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Abstract

Purpose of review: The current review will discuss on the progress of studying the transition phase between acute kidney
injury (AKI) and chronic kidney disease (CKD) through improved animal models, common AKI and CKD pathways, and how
human studies may inform different translational approaches.

Sources of information: PubMed and Google Scholar.

Methods: A narrative review was performed using the main terms “acute kidney injury,” “chronic kidney disease,
stage renal disease,” “animal models,” “review,” “decision-making,” and “translational research.”

Key findings: The last decade has shown much progress in the study of AKI, including evidence of a pathophysiological link
between AKI and CKD. We are now in a phase of redesigning animal models and discovering mechanisms that can replicate
the pathological conditions of the AKI-to-CKD continuum. Translating these findings into the clinic is a barrier that must be
overcome. To this end, current efforts include prediction of AKI onset and maladaptive repair, detecting patients susceptible
to the progression of chronic maladaptive repair, and understanding shared signaling mechanisms between AKI and CKD.
Limitations: This is a narrative review of the literature that is partially influenced by the knowledge, perspectives, and
experiences of the authors and their research background.

Implications: Overall, this new knowledge from the AKI-to-CKD continuum will help bridge the discontinuity that exists
between animal models and patients, resulting in more effective translational biomarkers and therapeutics to test in known
AKI pathologies thereby preventing the chronicity of kidney injury progression.
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Justification: La présente revue porte sur 'avancement des connaissances relatives a la phase de transition entre l'insuffisance
rénale aigué (IRA) et I'insuffisance rénale chronique (IRC) grace a des modéles animaux améliorés, a I'étude des mécanismes
communs a I'IRA et 'IRC, et a la contribution que la recherche chez 'humain peut apporter aux différentes approches
translationnelles.

Sources: PubMed et Google Scholar.

Méthodologie: Une revue narrative a été réalisée a I'aide des principaux termes suivants: insuffisance rénale aigué (acute
kidney disease), insuffisance rénale chronique (chronic kidney disease), insuffisance rénale terminale (end-stage renal disease),
modeéles animaux (animal models), revue (review), prise de décision (decision making) et recherche translationnelle (translational
research).

Principaux Résultats: La derniére décennie a été marquée par de nombreux progrés dans I'étude de I'IRA, notamment
par la mise en évidence d’un lien physiopathologique entre I'IRA et I'IRC. Nous en sommes actuellement a développer de
nouveaux modeles animaux et a élaborer des mécanismes pouvant reproduire les conditions pathologiques du continuum
IRA-IRC. Transposer ces résultats en clinique est un obstacle a surmonter. C’est pourquoi, les efforts déployés actuellement
incluent la prédiction du début de I'IRA et d’une récupération rénale inadéquate, la détection des patients susceptibles de
progresser vers une récupération rénale inadéquate a long terme et la compréhension des mécanismes de signalisation
communs a I'IRA et 'IRC.

Limites: Il s’agit d’une revue narrative de la littérature qui est en partie influencée par les connaissances, les perceptions et
les expériences des auteurs, de méme que par leur formation antérieure en recherche.

Conclusion: Dans 'ensemble, ces nouvelles connaissances tirées du continuum menant de I'IRA a I'lRC aideront a combler
les lacunes entre les modéles animaux et les patients, ce qui permettra de mettre au point des biomarqueurs translationnels
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et des traitements plus efficaces a tester sur les pathologies menant a I'IlRA, dans le but de prévenir la progression et la

chronicité de la maladie.
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What was known before? (why is this
review important)

Acute kidney injury (AKI) is a common complication of
acute illness and a growing public health concern. Much
progress has been made in understanding the pathogenesis,
progression, and repair of AKI, but unfortunately few thera-
peutic agents have improved patient outcomes.

What this adds

Review of potential strategies to translate knowledge of AKI
into the prevention of chronic kidney disease and end-stage
renal disease at the bedside, with an emphasis on both tradi-
tional translational research (bench to bedside) and reverse
translational research (starting with human studies to inform
mechanisms that are validated in the laboratory setting).

What are the key messages?

More knowledge of human AKI at the tissue level is needed
along with validation of these discoveries in multiple animal
models that mirror the complexities of human AKI.
Promising therapeutic agents should then be tested in high-
risk patients with known causes of AKI in whom the timing
of AKI onset or transition to maladaptive repair can also be
determined. Teamwork and stakeholder engagement will be
critical to these efforts, which must involve patients given
the increasing emphasis on human tissue.

Introduction

Acute kidney injury (AKI) is a common complication of
acute illness that affects as many as 20% of hospitalized

patients.!> While the in-hospital morbidity and mortality
associated with AKI is well-described,’ it is now clear that
individuals who survive to leave the hospital after an epi-
sode of AKI are at persistent risk of adverse kidney out-
comes.*¢ For example, a meta-analysis demonstrated that
compared to patients without AKI, survivors of AKI have
an almost 10-fold greater risk of developing de novo
chronic kidney disease (CKD) and a 3-fold greater risk of
end-stage renal disease (ESRD).® Based upon an AKI popu-
lation incidence of 2147 per million people, it is estimated
that in the developed world (United States, Canada, Europe,
and Australia/New Zealand), there will be more than 2 mil-
lion cases of AKI annually, of which 3% to 15% will
develop ESRD and 20% to 50% will progress to CKD.”
The majority of these cases will be due to decreased kid-
ney perfusion (i.e., pre-renal, sepsis, cardiac failure) and
nephrotoxic medications, with small overall contributions
from glomerulonephritis, interstitial nephritis, and obstruc-
tion.%® The incidence of AKI has increased over the last 15
years and is expected to double over the next decade,” sug-
gesting that AKI and its association with progressive CKD
and ESRD represents a growing public health burden.
Clearly, the lack of effective therapeutic interventions for
the prevention or treatment of AKI is a major unmet medical
need. Several workshops have recently assembled to identify
and overcome barriers in the translation of basic knowledge
of AKI into the prevention of CKD and ESRD.!*!3 Much
progress has been made in understanding the pathogenesis,
progression, and repair of AKI, which has resulted in numer-
ous potential therapeutic agents to evaluate. However, AKI
has many different etiologies, and the timing of its onset in
humans is often unpredictable; these latter factors have mini-
mized the human health impact of basic knowledge gained
from preclinical and animal models of AKI. Notwithstanding
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these challenges, substantial optimism exists that past “fail-
ures” will soon produce effective interventions to prevent
and treat AKI thereby lessening its long-term sequelae.
Although there are several approaches to describe the pro-
gression of AKI research, this review will be limited to detail
some key reasons for this positive outlook, focusing on the
current state and barriers affecting AKI research, recent
examples of successful therapeutic interventions, and how
these lessons may inform future AKI translational research.

Current State of Basic Science
Research

One of the major difficulties we face in understanding the kid-
ney is narrowing the knowledge gap that exists between animal
model discoveries and clinical observations. Partly, AKI is dif-
ficult to reproduce within animal models given its complexity
and multifaceted etiology. Over the years, animal models have
improved from defining a specific injury with a unique mal-
adaptive repair response of fibrosis to recent animal studies
proposing that the repetitive exposure and variation in dosages
are fundamental in influencing the outcomes of AKI and its
continuum into CKD, regardless of the initial insult.!'* These
AKI-to-CKD transition models are capable of recapitulating
the pathological mechanism of maladaptive repair that com-
mences in the tubular region during an AKI response, reduces
kidney structure and function, and propagates into interstitial
fibrosis throughout CKD. This is translatable to human studies
because the severity of injury can influence a variety of integral
repair mechanisms to be continually activated in a maladaptive
fashion from AKI to a CKD response. For example, continual
expansion of activated fibroblasts, which are the effector cells
of fibrosis, is found within AKI and CKD due to a persistent
injury signal irrespective of the type of injury.' This is also the
case with reduced capillary density, which is found in both AKI
and CKD and leads to hypoxia-induced fibrosis.'® Full compre-
hension of these common pathological mechanisms between
AKI and CKD can fashion an approach to better target the pro-
gression of CKD in the post-AKI setting.

Conventional animal models used to study the AKI-to-
CKD transition have been designed through modification of
the ischemia/reperfusion injury (IRI) and nephrotoxicity
models. In addition to the dosage of injury, these redesigned
animal models are also established on the timing of injury so
as to develop effective therapies that are based on a rationale
for targeted treatments at specific time points between the
AKI-CKD continuum. Consequently, such models will help
determine dosage-responsive targets and crucial time points
needed to develop effective therapies of intervention.
Overall, the following described IRI and nephrotoxicity
models are designed to permit the kidney to recover from an
initial insult by triggering de-differentiation and proliferation
of the remaining damaged cells following an episode of AKI,
but enter CKD with a more severe injury based on longer
timing and higher/repeated dosage of injury.

IRl Models

One of the main causes of AKI is IRI due to various clinical
procedures of clamping of vessels during renal transplantation
and postoperative decrease in perfusion. Multiple species have
been used to recapitulate IRI for specific requirements. Larger
species (pigs and dogs) are used for their resemblance in anat-
omy and size to humans for surgical-like procedures that
induce IRI. Rodents are commonly used to study IRI because
of the availability of genetically modified models and their
ability to generate large sample sizes due to short breeding
periods. IRI is a simple and reproducible procedure induced
by temporarily clamping the arteriole blood flow and restor-
ing it for redistribution of oxygen and nutrient delivery.'”!¥
Within mouse models, the kidney hilum is clamped between
30 and 60 minutes followed by reperfusion for days to weeks
to cause a post-ischemic response reflective of an AKI to
CKD transition.'””!” This impairment subsequently leads to
the acute pathological changes of early inflammation, tubu-
lar dilatation and necrosis, significantly elevated creatinine
levels and brush border loss within days to chronic events of
sustained inflammation, interstitial fibrosis, and tubular atro-
phy.'”?° Body temperature fluctuation is one of the most
important factors affecting the severity of experimental IRI,
that is, lower temperatures cause less damage; therefore, a
homeothermic monitor system and heating pad must be used
to accurately keep mice warm during surgery.'21:22

Nephrotoxic Models

By virtue of its primary role in clearing toxicants from the
blood, the kidney is inherently vulnerable to nephrotoxic
injury due to its continuous exposure to such harmful con-
taminants. Several nephrotoxic models have been developed
to generate injuries throughout the AKI-to-CKD transition
toward CKD progression using various repeated treatments
and/or dosages of toxins, such as folic acid (FA), cisplatin,
and aristolochic acid (AA). FA is a simple injury model com-
monly performed on rodents using a dosage and timing with
toxicokinetics comparable to those associated with disease in
humans.?*** FA is a nephrotoxicant which crystalizes in the
epithelial tubules at high doses. Consequently, this results in
tubular lesions, intratubular crystal-obstruction, and a direct
toxic effect on the epithelial cells,® accompanied by mild
fibrosis in the chronic phase. Remarkably, these same injury
characteristics are found in patients with AKI, suggesting the
FA-injury model to be relevant to human AKI mechanisms.?¢
Cisplatin is a widely used chemotherapy drug with a nephro-
toxic effect that is cumulative and dose-dependent.?’” The
notable pathophysiological effects of cisplatin include proxi-
mal tubular and vascular injury and necrosis leading to
chronic inflammation and fibrosis reflective of CKD devel-
opment.?®32 AA is a chemical agent commonly found in the
Aristolochiaceae plant family that has nephrotoxic effects.
Notably, the AA model offers a more directly translatable
opportunity to study nephrotoxological mechanisms in
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humans, as environmental exposure to AA represents a sig-
nificant threat to human health.>* AA nephrotoxicity was ini-
tially reported in a Belgian patient cohort who ingested
slimming pills containing this plant extract.’* Despite several
Food and Drug Administration (FDA) warnings, numerous
ingredients contain AA in traditional medicine from China,
Japan, and India.** Furthermore, there is a high incidence of
nephropathy in the Balkan region suspected to be due to AA
contamination that occurs during their wheat grain harvest.>*
Although the exact mechanisms of AA-dependent nephro-
toxicity are not fully understood, G2/M arrest is considered
to be a major pathological mechanism of cortical tubular
atrophy and extensive interstitial fibrosis.>*3¢ In these differ-
ent types of toxin studies, each have their respective con-
trolled dosage and timing of toxin-induced injuries which
enables researchers to investigate mechanisms that are asso-
ciated with features specific to the AKI-to-CKD transition.

Numerous signaling pathways of kidney repair are shared
between AKI and CKD, whose continuous activation con-
tributes to their interconnected pathogenesis. Those mecha-
nisms underlying severe or episodic AKI injury are
continually activated to progress into and contribute to the
state of CKD, while these similarly activated pathways in
CKD may increase the sensitivity of the kidney to successive
AKI insults.!>1%37 Well-known signaling pathways activated
during AKI that are chronically activated into CKD include
senescence, inflammation, epigenetic modifications, and
developmental pathways.

Cellular Senescence and Associated Pathways

One of the earliest response pathways that is activated in
injured tubular epithelial cells (TECs) from an AKI model is
p53-mediated G2/M cell cycle arrest, which consequently
leads to the program of senescence.?’3% Cellular senes-
cence is involved in normal wound healing by producing a
distinct secretome, termed the senescence-associated secre-
tory phenotype (SASP), of pro-repair and pro-inflammatory
factors.*” In particular, G2/M-arrested tubular cells were
noted for their increase in c-jun NH2-terminal kinase (JNK)
signaling, which is known to enhance the gene transcription
of the major profibrotic factor, TGF-B1.3%4! Although the
expression of TGFp is needed to stimulate proliferation of
tubular cells for regeneration during early injury states of
AKI, the prolonged state of cell cycle arrest in CKD results
in a TGFp signaling pathway that is continuously activated
to induce the chronic renal fibrotic events of fibroblast acti-
vation and extracellular matrix production.***? Furthermore,
prolonged TGF can also contribute to the senescent pheno-
type of renal proximal TECs by stimulating IGF-binding
protein 7 (IGFBP7),* which is a component of the SASP.*3

Inflammation Pathways

Pro-inflammatory factors are important constituents of the
SASP during the communication of the senescent tubule to

its neighboring cells, in particular by producing interleukin 6
(IL-6) and TNF-o.. Within the AKI model, the IL-6 signaling
axis was implicated in activating an injurious inflammatory
response,** whose chronic activation led to CKD fibrotic fea-
tures.* In the cisplatin AKI model, TNF-o. was shown to
play a central role in the activation of pro-inflammatory
cytokine response,*® while two separate studies confirmed
the association of circulating TNF-a and its receptors with
progression of CKD.*”*® In the nephrotoxic and ischemia
models of AKI-to-CKD transition, the chronic pro-inflam-
matory state involved not only elevated IL-6 and TNF-a, but
also the inflammatory markers HMGB1, CSF-1, and MCP-
1.%3 In addition to senescence, programmed death of TECs is
a hallmark of AKI known to regulate inflammation and pro-
mote repair. Although TECs undergo apoptosis and necrosis,
the predominant type of tubular death during AKI is necrop-
tosis.**! Dead-cell debris is involved in triggering an
inflammatory response but its efficient removal is necessary
to restore tubular structure and function after AKI. In fact,
the apoptosis inhibitor of macrophage (AIM) was shown to
be critically involved in the kidney injury molecule-1 (KIM-
1)—associated clearance of cell debris, facilitating the resolu-
tion of IRI-induced AKI.>?

Epigenetic Pathways

Diverse epigenetic mechanisms are known to promote pro-
inflammatory and profibrotic gene expression. The most
common epigenetic modifications seen with acute and
chronic kidney diseases include DNA methylation and his-
tone acetylation/deacetylation.>> An IRl AKI-to-CKD
transition mouse model provided evidence of the overlap-
ping mechanism of progressive histone modifications at spe-
cific pro-inflammatory/profibrotic genes, such as MCP-1,
TGFB, and collagen.’® A common epigenetic modification
during AKI involves a TGFB-driven hypermethylation and
silencing of the RASALI gene, an inhibitor of RAS.
Consequently, RAS is continuously activated to drive fibro-
blast activation and proliferation, which overtime induces an
CKD transition.’” Furthermore, inhibitors of histone deacet-
ylation were shown to attenuate kidney injury and the devel-
opment of AKI-to-CKD in models of AA-, cisplatin-, and
ischaemic-induced kidney injuries, potentially describing the
importance of regulating epigenetic outcomes during the
transition of AKI to CKD.3%-¢!

Developmental Pathways

Injured tissues enter a regenerative phase that recapitulates
key developmental pathways.®* Wnt and Notch signaling are
canonical pathways that regulate morphogenesis and pro-
genitor populations during development. Expression of Wnt
and Notch diminishes once nephrogenesis is complete; how-
ever, during an injury, the kidney epithelium reactivates the
Wnt and Notch pathways to re-establish the tubular micro-
anatomy. Both Wnt and Notch are upregulated during AKI;
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however, their sustained activation drives AKI-to-CKD pro-
gression by promoting fibroblast activation and fibrotic
matrix deposition.!”#3%* Specifically, Wnt4 ligand signaling
through B-catenin stabilization is sufficient to drive the myo-
fibroblast marker «SMA in kidney interstitial stromal cells
in the absence of an injury signal, resulting in these effector
cells to drive fibrosis in uninjured kidneys.® In the case with
Notch signaling, the Notch-2 receptor and its ligand Delta-1
have been implicated in the proliferation of renal tubules
during AKI,% while Notch-1 and Delta-4 play key roles in
fibrosis development.57-%8

In summary, advancing our animal models to reflect the
clinical progression of AKI to CKD is needed to delve into
the mechanisms of action and pave the way for improved
clinical translation. As we continue to develop and refine our
AKI-to-CKD models and identify their continuum pathways,
we will be in a better position to clarify their causal relation-
ship for preclinical testing of potential diagnostic and thera-
peutic approaches.

Transition From Animal Models to
Patients

Animal models provide the means to accelerate the discov-
ery and evaluation of targets and pathways, which are then
assessed in patients on whether they are modulated and serve
as primary drivers of pathogenesis. As discussed above, ani-
mal models of the AKI-to-CKD transition have provided a
better understanding that the pathways of senescence,
inflammation, epigenetics, and development are implicated
in the continuum between both states of kidney disease. As
such, targeting the mechanisms of these pathways has poten-
tial for intercepting the transition from AKI to CKD. Several
promising targets have been discovered from such AKI-to-
CKD models. For example, p53 inhibitors have shown prom-
ise of inhibiting senescence and SASP in preventing the
progression from AKI to CKD.?*® Apart from acting as
potential therapeutic targets, molecules from these pathways
could also serve as biomarkers since current methods are
imperfect and poorly reflect the measurement of kidney
function. For example, some traditional methods that evalu-
ate the degree of nephropathology, which include measuring
GFR by creatinine levels and fibrosis by collagen deposition,
detect kidney injury at stages when there has been sufficient
damage. However, translation of AKI-to-CKD relevant bio-
chemical pathways offers potential for effective therapies.
Specifically, detection of subtle changes in genetic modifica-
tions and molecular pathways implicated in the AKI-to-CKD
continuum during the early stages of AKI before their transi-
tion into CKD could offer better preventative measures
against the irreversible states of kidney damage. For exam-
ple, studies involving patients with AKI have been reported
to have genes with DNA methylations and histone modifica-
tions that altered their transcription and subsequently

implicated in renal injury.”®’! Therefore, future studies are
needed to delineate the timing of AKI-to-CKD transition
pathways to optimize any of their protective effects but pre-
vent the outcomes of their chronic activation. Moreover,
genomic and proteomic techniques would offer an opportu-
nity to discover, validate, and gather the dynamic expression
of numerous targets and better grasp their role in the patho-
genesis of kidney injury.

Overcoming Limitations

Progress has been made in developing mouse models that
closely relate to the progression of CKD from AKI in
patients. There is a need to find better strategies to identify
therapeutic targets from studies coming from animal models
that can relate to human nephropathologies. This is a major
concern because of the high cost of conducting clinical trials.
One way to increase the chances of a translatable target into
humans could potentially come from targets that have con-
served effects and/or pharmokinetic properties across vari-
ous species. Furthermore, the study of multiple AKI-to-CKD
transition models may help identify conserved pathways in
the AKI-to-CKD continuum. Animal models also tend to
have limitations in reproducing, or at the very least resem-
bling, human disease due to differences in physiology/patho-
physiology between animals and humans, and also to faulty
experimental procedures or models that simplify insults for
complex clinical states. A solution would be to use emerging
concepts from patient data as a guide to recapitulate expected
results by fine-tuning animal models. As a result, the in vivo
modeling of patient data would permit a lower occurrence of
false positives and higher certainty of therapeutic targets
emanating from detailed mechanisms. Overall, studies
should be rigorously designed and executed, taking into con-
sideration strain background, diet, and other relevant vari-
ables, and be conducted in a blinded manner.

Current State of AKI Clinical Research

To take full advantage of the animal models and mecha-
nisms described above, subsequent studies in humans
should closely resemble the conditions in which the thera-
peutic interventions were initially discovered. This creates
challenges because the onset of AKI and transition to CKD
in humans can be difficult to recognize, and the mecha-
nism used to induce injury in animal models may not rep-
licate the multiple etiologies responsible for AKI and CKD
progression in humans. To this end, much progress has
been made in the ability to identify and predict patients at
high risk for AKI and CKD progression. Koyner et al’
integrated a multicenter risk algorithm into the electronic
health record 0f 202,961 hospitalized patients over a 4-year
period. Using routinely collected data readily available in
the electronic chart, patients at risk for Kidney Disease
Improving Global Outcomes (KDIGO) stages 1 and 3 AKI
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were identified in real-time, a median 42 and 35 hours
before AKI onset. For patients at risk for CKD progres-
sion, James et al”® developed a six-variable prediction
equation in 9973 patients. Readily available online and
remotely (qxmd.com), this simple tool accurately identi-
fies progression to stage 4 CKD within 1 year of hospital
discharge. Both studies highlight that there is sufficient
time to deliver therapeutic interventions to patients at high
risk for AKI and CKD before these events occur.

Progress has similarly been achieved in the rapid identi-
fication of patients with established AKI, though less so
with CKD progression after AKI. Currently, the detection of
AKI relies primarily on serum creatinine concentration and
urine output’*; however, there are few symptoms that
accompany AKI and CKD which often leads to delays in the
recognition and treatment of these conditions. The introduc-
tion of electronic creatinine alert systems for AKI, which
notify healthcare providers within minutes of creatinine
elevation, helps address this problem. These alert systems
have been scaled nationally in the United Kingdom, demon-
strating their feasibility. In a multicenter study of 24,059
AKI episodes, an electronic creatinine alert coupled with a
care bundle increased the detection of AKI, medication
reviews, and fluid assessments.”> While this UK study and
another study in the United States of 2400 patients failed to
reduce AKI severity and mortality,”>® they demonstrate the
capacity to rapidly identify established AKI in real-time.
The disappointing results may relate to the insensitive nature
of serum creatinine; it is non-specific and only elevates after
injury has already occurred, which is a principle that also
applies to the identification of maladaptive repair after AKI.

Accordingly, biomarkers have been sought to aid in detec-
tion of subclinical injury, provide information on the etiol-
ogy and anatomic location of AKI, detail the extent of
damage, and measure ongoing injury and/or repair/fibrosis
after AKI.”” Biomarkers of tubular injury such as 1L-18,7
neutrophil gelatinase-associated lipocalin (NGAL),” and
KIM-1% can differentiate between pre-renal azotemia and
acute tubular injury, but their modest discriminative ability
has limited their translation beyond clinical trial recruit-
ment.?¥2 The FDA recently approved the first AKI point-of-
care biomarker device called NephroCheck.® Its positive
predictive value to diagnose KDIGO stage 2 or 3 AKI is 49%
and the negative predictive value is 97%, suggesting its
strength might lie in the ability to identify patients at low risk
for severe AK1.8384 NephroCheck measures urinary levels of
tissue inhibitor of metalloproteinase-2 (TIMP-2) and
IGFBP7, which are cell cycle arrest biomarkers. It is hypoth-
esized that TIMP-2*IGFBP7 may also serve a protective
effect on the kidney by minimizing the proliferation of dam-
aged cells. As for CKD progression after AKI, there remains
no FDA-qualified biomarker to measure continued injury or
intrarenal fibrosis, which limits the detection of maladaptive
repair and the potential efficacy of treatments that target
these pathways. Other options for fibrosis measurement

include magnetic resonance imaging (MRI) techniques, such
as blood oxygen level-dependent MRL? fibrosis-specific
contrast agents,®® and elastography techniques® whose clini-
cal utility remains to be fully determined.

The above progress in primarily the recognition and diag-
nosis of AKI can help identify the challenges and opportuni-
ties that remain to translate basic knowledge of AKI into the
prevention of CKD and ESRD at the bedside. First, most risk
scores do not address the etiology of AKI or AKI subtypes/
endophenotypes; the latter terms being the combination of
clinical features, comorbidities, genetics, biomarker expres-
sion, and population-specific factors that contribute to its onset
and progression.'” Even if high-risk patients for AKI and its
sequelae can be identified early, therapeutic interventions are
likely to be dependent on the cause or subtype of AKI. To
address this obstacle, one suggested strategy is to focus on ani-
mal and human populations in whom the etiology of AKI is
established, such as cardiac surgery, coronary angiography,
and chemotherapy. This work will require kidney tissue from
human samples with well-characterized causes and courses of
AKI, which is currently underway by the National Institutes of
Health (NIH).!*%7 In addition to the right patient population,
potential therapeutic interventions need to be administered at
the right time. Delays may explain the lack of treatment ben-
efit for electronic creatinine alert systems, but they also affect
translational studies, such as in a multicenter study of recom-
binant IGF-1 that was administered as late as 6 days after the
onset of AKI.®® This barrier reinforces the importance of con-
centrating research to causes of AKI with precise onsets,
which is challenging for CKD progression after AKI where
the exact timing of maladaptive repair remains poorly defined.
It is possible that this gap may be filled by biomarkers to iden-
tify the transition to repair and fibrosis after AKI. However,
AKI biomarkers have yet to realize their full potential. Their
biologic actions are often not linked to therapeutic interven-
tions, and their efficacy has traditionally been measured
against serum creatinine rather than tissue samples or hard
clinical outcomes. This practice has led the Acute Dialysis
Quality Initiative to propose a framework that characterizes
AKI using both functional and damage markers,® and the
same principles could extend to CKD progression after AKI
using the combination of creatinine, biomarkers, and MRI. It
also remains unclear how biomarker expression patterns differ
across subtypes of AKI. Through the Kidney Precision
Medicine Project, the NIH is accumulating kidney biopsy
samples in patients with AKI which may inform subtype-spe-
cific and common mechanisms to target.?’ It is unclear though
how many of these samples will be from patients who develop
CKD and ESRD after AKI. In the past, large interventional
AKI trials have not followed patients long term,” and most
nephrologists do not routinely follow patients after even dial-
ysis-requiring AKI.°! These latter points reinforce why much
more is currently known about the prevention and treatment of
hospitalized AKI, whereby the downstream consequences of
CKD and ESRD may also be reduced.
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Underlying Mechanisms of Injury

e focus on common pathways?
¢ focus on etiology-specific pathways?
e role of pathway constituents as potential
biomarkers?

Human Studies

e known etiology
e known timing
® biopsy samples
¢ long-term outcomes
¢ involve patients

Human Trials
e right population (high risk and
common)
e right time (at AKI onset or point of
injury transition)
¢ targeted treatment

Animal Models

e mirror human AKI and its complexities
(e.g. comorbidities)
e focus on dosage and timing of injury

e validate mechanisms/targets in
different models

Figure |. Potential strategies to translate knowledge of AKl into the prevention of CKD and ESRD.

Note. This “running track” encompasses the possibility of both traditional translational research (bench to bedside) and reverse translational research
(starting with human studies to inform mechanisms that are validated in the laboratory setting). The “race” can be run in either direction, and both
approaches face numerous “hurdles.” It is possible to cross from human studies to animal models (and vice versa) based on the knowledge gained of the
underlying mechanisms of injury. These “laps” may also need to be repeated several times until treatments are developed based on the lessons learned
along the way. AKI = acute kidney injury; CKD = chronic kidney disease; ESRD = end-stage renal disease.

A Path Forward?

Some of the aforementioned basic science and clinical barriers
have been overcome, which may inform translational research
strategies to improve outcomes for patients with AKI. Even in
the absence of a targeted treatment, Meersch et al®? reduced the
absolute risk of AKI by 17% in patients undergoing cardiac sur-
gery. This was accomplished by identifying high-risk patients
with a validated cell cycle arrest biomarker (i.e., TIMP-
2*IGFBP7) among a cohort with a single AKI etiology of known
timing (i.e., cardiac surgery). The treatment in this randomized
trial of 276 patients was a KDIGO bundle, comprising optimiza-
tion of blood volume status and hemodynamics, avoidance of
nephrotoxic drugs, and prevention of hyperglycemia. This study
demonstrates how enrolling the right patient at the right time
enhances the likelihood of finding an effect, as the number
needed to treat would have been much higher than six had all
276 patients received the KDIGO bundle.”® Not only does this
study provide an example of AKI prevention that may be trans-
lated to other well-defined etiologies such as coronary angiogra-
phy and chemotherapy, but it also demonstrates a successful
strategy that could be replicated when testing potential treat-
ments for established AKI and progression to CKD after AKI.
Continuing this progress will require stakeholder engage-
ment from clinicians, basic scientists, trialists, industry, and
the FDA, which is already underway.' One group

conspicuously missing from these meetings is patients and
their caregivers. Their involvement in AKI research could
serve several functions, particularly idea prioritization, study
design, and patient recruitment.***° Their role becomes even
more important as expert groups recommend reverse transla-
tional approaches for AKI research to complement the tradi-
tional bench to bedside approach to treatment development.!°
In short, reverse translation involves working backward by
first defining patient populations, clinical trial designs, and
end points, as well as maximizing knowledge of human AKI
with mechanistic studies requiring human tissue. Then, ani-
mal models are identified to replicate the above patient popu-
lation and develop therapies. Reverse translation may require
more commitment and risk from patients and their caregivers,
and so before this work is undertaken it is critical to under-
stand their perspectives on research strategies for AKI and
CKD in addition to their willingness to support both tradi-
tional and reverse translational research.

Conclusion

The opportunity to make advances in the prevention and
treatment of AKI and its sequelae has never been greater.
There have been major advances in understanding the biol-
ogy of AKI, CKD, and the clinical infrastructure to predict
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and diagnose AKI rapidly. Multiple workgroups have assem-
bled,'"!® with different yet complementary translational
strategies proposed to overcome the well-described chal-
lenges (Figure 1). Whether the focus is on individual AKI
subtypes or common mechanistic pathways that drive CKD
after AKI, more knowledge of human AKI at the tissue level
is needed along with validation of these discoveries in mul-
tiple animal models that mirror the complexities of human
AKI. Promising therapeutic agents should then be tested in
high-risk patients with known causes of AKI in whom the
timing of AKI onset or transition to maladaptive repair can
also be determined. Biomarkers may help guide the timing of
treatment delivery and should be incorporated in both the
study of human and animal AKI. Teamwork and stakeholder
engagement will be critical to these efforts, which must
involve patients given the increasing emphasis on human tis-
sue to guide AKI research. These new patient-centered
research approaches and flexible translational strategies pro-
vide optimism that therapeutic interventions for the preven-
tion and treatment of AKI will soon be available.
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