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Background: Kidney disease (KD) is common in older cats and presumed to arise from subclinical kidney injuries

throughout life. Sensitive markers for detecting kidney injury are lacking. Kidney injury molecule 1 (KIM-1) is a useful

biomarker of kidney injury in humans and rodents.

Hypothesis/Objectives: Feline KIM-1 is conserved across species, expressed in kidney, and shed into urine of cats with

acute kidney injury (AKI). The objectives were to characterize the feline KIM-1 gene and protein, assess available immu-

noassays for detecting KIM-1 in urine of cats, and identify KIM-1 expression in kidney sections.

Animals: Samples from 36 hospitalized and 7 clinically healthy cats were evaluated. Hospitalized cats were divided into

2 groups based on absence (n = 20) or presence (n = 16) of historical KD.

Methods: Feline KIM-1 genomic and complementary DNA sequences were amplified, sequenced and analyzed to deter-

mine the presence of isoforms, exon-intron organization and similarity with orthologous sequences. Presence in urine was

evaluated by immunoassay and expression in kidney by immunohistochemistry.

Results: Three expressed feline KIM-1 transcript variants comprising 894, 810, and 705 bp were identified in renal tis-

sue. KIM-1 immunoassays yielded positive results in urine of cats with conditions associated with AKI, but not chronic

KD. Immunohistochemistry of kidney sections identified KIM-1 in proximal tubular cells of cats with positive urine immu-

noassay results.

Conclusions and Clinical Importance: Kidney injury molecule 1 was expressed in specific segments of the nephron and

detected in urine of cats at risk of AKI. Urine KIM-1 immunoassay may be a useful indicator of tubular injury.
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Chronic kidney disease (KD) is a common condi-
tion of unknown etiology in older cats. Chronic

KD has been defined as structural or functional
impairment of 1 or both kidneys for longer than
3 months.1 Surveys have shown an incidence of 15.3%
in cats >15 years of age, and more recently of 27.2%
in cats >10 years of age.2,3 In another study, during
1 year of observation, KD developed in 30.5% of clin-
ically healthy cats >9 years of age.4 Thus, KD is very
common in older cats. Although some causes of KD
such as urethral obstruction and ethylene glycol or lily
toxicity are well known, in many cases the cause of
KD is unknown and may be multifactorial.5 Progres-
sion of chronic KD in cats may be clinically inappar-
ent or very gradual.

In human medicine, acute kidney injury (AKI) has
replaced the term acute renal failure. AKI has been pro-
posed to encompass the entire spectrum from minor
change in renal function to requirement for renal
replacement treatment.6 Thus, the change in terminol-
ogy is meant to imply that acute injury may progress to chronic KD or may result in recovery. In humans, AKI

most often occurs concurrent with other disease, and
risk factors for AKI are ill defined but even transient
azotemia is associated with increased mortality.7,8 AKI
Network (AKIN) criteria define AKI as a reduction in
kidney function over 48 hours associated with an abso-
lute increase of ≥26.4 lmol/L (≥0.3 mg/dL) or a per-
centage increase of ≥50% (1.5-fold from baseline) in
serum creatinine (SC) concentration, or a decrease in
urine output.6 Thus, by these criteria, relative increases
in SC may be small and remain within the SC reference
interval (RI) (termed “critical difference”), but neverthe-
less indicate AKI.

Acute kidney injury is identified infrequently in cats,
which may be because of limitations of current diag-
nostic approaches or because of the subclinical nature
of many kidney injuries in cats. Reviews of AKI in
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cats have addressed causes of clinical signs of KD, but
understanding of the causes of subclinical injury
remains incomplete.9 It is plausible that in cats, as in
people, episodic subclinical injury or clinical AKI with
apparent recovery can progress to chronic KD.10–12

However, ability to diagnose and prognosticate AKI
in cats is very limited. Serum creatinine concentration
is the most widely used biomarker for KD, but is an
insensitive and imperfectly specific indicator because
azotemia develops only after approximately 75%
reduction in renal function.13 A range of other poten-
tial biomarkers has been assessed in cats, but to date
none has predicted progression of renal disease better
than SC concentration.4,14,15 In cats and people, SC
concentration varies among individuals, and critical
differences within the same individual rather than rela-
tive to a population without KD may be more mean-
ingful.16–18 Recently, approaches for the diagnosis of
AKI in cats and dogs similar to AKIN criteria in peo-
ple have been proposed.19–22 These approaches incor-
porate a range of clinical and laboratory variables, but
limitations because of lack of sensitive indicators of
AKI remain.

Kidney injury molecule 1 (KIM-1), also known as
hepatitis A virus cell receptor 1 (HAVCR1) and T cell
immunoglobulin 1, is a renal tubular transmembrane
glycoprotein thought to function in cell-to-cell or cell-
to-matrix adhesion.23,24 KIM-1 has characteristics that
make it a useful biomarker for AKI in people and
rodents: low expression in healthy kidneys, rapid 3- to
100-fold increase after ischemic or toxic injury and
release of an extracellular portion into urine.23–27 Urine
KIM-1 concentration correlated with severity of AKI
and decreased as kidney repair progressed.27 For these
reasons, KIM-1 also maybe a useful marker of AKI in
cats. Hence, the goals of this study were to identify and
characterize feline KIM-1 and to investigate expression
and measurement in health and disease.

Materials and Methods

Sequence Data Sources

The following KIM-1 nucleotide and amino acid sequences

were obtained from the National Center for Biotechnology Infor-

mation (NCBI) database: Homo sapiens, NP_036338.2; Canis

lupus, NP_001192043.1; Mus musculus, NP_599009.2; Rattus nor-

vegicus, NP_775172.1; and Pan troglodytes, XP_001135569.1 (all

accessed January 2014). Felis catus genomic sequence was

obtained from the Genome Annotation Resource Fields (GAR-

FIELD) feline database.28,29 Multiple sequence alignments were

performed with Geneious Pro softwarea to identify areas of simi-

larity, which were then further investigated using the Basic Local

Alignment Search Tool (BLAST) and Constraint-Based Multiple

Alignment Tool (COBALT) provided by NCBI. Conserved

regions of KIM-1 were selected for primer design.

Amplification of Feline KIM-1 cDNA

Fresh feline kidney tissue was obtained from a cat euthanized

for causes unrelated to this study, immersed in RNAlaterb and

frozen at �80°C. RNA purification was performed using the

RNeasy Mini Kitb according to the manufacturer’s protocol.

Complementary DNA (cDNA) was synthesized with Superscript

III Reverse Transcriptase.c KIM-1 cDNA variants including

complete open reading frames were amplified by PCR with KIM-

1 forward (50-GGC ACA CCT ACC AGT CTG CTT-30) and

KIM-1 reverse (50-CTG TCT TCT GCA GTC AAG GG-30)
primers.d Polymerase chain reaction amplifications were carried

out with HotStarTaq Plus DNA polymerase in a final volume of

20 lL, including 10 lL of 29 HotStarTaq Plus Master Mix PCR

buffer, 0.2 mM MgSO4, 0.5 lM of each primer, and 2 lL of

template DNA. Conditions for amplification were 1 minute at

94° followed by 40 cycles of 94°C for 30 seconds; 57°C for

30 seconds; and 72°C for 90 seconds with a final extension at 72°
for 7 minutes. Polymerase chain reaction products were separated

by electrophoresis and bands of appropriate size were excised

from the gel, purified using the QIAquick Gel Extraction Kit,b

and submitted for automated sequencing.e

Characterization of the Feline KIM-1 Gene

The feline cDNA sequence was aligned with the canine KIM-1

genomic sequence (GenBank AAEX03003064.1) to predict exon-

intron boundaries. Multiple potential exons in the cDNA were

identified, and a strategy was designed to sequentially amplify all

introns and exons with specific primers (Table 1) and to generate

a contiguous consensus sequence. Optimized conditions for ampli-

fication were 5 minutes at 94°C followed by 40 cycles of 94°C for

30 seconds; 58°C for 30 seconds; and 72°C for 3 minutes with a

final extension at 72°C for 7 minutes. Polymerase chain reaction

products were isolated by electrophoresis, purified and sequenced.

Based on analysis of sequences obtained, additional primers were

designed as needed to complete amplification of the entire gene.

Individual overlapping sequences were assembled with Geneious

Pro software.

Urine Samples and KIM-1 Immunoassay

Aliquots of urine remaining after urinalysis was performedf

were collected. Samples from cats in the intensive care unit (ICU)

of the Ontario Veterinary College Health Sciences Complex with

concurrent complete blood cell count (CBC) and serum biochemi-

cal results were selected. Samples were voided into nonabsorbent

litter or collected by catheter or cystocentesis, as indicated by

attending clinicians. Where possible, subsequent urine samples

also were collected. Urinalyses were performed using an auto-

mated urine dipstick reader and semiquantitative microscopic sedi-

ment analysis. All serum assays were performed on a Cobas 4800

biochemistry analyzer.g Urine cultures were requested at the dis-

cretion of clinicians. Cases were categorized as critically ill with no

history of KD (group A) or critically ill with history of KD (group

B). Assignment of previous KD was based on historical laboratory

results indicating SC concentration above RI and urine specific

gravity (USG) < 1.035 over a period of >1 month. Samples from

cats with equivocal history or incomplete laboratory results were

excluded. Urine and blood samples collected from nonhospitalized

cats without illnesses were analyzed as above (approved by the

Institutional Animal Care Committee, protocol 10R030). These

cats (group C) had CBC and biochemical results within laboratory

RI and USG > 1.035. All urine samples were stored in plastic

tubes without additives at 4°C for up to 24 hours before freezing

at �80°C. KIM-1 in urine was detected with a lateral flow device

designed to detect rat KIM-1h according to the manufacturer’s

instructions with color reactions read at 20 minutes. This point-

of-care assay utilizes gold nanoparticles impregnated with KIM-1

antibody on a multilayer membrane with capillary action. Results

were classified as “positive” or “negative” according to presence
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or absence of a color reaction in the test sample and if the positive

control reaction yielded a color reaction.

KIM-1 Immunohistochemistry

Expression of KIM-1 in kidney tissues was investigated by

immunohistochemistry (IHC). Five-micrometer-thick, paraffin-

embedded sections were deparaffinized in xylene, rehydrated in

graded alcohols, incubated consecutively for 10 minutes with dual

endogenous enzyme blocker, 30 minutes with serum-free protein

blocker, overnight with an optimized dilution of antibody to

KIM-1 human MAb Clone 219211i and 30 minutes with Envision

Dual Link System-HRP.j Bound antibodies were detected with

Nova Red chromogen,k and slides were counterstained with hema-

toxylin. Each batch of slides included negative (omission of pri-

mary antibody or preincubation of antibody with human KIM-1

peptide for 2 hours at dilution of 1 : 40) and positive controls

(sections from a cat with acute tubular necrosis). KIM-1 immuno-

histochemical staining was assessed as positive or negative.

Results

Characterization of the Feline KIM-1 cDNA and
Gene

The feline genome database GARFIELD was
searched using the key words KIM-1 and HAV-
CR1.28,29 Chromosome A1 contained 4 coding regions
with similarity to HAVCR1 that were imported into
Geneious Pro software. Regions were aligned with

HAVCR1/KIM-1 sequences of rat, dog, mouse, and
human using BLAST and COBALT. A region highly
similar to KIM-1 of other species was identified in 1
of the feline sequences. Sequential application of prim-
ers that encompassed start and stop codons to kidney
cDNA yielded 3 amplicons termed isoforms A, B, and
C, which corresponded to 894, 810, and 705 bp,
respectively (Fig 1). Three polymorphic nucleotides
differentiated isoform C from A and B. Overall iden-
tity was 90.6% for isoforms A and B, and 78.5% for
isoforms A and C. Sequences were deposited in NCBI
GenBank with accession numbers KF540032,
KF540033, and KF540034.

Eight exons were predicted by alignment of feline
cDNA sequences with canine KIM-1 genomic DNA.
To amplify the entire feline KIM-1 gene, a first set of
primers was based on a related canine genomic
sequence, and subsequent primers (Table 1) were
designed sequentially to match newly derived sequences
until the entire gene sequence of 21,059 bp was deter-
mined. Alignment of the feline cDNA sequence with the
full feline genomic DNA sequence indicated 8 exons in
isoform A, 7 in isoform B, and 6 in isoform C (Fig 2).

Functional Motifs of Feline KIM-1

In silico translation of the full-length feline cDNA
yielded a protein of 297 amino acids (AA). Analysis of

Table 1. Primer sequences (50–30) for sequential amplification of the feline kidney injury molecule 1 gene.

Primer Forward Reverse

1 GAACACAGCGGGTGGTTCAAT CGTGGGTGCTGGCATTGAAG

2 CTCCAGTGCAGACAGCAGAAA ATCTGAAGACTGTGTCACAGT

3 ATGGATGACCACCAGTAAGGG GTTCCAGCTTGTTTCTTACGC

4 GCGTAAGAAACAAGCTGGAAC CGCTGGGTCTTAATCCATGAC

5 ACTTGTTCCGAGACCATCTGG TGACTTTGGGAAATGCTCTCTGG

6 GAATCCCAAGCAGGCTCCACT CCAAAGAGTCAACATCTCAGC

7 GTTGCATTGGTACATGGGCCC TAACCTTGTGGCCTGAATGAG

8 GTAGCATGGGCACTGATTGAC TGTAAAGGATCACCACCTCCT

9 GGGATCTCTTTAGGATTTGAG CTTGCACTGTGTTCCCTTAGG

10 GCCAAACTGCCTGAGTTCGAG GGCTTAGTGTATTCACCCACA

11 CAGGCTCAGCTCTGTCCAGG CTCCTTCTGTAGCAGTTCTGG

12 GTGGACAGAAACACATCAGC GAGTCAGTGTGATGAGAACTG

13 GGCAGAAAAGCATGGAACAC GCCTACCATCATAACTGAC

14 CATTCACTACCAGAAGGCAACGTG GCATCAGGAGTATTTAGGGCCCC

15 GCTTGCTTAAGCGTATCCTCCTTC CCAGCATAGGCCTGGCTATATACC

16 CTGCATGCACTCATGTGCACTCTCT GCTCAGTCAGTTATGCGTCTGACTC

17 GCCCATGATAAACCTCAGCTCCTCC GAGAGGTGCTGTGAGGGGACATCA

18 AAGTGTCCGGCTTCAGCTCAGGT ATTGGAGGCAGAGTCACCTTGGC

19 GCATTTACAAGGGCAGTGCCCTGTC CGGAATTAAGCCCCAACAAGGACTG

20 CCCTGTCTTCTCTAGGCATTC CCTGAGGAGGTCACATGGACATATG

22 CAGCTCTGTTTGAGGCAGCTG GGACAAGAATTCCCAAACCTGGG

23 GAAATGTGGAGATCACTGTGGGG CAACAGCACCTTATGTAGGACATCC

24 GGGCAAATAAGCACAAACCCC CAGGTCAGGTCTGTCTTACTCCG

25 TTCTGGAGAGTGCCACACGCTAA CCAGGTCACGATCTCGTCGTCTGT

26 ACAGAGAGAGACAGAACATGAACGG CGTGGAAGATTGTGTGCCTTAACC

27 GCCTGAGTTCGAGTAGCTCCACA CTGTGGCTCTTTCATAGAAGGAAGG

28 CCCCATGCAAGGCATAAAACA GAGTTACGAGTAGAAGACATTCCC

29 GGGAAGTTGATCGTGATTCCTGA TCAGGAATCACGATCAACTTCCC

30 GGTTTGGTTGTATGGTTTGAAGCTG GGAGGTAACCTGATGGAATTGTC

31 ACTGAGGTAGGTAGATGCCCC TTGGGGCATCTACCTACCT
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this sequence for conserved domains using tools of the
NCBI Conserved Domains Database indicated pres-
ence of an immunoglobulin (Ig)-like domain with 6 cy-
steines, a mucin-like domain rich in threonines,
serines, and prolines, a transmembrane domain, and a
short cytoplasmic domain containing a conserved tyro-
sine motif (Fig 3).30 Similar motifs are present in rat
and human KIM-1 proteins. Presence of 14
asparagines with specific adjacent AA in the cytoplas-
mic domain indicated 4 possible glycosylation recogni-
tion sites. Absence of exon 3 in isoform B, and exons
3 and 4 in isoform C, results in progressive loss of the
mucin-like domain such that isoform C contains few
threonines, serines, and prolines. In isoform C, alanine
at position 37 is replaced by threonine, phenylalanine
at position 237 by leucine, and serine at position 245
by isoleucine. Thus, isoform C differs at 3 positions
from isoform A and B.

Phylogenetic Analysis

Amino acid alignment (Geneious Pro, blocks substi-
tution matrix = 65, gap open penalty = 12, gap exten-
sion penalty = 3, free end gap setting) of KIM-1
isoform A with the corresponding dog, human, mouse,
and rat sequences (GenBank ADZ24777, NP_036338,
NM_599009, and NM_775172, respectively, accessed

January 28, 2014) indicated 83.2%, 43.8%, 44.7%, and
43.7% identity, respectively. Calculation of phylogenetic
relationships (Geneious Pro, Jukes Cantor model,
neighbor-joining method) with the mallard (Anas platy-
rhynochos) KIM-1 sequence (GenBank XP_005029962)
as an outlier confirmed the closest relationship of feline
KIM-1 with canine KIM-1 and a relatively greater dis-
tance to horse, human, and rodent sequences (Fig 4).

Urine Samples

Urine samples were available from 36 ill and 7 clini-
cally healthy cats. Of the ill cats, 20 had no evidence
of KD before admission (group A) and ranged in age
from 1 to 17 years (mean, 6.5 years; Tables 2, S1).
These cats had a variety of critical illnesses with the
potential to cause AKI. First biochemical evaluation
in ICU indicated SC concentration above RI in 4 cats
(RI, 50–190 lmol/L; 0.57–2.15 mg/dL). In 15 cats,
USG was <1.035, which was likely attributable to fluid
administration because urine samples were inconsis-
tently collected before initiation of treatment.

Sixteen ill cats had historical KD (group B) as indi-
cated by persistently increased SC concentration and
USG < 1.035, and ranged in age from 0.5 to
17.0 years (mean 9.4 years). Initial laboratory results
during hospitalization identified SC concentrations

Fig 1. The full-length feline kidney injury molecule 1 cDNA isoform (A) consists of 894 bp. Two shorter isoforms (B and C) of the

gene are also expressed in adult kidney tissues, and consist of 810 and 705 bp, respectively. There are 3 polymorphic sites that distin-

guish isoform C from A and B.

Fig 2. Schematic diagram showing the feline kidney injury molecule 1 gene. Eight identified exons are represented as black boxes and

spread over 21,059 bp of genomic DNA. A total of 3 expressed variants were identified in renal tissues consisting of 8 (isoform A), 7

(isoform B), and 6 (isoform C) exons, respectively.

Fig 3. Schematic of predicted functional domains of the feline kidney injury molecule 1. Cysteine = ♦.
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>100 lmol/L above historical values in 8 cats, which
was ascribed to recent AKI superimposed on chronic
KD. Five cats had SC concentration within RI upon
admission but had received fluid therapy before refer-
ral or had developed hyperthyroidism in addition to
KD. In this group of 16 cats, SC concentration ranged
from 85 to 1238 lmol/L (0.96–14.00 mg/dL; Table 2).

Seven clinically healthy cats had no history of KD
and ranged in age from 1 to 3 years. Three were neu-
tered males, 3 were intact males, and 1 was an intact
female. SC concentration ranged from 49 to 125 lmol/
L (0.55–1.41 mg/dL). USG on admission ranged from
1.039 to 1.064, urine protein dipstick reactions ranged
from 1 to 3 (approximately 0.3–4 g/dL), all samples
were negative for urine glucose, and hemoglobin dip-

stick reactions ranged from 0 and 2 (none to approxi-
mately 0.020 mg/dL).

Urine KIM-1 Immunoassay

The urine immunoassay (UIA) test completion
required approximately 20 minutes, and test positive
controls consistently yielded the expected reaction
(Fig 5). Eight positive UIA results were obtained from
7 cats of group A (critically ill, no previous KD). Two
cats had SC concentrations that increased during
hospitalization but remained within RI, conditions
potentially associated with hypoperfusion (severe pan-
creatitis and advanced myocardial disease, respectively)
and positive UIA results after initial negative UIA

Fig 4. Phylogenetic tree of kidney injury molecule 1 amino acid sequences from different species. Note feline and canine sequences are

most closely related.

Table 2. Signalment, clinicopathologic data, and KIM-1 immunotesting results.

Group Age (years) SCC (lmol/L) USG

Urinalysis KIM-1

Proteinuriaa Hematuriaa WBC UIA IHC

A – critical illness, no

previous KD (n = 20)

6.5 � 3.5 297 � 452 1.023 � 0.018 17/20 16/20 4/20 7/20 4/4

B – critical illness, previous

KD (n = 16)

9.4 � 4.6 427 � 371 1.015 � 0.007 12/16 9/16 4/16 4/16 3/6

C – healthy (n = 7) 1.5 � 0.5 97 � 17 1.048 � 0.008 7/7 1/7 1/7 1/7 ND

Values are expressed as mean � SD.

SCC, serum creatinine concentration; USG, urine specific gravity; WBC, urine sediment 3–5 WBC/409 field; UIA, positive KIM-1

urine immunoassay results; IHC, positive KIM-1 immunohistochemical stain in kidney sections; ND, not done.
aUrine dipstick 1+ to 3+ reaction.
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results. Four cats had SC concentration within RI but
positive UIA results on admission, and 2 of these were
retested within a few days and negative UIA results
were obtained. One cat had increased SC concentra-
tion because of urethral obstruction lasting several
days and 2 consecutive positive UIA results. After a
few days, a repeated UIA result was negative and SC
concentration was within RI.

Thirteen cats of group A had negative KIM-1 UIA
results on admission. Four of these 13 cats were
euthanized in hospital because of untreatable underly-
ing conditions and 1 died at home 6 days after dis-
charge. Two of the 13 cats had ingested lilies 4 or
more days before referral.

Results of UIA were positive on admission in 4 of
16 cats of group B (critically ill, prior KD). Two of
these 4 cats had terminal cancer, 1 had hyperthyroid-
ism, and 1 had unresponsive acute exacerbation of
chronic KD. Two cats had subsequent negative UIA
results concurrent with decreased SC concentrations.
Twelve cats of group 2 had single or multiple negative
UIA results. Samples from all cats of group C yielded
negative UIA results.

KIM-1 Immunohistochemistry

Kidney sections were evaluated from all cats submit-
ted for postmortem examination or from biopsies
obtained antemortem. Thus, wedge kidney sections
including cortex and medulla were available from 4
cats of group A and 5 cats of group B. From 2 addi-
tional cats of group B, biopsies comprised only of cor-
tex were available. Sections from group A cats had
variably severe acute tubular necrosis but no evidence
of chronic KD (eg, fibrosis, glomerular sclerosis, and
inflammatory cells).31 KIM-1 IHC staining consistently
was detected in proximal convoluted tubules from cats
with acute tubular necrosis, and staining was abro-
gated by preincubation of the antibody with KIM-1
peptide or omission of antibody (Fig 6A). KIM-1
staining was considered to be specific because of lack
of staining in sections in which antibody was preincu-

bated with KIM-1 peptide, and absence of KIM-1
staining of glomeruli, endothelium, and medullary
regions (Fig 6A). Staining in sections from cats of
group A typically was prominent in individual tubules
of the outer stripe of the outer medulla (OSOM), and
also noticeable in luminal cell debris (Fig 6B). The
OSOM contains the distal segment of the straight por-
tion of the proximal tubule, the collecting ducts, and
descending portion of the loop of Henle located near
the cortico-medullary junction.32

Sections from cats of group B had evidence of
chronic KD such as multifocal fibrosis, interstitial
nephritis, glomerulosclerosis, tubular atrophy, or some
combination of these. KIM-1 staining in sections from
3 cats with positive UIA results was variably intense
and confined to occasional tubules of the OSOM and
luminal cell debris (Fig 6C). Sections from 1 cat with
multiple negative UIA results, chronic KD, severe
fibrosis, and interstitial inflammation had no tubular
staining for KIM-1 (Fig 6D). Biopsy sections also
showed no KIM-1 immunostaining, but these sections
lacked the OSOM.

At high magnification, tubules from cats with AKI
because of potential hypoperfusion and ischemia
showed variable staining, with absence of KIM-1
staining in intact cells with brush borders suggestive of
proximal tubular cells, and moderately intense staining
in cells with pyknotic nuclei (Fig 7).

Discussion

Urine KIM-1 is a promising biomarker of kidney
injury and KD in humans. Kidney disease is very
common in cats, but sensitive, specific and noninvasive
biomarkers of KD or injury are lacking. Hence, goals
of this study were to characterize the feline KIM-1
gene and protein, and to assess the utility of available
KIM-1 assays in cats at risk of kidney injury and in
those with naturally occurring KD.

Feline KIM-1 cDNA amplified from kidney tissue
of cats had similar structure to that of human, rat,
mouse, and dog, and contained a cytoplasmic motif

A B

Fig 5. R-Renastick kidney injury molecule 1 urine immunoassay. Positive control reactions on left, test sample reactions on right. (A)

Test results from a cat that developed acute kidney injury during hospitalization. Initial test result was negative (top) and the subsequent

test result was positive. (B) Test results from a cat with acutely exacerbated chronic kidney disease. Initial test results were positive and

then became negative.
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highly conserved across species. Analogous to dogs,
cats have 3 isoforms of feline KIM-1 cDNA, whereas
mice have 2 isoforms, and humans and rats have only
1.23,24,33,34 Functions of the different isoforms have not
been determined, but exon-intron structure of cDNA
predicted from genomic KIM-1 sequences suggests der-
ivation from alternative splicing. Exon deletion
appears to be the most common mechanism that gives
rise to such isoforms.35 Because KIM-1 also may be
expressed by lymphocytes, which can be present in kid-
ney tissue, it is conceivable that there may be cell- and
tissue-specific expression and unique functions of dif-
ferent isoforms.36 Furthermore, KIM-1 isoforms could
be expressed differentially in specific regions of the
nephron or in response to different types of injury.
Nonsynonymous single nucleotide polymorphisms
(SNPs) in isoform C result in 3 AA changes, and 2 of
these AA have different biochemical properties, sug-
gesting that this isoform may have subtle functional
differences. Single nucleotide polymorphisms have not

been investigated regarding population frequency or
breed association.

Conservation of certain KIM-1 motifs across multi-
ple species suggests similar functions. The extracellular
Ig-like domain likely mediates protein-protein interac-
tions at the cell surface, and cell-extracellular matrix
adhesion.37 The cysteine sites allow folding of the
Ig-like domain to form recognition sites for ligands
such as phosphatidylserine expressed on apoptotic
cells.38 The mucin-like domain in full-length KIM-1 is
likely responsible for cell-to-cell adhesion.24 Absence
of a section of the mucin-like domain in isoform C
suggests this isoform may have lost cell-cell adhesive
function. A highly conserved cytoplasmic tyrosine
kinase phosphorylation motif with expected function
in signal transduction and immune response also was
present in the cat.38–40

Functions of KIM-1 are incompletely understood
and controversial. KIM-1 likely has specific functions
rather than just being a marker of tubular injury.

A B

C D

Fig 6. Kidney injury molecule 1 (KIM-1) immunohistochemical staining of sections from cats with various kidney diseases. (A) Cat

with hypoperfusion, no prior kidney disease, positive KIM-1 urine, note tubular staining in the OSOM. Inset: Preincubation of antibody

with KIM-1 peptide abrogates staining (12.59 magnification). (B) Cat with acute kidney injury because of bite wounds, sepsis and hypo-

tension, positive urine KIM-1 result. Note staining of individual tubules. (C) Cat with acute exacerbation of chronic renal disease. Renal

fibrosis and tubular necrosis were present at postmortem. Urine KIM-1 result was positive on admission. There is sparse KIM-1 staining

in individual proximal tubular cells and lumen. (D) Cat with glomerulonephritis and interstitial nephritis because of chronic urolithiasis,

negative urine KIM-1 result. Note absence of KIM-1 staining (1,0009 magnification).
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KIM-1 is coexpressed with dedifferentiation and pro-
liferation markers in regenerating proximal tubule
cells after ischemic injury in rats and humans, and is
believed to contribute to the regenerative
response.23,24,41 In addition, tubular cells that survive
ischemic damage and express KIM-1 develop a phag-
ocytic phenotype, recognize phosphatidylserine on
apoptotic cells, and internalize such apoptotic cells
thereby clearing tubular debris.42 Cleavage of KIM-1
at the juxtamembranous region and release into urine
is mediated by matrix metalloproteinase-3 (MMP-3).43

Ischemia, inflammation, or both with generation of
reactive oxygen species and activation of MMP-3
induce transcription of KIM-1 and enhance cleav-
age.43,44 Colocalization of KIM-1 with vimentin,
smooth muscle actin, and osteopontin has led some
authors to propose KIM-1 induction as an intermedi-
ary step in the development of tubulointerstitial dam-
age and inflammation.41,45,46

Kidney injury molecule 1 in urine and kidney tissue
was evaluated in samples from ill cats divided into 2
groups according to absence or presence of historical
KD. Two cats of group A could have been classified
by International Renal Interest Society (IRIS) criteria
as having grade I AKI because they had progressive
increases in SC concentration of ≥26.4 lmol/L
(≥0.3 mg/dL), but these results remained within RI
during a 48-hour interval (http://www.iris-kidney.com,
accessed February 2014). Other cats of group A might
have experienced AKI during hospitalization, but
repeated SC concentrations were not determined. Fif-
teen of 16 cats with a history of KD in group B might
have been classified as chronic KD stage 2–4 by IRIS

guidelines (http://www.iris-kidney.com, accessed Janu-
ary 2014).47,48 However, because the cats were criti-
cally ill with unstable glomerular filtration rates
(GFR), had variably received fluid therapy, repeated
SC concentrations were not available and fasting could
not be assured, we chose to indicate the actual SC con-
centrations rather than stratify a relatively small num-
ber of cats into IRIS stages. Several cats had normal
SC concentration on admission but historically had
increased SC concentration. This change was attrib-
uted to increased GFR that developed concurrent with
hyperthyroidism or fluid therapy.49 Thirteen of 16 cats
with “critical illness and previous KD” had protein-
uria. However, neither blood pressure nor urine pro-
tein-to-creatinine ratio was consistently determined.
Application of IRIS criteria is of benefit for staging
KD in stable patients and initiating appropriate treat-
ment. However, IRIS classification is challenging in
patients with unstable KD and conditions such as
hyperthyroidism. Several cats of group C had protein-
uria, which was attributed to hematuria in 2 cases; and
presence of sperm, high specific gravity or dry food
diets in the other cases.50,51 Lack of underlying renal
disease could not be entirely eliminated.

Kidney injury molecule 1 positive results were
obtained in 11 cats of group A and group B, but in
none of the clinically healthy cats. KIM-1 is shed from
acutely injured tubular cells in rats, mice, and
humans.23,52–54 Therefore, KIM-1 might be expected in
urine of cats that experience hypotension, renal hypop-
erfusion and ischemia, or tubular toxic or inflamma-
tory injury. Although neither the sensitivity of
detecting KIM-1 in urine nor the specificity for injury

A

B

C

Fig 7. Kidney injury molecule 1 (KIM-1) immunohistochemical staining of a kidney section (medullary ray) from a cat with an episode

of likely hypoperfusion; NovaRed substrate and hematoxylin counterstain. (A) Note variable staining among tubules (2009 magnifica-

tion). (B) There is also variable staining among epithelial cells within a tubule (arrow, 4009 magnification). (C) Note KIM-1 negative

tubular epithelial cells with intact brush border (arrows) indicating proximal tubule. Adjacent KIM-1-positive cells have indistinct brush

borders and pyknotic nuclei (arrowhead) suggesting injury (1,0009 magnification).
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of specific segments of the nephron can be deduced
from the data presented here, KIM-1 was not detected
in urine of healthy cats, and was detected in cats that
had or may have had kidney injury. Positive UIA
results developed in some cats concurrent with increas-
ing SC concentration, or became negative with pre-
sumed resolution of hypotension or improvement of
critical illness. Severe acute tubular injury may result
in rapid and marked cellular KIM-1 up-regulation and
then shedding into urine, and extensive death of tubu-
lar cells may result in subsequent lack of detection of
KIM-1 in urine or tissues.41,55 If the dynamics of
KIM-1 are similar in cats, negative results may indi-
cate large-scale loss of tubular cells such as may occur
in lily toxicity, or replacement with less differentiated
cells during repair.46,56 Therefore, it will be important
to precisely determine the temporal appearance of
KIM-1 in urine in relation to well-defined kidney
injury. However, this is difficult to accomplish in stud-
ies involving clinical patients.

Kidney tissues for KIM-1 IHC were available from
11 cases. In 8 cases, there was positive staining in
proximal tubular cells although UIA results had been
negative in 3 of these cats. Possible reasons for this
discrepancy are that not all KIM-1 expressed by
tubular epithelium also is cleaved and shed into
urine, that UIA is less sensitive than IHC, or that
the protein is unstable in urine. Ideally, urine samples
should be incubated with protease inhibitors and rap-
idly frozen before analysis, which was not feasible in
this study for samples collected in a noninvasive man-
ner from critically ill patients. Furthermore, a feline-
specific KIM-1 UIA might have been more sensitive
and yielded results that agree to a greater extent with
IHC results, but such a UIA is unavailable at this
time. Three cats had negative KIM-1 IHC results
although they had presumed acute exacerbation of
chronic KD. In 2 of these cats, only small biopsies
lacking the OSOM were available, therefore the
region of the nephron in which KIM-1 should be
expressed was absent. The 3rd cat had severe chronic
fibrotic KD, persistent marked increase in SC, and
several days lapsed between exacerbation of KD and
euthanasia. The most likely reason for lack of KIM-1
staining in this case was loss of or fibrotic change in
proximal tubular cells in an animal with end-stage
KD.

Six cats had positive KIM-1 UIA results, whereas
their SC concentrations were within RI. This finding
is similar to those in rodents and people, where
injured renal tubules up-regulate and shed KIM-1
into urine before clinically relevant increases in SC
concentration.52,57 Furthermore, SC concentration
above a population-derived RI is considered to be an
insensitive indicator of decreased GFR, and “critical
differences” in SC concentration over time within an
individual may more accurately reflect changes in
GFR.16–18,58 Thus, from the limited number of cases
included here, it appears that apparent detection of
KIM-1 in urine may be a very sensitive indicator of
acute injury of tubular cells in cats without pre-exist-

ing KD that experience kidney injury because of hyp-
ovolemia, hypotension, ischemia, toxic or septic
insult, or that have acute injury superimposed on pre-
existing KD.

A limitation of this study was that samples from
defined AKI were unavailable for use as positive con-
trols. Furthermore, although antibodies in the UIA
and IHC were directed to KIM-1 regions similar in
cats, rats and humans, sensitivity of both assays would
likely be higher with antibodies matching precisely to
feline KIM-1 epitopes. Hence, preliminary evaluation
of the UIA for rat KIM-1 did not entail proper test
validation, but rather proof-of-principle to justify
future generation of feline-specific reagents. Measure-
ment of KIM-1 gene transcripts by quantitative PCR
was not deemed meaningful because induced expres-
sion is highly variable across different segments of the
proximal convoluted tubule and nephron, and only
comparing expression across identical nephron seg-
ments would be informative. This study was not meant
to evaluate the specificity or sensitivity of nonfeline
UIA or IHC assays, but rather to demonstrate KIM-1
expression in the feline kidney and to identify shedding
into urine. Further elucidation of the role of feline
KIM-1 in AKI will depend on development of more
specific reagents.

In rodents and primates, KIM-1 measurement com-
pared favorably in sensitivity and specificity to other
urinary biomarkers for detection of AKI. In rat experi-
mental renal ischemia and toxic injury, measurement
of urine KIM-1 was more sensitive than SC concentra-
tion, BUN, urine glucose, or urine N-acetyl-beta-D-glu-
cosaminidase (NAG).26 Similarly, in humans KIM-1
assays outperformed NAG, MMP3, and c-glutamyl
transpeptidase assays for detection of AKI.54 Data
regarding performance in companion animals are lack-
ing to date, but based on preliminary findings reported
here, further investigation of KIM-1 as a biomarker of
KD in cats appears warranted.
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