.​org/​10.​1016/​s0022​-​3476(78)​80164​-​4.

63. C. R. Roe and T. P. Bohan, “L-Carnitine Therapy in Propionicaci-
daemia,” Lancet 1, no. 8286 (1982): 1411–1412, https://​doi.​org/​10.​1016/​
s0140​-​6736(82)​92524​-​7.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1002/lt.24094
https://doi.org/10.1002/lt.24094
https://doi.org/10.1002/jimd.12100
https://doi.org/10.1002/jimd.12128
https://doi.org/10.1007/BF00807268
https://doi.org/10.1056/NEJM198906013202219
https://doi.org/10.1056/NEJM198906013202219
https://doi.org/10.1016/j.jss.2005.04.020
https://doi.org/10.1016/j.jss.2005.04.020
https://doi.org/10.1042/bj3360001
https://doi.org/10.1042/bj3360001
https://doi.org/10.1111/j.1553-2712.2008.00109.x
https://doi.org/10.1111/j.1553-2712.2008.00109.x
https://doi.org/10.1038/nm.2544
https://doi.org/10.3390/metabo14080428
https://doi.org/10.1016/s0022-3476(78)80164-4
https://doi.org/10.1016/s0140-6736(82)92524-7
https://doi.org/10.1016/s0140-6736(82)92524-7

	Normothermic Machine Perfusion of Explanted Human Metabolic Livers: A Proof of Concept for Studying Inborn Errors of Metabolism
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Liver Preparation and NMP
	2.2   |   Perfusion Management and Parameters
	2.3   |   Laboratory Determinations
	2.4   |   Statistical Analysis

	3   |   Results
	3.1   |   Donors and Livers Characteristics
	3.2   |   Vital Functions and Liver-Related Profiles
	3.3   |   Disease-Specific Metabolic Profiles
	3.4   |   Metabolic Correlations From the Spearman Correlation Test

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


