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ABSTRACT
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LYMPHOSARCOMA AND INDUCED ENDOTOXEMIA TO ASSESS
DIAGNOSTIC UTILITY OF NGAL IN DOGS WITH CHRONIC KIDNEY
DISEASE
Allison Cobrin
University of Guelph, 2013

Advisor:
Dr. Shauna Blois

Canine chronic kidney disease (CKD) is estimated to have a prevalence of 0.57%, and improved methods for the detection and monitoring of CKD are needed.
Neutrophil gelatinase-associated lipocalin (NGAL), a protein detectable in blood and
urine that increases secondary to renal dysfunction, is gaining utility as a renal disease
biomarker in humans. The purpose of this study was to investigate serum and urine
NGAL concentrations in normal dogs and dogs with naturally occurring CKD and then to
assess the specificity by measuring serum and urine NGAL in dogs with other diseases.
Forty-two dogs assessed to be free of urinary tract disease (normal history, physical
examination, clinicopathologic results, and blood pressure measurement), 11 dogs with
CKD, 21 dogs with lymphosarcoma, 12 dogs with carcinomas, and 16 dogs with induced
endotoxemia were enrolled. Serum and urine NGAL concentrations were measured using
a commercially available canine-specific ELISA kit.
Serum and urine NGAL levels were elevated in dogs with CKD compared to that
of normal dogs. Concentrations of both correlated with serum creatinine concentration
and with glomerular filtration rate at 6 months. Serum NGAL concentrations lacked
specificity for CKD. Urine NGAL concentration was most elevated in dogs with CKD,
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followed by dogs with carcinomas and lymphosarcoma. Serum and urine NGAL
concentrations are elevated in renal and non-renal diseases, but may still be useful
adjunct to current methods to diagnose and monitor CKD.!!
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CHAPTER 1:
INTRODUCTION AND REVIEW OF BIOMARKERS
1.1 Introduction
The first part of this literature review was prepared as a manuscript for
publication. This manuscript serves to identify the need for better markers of kidney
disease and outlines the biology, measurement and utility of major renal biomarkers,
highlighting their use in human medicine and veterinary medicine where applicable. The
literature review continues with a more extensive overview of glomerular filtration rate
(GFR) studies and then focuses on one biomarker in particular, neutrophil gelatinaseassociated lipocalin (NGAL), elaborating on the biology of NGAL and its utility in the
diagnosis of various disease processes.
1.2 The utility of biomarkers in the assessment of acute and chronic kidney diseases
in the dog and cat1

1.2.1 Summary
In both human and veterinary medicine, diagnosing and staging renal disease can
be difficult. Measurement of GFR is considered the gold standard for assessing renal
function but these methods can be technically challenging and impractical. The main
parameters used to diagnose acute and chronic kidney disease include serum creatinine
and urea concentrations, and urine specific gravity. However, these parameters can be
insensitive. Therefore, there is a need for better methods to diagnose and monitor patients
with renal disease.
The use of renal biomarkers is increasing in human and veterinary medicine for
the diagnosis and monitoring of acute and chronic kidney diseases. Among other
qualities, an ideal biomarker would identify the site and severity of injury, and correlate
with renal function. This article will review the advantages and limitations of renal
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$!Manuscript accepted for publication by the Journal of Small Animal Practice!
$!
!

!
biomarkers that have been used in dogs and cats, as well as some markers used in humans
that may be adapted for veterinary use. In the future, measuring a combination of
biomarkers will likely be a useful approach in the diagnosis of kidney disorders.
1.2.2 Introduction
Kidney diseases commonly affect dogs and cats, and are often associated with
guarded to poor outcomes. The overall prevalence of chronic kidney disease (CKD) is
0.5-7% in dogs and 1.6-20% in cats (Lund et al 1999, Polzin 2010). The prevalence
increases to 15% of dogs over 10 years of age and up to 31% of cats over 15 years of age
(Lulich et al 1992, Polzin 2010). Depending on International Renal Interest Society
(IRIS) stage and progression of disease, the reported median survival times with CKD
vary widely, as those cats and dogs with a lower IRIS stage live longer than those with
more advanced stages (Boyd et al 2008, Jacob et al 2002, Parker and Freeman 2011).
Cats with CKD have a reported median survival time of 777 days (Boyd et al 2008)
whereas for dogs it is 615 days (Jacob et al 2002). Acute kidney injury (AKI) has a poor
prognosis. Mortality rates associated with AKI are 50-60% in companion animals, with
many deaths occurring shortly after diagnosis (Thoen and Kerl 2011, Vaden et al 1997,
Worwag and Langston 2008). Key factors in the high mortality rate associated with AKI
are likely delayed detection due to insensitive diagnostic tests, the subtle early signs
delaying presentation to a veterinarian, and the rapid progression of kidney injury
associated with nephrotoxins such as ethylene glycol or lilies.
Despite the relative clinical importance of kidney diseases, their early diagnosis
can be challenging. Measurement of glomerular filtration rate (GFR) is thought to be the
best method of assessing renal function as it is directly proportional to functional renal
mass, but these techniques can be impractical for many practices (Gaspari et al 1997,
Kerl and Cook 2005). Serum creatinine concentration is often used to estimate GFR and
stage CKD, but is an insensitive marker of renal function in humans and dogs (Braun et
al 2003, Finco et al 1999, Narayanan and Appleton 1980, Peake and Whiting 2006).
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Novel serum and urine biomarkers are being evaluated in human and veterinary
patients in an attempt to improve the ability to diagnose both acute and chronic kidney
diseases, by allowing a more specific and sensitive diagnostic capability and the potential
for early disease detection. Furthermore, these biomarkers help identify various processes
occurring to cause kidney disease such as glomerular damage, decreased GFR, and
tubular stress or dysfunction. An ideal biomarker to detect kidney disease would be
specific, non-invasive, low cost, able to detect both AKI and CKD, sensitive for detecting
early disease, capable of monitoring disease progression, rapidly available from a
reference laboratory or point-of-care assay, able to describe injury location, document
extent or severity of disease, and predict clinical outcome (Frangogiannis 2012,
Oberbauer 2008, Slocum et al 2012, Urbschat et al 2011). There are several renal
biomarkers, with various advantages and disadvantages, which are being investigated in
veterinary medicine (see Table 1.1). The purpose of this review article is to evaluate the
current status of renal biomarkers in veterinary medicine for dogs and cats, and to
examine some biomarkers currently used in human medicine and their potential utility in
veterinary species.
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Table 1.1: The clinical indications, advantages, disadvantages, and common assay methodology of selected serum and urinary
biomarkers of renal disease reported in veterinary medicine.
Table legend: GFR, glomerular filtration rate; CKD, chronic kidney disease; AKI, acute kidney injury; ELISA, enzyme-linked immunoabsorbant assay; RBP,
retinol binding protein; NAG, N-acetyl- ! –D-glucosaminidase; GGT, gamma glutamyl transpeptidase; NGAL, neutrophil gelatinase-associated lipocalin.
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Biomarker

Sample(s)
needed
Surrogate markers of GFR
Creatinine
Serum

Cystatin C

Serum

Condition(s) leading to
marker elevation

Advantages

Disadvantages

Common method(s) of
measurement

Declining GFR.
Various non-renal causes.

Widely available.
Inexpensive.
Familiar assay.

Minor assay interference from noncreatinine chromogens such as proteins,
glucose and ketoacids.

Jaffe (alkaline picrate)
reaction

Most accurate in steady state GFR

Non-linear relationship with GFR.
Proportional to patient muscle mass.
Influenced by pre and post-renal
azotemia and hydration status

Good marker of GFR in early stages of
renal disease.

Questionable effects of age and weight
in dogs.

Proximal tubular damage
causing decreased
reabsorption.

Not consistently shown to be superior
to creatinine as a marker of GFR
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Particle-enhanced
turbidimetric
immunoassay (PETIA)
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Table 1.1 continued:
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Biomarker

Sample(s)
Condition(s) leading to
needed
marker elevation
Markers of tubular dysfunction
RBP
Urine
Proximal tubular damage
causing decreased
reabsorption.

Advantages

Disadvantages

Common method(s)
of measurement

Stable in acidic urine and frozen
samples.

Wide intra-individual variation in feline
CKD and hyperthyroidism.

ELISA
Western blot

Useful for monitoring chronic disease
due to progressively increases in later
disease stages.
!1microglobulin

Urine

"2microglobulin

Plasma
Urine

NAG

GGT

NGAL

Urine

Urine

Urine,
plasma or
serum

Proximal tubular damage
causing decreased
reabsorption.
Proximal tubular damage
causing decreased
reabsorption.

Stable in acidic urine.

Decreased by hepatic disease.

Western blot

Good predictor of GFR in dogs.

Unstable in acidic urine.

ELISA
Western blot

Proximal tubular damage
causing increased release.

Can measure activity from spot urine
sample.

Affected by proteinuria, hyperthyroidism,
diabetes mellitus, alkaline urine pH,
pyuria, long-term storage, ± sex.

Marker of AKI secondary to pyometra,
leishmaniasis and nephrotoxins.

Lack specificity as NAG B isoenzyme
associated with protein processing and
lysosomal activity.

Can measure activity from spot urine
sample.

Unstable in acidic urine.
Hematuria and pyuria cause assay
interference.

Proximal tubular damage
causing increased release.

Tubular damage causing
increased release.

Decreased sensitivity for monitoring
disease progression.

Used to identify nephrotoxicity
secondary to gentamicin.
Samples stable with freeze-thaw cycles.
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Less sensitive to detect CKD
Hematuria and pyuria may cause assay
interference
Malignancy, inflammation and infection
may decrease specificity.

Enzymatic
colorimetric assay

Spectrophotometric
assay

ELISA (several
species-specific
assays, including dogs)

!
Surrogate Markers of GFR
1.2.3 Creatinine
Creatinine is a by-product of endogenous muscle metabolism (Linnetz and Graves
2010, Peake and Whiting 2006) Creatinine is distributed in the body water, is almost
entirely freely filtered at the glomerulus, is not absorbed by the renal tubules and
undergoes minimal tubular secretion. As such, it inversely correlates with GFR and is an
indicator of renal function (Guyton and Hall 2006, Jacobs et al 1991, Lefebvre 2011).
Staging kidney disease using serum creatinine
Serum creatinine concentration is the most widely used marker of renal function
in human and veterinary medicine. Creatinine is a primary variable in kidney disease
staging schemes including the RIFLE classification (Risk of renal dysfunction, Injury to
the kidney, Failure of renal function, Loss of renal function, and End-stage renal disease)
and the Acute Kidney Injury Network (AKIN) criteria (Bagshaw et al 2008, Bellomo et
al 2004, Lee et al 2011). Modified RIFLE and AKIN scores have been applied to dogs
with AKI and have been shown to predict patient outcome (Lee et al 2011, Thoen and
Kerl 2011). The IRIS system uses creatinine concentration to stage dogs and cats with
CKD (IRIS 2007), and IRIS stage has been strongly associated with survival time (Boyd
et al 2008). A modified IRIS classification to define AKI grades is based on serum
creatinine, urine output and the need for renal replacement therapy (Cowgill 2012). Even
when serum creatinine concentration is within the reference interval, increases from
baseline serum creatinine are considered significant in human patients and this concept is
key to the RIFLE staging system and AKIN criteria (Bagshaw et al 2008, Bellomo et al
2004). Similar trends are also being recognised in veterinary medicine. For example, the
definition for IRIS AKI Grade I includes non-azotemic patients demonstrating a
progressive increase in baseline serum creatinine ! 26.4 µmol/L (0.3 mg/dl) within 48
hours (Cowgill 2012).
Limitations of creatinine
Using serum creatinine concentration to diagnose kidney disease has significant
limitations. Creatinine measurement is insensitive for the diagnosis of early renal
"!
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insufficiency; at least 75% of nephron function is lost before creatinine elevations outside
the reference interval occur (Lefebvre 2011). Additionally, the relationship between GFR
and serum creatinine is non-linear: in early kidney disease, large reductions in GFR result
in small elevations in serum creatinine concentrations whereas the reverse is true in more
advanced kidney disease (Braun et al 2003, Peake and Whiting 2006). Therefore, serial
creatinine measurement may not accurately detect deterioration in kidney function,
especially in rapidly progressive conditions such as AKI (Finco et al 1995, Thomas et al
2011). Non-renal factors that can influence creatinine concentration include muscle mass,
renal tubular secretion of creatinine in male dogs, and various causes of pre and post
renal azotemia such as hydration status (Finco et al 1995, Finco and Duncan 1976).
Despite these limitations, many studies assess the utility of renal biomarkers using serum
creatinine concentration as a comparison point. In human medicine, some of the
limitations of serum creatinine as a surrogate marker for GFR are circumvented by using
an estimation of GFR incorporating other factors besides serum creatinine. The estimated
GFR (eGFR) is calculated using various formulas that incorporate factors such as serum
creatinine, age, sex, ethnicity, and body mass (Levey et al 2009).
1.2.4 Cystatin C
Cystatin C is a cysteine proteinase inhibitor produced constitutively by all
nucleated cells (Abrahamson et al 1986, Grubb 2001, Monti et al 2012). Cystatin C is
freely filtered at the glomerulus and is absorbed and catabolised in the cells of the
proximal tubule, with minimal tubular secretion (Grubb 2001). While there is minimal
urinary excretion of urinary cystatin C in health, its reabsorption is reduced when renal
tubular damage occurs resulting in increased levels of cystatin C in the urine (Uchida and
Gotoh 2002).
Human cystatin C data
Serum cystatin C is primarily used as a GFR marker in assessment of CKD in
humans. Various human studies show that evaluation of cystatin C concentrations is more
sensitive for detecting reduced GFR than evaluating creatinine concentrations and better
able to detect small changes in GFR in the same patient (Herget-Rosenthal et al 2004a,
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Kyhse-Andersen et al 1994). However, sensitivity of serum cystatin C concentration to
detect AKI in humans has been variable (Herget-Rosenthal et al 2004a, Royakkers et al
2011). Cystatin C serum concentrations can have high intra-individual variability in
humans, potentially complicating interpretation of serial results (Keevil et al 1998).
Canine cystatin C data
Serum cystatin C has been evaluated as a GFR marker in dogs using
commercially available particle-enhanced turbidimetric immunoassay (PETIA), particle
enhanced nephelometric immunoassay (PENIA), and ELISA methods (Miyagawa et al
2009). Western Blot analysis demonstrated cross-reactivity of anti-human cystatin C
antibody to canine cystatin C, validating its use in canine studies (Almy et al 2002).
While one canine study showed that age, body weight, and sex did not affect cystatin C
(Wehner et al 2008) in healthy dogs, another showed that cystatin C was higher in very
young or old healthy dogs and in healthy dogs >15kg (Braun et al 2002).
Cystatin C can be measured in canine urine or serum. Concentrations of urinary or
serum cystatin C were significantly elevated in dogs with renal disease of various causes
compared to those without, and correlated strongly with GFR measured by creatinine or
iohexol clearance in both healthy and dogs with renal disease (Wehner et al 2008,
Miyagawa et al 2009). Serum cystatin C concentration correlated more strongly than
serum creatinine concentration with GFR measured by creatinine clearance (Wehner et al
2008). However, another canine study found that evaluation of serum cystatin C
concentration was not superior to creatinine concentration as a marker of GFR (Almy et
al 2002). Previous studies describing cystatin C in renal disease have been performed on
patient populations with variable types of renal injury, which might have major
influences on renal function and therefore account for the variation in results obtained.
Overall, further studies are required to determine if serum cystatin C concentration is a
better marker for kidney disease than creatinine concentration. However cystatin C may
be superior especially in early stages of renal damage (Grubb 2001, Laterza et al 2002).
Currently, no studies have explored the utility of cystatin C in detecting AKI in dogs and
cats.
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Markers of Tubular Dysfunction
1.2.5 Low molecular weight proteins: Retinol-binding protein
Retinol-binding protein (RBP) is a 21-kDa low molecular weight protein (LMW)
protein synthesized in the liver (Barbosa de Deus et al 2008, Roberts et al 1990).
Unbound RBP is filtered at the glomerulus and is almost completely reabsorbed and
catabolised in the proximal tubular cells (Raila et al 2010, Smets et al 2010a). Like other
LMW proteins, RBP can be detected in the urine when there is tubulointerstitial damage
impairing reabsorption (D'amico and Bazzi 2003).
Human RBP data
Urinary RBP is usually measured in humans using an ELISA (Topping et al
1986). Urine RBP concentration is a sensitive indicator of renal tubular damage in
humans (Kirsztajn et al 2002). Additionally, urine RBP concentration has been shown to
predict disease progression and prognosis in humans with glomerulopathies (Barbosa de
Deus et al 2008, Kirsztajn et al 2002). While urine RBP measurement is often used in the
detection of CKD in humans, it has also been used to predict AKI in infants following
birth asphyxia (Roberts et al 1990).
Canine RBP data
RBP has been identified in canine and feline urine using Western blot
methodology, and ELISA assays have been validated in dogs and cats (Maddens et al
2010, Smets et al 2010a, van Hoek et al 2008). Urinary RBP has been used as a marker
of decreased tubular function in dogs with CKD. In a study comparing urinary
biomarkers in young and older healthy dogs to CKD dogs, the urine RBP to creatinine
ratio (uRBP/c) was significantly elevated in CKD dogs and more correlated with urea and
serum creatinine concentrations compared to urinary NAG to creatinine ratio (Smets et al
2010a). Additionally, age did not appear to affect uRBP/c (Smets et al 2010a). In dogs
with X-linked hereditary nephropathy, a model of progressive proteinuric nephropathy,
uRBP/c correlated most strongly with serum creatinine, GFR, and histologic lesions, and
demonstrated progressive increase in values compared to other markers of renal function,
even in late stage kidney disease (Nabity et al 2012, Vinge et al 2010). Urine RBP/c was
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significantly elevated in azotemic dogs in another study, but was not sensitive enough to
detect decreasing GFR in non-azotemic dogs (Raila et al 2010). Further study is needed
to determine if RBP assessment is a sensitive marker of proximal tubular dysfunction, as
well as GFR, in dogs.
Feline RBP data
Urine RBP concentrations are elevated in cats with CKD or hyperthyroidism
compared to healthy cats; these normalised in previously hyperthyroid cats without preexisting CKD after establishment of euthyroidism. However, there was large interindividual variation in urine RBP concentrations in CKD and hyperthyroid cats (van
Hoek et al 2008, Van Hoek et al 2009a, Van Hoek et al 2009b).
In summary, studies in dogs with CKD suggest that RBP is a promising marker of
tubular dysfunction. However, assessment of tubular function using urine RBP
concentrations in hyperthyroid cats was problematic and may indicate that this is not a
suitable marker of feline renal tubular injury.
1.2.6

Low molecular weight proteins: !1 and "2-microglobulins
"1-microglobulin, a 27-kDa anti-inflammatory protein, and #2-microglobulin, an

11.8-kDa protein expressed on all nucleated cells, are also low molecular weight (LMW)
markers of proximal tubular dysfunction (Penders and Delanghe 2004). Unlike RBP and
"1-microglobulin, a major limitation in the measurement of #2-microglobulin is its
instability in acidic urine (Bernard et al 1987, Penders and Delanghe 2004).
Human LMW protein data
Urinary excretion of "1 and #2-microglobulin are used to detect AKI and CKD in
humans, and these substances can be measured by ELISA and radioimmunoassay (Bazzi
et al 2001, Branten et al 2005, Reichert et al 1995). Urine "1-microglobulin
concentrations were significantly associated with the severity of histologic lesions in
humans with membranous nephropathy, and were able to predict progression to CKD
(Bazzi et al 2001). In humans with acute tubular necrosis, elevation in urine "1&'!
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microglobulin concentration predicts the need for renal replacement therapy and may
indicate a poor prognosis (Herget-Rosenthal et al 2004b). Because "1-microglobulin is
produced in the liver, hepatic disease can decrease concentrations, interfering with the
ability to detect renal disease in patients with concurrent hepatic disease (Penders and
Delanghe 2004).
Urinary #2-microglobulin concentration was more sensitive than serum creatinine
concentration for the detection of AKI in humans, preceding elevation of serum
creatinine concentrations by several days (Tolkoff-Rubin et al 1988). Urinary
concentration of #2-microglobulin was shown to be a strong predictor for progression of
renal insufficiency and can predict survival in humans with membranous nephropathy
(Branten et al 2005).
Canine LMW protein data
"1-microglobulin levels have been measured in dogs with Western blot
methodology (Vinge et al 2010). An ELISA has been validated for measuring canine #2microglobulin, and this protein can also be measured using Western blots (Nabity et al
2012). Several canine studies have examined the utility of "1- and #2-microglobulin for
the detection and monitoring of CKD. Urine "1-microglobulin levels progressively
increased over time in dogs with Alport syndrome, a model of progressive glomerular
disease, and were significantly increased compared to normal dogs (Vinge et al 2010).
When compared to other markers of tubular injury, urine #2-microglobulin concentration
was a significant and independent predictor of GFR in dogs with X-linked hereditary
nephropathy (Nabity et al 2012). However, in the later stages of canine CKD, urine #2microglobulin levels were fairly constant, potentially decreasing its utility for monitoring
disease progression (Nabity et al 2012).

"1- and #2-microglobulin appear to be

promising markers of proximal tubular damage in dogs, and may be sensitive to
progressive changes in renal injury.
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1.2.7

Enzymuria:

N-acetyl-"-D-glucosaminidase

and

gamma-glutamyl

transpepsidase
N-acetyl-#-D-glucosaminidase (NAG) and gamma-glutamyl transpeptidase
(GGT) are proximal tubular enzymes involved in protein processing.
Human NAG and GGT data
Detection of NAG and GGT may be best suited for detection of AKI rather than
CKD as enzymuria may reflect acute tubular dysfunction instead of more chronic
ongoing damage. (Brunker et al 2009, Greco et al 1985, Skalova 2005). Total NAG
activity can be subdivided by isoenzyme: NAG A is associated with tubular protein
processing and lysosomal activity, NAG B is may be more indicative of renal tubular
damage. (Jepson et al 2009, Marchewka et al 2001, Sato et al 2002a). While small
amounts of NAG and GGT are excreted normally in the urine, tubular dysfunction greatly
increases their excretion (Braun and Lefebvre 2008). Urine NAG and GGT
measurements are expressed as a ratio to urine creatinine concentration: NAG index and
GGT index, respectively (Brunker et al 2009, Grauer et al 1995, Skalova 2005). Nonrenal factors including urine pH and long-term sample storage, may affect urine NAG
and GGT activity (Jepson et al 2009, Uechi et al 1998). Urine NAG activity is a widely
used measure of tubular function, and elevations have been detected in humans with
kidney disease secondary to various conditions (Skalova 2005). Urinary GGT is not as
extensively studied in people but concentrations appear to be elevated in acute proximal
tubular damage (Westhuyzen et al 2003).
Canine NAG and GGT data
Several studies have examined the utility of urinary NAG to detect canine CKD.
Urine NAG activity was significantly elevated in dogs with X-linked hereditary
nephropathy compared to that of control dogs, and was detectable prior to serum
creatinine elevation (Nabity et al 2012). Additionally, NAG was the only marker that
significantly increased before a detectable elevation in urine protein:creatinine ratio,
indicating that it may be a useful marker of early kidney disease (Nabity et al 2012).
However, evaluation of urine NAG activity did not perform as well as that of urine RBP
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concentration in the detection of progressive changes and was not useful in monitoring
later stages of renal disease in one study, while another study revealed a large overlap of
NAG index values in healthy and CKD dogs (Nabity et al 2012, Smets et al 2010a).
Increased urine NAG activity has also been used to detect the onset of AKI associated
with pyometra and leishmaniasis (Palacio et al 1997). While some studies found a
relatively increased NAG index in male dogs compared to females, this is not a consistent
finding (Sato et al 2002b, Uechi et al 1994). Additionally, one study found increased
urine NAG activity in dogs with poorly controlled diabetes mellitus, although it is
possible that these dogs had nephropathy secondary to diabetes (Sato et al 2002b).
Urine GGT activity has been used primarily to detect AKI in dogs. In dogs with
gentamicin-induced nephrotoxicity, GGT index increased prior to serum creatinine
elevation (Greco et al 1985, Rivers et al 1996). Urine GGT values were significantly
elevated in AKI versus normal dogs, but were not significantly different between normal
and CKD dogs. However, there was considerable overlap in urine GGT values between
groups, and enzyme activity did not correlate with histologic lesions in this study (Heiene
et al 2001).
Feline NAG and GGT data
An enzymatic colorimetric NAG assay that has been validated in dogs and cats,
whereas GGT is measured via a spectrophotometric assay (Jepson et al 2010, Smets et al
2010b). Urinary NAG and GGT activities increased earlier than detectable changes in
serum creatinine concentration in induced feline glomerulonephritis, and correlated with
presence of histologic lesions (Bishop et al 1991). However, this study did not
specifically correlate urinary NAG and GGT activity elevations to clinical signs of
disease (Bishop et al 1991). Another study found a moderate correlation between NAG
index and proteinuria in azotemic and non-azotemic cats (Jepson et al 2010). However,
the measured NAG activity may be increased secondary to lysosomal protein processing
in states of proteinuria, rather than tubular damage, potentially confounding results of
these studies. Other studies have shown poor correlation between creatinine
concentration and the NAG index in healthy cats and cats with urinary tract disease, and
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NAG index was not predictive of development of azotemia in geriatric cats or those with
treated hyperthyroidism (Jepson et al 2009, Jepson et al 2010, Sato et al 2002a). The
inconsistent results of the above studies, as well as high inter-assay variability detected in
one study, suggest that urine NAG activity may not be a good marker of CKD in cats
(Jepson et al 2010).
To date, veterinary research shows that evaluation of urine NAG and GGT
activities may be well suited for detection of early tubular injury. In ongoing kidney
injury, depletion of tubules decreases enzyme excretion therefore enzymuria may be less
sensitive to detect chronic renal diseases (Greco et al 1985).
1.2.8 Neutrophil gelatinase–associated lipocalin
Neutrophil gelatinase–associated lipocalin (NGAL) is a 25-kDa protein expressed
in neutrophils as well as many epithelial cells, including the renal proximal tubule, loop
of Henle and collecting ducts (Schmidt-Ott et al 2006, Soni et al 2010). A commercially
available monoclonal antibody ELISA is commonly used in the research setting to
measure plasma, serum and urine NGAL concentration in humans (Devarajan 2008, Soni
et al 2010). Newer assays have been developed for clinical use in humans, including a
point-of-care plasma assay and a standardized urine immunoassay, both of which
correlate well with the ELISA (Devarajan 2008, Soni et al 2010).
Human NGAL data
In human medicine, NGAL has been primarily investigated as a marker of AKI.
Elevated plasma, serum and urine NGAL concentrations have been used to detect AKI
secondary to cardiac surgery, contrast induced nephropathy, critical illnesses and other
disease processes (Hirsch et al 2007, Nickolas et al 2008). Assessment of urinary NGAL
concentration was highly sensitive and specific for predicting AKI and clinical outcomes,
and was superior to other markers of renal disease including assessment of urine NAG
activity, urine "1-microglobulin concentration, and serum creatinine concentration
(Nickolas et al 2008).
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Urine and serum NGAL concentrations correlate well with GFR studies in
humans with CKD secondary to various diseases, and are superior to some other markers
such as cystatin C (Bolignano et al 2007, Brunner et al 2006, Ding et al 2007, Mitsnefes
et al 2007).
Canine NGAL data
A canine-specific NGAL ELISA has been validated in dogs to quantify NGAL
activity in plasma, serum, and urine (Nabity et al 2012). The urine NGAL to creatinine
concentration ratio (uNGAL/c) was elevated in the early stages of X-linked hereditary
nephropathy in dogs, and correlated well with serum creatinine concentration, GFR,
concentration or activity of other urine biomarkers (RBP, #2-microglobulin, and NAG)
and degree of renal fibrosis (Nabity et al 2012). However, similar to #2-microglobulin
and uNAG/c, uNGAL/c plateaued during later stages of nephropathy, potentially limiting
the ability of these biomarkers to detect progressive late-stage changes. Additionally,
uNGAL/c was elevated in healthy puppies from free flow midstream urine samples,
possibly due to urinary contamination with preputial leukocytes (Nabity et al 2012). In
dogs with AKI, urine NGAL concentrations increased earlier than a detectable elevation
of serum creatinine concentrations outside the reference interval (Palm et al 2012). Other
preliminary investigations have shown elevated serum and urine NGAL concentrations in
dogs with kidney diseases compared to controls (Cobrin et al 2012, Le Roy et al 2011).
NGAL is elevated secondary to tubular damage, but is not kidney-specific (Devarajan
2008). Evaluation of serum and urine NGAL concentrations shows promise in the
assessment of kidney disease, but further studies are needed especially to determine its
utility in detecting progression of disease as well as the effect of concurrent conditions.
Future Perspectives
1.2.9 Kidney injury molecule-1
Kidney injury molecule-1 (KIM-1) is a type 1 cell membrane glycoprotein
expressed at low to undetectable levels in the normal kidney (Ichimura et al 1998).
Increases in urine KIM-1 concentration is considered to be highly specific for the
detection of renal proximal tubular injury, and is primarily used to detect AKI.
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Expression of KIM-1 is markedly up-regulated 24-48 hours after ischemic or toxic injury
to the renal proximal tubules, and is also expressed in renal fibrosis and inflammation
(Bonventre 2009, Han et al 2002, Han et al 2007, Ichimura et al 1998, Vaidya et al
2006). The ectodomain of KIM-1 is shed into urine and is stable in urine for extended
periods (Bonventre. 2009, Han et al 2002, Han et al 2007, Ichimura et al 1998, Vaidya et
al 2006). Urinary KIM-1 can be measured by ELISA or rapid immunochromatographic
assay dipstick; these tests correlate with tissue expression (Han et al 2002, Vaidya et al
2009).
Human KIM-1 data
There have been several human studies evaluating the use of KIM-1 concentrations,
especially in AKI, and the FDA has approved urinary KIM-1 as a biomarker of kidney
injury when assessing renal safety of drugs (Bonventre 2009, Vaidya et al 2009, Vaidya
et al 2010). Expression of KIM-1 was markedly increased in renal tissue of people with
acute tubular necrosis, and was more sensitive than routine histopathology in identifying
proximal tubular injury (Zhang et al 2007). Increasing levels of urine KIM-1 predicted
adverse outcomes, including requirement for renal replacement therapy and in-hospital
mortality (Liangos et al 2007). KIM-1 levels are also elevated in CKD, but to a lesser
extent (Han et al 2002). Currently, prospective clinical trials investigating KIM-1 in cats
with kidney disease are ongoing at the authors’ institution. KIM-1 appears to be a
promising marker of AKI, but currently studies are lacking in companion animals.
1.2.10 Interleukin-18
Interleukin-18 (IL-18) is a pro-inflammatory cytokine constitutively produced and
stored in the intercalated cells of the late distal convoluted tubule, the connecting tubule,
and the collecting duct (Gauer et al 2007). During ischemic AKI and ischemic
reperfusion injury, stored IL-18 is cleaved, activated and released from tubular cells
leading to neutrophil infiltration in the kidney and eventual excretion of IL-18 into urine
(Leslie and Meldrum 2008, Melnikov et al 2001, Parikh et al 2004). IL-18 also promotes
inflammation via activation of T cells and natural killer cells in addition to macrophages
(Wu et al 2008). IL-18 measurement is used to detect AKI, although the pro&"!
!

!
inflammatory role of this interleukin is not unique to the kidneys; it is also a mediator in
non-renal inflammatory diseases such as arthritis, lung injury, inflammatory bowel
disease, and myocardial ischemia as well as hepatitis and multiple sclerosis (Parikh et al
2004, Urbschat et al 2011).
Human IL-18 data
Urinary IL-18 is measured using an ELISA (Parikh et al 2004). In a human AKI
study, elevated urine IL-18 concentration preceded a detectable increase in serum
creatinine concentration by 24-48 hours and was a predictor for mortality after
development of AKI (Parikh et al 2005). Elevated urine IL-18 concentration was also a
predictor of delayed graft rejection in renal transplant patients (Parikh et al 2005). While
there are currently no published studies evaluating IL-18 levels in dogs and cats with
renal disease, studies of IL-18 in rodents and people have demonstrated that IL-18 plays a
role in tubular injury and inflammatory diseases of the kidney with its main utility as a
marker of AKI (Leslie and Meldrum 2008).
1.2.11 Conclusion
The development of clinically useful renal biomarkers is currently an active field
of research. Many human studies have demonstrated that use of novel biomarkers is
superior to measurement of serum creatinine in the assessment of GFR (cystatin C), in
diagnosing AKI (NGAL, KIM-1, IL-18, NAG) or for assessing CKD (cystatin C, RBP).
Furthermore, the value of these markers extends beyond the general assessment of AKI,
CKD and GFR. More specifically, RBP, the microglobulins and NAG A detect tubular
dysfunction secondary to proximal tubular damage, GGT detects nephrotoxicity
secondary to gentamicin use, NGAL detects ischemic renal injury throughout the tubules,
and KIM-1 along with IL-18 detect ischemic AKI and acute tubular necrosis. However,
most markers require further larger clinical trials prior to widespread clinical
implementation. Additionally, while many assays have been validated and investigated in
dogs and cats, some markers lack published clinical studies. As such, the utility of many
of these markers in dog and cats has yet to be determined. Many current studies compare
the performance of renal biomarkers to assessment of serum creatinine concentration, an
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insensitive marker of renal function. Future areas of research should include comparing
the performance of renal biomarkers to other biomarkers and in studies that more
accurately estimate GFR, such as creatinine clearance, iohexol clearance or scintigraphy.
There are multiple renal markers being studied and it can be tempting to ask
which one is the most promising. Biomarkers typically have differing accuracy
depending on disease timeframe or stage, may be specific to lesion location, and may
differ depending on method of measurement. Therefore, it is unlikely that any single
marker will be ideal and comprehensive, fulfilling all the desired qualities of a renal
biomarker. While evaluation of serum creatinine concentration has limitations such as
low sensitivity during early disease and influence of muscle mass, it is still a useful
marker for kidney disease; better utilization of it by recognizing small changes early in
the disease process could improve diagnosis. It is likely that in the future, assessment of a
panel of biomarkers along with serum creatinine concentration, rather than a single test,
will have the most clinical utility for assessing AKI and CKD in humans as well as dogs
and cats.
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CHAPTER 2:
LITERATURE REVIEW PART II
2.1 Glomerular filtration rate
Glomerular filtration rate (GFR) is considered the best method to assess kidney
function (Finco, 2005; Kampa et al, 2003; Kerl and Cook, 2005; Linnetz and Graves,
2010) as it is directly related to functional renal mass (Kerl and Cook, 2005; Linnetz and
Graves, 2010). GFR cannot be measured directly, but can be estimated using methods
based on the urinary or plasma clearance of a filtration marker (Heiene and Moe, 1998;
Kampa et al, 2003; Stevens et al, 2006). Clearance is defined as the volume of fluid
cleared of a particular substance over time (Linnetz and Graves, 2010). GFR is expressed
in ml/min/kg in veterinary patients to account for variation in body size (Daniel et al,
1999; Heiene and Moe, 1998; Kerl and Cook, 2005; Linnetz and Graves, 2010) or as
ml/min/m2 in very small patients (Kerl and Cook, 2005). GFR values in dogs are
considered normal when greater than 3ml/min/kg (Daniel et al, 1999) although wide
variation in normal values exists (Heiene and Moe, 1998; Kampa et al, 2003; Linnetz and
Graves, 2010). Indications for GFR studies include diagnosis of patients with IRIS Stage
I CKD (non-azotemic patients with inappropriate urine specific gravity +/- proteinuria),
evaluation of non-azotemic animals with diseases associated with renal dysfunction
(treated hyperthyroid cats, leishmaniasis), to rule out a renal etiology in patients that are
polyuric and polydipsic, patients at risk of hereditary nephropathies, monitoring
progression of kidney disease, evaluating appropriate dose of renally excreted drugs, and
assessing for individual kidney function (Bexfield et al, 2008; Kerl and Cook, 2005; Von
Hendy-Willson and Pressler, 2012).
Renal clearance is equated with plasma clearance and accurately estimates GFR
when the filtration marker meets certain criteria (Heiene and Moe, 1998; Von HendyWillson and Pressler, 2012). Characteristics of an ideal marker of GFR include the
following: it is freely filtered at the glomerulus; not secreted, absorbed, or metabolized by
the renal tubules; not protein bound in the plasma; does not enter erythrocytes; is only
cleared by the renal system; is not toxic; and does not itself affect GFR (Daniel et al,
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1999; Heiene and Moe, 1998; Kerl and Cook, 2005; Linnetz and Graves, 2010). An agent
that meets most of these criteria is inulin, a fructose polymer (Heiene and Moe, 1998).
Urinary clearance of this substance is considered the gold standard for measurement of
GFR in people and veterinary patients (Heiene and Moe, 1998; Kerl and Cook, 2005;
Von Hendy-Willson and Pressler, 2012) and is the reference standard for other measures
of GFR (Bexfield et al, 2008; Heiene and Moe, 1998).
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Table 2.1 Advantages and disadvantages of methods of GFR measurement in dogs.
!
GFR method
Inulin clearance (urine)

Advantages
Gold standard
Meets criteria of ideal filtration marker

Endogenous creatinine
clearance (urine)

No administration of exogenous
substances
No special equipment needed
Also validated single injection method

Exogenous creatinine
clearance (urine)
Exogenous creatinine
clearance (plasma)

Accurate and simple
No urine collection

Iohexol clearance (plasma)

Simple and accurate method
Readily available test
Can freeze samples
No adverse effects with IV injection
No urine collection
Fulfills criteria of a filtration marker

Tc-99m-DTPA clearance
(plasma)
Renal scintigraphy

Can determine individual kidney GFR
Short duration of measurement
Non invasive: no urine or blood
collection

Disadvantages
Not widely available
Assay technically difficult
Need accurate and complete 24h urine
collection
Need continuous infusion of inulin
Complete urine collection needed
Non-creatinine chromagens
Underestimates GFR (Jaffe reaction)
Continuous infusion of creatinine
Complete urine collection needed
Not used in later stages kidney disease
Difficulty finding sterile creatinine

Large injection volume in large dogs
Calculation requirements
Need multiple blood samples
Need to clear radioactivity (24-48h)
Specialized facilities required
Need multiple blood samples
Protein binding underestimates GFR
Need to clear radioactivity (24-48h)
Specialized equipment and facilities
required
More variability due to autoregulation
and short sampling duration
Error possible for area of interest,
kidney depth
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Performance
Gold standard

Accuracy not established
Good agreement with inulin
clearance
Underestimates GFR or leads
to similar results as urinary
clearance
Variable accuracy reported
Good agreement with inulin
clearance
Results lower than Tc-99mDTPA
Several studies using fewer
plasma samples
Lower GFR values vs. inulin
clearance
Variability of reported values

!
A GFR study by urinary clearance of inulin involves a steady state concentration
of inulin in the plasma achieved by a constant rate infusion (CRI) of inulin. Complete and
timed urine collection is achieved with urinary catheterization or a metabolic cage
(Linnetz and Graves, 2010). Limitations of this method include lack of inulin assay
availability, calculation requirements, need for a CRI and complete and accurate urine
collection (Bexfield et al, 2008; Heiene and Moe, 1998; Kerl and Cook, 2005). Given the
technical difficulties and limitations of measurement of GFR by urinary clearance of
inulin, various other methods of GFR measurement have been developed, including those
by plasma clearance (14C-inulin, exogenous creatinine clearance, iohexol clearance and
technetium-99m-diethylene-triamine-pentaacetate acid {Tc 99m-DTPA} clearance),
urine clearance (endogenous and exogenous creatinine clearances) and renal scintigraphy
with clearance of Tc 99m-DTPA (Kerl and Cook, 2005), (Table 2.1). Isotopically labeled
inulin (14C-inulin) involves either a CRI or bolus infusion of inulin that is measured by
liquid scintillation (Kerl and Cook, 2005). The endogenous creatinine clearance measures
natural creatinine concentrations in blood and urine to estimate GFR (Von HendyWillson and Pressler, 2012). In the exogenous creatinine clearance method, creatinine is
administered by CRI, intravenous bolus or subcutaneous injection and can be measured
by urinary or plasma clearance. Iohexol is a nonionic, iodinated contrast agent used in
plasma clearance studies, and various studies have assessed limited sampling strategies
making this method simple to perform (Bexfield et al, 2008; Goy-Thollot et al, 2006). In
renal scintigraphy, GFR is determined by percent uptake of the isotope Tc 99m-DTPA
within the kidney as quantified with an imaging computer (Kerl and Cook, 2005). Renal
scintigraphy is the only method of GFR measurement that can evaluate individual kidney
function and a low individual GFR can aid in the clinical decision process for
nephrectomy (Gookin et al, 1996).
Plasma clearance determines the reduction in plasma concentration of a marker
over time (Linnetz and Graves, 2010; Von Hendy-Willson and Pressler, 2012)
eliminating the need for urine collection and measurement. Clearance is estimated by
taking serial blood samples after a single intravenous injection of a marker (Daniel et al,
1999) and is related to the marker distribution and renal clearance. Tc 99m-DTPA is a
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radionucleotide used to measure GFR by renal scintigraphy and plasma clearance
methods (Twardock and Bahr, 2006). It equilibrates in the extracellular fluid, is freely
filtered at the glomerulus and is neither absorbed nor secreted by the tubules (Twardock
and Bahr, 2006; Daniel et al, 1999). Tc 99m-DTPA is negligibly protein bound (5-10%)
in the dog and cat (Daniel et al, 1999; Kampa et al, 2003). In plasma clearance studies,
this radionucleotide is injected intravenously with doses between 50-10,000 microcurie
(uCi) equivalent to 1.85-70 megabecquerel (MBq) (Barthez et al, 1997; Barthez et al,
2001; Daniel et al, 1999; Kampa et al, 2003). Multiple samples over 180 minutes are
collected and the radioactivity of the plasma is determined by gamma counting in a well
scintillation counter (Kerl and Cook, 2005). The activity in the injected dose is
determined by measuring the syringe before and after injection (Daniel et al, 1999). A
plasma versus time concentration curve is made and the area under the plasma
concentration curve (AUC) is calculated to determine the GFR (Daniel et al, 1999;
Linnetz and Graves, 2010). Although protein binding is considered low, any protein
binding can result in lower clearance values due to extra-renal clearance (Finco, 2005).
Various studies have evaluated the performance of plasma clearance of Tc 99mDTPA as compared to the gold standard of inulin clearance. Barthez et al (Barthez et al,
1997) found that both plasma clearance and renal scintigraphy of Tc 99m-DTPA were
comparable to urinary inulin clearance in estimating GFR in a group of dogs with renal
disease, although plasma clearance was superior to scintigraphy, with a correlation with
inulin clearance of 0.98 and 0.86, respectively. Although there was a small sample size of
7 in that study, the three methods of GFR measurement were performed simultaneously
(Barthez et al, 1997). Another study described GFR measurement by inulin clearance
compared to Tc 99m-DTPA plasma clearance and exogenous creatinine clearance in
normal dogs and in dogs with renal dysfunction. That study found a significant
correlation between inulin clearance and plasma clearance methods, but the relationship
between inulin and Tc 99m-DTPA plasma clearance changed as clearance declined.
Factors that can result in lower Tc 99m-DTPA plasma clearance values at higher
clearance values can include plasma protein binding of Tc 99m-DTPA. When GFR by Tc
99m-DTPA plasma clearance was measured with reduced sample numbers (1 or 2 instead
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of 13), results deviated from those obtained by urinary clearance of inulin. (Finco et al,
2005) Another study compared glomerular filtration rates (GFRs) estimated by iohexol
clearance and plasma clearance of 99mTc-DTPA in 9 normal dogs and 9 dogs with renal
disease (Moe and Heiene, 1995). Estimates of Tc 99m-DTPA clearance were 15%
higher than iohexol clearance, and this over-estimation compared to iohexol clearance
was consistent over the whole range of measurements. Limitations of the study by Moe
and Heiene (1995) include lack of comparison to a gold standard (inulin) and limited
sample size.
In normal dogs, there is a great deal of variation in GFR values (Heiene and Moe,
1998; Linnetz and Graves, 2010) as well as reference intervals from different studies
(Kampa et al, 2003; Stevens et al, 2006; Tabaru, Finco, and Brown, 1993). Studies have
reported a measurement variability within a single procedure or between procedures on
different days of 5-20 % (Stevens et al, 2006). There are several factors that can
influence GFR measurements. Animals with minimal or no renal insufficiency normally
adjust their GFR by mechanisms such as autoregulation to compensate for changes in
blood pressure or renal blood flow (Twardock and Bahr, 2006; Daniel et al, 1999). In
contrast, animals with more advanced kidney disease have lost the ability to autoregulate
and their kidneys are functioning at maximal GFR (Twardock and Bahr, 2006; Kampa et
al, 2003). Thus, more variation in serial GFRs is expected in normal dogs versus those
with kidney disease (Twardock and Bahr, 2006). Ideally, GFR studies are performed
without sedation or anesthesia. While a protocol combining acepromazine and
butorphanol had no effect on normal dogs in altering their GFR despite decreased blood
pressure (Newell and Ko, 1997), the effect on dogs with CKD is unknown. Hydration
status influences GFR. One study compared GFR values obtained by endogenous
creatinine, exogenous creatinine and inulin clearances in normal dehydrated dogs,
euhydrated dogs and dogs post fluid administration. The dehydrated dogs had a
significantly lowered GFR values, while fluid administration led to increased GFR values
(Tabaru et al, 1993). This investigator advocated standardizing the effect of hydration
status and eliminating the effects of dehydration by administering fluids by water gavage,
although the ideal fluid protocol is unknown (Tabaru et al, 1993). Protein binding of GFR
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markers can falsely lower the GFR and while this may be significant in species such as
the iguana, protein binding is minimal in dogs and cats (Twardock and Bahr, 2006).
Other factors that can affect GFR measurement include stress, water and food intake
(Kampa et al, 2003). Sex can also affect GFR with normal male dogs having a
significantly higher GFR than female dogs in one study (Kampa et al, 2003).
While GFR is useful for assessing kidney function, there are several drawbacks.
Although inulin is the gold standard for GFR measurement, it is rarely used clinically and
only minimally in research, often as a basis of comparison for another method. There are
many alternative options for GFR measurement, each with advantages and disadvantages.
This has been highlighted for the method of plasma clearance of Tc 99m-DTPA, where
advantages include ease of measurement and correlation with inulin; disadvantages
include need for special facilities, need for multiple samples, and use of sedation to
facilitate sampling. Further challenges of GFR studies in general include the variability of
results and factors influencing consistency of measurements.
2.2 General biology of NGAL
Neutrophil gelatinase associated lipocalin (NGAL) is a 25 kDA glycoprotein,
encoded by the NGAL gene (Makris et al, 2012). It is a member of the lipocalin family,
and is also known as human neutrophil lipocalin, lipocalin-2, siderocalin, uterocalin,
proteinase-3, 24p3 and neu-related lipocalin (Makris et al, 2012; Mishra et al, 2005).
Lipocalins are a group of approximately 20 proteins interacting with various ligands, that
share a highly conserved core forming a calyx that serves as a ligand-binding site. These
proteins function as transporters for substances such as retinoids, arachidonic acid,
hormones, prostaglandins, fatty acids, pheromones, steroids and iron (Bolignano et al,
2008; Goetz et al, 2002; Makris et al, 2012). The mouse homologue of NGAL is called
lipocalin 2 (Lcn2) and was first identified in mouse kidney cells infected with a virus
(Hraba-Renevey et al, 1989). The protein was later isolated from human neutrophils
(Triebel et al, 1992). The half life of monomeric NGAL in circulation is 10 minutes and
is 20 minutes for dimeric NGAL (Axelsson et al,1995). NF!B is a positive regulator of
NGAL expression and several cytokines and growth factors can induce NGAL
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expression (Chakrabortyet al, 2012). NGAL is expressed normally in many cells and
tissues including inflammatory cells such as neutrophils, monocytes and macrophages
(Makris et al, 2012) as well as adipocytes, kidney, bone marrow, prostate, uterus, salivary
gland, stomach, colon, lung and liver (Makris et al, 2012). The protein exists in various
forms: in the urine as a monomer, a dimer, or complexed with matrix metallopeptidase-9
(MMP-9), and in the blood as a dimer or NGAL/MMP-9 complex (Makris et al, 2012).
NGAL modulates cellular processes by binding to ligands, acting as a transporter
and interacting with specific cell surface receptors (Goetz et al, 2002). These ligands
include siderophores such as enterocalin, which are high affinity iron binding compounds
secreted by micro-organisms such as bacteria and fungi (Makris et al. 2012; Schmidt-Ott
et al, 2007). They also include MMP-9, a type IV collagenase protein also known as
gelatinase B that is involved in the enzymatic reabsorption of the extracellular matrix and
basement membrane (Bolignano et al, 2010; Goetz et al, 2002). Proposed cell surface
receptors with which NGAL interacts include megalin-cubulin, expressed in the proximal
convoluted cells of the kidney, and 24p3R, expressed in distal tubules (Schmidt-Ott et al,
2007).
The most investigated role of NGAL involves iron modulation and antibacterial
function (Bolignano et al, 2010; Chakraborty et al, 2012; Schmidt-Ott et al, 2007). Due
to low iron availability in the human body, microbes have adapted by producing very
high affinity siderophores (Greek for ‘iron carrier protein’) that bind free iron
(Chakraborty et al, 2012). NGAL binds to siderophores to sequester iron, making it
unavailable to bacteria, thus having a bacteriostatic effect by inhibiting their growth
(Chakraborty et al, 2012). When NGAL is bound to a siderophore (holo-NGAL), it
interacts with the cell surface receptor, the complex is internalized within the cell, and
NGAL is taken up in endosomes (Schmidt-Ott et al, 2007). Iron is then released within
the cell, interacting with genes regulating iron production, and in this context, NGAL
facilitates intracellular iron delivery (Schmidt-Ott et al, 2007).

Alternatively, when

NGAL interacts with the cell surface receptor unbound to siderophores and iron (apoNGAL), the internalized NGAL is proposed to scavenge intracellular iron and shuttle it
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extracellularly (Schmidt-Ott et al, 2007); this can cause apoptosis (Chakraborty et al,
2012). NGAL is also described as an acute phase protein, enhancing innate immunity as a
response to acute inflammation and infection (Lögdberg and Wester, 2000) as NGAL
concentrations have been elevated in serum and plasma following acute inflammation
(Xu et al, 1995). Thus, at the site of acute inflammation or infection, NGAL is released
from neutrophils, sequestering siderophores and scavenging the iron from bacteria, thus
preventing the growth of bacteria that are reliant on siderophores for iron (Goetz et al,
2002). In support of the anti-bacterial effect of NGAL, mice deficient in the NGAL gene
were more susceptible to gram negative bacterial infections and sepsis compared to wild
type mice (Flo et al, 2004). The role of NGAL in states of inflammation and sepsis will
be further discussed in a subsequent section.
Other roles of NGAL include involvement in cell proliferation, differentiation and
regulation (Bratt, 2000), renal embryogenesis, induction in acute kidney injury, induction
in cancers through the prevention of degradation of MMP-9 and other mechanisms, as
well as inhibition of tumourigenesis (Bolignano et al, 2010). These other biological
activities of NGAL will be discussed in subsequent sections. NGAL is also thought to
play a role in states of anemia and other hematologic diseases, as well as in pregnancy
and cardiovascular disease.
2.3 Methods of NGAL measurement
NGAL was initially measured with Western blot methodology and later either
with immunoblotting techniques or ELISA using a monoclonal antibody raised against
human NGAL. Faster commercially available ELISA kits can measure NGAL in serum,
plasma and urine based on a sandwich immunoassay technique (Bioporto, Gentofte,
Denmark; RandD Systems, Minneapolis, USA; Biovendor, Karasek, Czech Republic).
When evaluating the ELISA using adult human samples, median intra-assay variation in
plasma and urine was <5%, with median inter-assay variation of 10%. However, ELISA
kit batch-to-batch variation for plasma was 14.6% (Pedersen et al, 2010). Hemolysis
interfered with the assay, falsely elevating NGAL measurements (Pedersen et al, 2010).
More recently, point-of-care assays have been developed for clinical use in humans.
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These include the Triage NGAL device, a commercial fluorescence-based immunoassay
for measuring NGAL in plasma (Biosite, San Diego, CA, USA) and the ARCHITECT
analyzer, a chemiluminescent microparticle immunoassay measuring NGAL in urine
(Abbott Diagnostics, IL, USA). These assays are not able to distinguish between the
different forms of NGAL (monomeric, homodimeric or heterodimeric); this
differentiation helps to identify the origin of NGAL (Makris et al, 2012). A research
ELISA has recently been developed to measure the NGAL/MMP-9 complex in urine and
plasma (RandD Systems, Minneapolis, USA) (Makris et al, 2012).
In terms of sample stability, a human study showed that urine, serum and plasma
samples are stable at -80 !C for at least 11 months and that urine NGAL is stable if stored
at 4!C for up to 7 days (Pedersen et al, 2010). Plasma and urine NGAL concentrations
are not affected by freezing and thawing cycles (Pedersen et al, 2010).

Besides

hemolysis affecting plasma NGAL measurement, other factors that can affect serum and
urine NGAL measurement include production from neutrophils (Clerico et al, 2012).
Urine should be centrifuged to remove sediment including neutrophils and plasma; blood
neutrophils and their NGAL may be released into the serum when separating it via
centrifugation (Clerico et al, 2012).
A canine-specific ELISA has been developed and validated for use in dogs with
an inter-assay coefficient of variation of 7.3%, linearity of 96-107% and spike recovery
of 90-101% (Nabity et al, 2012). In this study, several freeze thaw cycles did not alter
urine NGAL concentrations and extended sample storage (up to 8 years) did not
significantly affect concentrations.
NGAL values are usually reported in units of ng/ml. There is a lack of consensus as
to whether urine NGAL should be expressed in absolute values, or whether it should be
expressed as a ratio of urine NGAL to urine creatinine concentration. Random urine
samples have variable osmolality, thus adjusting by urine creatinine concentration should
reduce variation in NGAL measurement (Helmersson-Karlqvist et al, 2013). This
rationale assumes a steady state urine creatinine excretion and that NGAL excretion has a
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linear relationship with urine creatinine excretion across individuals (Waikar et al, 2010).
Urine was collected from normal humans over several days in two studies that reported
both absolute urine NGAL concentrations as well as those normalized to creatinine. One
study found a positive linear, but relatively weak, association between urine NGAL and
urine creatinine concentrations (Helmersson-Karlqvist et al, 2013).

In this study, a

calculated biological variation of urine-NGAL/creatinine ratio (uNGAL/c) was larger
than that of absolute NGAL: 1.01 versus 0.27 (Helmersson-Karlqvist et al, 2013). A
similar study found a calculated biological variation of 0.84 for uNGAL/c and 0.81 for
absolute urine NGAL concentration (Delanaye et al, 2011). These variable results would
suggest that both measurements should be reported in research studies (HelmerssonKarlqvist et al, 2013). In patients with renal injury and changes in GFR, constant urinary
creatinine excretion cannot be assumed (Waikar et al, 2010). Normalization of urine
creatinine may falsely increase or decrease a measured biomarker such as NGAL
depending on changes in GFR (Waikar et al, 2010). Given the variability in creatinine
excretion and GFR, further studies are needed to characterize the effect of normalization
of creatinine on NGAL and other biomarker measurements.
2.4 NGAL in kidney injury
NGAL plays a pivotal role in innate immunity and regulation of iron availability
to microorganisms. However, activities of NGAL are numerous and include roles in cell
proliferation, apoptosis, and differentiation. These include roles in epithelial cell injury
and repair as NGAL expression is markedly induced in stimulated and injured epithelia
(Devarajan, 2008; Mishra et al, 2003; Schmidt-Ott et al, 2007) including that of the
kidney. Kidney tissue NGAL was found to be upregulated in murine models of renal
ischemia and reperfusion. Using cDNA microarray analysis to identify genes and
proteins, expression of NGAL was noted principally in proliferating proximal convoluted
tubule cells of the nephron and NGAL was detectable in the urine post ischemia (Mishra
et al, 2003). Therefore, NGAL was identified as a putative marker of renal injury
(Mishra et al, 2003). Besides the proximal tubules, NGAL expression is also upregulated
in distal nephron segments such as the Loop of Henle and collecting ducts in response to
ischemia (Schmidt-Ott et al, 2007).
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In embryogenesis, NGAL plays a role in kidney development, promoting the
differentiation of progenitors into epithelial tissue and the various nephron segments
(Makris et al, 2012; Schmidt-Ott et al, 2007). Furthermore, NGAL expression is also
upregulated in injured epithelial cells, including those of the kidney, with a protective
effect by limiting apoptosis and enhancing proliferation (Makris et al, 2012). This is
attributed, in part, to its siderophore binding abilities. Free iron causes mutations and
damage to many molecules, and iron-catalyzed damage is an early component of renal
injury (Mori et al, 2005). After renal injury, NGAL may be a source of iron for epithelial
repair, or alternatively, may mitigate damage from iron toxicity to regenerating cells by
binding free iron (Mishra et al, 2004). In a study investigating the role of NGAL and its
iron chelating abilities to prevent acute tubular necrosis, NGAL was administered prior to
renal damage in a murine model and was found to bind to siderophores, mitigating
epithelial cell injury and death (Mori et al, 2005). The ability of NGAL to limit apoptosis
and augment tubular regeneration was further demonstrated in another study using a
murine model of ischemic acute renal injury; NGAL was injected intravenously with
uptake in renal tubular epithelial cells. NGAL treated mice had reduced histologic
evidence of acute tubular necrosis, fewer apoptotic cells, and azotemia that was less
pronounced than the control group (Mishra et al, 2004). Thus, NGAL is expressed in the
proximal convoluted tubules and distal nephron in response to injury, enhancing
epithelialization, regeneration and repair. These effects may be mediated, in part, via iron
chelating abilities.
Besides the expression of NGAL in injured renal tubular epithelium, NGAL has
been detected in the urine and blood of mice post renal ischemia (Mishra et al, 2003;
Mori et al, 2005). The sources of urine and blood NGAL are not completely understood.
However, it may be derived from systemic sources as well as the kidney itself. AKI can
affect the function of organs other than the kidney and serve as a systemic inducer of
NGAL (Grigoryev et al, 2008). Systemic increases in NGAL can also be associated with
the inflammatory response, as NGAL is an acute phase protein. It is proposed that
systemically derived NGAL is filtered at the glomerulus, and is normally reabsorbed in
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the proximal tubule cells via megalin-mediated endocytosis (Schmidt-Ott et al, 2007).
This hypothesis is supported by the finding that mice lacking megalin had NGAL present
in their urine (Mori et al, 2005). The source of urinary NGAL may be an inability to
reabsorb systemic sources of NGAL secondary to renal tubular epithelial injury, or it may
be synthesized in distal tubular segments (Makris et al, 2012).
2.5 NGAL and acute kidney injury
Given the evidence that NGAL is elevated in renal tubules following renal
ischemia and injury in murine models (Mishra et al, 2003), further studies have
investigated NGAL as a marker for both acute and chronic kidney injury in people,
including its predictive value for development of AKI (Haase et al, 2009; Haase-Fielitz et
al, 2009), the need for renal replacement therapy or mortality (Haase et al, 2009).
A meta analysis of 19 studies examined the utility of using NGAL concentrations
in predicting the onset of AKI in people in a variety of clinical settings (Haase et al,
2009). Assessment of plasma, serum and urine NGAL concentrations performed equally
well, and NGAL concentration predicted mortality and the need for renal replacement
therapy. Across all clinical settings, the sensitivity of using NGAL concentrations (serum
or urine not specified) for the prediction of development of AKI was 0.764 (95% CI:
0.704-0.816), with a specificity of 0.851 (95% CI: 0.766-0.909). NGAL concentration
assessment performed best in patients with contrast media-induced AKI and better in
children than adults. However, the reference standard for these studies was serum
creatinine concentrations, and not GFR measurement.
Several other studies have compared the performance of plasma, serum and urine
NGAL in predicting AKI to the standard of measurement of serum creatinine. A study
evaluating urine NGAL concentration to predict AKI as defined by the RIFLE criteria in
an emergency setting found that the mean urine NGAL concentration was significantly
elevated in patients that developed AKI (Nickolas et al, 2008). However, the area under
the curve (AUC) for NGAL did not significantly differ from that for serum creatinine
concentration (P=0.60) (Nickolas et al, 2008). The study concluded that assessment of
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urine NGAL concentration was not superior to that of serum creatinine concentration for
prediction of AKI in this setting. In contrast, other studies have shown that assessment of
NGAL is useful in predicting AKI development. In a study of adult ICU patients, use of
plasma NGAL concentrations predicted onset of AKI within 48 hours of hospitalization
(AUC ROC 0.78, 95% CI 0.65–0.90) which was superior to the standard diagnosis based
on serum creatinine concentration increase by 48 hours (Cruz et al, 2010). However, even
ICU patients without AKI had significantly higher plasma NGAL levels compared to that
of normal adults (Cruz et al, 2010); this may be attributed to a heterogeneous population
with possibly concurrent conditions such as inflammatory diseases, existing kidney
disease, and sepsis. Furthermore, in a study of adult cardiac surgical patients in the ICU,
evaluation of plasma NGAL concentration was superior to that of serum creatinine
concentration by predicting AKI 2 days earlier; 24 hours post cardiac surgery plasma
NGAL had a sensitivity of 0.91 with a specificity of 0.76 (Haase-Fielitz et al, 2009). In
adults undergoing cardiac surgery, urine NGAL concentration was significantly increased
in those patients that developed AKI as defined by a 50% increase in serum creatinine
concentration from baseline (Wagener et al, 2006). Similarly, in children undergoing
cardiac bypass surgery, evaluation of serum and urine NGAL concentrations predicted
AKI (Mishra et al, 2005). In this setting, evaluation of serum and urine NGAL
concentration was superior to that of serum creatinine; in particular, urine NGAL
concentration 2 hours after cardiopulmonary bypass was the most powerful independent
predictor of AKI. In comparison to adults, the sensitivity (0.998), specificity (1.00) and
AUC-ROC (0.93) of urine NGAL measurement were superior in children (Mishra et al,
2005). Other studies have shown very good performance of plasma and urine NGAL
concentration assessment in pediatric patients and children. In critically ill children under
going mechanical ventilation, urine NGAL concentration was elevated 2 days prior to
that of serum creatinine in those children that developed AKI (AUC: 0.78 with 95% CI of
0.62 to 0.95) as defined by RIFLE criteria (Zappitelli et al, 2007). In children undergoing
cardiopulmonary bypass, those that developed AKI had an increase in plasma NGAL
concentration 2 hours after surgery which predicted AKI with an AUC of 0.96, a
sensitivity of 0.84, and a specificity of 0.94 using a cut-off value of 150 ng/ml (Zappitelli
et al, 2007). In comparison, the diagnosis of AKI using serum creatinine concentration in
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the same study was delayed by 2-3 days.
Assessment of plasma, serum and urine NGAL concentrations also has utility in
predicting outcome variables such as mortality and need for renal replacement therapy in
critically ill patients and those undergoing cardiopulmonary bypass. In a study of adult
ICU patients, evaluation of plasma NGAL concentrations predicted the need for renal
replacement therapy (AUC ROC 0.82, 95% CI 0.70–0.95) as well as disease severity, but
not mortality or AKI occurring after 5 days (Cruz et al, 2010).
Given the ability of the use of plasma, serum and urine NGAL concentrations to
predict AKI, several studies have used NGAL measurement as a clinical endpoint or
outcome variable in clinical trials as well as monitoring therapeutic outcomes in people.
In a study of cardiac patients receiving therapy with a renotoxic drug, apotinin, elevated
urine NGAL concentrations were utilized to measure the outcome of development of AKI
(Wagener and Gubitosa, 2008). Plasma, serum and urine NGAL measurements may also
have utility in evaluating response to therapy in kidney disease. In a small group of
people with membranous nephropathy, a bolus of high dose intravenous immunoglobulin
resulted in decreased NGAL values in both urine and serum for up to 24 hours
(Bolignano and Coppolino, 2008).
Studies investigating the use of NGAL measurement in kidney injury in people
show that while NGAL is a good renal biomarker, there are several limitations.

In a

study of critically ill adults, while altered urine NGAL concentrations were associated
with the development of AKI, use of this data only marginally improved the clinical
model that included age, sepsis, acute physiology, chronic health evaluation score and
serum creatinine concentrations (Siew et al, 2009). Use of NGAL concentration data is
more predictive of AKI in children than adults with an overall AUC of 0.93 in children
and 0.71 in adults (Makris et al, 2012). Confounding variables in using serum and urine
NGAL concentrations as a predictor of AKI include pre-existing renal disease,
inflammatory and infectious diseases as well as malignancy. There are many studies
investigating measurement of plasma, serum and urine NGAL concentrations in
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hetereogenous populations, across varying clinical settings, of varying sample size, with
different definitions of AKI and serum creatinine concentrations as the imperfect basis of
comparison. These factors may contribute to the wide range of sensitivities, specificities
and AUC-receiver operating curves (ROCs) of urinary, plasma and serum NGAL
concentrations across studies. This variability in performance calls into question the
reliability and accuracy of NGAL as a marker of renal injury. However, assessment of
serum and urine NGAL concentrations has been deemed superior to the standard of
serum creatinine concentration assessment in several studies in predicting AKI earlier
and predicting relevant clinical outcomes such as mortality and need for renal
replacement therapy (Haase-Fielitz et al, 2009; Mishra et al, 2005).
The goal of investigating and developing novel renal biomarkers for the detection
of kidney disease is to discover markers that are better than existing ones in terms of
earlier and more specific diagnosis and/or mechanism and site of injury. A meta analysis
of 10 multicenter studies investigating subclinical AKI in adult NGAL positive ICU
patients with lack of elevated serum creatinine concentrations found that 43% of patients
diagnosed with AKI by means of NGAL would have been misclassified as not having
AKI using serum creatinine concentration alone (Haase et al, 2011). Furthermore, the
NGAL positive serum creatinine concentration negative patients had a significantly
worse outcome in terms of longer hospitalization, increased mortality and need for renal
replacement therapy. The authors of this study argue that the purported weaknesses of
NGAL as a marker of AKI actually reflect the weakness of serum creatinine
concentration as the reference standard and that ‘NGAL indicates tubular injury that
precedes renal functional loss by several days, and serum creatinine indicates subsequent
loss of renal excretory function’ (Haase et al, 2011).
2.6 NGAL and chronic kidney disease
While most studies have investigated the use of plasma, serum and urine NGAL
concentrations as a marker of AKI, it has also been investigated in adult CKD,
particularly in polycystic kidney disease (Bolignano et al, 2007) , glomerulonephritis
(Bolignano et al, 2008), IgA nephropathy (Ding et al, 2007), CKD in children (Mitsnefes
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et al, 2007) and systemic lupus erythematous (SLE) nephritis in children (Brunner et al,
2006). Proposed mechanisms for increased serum and urine NGAL concentrations in
CKD include saturation of megalin-mediated endocytosis of NGAL in the tubules and
ongoing tubular damage producing NGAL (Bolignano et al, 2008).
In a prospective study of 45 children with CKD of various causes, serum NGAL
and cystatin C levels were significantly correlated with serum creatinine levels and GFR.
However, at lower GFR values (<30 ml/min) serum NGAL concentration was better
correlated with GFR (r=0.72) compared to that of serum cystatin C (Mitsnefes et al,
2007). In children with SLE, urine NGAL levels were significantly elevated compared to
controls and correlated with most aspects of the SLE Disease Activity Index (Brunner et
al, 2006). This index included renal disease activity and renal damage, and chronicity
score on kidney biopsies; the AUC was 0.94; with a sensitivity of 0.90 and specificity of
1.00 in detecting patients with biopsy-proven nephritis (Brunner et al, 2006). Urine
NGAL levels correlated best with biopsy proven nephritis in childhood onset SLE
compared to other markers. Neither of these studies assessing CKD in children obtained
serial NGAL measurements to assess progression of disease.
In a study investigating patients with polycystic kidney disease, serum and urine
NGAL levels were significantly elevated compared to that of controls; they also
correlated with serum creatinine levels and GFR (Bolignano et al, 2007). Furthermore,
those patients with higher cystic growth had even higher NGAL levels than those with
lower cystic growth. In IgA nephropathy, a type of glomerulonephritis with both
glomerular and tubulointerstitial lesions, urine NGAL levels and uNGAL/c values were
significantly elevated in more advanced disease stages, and were mildly increased in
earlier stages compared to controls while another urinary marker (NAG) was not (Ding et
al, 2007). This correlated with upregulated NGAL expression in proximal tubule cells
based on immunohistochemistry (IHC) and histopathologic changes such as glomerular
mesangial proliferation and tubulointerstitial injury. Serum NGAL levels were not
elevated in the IgA nephropathy groups compared to that of healthy patients.
Furthermore, following therapy in a subset of patients with more advanced disease,
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proteinuria and urine NGAL concentrations decreased 5 fold, suggesting that NGAL
measurement may be useful in monitoring response to therapy (Ding et al, 2007).
The ability of serum and urine NGAL levels to predict progression of CKD was
evaluated in a group of 96 adults with CKD of various etiologies (Bolignano et al, 2009).
After attaining baseline assessments, patients were followed until a combined outcome of
doubling of baseline serum creatinine concentrations and/or the onset of end-stage renal
disease was seen. In those patients experiencing disease progression, serum and urine
NGAL concentrations were significantly increased at baseline compared with those
patients that did not have disease progression; serum and urine NGAL levels predicted a
higher risk of CKD progression independent of age or estimated GFR (Bolignano et al,
2009). While not as extensively investigated as in AKI, serum and urine NGAL
concentrations are also significantly elevated in CKD, likely via similar mechanisms as in
AKI, but with less pronounced concentration increases.
There is limited information regarding NGAL measurements in assessing kidney
injury in dogs. One study serially monitored uNGAL/c and other renal biomarkers in a
colony of dogs with X-linked hereditary nephropathy. uNGAL/c was elevated in affected
dogs prior to that of serum creatinine; it correlated with GFR and serum creatinine
concentration, and increased during early but not later disease stages (Nabity et al, 2012).
2.7 NGAL in malignancy
NGAL is physiologically expressed at low levels in many tissues, but is also
differentially expressed in several neoplasms, particularly carcinomas (Chakraborty et al,
2012). The effects of NGAL in malignancy are complex and not completely understood.
The role of NGAL in malignancy in studies is contradictory, with some showing protumoural effects and others demonstrating anti-tumour and anti-metastatic actions
(Bolignano et al, 2010; Bratt, 2000; Sun et al, 2011). Lipocalins such as NGAL play a
role in cell regulation, cell differentiation and proliferation, as well as protease inhibition,
all processes that are altered in neoplasia (Bratt, 2000). NGAL expression and function
has been investigated in various human cancers, including breast carcinoma (Bauer et al,
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2008; Fernández et al, 2005; Stoesz et al, 1998) ovarian carcinoma (Lim et al, 2007),
pancreatic carcinoma (Moniaux et al, 2008; Tong et al, 2008), esophageal cancer (Zhang
et al, 2007), gastric cancer (Kubben et al, 2007) and colorectal carcinoma (Lee et al,
2006; Nielsen et al, 1996; Sun et al, 2011).
NGAL has been implicated as a tumourigenic protein by promoting proliferation,
angiogenesis and metastasis, and by inhibiting apoptosis (Bolignano et al, 2010). Not all
of the mechanisms by which NGAL enables tumour progression are known, but the
interaction of NGAL and MMP-9 is one of the most investigated and understood
mechanisms (Bolignano et al, 2010). MMP-9 is a matrix metalloproteinase, part of a
group of zinc- dependent endopeptidases, whose function is to break down basement
membranes, which facilitates tumour growth, angiogenesis and metastasis (Bauer et al,
2008; Fernández et al, 2005). By binding with MMP-9, NGAL inhibits the degradation of
MMP-9, thus stabilizing its activity (Fernández et al, 2005).
The NGAL/MMP-9 complex has been proposed to play a role in human breast
carcinomas. This complex is detectable in 90% of urine samples obtained from breast
cancer patients but was not detectable in the urine of normal individuals (Fernández et al,
2005). In a study of 207 tumour samples, IHC detected NGAL in carcinoma cell
cytoplasm in 33% of samples. NGAL expression was significantly correlated with
negative prognostic markers of disease, such as lymph node metastases, histologic grade,
steroid receptor status and Ki-67 proliferation index. Furthermore, NGAL had prognostic
value for breast cancer survival; NGAL tumour expression was significantly associated
with decreased disease-free survival, thus predicting a poor prognosis (Bauer et al, 2008).
Furthermore, the role of NGAL in iron transport may be contributing to tumour cell
growth and survival and inducing apoptosis of normal cells (Bauer et al, 2008).
NGAL/MMP-9 complexes have also been investigated in other human neoplasms,
including gastrointestinal carcinomas. In a study investigating MMP-9 and NGAL in 81
gastric carcinomas, NGAL/MMP-9 complexes were significantly elevated in gastric
carcinomas as compared to normal tissue. MMP-9 and NGAL expression was increased
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mainly in neutrophils and epithelial cells as identified by IHC. High levels of these
markers were associated with decreased survival (Kubben et al, 2007). Similarly, in
esophageal squamous cell carcinoma, NGAL expression level was found to be
significantly higher in 59% of these tumours than in normal mucosa and was positively
correlated with cell differentiation, but not cell proliferation (Zhang et al, 2007).
Enzymatic activity of NGAL/MMP-9 complexes was also elevated in 92% of esophageal
carcinoma tissues compared to corresponding normal mucosa, significantly correlating
with the depth of tumour invasion (Zhang et al, 2007).
NGAL has also been evaluated in colonic and colorectal malignancies. Using IHC
and mRNA in situ hybridization, expression of NGAL was elevated in human patients
with inflammatory bowel disease and colonic adenocarcinoma. While this study was
small with 14 samples, most of the inflammatory and carcinoma samples had strong
NGAL expression by in situ hybridization, indicating increased mRNA levels. A weak
expression of NGAL mRNA was also found in less than 50% of normal appendices and
in less than 30% of normal colons whereas the remainder of these tissues had no
expression. However, NGAL protein expression was not identified by IHC in these
normal tissues. In contrast, IHC methodology detected NGAL in all of the malignant
epithelial cells (Nielsen et al, 1996). The induction of NGAL in this context is not
specific, as it was also elevated in diverticulitis, appendicitis, and inflammatory bowel
disease. The induction of NGAL in colonic adenocarcinomas is thought to be secondary
to inflammation and is not specific to a neoplastic process, hampering differentiation of
inflammation from neoplasia in the evaluation of colorectal disease. In another study
evaluating IHC findings in 526 samples of normal colon, low and high grade adenomas
and carcinomas, NGAL expression was mostly absent in normal tissue, but progressively
increased in staining intensity in tissues with more advanced disease. Increased NGAL
expression was correlated with decreased survival in Stage II colorectal carcinoma (Sun
et al, 2011). While patients with advanced stages of colorectal carcinoma had higher
plasma NGAL levels compared to that of normal patients, this difference was not
statistically significant. Proposed mechanisms of the role of NGAL in tumourigenesis
include the prevention of degradation of MMP-9 by binding to NGAL. While the studies
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by Nielsen et al (1996) and Sun et al (2011) demonstrate a pro-malignant effect of
NGAL in colonic and colorectal cancers, a study by Lee et al (2006) showed that NGAL
had an anti-tumour effect suppressing metastasis in colon cancer.
NGAL activity has also been investigated in pancreatic carcinoma in humans.
Using cDNA microarray, NGAL was upregulated 27-fold in neoplastic pancreatic cells
compared to normal pancreatic tissue (Han and Bearss, 2002). Serum NGAL levels had a
higher degree of increase in patients with pancreatic adenocarcinoma versus those with
pancreatitis, but this difference was not significant; both groups had statistically
significantly higher in serum NGAL values compared to normal controls (Moniaux et al,
2008). Using IHC, low and moderate NGAL expression was detected in normal and
pancreatitis cases, respectively.

However, in contrast to breast carcinomas, loss of

NGAL expression was correlated with more aggressive pancreatic adenocarcinomas.
While

NGAL

expression

was

strongly

upregulated

in

well

differentiated

adenocarcinomas, less intense or absent expression was detected in poorly differentiated
samples (Moniaux et al, 2008). Similarly, another study showed that NGAL expression
was increased in well differentiated pancreatic tumour cells but absent in poorly
differentiated ones (Tong et al, 2008). Loss of NGAL expression may lead to progression
of pancreatic carcinomas as opposed to other carcinomas where progression was
associated with increased NGAL expression (Moniaux et al, 2008). Furthermore, NGAL
may regulate vascular endothelial growth factor (VEGF) and angiogenesis by reducing
VEGF production in vitro.

NGAL overexpression also inhibits cell adhesion and

invasion of pancreatic carcinoma cells by limiting focal adhesion kinase (FAK) activation
in vitro (Tong et al, 2008). Similar results have been noted in human ovarian cancers.
NGAL was measured by IHC in 59 ovarian tissues as well as via ELISA testing and
Western blotting in serum of patients with various stages of ovarian cancer. Increased
NGAL tissue expression and elevated serum NGAL levels was found in the early stages
of ovarian cancer compared to that seen in higher grade tumours (Lim et al, 2007).
In summary, NGAL expression has been identified in different human tumour
types, most notably carcinomas.

A pro-tumourigenic effect has been noted in
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malignancies where the complexing of NGAL with MMP-9 is evident (breast, gastric,
colonic and esophageal). In contrast, NGAL may have an anti-tumour effect associated
with decreased invasiveness and angiogenesis in pancreatic adenocarcinomas and ovarian
carcinomas. The apparent effect of NGAL is not identical in all malignancies and our
understanding of the mechanisms by which NGAL regulates tumourigenesis is
preliminary. While NGAL may be a suitable early diagnostic marker for some types of
neoplasia such as pancreatic adenocarcinomas or ovarian cancer, it acts as a marker of
disease progression in other tumors such as carcinomas of the gastrointestinal tract and
mammary gland. As such, it is important to recognize that the expression pattern of
NGAL for one type of neoplasm cannot be generalized to all tumours. There are no
veterinary studies investigating the role of NGAL in malignancy.
2.8 NGAL in inflammatory conditions
NGAL is an acute phase protein secreted from neutrophil granules (Goetz et al,
2002). It has anti-bacterial effects, including binding of siderophores to prevent iron
acquisition by micro-organisms and delivery of the siderophore:iron complex to proximal
tubules (Goetz et al, 2002; Mori et al, 2005). While NGAL has principally been
investigated as a marker of AKI, it has also been assessed in inflammatory conditions as
well as sepsis and development of AKI subsequent to sepsis.
NGAL levels have been investigated as a diagnostic tool for a variety of
inflammatory disorders in humans, including inflammatory bowel disease and
pancreatitis. In a study of adults with histologically confirmed inflammatory bowel
disease, serum NGAL levels were significantly elevated compared to that of normal
subjects and those with irritable bowel syndrome, as well as those with inactive
inflammatory bowel disease as defined by disease activity indices (Oikonomou et al,
2012). Within the same study, the sensitivity of serum NGAL to distinguish subtypes of
inflammatory bowel disease from normal patients was very good. Sensitivity to detect
active ulcerative colitis and active Crohn’s disease from normal controls was 0.97 and
0.94, respectively, and specificity was 0.83 for both (Oikonomou et al, 2012). In contrast,
urine NGAL levels were not significantly elevated in patients with inflammatory bowel
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disease (Oikonomou et al, 2012). Other studies supporting these findings include one
showing elevated NGAL expression using IHC and mRNA in situ hybridization in
inflammatory bowel disease (Nielsen et al, 1996), and one involving patients with
ulcerative colitis who had increased mucosal release of NGAL compared with controls
(Carlson et al, 2002).
AKI is a common sequela to sepsis, and as these conditions can occur
concomitantly, the interpretation of NGAL levels in affected patients can be confounded.
In adult ICU patients, measuring urine NGAL was more useful than measuring plasma
NGAL in predicting AKI as urinary NGAL levels were not elevated in septic patients
without AKI (Mårtensson et al, 2010). In contrast, plasma NGAL levels were elevated in
patients with systemic inflammatory response syndrome, severe sepsis, and septic shock,
but had no significant difference compared to those patients with or without concurrent
AKI. Assessment of urine NGAL concentrations was better able to predict AKI than that
of plasma NGAL concentrations, as it was less affected by the presence of septic shock
(Mårtensson et al, 2010). NGAL has also been used to differentiate acute bacterial
infections from viral infections, with both serum and plasma NGAL concentrations being
significantly elevated in situations of bacterial infections (Xu et al, 1995). In that study,
at a value of serum NGAL of 155 µg/L, the positive predictive value was 0.92 and the
negative predictive value of 0.96 for the diagnosis of bacterial infections (Xu et al, 1995).
NGAL has also been investigated as a marker of infection and sepsis is pediatric
patients. A study of very low birth weight infants found that assessment of urine NGAL
concentrations had sensitivity of 0.75, a specificity of 0.84, a positive predictive value of
0.67 and a negative predictive value of 0.89 in detecting sepsis. Thus NGAL may be
useful to identify infants with sepsis (Sise et al, 2012). Another study measured the
changes in serum NGAL concentration in children hospitalized with an acute infection.
Serum NGAL concentrations were significantly raised at admittance in patients with
bacterial infection compared to those with viral infections, and decreased with response
to therapy (Fjaertoft et al, 2005). There is limited information regarding the role of
NGAL in inflammatory and infectious conditions in dogs. Urine NGAL concentrations
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and uNGAL/c were significantly elevated in non-azotemic dogs with a urinary tract
infections2. In another study, uNGAL/c was increased in normal puppies likely due to
pyuria as opposed to renal tubular damage (Nabity et al, 2012).
Based on these studies, NGAL may have an indication as an early diagnostic
marker of sepsis. Caution should be taken when interpreting NGAL concentrations as a
marker of kidney disease in various settings due to the documented influence of sepsis
and inflammatory states on NGAL concentrations. However, urine NGAL concentrations
do not appear to be affected as much as those of serum or plasma in septic patients and
therefore may be a useful means of diagnosing or monitoring AKI in affected patients.
Further research is needed to fully evaluate the potential impact of inflammatory diseases
on the diagnostic capacity of NGAL in kidney diseases, and to determine if evaluation of
NGAL concentrations is a useful means of diagnosing and monitoring sepsis and other
inflammatory states.
2.9 Conclusion
NGAL is a promising marker for kidney injury. It has been most extensively
investigated in AKI but is also applicable to CKD. Overall, NGAL is a clinically useful
marker of kidney injury across various settings that can predict endpoints such as
mortality, with multiple studies showing superiority to the standard of evaluation of
serum creatinine concentrations. However, many studies compare plasma, serum or urine
NGAL concentrations to the imperfect standard of serum creatinine concentrations.
Measurement of GFR may be more appropriate but is less practical. Besides indications
of screening for the onset of AKI as well as identifying and monitoring CKD, assessment
of NGAL levels may also have value is identifying and monitoring certain malignancies
and inflammatory conditions. Moreover, its lack of specificity for kidney disease may
limit its utility as a marker of renal injury in older populations with co-morbidities. The
extensive investigation of NGAL in humans is a platform for further studies in dogs; does
the role of NGAL in humans translate to veterinary medicine?
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CHAPTER 3:
SERUM AND URINE NEUTROPHIL GELATINASE-ASSOCIATED
LIPOCALIN IN DOGS WITH CHRONIC KIDNEY DISEASE
3.1 Introduction
Chronic kidney disease (CKD) is a prevalent and progressive condition of dogs
causing significant morbidity and mortality. The survival range for dogs varies widely
and the reported mean survival is 615 days (Jacob et al, 2002). Criteria including serum
creatinine level (sCr) are used to grade disease according to the International Renal
Interest Society (IRIS) guidelines (IRIS, 2007). Dogs with an earlier IRIS stage live
longer than those with more advanced stages (Jacob et al, 2002; Parker and Freeman,
2011). Early diagnosis of kidney disease and accurately differentiating it from other
causes of polyuria and polydipsia would facilitate timely and appropriate monitoring and
therapy. The currently most accurate method to assess kidney function is glomerular
filtration rate (GFR) measurement as it is directly proportional to renal mass (Gaspari et
al, 1997; Kerl and Cook, 2005). There are multiple options for GFR measurement, but
these methods can be technically challenging and have limited availability.
sCr is often used as a surrogate marker for GFR and is currently one of the main
parameters used to grade or stage acute and chronic kidney diseases in human and
veterinary patients. According to the IRIS guidelines, CKD staging is based primarily on
sCr, urine protein concentration and blood pressure. While sCr is a widely available
marker of kidney disease, it does have limitations. In the acute setting, at least 75% of
nephron function must be lost before elevations in sCr outside the reference interval
occur (Lefebvre, 2011). Furthermore, sCr has a non-linear relationship with GFR, and
large deficiencies in GFR early in disease are reflected by no or small changes in sCr
(Braun et al, 2003; Peake and Whiting, 2006). There are limitations to the sensitivity and
specificity of sCr to diagnose and monitor progressive changes in kidney function.
Complementary methods of diagnosis may improve diagnosis and monitoring of kidney
disease.
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The use of renal biomarkers to diagnose and monitor acute kidney injury (AKI)
and CKD is an area of active and extensive investigation in human medicine. Neutrophil
gelatinase-associated lipocalin (NGAL) is one such marker which was originally
identified to be upregulated in murine models of renal ischemia and reperfusion (Mishra
et al, 2003). NGAL is involved in renal tubular regeneration post-injury and is elevated
secondary to renal tubular damage (Makris et al, 2012; Soni et al, 2010). Elevated NGAL
concentrations are used to detect and monitor AKI and CKD in humans (Bolignano et al,
2007; Brunner et al, 2006; Ding et al, 2007; Haase et al, 2009; Mishra et al, 2005;
Mitsnefes et al, 2007; Wagener et al, 2006). Point-of-care assays have been developed
that enable rapid determination of plasma, serum and urine NGAL.
While other renal biomarkers have been investigated in veterinary medicine for
the diagnosis and monitoring of AKI and CKD, there are currently limited studies
evaluating the utility of NGAL in the diagnosis and monitoring of CKD in dogs (Nabity
et al, 2012). The purpose of this study was to establish urine and serum NGAL
concentration (uNGAL and sNGAL, respectively) reference intervals in normal dogs, to
measure uNGAL and sNGAL in dogs with naturally occurring CKD over a 6 month
period and to investigate correlation of uNGAL and sNGAL with sCr and GFR. We
hypothesized that NGAL levels in both serum and urine would be significantly elevated
in dogs with CKD compared to that of normal dogs, and would strongly correlate with
GFR.
3.2 Materials and methods
Study population
Dogs were prospectively enrolled at the Ontario Veterinary College Health
Sciences Center from May 2011 to May 2013. The University of Guelph Animal Care
Committee approved all animal use and informed consent was obtained from all owners
of the dogs at the time of recruitment.
Forty-two client-owned and research colony dogs were recruited to establish the
reference interval. Dogs were between the ages of 1 and 9, and deemed healthy based on
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a normal history, physical examination, blood pressure measurement, complete blood
count, biochemical profile, urinalysis, and urine protein:creatinine ratio (UPC). Exclusion
criteria included a previous diagnosis of urinary tract infection or other disease, history of
polyuria or polydipsia, medications other than routine heartworm and ectoparasite
prophylaxis, sCr > 150 µmolL, urea > 9.0 mmol/L, urine specific gravity < 1.030, UPC >
0.2, and systolic blood pressure > 160mm Hg.
Eleven client-owned dogs with CKD were recruited from referral cases at the
Ontario Veterinary College Health Sciences Center. Dogs were included in the study if
they had at least a three-month history of signs consistent with CKD, including polyuria
and polydipsia, renal azotemia or loss of urine concentrating ability with proteinuria or
reduced GFR. CKD was staged according to the IRIS guidelines into stages I through IV
(IRIS, 2007). Dogs with CKD who had leukocytes > 5/hpf on examination the urine
sediment had a urine culture performed at least once during the study and dogs with a
positive urine culture were excluded from the study.
Sample collection
Sample collection was identical for both normal dogs and those with CKD. Blood
samples were collected via jugular venipuncture into potassium EDTA tubes for the CBC
and no-additive tubes for the serum biochemical profile. Urine was collected from a midstream sample. Samples were submitted to a reference laboratory.3 Urine and whole
blood were centrifuged for 7 minutes at 16,000 x g4. Separated serum and centrifuged
urine were aliquoted into 1 mL polypropylene, microcentrifuge tubes5 and frozen at 80oC for up to 6 months. Systolic blood pressure was calculated as the mean of 5
readings obtained by oscillometric blood pressure monitor

6

and hypertension was

defined as mean systolic blood pressure ! 160 mm Hg (Brown et al, 2007).
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Laboratory measurements
sNGAL and uNGAL were determined using a sandwich ELISA7, previously
validated for canine use (Nabity et al, 2012), according to the manufacturer instructions.
Briefly, 100uL of diluted urine and serum samples or standards were analyzed in
duplicate on a 96-well ELISA plate pre-coated with mouse monoclonal antibody against
canine NGAL. After a 60-minute incubation and subsequent wash, biotinylated
monoclonal detection antibody was added to each test well and incubated again for 60
minutes. The detection antibody attaches only to bound NGAL. The latter steps were
repeated with streptavidin. A peroxidase substrate containing tetramethylbenzidine was
added and the enzymatic reaction was stopped by adding dilute sulfuric acid. Absorbance
was measured at 450 nm with a microplate reader.8 An ELISA reader software program9
generated a 4-parameter logistic curve from which the concentrations of NGAL in the
test samples were interpolated. Concentrations of measured NGAL from each sample
were expressed as absolute NGAL values.uNGAL concentration was also normalized to
urine creatinine concentration and expressed as ratios (uNGAL/c).
Glomerular filtration rate
The GFR of dogs with CKD was estimated with plasma clearance of Technetium
Tc 99m diethylenetriaminepentacetic acid (Tc 99m-DTPA) at the time of enrollment into
the study (0 months) and 6 months later.

Dogs were sedated with butorphanol

(0.2mg/kg) and acepromazine (0.01 mg/kg) IM. A peripheral catheter was aseptically
placed in a cephalic or saphenous vein. Further sedation was achieved with butorphanol
(0.2mg/kg) and acepromazine (0.01 mg/kg) intravenously. A jugular venous catheter10
was aseptically placed according to the Seldinger technique (Mathews, 2006).
Plasma clearance of Tc 99m-DTPA was completed as described elsewhere
(Barthez et al, 1997; Barthez et al, 2001; Finco, 2005; Heiene and Moe, 1998) Briefly,
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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PowerWave XS2 Microplate Spechtrophotometer, BioTek Instruments Inc., Winooski, VT
Gen5™ 2.0 Data Analysis Software, BioTek Instruments Inc., Winooski, VT
10
Arrow pediatric jugular puncture kit, Teleflex, Markham, ON
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the isotope11 standard was made by diluting 44-75 uCi Tc 99m-DTPA in 1 litre of
distilled water. The standard is required to convert the activity injected into the patient
from mCi (how activity is measured in delivered dose) to counts (measurement of blood
samples). A prepared dose of approximately 44-75 uCi of Tc 99m-DTPA was injected as
a bolus via the peripheral catheter. The catheter was flushed and removed. The end of the
Tc 99m-DTPA injection was considered time 0. The total activity of Tc 99m-DTPA
injected in the patient and in the standard was determined as the difference between the
pre-injection and post-injection activities of the injection syringe as measured with a dose
calibrator. Blood samples were collected from the jugular catheter: 3ml for dogs >7kg
and 2ml for dogs <7kg. Blood samples were collected at 15, 30, 60, 120, 180 and 240
minutes. At the end of the blood collection period, EDTA tubes were centrifuged and 0.51ml of plasma was separated and transferred to a clean, labeled vial. Tc 99m-DTPA
activities in counts per minute were measured in plasma and the standard with a well
counter12 at the end of the study. Background and standard counts were recorded at the
start, midway and end of counting. Counting the activity in the standard at the same time
as the samples eliminated the need for decay correction. Linear regression analysis was
used to generate a plasma versus time activity curve and the area under the plasma
activity curve (AUC) was calculated to determine the GFR. A reference interval of 2.834.47 ml/kg/ml was based on previous Tc 99m-DTPA clearance studies of 32 clinically
normal dogs (Deppe et al, 1999).
Statistical analyses
All statistical analyses were performed using a commercial software program13.
Intra- and interassay variability was calculated by coefficient of variation.
Clinicopathologic findings of age, weight, serum urea concentration, urine specific
gravity, UPC, and systolic blood pressure for normal and CKD dogs were compared
using a Student’s t-test. To attain normally distributed variables, a natural log
transformation was applied to NGAL variables (sNGAL, uNGAL and uNGAL/c) and sCr
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as these variables were non-parametric based on determination of mean, median and
mode as well as skew and kurtosis < 2. To determine the association between NGAL
variables and other biometric variables, the transformed NGAL variables were regressed
on GFR, sCr and CKD status (versus normal) using linear regression. Paired t-tests were
used to compare sCr and GFR to NGAL variables over time; 0 versus 3 month values, 0
versus 6 month, and then 3 versus 6 month. Correlations between NGAL and other
variables (sCr, GFR) were determined using Pearson’s correlation coefficient on the logtransformed variables. Twenty hierarchical dummy variables were created for the every
5th percentile of uNGAL values for all dogs. Multiple logistic regression with CKD as the
outcome was used to identify the threshold value of uNGAL, where the dogs with CKD
are most likely to differ from normal dogs by including all dummy variables in the model
and then removing the variables one at a time based on the highest p-value until only
significant variables were left. Significance was set at P value < 0.05 for all statistical
tests.
3.3 Results
NGAL assay variability was judged to be within acceptable limits (Steiner et al,
2003) with an intra-assay coefficient of variation <5% and inter-assay coefficient of
variation <15%. Selected characteristics and clinicopathologic findings of normal and
CKD dogs are presented in Table 3.1. Dogs with CKD were older (P = 0.0037), had
increased sCr (P = 0.0001), increased serum urea concentration (P = 0.0004), decreased
urine specific gravity (P < 0.0001), and increased UPC (P = 0.018) compared to normal
dogs. Only weight (P = 0.44) and systolic blood pressure (P = 0.11) were not
significantly different between the groups. For the CKD dogs, 1/5 dogs was IRIS Stage I,
5/11 dogs were IRIS Stage II, and 5/11 dogs were IRIS Stage III at the onset of the study.
After 6 months, 1/11 dogs was IRIS stage I, 4/11 dogs were IRIS Stage II, 3/11 were
IRIS Stage III, 1/11 dogs was IRIS Stage IV and 2/11 had been euthanized.
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Table 3.1. Selected characteristics and clinicopathologic findings (median, range)
in normal dogs with and dogs with CKD.
Variable

Normal dogs

Dogs with CKD

Number

42

11

Age (years)

3.0 (1.0-8.5)

6.0 (1.35-13.5)*

Weight (kg)

20.9 (6.0-61.6)

33.0 (5.0-64.0)

Creatinine (µmol/L)

89.5 (46-143)

238 (116-348) *

Urea (mmol/L)

6.1 (3.6-8.4)

24.79 (7.0-32.0)*

USG

1.044 (1.030-1.055)

1.015 (1.008-1.031)*

UPC

0.1 (0-0.2)

1.05 (0-5.4)*

SBP (mmHg)

139 (109-157)

149 (115-200)

sNGAL (ng/ml)

7.77 (2.88-35.3)

24.79 (2.79-61.3)*

uNGAL (ng/ml)

0.55 (0.12-12.90)

26 (0.77-82.14)*

uNGAL/c (ug/mmol)

0.344 (0.011-0.511)

5.29 (0.090-15.400)*

* Significant difference from normal dogs (p<0.05).
Legend: CKD, chronic kidney disease; USG, urine specific gravity; UPC, urine
protein:creatinine ratio; SBP, systolic blood pressure; sNGAL, serum NGAL
concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL
concentration to urine creatinine ratio.

There was a significant difference for dogs with CKD compared to that of normal
dogs for sNGAL (P = 0.0008) (Figure 3.1), uNGAL (P < 0.0001) (Figure 3.1), and
uNGAL/c (P < 0.0001) (Figure 3.2). sCr was significantly associated with sNGAL (P =
0.0001), uNGAL (P < .0001) and uNGAL/c (P < .0001).
All dogs with CKD had reduced GFRs (ranging from 0.20-1.28 ml/min/kg;
reference interval: 2.83-4.47 ml/kg/ml [Deppe et al, 1999]). At the initiation of the study,
GFR correlated with sCr with a coefficient of 0.77 (P = 0.005) and with sNGAL with a
coefficient of 0.77 (P = .0055), but not with uNGAL (P = 0.76) or uNGAL/c (P = 0.85).
GFR at the end of the study (6 months) correlated with sCr with a coefficient of 0.72 (P =
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0.02), sNGAL with a coefficient of 0.83 (P = 0.01), uNGAL with a coefficient of 0.76 (P
=0.029), and uNGAL/c with a coefficient of 0.74 (P = 0.036). At the initiation of the
study, GFR did not significantly differ from the GFR 6 months later (P = 0.83).
There was no significant change in sCr (P = 0.35), serum urea concentration (P =
0.66), systolic blood pressure (P = 0.69), sNGAL (P = 0.64), uNGAL (P = 0.91) or
uNGAL/c (P = 0.86) over 6 months. At a uNGAL level of > 5.08 ng/ml, the odds of a
dog having CKD were 42 times more likely than not having CKD. The sNGAL and
uNGAL threshold values were 35.28 ng/ml and 12.88 ng/ml, respectively.

Figure 3.1. Serum and urine NGAL concentrations in normal dogs and dogs with CKD at
0 months. Each data point on the graph represents one dog; bar indicates mean for each
group
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Figure 3.2. Urine NGAL concentration to urine creatinine ratio in normal dogs and dogs
with CKD at 0 months. Each data point on the graph represents one dog; bar indicates
mean for each group.
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3.4 Discussion
In this study, sNGAL, uNGAL and uNGAL/c were significantly elevated in dogs
with CKD compared to normal controls and all correlated with sCr. GFR, sCr, sNGAL,
uNGAL and uNGAL/c did not identify progression of disease in dogs with CKD over 6
months. GFR at 6 months correlated with sNGAL, uNGAL and uNGAL/c whereas GFR
measurement at time of study enrollment correlated only with sNGAL.
NGAL is a 25-kDa glycoprotein that is upregulated secondary to injury of renal
tubular cells (Devarajan, 2008; Mishra et al, 2003; Schmidt-Ott et al, 2007). It is
proposed to exert a protective effect in the kidneys by limiting apoptosis and enhancing
proliferation and tubular regeneration by iron chelation and other mechanisms (Makris et
al, 2012; Mishra et al, 2004; Mori et al, 2005). NGAL is a marker of both acute and
chronic kidney disease in humans. A meta-analysis found that NGAL concentration
(serum or urine not specified) had a sensitivity of 0.76 and a specificity of 0.85 for
predicting the onset of AKI in people, and that assessment of NGAL concentration
predicts outcomes such as mortality and need for renal replacement therapy (Haase et al,
2009). NGAL is significantly elevated in the serum and urine of people with CKD of
various etiologies (Bolignano et al, 2007; Bolignano et al, 2009; Brunner et al, 2006;
Ding et al, 2007; Mitsnefes et al, 2007) compared to control populations, and correlates
with serum creatinine levels and GFR (Bolignano et al, 2007).
In the present study, sNGAL and uNGAL as well as uNGAL/c were significantly
higher in dogs with CKD than those measured in the normal dogs. sNGAL, uNGAL and
uNGAL/c showed moderate and significant correlation with sCr. This study found that
sNGAL and uNGAL are elevated in dogs with CKD, but did not evaluate whether NGAL
is either superior or inferior to assessment of sCr; both serum and urine NGAL and sCr
had similar correlations with GFR. This study enrolled dogs with pre-existing and
naturally occurring CKD, and NGAL was not measured in the CKD dogs prior to the
onset of azotemia. However, a previous study showed that uNGAL as well as several
other urinary biomarkers increased prior to elevations in sCr above reference intervals
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early in the course of disease (Nabity et al, 2012). This previous study followed a
research colony of dogs with X-linked hereditary nephropathy, so it is not known if the
same results would be found in naturally occurring CKD in dogs.
In the present study, there were no significant changes in sCr, GFR, sNGAL,
uNGAL, and uNGAL/c in dogs with CKD over a 6 month timespan. This was an
unexpected finding, as CKD is considered a progressive condition in dogs (Allen et
al,1987). Serum and urine NGAL levels predict progression of CKD in people
independent of age or estimated GFR (Bolignano et al, 2009). Lack of change in sCr and
NGAL concentrations over time may be due to these markers not being sensitive enough
to detect progression in disease. However, the GFR of the dogs with CKD also did not
significantly change over the 6 months of the study, suggesting that there truly was not
disease progression. An alternative way to assess disease progression would have been
evaluation of histopathology from serial renal biopsies. However this method has
limitations, including potential irregular lesion distribution and decreased feasibility in
clinical cases. A previous study showed that uNGAL progressively increased early in the
disease for dogs with X-linked hereditary nephropathy, but that uNGAL was less useful
to monitor progression in middle to late stages of disease (Nabity et al, 2012). Ideally,
future study of renal biomarkers should include longer time frames and histological
correlation to determine if they are sensitive enough to detect progressive disease.
The sNGAL and uNGAL concentrations inconsistently correlated with GFR in
this study. While all NGAL values correlated with GFR at 6 months, only sNGAL
correlated with GFR at 0 months. This lack of correlation is likely due to the small
sample size and non-uniform study population for dogs with CKD. However, another
possible explanation is that the method chosen to evaluate GFR in this study was not
accurate. One past study evaluating the performance of plasma clearance of Tc 99mDTPA as compared to inulin clearance in dogs found plasma clearance of Tc 99m-DTPA
to be a reasonable estimate of renal function (Barthez et al, 1997). Correlations were high
(r=0.98) between plasma clearance of Tc 99m-DTPA and inulin clearance in another
study (Barbour et al, 1975), whereas another study found discrepancies between the GFR
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obtained with these methods, especially with limited sampling (Finco, 2005). sNGAL
concentration correlates with measured GFR in children with CKD (r=0.62) (Mitsnefes et
al, 2007) and in patients with polycystic kidney disease (r=0.49-0.8) (Bolignano et al,
2007). However, further study of NGAL concentrations and concurrent GFR
measurement in dogs must be performed to investigate the relationship between these
parameters, especially in cases where GFR is progressively changing.
In this study, NGAL was measured in both serum and urine as it is currently not
known whether testing serum or urine is superior for detecting kidney disease. The
diagnostic accuracy of plasma and serum NGAL concentrations are similar to urine
NGAL concentrations in detecting AKI in people (Haase, 2009). In the present study,
sNGAL correlated well with GFR at both measured time points, while uNGAL only
correlated at the 6 month time point. While this may suggest that sNGAL is more reliable
than uNGAL in detecting CKD in dogs, there are alternative explanations for this finding.
These include lack of statistical power due to a small group of dogs with CKD, or
inaccurate GFR measurements. As such, further study of the diagnostic accuracy of
sNGAL and uNGAL concentrations in dogs is required to determine which is a more
reliable indicator of kidney disease.
There are several limitations of this study. Urine cultures were not performed on
the normal dogs in this study, and the CKD dogs did not have cultures performed at every
visit. In a previous study, uNGAL and uNGAL/c were significantly elevated in nonazotemic dogs with urinary tract infections.14 However, those dogs with clinical signs of
a urinary tract infection, inappropriate urine concentrating ability, hematuria, or pyuria
were excluded from the reference interval in the present study. In addition, dogs with
CKD who had increased white blood cells on urine sediment examination had a urine
culture at least once during the study.
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Another potential limitation of this study is the use of plasma clearance of Tc
99m-DTPA to measure GFR. Measurement of inulin clearance is the reference standard
method of GFR estimation (Heiene and Moe, 1998; Kerl and Cook, 2005), but was not
used given the technical challenges of this method. Plasma clearance of Tc 99m-DTPA
was chosen as it is comparable to urinary inulin clearance in estimating GFR in a group
of dogs with renal disease (Barthez et al, 1997). Furthermore, sedation was required for
the placement of jugular catheters for serial blood sample collection for measurement of
GFR. Sedation can alter the GFR (Newman et al, 1995). However, a previous study of
normal dogs showed that a similar sedation protocol (acepromazine and butorphanol) had
no effect on GFR even with reduced blood pressure (Newman et al, 1995). Additionally,
the sedation protocol remained consistent throughout the current study, so effects on GFR
would be anticipated to be minimal. Other factors that can confound the GFR results are
hydration status (Tabaru et al, 1993), measurement errors in dosage (Kampa et al, 2003),
and normal intra-individual variation in serial GFRs (Heiene and Moe, 1998; Linnetz and
Graves, 2010). However, the intra-individual variability of GFR may be less in dogs with
kidney disease, as they have reduced ability to adjust their GFR by mechanisms such as
autoregulation and their kidneys are functioning at maximal GFR (Twardock and Bahr,
2006; Kampa et al, 2003). An additional limitation of the study was that the normal dogs
did not undergo GFR measurement; a previously established reference interval from 32
normal dogs was used as a control (Deppe et al, 1999).
In conclusion, this study simultaneously measured NGAL in serum and urine in a
group of dogs with CKD. sNGAL, uNGAL and uNGAL/c were significantly elevated in
those dogs compared with normal dogs. At a value of uNGAL > 5.08 ng/ml, the odds of a
dog having CKD is 42 more times likely than not having CKD. NGAL measured in urine
or serum may be a useful indicator of renal tubular dysfunction that may complement
current methods of diagnosis of kidney disease. Further study of the utility of NGAL in
diagnosing and monitoring kidney disease in dogs is needed.
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CHAPTER 4:
SERUM AND URINE NEUTROPHIL GELATINASE-ASSOCIATED LIPOCALIN IN
DOGS WITH CHRONIC KIDNEY DISEASE, LYMPHOSARCOMA, CARCINOMA
AND INDUCED ENDTOXEMIA
4.1 Introduction
Neutrophil gelatinase-associated lipocalin (NGAL) is a ubiquitous protein of the
lipocalin family that has been extensively investigated as a urinary biomarker for renal
tubular epithelial injury in humans. NGAL has been investigated principally as a marker
of acute kidney injury (AKI); across all clinical settings, the sensitivity of the assessment
of NGAL concentrations (serum or urine not specified) to detect the development of AKI
is 0.76 with a specificity of 0.85 (Haase et al, 2009). NGAL concentration (serum or
urine not specified) can be used to predict mortality and the need for renal replacement
therapy in humans with AKI (Haase et al, 2009). Furthermore, studies have demonstrated
the utility of plasma, serum and urine NGAL measurement in the diagnosis of chronic
renal diseases (Bolignano et al, 2007; Bolignano et al, 2009; Brunner et al, 2006; Ding et
al, 2007; Mitsnefes et al, 2007).
A previous study showed that urine NGAL to urine NGAL concentration ratio
(uNGAL/c), along with other biomarkers, is increased in dogs with X-linked hereditary
nephropathy prior to elevation in sCr concentrations above the reference interval (Nabity
et al, 2012). A pilot study showed that uNGAL concentrations were 7- to 200-fold higher
in dogs with renal disease than in controls.15 Another study revealed that both serum
NGAL (sNGAL) and urine NGAL (uNGAL) concentrations were significantly elevated
in dogs with CKD compared to normal controls, and that at a value of uNGAL > 5.08
ng/ml, the odds of a dog having CKD is 42 times more likely than not having CKD
(Chapter 3).
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While NGAL is up-regulated in response to renal tubular injury, NGAL is
expressed in many tissues and may lack specificity for kidney disease, potentially
limiting its utility as a marker of kidney injury and chronic kidney diseases. As such, the
effects of non-renal diseases on NGAL concentrations have been studied in humans.
Elevations in serum, plasma and urine NGAL have been detected in humans with
malignancies such as carcinomas (Bauer et al, 2008; Fernández et al, 2005; Kubben et al,
2007; Moniaux et al, 2008; Nielsen et al, 1996; Zhang et al, 2007), inflammatory
conditions such as pancreatitis and inflammatory bowel disease (Moniaux et al, 2008;
Nielsen et al, 1996; Oikonomou et al, 2012) as well as in systemic inflammatory
response syndrome and sepsis (Fjaertoft et al, 2005; Mårtensson et al, 2010; Sise et al,
2012; Xu et al, 1995).
The purpose of this study was to measure sNGAL and uNGAL concentrations in
dogs with carcinomas, lymphosarcoma and induced endotoxemia, and compare these
concentrations with those of normal dogs and dogs with CKD.
4.2 Materials and Methods
Study population
Dogs were prospectively enrolled at the Ontario Veterinary College Health
Sciences Center from May 2011 to May 2013. The University of Guelph Animal Ethics
Committee approved all animal use and informed consent was obtained from owners of
the dogs at the time of recruitment.
Forty-two client-owned and research colony dogs were recruited for generating a
reference interval. Dogs were between the ages of 1 and 9 years, and deemed normal
based on a normal physical examination, blood pressure measurement, complete blood
count, serum biochemical profile, urinalysis, and urine protein:creatinine ratio (UPC).
Exclusion criteria included a previous diagnosis of urinary tract or other disease, polyuria
and polydipsia, medications other than routine heartworm prophylaxis, sCr concentration
>150 µmol/L, urea > 9.0 mmol/L, urine specific gravity < 1.030, UPC > 0.2, and systolic
blood pressure > 160mm Hg.
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Eleven client-owned dogs with CKD were recruited from referral cases at the
Ontario Veterinary College Health Sciences Center. Dogs were included in the study if
they had at least a three month history of signs consistent with CKD, including polyuria
and polydipsia, renal azotemia or loss of urine concentrating ability with proteinuria or
decreased GFR. CKD was staged according to the IRIS guidelines into stages I through
IV (IRIS, 2007). Dogs with CKD who had leukocytes > 5/hpf on examination the urine
sediment had a urine culture performed at least once during the study and dogs with a
positive urine culture were excluded from the study.
Twenty-one dogs diagnosed with lymphosarcoma and 12 dogs diagnosed with
various types of carcinomas based on cytology, histopathology or both were recruited
from referral cases at the Ontario Veterinary College Health Sciences Center. Exclusion
criteria included multiple types of neoplasms and concurrent renal insufficiency based on
sCr >150 µmol/L with inappropriate urine concentrating ability. Dogs with suspected
renal involvement of their neoplasm via ultrasonography were also excluded from the
study. The dogs with neoplasia enrolled in the study did not consistently have a urine
protein:creatinine ratio or systolic blood pressure measured.
Fifteen purpose-bred Beagles recruited with the same inclusion and exclusion
criteria described above for generation of the reference interval were administered 5
µg/kg E. coli lipopolysaccharide (LPS)16 IV. Urine and serum were collected prior to and
2 hours after LPS administration for measurement of uNGAL and sNGAL
concentrations. These samples were obtained from a study17 investigating the effect of
synthetic colloids on coagulation.
Sample collection
Sample collection was identical for normal dogs, those with CKD,
lymphosarcoma, carcinomas and induced endotoxemia. Blood samples were collected via
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jugular venipuncture into potassium EDTA tubes for the CBC and no-additive tubes for
the serum biochemical profile. Urine was collected from a mid-stream sample. Samples
were submitted to a reference laboratory.18 Urine and whole blood were centrifuged for 7
minutes at 16,000 x g19. Separated serum and centrifuged urine were aliquoted into 1 mL
polypropylene, microcentrifuge tubes20 and frozen at -80oC for up to 6 months. Systolic
blood pressure was calculated as the mean of 5 readings obtained by oscillometric blood
pressure monitor 21 and hypertension was defined as mean systolic blood pressure ! 160
mm Hg (Brown et al, 2007).
Laboratory measurements
sNGAL and uNGAL concentrations were determined using a sandwich ELISA,
previously validated for canine use (Nabity et al, 2012), according to the manufacturer’s
instructions. Briefly, 100uL diluted urine and serum samples or standards were analyzed
in duplicate on a 96-well ELISA plate22 pre-coated with mouse monoclonal antibody
against dog NGAL. After a 60-minute incubation and subsequent wash, biotinylated
monoclonal detection antibody was added to each test well and incubated again for 60
minutes. The latter steps were repeated with streptavidin. A peroxidase substrate
containing tetramethylbenzidine (TMB) was added and the enzymatic reaction was
stopped by adding dilute sulfuric acid. Absorbance was measured at 450 nm with a
microplate reader. 23 An ELISA reader software program 24 generated a 4-parameter
logistic curve from which the concentrations of NGAL in the test samples were
interpolated. Concentrations of measured NGAL from each sample were expressed as
absolute NGAL values and normalized to urine creatinine concentration and expressed as
a ratio (uNGAL/c).

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
)%!,-./01!230145!607890489:;!<=31>5;!?@!
)&!Hematocrit 210 centrifuge, Hettrich USA, Beverly MA
*(!Eppendorf microcentrifuge tubes, Fischer, Toronto, ON!

Cardell 9401 Veterinary Monitor, Sharn Veterinary Inc., Tampa FL!!
NGAL ELISA kit, Bioporto, Denmark!
*"!PowerWave XS2 Microplate Spechtrophotometer, Biotek Instruments Inc., Winooski, VT!
*'!Gen5™ 2.0 Data Analysis Software, BioTek, Winooski, VT!
21

**!Dog

%%!
!

!

Statistical Analyses:
All statistical analyses were performed using a commercial software program.25
Intra- and interassay variability was calculated by coefficient of variation.
Clinicopathologic findings of weight, serum urea concentration, urine specific gravity,
UPC and systolic blood pressure were compared with medians and ranges using a one
way ANOVA. To attain normally distributed variables, a natural log transformation was
applied to NGAL variables (sNGAL, uNGAL and uNGAL/c), sCr and age as these
variables were non-parametric. To determine the association between NGAL variables,
and other biometric variables, the transformed NGAL variables were regressed on sCr
and values for the CKD, lymphosarcoma, carcinoma and induced endotoxemia groups
(versus normal dog data) using linear regression. Correlations between NGAL and other
variables (sCr) were determined using Pearson’s correlation coefficient on the log
transformed variables. Twenty hierarchical dummy variables were created for the every
5th percentile of uNGAL values for all dogs. Multiple logistic regression with CKD as the
outcome was used to identify the threshold value of uNGAL, where the dogs with CKD
are most likely to differ from normal dogs by including all dummy variables in the model
and then removing the variables one at a time based on the highest p-value until only
significant variables were left. The latter multiple logistic regression was also done with
lymphosarcoma or carcinoma as the outcome. Significance was set at P value < 0.05 for
all statistical tests.
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4.3 Results:
Table 4.1. Selected characteristics and clinicopathologic findings (median, range) in normal dogs, dogs with chronic kidney disease
(CKD), lymphosarcoma, carcinoma, and induced endotoxemia.
Variable

Healthy dogs

CKD

Number
Age (years)
Weight (kg)
Creatinine (µmol/L)
Urea(mmol/L)
USG

42
3.0 (1.0-8.5)#
20.9 (6.0-61.6)
89.5 (46-143)#
6.1 (3.6-8.4)#
1.044 (1.030-1.055)#

11
6.0 (1.4-13.5)*
33.0 (5.0-64.0)
238 (116-348) *
24.79 (7.0-32.0)*
1.015 (1.008-1.031)*

UPC
SBP (mmHg)
sNGAL (ng/ml)

0.1 (0-0.2)#
139 (109-157)#
7.77 (2.88-35.3)#

1.05 (0-5.40)*
149 (115-200)*
24.79 (2.79-61.30)*

uNGAL (ng/ml)
uNGAL/c (ug/mmol)

0.55 (0.12-12.9)#
0.3040 (0.09584.5174)#

26 (0.77-82.14)*
46.772 (0.808135.77)*

Lymphosarcoma
21
6.5 (1.3-13)*
27.8 (5.5-52.9)
77 (39-170)#
4.7 (2.2-10.3)#
1.028 (1.0061.053)*#
15.875 (4.3870.46)*
7.46 (0.40-80)*
4.107 (0.46535.01)*#

Carcinoma
12
10.5 (5-13)*
19.9 (5.7-42.2)
62.5 (31-104)#
4.2 (2.7-9.3)#
1.024 (1.0131.068)*#
11.795 (1.0880.0)*
19.57 (0.66-80)*
17.188 (0.62992.774)*

Induced
Endotoxemia
15
1.5 (1.3-5.0)
8.9 (7.8-11.0)*#
70.0 (43.0-82.0)#
7.3 (2.9-10.8)#
1.037 (1.0311.056)#
0.66 (0.10-0.20)#
143 (116-176)
11.16 (6.0424.02)*#
0.54 (0.4-10.06)#
0.389 (0.1811.486)#

* Significantly different from normal dogs (p<0.05). # Significantly different from dogs with CKD (p<0.05).
Legend: CKD, chronic kidney disease; USG, urine specific gravity; UPC, urine protein:creatinine ratio; SBP, systolic blood pressure;
sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to urine creatinine
ratio.
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Assay variability was within acceptable limits with an intra-assay coefficient of
variation <5% and inter-assay coefficient of variation <15% (Steiner et al, 2003).
Characteristics and clinicopathologic findings of normal, CKD, lymphosarcoma,
carcinoma and induced endotoxemia dogs is presented in Table 4.1. Healthy dogs and
dogs with induced endotoxemia were significantly younger (P < 0.0001), however age
did not impact the association between disease and uNGAL (P < 0.0001). Dogs with
induced endotoxemia weighed significantly less than the other groups (P = 0.00002). SCr
(P < 0.0001), urea (P < 0.0001) and urine:protein creatinine ratio (P < 0.0001) were
significantly elevated in dogs with CKD. Urine specific gravity was significantly
different between the normal dogs and those with CKD, lymphosarcoma and carcinoma
(P < 0.0001) and significantly different between dogs with induced endotoxemia from
CKD (P < 0.0001). Systolic blood pressure was significantly elevated in dogs with CKD
compared to normal dogs (P = 0.0174). For the CKD dogs, 1/11 dogs was IRIS stage I,
5/11 were IRIS Stage II, and 5/11 dogs were IRIS Stage III.
sNGAL was significantly elevated dogs with CKD (P = 0.0008), lymphosarcoma
(P = 0.0008), carcinoma (P = 0.0072) and induced endotoxemia (P = 0.0362) compared
to normal dogs (Figure 4.1). uNGAL was significantly elevated in dogs with CKD (P <
0.0001), lymphosarcoma (P < 0.0001) and carcinoma (P < 0.0001), but not induced
endotoxemia (P = 0.31) compared to normal dogs (Figure 4.2). uNGAL/c was
significantly elevated in dogs with CKD (P < 0.0001), lymphosarcoma (P < 0.0001) and
carcinoma (P < 0.0001), but not induced endotoxemia (P = 0.45) compared to normal
dogs (Figure 4.3).
sNGAL was significantly different in dogs with induced endotoxemia (P = 0.012)
compared to CKD dogs, but not dogs with lymphosarcoma (P = 0.40) or carcinoma (P =
0.78) compared to CKD dogs. uNGAL was significantly different in dogs with induced
endotoxemia (P = 0.0031) compared to CKD dogs, but not dogs with lymphosarcoma (P
= 0.1243) or carcinoma (P = 0.65) compared to CKD dogs. uNGAL/c was significantly
different in dogs with dogs with lymphosarcoma (P = 0.005) and induced endotoxemia (P
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= 0.017) compared to CKD dogs, but not dogs with carcinoma (P = 0.22) compared to
CKD dogs.
There was no significant difference in sNGAL (P = 0.46) or uNGAL (P = 0.31) in
dogs with induced sepsis before injection of LPS and after injection. A dog with a value
of uNGAL of > 5.6 ng/ml is 42 more times as likely to have CKD as not (P = 0.0005),
whereas a dog with a value of uNGAL of > 2.5 ng/ml is 65 more times as likely to have
carcinoma versus not (p = 0.0001).

Figure 4.1. Serum NGAL (sNGAL) concentrations in normal dogs, dogs with chronic
kidney disease (CKD), lymphosarcoma, carcinoma and induced endotoxemia. Each data
point on the graph represents one dog; bar indicates mean for each group.
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Figure 4.2. Urine NGAL (uNGAL) concentrations in normal dogs, dogs with chronic
kidney disease (CKD), lymphosarcoma, carcinoma or induced endotoxemia. Each data
point on the graph represents one dog; bar indicates mean for each group.
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Figure 4.3. Urine NGAL concentration to urine creatinine ratios (uNGAL/c) in normal
dogs, dogs with chronic kidney disease (CKD), lymphosarcoma, carcinoma or induced
endotoxemia. Each data point on the graph represents one dog; bar indicates mean for
each group.
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4.4 Discussion
Due to the evidence in mice and people supporting a role for NGAL in kidney
disease, malignancy, inflammation and infection, we evaluated NGAL concentrations in
dogs with CKD, carcinomas, lymphosarcoma, and induced endotoxemia. As expected,
this study showed that dogs with CKD had significantly elevated sNGAL and uNGAL
compared to normal dogs. However, this study also found that dogs with lymphosarcoma
and carcinomas had significantly elevated sNGAL and uNGAL concentrations compared
to normal dogs. While dogs with induced endotoxemia did not have significantly elevated
uNGAL and uNGAL/c compared to normal dogs, they did have significantly elevated
sNGAL concentrations.
NGAL is a 25-kDa glycoprotein that is a member of the lipocalin family,
functioning as a transporter (Bolignano et al, 2009; Makris et al, 2012). NGAL is an
ubiquitous protein; it was initially found in activated neutrophils (Soni et al, 2010), but is
also expressed in monocytes and macrophages as well as many other tissues, including
renal tubular cells (Makris et al, 2012). NGAL expression is induced in injured epithelial
cells, including the renal tubules after ischemic injury (Devarajan, 2008; Mishra et al,
2003; Schmidt-Ott et al, 2007). This up-regulated expression secondary to renal tubular
injury has led to NGAL being a widely used biomarker for detecting AKI and CKD in
humans (Bolignano et al, 2007; Brunner et al, 2006; Ding et al, 2007; Haase et al, 2009;
Mitsnefes et al, 2007). In the present study, the elevations in sNGAL and uNGAL in dogs
with CKD compared to the normal dogs is consistent with studies in human medicine as
well as in a study demonstrating increased uNGAL/c in dogs with X-linked hereditary
nephropathy (Nabity et al, 2012). While NGAL has been investigated principally as a
marker of renal tubular damage, some human studies have documented increased NGAL
expression and levels associated with inflammation, infection, and neoplasia.
Previous studies have shown increased NGAL expression in humans with various
neoplasms, particularly carcinomas such as breast carcinoma (Bauer et al, 2008;
Fernández et al, 2005), gastrointestinal carcinomas (Kubben et al, 2007), esophageal
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squamous cell carcinoma (Zhang et al, 2007), and colonic adenocarcinoma (Nielsen et al,
1996; Sun et al, 2011). Similarly, the present study showed that dogs with carcinomas
had elevated sNGAL and uNGAL concentrations and elevated uNGAL/c compared to
normal dogs. Additionally, these elevations in uNGAL and sNGAL concentrations were
not significantly different from those dogs with CKD.
NGAL has been implicated as both a pro-tumourogenic and anti-neoplastic
protein in some neoplasms in humans. Lipocalins such as NGAL play a role in cell
regulation, cell differentiation and proliferation, as well as in protease inhibition, all
processes that are altered in neoplasia (Bratt, 2000). NGAL forms complexes with matrix
metallopeptinase 9 (MMP-9), a protein that degrades basement membranes, facilitating
tumour growth, angiogenesis and metastasis (Bauer et al, 2008; Fernández et al, 2005),
thus stabilizing its activity (Fernandez et al, 2005). The NGAL/MMP-9 complex is
detected in 90% of urine samples obtained from breast cancer patients but is not
detectable in the urine of normal individuals (Fernandez et al, 2005) and its presence is
associated with decreased survival time (Bauer et al, 2008). Paradoxically, NGAL has
anti-tumour effects in other human neoplastic processes such as pancreatic carcinoma
(Han et al, 2002; Moniaux et al, 2008) and ovarian cancer (Lim et al, 2007), where
NGAL up-regulation is associated with decreased invasiveness and angiogenesis.
NGAL was measured in dogs with lymphosarcoma because it is a one of the most
common neoplasms in dogs, representing 7-24% of all neoplasms in this species
(Withrow et al, 2012). The present study showed that dogs with lymphosarcoma did have
elevated sNGAL and uNGAL, but not uNGAL/c concentrations, compared to normal
dogs. This is the only patient population in the present study in which uNGAL and
uNGAL/c did not correlate. NGAL does not behave in the same way in all malignancies
and further studies are necessary to understand the mechanisms by which NGAL
regulates tumourigenesis. The elevated NGAL levels observed in association with
carcinomas and lymphosarcoma in this study has potential clinical impact. If NGAL is
being used as a marker of kidney disease, presence of carcinomas or lymphosarcoma
could cause a false positive test and confound diagnosis. Elevated NGAL concentrations
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in dogs should be interpreted with caution in patients with neoplasia due to the potential
effects of non-renal disease on serum and/or urine concentrations of this biomarker.
Additionally, NGAL may be a suitable early diagnostic marker for some types of
neoplasia (especially carcinomas), acting as a marker of disease progression in some
tumors.
In the present study, dogs with induced endotoxemia from LPS administration
were chosen as a model for inflammation and infection, mimicking the systemic changes
encountered during naturally occurring sepsis. Endotoxemia can occur as soon as 30
minutes after LPS administration with tumour necrosis factor reaching maximal activity
at 2 hours and activity markedly decreased by 6-24 hours (Miyamoto et al, 1996). Other
data to support early effects of LPS include leukopenia and thrombocytopenia at 3 and 6
hours post LPS administration in normal dogs (Flatland et al, 2011). Given the early
effects of LPS administration, urine and serum for NGAL measurement were collected 2
hours post LPS administration for this study.
Similarly to previous reports in humans, this study showed that uNGAL
concentrations and uNGAL/c were not significantly increased dogs with endotoxemia
compared to normal dogs, but sNGAL concentrations were increased. A proposed
function for NGAL is as an acute phase protein, enhancing innate immunity as a response
to acute inflammation and infection (Lögdberg and Wester, 2000) where NGAL is
released from neutrophils, sequestering iron from bacteria (Goetz et al, 2002). NGAL is
elevated in serum and plasma following acute inflammation in people (Xu et al, 1995).
Elevations in plasma NGAL concentration have been identified in humans with systemic
inflammatory response syndrome, severe sepsis, and septic shock with no significant
difference in those patients with or without concurrent AKI. In contrast, uNGAL levels
were not elevated in septic patients without AKI, serving as a better marker than plasma
NGAL for AKI (Mårtensson et al, 2010). A recent study showed that the presence of
local inflammation can also influence NGAL concentrations. Both uNGAL
concentrations and uNGAL/c were significantly elevated in non-azotemic dogs with a
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urinary tract infection26. It appears that both local and systemic inflammation can cause
effects on NGAL concentrations, and these effects should be further studied to determine
the specificity of NGAL concentrations as a marker of kidney disease.
In this study, sNGAL was significantly elevated in dogs with induced endotoxemia,
lymphosarcoma, and carcinomas compared to that of normal dogs, suggesting that
sNGAL may not be as specific as uNGAL/c for detecting kidney disease. The sources of
uNGAL and sNGAL are not completely understood. sNGAL may represent systemically
derived NGAL that is filtered at the glomerulus, and is normally reabsorbed in the
proximal tubule cells via megalin-mediated endocytosis (Schmidt-Ott et al, 2007).
Sources of serum NGAL can be from systemic bacterial infections, secondary to an acute
phase response or from renal tubular injury (Schmidt-Ott et al, 2007). uNGAL
concentration may be reflective of local renal synthesis or inability to reabsorb the
filtered load (Mori et al, 2005; Soni et al, 2010). Therefore, increases in uNGAL may be
more associated with kidney injury than increases in sNGAL. In the present study,
uNGAL was significantly different between dogs with induced endotoxemia and those
with CKD. As well, uNGAL/c was significantly different in dogs with lymphosarcoma
versus those with CKD as well as dogs with induced endotoxemia versus those with
CKD. Given these elevations in sNGAL compared to uNGAL and uNGAL/c in some
non-renal diseases, sNGAL is considered to have reduced specificity for kidney disease
compared to uNGAL and uNGAL/c is preferred.
Except for the discordance between uNGAL and uNGAL/c in dogs with
lymphosarcoma, the measurement of uNGAL/c was not superior to uNGAL in this study.
Random urine samples will have variable osmolality, thus adjusting by urinary creatinine
should reduce the variation in NGAL measurement (Helmersson-Karlqvist, et al, 2013).
This rationale assumes a steady state urine creatinine excretion or that NGAL excretion
has a linear relationship with urine creatinine excretion across individuals, an assumption
that perhaps cannot be made in individuals with kidney disease (Waikar et al, 2010).
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Human studies have shown variable calculated biological variation for both uNGAL and
uNGAL/c (Delanaye et al, 2011; Helmersson-Karlqvist et al, 2013). Given the variability
in creatinine excretion and GFR, further studies are needed to characterize the effect of
normalization of creatinine on NGAL and other biomarker measurements.
This study had several limitations. The number of dogs with CKD, carcinomas,
lymphosarcoma, and induced endotoxemia were small. Additionally, while attempting to
replicate the pathogenesis of sepsis, there are limitations to a model versus natural
infection and the results may not pertain to all dogs with naturally occurring sepsis.
However, LPS administration has been validated in dogs as a model for sepsis and
systemic inflammation (Schultz and Van der Poll, 2002). Furthermore, there was no
significant difference in sNGAL and uNGAL before and after LPS administration, with
no significant difference between the normal dogs and those prior to LPS administration,
but a significant difference in sNGAL between normal dogs and those administered LPS.
This discrepancy may reflect the small sample size of dogs with induced endotoxemia
and the variability within NGAL values. Additionally, bacterial urine cultures were not
performed on all dogs in the study to rule out potential confounding effects of urinary
tract infections. However, clinical signs and urinalyses did not indicate presence of a
urinary tract infection in any of the study dogs.
In this study, uNGAL was significantly elevated in dogs with CKD,
lymphosarcoma and carcinomas compared to normal dogs and dogs with induced
endotoxemia. However the degree of uNGAL elevation was greatest in dogs with CKD
compared to those with neoplasia. A dog with a value of uNGAL of > 5.6 ng/ml is 42
more times as likely to have CKD as not. However, elevations of uNGAL concentrations
at lesser magnitudes appear to be influenced by a variety of other diseases. Further
studies or larger groups of dogs will be required to establish appropriate cutoff values and
the diagnostic sensitivity and specificity of this biomarker for CKD.
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CHAPTER 5:
SUMMARY AND CONCLUSIONS
Several biomarkers have been investigated for the diagnosis of acute and chronic
kidney diseases in humans. The impetus to investigate these markers is to improve
diagnostic sensitivity and specificity that is lacking with measurement of serum
creatinine concentration. Chapter one reviewed these biomarkers including human,
canine and felines studies. NGAL is one of these markers extensively reviewed in people
with kidney disease.
The purpose of this investigation was to evaluate levels of sNGAL and uNGAL as
well as uNGAL/c in dogs with CKD, and to determine whether NGAL was specific for
diagnosing CKD. In this study, sNGAL, uNGAL and uNGAL/c were all significantly
elevated in dogs with CKD compared to normal dogs and all correlated with serum
creatinine concentration. There was no progression of CKD in terms of serum creatinine
concentrations, GFR or all NGAL values in this study. The 6 month time period of
monitoring may not have been long enough to allow for measurable progression of
disease in this population of dogs with mostly early stage CKD. sNGAL and uNGAL did
not consistently correlate with GFR and this may be attributed to the small sample size of
dogs with CKD. In a previous study, uNGAL/c correlated with serum creatinine
concentration and GFR in a group of dogs with CKD secondary to X-linked hereditary
nephropathy (Nabity et al, 2012).
While NGAL is increased in humans with acute and chronic kidney disease, it is
elevated in other disease processes such as malignancy, infection and inflammation. As
such, this investigation assessed whether NGAL values were elevated in canine
malignancy (lymphosarcoma and carcinomas) and induced endotoxemia (as a model for
inflammatory and infectious conditions). In this study, sNGAL was significantly elevated
in dogs with induced endotoxemia, lymphosarcoma, carcinomas and CKD compared to
normal dogs. However, the magnitude of sNGAL elevation was highest in CKD dogs
compared to the other groups. uNGAL was significantly elevated in dogs with
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lymphosarcoma, carcinoma and CKD, but not dogs with induced endotoxemia, compared
to normal dogs. Again, the concentration of uNGAL was highest for CKD dogs. In
addition, uNGAL/c was only elevated in dog with carcinomas and CKD with the latter
having the highest results.
sNGAL may be derived from the systemic pool of neutrophils and may be less
reflective of local induction in the renal tubules, accounting for its lack of specificity to
CKD. Other studies in dogs have evaluated uNGAL/c in kidney disease (Nabity et al,
2012) and urinary tract infections,27 but not sNGAL. In humans with AKI, uNGAL as
well as sNGAL and plasma NGAL measurements are used diagnostically with similar
results (Haase et al, 2009). In the present study, sNGAL measurement lacked specificity
in the diagnosis of CKD. These results of the present study indicate that uNGAL is more
specific for CKD than sNGAL, but that other disease processes, especially carcinomas,
also cause elevations, albeit not as high. For this study, when comparing uNGAL to
uNGAL/c, results were similar except that dogs with lymphosarcoma had a uNGAL/c
that was significantly higher than that of normal dogs, but not significantly different from
dogs with CKD. Further studies comparing the results of uNGAL to uNGAL/c may be
warranted as there are limitations to both measurements and increased cost associated
with normalizing for creatinine. Another aspect of the utility of a biomarker is the cost
and feasibility. The research ELISA for dog NGAL costs approximately $25 per sample
for the assay alone. In human medicine, point of care assays for urine and blood are more
feasible; the approximate cost is $10 (Glassford et al, 2011). However, point-of-care
assays are not available for veterinary medicine at this time, making NGAL not a
practical clinical consideration at this point in time.
Lymphosarcoma was selected as a malignancy to assess as it is common
malignancy in dogs. Dogs with carcinomas were chosen as there is evidence in human
studies that NGAL is elevated various carcinomas in people, which can be detected by an
ELISA for NGAL/MMP-9 complexes, immunohistochemistry, Western blotting, a
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$)!Daure et al Evaluation of neutrophil gelatinase-associated lipocalin (NGAL) as a biomarker of
urinary tract infection in non-azotemic dogs. Abstract presented at ACVIM, Seattle, WA, 2013.!
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plasma NGAL ELISA, and a sNGAL ELISA. The limited sample size of dogs with
carcinomas did not enable us to separate dogs by tumour tissue of origin and to assess if
NGAL concentrations were variably affected by different carcinomas. Dogs with primary
renal carcinoma or renal lymphosarcoma were not included in the study, due to the
potential local effects of the malignancy inducing kidney injury and influencing NGAL
levels. Furthermore, NGAL expression in neoplastic tissue was not assessed by means of
immunohistochemistry, nor were urinary NGAL/MMP-9 complexes measured in this
study. Future considerations could include measuring NGAL expression in dogs with
various

carcinomas

by

means

of

serum

and

urine

ELISA

methods,

immunohistochemistry and measurement of NGAL/MMP-9 complexes. These may be
valuable ancillary tests to aid in the diagnosis of carcinoma in dogs, and may also provide
useful monitoring and prognostic information.
While sNGAL and uNGAL identified dogs with CKD compared to normal dogs,
this study identified that other diseases in dogs also cause elevations in NGAL. There
may be other disease processes that limit the specificity of NGAL that have yet to be
assessed in dogs. There are other disease conditions for which NGAL has been evaluated
in people. In cardiovascular disease, elevated plasma NGAL levels are associated with
atherosclerosis and elevated serum levels of NGAL are found in people with coronary
artery disease (Elneihoum et al, 1996). Plasma NGAL is elevated in the blood of people
with chronic myeloid leukemia (Leng et al, 2008). Other possible roles of NGAL include
a regulatory effect of NGAL on erythrocyte development (Miharada et al, 2008). Future
studies could assess whether NGAL is elevated in these other disease processes in dogs.
This study demonstrated that NGAL is elevated in dogs with CKD, but is also
elevated in dogs with neoplasia (sNGAL and uNGAL) and induced endotoxemia
(sNGAL only). However, dogs with CKD had an elevation in serum and urine NGAL
levels that was of higher magnitude than those elevations associated with non-renal
diseases. A dog with a value of uNGAL of > 5.6 ng/ml is 42 more times as likely to have
CKD as not, whereas a dog with a value of uNGAL of > 2.5 ng/ml is 65 more times as
likely to have carcinoma versus not. At higher values, uNGAL is most likely indicative of
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kidney disease. Measuring uNGAL, in combination with serum creatinine concentration
and urine specific gravity could aid in the diagnosis of CKD. Furthermore, another study
in dogs showed that uNGAL/c is elevated prior to increases in serum creatinine
concentration, (Nabity et al, 2012) indicating that it is more sensitive in identifying CKD
than serum creatinine concentration. Thus, NGAL may be useful in helping to identify
dogs with IRIS Stage I CKD, to assess for renal etiology in patients that are polyuric and
polydipsic, and identify patients at risk of hereditary nephropathies.
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Appendix 1: Data for normal dogs, n=42.
Patient
number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr
(mmol/L)

sNGAL
(ng/mL)

uNGAL
(ug/mL)

uNGAL/c
(µg/mmol)

0.1

Systolic
blood
pressure
(mm Hg)
n/a

1

238235

8

MN

18.0

77

7.3

1.046

2

257050

2

MN

31.0

103

6.1

3

600628

2

MN

Border
Collie
Golden
Retreiver
Bernese

20.5

3.80

0.70

0.034

1.045

0

n/a

39.3

7.00

0.80

0.020

47.2

98

5.6

1.045

0.1

141

25.3

3.35

2.46

0.097

4

257172

5.5

MN

Hound x

20.0

79

5.1

1.038

0.1

n/a

20.7

5.88

0.40

0.019

5

600635

2

MN

Poodle

10.7

97

5.1

1.029

0.1

138

9.6

22.01

0.40

0.042

6
7
8

600714
600630
259493

1
2.5
4.5

FS
FS
MN

Mixed
Doberman
Labrador
Retreiver

18.6
31.8
27.8

78
97
114

5.7
5.1
4.5

1.041
1.042
1.038

0
0
0.1

122
130
118

20.7
23.6
18.8

20.40
7.73
14.35

0.40
1.31
1.04

0.019
0.063
0.057

9
10

260946
601045

4.5
1.5

FS
FS

Mixed
Laborador
retriever
Labrador
Retreiver

20.5
31.8

79
117

7.1
7.4

1.049
1.053

0.1
0

144
143

21.7
29.2

11.74
15.74

5.66
0.40

0.261
0.014

11

600890

3

MN

29.5

96

3.6

1.041

0.2

138

5.8

15.15

0.54

0.093

12
13

260241
601171

5
4.5

MN
MN

Mixed
Border
Collie
German
Shepherd

35.0
19.0

71
98

5.5
5.4

1.043
1.041

0.1
0

121
109

24.5
27.5

4.77
12.88

0.75
1.17

0.031
0.043

14

601322

3.5

MN

41.0

94

6.9

1.044

0.1

21.1

35.28

1.01

0.048
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Appendix 1 continued:!
Patient
number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr
(mmol/L)

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

0

Systolic
blood
pressure
(mm Hg)
157

15

601385

2

MN

30.0

79

7.1

1.045

16
17

259512
601386

4
3

FS
MN

23.6
25.5

143
83

5.9
6.1

18

601466

3

MN

6.0

95

19
20
21
22

601465
250751
601949
258881

5
4
1
2

MN
FS
MN
MN

7.5
9.5
38.3
6.3

23
24

252132
602102

4
3

MN
MN

25

247079

8.5

MN

26
27
28

603204
603206
250043

4
6
4

FS
MN
MN

German
shorthaired
pointer
Labrador x
Siberian
Husky
Jack
Russell
terrier x
Pug
Pug x
Mixed
Miniature
Schnauzer
Pug
Bassett
Hound
Nova
Scotia
Duck
Tolling
Retriever
Mixed
Mixed
Labrador x

19.6

5.44

0.43

0.022

1.042
1.041

0
0

142
148

35.8
15.5

5.95
5.92

0.40
0.87

0.011
0.056

4.9

1.032

0

150

16.7

14.57

0.40

0.024

102
95
89
86

6.5
7.3
5.5
5.6

1.046
1.048
1.052
1.048

0
0.1
n/a
0.1

140
138
n/a
135

25.0
27.8
32.2
28.2

4.41
8.28
12.0
4.96

1.30
0.74
0.55
1.84

0.052
0.026
0.017
0.220

12.0
23.0

70
66

4.2
3.7

1.038
1.037

0.1
0.1

110
140

21.3
10.7

4.82
4.45

0.71
0.40

0.036
0.037

19.2

89

6.1

1.035

0

140

20.8

4.04

0.40

0.019

31.2
21.3
26.7

111
116
61

7.5
6.4
5.5

1.050
1.049
1.030

0
0.1
0.1

135
139
146

33.9
25.2
13.2

2.88
11.45
11.24

0.43
12.88
1.27

0.013
0.511
0.960

29

259580

2

FS

Labrador

27.0

115

7.5

1.051

0.1

130

11.4

9.48

3.94

0.350

30

603346

2

FS

Labrador x

24.0

117

8

1.055

0.1

146

19.3

4.10

0.55

0.029

31

603259

5

FS

Mixed

13.0

96

5.8

1.035

0.1

145

16.2

5.64

0.42

0.026
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Appendix 1 continued:!
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Patient
number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr
(mmol/L)

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

0

Systolic
blood
pressure
(mm Hg)
139

32

264492

5

F

Laborador

27.0

117

8

1.048

27.9

10.12

0.12

0.044

33

603292

2

MN

Poodle

19.5

81

7.1

1.048

0.1

134

17.0

7.78

0.589

0.035

34
35
36
37
38
39
40
41
42

603030
603331
608699
7889
7867
7835
7746
7863
7893

2
2
3
1.25
1.5
2.25
2.25
1.5
1.25

F
MN
MN
F
F
FS
FS
FS
F

Labrador x
Mixed
Great Dane
Beagle
Beagle
Beagle
Beagle
Beagle
Beagle

14.9
23.7
61.6
8.4
9.4
8.9
9.5
10.0
8.6

90
87
127
46
73
63
76
72
61

4
6.1
6.9
6.4
7.9
8.4
4.7
6.1
6.9

1.045
1.050
1.046
1.046
1.031
1.032
1.041
1.043
1.035

0
0
0
0.2
0.1
0.1
0.1
0.1
0.1

126
125
n/a
134
143
141
116
157
140

31.3
29.2
36.9
13.6
10.7
9.1
32.5
14.7
10.4

16.84
3.84
5.32
6.99
12.08
16.08
8.37
7.87
5.29

0.40
0.40
0.40
2.01
0.63
0.40
0.40
0.40
0.76

0.013
0.014
0.010
0.150
0.059
0.044
0.012
0.027
0.073

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio
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Appendix 2a: Data for chronic kidney disease (CKD) dogs at time 0, n=11.
Patient
Number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr
(umol/L)

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

7.3

Systolic
blood
pressure
(mm Hg)
153

43

264360

5.5

MC

33.0

238

10.1

1.01

0.3

44

263429

6

FS

39.6

147

13.0

1.031

45
46

263291
259918

6
13.5

FS
MN

32.0
6.7

280
116

17.3
31.7

47
48

600080
603723

10.5
9.7

FS
FS

33.0
5.9

297
291

49
50
51
52
53

236266
600045
606227
606362
262628

9.7
1.35
3
10.5
5.5

FS
M
FS
MN
M

Labrador
Retreiver
German
Shepherd dog
Mixed
Italian
Greyhound
Bouvier
West
Highland
White Terrier
Bouvier
Cockapoo
Akita
Dachshund
Bullmastiff

24.79

2.16

0.30

0.1

11

115

14.17

1.35

0.12

1.015
1.019

0.2
5.4

7.2
6.6

173
150

40.00
7.46

61.8
16.84

8.60
2.60

32.0
22.1

1.016
1.018

3.9
2.9

5.1
10.7

137
200

61.30
27.93

78.33
82.14

15.50
7.70

33.0
8.5
33.0
5.0
64.0

200
175
271
186
348

7.0
13.7
16.3
23.6
23.2

1.01
1.008
1.014
1.015
1.014

0
3.3
0.5
1.6
1.5

8.4
2.6
6.6
4.6
6.8

124
130
183
138
149

13.62
32.65
15.29
40.00
28.06

0.77
13.76
26.0
59.73
66.63

0.09
5.30
3.90
12.9
9.80

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio!
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Appendix 2b: Data for chronic kidney disease (CKD) dogs at time 3 months, n=9.

Patient
number

Hospital
number

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr (mmol/L)

43
44
45
46
49
50
51
52
53

264360
263429
263291
259918
236266
600045
606227
606362
262628

255
137
251
161
200
175
200
161
475

10.2
7.4
15.1
37.6
7.0
13.7
19.0
20.5
34.4

1.009
1.030
1.014
1.018
1.010
1.008
1.011
1.012
1.013

0.2
0.2
0.2
6.7
0
3.3
0.3
0.9
1.6

5.9
6.5
6.9
5.3
10.3
3.2
5.1
3.6
5.5

Systolic
blood
pressure
(mm Hg)
157
170
147
n/a
125
131
160
170
150

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

27.65
9.53
45.34
13.41
11.46
51.63
16.46
63.15
21.94

2.52
2.00
74.17
39.16
13.40
24.04
22.36
67.37
53.64

0.40
0.30
10.70
7.40
1.30
7.50
4.40
18.70
9.80

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio!
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Appendix 2c: Data for chronic kidney disease (CKD) dogs at time 6 months, n=9.

Patient
number

Hospital
number

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr (mmol/L)

43
44
45
46
49
50
51
52
53

264360
263429
263291
259918
236266
600045
606227
606362
262628

211
140
277
106
216
342
356
167
497

8.2
13.3
17.1
26.5
8.1
25.6
16.2
17.1
25.9

1.007
1.036
1.014
1.014
1.017
1.009
1.009
1.015
1.010

0.1
0.1
0.3
5.8
0
1.8
0.6
0.8
0.8

5.8
15.6
7.6
5.8
13.4
3.3
5.7
5.5
8.5

Systolic
blood
pressure
(mm Hg)
142
149
160
150
145
150
220
165
147

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

42.88
11.55
56.73
14.93
18.17
34.76
n/a
71.82
21.94

2.89
4.92
86.27
12.04
0.95
36.41
30.86
67.39
48.09

0.50
0.32
11.40
2.08
0.07
11.00
5.40
12.20
5.70

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio!
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Appendix 3: Data for dogs with multicentric lymphosarcoma, n=21.
Patient
number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

uCr
(mmol/L)

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

54

250153

10.3

MC

31.5

53

2.2

1.030

10.5

n/a

9.06

0.863

55
56

604732
605929

6.5
10

FS
MC

33.0
36.0

75
77

8.6
5.3

n/a
1.041

5.3
24.4

6.20
17.70

0.40
1.28

0.075
0.053

57

606107

8

MC

46.0

59

2.4

1.025

18.3

23.00

7.57

0.410

58

607172

9.5

FS

24.7

80

4.0

1.053

38.9

24.50

80.0

2.060

59

608426

3.4

MC

16.0

97

10.3

1.021

13.5

7.34

7.34

0.540

60
61

608415
252843

5.1
11.5

M
M

24.0
52.9

170
85

9.8
7.2

1.012
1.051

4.6
27.5

9.58
10.40

0.85
16.50

0.180
0.600

62
63

607492
253660

5.5
9.5

MC
FS

17.7

61
59

4.7
2.8

1.029
1.008

10.3
13.4

70.50
4.38

9.03
6.90

0.880
0.520

64

606384

6

MC

27.5

67

4.9

1.022

10.5

19.20

0.90

0.086

65

608686

9

MC

38.6

80

3.4

1.015

8.2

10.26

2.02

0.250

67

610373

4.5

FS

24.2

72

7.5

1.048

27.4

36.35

4.60

0.170

68
69

610064
610719

7.5
9.5

MC
MC

33.2
20.6

78
81

6.0
4.2

1.007
1.034

2.4
20.1

31.42
23.74

4.00
53.30

0.170
0.270

70

602820

3

FS

17.4

83

3.6

n/a

n/a

7.33

n/a

n/a

71

611152

2

MC

Portuguese
Water dog
Mixed
Flat coated
Retriever
Golden
Retreiever
Border
Collie
Shetland
Sheepdog
Boxer
Doberman
Pinscher
Beagle
Shetland
Sheepdog
Golden
Retreiver
German
Shepherd
dog
Golden
Retreiver
Boxer
Border
Collie
Welsh
Springer
Spaniel
Mixed

23.3

103

4.7

1.006

1.7

5.48

0.40

0.240
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Appendix 3 continued:
!
Patient
number

Hospital
number

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

uCr
(mmol/L)

sNGAL
(ng/mL)

uNGAL
(ng/mL)

uNGAL/c
(µg/mmol)

72

611245

1.25

MC

5.5

60

3.4

n/a

10.1

6.24

25.48

2.52

73
74
75

611261
610751
611624

3.5
6.5
13

M
FS
M

Coton du
Tulier
Doberman
Labrador
Golden
Retreiever

41.0
28.0
32.2

39
64
87

7.7
4.7
8.2

1.050
1.045
1.027

10.5
28.7
10.1

14.05
27.19
40.00

40.00
31.85
40.00

3.81
1.10
3.96

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio!
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Appendix 4: Data for dogs with carcinomas, n=12.
Patient
number
76

Hospital
number
608046

Age
(y)
5

Sex

Breed

Diagnosis

M

Boxer

77

261947

11

FS

Husky

78

608259

11

MC

79

606631

13

FS

Shetland
Sheepdog
Irish Setter

Hepatic
carcinoma
Hepatic
carcinoma
TCC

80

608632

10

MC

81

608634

13

FS

Golden
Retreiver
Boxer

82

611604

10

FS

Beagle

83

611720

11

FS

Chihuahua

84

611600

6.3

FS

Airedale
Terrier

85

611620

9.5

MC

86

611821

9.8

MC

West
Highland
White
Terrier
Mixed

87

611709

13

MC

West
Highland
White
Terrier

Weight
(kg)
38.0

sCr
(µmol/L)
73

Urea
(mmol/L)
8.3

USG
1.068

uCr
(mmol/L)
13.6

sNGAL
(ng/mL)
9.75

uNGAL
(ng/mL)
80.0

uNGAL/c
(µg/mmol)
5.88

31.5

87

3.6

1.021

8.1

26.6

80.0

9.88

16.8

51

2.7

1.013

4.5

53.6

47.2

10.50

Anaplastic
carcinoma
(urethra)
Nasal
carcinoma
Hepatic
carcinoma
Thyroid
carcinoma
Maxillary
SCC
Mammary
adenocarcinoma
TCC

19.9

104

9.3

1.039

22.1

80

80.0

3.61

40.0

46

2.8

1.020

5.4

13.7

0.66

0.12

n/a

53

2.9

1.013

3.4

32.7

28.10

8.27

9.2

56

4.6

1.027

10.4

7.13

8.18

0.79

5.7

56

5.6

1.021

8.4

6.60

4.79

0.57

24.5

71

3.2

1.037

11.0

4.08

0.78

0.07

11.2

69

3.8

1.014

5.1

9.89

2.54

0.50

TCC

42.2

78

5.8

1.031

15.7

26.8

25.2

0.16

TCC

8.7

31

6.3

1.038

4.5

4.88

14.0

3.10

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio; TCC, transitional cell carcinoma; SCC, squamous cell carcinoma.
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Appendix 5: Data for dogs with lipopolysaccharide-induced endotoxemia, n=16.
Patient
number

ID #

Age
(years)

Sex

Breed

Weight
(kg)

sCr
(µmol/L)

Urea
(mmol/L)

USG

UPC

uCr
(mmol/L)

0.2

Systolic
blood
pressure
(mm Hg)
134

37

7889

1.25

F

Beagle

8.4

46

6.4

1.046

38

7867

1.5

F

Beagle

9.4

73

7.9

88

7835

1.5

F

Beagle

8.6

70

7.2

1.031

0.1

143

10.7

1.056

0.1

165

28.2

39
89

7835
7872

2.25
1.5

FS
FS

Beagle
Beagle

8.9
10.7

63
78

8.4
7.3

1.032
1.036

0.1
0.1

141
155

9.1
22.8

90

7871

1.5

FS

Beagle

8.6

80

9.2

1.053

0.1

162

35.2

91

7890

1.25

F

Beagle

40

7746

2.25

FS

Beagle

9.4

43

2.9

n/a

n/a

153

n/a

9.5

76

4.7

1.041

0.1

116

32.5

41

7863

1.5

FS

Beagle

10.0

72

6.1

1.043

0.1

157

14.7

92

7891

1.25

F

Beagle

8.8

66

7.8

n/a

n/a

164

n/a

93

7859

94

7861

5

FS

Beagle

8.8

64

10.8

1.037

0.1

135

9.9

1.25

FS

Beagle

11.0

82

8.0

1.033

0.1

176

10.0

95

7856

2

FS

Beagle

7.8

56

6.9

n/a

n/a

137

n/a

96

7839

2.75

FS

Beagle

9.8

79

7.3

n/a

n/a

122

n/a

42

7893

1.25

F

Beagle

8.6

61

6.9

1.035

0.1

140

10.4

13.6

!
Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio!
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Appendix 5 continued: Data for dogs with lipopolysaccharide-induced endotoxemia, n=16.
!
!
Patient
number

ID #

sNGAL pre LPS
(ng/mL)

sNGAL post LPS
(ng/mL)

uNGAL pre LPS
(ng/mL)

uNGAL post LPS
(ng/mL)

37
38
88
39
89
90
91
40
41
92
93
94
95
96
42

7889
7867
7835
7835
7872
7871
7890
7746
7863
7891
7859
7861
7856
7839
7893

6.99
12.08
13.72
16.08
7.78
8.84
12.73
8.37
7.87
19.08
10.75
16.61
5.74
24.89
5.29

18.0
12.1
11.86
13.39
9.39
7.30
17.47
10.3
7.66
23.86
11.16
9.34
6.20
24.02
6.04

2.01
0.63
4.53
0.40
0.53
n/a
0.61
0.40
0.40
3.69
0.40
0.40
0.53
0.40
0.76

0.40
1.80
0.58
0.40
n/a
n/a
5.27
n/a
n/a
10.06
0.40
0.93
0.43
n/a
0.51

uNGAL/c pre
LPS
(µg/mmol)
0.150
0.059
0.160
0.044
0.023
n/a
n/a
0.102
0.027
0.040
0.040
n/a
n/a
0.073

uNGAL/c
post LPS
(µg/mmol)
0.029
0.170
0.020
0.044
n/a
n/a
n/a
n/a
n/a
n/a
0.040
0.093
n/a
n/a
0.049

Legend: sCr, serum creatinine concentration; USG, urine specific gravity; UPC, urine protein:creatinine ratio; uCr, urine creatinine
concentration; sNGAL, serum NGAL concentration; uNGAL, urine NGAL concentration; uNGAL/c, urine NGAL concentration to
urine creatinine ratio
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Appendix 6: Data for glomerular filtration rate (GFR) for dogs with chronic kidney disease (CKD) at time 0 and 6 months,
n=11
Patient number

Hospital number
264360
263429

GFR at 0 months
(ml/min/kg)
0.71
1.27

GFR at 6 months
(ml/min/kg)
0.31
0.94

43
44
45

263291

0.13

0.50

46

259918

0.70

1.28

47
48

600080
603723

0.77
0.41

0.46
n/a

49
50
51

236266
600045
606227

0.22
0.20
0.78

n/a
0.69
0.71

52
53

606362
262628

0.27
0.61

0.54
0.27
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