
Page 1/26

Metabolomic and lipidomic landscape of porcine
kidney associated with kidney perfusion in heart
beating donors and donors after cardiac death
Iga Stryjak 

Nicolaus Copernicus University
Natalia Warmuzińska 

Nicolaus Copernicus University
Kamil Łuczykowski 

Nicolaus Copernicus University
Peter Urbanellis 

Toronto General Hospital
Markus Selzner 

Toronto General Hospital
Barbara Bojko  

 
Nicolaus Copernicus University

Article

Keywords: Solid-phase microextraction, SPME, LC-MS, kidney transplantation, metabolomics, lipidomics,
graft quality assessment

Posted Date: August 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1948944/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Translational Research on December 1st,
2023. See the published version at https://doi.org/10.1016/j.trsl.2023.12.001.

https://doi.org/10.21203/rs.3.rs-1948944/v1
https://doi.org/10.21203/rs.3.rs-1948944/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.trsl.2023.12.001


Page 2/26

Abstract
With the ever-increasing shortage of kidney donors, transplant centers are faced with the challenge of
�nding ways to maximize their use of all available organ resources and extend the donor pool, including
the use of expanded criteria donors. To address the need for a new analytical solution for graft quality
assessments, we present a novel biochemical analysis method based on solid-phase microextraction
(SPME) – a chemical biopsy. In this study, renal autotransplantation was performed in porcine models to
simulate two types of donor scenarios: heart beating donors (HBD) and donors after cardiac death (DCD).
All renal grafts were perfused using continuous normothermic ex vivo kidney perfusion. The small
diameter of SPME probes enables minimally invasive and repeated sampling of the same tissue, thus
allowing changes occurring in the organ to be tracked throughout the entire transplantation procedure.
Samples were subjected to metabolomic and lipidomic pro�ling using high-performance liquid
chromatography coupled with a mass spectrometer. As a result, we observed differences in the pro�les of
HBD and DCD kidneys. The most pronounced alterations were re�ected in the levels of essential amino
acids, purine nucleosides, lysophosphocholines, phosphoethanolamines, and triacylglycerols. Our
�ndings demonstrate the potential of chemical biopsy in donor graft quality assessment and monitoring
kidney function during perfusion.

1. Introduction
Kidney transplantation is a life-saving treatment for patients with end-stage renal dysfunction that
enables higher survival rates and quality of life compared to dialysis treatment [1]. However, the number
of patients placed on kidney transplant waiting lists is rapidly increasing, resulting in a growing gap
between organ demand and availability. As a result, transplant centers are faced with the challenge of
�nding ways to maximize their use of all available organ resources and extend the donor pool in an
attempt to close this gap [2][3]. Organs obtained from living donors offer several advantages for
recipients, such as better graft function, faster recovery, and higher survival rates [4]. At the same time, it
is more bene�cial to obtain kidneys from expanded criteria donors (ECD) than to remain in a chronic
dialysis program, especially in the case of elderly patients [3]. The use of kidneys from deceased donors
whose heart has stopped beating—known as “donation after cardiac death” (DCD)—is a promising
alternative approach with the potential to expand the donor pool. In contrast to live donations, DCD
kidneys are exposed to warm ischemia time (WIT) during the period between cardiac arrest and graft
preservation. This poses a challenge, as prolonged warm ischemia inevitably in�uences kidney allograft
outcomes and can lead to delayed graft function (DGF) or primary nonfunction (PNF) [5][6]. An additional
problem is the lack of reliable methods of assessing organ quality prior to transplantation. Currently, the
surgeon decides whether to accept or decline a potential kidney based on their interpretation of the
donor's recent laboratory tests and a visual evaluation of the organ. In some cases, a biopsy is used to
evaluate tissue directly [2][7]. Although the biopsy procedure can yield signi�cant information about pre-
existing donor disease and vascular changes, it is not free of �aws. For example, the number of allowable
biopsies during the transplantation procedure is strictly limited due to the procedure’s invasiveness, which
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restricts its application for capturing dynamic changes and time-series analyses. While the value of
histological �ndings is indisputable, they do not explain the molecular mechanisms of any observed
aberrations [8]. Therefore, to increase the number of available organs for transplantation, a better method
of assessing organ quality is direly needed.

Solid-phase microextraction (SPME) enables the detection of changes that occur in the organ during its
preservation, spanning the period beginning with its removal from the donor’s body and ending with its
revascularization in the recipient’s body [9]. The small diameter of the SPME probe (~ 200 µm) affords
minimal invasiveness and allows the same organ to be sampled several times without damaging the
tissue. Notably, SPME combines the sampling, extraction, and quenching of metabolites into a single
step, making it a perfect tool for rapid on-site analysis. Furthermore, the biocompatibility of SPME
coatings avoids the introduction of toxic compounds to the tissue and prevents the extraction of large
molecules, such as proteins; as a result, enzymatic processes are already inhibited and the presence of
artefacts are minimized at the time of sample collection, which is a great advantage over alternative
sampling methods [10][11]. It is expected that the use of SPME will provide a more detailed
understanding of the pre-transplant conditions responsible for delayed kidney function or dysfunction
after transplantation, as well as how the graft preservation protocol in�uences the biochemistry of the
organ.

Metabolomics and lipidomics have been recently recognized as promising approaches to attaining a
better understanding of the changes in the biochemical pathways that occur during organ preservation
[12][13][14]. Metabolomic and lipidomic pro�ling enable the monitoring of the system’s immediate
responses to sudden environmental changes related to organ removal, along with subsequent outcomes,
such as ischemia, oxidative stress, or in�ammatory responses [13][15][16][17]. Since the kidneys are
largely associated with metabolic processes, measurements of metabolite and lipid concentrations may
enable the identi�cation of potential organ quality biomarkers, thus allowing better predictions regarding
graft outcomes.

This preliminary study aims to demonstrate the SPME method’s potential for evaluating kidney quality
during the transplantation procedure, with particular emphasis on two types of donors: heart beating
donors (HBD) and DCD. Moreover, the attempts were made to identify the set of metabolites of a potential
diagnostic value for further investigation.

2. Materials And Methods

2.1. Chemicals
Pierce LTQ Velos ESI Positive External Calibrant Solution and Negative Ion Calibration Solution were
purchased from Anchem (Anchem, Warsaw, Poland). Water (LC/MS Optima grade), ammonium acetate,
formic acid, and acetic acid were purchased from Merck (Merck, Poznań, Poland), and acetonitrile,
methanol, and isopropanol (all LC/MS Optima grade) were purchased form Alchem (Alchem, Torun,
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Poland). Prototypes of biocompatible SPME mixed-mode probes (C18 and benzenesulfonic acid) were
kindly provided by Supelco (Bellefonte, PA, USA).

2.2. Animal
Male Yorkshire pigs weighing 25–35 kg were used in this study. All animals received humane care in
compliance with the “Principles of Laboratory Animal Care” formulated by the National Society for
Medical Research and the “Guide for the Care of Laboratory Animals” published by the National Institutes
of Health. All experimental protocols were approved by the Animal Care Committee at the Toronto General
Hospital.

2.3. Solid-Phase Microextraction
Direct kidney sampling was conducted using SPME �bers coated with mixed-mode extraction phase to a
length of 7 mm. Renal autotransplantation was performed in porcine models to simulate two types of
donor scenarios: HBD and DCD (n = 3 in each group). Allocation of the animals to the given group was
random. The samples were delivered to the laboratory and analyzed as blinded (labeled with numbers).
All renal grafts were perfused using continuous normothermic ex vivo kidney perfusion (NEVKP). The
autotransplantation procedure, warm ischemia induction, and NEVKP conditions are described elsewhere
[18][19][20]. No additional inclusion/exclusion criteria were set. For both donor scenarios, sampling was
performed in vivo before retrieval; after 1 h, 3 h, 5 h, and 7 h of perfusion; and again in vivo immediately
after revascularization. In addition, kidneys from the DCD cases were also sampled after 45 min and 2 h
of warm ischemia time (Fig. 1). Before sampling, all �bers were preconditioned for 60 min in a
methanol/water (50:50 v/v) solution followed by rinsing with puri�ed water for a few seconds. The
extractions were performed by inserting the SPME �bers into the kidney cortex for 30 min at each time
point. After sampling, the �bers were removed from the organ, quickly rinsed with water, and then gently
dried with wipes to remove any tissue or blood residue. Next, the �bers were placed into empty glass vials
and stored in a freezer at − 80 ◦C until analysis. All �bers were desorbed immediately before instrumental
analysis. To this end, the SPME �bers were placed into vials containing 200 µL of desorption solution and
agitated (1200 rpm) using a BenchMixer™ MultiTube Vortexer (Benchmark Scienti�c, Edison, USA) for 120
min. The compositions of the desorption solutions used in this work are described in [9]. To eliminate the
analysis of contaminating compounds, extraction blanks were prepared. In this study, the extraction
blanks consisted of �bers prepared using the same protocol as the rest of the �bers (preconditioning,
desorption, etc.), only they were not used for kidney sampling.

2.4. Liquid Chromatography–High Resolution Mass
Spectrometry Analysis (LC-HRMS)
Samples were analyzed using an LC-HRMS procedure based on the coupling of an ultra-high
performance liquid chromatograph and a Q-Exactive Focus Orbitrap mass spectrometer. Data acquisition
was performed using dedicated Thermo Scienti�c software, namely, Xcalibur 4.2 and Free Style 1.4
(Thermo Fisher Scienti�c, San Jose, California, USA). The instrument was calibrated via external
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calibration every 72 h, resulting in a mass accuracy of < 2 ppm. Within-sequence samples were
randomized, and pooled quality control (QC) samples composed of 10 µL of each sample were run every
8–10 injections to monitor instrument performance.

2.4.1. Metabolomic analysis
Chromatographic separation was carried out in reversed-phase (RP) using penta�uorophenyl column
(Supelco Discovery HS F5, 2.1 mm × 100 mm, 3 µm) in positive and negative ionisation mode. The
mobile phases were prepared according to the method detailed in [9]. The �ow was set to 0.3 mL/min,
and an injection volume of 10 µL was employed. The column temperature was set to 25 ◦C, and the
sample vials were held at 4 ◦C in the autosampler. The mass spectrometer parameters in positive
ionization mode were as follows: a sheath gas �ow rate of 40 a.u.; an aux gas �ow rate of 15 a.u.; a
spray voltage of 1.5 kV; a capillary temp of 300 ◦C; an aux gas heater temp of 300 ◦C; an S-lens radio
frequency level of 55%; an S-lens voltage of 25 V; and a skimmer voltage of 15 V. The scan range was set
to m/z 80–1000 with a resolution of 70,000 full width at half maximum (FWHM). Acquisition was
performed using an automatic gain control (AGC) target of 1E6, with the C-trap injection time set to auto.
In negative ionization mode, the mass spectrometer parameters were as follows: a sheath gas �ow rate
of 48 a.u.; an aux gas �ow rate of 11 a.u.; a spray voltage of 2.5 kV; a capillary temp of 256 ◦C; an aux
gas heater temp of 413 ◦C; an S-lens radio frequency level of 55%; an S-lens voltage of -25 V; and a
skimmer voltage of -15 V. In this mode, the scan range was set to m/z 80–1000 with a resolution of
70,000 FWHM. Acquisition was performed using an automatic gain control (AGC) target of 1E6, with the
C-trap injection time set to auto.

The putative identi�cation of compounds was con�rmed based on Full MS/dd-MS2 mode. The
fragmentation parameters were as follows: mass resolution—35,000 FWHM; AGC target—2E4; minimum
AGC—8E3; intensity threshold—auto; maximum IT—auto; isolation window—3.0 m/z; stepped collision
energy—10 V, 20 V, 40 V; loop count—2; and dynamic exclusion—auto.

2.4.2. Lipidomic analysis
Chromatographic separation was carried out on a hydrophilic stationary phase (HILIC) column (SeQuant
ZIC-cHILIC, 3µm 100x2.1 mm) and in reversed-phase using a C18 column (Waters, XSelect CSH C18,
3.5µm, 2.1x75mm). The analyses were performed in positive electrospray ionization mode. The mobile
phases were prepared using our previously published method [9]. A �ow rate of 0.4 mL/min and a
temperature of 40°C was used for the HILIC column, while a �ow rate of 0.2 mL/min and temperature of
55°C was used for the RP column. The sample vials were held at 4°C in the autosampler, and an injection
volume of 10µl was used. The mass spectrometer parameters for the HILIC separations were as follows:
a spray voltage of 1500V; a capillary temperature of 325°C; sheath gas at 60 a.u.; an aux gas �ow rate of
30 a.u.; a spare gas �ow rate of 2 a.u.; a probe heater temperature of 325°C; an S-Lens radio frequency
level of 55%; an S-lens voltage of 25 V; and a skimmer voltage of 15 V. For the RP analysis, the following
HESI ion source parameters were employed: a spray voltage of 3500V; a capillary temperature of 275°C;
sheath gas at 20 a.u.; an aux gas �ow rate of 10 a.u.; a spare gas �ow rate of 2 a.u.; a probe heater
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temperature of 300°C; an S-Lens radio frequency level of 55%; an S-lens voltage of 25 V; and a skimmer
voltage of 15 V. For both types of separation, the scan range was set to m/z 80-1000 with a resolution
70,000. In addition, in both cases, acquisition was performed using an AGC target of 1E6, and the C-trap
injection time was set to auto.

The putative identi�cation of compounds was con�rmed based on Full MS/dd-MS2 mode using the
following fragmentation parameters: mass resolution—35,000 full width at half maximum (FWHM); AGC
target—2E4; minimum AGC—8E3; intensity threshold—auto; maximum IT—auto; isolation window—3.0
m/z; stepped collision energy—20 V, 30 V, 50 V; loop count—2; dynamic exclusion—auto.

2.5. Data Processing and Statistical Analysis
Metabolomic data processing was performed using Compound Discoverer 2.1. (Thermo Fisher Scienti�c,
San Jose, California, USA) software with the following parameters: selected mass tolerance window—
max 3 ppm; peak intensity > 10 000; signal-to-noise threshold > 3; and a max sample-to-blank ratio > 5.
The QC-based area was used for correction (min 50% coverage, max 30% RSD in QC).

Features were putatively identi�ed by searching for their exact molar weights in CEU Mass Mediator. The
spectra of fragmented compounds were identi�ed using Thermo Scienti�c FreeStyle 1.4 software linked
to the mzCloud online database and by using MS/MS search in CEU Mass Mediator.

The lipidomic data was processed using LipidSearch 4.1.30 (Thermo Fisher Scienti�c, San Jose,
California, USA) software with the following parameters: peak intensity > 10 000; a precursor tolerance of
5 ppm; a product tolerance of 10 ppm; an m-score threshold of 2; a Quan m/z tolerance of ± 5 ppm; a
Quan RT (retention time) range of 0.5 min; use of main isomer �lter. Protonated, sodiated, potassiated,
and ammoniated adducts were considered for positive ion mode. After completing the lipid identi�cation
step, peak alignment was performed using the LipidSearch software and the following parameters: an m-
Score threshold of 10; a retention time tolerance of 0.25 min; a QC-to-extraction blank ratio > 5; and a max
30% RSD in the QC.

The peak areas for the obtained compounds were analyzed using MetaboAnalyst 4.0 and Statistica 13.3
PL (StatSoft, Inc., Tulsa, Oklahoma, USA) software. All of the missing values were replaced with small
values assumed to be a detection limit. Data were normalized by median, log-transformation, and Pareto
scaling. A paired t-test was used to evaluate the statistical signi�cance in normally distributed continuous
parameters over time within the same group, while the Mann-Whitney U test was used to compare non-
parametric variables. A P-value of < 0.05 was considered signi�cant. In addition, principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were conducted to visually
assess separation between sample groups, with variable importance in projection (VIP) scores > 1 being
considered as signi�cant. The PLS-DA model was cross-validated using leave-one-out cross validation.
Two-dimensional score plots were generated to visually assess the separation of sample groups. A
pattern matching method based on the Pearson r distance measure was implemented to search for
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compounds with linearly changing relative concentrations over the time of perfusion and warm ischemia
(across particular time points).

3. Results
Principal component analysis (PCA) was used to con�rm the quality of the instrumental analysis. As
shown in Figure S1 (A, B, C, D), the QC samples formed tight clusters, con�rming the quality of the
obtained results.

Particular time points were compared based on the experiment conditions (i.e., in vivo and ex vivo during
perfusion), with the analysis of the results being divided into three categories: i) changes in the
metabolomic and lipidomic pro�les of the kidney during perfusion; ii) the in�uence of the whole
transplantation procedure on HBD and DCD kidneys; and iii) comparison of the condition of the HBD and
DCD grafts after the use of NEVKP. Lists of the identi�ed metabolites and lipids are provided in Tables S1
and S2, respectively.

3.1. Evaluation of changes in kidney metabolomic and
lipidomic pro�les during normothermic ex vivo kidney
perfusion.
The PLS-DA method was employed to obtain a more speci�c model of the differences in the
metabolomic and lipidomic pro�les of the HBD and DCD kidneys between perfusions (Fig. 2). Before
constructing the PLS-DA models, separations of particular groups were evaluated on PCA scores plots
(Figure S2). Each PLS-DA model was validated using leave-one-out cross validation. This statistical
analysis allowed the number of features to be re�ned, yielding a set of compounds that differentiated the
two analyzed groups. The differences observed within the metabolites in both positive and negative
ionization modes were mainly related to a large group of amino acids and their derivatives. In terms of
nucleosides, higher levels of adenosine and inosine were detected in the DCD grafts. The distinctions
observed among lipids were mainly associated with phospholipids and triacylglycerols (TG) for the HILIC
and RP separations, respectively. For instance, the DCD samples collected during perfusion contained
higher levels of TG with carbon numbers (Cn) 30–40 compared to the corresponding HBD samples.
Furthermore, the DCD samples were characterized by lower levels of lysophosphocholines (LPCs)
compared to the HBD samples. Differences between levels of selected metabolites are shown in Fig. 3.

The Pearson correlation coe�cient was used to evaluate changes across perfusion. The vast majority of
the linearly correlated features were found in the metabolomic results rather than the lipidomic results.
During perfusion, most of the compounds demonstrated a negative correlation with the HBD kidney, while
no predominant trend was observed for the DCD graft. Boxplots of compounds that demonstrated linear
correlations are shown in Fig. 4.
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3.2. In�uence of transplantation procedure on HBD and DCD
kidneys
The two-dimensional score plots (PC1 vs. PC2) presented in Figures S3 and S4 illustrate the differences
in the metabolomic and lipidomic patterns of the kidney cortex between consecutive stages of the
transplantation procedure. Overlapping distributions can be observed for data points in the score plots for
the donor kidney types and reperfusion, which may indicate similarities in their metabolic pro�les. In each
�gure, the cluster linked to the perfusion is noticeably separated, as it refers to the ex vivo conditions
(Figure S3 A, B, C, D). In contrast to the lipidome results (Figure S3 C, D), the metabolome of the kidney
during warm ischemia time (Figure S3 A, B) is distinctly separated from other samples. Similarly, a slight
overlapping of data points can be observed for HBD donor and reperfusion, as well as the separation of
perfusion clusters (Figure S4 A, B, C, D). The overall trends in the levels of identi�ed compounds are
illustrated in the heat-maps shown in Figure S5.

A paired sample t-test was carried out to determine how the kidney’s metabolic pro�le was affected by the
autotransplantation procedure. Discriminative changes were mainly found in the lipidomic analyses.
Among the identi�ed lipids, the level of phosphoethanolamines (PEs) increased after the transplant
procedure in the DCD grafts. In addition, decreased levels of LPCs, phosphocholines (PCs), and TG with
Cn52 were also observed. Increased levels of TG with Cn30-40 were observed in the HBD kidneys, but no
predominant trend for the relative concentrations of phospholipids before and after transplantation was
detected. Changes in the levels of the selected metabolites are shown in Figure 5.

Moreover, the Pearson correlation coe�cient was used to evaluate changes across warm ischemia time.
The linear correlation of metabolites observed over warm ischemia time indicated dynamic changes
within the organ involving positively correlated amino acids such as leucine, alanine, and valine (r > 0,7).
Boxplots of compounds demonstrating linear correlation are shown in Fig. 6.

3.3. Comparison of the condition of HBD and DCD grafts
after NEVKP
The Mann-Whitney U test was used to compare the condition of the HBD and DCD grafts after NEVKP. In
addition, plots showing relative concentrations and time relationships were constructed to visualize the
results and show trends among the compounds differentiating the perfusion and reperfusion time points
(Fig. 7). In the metabolomic analysis, most of the compounds signi�cantly differentiating the HBD and
DCD kidneys after reperfusion were found to be present at higher levels in the DCD kidneys. These
compounds included: alanine, glutamine, lysine, histidine, tryptophan, aspartic acid, cystine, adenosine,
deoxyguanosine, inosine, pyroglutamic acid, and creatine. Conversely, higher levels of guanine,
indolelactic acid, serine, valine, alpha-aminoadipic acid, and acetylcarnitine were observed in the HBD
kidneys. In the lipidomic analysis, higher levels of PE P-34:4, PE P-36:5, TG 50:2, TG 52:3, and TG 52:2
were found in the HBD kidneys after perfusion, while higher levels of DG 32:0, TG 36:0, and TG 38:0 were
found in the DCD kidneys after perfusion. Interestingly, an investigation of the plots showing relative
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concentrations and time relationships revealed that 65% of the lipids and 44% of the other metabolites
that differentiated perfusion in the PLS-DA models were present in relatively similar concentrations in the
HBD and DCD kidneys after reperfusion.

4. Discussion
This study highlighted changes in the metabolomic and lipidomic pro�les during renal
autotransplantation. To the best of our knowledge, this work is the �rst to use SPME to compare two
different types of kidney donors in a porcine autotransplantation model. The SPME probe's small size
makes it possible to perform a chemical biopsy, which allows metabolites to be extracted directly from
the organ without any tissue collection. The novelty of this work is its use of minimally invasive chemical
biopsy to monitor the metabolomic and lipidomic pro�les of kidneys via repeated sampling throughout
the transplantation process.

In this study, alterations in purines and purine derivatives were observed for both the HBD and DCD
groups. For the HBD kidneys, an overall decrease in hypoxanthine, adenosine, guanine, and inosine levels
was observed after reperfusion, along with a corresponding increase in methyladenosine,
deoxyguanosine, adenosine monophosphate (AMP), and allantoin. Similarly, a decrease in the
concentration of hypoxanthine was observed in the DCD samples following reperfusion. However, in
contrast to the HBD samples, the �ndings showed increased levels of inosine and adenosine, as well as a
decline in methyladenosine, deoxyguanosine, and allantoin in the DCD kidneys after transplantation.
Furthermore, we observed an increase in hypoxanthine, deoxyguanosine, and methyladenosine, and the
downregulation of inosine levels in the DCD samples during warm ischemia time. Moreover, a
comparison of the DCD and HBD grafts during perfusion revealed higher concentrations of adenosine,
inosine, and deoxyguanosine in the DCD samples. It has been previously hypothesized that, as
breakdown products od adenosine triphosphate (ATP), purines play an important role in the molecular
mechanisms of ischemia and hypoxia. The oxidation of hypoxanthine is disturbed during ischemia and
hypoxia, causing the accumulation of hypoxanthine in the cells. Once the ischemic tissue is re-supplied
with blood, the molecular oxygen catalyses hypoxanthine conversion by xanthine oxidase, liberating
reactive oxygen species (ROS) [21]. Wijermars et al. assessed the accumulation of hypoxanthine during
warm ischemia stimulated in kidney biopsies [22]. In a separate study, Fujii et al. found elevated
hypoxanthine levels in every region of mural kidneys subjected to the 10 minutes of ischemia [23]. These
results are consistent with the �ndings of the present work, which detected higher levels of hypoxanthine
during warm ischemia time. Elsewhere, Hayashi et al. observed elevated levels of serum hypoxanthine in
patients with stage 1–2 chronic kidney disease (CKD). It is important to note that hypoxanthine can act
as a cardiotoxin due to its possible involvement in mitochondrial degradation during oxidative stress,
which can contribute to the increased frequency of cardiovascular incidents [24]. The �ndings of
numerous studies suggest the signi�cant role of adenosine in controlling cellular adaptation to hypoxia,
ischemia, and in�ammatory processes, as well as its protective role in preventing ischemia-reperfusion
injury. Such conditions wherein oxygen supply is limited are related to intensi�ed extracellular adenosine
production due to the associated breakdown of ATP and adenosine diphosphate (ADP) [25][26][27][28]
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[29]. Our �ndings showed that adenosine and urocanic acid were the only metabolites to demonstrate
signi�cant linear progressive accumulation during the perfusion of HBD kidneys. Previous reports have
well-established the role of adenosine accumulation and the activation of its four receptor subtypes
(A1AR, A2AAR, A2BAR, and A3AR) in protecting organs from ischemia-reperfusion injury [23][28]. Inosine is
a breakdown product of adenosine nucleotides, such as ATP, ADP, and AMP. Previous studies focusing on
renal DCD allografts have found signi�cantly lower levels of inosine in the perfusate from kidneys with
DGF compared to the perfusate from immediate graft function (IGF) during hypothermic machine
perfusion (HMP) [30][31]. Surprisingly, this reduction was noticed in the DGF grafts, which are more
ischemicaly affected compared to IGF grafts. Similarly, our comparison of HBD and DCD kidneys during
perfusion indicated signi�cantly lower concentrations of inosine in DCD grafts subjected to warm
ischemia.

A thorough analysis of kidney graft tissue revealed that amino acid pathways were the most modulated.
We observed signi�cant linear growth of alanine, leucine, and valine concentrations during in vivo warm
ischemia progression in DCD kidneys, as well as the accumulation of these amino acids in both HBD and
DCD kidneys during perfusion. Interestingly, during perfusion, signi�cantly higher levels of valine were
found in HBD kidneys, while higher levels of alanine were detected in DCD kidneys. Numerous previous
reports suggest the involvement of alanine, valine and, to a lesser extent, leucine in the impairment of
organ function. Liu et al.’s �ndings suggest that alanine is a sensitive discriminator of warm ischemia
during porcine liver HMP [32], while Bruinsma et al. observed elevated levels of alanine and valine during
sub-normothermic machine perfusion of DCD human livers [33]. Elsewhere, Bon et al. found that
increased concentrations of alanine and valine in perfused kidneys tended to result in less favourable
outcomes [34]. It has also been noted that increased urinary valine and alanine concentrations are
associated with renal cortical damage [35]. Additionally, signi�cantly higher levels of alanine and leucine
were detected in the perfusate of DGF kidneys, which may be associated with cellular damage that
occurs after the release of protein breakdown products into the perfusate [30].

In the present study, a signi�cant linear relationship between concentration and perfusion time was
observed for several compounds. Linear reductions in serine and phenylalanine levels were noted for the
HBD kidneys, while in the DCD kidneys, linear reductions in histidine levels were detected. In contrast,
signi�cant linear growth in lysine and methionine sulfoxide levels was observed for the DCD grafts.
Moreover, decreases in phenylalanine, histidine, and methionine sulfoxide levels were observed during
warm ischemia time. Previous reports have indicated that phenylalanine levels decrease as kidney
function impairment progresses, which, may complement our �ndings related to the downregulation of
this amino acid during perfusion [36]. Furthermore, the alleviation of plasma and perfusate phenylalanine
levels has been associated with rapid CKD development and DGF, respectively [31][37]. Zhang et al.
reported a signi�cant decrease in phenylalanine and histidine levels in the urine of rats with CKD,
indicating the possible impairment of these amino acids or intensi�ed catabolism [38]. These �ndings are
supported by those of another study, which showed a signi�cant relationship between low levels of
plasma histidine and greater mortality in CKD patients [39]. It has been hypothesized that reduced
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histidine concentrations are related to protein-energy wasting, systemic in�ammatory processes, and
oxidative stress development. Histidine is thought to act as an anti-oxidant agent due to its ability to
scavenge the ROS generated by cells during in�ammation [39][38]. In addition, urinary histidine levels
were lower in patients with impaired graft function after renal transplantation compared to those with
well-preserved renal function [40]. Our data revealed a signi�cant linear increase in methionine sulfoxide
concentrations throughout the time of preservation for DCD patients. It has been recently established that
the cyclic oxidation of methionine to methionine sulfoxide and its subsequent reduction back to
methionine is an important protective mechanism against reactive oxygen species. It is believed that the
severity of changes in post-ischemic histological kidneys is correlated with methionine sulfoxide
reductase A. The accumulation of methionine sulfoxide in renal tissue during the preservation of kidneys
may be associated with the ongoing progression of oxidative stress [24][41].

Lipids play a fundamental role in biological systems, including intracellular and intercellular signalling,
energy storage, and membrane bilayer structure [42][16]. Phospholipids account for more than 50% of the
total lipid concentration in a normal human kidney, while triglycerides make up 20% and free non-
esteri�ed fatty acids (FA) comprise 10%. Notably, lipids appear to be potential markers of kidney disease
and injury [42], as our results showed changes in the concentrations of glycerolipids and phospholipids in
the kidney cortex during transplantation. In the DCD and HBD groups, relevant changes in LPCs levels
were observed following reperfusion. For instance, reduced levels of LPC 18:0 were detected in both the
HBD and DCD kidneys. In addition, levels of LPC 20:4 were lower than the baseline for both donor types,
but this reduction was only signi�cant for the DCD kidneys. Similarly, while increased levels of LPC P-16:0
were observed in both donor types, this increase was only signi�cant in the HBD grafts. Moreover, we
observed a non-signi�cant elevation in the overall levels of LPCs during warm ischemia. LPCs are
generated from phosphatidylcholine via the action of phospholipase A2 (PLA2) and/or by the transfer of
FA to free cholesterol via lecithin-cholesterol acyltransferase (LCAT). LPCs, via G protein-coupled
receptors and Toll-like receptors, activate multiple signalling pathways and may have harmful effects on
various cells, including increasing oxidative stress and enhancing in�ammatory responses [43][44].
However, recent studies have been inconclusive, and the mechanisms underlying the harmful effects of
LPCs have not been fully investigated and are not well-understood [43]. Rao et al. observed a signi�cant
increase in LPC 18:0 and decreases in LPC 20:0 and LPC 20:4 24h after ischemia/reperfusion-induced
acute kidney injury in a mouse model. [15]. Elsewhere, Solati et al. reported a signi�cant increase in LPC
22:5 and non-signi�cant increases in other LPC species after 6h ischemia/reperfusion (I/R) in a rat
model. Interestingly, levels of these LPCs normalized after 24h [45]. In other work, Chen et al. observed
increased levels of LPC 24:1 in patients with stage 4 and 5 CKD [46], while Xu et al. detected higher levels
of LPC 16:0 and LPC 18:0 in DCD livers at the pre-transplantation stage. In the latter study, the biopsy
was taken at the end of cold preservation before implantation; however, the LPCs in question were
detected at lower concentrations following reperfusion [44]. These results are consistent with those of the
present work, which found that LPCs levels may increase during warm ischemia and decrease after
reperfusion. In the current study, LPC P-16:0 was the only LPC that increased after reperfusion.
Additionally, a comparison of the HBD and DCD grafts during perfusion showed lower levels of numerous
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LPCs in the DCD kidneys, including LPC 16:1, LPC 18:1, LPC 20:4, LPC P-16:0, and LPC 18:0. Rhee et al.
have reported declining levels of LPCs, including LPC 18:1 and LPC 18:0, in patients with CKD and
declining levels of LPC 14:0 in patients with end-stage renal disease [47][48]. Furthermore, Tsai et al. have
recently shown lower levels of LPC 16:0 in recipients with early allograft dysfunction (EAD) compared to
those in a non-EAD group on day 7 post-operation. In this lipidomic analysis, blood acquired from 51
recipients undergoing living-donor liver transplantation was evaluated [49]. LPCs with a single acyl chain
are breakdown products of membrane phospholipids; hence, previous �ndings have suggested that a
reduction in LPCs indicates that membrane breakdown and remodelling might be transiently inhibited
following ischemia/reperfusion [50].

PCs and PEs are the most abundant phospholipids in all mammalian cell and subcellular organelles.
While previous research suggests that an alteration in the absolute concentrations of these phospholipids
is not a key determinant of cellular processes associated with health and disease, the PC/PE ratio may be
[51]. In this work, we observed a signi�cant reduction in PC 36:3 in the DCD kidneys after reperfusion. Rao
et al. and Solati et al. have reported elevated levels of PCs in mice and rat I/R models. Similar to the
results presented herein, Chen et al. observed a decrease in PC 20:2 and PC 24:1 in patients with stage 4
and 5 CKD [48]. In addition, previous studies have also reported reduced levels of PC 34:4, PC 32:2, and
PC 38:3 in patients with end-stage renal disease [47]. Interestingly, in the DCD group, we observed
signi�cant increases in PE O-38:6, PE O-38:5, and PE 36:2 after reperfusion, and non-signi�cant increases
in other identi�ed PEs. Despite a non-signi�cant elevation in the overall levels of PEs in the HBD group
following reperfusion, we observed a signi�cant increase in PE 36:2 compared to the baseline. In addition,
the HBD group showed higher levels of PE P-34:4 and PE P-36:5 compared to the DCD group following
reperfusion. Rao et al. documented reduced PE levels in a mouse model of renal I/R after 6h and 24h
reperfusion [15], and Solati et al. similarly observed signi�cant decreases in PE levels in a rat model of
renal I/R [45]. In the present study, we observed reduction of PEs after warm ischemia and an increase
after reperfusion (Figure S5 E). This trend was also observed by Afshinnia et al., who also found similar
elevations in the abundance of PEs in 5 stage CKD patients. In this lipidomic analysis, increased levels of
polyunsaturated lipids with higher numbers of double bonds were associated with progressive CKD [52].
Moreover, recent �ndings have suggested that higher levels of PEs are associated with a higher risk of
diabetic kidney disease progression [53]. PEs are multifunctional lipids that play an essential role in
various cellular processes, including serving as a substrate for post-translational modi�cation; promoting
organelle, cell, and membrane fusion; oxidative phosphorylation; and mitochondrial biogenesis [51][53]
[54]. However, the mechanism linking PEs and kidney disease progression is not well understood and
remains unidenti�ed. In the current study, elevated levels of several PEs and reduced levels of PC 36:4
and PC 36:3 in DCD kidneys were observed. These alterations may impact the overall PC/PE ratio, which
can in turn in�uence processes in a number of organelles. For instance, a lower PC/PE ratio may impair
liver regeneration, affect energy metabolism, increase cell leakage, and cause endoplasmic reticulum
stress [51].

Another of the present study’s notable �ndings was alterations in neutral glycerolipids, including TG and
DG. In the DCD grafts, signi�cant reductions in DG 34:1, TG 52:1, TG 52:4, TG 52:3, and TG 52:2 were
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observed following reperfusion. By comparison, signi�cant elevations in TG 38:0, TG 40:0, TG 36:0, TG
34:0, and TG 32:0 were observed in the HBD kidneys. Moreover, a comparison of the HBD and DCD
groups during perfusion revealed higher levels of TG with Cn30-40, including TG 30:0, TG 32:0, TG 34:0,
TG 36:0, TG 38:0, and TG 40:0, in the DCD samples. Since the main function of triacylglycerols is fat
storage, they provide an e�cient mechanism for the storing fatty acids. The metabolism of TGs provides
precursors (fatty acids and diacylglycerol) for membrane-lipid synthesis [55]. Elevated TG levels have
been previously reported in acute kidney injury and CKD studies, but most of this research has mainly
measured total TG levels. Recent lipidomic studies have found that the number of polyunsaturated TGs
with higher carbon numbers increases between stage 2 and stage 5 of CKD, while the number of TGs with
the low carbon numbers and low numbers of double bonds decreases [46][52]. Similarly, Afshinnia et al.
reported higher levels of longer TGs with more double bonds and lower levels of shorter TGs with fewer
double bonds in people with DKD progression [53]. The renal toxicity of TGs depends on their acyl length
and the number of double bonds, and the accumulation of neutral lipids in the cell is usually associated
with lipotoxicity [53][56]. However, TGs are a reservoir for excess free fatty acids that have been removed
from cells, thus preventing fatty-acid-induced lipotoxicity. Overall, the main renal toxicities are related to
saturated fatty acids that, for example, can promote mitochondrial superoxide generation and
endoplasmic reticulum stress. Since TGs are less toxic than nonesteri�ed saturated fatty acids [53][56]
[57], a higher abundance of saturated TGs with relatively shorter acyl chains may re�ect an adaptive
mechanism for detoxifying toxic saturated fatty acids. However, lipid accumulation may be either
protective or toxic depending on the time course of I/R and the duration of lipid overload. Previous
metabolomics studies have reported elevated glycerol levels at early ischemia reperfusion injury (IRI) time
points, suggesting TGs lipolysis as a source of free FAs. Exceeding cellular capacity for TG storage or
hydrolysis could theoretically cause lipid-induced cell dysfunction or death, including via protein
acylation, altered mitochondrial energy coupling, cell membrane damage, the release of pro-
in�ammatory/pro-apoptotic factors, increased cellular oxidative stress, and endoplasmic reticulum [57].

Additionally, in both the metabolomic and lipidomic analyses, the compounds that differentiated
perfusion in PLS-DA models were observed in similar relative concentrations for the HBD and DCD
kidneys after reperfusion. This �nding suggests that NEVKP may have a positive in�uence on kidney
graft quality. NEVKP is a novel technology for graft preservation that is capable of providing near-
physiological conditions, with the �ndings of several preclinical studies having suggested its superiority
over static cold storage (SCS), especially for DCD kidneys. NEVKP may reduce cold ischemia time and
mitigate the harmful effect of I/R injury [58]. Previous studies have found that kidneys subjected to
NEVKP exhibit faster functional recovery compared to those subjected to SCS. Furthermore, �ndings
indicate that NEVKP might protect against graft injury and improve marginal graft function, which may
help increase the donor pool [59][60][61]. Indeed, coupled with previous reports, the �ndings of the present
study suggest that NEVKP technology is potentially a superior kidney-preservation strategy.

Despite these promising results, this study has several limitations. First, our metabolomic and lipidomic
approaches were based on untargeted data collection; therefore, the concentrations of compounds are
given as relative, normalized amounts. However, the similarity of our results to those of previous studies
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indicates the validity of our platform. Furthermore, we acknowledge that complex lipids may include
several isomers with various acyl chains and saturation statuses, and that a variety of different isomers
can be present for any given lipid feature. In addition, traditional UHPLC-HRMS/MS does not provide
information about the double bond position, orientation, or stereochemistry [62]. Hence, in this study, we
annotated lipids by class and the sum composition of carbons and double bonds in the lipid fatty acyl
chains. It is also important to emphasize that future studies should compare these results with routinely
assessed clinical parameters to provide a comprehensive evaluation of the proposed method and its
usefulness in graft quality assessment. Another limitation was the small sample sizes. However, this was
consistent with the 3R principles (Replacement, Reduction, and Re�nement) guiding animal
experimentation, which call for the use of as few animals as possible [63]. Moreover, the use of SPME
enables multiple analyses over time, which increased the number of samples that can be taken without
requiring more animals. Based on the acquired samples, we validated the PLS-DA models and identi�ed
relevant metabolites that may have future diagnostic meaning.

5. Conclusion
In summary, SPME followed by LC-MS/MS analysis permits the sampling of biological matrices and the
capture and detection of numerous compounds with different polarities. Additionally, the small diameter
of SPME probes enables minimally invasive and repeated sampling of the same tissue, thus allowing
changes occurring in the organ to be tracked throughout the entire transplantation procedure—from graft
collection, through organ storage, to reperfusion. As a result, we were able to observe differences in the
metabolomic and lipidomic pro�les of HBD and DCD kidneys. The most pronounced alterations were
re�ected in the levels of essential amino acids, purine nucleosides, LPCs, PEs and TGs. However, future
quantitative targeted studies are required to validate the current �ndings and to evaluate the predictive
value of the selected metabolites.
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lysophosphocholine; MG monoglyceride; NEVKP normothermic ex vivo kidney perfusion; PC
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Figures

Figure 1

Study design. Two types of donor scenarios—heart beating donors (HBD) and donors after cardiac death
(DCD)—were examined in porcine models of renal autotransplantation. All renal grafts were perfused at
37°C with the use of continuous normothermic ex vivo kidney perfusion (NEVKP). Sampling was
performed as follows: in vivo before retrieval; after 1 h, 3 h, 5 h, 7 h of perfusion; and in vivo immediately
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after revascularization. In addition, the DCD kidneys were also sampled after 45 min and 2 h of warm
ischemia.

Figure 2

PLS-DA score plots showing the separation between HBD and DCD perfusions. RP metabolomic analyses
in (A) positive and (B) negative ionization modes; lipidomic analyses with (C) HILIC and (D) RP
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separations. For the metabolomic analyses, the Q2 and R2 values for the PLS-DA model were 73% and
96% for positive ionization mode and 71% and 96% for negative ionization mode, respectively. For the
lipidomic analyses, the Q2 and R2 values for the PLS-DA model were 85% and 96% for HILIC separation
and 91% and 99% for RP separation, respectively.
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Figure 3

Levels of selected compounds detected between perfusions of HBD and DCD kidneys. The boxplots
display normalized peak areas, with the notch indicating the 95% con�dence interval around the median
of each group. The mean concentration of each group is indicated with a yellow diamond.

Figure 4

Linear correlations (r>0.7) between metabolites and time points across kidney perfusion. The boxplots
display the normalized peak areas, while the notch indicates the 95% con�dence interval around the
median of each group. The mean concentration of each group is indicated with a yellow diamond.
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Figure 5

Change in the levels of selected compounds before and after the autotransplantation procedure. The
boxplots display the normalized peak areas, while the notch indicates the 95% con�dence interval around
the median of each group. The mean concentration of each group is indicated with a yellow diamond.
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Figure 6

Linear correlations (r>0.7) between metabolites and time points across warm ischemia time. The
boxplots display the normalized peak areas, while the notch indicates the 95% con�dence interval around
the median of each group. The mean concentration of each group is indicated with a yellow diamond.
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Figure 7

Change in levels of selected compounds differentiating perfusions across perfusion and reperfusion time
points. The values are presented as mean ± SEM. Blue squares—DCD donors; green squares—HBD
donors.
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