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Abstract: The current shortage of livers for transplantation has increased the use of marginal organs
sourced from donation after circulatory death (DCD). However, these organs have a higher incidence
of graft failure, and pre-transplant biomarkers which predict graft function and survival remain
limited. Here, we aimed to find biomarkers of liver function before transplantation to allow better
clinical evaluation. Matched pre- and post-transplant liver biopsies from DCD (1 = 24) and donation
after brain death (DBD, n = 70) were collected. Liver biopsies were analysed using mass spectroscopy
molecular phenotyping. Discrimination analysis was used to parse metabolites differentiated between
the two groups. Five metabolites in the purine pathway were investigated. Of these, the ratios
of the levels of four metabolites to those of urate differed between DBD and DCD biopsies at the
pre-transplantation stage (g < 0.05). The ratios of Adenosine monophosphate (AMP) and adenine
levels to those of urate also differed in biopsies from recipients experiencing early graft function
(EGF) (g < 0.05) compared to those of recipients experiencing early allograft dysfunction (EAD).
Using random forest, a panel consisting of alanine aminotransferase (ALT) and the ratios of AMP,
adenine, and hypoxanthine levels to urate levels predicted EGF with area under the curve (AUC)
of 0.84 (95% CI (0.71, 0.97)). Survival analysis revealed that the metabolite classifier could stratify
six-year survival outcomes (p = 0.0073). At the pre-transplantation stage, a panel composed of purine
metabolites and ALT could improve the prediction of EGF and survival.

Keywords: graft function; survival; liver transplantation; metabolomics

1. Introduction

There is an increasing need for organ transplantation, but the number of organs available remains
insufficient [1,2]. This is reflected by the number of people registered in the Organ Donor Register
(ODR) in the UK, which decreased from 2018 to 2019 [3], while in the same period, the number of
patients on the active transplant list increased by 20%, reaching the number of 432 [3]. This stark surge
in the demand for liver transplants (LT) is attributable to the global incidence of alcohol-related fatty
liver disease, cirrhosis and hepatitis [4].
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To safeguard patients, pre-transplant donor screening is used to determine the probability of
successful liver transplant. Optimal donors’ parameters in the case of donation after circulatory death
(DCD) include age (<60 years), weight (<100 kg), intensive care stay (<5 days), functional warm
ischaemia time (fWIT, <20 min), cold ischaemia time (<8 h) and steatosis (<10%) [5]. These values have
resulted in up to 20% of donation-after-brain-death (DBD) organs not meeting the clinical criteria [6]
and a 78% increase in the discard rate of DCD livers [7]. The application of these criteria can result
in a number of otherwise transplantable organs being discarded [8]. Therefore, identifying specific
pre-transplantation markers of liver damage could assist in expanding the pool of transplantable livers.

Currently, the standard assessment of liver dysfunction is carried out using liver function
tests that evaluate the concentrations of liver enzymes such as alkaline phosphatase (ALP),
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and gamma-glutamyl transferase
(GGT) [9,10]. However, such tests lack sensitivity and specificity and can be affected by patient factors
such as genetics, medicines and other non-associated diseases [11-14]. Thus far, transcriptomics and
genomics have been used to discover biomarkers in live pathophysiology [15]. Metabolomics has
also been employed to decipher metabolic fluxes in liver disease [16]. A systematic review on the use
of metabolomics to discover liver biomarkers for transplantation outcomes in liver tissue biopsies
highlighted promising results [17]. These first studies identified lipid molecules [18-20], tryptophan,
kynurenine and S-adenosylmethionine as liver biomarkers [21,22].

The objective of this study was to employ a molecular phenotyping approach to investigate,
at both pre- and post-transplantation, hundreds of polar metabolites in the hepatic tissue from two
distinct donor types, viz., DBD and DCD donors. Following this, the association between metabolites
that were different between these donor types and clinical outcomes, viz., early allograft dysfunction
(EAD) and early graft function (EGF), were investigated. Then, prediction of EGF was calculated, and
survival analysis based on metabolites and clinical variables was performed. The study workflow is
illustrated in Figure S1.

2. Materials and Methods

2.1. Patients and Samples

This study received prior approval from the ethics committee at King’s College Hospital (ethical
approval number 09/H0802/100), and informed consent was obtained from all subjects. The methods
were carried out in accordance to the ethical guidelines of the 1975 Declaration of Helsinki, and no
donor organs were obtained from executed prisoners or other institutionalized persons.

Overall 94 Tru-Cut tissue biopsies were obtained from the left lobe of livers pre- and
post-transplantation. The first (pre-transplant) biopsy was taken at the end of cold preservation,
prior to implantation, and the second (post-transplant) biopsy was obtained approximately 1 h after
graft reperfusion. A separate biopsy was obtained for histopathological evaluation of donor steatosis.
Biopsies were immediately snap-frozen in liquid nitrogen and stored at —80 °C until extraction for
LC-MS analysis. In all procedures, liver allografts were flash-cooled and perfused with University of
Wisconsin preservation solution until the time of transplantation.

The study included two types of adult donors: DBD (n = 35) and DCD (n = 12). A wide spectrum
of donor clinical data were collected for comparison among groups and for correlation with metabolite
levels. In the DCD group, functional WIT (fWIT) was calculated from the time when systolic blood
pressure was below 50 mmHg to the time of aortic cannulation. All recipients were patients with stable
chronic liver disease who did not require hospitalization prior to transplantation. They also presented
with a similar severity of liver disease, represented by scores assessed using the Model for End-Stage
Liver Disease (MELD) at time of listing for LT. DCD donor liver grafts were randomly selected from
transplants performed from August 2011 to August 2014, and all graft were matched with DBD
grafts performed in the same period. After transplantation, all patients received immunosuppressive
therapy with tacrolimus and prednisolone. Graft performance was assessed based on serum AST,
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serum bilirubin and international normalised ratio (INR) levels after transplantation [23]. According
to graft performance, recipients were classified into two groups, i.e., patients showing EAD (n = 10)
and those showing EGF (n = 37). The survival data were collected for 34 recipients from the time of
transplantation (between 2011 and 2014) till April 2019. The relevant donor and recipient details are

listed in Table 1.

Table 1. Demographic characteristics and clinical data of the 94 subjects involved in this study.

Donor DBD (n = 35) DCD (n=12) p-Value b
Age (years) 53 (25-82) 56 (35-76) 0.526
Gender (female/male) 19/16 6/6 1
No 14 7
Hepatic steatosis Mild (<30%) 18 3 0.305
Moderate (30-60%) 3 2
GGT (IU/L) @ 52 (6-208) 92 (21-315) 0.342
AST (IU/L) @ 85 (22-517) 161 (15-392) 0.139
ALT (IU/L) @ 72 (12-268) 97 (13-201) 0.623
Bilirubin (umoL/L) & 11 (3-37) 12 (4-26) 0.695
ITU stay (days) 4 (1-28) 4 (1-10) 0.168
Inotrop support (Y/N) 19/16 6/6 1
Functional WIT (min) NA 21 (9-33) NA
CIT (min) 504 (210-840) 457 (270-720) 0.212
Recipient DBD (1 = 35) DCD (n =12) p-Value ®
Age (years) 44 (20-65) 54 (46-70) 0.029
Gender (female/male) 13/22 5/7 1
BMI (kg/m?) 25.8 (18.4-34.6) 27.3 (22.1-35.8) 0.277
MELD Score 14.3 (2-34) 10.7 (4-18) 0.208
UKELD Score 53.3 (40-77) 51.3 (44-61) 0.571
ALD 9 3
PSC 5 0
HCV 1 2
HCC 1 2 NA
PHCC 2 1
Others @ 17 4
AST (IU/L) @ 480 (10-7485) 613 (18-5307) 0.494
Bilirubin day 7 (umoL/L) 56 (7-258) 52 (12-103) 0.772
INR day 7 1.04 (0.85-1.21) 1.06 (0.92-1.3) 0.909
EAD/EGF 6/29 4/8 0.251
Censored/Dead € 22/3 7/2 NA

DBD, donation after brain death; DCD, donation after circulatory death; GGT, gamma-glutamyl transferase; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ITU, intensive therapy unit; WIT, warm ischaemia
time; CIT, cold ischaemia time; BMI, body mass index; MELD, model for end-stage liver disease; UKELD, United
Kingdom model for end-stage liver disease; ALD, alcoholic liver disease; PSC, primary sclerosing cholangitis; HCV,
hepatitis C virus; HCC, hepatocellular carcinoma; PHCC, post hepatitis C cirrhosis; INR, international normalised
ratio; EAD, early allograft dysfunction; EGEF, early graft function. Continuous values are expressed as means
(minimum-maximum); NA, not applicable. 2 Tested on the day of operation, ® Mann-Whitney test (two-sided)
or Fisher exact test (two-sided), ¢ survival information was collected for 34 recipients, d other indications of liver
transplantation include acute/chronic Wilson’s disease, metabolic disease, cholestatic disease, cryptogenic cirrhosis,
polycystic disease, primary biliary cirrhosis, autoimmune cirrhosis, Alagille syndrome, hepatic malignancies,
congenital biliary disease and unknow.

2.2. Sample Treatment

Sample preparation for all 94 biopsies followed our previously published method [24].
We transferred 100 uL of the lower aqueous phase from all samples to clean vials for further analysis.
The samples were kept in the chamber at a temperature of 4 °C, and the injection volume was 5 puL, with
full-loop function (20 pL loop size). Chromatographic and spectrometric conditions for the analysis of
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polar metabolites were according to a published protocol [25]. Quality controls (QC) were run every
8 samples in random order.

2.3. Statistics

All data were processed within the “XCMS” package in “R Studio” (version 1.0.153), and
multivariate analyses were conducted in both “R Studio” and “SIMCA” (version 14, MKS Umetrics
AB, Umed, Sweden). Multivariate analysis included pre- and post-transplant matched samples n = 94
(DBD n =70, DCD n = 24) and 17 QCs. Principle component analysis (PCA) was carried out to detect
outlier(s) and to examine the distribution of QCs. All pre- transplant data were then divided into a
training dataset (DBD n = 30, DCD n = 5) and a test dataset (DBD n =5, DCD n = 7). An orthogonal
projections to latent structures discriminant analysis (OPLS-DA) model was built based on the training
dataset to examine the profiling of pre- transplant samples in DBD and DCD groups. The test dataset
was utilised to assess the prediction ability of the built model. S-plot derived from the OPLS-DA model
was then applied to select features based on covariance P1 and correlation P (corr) values (P1 > 0.1,
P (corr) > 0.4 and P1 < —0.1, P (corr) < —0.4).

Metabolic features based on the LC-MS data were measured using Waters MassLynx software
(Waters Corporation, Milford, MA, USA). Feature concentrations were expressed as ratios of peak areas
to internal standards’ peak areas. The identification was performed by using metabolites mass to search
against in-house and public metabolite databases [26-28]. The metabolites’ structure and fragmentation
patterns in the MS2 data were studied by comparison with those of pure standard molecules.

To compare between DBD and DCD as well as between EAD and EGF groups at pre- and
post-transplantation stages, levels of the identified metabolites and their ratios to the levels of
another metabolite of the selected ones were explored and examined with univariate non-parametric
Mann-Whitney test (2-sided) and Benjamini-Hochberg test. The ratios of selected metabolite in normal
(no steatotic, n = 21) and steatotic (mild and moderate steatotic, n = 26) groups were also investigated.
Post-hoc power calculation was performed for EGF (1 = 37) and EAD (n = 10) participants using the
values of metabolite ratios in “Gpower3.1”.

Furthermore, random forest machine learning and receiver operating characteristic (ROC) were
applied to choose the best predictors of EGF from the above selected ratios. Three ROC curves were
determined: the highest possible area under the curve (AUC) with the combination of either clinical
variables or metabolites (or their ratios) and the highest AUC with the combination of metabolites and
clinical variables (package “caret”, “randomForest”, “pROC” and “ggplot2” in R studio). To follow
this, correlation analyses between annotated metabolites and clinical features (serum AST, bilirubin,
GGT) were conducted. Calculations were conducted in SPSS 23 (IBM, Armonk, NY, USA). Figures
were plotted in GraphPad Prism 6 (GraphPad, La Jolla, CA, USA).

Metabolite ratios, clinical variables and the type of liver donor information were compared for
their predictive power of survival. Two logistic regression models were fitted to make predictions
based on metabolite ratios and clinical variables, respectively. Third, the group variable was used
for the predictions as such. Participants were stratified into two equal-sized groups based on each of
the three prediction models, and survival of these strata were compared with Kaplan-Maier curves.
(package “survival”, “survminer” and “ggplot2” in R 3.4.2).

3. Results

3.1. Clinical Outcomes

Demographics of all 94 patients in both groups are presented in Table 1. There were no significant
differences between DBD and DCD groups in age, EAD/EGE, liver enzyme levels, hepatic steatosis or
serum bilirubin levels. Differences were observed in recipient ages (p < 0.05) between groups.
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3.2. Multivariate Model and Feature Selection

The unit variance (UV) scaled dataset was first inspected for detection of outlier(s). Next,
the comparison between DBD and DCD samples at the pre-transplant stage was performed.
An OPLS-DA model was built with a training dataset (DBD n = 30, DCD n = 5), and the model was
tested with a test dataset (DBD n =5, DCD n = 7). As shown in the misclassification table, the test
samples in the DBD group could be predicted with 100% accuracy, while the DCD samples were
predicted with 85.71% accuracy (Table S1).

In order to identify which metabolic features were the strongest discriminators between DBD
and DCD at pre-transplant, an S-plot (Figure S2) derived from the OPLS-DA model was used to select
12 features on the criteria stated in the Section 2. From the 12 selected features, 5 metabolites were
annotated (Table S2).

Five features were identified as purines at pre-transplant, and their levels in DBD and DCD were
represented as bar plots in Figure S3. Additionally, jittered scatterplots representing the ratios of the
levels of four purines to those of urate, illustrated in Figure 1, were plotted. At the pre-transplant
stage, the ratios AMP/urate, adenosine/urate, adenine/urate and hypoxanthine/urate were significantly
higher in the DBD group compared to the DCD one (g < 0.001). Moreover, the scatter plots showed
that the ratios AMP/urate and adenine/urate were higher in the EGF group compared to the EAD
group. The Mann-Whitney test confirmed that the mean ratios of adenine/urate and AMP/urate were
significantly different between EAD and EGF (g < 0.05). Adenosine/urate and hypoxanthine/urate
showed no significant difference between EAD and EGF groups.
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Figure 1. Jittered scatter plots of four ratios of metabolites’ levels in four groups at two transplant
stages. (A) Adenosine monophosphate (AMP)/urate, (B) adenosine/urate, (C) adenine/urate, and
(D) hypoxanthine/urate. AMP, adenosine monophosphate. Results are presented as mean + SD, p-value
was derived from Mann-Whitney tests, followed by Benjamini-Hochberg false discovery rate (FDR)
correction (* g < 0.05, *** g < 0.001). DBD, donation after brain death; DCD, donation after circulatory
death; EGF, early graft function; EAD, early allograft dysfunction.
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At the post-transplant stage, the ratios AMP/urate, adenine/urate and hypoxanthine/urate (g < 0.05)
were significantly higher in the DBD group compared to the DCD group. Additionally, the scatter plot
illustrated that the ratios AMP/urate, adenosine/urate and adenine/urate were elevated in the EGF
group compared to the EAD one (g < 0.05).

The comparison of metabolite ratio levels between normal and steatotic groups revealed no
significant difference (Figure S4). In addition, post-hoc power was determined to asses this study, and
the result was 77% power to detect differences between the EGF and EAD groups.

3.3. Random Forest with Metabolites and Clinical Variables

Machine learning was applied to identify variables to acting as classifiers between the EAD and EGF
groups. From the included variables (AMP/urate, adenine/urate, hypoxanthine/urate, adenosine/urate,
ALT, bilirubin, AST, GGT, steatosis status and donor age), high-importance scores for EGF were
observed for the ratios of AMP/urate, adenine/urate, and hypoxanthine/urate and for ALT (Figure 2A).
The prediction ability of purine ratios and ALT at pre-transplant was evaluated with ROC analysis.
The accuracy, area under the curve (AUC), sensitivity and specificity for individual metabolites,
enzymes and their various combinations in predicting EGF are listed in Table 2. The combination of
the three ratios between purine and urate levels and ALT showed reliable prediction ability with high
AUC, while the combination of four ratios between purine and urate levels demonstrated relatively
higher accuracy, specificity and sensitivity (Figure 2B). Using random forest, a panel composed of ALT
and the ratios of AMP, adenine and hypoxanthine levels to urate levels predicted EGF, with AUC of
0.84 (95% CI (0.71, 0.97)). In comparison, an AUC of 0.71 (95% CI (0.52, 0.90)) was achieved using the
clinical parameters.
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Figure 2. (A) Variable-importance plot derived from the random forest model. (B) Receiver operating
characteristic (ROC) curve prediction of EGF based on the highest areas under the curve (AUC) with
the combination of either clinical variables or metabolite ratios and the combination of metabolites and
clinical variables. ALT, alanine aminotransferase; BiL, bilirubin; AST, aspartate aminotransferase; GGT,
gamma-glutamyl transferase.

In order to investigate whether the levels of liver enzymes were associated with those of the
analyzed purines, partial correlation analysis was performed. Purine relative amounts in pre- and
post-transplant samples, together with serum AST, bilirubin and GGT in donors on the day of operation
(day 0) and in recipients on the day after operation (day 1) were included for correlation analyses.
In Table 3, the only significant correlation (g < 0.05) was observed between hypoxanthine and serum
bilirubin after Benjamini-Hochberg correction.
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Table 2. ROC analysis for five annotated metabolites and five donor clinical parameters at pre-transplant
for the prediction of EGE.

Indicators AUC Accuracy Sensitivity Specificity
adenine/urate + AMP/urate +
hypoxanthine/urate + ALT 084 068 0-65 0-80
adenine/urate + adenosme/urate + AMP/urate 0.80 0.70 0.65 0.90
+ hypoxanthine/urate
AMP/urate 0.75 0.66 0.62 0.80
GGT + bilirubin + AST + ALT + age + steatosis 071 057 057 0.60
status
adenine/urate 0.70 0.64 0.60 0.80
hypoxanthine/urate 0.68 0.53 0.51 0.60
bilirubin 0.65 0.68 0.67 0.70
AST 0.63 0.51 0.50 0.70
adenosine/urate 0.62 0.53 0.49 0.70
ALT 0.59 0.36 0.27 0.70
steatosis status 0.55 0.49 0.46 0.60
age 0.55 0.45 0.38 0.70
GGT 0.47 0.79 1 0

ROC, receiver operating characteristic; AUC, area under the curve; AMP, adenosine monophosphate.

Table 3. Partial correlation analysis (Pearson’s correlation, adjusting for patient age) between the levels
of five selected metabolites and those of liver enzymes; p-values were represented as g-values after
applying Benjamini-Hochberg correction; * p or g < 0.05, ** p or g < 0.01.

Metabolites AST Bilirubin GGT

Coefficient -0.045 -0.122 -0.134

Adenine p-value 0.968 0.321 0.275

g-value 0.968 0.482 0.825

Coefficient -0.005 -0.274 —0.084

Adenosine p-value 0.967 0.024 * 0.496

g-value 0.967 0.072 0.744

Coefficient -0.009 -0.097 -0.106

AMP p-value 0.945 0.430 0.390
g-value 0.945 0.645 1

Coefficient -0.189 —-0.320 -0.039

Hypoxanthine p-value 0.122 0.008 ** 0.752

g-value 0.183 0.024 * 0.752

Coefficient 0.042 -0.019 0.204

Urate p-value 0.733 0.875 0.095

g-value 1 0.875 0.285

3.4. Survival Analysis Based on Purines, Clinical Variables and Donation Groups

The purine ratio predictor (AMP/urate, adenine/urate, hypoxanthine/urate, adenosine/urate)
stratified the participants: all five deaths occurred in the <50% strata, in which the metabolites
predicted a lower chance of survival (Figure 3A; p = 0.073). For the clinical predictor (ALT, bilirubin,
AST, GGT, steatosis status and donor age), three out of the five deaths occurred in the <50% strata,
which indicates no significant prediction (Figure 3B; p = 0.54). Similarly, three out of five deaths
occurred in the DBD group, and group class could not predict survival (Figure 3C; p = 0.15).
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Figure 3. Kaplan-Meier plots of patients’ survival estimates, using three different types of predictors:
(A) metabolite ratios, (B) clinical variables, (C) donation group.

4. Discussion

The five metabolites that were highly correlated to DCD are generated in the purine metabolism
pathway (Figure 4) [29,30]. Metabolites in the purine pathway have a myriad of functions and are
important in regulating inflammation [31] and oxidative injury and as markers of cell death. In liver
tissue undergoing cold and warm ischemia, the dysregulation of their levels could be related to energy,
inflammation and ischemic tissue damage [32-34].

Purines can act as physiological regulators of leucocyte function [35], but to be functional they
must be released in the appropriate microenvironment following stimuli [36]. It is thought that liver
inflammation is due to a cascade of inflammatory events that occur mainly in donors after brain
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death [37]. On the other hand, our studies have shown that DCD grafts undergo low inflammation
and increased hepatocellular damage due to warm ischaemia time [37,38].

Hepatocyte

ATP ) «—» ( ADP «— AMP

|

Adenosine

Xathine e Adenine

415 - _Oxidase

Ay
.\

NN
N\

Hypothanxine

N

\

Figure 4. The proposed metabolic changes taking place in explanted liver. During energy production,
phosphate groups are sequentially hydrolysed from ATP, creating ADP and then AMP. From AMP, the
other metabolites are generated via a number of catabolic pathways. ATP, adenosine triphosphate;
ADP, adenosine diphosphate.

In this study, AMP and adenine were found to be critically decreased in DCD. Studies have
shown that adenine and AMP have a protective function during ischaemia [39]. Roy et al. found that,
in addition to being mediators for graft recovery, high levels of AMP during ischaemia when oxygen is
low indicate that ATP is still being generated [40,41]. This might explain why DBD allografts and the
EGF group showed increased levels of both metabolites, as a higher energy reserve could improve
post-transplant graft function [42].

AMP is also known to be protective during inflammation. It is generated from ATP and ADP by
ectoapyrase (CD39) and released at the site of vascular injury when platelets aggregate to promote
endothelial barrier function during inflammation [30]. Michael et al. found that overexpression of
CD39 and hence increased AMP production conferred protection in both warm and cold hepatic
ischaemia [43].

Adenine has been employed as a substrate to promote recovery. It has been shown that cells
dying as a result of ischaemia undergo lysis to release adenine [44]. Kartha et al. demonstrated in vitro
that adenine nucleotides accelerated structural and functional recovery in epithelial cells [45]. This
would suggest that DBD liver allografts (Figure S3B), with elevated levels of adenine at pre-transplant,
may recover more rapidly.
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Although not significantly elevated at pre-transplant, the levels of adenosine and hypoxanthine
showed the same trend as those of AMP and adenine. Wyatt et al. found that a solution containing
hypoxanthine and adenosine enhanced functional organ recovery after ischaemia/reperfusion (I/R)
injury in dogs [46].

Increased levels of urate were observed in DCD livers pre-transplant (g < 0.001) (Figure S3E).
In humans, urate is the final product of purine metabolism [47]. In an experiment conducted by Matthew
et al., in which hepatic ischaemia was induced for 30 min followed by 60 min of reperfusion, urate
levels increased by over 300% after ischaemia and by 600% during the first 30 min of reperfusion [48].
Clear differences were revealed between DBD and DCD groups, as well as between EGF and EAD
groups when the ratios of purines levels to urate levels were investigated (Figure 1). Epidemiological
studies have also suggested that during I/R injury, urate levels are increased [49]. DCD allografts are
more prone to IRI due to their exposure to a period of warm ischaemia [50].

We wanted to calculate the prediction ability of classifiers including purines for outcomes of EGF
and longer-term survival. The model for EGF revealed that the diagnostic potential of combining
the three ratios (AMP/urate, adenine/urate and hypoxanthine/urate) and ALT was the highest for
EGF prediction, reaching 84% with a confidence interval of 71% to 96%. While higher accuracies
were observed when purine levels were combined with known risks and enzyme markers (Table 2),
the confidence interval shows that our study needs replication in a bigger cohort. Also, considering
the average post-hoc power of 77% to distinguish EGF from EAD, at least 52 samples (EGF = 41,
EAD =11, with the same sample ratios used in this study) are needed to increase the power to 80%.
The alterations we observed in regard to metabolite ratios were not related to the steatosis status, as no
significant difference was observed between the normal and the steatotic groups. The survival analysis
revealed that metabolite ratios were the best predictor of survival, compared to the other classifiers,
i.e., clinical variables and the type of liver donor. Again, metabolite ratios better predicted deaths in
the small dataset in comparison to clinical variables and the donor type. These preliminary results
indicate that purine ratios may be useful in predicting prognosis, in addition to clinical profiles or
donor graft types. However, we reiterate that the small number of patients in this study and samples
that were limited to biopsies from operations conducted in one centre warrant that validation should
be performed through a multicentre trial assessing early graft function. Also, a limitation of this study
is that the first biopsy was taken before reperfusion, and for optimal results, a biopsy from the donor
should also be included in the study design. To translate to the clinics and minimise the turnaround
time of this panel (TAT), this test could be performed intraoperation, using available technology like
rapid evaporative ionisation mass spectrometry (REIMS).

5. Conclusions

In this study, the combination of AMP/urate, adenine/urate, hypoxanthine/urate and ALT proved
to have higher prediction ability compared to a combination of conventional liver function and risk
markers. This study proposes a panel of small molecules at pre-transplantation that can aid in testing
liver tissue quality for liver transplantation.
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steatotic groups.

Author Contributions: C.L.-Q. and W.J. conceived and designed the experiments; H.V.-M., M.R., N.-H. and W .
collected the samples; ] X. and A.M.C.-E. performed the experiments; ].X., T.S. and M.H.-A. analysed the data;
CL-Q.,]J.X,MH-A,YM., HV-M, N.H, WJ]. and C.L.-Q. wrote and reviewed the manuscript. All authors have
read and agree to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2077-0383/9/3/711/s1

J. Clin. Med. 2020, 9, 711 110f13

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kaserman, D.L. Fifty years of organ transplants: The successes and the failures. Issues Law Med. 2007, 23, 45.
[PubMed]

Nasralla, D.; Coussios, C.C.; Mergental, H.; Akhtar, M.Z.; Butler, A.]J.; Ceresa, C.D.L.; Chiocchia, V,;
Dutton, S.J.; Garcia-Valdecasas, ].C.; Heaton, N.; et al. A randomized trial of normothermic preservation in
liver transplantation. Nature 2018, 557, 50-56. [CrossRef] [PubMed]

Transplantation Activity Data.  Available online: https://www.organdonation.nhs.uk/helping-you-
to-decide/about-organ-donation/statistics-about-organ-donation/transplant-activity-report/ (accessed on
19 April 2019).

Hirschfield, G.M.; Gibbs, P.; Griffiths, W.J.H. Adult liver transplantation: What non-specialists need to know.
Brit. Med. ]. 2009, 338. [CrossRef] [PubMed]

Deceased Donation.  Available online: https://www.odt.nhs.uk/deceased-donation/ (accessed on
19 April 2019).

Orman, E.S; Barritt, A.S.; Wheeler, S.B.; Hayashi, P.H. Declining liver utilization for transplantation in the
United States and the impact of donation after cardiac death. Liver Transpl. 2013, 19, 59-68. [CrossRef]
Saidi, R.; Kenari, S.H. Challenges of organ shortage for transplantation: Solutions and opportunities. Int. J.
Organ Transpl. Med. 2014, 5, 87.

DuBay, D.A.; Redden, D.T,; Bryant, M.K,; Dorn, D.P.,; Fouad, M.N.; Gray, S.H.; White, J.A.; Locke, J.E.;
Meeks, C.B.; Taylor, G.C. Resource utilization associated with procurement of transplantable organs from
donors that do not meet OPTN eligible death criteria. Transplantation 2014, 97, 1043. [CrossRef]

Theal, R.; Scott, K. Evaluating asymptomatic patients with abnormal liver function test results. Am. Fam.
Physician 1996, 53, 2111-2119.

Hill, P; Sammons, H. An assessment of 5'-nucleotidase as a liver-function test. QJM 1967, 36, 457-468.
Nanji, A.A.; Anderson, EH. Sensitivity and specificity of liver function tests in the detection of parenteral
nutrition-associated cholestasis. J. Parenter. Enter. Nutr. 1985, 9, 307-308. [CrossRef]

Richman, S.M.; Delman, A.].; Grob, D. Alterations in indices of liver function in congestive heart failure with
particular reference to serum enzymes. Am. J. Med. 1961, 30, 211-225. [CrossRef]

Bathum, L.; Petersen, H.C.; Rosholm, J.-U.; Petersen, P.H.; Vaupel, J.; Christensen, K. Evidence for a substantial
genetic influence on biochemical liver function tests: Results from a population-based Danish twin study.
Clin. Chem. 2001, 47, 81-87. [CrossRef] [PubMed]

Clough, A.R;; Bailie, R.S.; Currie, B. Liver function test abnormalities in users of aqueous kava extracts.
J. Toxicol. Clin. Toxicol. 2003, 41, 821-829. [CrossRef] [PubMed]

Naesens, M.; Sarwal, M.M. Molecular diagnostics in transplantation. Nat. Rev. Nephrol. 2010, 6, 614—628.
[CrossRef] [PubMed]

Cano, A.; Alonso, C. Deciphering non-alcoholic fatty liver disease through metabolomics. Biochem. Soc.
Trans. 2014, 42, 1447-1452. [CrossRef] [PubMed]

Attard, J.A.; Dunn, W.B.; Mergental, H.; Mirza, D.E; Afford, S.C.; Perera, M.T.P.R. Systematic Review: Clinical
Metabolomics to Forecast Outcomes in Liver Transplantation Surgery. OMICS 2019, 23, 463—476. [CrossRef]
[PubMed]

Cortes, M.; Pareja, E.; Garcia-Canaveras, ].C.; Teresa Donato, M.; Montero, S.; Mir, J.; Castell, ].V.; Lahoz, A.
Metabolomics discloses donor liver biomarkers associated with early allograft dysfunction. J. Hepatol. 2014,
61, 564-574. [CrossRef]

Duarte, LE,; Stanley, E.G.; Holmes, E.; Lindon, J.C.; Gil, AM.; Tang, H.R.; Ferdinand, R.; McKee, C.G;
Nicholson, J.K.; Vilca-Melendez, H.; et al. Metabolic assessment of human liver transplants from biopsy
samples at the donor and recipient stages using high-resolution magic angle spinning H-1 NMR spectroscopy.
Anal. Chem. 2005, 77,5570-5578. [CrossRef]

Xu, J.; Casas-Ferreira, A.M.; Ma, Y.; Sen, A.; Kim, M.; Proitsi, P.; Shkodra, M.; Tena, M.; Srinivasan, P.,;
Heaton, N. Lipidomics comparing DCD and DBD liver allografts uncovers lysophospholipids elevated in
recipients undergoing early allograft dysfunction. Sci. Rep. 2015, 5, 17737. [CrossRef]

Hrydziuszko, O.; Silva, M.A ; Perera, M.T.; Richards, D.A.; Murphy, N.; Mirza, D.; Viant, M.R. Application of
metabolomics to investigate the process of human orthotopic liver transplantation: A proof-of-principle
study. OMICS 2010, 14, 143-150. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/17703699
http://dx.doi.org/10.1038/s41586-018-0047-9
http://www.ncbi.nlm.nih.gov/pubmed/29670285
https://www.organdonation.nhs.uk/helping-you-to-decide/about-organ-donation/statistics-about-organ-donation/transplant-activity-report/
https://www.organdonation.nhs.uk/helping-you-to-decide/about-organ-donation/statistics-about-organ-donation/transplant-activity-report/
http://dx.doi.org/10.1136/bmj.b1670
http://www.ncbi.nlm.nih.gov/pubmed/19465469
https://www.odt.nhs.uk/deceased-donation/
http://dx.doi.org/10.1002/lt.23547
http://dx.doi.org/10.1097/01.TP.0000441093.32217.cb
http://dx.doi.org/10.1177/0148607185009003307
http://dx.doi.org/10.1016/0002-9343(61)90093-6
http://dx.doi.org/10.1093/clinchem/47.1.81
http://www.ncbi.nlm.nih.gov/pubmed/11148181
http://dx.doi.org/10.1081/CLT-120025347
http://www.ncbi.nlm.nih.gov/pubmed/14677792
http://dx.doi.org/10.1038/nrneph.2010.113
http://www.ncbi.nlm.nih.gov/pubmed/20736923
http://dx.doi.org/10.1042/BST20140138
http://www.ncbi.nlm.nih.gov/pubmed/25233430
http://dx.doi.org/10.1089/omi.2019.0086
http://www.ncbi.nlm.nih.gov/pubmed/31513460
http://dx.doi.org/10.1016/j.jhep.2014.04.023
http://dx.doi.org/10.1021/ac050455c
http://dx.doi.org/10.1038/srep17737
http://dx.doi.org/10.1089/omi.2009.0139

J. Clin. Med. 2020, 9, 711 12 0f13

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hrydziuszko, O.; Perera, M.T,; Laing, R.; Kirwan, J.; Silva, M.A; Richards, D.A.; Murphy, N.; Mirza, D.F,;
Viant, M.R. Mass Spectrometry Based Metabolomics Comparison of Liver Grafts from Donors after Circulatory
Death (DCD) and Donors after Brain Death (DBD) Used in Human Orthotopic Liver Transplantation.
PLoS ONE 2016, 11, e0165884. [CrossRef]

Olthoff, K.M.; Kulik, L.; Samstein, B.; Kaminski, M.; Abecassis, M.; Emond, J.; Shaked, A.; Christie, J.D.
Validation of a current definition of early allograft dysfunction in liver transplant recipients and analysis of
risk factors. Liver Transpl. 2010, 16, 943-949. [CrossRef] [PubMed]

Whiley, L.; Godzien, ].; Ruperez, FJ.; Legido-Quigley, C.; Barbas, C. In-vial dual extraction for direct LC-MS
analysis of plasma for comprehensive and highly reproducible metabolic fingerprinting. Anal. Chem. 2012,
84, 5992-5999. [CrossRef] [PubMed]

Ebshiana, A.A.; Snowden, S.G.; Thambisetty, M.; Parsons, R.; Hye, A.; Legido-Quigley, C. Metabolomic
Method: UPLC-g-ToF Polar and Non-Polar Metabolites in the Healthy Rat Cerebellum Using an In-Vial
Dual Extraction. PLoS ONE 2015, 10, e0122883. [CrossRef] [PubMed]

Smith, C.A.; O'Maille, G.; Want, E.J.; Qin, C.; Trauger, S.A.; Brandon, T.R.; Custodio, D.E.; Abagyan, R.;
Siuzdak, G. METLIN: A metabolite mass spectral database. Ther. Drug Monit. 2005, 27, 747-751. [CrossRef]
Wishart, D.S.; Knox, C.; Guo, A.C,; Eisner, R.; Young, N.; Gautam, B.; Hau, D.D.; Psychogios, N.; Dong, E.;
Bouatra, S.; et al. HMDB: A knowledgebase for the human metabolome. Nucleic Acids Res. 2009, 37, 603-610.
[CrossRef]

Fahy, E.; Sud, M.; Cotter, D.; Subramaniam, S. LIPID MAPS online tools for lipid research. Nucleic Acids Res.
2007, 35, 606—612. [CrossRef]

Cooper, G.M. The Cell: A Molecular Approach, 2nd ed.; Sinauer Associates: Sunderland, MA, USA, 2000.
Born, G. Aggregation of blood platelets by adenosine diphosphate and its reversal. Nature 1962, 194, 927-929.
[CrossRef]

Vajdova, K.; Graf, R.; Clavien, P.A. ATP-supplies in the cold-preserved liver: A long-neglected factor of
organ viability. Hepatology 2002, 36, 1543-1552. [CrossRef]

Kamiike, W.; Watanabe, F.; Hashimoto, T.; Tagawa, K.; Ikeda, Y.; Nakao, K.; Kawashima, Y. Changes in
cellular levels of ATP and its catabolites in ischemic rat liver. J. Biochem. 1982, 91, 1349-1356. [CrossRef]
Marubayashi, S.; Takenaka, M.; Dohi, K.; Ezaki, H.; Kawasaki, T. Adenine nucleotide metabolism during
hepatic ischemia and subsequent blood reflow periods and its relation to organ viability. Transplantation
1980, 30, 294-296. [CrossRef]

Masuzaki, R.; Yu, H.; Kingsley, P.; Marnett, L.; Zhao, Z.; Karp, S.J. Functional Implications of Biochemical and
Molecular Characteristics of Donation After Circulatory Death Livers. Transpl. Direct 2015, 1, 18. [CrossRef]
[PubMed]

LeRoy, E.; Ager, A.; Gordon, J.L. Effects of neutrophil elastase and other proteases on porcine aortic endothelial
prostaglandin I2 production, adenine nucleotide release, and responses to vasoactive agents. J. Clin. Investig.
1984, 74, 1003. [CrossRef] [PubMed]

Cronstein, B.N. Purines and inflammation: Neutrophils possess P1 and P2 purine receptors. In Adenosine and
Adenine Nucleotides as Regulators of Cellular Function; Phillis, J.W., Ed.; CRC Press: Boca Raton, FL, USA, 1991.
Jassem, W.; Koo, D.D.; Cerundolo, L.; Rela, M.; Heaton, N.D.; Fuggle, S.V. Cadaveric versus living-donor
livers: Differences in inflammatory markers after transplantation. Transplantation 2003, 76, 1599-1603.
[CrossRef] [PubMed]

Jassem, W.; Koo, D.D.; Cerundolo, L.; Rela, M.; Heaton, N.D.; Fuggle, S.V. Leukocyte infiltration and
inflammatory antigen expression in cadaveric and living-donor livers before transplant. Transplantation 2003,
75,2001-2007. [CrossRef]

Lennon, PE; Taylor, C.T.; Stahl, G.L.; Colgan, S.P. Neutrophil-derived 5’-adenosine monophosphate promotes
endothelial barrier function via CD73-mediated conversion to adenosine and endothelial A2B receptor
activation. J. Exp. Med. 1998, 188, 1433-1443. [CrossRef]

Roy, H.; Moudrianakis, E.N. Interactions between ADP and the coupling factor of photophosphorylation.
Proc. Natl. Acad. Sci. USA 1971, 68, 464-468. [CrossRef]

LeMond, G.; Hom, M. Power. The Science of Fitness: Performance, and Endurance, 1st ed.; Elesiver: London,
UK, 2014.


http://dx.doi.org/10.1371/journal.pone.0165884
http://dx.doi.org/10.1002/lt.22091
http://www.ncbi.nlm.nih.gov/pubmed/20677285
http://dx.doi.org/10.1021/ac300716u
http://www.ncbi.nlm.nih.gov/pubmed/22702345
http://dx.doi.org/10.1371/journal.pone.0122883
http://www.ncbi.nlm.nih.gov/pubmed/25853858
http://dx.doi.org/10.1097/01.ftd.0000179845.53213.39
http://dx.doi.org/10.1093/nar/gkn810
http://dx.doi.org/10.1093/nar/gkm324
http://dx.doi.org/10.1038/194927b0
http://dx.doi.org/10.1002/hep.1840360633
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a133822
http://dx.doi.org/10.1097/00007890-198010000-00011
http://dx.doi.org/10.1097/TXD.0000000000000527
http://www.ncbi.nlm.nih.gov/pubmed/27500220
http://dx.doi.org/10.1172/JCI111467
http://www.ncbi.nlm.nih.gov/pubmed/6432844
http://dx.doi.org/10.1097/01.TP.0000100400.82135.DC
http://www.ncbi.nlm.nih.gov/pubmed/14702531
http://dx.doi.org/10.1097/01.TP.0000061605.30685.03
http://dx.doi.org/10.1084/jem.188.8.1433
http://dx.doi.org/10.1073/pnas.68.2.464

J. Clin. Med. 2020, 9, 711 13 0f 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

Minor, T.; Klauke, H.; Nagelschmidt, M.; Isselhard, W. Reduction of proteolysis by venous-systemic
oxygen persufflation during rat liver preservation and improved functional outcome after transplantation.
Transplantation 1997, 63, 365-368. [CrossRef]

Zimmerman, M.A.; Kam, I; Eltzschig, H.; Grenz, A. Biological implications of extracellular adenosine in
hepatic ischemia and reperfusion injury. Am. J. Transplant. 2013, 13, 2524-2529. [CrossRef]

Balkwill, D.L.; Leach, F.R.; Wilson, J.T.; McNabb, J.E.,; White, D.C. Equivalence of microbial biomass measures
based on membrane lipid and cell wall components, adenosine triphosphate, and direct counts in subsurface
aquifer sediments. Microb. Ecol. 1988, 16, 73-84. [CrossRef]

Kartha, S.; Toback, F.G. Adenine nucleotides stimulate migration in wounded cultures of kidney epithelial
cells. J. Clin. Investig. 1992, 90, 288. [CrossRef]

Wyatt, D.; Ely, S.; Lasley, R.; Walsh, R.; Mainwaring, R.; Berne, R.; Mentzer, R, Jr. Purine-enriched
asanguineous cardioplegia retards adenosine triphosphate degradation during ischemia and improves
postischemic ventricular function. J. Thorac. Cardiovasc. Surg. 1989, 97, 771-778. [CrossRef]

Rosenbloom, EM.; Kelley, W.N.; Miller, J.; Henderson, J.F.; Seegmiller, J.E. Inherited disorder of purine
metabolism: Correlation between central nervous system dysfunction and biochemical defects. JAMA 1967,
202,175-177. [CrossRef] [PubMed]

Layton, M.E.; Wood, ].G.; Yan, Z.Y.; Forster, J. Ischemia/reperfusion alters uric acid and ascorbic acid levels in
liver. J. Surg. Res. 1996, 64, 1-5. [CrossRef] [PubMed]

Glantzounis, G.; Tsimoyiannis, E.; Kappas, A.; Galaris, D. Uric acid and oxidative stress. Curr. Pharm. Des.
2005, 11, 4145-4151. [CrossRef]

Mateo, R.; Cho, Y,; Singh, G.; Stapfer, M.; Donovan, J.; Kahn, J.; Fong, T.L.; Sher, L.; Jabbour, N.; Aswad, S.
Risk factors for graft survival after liver transplantation from donation after cardiac death donors: An
analysis of OPTN/UNOS data. Am. J. Transplant. 2006, 6, 791-796. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/00007890-199702150-00006
http://dx.doi.org/10.1111/ajt.12398
http://dx.doi.org/10.1007/BF02097406
http://dx.doi.org/10.1172/JCI115851
http://dx.doi.org/10.1016/S0022-5223(19)34523-4
http://dx.doi.org/10.1001/jama.1967.03130160049007
http://www.ncbi.nlm.nih.gov/pubmed/6072350
http://dx.doi.org/10.1006/jsre.1996.0297
http://www.ncbi.nlm.nih.gov/pubmed/8806465
http://dx.doi.org/10.2174/138161205774913255
http://dx.doi.org/10.1111/j.1600-6143.2006.01243.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients and Samples 
	Sample Treatment 
	Statistics 

	Results 
	Clinical Outcomes 
	Multivariate Model and Feature Selection 
	Random Forest with Metabolites and Clinical Variables 
	Survival Analysis Based on Purines, Clinical Variables and Donation Groups 

	Discussion 
	Conclusions 
	References

