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cal setting, renal ischemia reperfusion (IR) injury remains a major problem in clinical

injury (manifested either as acute kidney injury or as delayed graft function) identi-
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data, thereby providing the opportunity to elaborate potential translational hurdles
between preclinical research and the clinical context. A systematic review of stud-
ies that reported metabolic data in the context of renal IR was performed according
to the PRISMA guidelines. The search (December 2020) identified 35 heterogene-

ous preclinical studies. The applied methodologies were compared, and metabolic
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1 | INTRODUCTION

Ischemia reperfusion (IR) injury describes the paradoxical increase
in tissue injury following reperfusion of transiently ischemic organs.
IR 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 suc-
cessfully reduced clinical IR injury.>?

The notable contrast between preclinical successes and consis-
tent clinical failures points toward a profound translational gap in
the understanding of IR injury. Independently of each other, two re-
cent clinical studies implied metabolic failure as the primary effector
mechanism of renal IR injury. To be specific, these studies concluded
that both delayed graft function (DGF) in the context of kidney trans-
plantation as well as acute kidney injury (AKI) in the context of major
cardiac surgery associate with profound, transient postreperfusion
metabolic defects such as, in the case of DGF, postreperfusion nor-
moxic glycolysis and persistent postreperfusion ATP catabolism (fur-
ther details are summarized in Table 1 and Figure 1).34

We reasoned that these unambiguous observations for clinical
renal IR injury provide the opportunity to validate reported preclin-
ical models. Therefore, we performed a systematic literature review
to identify studies that report on metabolic aspects of experimental

outcomes were semi-quantified and aligned with the clinical data. This review iden-
tifies profound methodological challenges, such as the definition of IR 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 IR injury.

animal models, delayed graft function, ischemia reperfusion injury, kidney failure / injury,
kidney transplantation / nephrology, metabolomics, translational research / science

renal IR injury. Methodological aspects and reported metabolic ob-
servations in these studies were aligned with the clinical context in
an attempt to map parallels and dissimilarities between preclinical

models and clinical context.

2 | 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 proce-
dures described by PRISMA guidelines.® Two authors independently
assessed titles and abstracts for eligibility. Full texts were consulted

if it was unclear whether inclusion criteria were met.

3 | RESULTS

The literature searches are summarized in two diagrams (Figure S1).
Thirty-four studies were selected based on the predefined inclu-
sion criteria. One extra study (unidentified in both searches) was
included. Thus, 35 preclinical studies were included, of which 17

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)*#

Article Sample timing

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

Legouis et al. 2020°

Lindeman et al. 2020* Blood: renal artery: O, 10, and 30 min
post-IR; renal vein: 0.5, 3, 5, 10,
20, and 30 min post-IR

Tissue: postischemia and 45 min

post-IR

IR injury definition

AKI: KDIGO criteria

DGF: recipient requires

Results on metabolome

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

Grafts manifesting future DGF: postreperfusion

dialysis in first week(s)
posttransplant,
excluding dialysis

for hypervolemia,
hyperkalemia, or
hyperphosphatemia

ATP/GTP catabolism (significantly impaired
phosphocreatine recovery and significant
persistent (hypo)xanthine production).
Failing high-energy phosphate recovery
occurred despite activated 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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Illustration of the contrasting postreperfusion metabolic responses of kidney donor grafts with delayed graft function (DGF,

IR injury, red curve) and grafts recovering without IR injury (no DGF) (green curve: living donor graft [intermediate ischemic period], blue
curve: deceased donor graft [prolonged ischemic period]). The dashed line reflects the normal, non-ischemic kidney. Figures adapted
from Lindeman et al.* Curves represent renal vein levels of lactate (glycolysis), uracil (cellular damage),5 hypoxanthine (ATP catabolism and
metabolic incompetence), and isovalerylcarnitine (intermediate of branched-chain amino acid oxidation [autophagial). *Decrease at end of

measurement window may reflect depletion of ATP pool

explored renal IR in rats, 10 in mice, 1 in both rats and mice (included
as 2 separate studies), 4 in pigs, and 2 in dogs. Almost all studies
were performed in homogeneous populations of particularly young,
mostly male, and healthy animals. The dog studies included an ex-
plicitly heterogeneous study population of mongrel dogs. Details of
the methodology and results of the included reports are summarized
in Tables 2 and 3.

3.1 | Measures of renal IR injury

Although some variability exists for the clinical definitions of AKI
and DGF (Table 4), definitions are essentially functional and out-
come centered.***! The two landmark clinical studies that report
the metabolome of, respectively, AKI and DGF both used “conserva-
tive” definitions.®* The diagnosis of AK| was based on KDIGO crite-
ria (Table 4),** 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
postreperfusion serum creatinine levels as a functional measure of
IR injury (Table 3). In contrast to clinical definitions of AKI, no pre-
defined thresholds for the diagnosis of IR 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 parame-
ter (Table 3). Other parameters used were diverse: for example, 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 IR injury (Table 4), but could not be properly ad-
dressed in the majority of experimental studies due to their limited
follow-up time (Tables 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 min or less. Only 10/35 stud-
ies reported a follow-up of more than 24 hours, 9 of which addressed
aspects of recovery, including 1 study that exclusively relied on

histology as an end point. For one study, postreperfusion follow-up
time was not reported.

IR injury was induced by unilateral clamping with the func-
tional, contralateral kidney left in place in 14/35 studies, while
11/35 applied bilateral clamping, 5/35 performed unilateral ne-
phrectomy prior to IR, and 1 induced transient cardiac arrest.
A minority of studies (4/35) applied kidney transplantation as a
model of IR injury. Autotransplantation and contralateral nephrec-
tomy following reimplantation were performed in two studies.
One study transplanted an allograft in a bilaterally nephrecto-
mized recipient, and one study did not report whether nephrec-

tomy was performed.

3.2 | Biomaterial sampling

Diverse sampling protocols (both with regard to the type of biomate-
rial 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 were performed in 3/27 studies: in rats, pigs, and dogs. One
of the peripheral blood sampling studies performed kidney-specific
sampling through microdialysis. Single postreperfusion sampling was
reported in 13/27 studies. All other studies concerned multiple sam-
pling (two or more consecutive postreperfusion blood samples).

Eleven studies included urine samples. Urinary sampling was
generally (6/11) achieved by means of metabolic cages, and conse-
quently 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 me-
tabolomic profiling or as a readout of injury were based on a single
sampling point, both for smaller and larger animals. Studies reporting
serial time points all relied on biopsies from separate animals. The
majority of the studies (18/28) used whole organs, 10/28 (includ-
ing two studies that also applied in vivo magnetic resonance imaging
[MRI]) performed a region-specific analysis (i.e., cortex and medulla).
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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 bio-
chemical assays (gas/liquid chromatography and/or enzymatic tech-
niques). In vivo measurements were performed in 4/35 studies (all
rat), and concerned *H-MRI combined with hyperpolarized **C-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, for example, exclusively amino
acids, lipids, or high energy phosphates. For the sake of clarity, ex-
tracted data were clustered along the lines of metabolic competence
(energy [high energy phosphate] and/or redox status), and the pri-
mary metabolic routes (glycolysis, tricarboxylic acid [TCA] cycle,
fatty acid oxidation [B-oxidation], and amino acids) to allow for com-

parison of metabolic signatures.

No significant changes in glutamine, glutamate, alanine, and pyruvate. Decreased lactate clearance.

No significant changes in pH, bicarbonate, glutamine, glutamate, alanine, lactate, and pyruvate.
No significant changes in a-ketoglutarate, aspartate, lactate, pyruvate, alanine, and ATP.

Decreased glutamine, glutamate, ADP, AMP, and TAN.
Increased fractional excretion of lactate and pyruvate.
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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.*® and Shin et al.*?

Delayed graft function*®

Most commonly used

Dialysis based

Requirement for dialysis in the first postoperative week

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 (creatinine 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 uM)

Serum creatinine at postoperative day 10 >2.5 mg/dl (= 221 uM)

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 uM)

Acute kidney injury*?

RIFLE classification AKIN classification

KDIGO classification All

Serum creatinine

Risk >1.5 times baseline, or Stage 1
225% decrease in GFR
baseline within 48 h
Injury 22 times baseline, or 250% Stage 2 >2 times baseline
decrease in GFR
Failure >3 times baseline, increase Stage 3 >3 times baseline, or

to 24 mg/dl, or 275%
decrease in GFR

of RRT

Serum creatinine

20.3 mg/dl (; =; 56.52 uM) Stage
increase, or 21.5 times 1

increase to 24.0 mg/dl 3
(= 353.6 uM) with acute

increase of >0.5 mg/dl

(=44.2 uM), or initiation

Serum creatinine Urine output

21.5-1.9 times baseline
within 7 days, or
20.3 mg/dl (= 56.52 uM)
increase within 48 h

<0.5 mL/kg/h
for >6 h

Stage >2.0-2.9 times baseline <0.5 mL/kg/h

2 within 7 days for 12 h
Stage >3 times baseline within <0.3 mL/kg/h
7 days, or increase to for 24 h, or
24.0 mg/dl (= 353.6 uM) anuria for

with acute increase of >12h
>0.5 mg/dl (=44.2 uM),
or initiation of RRT

Abbreviations: GFR, glomerular filtration rate; RRT, renal replacement therapy.

stable following IR in rats and dogs, while levels in murine tissues

are highly variable.

4 | DISCUSSION

Recent clinical leads for DGF and AKI point toward a universal dis-
criminatory metabolic profile for, and possibly causal role of, meta-
bolic aspects in renal IR 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 IR injury. It was reasoned that
these observations provide a lead for validation of preclinical models
of IR injury. A systematic review was performed to align the observed
metabolic profiles for clinical context with those reported in preclini-
cal studies. This review shows poor alignment of the reported pre-
clinical metabolic data with clinical evidence, and identifies several
critical methodological shortcomings in the preclinical studies.

While the phenomenon of IR injury has been known for over
50 years, a persistent translational gap in transforming the abundant
preclinical therapeutic successes toward a clinical benefit remains.
In fact, 10 years ago, partners in the NIH CAESAR consortium (in

the context of myocardial IR injury) stated that: “for 40 years, the
National Heart, Lung, and Blood Institute has invested enormous re-
sources (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 re-
spect to renal IR injury.2*3

Two recent clinical studies positioned metabolic defects in the
center of renal IR injury.>* Although the conclusions of the studies
do not allow discrimination between a causative mechanism or sec-
ondary defect, findings are fully discriminatory and provide insight
in the early events of clinical IR injury, and imply a metabolic mecha-
nism as driver of clinical IR injury. Alignment of the preclinical mod-
els 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
“IR injury.” Clinical studies not only identified a clear signature for
IR injury but also indicated graded degrees of recovery in the ab-
sence of IR injury, that is, in the context of transplantation, an almost
instantaneous functional and metabolic recovery for living donor
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Energetic status Red- Glyco- TCA cycle B- AA
OX lysis oxidation metabolism

-acyl carnitine*

Phosphocreatine
Hypoxanthine
Xanthine
Inosine
Acetoacetate
Glucose
Pyruvate
Lactate

Citrate
a-Ketoglutarate
Succinate
Fumarate
Malate
Oxaloacetate
Acetyl-CoA
Free fatty acids*
Alanine
Aspartate
Glutamate
Glutamine

ATP
ADP
TAN
GTP
TGN

Clinical s_tudieg

Legouis et al. 2020° | { ’ I @) | @ ’ |
Lindeman et al. 2020% i [e][e) @ ejo|e [e][e]|

Preclinical studies

Rat

Andrianova et al. 2020"
Choi et al. 2019°
Duran et al. 1990°
Gaudio et al. 1991
Huang et al. 2018"!

vs healthy control
Huang et al. 2018"!

vs contralateral kidney
Lan et al. 2016™
Legouis et al. 2020°
Lindhardt et al. 2020'®
Liu et al. 2012™
Nielsen et al. 2017a"
Nielsen et al. 2017b™
30 min ischemia

Nielsen et al. 2017b™
60 min ischemia

Nielsen et al. 2020"
2-60 min post-IR
Nielsen et al. 20207 B
1-7 days post-IR C
Peto et al. 2018 o @
Serkova et al. 2005™ [
Shen et al. 20172° .|

Tani et al. 2019?'
Trifillis et al. 1984%
60 min ischemia, 24 h
reperfusion

Varga et al. 2019%° [C] [ -
Mouse

Beier et al. 2020 T
Chihanga et al. 2018% |

Cho et al. 2017% [ |
Chouchani et al. 20147 | [
Fuijii et al. 2019%
cortex/OSOM

Fuijii et al. 2019%®
ISOM/inner medulla
Fuijii et al. 2019%®
whole kidney
Jouret et al. 20162 || [ |
Legouis et al. 2020° [ ] (]

Poyan Mehr et al.
2018%

Rao et al. 2016°
Wei et al. 2014% @] [®) ® . @O . (@) Increase after IR

cortex

Wei et al. 2014% . . . )
medulla Increase but recovering

- ) )
Zager et al. 2014 during reperfusion

e

No change (or complete

Pig
- - —1 recovery) after IR
Clondenen ot ol 2010 00 ol T® 00 ®® 0 )
Fonouni et al. 2011% M
Hauet et al. 2000%°
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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 were available, data were 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 are reported in the supplementary data, but no formal statistical evaluation was performed. OSOM: outer stripes of outer
medulla. ISOM: inner stripes of outer medulla. t: 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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grafts versus a more suspended recovery for deceased donor grafts
(Figure 1).* Although less detailed information was available for AKI,
different grades of AKI also associate with graded metabolic recov-
eries (e.g., KDIGO stage 3, demonstrating more severely impaired
metabolism compared to less severe, i.e., KDIGO stage 1, injury).3

Clinical IR injury (DGF) was accompanied by a fully discrimina-
tory reperfusion metabolome, an aspect that allowed for discrimi-
nation between IR injury and IR damage. To be specific: IR 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 hu-
moral effectors upon reestablishment of blood flow, processes that
are independent from the metabolic cataplexy and may occur in re-
sponse to an ischemic insult as well as IR injury.

A further aspect identified in the review were the notable vari-
ations in techniques applied to induce IR, ischemia times, timing
of the postreperfusion sampling, and considerable heterogeneity
concerning species, strains, and gender used. Considering the es-
tablished interspecies, -strain, and sex variations in metabolism, the

44-47

metabolic susceptibility, and the impact of environmental fac-

tors 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 readout of kidney function/injury. Group-wise compar-
isons (intervention vs. control) and single or short (<24 hours) fol-
low-up times were generally applied. Consequently, appropriate
ischemic controls and/or recovery profiles series required for discrim-
ination between IR damage and injury were absent in preclinical stud-
ies. Moreover, conclusions with respect to creatinine clearance from
preclinical studies that relied on cardiac arrest, bilateral clamping, or
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 nephrec-
tomy (14/35 studies) (which obviously interferes with the use of cre-
atinine clearance as readout) 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 eval-
uations concluded that histological examinations poorly predict out-

5051 the question arises whether a strong reliance on histology

come,
is justified; in fact, one preclinical study reported IR injury based on
serum creatinine levels in the 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 character-
istic of clinical renal IR injury. Consequently, it is unlikely that the
injury sustained in these studies reflects the degree of injury in clin-
ical IR injury.

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.* In fact, meta-
bolic signals are fully absent in the peripheral (arterial) blood samples
in the clinical setting, and selective postrenal venous sampling was
required for distinctive signals.4

Tissue metabolites are reported by 25/35 studies. Although met-
abolic 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 washout of diffusible metabolic interme-
diates, with stable tissue contents.*

Alignment of reported metabolic profiles identified contrast-
ing findings between preclinical and clinical studies. While clinical
IR injury (DGF) is characterized by energetic impairment that per-
sists beyond the 30-minute postreperfusion measurement window
(Table 1), reported data from rodent/dog studies imply reinstate-
ment of energy equivalents following reperfusion. Hence, observa-
tions in these models align with the observations for grafts without
IR injury.

Selective arteriovenous sampling identified normoxic glycolysis
and impaired lactate handling as key characteristics of clinical renal
IR injury (Table 1).34 Only three experimental studies applied selec-
tive venous sampling,®2*%? but very limited metabolic analysis was
performed.

A specific TCA cycle defect at the level of the oxoglutarate-
dehydrogenase complex with selective postreperfusion release of
a-ketoglutarate and impaired recovery of tissue succinate levels was
identified in clinical IR injury (DGF) (Table 1). This finding contrasts
with the metabolome of rodent IR injury, which is reportedly associ-
ated with an ischemic accumulation of succinate and its subsequent
rapid re-oxidation during reperfusion, paralleled by an oxidative
burst.?” The latter rapidly subsides upon normalization of succinate
levels (within 5 min of reperfusion).27 This brief insult contrasts with
the prolonged, but reversible metabolic defects in clinical IR injury
(Table 1, Figure 1). Although it cannot be excluded that a succinate-
driven mechanism contributes to the initiation of IR injury, the tran-
sient character and the apparent rapid metabolic recovery contrast
with the clinical context.

In conclusion, this systematic evaluation based on reported met-
abolic aspects of IR injury demonstrates profound methodological
variability and shortcomings in the preclinical studies. While some
of these limitations are inherent to preclinical research, for exam-
ple, 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 IR
injury. Additional challenges in preclinical research are the strong
impact of age and comorbidities on incidental AKI and DGF°%>* (an
aspect that is largely 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.
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TABLE 5 Recommendations for future preclinical studies investigating renal metabolism following ischemia reperfusion (IR)

Recommendation Rationale

Functional IR injury definition
Renal replacement therapy

Optimal ischemia time (titration of IR injury)

Consensus on renal dysfunction
Exclusion of prerenal causes of renal IR injury

Chance for both transient dysfunction, that is, DGF, and ischemic controls, that is,

primary function

Representative study population

Renal vein catheterization (excludes use of mice)
Successive sampling

Extended follow-up time

Predefined set of metabolites

Higher incidence of clinical renal IR injury in older patients
Arteriovenous kidney-specific sampling; metabolite diffusion
Monitoring dysfunction and functional recovery

Monitoring dysfunction and functional recovery

Insight in metabolic competence and straightforward comparisons

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.>”> Microdialysis is a potential alternative to arteriovenous sampling, but has not yet been validated for this purpose.
Ureterostomy®® 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. lllustration by Manon Zuurmond

To fully capture the complex metabolic interactions, animal models
are essential for research. Recommendations to improve the trans-
latability of preclinical research are therefore summarized in Table 5
and Figure 3.

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