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Abstract 

Background Proteomics and metabolomics offer substantial potential for advancing kidney transplant research 
by providing versatile opportunities for gaining insights into the biomolecular processes occurring in donors, recipi-
ents, and grafts. To achieve this, adequate quality and numbers of biological samples are required. Whilst access 
to donor samples is facilitated by initiatives such as the QUOD biobank, an adequately powered biobank allowing 
exploration of recipient-related aspects in long-term transplant outcomes is missing. Rich, yet unverified resources 
of recipient material are the serum repositories present in the immunological laboratories of kidney transplant centers 
that prospectively collect recipient sera for immunological monitoring. However, it is yet unsure whether these samples 
are also suitable for -omics applications, since such clinical samples are collected and stored by individual centers using 
non-uniform protocols and undergo an undocumented number of freeze–thaw cycles. Whilst these handling and stor-
age aspects may affect individual proteins and metabolites, it was reasoned that incidental handling/storage artifacts 
will have a limited effect on a theoretical network (pathway) analysis. To test the potential of such long-term stored 
clinical serum samples for pathway profiling, we submitted these samples to discovery proteomics and metabolomics.

Methods A mass spectrometry-based shotgun discovery approach was used to obtain an overview of proteins 
and metabolites in clinical serum samples from the immunological laboratories of the Dutch PROCARE consortium. 
Parallel analyses were performed with material from the strictly protocolized QUOD biobank.

Results Following metabolomics, more than 800 compounds could be identified in both sample groups, of which 163 
endogenous metabolites were found in samples from both biorepositories. Proteomics yielded more than 600 proteins 
in both groups. Despite the higher prevalence of fragments in the clinical, non-uniformly collected samples compared 
to the biobanked ones (42.5% vs 26.5% of their proteomes, respectively), these fragments could still be connected 
to their parent proteins. Next, the proteomic and metabolomic profiles were successfully mapped onto theoretical 
pathways through integrated pathway analysis, which showed significant enrichment of 79 pathways.

Conclusions This feasibility study demonstrated that long-term stored serum samples from clinical biorepositories 
can be used for qualitative proteomic and metabolomic pathway analysis, a notion with far-reaching implications 
for all biomedical, long-term outcome-dependent research questions and studies focusing on rare events.
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Background
Proteomics and metabolomics are increasingly applied 
in kidney transplant research; in-detail exploration of 
molecules not only paves the way for e.g. biomarker 
development, but also greatly contributes to a better 
understanding of the relevant biomolecular processes in 
transplant donors, recipients, or grafts [1–4]. A critical 
factor to perform these analyses is the availability of ade-
quate quality and numbers of biological samples, which is 
especially challenging when studying a large spectrum of 
outcomes of interest—including longer-term outcomes 
and more rare, but serious complications such as early 
graft loss or primary non-function.

In the past decade, the UK Quality in Organ Dona-
tion (QUOD) initiative has facilitated in-depth analy-
sis of donor factors involved in transplant outcomes by 
allowing both access to a strictly protocolized sample 
collection as well as the accompanying epidemiological 
data [5]. Whilst QUOD provides ample samples suit-
able for -omics applications to explore the role of donor 
and procedural aspects on kidney transplant outcomes, 
an analogous and adequately powered initiative allow-
ing exploration of the role of the recipient’s biomolecular 
aspects in transplant outcomes is missing. In the light of 
the increasing awareness that recipient factors may play 
a crucial part in kidney transplant outcomes [6, 7], the 
need for recipient-related resources to answer transplant-
related questions is pressing. On the other hand, it takes 
years, if not decades, to establish a sufficiently powered 
biobanking initiative that enables the assessment of both 
long-term transplant outcomes and rare complications 
[8].

Rich and available, yet unverified resources of recipi-
ent material are the serum repositories present in the 
immunological surveillances labs that prospectively bank 
recipient sera for immunological monitoring. Aiming 
to study immunological determinants of kidney trans-
plant outcomes, the Dutch immunological laboratories 
in transplant centres have established a national serum 
repository including sera from all recipients transplanted 
with a deceased donor graft between 1995 through 
2005 [9]. Unlike the uniform and strict procedures now 
commonly applied by most biobanks, these long-term 
stored clinical samples were handled and stored accord-
ing to different local protocols and were subjected to 
an unknown number of freeze–thaw cycles. While the 
utilization of this biorepository may hold significant 
implications for recipient-related research, it is widely 
recognized that proteins and metabolites can be influ-
enced to varying degrees by handling and storage con-
ditions [10–12], which may, in turn, affect the reliability 
of conclusions drawn for individual molecules. However, 
it is unclear to what extent the non-uniform acquisition 

and storage procedures interfere with explorative -omics/
bioinformatics analysis based on wider biological net-
works, rather than individual molecules.

To assess whether (recipient) samples collected using 
clinical, local procedures, and stored for considerable 
periods of time can still be used for pathway profiling, 
we performed state-of-the-art proteomics and metabo-
lomics [13]. A shotgun discovery approach was applied as 
this provides information on a broad variety of metabo-
lites and proteins, and parallel analyses were performed 
with material from the QUOD biobank to check for any 
discrepancies. After obtaining adequate metabolomic 
and proteomic results for both types of samples, an inte-
grated approach was applied to confirm pathway integ-
rity. Results of this feasibility study provide insight in the 
value of using older, clinical bioliquids for multi-omics 
related research.

Methods
Sample collection
The extended storage, clinical sample group contained 
30 serum samples from the Dutch PROCARE con-
sortium, which was approved by the Research Ethics 
Committee for Biobanks and the Medical Ethics Com-
mittee of the University Medical Center Utrecht [9]. 
The selected samples originated from patients who 
received a kidney graft between 1996 and 2005 (Addi-
tional File 3: Table  S1). Recipient serum samples were 
generally collected within three months prior to trans-
plantation by various participating centres and handled 
using (non-uniform) local clinical protocols. The serum 
samples were decomplemented for 30 min at 37 °C, and 
subsequently stored at -80°C in a central biobank. Dur-
ing their storage, they have undergone an undocumented 
number of freeze–thaw cycles. The samples were com-
pared to strictly biobanked donor EDTA plasma sam-
ples, obtained between 2013 and 2018 by the Quality in 
Organ Donation (QUOD) UK biobank (REC reference 
number 18/NW/0187) (Additional File 3: Table S1). The 
samples were drawn during donor management, after 
which they were immediately processed by participating 
centres by centrifugation at 13,000 rcf for 15 min. Next, 
samples were transported to the central QUOD biobank, 
aliquoted and stored at – 80 °C. The samples underwent a 
total of three freeze–thaw cycles.

Metabolomics analysis
Before analysis, every frozen plasma and serum sam-
ple was thawed at 4 °C and 2 µL of pooled stable isotope 
standards mix (MSK-QC-KIT, Cambridge Isotope Labo-
ratories Inc) was added to each sample as quality con-
trol for LC–MS metabolomics analysis. A total of 80 µL 
extraction buffer (acetonitrile/methanol/acetone, 8:1:1 
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ratio) mixture was added to 10 µL plasma and serum to 
precipitate proteins. After vertexing, the mixture was 
placed on ice for 30 min to further precipitate proteins 
and was subsequently centrifuged at 13,000 rcf for 20 
min at 4  °C. Seventy-five µL of supernatant was trans-
ferred to a new tube and was split into two equal volumes 
for both positive and negative mode LC–MS. Metabolites 
were dried using a Thermo Scientific Savant DNA120 
SpeedVac Concentrator and subsequently stored at -80°C 
until LC–MS analysis. Two pooled samples were pre-
pared for quality control (QC) purposes, one for plasma 
and one for serum, in order to assess the reproducibil-
ity and reliability of the LC–MS analysis. These pooled 
samples underwent sample preparation and analysis as 
described above, and QC of the mixed samples was per-
formed at the beginning, middle, and end of the analysis. 
Untargeted metabolomics was performed on a Dionex 
Ultimate 3000 HPLC System (Thermo Fisher Scientific, 
Massachusetts, USA) and Orbitrap Fusion instrument 
(Thermo Fisher Scientific, Massachusetts, USA). Meth-
odological details can be found in Additional File 1: Sup-
plementary Methods.

Proteomics analysis
Protein quantification of plasma and serum samples was 
performed by Bradford assay. Similar to the metabo-
lomics procedure, two pooled QC samples of plasma 
and serum were prepared and analysed intermittently 
to assess the variance observed in the data throughout 
the sample preparation, data acquisition and data pre-
processing steps. Equal amounts of protein (350 µg) 
from QC, plasma and serum samples were treated with 
Top14 Abundant Protein Depletion Mini Spin Columns 
(A36370, Thermo Fisher Scientific, Massachusetts, USA) 
according to manufacturer’s instructions, to deplete 
top 14 plasma and serum most abundant proteins. The 
depleted samples were subsequently precipitated by 1:6 
acetone precipitation overnight at – 20  °C. The precipi-
tated samples were subsequently centrifuged for 15 min 
at 13,000 rcf at 4  °C, and the supernatant was removed. 
The resulting pellets were dissolved in 8 M urea and 
denatured with 50 mM dithiothreitol by incubation at 
60°C for 10 min. Subsequently, samples were alkylated 
with 100 mM iodoacetamide in the dark at RT for 30 
min. Urea concentration was diluted to 2 M by addition 
of 50 mM ammonium bicarbonate buffer. Next, trypsin 
digestion with mass spectrometry grade proteases 
(#90058, Thermo Fisher Scientific, Massachusetts, USA) 
was performed at 37˚C for 12 h. An end concentration of 
1% formic acid was added to quench the enzymatic activ-
ity of trypsin, and a drop in pH was confirmed. 5 µL of 
labelled peptides (1:32 volume, #88320, Thermo-Fisher) 
was added to the pooled samples for proteomics QC. The 

resultant peptide mixture was desalted using Bond Elut 
C18 columns (#12102001, Agilent Technologies, Cali-
fornia, USA) and dried using a Thermo Scientific Savant 
DNA120 SpeedVac Concentrator and stored at −  80°C 
until LC–MS analysis. Details about the shotgun LC–MS 
proteomics approach are given in the Additional File 1: 
Supplementary Methods.

Statistical analysis
Descriptive statistics for all variables was conducted 
using SPSS Statistics for Windows, version 25.0 (SPSS 
Inc., Chicago, USA), and GraphPad Prism version 8.0 for 
Windows (GraphPad Software, San Diego, California, 
USA). The enrichment analysis of metabolites identified 
in both groups by untargeted metabolomics was per-
formed using the web-based tool MetaboAnalyst version 
5.0 [14]. For the chemical class analysis of metabolites, 
the probability of overrepresentation was calculated and 
corrected using the Hypergeometric test with the Hyper-
Score function in MetaboAnalyst. Functional analysis of 
proteins was carried out using the STRING (Search Tool 
for the Retrieval of Interacting Genes/Proteins, version 
11.5) webserver [15], and graphical presentations were 
created with R and GraphPad Prism.

Results
To assess to what extent proteomic and metabolic sig-
nals and their evaluation are influenced by sample han-
dling and long-term storage, we selected serum samples 
(n = 30) from the kidney recipient serum repository of 
the Dutch PROCARE Consortium that were stored for 
periods up to 26 years. These were compared with donor 
plasma samples (n = 30) from the strictly protocolized 
QUOD biobanking initiative.

Metabolome profiling
Shotgun LC–MS metabolomics resulted in the identifica-
tion of a total of 46,563 features when using 10 µL plasma 
(n = 30) and serum (n = 30) samples. Following manual 
validation and searching in mzCloud, KEGG and Human 
Metabolome databases, 803 and 891 compounds were 
identified in plasma and serum samples, respectively. 
The median mass to charge ratio (m/z) of identified com-
pounds in plasma was 230 m/z, with an interquartile 
range (IQR) of 181–334 m/z, whilst for serum samples 
the median m/z was 313 (IQR 246–401 m/z) (Fig.  1A). 
The majority of the compounds (75%) identified in 
plasma and serum had a mass difference of < 2.0 parts per 
million between the observed mass of a compound and 
its annotated mass in the database, indicating high confi-
dence data was acquired from both groups.
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Subsequently, we especially aimed at exploring endoge-
nous metabolites. A total of 623 endogenous metabolites 
were identified and quantified in both groups (Addi-
tional File 4: Table  S2—Metabolome). Among those, 
163 (26.2%) endogenous metabolites were present and 
common in the plasma and serum samples (Fig. 1B). For 
chemical classification of metabolites, we used the UCSD 
Metabolomics Workbench database [16] through the 
MetaboAnalyst platform. Both plasma and serum sam-
ples had significant (p < 0.05) recovery of “Amino acids 
and peptides”, “Fatty acids and conjugates”, “Benzene”, 
“Phenols”, “Monosaccharides”, “Organic dicarboxylic 
acids”, and “Steroids and conjugates” (Fig. 1C, Additional 

File 5: Table  S3—Compounds class). When compared 
with the UCSD Metabolomics Workbench reference 
dataset, the “Amino acids and peptides” subset was 
the most common and enriched subset in both plasma 
(34.2-fold, p ~ 1.11E−46) and serum samples (23.3-fold, 
p ~ 3.09E−22).

Proteome profiling
The protein concentration of the plasma samples 
was 61.48 ± 10.48 mg/mL with a coefficient of varia-
tion (CV) of 17.59%. The protein concentration of the 
serum samples was higher: 69.28 ± 9.01 mg/mL with a 
CV of 13.01% (Additional File 2: Figure S1). Analysis 

Fig. 1 Global metabolome analysis of the plasma and serum samples. A Ridgeline plot presenting the distribution of mass to charge ratio (m/z) 
of compounds identified in plasma and serum samples. B Venn diagram highlighting the distribution of the identified endogenous metabolites 
per group in numbers and in percentage, evidencing the overlapping and unique metabolites. C Bubble plot of chemical class enrichment analysis 
of plasma and serum endogenous metabolites (top 15 sets, p < 0.05). The bubble size is correlated with the enrichment score, and a red colour 
means more significant enrichment. The X-axis depicts the number of metabolites identified in plasma and serum and the Y-axis lists the names 
of the chemical classes of annotated metabolites
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of plasma and serum samples by shotgun proteomics 
identified a total of 1524 proteins (Additional File 6: 
Table  S4—Proteome). In the donor plasma samples, a 
total of 6780 peptides were detected by LC–MS, which 
enabled the identification of 646 plasma proteins. In the 
recipient serum samples, 7777 peptides were identified, 
which resulted in the identification of 878 proteins. The 
molecular weight (MW) of plasma and serum sample 
proteins ranged from 2.2 to 515kDa, with a median of 
44kDa (IQR 24–71kDa) for plasma and 29kDa (IQR 
13–8kDa) for serum samples. A total of 431 (39.4%) 
of the identified proteins overlapped between the two 
groups (Fig.  2A). Since the serum and plasma groups 

differ biologically (recipient vs donor), we focused on 
the common proteins, i.e. proteins that were present in 
both groups. Further analysis of the common proteins 
demonstrated that in plasma samples, on average 12.2 
peptides were identified per protein, and 13.7 peptides 
per protein for serum samples. The average sequence 
percentage of protein was 30.3% for plasma and 33.8% 
for serum. Compared to the plasma samples, relatively 
more proteins were identified in serum samples in the 
smaller mass range of 10-25kDa (Additional File 2: Fig-
ure S2). On analysis of these low molecular weight pro-
teins in Uniprot database [17], 373 protein fragments 
(i.e. short segments of the peptide backbone) were 

Fig. 2 Global proteome analysis of the plasma and serum samples. A Venn diagram describing common and unique proteins between the plasma 
and serum samples. B Protein fragments level reported as percentage of total proteome. C Deamidation level of asparagine (N) and glutamine 
(Q) amino acids. D Oxidation level of Methionine (M) residue in the plasma and serum samples. “ns”; non-significant. (****); statistical significance 
p ≤ 0.0001
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identified in the serum samples proteome, compared to 
171 protein fragments in the plasma samples (Fig. 2B), 
respectively covering 42.5% and 26.5% of their total 
proteomes. The identified fragments and their master 
proteins are visualized in Fig. 3.

The oxidation of methionine (M) and deamidation of 
asparagine (N) and glutamine (Q) are common chemi-
cal modifications that can occur in proteins during 
long-term storage of plasma and serum samples. These 
modifications can affect the integrity of the proteins 
and may impact the accuracy of determining their role 
in biological processes [18]. A total of 281 common pro-
teins were identified with oxidation and deamidation in 
both biofluids. The rate of deamidation of asparagine 
and glutamine was significantly higher (p < 0.0001) in 
long-term stored serum samples compared to plasma 
group (Fig. 2C). No significant difference was observed 
in the oxidation of methionine residue in donor plasma 
and recipient serum (Fig. 2D).

Integrated proteomics and metabolomics pathway 
analysis
The above data show that it is technically possible to 
perform metabolomic and proteomic profiling of serum 
samples obtained 26 years ago under the PROCARE 
consortium. Yet, it is impossible to draw conclusions 
on individual metabolites or proteins due to the differ-
ent natures of biofluids, the impact of storage and bio-
logical differences between (deceased) donors and listed 
recipients suffering of kidney failure. However, by virtue 
of its reliance on theoretical networks, integrated path-
way enrichment analysis will be less affected by global 
artifacts in the proteome/metabolome related to stor-
age or the difference between serum and plasma. Thus, 
to test whether these signatures might yield biologically 
relevant information, we performed integrated pathway 
enrichment analysis of proteins and metabolites using 
the MetaboAnalyst platform and KEGG pathway data-
base. The integrated analysis of proteins and metabolites 

Fig. 3 Visual representation of protein fragments through alluvial plots. The diagram flow shows the multitude of protein fragments with master 
protein and molecular weight (MW) which were identified in plasma and serum samples. The size of the coloured blocks in the protein column are 
proportional to the number of fragments identified for that specific master protein. The connecting lines between the protein and MW columns 
represent the identified fragments. The “MW” column provides information on the MW of the specified fragment, in kDa



Page 7 of 10Lerink et al. Clinical Proteomics           (2024) 21:54  

revealed that 79 pathways were significantly enriched 
(p < 0.05, Additional File 7: Table S5—Enriched Pathways) 
in plasma and serum samples compared to the KEGG 
reference database. The impact values of the majority 
(56%) of these pathways were greater than 0.2, indicating 
that this altered pathway is evident in the tested samples, 
and can thus be profiled. The extracellular matrix (ECM)-
receptor interaction was one the most enriched path-
way in both groups (plasma, p ~ 3.62E–11 and serum, 
p ~ 2.23E–11). These interactions play an important role 
in many cellular activities such as differentiation, prolif-
eration, apoptosis, adhesion and migration, angiogen-
esis, and immune response and thus makes biological 
sense to be enriched in the sample groups [19]. A total 
of 20 members of ECM-receptor interaction pathway 
were identified in the plasma samples, of which 17 pro-
teins were also present in the serum samples. Therefore, 
the large majority of the network had remained intact in 
the serum samples (Fig. 4). Only three members of ECM-
receptor interaction pathway, integrin alpha-IIb (ITA2B), 
laminin subunit alpha-2 (LAMA2) and laminin subunit 
beta-1 (LAMB1), were not detected in the serum samples 
(Fig. 4).

Discussion
Large, prospective biorepositories are a prerequisite in 
order to explore the molecular basis and biomarkers of 
favourable and unfavourable transplant outcomes. In the 

first large-scale transplant biobank, the UK QUOD ini-
tiative, donor samples and data are handled and stored 
according to a strict and uniform protocol and thereby 
facilitate donor-based, outcome-focused research. Unfor-
tunately, since a similar initiative is not yet available for 
recipient samples, critical questions regarding a possible 
role of (molecular) recipient factors in transplant out-
comes can currently not be adequately investigated nor 
addressed [6, 7]. Establishment of an adequately sized 
biobank that incorporates sufficient cases to address 
short term complications and has adequate long-term 
follow up information will be extremely time-consuming, 
thereby interfering with a timely evaluation of the role of 
recipient factors.

A possible alternative and rich source of recipient 
samples are the sera that have been stored for immuno-
logical matching and surveillance. However, since these 
sera have been collected by different centres using local 
clinical protocols, there probably is a large variability in 
sample handling and storage practices, whilst the mate-
rial may also have been exposed to an unknown num-
ber of freeze–thaw cycles; factors that may all impact 
serum/plasma quality for future proteomic and metabo-
lomic analysis [10–12]. In the light of the huge poten-
tial of these clinical sera, and the fact that a prospective 
collection will take years to gain any relevant numbers, 
we decided to investigate to what extent these samples 
might still provide relevant biological information to 

Fig. 4 STRING analysis of the extracellular matrix (ECM) receptor interaction pathway. The network displays the interaction between the identified 
proteins in plasma (A) and serum (B) samples. Each node denotes a gene. The nodes circled with red indicate the genes uniquely identified 
in the plasma samples. The connecting lines between nodes indicate the evidence of their relationships: red line = fusion evidence; green 
line = neighbourhood evidence; blue line = co-occurrence evidence; purple line = experimental evidence; yellow line = text-mining evidence; light 
blue line = database evidence; black line = co-expression evidence
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build biological pathways from. In this feasibility study, 
we applied a state-of-the-art shotgun and data-depend-
ent acquisition metabolomics and proteomics approach 
in order to estimate the informative value of long-term 
stored, immunological surveillance lab-derived recipi-
ent serum samples, taking along uniformly biobanked 
QUOD donor plasma samples in parallel analyses.

A potential interference in this study is that it relies on 
two different sample groups. In an ideal world, one would 
have used uniform biological samples (serum or plasma) 
from a homogenous population (recipients or donors), 
and in parallel test fresh and long-term stored (> 20 
years) samples. However, this is not feasible, and unfor-
tunately, even a potential use of artificially aged samples 
as a reference, i.e., through exposing fresh samples to 
multiple freeze–thaw cycles, cannot reflect actual storage 
[10]. Nevertheless, the impact of non-uniform biologi-
cal samples appears less than commonly thought, since 
serum and plasma proteomes are reportedly very similar, 
apart from fibrinogen levels [20]. To minimize the impact 
of biological differences, the pathway enrichments were 
performed against a reference database rather than one-
to-one (i.e., plasma vs serum).

The advantage of the applied shotgun method is that 
it yields a broad overview of all proteins and metabo-
lites present and is therefore an appropriate strategy 
for an explorative approach. However, it does not pro-
vide the optimal analytical circumstances for every 
specific compound, in contrast to a targeted approach. 
This is reflected e.g., by the incomplete identification 
of the amino acids class of components in both plasma 
and serum (Additional File 4 and 5). Also, for proteins, 
incomplete patterns were observed: i.e., complement 
protein C3 has nine protein fragments [17], while shot-
gun proteomics only identified three fragments in serum 
and four in plasma (Fig.  3). Nevertheless, the shotgun 
approach enables the generation of global metabolomics 
and proteomics data as required for pathway analysis, 
which is essential to answer biological questions.

In this feasibility study, LC–MS metabolomics was 
successfully applied in both groups: 891 and 803 com-
pounds were identified in the recipient serum and donor 
plasma samples, respectively, of which 361 and 425 
were endogenous metabolites. The majority (75%) of the 
compounds were identified with high confidence, and 
metabolites from similar metabolite classes were found 
in both groups (Fig.  1C), as expected for human blood 
samples. The median m/z ratio was higher for serum 
samples (313 m/z) compared to the plasma samples (230 
m/z). Although a storage effect cannot be excluded, this 
difference more likely results from the clinical differ-
ence between the groups: whilst the plasma samples are 
derived from donors with adequate renal function, the 

serum samples all originate from patients suffering from 
end-stage renal disease, a condition known to result in 
accumulation of metabolites [21, 22], which could have 
contributed to the higher m/z ratio in the serum samples.

Although the measured protein concentrations were 
within the theoretical serum/plasma protein concentra-
tion range of 60–80 mg/mL [23], the concentration was 
higher in serum (69 ± 9 mg/mL) compared to plasma 
(61 ± 11 mg/mL), whilst the opposite was expected [24]. 
The most likely explanation is the prolonged storage of 
the serum samples, during which water will have evap-
orated, which has resulted in concentration of the sam-
ple. Whereas this affects absolute metabolite and protein 
abundance, and thus affects specific biomarker analysis, 
it does not impact the relative concentrations, and will 
therefore not interfere with general pathway analysis 
based on the presence of proteins rather than absolute 
abundances.

Using the power of shotgun LC–MS proteomics, it 
was possible to quantify not only the master proteins but 
also protein fragments in plasma and serum. In recipi-
ent serum, 42.5% of all proteins were fragments, whilst 
in the donor plasma group 26.5% of the proteins were 
fragments. This was also reflected in the size distribu-
tion with an overall lower MW of serum sample proteins 
compared to plasma. Although it cannot be ruled out 
that this increased fragmentation in kidney recipient sera 
is of biological origin [25], it is also an expected conse-
quence of the non-uniform sampling and extended stor-
age, which could e.g. lead to deamidation. In line with 
this high abundance of protein fragments in the serum 
samples of our study, a high level of deamidation (70%) 
was observed. Deamidation is a non-enzymatic, chemi-
cal post-translational modification that can occur in 
peptides and proteins during their lifespan (in vivo and 
in stored samples), which can have significant implica-
tions for the stability and integrity of these molecules in 
biological samples as it can make proteins more suscep-
tible to degradation by proteolytic enzymes [26]. Whilst 
the observed fragmentation of proteins will interfere with 
analyses based on antibody-based assays or aptamer plat-
forms, it has a limited effect on LC–MS-based pathway 
analysis; a fragment will still be identified as a fragment 
originating from its parent protein. The fragment can 
thus be taken along in the analysis as if it was an intact 
protein, if required.

The analytical strategy adequately generated metabolic 
and proteomic profiles from the recipient serum sam-
ples. To test to what extent the acquired data could be 
mapped along theoretical pathways, an integrated path-
way analysis was performed in which enriched pathways 
in the recipient serum and donor plasma were mapped 
against the KEGG reference database. Integration of the 
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qualitative proteomics and metabolomics data of both 
recipient serum and donor plasma samples resulted in 
the significant enrichment of a total of 79 pathways. 
Although the complement and coagulation cascades 
pathway had the highest impact and lowest p-value, 
interpretation of this pathway is potentially interfered 
as coagulation cascade activation in serum can trigger 
the complement cascade [27]. Consequently, this path-
way is suboptimal for exploration of the potential impact 
of storage artifacts. Therefore, it was decided to focus 
on ECM-receptor interaction pathway as a universally 
enriched pathway for integrated pathway analysis. In-
depth STRING analysis of this pathway showed major 
overlap between donor plasma and recipient serum sam-
ples (Fig. 4). Interestingly, with only three nodes missing 
from the serum analysis, the overall overview of the ECM 
receptor interaction pathway remained intact. This illus-
trates that older serum samples from non-uniform, clini-
cal biorepositories can be applied for general qualitative 
proteomic and metabolomic integrated pathway analysis, 
yielding a resolution similar to that of strictly biobanked 
samples.

Besides the difference in biofluids, another limitation 
that especially affects metabolite abundances is the dif-
ference in nutritional state: the donor plasma samples 
are obtained from individuals who are in the process of 
dying and thus in a fasting, glucose-infusion state, whilst 
the serum samples originate from non-fasting recipi-
ents using a variety in diets. Moreover, donor type (brain 
death vs circulatory death) may also impact metabolism 
[28]. Again, we have therefore decided to not compare 
the two groups one-to-one.

Conclusions
This feasibility study demonstrated that recipient 
serum samples that were obtained using local proce-
dures, stored for long periods of time and subjected to 
an unknown number of freeze–thaw cycles can still be 
used for qualitative proteomic and metabolomic pathway 
analysis, yielding intact biological pathways. Using sam-
ples from pre-existing collections will enable us to tackle 
pressing molecular questions regarding long-term out-
comes and rare events in the field of transplantation, as 
well as in any other biomedical research field dependent 
on large biorepositories. Whilst samples from uniformly 
protocolized biobanks obviously remain the gold stand-
ard, this study shows that samples from clinical biore-
positories still provide useful information when applying 
integrated pathway analysis.
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