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Abstract
AKI is a common clinical condition associated with a number of adverse outcomes. More timely diagnosis would
allow for earlier intervention and could improve patient outcomes. The goal of early identification of AKI has been
the primary impetus for AKI biomarker research, and has led to the discovery of numerous novel biomarkers.
However, in addition to facilitating more timely intervention, AKI biomarkers can provide valuable insight into the
molecular mechanisms of this complex and heterogeneous disease. Furthermore, AKI biomarkers could also
function as molecular phenotyping tools that could be used to direct clinical intervention. This review highlights
the major studies that have characterized the diagnostic and prognostic predictive power of these biomarkers.
The mechanistic relevance of neutrophil gelatinase–associated lipocalin, kidney injury molecule 1, IL-18, livertype fatty acid–binding protein, angiotensinogen, tissue inhibitor of metalloproteinase-2, and IGF-binding protein
7 to the pathogenesis and pathobiology of AKI is discussed, putting these biomarkers in the context of the progressive phases of AKI. A biomarker-integrated model of AKI is proposed, which summarizes the current state
of knowledge regarding the roles of these biomarkers and the molecular and cellular biology of AKI.
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The Search for a Kidney Troponin
Despite numerous clinical trials, AKI remains a cause
of signiﬁcant morbidity and mortality for which there
is no effective intervention (1). Barriers to translating
the successes of animal studies to efﬁcacy in human
clinical trials include the heterogeneity of the patient
population with AKI with respect to the underlying
etiology of renal injury and patient comorbidities, the
complexity of the pathogenesis and pathobiology of
AKI, and the late timing of the enrollment and initiation of experimental interventions (1,2). Delayed intervention has been attributed to the deﬁciency of
serum creatinine as an AKI biomarker and is the primary impetus for the discovery of novel AKI biomarkers. The goal of most AKI biomarker research
has been the discovery of a “kidney troponin”, a sensitive and speciﬁc early marker of renal injury.
After more than a decade of intensive research
effort, several novel AKI biomarkers have been
identiﬁed, including neutrophil gelatinase–associated
lipocalin (NGAL), kidney injury molecule 1 (KIM-1),
cystatin C, IL-18, and liver-type fatty acid–binding
protein (L-FABP). Unfortunately, the clinical use of
novel AKI biomarkers is unclear, because large, prospective, multicenter trials, such as the Translational
Research Investigating Biomarker Endpoints in AKI
(TRIBE-AKI) (n=1530) study failed to show troponinlike diagnostic performance (3–6). The recent SAPPHIRE
study (n=728) could represent an important moment in AKI biomarker research (7). Using a twostage study, Kashani et al. (7) discovered and
validated two novel AKI biomarkers, tissue inhibitor
of metalloproteinase-2 (TIMP-2) and IGF-binding
www.cjasn.org Vol 10 January, 2015

protein 7 (IGFBP7), which predicted the onset of severe AKI (deﬁned as Kidney Disease Improving
Global Outcomes [KDIGO] stage 2 or 3) within 12
hours with signiﬁcantly greater accuracy than NGAL,
KIM-1, IL-18, L-FABP, or cystatin C, having areas under
the receiver-operator characteristic curve (AUCs) of 0.79
and 0.76, respectively. The product of TIMP-23IGFBP7
had an AUC of 0.8 (7). TIMP-2 and IGFBP7 are promising early-diagnostic biomarkers, although they will
need substantial additional investigation to deﬁne their
clinical role.
Although the accuracy of AKI biomarkers is often
compared with that of troponins, there are fundamental differences in the pathobiology of AKI and
an acute myocardial infarction, and, consequently,
biomarkers of AKI are qualitatively different from
troponins. In contrast to the straightforward injury
mechanism of myocardial infarction, AKI is not a
single disease entity, but a clinical syndrome that can
be the result of myriad renal insults, and it is often
multifactorial. Thus, it seems unlikely that a single
AKI biomarker would achieve troponin-like diagnostic accuracy. However, novel kidney injury biomarkers,
such as NGAL, KIM-1, IL-18, L-FABP, angiotensinogen,
TIMP-2, and IGFBP7, reﬂect physiologic and pathophysiologic processes in the injured tissue, whereas
serum troponin levels represent the release of preformed protein from injured cardiac myocytes.
Mechanistically relevant biomarkers have the potential to improve our understanding of complex heterogeneous diseases, improving our ability to predict
prognosis and response to therapy. For example, the
ﬁeld of oncology has been revolutionized by the use of
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biomarkers to predict response to therapy, and many antineoplastic drugs target biomarkers themselves. Similarly, AKI
biomarkers have made signiﬁcant contributions to our understanding of the molecular underpinnings of AKI, and, like
cancer biomarkers, they could also have use as molecular
phenotyping tools that facilitate the identiﬁcation of patients
who could beneﬁt from a speciﬁc intervention, even a
biomarker-targeted intervention.
The purpose of this review is to highlight the mechanistic
relevance of novel AKI biomarkers as well as the potential
for biomarker-directed therapy for AKI. We also brieﬂy
discuss the prognostic signiﬁcance of novel AKI biomarkers. We have framed our discussion using the model of the
clinical phases of AKI ﬁrst proposed by Sutton et al. (8) and
later adapted to postcardiac surgery AKI by Rosner and
Okusa (9). Using time-course data from the TRIBE-AKI
study, we propose a model for integrating novel AKI biomarkers into the current understanding of the progression
of AKI through these clinical phases (4–6).

NGAL
NGAL is a widely expressed 25-kD protein of the
lipocalin family. After ischemic or nephrotoxic kidney
injury, intrarenal NGAL is dramatically upregulated at
the transcript and protein levels (10–12). Elevated NGAL
protein is detectable in the urine as early as 3 hours after
injury, and in vivo data have suggested the thick ascending
limb and the collecting duct as the sites of intrarenal
NGAL production, although proximal tubule cells secrete
NGAL in vitro in response to ATP depletion (11,13,14).
Although the concentration of urine NGAL peaks approximately 6 hours after injury, there is some evidence of sustained elevation in its concentration as long as 5 days
postinjury (5,6,15). Plasma NGAL also increases after AKI
as a result of increased hepatic production, and NGAL is
ﬁltered by the glomerulus and taken up by the proximal
tubule in a megalin-dependent manner (13,14,16). Thus,
both urine and plasma NGAL can potentially exert an effect
on the intrarenal molecular and cellular events that occur
during AKI, and both have been used to predict the onset
and course of AKI.
All known functions of NGAL depend on its ability to
bind to iron-siderophore complexes. The canonical function
of NGAL is as a bacteriostatic agent in the innate immune
response, where it sequesters iron-siderophore complexes
and prevents their uptake by bacterial pathogens (17,18).
However, NGAL has also been implicated in iron-trafﬁcking
in the developing renal epithelium (19). During nephrogenesis,
it is secreted by the ureteric bud and induces tubulogenesis
in the metanephric mass, and importantly, it must be
loaded with an iron-siderophore complex to do so (20).
Elegant studies performed in rodent models of AKI have
shown that parenteral administration of iron–siderophoreloaded NGAL (holo-NGAL) protects the kidney from
ischemia-reperfusion injury and can attenuate the severity
of the injury if administered 1 hour after reperfusion
(13,21). Although the underlying mechanism is not fully
understood, treatment with holo-NGAL decreased the
number of apoptotic tubular epithelial cells and increased
the number of proliferating epithelial cells (13,21). HoloNGAL also upregulated the renoprotective enzyme heme
oxygenase–1 (13).

Important questions regarding the function of NGAL
during AKI and its potential use in the treatment of renal
injury remain unanswered. First, studies describing the
effects of holo-NGAL have all used a bacterial iron-loaded
siderophore, but their results suggest the existence of an
endogenous siderophore, which NGAL requires for its
function. Indeed, work by Bao et al. (22) showed that
NGAL sequesters iron through its interaction with a class
of metabolites known as catechols, which are abundant in
the urine. The discovery of this relationship opens the door
for investigation of therapies that modulate the interaction
of endogenous NGAL, catechols, and iron. Second, animal
studies investigating the prophylactic and therapeutic effects of holo-NGAL were only designed to evaluate the
severity of renal injury at a 24-hour time point and did
not investigate the effect of NGAL treatment on recovery
from AKI (13,21). Whereas the renoprotective and antiapoptotic effects of NGAL neatly explain the observed attenuation
of renal injury, augmented epithelial cell proliferation observed after treatment with holo-NGAL suggests that
NGAL enhances the ability of the damaged kidney to recover
from injury. Such a role is congruent with studies that have
reported that elevation in urine NGAL is sustained for up to
5 days after renal injury (5,6,15).

KIM-1
KIM-1 is a 38.7-kD transmembrane protein that contains
extracellular mucin and Ig domains (23). Basal expression of
KIM-1 is low in the normal kidney. However, it is upregulated
after ischemia-reperfusion injury, and KIM-1 protein can
be localized to proliferating dedifferentiated epithelial cells of
the proximal tubule 48 hours after injury (23). Importantly,
the extracellular component of KIM-1 is constitutively shed
from the membrane in a matrix metalloproteinase (MMP)–
dependent manner (24). Although the functional importance
of KIM-1 shedding is unclear, it is ostensibly the mechanism
underlying the increase in urinary KIM-1 observed after renal
ischemic or toxic injury (25,26).
Contrary to what its name would suggest, KIM-1 is more
than a marker of renal injury, and it seems to have a functional
role in the molecular and cellular biology of AKI. KIM-1
expression has been shown to confer a phagocytic phenotype on cultured primary kidney cells by its function as a
phosphatidylserine receptor, which allows it to promote the
phagocytosis of apoptotic bodies and necrotic debris (27).
Therefore, it has been proposed that KIM-1 could play a
role in renal recovery and tubular regeneration after AKI
(27). Such a role seems congruent with the late timing of
peak changes (2–3 days after injury) in urine KIM-1 concentration during AKI (4,26). Pharmacologic interventions that
enhance the effect of KIM-1 could potentially beneﬁt patients
by facilitating effective clearance of debris from the injured
tubules. The inhibition of KIM-1 shedding is a logical target,
because it would increase the amount of membrane-bound
KIM-1 on surviving epithelial cells. Accelerated shedding of
KIM-1 from renal tubular epithelial cells is mediated by
MMP-3, which could be inhibited to increase the amount of
membrane-bound KIM-1 and potentially augment the clearance of debris from the tubule (28). Additionally, because
accelerated KIM-1 shedding is thought to be driven by p38
mitogen-activated protein kinase signaling in response to the
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production of growth factors involved in cell proliferation and
recovery, the urine KIM-1 concentration could potentially be
used to differentiate between the extension phase and the
maintenance and recovery phases of AKI (29). Thus, KIM-1
could be used to direct interventions speciﬁc to these phases.
For example, a low KIM-1 concentration (or one that is rising
but has not yet peaked) would suggest that a patient could
still beneﬁt from therapies designed to attenuate injury,
whereas a high concentration might indicate that a patient
would beneﬁt from therapies designed to enhance renal recovery, such as those that target mitochondrial dysfunction
and enhance mitochondrial biogenesis, a process thought to
be critical to the repair of the damaged renal epithelium (30).
Unfortunately, studies evaluating the prognostic use of
KIM-1 have reported only modest results (31,32). However,
because increased urinary KIM-1 can indicate either injury
or the repair response to injury, concentration of KIM-1 by
itself may not be able to discriminate with high accuracy
between AKI, which will proceed to severe AKI, and injury,
which will recover. Therefore, combinations of KIM-1 with
other injury markers may be highly useful. In support of this
hypothesis, a study of 32 urine biomarkers in AKI after cardiac surgery found that urinary KIM-1 concentrations had
relatively poor correlation with other injury biomarkers and
that the combination of IL-18 and KIM-1 had the best predictive ability to predict severe AKI (AUC=0.93) (32).

IL-18
IL-18 is a 22-kD proinﬂammatory cytokine, the amount of
which increases in the kidney after ischemia-reperfusion
injury, glycerol injection, and cisplatin-induced renal injury
in a caspase-1–dependent manner (33–35). IL-18 is translated
as a procytokine that must be subsequently cleaved by
caspase-1 as part of the function of a multiprotein complex
called the inﬂammasome, a maturation pathway that it shares
with IL-1b (36). A central component of the inﬂammasome
is the pyrin domain containing members of the NOD-like
receptor (NLR) family of proteins, which induces an inﬂammatory response on binding a variety of ligands (36).
The NLR ligands can be broadly grouped into two classes:
pathogen-associated molecular patterns, of which LPS is
the most well known, and damage-associated molecular
patterns released from damaged and dying cells (36,37).
The binding of these molecules to an NLR results in the
recruitment of scaffold proteins and proteolytic enzymes
and ultimately, caspase-1 activation, allowing caspase-1
to proteolytically activate IL-1b and IL-18 before their secretion (36). Mature IL-18 promotes inﬂammation by signaling through the IL-18 receptor–a/accessory protein–like
heterodimer (38). It promotes acute injury through the
NF-kB pathway, inducing the upregulation of other inﬂammatory mediators, including TNF-a and iNOS, and the
chemokines MCP-1 and MIP-2, which drive intrarenal inﬁltration by macrophages and neutrophils (35).
IL-18 is an attractive target for biomarker-directed
therapy of AKI, because this cytokine seems to play a
prominent role in the inﬂammatory processes that exacerbate renal injury during the extension phase of AKI.
Targeted therapies that disrupt the IL-18–signaling axis itself could prove efﬁcacious, because work done in animal
models of AKI has consistently shown that doing so
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attenuates renal injury (33–35,37,39,40). An engineered
IL-18–binding protein would be a natural approach, because this protein antagonizes IL-18 (41). Indeed, pretreatment with exogenous IL-18–binding protein has been
shown to be renoprotective in an ischemia-reperfusion injury model of AKI (35). Experiments to test the hypothesis
that postinjury administration of an IL-18 antagonist attenuates renal injury have not been reported in the literature. Because urine IL-18 is elevated within the ﬁrst
6 hours after renal injury but does not peak until after
12–18 hours, anti–IL-18 treatment would likely need to be
initiated within the ﬁrst 6 hours after renal injury. Additionally, urine IL-18 concentration after a renal insult could
be predictive of response to anti–IL-18 therapy, a hypothesis that would need to be tested if an IL-18 antagonist
were to prove promising in preclinical and clinical studies.
For example, urine IL-18 concentration .60 pg/ml at 0–6
hours after cardiac surgery has been shown to have a sensitivity of 54% and speciﬁcity of 82% in adults for prediction of severe AKI (5). It is plausible that patients with urine
IL-18 concentrations above this cutoff would beneﬁt from
anti–IL-18 therapy, whereas those with lower IL-18 concentrations would not.

L-FABP
The L-FABP gene is expressed in the renal cortex, and the
14-kD L-FABP protein can be localized predominantly in the
proximal tubule (42,43). Elevated urinary L-FABP is detectable immediately postoperatively in patients undergoing
cardiac surgery who go on to develop AKI, and it peaks
within 6 hours (4,44). L-FABP is a renoprotective protein.
In addition to its canonical function, which is to bind to
and promote the metabolism of long-chain and very long–
chain fatty acids, L-FABP also has antioxidant properties
(45–47). The human L-FABP gene contains a hypoxia-inducible
factor 1a response element, and consequently, L-FABP gene
expression is induced by hypoxia (48,49). In renal transplant
recipients, immediate post-transplant urinary L-FABP excretion is strongly correlated with ischemic time (49). The mechanistic import of L-FABP in AKI has been investigated
using a transgenic mouse model in which the genomic
DNA of the human L-FABP gene, including its promoter
region, was integrated into the mouse genome, an elegant
model considering that the mouse kidney does not express
L-FABP, whereas it is expressed in the human renal cortex (42,50). Using this model, Yamamoto et al. (49) showed
that human L-FABP expression reduces the severity of renal
ischemia-reperfusion injury. It has been proposed that
L-FABP binds lipid peroxides and promotes their redistribution from the cytosol to the tubular lumen, thereby protecting tubular epithelial cells from the damage caused by these
reactive oxygen species (49).
L-FABP could be used to guide clinical intervention in
patients at risk for AKI and has already been approved as a
diagnostic test for use in Japan. First, urinary L-FABP can
be thought of as an index marker of renal hypoxia and
susceptibility to additional insult. For example, elevated
preprocedure urinary L-FABP concentration has been
shown to predict contrast-induced nephropathy (51).
Similarly, a study in the intensive care unit (ICU) population found that urinary L-FABP at the time of ICU
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admission predicted development of AKI within 1 week
(AUC=0.7), suggesting that patients with elevated baseline
L-FABP values are at greater risk of AKI (52). Therefore,
L-FABP measurement could be used to identify high-risk patients and minimize their exposure to renal insults. Second,
because L-FABP is renoprotective, strategies that increase its
expression or potentiate its effects could beneﬁt patients who
will undergo a predictable renal insult. For example, L-FABP
gene expression is upregulated by peroxisome proliferator–
activated receptor-a (PPAR-a). PPAR-a agonists have been
used in animal models to attenuate cisplatin-induced AKI
and renal ischemia-reperfusion injury (53–55). This ﬁnding
could represent a potentially fruitful avenue of investigation
for novel interventions for AKI, although recent observational studies have reported an increased risk of AKI associated with the use of ﬁbrates, which are potent PPAR-a
agonists (56,57).

Angiotensinogen
Urinary angiotensinogen has been recently described
as a novel prognostic biomarker of AKI, although it has not
yet been investigated as an early diagnostic biomarker. In
patients with AKI after cardiac surgery and patients with
AKI secondary to nonsurgical causes, elevated urinary
angiotensinogen is associated with progression to higher
stages of AKI as well as hard outcomes, such as increased
length of hospital stay, need for RRT, and death (58,59). In
patients with AKI after cardiac surgery, elevated urinary
angiotensinogen had an AUC of 0.75 for prediction of progression from Acute Kidney Injury Network (AKIN) stage
1 to the composite end-point AKIN stage 3 or death (60).
In the critically ill AKI population, angiotensinogen was a
strong predictor of worsening of AKI (AUC=0.77) and also
predicted the composite end-point need for RRT or death
(AUC=0.73) (59). It is also noteworthy that one study
found that elevated angiotensinogen is associated with elevated urinary renin and that patients with concomitantly
elevated concentrations of these urine biomarkers were at
very high risk (80.4% positive predictive value) of progressing from mild to severe AKI (60).
The ﬁndings regarding the prognostic signiﬁcance of
angiotensinogen have strong implications for the molecular
and cellular mechanisms underlying renal injury in AKI
and could lead to novel interventional approaches. Activation of the renin-angiotensin system (RAS) has long been
recognized as an important contributor to chronic renal
injury. Urinary angiotensinogen has been proposed as a
marker of intrarenal RAS activity, and it is predictive of
progression of CKD (61–63). The prognostic signiﬁcance of
urinary angiotensinogen as an AKI biomarker is strongly
suggestive of a role for RAS activation in modulating the
severity of AKI. Animal models of AKI have shown that
intrarenal angiotensin II increases after renal ischemiareperfusion injury, whereas the concentration of angiotensin
1–7, the molecular counterbalance to angiotensin II, decreases in kidney tissue (64,65). An unexplored area is
the potential therapeutic beneﬁt of shunting the RAS pathway from activation of angiotensin II receptor type 1 by
angiotensin II to activation of the Mas receptor by angiotensin 1–7. Pretreatment with angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and aliskiren has

been shown to mitigate renal ischemia-reperfusion injury in experimental models, primarily by reduction in postreperfusion
inﬂammation (66–68). Additionally, one study reported a reduction in the severity of AKI at 48 hours postreperfusion
when captopril was continuously administered through an
intraperitoneal osmotic micropump implanted immediately
after renal ischemia-reperfusion injury.
The aforementioned data suggest that pharmacologic
inhibition of the RAS could potentially be used in the
treatment of AKI, although the optimal timing of intervention remains unclear. Such a proposition contradicts
the conventional wisdom that RAS inhibitors should be
discontinued because of the potential of these drugs to
exacerbate AKI, since they cause vasodilation of the
efferent arteriole and decrease GFR. However, a reduction
in GFR is not equivalent to more severe renal injury. On the
contrary, a recent study by Coca et al. (69) highlighted the
need to differentiate structural AKI, which involves renal
parenchymal damage, from functional AKI, which only
represents a decrease in GFR. This study showed that, although angiotensin-converting enzyme inhibitor and angiotensin receptor blocker use increases the incidence of
AKI after cardiac surgery, the drugs are not associated
with an increase in renal injury markers (69). Therefore,
future studies that investigate the therapeutic role of RAS
inhibition in patients with AKI should not have GFRrelated outcomes only but also, harder outcomes, such
as development of CKD at 90 days, need for RRT, and
death.
Inhibition of the RAS could also have long-term beneﬁts
for patients with AKI. AKI that is superimposed on CKD
accelerates CKD progression, and even in the absence of
CKD, AKI is associated with an increased risk of ESRD
(70,71). Given the clearly deﬁned role for the RAS in CKD
progression, it is plausible that RAS activation not only
modulates the severity of an episode of AKI but also mediates progression to chronic disease. In support of this
hypothesis, a study performed using a rat model of AKI
and chronic kidney injury shows that spironolactone treatment reduced progression to CKD (72). However, other
RAS inhibitors have not been investigated. Importantly,
given the predictive power of urinary angiotensinogen
for CKD progression, measurement of urinary angiotensinogen
could play a role in identifying patients with AKI who are
likely to develop CKD and could potentially beneﬁt from
RAS blockade.

TIMP-2
TIMP-2 was identiﬁed as a novel AKI biomarker by
Kashani et al. (7) in a two-stage, multicenter study (n=522
in stage 1; n=728 in stage 2), in which they tested the ability of 340 proteins, including known AKI biomarkers, to
predict development of AKI in the ICU population (including patients after cardiac surgery). TIMP-2 was a
strong predictor of development of KDIGO stage 2 or 3
AKI within 12 hours (AUC=0.79) (7). The investigators
proposed that the diagnostic performance of TIMP-2 is derived from its MMP-independent role in inducing G1 cell
cycle arrest after an ischemic insult, which prevents ensuing cell death (7). The supporting data come from an
in vitro study of human microvascular endothelial cells,
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which showed that TIMP-2 binds to a3 b1 -integrin to
induce a Shp-1–mediated increase in the synthesis of the
cyclin-dependent kinase inhibitor p27Kip1, resulting in G1
cell cycle arrest (73).
However, the role of TIMP-2 in AKI could be more
complex. For instance, studies in the same cell line have
shown that TIMP-2 binding to a3b1-integrin also leads to
Shp-1–mediated inactivation of tyrosine kinase–type growth
factor receptors (74,75). Furthermore, in contradistinction to
its antiproliferative effects, TIMP-2 can, in some instances,
promote cellular proliferation (76). The role of TIMP-2 in
nephrogenesis is particularly pertinent to its putative role
in AKI. TIMP-2 is secreted by the ureteric bud in response
to paracrine metanephric signals (77). It exerts antiapoptotic
and proproliferative effects on the metanephric mesenchyme
through an MMP-independent mechanism; TIMP-2 also
negatively regulates ureteric bud branching, which seems
to be caused by its function as an MMP inhibitor (77). Finally,
TIMP-2 is implicated in activation of MMP-2, an enzyme that
facilitates renal recovery after ischemia-reperfusion injury.
Therefore, the literature supports both renoprotective and
prorecovery roles for TIMP-2. Given the divergent potential
mechanisms of TIMP-2 in AKI, it is currently unclear how
this biomarker may be used for mechanistic understanding
and therapeutic modulation of AKI, and additional studies
using conditional knockouts and pharmacologic inhibitors
of TIMP-2 are needed to better deﬁne its mechanistic role
in renal injury.

IGFBP7
IGFBP7, also known as IGFBP-related protein 1, mac25,
angiomodulin, tumor-derived adhesion factor, and prostacyclinstimulating factor, is a ubiquitously expressed 29-kD protein
that is primarily known as a tumor suppressor and regulator of cellular senescence (78). IGFBP7, like TIMP-2, was
unknown as an AKI biomarker until the study published
by the SAPPHIRE investigators. This study reported that
elevated urine IGFBP7 predicted the onset of KDIGO stage
2 or 3 AKI within 12 hours of sample collection (AUC=0.76)
(7). A subsequent smaller study (n=52) of patients in the
ICU has reported that, on the day of AKI diagnosis, elevated
urinary IGFBP7 outperforms urine NGAL as a predictor of
nonresolution of AKI within 7 days (79).
It has been proposed that injured tubular epithelial cells
secrete IGFBP7, which attenuates renal injury by the induction of G1 cell cycle arrest in nearby surviving cells
through upregulation of p21 and p53 expression (7). This
hypothesis is grounded in data from in vitro studies of colon
and breast cancer cell lines, which have shown the capacity
of IGFBP7 to induce G1 cell cycle arrest and senescence, as
well as a study of melanocyte and melanoma cell lines,
which has shown that IGFBP7 regulates proliferation and
senescence (80,81). These studies have reported that the effects of IGFBP7 are mediated by increased expression of p21
and p53 as well as inhibition of mitogen-activated protein
kinase signaling (80–82). However, it is also plausible that
elevated IGFBP7 could have a deleterious effect on the injured kidney, because IGFBP7 is an IGF-1 receptor antagonist (83). IGF-1 improves renal perfusion and increases GFR.
Therefore, elevated IGFBP7 could alter renal hemodynamics
in such a way that exacerbates renal injury.
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The role of IGFBP7 as an IGF-1 antagonist could have
therapeutic implications. In an animal model of AKI,
administration of IGF-1 5 hours after injury attenuated
the severity of AKI and promoted renal recovery by increasing the number of proliferating proximal tubule
epithelial cells (84). A recombinant human IGF-1 was
tested as an AKI therapeutic in a randomized controlled
clinical trial (85). Unfortunately, the trial failed to show a
beneﬁt, and its failure has been attributed to poorly timed
intervention and IGF-1–associated hypotension (2). However, elevated intrarenal IGFBP7 could have contributed to
the failure of this trial by antagonizing the renal protective
effects of the intervention. Future studies could investigate
the potential beneﬁts of using IGFBP7 to predict response
to IGF-1 therapy (for instance, using urinary IGFBP7 concentration to titrate IGF-1 dosage).

Integrating Novel Biomarkers into Existing
Conceptual Models of AKI
Vigorous research efforts have failed to deliver a kidney
troponin for the diagnosis of AKI. However, novel biomarkers of AKI, speciﬁcally NGAL, KIM-1, IL-18, L-FABP,
angiotensinogen, TIMP-2, and IGFBP7, are qualitatively
different from cardiac troponin and more akin to cancer
biomarkers, in that they are reﬂective of the molecular and
cellular events that occur throughout the clinical phases of
AKI. To illustrate how biomarker kinetics relate to the
molecular and cellular events that are known to occur
throughout the clinical course of AKI, we plotted the
median biomarker concentration at each time point from
the recent TRIBE-AKI study and superimposed these
trends on the previously described phases of AKI (Figure
1) (4–6,8,9). Although this approach is limited in that it is
on the basis of kinetics from a single human study of a
single etiology of AKI, the TRIBE-AKI study is the largest
prospective study for which biomarker kinetics data are
available, and the cardiac surgery population is ideal for
the study of the AKI biomarker kinetics, because the timing of the injury is known. As a corollary to these data, we
propose the biomarker-integrated model of AKI (Figure 2);
it shows how novel AKI biomarkers are molecular determinants of the course of AKI by framing them in the context of the clinical phases of AKI, which were proposed by
Sutton et al. (8) and later adapted by Rosner and Okusa (9).
In the ﬁrst phase (initiation), the proximal insult occurs,
and there is a precipitous fall in the GFR (8,9). In the extension phase, GFR continues to fall because of worsening
injury from renal hemodynamic alterations and inﬂammation and apoptosis and necrosis of tubular epithelial cells
(8,9). It is during the extension phase that AKI transitions
from mild to severe, and it may be promoted by the proinjury marker IL-18, which peaks in this phase (5). Data from
animal models clearly show that IL-18 exacerbates renal
injury through its proinﬂammatory effects. Although kinetic data are not available, we hypothesize that elevated
angiotensinogen also promotes renal injury in the acute
extension phase and drives the progression to chronic renal injury, because activation of RAS is known to promote
renal injury. IGFBP7 may also contribute to injury through
its effect as an IGF-1 antagonist. In contrast to IL-18
and angiotensinogen, increases in renoprotective NGAL and
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Figure 1. | Changes in AKI biomarker concentration over time after renal injury. Data from the Translational Research Investigating Biomarker
Endpoints in AKI (TRIBE-AKI) study in adult patients undergoing cardiac surgery were used, and the relationship between the stages of AKI
proposed by Sutton et al. (4,5,8) and the time course of changes in biomarker concentration that occur after renal injury is shown. The relative
change in median biomarker concentration at each time point was plotted against time. To create this plot, the time point with the highest
median value was set to 100%, and all other time points were converted to a percentage of this maximum. pNGAL, plasma neutrophil
gelatinase–associated lipocalin; uIL-18, urine IL-18; uKIM-1, urine kidney injury molecule 1; uL-FABP, urine liver-type fatty acid–binding
protein; uNGAL, urine neutrophil gelatinase-associated lipocalin.

L-FABP during the extension phase likely represent a response to a kidney insult, because these biomarkers attenuate renal injury through antiapoptotic and antioxidant
mechanisms. TIMP-2 and IGFBP7, recently discovered
markers of early AKI, have also been proposed to play a
renoprotective role, although the precise mechanism underlying the diagnostic value of these biomarkers is just beginning to be elucidated. The maintenance phase is

characterized by stabilization of GFR at its nadir and proliferation and migration of surviving tubular epithelial
cells to repair the damaged epithelium (4,5,8,9). The ﬁnal
phase (repair) involves the re-establishment of normal cellular and physiologic function. These ﬁnal two phases do
not begin until 2–3 days after the initiating renal injury,
but they last .1 week (8,9). Unfortunately, time course
data on AKI biomarker concentration throughout the

Figure 2. | Biomarker integrated model of AKI. This figure shows how the novel AKI biomarkers neutrophil gelatinase–associated lipocalin
(NGAL), kidney injury molecule 1 (KIM-1), IL-18, liver-type fatty acid binding protein (L-FABP), angiotensinogen (Agt), tissue inhibitor of
metalloproteinase-2 (TIMP-2), and IGF-binding protein 7 (IGFBP7) contribute to the different clinical phases of AKI and progression to chronic
renal injury. Phases are shown as colored boxes, and specific events within each phase are denoted by text boxes. After an initiating renal insult,
such as ischemia-reperfusion injury, proinjury biomarker IL-18 promotes additional renal injury and the development of severe AKI by upregulating the inflammatory response during the extension phase. Additionally, although the precise mechanistic import of urinary Agt is
unknown, urinary Agt concentration is considered a marker of activation of the intrarenal renin-angiotensin system (RAS). Inhibition of the RAS
has been shown to attenuate the severity of AKI in animal models. Agt may contribute to renal injury during the extension phase by promoting
RAS activation. In contrast, the renoprotective biomarkers NGAL and L-FABP mitigate renal injury by antiapoptotic (NGAL) and antioxidant
(L-FABP) effects during this phase. Putative cell cycle arrest biomarkers TIMP-2 and IGFBP7 could also attenuate injury during the extension
phase, although some of the literature suggest that IGFBP7 could promote injury. During the maintenance and repair phases, KIM-1 promotes
renal recovery by conferring a phagocytic phenotype to surviving, proliferating renal tubular epithelial cells, allowing these cells to clean up
debris from the injury and facilitating tissue remodeling. Similarly, NGAL increases cellular proliferation, which is necessary for repopulation of
the denuded tubular epithelium. TIMP-2 may also promote recovery by promoting proliferation of surviving tubular epithelial cells. Finally,
although the mechanistic link between AKI and progression to CKD and ESRD is unknown, the RAS is likely involved. Thus, elevated Agt could
predict chronicity of renal injury or even promote it.
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duration of these phases have not been collected. However, sustained elevation of NGAL and L-FABP suggests
that they are also somehow involved in renal recovery
during the maintenance and repair phases of AKI. Although such a role has not been suggested for L-FABP,
NGAL is known to have proliferative effects on tubular
epithelial cells, important components of the complex process of tubular regeneration. Similarly, KIM-1, which
peaks in its urine concentration at 48 hours after injury
just before the onset of the maintenance phase, has been
proposed as a prorecovery biomarker, because it enhances
the phagocytosis of apoptotic bodies and cellular debris,
implicating this biomarker in wound-healing.
Finally, the link between AKI and CKD is beginning to be
elucidated, and it is plausible that novel AKI biomarkers
play a role in driving the transition from acute to chronic
renal injury (71). As we have noted, angiotensinogen has
already been established as a biomarker of CKD progression, and urinary angiotensinogen is believed to reﬂect activation of the intrarenal RAS, a known driver of CKD
progression (61–63). We hypothesize that elevated urinary
angiotensinogen during AKI could promote the progression
to CKD. Similarly, others have noted in transcriptomic analysis that KIM-1 and NGAL expression remain high in the
later stages of AKI, and it has been proposed that sustained
elevation of these biomarkers could represent ongoing kidney injury and a transition to chronic renal disease (86).
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