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Abstract

To examine metabolic differences between renal allograft acute cellular rejection (ACR) and 

ischemic-reperfusion injury (IRI), we transplanted MHC-mismatched kidneys and induced 28 

minutes warm-IRI, and collected the ACR and IRI kidneys as well as their respective native and 

collateral control kidneys. We extracted metabolites from the kidney tissues and found the lysine 

catabolite saccharopine 12.5-fold enriched in IRI kidneys, as well as the immunometabolites 

itaconate and kynurenine in ACR kidneys. Saccharopine accumulation is known to be toxic to 

*Correspondence: Matthew H. Levine, MD, PhD, 3400 Spruce Street, 2 Ravdin Courtyard, Transplant Surgery, Hospital of the 
University of Pennsylvania, Philadelphia, PA 19104, P: 215-662-7367, F: 215-615-4900, matthew.levine@uphs.upenn.edu.
7Authors contributed equally.
Author’s Contributions
Research idea and study design: EAH, MHL, UHB, TPG, MRD; Data acquisition: SC, PTH, ZW, CP; data analysis/interpretation: 
UHB, EAH, TPG, WWH, MHL, CP, JAB; statistical analysis: UHB, EAH, MRD; writing manuscript: UHB; editing manuscript: 
EAH, PTH, SC, WWH, MHL, TPG, MRD, CP, JAB.

Conflict of Interest: The authors declare no conflict of interest.

Ethical approval (animal study): All applicable international, national, and/or institutional guidelines for the care and use of animals 
were followed.

Informed consent: No humans were involved in the study.

HHS Public Access
Author manuscript
Metabolomics. Author manuscript; available in PMC 2021 May 04.

Published in final edited form as:
Metabolomics. ; 16(5): 65. doi:10.1007/s11306-020-01682-2.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondria and may contribute to IRI pathophysiology, while itaconate and kynurenine may be 

reflective of counterregulatory responses to immune activation in ACR.
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Introduction

Acute cellular rejection (ACR) is an important complication of kidney transplantation and 

must be distinguished from other causes of allograft dysfunction such as renal ischemia-

reperfusion injury (IRI). Metabolomics of urine, blood and/or kidney tissue are of diagnostic 

interest (Christians et al, 2016). However, it is important to identify metabolites specific to a 

particular type of injury as opposed to general cell damage or impaired renal filtration. We 

hypothesized that unbiased tissue metabolomic profiling comparing IRI and ACR in murine 

models, each with intact control and native kidneys to maintain renal function, could identify 

new biomarkers and may provide new clues to pathophysiology.

Material and Methods

We induced renal IRI and ACR in murine models (Fig. 1A). For IRI, we clamped a renal 

pedicle in female C57Bl/6 mice under temperature-controlled conditions (36.0 ± 0.5 °C). 

Induction of ischemia was confirmed through visual inspection (expected color change after 

interruption of blood flow). The unclamped kidney served as control (CTR) and enabled 

maintenance of normal renal function. The IRI and CTR kidneys were obtained 24 hours 

after re-perfusion, at peak IRI injury based upon our previous studies (Levine et al, 2015). 

For allograft rejection, we transplanted C57Bl/6 kidneys into MHC-mismatched Balb/c 

recipients, and waited two weeks post-transplant until peak acute cellular rejection, as 

observed in our previous studies (Levine et al, 2016). The native Balb/c kidneys (NK) served 

as control condition to acute cellular rejection, and similar to the contralateral CTR kidneys 

in the IRI model, enabled the mice to maintain normal renal function. Additional 

comparisons between NK and CTR allowed to assess Balb/c versus C57Bl/6 differences 

(and systemic, not sufficiently cleared circulating metabolites, see Fig. S1). At the end of the 

experiment, kidney tissues were snap frozen and submitted to Metabolon for metabolite 

extraction and ultrahigh performance liquid chromatography-tandem mass spectrometry, 

with non-targeted metabolomic profiling of 879 biochemicals (Metabolon, Inc.). FDR-

adjusted t-tests combined with a 2.5-fold difference were used to examine differences 

between ACR vs. NK and IRI vs. CTR metabolites (Fig. S1, Tables S1–4). For details, 

please refer to the detailed methods in the Supplementary Information.

Results and Discussion

We found 30 metabolites elevated in IRI; of these, six (20%) were also elevated in ACR 

(Fig. 1B, 2A) and another 17 (57%) were similarly elevated in ACR but not at a statistically 
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significant level (Fig. 1C, above dashed line). These overlapping metabolites between IRI 

and ACR consisted of cell membrane lipids and other components known to be increased 

with apoptosis, which may be nonspecific makers of tissue injury. We considered 

metabolites that were uniquely increased in IRI, and equal to, or lower than, control in ACR, 

to be of particular interest for insights into the pathogenesis of IRI (Fig. 1C, below dashed 

line). Among these, the highest fold difference was observed for the lysine catabolite 

saccharopine (arrow, Fig. 1C). Saccharopine is of particular interest due to the recent 

discovery of saccharopine-induced mitochondrial toxicity (Leandro & Houten, 2019; Zhou 

et al, 2019). Mitochondrial injury is a key mechanism in renal IRI pathophysiology (Malek 

& Nematbakhsh, 2015).

To further investigate the IRI-associated increase in saccharopine, we examined other lysine 

catabolites in our samples (Fig. 1D, E) (Danhauser et al, 2012), and found that the 

downstream products 2-aminoadipate and glutarate, but not the parent substrates lysine and 

α-ketoglutarate, were increased in IRI (Figs. 1E, S2). Similarly, Fox et al. have observed 

cardiac 2-aminoadipate accumulation 24h after renal IRI and implicated protein oxidation 

and lysine degradation (Fox et al, 2019). The observation of lysine breakdown products in 

cardiac ischemia by Fox et al. and in renal ischemia in this study led us to question if 

saccharopine could be involved in IRI pathogenesis. Chouchani et al. have previously 

reported that succinate accumulates during ischemia of kidney, liver, heart and brain tissues 

and proposed that contributes to IRI by damaging mitochondria upon reperfusion 

(Chouchani et al, 2014). Interestingly, in the supplementary data of the same study, there 

was also persistent lysine accumulation during heart, kidney, and liver ischemia (1.24× 

p<0.05; 2.32× p<0.05; 6.4× p<0.001, respectively, Fig. 1F) (Chouchani et al, 2014). Our 

samples were obtained at 24 hours after reperfusion, and both succinate and lysine were 

close to CTR at this timepoint (Fig. 1E). This led us to speculate whether the elevated lysine 

observed by Chouchani et al. may lead saccharopine toxicity during reperfusion (Fig. 1F). 

Consistent with this hypothesis, the increase in cardiac 2-aminoadipate seen by Fox et al. 24 

hours after renal IRI occurred also without a corresponding increase in lysine (Fox et al, 

2019). We hypothesize that increased saccharopine/2-aminoadipate during reperfusion may 

be the result of prior lysine accumulation during renal ischemia, and may be relevant to 

subsequent mitochondrial injury given the reports of saccharopine-induced mitochondrial 

toxicity (Fig. 1F) (Leandro & Houten, 2019; Zhou et al, 2019).

Similar to the IRI-associated metabolites, we also noted that most metabolites increased in 

ACR consisted of cell membrane components (Fig. 2A, B). Two metabolites stood out based 

on their large fold increases in ACR kidneys, namely itaconate and kynurenine (arrows, Fig. 

2A, B). Itaconate, an immune-modulatory metabolite that is produced from cis-aconitate in 

macrophages, has been reported to be immunosuppressive (Fig. 2C, D) (Lampropoulou et al, 

2016). It is conceivable that its production may be associated with the high degree of 

inflammation seen in ACR. Itaconate also activates anti-oxidant responses via alkylation of 

cysteine residues on the protein Keap1 (KEAP1 - Kelch-like ECH-associated protein 1) 

which liberates the transcription factor Nrf2 (Nuclear factor erythroid 2-related factor 2) 

from Keap1-binding (Mills et al, 2018). Nrf2 is subject to post-translational control through 

Keap1, which keeps it from nuclear translocation and aids in its proteasomal degradation 

(McMahon et al, 2003). Thus, the effect of itaconate on Keap1 liberating Nrf2 increases 
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Nrf2-mediated anti-inflammatory and anti-oxidant response gene expression (Mills et al, 

2018; Perico et al, 2018). Beyond its immune modulatory and anti-oxidant effects, itaconate 

can be metabolized to citramalate, and accumulation of itaconate can inhibit vitamin B12-

dependent methylmalonyl-CoA mutase, leading to a methyl-malonic acidemia phenotype 

(Shen et al, 2017). We observed a decrease in citramalate in ACR (Fig. 2D), and examined 

the possibility that high levels of itaconate could lead to a methyl-malonic acidemia 

phenotype; however, the data do not support this hypothesis as methylmalonyl-CoA mutase 

dependent metabolites were unaltered (Fig. S3).

Kynurenine is produced during tryptophan catabolism and can contribute to de-novo NAD-

synthesis in the liver and kidneys (Fig. 2E) (Tran et al, 2016). Similar to itaconate, 

kynurenine has reported immunosuppressive properties, which are mediated through T cell 

apoptosis (Fallarino et al, 2002), lipid catabolism (Beier et al, 2019), and kynurenines 

functioning as agonists to the immunosuppressive Aryl hydrocarbon receptor (Mezrich et al, 

2010; Quintana et al, 2008). Kynurenine and its derivatives are increasingly associated with 

chronic kidney disease (Addi et al, 2018). We found that NAD precursors from the 

kynurenine pathway were elevated, and nicotinamide, nicotinamide riboside, and NAD+ 

were decreased in ACR kidneys, supporting a defect in renal de-novo NAD synthesis and/or 

recycling (Figs. 2F–H, S4). Given that NAD+ and NADH measurements by mass 

spectrometry can be inaccurate, we validated our findings using enzymatic NAD(H) cycling 

(Fig. 2I–L).

In conclusion, ACR and IRI have distinct tissue metabolomic signatures. Saccharopine 

emerged as the most increased IRI metabolite and may have pathophysiological relevance 

due to its mitochondrial toxicity. Itaconate and kynurenine are highly increased in ACR and 

may point to immune-(counter)-regulatory mechanisms, as well defects in renal NAD 

synthesis and/or recycling. While confirmatory studies are necessary, these findings may aid 

in the future development of non-invasive biomarkers to discern rejection from IRI in kidney 

transplant recipients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Lysine catabolism is affected by renal ischemia-reperfusion injury
(A) Experimental design. (B) Venn diagram of statistically significant changes in detected 

879 metabolites. (C) Heatmap of metabolite intensity area under the curve (AUC) 

measurements normalized to the average of the control (CTR) condition to the ischemia-

reperfusion injury (IRI) model, and log2 transformed for display. Data shown include 24 

metabolites with increased metabolite measurements in IRI vs. CTR, without overlap to the 

acute cellular rejection model (ACR). The dotted line separates metabolites that were only 

elevated in IRI and normal or decreased in the ACR condition. (D) Lysine catabolism, based 

upon (Danhauser et al, 2012). (I) and (II) indicate the LKR and SDH reactions catalyzed by 

the respective LKR and SDH domains of 2-aminoadipate-6-semialdehyde synthetase 

(AASS). (E) Intensity AUC measurements of metabolites involved in lysine catabolism 

(unpaired ANOVA). (F) Model of how saccharopine seen in our IRI model could link lysine 

accumulation in renal ischemia (data from (Chouchani et al, 2014)) with recently reported 

saccharopine-mediated mitochondrial injury (Zhou et al, 2019), further aggravating 

succinate-mediated mitopathy. *, **, and *** indicate p<0.05, p<0.01, and p<0.001, 

respectively. Data shown as mean ± SEM.
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Figure 2: Itaconate and kynurenine accumulate during renal allograft rejection
(A, B) Heatmaps of metabolite area under the curve (AUC) measurements normalized to the 

average of the native kidney (NK) condition, and log2 transformed for display. (A) 

Metabolites increased in both IRI and ACR, (B) just in ACR, dotted line separates 

metabolites only elevated in ACR and decreased in IRI. (C) Schematic of itaconate 

metabolism. (D) Metabolite intensity AUC measurements of C5-dicarboxylate pathway 

metabolites (one-way ANOVA). (E) Schematic of kynurenine and NAD metabolism. (F-H) 

Metabolite intensity AUC measurements of kynurenine and NAD metabolism metabolites 

(one-way ANOVA). (I, J) Confirmatory NAD+ and NADH measurements by enzymatic 

NAD(H) cycling (one-way ANOVA). (K, L) Correlation of NAD+ and NADH 

measurements by LC-MS/MS and NAD(H) cycling (Pearson’s correlation). Abbreviations: 

Irg1, Immune-responsive gene 1 (also known as aconitate decarboxylase 1, Acod1); Clybl, 

citrate lyase beta like; NAD, nicotinamide adenine dinucleotide. *, **, and *** indicate 

p<0.05, p<0.01, and p<0.001, respectively. Data shown as mean ± SEM.
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