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Abstract

Despite decennia of research and numerous successful interventions in the preclinical 
setting, renal ischemia reperfusion (I/R) injury remains a major problem in clinical 
practice, pointing towards a translational gap. Recently, two clinical studies on renal I/R 
injury (manifested either as acute kidney injury or as delayed graft function), identified 
metabolic derailment as a key driver of renal I/R injury. It was reasoned that these 
unambiguous metabolic findings enable direct alignment of clinical with preclinical 
data, thereby providing the opportunity to elaborate potential translational hurdles 
between preclinical research and the clinical context. A systematic review of studies 
that reported metabolic data in the context of renal IR was performed according to the 
PRISMA guidelines. The search (December 2020) identified thirty-five heterogeneous 
preclinical studies. The applied methodologies were compared, and metabolic outcomes 
were semi-quantified and aligned with the clinical data. This review identifies profound 
methodological challenges, such as the definition of I/R injury, the follow-up time and 
sampling techniques, as well as shortcomings in the reported metabolic information. 
In light of these findings, recommendations are provided in order to improve the 
translatability of preclinical models of renal I/R injury.
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Introduction

Ischemia reperfusion (IR) injury describes the paradoxical increase in tissue injury 
following reperfusion of transiently ischemic organs. I/R injury contributes significantly 
to graft damage in the context of organ transplantation. Unfortunately, despite decades of 
research and numerous preclinical successes, no intervention to date successfully reduced 
clinical I/R injury.1,2

The notable contrast between preclinical successes and consistent clinical failures points 
towards a profound translational gap in the understanding of I/R injury. Independently 
of each other, two recent clinical studies implied metabolic failure as the primary effector 
mechanism of renal I/R injury. To be specific, these studies concluded that both delayed 
graft function (DGF) in the context of kidney transplantation, as well as acute kidney 
injury (AKI) in the context of major cardiac surgery, associate with profound, transient 
post-reperfusion metabolic defects such as, in the case of DGF, post-reperfusion normoxic 
glycolysis and persistent post-reperfusion ATP catabolism (further details are summarized 
in Table 1 and Figure 1).3,4

We reasoned that these unambiguous observations for clinical renal I/R injury provide the 
opportunity to validate reported preclinical models. Therefore, we performed a systematic 
literature review to identify studies that report on metabolic aspects of experimental renal 
I/R injury. Methodological aspects and reported metabolic observations in these studies 
were aligned with the clinical context in an attempt to map parallels and dissimilarities 
between preclinical models and clinical context.

Table 1. Two recent clinical studies reporting renal metabolic data after ischemia and reperfusion 
(IR) resulting in acute kidney injury (AKI) or delayed graft function (DGF)3,4.

Article Sample timing IR injury defini-
tion

Results on metabolome

Legouis et 
al. 20203

Blood: twice at a 
30-min interval.
Control group: 
4-6 h post-IR; 
AKI group: 2-6 
days post-IR.

AKI: KDIGO 
criteria

In patients experiencing AKI: switch from net 
renal lactate uptake to net renal lactate release, a 
decrease in net renal glucose release compared to 
that in the control group.

Lindeman 
et al. 20204

Blood: renal 
artery: 0, 10, 30 
min post-IR; renal 
vein: 0.5, 3, 5, 
10, 20, 30 min 
post-IR
Tissue: post-ische-
mia and 45 min 
post-IR

DGF: recipient 
requires dialysis 
in first week(s) 
post-transplantati-
on, excluding dia-
lysis for hypervole-
mia, hyperkalemia 
or hyperphospha-
temia.

Grafts manifesting future DGF: post-reperfusion 
ATP/GTP catabolism (significantly impaired 
phosphocreatine recovery and significant persis-
tent (hypo)xanthine production). Failing high-
energy phosphate recovery occurred despite activa-
ted glycolysis, fatty-acid oxidation, glutaminolysis 
and autophagia, and related to a defect at the level 
of the oxoglutarate dehydrogenase complex in the 
Krebs cycle.
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Methods

Systematic searches (see Supporting Information) were performed in PubMed, EMBASE 
and Web of Science to identify preclinical studies reporting metabolic data following 
renal IR in the context of DGF and AKI. Articles were selected following recommended 
procedures described by PRISMA guidelines.6 Two authors independently assessed titles 
and abstracts for eligibility. Full texts were consulted if it was unclear whether inclusion 
criteria were met.

Results

The literature searches are summarized in two diagrams (Supporting Figure 1). Thirty-
four studies were selected based on the predefined inclusion criteria. One extra study 
(unidentified in both searches) was included. Thus, thirty-five preclinical studies were 
included, of which seventeen explored renal IR in rats, ten in mice, one in both rats and 
mice (included as two separate studies), four in pigs, and two in dogs. Almost all studies 
were performed in homogeneous populations of particularly young, mostly male, and 
healthy animals. The dog studies included an explicitly heterogeneous study population 
of mongrel dogs. Details of the methodology and results of the included reports are 
summarized in Table 2 and 3.

Measures of  renal I/R injury
Although some variability exists for the clinical definitions of AKI and DGF (Table 4), 
definitions are essentially functional and outcome-centered.40,41 The two landmark clinical 
studies that report the metabolome of respectively AKI and DGF both used ‘conservative’ 
definitions.3,4 The diagnosis of AKI was based on KDIGO criteria (Table 4)41, and DGF 
was defined as the need for dialysis for at least the first week after transplantation.40 Partial 
or full functional recovery is an inherent aspect of both clinical definitions.
The majority (23/35) of the included preclinical studies used post-reperfusion serum 
creatinine levels as a functional measure of I/R injury (Table 3). In contrast to clinical 
definitions of AKI, no predefined thresholds for the diagnosis of I/R injury were 
considered. None of the preclinical studies included the need for (transient) renal 
replacement therapy as outcome measure. A third of the studies (11/35) reported 
histological grading as surrogate outcome parameter (Table 3). Other parameters used 
were diverse: e.g. body and/or kidney weight, and expression of the damage markers 
kidney injury molecule-1 (KIM-1) and/or neutrophil gelatinase-associated lipocalin 
(NGAL).
The dynamics of recovery is an inherent aspect of the clinical diagnosis of renal I/R injury 
(Table 4), but could not be properly addressed in the majority of experimental studies 
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due to their limited follow-up time (Table 2/3). In fact, most preclinical studies (24/35) 
relied on follow-up times of 24 hours or less, and in 11 studies the follow-up time was 
even limited to 120 minutes or less. Only 10/35 studies reported a follow-up of more 
than 24 hours, nine of which addressed aspects of recovery, including one study that 
exclusively relied on histology as an end-point. For one study, post-reperfusion follow-up 
time was not reported.

Table 4. An overview of  the most commonly used definitions of  delayed graft function (DGF) and 
acute kidney injury (AKI) in clinical practice, based on Mallon et al.40 and Shin et al.42 (GFR: glo-
merular filtration rate. RRT: renal replacement therapy.)

Delayed graft function40

Most commonly used Requirement for dialysis in the first postoperative week

Dialysis-based Requirement for dialysis in the first postoperative week excluding the first 24 h

Requirement for two or more episodes of dialysis in the first postoperative week

Requirement for dialysis in the first 10 days postoperatively

Functional (creatini-
ne-based)

Failure of a fall in serum creatinine of 10% on 3 consecutive days in the first 
postoperative week

Serum creatinine at postoperative day 7 >2.5 mg/dL (=221 µM)

Serum creatinine at postoperative day 10 >2.5 mg/dL (=221 µM)

Fall in ratio of serum creatinine of postoperative days 1 and 2 of at least 30%

Combination Dialysis in first week or failure of serum creatinine to fall in first 24 h

Dialysis in the first week or serum creatinine at postoperative day 7 >2.5 mg/dL 
(=221 µM)

Acute kidney injury42

RIFLE classification AKIN classification KDIGO classification All

Serum creati-
nine 

Serum creatinine Serum creatinine Urine 
output

Risk ≥1.5 times 
baseline, or 
≥25% decrease 
in GFR

Stage 1 ≥0.3 mg/dl (=56.52 
µM) increase, or ≥1.5 
times baseline within 
48 h

Stage 1 ≥1.5-1.9 times base-
line within 7 days, or 
≥0.3 mg/dL (=56.52 
µM) increase within 
48 h

<0.5 mL/
kg/h for 
>6 h

Injury ≥2 times 
baseline, or 
≥50% decrease 
in GFR

Stage 2 ≥2 times baseline Stage 2 ≥2.0-2.9 times baseli-
ne within 7 days

<0.5 mL/
kg/h for 
12 h

Failure ≥3 times 
baseline, or 
increase to 
≥4 mg/dL, or 
≥75% decrease 
in GFR

Stage 3 ≥3 times baseline, or 
increase to ≥4.0 mg/
dL (=353.6 µM) with 
acute increase of >0.5 
mg/dL (=44.2 µM), or 
initiation of RRT

Stage 3 ≥3 times baseline 
within 7 days, or 
increase to ≥4.0 mg/
dL (=353.6 µM) with 
acute increase of >0.5 
mg/dL (=44.2 µM), 
or initiation of RRT

<0.3 mL/
kg/h for 
24 h, or 
anuria for 
>12 h
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I/R injury was induced by unilateral clamping with the functional, contralateral kidney 
left in place in 14/35 studies, while 11/35 applied bilateral clamping, 5/35 performed 
unilateral nephrectomy prior to IR, and one induced transient cardiac arrest. A minority of 
studies (4/35) applied kidney transplantation as a model of I/R injury. Autotransplantation 
and contralateral nephrectomy following reimplantation were performed in two studies. 
One study transplanted an allograft in a bilaterally nephrectomized recipient, and one 
study did not report whether nephrectomy was performed.

Biomaterial sampling
Diverse sampling protocols (both with regard to the type of biomaterial collected and the 
timing of the sampling) are applied among the studies (Table 2). The majority of studies 
(24/27) that include blood sampling, relied on peripheral blood samples (9/24 studies did 
not specify sampling location). Organ-specific measurements using renal vein blood was 
performed in 3/27 studies: in rats, pigs and dogs. One of the peripheral blood sampling 
studies performed kidney-specific sampling through microdialysis. Single post-reperfusion 
sampling was reported in 13/27 studies. All other studies concerned multiple sampling 
(two or more consecutive post-reperfusion blood samples).
Eleven studies included urine samples. Urinary sampling was generally (6/11) achieved 
by means of metabolic cages, and consequently cumulative samples were reported. One 
porcine and dog study sampled directly from the bladder or ureter, respectively. Three 
studies did not specify the means of urine collection.
Most studies (17/28) that included tissue-based analysis for metabolomic profiling or as 
a read-out of injury were based on a single sampling point, both for smaller and larger 
animals. Studies reporting serial timepoints all relied on biopsies from separate animals. 
The majority of the studies (18/28) used whole organs, 10/28 (including two studies 
that also applied in vivo magnetic resonance imaging (MRI)) performed a region-specific 
analysis (i.e. cortex and medulla).

A large variety of ex vivo and in vivo analysis platforms was used among the studies. 
Ex vivo analysis for metabolic strategies was diverse and included mass spectrometry 
and/or nuclear magnetic resonance (NMR)-based platforms, as well as more traditional 
biochemical assays (gas/liquid chromatography and/or enzymatic techniques). In vivo 
measurements were performed in 4/35 studies (all rat), and concerned 1H-MRI combined 
with hyperpolarized 13C-MRI.
An extensive metabolomic profile was included in 16/35 studies. Other studies 
applied a focused (targeted) approach, and reported (sub-)aspects of the metabolome, 
e.g. exclusively amino acids, lipids or high energy phosphates. For the sake of clarity, 
extracted data was clustered along the lines of metabolic competence (energy (high 
energy phosphate) and/or redox status), and the primary metabolic routes (glycolysis, 
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tricarboxylic acid (TCA) cycle, fatty acid oxidation (β-oxidation), amino acids) to allow 
for comparison of metabolic signatures.

Metabolic outcomes
Metabolic aspects (i.e. reported contrasts between cases and controls) from each 
experimental study are summarized in a qualitative overview (Figure 2; quantitative 
data was categorized to minimize interference caused by differences in measurement 
techniques and normal values). Data regarding metabolic recovery was only available for 
studies reporting successive timepoints (Table 2).
Reported metabolic profiles for experimental I/R injury are diffuse, and often incomplete 
(Figure 2). For example, the metabolic clues required to assess post-reperfusion metabolic 
(in)competence (i.e. information on energy equivalents) were only available for a subset 
(10/35) of studies. Based on these studies, most (6/7) rodent studies and the dog studies 
indicate post-reperfusion metabolic competence (i.e. recovery of high energy phosphates 
and/or absent release of products indicating ATP/GTP degeneration). Elevated levels of 
high energy phosphate breakdown products were reported in one pig study (5-minutes 
post-reperfusion), but no information was available for later timepoints; it is therefore 
unclear whether this reflects post-reperfusion wash-out or I/R injury.4 Reported aspects 
of the post-reperfusion redox status (tissue acetoacetate/β-hydroxybutyrate, or lactate/
pyruvate ratio (plasma, serum, dialysate)) and their dynamics following experimental IR 
vary substantially.
Tissue and blood glucose levels are generally reported to be decreased or recovering after 
experimental IR (Figure 2). Blood lactate levels are mostly increased following IR, while 
its tissue contents are reported variably. Among rodent studies, remarkable variations were 
observed in the dynamics of TCA cycle intermediates.8,20 The limited data for porcine 
studies is relatively consistent, generally showing increased circulating levels of TCA 
intermediates following IR.
Aspects of β-oxidation were only reported in a minority (n=10) of rodent studies, and 
conclusions were variable (Figure 2). Similarly, reported aspects of amino acid metabolism 
and intermediates are limited and conclusions are variable: tissue levels are decreased or 
stable following IR in rats and dogs, whilst levels in murine tissues are highly variable.
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Figure 2. Relative differences in renal tissue (boxes) and blood (spheres, note: often systemic if no data on 
kidney-specific samples) metabolite levels between control kidneys (healthy/intact control, sham-surgery 
control, or contralateral kidney: see Table 2) and kidneys after ischemia reperfusion (IR). If no control data 
was available, data was excluded. Metabolites marked in grey were not reported for tissue or blood samples 
in any of the preclinical studies. Red = increase after IR. Orange = increase but recovering during reperfusion 
(requires multiple samples during reperfusion). Yellow = no change (or complete recovery) after IR. Light 
green = decrease but recovering during reperfusion (requires multiple samples during reperfusion). Green 
= decrease after IR. TAN: total adenine nucleotides (ATP+ADP+AMP). TGN: total guanine nucleotides 
(GTP+GDP+GMP). *: variety of fatty acids, results on overall trend. #: additional data on tissue levels is 
reported in the supplementary data, but no formal statistical evaluation was performed. OSOM: outer 
stripes of outer medulla. ISOM: inner stripes of outer medulla. †: ischemia time-dependent. P: metabolite/
pyruvate ratio. L: metabolite/lactate ratio. B: metabolite/bicarbonate ratio. C: in control (sham-operated 
animal or contralateral kidney) metabolite levels showed similar dynamics following surgery. M: measured 
using microdialysis.
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Discussion

Recent clinical leads for DGF and AKI point towards a universal discriminatory metabolic 
profile for, and possibly causal role of, metabolic aspects in renal I/R injury.3,4 This 
observation is remarkable considering the obvious mechanistic differences between 
DGF (warm and cold ischemia) and AKI (exclusively warm ischemia), and may imply a 
universal mechanism for clinical renal I/R injury. It was reasoned that these observations 
provide a lead for validation of preclinical models of I/R injury. A systematic review was 
performed to align the observed metabolic profiles for clinical context with those reported 
in preclinical studies. This review shows poor alignment of the reported preclinical 
metabolic data with clinical evidence, and identifies several critical methodological 
shortcomings in the preclinical studies.

Whilst the phenomenon of I/R injury has been known for over 50 years, a persistent 
translational gap in transforming the abundant preclinical therapeutic successes towards a 
clinical benefit remains. In fact, 10 years ago, partners in the NIH CAESAR consortium 
(in the context of myocardial I/R injury) stated that: “for 40 years, the National Heart, 
Lung, and Blood Institute has invested enormous resources (at least several hundred 
million dollars) in preclinical studies aimed at developing infarct-sparing therapies, and 
several hundred (if not thousands) therapies have been claimed to limit infarct size in 
preclinical models. Unfortunately, due largely to methodological problems, this enormous 
investment has not produced any notable clinical application”.1 Similar conclusions were 
expressed with respect to renal I/R injury.2,43

Two recent clinical studies positioned metabolic defects in the center of renal I/R injury.3,4 
Although the conclusions of the studies do not allow discrimination between a causative 
mechanism or secondary defect, findings are fully discriminatory and provide insight 
in the early events of clinical I/R injury, and imply a metabolic mechanism as driver of 
clinical I/R injury. Alignment of the preclinical models with the clinical context identified 
a number of critical issues that may fundamentally interfere with translation of preclinical 
findings.

A first, fundamental aspect concerns the diagnosis/definition ‘I/R injury’. Clinical 
studies not only identified a clear signature for I/R injury, but also indicated graded 
degrees of recovery in the absence of I/R injury, i.e. in the context of transplantation an 
almost instantaneous functional and metabolic recovery for living donor grafts versus a 
more suspended recovery for deceased donor grafts (Figure 1).4 Although less detailed 
information was available for AKI, different grades of AKI also associate with graded 
metabolic recoveries (e.g. KDIGO stage 3, demonstrating more severely impaired 
metabolism compared to less severe, i.e. KDIGO stage 1, injury).3
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Clinical I/R injury (DGF) was accompanied by a fully discriminatory reperfusion 
metabolome, an aspect that allowed for discrimination between I/R injury and IR damage. 
To be specific: I/R injury is the injury triggered by the metabolic paralysis, with persistent 
ATP catabolism despite adequate reperfusion. IR damage on the other hand, reflects tissue 
damage caused by entry of cellular and/or humoral effectors upon reestablishment of 
blood flow, processes that are independent from the metabolic cataplexy and may occur 
in response to an ischemic insult as well as I/R injury.

A further aspect identified in the review were the notable variations in techniques applied 
to induce IR, ischemia times, timing of the post-reperfusion sampling, and considerable 
heterogeneity concerning species, strains and gender used. Considering the established 
interspecies, -strain, and sex variations in metabolism, the metabolic susceptibility, 44-47 
and the impact of environmental factors on metabolic flexibility,7,48,49 this heterogeneity 
may contribute to the compromised interchangeability of research findings.

Most (23/35) preclinical reports relied on serum creatinine as functional read-out of 
kidney function/injury. Group-wise comparisons (intervention versus control), and single 
or short (≤24 hours) follow-up times were generally applied. Consequently, appropriate 
ischemic controls and/or recovery profiles series required for discrimination between IR 
damage and injury were absent in preclinical studies. Moreover, conclusions with respect 
to creatinine clearance from preclinical studies that relied on cardiac arrest, bilateral 
clamping, or on unilateral clamping/transplantation with unilateral nephrectomy are 
potentially interfered by a secondary prerenal kidney insufficiency resulting from a 
uremia-induced somnolence with suppressed thirst reflex. Potential secondary prerenal 
kidney insufficiency is avoided in protocols applying unilateral clamping without 
contralateral nephrectomy (14/35 studies) (which obviously interferes with the use of 
creatinine clearance as read-out) or possibly by renal replacement therapy (none of the 
identified studies). No study applied prespecified serum creatinine thresholds to grade 
the degree of injury, or corrected for over- or dehydration during or following surgery.
A broad palette of histological, plasma/serum, and/or urinary markers was used to further 
grade kidney injury. Since multiple evaluations concluded that histological examinations 
poorly predict outcome,50,51 the question arises whether a strong reliance on histology 
is justified; in fact, one preclinical study reported I/R injury based on serum creatinine 
levels in absence of histological damage.28

Reliance on, or the inclusion of, urinary samples in some studies is remarkable, considering 
that transient anuria is a key characteristic of clinical renal I/R injury. Consequently, it is 
unlikely that the injury sustained in these studies reflects the degree of injury in clinical 
I/R injury.
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The majority of preclinical studies (23/27) that include plasma/serum measurements 
exclusively relied on peripheral samples for metabolic profiling (Table 2). Interpretation 
of this data is potentially interfered by the physiologic clearance mechanisms.4 In fact, 
metabolic signals are fully absent in the peripheral (arterial) blood samples in the clinical 
setting, and selective post-renal venous sampling was required for distinctive signals. 4

Tissue metabolites are reported by 25/35 studies. Although metabolic information from 
tissue samples can be highly informative, this approach is only appropriate for non-
diffusible metabolites; a parallel evaluation of metabolic data from tissue biopsies and 
renal venous samples indicated wash-out of diffusible metabolic intermediates, with 
stable tissue contents. 4

Alignment of reported metabolic profiles identified contrasting findings between 
preclinical and clinical studies. Whilst clinical I/R injury (DGF) is characterized by 
energetic impairment that persists beyond the 30-minutes post-reperfusion measurement-
window (Table 1)4, reported data from rodent/dog studies implies reinstatement of energy 
equivalents following reperfusion. Hence, observations in these models align with the 
observations for grafts without I/R injury.
Selective arteriovenous sampling identified normoxic glycolysis and impaired lactate 
handling as key characteristics of clinical renal I/R injury (Table 1).3,4 Only three 
experimental studies applied selective venous sampling,3,34,39 but very limited metabolic 
analysis was performed.
A specific TCA cycle defect at the level of the oxoglutarate-dehydrogenase complex 
with selective post-reperfusion release of α-ketoglutarate and impaired recovery of tissue 
succinate levels was identified in clinical I/R injury (DGF) (Table 1). This finding contrasts 
with the metabolome of rodent I/R injury, which is reportedly associated with an ischemic 
accumulation of succinate and its subsequent rapid re-oxidation during reperfusion, 
paralleled by an oxidative burst.27 The latter rapidly subsides upon normalization of 
succinate levels (within 5 minutes of reperfusion).27 This brief insult contrasts with the 
prolonged, but reversible metabolic defects in clinical I/R injury (Table 1, Figure 1). 
Although it cannot be excluded that a succinate-driven mechanism contributes to the 
initiation of I/R injury, the transient character and the apparent rapid metabolic recovery 
contrast with the clinical context.

In conclusion, this systematic evaluation based on reported metabolic aspects of I/R 
injury demonstrates profound methodological variability and shortcomings in the 
preclinical studies. Whilst some of these limitations are inherent to preclinical research, 
e.g. overall interspecies differences and differences in resilience, most shortcomings can 
be circumvented. A key issue in preclinical studies is the inability to discriminate between 
IR damage and I/R injury. Additional challenges in preclinical research are the strong 
impact of age and comorbidities on incidental AKI and DGF52-54 (an aspect that is largely 
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ignored in preclinical studies that generally use young and healthy animals), the need for 
kidney-specific sampling, prolonged follow-up and bridging renal support to quantify the 
actual impact of IR. Finally, reported metabolic aspects are diffuse and often scattered. 
Consequently, studies to date do not allow for adequate metabolic phenotyping and/or 
comparison of outcomes. To fully capture the complex metabolic interactions, animal 
models are essential for research. Recommendations to improve the translatability of 
preclinical research are therefore summarized in Table 5 and Figure 3.

This systemic review has some limitations. The available data is limited. Only two clinical 
studies are available, one concerning DGF and one on AKI. Although there is consensus 
that they both reflect renal I/R injury, these are obviously distinct entities. Preclinical 
reports were extremely heterogenous, hence no formal meta-analysis could be performed. 
This study is kidney-focused; given the organ-specific difference in metabolism and 
metabolic rates, observations may not directly translate to other tissues.

Figure 3. Recommendations to improve the translatability of preclinical models of renal ischemia 
reperfusion (IR) injury. Ischemic injury should be induced unilaterally in order to avoid interference caused 
by uremia. Appropriate discrimination between IR damage and IR injury critically relies on the organ-specific 
assessment of metabolic competence (i.e. prolonged normoxic glycolysis, see outline in Figure 1). Kidney-
specific metabolic profiling of the injured kidney can be achieved through renal-vein specific blood sampling 
using the spermatic vein as access.39,55 Microdialysis is a potential alternative to arteriovenous sampling, but 
has not yet been validated for this purpose. Ureterostomy56 allows for selective functional monitoring of the 
injured kidney. The model critically relies on optimized ischemia times in order to achieve actual IR injury 
and avoid excess incidences of IR damage or non-function. It is anticipated that successful implementation 
of these prerequisites relies on use of rats or larger laboratory animals. Illustration by Manon Zuurmond.  
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Table 5. Recommendations for future preclinical studies investigating renal metabolism following 
ischemia reperfusion (IR).

Recommendation Rationale

Functional IR injury definition Consensus on renal dysfunction

Renal replacement therapy Exclusion of prerenal causes of renal IR injury

Optimal ischemia time (titration 
of IR injury)

Chance for both transient dysfunction, i.e. DGF, and ischemic con-
trols, i.e. primary function

Representative study population Higher incidence of clinical renal IR injury in older patients

Renal vein catheterization (exclu-
des use of mice)

Arteriovenous kidney-specific sampling; metabolite diffusion

Successive sampling Monitoring dysfunction and functional recovery

Extended follow-up time Monitoring dysfunction and functional recovery

Predefined set of metabolites Insight in metabolic competence, straightforward comparisons
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Supplemental data

1.1 Literature search
Two separate systematic literature searches were performed in the databases of PubMed, 
EMBASE and Web of Science, in which the literature until December 2020 was 
examined.
Studies were excluded if 1) no preclinical (i.e. animal) model was applied; 2) only organs 
other than kidneys were examined; 3) only ischemia was applied, in the absence of 
reperfusion; 4) data was solely gathered after ischemia rather than after IR; 5) only 
metabolite levels of compounds that are not directly involved in energy metabolism were 
measured (e.g. phospholipids, drug metabolites); 6) metabolites were not measured (e.g. 
only enzyme activities); 7) kidney injury was due to other causes than IR (e.g. rejection, 
toxins); 8) it concerned a review, book section or case report; 9) language was other than 
English.
Altogether, 35 preclinical studies were included from the systematic searches 
(Supplementary Figure 1a and 1b) and were subsequently clustered according to their 
study population (i.e. species studied). Details of the searches in PubMed, EMBASE and 
Web of Science are given under 1.2 Search components.

1.2 Search components
1.2.1 DGF search
In total, 220, 15 and 88 unique references were found using systematic searches in 
respectively Pubmed, EMBASE and Web of Science on the 19th of December, 2019, 
excluding duplicates. Additionally, 22, 5 and 8 unique references were found using 
systematic searches in respectively Pubmed, EMBASE and Web of Science on the 1st of 
December, 2020, excluding duplicates as well as references identified by the DGF search 
from December 2019.

PubMed
((“ischemia-reperfusion”[tw] OR ischemia-reperfus*[tw] OR “ischaemia-reperfusion”[tw] OR 
ischaemia-reperfus*[tw] OR “Reperfusion Injury”[Mesh:noexp] OR “reperfusion injury”[tw] 
OR “reperfusion injuries”[tw] OR reperfusion injur*[tw] OR “reperfusion damage”[tw] OR 
reperfusion damag*[tw] OR “ischemic injury”[tw] OR “ischemic injuries”[tw] OR ischemic 
injur*[tw] OR “ischaemic injury”[tw] OR “ischaemic injuries”[tw] OR ischaemic injur*[tw] 
OR “Primary Graft Dysfunction”[mesh] OR “primary graft dysfunction”[tw] OR “primary 
graft failure”[tw] OR “Delayed Graft Function”[Mesh] OR “delayed graft function”[tw]) 
AND (“Kidney”[mesh] OR “kidney”[tw] OR “kidneys”[tw] OR “renal”[tw] OR “Kidney 
transplantation”[mesh] OR kidney transplant*[tw] OR “renal transplantation”[tw] OR renal 
transplant*[tw] OR kidney graft*[tw] OR renal graft*[tw] OR “renal injury”[tw] OR “renal 
injuries”[tw] OR “kidney injury”[tw] OR “kidney injuries”[tw]) AND (“Metabolomics”[Mesh] 
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OR “Metabolome”[mesh] OR “metabonomics”[tw] OR “metabolomics”[tw] OR 
metabonom*[tw] OR metabolom*[tw] OR “metabolic profile”[tw] OR “metabolic profiles”[tw] 
OR “metabolites”[tw] OR “metabolite”[tw] OR “metabolic”[ti]) AND (“english”[la] OR 
“dutch”[la] OR “russian”[la]))

EMBASE
((“ischemia-reperfusion”.ti,ab OR “ischemia-reperfus*”.ti,ab OR “ischaemia-reperfusion”.
ti,ab OR ischaemia-reperfus*.ti,ab OR *”Reperfusion Injury”/ OR “reperfusion injury”.ti,ab 
OR “reperfusion injuries”.ti,ab OR “reperfusion injur*”.ti,ab OR “reperfusion damage”.ti,ab 
OR reperfusion damag*.ti,ab OR “ischemic injury”.ti,ab OR “ischemic injuries”.ti,ab OR 
ischemic injur*.ti,ab OR “ischaemic injury”.ti,ab OR “ischaemic injuries”.ti,ab OR ischaemic 
injur*.ti,ab OR *”Primary Graft Dysfunction”/ OR “primary graft dysfunction”.ti,ab OR 
“primary graft failure”.ti,ab OR *”Delayed Graft Function”/ OR “delayed graft function”.
ti,ab) AND (exp *”Kidney”/ OR “kidney”.ti,ab OR “kidneys”.ti,ab OR “renal”.ti,ab OR 
exp “Kidney transplantation”/ OR kidney transplant*.ti,ab OR “renal transplantation”.ti,ab 
OR renal transplant*.ti,ab OR kidney graft*.ti,ab OR renal graft*.ti,ab OR “renal injury”.
ti,ab OR “renal injuries”.ti,ab OR “kidney injury”.ti,ab OR “kidney injuries”.ti,ab) AND 
(*”Metabolomics”/ OR *”Metabolome”/ OR “metabonomics”.ti,ab OR “metabolomics”.ti,ab 
OR metabonom*.ti,ab OR metabolom*.ti,ab OR “metabolic profile”.ti,ab OR “metabolic 
profiles”.ti,ab OR “metabolites”.ti,ab OR “metabolite”.ti,ab OR “metabolic”.ti) AND 
(“english”.la OR “dutch”.la OR “russian”.la))

Web of Science
(ti=(“ischemia-reperfusion” OR “ischemia-reperfus*” OR “ischaemia-reperfusion” OR 
“ischaemia-reperfus*” OR “Reperfusion Injury” OR “reperfusion injury” OR “reperfusion 
injuries” OR “reperfusion injur*” OR “reperfusion damage” OR “reperfusion damag*” OR 
“ischemic injury” OR “ischemic injuries” OR “ischemic injur*” OR “ischaemic injury” OR 
“ischaemic injuries” OR “ischaemic injur*” OR “Primary Graft Dysfunction” OR “primary 
graft dysfunction” OR “primary graft failure” OR “Delayed Graft Function” OR “delayed 
graft function”) AND ts=(“Kidney” OR “kidney” OR “kidneys” OR “renal” OR exp “Kidney 
transplantation” OR “kidney transplant*” OR “renal transplantation” OR “renal transplant*” 
OR “kidney graft*” OR “renal graft*” OR “renal injury” OR “renal injuries” OR “kidney injury” 
OR “kidney injuries”) AND (ts=(“Metabolomics” OR “Metabolome” OR “metabonomics” OR 
“metabolomics” OR metabonom* OR metabolom* OR “metabolic profile” OR “metabolic 
profiles” OR “metabolites” OR “metabolite”) OR ti=”metabolic”) AND la=(“english” OR 
“dutch” OR “russian”)) OR (ts=(“ischemia-reperfusion” OR “ischemia-reperfus*” OR 
“ischaemia-reperfusion” OR “ischaemia-reperfus*” OR “Reperfusion Injury” OR “reperfusion 
injury” OR “reperfusion injuries” OR “reperfusion injur*” OR “reperfusion damage” OR 
“reperfusion damag*” OR “ischemic injury” OR “ischemic injuries” OR “ischemic injur*” 
OR “ischaemic injury” OR “ischaemic injuries” OR “ischaemic injur*” OR “Primary Graft 
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Dysfunction” OR “primary graft dysfunction” OR “primary graft failure” OR “Delayed Graft 
Function” OR “delayed graft function”) AND ti=(“Kidney” OR “kidney” OR “kidneys” OR 
“renal” OR exp “Kidney transplantation” OR “kidney transplant*” OR “renal transplantation” 
OR “renal transplant*” OR “kidney graft*” OR “renal graft*” OR “renal injury” OR 
“renal injuries” OR “kidney injury” OR “kidney injuries”) AND (ts=(“Metabolomics” OR 
“Metabolome” OR “metabonomics” OR “metabolomics” OR metabonom* OR metabolom* 
OR “metabolic profile” OR “metabolic profiles” OR “metabolites” OR “metabolite”) OR 
ti=”metabolic”) AND la=(“english” OR “dutch” OR “russian”))

1.2.2 AKI search
In total, 1662, 92 and 20 unique references were found using systematic searches in 
respectively Pubmed, EMBASE and Web of Science on the 9th of December, 2020, 
excluding duplicates as well as references identified in the DGF search.

PubMed
((“Acute Kidney Injury”[majr] OR “Acute Kidney Injury”[ti] OR “Acute Kidney Injuries”[ti] 
OR “Acute Renal Injury”[ti] OR “Acute Renal Injuries”[ti] OR “Acute Kidney Failure”[ti] 
OR “Acute Kidney Insufficiency”[ti] OR “Acute Renal Failure”[ti] OR “Acute Renal 
Insufficiency”[ti] OR “AKI”[ti]) AND (“Metabolomics”[majr] OR “Metabolome”[majr] OR 
“metabonomics”[ti] OR “metabolomics”[ti] OR metabonom*[ti] OR metabolom*[ti] OR 
“metabolic profile”[ti] OR “metabolic profiles”[ti] OR “metabolites”[ti] OR “metabolite”[ti] 
OR “Metabolism”[majr:noexp] OR “metabolism”[ti] OR “metabo*”[ti] OR (“Acute Kidney 
Injury/metabolism”[majr] AND “metabolism”[Subheading:NoExp])) AND (“english”[la] OR 
“dutch”[la] OR “russian”[la]) NOT ((“Cisplatin”[Mesh] OR “cisplatin”[tw] OR “Sepsis”[Mesh] 
OR “sepsis”[tw] OR “toxic kidney”[tw] OR “toxic renal”[tw] OR “nephrotox*”[tw]) NOT 
(“surgery”[subheading] OR “Surgical Procedures, Operative”[Mesh] OR “surgery”[tw] OR 
“surgical”[tw] OR “surgical*”[tw] OR “Perioperative Period”[Mesh] OR “Perioperative 
Care”[Mesh] OR “peri operative”[tw] OR “perioperative”[tw] OR “Postoperative Period”[Mesh] 
OR “Postoperative Complications”[Mesh] OR “post operative”[tw] OR “postoperative”[tw] OR 
“Endovascular Procedures”[Mesh] OR “endovascular”[tw] OR “endo vascular”[tw])) NOT 
((“Review”[ptyp] OR “review”[ti]) NOT (“Clinical Study”[ptyp] OR “trial”[ti] OR “RCT”[ti] 
OR “Case Reports”[ptyp] OR “case report”[ti])))

EMBASE
((*”Acute Kidney Failure”/ OR “Acute Kidney Injury”.ti OR “Acute Kidney Injuries”.ti OR 
“Acute Renal Injury”.ti OR “Acute Renal Injuries”.ti OR “Acute Kidney Failure”.ti OR 
“Acute Kidney Insufficiency”.ti OR “Acute Renal Failure”.ti OR “Acute Renal Insufficiency”.
ti OR “AKI”.ti) AND (exp *”Metabolomics”/ OR exp *”Metabolome”/ OR “metabonomics”.
ti OR “metabolomics”.ti OR metabonom*.ti OR metabolom*.ti OR “metabolic profile”.ti 
OR “metabolic profiles”.ti OR “metabolites”.ti OR *”metabolite”/ OR “metabolite”.ti OR 
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*”Metabolism”/ OR “metabolism”.ti OR “metabo*”.ti) AND (“english”.la OR “dutch”.la 
OR “russian”.la) NOT ((exp *”Cisplatin”/ OR “cisplatin”.ti OR exp “Sepsis”/ OR “sepsis”.
ti OR “toxic kidney”.ti OR “toxic renal”.ti OR “nephrotox*”.ti) NOT (exp “surgery”/ OR 
“su”.fs OR “surgery”.ti,ab OR “surgical”.ti,ab OR “surgical*”.ti,ab OR exp “Perioperative 
Period”/ OR “peri operative”.ti,ab OR “perioperative”.ti,ab OR exp “Postoperative Period”/ 
OR exp “Postoperative Complication”/ OR “post operative”.ti,ab OR “postoperative”.ti,ab OR 
“Endovascular Surgery”/ OR “endovascular”.ti,ab OR “endo vascular”.ti,ab)) NOT ((exp 
“Review”/ OR “review”.ti) NOT (exp “Clinical Study”/ OR exp “Clinical trial”/ OR “trial”.
ti OR “RCT”.ti OR “Case Report”/ OR “case report”.ti)))

Web of Science
(ti=(“Acute Kidney Failure” OR “Acute Kidney Injury” OR “Acute Kidney Injuries” OR 
“Acute Renal Injury” OR “Acute Renal Injuries” OR “Acute Kidney Failure” OR “Acute 
Kidney Insufficiency” OR “Acute Renal Failure” OR “Acute Renal Insufficiency” OR “AKI”) 
AND ti=(“Metabolomics” OR “Metabolome” OR “metabonomics” OR “metabolomics” OR 
metabonom* OR metabolom* OR “metabolic profile” OR “metabolic profiles” OR “metabolites” 
OR “metabolite” OR “metabolite” OR “Metabolism” OR “metabolism” OR “metabo*”) AND 
la=(“english” OR “dutch” OR “russian”) NOT (ti=(“Cisplatin” OR “cisplatin” OR “Sepsis” 
OR “sepsis” OR “toxic kidney” OR “toxic renal” OR “nephrotox*”) NOT ts=(“surgery” OR 
“surgery” OR “surgical” OR “surgical*” OR “Perioperative Period” OR “peri operative” 
OR “perioperative” OR “Postoperative Period” OR “Postoperative Complication” OR “post 
operative” OR “postoperative” OR “Endovascular Surgery” OR “endovascular” OR “endo 
vascular”)) NOT ((TI=”Review” OR DT=”review”) NOT TI=(“Clinical Study” OR “Clinical 
trial” OR “trial” OR “RCT” OR “Case Report” OR “case series”)))

1.3 Data collection
One author collected data from the included studies. Extracted data included specifics 
concerning the study populations, control groups, intervention techniques, sampling 
techniques, measurement techniques, applied definitions of I/R injury, as well as 
metabolic data (i.e. reported metabolite levels). If controls were missing, metabolic data 
was excluded. To present the metabolic data of the studies, reported means of measured 
metabolite levels in study groups and control groups within single studies were collected 
and compared. All extracted data is publicly available in the cited publications.

1.4 Synthesis of  results
Studies were considered eligible for inclusion of outcomes if they reported metabolic 
aspects, which is also a prerequisite according to the inclusion criteria. The data (i.e. 
reported metabolite levels) were mapped along theoretical pathways (energetic status, 
redox, glycolysis, TCA cycle, β-oxidation, amino acid metabolism) to obtain insight 
into changes in the major metabolic routes. Absolute measures were converted to semi-

Preclinical models versus clinical renal ischemia reperfusion injury

145



quantitative data (i.e. dynamics of changes), which enabled direct comparisons between 
studies, despite great variety in applied methods. The studies were clustered according 
to their study population (i.e. type of animal studied). Altogether, this resulted in an 
illustrative overview in the form of a heatmap.

1.5 Risk of  bias and sensitivity analysis of  results
In this systematic review, we did not assess risk of bias of the included preclinical studies, 
as this is inherent to preclinical studies and their great heterogeneity (i.e. differences 
in species, strains, induction of injury). This excessive heterogeneity and concomitant 
granulated data also restricted the assessment of robustness of results, and results were 
therefore converted to qualitative aspects in a theoretical framework.

1.6 Statistics
This systematic review is a qualitative and descriptive study, and the reported quantitative 
data has already been statistically examined in the original publications. Therefore, further 
statistical tests were not applied.

1.7 Other information
The review was not registered. A review protocol was not prepared, as this study concerns 
an explorative meta-analysis. The PRISMA checklist for systematic reviews is given in 
Supplementary Table 1.
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Supporting Table 1. PRISMA guidelines for systematic reviews checklist.

Section and 
Topic 

Item 
#

Checklist item Location 
where item 
is reported 

TITLE 

Title 1 Identify the report as a systematic review. 1

ABSTRACT 

Abstract 2 See the PRISMA 2020 for Abstracts checklist. 3

INTRODUCTION 

Rationale 3 Describe the rationale for the review in the context of existing 
knowledge.

4

Objectives 4 Provide an explicit statement of the objective(s) or question(s) the 
review addresses.

4

METHODS 

Eligibility criteria 5 Specify the inclusion and exclusion criteria for the review and how 
studies were grouped for the syntheses.

Supp. Info 
1.1

Information 
sources 

6 Specify all databases, registers, websites, organisations, reference 
lists and other sources searched or consulted to identify studies. 
Specify the date when each source was last searched or consulted.

5

Search strategy 7 Present the full search strategies for all databases, registers and 
websites, including any filters and limits used.

Supp. Info 
1.2

Selection process 8 Specify the methods used to decide whether a study met the inclu-
sion criteria of the review, including how many reviewers screened 
each record and each report retrieved, whether they worked 
independently, and if applicable, details of automation tools used 
in the process.

5

Data collection 
process 

9 Specify the methods used to collect data from reports, including 
how many reviewers collected data from each report, whether they 
worked independently, any processes for obtaining or confirming 
data from study investigators, and if applicable, details of automa-
tion tools used in the process.

Supp. Info 
1.3

Data items 10a List and define all outcomes for which data were sought. Specify 
whether all results that were compatible with each outcome do-
main in each study were sought (e.g. for all measures, time points, 
analyses), and if not, the methods used to decide which results to 
collect.

Supp. Info 
1.3

10b List and define all other variables for which data were sought (e.g. 
participant and intervention characteristics, funding sources). 
Describe any assumptions made about any missing or unclear 
information.

Supp. Info 
1.3

Study risk of bias 
assessment

11 Specify the methods used to assess risk of bias in the included 
studies, including details of the tool(s) used, how many reviewers 
assessed each study and whether they worked independently, and 
if applicable, details of automation tools used in the process.

NA

Effect measures 12 Specify for each outcome the effect measure(s) (e.g. risk ratio, 
mean difference) used in the synthesis or presentation of results.

Supp. Info 
1.3
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Section and 
Topic 

Item 
#

Checklist item Location 
where item 
is reported 

Synthesis me-
thods

13a Describe the processes used to decide which studies were eligible 
for each synthesis (e.g. tabulating the study intervention charac-
teristics and comparing against the planned groups for each 
synthesis (item #5)).

Supp. Info 
1.4

13b Describe any methods required to prepare the data for presentati-
on or synthesis, such as handling of missing summary statistics, or 
data conversions.

Supp. Info 
1.4

13c Describe any methods used to tabulate or visually display results 
of individual studies and syntheses.

Supp. Info 
1.4

13d Describe any methods used to synthesize results and provide a ra-
tionale for the choice(s). If meta-analysis was performed, describe 
the model(s), method(s) to identify the presence and extent of 
statistical heterogeneity, and software package(s) used.

Supp. Info 
1.4

13e Describe any methods used to explore possible causes of hetero-
geneity among study results (e.g. subgroup analysis, meta-regres-
sion).

Supp. Info 
1.4

13f Describe any sensitivity analyses conducted to assess robustness of 
the synthesized results.

NA

Reporting bias 
assessment

14 Describe any methods used to assess risk of bias due to missing 
results in a synthesis (arising from reporting biases).

10-16

Certainty assess-
ment

15 Describe any methods used to assess certainty (or confidence) in 
the body of evidence for an outcome.

10-16

RESULTS 

Study selection 16a Describe the results of the search and selection process, from 
the number of records identified in the search to the number of 
studies included in the review, ideally using a flow diagram.

6, Supp. 
Info 1.1-
1.2

16b Cite studies that might appear to meet the inclusion criteria, but 
which were excluded, and explain why they were excluded.

Supp. Info 
Fig. 1

Study characte-
ristics 

17 Cite each included study and present its characteristics. Table 2+3

Risk of bias in 
studies 

18 Present assessments of risk of bias for each included study. Supp. Info 
1.5

Results of indivi-
dual studies 

19 For all outcomes, present, for each study: (a) summary statistics 
for each group (where appropriate) and (b) an effect estimate 
and its precision (e.g. confidence/credible interval), ideally using 
structured tables or plots.

Fig. 1
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Section and 
Topic 

Item 
#

Checklist item Location 
where item 
is reported 

Results of syn-
theses

20a For each synthesis, briefly summarise the characteristics and risk 
of bias among contributing studies.

10-16

20b Present results of all statistical syntheses conducted. If meta-analy-
sis was done, present for each the summary estimate and its preci-
sion (e.g. confidence/credible interval) and measures of statistical 
heterogeneity. If comparing groups, describe the direction of the 
effect.

Supp. Info 
1.6

20c Present results of all investigations of possible causes of heterogen-
eity among study results.

6-9

20d Present results of all sensitivity analyses conducted to assess the 
robustness of the synthesized results.

Supp. Info 
1.5

Reporting biases 21 Present assessments of risk of bias due to missing results (arising 
from reporting biases) for each synthesis assessed.

10-16

Certainty of 
evidence 

22 Present assessments of certainty (or confidence) in the body of 
evidence for each outcome assessed.

NA

DISCUSSION 

Discussion 23a Provide a general interpretation of the results in the context of 
other evidence.

7-11

23b Discuss any limitations of the evidence included in the review. 16

23c Discuss any limitations of the review processes used. 16

23d Discuss implications of the results for practice, policy, and future 
research.

10-16

OTHER INFORMATION

Registration and 
protocol

24a Provide registration information for the review, including register 
name and registration number, or state that the review was not 
registered.

Supp. Info 
1.7

24b Indicate where the review protocol can be accessed, or state that a 
protocol was not prepared.

5

24c Describe and explain any amendments to information provided at 
registration or in the protocol.

NA

Support 25 Describe sources of financial or non-financial support for the 
review, and the role of the funders or sponsors in the review.

16

Competing 
interests

26 Declare any competing interests of review authors. 16

Availability of 
data, code and 
other materials

27 Report which of the following are publicly available and where 
they can be found: template data collection forms; data extracted 
from included studies; data used for all analyses; analytic code; 
any other materials used in the review.

Supp. Info 
1.3
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