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accurate diagnosis of acute kidney injury?
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Abstract

Over the past few years and with the use of innovative genomic and proteomic tools, several molecules that their
urinary concentration is modified during acute kidney injury have been identified and proposed as biomarkers.
Among the most studied biomarkers are neutrophil gelatinase-associated lipocalin-2, kidney injury molecule-1,
interleukin-18, cystatin C, N-acetyl-f-D-glucosaminidase, liver fatty-acid binding protein, and heat shock protein 72.
Here, we reviewed and compared the sensitivity and specificity of each.biomarker for the appropriate diagnosis
of acute kidney injury, as well as its ability to stratify-renal injury and to monitor a renoprotective pharmacologic

strategy.
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Introduction

The major causes of acute kidney injury (AKI) are
ischaemia/reperfusion (I/R) and nephrotoxic injuries
(Friedewald & Rabb 2004). Nearly 15%. of hospital-
ized patients are at risk of developing AKI; however, its
incidence increases to 40-60% in patients-admitted to
the intensive care unit (Kelly 2006). During AKI, many
alterations occurat the cellular and molecular levels that
finally lead to renal dysfunction and structural injury
(Sharfuddin & Molitoris 2011). Despite recent advances
in the understanding of AKI pathophysiology, the mor-
tality rate remains elevated mainly because of the lack
of effective therapies and early detection of AKI (Wu &
Parikh 2008). Furthermore, early treatment of AKI might
be correlated with a better prognosis; therefore, the iden-
tification of successful biomarkers for early diagnosis,
would improve the effectiveness of therapeutic strategies
(Yamamoto et al. 2007). In addition, it is imperative to
find biomarkers that can correctly stratify the extent of
renal injury that each patient suffered because patients
who undergo renal dysfunction and tubular damage dur-
ing AKI are at a high risk of developing chronic kidney

disease (CKD) (Siew et al. 2012). The identification of
these at-risk patients would allow the clinicians to make
an appropriate intervention to ameliorate their progno-
sis and reduce the risk of a requirement for renal replace-
ment therapy or renal transplant.

Conventional biomarkers for
detection of AKI

For many decades, the diagnosis of AKI has been based
on an elevation of serum creatinine and blood urea
nitrogen (BUN) or the presence of oliguria (Mehta &
Chertow 2003). These traditional biomarkers, however,
have several shortcomings in establishing an early and
sensitive diagnosis of AKI (Bagshaw & Gibney 2008). In
the case of creatinine, many factors that modify serum
creatinine concentration are not linked to renal injury,
such as muscular activity, body weight, age, gender, race,
and protein intake. In addition, the elevation of serum
creatinine usually occurs from 48 to 72 h after the renal
injury has occurred; thus, an early diagnosis based on
creatinine elevation is unlikely to be feasible (Coca &
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Parikh 2008). Moreover, a large proportion of the renal
tissue may be injured before serum creatinine rises, an
outcome that is evidenced in the renal transplantation
context, where the kidney donor loses 50% of the total
kidney mass without changes in serum creatinine
(Herrera & Rodriguez-Iturbe 1998). BUN is also an
insensitive AKI marker because its concentration may
be altered by non-renal factors, such as a high-protein
diet, glucocorticoid therapy or trauma. In addition, in a
great number of patients, AKI is developed without loss
of excretory function; thus, oliguria might underestimate
the number of patients with acute tubular damage
(Ronco et al. 2010). In this regard, the identification
of novel biomarkers of AKI that would allow for the
establishment of an early AKI diagnosis is needed.
Once a new biomarker is found, its sensitivity as a
reliable and early marker of AKI must be assessed in
five critical phases: (i) experimental studies identifying
the molecules of which expression or concentration is
modified during experimental AKI in mice or rat; (ii)
the identification of a reliable and reproducible method
to quantify the biomarker in urine samples; (iii) clinical
assays to detect the proposed biomarker in samples
from patients with clinical AKI and evaluations of the
biomarker’s ability to detect AKI prior to diagnosis with
the conventional methods; (iv) large-scale validation to
determine the biomarker’s properties, such as sensitivity
and specificity; and (v) screening the population with the
new biomarker throughout disease treatment, disease
evolution and improvement of outcomes (Siew et al.
2011).

Novel biomarkers of AKI

Over the past few years, many studies have focused on
the development of early and sensitive biomarkers for
AKI. With the use of innovative genomic and proteomic
tools, several molecules of which their serum or urine
concentration is modified during AKI in experimental
models and humans have been identified and proposed
as biomarkers. From these studies, nearly 20 molecules
have been proposed to serve as biomarkers of AKI.
Among the most studied and promising biomarkers are
neutrophil gelatinase-associated lipocalin-2 (NGAL),
kidney injury molecule-1 (Kim-1), interleukin-18 (IL-
18), cystatin C, N-acetyl-B-D-glucosaminidase (NAG),
liver fatty-acid binding protein (L-FABP), and heat shock
protein 72 (Hsp72).

Neutrophil gelatinase-associated lipocalin-2

NGAL is a 25-kDa protein that is covalently bound to
gelatinase from neutrophils and is expressed atlow levels in
several human tissues, including lung, stomach, colon, and
epithelial cells located in the proximal tubule (Cowland &
Borregaard 1997; Flower et al. 2000). NGAL is one of the
fastest up-regulated proteins after an ischaemic insult in
the rat (2 h) as is shown in Table 1 (Mishra et al. 2003). Mori
et al. (2005) found that the NGAL concentration displayed
a significant increase in plasma and urine by 10-fold and

Table 1. Comparison of biomarkers performance in: early
detection of AKI, renal injury stratification, pharmacological
intervention monitoring, recovery of kidney injury and prognosis
prediction.

Early  Injury Pharmacological
Biomarker Detection Severity intervention Recovery Prognosis

NGAL 4 v N.D. 4 v
Kim-1 X v v X v
IL-18 4 4 N.D. N.D. v
Cystatin C VX N.D. N.D. N.D. v
NAG 4 N.D. N.D. N.D. v
L-FABP 4 v N.D. v v
Hsp72 4 4 v v N.D.

Hsp, heat shock protein; IL, interleukin; Kim, kidney injury
molecule; L-FABP, liver fatty-acid binding protein; NAG,
N-acetyl-f-D-glucosaminidase; N.D., not determined; NGAL,
neutrophil gelatinase-associated lipocalin-2.

100-fold, respectively, in patients who suffered from AKI
in the intensive care unit (ICU) compared with control
humans. These findings indeed showed a substantial
elevation of NGAL during an AKI episode. There is also
an evidence that NGAL is an early AKI biomarker. Mishra
et al. (2005) showed, in a population of children with
cardiopulmonary bypass who developed AKI, a 10-fold
elevation of NGAL in the urine and plasma 2-6 h after the
surgery, whereas the elevation of serum creatinine was
observed 1-3 days after the surgery. These observations
have also been corroborated in adult populations
subjected to cardiopulmonary bypass (CBP) (Parikh et al.
2011a;Tuladhar et al. 2009). As shown in Table 2, NGAL has
been extensively studied for the early diagnosis of AKI after
cardiac surgery, showing a 100% efficiency in diagnosing
AKI at 2 h post-surgery (Bennett et al. 2008; Torregrosa
et al. 2012; Matsui et al. 2012). Other studies, however, have
reported a lower effectiveness (Han et al. 2002; Wagener
et al. 2008; Koyner et al. 2010; Parikh et al. 2011b; Parikh,
2011a; Pechman et al. 2009). Wagener et al. (2009) found
that urinary NGAL was consistently elevated after cardiac
surgery (1, 3, 8, and 24 h). Unfortunately, NGAL was also
elevated in non-AKI patients. The poor effectiveness of
NGALin these patients was evidenced by the low area under
the curve (AUC), sensitivity, and specificity (0.67, 69, and
65%, respectively) 3 h after surgery. In the transplantation
setting, NGAL seems to show a better performance (Nauta
etal. 2011; Jochmans et al. 2011). In a cohort of transplanted
patients, NGAL predicted delayed graft function (DGF) at a
cut-off value of 1000 ng/mg creatinine with 90% sensibility,
83% specificity, and an AUC of 0.9 (Parikh et al. 2006a).
Consequently, the ability of NGAL to predict AKI before
serum creatinine elevation has been evaluated in ICU
patients (Prabhu et al. 2010; Makris et al. 2009). In a study
performed by de Geus et al. (2011), urinary NGAL assessed
at ICU admission was able to predict the development of
severe AKI with similar efficacy as serum creatinine-derived
estimated glomerular filtration rate (GFR). Moreover,
plasma NGAL quantified in patients in the ICU was a good
diagnostic tool for AKI development, with an AUC of 0.78
and with a diagnosis window of 48 h before creatinine-based
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Table 2. Performance comparison among the biomarkers reviewed in different clinical settings by using the area under the curve
reported for each biomarker.
Cardiac surgery Kidney transplantation Nephrotoxic
Biomarker Cardiac surgery (adults) (pediatric) ICU (DGF) (AKI)
NGAL 0.5/0.57/0.6/0.65/0.77/0.88/ 0.71/0.91 0.77/0.82/0.86/0.86/0.97 0.63/0.85/0.9 0.91/0.92
0.95/0.98
Kim-1 0.68/0.78/0.91 N.D. 0.9/0.95 0.74 N.D.
IL-18 0.61/0.66/0.72 0.72/0.84 0.62/0.73 0.83/0.9 N.D.
CystatinC  0.5/0.76/0.86 N.D. 0.62/0.7/0.7/0.72/0.8/0.92  0.74/0.83 0.48
NAG 0.62/0.63/0.75 N.D. 0.84 0.75 N.D.
L-FABP 0.72/0.86 0.77/0.81 0.95 N.D. N.D.
Hsp72 N.D. N.D. N.D. N.D. N.D.

DGE, delayed graft function; Hsp, heat shock protein; ICU, intensive care unit; IL, interleukin; Kim, kidney injury molecule; L-FABP,
liver fatty-acid binding protein; NAG, N-acetyl-3-D-glucosaminidase; N.D., not determined; NGAL, neutrophil gelatinase-associated

lipocalin-2.

diagnosis (Cruz et al. 2010). The ability of NGAL to detect
AKI induced by cisplatin has also been evaluated in
mice (Mishra et al. 2004). NGAL was up-regulated in the
kidney 3 h after a high dose of cisplatin, and interestingly,
urinary NGAL concentrations correlated with the dose
and duration of cisplatin administration. NGAL urinary
concentration can also provide prognostic value for some
clinical outcomes, such as initiation of dialysis and mortality
(Parikh et al. 201la). In addition, urinary NGAL level
performed well in detecting AKI induced by nephrotoxic
agents in humans (Hirsch et al. 2007). An interesting study
reported by Haase et al. showed that a cohort of NGAL-
positive but normal creatinine patients were 16-fold more
likely to undergo dialysis, 3-fold more likely to die during
hospitalization, spent 3 more days in the ICU and spent
8 more days at hospital compared with NGAL-negative
patients or patients with creatinine elevation (Haase et al.
2011). These findings suggest that NGAL concentration is
a biomarker that is capable of detecting subclinical AKI;
however, whether subclinical AKI affects prognosis and
or long-term effects remains unknown. One disadvantage
of the use of this biomarker in the clinical setting is that
non-renal NGAL is elevated in response to systemic
stress, and thus, urinary NGAL excretion is increased in
other pathological conditions or in patients with chronic
renal injury without reflecting the presence of AKI (Soni
et al. 2010). In fact, serum NGAL is elevated in patients
with acute bacterial infections (Alpizar-Alpizar et al. 2009).
Although NGAL is an early AKI biomarker, its reduced
specificity limits its consistency as an ideal biomarker
of AKI.

Kidney injury molecule-1

Kim-1 is a trans-membrane glycoprotein with immuno-
globulin and mucin domains. This protein is a phospha-
tidylserine receptor that recognizes apoptotic cells and
confers on epithelial cells the capacity to recognize and
phagocytize dead cells that are present after renal isch-
aemia (Ichimura et al. 2008). Kim-1 is expressed minimally
in normal adult rat kidney and is dramatically over-
expressed in the S3 segment of the proximal tubule cells

© 2012 Informa UK, Ltd.

after ischaemia/reperfusion (I/R) or nephrotoxic injuries
in rat kidneys (Vaidya et al. 2006, 2010). Kim-1 is thought
to be expressed in dedifferentiated cells after AKI, as it is
also expressed in patients with renal cell carcinoma, a con-
dition that displays cell dedifferentiation (Han et al. 2005).
Fortunately, a proteolytically processed ectodomain is eas-
ily detected in the urine, facilitating assessment of Kim-1
urinary concentration (Zhang et al. 2007). In fact, in several
clinical studies, urinary Kim-1 is higher in patients with
AKI than other types of kidney injury, such as CKD (Han
et al. 2002; Liangos et al. 2009). Importantly, in patients
with recognized AKI, the AUC is 0.90 as is shown in Table
2. However, one study evaluating Kim-1 as an early bio-
marker reported a poor performance for this protein as is
depicted in Table 1 (Han et al. 2008). In spite of the inability
of urinary Kim-1 to predict the outcomes after AK], it has
been showed that the urinary Kim-1 and NAG levels could
predict the odds for dialysis requirement or hospital death
(Liangos et al. 2007). In a population of patients who under-
went cardiac surgery, urinary Kim-1 increased significantly
compared with non-AKI patients at 2 h after surgery, and
after 24 h, the AUC ranged between 0.78 and 0.91 (Table 2).
However, Kim-1 performed better in patients with estab-
lished acute tubular necrosis, with an AUC ranging from
0.9 to 0.95 (Huang & Don-Wauchope 2011). The ability of
Kim-1 to predict DGF after kidney transplant has been eval-
uated by Kim-1 immunohistochemistry. Unexpectedly, the
authors did not find any significant correlation between
Kim-1 staining and the occurrence of DGF (Schroppel
et al. 2010). However, Malyszko et al. (2010) reported that
urinary Kim-1 after transplantation provides prognostic
information, such as the rate of renal function decline
over time, suggesting that although Kim-1 is not an early
predictor of DGE in a long-term context, it may be useful
to predict renal dysfunction progression. Kim-1 has also
proven successful for diagnosing AKI induced by neph-
rotoxic agents. In fact, a recent report showed that Kim-1
outperformed serum creatinine, BUN and urinary NAG in
multiple rat models of nephrotoxicity, with the best results
being observed with cisplatin, gentamicin and kancomy-
cin exposure, suggesting that urinary Kim-1 may facilitate
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accurate prediction of human nephrotoxicity in preclinical
drug studies (Vaidya et al. 2010). Finally, Kim-1 levels are
also valuable for monitoring a renoprotective strategy in an
experimental model of chronic cyclosporine nephrotoxicty
(Perez-Rojas et al. 2007). Together, these findings indicate
that Kim-1 is a better biomarker for diagnosing established
AKI than for ascertaining an early diagnosis.

Interleukin-18

IL-18 is a pro-inflammatory cytokine that is up-regu-
lated and cleaved in the proximal tubule during AKI.
It is expressed in the intercalated cells of the late distal
convoluted tubule, connector and collecting duct. IL-18
is co-expressed with P2X7 and caspase-1, which con-
vert the pro-IL-18 into its active form. Subsequently,
IL-18 leaves the cell, and the IL-18 in the tubular epi-
thelium enters the urine (Melnikov et al. 2001; Fantuzzi
et al. 1998). Urinary IL-18 level is sensitive in diagnos-
ing established AKI, as its urinary concentration was
elevated in patients with acute tubular necrosis, with an
AUC of 0.95. However, no elevation is observed in CKD,
urinary tract infection, nephrotic syndrome or pre-renal
azotaemia (Parikh et al. 2004). For early diagnosis, IL-18
seems to have a low sensitivity but high specificity.
However, as is shown in Table 2, inconsistent results
have been observed for the ability of IL-18 to predict
AKI in post-cardiac surgery patients (Haase et al. 2008;
Parikh et al. 2006b; Torregrosa et al. 2012; Parikh et al.
2005; Siew et al. 2010). In a cohort of 1219 adults under-
going cardiac surgery, urinary IL-18 peaked 6 h after the
surgery, and the highest urinary IL-18 levels were asso-
ciated with 6.8-fold increased odds of AKI development,
longer hospital and ICU stays and higher risk for dialysis
requirement or death (AUC of 0.76 for AKI diagnosis)
(Parikh et al. 2011a). The ability of IL-18 to predict DGF
was evaluated in 91 transplant patients, in whom DGF
was classified as slow graft function or immediate graft
function. The median levels of urinary NGAL and IL-18,
but not Kim-1, were different between the groups at all
time points studied (Hall et al. 2011a). Little is known
about the ability of IL-18 to detect AKI induced by neph-
rotoxic agents. One study reported that IL-18 identified
contrast-induced nephropathy (CIN) 24 h earlier than
SCr elevation (Ling et al. 2008). All of these data suggest
that IL-18 is a suitable biomarker for established AKI
but cannot predict AKI after cardiac surgery due to low
sensitivity.

Cystatin C

Cystatin C is a cysteine protease inhibitor that is pro-
duced by all nucleated cells, is released into the blood
at a relatively constant rate, and apparently is not influ-
enced by factors other than GFR. Cystatin C is often con-
sidered a marker of GFR because it possesses the main
characteristics of an ideal GFR marker: itis freely filtered,
completely reabsorbed and not secreted into the renal
tubules. In contrast to creatinine, cystatin C levels are
not significantly affected by age, gender, race, or muscle

mass (Herget-Rosenthal et al. 2004). However, although
it is more often recognized as a GFR marker, it seems to
be a marker of AKI as well, as renal dysfunction is a main
feature of AKI (Zhang et al. 2011; Haase et al. 2009; Nejat
et al. 2010; Hall et al. 2011b; Hall et al. 2011a). Indeed,
serum cystatin C has been a useful AKI marker in hos-
pitalized patients 24-48 h earlier than serum creatinine
elevation but 10 h later than NGAL. Herget-Rosenthal
et al. (2004) reported that cystatin C may predict AKI
2 days before serum creatinine elevation in the ICU
context. In a post-cardiac surgery paediatric popula-
tion, increased cystatin C, 6 h after surgery predicted
stage 1 and 2 AKI. Moreover, higher cystatin C predicted
longer ventilation and ICU stay (Zappitelli et al. 2011).
The urinary excretion of cystatin C has shown the abil-
ity to predict the requirement for renal replacement
therapy in patients with established AKI 2 days earlier
than creatinine clearance reduction, with an AUC of 0.72
(Royakkers et al. 2011). However, similar findings were
not observed in a paediatric population of kidney trans-
plant recipients because cystatin C was not superior to
creatinine for the detection of DGF (Slort et al. 2012).
Finally, cystatin C did not show a better performance
than serum creatinine in detecting contrast-induced
nephropathy (Ribichini et al. 2012). Therefore, cystatin
C seems to perform better than serum creatinine in pre-
dicting AKI but in lesser proportion than other recently
described biomarkers.

N-acetyl-B-D-glucosaminidase

NAG is a lysosomal enzyme found in proximal tubules,
and increased activity of this enzyme in the urine
suggests injury to tubular cells. Therefore, NAG can
serve as specific urinary marker for damaged tubular
cells. NAG has proven to be effective for the diagnosis of
nephrotoxicrenal injury, delayed renal allograft function,
chronic glomerular disease, diabetic nephropathy and
cardiopulmonary bypass earlier than creatinine elevation
(Bazzi et al. 2000; Katagiri et al. 2012). Moreover, higher
urinary NAG has been associated with poor outcomes,
such as dialysis requirement or death (Liangos et al.
2007). Unfortunately, urinary NAG activity is inhibited
by endogenous urea as well as by a number of industrial
solvents and heavy metals. Furthermore, increased
NAG has been reported in a variety of conditions in
the absence of clinically significant AKI, including
rheumatoid arthritis, impaired glucose tolerance and
hyperthyroidism (Erdener et al. 2005; Tominaga et al.
1989). The insensitivity and non-specificity of NAG may
limit its use as a biomarker of AKI. In addition, NAG was
reportedly unable to predict the odds of delayed graft
function in the transplant context (Moers et al. 2010),
but NAG performed better for CIN diagnosis. Ren et al.
(2011) reported that amongst 590 patients undergoing
diagnostic coronary angiography, a significant increase
in urinary NAG was found in 33 patients who developed
CIN; this increase occurred 1 or 2 days before serum
creatinine elevation. In addition, in an experimental
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model of AKI induced by cadmium, Kim-1 increased
after 6 weeks of cadmium treatment and continued to
increase until 12 weeks; however, no increase of NAG
was observed until after 12 weeks of cadmium treatment.
Thus, in comparison with Kim-1, NAG performs poorly
for diagnosing AKI induced by cadmium (Prozialeck
etal. 2009).

Liver fatty acid-binding protein

FABPs are small cytoplasmic proteins of 14 kDa that are
abundantly expressed in tissues with active fatty acid
metabolism. Two types of FABPs have been isolated from
the human kidney: heart-type FABP and liver-type FABP
(L-FABP). L-FABP is normally found in the cytoplasm of
human proximal tubular cells (Veerkamp et al. 1991). It
binds to fatty acids and transports them to mitochondria
or peroxisomes, where the fatty acids are (3-oxidized, and
L-FABP participates in intracellular fatty acid homeo-
stasis. L-FABP is reabsorbed by the proximal tubule via
megalin-domain endocytosis and is localized in the
cytoplasm of proximal tubular cells, liver cells and small
intestine cells (Oyama et al. 2005; Maatman et al. 1992).
Recent studies performed in rats have shown that L-FABP
is a sensitive biomarker in ischaemic AKI (Negishi et al.
2009). In a cardiovascular surgery setting, Matsui et al.
(2011) showed that L-FABP is an early biomarker of AKI
and that it is elevated faster than NGAL and NAG, see
Table 1. These findings were confirmed by Portilla et
al. (2008) in children undergoing cardiac surgery. The
increase in urinary L-FABP occurred within 4 h after car-
diac surgery and predicted subsequent AKI development
with an AUC of 0.81. In the transplant context, urinary
L-FABP level correlated well with the ischaemic time of
the transplanted kidney and with the length of hospital
stay in living related-donor renal transplant recipients
(Yamamoto et al. 2007). In addition, Nakamura et al.
(2006) reported that baseline urinary L-FABP was signifi-
cantly higher in those patients who developed contrast
nephropathy after coronary angiography; however, the
authors did not evaluate the diagnostic performance of
urinary L-FABP in predicting AKI. Moreover, a significant
elevation of urinary L-FABP was found to exist in estab-
lished AKI of a variety aetiologies, including acute tubu-
lar necrosis, sepsis, and nephrotoxic exposure (Ferguson
et al. 2010). In contrast, urinary L-FABP increased pro-
portionally to the dose of cisplatin administrated to the
mice and correlated with the tubular injury score.

Heat shock protein 72

Heat shock proteins (Hsps) are up-regulated in response
to alterations in cellular homeostasis, as occurs during
AKI (Csermely et al. 2007). Particularly, the Hsp70 sub-
family are composed of four isoforms: Hsc70 (constitu-
tive isoform), Hsp72 (inducible isoform), mHsp75 and
Grp78. Hsp72 is highly induced during AKI such that it
constitutes up to 15 % of total cellular protein (Hernadez-
Pando et al. 1995; Kelly 2002; Kelly et al. 2001; Molinas
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et al. 2010). Indeed, Zhang et al. (2008a) reported that
Hsp72 is one of the most up-regulated proteins among
30,000 studied proteins in the I/R rat model. This protein
isinduced in renal tubular cells during AKI, and many of
these cells are detached and projected into the urinary
space in response to AKI. In a previous study from our
laboratory, we reasoned that Hsp72 could be an early
and sensitive biomarker to detect AKI (Barrera-Chimal
et al. 2011). For this purpose, in rats undergoing differ-
ent durations of ischaemia (10, 20, 30, 45 or 60 min) to
induce different degrees of renal injury, Hsp72 expres-
sion progressively increased with the duration of isch-
aemia. Moreover, in the urine of these animals, Hsp72
concentration increased proportionally to the degree of
renal injury, showing a high correlation with the histo-
logical injury score, which is the gold standard for moni-
toring the renal injury induced by I/R. Furthermore,
we explored the performance of Hsp72 as an early bio-
marker of AKI. Rats undergoing to 30 min of ischaemia
were randomly sorted into groups of different durations
of reperfusion (3-120 h). Urinary Hsp72 was elevated at
3 h of reperfusion, peaked at 18 h and reached normal
values at 72 h of reperfusion. Interestingly, this Hsp72
behavior strongly correlated with the histo-pathological
findings: starting at 3 h of reperfusion, there was evi-
dence of tubular injury, which peaked at 18 h and began
healing after 72 h of reperfusion. These results provide
evidence that Hsp72 is an early biomarker of AKI and that
it may help in monitoring the regeneration process after
AKI. Because we had previously shown that mineralocor-
ticoid receptor blockade with spironolactone or adrenal
gland removal is an effective strategy to prevent renal
injury induced by spironolactone, we also evaluated the
effectiveness of Hsp72 to detect a pharmacological strat-
egy to prevent AKI. A group of animals were pre-treated
with different doses of spironolactone 3 days before renal
injury induced by renal bilateral ischaemia. Hsp72 was
able to monitor the degree of renoprotection conferred
by the different doses of spironolactone. In our study, the
ability of Hsp72 to monitor the renal injury was compared
with NGAL, Kim-1 and IL-18, and we found that Hsp72
was a superior biomarker for the early detection and
stratification of AKI, at least in the AKI model induced by
renal ischaemia in the rat. Finally, we also showed that
Hsp72 seems to be an early biomarker of AKI in humans,
because amongst critically ill patients, urinary Hsp72
elevation occurred 24-48 h earlier than serum creatinine
elevation in those patients who developed AKI (Barrera-
Chimal et al. 2011). Although more clinical studies with
more patients are required, Hsp72 seems to be a promis-
ing biomarker to detect AKI.

Other biomarkers with potential application in

AKl detection

It has been reported that the monocyte chemoattractant
protein-1 (MCP-1), a molecule that participates in
mediating injury during AKI, can be detected in the urine
of mice with AKI induced by maleate and in 10 patients
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diagnosed with AKI, in particular this biomarker did not
show an overlapping between AKI and no AKI patients
(Munshi et al. 2011).

Pro-inflammatory cytokines such as IL-6 and IL-8
were reported to be elevated in serum from patients
developing AKI after cardiac surgery and predicted
prolonged mechanical ventilation (Liu et al. 2009). In
addition, in 25 paediatric patients subjected to CBP,
urinary IL-6 increased 6 h after surgery in those patients
whom developed AKI with a sensitivity of 88% (Dennen
etal. 2010).

Netrin-1 a laminin-like molecule; was observed to
be excreted in the urine of mice subjected to I/R or after
cisplatin, endotoxin or folic acid nephrotoxicity and in
most of the AKI patients included in the study (Reeves
et al. 2008). Ramesh et al. (2010) reported that netrin-1
increased 2 h after CBP in patients that developed AKI.
The duration and severity of AKI correlated with netrin-1
levels after 6 h of the surgery.

Finally a-Glutathione-S-transferase (0-GST) that is
localized in the proximal tubule in the rat and human,
was found in the urine of rats after cisplatin induced
AKI (Gautier et al. 2010) This enzyme was also assessed
in a population of patients after cardiac surgery and it
was found that urinary a-GST levels were able to pre-
dict the development of AKIN 1 and 3 (Koyner et al.
2010).

Similarity of the performance of various

biomarkers in detecting AKI

An ideal biomarker for AKI should exhibit the following
characteristics: (i) detect renal injury early, (ii) stratify
the degree of renal injury, (iii) screen the effectiveness of
a renoprotective intervention and regeneration process,
and (iv) help with prognosis prediction. Table 1 com-
pares the performance of the biomarkers discussed here
in detecting AKI. Despite many advances in our knowl-
edge about these biomarkers, many features remain to
be determined. However, this evaluation allows us to dis-
cern how closely the biomarkers fit the ideal performance
for detecting AKI. Although Kim-1 seems to be a poor
biomarker for early diagnosis of AKI and for monitoring
the recovery after renal injury, it appears to be a good
biomarker of established AKI. Many issues remain unex-
plored for IL-18, cystatin C and NAG. Moreover, some
studies have shown contradictory results, e.g. regarding
cystatin C as an early biomarker of AKI. Although NGAL
and L-FABP have shown promise, their ability to monitor
arenoprotective intervention remains to be determined.
The sensitivity and specificity of each biomarker are vari-
able in the same and in different clinical settings. These
discrepancies may be due to the lack of guidelines for
cut-off values and standardized testing methods, the tim-
ing of the measurements and sample storage protocols.
In addition, the AUC analysis sometimes over-estimates
a biomarker’s performance as a result of its normali-
sation to urinary creatinine concentration, which is

differentially altered under AKI. A summary of the bio-
marker studies reporting the AUC-ROC analysis in sev-
eral clinical settings is presented in Table 2. This analysis
showed the high variability observed when the same bio-
marker is used to diagnose AKI in the same clinical con-
text. This issue is reflected in the AUC reported for NGAL
in diagnosing AKI after a cardiac surgery, which ranges
from 0.5 to 0.95. Despite the variability in AUCs, NGAL
seems to be a helpful biomarker because of its early
elevation in the patients who will further develop AKI
after cardiac surgery and in hospitalized patients in the
ICU, as well as its performance in the prediction of DGF
after kidney transplant. The performance of the other
biomarkers in the early diagnosis of AKI after cardiac
surgery seems to be poor compared with NGAL. In the
ICU setting, Kim-1 and L-FABP perform well, with AUCs
ranging from 0.9 to 0.95. In the kidney transplant field,
only one study has reported a low AUC (0.74) for Kim-
1. However, other reports studying Kim-1 expression by
immunohistochemistry after kidney transplantation
have reported opposite results (Schroppel et al. 2010).
Zhang et al. (2008b) found that Kim-1 expression cor-
related with renal function after transplantation whereas
Schroppel et al. (2010) showed that Kim-1 did not cor-
relate well. In this regard, IL-18 seems to better predict
DGE and this ability may be due to the inflammatory
nature of this clinical condition. Finally, for nephrotoxic
AKI, NGAL seems to perform the best. Although other
biomarkers have also been studied in different clinical
settings, their AUCs were not reported.

All of these studies showed that due to the aetiological
diversity, a panel of biomarkers to diagnose AKI may be
a better strategy than using a single one. However, cost-
effectiveness analyses are also needed to establish whether
apanel of biomarkers can be implemented with a favorable
clinical-to-economical balance for healthcare systems.
Because one of the goals of developing a biomarker is to
reduce the extra costs that AKI represents to the health
care system in each country (Srisawat et al. 2011). One
concern about the sensitivity that a biomarker should have
arises from the fact that all biomarkers that display a high
sensitivity might identify more patients who are suffering
some degree of renal injury (subclinical AKI), but the long-
term prognostic value of biomarker results have not been
assessed. Thus, the clinical significance of detecting sub-
clinical AKI remains to be determined. Nevertheless, AKI
is a risk factor for developing CKD, which underscores the
relevance of studying subclinical AKI, given the pandemics
of CKD observed in the last few years.

Declaration of interest

The articles cited from our group was supported by
research grants No. 112780, 101030 from the Mexican
Council of Science and Technology (CONACYT) and by
the grant DGAPA IN2009-09-3 from National University of
Mexico. The authors report no conflicts of interest.

Biomarkers

RIGHTS LI MN Kiy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/14/12

For personal use only.

References

Alpizar-Alpizar W, Laerum OD, Illemann M, Ramirez JA, Arias A,
Malespin-Bendaiia W, Ramirez V, Lund LR, Borregaard N,
Nielsen BS. (2009). Neutrophil gelatinase-associated lipocalin
(NGAL/Lcn2) is upregulated in gastric mucosa infected with
Helicobacter pylori. Virchows Arch 455:225-233.

Bagshaw SM, Gibney RT. (2008). Conventional markers of kidney
function. Crit Care Med 36:5152-S158.

Barrera-Chimal ], Pérez-Villalva R, Cortés-Gonzédlez C, Ojeda-
Cervantes M, Gamba G, Morales-Buenrostro LE, Bobadilla NA.
(2011). Hsp72 is an early and sensitive biomarker to detect acute
kidney injury. EMBO Mol Med 3:5-20.

Bazzi C, Petrini C, Rizza V, Arrigo G, D’Amico G. (2000). A modern
approach to selectivity of proteinuria and tubulointerstitial
damage in nephrotic syndrome. Kidney Int 58:1732-1741.

Bennett M, Dent CL, Ma Q, Dastrala S, Grenier F, Workman R, Syed H,
Ali S, Barasch J, Devarajan P. (2008). Urine NGAL predicts severity
of acute kidney injury after cardiac surgery: a prospective study.
Clin ] Am Soc Nephrol 3:665-673.

Coca SG, Parikh CR. (2008). Urinary biomarkers for acute kidney injury:
perspectives on translation. Clin ] Am Soc Nephrol 3:481-490.
Cowland JB, Borregaard N. (1997). Molecular characterization and
pattern of tissue expression of the gene for neutrophil gelatinase-

associated lipocalin from humans. Genomics 45:17-23.

Cruz DN, de Cal M, Garzotto F, Perazella MA, Lentini P, Corradi
V, Piccinni P, Ronco C. (2010). Plasma neutrophil gelatinase-
associated lipocalin is an early biomarker for acute kidney injury
in an adult ICU population. Intensive Care Med 36:444-451.

Csermely P, S6ti C, Blatch GL. (2007). Chaperones as parts of cellular
networks. Adv Exp Med Biol 594:55-63.

de Geus HR, Bakker J, Lesaffre EM, le Noble JL. (2011). Neutrophil
gelatinase-associated lipocalin at ICU admission predicts for
acute kidney injury in adult patients. Am J Respir Crit Care Med
183:907-914.

Dennen P, Altmann C, Kaufman J, Klein CL, Andres-Hernando A,
Ahuja NH, Edelstein CL, Cadnapaphornchai MA, Keniston A,
Faubel S. (2010). Urine interleukin-6 is an early biomarker of
acute kidney injury in children undergoing cardiac surgery. Crit
Care 14:R181.

Erdener D, Aksu K, Biger I, Doganavsargil E, Kutay FZ. (2005). Urinary
N-acetyl-beta-D-glucosaminidase (NAG) in lupus nephritis and
rheumatoid arthritis. J Clin Lab Anal 19:172-176.

Fantuzzi G, Puren AJ, Harding MW, Livingston D], Dinarello
CA. (1998). Interleukin-18 regulation of interferon gamma
production and cell proliferation as shown in interleukin-
1beta-converting enzyme (caspase-1)-deficient mice. Blood
91:2118-2125.

Ferguson MA, Vaidya VS, Waikar SS, Collings FB, Sunderland KE,
Gioules CJ, Bonventre JV. (2010). Urinary liver-type fatty acid-
binding protein predicts adverse outcomes in acute kidney
injury. Kidney Int 77:708-714.

Flower DR, North AC, Sansom CE. (2000). The lipocalin protein
family: structural and sequence overview. Biochim Biophys Acta
1482:9-24.

Friedewald JJ, Rabb H. (2004). Inflammatory cells in ischemic acute
renal failure. Kidney Int 66:486-491.

Gautier JC, Riefke B, Walter ], Kurth P, Mylecraine L, Guilpin V, Barlow
N, Gury T, Hoffman D, Ennulat D, Schuster K, Harpur E, Pettit S.
(2010). Evaluation of novel biomarkers of nephrotoxicity in two
strains of rat treated with Cisplatin. Toxicol Pathol 38:943-956.

Haase M, Bellomo R, Story D, Davenport P, Haase-Fielitz A. (2008).
Urinary interleukin-18 does not predict acute kidney injury after
adult cardiac surgery: a prospective observational cohort study.
Crit Care 12:R96.

Haase M, Bellomo R, Devarajan P, Ma Q, Bennett MR, Mockel M,
Matalanis G, Dragun D, Haase-Fielitz A. (2009). Novel biomarkers
early predict the severity of acute kidney injury after cardiac
surgery in adults. Ann Thorac Surg 88:124-130.

© 2012 Informa UK, Ltd.

Biomarkers effectiveness for the proper AKI diagnosis 391

Haase M, Devarajan P, Haase-Fielitz A, Bellomo R, Cruz DN, Wagener
G, Krawczeski CD, Koyner JL, Murray P, Zappitelli M, Goldstein
SL, Makris K, Ronco C, Martensson J, Martling CR, Venge P,
Siew E, Ware LB, Ikizler TA, Mertens PR. (2011). The outcome of
neutrophil gelatinase-associated lipocalin-positive subclinical
acute kidney injury: a multicenter pooled analysis of prospective
studies. J Am Coll Cardiol 57:1752-1761.

Hall IE, Doshi MD, Poggio ED, Parikh CR. (2011a). A comparison
of alternative serum biomarkers with creatinine for predicting
allograft function after kidney transplantation. Transplantation
91:48-56.

Hall IE, Koyner JL, Doshi MD, Marcus RJ, Parikh CR. (2011b). Urine
cystatin C as abiomarker of proximal tubular functionimmediately
after kidney transplantation. Am J Nephrol 33:407-413.

Han WK, Alinani A, Wu CL, Michaelson D, Loda M, McGovern
F], Thadhani R, Bonventre JV. (2005). Human kidney injury
molecule-1 is a tissue and urinary tumor marker of renal cell
carcinoma. ] Am Soc Nephrol 16:1126-1134.

Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre JV. (2002).
Kidney Injury Molecule-1 (KIM-1): a novel biomarker for human
renal proximal tubule injury. Kidney Int 62:237-244.

Han WK, Waikar SS, Johnson A, Betensky RA, Dent CL, Devarajan P,
Bonventre JV. (2008). Urinary biomarkers in the early diagnosis of
acute kidney injury. Kidney Int 73:863-869.

Herget-Rosenthal S, Marggraf G, Hiising J, Goring F Pietruck E
Janssen O, Philipp T, Kribben A. (2004). Early detection of acute
renal failure by serum cystatin C. Kidney Int 66:1115-1122.

Hernddez-Pando R, Pedraza-Chaverri ], Orozco-Estévez H, Silva-
Serna P, Moreno I, Ronddn-Zarate A, Elinos M, Correa-Rotter R,
Larriva-Sahd J. (1995). Histological and subcellular distribution
of 65 and 70 kD heat shock proteins in experimental nephrotoxic
injury. Exp Toxicol Pathol 47:501-508.

Herrera J, Rodriguez-Iturbe B. (1998). Stimulation of tubular secretion
of creatinine in health and in conditions associated with reduced
nephron mass. Evidence for a tubular functional reserve. Nephrol
Dial Transplant 13:623-629.

Hirsch R, Dent C, Pfriem H, Allen ], Beekman RH 3, Ma Q, Dastrala
S, Bennett M, Mitsnefes M, Devarajan P. (2007). NGAL is an
early predictive biomarker of contrast-induced nephropathy in
children. Pediatr Nephrol 22:2089-2095.

Huang Y, Don-Wauchope AC. (2011). The clinical utility of kidney
injury molecule 1 in the prediction, diagnosis and prognosis of
acute kidney injury: a systematic review. Inflamm Allergy Drug
Targets 10:260-271.

Ichimura T, Asseldonk EJ, Humphreys BD, Gunaratnam L, Duffield
JS, Bonventre JV. (2008). Kidney injury molecule-1 is a
phosphatidylserine receptor that confers a phagocytic phenotype
on epithelial cells. J Clin Invest 118:1657-1668.

Jochmans I, Lerut E, van Pelt J, Monbaliu D, Pirenne J. (2011).
Circulating AST, H-FABP, and NGAL are early and accurate
biomarkers of graft injury and dysfunction in a preclinical
model of kidney transplantation. Ann Surg 254:784-91;
discussion 791.

Katagiri D, Doi K, Honda K, Negishi K, Fujita T, Hisagi M, Ono M,
Matsubara T, Yahagi N, Iwagami M, Ohtake T, Kobayashi S,
Sugaya T, Noiri E. (2012). Combination of two urinary biomarkers
predicts acute kidney injury after adult cardiac surgery. Ann
Thorac Surg 93:577-583.

Kelly KJ. (2002). Stress response proteins and renal ischemia. Minerva
Urol Nefrol 54:81-91.

Kelly KJ. (2006). Acute renal failure: much more than a kidney disease.
Semin Nephrol 26:105-113.

Kelly KJ, Baird NR, Greene AL. (2001). Induction of stress response
proteins and experimental renal ischemia/reperfusion. Kidney
Int 59:1798-1802.

Koyner JL, Vaidya VS, Bennett MR, Ma Q, Worcester E, Akhter SA, Raman
], Jeevanandam V, O’Connor ME Devarajan P, Bonventre JV, Murray
PT. (2010). Urinary biomarkers in the clinical prognosis and early
detection of acute kidney injury. Clin ] Am Soc Nephrol 5:2154-2165.

RIGHTS LI MN Kiy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/14/12

For personal use only.

392 J.Barrera-Chimal and N. A. Bobadilla

Liangos O, Perianayagam MC, Vaidya VS, Han WK, Wald R, Tighiouart
H, MacKinnon RW, Li L, Balakrishnan VS, Pereira B], Bonventre
JV, Jaber BL. (2007). Urinary N-acetyl-beta-(D)-glucosaminidase
activity and kidney injury molecule-1 level are associated
with adverse outcomes in acute renal failure. ] Am Soc Nephrol
18:904-912.

Liangos O, Tighiouart H, Perianayagam MC, Kolyada A, Han WK,
Wald R, Bonventre JV, Jaber BL. (2009). Comparative analysis
of urinary biomarkers for early detection of acute kidney injury
following cardiopulmonary bypass. Biomarkers 14:423-431.

Ling W, Zhaohui N, Ben H, Leyi G, Jianping L, Huili D, Jiaqi Q.
(2008). Urinary IL-18 and NGAL as early predictive biomarkers
in contrast-induced nephropathy after coronary angiography.
Nephron Clin Pract 108:c176-c181.

Liu KD, Altmann C, Smits G, Krawczeski CD, Edelstein CL, Devarajan
P, Faubel S. (2009). Serum interleukin-6 and interleukin-8 are
early biomarkers of acute kidney injury and predict prolonged
mechanical ventilation in children undergoing cardiac surgery:
a case-control study. Crit Care 13:R104.

Maatman RG, van de Westerlo EM, van Kuppevelt TH, Veerkamp JH.
(1992). Molecular identification of the liver- and the heart-type
fatty acid-binding proteins in human and rat kidney. Use of the
reverse transcriptase polymerase chain reaction. Biochem J 288
(Pt 1):285-290.

Makris K, Markou N, Evodia E, Dimopoulou E, Drakopoulos I,
Ntetsika K, Rizos D, Baltopoulos G, Haliassos A. (2009). Urinary
neutrophil gelatinase-associated lipocalin (NGAL) as an early
marker of acute kidney injury in critically ill multiple trauma
patients. Clin Chem Lab Med 47:79-82.

Malyszko J, Koc-Zorawska E, Malyszko ]S, Mysliwiec M. (2010). Kidney
injury molecule-1 correlates with kidney function in renal
allograft recipients. Transplant Proc 42:3957-3959.

Matsui K, Kamijo-Ikemori A, Sugaya T, Yasuda T, Kimura K. (2012).
Usefulness of urinary biomarkers in early detection of acute
kidney injury after cardiac surgery in adults. Circ J 76:213-220.

Mehta RL, Chertow GM. (2003). Acute renal failure definitions
and classification: time for change? J Am Soc Nephrol 14:
2178-2187.

Melnikov VY, Ecder T, Fantuzzi G, Siegmund B, Lucia MS, Dinarello
CA, Schrier RW, Edelstein CL. (2001). Impaired IL-18 processing
protects caspase-1-deficient mice from ischemic acute renal
failure. J Clin Invest 107:1145-1152.

Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang J, Barasch J,
Devarajan P. (2003). Identification of neutrophil gelatinase-
associated lipocalin as a novel early urinary biomarker for
ischemic renal injury. ] Am Soc Nephrol 14:2534-2543.

Mishra J, Mori K, Ma Q, Kelly C, Barasch J, Devarajan P. (2004).
Neutrophil gelatinase-associated lipocalin: a novel early urinary
biomarker for cisplatin nephrotoxicity. Am J Nephrol 24:307-315.

Mishra J, Dent C, Tarabishi R, Mitsnefes MM, Ma Q, Kelly C, Ruff SM,
Zahedi K, Shao M, Bean J, Mori K, Barasch J, Devarajan P.
(2005). Neutrophil gelatinase-associated lipocalin (NGAL) as a
biomarker for acute renal injury after cardiac surgery. Lancet 365:
1231-1238.

Moers C, Varnav OC, van Heurn E, Jochmans I, Kirste GR, Rahmel
A, Leuvenink HG, Squifflet JP, Paul A, Pirenne ], van Oeveren
W, Rakhorst G, Ploeg RJ. (2010). The value of machine perfusion
perfusate biomarkers for predicting kidney transplant outcome.
Transplantation 90:966-973.

Molinas SM, Rosso M, Wayllace NZ, Pagotto MA, Pisani GB,
Monasterolo LA, Trumper L. (2010). Heat shock protein 70
induction and its urinary excretion in a model of acetaminophen
nephrotoxicity. Pediatr Nephrol 25:1245-1253.

Mori K, Lee HT, Rapoport D, Drexler IR, Foster K, Yang J, Schmidt-Ott
KM, Chen X, Li JY, Weiss S, Mishra J, Cheema FH, Markowitz G,
Suganami T, Sawai K, Mukoyama M, Kunis C, D’AgatiV, Devarajan
P, Barasch J. (2005). Endocytic delivery of lipocalin-siderophore-
iron complex rescues the kidney from ischemia-reperfusion
injury. J Clin Invest 115:610-621.

Munshi R, Johnson A, Siew ED, Ikizler TA, Ware LB, Wurfel MM,
Himmelfarb J, Zager RA. (2011). MCP-1 gene activation marks
acute kidney injury. / Am Soc Nephrol 22:165-175.

Nakamura T, Sugaya T, Node K, Ueda Y, Koide H. (2006). Urinary
excretion of liver-type fatty acid-binding protein in contrast
medium-induced nephropathy. Am J Kidney Dis 47:439-444.

Nauta FL, Bakker SJ, van Oeveren W, Navis G, van der Heide JJ,
van Goor H, de Jong PE, Gansevoort RT. (2011). Albuminuria,
proteinuria, and novel urine biomarkers as predictors of long-
term allograft outcomes in kidney transplant recipients. Am J
Kidney Dis 57:733-743.

Negishi K, Noiri E, Doi K, Maeda-Mamiya R, Sugaya T, Portilla D,
Fujita T. (2009). Monitoring of urinary L-type fatty acid-binding
protein predicts histological severity of acute kidney injury. Am J
Pathol 174:1154-1159.

Nejat M, Pickering JW, Walker R], Westhuyzen ], Shaw GM, Frampton
CM, Endre ZH. (2010). Urinary cystatin C is diagnostic of acute
kidney injury and sepsis, and predicts mortality in the intensive
care unit. Crit Care 14:R85.

Oyama Y, Takeda T, Hama H, Tanuma A, Iino N, Sato K, Kaseda R, Ma
M, Yamamoto T, Fujii H, Kazama JJ, Odani S, Terada Y, Mizuta K,
Gejyo F, Saito A. (2005). Evidence for megalin-mediated proximal
tubular uptake of L-FABP, a carrier of potentially nephrotoxic
molecules. Lab Invest 85:522-531.

Parikh CR, Jani A, Melnikov VY, Faubel S, Edelstein CL. (2004). Urinary
interleukin-18 is a marker of human acute tubular necrosis. Am J
Kidney Dis 43:405-414.

Parikh CR, Abraham E, Ancukiewicz M, Edelstein CL. (2005). Urine
IL-18 is an early diagnostic marker for acute kidney injury and
predicts mortality in the intensive care unit. ] Am Soc Nephrol
16:3046-3052.

Parikh CR, Jani A, Mishra J, Ma Q, Kelly C, Barasch ], Edelstein CL,
Devarajan P. (2006). Urine NGAL and IL-18 are predictive
biomarkers for delayed graft function following kidney
transplantation. Am J Transplant 6:1639-1645.

Parikh CR, Mishra J, Thiessen-Philbrook H, Dursun B, Ma Q, Kelly C,
Dent C, Devarajan P, Edelstein CL. (2006). Urinary IL-18 is an
early predictive biomarker of acute kidney injury after cardiac
surgery. Kidney Int 70:199-203.

Parikh CR, Devarajan P, Zappitelli M, Sint K, Thiessen-Philbrook H,
Li S, Kim RW, Koyner JL, Coca SG, Edelstein CL, Shlipak MG,
Garg AX, Krawczeski CD. (2011a). Postoperative biomarkers
predict acute kidney injury and poor outcomes after adult cardiac
surgery. ] Am Soc Nephrol 22:1748-1757.

Parikh CR, Devarajan P, Zappitelli M, Sint K, Thiessen-Philbrook H, Li
S, Kim RW, Koyner JL, Coca SG, Edelstein CL, Shlipak MG, Garg
AX, Krawczeski CD. (2011b). Postoperative biomarkers predict
acute kidney injury and poor outcomes after pediatric cardiac
surgery. ] Am Soc Nephrol 22:1737-1747.

Pechman KR, De Miguel C, Lund H, Leonard EC, Basile DP, Mattson
DL. (2009). Recovery from renal ischemia-reperfusion injury is
associated with altered renal hemodynamics, blunted pressure
natriuresis, and sodium-sensitive hypertension. Am J Physiol
Regul Integr Comp Physiol 297:R1358-R1363.

Pérez-Rojas ], Blanco JA, Cruz C, Trujillo J, Vaidya VS, Uribe N, Bonventre
JV, Gamba G, Bobadilla NA. (2007). Mineralocorticoid receptor
blockade confersrenoprotection in preexisting chronic cyclosporine
nephrotoxicity. Am J Physiol Renal Physiol 292:F131-F139.

Portilla D, Dent C, Sugaya T, Nagothu KK, Kundi I, Moore P, Noiri
E, Devarajan P. (2008). Liver fatty acid-binding protein as a
biomarker of acute kidney injury after cardiac surgery. Kidney Int
73:465-472.

Prabhu A, Sujatha DI, Ninan B, Vijayalakshmi MA. (2010). Neutrophil
gelatinase associated lipocalin as a biomarker for acute kidney
injury in patients undergoing coronary artery bypass grafting
with cardiopulmonary bypass. Ann Vasc Surg 24:525-531.

Prozialeck WC, Edwards JR, Vaidya VS, Bonventre JV. (2009).
Preclinical evaluation of novel urinary biomarkers of cadmium
nephrotoxicity. Toxicol Appl Pharmacol 238:301-305.

Biomarkers

RIGHTS LI MN Kiy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/14/12

For personal use only.

Ramesh G, Krawczeski CD, Woo JG, Wang Y, Devarajan P. (2010).
Urinary netrin-1 is an early predictive biomarker of acute kidney
injury after cardiac surgery. Clin ] Am Soc Nephrol 5:395-401.

Reeves WB, Kwon O, Ramesh G. (2008). Netrin-1 and kidney injury. II.
Netrin-1 is an early biomarker of acute kidney injury. Am J Physiol
Renal Physiol 294:F731-F738.

RenL, JiJ, Fangy, Jiang SH, Lin YM, BoJ, Qian JY, Xu XH, Ding XQ. (2011).
Assessment of urinary N-acetyl-f3-glucosaminidase as an early
marker of contrast-induced nephropathy. J Int Med Res 39:647-653.

Ribichini F Gambaro G, Graziani MS, Pighi M, Pesarini G, Pasoli
P, Anselmi M, Ferrero V, Yabarek T, Sorio A, Rizzotti P, Lupo A,
Vassanelli C. (2012). Comparison of serum creatinine and cystatin
C for early diagnosis of contrast-induced nephropathy after
coronary angiography and interventions. Clin Chem 58:458-464.

Ronco C, Grammaticopoulos S, Rosner M, de Cal M, Soni S, Lentini P,
Piccinni P. (2010). Oliguria, creatinine and other biomarkers of
acute kidney injury. Contrib Nephrol 164:118-127.

Royakkers AA, Korevaar JC, van Suijlen JD, Hofstra LS, Kuiper MA,
Spronk PE, Schultz MJ, Bouman CS. (2011). Serum and urine
cystatin C are poor biomarkers for acute kidney injury and renal
replacement therapy. Intensive Care Med 37:493-501.

Schroppel B, Kriiger B, Walsh L, Yeung M, Harris S, Garrison K,
Himmelfarb J, Lerner SM, Bromberg JS, Zhang PL, Bonventre
JV, Wang Z, Farris AB, Colvin RB, Murphy BT, Vella JP. (2010).
Tubular expression of KIM-1 does not predict delayed function
after transplantation. / Am Soc Nephrol 21:536-542.

Sharfuddin AA, Molitoris BA. (2011). Pathophysiology of ischemic
acute kidney injury. Nat Rev Nephrol 7:189-200.

Siew ED, Ikizler TA, Gebretsadik T, Shintani A, Wickersham N, Bossert
E Peterson JF Parikh CR, May AK, Ware LB. (2010). Elevated
urinary IL-18 levels at the time of ICU admission predict adverse
clinical outcomes. Clin ] Am Soc Nephrol 5:1497-1505.

Siew ED, Peterson JF, Eden SK, Hung AM, Speroff T, Ikizler TA,
Matheny ME. (2012). Outpatient nephrology referral rates after
acute kidney injury. J Am Soc Nephrol 23:305-312.

Siew ED, Ware LB, Ikizler TA. (2011). Biological markers of acute
kidney injury. ] Am Soc Nephrol 22:810-820.

Slort PR, Ozden N, Pape L, Offner G, Tromp WE Wilhelm A],
Bokenkamp A. (2012). Comparing cystatin C and creatinine in the
diagnosis of pediatric acute renal allograft dysfunction. Pediatr
Nephrol 27:843-849.

Soni SS, Cruz D, Bobek I, Chionh CY, Nalesso F, Lentini P, de Cal M,
Corradi V, Virzi G, Ronco C. (2010). NGAL: a biomarker of acute
kidney injury and other systemic conditions. Int Urol Nephrol
42:141-150.

Srisawat N, Wen X, Lee M, Kong L, Elder M, Carter M, Unruh M, Finkel
K, Vijayan A, Ramkumar M, Paganini E, Singbartl K, Palevsky
PM, Kellum JA. (2011). Urinary biomarkers and renal recovery
in critically ill patients with renal support. Clin ] Am Soc Nephrol
6:1815-1823.

Tominaga M, Fujiyama K, Hoshino T, Tanaka Y, Takeuchi T, Honda M,
Mokuda O, Ikeda T, Mashiba H. (1989). Urinary N-acetyl-beta-
D-glucosaminidase in the patients with hyperthyroidism. Horm
Metab Res 21:438-440.

Torregrosa I, Montoliu C, Urios A, Elmlili N, Puchades M]J, Solis MA,
Sanjudn R, Blasco ML, Ramos C, Tomas P, Ribes J, Carratala

© 2012 Informa UK, Ltd.

Biomarkers effectiveness for the proper AKI diagnosis 393

A, Juan 1, Miguel A. (2012). Early biomarkers of acute kidney
failure after heart angiography or heart surgery in patients with
acute coronary syndrome or acute heart failure. Nefrologia
32:44-52.

Tuladhar SM, Piintmann VO, Soni M, Punjabi PP, Bogle RG. (2009).
Rapid detection of acute kidney injury by plasma and urinary
neutrophil gelatinase-associated lipocalin after cardiopulmonary
bypass. J Cardiovasc Pharmacol 53:261-266.

Vaidya VS, Ozer ]S, Dieterle F, Collings FB, Ramirez V, Troth S,
Muniappa N, Thudium D, Gerhold D, Holder D], Bobadilla
NA, Marrer E, Perentes E, Cordier A, Vonderscher J, Maurer G,
Goering PL, Sistare FD, Bonventre JV. (2010). Kidney injury
molecule-1 outperforms traditional biomarkers of kidney injury
in preclinical biomarker qualification studies. Nat Biotechnol
28:478-485.

Vaidya, VS, Ramirez, V, Ichimura, T, Bobadilla, NA, Bonventre, JV.
(2006). Urinary kidney injury molecule-1: a sensitive quantitative
biomarker for early detection of kidney tubular injury. Am J
Physiol Renal Physiol 290:F517-F529.

Veerkamp JH, Peeters RA, Maatman RG. (1991). Structural and
functional features of different types of cytoplasmic fatty acid-
binding proteins. Biochim Biophys Acta 1081:1-24.

Wagener G, Gubitosa G, Wang S, Borregaard N, Kim M, Lee HT. (2008).
Urinary neutrophil gelatinase-associated lipocalin and acute
kidney injury after cardiac surgery. Am J Kidney Dis 52:425-433.

Wagener G, Gubitosa G, Wang S, Borregaard N, Kim M, Lee HT.
(2009). A comparison of urinary neutrophil gelatinase-
associated lipocalin in patients undergoing on- versus off-pump
coronary artery bypass graft surgery. J Cardiothorac Vasc Anesth
23:195-199.

Wu I, Parikh CR. (2008). Screening for kidney diseases: older measures
versus novel biomarkers. Clin ] Am Soc Nephrol 3:1895-1901.
Yamamoto T, Noiri E, Ono Y, Doi K, Negishi K, Kamijo A, Kimura
K, Fujita T, Kinukawa T, Taniguchi H, Nakamura K, Goto M,
Shinozaki N, Ohshima S, Sugaya T. (2007). Renal L-type fatty
acid-binding protein in acute ischemic injury. J Am Soc Nephrol

18:2894-2902.

Zappitelli M, Krawczeski CD, Devarajan P, Wang Z, Snt K, Thiessen-
Philbrook H, Li S, Bennett MR, Ma Q, Shlipak MG, Garg AX,
Parikh CR; TRIBE-AKI consortium. (2011). Early postoperative
serum cystatin C predicts severe acute kidney injury following
pediatric cardiac surgery. Kidney Int 80:655-662.

Zhang Z, Humphreys BD, Bonventre JV. (2007). Shedding of the
urinary biomarker kidney injury molecule-1 (KIM-1) is regulated
by MAP kinases and juxtamembrane region. /] Am Soc Nephrol
18:2704-2714.

Zhang PL, Lun M, Schworer CM, Blasick TM, Masker KK, Jones
JB, Carey DJ. (2008a). Heat shock protein expression is highly
sensitive to ischemia-reperfusion injury in rat kidneys. Ann Clin
Lab Sci 38:57-64.

Zhang PL, Rothblum LI, Han WK, Blasick TM, Potdar S, Bonventre
JV. (2008b). Kidney injury molecule-1 expression in transplant
biopsies is a sensitive measure of cell injury. Kidney Int 73:608-614.

ZhangZ, Lu B, ShengX, Jin N. (2011). Cystatin C in prediction of acute
kidney injury: a systemic review and meta-analysis. Am J Kidney
Dis 58:356-365.

RIGHTS LI MN Kiy



