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Abstract: Aim: It is not clear how the podocyte damage manifests in different glomerulopathies. This study evaluated 
the podocyte-associated mRNA profiles in renal tissue and urine of patients with proliferative (PGs) or non-prolifer-
ative (NPGs) glomerulopathies. Methods: Messenger RNA levels of nephrin, podocin, podocalyxin, synaptopodin, 
and alpha-actinin-4 were measured in the kidney tissue and urinary cells by real-time polymerase chain reaction. 
Podocyte-associated mRNAs were correlated with proteinuria and renal function, and the effect of immunosup-
pressive treatment of PGs and NPGs on urine mRNAs was assessed up to one year of follow up. Results: Podocyte-
associated mRNAs were expressed consistently less in kidney tissue from patients with NPGs, and urinary podocyte 
mRNA levels were significantly higher in the PG group. After six months of immunosuppressive therapy, patients 
with PGs showed a significant reduction in the expression of podocin, podocalyxin, and alpha-actinin-4 compared 
with baseline (p<0.001). In the NPG group, alpha-actinin-4 levels decreased (p=0.008), and there was also a trend 
toward reduced podocalyxin mRNA (p=0.08). Urine podocyte-associated mRNAs correlated with the level of protein-
uria at baseline and at six months, and there was a trend toward an inverse correlation between urinary mRNAs 
and kidney function at one year of follow up. Conclusions: Podocyte-associated mRNAs were inhibited in kidney 
tissue concomitantly with their increase in urine in these patients with glomerulopathies. Different profiles of mRNA 
expression were seen, pointing to a higher degree of intra-renal podocytopenia in the NPGs and of podocyturia in 
the PGs. The immunosuppressive therapy effectively reduced the urinary levels of podocyte-associated mRNAs.
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Introduction

Podocytes are highly specialized cells that play 
a critical role in the function of the glomerular 
filtration barrier [1]. Any injury to the glomerular 
tuft can potentially alter the podocyte architec-
ture and function, resulting in podocyte efface-
ment and podocytopenia, which have been 
associated with progressive glomerulosclero-
sis, as described in experimental and clinical 
studies [2-4]. 

Podocyte-associated proteins are essential in 
maintaining a healthy glomerular filtration bar-
rier. Slit diaphragm nephrin and podocin are 
closely linked to the cytoskeletal proteins alpha 

actinin-4 and synaptopodin, which promote 
dynamic rearrangements of the podocyte mor-
phology; podocalyxin is a sialoglycoprotein of 
the luminal membrane that limits the passage 
of albumin to Bowman’s space [5]. Disarrange- 
ment of these proteins by diverse mechanisms, 
such as immune, infectious, ischemic, or toxic 
insults, results in damage to the filtration barri-
er and proteinuria [1, 4, 5]. 

The pathogenesis of podocyte lesions in pro-
teinuric glomerulopathies is not yet clear, but it 
involves the fusion of podocyte foot processes 
without cellular proliferation, the deposition of 
immune complexes, the secretion of cytokines 
and growth factors, and inflammation [1, 5-7]. 
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Podocyte injury leads to podocyte detachment 
from the glomerular basement membrane 
(GBM) and urinary excretion of viable and/or 
apoptotic cells [8, 9]. The type and severity of 
glomerular lesions probably differ in non-
inflammatory and inflammatory glomerulone-
phritis, but consistently result in altered podo-
cyte mRNAs in both the kidney tissue [10, 11] 
and urinary cells [12, 13]. 

Recently, the identification of podocyte mark-
ers in urinary cells by immunocytochemical or 
molecular analyses has become a noninvasive 
tool for determining the activity and progres-
sion of glomerular diseases [14, 15]. Moreover, 
studies demonstrated that drugs potentially 
targeting the podocytes, such as immunosup-
pressants [16], anti-diabetics [17], and angio-
tensin inhibitors [18], can reduce the urinary 
excretion of podocytes. 

Few studies have evaluated the expression of 
podocyte-associated mRNAs simultaneously in 
the kidney and urine of patients with acquired 
proteinuric diseases. In this study, we hypothe-
sized that the expression of podocyte markers 
would differ following different podocyte insults 
that occur in non-proliferative/non-inflammato-
ry glomerulopathies (NPGs) compared with pro-
liferative/inflammatory glomerulopathies (PGs). 
The effect of immunosuppressive drugs used 
to treat these glomerular diseases on the urine 
podocyte-associated mRNAs over time was 
also assessed. 

Methods

Study design 

This was a cross-sectional study utilizing a pro-
spective cohort. 

Patients 

This study included seventy-six adult patients 
undergoing kidney biopsies for clinical indica-
tions at the Division of Nephrology of Hospital 
de Clínicas de Porto Alegre (HCPA) from 
September 2009 to May 2012. They were 
grouped according to their histological diagno-
sis: nonproliferative glomerulopathy (NPG 
group, n=35) or proliferative glomerulopathy 
(PG group, n=41). All patients had urine and 
kidney tissue samples collected at baseline, 
and urine samples were also collected at 6 

months (n=56) and 12 months (n=43) after the 
initial treatment for the glomerular disease. 
Controls were used for normal reference of 
mRNA expression in kidney tissue and urine. 
For control tissue samples, renal tissue free 
from neoplasia was collected from 11 patients 
undergoing nephrectomy for renal tumor with 
no other evidence of renal disease. For control 
urine samples, we collected urine from another 
set of 10 healthy individuals. Volunteers were 
defined as healthy when they reported no per-
sonal or familial history of kidney disease, when 
blood pressure levels were <140 x 90 mm Hg; 
when estimated GFR was higher than 90 mL/
min/1.73 m2 and there was no hematuria or 
proteinuria in urinalysis. This study was 
approved by the Research Ethics Committee of 
the HCPA. All subjects agreed to participate in 
the study and signed an informed consent 
form.

The following demographic and clinical data 
were collected from the medical records: age, 
gender, ethnicity, disease duration, systolic 
blood pressure (SBP) and diastolic blood pres-
sure (DBP), and drug use (immunosuppres-
sants, angiotensin-converting enzyme inhibi-
tors [ACEi], and angiotensin II receptor blockers 
[ARB-2]). The laboratory data included serum 
creatinine, serum albumin, proteinuria (protein-
to-creatinine ratio [Pru/Cru] in urine samples), 
and the estimated glomerular filtration rate 
(eGFR), as calculated using the Chronic Kidney 
Disease Epidemiology Collaboration equation. 
Serum creatinine, eGFR, and Pru/Cru were 
determined at baseline for all patients and at 6 
and 12 months in patients treated with immu-
nosuppressive therapy to measure the urinary 
gene expression over time.

Immunosuppression and treatment response 

Immunosuppression protocols for the treat-
ment of glomerulopathies followed the Brazilian 
Society of Nephrology guidelines [19], which 
were standardized in our unit. Treatment 
responses were defined as follows: a) complete 
response: reduction in Pru/Cru to <0.35 and 
increase in serum albumin to >3.5 g/dL; b) par-
tial response: reduction in Pru/Cru between 
0.35 and 3.5 g/dL or at least 50% reduction in 
baseline proteinuria; and c) no response: Pru/
Cru remained >3.5 g/dL at month 6 of immuno-
suppressive therapy [20]. Seven patients with 
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type 2 diabetes mellitus and diabetic nephrop-
athy were treated with anti-diabetic agents in 
addition to ACEi or ARB-2. Four patients with 
IgA nephropathy were receiving only ACEi. Thus, 
these eleven patients were not included in the 
analysis of the effect of immunosuppressive 
therapy on the urinary mRNA of podocyte 
proteins.

Histopathological diagnosis 

Conventional histological staining techniques 
were used, and the histopathological diagnosis 
was established by a renal pathologist. The per-
centage of interstitial fibrosis and tubular atro-
phy (IF/TA) in the biopsy samples was estimat-
ed through a semi-quantitative method in the 
Masson’s Trichrome staining. The histological 
diagnoses in the NPG group included the fol-
lowing: focal segmental glomerulosclerosis 
(FSGS) (primary, n=22), membranous glomeru-
lonephritis (MGN) (n=4), minimal change dis-
ease (MCD) (n=2), and diabetic nephropathy 
(DN) (n=7). In the PG group, the histology was 
as follows: lupus nephritis (LN, n=19; class IV 
(n=11), class III (n=5), and class II (n=3)), IgA 
nephropathy (n=14), membranoproliferative 
glomerulonephritis (MPGN) (n=6), and crescen-
tic glomerulonephritis (CGN) (n=2). 

Quantification of podocyte-associated mRNAs 
in kidney tissue and urine 

Podocyte-associated mRNAs were quantified 
after being measured in the kidney tissue and 
in the urine sediment cells of morning urine 
samples (whole stream). The expression of 
nephrin, podocin, podocalyxin, alpha-actinin-4, 
and synaptopodin were measured using the 
cortex of the kidney biopsy. Messenger RNAs 
were quantified for the NPG and PG groups, as 
well as separately by the type of glomerulopa-
thy. Podocyturia was assumed to be present 
when there was an increased amount of urinary 
mRNA with respect to the level found in healthy 
individuals. 

Messenger RNA extraction and complemen-
tary DNA transcription

Messenger RNA was extracted from urine sam-
ples using the QIAamp® RNA Blood Mini Kit 
(Qiagen Inc. Chatsworth, CA, USA) according to 
the manufacturer’s instructions. Urine samples 
were centrifuged at 1,800 rpm for 10 minutes. 
The supernatant was discarded, and the pellet 

was resuspended with buffered saline and cen-
trifuged at 10,000 rpm for 10 minutes before 
being stored at -80°C until use. Total RNA was 
quantified with the NanoDrop® 1000 Spectro- 
photometer v.3.7 (Thermo Fisher Scientific, 
Wilmington, DE, USA). The ratio of absorbance 
at 260/280 nM was used to assess RNA purity. 
Reverse transcription of total RNA was per-
formed using the High-Capacity cDNA Kit 
(Applied Biosystems, Foster City, CA, USA) 
according to the manufacturer’s instructions. 
The final volume of purified RNA was 20 µL, and 
the RNA was stored at -20°C. 

Real-time polymerase chain reaction (RT-PCR) 

Real-time polymerase chain reaction (RT-PCR) 
was performed using Taqman® Universal PCR 
Master Mix. Gene-specific primers of the follow-
ing genes were used (all from Applied 
Bioystems, Foster City, CA, USA) according to 
the manufacturer’s instructions: NPSH1, neph-
rin [ID: Hs00190446_m1]; NPSH2, podocin 
[ID: Hs00387817_m1]; podocalyxin [ID: 
Hs01574644_m1]; synaptopodin [ID: Hs00- 
326493_m1]; and alpha actinin-4 [ID: Hs00- 
245168_m1]. In addition, 18s rRNA (Taqman® 
PDAR, Foster City, CA, USA) was used as an 
endogenous control to correct for variations in 
the samples. RT-PCR was performed in dupli-
cate in 96-well plates containing 2 µL of cDNA. 
The thermal conditions of the cycles were as 
follows: 50°C for 2 minutes, 60°C for 30 min-
utes, and 95°C for 5 minutes, followed by 40 
cycles at 94°C for 20 seconds and 62°C for 60 
seconds. Data were collected in the ABI PRISM 
SDS 7000 thermal cycler (Applied Bioystems). 
The relative quantification of target gene 
expression was performed using the 2-ΔΔCt com-
parative method, in which the threshold cycle 
(CT) value was defined by the point at which 
there was a statistically significant detectable 
increase in fluorescence. 

Statistical analysis 

Descriptive statistics are presented as means 
± SD or medians and percentiles. To compare 
demographic, clinical, and laboratory data, the 
chi-square or Fisher’s exact test, ANOVA, 
Kruskal-Wallis or the independent t test, were 
used as appropriate.

The Friedman test was used to compare the 
medians of mRNA values at three time points 
(at biopsy and 6 and 12 months). Messenger 
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RNA values were log-transformed to reduce 
asymmetry. Spearman’s coefficient was used 
to assess the correlations of podocyte mRNAs 
with proteinuria and renal function. Sample 
size was calculated to search a difference of 
30% in the levels of urine log10 mRNA between 
patients and controls, using the WINPEPI ver-
sion 9.7 [21]. 

The change in urine mRNA levels over time was 
compared at the three time points using the 
generalized estimating equation (GEE) model 
with a log-gamma distribution. We assessed 
the mRNA levels by the patient group, time 
point, and group-time point interaction. The 
results were expressed as means and 95% 
confidence intervals (95% CIs). All analyses 
were performed using SPSS for Windows (ver-
sion 18.0, SPSS Inc., Chicago, IL, USA). The 
level of significance was set at p<0.05. 

Results 

Table 1 shows the demographic and clinical 
characteristics of patients and controls. 
Seventy-six patients were evaluated at base-
line. Of these patients, 56 (74%) were also eval-
uated at 6 months, and 43 (57%) completed 
the 12-month follow-up. The reasons for not 
completing the 12-month follow-up included 
the following: late inclusion in the study with 
sample collection at baseline only (n=16), loss 
to follow-up (n=8), renal transplantation or 
hemodialysis (n=5), and death (n=4). Excluding 

patients with diabetic nephropathy, the median 
disease durations were 4.5 (1.7-9.8) and 3 
(1.5-5.0) months in the NPG and PG groups, 
respectively (p=0.197). 

At baseline, 92 and 71% of the patients in the 
NPG and PG groups were on ACEi (p=0.024) 
and 9 and 15% were on ARB-2, respectively 
(p=0.494); at 6 months, 63 and 54% remained 
on ACEi (p=0.418) and 6 and 15% were taking 
ARB-2 (p=0.275), respectively; and at 12 
months, 57 and 48% were still taking ACEi 
(p=0.598) and 5 and 12% were still taking 
ARB-2 (p=0.06), respectively. 

Sixty-five patients were treated with immuno-
suppressants (FSGS=22, MGN=4, MCD=2, 
LN=19, IgA=10, MPGN=6, and CGN=2); the 
remainder received only ACEi or ARB-2 (DN=7, 
IgA=4). Of the patients treated with immuno-
suppressants, 48 completed 6 months of fol-
low up and showed a complete (n=9) or partial 
(n=26) response to treatment (n=35). Thirteen 
patients were resistant to therapy: FSGS=5; 
LN=4 (1 in class III and 3 in class IV); IgA=2; 
and MPGN=2. Overall, proteinuria levels at the 
time of biopsy and at 6 months were 4.80±3.78 
and 1.30±1.01 in responders (p<0.001) and 
5.60±5.41 and 4.86±2.61 in non-responders 
(p=0.630), respectively. The eGFR values at 
baseline and 6 months were 55.2±44.0 and 
78.3±36.2 mL/min/1.73 m2 in responders 
(p=0.04) and 63.8±48.2 mg/dL and 62.2±39.8 
mL/min/1.73 m2 in non-responders (p=0.985). 

Table 1. Demographic and clinical characteristics of patients with glomerulopathies and controls

NPGs PGs
Controls 

p-value
Urine Kidney tissue

N 35 41 10 11
Age (years) 41±17a 35±11a 44±12a 59±11b <0.001
Gender (male) 10 (29) 19 (46) 4 (40) 6 (54) 0.185
Ethnicity (white) 26 (74) 37 (90) 9 (90) 9 (81) 0.137
Disease duration (months) 3 (1.7-18)a 5 (2.0-21)a - - 0.256
SBP (mm Hg) 133±15a 134±12a 111±7.2b 115±7.9b <0.001
DBP (mm Hg) 81±10a 85±10a 71±7.3b 72±6.5b <0.001
Baseline serum creatinine (mg/dL) 2.11±1.44a 2.33±1.72a 0.83±0.17b 0.88±0.14b 0.046
eGFR (mL/min/1.73 m2) 58.4±41.6a 62.3±41.8a 92.1±9b 85.2±11.3b 0.008
Baseline proteinuria (PCR) 5.10±4.70a 4.40±3.80a 0.05±0.04b 0.06±0.03b 0.01
Serum albumin 2.61±0.95a 3.08±0.84b 4.51±0.32c 4.28±0.38c <0.001
IF/TA (%) 24±20a 18±16a - 3±2b 0.002
SBP: systolic blood pressure; DBP: diastolic blood pressure; eGFR: estimated glomerular filtration rate; PCR: protein-to-cre-
atinine ratio; IF/TA: interstitial fibrosis/tubular atrophy; NPGs: non-proliferative glomerulopathies; PGs: proliferative glomeru-
lopathies; a, b or c: means or medians followed by different letters indicate a statistically significant difference between groups 
(p<0.05). P-values were determined by ANOVA, chi-square or Fisher’s exact test, or the Mann-Whitney test.
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Podocyte-associated mRNAs in kidney tissue 

Podocyte mRNAs (except of synaptopodin) 
expressed in the kidney biopsies were signifi-

cantly decreased in the NPG group compared 
with controls (Figure 1). The PG group also 
showed lower intra-renal mRNA levels, with sta-
tistical significance for podocin (p=0.024 com-

Figure 1. Kidney tissue expression of podocyte-as-
sociated mRNAs. Messenger RNA levels of nephrin, 
podocin, podocalyxin, synaptopodin, and alpha-ac-
tinin-4 in the kidney tissue of NPG and PG patients 
and controls. NPGs: non-proliferative glomerulopa-
thies; PGs: proliferative glomerulopathies. *p=0.133: 
comparison among the three groups.
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pared with controls) and alpha actinin-4 
(p=0.049 compared with controls). There was 

also a trend toward a lower expression of neph-
rin and podocalyxin. There was also a trend 

Figure 2. Expression of podocyte-associated mRNAs 
in the urinary cells. Messenger RNA levels of neph-
rin, podocin, podocalyxin, synaptopodin, and alpha-
actinin-4 in the urinary sediment cells of NPG and PG 
patients and controls. NPGs: non-proliferative glo-
merulopathies; PGs: proliferative glomerulopathies. 
*p=0.702: comparison among the three groups.
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toward a lower expression of nephrin and podo-
calyxin. Although mRNAs were also reduced in 
PGs, in the non-proliferative glomerulopathies 
this reduction was more pronounced (Figure 1). 

Podocyte-associated mRNAs in the urinary 
cells 

The expression profiles of urine podocyte 
mRNAs contrasted with those found in kidney 
tissues, i.e., higher mRNA levels compared with 
controls. Higher urinary mRNA levels of neph-
rin, podocin, and podocalyxin were found in the 
PG group compared with the NPG group and 
healthy individuals, as shown in Figure 2. Both 
the PG and NPG groups showed a significantly 
higher mRNA expression of alpha actinin-4 
than that was found in the controls. However, 
despite the higher mRNA levels of podocin and 
podocalyxin in the NPG group, there was no 
statistical difference compared with controls. 

Messenger RNA expression of podocin by type 
of glomerulopathy 

Messenger RNA of podocin best reflected the 
patterns of expression when the different histo-
logical types of glomerulopathies were ana-
lyzed. Figure 3 shows the medians of the log10 

mRNA values of podocin by compartment (renal 
tissue or urine cells) and type of disease (prolif-
erative or non-proliferative) analyzing each his-
tological type compared with the expression in 
healthy individuals. There were significantly 
lower tissue podocin mRNA in all patients with 
glomerulopathies, except in MNG and CG 
(p>0.05). Urine mRNA of podocin was signifi-
cantly higher in all types of PGs, but not in the 
non-proliferative forms. Overall, neither the 
non-inflammatory nor the inflammatory glomer-
ulopathies showed a specific pattern of podo-
cyte mRNAs expression. 

Effect of immunosuppressive treatment on the 
podocyte-associated mRNAs in urine 

After immunosuppressive treatment, urine 
mRNA of podocin, podocalyxin, and alpha 
actinin-4 significantly decreased in the PG 
group compared with baseline levels: podocin 
and podocalyxin (p<0.001, baseline vs. 6 and 
12 months) and alpha actinin-4 (p=0.006, 
baseline vs. 6 months). There was a non-signif-
icant reduction in the urine mRNA of nephrin. 
The messenger RNA levels of synaptododin did 
not change over time in both groups. The reduc-
tion of mRNA in patients with proliferative 
nephritis persisted from the sixth to twelfth 

Figure 3. Messenger RNA of podocin in non-proliferative and proliferative glomerulopathies. Messenger RNA of 
podocin by the type of glomerulopathy and compartment (renal tissue or urinary cells) is presented separately 
in the NPG and PG groups; each mRNA expression is relative to that in healthy individuals. NPGs: renal tissue: 
FSGS (p=0.004), MCD (p=0.041), MGN (p=0.240), DN (p=0.014); urine: FSGS (p=0.095); MCD (p=1.000); MNG 
(p=0.257); DN (p=0.118). PGs: renal tissue: LN (p=0.027); IgA (p=0.044); MPGN (p=0.020); CG (p=0.236) and 
urine: LN, IgA, and MPGN (p<0.001); CG (p=0.031). NPGs: non-proliferative glomerulopathies; PGs: proliferative 
glomerulopathies; FSGS: Focal Segmental Glomerulosclerosis; MCD: Minimal Change Disease; MGN: Membranous 
Glomerulonephritis; DN: Diabetic Nephropathy; LN: Lupus Nephritis; IgA: IgA nephropathy; MPGN: membrano-prolif-
erative glomerulonephritis; CG: Crescentic Nephritis.
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months for podocin and podocalyxin (6 vs. 12 
months, p=1.000), as well as for alpha actinin-4 
(6 vs. 12 months, p=0.774). In the NPG group, 
the reduction of urinary mRNA after treatment 

was not as marked, but there were significantly 
lower levels of alpha actinin-4 (baseline vs. 6 
months, p=0.008) and podocalyxin (baseline 
vs. 6 months, p=0.039, and baseline vs. 12 

Figure 4. Effect of immunosuppressive treatment 
on the urinary podocyte-associated mRNAs. Ef-
fect of immunosuppressive treatment of patients 
with NPGs and PGs on the podocyte-associated 
mRNAs in urine at 6 and 12 months of therapy, 
expressed as means and standard errors. Bars: 
error bars show the 95% confidence interval. 
NPGs: non-proliferative glomerulopathies; PGs: 
proliferative glomerulopathies. Synaptopodin: 
p>0.05 for all comparisons.
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months, p=0.026). Nephrin mRNA levels 
showed a slight but non-significant increase at 
12 months. 

Figure 4 shows the reduction of urine mRNA 
over time, as analyzed by the GEE model. The 
mRNA levels of nephrin (Wald chi-square test: 
4.33, p=0.037) and podocalyxin (Wald chi-
square test: 8.61, p=0.003) were higher in the 
PG group. The time point of measurement did 
not have any effect on nephrin mRNA expres-
sion, but this effect was seen for podocalyxin 
and alpha actinin-4 at the three time points, 
indicating a significant reduction in urine mRNA 
levels. There was an interaction of time point 
and group for the podocin gene, indicating that 
podocin expression depends on a combined 
effect of time point and measurement group 
(Wald chi-square test: 23.037, p<0.001). Thus, 
the PG group showed a more pronounced 
reduction in podocin than the NPG group from 
baseline to 6 months. Messenger RNA levels of 
synaptopodin were similar between the two 
groups and remained unchanged over time. 

Urine podocyte-associated mRNAs were also 
analyzed according to the response to treat-
ment, i.e., comparing responders (either total 
or partial response) with non-responders after 
six months of immunosuppressive therapy. 
Podocyte mRNAs at baseline was similar 
between the 2 groups, but the decrease in 
podocyte excretion over 12 months was more 
pronounced in responders; however, this differ-
ence was not statistically significant. A Cox 
regression analysis including the 48 patients 
who received immunosuppressants showed 

that the podocyte mRNAs did not predict a lack 
of response to therapy (Pru/Cru >3.5) at six 
months of observation (data not shown). 

Correlations of the podocyte-associated 
mRNAs with proteinuria and renal function 

Table 2 shows the correlations between the dif-
ferent podocyte mRNAs in kidney tissue and 
urine at baseline. These correlations in the kid-
ney tissue were strong and significant 
(p<0.001), except with synaptopodin. Nephrin 
and podocin in baseline urine were significantly 
correlated with each other, as well as with 
podocalyxin and alpha actinin-4, but these cor-
relations were weaker than those in the kidney 
tissue. 

Baseline urine mRNAs correlated with protein-
uria as follows: nephrin (r=0.637, p<0.001), 
podocin (r=0.513, p=0.002), and alpha-
actinin-4 (r=0.340, p=0.05); additionally, there 
was also a trend with podocalyxin (r=0.320, 
p=0.06). At six months (but not at twelve 
months), a significant correlation remained for 
nephrin (r=0.621, p=0.001), podocin (r=0.576, 
p=0.003), and podocalyxin (r=0.577, p=0.003), 
and a marginal correlation remained for alpha-
actinin-4 (r=0.345, p=0.09). No correlations 
between proteinuria and kidney tissue mRNAs 
were found. 

There was no correlation between the level of 
kidney function and urine mRNAs at baseline; 
at twelve months, there was a trend toward an 
inverse correlation between eGFR and the 
urine mRNA of podocin (r=-0.272, p=0.08), 

Table 2. Correlations between the expression of podocyte-associated mRNAs in kidney tissue and 
urine of patients with glomerulopathies

Spearman correlation 
coefficient (r, p-value) Nephrin Podocin Podocalyxin Synaptopodin Alpha  

actinin-4
Kidney tissue Nephrin 1 0.655a 0.768 0.224 0.722

Podocin <0.001b 1 0.548 0.209 0.529
Podocalyxin <0.001 <0.001 1 0.072 0.867

Synaptopodin 0.042 0.073 0.482 1 0.104
Alpha actinin-4 <0.001 <0.001 <0.001 0.261 1

Urine sediment (baseline) Nephrin 1 0.497 0.393 0.233 0.376
Podocin <0.001 1 0.583 0.267 0.223

Podocalyxin <0.001 <0.001 1 0.168 0.193
Synaptopodin 0.038 0.013 0.123 1 0.101

Alpha actinin-4 <0.001 0.039 0.075 0.355 1
aSpearman correlation coefficient; bp value.
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podocalyxin (r=-0.303, p=0.051), and alpha-
actinin-4 (r=-0.320, p=0.06). Median of podo-
cyte mRNAs from patients with a positive or a 
negative variation of eGFR after one year of fol-
low up (eGFR at 12 months – baseline eGFR) 
did not differ, either in tissue or in urine.

Discussion 

Recent evidence has shown that injuries to the 
podocytes play a critical role in the develop-
ment of proteinuria and progression of glomer-
ular disease [1, 2, 4, 14, 22]. The two major 
mechanisms of podocyte loss are apoptosis 
and the detachment of viable cells, but in situ 
apoptosis seems to be a rare event [23]. The 
extent to which apoptosis and/or detachment 
occur after podocyte injury is still controversial, 
but detached podocytes or their fragments tra-
verse the tubules and are excreted in the urine, 
being detected by immunostaining techniques 
[13, 24, 25] or by mRNA quantification of podo-
cyte-associated molecules [12, 22, 25-27]. 
Vogelmann et al [8] and others [25] have 
reported that, following the shedding of podo-
cytes in urine, the majority of these cells are 
still viable in inflammatory glomerular diseas-
es. Even in healthy individuals, viable podo-
cytes can be encountered to a lesser degree. 

As other groups did [11, 12, 22] we measured 
podocyte-associated mRNAs in diverse glomer-
ulopathies presented in routine clinical prac-
tice. These diseases have different etiopatho-
genesis, i.e., mechanisms resulting in cellular 
proliferation and inflammation, or when focal 
and segmental glomerulosclerosis or GBM 
thickening predominate. Our study was not 
designed to address mechanistic pathways, 
but to investigate the amount of ‘podocytope-
nia’ and ‘podocyturia’ in proliferative and non- 
proliferative glomerular diseases, assuming 
that podocyturia follows podocyte detachment 
from the GBM that results in intra-renal podo-
cytopenia. One study [27] compared the urine 
mRNA expression of NPHS1, NPHS2 and other 
genes in patients with proliferative and non-
proliferative glomerulonephiritis. Only NPHS1 
discriminated the non-proliferative from prolif-
erative glomerular types mainly because the 
expression of NPHS1 in patients with FSGS was 
substantially higher. This result was not con-
firmed in our study regarding the urinary podo-
cin mRNA expression in patients with FSGS, 
that was similar to the levels found in the other 

NPGs but significantly lower than in the prolif-
erative forms of glomerulonephritides. 

In primary nephrotic syndrome, podocyte fusion 
causes the destabilization of cell-cell adhesion 
and induces the structural rearrangements of 
the slit diaphragm and cytoskeleton, redistrib-
uting and down-regulating the expression of 
podocyte proteins in the glomerulus [6, 29]. 
Lahdenkari et al [30] showed that, in MCD, 
effaced podocytes did not detach from the 
basement membrane and did not show cell 
membrane rupture, but there was a redistribu-
tion of nephrin to the apical membrane. Our 
findings of low tissue levels of podocyte mRNAs 
and a lesser degree of podocyturia in the NPGs 
could reflect the ultrastructural GBM altera-
tions reported by Lahdenkari’s group. 

In contrast, inflammation and/or antibody-
mediated insults in PGs may alter podocyte 
functions and morphology through different 
pathways, in accordance with recent studies. 
As examples, in experimental antibody-mediat-
ed nephropathy, there are disruptions of the 
cell cycle balance, the down-regulation of slit 
diaphragm proteins, and severe proteinuria 
[31]. In an animal model of lupus nephritis, the 
mRNA levels of glomerular nephrin and podo-
cin were decreased in focal and diffuse prolif-
erative nephritis in correlation with distorted 
slit diaphragms seen by electron microscopy 
[32]. The levels of urinary podocyte-associated 
mRNAs were higher in patients with active 
lupus nephritis compared with those with inac-
tive disease; they also correlated with protein-
uria and decreased renal function [33]. The 
increased number of urinary podocytes corre-
lated with the severity of glomerular injury in 
patients with active IgA nephropathy [34]. In 
our study, we demonstrated a positive correla-
tion between proteinuria and most of the urine 
podocyte mRNAs measured in the acute phase 
of proliferative forms of glomerulonephritis, 
which decreased over time, concomitantly with 
the use of immunosuppressive therapy. 

In agreement with other authors [10, 27], we 
found a high intra-renal correlation among 
nephrin, podocin, podocalyxin, and alpha 
actinin-4 mRNAs, as well as a lower but still sig-
nificant correlation of these podocyte mRNAs 
in the urine. These correlations suggest that 
injury to podocytes may result in a stereotyped 
phenomena, in the sense that in active disease 
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podocyte cells or its fragments rupture and 
detach from GBM, and are excreted in the 
urine. Thus, the relationship between tissue 
and urinary podocyte mRNAs should be 
inversely correlated, assuming that one follows 
the other. Our data confirm such findings. A 
threshold of podocyte injury resulting in podo-
cytopenia has been suggested by Hara et al 
[35], after which point there is a continuum of 
podocyte excretion reflecting repeated hits of 
acute glomerular injury. A decrease in glomeru-
lar podocytes followed by their cumulative 
excretion in urine was well demonstrated in 
clinical studies, such as in lupus nephritis [25], 
IgA nephropathy [35], and diabetic nephropa-
thy [36]. A hypothesis to explain the podocyte 
shedding was suggested by Yu et al [14], using 
the puromycin-induced nephrosis and anti-Thy 
nephritis rat models, which showed that the 
onset of proteinuria and podocyturia occurred 
in parallel after the acute insult. Following the 
transient glomerular lesion, the proteinuria per-
sisted at late stages, but podocyturia subsided, 
suggesting that podocyturia, but not protein-
uria, can distinguish persistent defects from 
ongoing glomerular injury. In the study of 
Wickman et al [22], the highest urinary podocin 
mRNAs were most prevalent in patients with 
acute inflammatory glomerulonephritides, that 
returned to levels not different from controls 
when the diseases went into remission.

The association between the rate of podocytu-
ria and progression of renal disease has been 
demonstrated in experimental [14] and clinical 
[12, 22, 33, 37, 38] works in patients with dif-
ferent glomerulopathies. Recently, Wickman et 
al [22] studied a large number of patients with 
diverse nephropathies showing that, in those 
with biopsy-proven glomerular disease the 
urine podocyte mRNAs increased 79-fold in 
relation to normal controls, and these patients 
halved their kidney function or progressed to 
end-stage kidney disease, thus reinforcing the 
podocyte depletion hypothesis. After treat-
ment, urine podocyte mRNAs returned to base-
line values on disease remission, similar to 
what we found. Therefore, monitoring these 
events may impact the management and out-
come of patients with glomerulopathies, as 
podocyturia increases the risk of progression 
to chronic kidney disease. In our study, urine 
podocyte mRNAs did not correlate with renal 
function at baseline, but at twelve months 

there was a trend toward an inverse correlation 
between eGFR and urine mRNA of podocin, 
podocalyxin, and alpha actinin-4. This lack of 
significance may be related to our small sample 
size, as only 43 patients completed one year of 
follow up. 

Synaptopodin was expressed at similar levels 
in the tissue and urine of patients and healthy 
individuals and did not change after treatment. 
In addition, synaptopodin did not correlate with 
histological disease, proteinuria, or renal func-
tion. This molecule is regarded as a housekeep-
ing gene because its expression is relatively 
constant in the podocyte cytoskeleton. 
Possibly, it does not affect glomerular permea-
bility to protein in disease processes [39]. 
Other authors did not find either a correlation of 
synaptopodin with nephrin or podocin mRNA, 
or between synaptopodin and the rate of 
decline in eGFR [12]. 

Presently, targeting podocyte-specific proteins 
with drugs that could modify the course of glo-
merular diseases is a subject of investigation. 
Recent studies have provided insight into the 
potential of anti-proteinuric therapies to retain 
the expression of slit diaphragm and cytoskel-
eton proteins and to restore the integrity of the 
glomerular filtration barrier. Experimental and 
clinical studies tested the effects of corticoste-
roids and cytotoxic drugs [16, 40], cyclosporine 
[41], ACEi and ARB-2 [18, 42, 43], or anti-dia-
betics [17], demonstrating their benefits in 
podocyte diseases. In our study, conventional 
immunosuppressive therapy, such as steroids, 
cytotoxics, and calcineurin inhibitors, reduced 
the urinary mRNA levels of podocin, podocalyx-
in, and alpha actinin-4 concomitantly with the 
decrease in proteinuria, which possibly indi-
cates at least a partial recovery of the podocyte 
function in glomeruli. 

The current investigation had some limitations. 
First, we did not evaluate whether the reduction 
of podocyturia after treatment was accompa-
nied by an increase in glomerular mRNA of the 
podocyte markers; our patients did not have 
clinical indication for a second biopsy during 
the study period. Second, the number of 
patients in each histological group was small. 
In addition, as the majority of the patients were 
taking ACEi or ARB-2, we would have needed to 
control for their effects on the level of 
podocyturia. 
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In summary, this study showed that podocyte-
associated mRNAs are inhibited in the kidney 
tissue and concomitantly are increased in the 
urine. The finding of ‘podocytopenia’ occurring 
concomitantly with ‘podocyturia’, although at 
different degrees in NPGs and PGs, reinforces 
the podocyte depletion hypothesis. Additionally, 
we found that the immunosuppressive therapy 
can improve the podocyte function, in parallel 
with the reduction of proteinuria and improve-
ment of renal function. Further investigation is 
needed to evidence the pathways of podocyte 
injury in patients with glomerular diseases of 
different etiopathogenesis.
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