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Original Clinical Science—General

Background. Ischemia-related injury during the preimplantation period impacts kidney graft outcome. Evaluating these 
lesions by a noninvasive approach before transplantation could help us to understand graft injury mechanisms and identify 
potential biomarkers predictive of graft outcomes. This study aims to determine the metabolomic content of graft perfusion 
fluids and its dependence on preservation time and to explore whether tubular transporters are possibly involved in metabo-
lomics variations. Methods. Kidneys were stored on hypothermic perfusion machines. We evaluated the metabolomic 
profiles of perfusion fluids (n = 35) using liquid chromatography coupled with tandem mass spectrometry and studied the 
transcriptional expression of tubular transporters on preimplantation biopsies (n = 26), both collected at the end of graft per-
fusion. We used univariate and multivariate analyses to assess the impact of perfusion time on these parameters and their 
relationship with graft outcome. Results. Seventy-two metabolites were found in preservation fluids at the end of perfusion, 
of which 40% were already present in the native conservation solution. We observed an increase of 23 metabolites with 
a longer perfusion time and a decrease of 8. The predictive model for time-dependent variation of metabolomics content 
showed good performance (R2 = 76%, Q2 = 54%, accuracy = 41%, and permutation test significant). Perfusion time did not 
affect the mRNA expression of transporters. We found no correlation between metabolomics and transporters expression. 
Neither the metabolomics content nor transporter expression was predictive of graft outcome. Conclusions. Our results 
call for further studies, focusing on both intra- and extratissue metabolome, to investigate whether transporter alterations 
can explain the variations observed in the preimplantation period.

(Transplantation 2022;106: 1831–1843).

Q.F. and H.Al., participated in research design, data collection, analysis and 
interpretation, and the writing of the article. F.L.S. participated in data analysis 
and the writing of the article. L.F., L.N.S., and H.Ar. participated in data analysis 
and article review. E.M.S. participated in data collection and article review. 
J.C.V., N.B., and F.B. participated in research design and data collection. P.M. 
participated in research design, data analysis and interpretation, and article 
review. C.B.L.G. participated in research design, data collection, analysis and 
interpretation, and the writing of the article.

The authors declare no conflicts of interest.

This research was funded by Organ Recovery System.

Supplemental digital content (SDC) is available for this article. Direct URL 
citations appear in the printed text, and links to the digital files are provided in the 
HTML text of this article on the journal’s Web site (www.transplantjournal.com).

Correspondence: Chantal Barin-Le Guellec, PharmD, PhD, Service de Biochimie 
et Biologie Moléculaire, CHU Bretonneau, 2 Blvd, Tonnellé 37044 Tours, France. 
(chantal.barin-leguellec@univ-tours.fr).

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. This is an 
open-access article distributed under the terms of the Creative Commons Attribution-
Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible 
to download and share the work provided it is properly cited. The work cannot be 
changed in any way or used commercially without permission from the journal.

https://www.transplantjournal.com
mailto:chantal.barin-leguellec@univ-tours.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


1832 Transplantation  ■  September 2022  ■ Volume 106  ■  Number 9 www.transplantjournal.com

INTRODUCTION

Kidney transplantation is the treatment of choice for 
patients having end-stage renal diseases. According to the 
World Health Organization, the death rate because of kid-
ney diseases will continue to increase to reach 27 deaths per 
100 000 people by 2060,1 whereas worldwide use of renal 
replacement therapy (ie, dialysis or kidney transplanta-
tion) will reach ±5 million people by 2030.2 With regard to 
this increase of renal diseases, the gap between the demand 
for organs and the limited group of donors will continue 
to widen. To overcome this issue, many centers are gradu-
ally accepting suboptimal donors, including donation after 
circulatory death and extended criteria donors (ECDs); 
however, kidneys retrieved from such donors are more 
prone to ischemia-reperfusion injury (IRI) and delayed 
graft function (DGF) in the posttransplant period.3 IRI is 
a multifactorial pathophysiological process incumbent to 
the transplantation procedure and a major cause of DGF, 
which in turn increases the risk of short- and long-term 
poor graft outcomes.4-7 For these suboptimal donors, 
hypothermic machine perfusion (HMP), an ex vivo circu-
lating, hypoxic environment, is recommended for kidney 
preservation, compared with static cold storage (SCS), to 
reduce DGF rates and improve graft survival8;  however, 
reliable tools are needed for the evaluation of graft qual-
ity during HMP preservation. Metabolomic analysis of the 
perfusion fluid provides the possibility not only to reveal 
potential biomarkers of graft quality or predictive of trans-
plantation outcomes but also to inform about the cellular 
mechanisms occurring during organ perfusion.9 The few 
studies previously conducted on this topic showed a varia-
tion of the metabolomic content according to the perfusion 
time: mainly an increase of lactate and amino acids and a 
decrease of glutathione.10-12 These variations suggest that 
metabolites are taken up or released by the kidney dur-
ing its preservation. Renal tubular membrane transport-
ers (mainly of the solute carrier and ATP binding-cassette 
families) play a major role in cell and tissue homeostasis 
owing to the bidirectional, transcellular exchanges they are 
involved in. Alteration of their activity, previously demon-
strated (mainly for the solute carrier) during ischemia or 
ischemia/reperfusion,13,14 could be responsible for some 
metabolic variations observed during organ perfusion but 
could also have deleterious consequences for the graft out-
comes.15 Concerning the predictive value of the perfusion 
fluid metabolomic content, controversial results have been 
found, and a recent review suggests that further studies are 
needed.16

In this clinical study, we determined the metabolomic 
contents of perfusion fluids collected at the end of kidney 
graft perfusion on HMP and the transcriptional expres-
sion of renal tubular transporters on graft biopsies taken 
just before reimplantation. The study had 3 objectives: (1) 
explore the impact of ischemia duration on the metabo-
lomic content of perfusion liquids and on renal tubular 
transporters expression; (2) explore the relationships 
between metabolomic profile and expression of renal tubu-
lar transporters during HPM; and (3) find new biomarkers 
of immediate graft function (IGF) by exploring the rela-
tionships between ischemia duration, ex situ metabolites, 
and expression of transporters on graft outcome. To the 
best of our knowledge, this is the first evaluation of the 

potential impact of membrane transporter alterations on 
the variations of the perfusion fluid metabolomic contents 
observed during graft preservation by HMP.

MATERIALS AND METHODS
A more detailed description is available in Supplemental 

Material and Methods (SDC, http://links.lww.com/TP/
C397).

As part of the clinical research project “Metabolomics 
in Assessing the Quality of Kidney Transplants Retained 
on a LifePort Perfusion Machine,” 38 kidneys taken from 
ECDs were included. Organs were stored on HMP LifePort 
Kidney Transporter 1.0 (Organ Recovery Systems) with 
KPS-1 (Organ Recovery System) used as a preservation 
solution. Approval was obtained from the Tours University 
Hospital (IRB ID/CPP: 16-10-40), and this clinical trial 
was registered with the access number NCT03024229. 
All patients/participants gave consent, and the appropri-
ate institutional forms were archived. HMP parameters 
(temperature, flow, resistance) were recorded during kid-
ney conservation, and a perfusate sample was collected at 
the end of perfusion (storage at –20 °C after centrifuga-
tion: 3000g, 10 min). Preimplantation biopsy (targeting 
the renal cortex) was performed and split into 2, with one 
fragment embedded in paraffin after fixation for anatomo-
pathological evaluation and the other stored at –20 °C. 
Serum creatinine and clinical events were recorded up to 
7 d and 3 mo, respectively. IGF was characterized by a 
serum creatinine ≤250 μmol/L on day 7 without the need 
for dialysis and DGF by the necessity of dialysis within the 
first 7 d. Mass spectrometry chromatographic analysis was 
performed using an LCMS-8060 tandem mass spectrom-
eter (Shimadzu) and the package “Method Package for 
Cell Culture Profiling Ver.2” (Shimadzu). Infusion of pure 
substances was performed to add some molecules to the 
package. Perfusates were analyzed in duplicate, and native 
KPS-1 was injected to determine its basal composition. A 
COBAS 6000 analyzer (Roche Diagnostics) was used to 
determine sodium, potassium, calcium, phosphate, chlo-
ride, bicarbonate, urea, creatinine, and glucose concentra-
tions and to add them to the previous metabolites.

Graft RNA was extracted from frozen preimplantation 
biopsies. After quantification and integrity evaluation, ret-
rotranscription was performed. TaqMan low-density array 
cards were used to determine the transcriptional expres-
sion of 35 membrane tubular transporters, 3 aquaporins, 
2 Na/K-ATPase subunits, and 4 housekeeping gene can-
didates (NME4, CHFR, C16ORF62, and NASP) chosen 
according to the literature17 (see Table  1 for probe sets 
and targeted genes). Undetermined or >35 Ct values were 
replaced by 35. Expression of transporters was analyzed by 
the comparative 2–ΔCt method with ΔCt = Ct (target gene) 
– Ct (mean of the housekeeping genes finally retained).18 
Then 2–ΔCt was normalized by log2 transformation. Three 
housekeeping genes (NME4, CHFR, and C16ORF62) 
were finally selected using Genorm19 and Normfinder.20

To explore the impact of ischemia duration on the per-
fusate metabolomics contents and tubular transporters 
expression, grafts were allocated to 3 different perfusion 
duration groups: <12 h, between 12 and 20 h, and >20 h 
according to the distribution of patient perfusion dura-
tions (Figure S1, SDC, http://links.lww.com/TP/C397).

http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
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For all association studies, we used a 2-steps approach 
with univariate analysis followed by multivariate analy-
sis to assess a combination of potential biomarkers rather 
than each independently. Multivariate analysis was started 
with principal component analysis, an unsupervised 

method used to observe clustering patterns, trends, and 
outliers. Next, supervised methods like partial least square 
(PLS), PLS-discriminant analysis (PLS-DA), or random for-
est (RF), a tree-based machine-learning algorithm adapted 
to small-sized data sets, were used in standard manners21 

TABLE 1.

Custom-designed TaqMan low-density array card

Assay ID Amplicon length Gene symbol(s) Protein Family

Hs00537914_m1 68 SLC22A6 OAT1 SLC transporter
Hs00198527_m1 69 SLC22A7 OAT2
Hs00188599_m1 144 SLC22A8 OAT3
Hs01056646_m1 76 SLC22A8 OAT3
Hs00945829_m1 82 SLC22A11 OAT4
Hs00427552_m1 79 SLC22A1 OCT1
Hs01010726_m1 70 SLC22A2 OCT2
Hs00268200_m1 76 SLC22A4 OCTN1
Hs00929869_m1 65 SLC22A5 OCTN2
Hs00217320_m1 74 SLC47A1 MATE1
Hs00945652_m1 63 SLC47A2 MATE2
Hs01030727_m1 64 SLC22A12 URAT1
Hs00192639_m1 76 SLC15A1 PEPT1
Hs01113665_m1 69 SLC15A2 PEPT2
Hs00903842_m1 77 SLC9A3 NHE3
Hs00919316_g1 72 SLC13A2 NaDC1
Hs00955744_m1 68 SLC13A3 NaDC3
Hs01092910_m1 84 SLC34A1 NaPiIIa
Hs02341453_g1 94 SLC34A3 NaPiIIc
Hs00698884_m1 77 SLCO4C1 OATP4C1
Hs01573793_m1 60 SLC5A1 SGLT1
Hs00894642_m1 75 SLC5A2 SGLT2
Hs00892681_m1 76 SLC2A1 GLUT1
Hs01096908_m1 65 SLC2A2 GLUT2
Hs01047033_m1 68 SLC4A4 NBCe1
Hs01384157_m1 70 SLC6A19 B(0)AT1
Hs00909948_m1 79 SLC7A7 y+LAT1
Hs00794796_m1 87 SLC7A8 LAT2
Hs00374243_m1 77 SLC3A2 4F2hc
Hs00942976_m1 66 SLC3A1 rBAT
Hs00204638_m1 50 SLC7A9 BAT1
Hs00188172_m1 76 SLC1A1 EAAT3
Hs01028916_m1 96 AQP1  Aquaporins
Hs00292214_s1 87 AQP2   
Hs00185020_m1 63 AQP3   
Hs00933601_m1 76 ATP1A1  Na/K-ATPase subunits
Hs00426868_g1 89 ATP1B1   
Hs00960489_m1 62 ABCC2 MRP2 ABC transporter
Hs00988720_g1 86 ABCC4 MRP4  
Hs00988721_m1 141 ABCC4 MRP4  
Hs01053790_m1 83 ABCG2 BCRP  
Hs00184500_m1 67 ABCB1 P-gp  
Hs01561483_m1 65 ABCC1 MRP1  
Hs99999905_m1 - GAPDH GAPDH Housekeeping genes
Hs00943494_m1 67 CHFR E3 ubiquitin-protein ligase  
Hs00359037_m1 70 NME4 Nucleoside diphosphate kinase  
Hs01032748_g1 65 NASP Nuclear autoantigenic sperm protein  
Hs00220422_m1 82 C16ORF62 UPF0472 protein  

ABC, ATP binding-cassette; OAT, Organic Anion Transporter; SGLT, Sodium Glucose Transporter; SLC, solute carrier.
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to evaluate the discriminative power of the biomarker 
combination between perfusion duration groups. These 
methods can be used when the number of observations 
is less than that of the explanatory variables, which was 
the case here, and when the latter are correlated between 
them. With PLS-DA, a variable influence on projection 
(VIP) value was estimated for each variable, and features 
with VIP >0.8 were considered important to the model. 
The MetaboAnalyst 5.0 computational platform (www.
metaboanalyst.ca/faces/home.xhtml) was used for all the 
analyses except for PLS, which was performed using the 
MixOmics package (version 1.6.3) in R (version 4.0.2).

RESULTS

Study Population
Thirty-eight donor–recipients couples were included 

(Table  2). All donors were brain dead and ECDs. The 
median perfusion time and cold ischemia time were 831.5 
and 1020 min, respectively. Graft function postimplan-
tation was defined as either DGF, characterized by the 
requirement for dialysis in the first 7 d postimplantation, 
or IGF, defined by the absence of DGF.

Perfusate Metabolomic Content and Transcriptional 
Expression of Tubular Transporters

Metabolomic Content of Graft Perfusion Fluid
In the 35 perfusion fluids available, 72 different metabo-

lites were identified, 66 with liquid chromatography–tandem 
mass spectrometry (Table S1, SDC, http://links.lww.com/TP/
C397) and 6 with COBAS analyzer. All of them were present 
in each sample, with a few exceptions (Table  3). Twenty-
nine of them were already present in the native KPS-1. At 
the end of perfusion, 6 were increased (inosine, guanosine, 
xanthosine, 5-methyl adenosine, tryptophan, and riboflavin) 
and 10 were decreased (gluconic acid, methionine sulfoxide, 
glucosamine, oxidized glutathione, adenine, 2-ketoisovaleric 
acid, 3-methyl-2-oxovaleric acid, d-gluconic acid sodium 
salt, d-ribose, and deoxycytidine monophosphate) compared 
with native KPS-1. Forty-three metabolites were exclusively 
found in the graft perfusates. These metabolites belong 
mainly to the amino acid metabolism pathways (Figure S2, 
SDC, http://links.lww.com/TP/C397).

Transcriptional Expression of Tubular Transporters  
in Preimplantation Biopsies

Thirty-four biopsies were available for RNA extrac-
tion. Eight were excluded: 2 because of RNA yield and 
6 because they contained renal medulla. The mean RNA 
integrity number (RIN) value for the 26 biopsies retained 
was 5.4 ± 2.4. All the transporters of interest (Table 1) were 
identified in these biopsies. We found high expression cor-
relations between them (Figure S3, SDC, http://links.lww.
com/TP/C397).

Impact of Perfusion Duration on Metabolomic 
Profiles and Transporter Expression

Metabolomics Variations According to Perfusion 
Duration

Univariate analysis showed that 31 features were signifi-
cantly (false discovery rate, <0.05) different between the 

perfusion duration groups (Figures 1 and 2). Twenty-three 
metabolites increased with longer perfusion durations (eg, 
lactate or leucine), but 8 decreased (eg, glutathione or ino-
sine). Unsupervised principal component analysis showed 
good separation of the scores between the 2 extreme 
groups (<12 and >20 h), whereas group 2 overlapped 
with the others. Fifty-two percent of the variation was 
explained by the first and second components (Figure 3A). 
Similarly, the PLS-DA scores plot (first 2 components) 
showed complete separation between groups 1 and 3 but 
overlap with group 2 (Figure 3B). Cross-validation showed 
good performances: goodness-of-fit (R2) = 76%, predictive 
cumulative variation (Q2) = 54%, and accuracy = 41%. The 
model was significant according to the permutation test 
(P < 0.05), supporting the absence of overfitting. The most 
important metabolites (top 15) for the model are shown in 
Figure 3C. Significant pathways based on the most impor-
tant metabolites (VIP >0.8) are listed in Figure S4 (SDC, 
http://links.lww.com/TP/C397), among others: glutamate, 
glutathione, glycine, serine and alanine metabolism, urea 
cycle, ammonium recycling, and purine metabolism.

Transporter Expression According to Perfusion Duration
According to the perfusion duration, the transcriptional 

expression of transporters was not significantly different in 
univariate analysis. The PLS-DA model performance was: 
R2 = 34%, negative Q2, and accuracy = 30%, and the per-
mutation test was not significant (Figure 4).

Correlation Between Transporters Expression  
and Metabolomic Content

Correlation between transporters expression and 
metabolomic content was investigated by PLS regression. 
The clustered image maps of the model are displayed in 
Figure 5. It does not show patterns of correlation between 
metabolites and transporters. The maximal positive 
and negative correlations were weak: 0.54 and –0.54, 
respectively.

Predictive Biomarkers of Graft Outcome
We did not find significant differences between graft 

recipients with IGF (n = 33) or DGF (n = 5) regarding the 
clinical variables (even though all patients with DGF 
received a graft from a female donor and had a tendency 
to be older), machine parameters recorded (temperature, 
resistive index, flow rate), cold ischemia time, or biopsy 
characteristics (Table  2). In terms of outcomes, all DGF 
patients were dialyzed before transplantation, and all had 
received their first graft (Table 2).

Metabolomics in Assessing the Outcome of Kidney Grafts
Univariate analysis showed that 4-hydroxyproline (fold 

change: 0.28, raw P value: 0.04) and taurine (fold change: 
0.61, raw P value: 0.04) tended to be lower in perfusion flu-
ids of DGF patients (Figure 6A). PLS-DA displayed modest 
separation between IGF and DGF on the score plot of the 
first 2 components (Figure 6B) with good accuracy (87%) 
and R2 (0.41) but a negative Q2. The permutation test was 
not significant. With RF analysis, the out-of bag error (sam-
ples wrongly predicted) was 17% for the overall data set, but 
100% of DGF samples were predicted as IGF, showing that 
the model was unable to predict graft recovery (Figure 6C).

http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
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TABLE 2.

Characteristics of kidney graft donors, recipients, and storage conditions

 Overall (N = 38) IGF (n = 33) DGF (n = 5) P Unknown, N (%)

Donor      
 Age (y) 67.5 (61.75–75) 66 (61–73) 79 (68–82) 0.054  
 Sex, N (%)      
  F 21 (55.3) 16 (48.5) 5 (100) 0.053  
  M 17 (44.8) 17 (51.5) 0 (0)   
 Donation after brain death, N (%) 38 (100) 33 (100) 5 (100) 1  
 Expanded criteria donors, N (%) 38 (100) 33 (100) 5 (100) 1  
Recipient      
 Age (y) 65.5 (57–72) 65 (57–69) 72 (65–72) 0.27  
 Sex, N (%)      
  F 13 (34.2) 12 (36.4) 1 (20)   
  M 25 (65.8 ) 21 (63.6) 4 (80)   
 Ethnicity, N (%)     1 (2.6)
  Caucasian 30 (78.9) 26 (78.8) 4 (80)   
  Afro-American 2 (5.3) 1 (3) 1 (20)   
  Other 4 (10.5) 5 (15.2)    
 Renal disease, N (%)      
  Diabetes 9 (23.7) 6 (18.2) 3 (60)   
  Hypertension 14 (36.8) 11 (33) 3 (60)   
  Glomerulopathy 2 (5.3) 1(3) 1 (20)   
  Tubulointerstitial nephropathy 3 (7.9) 2 (6.1) 1 (20)   
  Polycystic kidney disease 6 (15.8) 4 (12.1) 1 (20)   
  Other 16 (42.1) 15 (45.5) 1 (20)   
 No. of transplantation, N (%)    1  
  1 35 (92.1) 30 (90.9) 5 (100)   
  >1 3 (7.9) 3 (9.1) 0 (0)   
 Dialysis before transplantation, N (%) 34 (89.5) 29 (87.9) 5 (100) 1  
 Induction therapy, N (%)    0.3  
  Thymoglobulin 11 (28.9) 11 (33.3) 0 (0)   
  IL-2R antibody 27 (71.0) 22 (66.7) 5 (100)   
 Maintenance therapy, N (%)    1  
  MMF–corticosteroids–CNI 32 (84.2) 27 (81.8) 5 (100)   
  MMF–corticosteroids 3 (7.9) 3 (9.1) 0 (0)   
  Corticosteroids–CNI–imTOR 2 (5.3) 2 (6.1) 0 (0)   
  Corticosteroids–CNI 1 (2.6) 1 (3) 0 (0)   
 Death, N (%) 1 (2.6) 1 (3) 0 (0) 1  
 Banff classification (preimplantation biopsies), N (%)    0.43 10 (26.3)
  Normal 17 (44.7) 13 (39.4) 4 (80)   
  Acute tubular injury 10 (26.3) 10 (30.3)    
  Interstitial fibrosis/tubular atrophy 1 (2.6) 1 (3)    
 Graft rejection, N (%)      
  Total 2 (5.3) 2 (6.1) 0 (0)   
  Antibody-mediated rejection 2 2 0   
  T cell–mediated rejection 0 0 0   
Storage conditions, N (%)      
 Perfusion duration (min) 831.5 (622.75–1031.25) 844 (625–1065) 654 (646–920) 0.60  
 Cold ischemia duration (min)b 1020 (810–1231.5) 1020 (840–1260) 810 (810–1065) 0.34  
 Initial temperature (°C) 2.8 (2.3–5.8) 2.8 (2.4–5.4) 2.8 (2.1–3.4) 0.91 3 (7.9)
 End temperature (°C) 2.6 (2.2–4.2) 2.75 (2.3–4) 2.2 (2–2.5) 0.26 3 (7.9)
 Decrease temperature (°C) 0.1 (–0.4 to 1.3) 0.00 (–0.37 to 1.3) 0.8 (–0.4 to 1.5)  0.6 3 (7.9)
 Initial Resistance (mm Hg/mL/min) 0.45 (0.3–0.8) 0.5 (0.3–0.8) 0.4 (0.2–0.9) 0.84 2 (6.4)
 End resistance (mm Hg/L/min) 0.2 (0.1–0.2) 0.2 (0.12–0.2) 0.2 (0.2–0.2) 0.84 3 (7.9)
 Decrease resistance (mm Hg/mL/min) 0.2 (0.1–0.6) 0.15 (0.1–0.6)  0.20 (0.1–0.6) 0.91 3 (7.9)
 Initial flow (mL/min) 60 (31–91) 57.5 (33.5–85.8) 60 (29–109) 0.94 3 (7.9)
 End flow (mL/min) 111 (82–136) 113.5 (86–136) 94 (91–111) 0.47 3 (7.9)
 Increase flow (mL/min) 43 (4–82) 49 (4.25– 81.25) 34.00 (31–82) 0.83 3 (7.9)

Data reported as median (quartiles) or N (%), with P value from Fisher exact tests or Wilcoxon tests, as appropriate.
aSignificant at P < 0.05.
bCorresponds to the perfusion duration as well as all the periods of graft ischemia between procuring and HMP perfusion and between HMP perfusion and reimplantation.
CNI, calcineurin inhibitor; DGF, delayed graft function; HMP, hypothermic machine perfusion; IFG, immediate graft function; IL-2R, interleukin-2 receptor; imTOR, mammalian target of rapamycin 
inhibitor; MMF, mycophenolate mofetil.



1836 Transplantation  ■  September 2022  ■ Volume 106  ■  Number 9 www.transplantjournal.com

Transcriptional Expression Extraction of Transporters 
According to Graft Outcome

Neither univariate nor multivariate analysis (PLS-DA 
and RF) revealed any discriminative transporter mRNA 
between IGF and DGF patients (Figure S5, SDC, http://
links.lww.com/TP/C397).

DISCUSSION
This clinical study aimed to better characterize the 

metabolic variations occurring during organ preserva-
tion on HMP through metabolic profiling of the fluid 
collected at the end of perfusion. We observed marked 
modifications of the metabolomic content, with regard 

TABLE 3.

Metabolomic contents of pure commercial KPS-1 and of perfusates at the end of machine perfusion

Detected in KPS-1 at baseline and at the end of the perfusion

Increased Unchanged Decreased Not detected at baseline

Inosine Sodiuma Gluconic acida
o-Phosphoethanolamine

Guanosine Potassiuma Methionine sulfoxide Cystine
Xanthosine Calciuma Glucosamine Aspartic acid
Tryptophan Phosphates Oxidized glutathione Serine
Riboflavin Glucosea Adeninea 4-Hydroxyproline
5-Methylthioadenosine Glutathionea 2-Ketoisovaleric acid Cystathionine
 Hexosea 3-Methyl-2-oxovaleric acid Glycine
 Pipecolic acid D-gluconic acid sodium salta Threonine
 Thymine D-ribosea Glutamic acid
 Thymidine Deoxycytidine monophosphate Alanine
 Biotin  Ornithine
 d-Mannitol  Proline
 4-Pyridoxic acid  2-Aminoethanol
   Lysine
  Histidine
   Lactic acid
   Arginine
   Uracil
   Uric acid
   Choline
   5-Glutamylcysteine
   Xanthine
   Hypoxanthine
   Valine
   Uridine
   Methionine
   Niacinamide
   Tyrosine
   Adenosine
   Pyridoxalb

   4-Aminobenzoic acidc

   Isoleucine
   Leucine
   Phenylalanine
   Kynureninec

   Alpha-keto-glutarate
   Creatinine
   l-Carnitine
   PAHc

   Taurine
   1-Methylhistidine
   Anthranilic acidc

   Urea
    
aListed as constituents of KPS-1.
bPresent only in a few patients.
cLess than limit of quantification in a few patients.
PAH, para-aminohippuric acid.

http://links.lww.com/TP/C397
http://links.lww.com/TP/C397
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to the native preservation fluid (KPS-1), and also as a 
function of perfusion duration, which parallels the cold 
ischemia time duration. We also investigated the tran-
scriptional expression of tubular transporters to explore 
whether variations in their activity could be linked with 
metabolic variations observed during machine perfu-
sion; however, we did not observe any particular pattern 
between the expression of any transporter and the meta-
bolic profiles or perfusion duration. Finally, we evalu-
ated the predictive ability of perfusate metabolites and 
tubular transporters mRNA expression as potential bio-
markers of graft function by comparing IGF and DGF 
patients and found none.

Maintained Metabolic Activity of Grafts Stored  
on Perfusion Machine

We determined the relative concentrations of 72 metab-
olites, some of which, to our knowledge, had never been 
studied in this context. We observed a marked differ-
ence in metabolomic profiles between the perfusate col-
lected at the end of perfusion and the native fluid KPS-1 
(Table  2). We found 29 metabolites in KPS-1, which is 
more than its theoretical composition. Among these, 
some showed decreased quantities at the end of perfu-
sion, suggesting that they were reabsorbed or consumed 
by the kidney, whereas others increased (Table 2). The 43 
other metabolites, mainly amino acids (Figure S2, SDC,  

FIGURE 1. Amino acids and related compounds with significant variations according to perfusion duration (univariate analyses). 
Comparisons were made using the Kruskal-Wallis tests and adjusted for multiple testing by the FDR method. Blue box: perfusion 
duration <12 h, green box: perfusion duration between 12 and 20 h, and red box: perfusion duration >20 h. FDR, false discovery rate.
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http://links.lww.com/TP/C397), were exclusively detected in 
the fluid at the end of perfusion. Metabolites that appeared, 
or increased from basal value, were thus released by the 
graft, which can be related to sustained metabolic activity, 

ischemic damages, or both. Guy et al11 previously observed 
marked differences in the metabolic profiles of perfusates 
from human kidneys stored on HMP compared with the 
theoretical constituents of commercial KPS-1, but they did 

FIGURE 2. Other metabolites with significant variations according to perfusion duration (univariate analyses). Comparisons were made 
using the Kruskal-Wallis tests and adjusted for multiple testing by the FDR method. Blue box: perfusion duration <12 h, green box: 
perfusion duration between 12 and 20 h, and red box: perfusion duration >20 h. Box plots are grouped according to compound 
classes: (A) vitamins, (B) nucleic acids and their metabolites, (C) TCA Cycle and lactate, and (D) others. FDR, false discovery rate; TCA, 
trichloroacetic acid.
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not analyze pure KPS-1, which hampers direct compari-
son with our results. The metabolomics variations that we 
observed suggest that the grafts maintained a high level of 
exchange with their environment during machine perfusion.

Modifications Occur During Preservation on HMP
Understanding ischemic phenomena occurring during 

graft preservation remains a leading issue in renal trans-
plantation for the improvement of graft management; 

however, our understanding of the metabolic activity 
occurring during kidney preservation on HMP is still par-
tial. Only a few studies have analyzed kidney graft in situ 
or perfusate metabolomics.10-12,22 They aimed to identify 
early predictive biomarkers of graft function and investi-
gate the underlying mechanisms. Our work attempted to 
consolidate and complement previous studies by (1) the 
use of liquid chromatography–tandem mass spectrom-
etry instead of nuclear magnetic resonance,10-12 (2) the 

FIGURE 3. Multivariate analysis showing variations of metabolomic profiles according to perfusion duration. Group 1 (blue squares): 
perfusion duration <12 h, group 2 (green triangles): perfusion duration between 12 and 20 h, and group 3 (red dots): perfusion duration 
>20 h. A, PCA scores plot showing separation between groups 1 and 3 but not with group 2. PC1 described 40% of the variation, 
and PC2 described 11.5% of the variation. B, PLS-DA scores plot showing good separation between the 3 groups. C, The 15 most 
important features based on the VIP values derived from PLS-DA (a total of 40 metabolites had VIP >0.8); boxes on the right indicate the 
way of variation according to the different groups. PC, principal component; PCA, principal component analysis; PLS-DA, partial least 
squares-discriminant analysis; VIP, variable influence on projection.



1840 Transplantation  ■  September 2022  ■ Volume 106  ■  Number 9 www.transplantjournal.com

exploration of human kidneys instead of pig10 or rab-
bit models,22 and (3) the exploration of longer perfusion 
times.11,12 Among the 72 metabolites analyzed, the con-
centration of 8 significantly decreased when the perfusion 
time increased (Figures  1 and 2), including glutathione 
and oxidized glutathione. This decrease had already been 
described by 1H-nuclear magnetic resonance analyses of 
perfusates in both humans and pig.10-12 Glutathione is 
involved in free radicals scavenging, and its decrease sen-
sitizes the graft to IRI. We also found an increased level 
of lactic acid, choline, and some amino acids (eg, valine, 
alanine, glycine, and glutamic acid) because of longer per-
fusion. These observations are consistent with previous 
results obtained by Bon et al,10 who reported an increase in 
concentrations of these metabolites in porcine kidney per-
fusates between 2- and 22-h perfusion. Increased levels of 
lactic acid simply reflected anaerobic glycolysis occurring 
in a hypoxic environment, and increased levels of amino 
acids reflected intracellular release. Most of our findings 
are consistent with those previously published, except for 
some. For example, in the study by Guy et al, the level of 
glucose and inosine increased with perfusion time, whereas 
it was unchanged and decreased in ours; however, Guy et 
al explored 2 early time points, 45 min versus 4 h, whereas 
the first quartile of our perfusion duration was already 
about 10 h. The usefulness of following the kinetics of 
metabolites has been demonstrated recently, using solid-
phase microextraction and liquid chromatography–mass 

spectrometryfor in situ kidney metabolomics analysis at 
5 sequential time points in a rabbit model: immediately 
after removal of the donor’s kidneys and after 2, 4, 6, and 
21 h of SCS.22 The authors found that metabolites related 
to various metabolic pathways, including amino acids and 
purine metabolism, significantly increased during the first 
hours of kidney preservation, whereas a decrease occurred 
with longer perfusion durations; however, their method-
ology (in situ, limited number of samples, SCS conser-
vation) hampers the direct comparison with our results. 
Nevertheless, we also observed at the extratissue level that 
the amounts of some intermediates of purine metabolism 
such as adenine, inosine, and guanosine decreased, whereas 
that of xanthine increased, with perfusion time. The results 
observed here most likely illustrate that kidneys with 
longer ischemia consume more adenine and inosine and 
produce more xanthine in response to ATP deprivation. 
To the best of our knowledge, other metabolites (eg, tau-
rine, niacinamide, glucosamine) and their association with 
perfusion duration had never been studied in this context.

Weak Correlation Between Metabolites  
in the Perfusate and Tubular Transporters

The metabolomic signatures observed during perfu-
sion time reflect sustained metabolic activities by kidneys 
stored on HMP, but the underlying mechanisms are cur-
rently poorly understood. Some metabolites are physiolog-
ically reabsorbed or secreted through specific membrane 
tubular transporters.15 Their sensitivities to ischemia15,23 
and potentially altered activity could explain a part of 
the ex situ metabolomic variations observed. A decrease 
at the mRNA and protein levels of SLC22A6 (Organic 
Anion Transporter 1 [OAT1]) and SLC22A8 (OAT3), 
involved in the uptake of organic anions, was observed 
after 30 min of ischemia in the rat,13 and similar results 
were found for SLC22A1 (OCT1) and SLC22A2 (OCT2), 
involved in organic cation uptake, also in a rat model.14 
Considering the limited quantity and quality of RNA in 
our samples, we chose the TaqMan low-density array tech-
nique for the determination of transcriptional expression 
because it only requires small quantities of RNA and is 
able to amplify small cDNA fragments (ie, compatible 
with some RNA degradation). RIN values were modest, 
as it sometimes happens with RNA extracted from clinical 
samples (here, half kidney biopsies). Moreover, the RIN 
was not associated with storage duration in our cohort. 
We successfully determined the transcriptional expression 
of all targeted genes; however, no association was observed 
between transporter expression and perfusion duration 
(Figure 3). Previous works suggest that the downregula-
tion of membrane transporters occurs only after 30 min 
of warm ischemia.23 In our study, some transporter alter-
ations may have occurred before the biopsy, which was 
performed after the warm ischemia period and after at 
least 176 min of perfusion. We might have confirmed this 
hypothesis with nonischemic biopsy controls, but we could 
not obtain any. It is also possible that some transporters 
are not affected by ischemia during preservation by HMP.

We did not find any particular correlation with the 
metabolomic profile in the perfusion fluid, even for well-
known transporter/substrate couples (eg, Sodium Glucose 
Transporter 2/glucose or OAT1/para-aminohippuric acid) 
and amino acid transport systems (Figure 4). In HMP, the 

FIGURE 4. Variations of mRNA expression of tubular transporters 
according to perfusion duration. PLS-DA scores plot showed no 
separation between the 3 groups. The PLS-DA model yielded 
poor performance with cross-validation (R2 = 34%, Q2 = –39%, 
and accuracy = 30%) and the permutation test (P = 0.95). Group 1 
(blue squares): perfusion duration <12 h, group 2 (green triangles): 
perfusion duration between 12 and 20 h, and group 3 (red 
dots): perfusion duration >20 h. PLS-DA, partial least squares-
discriminant analysis.
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perfusion fluid irrigates both the basolateral and apical 
poles of the tubule, whereas the function of transporters 
and thus the identification of variations reflecting their 
activity are highly dependent on a polarized environment. 
Moreover, the transcriptional expression of transporters 
alone cannot perfectly reflect their real activity, but we 
could not evaluate their protein expression (because of too 
low amounts of proteins) or cellular localization (because 
of histological fixation). Globally, these results call for 
further studies, evaluating both the intra- and extratissue 
metabolome in relation to the expression, localization, 
and functions of transporters (eg, based on transporter-
specific labeled substrates) as a function of ischemia time, 
to uncover potential relationships between transporters 
and metabolites during kidney graft perfusion; however, 
it is worth mentioning that such studies may still be con-
founded by injury-induced cellular release of metabolites.

Metabolomic Signatures and Expression of Tubular 
Transporters Do Not Predict IGF

The present study also aimed to identify noninvasive 
biomarkers predictive of graft outcomes that could be 

measured in the preimplantation period. Reliable bio-
markers would be instrumental to optimize patient man-
agement and graft outcome. Assessment of graft quality 
in the transplantation period is currently based on perfu-
sion parameters, such as the restrictive index or the flow 
rate, and pathological evaluation of a preimplantation 
biopsy; however, these indicators are not sufficiently reli-
able to safely discard a graft. Accordingly, in our study, no 
indicators predicted posttransplant graft function (data 
not shown). Rapid determination of the perfusate metab-
olomic profiles in the preimplantation period would be 
convenient and adapted to clinical routine. The proof of 
concept was brought by Bon et al10 in a porcine renal 
autotransplantation model, in which valine, alanine, glu-
tathione, and glutamate concentrations in the perfusion 
fluid were found to be correlated with serum creatinine 
at 3 mo. Guy et al11 also found in a human cohort that 
glucose and inosine concentrations were lower in the per-
fusate of DGF kidneys, whereas leucine was higher. In 
our study, we did not identify any metabolite or multi-
variate model predictive of graft recovery (Figure 5). We 
did not replicate previous results, maybe because of the 

FIGURE 5. CIMs of the relationships between transporters and metabolites (sPLS method). The red and blue colors indicate positive 
and negative correlations, respectively, whereas the yellow color indicates no significant correlation. CIM, clustered image map; sPLS, 
partial least squares.
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differences of perfusion durations explored and given 
that in the study by Guy et al, cadaveric kidneys arrived 
at their unit on SCS before being transferred to HMP, 
whereas in our study, the kidneys retrieved from each 
donor were put directly on HMP. Moreover, the metabo-
lites identified previously were not the same between the 
2 studies.

The relative heterogeneity and the small size of our 
cohort probably limited the predictive ability of the 
metabolome. Also, the low DGF rate (13.2%) of kidneys 
of ECDs preserved with the LifePort Kidney Transporter in 
our cohort (as compared with a DGF rate of 30% for SCS 
in France in 201724) supported the utility of HMP for such 
donors but limited the statistical power of our study; how-
ever, our negative result is in line with a recent systematic 
review that highlighted the lack of accuracy and hindsight 
of metabolomics in human kidney graft perfusates.16 The 
evaluation of perfusate metabolomics variations might 
still be relevant25 because it recently suggested a higher de 
novo metabolic activity of kidneys preserved on machine 
versus SCS26 or it could highlight the metabolic variations 
occurring with oxygen supplementation27,28 or pharmaco-
logical agents.29,30

Finally, we aimed to determine whether the expression 
of tubular transporters in our cohort could predict early 
posttransplant graft outcomes. To the best of our knowl-
edge, no study has yet been conducted in this regard. Our 
results do not support evaluating transcriptional expres-
sion of transporters at the end of kidney graft HMP, with 
the aim of predicting graft function.

CONCLUSION
In summary, we did not find any predictive biomarkers 

of graft function in the perfusate metabolome or among 
tubular transporter mRNAs of human kidneys stored on 
HMP; however, we observed marked differences between 
the metabolomics profiles collected at the end of perfusion 
and the perfusion liquid initial composition, which reflects 
persistence of metabolic activity during HMP. Moreover, the 
concentration of many metabolites was modified after the 
longer perfusions, mostly in agreement with the literature 
and also for some metabolites that have never been studied 
in this context to date. The transcriptional expression of 40 
membrane transporters determined at the same time was 
not correlated with the variations of these metabolites or 
with perfusion time. We suggest conducting further trans-
lational studies to evaluate the ratio of tissue-to-perfusion 
fluid concentrations of metabolites and tubular transporter 
activity to decipher the deleterious mechanisms associated 
with ischemia in the preimplantation period.
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