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ABSTRACT

Introduction. Kidney transplantation (KTx) necessarily conveys an ischemia/reperfusion (I/R)
process, which impacts on allograft outcomes. Delayed graft function (DGF) is defined as a non-
decrease of serum creatinine by at least 10% daily on 3 consecutive days during the first 7 days post-
KTx. DGF significantly conditions both short- and long-term graft outcomes. Still there is a lack of
DGF predictive biomarkers.

Objectives. This study aimed to explore the potential of kidney graft perfusate metabolomics to
predict DGF occurrence.

Methods. 49 human perfusates from grafts categorized upon donor type [donation after brain death
(DBD)/donation after circulatory death (DCD)] and DGF occurrence and 19 perfusates from a murine
model classified upon death type (DBD/DCD) were collected and analyzed by NMR-based
metabolomics.

Results. The multivariate analysis of the murine data highlighted significant differences between
perfusate metabolomes of DBD versus DCD. These differences were similarly observed in the human
perfusates. After correcting for the type of donor, multivariate analysis of human data demonstrated
a metabolomics signature that could be correlated with DGF occurrence.

Conclusions. The metabolome of kidney grafts is influenced by the donor’s type in both human and
pre-clinical studies and could be correlated with DGF in the human DBD cohort. Thus, metabolomic
analysis of perfusate applied prior to KTx may represent a new predictive tool for clinicians in a more
personalized management of DGF. Moreover, our data paves the way to better understand the
impact of donor’s types on the biochemical events occurring between death and the hypothermic
storage.
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1. Introduction

Kidney transplantation (KTx) currently represents the best treatment for patients with end-stage
renal disease. Even if 90,000 KTx are performed each year worldwide, kidney transplantation
outcome highly depends on graft quality before transplantation and, at present, no reliable tools
exist to assess it. In clinical practice, a list of standard classification criteria (SCD) was redacted to
guarantee graft quality, including kidney procured in donation after brain death (DBD) conditions
(Metzger et al., 2003; Wang et al., 2020). The increasing gap between demand and supply for KTx has
led to the use of suboptimal organ donors, such as donation after circulatory death (DCD) and
extended criteria donors (ECDs) (Cooper et al., 2004; Koffman & Gambaro, 2003). However, kidneys
coming from these donors (ECDs excluded) are exposed to a supplementary warm ischemia at
procurement leading to higher risk of delayed graft function (DGF) and subsequently poorer graft
outcomes (Jouret et al., 2016; Khbouz et al., 2022; Ponticelli, 2014; Salvadori et al., 2015; Wong et al.,
2017). DGF is a pathological condition, often resulting from ischemic damage and defined as a non-
decrease of serum creatinine by at least 10% daily on 3 consecutive days during the first 7 days post-
KTx (Aydin et al., 2012). Aside from early complications following KTx, the occurrence of DGF in
transplanted patients translates in lower graft function and worse short- and long-term outcomes
(Bahl et al.,, 2019; Ponticelli et al., 2022). This clinical complication currently impacting
approximately 25-30% of transplant recipients (Mannon, 2018) is associated to several donor-
related factors including, among others, donor type (DCD at higher risk compared to DBD) and
duration of warm and cold ischemia times (WIT/CIT) (Ponticelli et al., 2022). In way to minimize the
risks related to ischemic damage, the usage of a cold preservation solution to be flushed in the
organ, can minimize these events by decreasing metabolism and slowing the process leading to IRI
(Pengetal., 2019). In recent studies, the use of IGL-1 (Institute Georges Lopez-1, France) cold storage
solution has led to the reduction of DGF incidence (Badet et al., 2005). However, independently of
the types of donors, reliable tools are needed to assess the quality of the graft after procurement
and/or to better prevent DGF in clinical practice (Reese et al., 2021). In this context, metabolomics-
based approach is particularly suited by placing itself as a solution tool adapted to personalized
medicine setting for patient’s treatment and follow-up (Ashrafian et al., 2021; Jacob et al., 2019;
Letertre et al., 2021). This study hypostatized that perfusate solutions represent useful—still poorly
explored—biofluids that could inform on what happened to the graft during its cold ischemic period,
thereby providing the clinicians with informative data concerning the quality of the graft. Thus, using
a Nuclear Magnetic Resonance (NMR)-based untargeted approach, this study aimed to analyze
kidney perfusate solutions obtained just before transplantation in search of a metabolomic
signature that could predict DGF occurrence in transplant patients. For this purpose, we had access
to two types of perfusate samples, one from a human cohort and the other one from an animal
model simulating the donor’s type of donation. The parallel use of a human and experimental
samples could enable us to explore two main points: (1) the biochemical events occurring between
death and hypothermic storage of kidneys related to donor type; (2) the differences in metabolomics
content between different donor types.
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The final goals of this pilot study were (1) to demonstrate the value of perfusate metabolomic
analysis in KTx; (2) to evaluate the impact of donor type on the graft metabolome during the cold
ischemia period and (3) to generate a metabolomics model that could be useful as a predictive tool
for DGF occurrence.

2. Materials and methods

2.1 WITAND CIT

In this study, kidney transplantation events were described using the terms: warm ischemia timel
(WIT1), cold ischemia time (CIT), and warm ischemia time2 (WIT2).

WIT1 was measured as the period between the circulatory arrest and the cold perfusion of the
kidneys. CIT was defined as the period between the initiation of the cold flush until the removal of
the graft from the cold storage to be transplanted in the recipient. WIT2 was defined as the time
between removal from cold storage to graft reperfusion in the recipient (suture time).

2.2 SURGICAL MODELS OF KIDNEY GRAFT PROCUREMENTS IN THE RAT

This experimental model has been essentially developed to mimic the different types of kidney graft
donors. After induction of anesthesia (Isoflurane 2% in O, 2 [/min), a tracheotomy was performed to
ensure optimal ventilation using a weight-based autoregulated rodent ventilator (PhysioSuite—
KentScientific, Torrington, Connecticut, USA). Arterial and venous catheters (Polyurethane
0.43 x 0.69 m) were placed in the femoral vessels to allow continuous monitoring of intra-arterial
pressure (Picco Monitoring Kit and BP-100; CWE inc, Ardmore, Oklahoma, USA) and to have a venous
access for intraoperative fluid injection, respectively (Ethic agreement code: 2147).

2.2.1 DBD MODEL

In the DBD group (n =9), brain death was induced under general anesthesia as previously described
by Saatetal. (2016). In summary, after front lateral trepanation, a Fogarty balloon catheter (Edwards
Lifesciences, Irvine, California, USA) was introduced and slowly inflated (100 uL/min for 4 min) into
the extradural space. Brain death was confirmed by the absence of corneal and pupillary reflexes,
the onset of a hypertensive peak followed by major hypotension and a 60 s apnea test as described
(Esmaeilzadeh et al., 2020). The rats were maintained in a brain-death state for 6 h. The mean arterial
pressure (MAP) was maintained above 60 mm Hg after induction of brain death by intravenous
administration of normal saline (1 mL/h) and norepinephrine (1 mg/mL, Aguettant, Lyon, France) (5-
15 pg/h) in case the administration of a 1 mL bolus of normal saline would not maintain MAP above
60 mmHg. Then, all animals received a continuous infusion of 1 mL/h of normal saline using an
electric syringe pump (Becton Dickinson, Franklin Lakes, New Jersey, USA), previously warmed to
body temperature, to compensate for insensible losses. The body temperature was maintained at
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38 °C with a rectal probe-controlled temperature pad connected to the ventilator (PhysioSuite—
KentScientific, Torrington, Connecticut, USA).

2.2.2 DCD MODEL

In the DCD group (n=10), all animals received 1 mL normal saline/h, previously warmed to body
temperature, to compensate for insensible losses. After 6 h of mechanical ventilation in a previously
tracheostomized rat maintained under general anesthesia, circulatory arrest was induced by an
intravenous injection of KCl (150 mg/kg) as previously described in rodent DCD models (Soussi et al.,
2019). Circulatory arrest was defined upon cessation of aortic pulsatility and a fall in MAP below
25 mmHg.

2.2.3 KIDNEY PROCUREMENT AND PERFUSATE COLLECTION

After induction of circulatory (DCD group) or brain death (DBD group), a laparotomy was performed
to remove the kidneys. Both kidneys were flushed with IGL-1 organ preservation solution through
the aorta and then stored immersed in IGL-1 at 4 °C for 14 h, as a model of clinical CIT (left kidney).
After 14 h of CIT, a second cold IGL-1 flush was made through the renal artery to collect the perfusate,
defined as the first 2 mL of effluent evacuated from the renal vein. The perfusate was then stored at
-80 °C until metabolomic analyses (9 DBD and 10 DCD perfusates).

2.3 CLINICAL KIDNEY TRANSPLANTATION

Informed consent was obtained from all KTx recipients included in the study (Ethics agreement:
B707201524484). Clinical data about donor, graft and recipient were collected. Kidney donor risk
index (KDRI) and kidney donor profile index (KDPI) were calculated based on donor and transplant
factors (Rao et al., 2009).

Human kidney grafts procured from DBD or DCD donors were cold flushed during the procurement
with IGL-1. All kidney grafts were preserved with classical static cold storage at 4 °C during variable
CIT, according to the clinical situation, and were allocated to a given recipient by Eurotransplant.
After preparation of the renal vessels before KTx on the back-table, the kidney grafts were flushed
through the renal artery with 1L of IGL1 solution. The first 10 mL of liquid exiting the renal vein
during the flush were collected for metabolomics analysis and constituted the “perfusate”. A total
of 49 perfusate samples were used in this study; 36 from DBD and 13 from DCD donors. Prior to DBD
and DCD classification, samples were categorized based on donor criteria classification including
SDC (n=40) and ECD (n=9). Among these 9 ECD donors, 7 were DBD and 2 were DCD. Concerning
the post-transplantation status, 7 ECD donors experienced DGF, while 2 were classified as noDGF.

2.4 'H-NMR METABOLOMICS

All samples were recorded at 298 K on a Bruker Avance HD spectrometer (Bruker, Billerica, USA)
operating at 700.17 MHz for the proton signal acquisition. The instrument was equipped with a TCI
5-mm cryoprobe with a Z-gradient. Maleic acid was used as the internal standard for quantification
and trimethylsilyl-3-propionic acid-d4 (TMSP) for the zero for the zero calibration. An aliquot of
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200 uL of perfusate samples was supplemented with 50 uL of deuterated phosphate buffer (DPB, pH
7.4), 25 uL of a 35 mM solution of maleic acid and 2 pL of a 10 mg/mL TMSP D20 solution. *H-NMR
spectra were acquired using a 1D NOESY sequence with presaturation. The Noesypresat experiment
used a RD-90°-T1-90°-Tm-90°-acquire sequence with a relaxation delay of 4 s, a mixing time (Tm) of
10 ms and a fixed T1 delay of 4 us. Water suppression pulse was placed during the relaxation delay
(RD). The number of transients is 64 (64 K data points). The data were processed with the Bruker
Topspin 4.0.8 software (Bruker BioSpin, Billerica, USA) with a standard parameter set. Phase and
baseline corrections were per-formed manually over the entire range of the spectra and the & scale
was calibrated to 0 ppm using the internal standard TMSP.

2.5 MULTIVARIATE ANALYSIS

Once the spectra obtained, identification and quantification of metabolites were performed through
Chenomx profiler 9.0 (Chenomx Inc., Edmonton, AB, Canada). The profiled spectra were used to
generate a concentration table that was imported in BioStatFlow webtool (biostatflow.org) for
multivariate statistical analysis. Autoscaling normalization was applied to concentration table.
Principal component analysis (PCA) was used for looking at outliers and cluster between samples.
An orthogonal signal correction-PLS model (OSC-PLS) was performed as discriminant model and its
quality was determined by the predictability calculated based on the fraction correctly predicted in
one-seventh cross-validation (Q?). Permutation tests were performed for validate models.
Metaboanalyst (www.metaboanalyst.ca) was used for generating multivariate receiver operating
characteristic (ROC) curves and confusion matrix to assess the robustness of the models. ROC curves
were performed by using PLS-DA models as classification method and univariate AUROC as feature
ranking method with two latent variables. Confusion matrix was used for calculating model
sensitivity and specificity.

2.6 UNIVARIATE AND PATHWAYS ANALYSIS

Univariate analysis was made using GraphPad Prism version 9.4.1 (GraphPad Software, La Jolla,
CA, www.graphpad.com). Mann-Whitney U test was performed for comparisons between two
groups. No correction was applied to Mann-Whitney U tests. The detailed analysis of the metabolic
pathways was performed by Metaboanalyst (www.metaboanalyst.ca) using the metabolomic set
enrichment analysis (MSEA) tool by using the high-quality SMPDB metabolic pathways as the
backend knowledgebase.
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3. Results

3.1 STUDY POPULATION
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A preliminary statistical analysis was conducted on the cohort considering the donor criteria

classification including SDC and ECD, which showed no confounding factors. Donor characteristics

categorized by the type of death event are presented in Table 1.

Table 1. Clinical characteristics of donors

DBD (N=36) DCD (N=13) Total (N=49) p-value

Sex 0.233
F 15 (41.7%) 3(23.1%) 18 (36.7%)

M 21 (58.3%) 10 (76.9%) 31 (63.3%)
Age 0.774
Mean (SD) 45.361 (13.495) | 46.692 (16.311) | 45.714 (14.130)

Range 19.000 - 68.000 | 18.000-67.000 | 18.000 - 68.000

BMI 0.348
N-Miss 0 1 1

Mean (SD) 25.739 (4.159) | 24.502 (3.016) | 25.429 (3.912)

Range 17.700-35.900 | 20.000-30.000 | 17.700 -35.900

Serum creat (mg/dl) 0.277
Mean (SD) 0.789 (0.253) 0.703 (0.202) 0.766 (0.242)

Range 0.310-1.400 0.430-1.120 0.310-1.400

Weight 0.948
N-Miss 0 1 1

Mean (SD) 77.111(13.509) | 76.833(9.437) | 77.042(12.521)

Range 47.000-110.000 | 65.000-94.000 | 47.000-110.000
Diabetes 0.648
N-Miss 5(13.9%) 1(7.7%) 6(12.2%)

No 30 (83.3%) 11 (84.6%) 41 (83.7%)

Yes 1 (2.8%) 1(7.7%) 2 (4.1%)

Hypertension 0.831
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N-Miss

No

Yes

Cause of death
Anoxia
Cerebral hemor
Trauma

KDPI %

N-Miss

Mean (SD)
Range

KDRI

N-Miss

Mean (SD)

Range

5(13.9%)
24 (66.7%)

7 (19.4%)

8(22.2%)
19 (52.8%)

9 (25.0%)

1
39.361 (27.234)

0.000 -92.000

1
0.937(0.277)

0.570 - 1.660

1(7.7%)
9 (69.2%)

3(23.1%)

9 (69.2%)
2 (15.4%)

2 (15.4%)

1
47.308 (30.398)

0.000 - 89.000

1
1.053 (0.302)

0.640 - 1.540

% # LIEGE

universiteé

6 (12.2%)

33(67.3%)
10 (20.4%)
0.008
17 (34.7%)
21 (42.9%)
11 (22.4%)
0.386
2
41.469 (28.007)
0.000 - 92.000
0.228
2
0.967 (0.285)

0.570 - 1.660

BMI body mass index, Serum creat serum creatinine mg/dl, KDP/ kidney donor profile index (%), KDRI kidney
donor risk index

Statistical analysis on recipient data (DGF = 19; noDGF = 30) showed no correlation between DGF
status and related clinical data (Table 2).

Table 2. Clinical characteristics of receivers based on graft outcome DGF or noDGF

DGF (N=19) noDGF (N=30) Total (N=49) p-value
Sex 0.326
Female 9 (47.4%) 10 (33.3%) 19 (38.8%)
Male 10 (52.6%) 20 (66.7%) 30 (61.2%)
Age 0.606
Mean (SD) | 59.000 (12.396) 57.000 (13.562) 57.776 (13.028)
Range 28.000 - 72.000 22.000-73.000 22.000-73.000
CT 0.377
Mean (SD) | 604.158 (281.886) | 677.867 (281.889) | 649.286 (281.286)

Range

207.000 - 1069.000 | 189.000 - 1300.000 | 189.000 - 1300.000
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WIT1 0.732

Mean (SD) | 2.105 (3.710) 2.533 (4.531) 2.367 (4.197)

Range 0.000-11.000 0.000 - 16.000 0.000 - 16.000

WIT2 0.363

Mean (SD) | 37.316 (12.352) 40.000 (8.154) 38.959 (9.956)

Range 21.000 - 54.000 19.000 - 55.000 19.000 - 55.000

CIT cold ischemia time, WIT1 warm ischemia time, WIT2 warm ischemia time 2

3.2 PRELIMINARY ANALYSIS ON IGL-1 MATRIX

A preliminary metabolomics analysis allowed to spot a series of peaks coming from IGL-1 matrix
represented by lactobionic acid, adenosine, raffinose, and glutathione signals (S2, S3, S4 and S5).
These peaks were identified, quantified, and excluded from following analysis on perfusate samples.

3.3 PERFUSATE METABOLOMES IN RAT MODELS: DIFFERENCES BETWEEN DBD
AND DCD DONORS

Nineteen perfusate samples were included in the analysis. DBD and DCD kidney donor conditions
were mimed in 9 and 10 rats, respectively. After exclusion from statistical analysis of matrix-linked
peaks, 44 quantified metabolites that are belonging to the kidney metabolome were used for
multivariate statistical models. Supervised statistical investigations using OSC-PLS highlighted a
significant discrimination between DBD donor type versus DCD donor type (Q*=0.621); the model
was validated through a permutation test (p-value =0.0393), confirming the absence of overfitting
(Fig. 1).
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Fig. 1. OSC-PLS model of rat model showing variation of metabolomics profile according to donor type
(Q2=0.641; cross validation p-value = 0.0393; n total = 19)

A loading-plot was generated in way to underline all the metabolites responsible for the
discrimination of groups according to donor type. Based on the results of multivariate models,
univariate statistical analysis revealed that the concentrations of 7 metabolites were increased in
DCD status compared to DBD status, including 2-hydroxyisovalerate, 2-octenoate, 2-oxocaproate, 3-
hydroxyisovalerate, alloisoleucine, creatine phosphate, lysine, o-phosphoethanolamine, taurine
and valine (Fig. 2).
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Fig. 2. Violin-plots of significant metabolites in rat perfusate of DBD (n = 9) versus DCD (n = 10). Mann-Whitney
U test was used. (* <0.05; ** < 0.001)

3.4 PERFUSATE METABOLOMES IN HUMAN COHORT: DIFFERENCES BETWEEN
DBD AND DCD DONORS

Forty-nine human perfusate samples were included in the analysis. Multivariate and univariate
analyses based on donor criteria (SCD/ECD) indicated no significant statistical impact. Once this
confounding factor was excluded, another analysis was conducted on the samples categorized by
donor type (DBD =36; DCD = 13). A total of 54 metabolites were identified independently from IGL-1
matrix and quantified (S1, S2, S3, S4 and S5). Multivariate statistical analysis was performed by
generating a discriminant OSC-PLS model (Q*=0.540); a permutation test (p-value =0.02192) was
performed by validating the model obtained (Fig. 3).
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Fig. 3. Multivariate analysis based on donor types in human model (n total = 39). OSC-PLS score plot showing
a separation between DBD versus DCD donor (Q2 = 0.540; cross validation p-value =0.02192)

The metabolites relevant for discrimination between groups in multivariate models were used to
perform univariate statistical analysis. Mann-Whitney U tests highlighted 17 metabolites
significantly differing between donor types. Twelve metabolites were increased in DCD donor group
(e.g., valine and cystine) while five were decreased compared to DBD group (e.g., lactate and
trimethylamine-N-oxide) (Fig. 4).
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Fig. 4. Violin-plots for metabolites of human cohort with significant variation according to DBD (n = 36) versus
DCD (n = 13). Comparison between groups was made by using Mann-Whitney U test. (* <0.05; ** <0.001)

3.5 INSIGHTS INTO COMMON METABOLIC PATHWAYS IN HUMAN AND RAT

PERFUSATES

By comparing the significant metabolites obtained in the two models, it was possible to spot some
common features such as valine and isoleucine. In way to better investigate the biochemical events
occurring during the hypothermic storage of kidney, a pathway analysis was conducted. MSEA
analysis led to the identification of several pathways significantly affected by donor type (Fig. 5a-b).
The most relevant cascades were, in both models, represented by valine/leucine/isoleucine
biosynthesis and degradation, aminoacyl-t-RNA biosynthesis, alanine/aspartate/ glutamate
metabolism and glycerophospholipid metabolism.
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Fig. 5. Comparison of MSEA analysis in human and rat models showed common biochemical pathways
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involved in the process of DBD and DCD; a MSEA analysis of human cohort based on significant metabolites
related to donor type; b MSEA analysis of rat model for DBD versus DCD groups

3.6 CORRELATION OF 'H-NMR-BASED HUMAN PERFUSATE METABOLOME WITH
DGF INCIDENCE POST-KTX

By considering DGF outcome as factor (DGF =19; noDGF =30), OSC-PLS model was used as a
discriminant analysis (Q*=0.370; P-value =0.4387). Moreover, a multivariate receiver operating
characteristics (ROC) curve was generated by using the ratios of 54 identified metabolites (73
variables; AUC =0.777; predictive accuracy =71.6%) in way to evaluate the performance of our
model through automated feature selection (Fig. 6a-b). Univariate analysis showed 12 metabolites
being significantly increased in noDGF status (such as cystine, leucine, alanine ...), unlike carnosine
(Fig. 7).
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Fig. 6. Predictive models of DGF occurrence in the human cohort: a multivariate ROC curve based on DGF
versus noDGF analysis with automated selection of ratio features showed an AUC =0.777 by considering 73
variables; b plot showing the predictive accuracy with different features by reaching a value 71.6% with 73
variables
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In the perfusates from DBD kidneys, 36 perfusate samples were used for the univariate and
multivariate statistical analyses by using DGF status as discriminant factor. A discriminant OSC-PLS
model was generated (Q* = 0.747; p value = 0.2642) to look at the separation between the noDGF and
the pathological status (Fig.8a). Furthermore, the multivariate ROC curve showed a good
performance by using the ratios of the 54 identified metabolites generated through Metaboanalyst
algorithm (73 variables; AUC = 0.917; predictive accuracy =83%) (Fig. 8b). A confusion matrix was
additionally performed to cross-validate the model by highlighting all the automated selected ratio
features used by the algorithm (Fig. 8c).
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separation between groups (Q2 =0.747; p-value = 0.2642); b multivariate ROC curve of DBD group based on
DGF versus noDGF analysis with automated selection of ratio features showed an AUC = 0.917 by considering
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73 variables; ¢ confusion matrix was generated to evaluate model performance

Mann-Whitney t-tests highlighted 15 metabolites being significantly increased (e.g., lactate,
alloisoleucine, isovalerate...) and ethylmalonate and carnosine being decreased in noDGF condition
in comparison to DGF condition (Fig. 9). To identify biologically meaningful patterns a MSEA analysis
was done showing that methylhistine/beta-alanine metabolism and valine, leucine and isoleucine

degradation are the pathways more significantly impacted.
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Atotal of 13 perfusates from DCD donors were used for statistical analysis by using graft outcome as
discriminant factor (data not shown). The low number of samples for each group (DGF =5;
noDGF =8) highlighted the over fitting of the model and a consequent poor performance
(Q*=0.7333; P-value = 0.4995). Univariate statistical analysis by using Mann-Whitney t-test showed
only one metabolite significant for the discrimination of the two groups: creatinine phosphate.

4. Discussion

DGF represents one major obstacle in allograft survival (Siedlecki et al., 2011). Still, no single
biomarker or a biochemical signature of graft quality and DGF prediction has been found and used
routinely in clinical practice. The metabolomics approach has already been applied in several
studies related to renal pathology and dysfunction on urine or plasma samples, leading to the
discovery of metabolites linked to pathological status (Humphries et al., 2023; lIwamoto et al., 2022;
Wishart, 2006). Its non-invasive nature makes this approach have advantages over biopsy in the
context of graft status monitoring. Thus, several metabolomic studies of renal perfusate are
described in the literature with particular emphasis on the correlation between perfusion time and
metabolic content. (Bon et al., 2014; Faucher et al., 2022; Guy et al., 2015). In addition, other works
have investigated perfusates of porcine models through NMR technique and have shown changes in
metabolome’s profiles of DCD donors between different perfusion strategies (Darius et al., 2020;
Nath et al., 2017; Peng et al., 2019). However, at that time, no relevant metabolomic signature or
predictive model was reported about the occurrence of DGF condition.

The first question to ask is whether there is a difference in the graft metabolome depending on the
harvesting conditions (DCD or DBD). Using our pre-clinical experimental model, we were able to
demonstrate that the metabolomes of the DCD and DBD groups were significantly different.
Specifically, perfusate analysis revealed higher levels of seven metabolites, including lysine,
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isoleucine, and valine, in DCD samples compared to DBD samples. In the human cohorts, these
metabolic trends were confirmed with more than 17 metabolites levels that significantly differs
according to the donner type. Some of these metabolites were common in both rat model and
human study. More interestingly, several common biochemical pathways such as valine, leucine and
isoleucine degradation/biosynthesis and aminoacyl-tRNA biosynthesis were also identified and
could be correlated with some data in the literature. Thus, Hrydziuszko et al. previously observed
the implication of these biochemical pathways in the DCD graft in the context of liver transplantation
(Hrydziuszko et al., 2016). These similarities, albeit partial, between the metabolomic profiles of the
experimental model and human samples demonstrated the value of the animal model for mimicking
the graft according to the type of donor. Moreover, in the human study, lactate, trimethylamine-N-
oxide (TMAO) and methylmalonate were also found to be significantly higher in DBD graft in
comparison to DCD graft. Modulations in lactate levels could be explained by the major change in
the metabolic oxidative process following brain death by underling a change from aerobic to
anaerobic metabolism in the graft (Novitzky et al., 1988; van Der Hoeven et al., 2003). Higher levels
of TMAO, could be linked to a more important renal medullary damage due to ischemic events in
DBD graft compared to DCD (Hauet et al., 2000; Robert et al., 2010). Differences in metabolic profiles
related to donor types may also find an explanation in metabolic changes in the kidney due to the
I/R process, as already reported in the literature (Jouret et al., 2016), and to the warm ischemia
typical of DCD donors.

All these data showed that the biochemical processes that took place within the graft during the
period of cold ischemia were different depending on the type of donor and need to be explored more
in details. Furthermore, it could be expected that these metabolomic differences could be linked to
the occurrence of DGF after transplantation and long-term outcomes in recipients. This shows that,
in our view, each type of donor should be studied separately.

This was confirmed when we studied the correlation between the graft metabolome and the
occurrence of DGF. Indeed, the results obtained using the data from the whole cohort (DBD and DCD
donors together) showed a poor performance in predicting the post-transplantation graft outcome.
While focusing our analysis on DBD-derived perfusates improved the quality of the predictive DGF
occurrence model. Indeed, the multivariate ROC curve and the matrix of confusion obtained are
quite relevant and compatible with a clinical predictive use for DGF occurrence demonstrating the
interest of perfusate analysis for the recipients’ follow-up.

Moreover, this approach led also to the identification of several biomarkers that differed in
concentrations in the perfusates of DGF kidneys compared to noDGF kidneys. Alanine, isoleucine,
leucine, valine and other branched chain amino acids were detected to be in significantly lower
levels in DGF kidneys. These metabolites were released by the graft which can attest the sustained
metabolic activity, ischemic damage, or both. Guy et al. previously observed raised concentrations
of amino acids that may be linked to increased cellular breakdown in more ischemically damaged
DGF kidneys (Guy et al., 2015). However, their results were based on the perfusate’s analysis of DCD
graft 45 min after perfusion with KPS-1 cold storage solution, which hampers direct comparison with
our results. Otherwise, Carnosine and ethyl-malonate, were significantly increased in DGF kidneys.
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The role of carnosine in kidney function has recently been investigated and shown a significantly
lower urinary carnosine excretion in kidney transplant recipients compared to healthy group leading
to higher risk of graft failure (Rodriguez-Nifio et al., 2021). Potential mechanism of action of this
metabolite included lowering of chronic low-grade inflammation, as demonstrated in animal
models in which treatment through carnosine was associated with attenuation of I/R-induced renal
dysfunction (Fujii et al., 2003; Kurata et al., 2006). Thus, the higher level of carnosine in the perfusate
samples of DGF kidney could be correlated to a possible increase of I/R damage. Levels of ethyl-
malonate was increased in the more ischemically damaged DGF kidneys, which would suggest
changes in normal function of tricarboxylic acid (TCA) cycle organic anions (OAs). The biological
mechanism linking TCA cycle organic anions with kidney dysfunction is not fully understood, but
some studies have reported the relationship of these biomarkers with kidney function (Geubelle et
al., 2017; Gilissen et al., 2016; Lunyera et al., 2022). A more fundamental study using rat models of
kidney transplantation would provide a better understanding of the role of metabolites and
associated biochemical pathways in graft function during cold ischemia. This would also allow us to
better understand the impact that these metabolic pathways could have on the occurrence of DGF.

Considering all these findings, we are also aware of the limitations of our present pilot study. Our
findings need obviously to be validated and confirmed in human by studying a new cohort with an
increased number of DCD patients. The development of a rat transplantation models could also be
valuable, especially for a more fundamental study of the metabolic pathways implied in DGF events.
Another limitation of our study is the lack of complete clinical data and of biofluids from the donors
that could allow us to obtain a more complete view on graft and allow to refine and complete the
data concerning the graft before transplant.

5. Conclusion

In KTx, a better understanding of graft quality and a better prediction of short-term renal function in
the recipient patient are essential both to improve graft selection and to provide more precise,
personalized patient management. By studying the fluid preserved in the graft obtained just before
transplantation, we were able to identify, both in an animal model and in a human cohort, some
differences in the kidney metabolome depending on the type of donor (DCD or DBD). These
differences were directly associated with alterations in the metabolic pathways of the graft,
potentially exerting additional influence on kidney function recovery post-KTx. In view of these
results, itis obvious that DCD and DBD samples could be analyzed in separate models. Thus, we have
demonstrated that using the perfusate sample in DBD donors could allow to predict the occurrence
of DGF status prior to surgery and to identify a panel of metabolites that could be correlated to this
status.

Our data paves the way to better understand the impact of donor’s types on the biochemical events
occurring between death and hypothermic storage and to correlate some metabolites of the storage
liquid with the occurrence of DGF. This acquired knowledge may help clinicians in the elucidation of
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the biochemical events occurring between death and transplantation per se to improve the process
of organ procurement and reduce the discard rate.

Obviously, our preliminary results need to be confirmed on a validation cohort that could also
include biofluid samples and complete clinical data from both donor and recipients. Moreover, the
development of rat models of kidney transplantation from DCD or DBD donors as well as a better
exploration of the identified biochemical pathways implied will also allow a better understanding of
the ischemic events whose intricate interconnections that play a pivotal role in shaping the graft
outcome.
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