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Proteomics reveals specific 
biological changes induced 
by the normothermic machine 
perfusion of donor kidneys 
with a significant up‑regulation 
of Latexin
Gianluigi Zaza 1,7*, Flavia Neri 2,7, Maurizio Bruschi 3,4, Simona Granata 1, Andrea Petretto 5, 
Martina Bartolucci 5, Caterina di Bella 2, Giovanni Candiano 3, Giovanni Stallone 1, 
Loreto Gesualdo 6 & Lucrezia Furian 2

Renal normothermic machine perfusion (NMP) is an organ preservation method based on the 
circulation of a warm (35–37 °C) perfusion solution through the renal vasculature to deliver oxygen 
and nutrients. However, its biological effects on marginal kidneys are unclear. We therefore used 
mass spectrometry to determine the proteomic profile of kidney tissue and urine from eight 
organs reconditioned for 120 min using a Kidney Assist device. Biopsies were taken during the pre-
implantation histological evaluation (T-1), at the start of back table preparation (T0), and after 60 
and 120 min of perfusion (T60, T120). Urine samples were collected at T0 (urine produced in the first 
15 min after the beginning of normothermic reperfusion), T30, T60 and T120. Multiple algorithms, 
support vector machine learning and partial least squares discriminant analysis were used to select 
the most discriminative proteins during NMP. Statistical analysis revealed the upregulation of 169 
proteins and the downregulation of 196 during NMP. Machine learning algorithms identified the top 
50 most discriminative proteins, five of which were concomitantly upregulated (LXN, ETFB, NUDT3, 
CYCS and UQCRC1) and six downregulated (CFHR3, C1S, CFI, KNG1, SERPINC1 and F9) in the kidney 
and urine after NMP. Latexin (LXN), an endogenous carboxypeptidase inhibitor, resulted the most-
upregulated protein at T120, and this result was confirmed by ELISA. In addition, functional analysis 
revealed that the most strongly upregulated proteins were involved in the oxidative phosphorylation 
system and ATP synthesis, whereas the downregulated proteins represented the complement system 
and coagulation cascade. Our proteomic analysis demonstrated that even brief periods of NMP induce 
remarkable metabolic and biochemical changes in marginal organs, which supports the use of this 
promising technique in the clinic.

Kidney transplantation is the best treatment for end-stage renal disease, but the availability of healthy donor 
organs is limited1. Many patients on the waiting list must therefore accept kidneys from extended criteria donors 
(ECDs)2 or donation after circulatory death (DCD)3. These kidneys, from older, comorbid and ischemic donors, 
are more prone to severe functional alterations and take longer to regain function (delayed graft function) than 
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kidneys from younger, standard criteria donors (SCDs) due to the effects of ischemia/reperfusion (I/R) injury4. 
This complication enhances the risk of early immunological alterations, including acute rejections5.

Ischemic effects can be prevented by hypothermic machine perfusion, which is standard clinical practice for 
the safe transport of kidneys from the donor to the recipient center. This has a better outcome than static cold 
storage6, although the condition of the kidney gradually deteriorates in an anaerobic environment7. To avoid such 
deterioration, normothermic machine perfusion (NMP) involves the circulation of a warm (35–37 °C) perfu-
sion solution through the renal vasculature to deliver oxygen and nutrients, thus restoring cellular metabolism 
and replenishing the pool of adenosine triphosphate (ATP)8. Under optimal conditions, this can prevent organ 
deterioration and promote recovery. By restoring kidney function, NMP also provides an opportunity to assess 
organ quality before transplantation and facilitates the delivery of pre-transplant therapies8. However, the overall 
biological impact of this technology on the kidney is only partially understood.

One way to address the knowledge gap is the application of comparative proteomics. For example, mass 
spectrometry was used in one recent study to show that NMP with urine recirculation preserves and revitalizes 
kidney metabolism, primarily by reducing the abundance of damage-associated molecular patterns (DAMPs), 
improving mitochondrial glucose metabolism, and minimizing biochemical alterations induced by I/R injury9. 
Furthermore, nanoparticle tracking analysis demonstrated that discarded ECD kidney grafts release distinct 
extracellular vesicles (EVs) during NMP that may be suitable for the assessment of kidney graft quality10.

We therefore applied an innovative comparative mass spectrometry approach to measure acute changes in 
the protein content in kidney tissue and urine obtained from discarded kidneys (after histological evaluation) 
undergoing NMP. The analysis may indicate NMP-induced changes in kidney functions and determine the 
molecular effects of this procedure.

The proteins that are modulated by NMP may be developed in the future as early urinary biomarkers and/
or new therapeutic targets.

Results
Description of the perfusion process.  Eight kidneys deemed unsuitable for transplantation underwent 
NMP treatment between April 2020 and April 2021. The donor characteristics, cold ischemia times, donor 
weights, histological evaluations and reasons for transplant non-eligibility are summarized in Supplementary 
Table S1. The composition of the NMP solution is provided in Supplementary Table S2.

The cold ischemia time was on average 29 h and 20 min, ranging from 16 to 32 h. The weight of the kidneys 
was on average 368 ± 129 g at the beginning of the perfusion and 377 ± 149 g at the end, with a weight gain of 
about 9 ± 22.7 g during the perfusion.

During NMP, hemodynamic changes demonstrated a rise in flow and decline in intravascular resistances 
over time. The mean of flow adjusted to the weight of the kidney was 27.9 ± 9 ml/min/100 g at time 0 and raised 
to 44 ± 19.9 ml/min/100 g after 2 h. The intravascular resistances decreased from 0.81 ± 0.3 mmHg·min/L at 
the beginning of the experiment to 0.55 ± 0.13 mmHg·min/L at the end of the procedure. The temperature was 
stably between 36–37 °C for all the experiments. We observed a great variability in terms of ultrafiltrate produc-
tion between kidneys. The mean value of ultrafiltration was 0.36 ± 0.59 ml/min in the first 15 min and peaked to 
0.66 ± 0.82 ml/min in the following 15 min. It subsequently declined to 0.44 ± 0.46 ml/min until 1 h of perfusion 
and to 0.28 ± 0.28 ml/min during the last hour (Supplementary Fig. S1).

No significant changes according to Karpinski score were observed at histological examination after NMP 
(data not shown).

Protein composition of kidney tissue samples.  Biopsies of the eight kidneys were analyzed by high-
resolution mass spectrometry. This revealed a total of 7926 proteins, 7742 (97.7%) of which were common to all 
four time points. Notably, 12 (0.2%), 2 (0%), 5 (0.1%) and 8 (0.1%) proteins were exclusively found at time points 
T-1, T0, T60 and T120, respectively (Fig. 1A).

We applied one-way ANOVA (time series) to identify proteins that changed significantly in abundance dur-
ing perfusion, and a t-test to identify the proteins that best distinguished between T0 and the other three time 
points. This revealed 839 significant proteins (according to ANOVA and t-test, and excluding overlapping); 792 
differed significantly over time during perfusion by ANOVA. One that differed significantly between T0 and 
T-1, 31 that differed significantly between T0 and T60, and 281 that differed significantly between T0 and T120 
(according to t-test) (Fig. 1B and Supplementary Table S3). The 839 statistically significant proteins included 
169 showing a steady increase in abundance during perfusion, 196 showing a steady decrease, and 132 showing 
no change in abundance.

Volcano plots were used to visualize the univariate statistical analysis (Supplementary Fig. S2).
SVM learning and PLS-DA were used to identify a core panel of ranked proteins that maximized the distinc-

tions between the four time points. Their expression profiles after Z-score normalization were then represented 
as a heat map (Fig. 2A). Multidimensional scaling indicated the level of discrimination of the selected proteins 
(Fig. 2B).

GO enrichment analysis revealed that the proteins most strongly upregulated at the end of NMP treatment 
(T120) were involved in electron transport coupled to ATP synthesis (COA6, UQCRC1, CYCS and ETFB) as 
well as hydrogen peroxide catabolism and bicarbonate transport (CA1, HBA1, HBB, HBD and HBG2). Some of 
the proteins significantly downregulated at T120 represented the complement system and coagulation cascades, 
as well as their regulators (KNG1, F9, C1S, SERPINC1, CFI and CFHR3).

Protein composition in urine samples.  To validate the results from the renal biopsies, we analyzed the 
urine proteome at four time points. The urine samples of four patients were not included in this analysis because 
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Figure 1.   Venn diagram of all proteins identified in kidney tissue samples. (A) Venn diagram showing common 
and exclusive proteins in kidney tissue samples at four time points. The numbers (and percentages) of proteins 
in the overlapping and non-overlapping areas are indicated. (B) Venn diagram showing common and exclusive 
proteins based on the multivariate and univariate statistical analysis of kidney tissue samples. The numbers (and 
percentages) of proteins in the overlapping and non-overlapping areas are indicated.

Figure 2.   Heat map and partial least squares discriminant analysis of kidney proteins showing the maximum 
discrimination between the four time-points. (A) Heat map of 50 top-ranking proteins identified by statistical 
analysis. Each row represents a protein and each column corresponds to a time point. Normalized Z-scores 
of protein abundance are depicted as a pseudocolor scale, with red and blue representing upregulation and 
downregulation, respectively. The dendrogram shows the outcome of unsupervised hierarchical clustering, 
placing similar proteome profile values near each other. Visual inspection of the dendrogram and heat 
map confirms the ability of these proteins to clearly distinguish between the different conditions. (B) Two-
dimensional scatter plot of PLS-DA representing four time points: T-1 (white circles), T0 (gray circles), T60 
(blue circles), and T120 (red circles) based on the combined application of ANOVA, t-test, SVM learning and 
PLS-DA. Ellipsis indicates 95% confidence interval. Visual inspection of the scatter plot demonstrates the ability 
of these proteins to clearly distinguish between the different time points.
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of the large number of erythrocytes. We identified 3537 proteins in total, 3432 (97%) of which were common 
to all four time points (Fig. 3A). Importantly, 3325 of the urine proteins were also found in the tissue samples.

We applied the one-way ANOVA (time series) to identify the proteins that changed in abundance during 
perfusion, and a t-test to identify the proteins that best distinguished between T0 and the other three time points. 
This revealed 1597 significant proteins (according to ANOVA and t-test and excluding overlapping); 1266 dif-
fered significantly over time during perfusion (by ANOVA); 1289 that differed significantly between T0 and T30, 
1141 that differed significantly between T0 and T60, and 905 that differed significantly between T0 and T120 
(Fig. 3B). The 1597 statistically significant proteins included 205 showing a steady increase in abundance during 
perfusion, nine showing a steady decrease, and 19 showing no change in abundance (Supplementary Table S4). 
Among the 2323 proteins showing statistically significant differences between time points, 105 (4.5%) were also 
found in the tissue samples.

SVM learning and PLS-DA were used to identify a core panel of ranked proteins that maximized the differ-
ences between the four time points. Their expression profiles after Z-score normalization were then represented 
as a heat map (Fig. 4A). Multidimensional scaling revealed clear discrimination between the cluster represent-
ing T0 and the other time points (Fig. 4B). These included five proteins that increased in abundance during 
perfusion (LXN, ETFB, NUDT3, CYCS and UQCRC1), six that decreased in abundance (CFHR3, C1S, CFI, 
KNG1, SERPINC1 and F9), and one (PIK3CA) that remained at the same level (Fig. 5). However, Latexin (LXN) 
resulted the most-upregulated protein at T120 in both urine and tissue samples. The level of expression of each 
of these 12 top selected proteins (highlighted in grey in the Supplementary Tables S3 and S4) in the kidneys and 
urine was not significantly correlated to both organ cold ischemia time (CIT) or donors’ serum creatinine levels.

Given that NMP maintains the metabolic activity of kidneys, we looked for proteins involved in fatty acid 
oxidation and synthesis to discover potential differences across the different time points. Several enzymes were 
significantly upregulated in urine samples at T120, including alcohol dehydrogenase 1B (ADH1B), 4-trimethyl-
aminobutyraldehyde dehydrogenase (ALDH9A1), α-aminoadipic semialdehyde dehydrogenase (ALDH7A1), 
long-chain-fatty-acid-CoA ligase 1 (ACSL1), fatty acid synthase (FASN), long-chain-fatty-acid-CoA ligase 5 
(ACSL5) (Supplementary Fig. S3). We did not observe the same trend in the kidney samples, but peroxisomal 
acyl-coenzyme A oxidase 1 (ACOX1) was significantly downregulated following the NMP treatment (Supple-
mentary Fig. S3).

Gene set enrichment analysis.  The diverse expression profiles of kidney proteins during perfusion could 
indicate functional alterations, so we used GSEA to identify GO annotations enriched among the proteins with 
statistically significant differences in abundance. In the kidney samples, we identified 119 significantly enriched 
GO terms, 28 associated with proteins that increased in abundance during perfusion, 15 associated with proteins 
that decreased in abundance, and seven associated with proteins showing no change (Supplementary Tables S4, 
S5, S6). The results are summarized in a network diagram (Fig. 6). Among the proteins that increased in abun-
dance during perfusion, GSEA indicated a statistically significant enrichment of GO terms associated with oxi-
dative phosphorylation, thermogenesis, and ATP synthesis coupled to electron transport. Among the proteins 
that were depleted or unchanged during perfusion, GSEA indicated a statistically significant enrichment of GO 
terms associated with the complement system, coagulation cascade, cytoskeletal organization and carbohydrate 
metabolism. Interestingly, using GO annotation terms extracted from the Human Protein Atlas, all statistically 
significant proteins were enriched for proteins associated with the kidney. The same analysis was applied to the 
urine samples. GO analysis identified 242 significantly enriched GO terms, 17 of which were associated with 
proteins that increased in abundance during perfusion, five associated with proteins that decreased in abun-
dance, and three associated with proteins showing no change (Supplementary Tables S7, S8, S9). The 12 proteins 
that maximize discrimination between the four time points are shown in Fig. 6.

Figure 3.   Venn diagram of all proteins identified in urine samples. (A) Venn diagram showing common 
and exclusive proteins in urine samples at four time points. The numbers (and percentages) of proteins in 
the overlapping and non-overlapping areas are indicated. (B) Venn diagram showing common and exclusive 
proteins based on the multivariate and univariate statistical analysis of urine samples. The numbers (and 
percentages) of proteins in the overlapping and non-overlapping areas are indicated.
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Validation of mass spectrometry results.  Then, we used a direct homemade ELISA to measure the 
protein content of LXN in kidney samples and urine. In both types of samples, LXN expression level was signifi-
cantly increased (p ≤ 0.0001) in a time-dependent manner (Fig. 7).

Discussion
Normothermic machine perfusion (NMP) is an alternative to hypothermic preservation that helps to prevent 
the negative biological effects of I/R injury, particularly in kidneys from ECDs and DCD donors that are more 
susceptible to delayed graft function and, in some cases, a complete loss of activity. NMP provides oxygen and 
nutrients while circulating the perfusion solution at a near-physiological temperature, thus restoring and main-
taining the metabolic activity of the kidney and replenishing depleted ATP11–13. This enhanced preservation 
method avoids severe morphological and functional alterations that may affect the outcome after transplantation. 
NMP can also prolong the ex-situ preservation time, enabling a more accurate and extended assessment of organ 
viability before transplantation. However, the biological changes induced by NMP are only partially understood.

To address this knowledge gap, we used an innovative high-resolution mass spectrometry method to reveal 
changes in the tissue and urinary proteome of marginal kidneys (rejected for transplantation following histo-
logical evaluation) during and after NMP treatment for 120 min. Machine learning algorithms (SVM learning 
and PLS-DA) revealed that a short period of NMP treatment, contrarily to cold static preservation, altered 
the abundance of many proteins in the kidney tissue and urine samples, with 4.5% of the identified proteins 
modulated in both types of sample. We found that the proteins upregulated by NMP were primarily involved in 
oxidative phosphorylation, ATP synthesis coupled to electron transport, and thermogenesis, whereas those down-
regulated by NMP included key factors and regulators of the complement system and coagulation cascade. The 
observed effects on oxidative phosphorylation may reflect the re-establishment of oxygen intake and the main-
tenance of the kidney at a physiological temperature, avoiding the onset of hypoxic-driven acute kidney insults 

Figure 4.   Heat map and partial least squares discriminant analysis of urine proteins showing the maximum 
discrimination between the four time-points. (A) Heat map of 50 top-ranking proteins identified by statistical 
analysis. Each row represents a protein and each column corresponds to a time point. Normalized Z-scores of 
protein abundance are depicted as a pseudocolor scale, with red, white and blue representing upregulation, no 
change and downregulation, respectively. The dendrogram shows the outcome of unsupervised hierarchical 
clustering, placing similar proteome profile values near each other. Visual inspection of the dendrogram and 
heat map confirms the ability of these proteins to clearly distinguish among the different conditions. (B) Two-
dimensional scatter plot of PLS-DA representing four time points: T0 (white circles), T30 (gray circles), T60 
(blue circles), and T120 (red circles) based on the combined application of ANOVA, t-test, SVM learning and 
PLS-DA. Ellipsis indicates 95% confidence interval. Visual inspection of the scatter plot demonstrates the ability 
of these proteins to clearly distinguish between the different time points.
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Figure 5.   Label-free quantitation intensity box plot of statistically significant proteins shared between the 
kidney tissue and urine samples. Red, blue and green indicate proteins that increase, decrease or do not change 
in abundance during normothermic machine perfusion, respectively. * Statistically significant by T-test; ** 
statistically significant by ANOVA in time series analysis (p values are reported in Supplementary Tables S3 and 
S4).

Figure 6.   Gene set enrichment analysis network. Nodes and edges represent GO annotation terms and their 
interactions, respectively. Red, blue and green circles indicate GO annotation terms and proteins that increase, 
decrease or do not change in abundance during normothermic machine perfusion, respectively.
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and the development of early chronic organ alterations. Similar results were previously reported following the 
NMP treatment (with urine recirculation) of discarded human kidneys14 and in a porcine auto-transplantation 
model undergoing normothermic ex vivo kidney perfusion (NEVKP) for 8 h15. In these studies, normothermic 
treatment had a major impact on several biochemical properties and metabolic pathways, including oxidative 
phosphorylation, fatty acid β-oxidation and the tricarboxylic acid cycle, compared to static cold storage. These 
responses may facilitate at least a partial recovery from I/R injury by reducing acute morphological and functional 
alterations and minimizing the early onset of organ fibrosis.

SVM learning and PLS-DA identified five proteins that increased in abundance (LXN, ETFB, NUDT3, CYCS 
and UQCRC1) and six that decreased in abundance (CFHR3, C1S, CFI, KNG1, SERPINC1, F9) in both urine 
and kidney tissue after 120 min of NMP. These may be considered key elements of the biological processes 
induced by NMP and, if validated in further studies, could be developed as biomarkers or therapeutic targets. 
Some of the upregulated proteins were found to be involved in mitochondrial metabolism and the antioxidant/
redox machinery.

Latexin (LXN), also known as tissue or endogenous carboxypeptidase inhibitor (ECI), resulted the most up-
regulated protein after 120 min of NMP treatment. Interestingly, this protein is highly expressed in several tissues 
(including heart, prostate, ovary, kidney, pancreas and colon, brain) where it plays a role in inflammation and 
cancer (as tumor suppressor)16–18. Additionally, it may exert a protective effect on thrombotic renal dysfunction 
enhancing the fibrinolysis19. This effect could mitigate the consequences of the renal I/R which is associated 
with activation of the coagulation system and accumulation of blood clotting factors in the kidney20. Previous 
studies21–24 have shown that renal I/R can cause the accumulation of fibrinogen in the kidney. Fibrinogen is the 
main protein of the coagulation system and consists of two identical subunits that contain three polypeptide 
chains: Aα, Bβ, and γ25. Besides its important function in coagulation, fibrinogen plays a critical role in inflam-
mation, wound healing, and angiogenesis by interacting with blood cells, endothelial cells, and other cell types 
after leaking into the extravascular space26–28. Although leakage of circulating fibrinogen into areas of acute 
damage may aggravate injury and trigger inflammation29,30 its presence might also be instrumental for normal 
regeneration26. However, although we can suggest a potential positive effect of the up-regulation of Latexin, 
additional studies are needed to better address this point.

Electron transfer flavoprotein subunit β (ETFB) shuttles electrons between primary flavoprotein dehydroge-
nases involved in mitochondrial fatty acid/amino acid catabolism and the membrane-bound electron transfer 
flavoprotein ubiquinone oxidoreductase31. Nudix hydrolase 3 (NUDT3) hydrolyzes dinucleotides and inositol 
pyrophosphates, helping to repair DNA damage and maintain cell survival during oxidative stress32. Ubiquinol-
cytochrome c reductase core protein 1 (UQCRC1) is a core subunit of mitochondrial respiratory chain complex 
III, and its upregulation may explain the observed increase in oxidative phosphorylation and ATP production. 
Cytochrome c (CYCS) is a small protein that plays a key role in the mitochondrial electron transport chain. It 
associates with the inner membrane of the mitochondrion and accepts electrons from cytochrome b, transferring 
them to the cytochrome oxidase complex. These results could confirm previous findings that NMP promotes the 

Figure 7.   Latexin (LXN) levels in kidney and urine samples. LXN expression levels are measured by direct 
homemade ELISA in all kidney and urine samples. In both type of samples LXN was significantly increased 
in a time-dependent manner (p ≤ 0.001). Data are expressed as Relative Unit/ml (RU/ml). n.s.: not significant. 
*p < 0.0001 by Friedman test with Dunn’s comparison correction.
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recovery of mitochondrial function in the kidney and liver, increasing intracellular ATP levels and mitigating 
the tissue injury that occurs during rewarming14,33.

The proteins depleted by NMP treatment included components of the complement system and coagulation 
cascade, which are involved in the damage to renal tubular cells following I/R injury and in the subsequent 
inflammatory response34–36. NMP was previously shown to partially influence this pathway although with con-
trasting results37,38. Our data suggest that the complement pathway may become hyper-activated (in part com-
pensated by the downregulation of C1s proteases) in response to non-immune insults such as I/R. Complement 
activation within the injured kidney is also a proximal cause of many downstream inflammatory events in the 
renal parenchyma that can exacerbate kidney injury39. The secreted proteins complement factor H-related protein 
3 (CFHR3) and complement factor I (CFI) are essential regulators of the complement cascade.

We found that NMP had a strong impact on coagulation, as demonstrated by the declining levels of kini-
nogen-1 (KNG1), SERPINC1 and F9. KNG is the precursor of the kallikrein-kinin system, which cooperates 
with coagulation factor XI to form the contact activation system. Kininogen is also the source of the vasoactive 
nonapeptide bradykinin40. SERPINC1 (anti-thrombin III) is an essential plasma protease inhibitor and a member 
of the serpin superfamily that regulates blood coagulation by inhibiting thrombin and other activated serine 
proteases in the coagulation system41. F9 (vitamin K-dependent coagulation factor IX) is converted to an active 
form by factor XIa, which excises the activation peptide and thus generates a heavy chain and light chain held 
together by one or more disulfide bonds. The role of activated factor IX in the coagulation cascade is to activate 
factor X by interacting with Ca2+, membrane phospholipids, and factor VIII42.

Metabolic networks related to hypoxia and the complement and coagulation cascades are the major pathways 
enhanced in organ donors before organ retrieval and the cessation of blood circulation and are therefore the most 
advantageous targets in the donor to improve long-term allograft survival43. The inhibition of complement in 
brain-dead rats has been shown to improve renal function44. The complement activation cascade can be targeted 
at different levels to attenuate complement-mediated injury by using, for example, soluble complement regulator 
proteins or antibodies against complement components, their split products, or complement receptor antagonists. 
Only a few of these agents have been used in patients for indications other than kidney transplantation. Recom-
binant or plasma-derived C1-esterase inhibitor is currently approved for the routine prophylaxis of hereditary 
angioedema by blocking the classical and lectin pathways of complement activation, as well as proteases of the 
fibrinolytic, clotting and kinin pathways45.

Our proteomics analysis showed that one group of proteins upregulated by NMP was involved in the 
acid–base balance, including carbonic anhydrase (CA1), which plays an important role in H+ secretion and 
HCO3

− reabsorption by kidney tubular cells46. This natural preservation of the acid-basic balance, although is in 
part induced by the sodium bicarbonate in the perfusion solution, may contribute to the preservation of organ 
function after transplantation14. We also found that several enzymes involved in fatty acid oxidation and synthesis 
were down-regulated in the kidney after 120 min of NMP. These included ACOX1, the first and rate-limiting 
enzyme of the peroxisomal β-oxidation pathway which uses oxygen as a substrate for fatty acid oxidation and 
its activity is reduced by both hypoxia and proteolytic degradation during the course of reperfusion47,48. It is 
plausible that the same mechanism may reduce the content of fatty acid oxidation enzymes during short-term 
NMP following cold ischemia time.

In conclusion, our experiments revealed that NMP for 120 min can induce important metabolic changes 
that may help to preserve the biochemical functions of suboptimal kidneys. Similar effects on other marginal 
organs could have a positive impact on their functionality and survival. Our results provide new insights into the 
molecular responses to NMP and, when validated in larger cohorts of patients, could result in the development 
of novel biomarkers and therapeutic targets that help clinicians to optimize this treatment and reduce the risk 
of complications, thus enhancing graft survival.

Methods
Source of kidneys and ethical approval.  Our study was based on eight kidneys recovered for trans-
plantation but deemed unsuitable according to Nord Italia Transplant program guidelines and a histological 
evaluation using the Karpinski/Remuzzi score49. After transfer to the University-Hospital of Padova, NMP was 
performed by the clinical staff of the Kidney Transplant Center Unit.

This study was approved by the Ethics Committee of Padova (CESC 4994/AO/21). The study was conducted 
according to the Helsinki declaration and informed consents were obtained by the family or legal guardian. All 
experiments were performed in accordance with relevant guidelines and regulations.

Normothermic machine perfusion.  All eight kidneys were perfused using a Kidney Assist device 
(XVIVO) adapted for NMP. Before cannulating the renal artery and ureter, the kidney was weighed and con-
nected to the machine. Perfusion was started at 37 °C, with a pressure of 50 mmHg, increasing slowly to 70 mmHg 
in the first 10 min. Before starting NMP, the perfusate was analyzed using an iSTAT blood gas analyzer. Major 
alterations in electrolytes and the acid–base balance were corrected before connecting the kidney and starting 
the perfusion, which lasted for 2 h. The ultrafiltrate was reintroduced after collecting a sample and recording the 
amount as previously described14. The kidneys were sent for disposal at the end of the procedure.

Kidney biopsies and urine samples.  We prepared core biopsies of the kidney parenchyma using 
18-gauge needles as soon as the organs were deemed unsuitable for transplantation (evaluation time, T-1), and 
also at the beginning of the experiment (during back table preparation, T0). Further biopsies were taken after 
60 min of perfusion (T60) and after 120 min, the end of the treatment (T120). Urine samples were collected at T0 
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(urine produced in the first 15 min after the beginning of normothermic reperfusion), T30, T60 and T120. They 
were centrifuged (10,000 × g, 5 min, 4 °C) to remove cells/debris. All samples were stored at − 80 °C until use.

Preparation of samples for proteomic analysis.  Urine samples (100 µl) were denatured, reduced and 
alkylated in 100 µl iST-LYSE buffer (PreOmics) for 10 min at 95 °C, with a vigorous shaking at 1000 rpm. Renal 
tissues were washed three times with PBS and lysed with guanidine lysis buffer (6 M guanidine hydrochloride, 
10 mM Tris-(2-carboxyethyl) phosphine hydrochloride, 40 mM 2-chloroaceteamide, 100 mM Tris–HCl, pH 8) 
containing protease and phosphatase inhibitors. The samples were homogenized by applying four cycles of 4 min 
in a T10 basic ULTRA-TURRAX (IKA). The protein lysates were then heated at 95 °C for 10 min before three 
cycles of 30 s in a UP200St ultrasonic processor (Hielscher). The protein concentration was estimated using a 
tryptophan assay50.

Urine and renal proteins were isolated using the PAC method51 and a Freedom EVO liquid handler (TECAN). 
Briefly, protein aggregation was induced by adding 70% acetonitrile along with magnetic beads, which were 
retained when the supernatant was removed. The beads were washed sequentially with acetonitrile, 70% ethanol 
and isopropanol, then resuspended in 25 mM Tris–HCl (pH 8). The captured proteins were digested overnight 
at 37 °C with trypsin and LysC at ratios of 1:50 and 1:100 (to the protein content) respectively. The resulting 
peptides were desalted using Stage-Tips and analyzed by nano-UHPLC-MS/MS using an Ultimate 3000 RSLC 
coupled to an Orbitrap Fusion Tribrid mass spectrometer with a high-field asymmetric waveform ion mobility 
spectrometry (FAIMS) Pro Interface (Thermo Fisher Scientific).

Analysis of renal tissue peptides by nano‑UHPLC‑MS/MS.  Peptides were separated on a 200-cm 
µPAC C18 column (PharmaFluidics) mounted in a thermostatic column compartment maintained at 50  °C. 
We applied a gradient of 5–7% buffer B (80% acetonitrile in water, supplemented with 5% DMSO and 0.1% 
formic acid) at a flow rate of 750 nl/min dropping to 350 nl/min over a period of 12 min. The peptides were then 
eluted in a non-linear gradient of 7–45% buffer B at a constant flow rate of 350 nl/min for 78 min. The fractions 
were analyzed in data-independent acquisition (DIA) mode, with Orbitrap detection for MS1 at a resolution of 
120,000 within the range 375–1500 m/z and an AGC target of 300%. Advanced peak determination was enabled 
for MS1 measurements. The FAIMS compensation voltage was set to –50 V at standard resolution. Precursors 
were selected for data-independent fragmentation in 60 windows of 380–980 m/z with an overlap of 2 m/z. The 
higher-energy C-trap dissociation (HCD) value was set to 30% and MS2 scans were acquired at a resolution of 
15,000 with a maximum injection time (max. IT) of 22 ms and an AGC target of 1000%.

Raw data were processed using FragPipe v17.1 with MS Fragger v3.452 in the DIA_SpecLib_Quant workflow53 
to build spectral libraries, and DIA-NN v1.8 for DIA quantification. All default settings were applied except the 
RT Lowes fraction, which was modified to 0.01 for spectral library generation. We screened the UniProt human 
protein sequence database (release UP000005640_9606 July 2021) and a database of common contaminant 
proteins.

Analysis of urine peptides by nano‑UHPLC‑MS/MS.  Peptides were separated as above, but using a 
1–7% initial gradient of buffer B. The fractions were analyzed in data-dependent acquisition (DDA) mode with 
the same resolution and m/z range as stated above for the analysis of renal tissue proteins. The top 10 precur-
sors were selected for MS2 analysis. MS/MS spectra were acquired in the linear ion trap (rapid scan mode) after 
HCD with a collision energy of 30% and a custom AGC target. We applied quadrupole isolation with a 1.6 m/z 
window, dynamic exclusion set to 50 s, and a max. IT of 35 ms.

Raw data were processed using MaxQuant v2.0.3.054. A false discovery rate of 0.01 was used for the identi-
fication of proteins, peptides and peptide-spectrum matches. A minimum of seven amino acids was required 
for peptide identification. The Andromeda engine in MaxQuant was used to search MS/MS spectra against the 
UniProt human database (release UP000005640_9606 July 2021). N-terminal acetylation, methionine oxidation 
and asparagine/glutamine deamidation were selected as variable modifications, and carbamidomethyl cysteine 
was selected as a fixed modification. Quantification intensities were calculated using the default fast MaxLFQ 
algorithm with the activated option “match between runs.” Raw data processed by MaxQuant were further 
processed using IceR55 with default settings, to reduce the number of missing values.

Direct ELISA.  To confirm the results obtained by LC/MS–MS for LXN expression in kidney and urine sam-
ples, homemade direct ELISA was performed. Specificity of the antibody was validated by western blot (Sup-
plementary Fig. S4). Briefly, 5 mg of solubilized human kidney samples and urine at each time point were added 
to the 96-well Nunc MaxiSorp plate (ThermoFisher Scientific, Waltham, MA, USA) and incubated overnight 
at 4 °C. After one wash with PBS, the plate was saturated over night at 4 °C with 3% w/v BSA in PBS and sub-
sequently incubated overnight with policlonal anti-human LXN (1:1000) in 3% w/v BSA in PBS-T (PBS with 
0.05% v/v Tween-20). After three washes with PBS-T, plate was incubated with secondary antibody HRP conju-
gated for 2 h at room temperature and the reaction was developed and stopped respectively with TMB substrate 
and 1 M of sulfuric acid solutions. The absorbance was read at 450 nm in an iMark microplate reader (Bio-Rad, 
Hercules, CA, USA).

Statistical analysis.  All statistical tests were performed using Origin Lab V9 and the latest version of the 
software package R available at the time of the experiments. After normalization and missing value imputation 
with a normal distribution, MS data were analyzed by unsupervised hierarchical clustering using multidimen-
sional scaling (MDS) with k-means and Spearman’s correlation to identify outliers and the dissimilarity between 
samples. Proteins differing in abundance over the four time points were assessed by one-way analysis of variance 
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(ANOVA) for time series, whereas a t-test was used to identify proteins differing in abundance between T0 and 
the other three time points. Finally, we used machine learning to identify proteins that maximize discrimination 
between the four time points, specifically non-linear support vector machine (SVM) learning, and partial least 
squares discriminant analysis (PLS-DA). For the t-test, differences in protein abundance between two conditions 
were considered significant with a power of 80% and an adjusted p-value ≤ 0.05 after correction for multiple 
interactions (Benjamini-Hochberg) and a fold change ≥ 2. Volcano plots were used to quickly visualize statistical 
differences and the cutoff lines were established using the function y = c/(x–x0). The Bland–Altman (MA) plot 
was used to identify proteins whose abundance did not change during perfusion and the cutoff value for each 
protein was established using the function x ≤ mean ± √δ2/n. In SVM learning, fourfold cross-validation was 
applied to estimate the prediction and classification accuracy. The whole matrix was randomly divided into two 
parts, one for learning (65%) and the other to verify the accuracy of the prediction (35%). SVM and PLS-DA 
generate rank and VIP (variable importance in projection) scores, respectively, to establish a priority list of pro-
teins that distinguish the four time points.

The g:Profiler website (https://​biit.​cs.​ut.​ee/​gprof​iler)56 was used to build a functional protein network based 
on Gene Ontology (GO) annotations and for gene set enrichment analysis (GSEA) using Fisher’s exact test. 
Significant proteins were uploaded as a gene list with the official gene names as identifiers and Homo sapiens as 
the organism. GSEA results were uploaded and visualized with Cytoscape.

To assess the difference in the levels of LXN between each time point of kidney and urine samples in the 
direct homemade ELISA, the Friedman test for paired samples with Dunn’s multiple comparison test correction 
was used. Results were reported as medians and the interquartile range (IQr). Two-sided p values ≤ 0.05 was 
considered statistically significant.

Data availability
The MS data have been deposited to the ProteomeXchange Consortium (http://​www.​prote​omexc​hange.​org/) via 
the PRIDE partner repository (dataset identifier PXD036432).
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