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Abstract

Neutrophil gelatinase-associated lipocalin (NGAL), a 25 kDa protein produced by injured nephron
epithelia, is one of the most promising new markers of renal epithelial injury. In contrast to serum
creatinine and urinary output, which are measures of kidney function, NGAL is specifically
induced in the damaged nephron and then released into blood and urine, where it can be readily
measured. Careful proof-of-concept studies using defined animal models have uncovered the
sources and trafficking of NGAL in acute kidney injury (AKI) and have addressed the
contributions of renal and non-renal sources. Clinical studies indicate that NGAL, unlike
creatinine, is a marker responsive to tissue stress and nephron injury, but less so to adaptive
hemodynamic responses. In certain clinical settings, NGAL is an earlier marker compared with
serum creatinine. In addition, clinical studies have shown that NGAL is a powerful predictor of
poor clinical outcomes, which can be used to risk stratify patients when combined with serum
creatinine. NGAL has important limitations, including its responsiveness in systemic
inflammation, which is partially uncoupled from its response to kidney injury and which needs to
be considered when interpreting NGAL results clinically. This review covers the biology and
pathophysiology of NGAL and summarizes the results of the growing body of clinical studies that
have addressed the utility of NGAL in the early diagnosis of AKI, in the distinction of intrinsic
AKI and in the prognostic assessment of broad patient populations.
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Acute kidney injury (AKI) is a common problem (Nash et al., 2002) and has high mortality
rates (Uchino et al., 2005). Currently, the diagnosis of acute kidney injury relies on serum
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creatinine and urinary output, two markers of kidney function rather than kidney injury. It is
widely acknowledged that creatinine in acute kidney injury has several limitations, including
its delayed response and its responsiveness to purely hemodynamic adaptations of the
glomerular filtration rate, often referred to as “prerenal state” (Jo et al., 2007), (Devarajan,
2007),(Cruz et al., 2011), (Bennett et al., 2008). Due to the delayed response of creatinine
and the lack of specific symptoms, AKI is usually diagnosed late and an early specific
therapy of intrinsic acute kidney injury is frequently unavailable. On the other hand,
creatinine often reflects chronic kidney disease rather than acute kidney injury. Because of
these shortcomings of serum creatinine (figure 1), more reliable biomarkers are needed for
the diagnosis of acute kidney injury (Siew et al., 2011). A desirable biomarker should be
non-invasive, detectable at very early stages of acute damage, specific for cellular damage
and prognostically relevant. Many biomarkers are under investigation regarding their
diagnostic and prognostic values. NGAL is one of them. This article’s purpose is to review
biologic and physiologic data on NGAL, experimental models of NGAL in acute kidney
injury and clinical studies on the diagnostic and prognostic utility of NGAL in patients with
acute kidney injury.

NGAL in acute kidney injury: from biology to pathophysiology

NGAL is a 25 kDa protein of the lipocalin family. Lipocalin proteins are composed of 8 3-
strands that form a -barrel enclosing a calyx (Flower et al., 2000). This NGAL structure
was illustrated by crystallography (Goetz et al., 2002). The calyx binds and transports small
molecules. NGAL was originally identified in neutrophils, but it is also expressed in kidney,
liver and epithelial cells in response to various pathologic states, such as inflammation,
infection, intoxication, ischemia, acute kidney injury and neoplastic transformation
(Kjeldsen et al., 2000), (Goetz et al., 2000), (Cowland and Borregaard, 1997), (Nielsen et
al., 1996), (Xu et al., 1995), (Mishra et al., 2003), (Mishra et al., 2005).

NGAL exists as a 25 kDa monomer, 45 kDa homodimer and conjugated to gelatinase as a
135 kDa heterodimeric form (Kjeldsen et al., 1993). The monomeric form and to some
extent the heterodimeric forms are the predominant forms produced by tubular epithelial
cells, whereas the homodimeric form is specific to neutrophils (Cai et al., 2010).

NGAL binds bacterial siderophores or endogenous compounds in mammals, including
catechol, with high affinity (Cai et al., 2010), (Bao et al., 2010). NGAL inhibits bacterial
growth by binding siderophores and it can effectively transport iron into cells, where the
iron is released inducing downstream cellular responses (Yang et al., 2002), (Li et al., 2004).
Processes induced by NGAL include bacteriostasis, anti-apoptotic effects, and an enhanced
proliferation of renal tubules, which constitute possible pathways of NGAL-mediated kidney
protection in acute injury. NGAL is expressed at low constant rates in multiple cell types.
Accordingly, in healthy individuals, low NGAL levels are detectable in the systemic
circulation. In the kidney, NGAL is filtered in the glomerulus and luminal NGAL is readily
reabsorbed in proximal tubule by a megalin-dependent pathway (Hvidberg et al., 2005),
(Mori et al., 2005).

Hence, at baseline only low levels of NGAL are detectable in urine. Immediately following
acute kidney inury, NGAL is massively upregulated in the distal part of the nephron, i. e.
thick ascending limb of Henle’s loop, distal tubule, and collecting duct. This leads to
increased urinary and plasma NGAL levels, presumably resulting from both apical and
basolateral secretion from nephron epithelia. Impaired proximal tubular reabsorption in the
setting of proximal tubular injury may further potentiate increased NGAL levels in urine
(Mori et al., 2005), (Schmidt-Ott, 2011), (Schmidt-Ott et al., 2007) (Figure 2). These
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characteristics may make NGAL superior or complementary to creatinine in the diagnosis of
acute kidney injury (figure 1).

NGAL may originate from non-renal tissues, in particular in malignancy (Zhang et al.,
2012), (Barresi et al., 2011) and sepsis (Wheeler et al., 2008), (Bagshaw et al., 2010),
causing elevated NGAL levels in the absence of acute kidney injury. On the other hand,
leucocyturia in the setting of urinary tract infections leads to increased urinary NGAL levels
(Yilmaz et al., 2009). Hence, non-renal diseases may constitute important confounders,
when NGAL levels are interpreted with regard to acute kidney injury. Tomonaga et al
(Tomonaga et al., 2012) showed in a large and heterogenous primary care population that
urinary NGAL levels are also dependent on gender, age, and liver function, and that they
correlate with inflammatory parameters. Increased urinary NGAL levels were found in 6.5%
of patients in the absence of AKI based on conventional criteria.

NGAL Sources and Trafficking: Animal models

Renal ischemia-reperfusion injury in mice and rats induces a marked up-regulation of
NGAL expression in ischemic injured kidneys within 3 hours of injury, whereas serum
creatinine displays milder responses. In fact, increased creatinine levels are only observed
following profound bilateral renal ischemia, while creatinine remains unchanged in
unilateral or mild bilateral ischemia (Mishra et al., 2003). Maximum expression levels of
NGAL mRNA in injured kidneys were elevated more than 1000-fold after 24 to 48 hours
(Schmidt-Ott et al., 2006). Urinary NGAL protein was undetectable in urine before ischemia
and became evident within 2-3 hours of clinically significant ischemia. Time of occurrence,
intensity and duration of urinary NGAL expression correlated with those of the ischemic
event. Maximal NGAL levels following AKI displayed up to 1000-fold increases in urine
(from 0.04 to 40 mg/ml) and 300-fold increases in blood (from 0.1 to 30 mg/ml) (Mishra et
al., 2003), (Schmidt-Ott et al., 2006). Administration of exogenous recombinant NGAL in a
mouse model of ischemia-reperfusion injury resulted in a protection of the kidney from
ischemic damage (Mori et al., 2005).

In a mouse model of cisplatin-induced AKI, expression of NGAL protein measured by
Western blot was induced in the kidney within 3 hours of high dose cisplatin administration
in a dose- and duration-dependent manner (Mishra et al., 2003), (Mishra et al., 2004). By
immunofluorescence, NGAL was detectable predominantly in proximal tubule cells,
although this is likely a reflection of NGAL endocytosis in proximal tubular cells rather than
proximal tubular synthesis of NGAL. In sharp contrast, changes in serum creatinine were
not evident until 96 hours after cisplatin (Mishra et al., 2004).

In a rat model of acute toxin-induced kidney injury, NGAL mRNA expression was
significantly up-regulated in tubular epithelia 3-12 h after lipopolysaccharide application
(Han et al., 2012). Both plasma and urinary NGAL levels increased in parallel. In addition,
urinary NGAL was the most sensitive indicator of gentamicin nephrotoxicity, compared to
other biomarkers, with significant changes occurring within 24 hours, before any changes in
serum creatinine were evident (Hoffmann et al., 2010).

In all animal models, NGAL levels in the acutely injured kidney and urinary NGAL levels
reflected acute kidney injury more accurately when compared with serum creatinine. Since
the temporal resolution in these studies was limited due to the requirement of repeated
intermittent urine and blood sampling, Paragas et al. (Paragas et al., 2011) developed a novel
genetic mouse model to non-invasively analyze NGAL expression In this study, an NGAL
reporter mouse was generated by knocking reporter genes into the genomic locus encoding
NGAL. This facilitated reporter expression mirroring normal endogenous NGAL expression
and allowed its non-invasive detection. Acute renal injury was induced by ischemia
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reperfusion and nephrotoxins. The time course of luminescent reporter expression was
visualized in living mice. The luminescence was 10-fold increased 3—6h after renal artery
clamping with peak expression (~25-80 fold) 12 hours after ischemia. The intensity of the
response depended on the ischemic dose. Importantly, non-ischemic kidneys and extra-renal
tissues showed no luminescence. Kidney NGAL reporter expression and urinary NGAL
levels were strictly correlated, both temporally and in the intensity of their responses,
implying that the protein originated from the kidney.

By clamping of a segmental artery it was possible to directly compare NGAL expression in
damaged and intact regions of the same kidney. NGAL expression appeared specifically in
tubular segments of injured nephrons, but no NGAL induction was observed in non-
ischemic zones. The study by Paragas et al. also examined whether urinary NGAL originates
in the kidney. To address this, kidney cross-transplants between NGAL knockout (NGAL-/
-) and wild type mice (NGAL+/+) were performed (Figure 3). After renal artery clamping
there was a 230-fold and 185-fold induction of NGAL mRNA in ischemic NGAL+/+
kidneys transplanted into NGAL+/+ hosts and NGAL+/+ kidneys transplanted into NGAL—/
— hosts, respectively. Conversely, there was only a 6-fold NGAL mRNA induction in
ischemic NGAL-/- kidneys transplanted into NGAL+/+ hosts presumably deriving from
host cells that invaded the kidney. Consistently, urinary NGAL protein levels were elevated
to a similar degree following ischemia of NGAL+/+ kidneys transplanted to NGAL+/+ or
NGAL-/- hosts. However, only a mild increase of urinary NGAL was observed after
ischemia of NGAL-/- kidneys transplanted into NGAL+/+ hosts, indicating that some
extra-renal source contributed to urinary NGAL levels. However, the increase was
substantially smaller when compared to urinary NGAL levels after ischemia of an NGAL+/
+ kidney, suggesting that the majority of urinary NGAL is derived from the ischemic
kidney.

NGAL and its clinical utility as a biomarker of AKI

In clinical medicine, diagnosis of acute kidney injury is currently based on serum creatinine
and urine output, but these markers have major limitations. First, they do not differentiate
between structural kidney damage and purely functional hemodynamic triggers of a reduced
GFR. Second, the diagnosis is delayed until creatinine has accumulated, which inevitably
delays treatment. NGAL could help in resolving these shortcomings due to its ability to
identify tissue damage rather than renal dysfunction and due to its rapid induction in
response to AKI. Numerous studies have addressed the potential clinical utility of NGAL in
AKI. All studies combined include more than 7000 patients.

The studies show a remarkable heterogeneity regarding the patient populations studied, the
biofluids analyzed, the assays used to measure NGAL levels, the definitions of clinical
endpoints, and the reported test characteristics (Table 1). Most of these studies are
monocentric, while four studies were multicentric (Nickolas et al., 2012), (Parikh et al.,
2011), (Perry et al., 2010), (Wheeler et al., 2008) and another two studies were performed
within a framework of multicenter trials (Koyner et al., 2012), (Trachtman et al., 2006). AKI
diagnosis was made according to current diagnostic criteria based on postoperative
creatinine dynamics (>50% or > 0.3 mg/dl increases of creatinine).

Several studies investigated cardiac surgery patients (Bennett et al., 2008), (Mishra et al.,
2005), (Parikh et al., 2011), (Dent et al., 2007), (Wagener et al., 2006), (Haase-Fielitz et al.,
2009), (Koyner et al., 2010). The advantage of this setting is that the time point of injury is
known. Most of these studies showed NGAL both in the blood and urine to be a decent
predictor of acute kidney injury, although AUC-ROCs varied substantially.
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In children undergoing cardiopulmonary bypass NGAL measurements in urine and blood
showed remarkable promise in identifying patients at risk of AKI early (Bennett et al.,
2008), (Mishra et al., 2005), (Dent et al., 2007). These studies showed a delay of 1-3 days in
the diagnosis of AKI, when serum creatinine was used as a gold standard marker. There was
a significant increase of NGAL levels measured by Western blotting, ELISA, and
standardized clinical platforms (Abbott ARCHITECT and Alere Triage device) two hours
after surgery both in the urine and blood. Both urine and plasma NGAL predicted AKI
independently, with areas under the receiver operating characteristic curves (AUC-ROCs) of
0.95-0.998 for the urine NGAL and 0.91-0.96 for the plasma NGAL.

A number of prospective observational studies on NGAL were performed on adult patients
after cardiac surgery (Parikh et al., 2011), (Perry et al., 2010), (Koyner et al., 2012),
(Wagener et al., 2006), (Haase-Fielitz et al., 2009), (Koyner et al., 2010). Increased urinary
NGAL levels were observed as early as 1 to 3 hours after surgery, while peak concentrations
of NGAL in urine and plasma were reached 6 h after the operation (Parikh et al., 2011),
(Wagener et al., 2006), (Koyner et al., 2010). Depending on the NGAL assay, the time point
reported and the definition of AKI, the predictive ability of NGAL was markedly different
among these studies. AUC-ROC of urinary NGAL varied from 0.74 (Wagener et al., 2006)
to 0.88 (Koyner et al., 2010). AUC-ROC of plasma NGAL varied from 0.64 (Perry et al.,
2010) to 0.89 (Haase-Fielitz et al., 2009).

It needs to be considered that the diagnostic ability of a biomarker in clinical studies is
dependent on the gold standard method used to detect the diagnostic outcome, i. e. AKI. A
serum-creatinine-based diagnosis of AKI may be a poor measure of true kidney injury,
especially when considering the marked responsiveness of serum creatinine to
hemodynamic changes (“prerenal AKI™). To circumvent this issue, several studies have
attempted to identify intrinsic AKI (as opposed to “prerenal” AKI) in patients based on
clinical criteria, such as the recovery of creatinine to hemodynamic corrections (Nickolas et
al., 2012), (Nickolas et al., 2008), (Singer et al., 2011). In these studies, the AUC-ROC for
urinary NGAL for the diagnosis of intrinsic AKI ranged from 0.81-0.95, suggesting that
NGAL may be better in identifying true damage to the nephron than predicting AKI by
conventional creatinine-based criteria. However, these studies have the limitation of usually
having to depend on clinical criteria of intrinsic kidney damage rather than renal biopsy
results.

Additional data have demonstrated remarkable associations of NGAL levels with poor
clinical outcomes, including worsening of AKI, need of renal replacement therapy, and
mortality (Nickolas et al., 2012), (Trachtman et al., 2006), (Nickolas et al., 2008), (Singer et
al., 2011), (Hall et al., 2011), (Chen et al., 2012). Importantly, patient populations stratified
by serum creatinine were effectively subdivided into high-risk and low-risk populations,
when NGAL levels were added (Nickolas et al., 2012), (Haase et al., 2011). Urinary NGAL
predicted a composite outcome of dialysis initiation or death during hospitalization. NGAL
also identified a substantial subpopulation with low serum creatinine at hospital admission,
but who were at risk of adverse events. This creatinine-negative, NGAL-positive patient
population, which has no AKI by conventional criteria, may represent a novel group of
patients exhibiting “subclinical” AKI. AKI is independently associated with length of
hospital stay (Chertow et al., 2005) and therefore makes treatment more costly. Early
recognition of AKI based on NGAL may facilitate earlier and thus more cost-effective
treatment than standard strategy (Shaw et al., 2011).

Studies focusing on critically ill patients (Zappitelli et al., 2007), (Cruz et al., 2010), (De
Geus et al., 2011), (Bagshaw et al., 2010) also found NGAL to be increased in cases of AKI.
Both, in critically ill children and adults in the intensive care unit (ICU) urinary NGAL was
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a decent diagnostic parameter of AKI with an AUC-ROC of 0.78-0.88 (Zappitelli et al.,
2007), (De Geus et al., 2011). Plasma NGAL in the ICU population discriminated AKI with
an AUC-ROC of 0.78-0.86 (Cruz et al., 2010), (De Geus et al., 2011).

The picture in critically ill septic patients was somewhat less clear, since sepsis is an
important inducer of blood and urinary NGAL expression even in the absence of changes in
creatinine. In sepsis, NGAL originates not only from the injured kidney but also from
leucocytes and liver. Bagshaw et al (Bagshaw et al., 2010) found plasma and urinary NGAL
levels to be substantially higher in patients with septic AKI compared to non-septic AKI.
This fact may limit the diagnostic utility of NGAL in septic patients. These data were
confirmed by Wheeler et al (Wheeler et al., 2008). In this multicenter study diagnostic value
of plasma NGAL measured in septic patients was limited with AUC-ROC for prediction of
AKI of 0.68. Yilmaz et al (Yilmaz et al., 2009) discovered increased NGAL levels measured
by ELISA in children with urinary tract infections in the absence of AKI. In this study
patients with urinary tract infections (UTI) had urinary NGAL levels of 91 ng/ml vs 12 ng/
ml in patients without UTI. At present, the relevance of possible NGAL confounders such as
sepsis or UTI remains unclear. Recently Martensen et al (Martensson et al., 2012) proposed
to combine two different enzyme-linked immunosorbent assays to calculate the amount of
the monomeric NGAL isoform, which is typically found in AKI, and to eliminate the
detection of dimeric NGAL, which is typical of urinary tract infections. The combination of
ELISA-Tests they used identified monomeric NGAL with an AUC-ROC of 0.92 and
reduced the confounding effect of leukocyturia. However, this approach will need to be
validated in larger cohorts to estimate the improvement in diagnosing AKI or intrinsic
nephron injury.

In contrast media induced AKI, significant NGAL increases in plasma and urine were
reported 2 hours after contrast administration both in children (Hirsch et al., 2007), and
adults (Bachorzewska-Gajewska et al., 2006). Diagnostic value of urinary and plasma
NGAL in children were excellent with AUC-ROCs of 0.92 and 0.91 respectively (Hirsch et
al., 2007).

Different studies have used various methodologies to measure NGAL levels, including
experimental assays such as ELISAs and Western blots (Mishra et al., 2005), (Nickolas et
al., 2012), (Wagener et al., 2006) as well as standardized clinical laboratory platforms, such
as the Triage Assay for plasma NGAL (Parikh et al., 2011), (Koyner et al., 2012), (Haase-
Fielitz et al., 2009), (Cruz et al., 2010), (De Geus et al., 2011), (Bagshaw et al., 2010) or the
ARCHITECT assay for urinary NGAL (Bennett et al., 2008), (Nickolas et al., 2012), (Parikh
etal., 2011), (Koyner et al., 2012), (Singer et al., 2011), (Bagshaw et al., 2010). The
timepoint of sampling also varied among the studies (Perry et al., 2010), which further
complicates interpretation and comparison of results of different studies. It is still debated
whether urinary NGAL levels should be corrected for urinary creatinine or urinary
osmolality to correct for urinary concentration. Direct comparison has suggested that
correction of NGAL levels for urinary creatinine yielded similar test characteristics
compared to uncorrected NGAL levels (Singer et al., 2011).

Expectedly, cut-off levels and test characteristics varied among the studies, which prohibits
direct comparisons. Nickolas et al 2012 (Nickolas et al., 2012) showed closely correlating
NGAL levels measured by either Western blots (to identify the AKI-specific monomeric
form) or the ARCHITECT clinical platform. However, the best method of measurement and
the optimal cut-off-levels depending on clinical setting remain to be identified.
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Difficulties in interpreting results due to different settings, sampling time points,
measurement methods and cut offs make additional studies necessary before NGAL can be
recommended as a routine parameter in clinical practice.
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Figure 1.
Pathophysiological classification of AKI based on creatinine and NGAL
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Figure 2.
Schematic model of NGAL sources and NGAL traffic in AKI
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Figure 3.

Elucidation of the sources of urinary NGAL by cross-transplant experiments between mice
genetically deficient in NGAL (NGAL-/-) and NGAL-expressing wildtype mice (NGAL+/

+).
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