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Abstract
Urinary nephrin is a potential non-invasive biomarker of disease. To date, however, most studies of urinary nephrin have been

conducted in animal models of diabetic nephropathy, and correlations between urinary nephrin-to-creatinine ratio and other

parameters have yet to be evaluated in animal models or patients of kidney disease with podocyte dysfunction. We hypothesized

that urinary nephrin-to-creatinine ratio can be up-regulated and is negatively correlated with renal nephrin mRNA levels in animal

models of kidney disease, and that increased urinary nephrin-to-creatinine ratio levels are attenuated following administration of

glucocorticoids. In the present study, renal nephrin mRNA, urinary nephrin-to-creatinine ratio, urinary protein-to-creatinine ratio,

and creatinine clearance ratio were measured in animal models of adriamycin nephropathy, puromycin aminonucleoside nephro-

pathy, anti-glomerular basement membrane glomerulonephritis, and 5/6 nephrectomy. The effects of prednisolone on urinary

nephrin-to-creatinine ratio and other parameters in puromycin aminonucleoside (single injection) nephropathy rats were also

investigated. In all models tested, urinary nephrin-to-creatinine ratio and urinary protein-to-creatinine ratio increased, while

renal nephrin mRNA and creatinine clearance ratio decreased. Urinary nephrin-to-creatinine ratio exhibited a significant negative

correlation with renal nephrin mRNA in almost all models, as well as a significant positive correlation with urinary protein-to-

creatinine ratio and a significant negative correlation with creatinine clearance ratio. Urinary protein-to-creatinine ratio exhibited a

significant negative correlation with renal nephrin mRNA. Following the administration of prednisolone to puromycin aminonucleo-

side (single injection) nephropathy rats, urinary nephrin-to-creatinine ratio was significantly suppressed and exhibited a significant

positive correlation with urinary protein-to-creatinine ratio. In addition, the decrease in number of glomerular Wilms tumor antigen-

1-positive cells was attenuated, and urinary nephrin-to-creatinine ratio exhibited a significant negative correlation in these cells. In

conclusion, these results suggest that urinary nephrin-to-creatinine ratio level is a useful and reliable biomarker for predicting the

amelioration of podocyte dysfunction by candidate drugs in various kidney disease models with podocyte dysfunction. This

suggestion will also be validated in a clinical setting in future studies.
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Introduction

Podocytes comprise a triple-layer structure with vascular
endothelial cell and the glomerular basement membrane
in renal glomerulus, forming a critical barrier for the filtra-
tion of large molecules such as proteins from blood into
urine. Dysfunction of podocyte can, therefore, lead to pro-
teinuria.1 Nephrin is a key structural molecule of the podo-
cyte slit diaphragm that maintains podocyte function via
cross talk with the actin cytoskeleton.2–5 In addition,
nephrin is also a hub molecule that binds several important

molecules in podocytes, such as podocin, CD2AP,
b-arrestin2, and Fyn, and transmits variable signals to
podocytes via mechanisms such as phosphorylation.6–10

Further, podocyte dysfunction might be correlated with
the number of urinary podocytes, and the alteration of
nephrin expression in renal tissue might be related to
renal dysfunction, particularly decreases in estimated glom-
erular filtration ratio (eGFR).11 For example, as with podo-
cyte presence, the presence of nephrin in urine may indicate
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damaged podocytes, as nephrin is intimately involved in
podocyte dysfunction and is expressed on podocytes.12

Given the above, developing drugs capable of ameliorating
or preventing podocyte dysfunction is extremely important.
However, before administering such drugs to human
patients, their efficacy must be tested in vivo in various
animal models of kidney disease. These tests evaluate not
only general parameters such as proteinuria and renal func-
tion but also non-invasive biomarkers that reflect the degree
of podocyte dysfunction. Therefore, urinary nephrin may
be suitable as a biomarker candidate not only in animal
models but in human patients as well.

A decrease in renal nephrin levels and a subsequent
increase in urinary levels have been hypothesized to
occur when damaged renal podocytes leak into urine.13

As such, demonstrating a negative correlation between
urinary nephrin-to-creatinine ratio (uNCR) and renal
nephrin mRNA (rNRNA) and analyzing correlations with
urinary protein-to-creatinine ratio (uPCR) or creatinine
clearance ratio (Ccr) may be useful in clarifying the import-
ance of uNCR as a biomarker. To our knowledge, however,
animal studies of uNCR have mainly focused on diabetic
nephropathy, while those in humans have focused on vari-
ous kidney diseases,10,14–19 with no reports published
regarding correlations between uNCR and rNRNA.
Comprehensively testing correlations between parameters
using various kidney disease models with podocyte dys-
function may, therefore, be useful as biomarkers for
human patients in addition to animal models. In the present
study, to demonstrate the importance of uNCR as a bio-
marker, we investigated the following animal models with
podocyte dysfunction: adriamycin (ADR) nephropathy,
puromycin aminonucleoside (PAN) nephropathy, anti-
glomerular basement membrane glomerulonephritis (anti-
GBM GN), and 5/6 nephrectomized (5/6 Nx) animals.20–29

Glucocorticoids are widely used to treat patients with
glomerulonephritis or nephrotic syndrome. In pre-clinical
studies, a single dose of glucocorticoids was reported to
attenuate proteinuria in PAN nephropathy rats,30,31 but
whether or not they suppressed uNCR in both humans
and animals, including the PAN nephropathy rat model,
has not been examined. However, the protections of podo-
cytes by glucocorticoids in vitro and in vivo were recently
reported.32,33

We demonstrate here the application of a useful and reli-
able biomarker for predicting the amelioration of podocyte
dysfunction by candidate drugs to test our hypothesis that
uNCR can be up-regulated and exhibits a negative correl-
ation with rNRNA in various animal models of kidney dis-
ease with podocyte dysfunction, and that increases in
uNCR might be attenuated by glucocorticoids.

Materials and methods
Ethics statement

Animals were housed under controlled temperature,
humidity, and light (12-h light-dark cycle) and provided a
standard commercial diet and water ad libitum. Animals
were handled in accordance with the Guide for the Care
and Use of Laboratory Animals, and all procedures were

approved by the Animal Ethical Committee of Astellas
Pharma Inc.

ADR nephropathy models in mice and rats

Male Balb/c mice were purchased from Charles River Japan
(Yokohama, Japan). ADR nephropathy was induced at eight
weeks of age (n¼ 13) by single injection of ADR (Sigma,
St. Louis, MO, USA) at 11 to 12 mg/kg body weight in
saline (Kyowa Hakko Kirin, Tokyo, Japan). Other mice
(n¼ 4) received an identical volume of saline and were
used as normal controls. Two weeks after ADR injection,
mice were euthanized by isoflurane inhalation and dis-
sected (Figure 1(a)).

Male Wistar rats were purchased from Charles River
Japan. ADR nephropathy was induced at eight weeks of
age (n¼ 10) by single injection of ADR at 5 mg/kg body
weight in saline. Control rats (n¼ 5) received an identical
volume of saline. Four weeks after ADR injection, rats
were euthanized by isoflurane inhalation and dissected
(Figure 1(b)).

PAN nephropathy model in rats

Male five-week-old Sprague-Dawley rats were purchased
from Japan SLC (Hamamatsu, Japan). PAN nephropathy
(n¼ 6) was induced in rats by an intravenous injection of
PAN (Sigma) at 90 mg/kg body weight in saline (Ohtsuka,
Tokyo, Japan) and at 30 mg/kg at four, five, and six weeks
later. The control group (n¼ 6) received an identical volume
of saline. Eight weeks after the first injection of PAN, rats
were euthanized by isoflurane inhalation and dissected
(Figure 1(c)). For time course analysis, PAN nephropathy
(n¼ 8) was induced in rats via intravenous injection of
PAN (Sigma) at 100 mg/kg body weight in saline and at
33 mg/kg at four, five, and six weeks later. The control
group (n¼ 8) received an identical volume of saline.
uNCR and uPCR were measured every week after the
first injection of PAN, for 10 weeks (Figure 4(a) and (b)).

Anti-glomerular basement membrane
glomerulonephritis model in rats

Male six-week-old WKY rats were purchased from Charles
River Japan. Rats were prepared under isoflurane anesthesia
by the ablation of half of the left kidney followed two weeks
later by intravenous administration of rabbit anti-glomerular
basement membrane serum (IBL, Fujioka, Japan) at a body
weight of approximately 200 g (n¼ 8). Age-matched rats
were used as a normal group (n¼ 4). Six weeks after unilat-
eral semi-nephrectomy, rats were euthanized by isoflurane
inhalation and dissected (Figure 1(d)).

Five-sixth nephrectomized model in rats

Experiments were performed as previously described.34

Briefly, male Wistar rats were 5/6 nephrectomized
(n¼ 12). Age-matched rats were used as a normal group
(n¼ 6). Under isoflurane anesthesia, 5/6 Nx rats were pre-
pared via ablation of two-thirds of the left kidney, followed
one week later by a right unilateral nephrectomy. Based on
findings from previous investigations, we determined
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this surgical method to be superior to the traditional
method (5/6 nephrectomy was completed in a single day)
in improving individual variations in parameters, includ-
ing urinary protein excretion and mortality rate, without
inducing significant differences in disease state, such as
urine volume or plasma creatinine level (Figure 1(e)).

Administration of prednisolone in PAN (single injection)
nephropathy model in rats

Male five-week-old Sprague-Dawley rats were purchased
from Japan SLC. Groups consisted of normal rats (n¼ 6)
and PAN nephropathy rats administered vehicle (n¼ 6) or
prednisolone (Nacalai Tesque, Kyoto, Japan) at 0.1 mg/kg
(n¼ 6), 0.3 mg/kg (n¼ 6), or 1 mg/kg (n¼ 6). Prednisolone
was administered once daily for two weeks immediately
before PAN injection at 90 mg/kg body weight in saline.
After the final drug administration at Week 2, rats were
euthanized by isoflurane inhalation and dissected
(Figure 1(f)).

Sample processing

Urine samples collected over 24 h in metabolic cages were
centrifuged at 3000–6000� g, and the supernatant was used
to measure nephrin, urinary protein, creatinine, and other
parameters. Blood samples were collected from the abdom-
inal vena cava under isoflurane anesthesia using a 19- to 23-
gauge needle for rats or 23- to 25-gauge needle for mice and
centrifuged at approximately 15,000� g to measure levels of
plasma creatinine and other compounds in the supernatant.
Heparin was used as the anti-coagulation reagent. Kidneys
were weighed after extraction from the body; the upper half
of the renal tissue was immersed in 10% neutral-buffered
formalin for histological evaluation, and the remaining

tissue was frozen in liquid nitrogen and stored at �80�C
until processing for mRNA quantification.

Laboratory measurements

Nephrin levels in urine samples were measured using an
ELISA kit from Exocell Inc. (Philadelphia, PA, USA) in
accordance with the manufacturer’s instructions. The
anti-nephrin antibody included with this kit cross-reacted
with both mouse and rat nephrin. The quantity of urinary
protein in each 24-h urine sample was measured using
pyrogallol red (Wako, Osaka, Japan) and an Automatic
Analyzer 7250 (Hitachi, Tokyo, Japan). Urinary or plasma
creatinine level was measured using Detaminar L-CRE
(Kyowa Medics, Tokyo, Japan) and an Automatic
Analyzer 7250. Urinary nephrin and protein levels were
normalized by correction for urinary creatinine level.
Ccr (mL/min) was calculated as follows: ((urinary creatin-
ine (mg/dL)/plasma creatinine (mg/dL))� (urinary
volume (mL)/24/60 (min)).

Quantification of rNRNA

Total renal RNA was extracted using an RNeasy Mini Kit
(QIAGEN, Hilden, Germany) in accordance with the manu-
facturer’s instructions. Complementary DNA was synthe-
sized using TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA, USA). Real-time
PCR was used to quantify nephrin gene expression. The
following primers were used: 50-CCCAGGTACACAG
AGCACAA-30 and 50-CTCACGCTCACAACCTTCAG-30

for mouse nephrin, and 50-CCGTTTTTGGTCCAA
GTGAAG-30 and 50-CCGTTTTTGGTCCAAGTGAAG-30

for rat nephrin. Reactions were performed using SYBR
Green with an ABI PRISM 7900 Sequence Detection
System (Applied Biosystems). Data were normalized to
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endogenous hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT) or b-actin mRNA control.

Electron microscopy

Samples were cut into 1- to 2-mm blocks and fixed in 2.5%
glutaraldehyde in phosphate-buffered saline (PBS) (4�C,
pH 7.4, 0.1 M) for 24 h. Blocks were rinsed in the same
PBS and then fixed in 2% osmium acid and embedded in
Epon. Ultra-thin sections were cut and observed with a
TEM (H-7600; Hitachi, Tokyo, Japan).

Histological study

Renal tissues fixed in 10% neutral-buffered formalin were
embedded in paraffin, and 2 -mm-thick sections were cut for
morphological study. These sections were stained with
hematoxylin and eosin (H&E) and periodic acid-Schiff
(PAS). All glomeruli and the entire microscopic area of
each specimen were examined.

Wilms tumor antigen-1-positive cells in glomerulus

Mouse anti-Wilms tumor antigen-1 (WT1) antibody
(Nichirei Biosciences, Tokyo, Japan) and Envision system-
HRP labeled polymer (Dako Denmark, Glostrup, Denmark)
were used for immunohistochemistry. The number of WT1-

positive cells per glomerulus was counted for 50 glomeruli,
and then the mean value was calculated.

Statistical analysis

Results are expressed as mean� standard error of the
mean (SEM). Unpaired t test was used to analyze differ-
ences between two groups. Dunnett’s Multiple
Comparison Test was used to compare multiple groups.
All statistical and data analyses were conducted using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA,
USA), with p< 0.05 considered significant.

Results
ADR and PAN nephropathy models in mice and rats

ADR and PAN nephropathy models exhibit histological
features such as focal segmental glomerular sclerosis
(FSGS) and podocyte dysfunction.20–24 uNCR might,
therefore, reflect podocyte dysfunction. In fact, foot pro-
cess effacement, which causes podocyte dysfunction, was
confirmed in ADR nephropathy mice using electron
microscopy (Figure 2(a)). In this model, uNCR tended to
be higher and uPCR was significantly higher than in con-
trol mice, but rNRNA and Ccr were significantly lower
than in control mice (Figure 2(b)). In ADR and PAN
nephropathy rats, uNCR and uPCR were significantly

Figure 2 ADR and PAN nephropathy models. (a) Foot process effacement, which causes podocyte injury, in ADR nephropathy mice was confirmed using electron

microscopy. Magnification� 5000. (b–d) Urinary nephrin-to-creatinine ratio (uNCR), renal nephrin mRNA (rNRNA), urinary protein (uPCR), and creatinine clearance ratio

(Ccr) were compared between normal (empty bar) and disease (black bar) groups of ADR nephropathy mice (b), ADR nephropathy rats (c), and PAN nephropathy rats

(d). Values are mean�S.E.M per group. #p< 0.05, ##p<0.01, ####p< 0.0001 (unpaired t test)
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higher than in control mice, but rNRNA and Ccr were
significantly lower than in control rats (Figure 2(c) and
(d)). Daily urinary nephrin excretion values showed simi-
lar trends to uNCR in all models (Supplementary Figures
A to C).

In ADR nephropathy mice and PAN nephropathy rats,
uNCR exhibited a significant positive correlation with
uPCR, and rNRNA exhibited a significant negative correl-
ation with uNCR and uPCR. Further, uNCR exhibited a
significant negative correlation with Ccr (Figure 3(a) and

(c)). In ADR nephropathy rats, uNCR exhibited a significant
positive correlation with uPCR, and rNRNA exhibited a
significant negative correlation with uNCR and uPCR,
which was similar to findings in ADR nephropathy mice
and PAN nephropathy rats (Figure 3(b)). In contrast, the
correlation between uNCR and Ccr was not analyzed, as
the value of plasma creatinine barely increased (data not
shown).

Figure 4(a) and (b) shows the time course for uNCR
and uPCR in PAN nephropathy rats. Notable, the time
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course of uNCR was almost identical to that of uPCR.
We hope to validate the correlation of the time course
between these two parameters in a population of kidney
disease patients in the future.

Anti-GBM GN model and 5/6 Nx model in rats

Anti-GBM GN is a glomerulonephritis model with podo-
cyte dysfunction.25–27 The model used in the present study,
however, was not only administered rabbit anti-glomerulo-
nephritis serum, but the left kidney was also ablated. In this
novel model of glomerulonephritis, the rest of the kidney
rapidly develops irreversible glomerulosclerosis and dys-
function. The 5/6 Nx model is a CKD model that exhibits
podocyte dysfunction.28,29 Both of these models exhibit glo-
merulosclerosis, tubular injuries, and interstitial fibrosis
(Figure 5(a) and (b)). In both models, uNCR and uPCR
levels were significantly higher than in the control group.
In contrast, rNRNA and Ccr levels in these models were
significantly lower than in the control group (Figure 5(c)
and (d)). Daily urinary nephrin excretion values showed
similar trends to uNCR in all models (Supplementary
Figures D and E).

In anti-GBM GN rats, uNCR exhibited a significant posi-
tive correlation with uPCR, and rNRNA exhibited a signifi-
cant negative correlation with both uNCR and uPCR.
Further, uNCR exhibited a significant negative correlation
with Ccr (Figure 6(a)). In 5/6 Nx rats, uNCR exhibited a
significant positive correlation with uPCR. rNRNA tended
to exhibit a non-significant negative correlation with uNCR,
which might be due to cells of renin lineage supplying
podocytes to the glomeruli in this model.35 rNRNA exhib-
ited a significant negative correlation with uPCR. Further,
uNCR exhibited a significant negative correlation with Ccr
(Figure 6(b)).

Administration of prednisolone to PAN
nephropathy rats

PAN nephropathy rats receiving a single dose of PAN is a
model of minimal change disease (MCD).23,36,37 Although
glucocorticoids attenuate disorders such as proteinuria in
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this rat model,30,31 whether or not these compounds
improve uNCR is unknown. However, the protection of
podocytes by glucocorticoids has been recently reported
in vitro and in vivo.32,33 The effect of glucocorticoids on par-
ameters such as uNCR following prednisolone administra-
tion was, therefore, tested in this rat model. Following
prednisolone administration, uNCR and uPCR both exhib-
ited significant improvement (Figure 7(a) and (b)). uNCR,
therefore, exhibited a significant positive correlation with
uPCR (Figure 7(c)).

Although glomerulosclerosis was not observed in this
model, a proportion of rats exhibited hyaline droplet depos-
ition in podocytes or proliferation of parietal epithelial cells
(Figure 8(a)). Tubular interstitial and these podocyte inju-
ries were improved following prednisolone administration
(Figure 8(a)). The WT1 molecule in the glomerulus is gen-
erally considered a useful marker for podocytes due to its
dominant expression in podocytes.38,39 We, therefore,
hypothesized that the number of WT1-positive cells per
glomerulus (WT1[þ] cells/gl) was negatively correlated
with uNCR. WT1(þ) cells/gl were improved following
prednisolone administration (Figure 8(b)). uNCR exhibited
a significant negative correlation with WT1(þ) cells/gl
(Figure 8(c)).

Discussion

In this study, we comprehensively analyzed the correlations
between rNRNA, uNCR, uPCR, and Ccr using FSGS-like,
glomerulonephritis, and CKD models with podocyte dys-
function. We successfully demonstrated the utility of uNCR
as a biomarker in the examined animal models. Results
validated our hypothesis that uNCR can be up-regulated
and is negatively correlated with rNRNA in these kidney
disease models and that increased uNCR are attenuated
following prednisolone administration.

uNCR levels increased in all kidney disease models
tested (Figures 2 and 5). Previous reports suggested that
podocyte dysfunction occurred in these models.20–29

uNCR also increased in patients suffering from nephrotic
syndrome, glomerulonephritis, diabetic nephropathy, or
preeclampsia, which are human kidney disease equivalents
to kidney disease in the animal models tested in this
study.11,14–18,40 To date, nephrin mRNA in urine samples
from animal models of kidney disease or patients has also
been analyzed.41,42 As a general rule, urinary mRNA is
easily degraded by ribonucleases in urine.43 The majority
of urinary nephrin mRNA might, therefore, exist in podo-
cytes that detach from glomeruli and enter the urine.

Figure 5 Anti-GBM GN and 5/6 Nx models. (a, b) Representative histology for hematoxylin and eosin-stained, or periodic acid-Schiff-stained sections exhibiting

glomerulosclerosis and tubular interstitial injuries in anti-GBM GN (a) and 5/6Nx (b) rats. Scale bar is shown in each photo. (c, d) uNCR, rNRNA, uPCR, and Ccr were

compared between normal (empty bar) and disease (black bar) groups for anti-GBM GN rat (c) and 5/6 Nx rat (d). Values are mean�S.E.M per group. #p<0.05,
##p<0.01, ####p< 0.0001 (unpaired t test). (A color version of this figure is available in the online journal.)
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In the present study, however, uNCR was observed in the
supernatant of urine samples following separation out of
degraded podocytes that had undergone detachment or
apoptosis. Of note, we were able to detect increases in
uNCR in various kidney disease models with podocyte dys-
function, in addition to a diabetic nephropathy model in
which uNCR increases have been reported.40,44,45

In the present study, uNCR was negatively correlated
with rNRNA (Figures 3 and 6). In addition to nephrin,
podocin, podocalyxin, WT1, and synaptopodin are

established podocyte-specific molecules in the glomerulus,
and their presence has been reported in urine samples from
kidney disease models, such as diabetic nephropathy, and
from patients with various diseases in which podocyte dys-
function has been observed.46,47 We selected nephrin as a
sensitive biomarker of podocyte injury due to its role as a
main structural molecule of the podocyte slit diaphragm
and close relation to podocyte function. In contrast,
rNRNA was selected as an indicator of nephrin expression
in glomerulus, as rNRNA expression accompanies earlier
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and more sensitive alterations than renal nephrin protein
(rNP) expression.48 Regarding widely used techniques to
detect rNP, immunofluorescence and Western blotting are
laborious and time-consuming, and ELISA kits do not offer
easy detection. The measurement of rNRNA via quantita-
tive PCR is, therefore, also considered superior to that of
rNP in terms of quantitation. uNCR might exhibit a signifi-
cant negative correlation with rNRNA, as both parameters
were selected from a number of potential candidates. The
alteration of rNRNA expression has also been reportedly
correlated with the degree of podocyte dysfunction.49

uNCR might, therefore, represent a non-invasive biomarker
that reflects the extent of podocyte dysfunction. To our
knowledge, however, this is the first comprehensive ana-
lysis of rNRNA, uNCR, uPCR, and Ccr using various
kidney disease patients with podocyte dysfunction. We
speculate that uNCR utility as a biomarker in human
patients will be validated in future studies.

uNCR was significantly suppressed and exhibited a sig-
nificant positive correlation with uPCR following

prednisolone administration to PAN (single injection)
nephropathy rats (Figure 7(a) and (c)). uNCR might, there-
fore, serve as a useful biomarker for the prediction of a good
response to prednisolone. A single-injection PAN nephro-
pathy model, which is used to test the effect of prednisol-
one, can reflect human MCD. However, histopathological
change in the glomerulus and tubular interstitium was
observed, and the number of WT1(þ) cells/gl was con-
sidered to reflect the decreased number of podocytes in
the glomerulus (Figure 8(a) and (b)). This model was, there-
fore, considered to be in a more severe state than classical
human MCD. uNCR in this model was significantly sup-
pressed following prednisolone administration, suggesting
that this drug might be effective in patients with kidney
disease of equivalent severity to this model. The mechanism
by which prednisolone improves podocyte dysfunction
might involve stabilization of the actin cytoskeleton and
inhibition of apoptosis in podocytes; specifically, prednisol-
one inhibits expression of Notch1 and p53 proteins follow-
ing attenuation of the decrease in miR-30 family proteins
which occurs when podocytes are injured.32

WT1(þ) cells/gl, consisting mainly of podocytes in
glomerulus, is considered to negatively correlate with the
number of urinary podocytes.13 Detection of urinary podo-
cytes without contaminants is possible when rodent urine
in the bladder is used.37 However, measurement of these
cells is considered difficult due to the presence of contam-
inants such as excrement and food in the pooled urine of
rodents. For these reasons, we investigated whether or not
uNCR retained in the supernatant after removal of contam-
inants and cells by centrifugation, instead of the number of
urinary podocytes, correlates to WT1(þ) cells/gl. In the pre-
sent study, uNCR exhibited a significant negative
correlation with WT1(þ) cells/gl (Figure 8(c)) and is, there-
fore, considered to reflect the quantity of nephrin pro-
tein that might be separated from degraded podocytes
suffering from mainly detachment and apoptosis. The pro-
gression of kidney disease, including decreased eGFR,
might be due to the decreased number of glomerular podo-
cytes.50 In these experiments, uNCR exhibited a significant
negative correlation with Ccr (Figures 3 and 6). Podocyte
dysfunction might, therefore, contribute to reduced renal
function.

In the present study, uNCR was up-regulated, and
rNRNA, uNCR, uPCR, and Ccr exhibited a significant cor-
relation with podocyte dysfunction in our comprehensive
analyses using FSGS-like, glomerulonephritis, and CKD
models. Of these correlations, uNCR mostly exhibited a sig-
nificant negative correlation with rNRNA. uNCR was sig-
nificantly attenuated following prednisolone
administration. This strongly suggests that the alteration
of uNCR in these kidney disease models might be a bio-
marker for the prediction of improved podocyte dysfunc-
tion following the administration of drug candidates. It is,
however, a study limitation that we cannot exclude tubular
reuptake or metabolism of nephrin. This needs to be
addressed in future studies before using nephrin as a reli-
able biomarker of podocyte loss.

(a)

(b)

(c)

Figure 7 Administration of prednisolone to PAN (single injection) nephropathy

rats. uNCRs (a) and uPCR (b) are shown per group. Correlation between uNCR

and uPCR (c). Values are mean�S.E.M. per group. ###p< 0.001, ####p<0.0001

versus normal group (Unpaired t test), *p< 0.05, **p<0.01 versus vehicle group

shown with 0 mg/kg prednisolone (Dunnett’s Multiple Comparison Test)
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