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a b s t r a c t

MicroRNAs (miRNAs) have been recently recognized as promising non-invasive biomarkers for detecting
the organ injuries. To further understand the sensibility and reliability of miRNA measurements in urine
sample for predicting drug-induced early nephrotoxicity, a global urinary miRNA expression analysis was
performed in the rodent models with gentamicin-induced acute kidney injury (AKI). Male Wistar rats
were daily administrated with gentamicin (0, 60, and 120 mg/kg) for up to 10 days by intraperitoneal
injection, and the miRNA profiling of animal urine samples were subsequently analyzed using TaqMan®

Array Rodent miRNA Cards. The results showed that four miRNAs (mmu-miR-138-5p, mmu-miR-1971,
mmu-miR-218-1-3p, and rno-miR-489) were continuously increased in urine samples since day 4 af-
ter administration with gentamicin, which was not reflected by the standard markers such as serum
creatinine (Cr) and urea nitrogen (BUN). Furthermore, other nine urinary miRNAs were increased in both
60 and 120 mg/kg groups on day 8. Receiver operator characteristics analysis demonstrated that the
performance of these miRNAs with time- or dose-dependent increases were comparable to standard
biomarkers (i.e. serum Cr and BUN), suggesting that the urinary miRNA panel can be used as potential
biomarkers for the detection of gentamicin-induced AKI in rats. Moreover, the computer prediction
analysis showed that these differentially expressed miRNAs were potentially targeted to many genes,
which were mainly associated with the regulation of metabolic process and signaling. These data will
improve the understanding and prediction of toxicology processes induced by nephrotoxicants.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Acute kidney injury (AKI) characterized by the kidneys failure to
meet the excretory, metabolic, and endocrine demands of the body,
is often seen in the setting of multiple organ failure and sepsis.
Although major improvements have been made in the AKI man-
agement, it is reported that the incidence of AKI raises from 61
patients in 1988 to 288 patients in 2002 per 100,000 populations
(Waikar et al., 2006). Recently, it has been demonstrated that the
drug-induced nephrotoxicity contributes to approximately 20% of
patients with hospital-acquired AKI (Luyckx and Naicker, 2008). As
these injuries are commonly mild and go unnoticed, and lack a
consensus definition of AKI severity, it is still difficult to identify the
AKI at the early stage (Abelha et al., 2009; Bellomo et al., 2004).
Hence, there is a great need of sensitive and specific markers for

early identification of nephrotoxicity during research and devel-
opment of drug.

Despite of the wide use, standard biomarkers, such as serum
creatinine (Cr) and urea nitrogen (BUN) are known to have low
sensitivity in renal injuries detection (Hoffmann et al., 2010).
Therefore, it is important to develop novel biomarkers for detecting
early kidney injury, especially during the preclinical stage of new
drug development (Lisowska-Myjak, 2010; Martensson et al.,
2012). A series of novel protein biomarkers have been discovered
and evaluated as non-invasive indicators for detecting drug-
induced renal injuries in the past decades with the development
of omics technologies (Amin et al., 2004; Goodsaid, 2004; Thukral
et al., 2005; Wang et al., 2008). In 2009, the United States Food and
Drug Administration and EuropeanMedicines Agency endorsed the
use of several urinary biomarkers for the detection of AKI during
nonclinical drug development including urinary total protein,
kidney injury molecule-1 (KIM-1), clusterin, b2-microglobulin,
cystatin-c, trefoil factor 3 and albumin (EMEA, 2009).

In recent years, microRNAs (miRNAs), a family of short (average
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of 22 nucleotides long) and small antisense noncoding RNAs, which
have been discovered as an important post-transcriptional regu-
lators of gene expression by targeting messenger RNAs (mRNAs)
and inhibiting translation (Bartel, 2004). Unsurprisingly, deregu-
lated miRNA expression is often associated with a wide variety of
diseases including renal injuries (Saikumar et al., 2012; Szeto et al.,
2012). Although high concentrations of ribonucleases are present in
the extracellular space, exosomal, and circulating miRNAs seem to
be resistant to degradation and are relatively stable (Chen et al.,
2008). Moreover, miRNAs are also found in other body fluids such
as urine. These characteristics have made miRNAs as promising
non-invasive biomarkers for detecting the damages on corre-
sponding organs and tissues (Saikumar et al., 2012).

It is reported that the urinary levels of miRNA 10a and 30d were
significantly increased in patients with chronic renal diseases and
were positively correlated with the degree of renal injury in mouse
models. These observations suggest that they could serve as po-
tential biomarkers for the detection of renal injuries (Wang et al.,
2012). Furthermore, to characterize comprehensive miRNA profile
following the renal damage, Biomarkers of Nephrotoxicity Com-
mittee of the Health and Environmental Sciences Institute (Wash-
ington, DC, USA) has organized a collaborative program to
investigate urinary miRNA as non-invasive biomarkers in cisplatin-
induced renal injuries in rats and some other potential urinary
miRNAs have been identified (Kanki et al., 2014; Pavkovic et al.,
2014a). However, whether these identified miRNAs could be
representative for the detection of proximal tubular injury induced
by other chemical drugs remains unknown. Therefore, to provide a
better understanding of the utility of miRNA measurements in
urine sample for early identification of drug-induced nephrotoxi-
city, a global miRNA expression analysis was performed in
gentamicin-induced AKI in rats and the time- and dose-dependent
miRNAs as renal injury biomarkers was evaluated in this study
(Kanki et al., 2014). In addition, the putative functions mediated by
miRNA targets of candidate miRNAs were also analyzed.

2. Materials and methods

2.1. Animals

8-week-old specific pathogen free (SPF) male Wistar rats (body
weight of 230e270 g) were purchased fromVital River Laboratories
(Beijing, China). The rats were housed in polycarbonate cages in an
SPF barrier system, which was maintained at 20e25 �C, 40e70%
relative humidity, a 12 h light-dark cycle, and a room air exchange
of 10e20 times per hours. The feeding density was three animals
per cage after dosing. Animals had ad libitum access to the certified
rodent diet and sterilized municipal tap water was given ad libitum
through water bottles. Each rat was given a unique number and
identified by ear tag and animal number. When urine samples need
to be collected, animals were housed in individual metabolism
cages overnight.

All animal experimental protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of the National
Center for Safety Evaluation of Drugs, Beijing, China.

2.2. Study design

Total 72 rats were randomized into three groups namely
0 (control), 60 (low-dose), and 120 mg/kg (high-dose) gentamicin-
treated. Rats were administrated by intraperitoneal injection with
60 or 120mg/kg gentamicin [AppliChem, St. Louis, Missouri, United
States of America (USA)] daily for continuous 10 days, respectively.
Animals in the control groupwere treated with the same volume of
saline. All animals were observed every day. Six animals from each

group were killed on 2, 4, 8, and 11 study days, respectively. Urine
samples of these animals (n ¼ 6) were collected on ice overnight
(from 17:00 to 9:00) on days 1e2, 3e4, 7e8, and 10e11 (the day
before each scheduled necropsy time point), respectively. These
urine samples were centrifuged at 1500 rpm for 10 min, and mul-
tiple aliquots (400 ml/per vial) were immediately frozen at �80 �C
until use. To discover the potential miRNAs, we selected to analyze
themiRNA profiling of the urine samples from animals in high-dose
group on day 4 as well as in the low- and high-dose groups on day 8
in comparison with the control group, respectively. Furthermore,
blood samples were collected from the inferior vena cava of the
animals under pentobarbital anesthesia before each scheduled
necropsy, and serum samples were separated for serum Cr and BUN
analysis. The kidneys of all experimental animals were collected for
histopathological examination.

2.3. Urinalysis, clinical chemistry and pathological examinations

Serum Cr and BUN (Wako, Osaka, Japan) as well as urine Cr
(Wako, Osaka, Japan) in the urine supernatant were determined
using a 7060 automatic biochemistry analyzer (Hitachi, Tokyo,
Japan). Urinary KIM-1 and clusterin levels in urine supernatants
were detected using Luminex-based assays as previously described
(Pavkovic et al., 2014b).

At necropsy, both kidneys were harvested and fixed in 10%
formalin buffer, decalcified in formic acid after dehydration and
clearing, and embedded in paraffin. Sections (5 mm) were stained
with hematoxylin and eosin. Morphological evaluations were
examined by a certified veterinary pathologist who was blinded to
the animal treatments and biomarker data. Histopathological
findings were graded using a 5-point scale (0 ¼ normal,
1 ¼ minimal, 2 ¼ mild, 3 ¼ moderate, and 4 ¼ marked).

2.4. miRNA profiling

MiRNAwas isolated from urine samples using a miRNA isolation
kit (Life Technologies, Carlsbad, California, USA) according to the
manufacturer's instructions. The urinary miRNA profiles were
analyzed with the TaqMan® Array Rodent miRNA Cards Set v 3.0
(Life Technologies, Carlsbad, California, USA). Isolated RNA was
reverse-transcribed with the Megaplex™ RT Primers, and then pre-
amplified with Megaplex™ PreAmp Primers, and finally analyzed
with a real-time quantitative PCR (RT-qPCR) on the TaqMan cards
according to the manufacturer's instructions.

RQ Manager 1.2 (Life Technologies, Carlsbad, CA, USA) was used
to determine the threshold cycle (Ct) values and the cut-off Ct value
was defined as 35. To control the variation in the amount of miRNA
available for PCR in the different samples, endogenous control (U6,
small nuclear RNA) was used for normalization across data as fol-
lows: DCt ¼ Ct (treatment or control) e Ct (U6). The fold changes
(FC) were calculated as compared with the control group (average
DCt) using the 2�DD method (FC ¼ 2�DDCt, where DDCt ¼ DCt
treatment e DCt control), and statistical analysis was performed.

2.5. Functional prediction of miRNA

To analyze the putative targets of selected candidate miRNAs,
three different algorithms including miRanda (Enright et al., 2003),
PITA(Kertesz et al., 2007), and RNA hybrid (Rehmsmeier et al.,
2004) were used. The common mRNA genes predicted by three
databases were defined as the candidate miRNA targets. Subse-
quently, the target genes of the miRNAs were enquired and took
functional annotation from three aspects of gene ontology (GO) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. P
values were calculated using Fisher's exact test and subsequently
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