Minireview

Urinary protein biomarkers of kidney injury in patients receiving
cisplatin chemotherapy

Blessy George', Melanie S Joy? and Lauren M Aleksunes™>*

'Department of Pharmacology and Toxicology, Rutgers, The State University of New Jersey, Ernest Mario School of Pharmacy,
Piscataway, NJ 08854, USA,; 2Department of Pharmaceutical Sciences, University of Colorado at Denver — Anschutz Medical Campus,
Skaggs School of Pharmacy and Pharmaceutical Sciences, University of Colorado at Denver — Anschutz Medical Campus, University of
Colorado, Aurora, CO 80045, USA; 3Environmental and Occupational Health Sciences Institute, Rutgers, The State University of New
Jersey, Piscataway, NJ 08854, USA; 4Lipid Center, Rutgers, The State University of New Jersey, Piscataway, NJ 08854, USA
Corresponding author: Lauren M Aleksunes. Email: aleksunes@eohsi.rutgers.edu

Impact statement

There is growing interest in using urinary
protein biomarkers to detect acute kidney
injury in oncology patients prescribed the
nephrotoxic anticancer drug cisplatin.

We aim to synthesize and organize the
existing literature on biomarkers examined
clinically in patients receiving cisplatin-
containing chemotherapy regimens. This
minireview highlights several proteins
(kidney injury molecule-1, beta-2-
microglobulin, neutrophil gelatinase-
associated lipocalin, calbindin, monocyte
chemotactic protein-1, trefoil factor 3)
with the greatest promise for detecting
cisplatin-induced acute kidney injury in
humans. A comprehensive review of the
existing literature may aid in the design of
larger studies needed to implement the
clinical use of these urinary proteins as
biomarkers of kidney injury.

Abstract

Despite recent progress in the development of novel approaches to treat cancer, traditional
antineoplastic drugs, such as cisplatin, remain a mainstay of regimens targeting solid
tumors. Use of cisplatin is limited by acute kidney injury, which occurs in approximately
30% of patients. Current clinical measures, such as serum creatinine and estimated glo-
merular filtration rate, are inadequate in their ability to detect acute kidney injury, particularly
when there is only a moderate degree of injury. Thus, there is an urgent need for improved
diagnostic biomarkers to predict nephrotoxicity. There is also interest by the U.S. Food and
Drug Administration to validate and implement new biomarkers to identify clinical and sub-
clinical acute kidney injury in patients during the drug approval process. This minireview
provides an overview of the current literature regarding the utility of urinary proteins (albu-
min, beta-2-microglobulin, N-acetyl-D-glucosaminidase, kidney injury molecule-1, neutro-
phil gelatinase-associated lipocalin, and cystatin C) as biomarkers for cisplatin-induced
AKI. Many of the well-studied urinary proteins (KIM-1, NGAL, B2M, albumin) as well as
emerging biomarkers (calbindin, monocyte chemotactic protein-1, and trefoil factor 3) dis-
play distinct patterns of time-dependent excretion after cisplatin administration.

Implementation of these biomarker proteins in the oncology clinic has been hampered by a lack of validation studies. To address
these issues, large head-to-head studies are needed to fully characterize time-dependent responses and establish accurate
cutoff values and ranges, particularly in cancer patients.
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Introduction

Despite the recent development of new immunotherapies
and anticancer drugs, cisplatin (cis-diamminedichloroplati-
num(Il)) continues as an important component of chemo-
therapeutic regimens for the treatment of solid tumors. Use
of cisplatin can be limited by acute kidney injury (AKI),
which occurs in about one-third of patients.' In an attempt
to decrease the incidence of AKI, clinicians employ
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preventive measures including hydration and diuresis to
enhance cisplatin excretion and reduce renal exposure.
Early histopathological studies in rats revealed the first
signs of nephrotoxicity as evidenced by acute proximal
tubular necrosis.” In humans, cisplatin largely injures the
proximal and distal convoluted tubules of the kidneys
and to some extent, the collecting ducts.>* The incidence
of nephrotoxicity increases with the cumulative dose of
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cisplatin in patients and typically occurs at doses above
50 mg/m?>" Clinically, cisplatin nephrotoxicity is detectable
through increases in serum creatinine (5Cr) and blood urea
nitrogen (BUN) concentrations, as well as electrolyte imbal-
ances. Progressive and permanent damage may occur with
successive treatments. The mechanisms of -cisplatin-
induced kidney injury have been extensively studied.
Cisplatin actively accumulates in renal tubular cells due
to the presence of basolateral uptake transporters such as
the copper transporter 1 and organic cation transporter 2.~
Once inside cells, the chloride atoms of cisplatin become
labile and are replaced by water molecules to subsequently
form hydrated, electrophilic species that target cellular or
mitochondrial DNA, RNA and proteins.8 Studies in rats
and mice have also suggested that cisplatin is further bio-
transformed into highly reactive thiols that injure tubule
cells.”™ A number of biochemical and cellular processes
are perturbed leading to oxidative and nitrative stress,
inflammation, lipid peroxidation, and organelle damage
ultimately resulting in the activation of apoptotic or necrot-
ic pathways (reviewed in Karasawa and Steyger?).

Recently, it was demonstrated that patients prescribed
cisplatin have small but permanent declines in renal
function.' Thus, there is great interest in identifying neph-
rotoxicity early in patients treated with cisplatin. Current
clinical methods, such as SCr and estimated glomerular
filtration rate (eGFR), require a substantial decline
in kidney function in order to detect clinical AKI'
However, there has been a recent surge of research activity
aimed at testing the utility of urinary protein biomarkers as
a noninvasive and sensitive means of diagnosing drug-
induced nephrotoxicity in patients. In 2008, the U.S. Food
and Drug Administration (FDA) approved seven urinary
protein biomarkers for use in preclinical submissions for
regulatory decision-making.'” These included: kidney
injury molecule-1 (KIM-1), clusterin, albumin, total protein,
beta 2-microglobulin (B2M), cystatin C, and trefoil factor 3
(TFF3). For clinical detection of AKI, the FDA has approved
a point-of-care device, which measures tissue inhibitor of
metalloproteinase 2 (TIMP2) and insulin-like growth factor
binding protein 7 (IGFBP7), in critically ill patients. There
are several clinical studies that have evaluated the utility of
urinary proteins as biomarkers of cisplatin-mediated AKL
Moreover, there is interest in using biomarkers to diagnose
subclinical AKI in patients with tubular damage in the
absence of significant changes in eGFR or SCr.'® In 2016,
the U.S. FDA encouraged the exploratory use of eight pro-
tein biomarkers of AKI in early clinical trials."”

The ideal biomarker would be noninvasive and obtained
from available sources such as urine and should exhibit
high sensitivity and specificity to diagnose patients with
AKI. In addition, biomarkers should be rapidly quantified,
reflect the severity of the injury, and be able to stratify
patients according to risk and/or prognosis. Often, the
diagnostic performance of a novel biomarker includes the
calculation of area under the curve receiver operating char-
acteristic (AUC-ROC) to differentiate patients with AKI
from those without AKI. The specificity and sensitivity of
the biomarker are compared to a current clinical diagnostic
standard. An AUC-ROC value of 0.50 indicates poor
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diagnostic ability because there is only a 50-50 chance
that the biomarker can identify patients with AKL. An
ideal biomarker would exhibit an AUC-ROC of 1.00
(100% sensitivity and 100% specificity). However, since an
insensitive clinical measure, often SCr, is routinely used for
calculating AKI AUC-ROC values, most novel biomarkers
appear to exhibit poor performance, particularly in patients
with subclinical disease.'®"

The purpose of this minireview is to provide an over-
view of the current literature investigating urinary proteins
as potential indicators of cisplatin-induced AKI. The dis-
cussion focuses primarily on clinical studies evaluating
albumin, B2M, N-acetyl-D-glucosaminidase (NAG), KIM-
1, neutrophil gelatinase-associated lipocalin (NGAL), and
cystatin C. Notably, these biomarker proteins, with the
exception of B2M, were encouraged by the U.S. FDA for
exploratory evaluation of AKI in early clinical trials of new
drugs in the 2016 Letter of Support document.'” Brief high-
lights will also address additional proteins that are emerg-
ing as possible biomarkers of cisplatin AKI
Comprehensive tables with key features of each study are
included and summarized in each section.

Albumin

Albumin is a high molecular weight protein (66.5 kDa) that
is not normally detected in urine due to the absence of sig-
nificant filtration and the presence of reabsorption by prox-
imal tubules.?’ However, albumin can be found in the urine
of patients with glomerular and/or tubular kidney injury.*°
A clinical study comparing patients with one of the two
types of injury to healthy individuals suggested that
higher levels of urinary albumin were observed with
glomerular injury, while moderately elevated levels of
albumin excretion (less than 500 mg/24 h) tended to be a
sign of tubular injury.*® Following this work, studies were
conducted to assess urinary albumin as a biomarker of
cisplatin-induced AKI (Table 1). After cisplatin infusion,
urinary albumin concentrations were elevated as early as
4 h,*! with a peak between 4 and 10 days and decline from
the peak value around or before two weeks.”?* The mag-
nitude of increases in albumin excretion from baseline
varied greatly across clinical studies and populations of
patients. In one set of patients (1 =14) receiving cisplatin
therapy at a dose of 20 mg/m?* daily for 5 days, urinary
albumin concentrations were elevated (2.9-fold) within 5
days after infusion compared to pretreatment levels and
concentrations observed in healthy control subjects.” In
this study, renal damage was not detected by less sensitive,
routine laboratory tests such as SCr. The magnitude of
changes in urinary albumin concentrations across multiple
cycles of cisplatin was measured in the same set of patients
and found to be similar from cycle-to-cycle when high
doses of cisplatin were prescribed (40mg/m? for five
days every three weeks).”® By comparison, in patients
receiving low-dose cisplatin (20 mg/m? for five days), base-
line excretion of albumin in urine for 24 h was significantly
increased by the third cycle of cisplatin compared to
the first cycle.”’” Some data have suggested that early
time-points (within 24 h) have no predictive utility for
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Table 1. Changes in urinary albumin concentrations in patients prescribed cisplatin-containing regimens.

Cisplatin Highest mean/median fold
# Patients Mean cisplatin naive # Patients with change from baseline during Timing of
analyzed dose (yes/no) clinical AKI the observation period peak change References
3 38 mg/m? Unknown n=323% | U: 1 17-fold Day 5-8 29
eGFR by Day 13
8 50-75 mg/m? (6 cycles) Yes NE U: 1 10-fold Day 5 30
57 63.4 mg/m? Mixed n=1 U: 1 2-fold Day 10 31
33 75 mg/m? Yes 10/33 by Day 4 U: 1 5.6-fold in AKI group Day 4 AKI 21
25% | eGFR U: 1 3.4-fold in no-AKI group Day 3 no-AKI
10 100 mg/m? (3 cycles) Yes n=2 U: 1 2-fold Day 1 (20 h) 28
14 100 mg/m? (over 5 days)  No None U: 1 2.9-fold Day 5 25
16 100 mg/m? (over 5 days)  Unknown  None U: Cycle 1: Up to 1 10-fold Cycle 1: Day 5-6 22
(2 cycles) U: Cycle 2: Up to | 5.3-fold Cycle 2: Day 4-7
41 100 mg/m? (over 5 days)  Unknown  NE U: Cycle 1: 1 290-fold Cycle 1: Day 9 27
(3 cycles) U: Cycle 2: 1 28-fold Cycle 2: Day 9
U: Cycle 3: 1 5-fold (p > 0.05)
23 200 mg/m? (over 5 days) ~ Unknown  Mean 25% | eGFR  U: Cycle 1: at least | 30-fold Cycle 1: Day 9 26
(8 cycles) Day 9
5 375 mg/m? (over 5 days)  Yes None U: 1 17.4-fold during Day <5 28

U: 1 33-fold 1-week after

AKI: acute kidney injury; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum; U: urine.
Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

AKI (AUC-ROC value of 0.52).! However, by day 4, the
AUC-ROC value increased to 0.7 in patients diagnosed
with clinical AKI, although time-dependent elevations in
urinary albumin were seen in both AKI and no-AKI
groups.” Since urinary albumin excretion is also an indica-
tor of glomerular injury, very large and/or delayed
increases in urinary albumin may reflect more extensive
damage to the entire nephron.”>?*?® Nonetheless, the cur-
rent data largely support maximal increases in urinary
albumin concentrations within 4 to 10 days after
cisplatin infusion in patients with clinical and subclinical
AKI (Table 1).

Beta-2-microglobulin

Beta-2-microglobulin (B2M) is a low molecular weight pro-
tein (~13 kDa) that is typically reabsorbed by renal proxi-
mal tubule cells after filtration.?’ Therefore, detection of
B2M in urine indicates an impairment of tubular function.
B2M has become one of the most commonly utilized uri-
nary proteins for monitoring cisplatin-induced AKI (Table
2). Several studies across solid tumor types and cisplatin
dose ranges have observed a rise in urinary B2M levels
following cisplatin treatment even in the absence of clini-
cally detectable AKL.*'"*® As a result, B2M may not neces-
sarily have high predictivity to distinguish between
patients with clinical and subclinical AKL*” In one study,
patients that had abnormal increases in urinary B2M did
not subsequently develop nephrotoxicity.”® One reason
could be that increased systemic production of B2M may
occur in the presence of underlying malignancy. Several
studies have shown that baseline urinary B2M
concentrations are elevated in cancer patients who have
not received chemotherapy, compared to healthy volun-
teers.?132%% Nonetheless, increases in urinary B2M follow-
ing cisplatin therapy occur as early as 12 h** and generally

peak between 3 and 6 days (Table 2).>*77*4% Urinary
B2M levels decline about 1 to 2 weeks after cisplatin admin-
istration”>*>***" and are in the normal range at least three
months after cessation of cisplatin-containing chemothera-
py (n=235).* The magnitude of B2M elevation is attenuated
with successive cycles of chemotherapy,”*** although no
significant correlations were observed between previous
exposure to cisplatin, the dose of cisplatin, and urinary
B2M levels.”® While most of these studies have focused
on urinary B2M excretion, it is important to note that
serum B2M does not change significantly following cisplat-
in therapy.®

N-acetyl-beta-D glucosaminidase

N-acetyl-beta-D glucosaminidase (NAG) is a lysosomal
enzyme identified in the proximal and distal tubules
of rat kidneys.” Due to its large molecular weight
(130 kDa), NAG is not normally filtered and its presence
in the urine largely reflects tubular destruction (reviewed in
Hong and Chia®®). Over the past few decades, numerous
studies have evaluated urinary NAG concentrations as a
surrogate marker of cisplatin AKI in patients (Table 3).
Early work revealed that urinary NAG rises in response
to cisplatin, but not carboplatin, containing chemotherapy
regimens.’*** Urinary NAG levels generally peaked within
one week after cisplatin treatment, typically between 3 and
5 days, with variability in maximal changes from baseline
(3 to 13-fold both in the absence or presence of AKI).**¢4
In these patients, there was no clear relationship between
maximal NAG changes and a clinical diagnosis of AKI. As a
result, there is limited utility in using NAG to predict clin-
ical AKI secondary to cisplatin. For example, in one study
there was no difference in urinary NAG levels between
groups of patients distinguishable by a 20% decline in
eGFR.* Similarly, NAG was unable to distinguish between
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Table 2. Changes in urinary beta-2-microglobulin concentrations in patients prescribed cisplatin-containing regimens.

Cisplatin Highest mean/median
# Patients naive # Patients with fold change from baseline Timing of
analyzed Mean cisplatin dose (yes/no) clinical AKI during the observation period peak change References
35 27-145 mg No None U: 1 8.8-fold Day 0.5 35
8 30-90 mg/m? Yes n=1 U: 1 up to 10-fold Day 3 40
20 50 mg/m? (6 cycles) Yes Unknown U: 1 2-fold Day 0.5 82
57 63.4 mg/m? Mixed n=1 U: 1 3.3-fold Day 3 81
14 70 mg Unknown None U: 1 10-fold Day 4 se
11 <80 mg/m? Unknown  Unknown U: No difference between 87
AKI and non-AKI
19 80 mg/m? Yes None U: 1 6-fold Day 1 (1-3 hr) s8
14 100 mg/m? (over 5 days)  No None U: 1 4.9-fold Day <5 25
41 100 mg/m? (over 5 days)  Unknown  NE U: Cycle 1: 1 474-fold Cycle 1: Day6 %7
(3 cycles) U: Cycle 2: 1 551-fold Cycle 2: Day 6
U: Cycle 3: 1 63-fold Cycle 3: Day 6
11 100 mg/m? (over 5 days)  Yes None U: 1 2- to 5-fold Day 3 38
(6 cycles)
22 100 mg/m? (5 cycles) Yes None U: | 1.7-fold Days 21+ 84
12 120 mg/m? No NE U: 1 5.7-fold Day <6 89
30 200 mg/m? (over 5 days)  Unknown  Mean 25% | eGFR  U: Cycle 1: up to 80-fold Cycle 1: Day9  %¢
(3 cycles) Day 9
5 375 mg/m? (over 5 days)  Yes None U: 1 13-fold Day <5 23

AKI: acute kidney injury; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum; UK: Unknown; U: urine.
Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

Table 3. Changes in urinary N-acetyl-D-glucosaminidase concentrations in patients prescribed cisplatin-containing regimens.

Cisplatin Highest mean/median fold
# Patients Mean cisplatin naive # Patients with change from baseline Timing of
analyzed dose (yes/no) clinical AKI during the observation period peak change References
8 30-90 mg/m? Unknown  NE U: Up to 1 2.4-fold Day 3 40
3 38 mg/m? Unknown  n=231.3-fold |eGFR  U: Up to | 4.4-fold Day 3-10 29
by Day 13
20 50 mg/m? (6 cycles) Yes NE U: Up to 1 2.6-fold Day <4 82
8 50-75 mg/m? (6 cycles) Yes NE U: 1 3-fold Day 4 8o
24 70 mg/m? Unknown n=9 U: 1 3-fold in 20% Day 3 45
20% | eGFR | eGFR subjects;
1 2.1-fold U: 1 2.1-fold in others
by Day 6
AUC-ROC: 0.66
14 70 mg Unknown  None U: 1 1.9-fold Day 4 se
11 <80 mg/m? Unknown  Unknown U: No difference between 87
AKI and non-AKI
22 100 mg/m? (5 cycles) Yes None U: 1 2.2-fold Day 1.5 34
16 100 mg/m? (over 5 days)  Unknown  None U: Cycle 1: 1 3-fold Day 5-6 22
(2 cycles) U: Cycle 2: 1 2-fold
12 120 mg/m? No NE U: 1 11.8-fold Day 1.5-2 89
176 mg Unknown n=4 U: 1 2- to 6-fold Day 5-10 46
1 1.5-fold SCr
5 200 mg/m? (over 4 days) Yes None U: Up to 1 5.7-fold Day 4 a4
30 200 mg/m? (over 5 days)  Unknown  Mean 25% | eGFR U: Cycle 1: Up to 1 7-fold Cycle 1: Day6 26
(8 cycles) Day 9
5 375 mg/m? (over 5 days) Yes None U: 1 13.6-fold Day <5 23

AKI: acute kidney injury; AUC-ROC: area under the curve receiver operating characteristic; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum; U:
urine.
Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

AKl-positive (n=30) and AKI-negative (n=12) samplesin  to7 courses of cisplatin.*’ Furthermore, another report sug-
lung cancer patients treated with cisplatin.’ Long-term  gested that urinary NAG concentrations may return to
studies have demonstrated that urinary NAG concentra-  baseline as early as 2 weeks after cisplatin treatment.
tions return to normal levels by at least 3 months after 2  Interestingly, there was no evidence of an increase in
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Table 4. Changes in urinary kidney injury molecule-1 concentrations in patients prescribed cisplatin-containing regimens.

Highest mean/median

# Patients Mean cisplatin Cisplatin # Patients with fold change from baseline Timing of
analyzed dose naive (yes/no) clinical AKI during the observation period peak change References
57 63.4 mg/m? Mixed n=1 U: 1 2.8-fold Day 10 31
24 70 mg/m? Unknown n=9 U: 1 2-fold Day 3 48
20% | eGFR
by Day 6
AUC-ROC: 0.55
22 75 mg/m? Yes n=8 U: 1 1.6-fold AKI Day 3 49
AUC-ROC: 0.94 U: 1 1.1-fold no-AKI
11 <80 mg/m? Unknown n=10 Day 3 U: 1 6-fold Day 7 87
AUC-ROC: 0.858
27 80 mg/m? Yes n=2 U: 1 4.6-fold (n=27) Day 7 50
106 Intraoperative Unknown n=42 U: 1 <2-fold (n=106) Day 2 51

AKI: acute kidney injury; AUC-ROC: area under the curve receiver operating characteristic; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum; U:

urine.

Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

baseline NAG levels after additional courses of cisplatin
treatment (up to 6).2>°>** NAG, similar to B2M, did not
correlate with accumulated cisplatin dose.*’ Taken togeth-
er, NAG concentrations increase in the urine of patients
with subclinical and clinical AKI within 3 to 5 days after
cisplatin treatment but do not reflect the degree of injury or
the cumulative dose of cisplatin received.

Kidney injury molecule-1

Kidney injury molecule-1 (KIM-1) is a type I cell membrane
glycoprotein (104kDa) that is highly conserved across
rodents, dogs, primates, and humans.”” KIM-1 is also a
phosphatidylserine receptor found on renal epithelial
cells that recognizes apoptotic cells and enables their clear-
ance by phagocytosis.*® During proximal tubular injury,
KIM-1 mRNA is up-regulated and the ectodomain of
KIM-1 protein (90 kDa) is shed from the brush border mem-
brane into the urine. KIM-1 is a prominent and promising
biomarker for various etiologies of AKI and there have
been several studies utilizing KIM-1 for cisplatin-induced
AKI (Table 4). Urinary KIM-1 concentrations were shown to
predictably increase in the presence of clinically detectable
cisplatin-induced AKI with the peak value occurring with
or following a rise in SCr. Among lung cancer patients
(n=11), 10 patients were diagnosed with -cisplatin-
induced AKI on day 3 based on an elevation in
BUN >20mg/dL and/or a rise of 50% SCr level from base-
line.*” Urinary KIM-1 levels also exhibited time-dependent
increases in these patients. In a representative patient
receiving cisplatin, urinary KIM-1 concentrations peaked
on day 7 as reflected in a 6-fold increase from baseline.
Analysis of cisplatin AKlI-positive (n=30) and AKI-
negative (n=12) samples revealed a high AUC-ROC
value of 0.858 suggesting a strong predictive value between
urinary KIM-1 concentrations and a clinical diagnosis of
AKI. Similarly, in a study of patients receiving their first
cycle of cisplatin-containing chemotherapy (N =22), eight
patients developed AKI by day 3, defined by >1.5-fold
elevation in SCr.*’ A significant time-dependent elevation

in absolute and creatinine-normalized KIM-1 levels was
detected in the AKI group and peaked on day 3. The AUC-
ROC value for KIM-1 was 0.94 on day 3 after cisplatin treat-
ment. Notably, serum KIM-1 concentrations did not differ
between the AKI and non-AKI groups at any of the time
points. In another study of cisplatin-naive patients treated
with cisplatin for various solid tumors (n = 27), two patients
developed a 50% increase in SCr® The absolute and
creatinine-normalized concentrations of KIM-1 in all patients
increased between days 3 and 14, with a peak on day 7.
Interestingly, many studies have also shown that
patients with subclinical AKI also display time-dependent
increases in urinary KIM-1 levels.®*751 However, the clin-
ical relevance of KIM-1 changes in subclinical AKI is not
entirely clear. For example, KIM-1 displayed a diminished
ability to predict nephrotoxicity at three days (AUC-ROC
value 0.55) when using a modest change in eGFR to diag-
nose nephrotoxicity (20% decline in eGFR) in urothelial car-
cinoma patients with AKI (7=9) or no-AKI (n=15).*
Nonetheless, even patients with <20% decline in eGFR
exhibited time-dependent elevations in urinary KIM-1 con-
centrations. Another published study in cisplatin-treated
patients with subclinical AKI (1 = 57) supports this trend.”"

Neutrophil gelatinase-associated lipocalin

The NGAL gene encodes for a small protein (25kDa)
bound to gelatinase that is secreted from human neutro-
phils.”>™* NGAL sequesters iron and prevents bacterial
growth. In a transcriptomic study to identify ischemia-
related genes, NGAL was significantly induced within
the kidneys of mice.”® Additional work revealed that
NGAL is up-regulated and enriched in proliferating
mouse proximal tubule cells after ischemia.”® Secretion of
NGAL protein into the urine has recently gained interest
for use as a biomarker of AKI. There is a robust time-
dependent increase in urinary NGAL protein concentra-
tions from 0.5 to 3 days after cisplatin therapy that largely
precedes elevations in SCr (Table 5).2°*7 In one pediatric
study, the dose of cisplatin correlated with post-cisplatin
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Table 5. Changes in urinary neutrophil gelatinase-associated lipocalin concentrations in patients prescribed cisplatin-containing regimens.

Highest mean/median

# Patients Mean cisplatin Cisplatin # Patients with fold change from baseline Timing of

analyzed dose naive (yes/no) clinical AKI during the observation period peak change References

60 50 mg/m? Yes 13% | eGFR U: 1 1.5-fold Day 0.08 50
Day 5

24 50-80 mg/m? Unknown n=2 U: 1 2.5-fold in AKI subjects Day 2 56
AUC-ROC: 0.80 U: 1 10-fold in

no-AKI subjects
21 56 mg/m? No n=10 U: No change up to Day 4 58
Total dose= >50% 1 SCr
129 mg/m? AUC-ROC: 0.64 (Day 1)

Age-adjusted

57 63.4 mg/m? Mixed n=1 U: No change 81

on Day 3 or 10

24 70 mg/m? Unknown n=9 U: 7 1.3-fold Day 3 45
20% | eGFR
by Day 6
AUC-ROC: 0.64

33 75 mg/m? Yes 10/33 by Day 4 U: 1 4-fold in AKI Day 2 AKI 21
25% | eGFR No increase in no-AKI

11 <80 mg/m? Unknown n=10 Day 3 U: | 6-fold Day 7 87
AUC-ROC: 0.608

46 140 mg Yes n=12 25% 1 SCr U: 1 >60-fold in AKI Day 7 57

14 Unknown Unknown None U: 1 2.3-fold cisplatin Unknown 60

AKI: acute kidney injury; AUC-ROC: area-under-the curve receiver operating characteristic; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum;

U: urine.

Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

infusion concentrations of NGAL in urine (r=0.73,
n :21).58 Moreover, urinary levels of NGAL have been
suggested as a means to differentiate patients with clini-
cal AKIversus subclinical or no AKI. In one clinical study,
significant elevations in NGAL at day 1 preceded a
modest increase in SCr on day 3 (20%) prior to a maximal
SCr increase on day 7.” In fact, urinary NGAL levels were
significantly higher in patients with AKI at days 1, 2, 3,
and 15 after cisplatin compared to those not exhibiting
clinical AKI. Importantly, an increase in NGAL at day 2
was found to be a significant independent predictor of
AKI. A study of patients (1 =33) revealed an AUC-ROC
value for NGAL of 0.87 at 12 and 24 h.*! Other studies
have also revealed similar findings with an AUC-ROC
value of 0.80 at 24 h signifying important predictive
value for NGAL to reflect AKI.>® Recent data also suggest
that elevations in urinary NGAL may even be able to
detect AKI as early as 2h.”® Interestingly, patients with a
slow recovery from AKI had earlier and higher increases
in urinary NGAL levels.”” The time points selected for
NGAL quantification are important. Several studies that
assessed urinary NGAL at or past day 3 have a lesser
ability to detect nephrotoxicity in patients receiving cis-
platin.’'*”** Lastly, urinary NGAL may also identify AKI
following treatment with other platinum analogs. In one
study, urinary NGAL concentrations increased 2.3-fold,
2.7-fold, and 1.5-fold from baseline in response to chemo-
therapy containing cisplatin, carboplatin, and oxaliplatin,
respectively.®

Notably, concentrations of NGAL in serum have little
ability to detect cisplatin-induced AKL>”" Serum NGAL

levels were similar in patients with and without cisplatin-
induced AKL"”

Cystatin C

Cystatin C is part of a family of cysteine proteinase inhib-
itors (13kDa) expressed ubiquitously in all nucleated
cells.®? Cystatin C is primarily eliminated by glomerular
filtration, and therefore serum cystatin C concentrations
have been used as an endogenous marker of GFR. Since
cystatin C is also catabolized by renal tubular epithelia,
the presence of cystatin C in the urine indicates tubular
injury. Most clinical studies investigating the relationship
between cystatin C and cisplatin AKI have largely focused
on changes in the serum rather than the urine (Table 6).
Serum cystatin C concentrations were elevated 41%
by day 3 in patients receiving cisplatin (1 =27).>" Smaller
changes (1.1-fold) in serum cystatin C have been reported
in other studies where no or minimal clinical AKI
had occurred.”®**® Caution should be taken when
interpreting changes in serum cystatin C as levels can be
affected by corticosteroids, hyperthyroidism, and other
conditions.®*® Because of the modest changes observed
in serum and the sensitivity of this protein to be influenced
by concomitant diseases, cystatin C may not be an ideal
biomarker for cisplatin AKI.

There is little change in urinary cystatin C concentration
in the first 8 h of cisplatin treatment®'; however, 2-fold
increases may be evident at later time points (day 3).%!
Additional work is needed to characterize the utility of
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Table 6. Changes in serum and urinary cystatin C concentrations in patients prescribed cisplatin-containing regimens.

Highest mean/median
fold change from

# Patients Mean cisplatin Cisplatin naive # Patients with baseline during the Timing of
analyzed dose (yes/no) clinical AKI observation period peak change References
60 50 mg/m? Yes 13% | eGFR S: 1 1.1-fold Day 5 59
Day 5
35 50 mg/m? Unknown No SCr change S: 1 1.1-fold Day 5 62
34 60 mg/m? Yes NE S: 1 1.1-fold Days 14-28 61
(3 cycles) After first cycle
57 63.4 mg/m? Mixed N=1 U: 1 1.9-fold Day 3 31
33 75 mg/m? Yes 10/33 by Day 4 U: No change at 8h 21
25% | eGFR No difference in AKI
and no-AKI groups
27 80 mg/m? Yes N=2 S 1 41% Day 3 50
n=9150%
123 120 mg/day Yes NE S: Up to 1 1.1-fold Day 21 67

AKI: acute kidney injury; eGFR: estimated glomerular filtration rate; NE: not evaluated; S: serum; U: urine.
Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

urinary cystatin C concentrations for identifying subclinical
and clinical AKI in oncology patients receiving cisplatin.

Calbindin

Calbindin is a 28kDa calcium-binding protein found
primarily in the distal tubules and collecting ducts of the
kidneys.®® The mechanistic role for calbindin in kidney
injury is unknown; however, two contradictory studies in
cisplatin-treated rats have observed either an increase or
decrease of calbindin in the urine and an elevation in
serum calbindin.®*”® Two studies have quantified urinary
calbindin concentrations following cisplatin administration
in cancer patients (Table 7). In both studies, calbindin levels
were enhanced in the urine in the absence of clinically
detectable AKI. There was a 23-fold increase in urinary
calbindin and a 7-fold increase in serum calbindin which
peaked by day 10 in cisplatin-treated patients (n=14).> In
this study, patients receiving the analog carboplatin did not
exhibit changes in wurinary calbindin concentrations.
Similarly, another study revealed a 8-fold increase in uri-
nary calbindin by day 10 after cisplatin infusion, in the
absence of SCr changes.®>® These data suggest calbindin
excretion into urine is elevated in response to cisplatin
treatment; however, further studies are required to under-
stand the mechanistic role of calbindin in AKI.

Insulin-like growth factor binding protein-7
and tissue inhibitor of metalloproteinase-2

Insulin-like growth factor binding protein-7 (IGFBP7) (30
kDa) and tissue inhibitor of metalloproteinases-2 (TIMP2)
(68 kDa) are cell-cycle arrest proteins released into urine
upon kidney injury.”*”> IGFBP7 is expressed in proximal
tubules and up-regulated upon insult, whereas TIMP?2 is
constitutively expressed in the distal tubules of human kid-
neys.”® The U.S. FDA has approved an immunoassay, the
NephroCheck® test which detects TIMP2 and IGFBP7 in
the urine and calculates their product to generate an
AKIRisk® Score within 20 min. The intended use of
NephroCheck® is for the clinical risk assessment for

moderate to severe AKI within the next 12 h specifically
in ICU patients (at least 21 years of age) who have or have
had acute cardiovascular and/or respiratory compromise
within the past 24 h. There has been interest in assessing the
utility of NephroCheck® for other causes of AKI including
drug-induced toxicity. In one clinical study, 4 of 32 patients
receiving cisplatin developed AKI, and the AUC-ROC
value for TIMP2xIGFBP7 was 092 within 72 h.”’
However, another study that measured the two biomarkers
individually found that there was no change in IGFBP7
concentrations 24 h after cisplatin administration, whereas
a 1.1-fold increase in TIMP2 levels could be observed.”!
While 13 patients developed AKI in this study, the AUC-
ROC value for the product of TIMP2 xIGFBP7 was only 0.46
at 24 h. A third study of 46 patients also showed no signif-
icant changes from baseline for either TIMP2 or IGFBP7 as
well as for TIMP2xIGFBP7 at days 3 and 10 after cisplatin
treatment.”> However, additional studies are required to
further validate this test in cisplatin-treated patients and
to find the optimal time-points for clinical use in ambula-
tory patients at risk of AKI.

Additional urinary proteins

Other promising urinary protein biomarkers have been
evaluated in studies of patients receiving cisplatin.
Clusterin is a secreted protein (80kDa) up-regulated
during kidney injury’” that possesses anti-apoptotic prop-
erties (reviewed in Rosenberg and Silkensen’). In two
studies, there was a 2- to 2.5-fold increase in urinary clus-
terin concentrations between days 7 and 10 following cis-
platin treatment*’® Similarly, the urinary protein
monocyte chemotactic peptide-1 (MCP-1) (13 kDa) has
shown some promise as an indicator of subclinical or clin-
ical AKL.”Y MCP-1 is a potent proinflammatory chemokine
that plays a role in monocyte recruitment to sites of injury
and was found to be increased in the proximal tubules and
urine following cisplatin injury in rats.** MCP-1 was ele-
vated 1.7- to 3.8-fold between days 7-10 in patients treated
with cisplatin.**” One study also reported an AUC-ROC
value of 0.85 for urinary MCP-1 and AKI on day 7.%
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Table 7. Changes in urinary concentrations of additional proteins in patients prescribed cisplatin-containing regimens.

Highest mean/median
fold change from

# Patients Mean cisplatin Cisplatin # Patients with baseline during the Timing of
analyzed dose naive (yes/no) clinical AKI observation period peak change References
Calbindin 14 70 mg Unknown None U: 1 23-fold Day 10 36
57 63.4 mg/m? Mixed n=1 U: 1 8.3-fold Day 10 81
MCP-1 11 <80 mg/m? Unknown n=10 Day 3 U: 1 3.8-fold Day 7 87
AUC-ROC: 0.85
57 63.4 mg/m? Mixed n=1 U: 1 1.7-fold Day 10 a1
Clusterin 27 80 mg/m? Yes n=2 U: 1 2.5-fold Day 7 50
57 63.4 mg/m? Mixed n=1 U: 1 1.9-fold Day 10 81
IGFBP7 45 59.9 mg/m? No n =13 No difference U: No change m
between AKI and no AKI Day 1
IGFBP7 46 64.2 mg/m? No n=1 U: No change 2
Day 3 or 10
TIMP2xIGFBP7 45 59.9 mg/m? No n=13 U: No change &
AUC-ROC: 0.46 Day 1
TIMP2xIGFBP7 32 78 mg/m? No n=4 <Day 3 NE 8
AUC-ROC: 0.92
TIMP2xIGFBP7 46 64.2 mg/m? No n=1 U: No change 2
Day 3 or 10
TIMP2 45 59.9 mg/m? No n=13 U: 1 1.1-fold Day 1 m
No difference
between AKI and no AKI
TIMP2 46 64.2 mg/m? No n=1 U: No change 2
Day 3 or 10
GST-pi 57 63.4 mg/m? Mixed n=1 U: 1 1.6-fold Day 10 a1
IL-18 57 63.4 mg/m? Mixed n=1 U: No change 81
Day 3 or 10
Osteopontin 57 63.4 mg/m? Mixed n=1 U: No change 81
Day 3 or 10
TFF3 57 63.4 mg/m? Mixed n=1 U: 1 2-fold Day 10 81

AKI: acute kidney injury; AUC-ROC: area under the curve receiver operating characteristic; eGFR: estimated glomerular filtration rate; GST-pi: Glutathione-S-
transferase-pi; IGFBP7: Insulin like growth factor binding protein-7; IL-18: Interleukin-18; MCP-1: monocyte chemotactic peptide-1; NE: not evaluated; S: serum;

TIMP2: Tissue inhibitor of metalloproteinases-2; TFF3: Trefoil factor 3; U: urine.

Each publication provides different definitions for the diagnosis of clinical acute kidney injury.

Trefoil factor 3 (TFF3) is a small peptide hormone (~9
kDa) secreted by mucus-producing cells and enriched in
proximal tubules.*"** TFF3 is involved in epithelial surface
repair through inhibition of apoptosis and promotion of cell
survival and migration.*® Interestingly, urinary TFF3 concen-
trations have been found to decline in response to toxicant-
induced renal injury in rats (carbapenem, gentamicin, cisplat-
in).5>8* Only one study has quantified urinary TFF3 levels in
patients receiving cisplatin. In this study, a 2-fold increase
from baseline was observed on day 10 in patients that did
not exhibit clinical AKI using traditional clinical diagnostic
measures.”’ Further studies are required to understand why
TFF3 protein concentrations increase in humans, but
decrease in rodents, following cisplatin exposure.

The regulation of various isoforms of glutathione-S-
transferase (GST), an enzyme involved in the detoxification
of cisplatin, has been studied in response to cisplatin
administration. GST-alpha (51 kDa), which is primarily
expressed in proximal tubules following injury® (reviewed
in McMahon et al.*), was increased in response to cisplatin
injury in rats.*”®~% Excretion of GST-pi (47 kDa), a marker
for distal tubular damage,85 was evaluated in the urine of
cisplatin-treated patients without clinical AKI and found to
be moderately elevated by day 10 (1.6-fold).*"

There are still other biomarkers that have yet to be eval-
uated in cisplatin-treated patients including fatty acid-
binding protein 1 (FABP1), a 15-kDa protein localized in
the cytoplasmic regions of proximal tubules of human
kidney.””! Notably, rodents do not express FABP1 in their
kidneys. However, mice expressing the human FABP1 pro-
tein had increased shedding of FABP1 into urine following
cisplatin treatment that correlated with the extent of injury.”
Quantification of FABP1 in the clinical setting of cisplatin-
induced AKI is still lacking. Osteopontin (~40 kDa) has
shown great promise as a biomarker in in vivo studies of
rats treated with cisplatin.***>* However, only one study
evaluated osteopontin in cisplatin-treated patients without
clinical AKI and did not detect a significant change on days 3
or 10.%! Further investigation of these additional proteins is
needed to better understand their utility as biomarkers of
cisplatin-induced clinical or subclinical AKI.

Conclusion

It is well known that SCr has significant limitations that
hinder the sensitive and timely identification of AKI, par-
ticularly when there is only a moderate degree of damage
to the kidneys. Urinary protein biomarkers play an
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important role in our ability to predict drug-induced inju-
ries. In the case of cisplatin, sensitive urinary biomarkers
could provide clinicians with greater information to detect
kidney injury and could aid in selecting doses for subse-
quent rounds of chemotherapy. The ideal AKI biomarker
should be noninvasive, reflective of the degree of injury,
and be unaffected by inter-individual and external varia-
tion such as concomitant medications or diseases. The
implementation of novel urinary biomarkers in the clinic
is lagging due to a lack of sufficient validation and incon-
sistencies across studies. To address these issues, larger
head-to-head studies are needed to identify time-
dependent responses and to establish accurate cutoff
values and ranges, particularly in cancer patients. Aside
from protein biomarkers, the release of microRNAs and
exosomes into the urine also shows great promise for rec-
ognizing kidney injury in patients. A combination of
“omic” strategies, such as protein and microRNA bio-
markers, may represent one option for the early and sensi-
tive detection of AKL

Authors’ contributions: Authors were involved in the con-
ception, design, writing, and review of this manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

This work was supported by the National Institutes of Diabetes
and Digestive and Kidney Disorders [Grant DK093903],
Cancer Institute [CA072720], Environmental Health Sciences
[Grants ES005022, ES007148], components of the National
Institutes of Health. Blessy George was supported by a predoc-
toral fellowship from the American Foundation for
Pharmaceutical Education.

REFERENCES

1. Shord SS, Thompson DM, Krempl GA, Hanigan MH. Effect of concur-
rent medications on cisplatin-induced nephrotoxicity in patients with
head and neck cancer. Anticancer Drugs 2006;,17:207-15

2. Kociba R], Sleight SD. Acute toxicologic and pathologic effects of cis-
diamminedichloroplatinum (NSC-119875) in the male rat. Cancer
Chemother Rep 1971,55:1-8

3. Gonzales-Vitale JC, Hayes DM, Cvitkovic E, Sternberg SS. The renal
pathology in clinical trials of cis-platinum (II) diamminedichloride.
Cancer 1977,39:1362-71

4. Dentino M, Luft FC, Yum MN, Williams SD, Einhorn LH. Long term
effect of cis-diamminedichloride platinum (CDDP) on renal function
and structure in man. Cancer 1978;41:1274-81

5. Pabla N, Murphy RF, Liu K, Dong Z. The copper transporter Ctrl
contributes to cisplatin uptake by renal tubular cells during cisplatin
nephrotoxicity. Am | Physiol Renal Physiol 2009;296:F505-11

6. Ciarimboli G, Ludwig T, Lang D, Pavenstadt H, Koepsell H, Piechota
HJ, Haier J, Jaehde U, Zisowsky ], Schlatter E. Cisplatin nephrotoxicity
is critically mediated via the human organic cation transporter 2. Am |
Pathol 2005;167:1477-84

7. Filipski KK, Loos W], Verweij ], Sparreboom A. Interaction of cisplatin
with the human organic cation transporter 2. Clin Cancer Res
2008;14:3875-80

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Pascoe JM, Roberts J]. Interactions between mammalian cell DNA and

inorganic platinum compounds. I. DNA interstrand cross-linking and
cytotoxic properties of platinum(Il) compounds. Biochen Pharmacol
1974;23:1359-65

. Townsend DM, Deng M, Zhang L, Lapus MG, Hanigan MH.

Metabolism of cisplatin to a nephrotoxin in proximal tubule cells.
J Am Soc Nephrol 2003;14:1-10

Townsend DM, Hanigan MH. Inhibition of gamma-glutamyl transpep-
tidase or cysteine S-conjugate beta-lyase activity blocks the nephrotox-
icity of cisplatin in mice. | Pharmacol Exp Ther 2002;300:142-8

Zhang L, Hanigan MH. Role of cysteine S-conjugate beta-lyase in the
metabolism of cisplatin. ] Pharmacol Exp Ther 2003;306:988-94
Karasawa T, Steyger PS. An integrated view of cisplatin-induced neph-
rotoxicity and ototoxicity. Toxicol Lett 2015;237:219-27

Latcha S, Jaimes EA, Patil S, Glezerman IG, Mehta S, Flombaum CD.
Long-Term Renal Outcomes after Cisplatin Treatment. Clin | Am Soc
Nephrol 2016;11:1173-9

Chen Y. Assessing and predicting drug-induced kidney injury, func-
tional change, and safety in preclinical studies in rats. In: Will Y,
McDuffie JE, Olaharski AJ, Jeffy BD (eds) Drug discovery toxicology:
from target assessment to translational biomarkers. Hoboken, New Jersey:
John Wiley & Sons, Inc., 2016, pp.431-42

Dieterle F, Sistare F, Goodsaid F, Papaluca M, Ozer ]S, Webb CP, Baer W,
Senagore A, Schipper MJ, Vonderscher J, Sultana S, Gerhold DL,
Phillips JA, Maurer G, Carl K, Laurie D, Harpur E, Sonee M, Ennulat
D, Holder D, Andrews-Cleavenger D, Gu YZ, Thompson KL, Goering
PL, Vidal JM, Abadie E, Maciulaitis R, Jacobson-Kram D, Defelice AF,
Hausner EA, Blank M, Thompson A, Harlow P, Throckmorton D, Xiao
S, Xu N, Taylor W, Vamvakas S, Flamion B, Lima BS, Kasper P, Pasanen
M, Prasad K, Troth S, Bounous D, Robinson-Gravatt D, Betton G, Davis
MA, Akunda ], McDuffie JE, Suter L, Obert L, Guffroy M, Pinches M,
Jayadev S, Blomme EA, Beushausen SA, Barlow VG, Collins N, Waring
J, Honor D, Snook S, Lee J, Rossi P, Walker E, Mattes W. Renal biomark-
er qualification submission: a dialog between the FDA-EMEA and pre-
dictive safety testing consortium. Nat Biotechnol 2010;28:455-62

Ronco C, Kellum JA, Haase M. Subclinical AKI is still AKI. Crit Care
2012;16:313

USFDA. Letter of support for drug-induced (DIKI) renal tubular injury
biomarkers, www.fda.gov/downloads/Drugs/DevelopmentApproval
Process/UCM535972.pdf2016 (accessed 17 November 2017).

Waikar SS, Betensky RA, Emerson SC, Bonventre JV. Imperfect gold
standards for kidney injury biomarker evaluation. | Am Soc Nephrol
2012;23:13-21

Waikar SS, Betensky RA, Emerson SC, Bonventre JV. Imperfect gold
standards for biomarker evaluation. Clin Trials 2013;10:696-700
Peterson PA, Evrin PE, Berggard I. Differentiation of glomerular, tubu-
lar, and normal proteinuria: determinations of urinary excretion of
beta-2-macroglobulin, albumin, and total protein. | Clin Invest
1969;48:1189-98

Lin HY, Lee SC, Lin SF, Hsiao HH, Liu YC, Yang WC, Hwang DY, Hung
CC, Chen HC, Guh JY. Urinary neutrophil gelatinase-associated lip-
ocalin levels predict cisplatin-induced acute kidney injury better than
albuminuria or urinary cystatin C levels. Kaohsiung ] Med Sci
2013;29:304-11

Pfaller W, Thorwartl U, Nevinny-Stickel M, Krall M, Schober M,
Joannidis M, Hobisch A. Clinical value of fructose 1,6 bisphosphatase
in monitoring renal proximal tubular injury. Kidney Int Suppl 1994;47:
S68-75

Takeda M, Komeyama T, Tsutsui T, Mizusawa T, Go H, Hatano A,
Tanikawa T. Urinary endothelin-1-like immunoreactivity in young
male patients with testicular cancer treated by cis-platinum: compari-
son with other urinary parameters. Clin Sci 1994;86:703-7

Takeda M, Komeyama T, Tsutsui T, Mizusawa T, Go H, Hatano A,
Tanikawa T. Changes in urinary excretion of endothelin-1-like immu-
noreactivity in patients with testicular cancer receiving high-dose
cisplatin therapy. Am | Kidney Dis 1994;24:12-6

Fleming JJ, Collis C, Peckham M]J. Renal damage after cis-platinum.
Lancet 1979;2:960


http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/UCM535972.pdf2016
http://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/UCM535972.pdf2016

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. Daugaard G, Abildgaard U, Holstein-Rathlou NH, Bruunshuus I,

Bucher D, Leyssac PP. Renal tubular function in patients treated with
high-dose cisplatin. Clin Pharmacol Ther 1988;44:164-72

Daugaard G, Rossing N, Rorth M. Effects of cisplatin on different meas-
ures of glomerular function in the human kidney with special emphasis
on high-dose. Cancer Chemother Pharmacol 1988;21:163-7

Johnsson A, Hoglund P, Grubb A, Cavallin SE. Cisplatin pharmacoki-
netics and pharmacodynamics in patients with squamous-cell carcino-
ma of the head/neck or esophagus. Cancer Chemother Pharmacol
1996,39:25-33

Fuke Y, Fujita T, Satomura A, Endo M, Matsumoto K. The role of com-
plement activation, detected by urinary C5b-9 and urinary factor H, in
the excretion of urinary albumin in cisplatin nephropathy. Clin Nephrol
2009;71:110-7

Verplanke AJ, Herber RF, de Wit R, Veenhof CH. Comparison of renal
function parameters in the assessment of cis-platin induced nephrotox-
icity. Nephron 1994;66:267-72

George B, Wen X, Mercke N, Gomez M, O’bryant C, Bowles DW, Hu Y,
Hogan SL, Joy MS, Aleksunes LM. Profiling of kidney injury bio-
markers in patients receiving cisplatin: time-dependent changes in
the absence of nephrotoxicity.  Clin Ther
2017;101:510-8

Tirelli AS, Colombo N, Cavanna G, Mangioni C, Assael BM. Follow-up
study of enzymuria and beta 2 microglobulinuria during cis-platinum
treatment. Eur | Clin Pharmacol 1985;29:313-8

Sorensen PG, Nissen MH, Groth S, Rorth M. Beta-2-microglobulin
excretion: an indicator of long term nephrotoxicity during cis-
platinum treatment? Cancer Chemother Pharmacol 1985;14:247-9
Buamah PK, Howell A, Whitby H, Harpur ES, Gescher A. Assessment
of renal function during high-dose CIS-platinum therapy in patients
with ovarian carcinoma. Cancer Chemother Pharmacol 1982;8:281-4
Cohen Al, Harberg J, Citrin DL. Measurement of urinary beta 2-micro-
globulin in the detection of cisplatin nephrotoxicity. Cancer Treat Rep
1981;65:1083-5

Takashi M, Zhu Y, Miyake K, Kato K. Urinary 28-kD calbindin-D as a
new marker for damage to distal renal tubules caused by cisplatin-
based chemotherapy. Urol Int 1996,56:174-9

Shinke H, Masuda S, Togashi Y, Ikemi Y, Ozawa A, Sato T, Kim YH,
Mishima M, Ichimura T, Bonventre JV, Matsubara K. Urinary kidney
injury molecule-1 and monocyte chemotactic protein-1 are noninvasive
biomarkers of cisplatin-induced nephrotoxicity in lung cancer patients.
Cancer Chemother Pharmacol 2015;76:989-96

de Gislain C, Dumas M, D’athis P, Lautissier JL, Escousse A, Guerrin J.
Urinary beta 2-microglobulin: early indicator of high dose cisdiammi-
nedichloroplatinum nephrotoxicity? Influence of furosemide. Cancer
Chemother Pharmacol 1986;18:276-9

Jones BR, Bhalla RB, Mladek ], Kaleya RN, Gralla R], Alcock NW,
Schwartz MK, Young CW, Reidenberg MM. Comparison of methods
of evaluating nephrotoxicity of cis-platinum. Clin Pharmacol Ther
1980;27:557-62

Ikeda H, Nagashima K, Okumura H, Takahashi A, Matsuyama S,
Nagamachi Y. Urinary excretion of beta 2-microglobulin and N-
acetyl-beta-D-glucosaminidase in advanced neuroblastoma patients
receiving  cis-diamminedichloroplatinum(II). ] Surg Oncol
1988,14:17-20

Brillet G, Deray G, Jacquiaud C, Mignot L, Bunker D, Meillet D,
Raymond F, Jacobs C. Long-term renal effect of cisplatin in man. Am
] Nephrol 1994;14:81-4

Le Hir M, Dubach UC, Schmidt U. Quantitative distribution of lysoso-
mal hydrolases in the rat nephron. Histochemistry 1979;63:245-51
Hong CY, Chia KS. Markers of diabetic nephropathy. | Diab Compl
1998;12:43-60

Goren MP, Forastiere AA, Wright RK, Horowitz ME, Dodge RK, Kamen
BA, Viar M]J, Pratt CB. Carboplatin (CBDCA), iproplatin (CHIP), and
high dose cisplatin in hypertonic saline evaluated for tubular nephro-
toxicity. Cancer Chemother Pharmacol 1987,19:57-60

Hosohata K, Washino S, Kubo T, Natsui S, Fujisaki A, Kurokawa S,
Ando H, Fujimura A, Morita T. Early prediction of cisplatin-induced

clinical Pharmacol

Eur

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

George et al. Clinical biomarkers of cisplatin kidney injury 281

nephrotoxicity by urinary vanin-1 in patients with urothelial carcino-
ma. Toxicology 2016;359-360:71-5

Diener U, Knoll E, Langer B, Rautenstrauch H, Ratge D, Wisser H.
Urinary excretion of N-acetyl-beta-D-glucosaminidase and alanine
aminopeptidase in patients receiving amikacin or cis-platinum. Clin
Chim Acta 1981;112:149-57

Ichimura T, Bonventre JV, Bailly V, Wei H, Hession CA, Cate RL,
Sanicola M. Kidney injury molecule-1 (KIM-1), a putative epithelial
cell adhesion molecule containing a novel immunoglobulin domain,
is up-regulated in renal cells after injury. | Biol Chem 1998;273:4135-42
Ichimura T, Asseldonk EJ, Humphreys BD, Gunaratnam L, Duffield JS,
Bonventre JV. Kidney injury molecule-1 is a phosphatidylserine recep-
tor that confers a phagocytic phenotype on epithelial cells. | Clin Invest
2008;118:1657-68

Tekce BK, Uyeturk U, Tekce H, Uyeturk U, Aktas G, Akkaya A. Does
the kidney injury molecule-1 predict cisplatin-induced kidney injury in
early stage? Ann Clin Biochem 2015;52:88-94

Pianta TJ, Pickering JW, Succar L, Chin M, Davidson T, Buckley NA,
Mohamed F, Endre ZH. Dexamethasone modifies cystatin C-based
diagnosis of acute kidney injury during cisplatin-based chemotherapy.
Kidney Blood Press Res 2017;42:62-75

Pavkovic M, Robinson-Cohen C, Chua AS, Nicoara O, Cardenas-
Gonzalez M, Bijol V, Ramachandran K, Hampson L, Pirmohamed M,
Antoine D], Frendl G, Himmelfarb J, Waikar SS, Vaidya VS. Detection
of drug-induced acute kidney injury in humans using urinary KIM-1,
miR-21, -200c, and -423. Toxicol Sci 2016;152:205-13

Xu S, Venge P. Lipocalins as biochemical markers of disease. Biochim
Biophys Acta 2000;1482:298-307

Yang ], Goetz D, Li JY, Wang W, Mori K, Setlik D, Du T, Erdjument-
Bromage H, Tempst P, Strong R, Barasch J. An iron delivery pathway
mediated by a lipocalin. Mol Cell 2002;10:1045-56

Kjeldsen L, Cowland JB, Borregaard N. Human neutrophil gelatinase-
associated lipocalin and homologous proteins in rat and mouse.
Biochim Biophys Acta 2000;1482:272-83

Mishra ], Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang J, Barasch J,
Devarajan P. Identification of neutrophil gelatinase-associated lipocalin
as a novel early urinary biomarker for ischemic renal injury. ] Am Soc
Nephrol 2003;14:2534-43

Shahbazi F, Sadighi S, Dashti-Khavidaki S, Shahi F, Mirzania M. Urine
ratio of neutrophil gelatinase-associated lipocalin to creatinine as a
marker for early detection of cisplatin-associated nephrotoxicity. Iran
] Kidney Dis 2015;9:306-10

Gaspari F, Cravedi P, Mandala M, Perico N, de Leon FR, Stucchi N,
Ferrari S, Labianca R, Remuzzi G, Ruggenenti P. Predicting cisplatin-
induced acute kidney injury by wurinary neutrophil gelatinase-
associated lipocalin excretion: a pilot prospective case-control study.
Nephron Clin Pract 2010;115:c154-60

Sterling M, Al-Ismaili Z, McMahon KR, Piccioni M, Pizzi M, Mottes T,
Lands LC, Abish S, Fleming AJ, Bennett MR, Palijan A, Devarajan P,
Goldstein SL, O’brien MM, Zappitelli M. Urine biomarkers of acute
kidney injury in noncritically ill, hospitalized children treated with
chemotherapy. Pediatr Blood Cancer 2017;64:e26538

Karademir LD, Dogruel F, Kocyigit I, Yazici C, Unal A, Sipahioglu MH,
Oymak O, Tokgoz B. The efficacy of theophylline in preventing
cisplatin-related nephrotoxicity in patients with cancer. Ren Fail
2016;38:806-14

Seker MM, Deveci K, Seker A, Sancakdar E, Yilmaz A, Turesin AK,
Kacan T, Babacan NA. Predictive role of neutrophil gelatinase-
associated lipocalin in early diagnosis of platin-induced renal injury.
Asian Pac | Cancer Prev 2015;16:407-10

Kos FT, Sendur MA, Aksoy S, Celik HT, Sezer S, Civelek B, Yaman S,
Zengin N. Evaluation of renal function using the level of neutrophil
gelatinase-associated lipocalin is not predictive of nephrotoxicity asso-
ciated with cisplatin-based chemotherapy. Asian Pac | Cancer Prev
2013;14:1111-4

Benohr P, Grenz A, Hartmann JT, Muller GA, Blaschke S. Cystatin C - a
marker for assessment of the glomerular filtration rate in patients with
cisplatin chemotherapy. Kidney Blood Press Res 2006,29:32-5



282 Experimental Biology and Medicine Volume 243 February 2018

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kos FT, Sendur MA, Aksoy S, Sezer S, Civelek B, Yazici O, Yaman S,
Eren T, Zengin N. Evaluation of the renal function using cystatin C
level in the patients receiving cisplatin-based chemotherapy. Ren Fail
2013;35:705-10

Risch L, Huber AR. Glucocorticoids and increased serum cystatin C
concentrations. Clin Chim Acta 2002;320:133-4

Bokenkamp A, van Wijk JA, Lentze M]J, Stoffel-Wagner B. Effect of
corticosteroid therapy on serum cystatin C and beta2-microglobulin
concentrations. Clin Chem2002;48:1123-6

Manetti L, Pardini E, Genovesi M, Campomori A, Grasso L, Morselli
LL, Lupi I, Pellegrini G, Bartalena L, Bogazzi F, Martino E. Thyroid
function differently affects serum cystatin C and creatinine concentra-
tions. | Endocrinol Invest 2005;28:346-9

Zhang J, Zhou W. Ameliorative effects of SLC22A2 gene polymorphism
808 G/ T and cimetidine on cisplatin-induced nephrotoxicity in Chinese
cancer patients. Food Chem Toxicol 2012;50:2289-93

Bredderman PJ, Wasserman RH. Chemical composition, affinity for
calcium, and some related properties of the vitamin D dependent
calcium-binding protein. Biochemistry 1974;13:1687-94

Won AJ, Kim S, Kim YG, Kim KB, Choi WS, Kacew S, Kim KS, Jung JH,
Lee BM, Kim S, Kim HS. Discovery of urinary metabolomic biomarkers
for early detection of acute kidney injury. Mol Biosyst 2016;12:133-44
Togashi Y, Sakaguchi Y, Miyamoto M, Miyamoto Y. Urinary cystatin C
as a biomarker for acute kidney injury and its immunohistochemical
localization in kidney in the CDDP-treated rats. Exp Toxicol Pathol
2012;64:797-805

Toprak Z, Cebeci E, Helvaci SA, Toprak ID, Kutlu Y, Sakin A, Tukek T.
Cisplatin nephrotoxicity is not detected by urinary cell-cycle arrest
biomarkers in lung cancer patients. Int Urol Nephrol 2017;49:1041-7
Chang C, Hu Y, Hogan S, Mercke N, Gomez M, O’bryant C, Bowles D,
George B, Wen X, Gist K, Aleksunes L, Joy M. The product of tissue
inhibitor of metalloproteinase (TIMP2) and insulin like growth factor
binding protein 7 (IGFBP7?) is elevated at baseline in ambulatory cancer
patients prescribed cisplatin. JSM Biomark 2017;3:1009

Schanz M, Hoferer A, Shi J, Alscher MD, Kimmel M. Urinary
TIMP2IGFBP?7 for the prediction of platinum-induced acute renal
injury. Int | Nephrol Renovasc Dis 2017;10:175-81

Aregger F, Uehlinger DE, Witowski J, Brunisholz RA, Hunziker P, Frey
FJ, Jorres A. Identification of IGFBP-7 by urinary proteomics as a novel
prognostic marker in early acute kidney injury. Kidney Int
2014;85:909-19

Bigg HF, Morrison CJ, Butler GS, Bogoyevitch MA, Wang Z, Soloway
PD, Overall CM. Tissue inhibitor of metalloproteinases-4 inhibits but
does not support the activation of gelatinase A via efficient inhibition of
membrane type 1-matrix metalloproteinase. Cancer Res 2001;61:3610-8
Emlet DR, Pastor-Soler N, Marciszyn A, Wen X, Gomez H, Humphries
WHt, Morrisroe S, Volpe JK, Kellum JA. Insulin-like growth factor
binding protein 7 and tissue inhibitor of metalloproteinases-2: differ-
ential expression and secretion in human kidney tubule cells. Am |
Physiol Renal Physiol 2017;312:F284-F96

Correa-Rotter R, Ibarra-Rubio ME, Schwochau G, Cruz C, Silkensen JR,
Pedraza-Chaverri J, Chmielewski D, Rosenberg ME. Induction of clus-
terin in tubules of nephrotic rats. ] Am Soc Nephrol 1998;9:33-7
Rosenberg ME, Silkensen J. Clusterin: physiologic and pathophysiolog-
ic considerations. Int | Biochem Cell Biol 1995;27:633-45

Prodjosudjadi W, Daha MR, Gerritsma JS, Florijn KW, Barendregt JN,
Bruijn JA, van der Woude FJ, van Es LA. Increased urinary excretion of
monocyte chemoattractant protein-1 during acute renal allograft rejec-
tion. Nephrol Dial Transplant 1996;11:1096-103

Nishihara K, Masuda S, Shinke H, Ozawa A, Ichimura T, Yonezawa A,
Nakagawa S, Inui K, Bonventre JV, Matsubara K. Urinary chemokine
(C-C motif) ligand 2 (monocyte chemotactic protein-1) as a tubular

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

injury marker for early detection of cisplatin-induced nephrotoxicity.
Biochem Pharmacol 2013;85:570-82

Du TY, Luo HM, Qin HC, Wang F, Wang Q, Xiang Y, Zhang Y.
Circulating serum trefoil factor 3 (TFF3) is dramatically increased in
chronic kidney disease. PLoS One 2013;8:e80271

YuY, Jin H, Holder D, Ozer JS, Villarreal S, Shughrue P, Shi S, Figueroa
DJ, Clouse H, Su M, Muniappa N, Troth SP, Bailey W, Seng ],
Aslamkhan AG, Thudium D, Sistare FD, Gerhold DL. Urinary bio-
markers trefoil factor 3 and albumin enable early detection of kidney
tubular injury. Nat Biotechnol 2010;28:470-7

Kinoshita K, Taupin DR, Itoh H, Podolsky DK. Distinct pathways of cell
migration and antiapoptotic response to epithelial injury: structure-
function analysis of human intestinal trefoil factor. Mol Cell Biol
2000;20:4680-90

Wadey RM, Pinches MG, Jones HB, Riccardi D, Price SA. Tissue expres-
sion and correlation of a panel of urinary biomarkers following
cisplatin-induced kidney injury. Toxicol Pathol 2014;42:591-602
Harrison DJ, Kharbanda R, Cunningham DS, McLellan LI, Hayes JD.
Distribution of glutathione S-transferase isoenzymes in human kidney:
basis for possible markers of renal injury. | Clin Pathol 1989;42:624-8
McMahon BA, Koyner JL, Murray PT. Urinary glutathione S-transfer-
ases in the pathogenesis and diagnostic evaluation of acute kidney
injury following cardiac surgery: a critical review. Curr Opin Crit Care
2010;16:550-5

Gautier JC, Riefke B, Walter J, Kurth P, Mylecraine L, Guilpin V, Barlow
N, Gury T, Hoffman D, Ennulat D, Schuster K, Harpur E, Pettit S.
Evaluation of novel biomarkers of nephrotoxicity in two strains of rat
treated with Cisplatin. Toxicol Pathol 2010;38:943-56

Harpur E, Ennulat D, Hoffman D, Betton G, Gautier JC, Riefke B,
Bounous D, Schuster K, Beushausen S, Guffroy M, Shaw M, Lock E,
Pettit S, Nephrotoxicity HCoBo. Biological qualification of biomarkers
of chemical-induced renal toxicity in two strains of male rat. Toxicol Sci
2011;122:235-52

McDuffie JE, Ma JY, Sablad M, Sonee M, Varacallo L, Louden C, Guy A,
Vegas ], Liu X, La D, Snook S. Time course of renal proximal tubule
injury, reversal, and related biomarker changes in rats following cis-
platin administration. Int | Toxicol 2013;32:251-60

Yan ], Gong Y, She YM, Wang G, Roberts MS, Burczynski FJ. Molecular
mechanism of recombinant liver fatty acid binding protein’s antioxi-
dant activity. ] Lipid Res 2009;50:2445-54

Maatman RG, Van Kuppevelt TH, Veerkamp JH. Two types of fatty
acid-binding protein in human kidney. Isolation, characterization and
localization. Biochem ] 1991;273:759-66

Negishi K, Noiri E, Sugaya T, Li S, Megyesi ], Nagothu K, Portilla D.
A role of liver fatty acid-binding protein in cisplatin-induced acute
renal failure. Kidney Int 2007,72:348-58

Fuchs TC, Frick K, Emde B, Czasch S, von Landenberg F, Hewitt P.
Evaluation of novel acute urinary rat kidney toxicity biomarker for
subacute toxicity studies in preclinical trials. Toxicol Pathol
2012;40:1031-48

Pianta TJ, Succar L, Davidson T, Buckley NA, Endre ZH. Monitoring
treatment of acute kidney injury with damage biomarkers. Toxicol Lett
2017;268:63-70

Pinches MD, Betts CJ, Bickerton SJ, Beattie L, Burdett LD, Thomas HT,
Derbyshire NA, Moores M, Price SA. Evaluation of novel urinary renal
biomarkers: biological variation and reference change values. Toxicol
Pathol 2012;40:541-9

Vinken P, Starckx S, Barale-Thomas E, Looszova A, Sonee M, Goeminne
N, Versmissen L, Buyens K, Lampo A. Tissue Kim-1 and urinary clus-
terin as early indicators of cisplatin-induced acute kidney injury in rats.
Toxicol Pathol 2012;40:1049-62



	table-fn1-1535370217745302
	table-fn2-1535370217745302
	table-fn3-1535370217745302
	table-fn4-1535370217745302
	table-fn5-1535370217745302
	table-fn6-1535370217745302
	table-fn7-1535370217745302
	table-fn8-1535370217745302
	table-fn9-1535370217745302
	table-fn10-1535370217745302
	table-fn11-1535370217745302
	table-fn12-1535370217745302
	table-fn13-1535370217745302
	table-fn14-1535370217745302

