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ABSTRACT 

Objectives: Novel biomarkers indicative of drug-in- 
duced kidney injury (DIKI) in dogs would have sig- 
nificant application in preclinical drug development. 
We conducted a feasibility study to identify genomic 
expression profiles for monitoring progressive, acute 
DIKI in dogs. Materials and Methods: Animals were 
intramuscularly administered either 0.9% physiolo- 
gical saline or gentamicin (40 mg/kg/day) for 10 con- 
secutive days and euthanized on day 11. Serum and 
urine samples were collected at various time points 
and kidney samples were collected at necropsy for 
biomarker measurements. Results: Acute gentamicin- 
induced renal histopathology changes were localized 
to the proximal convoluted tubules and characterized 
as slight-to-marked, diffuse cortical-medullary tubu- 
lar epithelial degeneration/necrosis. Serum creatinine 
(sCr) and blood urea nitrogen (BUN) elevations sug- 
gestive of mild renal dysfunction were first observed 
on days 7 to 8. Gentamicin-induced increased urinary 
kidney injury molecule-1 (KIM-1) mRNA was ob- 
served on day 6 preceding detectable elevations of 
sCr and/or BUN. Increased urinary KIM-1 mRNA 
correlated with multifocal KIM-1 immunostaining in 
the corticomedullary tubular epithelial cells. Micro- 
array analysis revealed changes in additional mRNA 
expression products detected in urine and/or kidney 
that should be further investigated for use as poten- 
tial biomarkers for acute gentamicin related nephro- 
toxicity in dogs. Conclusion: These findings suggested 
the utility of non-invasive urinary genomic parame- 
ters for monitoring acute DIKI in dogs.  

Keywords: Biomarker; Gentamicin; Nephrotoxicity; 
Dog 

1. INTRODUCTION 

Novel urinary protein biomarkers of renal injury, includ- 
ing albumin, clusterin, kidney injury molecule-1 (KIM- 
1), total protein, cystatin C, and trefoil factor 3 (TFF3), 
β2-microglobulin and renal papillary antigen-1 (RPA-1) 
have been qualified in rats [1]. The utility of these bio- 
markers in dogs has not been well-defined. In dogs, 
non-invasive monitoring for renal dysfunction is gener- 
ally based on elevated serum creatinine (sCr) measure- 
ments; yet, sCr elevations are not specific for renal tissue 
injury and often occur late in the progression of drug 
inducing kidney injury (DIKI) [2]. 

Beagle dog was chosen as the model for this study 
based on the common use of this model in preclinical 
toxicology studies to identify potential target organs for 
toxicity and safety parameters for subsequent clinical 
monitoring. The relevant kidney nephrotoxicant related 
to histopathology findings observed in this species are 
anticipated to be monitorable in humans and warrants 
further identification and characterization of novel, non- 
invasive urinary genomic parameters for monitoring 
drug-induced kidney injury in dogs. Novel sensitive and 
selective biomarkers indicative of DIKI in dogs would 
have significant application in preclinical drug develop- 
ment. 

The aminoglycoside antibiotic gentamicin was selec- 
ted as the test article in this study as it is known to induce 
acute kidney injury in dogs, a phenomenon which match- 
es the gentamicin related to human pathology and clini-
cal scenario [2]. Gentamicin induces nephrotoxicity in 
dogs by inhibiting protein synthesis in renal cells. Le- *Corresponding author. 
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sions ascribed to gentamicin nephrotoxicity include pro- 
ximal tubular degeneration/necrosis [3,4]. Here, we pro- 
vide data relative to novel genomic markers for acute 
gentamicin nephrotoxicity in dogs. 

2. MATERIALS AND METHODS 

2.1. Canine Gentamicin Nephrotoxicity Model 

All animal care and use procedures were conducted in an 
Association for Assessment and Accreditation of Labora- 
tory Animal Care International-accredited facility under 
an Institutional Animal Care and Use Committee-ap- 
proved protocol. This study included two male beagle 
dogs at approximately 6 years of age and mean pre-dose 
(day 1) body weight of 12.5 kg (Marshall Bio Resources, 
North Rose, NY). Animals were individually housed in 
stainless steel cages. Physical examinations were con- 
ducted on both dogs prior to assignment as control (vehi- 
cle)-treated and test article (gentamicin)-treated animals. 
Based on the most recently recorded pre-dose body 
weight, one dog received vehicle (0.9% physiologic sa- 
line USP) and the other gentamicin (Gentamicin solution 
for injection, TW Medical, Lago Vista, TX, 40 mg/kg/ 
day). Gentamicin or vehicle was administered via the 
intramuscular (IM) route in the biceps femoris muscle 
once daily for 10 consecutive days. In this study, pre- 
dose is referred to as day 0. Individual whole body 
weights were recorded at pre-dose, on days 2, 6, 8, and 
10, and immediately prior to necropsy. Cage side exami- 
nations were conducted at least thrice daily: at pre-dose 
(between approximately 7:00 and 7:30 am), at approxi- 
mately 3 hours post dose, and in the afternoon (between 
approximately 3 and 4 pm) for signs of toxicity, mori- 
bundity, and mortality. Individual food and water con- 
sumption were assessed daily by visual inspection in the 
afternoon (between approximately 3:00 and 4:00 pm). 
Housed animals were provided water ad libitum via a 
water bowl. Subsequent to daily the cage side examina- 
tions at approximately 3 hours post dose, approximately 
125 g of Adult dry food mixed with approximately 125 g 
of Adult canned wet food was provided for ad libitum 
consumption via a food bowl. Except for day 4, where no 
biological samples were collected, whole blood was col- 
lected (to process to serum) from both animals at ap- 
proximately 2 hours prior to dosing, from the gen- 
tamicin-treated dog at approximately every 24 hours af- 
ter the first dose and from the control animal on days 9 
and 10. Urine was collected via catheter at pre-dose and 
every 24 to 48 hours after the first dose up to day 10. 
Urine (up to 10 mL per animal) was stored in individual 
tubes at each collection time point. Serum and urine ali- 
quots were stored at −80˚C until time of analysis. Serum 
chemistry parameters (serum creatinine and urea nitro- 
gen, sCr and BUN) were measured using an automated 

clinical analyzer at a contract research organization labo- 
ratory. Monitoring of serum chemistry parameter chan- 
ges continued until the time point when the sCr level in 
the gentamicin treated dog measured at ≥10-fold the ini- 
tial pre-dose value. Increased sCr indicative of gen- 
tamicin related renal dysfunction was based on a quanti- 
tative score (Table 1). 

Animals were euthanized on day 11. At necropsy, rep- 
resentative kidney samples were flash frozen and stored 
at -80ºC until time of analysis. Additional samples were 
fixed in 10% neutral-buffered formalin, processed, em- 
bedded in paraffin, sectioned (4 m), and stained with 
hematoxylin and eosin (H&E). Histologic slides were 
evaluated in a blinded fashion using a semi-quantitative 
scale. Renal tubule injury was characterized as tubular 
degeneration/necrosis, tubular regeneration, tubular hy- 
pertrophy, moderate hyaline casts, intratubular proteina- 
ceous debris, and interstitial inflammation. The distribu- 
tion and increased number of cells affected were as- 
signed a quantitative severity score: 0 = no abnormality 
noted, 1 = slight (minimal, <25%), 2 = mild (25% - 50%), 
3 = moderate (>50%), and 4 = severe (>75%). Represen- 
tative photomicrograph images were captured using a 
Nikon E800 light microscope (Nikon, Melville, NY) 
equipped with Q imaging digital camera and Image Pro 
Plus 7.0 software (Media Cybermetrics, Bethesda, MD). 
Slides were scanned at 20× magnification using the 
NanoZoomer 2.0 HT Digital Pathology system scanner 
(Hamamatsu Photonics, Bridgewater, NJ). 

2.2. Urine and Kidney mRNA Extraction 

Total RNA was extracted from urine using the ZR Urine 
RNA Isolation Kit (Zymo Research, Irvine, CA). Total 
RNA was extracted from kidney by first disrupting the 
tissue through homogenization, followed by purification 
using an RNeasy Mini Kit (Qiagen, Valencia, CA). 

2.3. Microarray Analysis 

GeneChip Canine Genome 2.0 Arrays were purchased 
from Affymetrix (Santa Clara, CA) and used according to 
instructions provided by the vendor. The microarray ana- 
lysis and the gene annotations were provided by Affy- 
metrix. The updated gene annotations were obtained 
from various sources [5-25]. 

2.4. Urinary and Renal Kim-1 Analysis 

Custom TaqMan assays were designed to measure canine  
 
Table 1. Renal dysfunction severity scale. 

 
Undetectable 
dysfunction

Mild 
dysfunction 

Moderate 
dysfunction 

Severe 
dysfunction

sCr ≤1.39 1.4 to 1.9 2.0 to 5.0 >5.0 

Abbreviation: Serum creatinine (sCr) in mg/dL. 
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urinary and renal levels of KIM-1 mRNA and β-actin 
mRNA expression using quantitative polymerase chain 
reaction (qPCR). The assays were made by Applied Bio- 
systems Inc., Foster City, CA. For KIM-1, the forward 
primer sequence 5’-CGGCCCAGACTGACAGT-3’, re- 
verse primer sequence 5’-CCACCCCCTGTGCTCAA-3’, 
and probe sequence 5’-CACGGCAACAATACTG-3’ were 
used. β-actin was used as an endogenous control where- 
by the forward primer sequence  
5’-CCACTTTCCTGTCTTACCCAATGTT-3’, reverse  
primer sequence  
5’-CCGTTTTCCAACTTCAAGGCAATTA-3’,  
and probe sequence 5’-CACCCACGGTGTTCTG-3’ were 
employed. For qPCR analysis, 1 μg of representative 
kidney total RNA or 100 ng of urine total RNA was re- 
verse transcribed to cDNA using the High-Capacity 
cDNA Archive Kit. Water was used as a negative control. 
Triplicate samples were subjected to TaqMan assay on 
the 7300 Real-Time PCR System (Applied Biosystems, 
Inc.). KIM-1 (HACVR1) gene expression was determined 
by calculating the difference in CT from the reference 
gene β-actin. The average CT values for target genes were 
subtracted from the average housekeeping gene CT val- 
ues to yield the ΔCT. Results were expressed as relative 
quantification of KIM-1 mRNA expression. 

2.5. Renal KIM-1 Immunostaining 

Kidney paraffin blocks were sectioned at 4 m, mounted 
on glass slides, deparaffinized, and hydrated in PBS. En- 
dogenous peroxide was blocked using 3% hydrogen pe- 
roxide solution. To avoid nonspecific reaction with pri- 
mary antibody, slides were pretreated with 10% normal 
donkey serum. Slides were incubated for 30 minutes at 
4˚C with 10% normal rabbit serum before incubation for 
2 hours at 4˚C with primary rabbit monoclonal antibody 
to canine KIM-1/TIM-1/HACVR1 (Sino Biological, Inc., 
70001-R202) at 1:50. Normal rabbit IgG (Millipore, Bil- 
lerica, MA, 12 - 370) was used as negative control. 
Slides were incubated for 30 minutes at room tempera- 
ture with donkey anti-goat IgG SP-biotin conjugates, 
species absorbed (Millipore, AP180B) which was used as 
secondary antibody at 1:2000. The immunoreactivities 
were visualized VECTASTAIN Elite ABC Systems re- 
agents (Vector Labs, Inc., Burlingame, CA, PK6100) and 
Liquid DAB+ Substrate Chromagen System reagents 
(DAKO North America, Inc., Carpinteria, CA, K3468) 
followed by counterstaining with hematoxylin. Slides 
were scanned at 20× magnification as previously de- 
scribed in Section 2.1. 

3. RESULTS 

3.1. Traditional Renal Biomarkers  

In this study, gentamicin-induced DIKI was defined by 

temporal measurements of elevated sCr and confirmed 
by histopathology. Increased sCr measurements (1.7 and 
4.7 mg/dL), suggestive of gentamicin-induced mild and 
moderate renal dysfunction were observed on days 7 and 
9, respectively (Table 2). 

Gentamicin related increased sCr at >10-fold the ini- 
tial pre-dose value and indicative of severe renal dys- 
function was observed on day 10. Mild increased BUN 
in the gentamicin treated dog was first observed on day 
7. 

3.2. Renal Histopathology 

There were no significant treatment related renal histo- 
pathology findings in the control dog following repeat 
administration of saline (Figure 1(a)). 

Gentamicin-induced renal injury had three distinct 
histologic features (in order of decreasing severity): marked, 
diffuse corticomedullary tubular epithelial degeneration/ 
necrosis; moderate tubular regeneration and hypertro- 
phy; and moderate, diffuse pelvic granular and/or hya- 
line casts (Figure 1(b) and Table 3). Additional his- 
tologic features were noted, however, these findings 
could not be definitively considered as gentamicin treat- 
ment related due to the incidence of these findings com- 
monly observed in naïve dogs. 
 

3.3. Novel Genomic Renal Biomarkers in Dogs 

Increased gene expression ≥2-fold (above baseline in the 
same animal) following administration of gentamicin and 
literature-based annotations (renal distribution and/or bio- 
logical processes) were the primary inclusion criteria for 
the candidate genomic biomarker transcripts. Microarray 
analysis revealed 1000 upregulated genes in both kidney 
and urine following gentamicin administration. Of these 
genes, 350 were increased at least 5-fold in kidney and 
2-fold in urine. Gentamicin induced a unique, urinary 
gene expression biomarker profile between days 2 and 6 
prior to elevations in traditional nephrotoxicity bio- 
markers indicative of gentamicin-induced renal dysfunc- 
tion which first occurred on Days 7 to 8 (Table 4). 

The biological relevance of the genes identified re- 
mains inconclusive as representative serial tissue (kidney 
and/or other relevant target organ) sampling was not in- 
cluded in this feasibility study. Based on references in 
the public domain, likely annotations (renal distribution 
and/or biological processes) for the gene ontologies ob- 
served in the gentamicin treated dog in this study have 
been summarized; yet, warrants further investigation 
(Table 5). 

As shown in the heatmap, variations in gene expres- 
sion levels were detected for 18 different genes in urine 
collected on day 10 and kidneys collected at study ter- 
mination on day 11. These observations suggested both a 
plausible biological relevance and an invasive (kidney)  
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Table 2. sCr and BUN measurements. 

     Day   

Treatment* 

Serum 
Analyte 0 1 2 3 5 6 7 8 9 10

Control 
Gentamicin 

sCr** 
0.6 
0.6 

 
0.6 

 
0.6

 
0.7 

 
0.8 

 
1.1 

 
1.7 3.2

0.6
4.7

0.7
7.5

Control 
Gentamicin 

BUN** 
15 
9 

 
9 

 
9

 
17 

 
8 

 
9 

 
16 50

14
62

16
100

*Repeat intramuscular dosing was performed for 10 days; dogs received 
either saline (control) or Gentamicin (40 mg/kg/day). **The clinical pa- 
thology laboratory acceptable reference ranges (mean ± standard devia- 
tion) for sCr and BUN measurements in dogs were 0.6 ± 0.091 mg/dL and 
12.6 ± 2.11 mg/dL, respectively. Serum creatinine (sCr) and blood urea 
nitrogen (BUN) concentrations are expressed in mg/dL. 

 

 
(a) 

 
(b) 

Figure 1. (a) Representative H&E-stained kidney section from a 
dog following repeat dosing of 0.9% physiologic saline. 20× 
magnification. (b) Representative H&E-stained kidney sec- 
tion from a dog following repeat dosing of gentamicin (40 
mg/kg/day). Renal injury characterized as marked, diffuse 
corticomedullary tubular epithelial degeneration/necrosis; mo- 
derate tubular regeneration and hypertrophy; and moderate, 
diffuse pelvic granular and/or hyaline casts. Mild intratubular 
proteinaceous debris and slight interstitial inflammation were 
also observed. 20× magnification. 
 
versus non-invasive (urine) relationship for the treat- 
ment related gene expression changes observed in this 
feasibility study in dogs (Figure 2). 

Table 3. Gentamicin related renal histopathology. 

Microscopic Finding Score 

Marked, diffuse cortical-medullary tubular epithelial  
degeneration/necrosis 

4 

Moderate, multifocal, cortical-medullary tubular basophilia
with prominent mitotic figures (regeneration) 

3 

Moderate, diffuse, cortical-medullary tubular dilatation 3 

Moderate, multifocal, cortical-medullary tubular epithelial 
hypertrophy 

3 

Mild, multifocal, cortical-medullary cellular/ eosinophilic 
granular / hyaline casts and intratubular proteinaceous 

debris 
2 

Moderate, diffuse, pelvic cellular/ eosinophilic granular/ 
hyaline casts 

3 

Slight, multifocal interstitial chronic inflammation 1 

Single focal thrombosis 3 

Renal histopathology findings were observed in dog following 9-day repeat 
dosing of gentamicin (40 mg/kg/day) and euthanized on day 11. 

 
Table 4. Gentamicin related genomic urinary renal biomarkers. 

 Day 

Gene name 2 3 5 6 7 8 9 10

C2 +        

IFITM 1-8U +        

IF 78 +        

UPP1 +        

Cxcl10 + +       

Saa3 + +       

IDO + +       

Cytokine A4 + +       

EST + + + + + + + + 

Megalin/LRP2 + + + + + + + + 

ApoF precursor  + + + + + + + 

Helicase 9  +  + + + + + 

FMNL2   + + + + + + 

Hemojuvelin A    + + + + + 

Neurexin-1   + + + + + + 

Neurophilin-1   + + + + + + 

O2T29   + + + + + + 

Sulfatase 2    + + + + + 

ZHX1    + + + + + 

Abbreviations: Apolipoprotein F precursor (ApoF precursor), Comple- 
ment component 2 (C2), C-X-C motif chemokine 10 (Cxcl10), Estrogen 
sulfotransferase (EST), Formin-like 2 (FMNL2), Indoleamine 2,3-dio- 
xygenase (IDO), Interferon-induced transmembrane 1-8U (IFITM 1-8U), 
Intermediate Filament Protein 78 (IF 78), Megalin/low density lipopro- 
tein-related protein 2 (Megalin/LRP2), Olfactory receptor 2T29 (O2T29), 
Serum Amyloid A3 (Saa3), Uridine phosphorylase 1 (UPP1), and Zing 
finger domain containing (ZHX1). 

3.4. Urinary and Renal KIM-1 mRNA 

Gentamicin-induced urinary KIM-1 mRNA changes 
were first observed on Day 6, prior to detection of ele- 
vated levels of sCr and/or BUN on day 7 (Table 6). Re-  
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Table 5. Novel urinary genomic biomarker annotations. 

Gene title Renal annotation* 

Complement component 2 [6], 
Interferon-induced transmembrane  
1-8U [7], Intermediate Filament Protein 78  
[8], C-X-C motif chemokine 10 (Cxcl10)  
[6], Indoleamine 2,3-dioxygenase [9],  
Estrogen sulfotransferase [10], Megalin/low  
density lipoprotein-related protein 2  
(Megalin/LRP2) [11], Formin-like 2 [12],  
Olfactory receptor 2T29 [13] 

Tubular 

Complement component 2 [6],  
Interferon-induced transmembrane 1-8U [7], 
Cytokine A4 (homologous to human  
Chemokine [C-C motif] ligand  
4/Macrophage inflammatory protein-1　 
[6,14], Formin-like 2 [12], Neurexin-1 [15],  
Neurophilin-1 [16] 

Glomerular 

Estrogen sulfotransferase [10] Kidney interstitium 

Saa3 [17] 
Acute kidney injury related 

lung injury 

ApoF precursor [18] Reverse cholesterol transport

Helicase 9 [19] Renal DNA repair 

Hemojuvelin A [20] Renal iron regulation 

Uridine phosphorylase 1 [21], Sulfatase 2 
[22] 

 Renal development 

Zing finger domain containing [23] Transcription factor 

*Annotations for the gene ontologies detected in urine are suggestive of 
the the renal distribution and/or biological processes in dogs solely based 
on literature references pertaining to other species. Validation of the renal 
distribution and/or function of these genes in dog kidneys warrant further 
investigation. 

 

 

Figure 2. Heatmap of gene expression changes in urine col- 
lected on day 10 and kidneys collected at termination on Day 
11 from dogs following 9-day repeat dose administration of 
either 0.9% physiologic saline or gentamicin (40 mg/kg/day). 

Table 6. Quantification of urinary and renal KIM-1. 

 Day 

Treatment 

KIM-1mR
NA 

1 2 3 5 6 7 8 9 10

Control 
Gentamicin

Urine 
0

1.1
0

3.0 
0 

2.4 
0 

6.5 
0 

25.1 
0 

25.7 
0

23.4
0

22.9
0

26.3
Control 

Gentamicin
Kidney

 
 

 
 

 
 

 
 

 
 

0
2.2

KIM-1 mRNA measurements are reported as relative quantification in a 
control (0.9% physiologic saline) dog and gentamicin (40 mg/kg/day)- 
treated dog following repeat dosing for 9 consecutive days and euthanized 
on day 11. 

 
nal KIM-1 mRNA was detected in the gentamicin-treated 
dog kidney with microscopic evidence of DIKI. 

3.5. Renal Kim-1 Immunostaining 

Immunostaining of KIM-1 protein expression was local- 
ized in the corticomedullary tubular epithelial cells (more 
apical) in the gentamicin-treated dog, however, KIM-1 
immunostaining was not detected in the control dog fol- 
lowing repeat dose administration of saline (Figures 
3(a)-(d)). 

4. DISCUSSION 

As observed in other species, sCr elevation is not spe- 
cific for renal tissue injury in canines and is often de- 
tectable only after significant injury has occurred. In 
dogs, gentamicin inducing nephrotoxicity is primarily 
characterized histologically as tubular degeneration/ne- 
crosis of cells in the proximal tubules [3,4]. Temporal 
sCr and BUN changes and histologic evidence observed 
in this study were consistent with previous reports of 
gentamicin inducing renal injury. Increased sCr and 
BUN levels indicative of progressive DIKI were first 
observed on day 7 to 8. Novel genomic biomarkers in- 
dicative of DIKI in dogs may prove to be value-added in 
preclinical drug development, particularly if they outper- 
form or are added to the value of concurrent sCr and/or 
BUN measurements. 

The correlation of gentamicin related to DIKI and asso- 
ciated with gene expression in dogs had not been previous- 
ly reported. In this study, microarray analysis indicated 
that approximately 1000 genes were upregulated follow- 
ing gentamicin administration to dog, of which 20 genes 
had been previously related to DIKI in various rodents, 
canines and/or humans [6-27]. We identified 18 genes 
which were increased in both kidney and urine of the 
gentamicin-treated animal following repeat dosing sug- 
gesting the potential utility of these parameters as bio- 
markers for monitoring DIKI in dogs. Urinary mRNA 
changes observed on day 2 or 3 indicated potential for 
biomarkers of early DIKI. Other mRNA changes were 
not observed until day 5; and these transcripts were then  
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(a)                                                          (b) 

    
(c)                                                          (d) 

Figure 3. (a) Photomicrographs of representative KIM-1 immunostaining in the renal cortex in a dog following 9-day repeat dosing 
of saline. KIM-1 protein expression was not detected. 20× magnification; (b) Photomicrographs of representative KIM-1 immuno- 
staining in the renal cortex (epithelial cells) in a dog following 9-day repeat dosing of gentamicin (40 mg/kg/day). 20× magnification; 
(c) Photomicrographs of representative KIM-1 immunostaining in the renal medulla in a dog following 9-day repeat dosing of saline. 
KIM-1 protein expression was not detected. 20× magnification; (d) Photomicrographs of representative KIM-1 immunostaining the 
renal medulla (epithelial cells) in a dog following 9-day repeat dosing of gentamicin (40 mg/kg/day). 20× magnification. 
 
sustained through the remainder of the observational 
period suggestive of potential biomarkers of progressive 
DIKI. 

served prior to increased sCr or BUN, which are two 
traditional renal biomarkers. We recently reported on 
changes in urinary KIM-1 mRNA and protein in dogs 
following cisplatin administration [26]. In this study, 
KIM-1 mRNA as measured by qPCR was detected in 
kidney from the Gentamicin-treated dog; and there was 
no lower detectable limit in the control animal. Gen- 
tamicin-related increased urinary KIM-1 mRNA levels 
occurred on day 6. In the gentamicin treated dog, in- 
creased KIM-1 immunostaining was detected and local- 
ized to the epithelial cells in the corticomedullary tubules. 
These findings suggested that a unique genomic signa- 
ture for DIKI is monitorable in both kidney and urine in 
dogs. Urinary KIM-1 mRNA appeared as a useful non- 
invasive parameter for monitoring DIKI in dogs; and this  

Urinary KIM-1 is a qualified renal biomarker for 
monitoring DIKI in rats [1]. Robust KIM-1 renal gene 
expression following gentamicin treatment in rats has 
been previously reported [24,25]. In the present feasibil- 
ity study in dog, a custom TaqMan assay was designed to 
evaluate canine KIM-1 gene induction following gen- 
tamicin administration. Specifically, we measured uri- 
nary and renal levels of KIM-1 mRNA expression using 
qPCR because unlike the Affymetrix arrays specific for 
rats and humans, the canine microarray used in this study 
for canine gene expression profiling did not include 
KIM-1. Increased urinary renal KIM-1 mRNA was ob-  

 OPEN ACCESS 



J. E. McDuffie et al. / Open Journal of Molecular and Integrative Physiology 3 (2013) **-** 131

characteristic lends to its potential use in monitoring 
DIKI across multiple species [27]. Similar to the obser- 
vation observed in this study in dog relative to KIM-1, 
upregulated C2, clusterin, osteopontin, Cxcl10 [24,25], 
and proliferating cell nuclear antigen (PCNA) and glu- 
tathione S-transferase mu (GST mu) [25] gene expres- 
sion in kidney from gentamicin-treated rat have been pre- 
viously reported. The correlation between gentamicin- 
induced KIM-1 expression changes observed in this 
study and subsequent changes in KIM-1 protein requires 
further investigation in dog. The availability of fit-for- 
purpose validated canine specific immunoassays would 
support the possibility of testing whether or not urinary 
KIM-1 and/or other proteins that are readily detectable in 
biological fluids may serve as non-invasive biomarkers 
for monitoring DIKI in dog which have been previously 
qualified for specific use(s) in rat preclinical studies. 

Qualification of Canine Renal Biomarkers 

The identification of genomic biomarkers for monitoring 
DIKI in dogs is needed because of the non-specificity 
and late occurrence of sCr elevations. Reagent develop- 
ment must be primarily based on the unique molecular 
characteristics of these next generation biomarkers; and 
canine-specific antibodies and ELISAs intended for 
measuring novel renal biomarkers have been recently 
marketed. For example, the Dog NGAL ELISA kit 
(BIOPORTO® Diagnostics, Gentofte, Denmark) has been 
used to demonstration neutrophil gelatinase-associated 
lipocalin (NGAL) in urine as a sensitive and predictive 
biomarker for acute DIKI in gentamicin-treated dogs [28]. 
Similar utility of urinary NGAL has been shown in gen- 
tamicin-treated rats [28]. NGAL has not been qualified in 
rats to date.  

To this end, considering the recent availability of ca- 
nine specific reagents, the constitutive nature and secre- 
tory characteristics of selected genes upregulated in both 
kidney and urine following the administration of gen- 
tamicin in dogs, the relevance of these parameters may 
be further investigated which could lead to the qualifica- 
tion of novel sensitive and selective biomarkers indica- 
tive of DIKI in dogs. Furthermore, selected novel renal 
biomarker gene/protein sequences are sufficiently con- 
served across humans, canines, non-human primates, and 
rats. Taken together, novel canine renal biomarkers wou- 
ld support opportunities to identify DIKI in preclinical 
studies in dogs that to date remain challenging or unlike- 
ly monitorable in order to delineate the relevance of such 
findings to other preclinical studies and to the clinical 
setting. 
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