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Decades of pre-clinical research have revealed biologic pathways that have suggested

potential therapies for acute kidney injury (AKI) in experimental models. However,

translating these to human AKI has largely yielded disappointing results. Fortunately,

recent discoveries in AKI molecular mechanisms are providing new opportunities for early

detection and novel interventions. This review identifies technologies that are revealing

the exceptionally complex nature of the normal kidney, the remarkable heterogeneity

of the AKI syndrome, and the myriad responses of the kidney to AKI. Based on the

current state of the art, novel approaches to improve the bench-to-bedside translation

of novel discoveries are proposed. These strategies include the use of unbiased

approaches to improve our understanding of human AKI, establishment of irrefutable

biologic plausibility for proposed biomarkers and therapies, identification of patients

at risk for AKI pre-injury using clinical scores and non-invasive biomarkers, initiation

of safe, and effective preventive interventions of pre-injury in susceptible patients,

identification of patients who may develop AKI post-injury using electronic triggers,

clinical scores, and novel biomarkers, employment of sequential biomarkers to initiate

appropriate therapies based on knowledge of the underlying pathophysiology, use of new

biomarkers as criteria for enrollment in randomized clinical trials, assessing efficacy, and

empowering the drug development process, and early initiation of anti-fibrotic therapies.

These strategies are immediately actionable and hold tremendous promise for effective

bench-to-bedside translation of novel discoveries that will change the current dismal

prognosis of human AKI.
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INTRODUCTION

Acute kidney injury (AKI) is a growing global epidemic, afflicting about 30% of children in neonatal
and pediatric intensive care units and at least 5% of non-critically ill pediatric hospitalizations.
Impressive improvements in the clinical care of hospitalized children have inexorably shifted the
AKI epidemiology from primary renal diseases toward a consequence of systemic illnesses and
their treatments and nephrotoxin exposure. In contrast with AKI in adults, pediatric AKI typically
strikes early in the course of a critical illness, but it is more often reversible in the absence of
major comorbid complications. However, AKI is independently associated with increasedmortality
and morbidity, including the development of chronic kidney disease, in all age groups. Several
decades of intense pre-clinical and translational research have uncovered biologic pathways and
mechanisms that have suggested promising therapeutic approaches in animal models. However, the
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translational efforts in human AKI have largely yielded
disappointing results, and the incidence of and the complications
from human AKI remain unacceptably high, with no satisfactory
preventive or therapeutic solutions in sight. Fortunately, recent
discoveries in AKI molecular mechanisms are shifting old
paradigms and providing new approaches for early detection
and intervention. This review will focus on the state-of-the-
art technologies that are revealing the exceptional complexity
of the normal kidney, the remarkable heterogeneity of the AKI
syndrome, and the myriad responses of the kidney to AKI.
Novel approaches to improve the bench-to-bedside translation
of novel discoveries will be proposed—at the present time, these
remain largely the author’s personal opinions that have not been
systematically studied.

THE UNEXPECTED COMPLEXITY OF THE
NORMAL KIDNEY

Our understanding of the normal kidney has advanced
dramatically during the past decade, with the advent of unbiased
gene, protein, and metabolome expression analysis, propelled
by the enabling technologies of molecular nephrology (1, 2).
In particular, single-cell RNA sequencing (scRNA-seq) can now
uncover the expression level of every gene in every cell type,
enabling the rapid determination of serial gene expression
changes in many thousands of cells, identification of previously
unknown cell populations, and even novel heterogeneity within
a given cell type. For example, the scRNA-seq analysis of
the developing collecting duct has newly identified sub-cluster
cell types that include principal cells, β-intercalated cells, and
other previously unknown cell subtypes (3). Similar studies
in the fully developed collecting duct have revealed a novel
crosstalk between signal transduction pathways as well as an
improved understanding of physiologic regulatory pathways
(4). A comprehensive scRNA-seq analysis of adult mouse
kidneys has identified novel cell types that remain to be fully
characterized (5). An examination of human kidney transplant
biopsies has uncovered 16 distinct cell types and novel cell
states within endothelial cells as well as pro-inflammatory
parenchymal responses in the rejecting kidney (6). Thus, scRNA-
seq techniques are identifying new categories of known cell
sub-types as well as previously unknown cell types that are
improving our understanding of the developing, mature, and
diseased kidney at an unprecedented level of detail.

THE UNANTICIPATED HETEROGENEITY
OF ACUTE KIDNEY INJURY

Decades of meticulous clinical phenotyping have taught us that
all AKIs are not created equal. As clinicians, we have become
adept at recognizing several AKI subtypes, including pre-renal,
intrinsic, ischemic, hypoxic, nephrotoxic, septic, inflammatory,
and obstructive forms. An improved understanding of the
molecular underpinnings of AKI subtypes was ushered in
two decades ago with the advent of transcriptome profiling
technologies. Data mining of gene expression profiles from 150

microarray experiments performed in 21 different models of AKI
(including mouse, rat, pig, and human models) identified novel
upregulated genes that have now been well-characterized and
are now considered “usual suspects” in AKI parlance—including
LCN2 (encoding lipocalin 2 or NGAL), KIM-1 (kidney injury
molecule-1), CCL2 (chemokine ligand 2 or MCP-1), HMOX1
(heme oxygenase), TNF (tumor necrosis factor), and CLU
(Clusterin) (7). Downstream translational analyses in animal and
human AKI are now beginning to yield pathways for therapeutic
targeting, as well as excellent non-invasive assays for the early
diagnosis of AKI and its sequelae (1).

More recent deep sequencing studies have identified
significant differences in the responses between the AKI
subtypes. For example, there exists a remarkable diversity
of changes in the kidney genomic response to ischemic and
septic injuries (8). While TNF and LCN2 are dramatically
upregulated in both ischemic and septic AKI, KIM-1 is induced
primarily in ischemic injury and ICAM-1 in sepsis only (8).
Furthermore, a comparison of the ischemic and the volume
depletion models of AKI, often considered to be a continuum
and therefore predicted to have similar gene expression response,
unexpectedly showed that <10% of the expressed genes were
differentially regulated in the two models despite identical
elevations in serum creatinine (9). Volume depletion induced
metabolic pathways and anti-inflammatory molecules. By
contrast, ischemic injury activated hundreds of known and
novel inflammatory, coagulation, and epithelial repair pathways,
including the “usual suspects” LCN2, KIM-1, CXCL1, and IL-6,
all of which were totally unchanged in the volume depletion
model (9). For added complexity, different nephron segments
responded with distinct signatures to different injuries. For
example, volume depletion predominately affected the inner
medulla, whereas ischemic changes were noted primarily in
the outer medulla. In addition, ischemic injury induces mRNA
expression of KIM-1 specifically in the proximal tubule and,
in contrast, LCN2 specifically in the distal nephron (9). Hence,
different insults lead to diverse responses reflecting alterations in
segment-specific pathophysiology.

Recent metabolomic approaches have further validated
additional dramatic differences in the response of the kidney to
injuries that were previously thought to be closely related. For
example, experimental models of ischemia–reperfusion injury
display the rapid appearance of alanine, leucine, and glucose
in urine, with a downregulation of urinary creatinine and
nicotinamide (10). In marked contrast, hypoxic injury rapidly
induces the urinary excretion of benzoate and fructose, while
citrate and isothionate are suppressed (11). The differential
appearance of these metabolites in the urine may hold important
clues toward etiology-specific biomarkers and therapeutic targets
in humans.

Additional recent metabolomic studies in a mouse model
of ischemic AKI have identified a deficiency in the urinary
and intra-renal nicotinamide adenine dinucleotide (NAD), an
essential component of energy generation via glycolysis and
the Kreb’s cycle (12). In a phase I study of oral NAM
supplementation (which generates NAD via a salvage pathway)
in adults undergoing cardiac surgery, the rise in serum creatinine
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was prevented compared to placebo (12). Additional studies
are underway.

STRATEGIES TO IMPROVE
BENCH-TO-BEDSIDE TRANSLATION IN
AKI

Thus, different etiologies of AKI elicit dramatically divergent
responses. Additional basic and translational studies, too
numerous to be elucidated here, have yielded characteristic
structural, functional, and regenerative responses to each
AKI stimulus. However, animal studies do not faithfully
recapitulate the human AKI phenotype, rendering bench-to-
bedside translation enormously challenging. Despite promising
pre-clinical data, the human AKI literature is littered with
numerous disappointing treatment failures—including forced
diuresis and RGD peptides for tubular obstruction, ATP
donors (ATP-Mg, thyroxine) for intracellular ATP depletion,
natriuretic peptides and dopamine for vasoconstriction, reactive
oxygen species scavengers and iron chelators for oxidative
stress, anti-ICAM antibodies for endothelial–leucocyte adhesion,
anti-apoptotic agents, growth factors (IGF-1, HGF, FGF,
and erythropoietin), anti-inflammatory agents (α-MSH), and
regenerative factors (mesenchymal stem cells) (13). The strategies
proposed by the author to close this bench-to-bedside chasm are
detailed below.

Use Agnostic Approaches to Better
Understand AKI in Animal and Human
Models
We recommend the use of unbiased approaches to identify
AKI susceptibility genes in humans. Large-scale genome-wide
association studies (GWAS) can identify potentially pathogenic
genomic sequences that are statistically enriched in AKI cases
compared to controls. A recent GWAS analysis of a discovery
cohort of 1,400 adults with critical illness (760 with AKI) followed
by a separate replication cohort of 200 AKI cases (14) has
yielded two single-nucleotide polymorphisms (SNPs) involving
the transcription factor interferon regulatory factor 2 (IRF2)
and an additional two SNPs close to the transcription factor T-
box 1 (TBX1). The identification of SNPs near IRF2 suggests a
potential role for the immune system in AKI, a concept with
already strong biologic plausibility. TBX1 is expressed during
kidney development, and this finding supports the intriguing
concept that ontogeny recapitulates phylogeny after kidney
injury, whereby genetic programs involved in nephrogenesis that
become dormant after birth are once again reactivated and are
essential for the recovery process after injury in post-natal life.
Additional GWAS studies with even larger cohorts of control and
AKI subjects are underway and may yield new AKI susceptibility
genes of critical biological significance.

We recommend the employment of dramatic advances
in single-cell RNA sequencing to examine both animal and
human AKI models (15, 16). A recent comprehensive analysis
of a mouse model of ischemia–reperfusion AKI using whole

kidney total mRNA sequencing has already identified time-
dependent changes in the expression of genes involved in tubular
injury/repair, fibrosis, and innate and adaptive immunity (17).
As an extension to humans, the NIH-funded Kidney Precision
Medicine Project will analyze human AKI kidney biopsies based
on elevations in serum creatinine and a urinary biomarker (based
on the “usual suspects” previously mentioned). Single-cell RNA-
seq and other advanced deep sequencing studies are expected
to yield a detailed molecular atlas of the human kidney and
potentially identify new pathways for future therapies.

Establish Irrefutable Biologic Plausibility in
Multiple Animal Models Prior to Embarking
on Etiology-Specific Human Studies
We recommend detailed molecular analyses of animal models
most pertinent to human AKI, followed by bioinformatic
determination of both common and etiology-specific pathways,
and downstream confirmation of biologic significance with
additional techniques. Such studies will begin to address
the enormous complexity of human AKI, which is often
multifactorial, with overlapping components—in addition
to volume depletion, ischemia–reperfusion injury, and
nephrotoxins, clinicians have to worry about hypoxia, sepsis,
inflammation, obstruction, and primary kidney diseases, to
name a few situations. All of these induce comparable elevations
in serum creatinine levels, the current highly flawed “gold
standard” for the diagnosis and staging of AKI, a major limiting
factor in AKI diagnostics today (1).

Recent publications validate this recommendation. Reliable
animal models have now been developed to recapitulate
many human AKI pathophysiologies, including the AKI-to-
CKD transition (18). A careful analysis of these models has
begun to elucidate the myriad responses at the structural and
the molecular levels (17). In a murine bilateral ischemia–
reperfusion survival model that recapitulated the human AKI-
to-CKD transition, serum creatinine peaks after 2 days. However,
histology at day 1 already revealed characteristic tubular changes
in the outer medullary region that mimic the human phenotype.
At 6 months after the injury, cortical fibrosis is the predominant
finding. At 1 year later, additional cystic changes and a severe
chronic interstitial nephritis appear, all reminiscent of end-
stage kidney disease in humans. At the molecular level, the
earliest changes included a significant expression of immediate
early response and stress-related genes that are conserved
between mouse and humans and are also activated soon after
transplanting deceased donor kidneys (17). Within 24 h of injury,
elevation of genes regulating apoptosis and proliferation, which
persisted for weeks after injury, was prominently noted, attesting
to the critical significance for the balance between cell death and
cell survival during recovery from AKI. Most prominent among
these were the genes encoding NGAL and KIM-1, both crucial
to the processes of cellular regeneration and repair, lending
ample biological plausibility for their roles as early non-invasive
biomarkers (1, 7).

Animal models of ischemia–reperfusion AKI have
additionally identified diverse epigenetic changes that in
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turn control AKI gene expression (8). For example, histone
acetylation (which results in a transcriptionally permissive
chromatin structure) was significantly associated with Tnf
gene expression. Similarly, changes in histone methylation
(which provides docking sites for chromatin modifiers) were
identified in Tnf, Kim-1, and Ngal genes (8). These and other
epigenetic changes are potentially reversible with appropriate
pharmacotherapy and provide novel targets for drug design
in AKI.

A translational molecular analysis of septic AKI has been
limited by the fact that most animal models of this condition do
not faithfully mimic the human condition (19). Murine models
have utilized cecal ligation and puncture, fecal implantation
in the abdomen, and lipopolysaccharide (LPS) injections and
have resulted in varying degrees of structural and functional
AKI. Despite these limitations, recent studies have revealed
dramatic differences in gene transcription and in epigenetic
changes in the kidney following LPS injection vs. ischemia–
reperfusion (8). While the Tnf and Ngal genes are strongly
induced in both models, Kim-1 and Tlr4 were upregulated only
in ischemia–reperfusion and Icam-1 only after sepsis. Many
genes such as Klotho and Netrin1 were downregulated only after
ischemia–reperfusion, while several angiogenic genes exhibited
a decreased expression following LPS injection. Understanding
the heterogeneity of genetic and epigenetic responses in etiology-
specific animal models will contribute to the discovery of
interventions tailored to the cause of AKI.

Identify Patients at Risk for AKI Pre-injury
We recommend the use of clinical scoring systems to predict AKI
pre-injury. For example, to predict AKI in adults, clinical risk
factors have been incorporated into the well-known Cleveland
Clinic Score (for cardiac surgery) andMehran Score (for contrast
agents). These scores can be adapted for use in pediatrics. Indeed
in a prospective multicenter analysis of children undergoing
cardiac surgery, risk factors associated with a greater AKI
incidence included lower age, weight, body surface area, and
preoperative serum creatinine (20). Longer bypass time was also
associated with AKI development. Those that had a bypass time
>180min showed a nearly 8-fold greater odds of developing AKI
when compared to those with a bypass time <60 min (20).

We recommend the use of non-invasive pre-procedural
biomarkers to predict AKI in children at risk. One of the
best studied pre-operative biomarkers is uromodulin, a well-
established nephroprotective protein—uromodulin knock-out
mice are more susceptible to ischemia–reperfusion kidney injury
and are more likely to experience tubular inflammation and
necrosis, especially in the highly susceptible S3 segment of
the proximal tubule (21). In a recent analysis of 101 children
undergoing cardiac surgery with bypass, 47% developed AKI, and
only 8% of the patients in the highest quartile of preoperative
urinary uromodulin (uUMOD) concentrations developed AKI,
in contrast with 92% of the participants in the lowest quartile
(22). Preoperative uUMOD strongly predicted postoperative
AKI, with area under the curve (AUC) of 0.90 (22). These results
suggest that if pre-operative uUMOD is used to identify patients

at risk for AKI after bypass, preventive measures might minimize
post-operative AKI.

Initiate Preventive Interventions Pre-injury
in Susceptible Patients
We recommend the initiation of safe and inexpensive preventive
measures in context-specific susceptible patients. One well-
studied example is the use of N-acetyl cysteine (NAC) to prevent
contrast-induced AKI. While this remains controversial, it is safe
and orally effective. It is our practice to administer NAC (in
addition to intravenous hydration and urinary alkalinization) in
children scheduled for a contrast study with underlying chronic
kidney disease stage 3 or greater who have a history of contrast-
induced AKI (23).

Although intense renal vasoconstriction and vasospasm are
well-known pathogenic processes in many forms of AKI,
vasodilator therapies such as the natriuretic peptides and
dopamine have been ineffective in preventing human AKI and
are not recommended (23). However, the use of fenoldopam, a
short-acting selective dopamine-1 receptor agonist (which the
renal vasculature is particularly enriched in) with additional
anti-inflammatory properties, is intriguing. In a prospective
randomized double-blind trial of 80 children undergoing
cardiac surgery, 40 received placebo and 40 were treated
with fenoldopam intra-operatively (24). The fenoldopam group
displayed a significant reduction in urinary biomarkers of AKI
(NGAL and cystatin C) and a reduced need for diuretics and
other vasodilators in the post-operative period. These data are
promising but need independent confirmation in larger studies.

Identify Patients Who Are at Risk for AKI
Post-injury Early
We recommend the use of clinical scoring systems to predict
AKI post-injury or when the timing of injury is unknown. The
Renal Angina Index (RAI) has emerged as a useful scoring
system in children who are critically ill (25). The RAI combines
validated clinical risk factors (ICU admission, solid organ or stem
cell transplant, mechanical ventilation, and vasopressor need)
with evidence for decreased kidney function (increases in serum
creatinine or degrees of fluid accumulation) to stratify patients at
risk for subsequent severe AKI. Importantly, the incorporation
of urinary biomarkers further improves the predictive ability of
the RAI (26). In a prospective study of 184 children admitted
to the pediatric ICU, a positive RAI (score ≥8) was present in
33% of patients at day 0 and predicted day 3 AKI with an AUC
of 0.80. Inclusion of admission urinary NGAL further increased
the AUC to predict day 3 AKI to 0.97. The RAI has thus emerged
as an important tool to direct biomarker measurements in select
patients who are most likely to benefit from such determinations.

We recommend the use of non-invasive biologically plausible
urinary and plasma biomarkers to predict AKI and its severity
in all clinical settings that portend a risk for AKI development.
The most extensively studied such biomarker is NGAL, which
is rapidly induced in the distal nephron following a variety of
injurious stimuli and exerts a profound nephroprotective effect
due to its anti-apoptotic, pro-proliferative, and bacteriostatic
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properties (1, 7, 27–29). A myriad of prospective studies, many
in children, have now established the highly predictive role of
NGAL as a biomarker to predict AKI and its complications
in numerous clinical settings including critical illness, sepsis,
cardiac surgery, nephrotoxins, and organ transplants (30–33).
Following an analysis of many thousands of subjects and many
thousands of AKI events in the literature, we now have six
large meta-analyses attesting to the diagnostic properties of
NGAL measurements for AKI prediction, with a consistent area
under the curve of over 0.8 for a urinary NGAL value >150
ng/ml (34–38).

The combination of two biomarkers of cellular stress, namely,
TIMP-2 and IGFBP-7, has also recently emerged as a promising
early biomarker of AKI, particularly in adults with critical illness.
In a recent meta-analysis of five studies with 1,619 critically
ill patients, urinary TIMP-2 × IGFBP7 cutoff points of 0.3
(ng/ml)/1,000 had an AUC of 0.75 for AKI prediction (39).
The pediatric experience with TIMP-2 and IGFBP-7 has been
limited to date to small studies in which these biomarkers have
been promising but are somewhat delayed predictors of AKI in
comparison to NGAL (40, 41).

Use Automated Electronic Health Records
Plus Early Biomarkers to Assess for AKI
We recommend employing automated electronic health record
(EHR) systems to direct measurements of serum creatinine
and other predictive AKI biomarkers in children at risk for
AKI. The utility of this approach is best exemplified by a
prospective single-center study in which the EHR identified
hospitalized children receiving aminoglycosides for more than
3 days or more than three nephrotoxins simultaneously (42).
This triggered the pharmacists to recommend daily serum
creatinine monitoring in exposed patients. During the study
period, the exposure rate decreased by 38%, and the AKI
rate decreased by 64%. An estimated 633 exposures and 398
AKI episodes were avoided. Thus, EHR-based surveillance
for nephrotoxic medication exposure can lead to sustained
reductions in nephrotoxin use and AKI. These interventions have
now been translated to 30 other pediatric centers.

We recommend the use of the EHR-based serum creatinine
increases to trigger biomarker measurements. In our clinical
practice, urine NGAL is measured automatically in critically ill
children with 50% or greater increase in serum creatinine. The
results drive an early nephrology consultation as well as rational
initial management, depending on the presence of intrinsic
structural AKI (NGAL ≥ 150 ng/ml) or volume-responsive
functional AKI (NGAL ≤ 50 ng/ml).

Use Sequential Biomarkers to Initiate
Context-Specific Therapies
We recommend the use of temporally sequential biomarkers
to establish the time of initial injury as well as to initiate
appropriate therapies based on knowledge of the underlying
pathophysiology. Experimental AKI proceeds in four sequential
phases: initiation, extension, maintenance, and recovery. During
the initiation phase, there is profound intracellular ATP

depletion and generation of reactive oxygen molecules and labile
iron. Vasodilator, ATP-donor, anti-oxidant, and iron chelation
therapies may be effective during this phase, and the appearance
of the earliest non-invasive biomarkers such as NGAL may
be used to trigger such therapies. Several published studies in
humans, including children with AKI (41, 43), have documented
the appearance of NGAL in the urine and the blood very
early after ischemic, nephrotoxic, or septic structural kidney
injury (but not in pre-renal functional injury). In the extension
phase, tubules undergo reperfusion-mediated cell death, and the
injured endothelial and epithelial cells amplify the inflammatory
cascades. This phase may be marked by intermediate biomarkers
such as L-FABP, and therapeutic interventions might include
anti-apoptotic and anti-inflammatory strategies. During the
maintenance phase, cell regeneration predominates. Slightly
delayed markers with high specificity, such as the cell cycle
biomarkers (TIMP-2 and IGFBP-7), may trigger therapeutic
measures such as growth factors and stem cells that accelerate
repair. These concepts are illustrated in Figure 1 and are
ready for implementation since both NGAL and the cell cycle
biomarkers are now widely available for clinical use.

Use Injury-Specific Biomarkers as
Eligibility Criteria for Clinical Trial
Enrollment
We recommend the use of widely available early AKI biomarkers
such as NGAL to enroll patients in AKI clinical trials. This
concept is illustrated in Figure 2, whereby patients known to
have clinical risk factors for AKI are triaged using a biomarker
measurement (irrespective of the serum creatinine value). Using
early biomarker elevation to enroll subjects in AKI trials can
increase the proportion of patients enrolled early in the course of
AKI and decrease the sample size required, thereby dramatically
reducing trial cost. This concept has been validated in recent
publications using hypothetical simulations (44). In patients
undergoing cardiac surgery, by using a combination of a known
clinical risk factor (prolonged bypass time) and injury markers
(IL-18 or NGAL), the authors showed that an AKI therapeutic
trial cost could be decreased by 64% (44).

Furthermore, we recommend the use of AKI biomarkers
to assess the response to therapies and as outcome measures
to identify the therapies that warrant further testing in larger,
multicenter trials. In this concept, a reduction in biomarker
concentration can be considered as an initial success—this will
once again decrease the cost of completing initial proof-of-
principle AKI trials and will identify the best context-specific
agents for more definitive trials that include widely accepted
longer-term outcomes such as the “three Ds” (death, dialysis,
and doubling of serum creatinine) and “MAKE” (major adverse
kidney events).

Use Injury-Specific Biomarkers in the Drug
Development Process
We recommend the use of injury-specific biomarkers in the pre-
clinical phases of drug development, specifically for the early
identification of nephrotoxic AKI independent of the serum
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FIGURE 1 | Sequential biomarkers to establish the time of initial injury as well as to initiate appropriate therapies based on knowledge of the underlying

pathophysiology.

FIGURE 2 | Use of biomarkers as criteria for enrollment in randomized clinical trials as well as to assess the efficacy of the agent being studied.

creatinine. Extensive pre-clinical studies by the academia and
the industry have revealed highly specific urinary biomarkers
that predict structural nephrotoxic AKI in the absence of serum
creatinine increase. In 2008, the Food and Drug Administration
(FDA) and the European Medicines Agency approved the use
of seven safety biomarkers in pre-clinical drug toxicity, and
this initial roster was extended in 2016 to include NGAL.
Consequently, in 2018, a safety biomarker panel was approved by
the FDA (including clusterin, cystatin C, KIM-1, NAG, NGAL,
and osteopontin) to detect kidney tubular injury in healthy
human volunteers participating in phase 1 clinical trials (45).
It is hoped that the use of this safety biomarker panel can

be extended to phases 2 and 3 AKI clinical trials, not only to
identify any nephrotoxic injury or lack of therapeutic response
(whereby biomarker concentration would increase) early but
also to establish therapeutic efficacy (evidenced by a downward
trajectory in biomarker concentration).

Early Initiation of Anti-fibrotic Therapies
We recommend for clinical trials to investigate the early
initiation of anti-fibrotic therapies. Recent publications validate
this recommendation. Clinical evidence for the progression
of pediatric AKI to CKD is now abundant. Animal models
have now been developed to recapitulate many human AKI
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pathophysiologies, including the AKI-to-CKD transition (18). A
careful analysis of thesemodels has begun to challenge the dogma
that the fibrotic response of the kidney to injury is a late and final
common pathway. In a murine bilateral ischemia–reperfusion
survival model that recapitulated the human AKI-to-CKD
transition, the serum creatinine peaks after 2 days, and kidney
sections at day 1 revealed surprising segment-specific responses.
While significant acute tubular damage was noted in the outer
medullary region, the same regions adjacent to the damaged S3
segments also unexpectedly revealed significant fibrosis (17). In
the ensuing weeks, the outer medullary fibrosis extended further,
with the additional appearance of cortical fibrosis.

Encouraging new experimental data suggest that this early
fibrotic response can be prevented. In murine AKI due to
ischemia–reperfusion, an intraperitoneal administration of a
peptide (pUR4) that binds fibronectin and inhibits fibronectin
polymerization (an early event in the fibrotic cascade) soon after
injury dramatically attenuated the early fibrotic response (46).
The pUR4 peptide was devoid of any adverse effects, rendering its
translational application to humanAKI a very realistic possibility.

CONCLUSION

Propelled by the enabling technologies of molecular
nephrology, this review has identified ten strategies that
hold tremendous promise for effective bench-to-bedside
translation to change the current dismal prognosis of pediatric
AKI. These strategies are immediately actionable and well
within the reach of the nephrology community. We are
optimistic that this “call to arms” will be heeded, tested,
and implemented.
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