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Abstract

Acute kidney injury (AKI) is a common and serious condition, the diagnosis of which depends on
serum creatinine measurements. Unfortunately, creatinine is a delayed and unreliable indicator of
AKI. The lack of early biomarkers has crippled our ability to translate promising experimental
therapies to human AKI. Fortunately, understanding the early stress response of the kidney to acute
injuries has revealed a number of potential biomarkers. The discovery, translation and validation of
neutrophil gelatinase-associated lipocalin, arguably the most promising novel AKI biomarker, are
reviewed in this article. Neutrophil gelatinase-associated lipocalin is emerging as an excellent
standalone troponin-like biomarker in the plasma and urine for the prediction of AKI, monitoring
clinical trials in AKI and for the prognosis of AKI in several common clinical scenarios.
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Acute kidney injury: definitions & pathophysiology

Acute kidney injury (AKI) refers to a common syndrome that results from multiple causative
factors and occurs in a variety of clinical settings, with varied clinical manifestations, ranging
from a minimal elevation in serum creatinine to anuric renal failure. AKI is characterized
functionally by a rapid decline in the glomerular filtration rate (GFR), and biochemically by
the resultant accumulation of nitrogenous wastes such as blood-urea nitrogen and creatinine.
The term AKI has largely replaced acute renal failure, since the latter designation
overemphasizes the failure of kidney function and fails to account for the diverse molecular,
biochemical and structural processes that characterize the AKI syndrome.
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A conceptual framework of the clinical continuum of AKI has recently been proposed [1] and
is illustrated in Figure 1. Color-coded circles depict the various stages in the development of
AKI. Based on current diagnostic considerations, AKI (in red) is defined as a reduction in GFR,
as reflected by biomarkers of functional injury such as serum creatinine. Antecedents of AKI
(in yellow) include risk factors such as increasing age. Nested between the antecedents and
AKI is an intermediate stage of kidney damage (in pink), representing a stage during which
structural damage occurs without overt functional injury. Detection of this stage of damage
requires emerging structural biomarkers as exemplified by neutrophil gelatinase-associated
lipocalin (NGAL).

Appreciation of the critical significance of the intermediate-damage stage requires a brief
review of the pathophysiology of AKI [2], as shown in Figure 2. The color-coded ellipses in
Figure 2 reflect the reciprocal cellular changes occurring during each stage of the clinical AKI
continuum. During the early-damage stage (in pink), only subtle and largely reversible changes,
such as alterations in cell polarity and micro-vascular perturbations, are detected. A number
of interventions applied at this stage have been successful in preventing and treating AKI in
experimental studies. However, once AKI has set in (depicted in red), more severe and
irreversible changes, such as cell death, desquamation and intratubular obstruction, become
apparent. Although the kidney tubule cells do possess a remarkable ability to regenerate and
repair after injury, most therapeutic interventions initiated in the established phase of AKI have
been futile [2].

The need for a troponin-like biomarker for AKI

When a subject presents with symptoms of chest pain, the objective measurement of structural
biomarkers, such as troponin, that are released from damaged myocytes can rapidly identify
acute myocardial injury. This has allowed for timely therapeutic interventions and a dramatic
decrease in mortality over the past few decades. By striking contrast, AKI is largely
asymptomatic, and establishing the diagnosis in this increasingly common disorder currently
hinges on functional biomarkers such as serial serum creatinine measurements. Unfortunately,
serum creatinine is a delayed and unreliable indicator of AKI for a variety of reasons [1-4].
First, even normal serum creatinine is influenced by several nonrenal factors such as age,
gender, muscle mass, muscle metabolism, medications, hydration status, nutrition status and
tubular secretion. Second, a number of acute and chronic kidney conditions can exist with no
increase in serum creatinine owing to the concept of renal reserve — it is estimated that over
50% of kidney function must be lost before serum creatinine rises. Third, serum creatinine
concentrations do not reflect the true decrease in GFR in the acute setting, since several hours
or days must elapse before a new equilibrium between the presumably steady-state production
and the decreased excretion of creatinine is established. Fourth, an increase in serum creatinine
represents a late indication of a functional change in GFR that lags behind important structural
changes that occur in the kidney during the early-damage stage of AKI (Figures 1 & 2). Indeed,
animal studies have identified several interventions that can prevent and/or treat AKI if
instigated early in the course of disease, before the serum creatinine even begins to rise [2].
The lack of early biomarkers has hampered our ability to translate these promising therapies
to human AKI. Also lacking are reliable methods to assess efficacy of protective or therapeutic
interventions and early predictive biomarkers of drug toxicity.

A troponin-like biomarker of AKI that is easily measured, unaffected by other biological
variables and capable of both early detection and risk stratification would represent a
tremendous advance in the care of hospitalized patients, since the incidence of AKI in this
population is estimated at a staggering 5-7% [2—6]. The incidence of AKI in the intensive care
unit is even higher — approximately 25% — and carries an overall mortality rate of 50-80%. In
arecent multinational study of AKI in nearly 30,000 critically ill patients, the overall prevalence
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of AKI requiring renal replacement therapy was 5.7% with a mortality rate of 60.3% [7]. An
increase in morbidity and mortality associated with AKI has been demonstrated in a wide
variety of common clinical situations, including those exposed to radiocontrast dye,
cardiopulmonary bypass, mechanical ventilation and sepsis [6-9]. The negative influence of
AKI on overall outcomes in critically ill patients is also well documented [10-12]. In addition,
recent studies have revealed that AKI is a major risk factor for the development of nonrenal
complications and it independently contributes to mortality [8]. Furthermore, the treatment of
AKI represents an enormous financial burden to society, with annual AKI-associated medical
expenses conservatively estimated at US$8 billion [13].

Characteristics of an ideal AKI biomarker

Desirable characteristics of AKI biomarkers are listed in Table 1. First, they should be
noninvasive and easy to perform at the bedside or in a standard clinical laboratory, using easily
accessible samples such as blood or urine. With respect to the sample source, the majority of
AKI biomarkers described thus far have been measured in the urine. Urinary diagnostics have
several advantages, including the noninvasive nature of sample collection, the reduced number
of interfering proteins and the potential for the development of patient self-testing kits.
However, several disadvantages also exist, including the lack of samples from patients with
severe oliguria and potential changes in urinary biomarker concentration induced by hydration
status and diuretic therapy. A commonly employed correction factor for urinary dilution is to
express urinary biomarkers adjusted for urinary creatinine concentration in research studies.
However, this correction may be inaccurate in the situation of AKI because creatinine
production may be reduced in some forms of AKI [14], and both plasma and urine creatinine
Kinetics are significantly altered in the early phases of AKI [15].

Plasma-based diagnostics have revolutionized many facets of medicine, as exemplified by the
use of troponins for the early diagnosis of acute myocardial infarction. On the other hand,
plasma biomarkers may be confounded by extra-renal sources as well as by subclinical changes
in renal elimination. Thus, in the case of AKI, it is important and ideal to develop both urinary
and plasma biomarkers.

Other desirable characteristics of clinically applicable AKI biomarkers include [16-19]:

»  They should be rapidly and reliably measurable using standardized clinical assay
platforms;

»  They should be sensitive to facilitate early detection with a wide dynamic range and
cut-off values that allow for risk stratification;

»  They should exhibit strong biomarker performance on statistical analysis, including
accuracy testing by receiver-operating characteristic curves (ROC).

In addition to aiding early diagnosis and prediction, the biomarkers should be highly specific
for AKI, and enable the identification of AKI subtypes and etiologies, as well as differentiating
AKI from chronic kidney disease. AKI is traditionally diagnosed when the kidney’s major
function (glomerular filtration) is affected, and indirectly measured by change in serum
creatinine. However, prerenal factors, such as volume depletion, decreased effective
circulating volume or alterations in the caliber of the glomerular afferent arterioles, all cause
elevations in serum creatinine. Postrenal factors, such as urinary tract obstruction, similarly
result in elevations in serum creatinine. Finally, a multitude of intrinsic renal diseases may
result in an abrupt rise in serum creatinine, particularly in hospitalized patients. Other tests to
distinguish these various forms of AKI, such as microscopic urine examination for casts and
determination of fractional excretion of sodium, have been imprecise and have not enabled
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efficient clinical trial design. Availability of accurate biomarkers that can distinguish pre- and
postrenal conditions from true intrinsic AKI would represent a significant advance.

Biomarkers may serve several other purposes in AKI [16-19]. Thus, they are also needed for:

e ldentifying the primary location of injury (proximal tubule, distal tubule, interstitium
or vasculature);

e Pinpointing the duration of kidney failure (AKI, chronic kidney disease or ‘acute-on-
chronic’ kidney injury);

« ldentifying AKI etiologies (ischemia, toxins, sepsis or a combination);

» Risk stratification and prognostication (duration and severity of AKI, need for renal
replacement therapy, length of hospital stay and mortality);

e Monitoring the response to AKI interventions.

Furthermore, AKI biomarkers may play a critical role in expediting the drug development
process. The Critical Path Initiative, firstissued by the US FDA in 2004, stated that “Additional
biomarkers (quantitative measures of biologic effects that provide informative links between
mechanism of action and clinical effectiveness) and additional surrogate markers (quantitative
measures that can predict effectiveness) are needed to guide product development” [101].

Unsurprisingly, the pursuit of improved biomarkers for the early diagnosis of AKI and its
outcomes is an area of intense contemporary research. For answers, we must turn to the kidney
itself. Indeed, understanding the early stress response of the kidney to acute injuries has
revealed a number of potential biomarkers [18-20]. The bench-to-bedside journey of NGAL,
arguably the most promising novel AKI biomarker, is chronicled in this article.

Expression & structure of NGAL

Human NGAL was originally identified as a novel protein isolated from secondary granules
of human neutrophils [21], and was subsequently demonstrated to be a 25-kDa protein
covalently bound to neutrophil gelatinase [22]. Mature peripheral neutrophils lack NGAL
mMRNA expression, and NGAL protein is synthesized at the early-myelocyte stage of
granulopoiesis during formation of secondary granules. NGAL mRNA is normally expressed
in a variety of adult human tissues, including bone marrow, uterus, prostate, salivary gland,
stomach, colon, trachea, lung, liver and kidney [23]. Several of these tissues are prone to
exposure to micro-organisms, and constitutively express the NGAL protein at low levels. The
promoter region of the NGAL gene contains binding sites for a number of transcription factors,
including nuclear factor (NF)-xB [23]. This could explain the constitutive, as well as inducible,
expression of NGAL in several of the nonhematopoietic tissues. Like other lipocalins, NGAL
forms a barrel-shaped tertiary structure with a hydrophobic calyx that binds small lipophilic
molecules [24]. The major ligands for NGAL are siderophores; small iron-binding molecules
[25].

Functional roles of NGAL

Teleologically, NGAL comprises a critical component of innate immunity to bacterial
infection. Siderophores are synthesized by bacteria to scavenge iron from the surroundings,
and use specific transporters to recover the siderophore—iron complex, ensuring their iron
supply. The siderophore-chelating property of NGAL therefore renders it a bacteriostatic agent
[25-27]. Experimental evidence for this role is derived from mice that are genetically modified
to lack the NGAL gene, which renders them more susceptible to Gram-negative bacterial
infections and death from sepsis [28].
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On the other hand, siderophores produced by eukaryotes participate in NGAL-mediated iron
shuttling, which is critical to various cellular responses, such as proliferation and differentiation
[26]. This property provides a potential molecular mechanism for the documented role of
NGAL in enhancing the epithelial phenotype. During kidney development, NGAL promotes
epithelial differentiation of the mesenchymal progenitors, leading to the generation of
glomeruli, proximal tubules, Henle’s loop and distal tubules [29,30]. However, NGAL
expression is also markedly induced in injured epithelial cells, including the Kidney, colon,
liver and lung. This is likely mediated via NF-xB, which is known to be rapidly activated in
epithelial cells after acute injuries [31], and plays a central role in controlling cell survival and
proliferation [32]. In the context of an injured mature organ, such as the kidney, the biological
role of NGAL induction is one of marked preservation of function, attenuation of apoptosis
and an enhanced proliferative response [33]. This protective effect is dependent on the chelation
of toxic iron from extracellular environments, and the regulated delivery of siderophore and
iron to intracellular sites.

Finally, NGAL is markedly induced in a number of human cancers, where it often represents
a predictor of poor prognosis [34,35]. The NGAL gene is known to be induced by a number of
tumor-promoting agents, including SV40 and polyoma virus, phorbol esters, the transforming
factor neu, hepatocyte growth factor, retinoic acid, glucocorticoids and NF-xB [35]. The
overexpressed NGAL protein binds to matrix metalloproteinase (MMP)-9, thereby preventing
MMP-9 degradation and increasing MMP-9 enzyme activity. In turn, MMP-9 activity promotes
cancer progression by degrading the basement membranes and extracellular matrix, liberating
VEGF, and thus enabling angiogenesis, invasion and metastasis. Paradoxically, recent studies
in some tumor cell lines have demonstrated that NGAL enhanced the epithelial phenotype,
reduced tumor growth and suppressed metastasis — this prosurvival activity of NGAL is
mediated by its ability to bind and transport iron inside the cells [34,35].

A potentially unifying hypothesis to reconcile these seemingly contradictory roles of NGAL
in human biology is offered in Figure 3. Efficient mechanisms have evolved for the intracellular
uptake of NGAL via receptors such as megalin, and for intracellular trafficking via endosomes.
The subsequent molecular path taken by NGAL may be largely dependent on the type of
molecule it is complexed with. NGAL that is devoid of siderophore and iron (holo-NGAL)
rapidly scavenges intracellular iron. The resultant intra-cellular iron depletion results in a
decrease in the mammalian cell’s proliferative ability and induction of apoptosis. On the other
hand, when NGAL is bound to siderophore and iron, there is a rapid release of iron with
regulation of iron-dependent molecular pathways, and downstream induction of proliferation
and epithelial transformation. Finally, when NGAL is complexed with MMP-9 instead, there
is enhancement of the active MMP-9 pool with resultant upregulation of MMP-9’s well known
proangiogenic and proinvasive properties. Future studies aimed at further testing these
hypotheses hold promise for advancing our understanding of NGAL biology.

NGAL for the prediction of AKI

Preclinical transcriptome profiling studies identified Ngal (also known as lipocalin 2 or Icn2)
to be one of the most upregulated genes in the kidney very early after acute injury in animal
models [36-38]. Downstream proteomic analyses also revealed NGAL to be one of the most
highly induced proteins in the kidney after ischemic or nephrotoxic AKI in animal models
[39-41]. The serendipitous finding that NGAL protein was easily detected in the urine soon
after AKI in animal studies has initiated a number of translational studies to evaluate NGAL
as a noninvasive biomarker in human AKI. In a cross-sectional study of adults with established
AKI (doubling of serum creatinine) from varying etiologies, a marked increase in urine and
serum NGAL was documented by western blotting when compared with normal controls
[41]. Urine and serum NGAL levels correlated with serum creatinine and kidney biopsies in
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subjects with AKI who demonstrated intense accumulation of immunoreactive NGAL in
cortical tubules, confirming NGAL as a sensitive index of established AKI in humans. A
number of subsequent studies have now implicated NGAL as an early diagnostic biomarker
for AKI in common clinical situations, as demonstrated in Tables 2 & 3 and detailed in the
next section.

NGAL in cardiac surgery-associated AKI

Operations involving cardiopulmonary bypass comprise the most frequent major surgical
procedure performed in hospitals worldwide. AKI requiring dialysis represents the strongest
independent risk factor for death in these patients [42]. Even a minor degree of postoperative
AKI, as manifest by only a 0.2-0.3 mg/dl rise in serum creatinine from baseline, is associated
with a significant increase in mortality after cardiac surgery [43]. In addition, AKI after cardiac
surgery is associated with adverse outcomes, such as prolonged intensive care and hospital
stay, dialysis dependency and increased long-term mortality [44]. The pathogenesis of cardiac
surgery-associated AKI is complex and multifactorial [45]. It likely involves several major
injury pathways that are largely non-modifiable. Mechanisms include ischemia-reperfusion
injury (caused by low mean arterial pressures and loss of pulsatile renal blood flow), exogenous
toxins (caused by contrast media, nonsteroidal anti-inflammatory drugs and aprotinin),
endogenous toxins (caused by iron released from hemolysis), and inflammation and oxidative
stress (from contact with bypass circuit, surgical trauma and intrarenal inflammatory
responses). These mechanisms of injury are likely to be active at different times with different
intensities and may act synergistically. There is a dearth of randomized controlled trials for the
prevention or treatment of cardiac surgery-associated AKI, caused, at least in part, by the
paucity of early predictive biomarkers. In several prospective studies in children who
underwent elective cardiac surgery, AKI (defined as a 50% increase in serum creatinine)
occurred 1-3 days after surgery [46-48]. By contrast, NGAL measurements by ELISA revealed
a tenfold or more increase in the urine and plasma, within 2—6 h of the surgery, in those who
subsequently developed AKI. Both urine and plasma NGAL were excellent independent
predictors of AKI, with an area under the curve (AUC) of the ROC of over 0.9 for the 2-6 h
urine and plasma NGAL measurements. These findings have now been confirmed in
prospective studies of adults who developed AKI after cardiac surgery, and in whom urinary
and/or plasma NGAL was significantly elevated by 1-3 h after the operation [49-56]. However,
the AUC-ROC:s for the prediction of AKI have been rather disappointing when compared with
pediatric studies, and have ranged widely from 0.61 to 0.96. The somewhat inferior
performance in adult populations may be reflective of confounding variables such as older age
groups, pre-existing kidney disease, prolonged bypass times, chronic illness and diabetes
[50,57]. The predictive performance of NGAL also depends on the definition of AKI employed,
as well as on the severity of AKI [56]. For example, the predictive value of plasma NGAL
postcardiac surgery was higher for more severe AKI (increase in serum creatinine over 50%;
mean AUC-ROC 0.79) compared with less severe AKI (increase in serum creatinine over 25%;
mean AUC-ROC 0.65). Similarly, the discriminatory ability of NGAL for AKI increased with
increasing severity as classified by risk of renal dysfunction; injury to the kidney; failure of
kidney function; loss of kidney function; and end-stage kidney disease (RIFLE) criteria [58].
Thus, the AUC-ROC improved progressively for discrimination of R (0.72), 1 (0.79) and F
(0.80) category of AKI [56]. Furthermore, the predictive power of urinary NGAL for AKI after
cardiac surgery varied with baseline renal function, with optimal discriminatory performance
in patients with normal preoperative renal function [59]. Despite these numerous potential
variables, a recent meta-analysis of published studies in all patients after cardiac surgery
revealed an overall AUC-ROC of 0.78 for prediction of AKI, when NGAL was measured
within 6 h of initiation of cardiopulmonary bypass and AKI was defined as a greater than 50%
increase in serum creatinine [60].
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NGAL in AKI after kidney transplantation

Acute kidney injury due to ischemia-reperfusion occurs, to some extent, almost invariably in
deceased donor renal allografts, and even in some live donor transplants, often resulting in
varying degrees of early renal dysfunction [61]. AKI leading to delayed graft function (DGF)
complicates 4-10% of live donor and 5-50% of deceased donor kidney transplants. In addition
to the well known complications of AKI and dialysis, DGF predisposes the graft to both acute
and chronic rejection, is an independent risk factor for suboptimal graft function at 1 year post-
transplant, and increases the risk of chronic allograft nephropathy and graft loss [62].

Neutrophil gelatinase-associated lipocalin has been evaluated as a biomarker of AKI and DGF
(defined as dialysis requirement within the first postoperative week) in patients undergoing
kidney transplantation. Protocol biopsies of kidneys obtained 1 h after vascular anastomosis
revealed a significant correlation between NGAL staining intensity in the allograft and the
subsequent development of DGF [63]. In a prospective multicenter study of children and adults,
urine NGAL levels in samples collected on the day of transplant identified those who
subsequently developed DGF (which typically occurred 2—4 days later), with an AUC-ROC
of 0.9 [64]. This has now been confirmed in a larger multicenter cohort, in which urine NGAL
measured within 6 h of kidney transplantation predicted subsequent DGF with an AUC-ROC
of 0.81 [65]. Plasma NGAL measurements have also been correlated with DGF following
kidney transplantation from donors after cardiac death [66].

NGAL in contrast-induced AKI

Studies of large adult cohorts have revealed that contrast-induced AKI is the third most
common cause of hospital-acquired AKI, accounting for approximately 11% of cases [67].
Approximately half of these cases are in subjects undergoing cardiac catheterization and
angiography, and approximately a third follow computed tomography [68]. Technological
advances in diagnostic and interventional imaging techniques have contributed to an ever-
increasing number of individuals being exposed to iodinated contrast media [69]. Progress in
the development of strategies towards prevention and early treatment of cervical intraepithelial
neoplasia has been hampered by several factors, including the inability to accurately identify
high-risk patients and the paucity of early predictive biomarkers.

Several investigators have examined the role of NGAL as a predictive biomarker of AKI
following contrast administration [70-73]. In a prospective study of children undergoing
elective cardiac catheterization with contrast administration, both urine and plasma NGAL
predicted contrast-induced nephropathy (defined as a 50% increase in serum creatinine from
baseline) within 2 h after contrast administration, with an AUC-ROC of 0.91-0.92 [73]. In
several studies of adults administered contrast, an early rise in both urine (4 h) and plasma (2
h) NGAL were documented, in comparison with a much later increase in plasma cystatin C
levels (8-24 h after contrast administration), providing further support for NGAL as an early
biomarker of contrast nephropathy [70-72]. A recent meta-analysis revealed an overall AUC-
ROC of 0.894 for prediction of AKI, when NGAL was measured within 6 h after contrast
administration and AKI was defined as an increase in serum creatinine of over 25% [60].

NGAL in AKl in the critical care setting

Acute kidney injury is a frequent complication in critically ill patients, and results in a hospital
mortality of 45-60% [7,74]. This patient population is extremely heterogeneous, and the
etiology and timing of AKI is often unclear. Up to 60% of patients may have already sustained
AKI on admission to the intensive care unit [75]. Sepsis accounts for 30-50% of all AKI
encountered in critically ill patients, and generally portends a poorer prognosis with lower
survival [76]. Other etiologies for AKI in this setting include exposure to nephrotoxins,
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hypotension, kidney ischemia, mechanical ventilation and multiorgan disease. Each of these
etiologies are associated with distinct mechanisms of injury that are likely to be active at
different times with different intensities and may act synergistically.

Urine and plasma NGAL measurements have been demonstrated to represent early biomarkers
of AKI in a heterogeneous pediatric intensive care setting, being able to predict this
complication approximately 2 days prior to the rise in serum creatinine, with high sensitivity
and AUC-ROCs of 0.68-0.78 [77,78]. Several studies have also examined plasma and urine
NGAL levels in critically ill adult populations [79-84]. Urine NGAL, obtained on admission,
predicted subsequent AKI in multitrauma patients with an outstanding AUC-ROC of 0.98
[79]. However, in a more mixed population of all critical care admissions, the urine NGAL on
admission was only moderately predictive of AKI with an AUC-ROC of 0.71 [80]. In studies
of adult intensive care patients, plasma NGAL concentrations on admission constituted a very
good to outstanding biomarker for development of AKI within the next 2 days, with AUC-
ROC ranges of 0.78-0.92 [81,83]. In subjects undergoing liver transplantation, a single plasma
NGAL level obtained within 2 h of reperfusion was highly predictive of subsequent AKI, with
an AUC-ROC of 0.79 [84]. Finally, in a study of adults in the emergency department setting,
a single measurement of urine NGAL at the time of initial presentation predicted AKI with an
outstanding AUC-ROC of 0.95 and reliably distinguished prerenal azotemia from intrinsic
AKI, and from chronic kidney disease [85]. Thus, NGAL is a useful early AKI marker that
predicts development of AKI, even in heterogeneous groups of patients with multiple
comorbidities and with unknown timing of kidney injury. However, it should be noted that
patients with septic AKI display the highest concentrations of both plasma and urine NGAL
when compared with those with nonseptic AKI [80], a confounding factor that may add to the
heterogeneity of the results in the critical care setting. A recent meta-analysis revealed an
overall AUC-ROC of 0.73 for prediction of AKI, when NGAL was measured within 6 h of
clinical contact with critically ill subjects, and AKI was defined as a greater than 50% increase
in serum creatinine [60].

NGAL for monitoring trials in AKI

Owing to its high predictive properties for AKI, NGAL is also emerging as an early biomarker
in interventional trials. For example, a reduction in urine NGAL has been employed as an
outcome variable in clinical trials demonstrating the improved efficacy of a modern
hydroxyethylstarch preparation over albumin or gelatin in maintaining renal function in cardiac
surgery patients [86—88]. Similarly, the response of urine NGAL was attenuated in adult cardiac
surgery patients who experienced a lower incidence of AKI after sodium bicarbonate therapy
when compared with sodium chloride [89]. In addition, urinary NGAL levels have been utilized
to document the efficacy of a miniaturized cardiopulmonary bypass system in the preservation
of kidney function when compared with standard cardiopulmonary bypass [90]. Furthermore,
adults who developed AKI after aprotinin use during cardiac surgery, displayed a dramatic rise
in urine NGAL in the immediate postoperative period, attesting to the potential use of NGAL
for the prediction of nephrotoxic AKI [91]. Unsurprisingly, NGAL measurements, as an
outcome variable, are currently included in several ongoing clinical trials formally listed in
ClinicalTrials.gov. The approach of using NGAL as a trigger to initiate and monitor novel
therapies, and as a safety biomarker when using potentially nephrotoxic agents, is expected to
increase. It is also hoped that the use of predictive and sensitive biomarkers, such as NGAL,
as end points in clinical trials will result in a reduction in required sample sizes, and hence, the
cost incurred.
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NGAL for the prognosis of AKI

A number of studies have demonstrated the utility of early NGAL measurements for predicting
the severity and clinical outcomes of AKI. In children undergoing cardiac surgery, early
postoperative plasma NGAL levels strongly correlated with duration and severity of AKI,
length of hospital stay and mortality [92]. In a similar cohort, early urine NGAL levels highly
correlated with duration and severity of AKI, length of hospital stay, dialysis requirement and
death [93]. In a multicenter study of children with diarrhea-associated hemolytic uremic
syndrome, urine NGAL, obtained early during the hospitalization, predicted the severity of
AKI and dialysis requirement with high sensitivity [94]. Early urine NGAL levels were also
predictive of duration of AKI (AUC-ROC: 0.79) in a heterogeneous cohort of critically ill
pediatric subjects [77].

In adults undergoing cardiopulmonary bypass, those who subsequently required renal
replacement therapy were found to have the highest urine NGAL values soon after surgery
[49-56]. Similar results were documented in the adult critical care setting [79-85].
Collectively, the published studies revealed an overall AUC-ROC of 0.78 for the prediction of
subsequent dialysis requirement, when NGAL was measured within 6 h of clinical contact
[60]. Furthermore, a number of studies conducted in the cardiac surgery and critical care
populations have identified early NGAL measurements as a very good mortality marker [49—
51,80,81,85], with an overall AUC-ROC of 0.71 in these heterogeneous populations [58]. In
addition, there is now evidence for the utility of subsequent NGAL measurements in critically
ill adults with established AKI. Serum NGAL measured at the inception of renal replacement
therapy was an independent predictor of 28-day mortality, with an AUC of 0.74 [95]. Finally,
in kidney transplant patients undergoing either protocol biopsies or clinically indicated
biopsies, urine NGAL measurements were found to be predictive of tubulitis or other tubular
pathologies [96], raising the possibility that NGAL represents a noninvasive screening tool for
the detection of tubulointerstitial disease in the early months following kidney transplantation.

Clinical platforms for NGAL measurement

The majority of NGAL results described in the literature have been obtained using research-
based ELISA assays that are currently available from commercial sources such as Bioporto
(Gentofte, Denmark) and R&D Systems (MN, USA). These assays are accurate, but are not
practical in the clinical setting. In these regards, a major advance has been the development of
a point-of-care kit for the clinical measurement of plasma NGAL (Triage® NGAL device,
Biosite Inc., CA, USA). In children undergoing cardiac surgery, the increase in plasma NGAL
levels measured by the Triage device at various time points after cardiopulmonary bypass was
proportional to the severity of AKI as classified by the RIFLE critieria (Figure 4). In terms of
diagnostic accuracy, the 2 h plasma NGAL measurement demonstrated an AUC of 0.96,
sensitivity of 0.84, and specificity of 0.94 for prediction of AKI using a cutoff value of 150
ng/ml [92]. Several additional publications have now confirmed the utility and accuracy of the
Triage NGAL device in critically ill adults [54-56,81,83]. The assay is facile, with quantitative
results available in 15 min, requires only microliter quantities of whole blood or plasma, and
is currently being tested in multicenter trials for further validation. In addition, a urine NGAL
immunoassay has been developed for a clinical platform (ARCHITECT® analyzer, Abbott
Diagnostics, Abbott Park, IL, USA). In children undergoing cardiac surgery, the increase in
urine NGAL levels determined by ARCHITECT analyzer at various time points after
cardiopulmonary bypass was also proportional to the severity of AKI as classified by RIFLE
criteria (Figure 5). The 2 h urine NGAL demonstrated an AUC of 0.95, sensitivity of 0.79 and
specificity of 0.92 for prediction of AKI, using a cutoff value of 150 mg/ml [93]. This assay
is also easy to perform as it has no manual pretreatment steps, a first result available within 35
min and requires only 150 pl of urine. A recent evaluation of the ARCHITECT urine NGAL
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assay demonstrated good precision, sensitivity and lot-to-lot reproducibility, and good short-
term 2-8°C sample stability [97]. However, long-term storage requires a temperature of —70°
C for optimal sample stability [97,98]. This assay is also currently undergoing multicenter
validation in several clinical populations.

Biologic sources of urinary & plasma NGAL

The genesis and sources of plasma and urinary NGAL following AKI require further
clarification. Although plasma NGAL is freely filtered by the glomerulus, it is largely
reabsorbed in the proximal tubules by efficient megalin-dependent endocytosis [26]. Direct
evidence for this notion is derived from systemic injection of labeled NGAL, which becomes
enriched in the proximal tubule but does not appear in the urine of animals [41]. Thus, any
urinary excretion of NGAL is likely only when there is a concomitant proximal renal tubular
injury that precludes NGAL reabsorption and/or increases de novo NGAL synthesis. However,
gene expression studies in AKI have demonstrated a rapid and massive upregulation of NGAL
mRNA in the distal nephron segments — specifically in the thick ascending limb of Henle’s
loop and the collecting ducts [26]. The resultant synthesis of NGAL protein in the distal
nephron and secretion into the urine appears to comprise the major fraction of urinary NGAL.
Supporting clinical evidence is provided by the consistent finding of a high fractional excretion
of NGAL reported in human AKI studies [26,41]. The over-expression of NGAL in the distal
tubule and rapid secretion into the lower urinary tract is in accord with its teleological function
as an antimicrobial strategy. It is also consistent with the proposed role for NGAL in promoting
cell survival and proliferation, given the recent documentation of abundant apoptotic cell death
in distal nephron segments in several animal and human models of AKI [99,100].

With respect to plasma NGAL, the kidney itself does not appear to be a major source. In animal
studies, direct ipsilateral renal vein sampling after unilateral ischemia indicates that the NGAL
synthesized in the kidney is not introduced efficiently into the circulation, but is abundantly
present in the ipsilateral ureter [26]. However, it is now well known that AKI results in a
dramatically increased NGAL mRNA expression in distant organs [101], especially the liver
and lungs, and the overexpressed NGAL protein released into the circulation may constitute a
distinct systemic pool. Additional contributions to the systemic pool in AKI may derive from
the fact that NGAL is an acute-phase reactant and may be released from neutrophils,
macrophages and other immune cells. Furthermore, any decrease in GFR resulting from AKI
would be expected to decrease the renal clearance of NGAL, with subsequent accumulation in
the systemic circulation. The relative contribution of these mechanisms to the rise in plasma
NGAL after AKI remains to be determined.

Limitations of NGAL as an AKI biomarker

Clearly, NGAL represents a novel predictive biomarker for AKI and its outcomes. However,
NGAL appears to be most sensitive and specific in homogeneous patient populations with
temporally predictable forms of AKI. Published studies have also identified age as an effective
modifier of NGAL’s performance as an AKI biomarker, with better predictive ability in
children (overall AUC-ROC 0.93) than in adults (AUC-ROC 0.78). Plasma NGAL
measurements may be influenced by a number of coexisting variables including chronic kidney
disease, chronic hypertension, systemic infections, inflammatory conditions, anemia, hypoxia
and malignancies [34,35,102-104]. In the chronic kidney disease population, NGAL levels
correlate with the severity of renal impairment. However, it should be noted that the increase
in plasma NGAL in these situations is generally much less than those typically encountered in
AKI. In addition, NGAL has been demonstrated to be expressed in human atherosclerotic
plaques [105], as well as abdominal aortic aneurysms [106], which may also influence plasma
NGAL measurements.
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There is emerging literature suggesting that urine NGAL is also a marker of chronic kidney
disease and its severity [3]. In this population, urine NGAL levels are elevated and significantly
correlated with serum creatinine, GFR and proteinuria [107-109]. Urine NGAL has also been
demonstrated to represent an early biomarker for the degree of chronic injury in patients with
IgA nephropathy [110] and lupus nephritis [111-113], and may be increased in urinary tract
infections [114]. However, the levels of urine NGAL in these situations are significantly
blunted compared with that typically measured in AKI.

Limitations of studies examining NGAL as an AKI biomarker

Despite the optimism in the field, there are important limitations that exist in the published
NGAL literature that must be acknowledged. First, the majority of studies reported were from
single centers that enrolled small numbers of subjects. Validation of the published results in
large multicenter studies will be essential. Second, most studies reported to date, did not include
patients with chronic kidney disease. This is problematic, not only because it excludes a large
proportion of subjects who frequently develop AKI in clinical practice, but also because chronic
kidney disease, in itself, can result in increased concentrations of NGAL, thereby representing
a confounding variable. Third, many studies reported only statistical associations (odds ratio
or relative risk), but did not report sensitivity, specificity and AUCs for the diagnosis of AKI;
these are essential to determine the accuracy of the biomarker. Fourth, only a few studies, with
a relatively small number of cases, have investigated biomarkers for the prediction of AKI
severity, morbidity and mortality — results of testing NGAL as a predictor of hard clinical
outcomes in large multicenter studies are anxiously awaited. Finally, the definition of AKI in
the published studies varied widely, but was based largely on elevations in serum creatinine,
raising the conundrum of using a flawed outcome variable to analyze the performance of a
novel assay. The studies of biomarkers such as NGAL for the diagnosis of AKI may have
yielded different results had there been a true ‘gold standard’ for AKI. Instead, using AKI as
defined by a change in serum creatinine, sets up the biomarker assay for lack of accuracy due
to either false positives (true tubular injury but no significant change in serum creatinine) or
false negatives (absence of true tubular injury, but elevations in serum creatinine caused by
prerenal effects or any of a number of confounding variables that affect this measurement). In
future studies, it will be crucial to understand the clinical outcomes of subjects who may be
prone to AKI and are “NGAL-positive’ but ‘creatinine-negative’, since this will determine
whether the biomarker is overtly sensitive. Since the gold standard for true AKI (tissue biopsy)
is highly unlikely to be feasible, it is vital that future studies are large enough, and demonstrate
the association between biomarkers and hard outcomes, such as dialysis, cardiovascular events
and death, and that randomization to a treatment for AKI, based on high biomarker levels,
results in an improvement in kidney function and a reduction of clinical outcomes. This should
be the next priority in the field.

Future perspective

As an AKI biomarker, NGAL has successfully passed through the preclinical assay
development and initial clinical testing stages of the biomarker development process. It has
now entered the prospective screening stage, facilitated by the development of commercial
tools for the measurement of NGAL in large populations and across different laboratories; but
will any single biomarker suffice in AKI? In addition to early diagnosis and prediction, it would
be desirable to identify biomarkers capable of discerning AKI subtypes, identifying etiologies,
predicting clinical outcomes, allowing for risk stratification and monitoring the response to
interventions. In order to obtain all of this desired information, a panel of validated biomarkers
may be needed. The current status of NGAL, as an AKI biomarker for these indications, has
been chronicled in this article. Other AKI biomarker candidates may include 1L-18, kidney
injury molecule-1, cystatin C and liver-type fatty-acid binding protein, to name a few [2-6].
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The availability of a panel of AKI biomarkers could further revolutionize renal and critical
care. However, such idealistic thinking must be tempered with the enormous technical and
fiscal issues surrounding the identification, validation, commercial development and
acceptance of multimarker panels. Deriving from the recent cardiology literature, a clinically
useful biomarker should be easily measurable at a reasonable cost and with short turnaround
times; provide information that is not already available from clinical assessment; and aid in
medical decision making [115]. In this respect, as a stand-alone biomarker, troponin provides
excellent diagnostic and prognostic information in acute coronary syndromes and acute
decompensated heart failure [116]. If the current prospective multicenter studies of NGAL
measurements with standardized laboratory platforms provide promising results, we may have
already closed in on the ‘renal troponin’.

Executive summary
Acute kidney injury is an increasingly common & serious clinical condition

e Acutekidney injury (AKI) afflicts 5-7% of all hospitalized patients, and up to 30%
of critically ill subjects.

e The mortality rate of critically ill subjects with AKI remains very high — over 50%.
e Serum creatinine is a delayed biomarker of kidney dysfunction in the acute setting.
Characteristics of an ideal AKI biomarker

* Noninvasive, easy to perform, rapid turnaround time, able to utilize standardized
clinical platforms.

e High sensitivity and specificity for early detection.

e Wide dynamic range and cutoff values to allow for risk stratification.

e Can identify the etiology of AKI.

»  Prognosticate (predict need for dialysis, length of hospital stay and mortality).
Discovery of neutrophil gelatinase-associated lipocalin as an AKI biomarker

»  Preclinical transcriptome profiling in a number of AKI models revealed neutrophil
gelatinase-associated lipocalin (NGAL) to be one of the most robustly upregulated
genes in the kidney post-injury.

e Downstream proteomic analyses revealed NGAL to be a highly induced protein
in experimental AKI.

 NGAL was easily and rapidly detected in the urine in animal models of AKI.
NGAL for the prediction of human AKI

» Plasma and urine NGAL are excellent biomarkers for the early prediction of AKI
following defined clinical injuries such as cardiopulmonary bypass, contrast
administration and kidney transplantation.

e Plasmaand urine NGAL are excellent biomarkers for the early prediction of AKI,
even in heterogeneous clinical situations where the timing of kidney injury is
unknown, such as in the critical care or emergency settings.

» NGAL levels can discriminate between true AKI and prerenal azotemia in
unselected patients presenting for emergency care.

NGAL as an efficacy biomarker in AKI
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* Reduction in NGAL levels are becoming increasingly used as an efficacy marker
in trials for the prevention and/or treatment of AKI.

* NGAL is a promising biomarker for the prediction of and monitoring for
nephrotoxic AKI.

NGAL for the prognosis of human AKI

e Plasma and urine NGAL levels increase early in proportion to the duration and
severity of the ensuing AKI in a variety of clinical scenarios.

» Early plasma and urine NGAL concentrations are predictive of dialysis
requirement, mortality and length of hospital stay in a variety of clinical AKI
situations.

Clinical platforms for NGAL measurement
«  The Triage® NGAL Device measures plasma NGAL as a point-of-care platform.

« The ARCHITECT® analyzer measures urine NGAL as a clinical laboratory
platform.

Limitations of NGAL as an AKI biomarker

» Plasma NGAL may be influenced by coexisting variables such as chronic kidney
disease, systemic infections, systemic inflammatory conditions and malignancies.

* Urine NGAL may be influenced by coexisting variables such as chronic kidney
disease, renal inflammation and urinary tract infections.

Conclusion

* NGAL is emerging as an excellent standalone troponin-like biomarker in the
plasma and urine for the prediction of AKI and its clinical outcomes.
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Figure 1. Clinical continuum of acute kidney injury

The figure is color-coded to identify the various stages, and the biomarkers that correspond to
them.

AKI: Acute kidney injury; GFR: Glomerular filtration rate; NGAL: Neutrophil gelatinase-
associated lipocalin.
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Figure 2. Pathophysiologic continuum of acute kidney injury
The figure is color-coded to correspond to the various stages identified in Figure 1.
AKI: Acute kidney injury.
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Figure 3. The cellular role of neutrophil gelatinase-associated lipocalin may be dependent on the

type of molecule it is complexed with
Apo-NGAL: Neutrophil gelatinase-associated lipocalin that is devoid of siderophore or iron;

ECM: Extracellular matrix.
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Figure 4. Plasma neutrophil gelatinase-associated lipocalin levels measured by Triage® neutrophil
gelatinase-associated lipocalin device at various time points after cardiopulmonary bypass in
subjects with no acute kidney injury (N), or with acute kidney injury (R, I or F) stratified by RIFLE
criteria

NGAL: Neutrophil gelatinase-associated lipocalin.

Post hoc analysis of data from reference [92].
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Figure 5. Urine neutrophil gelatinase-associated lipocalin levels measured by ARCHITECT®
analyzer at various time points after cardiopulmonary bypass in subjects with no acute kidney
injury (N), or with acute kidney injury (R, I or F) stratified by RIFLE criteria

NGAL: Neutrophil gelatinase-associated lipocalin.

Post hoc analysis of data from [93].
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Table 1

Desirable characteristics of acute kidney injury biomarkers.

Biomarker property NGAL NGAL
Noninvasive to measure, using urine or blood Yes
Rapid, inexpensive to measure Yes
Results available while damage is limitable Yes
Amendable to clinical assay platforms Yes
Sensitive to establish an early diagnosis Yes
High gradient to allow risk stratification Yes
Specific to intrinsic AKI (versus prerenal) Yes
Discerns AKI from chronic kidney disease No
Increases proportional to degree of damage Yes
Associated with a known mechanism Yes
Identifies primary location of injury within kidney ~ Yes
Results predict clinical outcomes Yes
Results predict efficacy of therapies Yes
Results expedite drug development process Yes

AKI: Acute kidney injury; NGAL: Neutrophil gelatinase-associated lipocalin.
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