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Intra-renal and urinary mRNA expression of podocyte-associated 
molecules for the estimation of glomerular podocyte loss

Podocyte-associated molecules in diabetic nephropathyGang Wang1, Fernand Mac-Moune Lai2, Ka-Bik Lai1, Kai-Ming Chow1, 
Bonnie Ching-Ha Kwan1, Kam-Tao Philip Li1 and Cheuk-Chun Szeto1

1 Department of Medicine and Therapeutics, Prince of Wales Hospital, Chinese University of Hong Kong, Shatin, 
Hong Kong, China
2 Department of Anatomical and Cellular Pathology, Prince of Wales Hospital, Chinese University of Hong Kong, Shatin, 
Hong Kong, China

ABSTRACT

Background: Podocyte loss plays an important role in the pathogenesis of diabetic nephropathy, but counting
the number of glomerular podocyte in renal biopsy specimen is a labor-intensive task. We study whether intra-
renal and urinary messenger RNA expression of podocyte-associated molecules could be used to estimate
glomerular podocyte number in patients with diabetic nephropathy. Method: We studied 21 consecutive
patients with biopsy-proven diabetic nephropathy. The intra-renal and urinary mRNA expression of nephrin,
podocin, and synaptopodin were measured by real-time quantitative polymerase chain reaction. Podocyte
number was determined in micro-dissected glomerulus. The degree of histological scarring was quantified by
morphometric analysis. Results: Glomerular podocyte number correlated with intra-renal expression of neph-
rin (r = 0.510, p = 0.044), podocin (r = 0.605, p = 0.013), and synaptopodin (r = 0.480, p = 0.060). Glomerular
podocyte number also significantly correlated with urinary expression of synaptopodin (r = 0.595, p = 0.019)
but not other targets. Baseline renal function correlated with intra-renal expression of nephrin (r = 0.617,
p = 0.005), synaptopodin (r = 0.474, p = 0.040), and podocin (r = 0.443, p = 0.057). The degree of tubuloint-
erstitial scarring also inversely correlated with intra-renal expression of nephrin (r = −0.462, p = 0.047),
podocin (r = −0.458, p = 0.049), and synaptopodin (r = −0.500, p = 0.029) but not with urinary gene expres-
sion. Conclusion: Intra-renal expression of podocyte-associated molecules correlated with glomerular
podocyte number, renal function, and tubulointerstitial scarring. The results suggest that intra-renal, but not
urinary expression of podocyte-associated molecules, might be used to assess the degree of podocyte loss
in diabetic nephropathy.
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INTRODUCTION

Diabetic nephropathy is one of the leading causes of
end-stage renal disease in western world and has a
trend to spread in developing countries.1,2 The patho-
genesis of diabetic nephropathy is not fully elucidated.
Studies in recent years showed that podocyte plays an
important role in the progression of diabetic nephrop-
athy.3 A number of studies have found an inverse cor-
relation between the number of podocytes in glomeruli
and the degree of proteinuria,4–6 and a decrease in
podocyte number per glomerulus is related to glomer-
ulosclerosis and contributes to the progression of dia-
betic nephropathy.7–10 Besides apoptosis, detachment
into urine seems to be an important route of podocyte

loss. In fact, viable podocytes could be detected in the
urine in many kidney diseases.11–14

Measurement of podocyte loss in patients with dia-
betic nephropathy has long been hampered by the
need of renal biopsies and counting of podocyte num-
ber by immunohistochemistry followed with labor-
intensive morphometric technique. Quantification of
intra-renal expression of genes specifically found in
podocyte – for example, nephrin – is a logical alterna-
tive, but the technique has not been validated. Urinary
detection of podocyte injury has also been implicated
recently.15 Efforts on detection of podocytes and
podocyte-associated molecules in the urine by immuno-
fluorescence and western blotting methods,16–18 how-
ever, are not practical in clinical use. On this aspect,
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our previous study found increased mRNA expression
levels of podocyte-associated molecules in the urine sedi-
ment of patients with diabetic nephropathy, and the
degree of the expression are correlated with several clini-
cal parameters.19,20 In this study, we examined whether
urinary and glomerular mRNA expression of podocyte-
associated molecules correlates with the degree of
podocyte loss in patients with diabetic nephropathy.

PATIENTS AND METHODS

Subjects
We studied 21 consecutive diabetic patients who had
renal biopsy in our hospital. The urinary expression of
podocyte-associated molecules of 15 patients has been
reported in our previous study.19 All patients had
biopsy-proved diabetic glomerulosclerosis and 16 of
them were in moderate to advanced stage.21 A whole-
stream early morning urine specimen was collected on
biopsy day for gene expression study. Clinical data,
including serum creatinine and 24-hour urine protein,
were recorded. The glomerular filtration rate (GFR)
was estimated by a standard equation.22 This study
adheres to the Declaration of Helsinki and informed
consents have been obtained from all subjects.

Estimation of average podocyte number 
per glomerulus
Shortly after kidney biopsy, part of the tissue was
embedded by Optimal Cutting Temperature (OCT)
compound (Sakura, Torrance, CA, USA) and kept at
−80°C under RNase-free condition for intra-renal
gene expression. The tissue was also fixed in 10% neu-
tral buffered formaldehyde overnight and then dehy-
drated by alcohol and embedded in paraffin.

We used the Weibel and Gomez23 method to esti-
mate average podocyte number per glomerulus by
point-counting technique. Podocyte nucleuses were
recognized by WT-1 immunostaining and we assumed
all podocyte nucleuses were positive for WT-1 in this
study.24 For WT-1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) immunostaining, 4-μm thick paraffin
sections were stained using ImmunoCruz™ Staining
Systems (Santa Cruz Biotechnology) according to
manufacturer’s instruction. We calculated the average
podocyte number per glomerulus by multiplying the
mean numerical density of podocyte nucleus (NV) and
the mean glomerular volume (VG) together. NV was
estimated by the following formula23:

where NA is the numerical density of nuclear profiles
per glomerular area, and can be calculated by point
counting: NA = N/[PC × (D/M)2], where N is nuclei
number, PC is coarse point in glomerular profile, D is
the distance between coarse points, and M is magnifica-
tion. VV is the volume fraction of podocyte nuclei per
glomerulus and can be calculated by VV = PF/(PC × 16),
where PF is fine points hitting nuclei and 16 is ratio of
fine points to coarse points. K is a size distribution coef-
ficient and close to 1 and can be neglected, and b is a
shape constant and in this analysis, 1.55. VG was esti-
mated by a method introduced previously, which used
two arbitrary parallel sections.25

Morphometric study of kidney biopsy
Jones’ silver staining was performed on 5-μm thick
sections of renal biopsy specimen of each patient. As
previously described,26 we used computerized image
analysis method to semi-quantify nephrosclerosis.
Briefly, a Leica Twin Pro image analysis system (Leica
Microsystems, Wetzlar, Germany) was connected to a
Leica DC500 digital camera on a Leica DMRXA2
microscope working with a 40× objective (final calibra-
tion: 0.258 mm/pixel) and to a microcomputer for
storage of the morphometric measurements and to
perform image analysis by using image-analyzing soft-
ware (MetaMorph 4.0; Universal Imaging Corpora-
tion™, Downingtown, PA, USA). Ten glomeruli and
10 randomly selected tubular interstitial areas were
assessed in each patient and the average percentage of
scarred glomerular and tubulointerstitial areas, as rep-
resented by the percentage of the area with positive
staining, were computed for each patient.

Laser micro-dissection
We further performed laser micro-dissection to
determine the glomerular mRNA expression of
podocyte-associated molecules. Briefly, 8- to –10-μm
thick cryosections were prepared on a cryostat (Leica
Microsystems) using disposable microtome blades
(Leica) under RNase-free conditions. Sections were
then mounted on glass slides covered with a polyethyl-
ene naphtholate membrane (PALM Microlaser Tech-
nologies, Bernried, Germany) and were treated with
UV irradiation and RNase Away (Invitrogen, Life
Technologies, Carlsbad, CA, USA) prior to use. After
being fixed in 70% ethanol for 2 minutes, the sections
were stained according to the following protocol:
DEPC-water 1 minute, Mayer’s hematoxylin (Sigma
Chemical Company, St. Louis, MO, USA) solution
30 seconds, RNase-free water 1 minute, 50% ethanol
1 minute, 70% ethanol 1 minute, 100% ethanol
1-minute twice, and air dry 10 minutes.

Next, PALM® Microlaser Systems (PALM,
Wolfratshausen, Germany), which is equipped with a
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pulsed high-quality laser beam, computer-controlled
microscope stage, and micro-manipulator, was used to
perform micro-dissection of prepared slides. Under
direct visual control, 20 ± 5 glomerular areas and
proportional randomly selected tubulointerstitial area
of each case were isolated by the focused nitrogen
laser beam and then catapulted into different micro-
centrifuge caps, which were filled with guanidine
thiocyanate-containing lysis buffer (buffer RLT,
Qiagen Inc., Ontario, Canada). The tissue lysate of
isolated glomerulus and tubulointerstitium were then
stored at −80°C until RNA extraction was performed.

Measurement of urinary and intra-renal 
gene expression
Urinary messenger RNA extraction was performed
according to the method described previously.27 In
brief, urine specimens were centrifuged at 3000 g for
30 minutes and at 13,000 g for 5 minutes at 4°C
shortly after collection. Supernatant was then
discarded and the urinary cell pellets were lysed by
RNA lysis buffer (Qiagen Inc.). Specimens were
stored in −80°C until use. RNeasy Mini Kit (Qiagen
Inc.) and RNeasy Micro Kit were used to extract total
RNA from urinary sediment and micro-dissected tis-
sue, respectively, according to manufacturer’s proto-
col. DNase was used to wipe-off probable genomic
DNA. We confirmed the purity of urinary RNA by the
relative absorbance at 260/280 nm ratio using a spec-
trometer. Our previous data have shown the integrity
of RNA isolated from urinary sediment by this method
is adequate for RT-QPCR.28

For reverse transcription, 5 μL total RNA was
mixed with 1-μL random primers (150 ng), 1-μL
dNTP mix (10 mM each), 4-μL 5×first-strand buffer,
2 μL DTT (0.1 M), 1-μL Superscript II RNase H
Reverse Transcriptase (all from Intrivogen™, Life
Technologies, Philadelphia, PA), and make up to
20 μL with H2O. Reverse transcription was performed
at 65°C for 5 minutes, 25°C for 10 minutes, 42°C for
50 minutes, and then inactivate reaction at 70°C for
10 minutes. The resulting cDNA was stored in −80°C
until use.

We quantified urinary and intra-renal expression of
nephrin, podocin, and synaptopodin using the ABI
Prism 7700 Sequence Detection System (Applied Bio-
systems, Foster City, CA, USA). Commercially avail-
able Taqman primers and probes, including two
unlabeled PCR primers and one FAM™ dye-labeled
TaqMan® MGB probe were used for all the target
genes (all from Applied Biosystems). The primer and
probe set was deliberately designed across the intron–
exon boundary so as not to detect probable genomic
DNA. For RT-QPCR, 10 μL universal master mix,
1-μL primer and probe set, 2 μL cDNA, and 7 μL

H2O were mixed to make a 20-μL reaction volume.
Each sample was run in triplicate. RT-QPCR were
performed at 50°C for 2 minutes, 95°C for 10 minutes,
followed by 40 cycles at 95°C for 15 seconds, and
60°C for 1 minute. 18S rRNA (Applied Biosystems)
was used as housekeeping gene to normalize the
mRNA expression level of each target gene. Results
were analyzed with Sequence Detection Software
version 1.7 (Applied Biosystems). In order to calcu-
late the differences of expression level for each target
genes among samples, the ΔΔCT method for relative
quantitation is used according to manufacturer’s
manual.29 For the amplification efficiency of all
TaqMan Gene Expression Assays is equivalent to
any other target assay, it is not necessary to validate
the PCR efficiencies of the target and endogenous
control.30

Clinical follow-up
After kidney biopsy, all patients were followed for at
least 12 months. Clinical management was decided by
individual nephrologist and not affected by the study.
Serum creatinine, estimated GFR, and proteinuria
were assessed at least every 4 months. The rate of
GFR decline was calculated by the least square regres-
sion method.

Statistical analysis
Statistical analysis was performed by SPSS for
Windows software version 11.0 (SPSS Inc., Chicago,
IL, USA). All the results were presented in mean ± SD
for data normally distributed and median (lower and
upper quartiles) for the others. Since data of gene
expression levels were highly skewed, log transfor-
mation and Pearson’s correlation were also used. A
p-value of below 0.05 was considered statistically
significant. All probabilities were two-tailed.

RESULTS

The demographic and baseline clinical data of the study
subjects are summarized in Table 1. Morphometric

TABLE 1. Demographic and baseline clinical data.

Subjects 21

Sex (M:F) 15:6

Age, years 53.0 ± 11.4

Urine protein (g/day) 4.5 ± 3.8

Serum creatinine (μmol/L) 167.6 ± 94.4

Estimated GFR (mL/min per 1.73 m2) 56.1 ± 31.4

Note: GFR, glomerular filtration rate.
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study showed that the percentage of the scarred glomer-
ular and tubulointerstitial areas were 27.5 ± 16.1% and
14.5 ± 6.1%, respectively. Podocyte number per glom-
erulus of the study subjects was 477.5 ± 258.8.

Relation between podocyte number and 
gene expression
The correlations between glomerular podocyte num-
ber and intra-renal mRNA expression of podocyte-
associated molecules are summarized in Figure 1 (a).
In short, podocyte number significantly correlated
with intra-renal expression of nephrin (r = 0.510,
p = 0.044) and podocin (r = 0.605, p = 0.013). There
was also a trend of correlation between podocyte num-
ber and intra-renal synaptopodin expression (r = 0.480,
p = 0.060), although the result did not reach statistical
significance.

The correlations between glomerular podocyte
number and urinary mRNA expression of podocyte-
associated molecules are summarized in Figure 1(b).
There was a significant correlation between glomer-
ular podocyte number and urinary expression of
synaptopodin (r = 0.595, p = 0.019), but not nephrin
(r = 0.431, p = 0.108) or podocin (r = 0.292, p = 0.292).

There was no significant correlation between intra-
renal and urinary expression of any of the gene studied
(Figure 2).

Relation with baseline clinical and histological 
parameters
There were no significant correlations between
glomerular podocyte number and baseline-estimated
GFR and proteinuria (details not shown). However,
baseline-estimated GFR correlated with intra-renal
expression of nephrin (r = 0.617, p = 0.005), synapto-
podin (r = 0.474, p = 0.040), and podocin (r = 0.443,
p = 0.057; Figure 3a), although the last correlation did
not reach statistical significance. On the contrary, no
significant correlation was found between proteinuria
and intra-renal expression of any of the target genes
(details not shown).

Baseline-estimated GFR inversely correlated with
urinary expression of podocin (r = −0.497, p = 0.036),
but not nephrin (r = −0.295, p = 0.234) or synaptopo-
din (r = −0.272, p = 0.274). Proteinuria correlated with
urinary expression of nephrin (r = 0.532, p = 0.023),
but not synaptopodin (r = 0.449, p = 0.061) or podocin
(r = 0.286, p = 0.251).

FIGURE 1. Relations between glomerular podocyte number and (a) intra-renal mRNA expression and (b) urinary mRNA
expression of podocyte-associated molecules (nephrin, podocin, and synaptopodin). Gene expression data are depicted as the
ratio to control.
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Glomerular podocyte number inversely correlated
with tubulointerstitial scarring (r=−0.649, p=0.004) and
glomerular scarring (r=−0.465, p=0.052), although the
latter did not reach statistical significance. There were
also significant correlations between the degree of
tubulointerstitial scarring and intra-renal expression of
nephrin (r = −0.462, p = 0.047), podocin (r = −0.458,

p = 0.049), and synaptopodin (r = 0.500, p = 0.029;
Figure 3b). In contrast, the degree of glomerular
scarring did not significantly correlate with intra-
renal gene expression of podocyte-associated mole-
cules. Renal scarring did not correlate with urinary
expression of any of the gene studied (details not
shown).

FIGURE 2. Relations between intra-renal and urinary mRNA expression of podocyte-associated molecules: (a) nephrin;
(b) podocin; and (c) synaptopodin. Gene expression data are depicted as the ratio to control.
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Relation with GFR decline rate
The average duration of follow-up was 27.8 ± 11.5
months, and the average GFR decline rate was −0.98 ±
1.23 mL/min per 1.73 m2/month. The rate of GFR
decline did not correlate with glomerular podocyte
number, intra-renal or urinary intra-renal expression
of any target gene (Table 2).

DISCUSSION

In this study, we studied intra-renal and urinary
mRNA expression of podocyte-associated molecules
as well as glomerular podocyte counting to estimate
the podocyte injury in human diabetic nephropathy.
We found that intra-renal expression of nephrin,
podocin, and synaptopodin correlated with glomerular
podocyte number, estimated GFR, and the degree of
tubulointerstitial scarring. Urinary expression of
podocyte-associated molecules, on the contrary, partly
correlated with proteinuria and renal function, but not
glomerular podocyte number or intra-renal expression
of the corresponding molecule.

A number of studies in recent years have estimated
the number of podocytes in glomeruli.5,10,31–34 How-
ever, these results were not consistent. Many factors
such as podocyte density-calculating method, glomer-
ular volume measurement, and the way chosen to rec-
ognize podocyte nucleus might result in these
discrepancies. Serial sectioning throughout glomeruli
is usually needed to get an accurate estimation of
glomerular podocyte number.31,32 The technique,
however, is time consuming and usually not applicable
in clinical setting because it requires a large amount of

renal tissue. Since there are many molecules specifi-
cally expressed by podocyte, it is possible that their
expression levels in glomeruli or urine reflect podocyte
loss.35 From an anatomical point of view, reduction in
the expression of molecules that belong to foot process
and slit diaphragm may destabilize coherence between
podocytes and basement membrane leading to
podocyte loss. The correlations between intra-renal
expression of podocyte-associated molecules and
glomerular podocyte number observed in this study
suggest that measurement of intra-renal expression of
podocyte-associated molecules may replace podocyte
counting as the method to quantify podocyte injury in
patients with diabetic nephropathy kidney and possi-
bly other kidney diseases.

Urinary expression of podocyte-associated mole-
cules, in contrast, did not correlate with glomerular
podocyte number. The significant correlation between
urinary synaptopodin expression and glomerular
podocyte number was possibly false positive as a result
of multiple statistical comparison. Taken together, uri-
nary expression of these markers cannot be used to
estimate glomerular podocyte number. In addition, we
did not find any correlation between urinary and intra-
renal expression of targeted genes. The discrepancy
between urinary expression of podocyte-associated
molecules and intra-renal gene expression or podocyte
count suggests that apoptosis, rather than shedding
into urine, is the major route of podocyte loss in dia-
betic nephropathy. In fact, glucose-induced reactive
oxygen species has been shown to cause apoptosis of
podocytes at the onset of diabetic nephropathy.36

Podocyte detachment, however, may be a major cause
of podocyte loss in other kidney diseases – particularly
glomerulonephritis.18 The use of urinary gene expres-
sion in these diseases needs further study.

In line with the current notion that podocyte loss
causes focal sclerosis,7,37 we found close correlations
between podocyte-associated molecules and tubu-
lointerstitial scarring. Unlike the findings by other
groups,4,35 however, we did not observe a correlation
between proteinuria and podocyte number or intra-
renal nephrin expression. This discrepancy may be a
result of the relatively small sample size in our study,
or possible selection bias – diabetic patients usually do
not need renal biopsy unless there are atypical feature.
We also did not observe any correlation between gene
expression and GFR decline rate, probably also
because of the small sample size. Unfortunately, we
could not further increase the sample size of this study
because of the limited number of patients with dia-
betic nephropathy undergoing renal biopsy. It is also
important to recognize that gene expression level
probably varies at different stages of diabetic nephrop-
athy. Since we focused on moderate to advanced stage

TABLE 2. Correlation between the rate of renal function
decline and the glomerular podocyte number, intra-renal, and
urinary gene expression.

Gene

GFR decline rate

r p

Glomerular podocyte number −0.201 0.423

Intra-renal gene expression

Nephrin 0.121 0.622

Podocin 0.118 0.632

Synaptopodin 0.146 0.522

Urinary gene expression

Nephrin −0.187 0.458

Podocin −0.422 0.081

Synaptopodin −0.352 0.152

Note: GFR, glomerular filtration rate.
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of disease in this study, the result could be different
from other reports on earlier stages of disease. Further
prospective studies with larger sample size and proba-
bly longer follow-up are needed to determine the role
of intra-renal expression of podocyte-associated mole-
cules as a predictor of renal function decline.

In summary, we found that intra-renal expression of
podocyte-associated molecules correlated with glom-
erular podocyte number, as well as the estimated GFR
and the degree of tubulointerstitial scarring. In contrast,
urinary mRNA expression of podocyte-associated mol-
ecules did not correlate with glomerular podocyte
number or intra-renal expression of the corresponding
molecule. The results suggest that intra-renal expres-
sion of podocyte-associated molecules could be used
as a surrogate marker to assess podocyte loss in dia-
betic nephropathy.
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