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ABSTRACT. This study examined the mechanism of action of 
amiloride, a urokinase-type plasminogen activator receptor inhibitor, 
in lowering proteinuria. Podocytes were resuscitated to allow for their 
proliferation and were observed for morphological changes. In the in 
vitro experiment, control, lipopolysaccharide, and lipopolysaccharide 
+ amiloride groups were established. The expression of urokinase-
type plasminogen activator receptor (uPAR) in podocytes was detected 
with a flow cytometer and cell motility was detected with the transwell 
migration assay. In the in vivo test, the urine protein volume of the 
model was detected at 24 h using Coomassie brilliant blue staining 
and the morphological changes of the podocytes were detected with 
immunofluorescence. The protein expression rate of uPAR in the 
lipopolysaccharide group was significantly higher than those in the 
control and lipopolysaccharide + amiloride groups (P < 0.05). The 
viability of cells in the lipopolysaccharide group was significantly 



9519Amiloride lowers proteinuria in podocytes by uTPA inhibition

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (3): 9518-9529 (2015)

higher than those in the control and lipopolysaccharide + amiloride 
groups (P < 0.05). Compared with the urine protein level in the control 
group at 24 h, the level in the lipopolysaccharide group increased 
significantly (P < 0.05), whereas compared with the urine protein level 
in the lipopolysaccharide group, the level in the lipopolysaccharide 
+ amiloride group decreased (P < 0.05). uPAR expression was 
significantly downregulated, and the fusion of the podocyte-specific 
skelemin synaptopodin on the glomerulus podocytes was significantly 
decreased in the lipopolysaccharide + amiloride group. These results 
suggest that amiloride is able to reduce cell motility and thus lower 
proteinuria by inhibiting the expression of uPAR in podocytes.

Key words: Urokinase-type plasminogen activator receptor; Inhibitor; 
Proteinuria; Amiloride; Nephropathy

INTRODUCTION

Proteinuria is one of the most common clinical manifestations in renal diseases and is 
also an important factor associated with the continuous progression of renal diseases. A series 
of large-scale clinical studies have demonstrated that the volume and duration of proteinuria 
have a direct bearing on the prognosis of renal diseases (Hasegawa et al., 2013). Podocytes 
are inherent cells of the glomerulus and adhere to the outside of the basilar membrane therein, 
constituting a filtration barrier along with the basilar membrane itself and the endothelial cells 
of blood capillaries (Lasagni and Romagnani, 2013; Müller-Krebs et al., 2013). Therefore, as 
an important constituent of the glomerulus filtration membrane, podocytes play a critical role 
in the progression of proteinuria-related renal diseases, and podocyte dysfunction or damage 
might lead to the occurrence of proteinuria (Li et al., 2013; Reiser, 2013). Current research has 
found that increased expression of the urokinase-type plasminogen activator receptor (uPAR) 
might lead to enhanced podocyte activity and the generation of proteinuria in diseased human 
glomeruli, nephropathy in animal models, and proteinuria in animal and cell models induced 
by lipopolysaccharides (Yu et al., 2013a).

Amiloride is a Na channel blocker that has been used clinically as a diuretic. Research 
has indicated that amiloride is able to inhibit the expression of uPAR, thus reducing cell motil-
ity in cloned tumor cell strains at mRNA and protein levels (Zhang et al., 2012). The question 
arises, therefore, of whether amiloride might be able to inhibit the expression of uPAR and 
thereby reduce the mobility of podocytes. In this study, models of lipopolysaccharide-induced 
transient proteinuria in mice and of lipopolysaccharide-induced podocyte damage in cell culture 
were established to observe the effects of uPAR expression in vivo and in vitro, respectively, to 
preliminarily address the mechanism of action of amiloride in lowering proteinuria, and to pro-
vide a new therapeutic paradigm for the treatment of proteinuria at the level of target podocytes.

MATERIAL AND METHODS

Material

Immortal mouse podocytes were purchased from the Shanghai Fusheng Biotechno-
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logical Development Co., Ltd. (Shanghai, China) and cryopreserved in liquid nitrogen for later use.
We purchased 30 C57BL/6 male mice weighing 20-25 g from the Shanghai Labora-

tory Animal Centre of The Chinese Academy of Sciences for these studies.
Goat polyclonal and goat anti-mouse antibodies were purchased from Shanghai Shrek 

Biotechnology Co., Ltd. (Shanghai, China). FITC labeled rabbit anti-goat IgG was purchased 
from Amresco Co. (Solon, OH, USA); RPMl640 and low-glucose Dulbecco’s modified Eagle 
medium (DMEM) culture media were purchased from Beijing Kang Pu Hui Wei Technol-
ogy Co., Ltd. (Beijing, China); fetal bovine serum (FBS) was purchased from the Shanghai 
Baoman Biotechnology Co. Ltd. (Shanghai, China); Coomassie brilliant blue was purchased 
from Beijing Bole Bioscience Development Co. Ltd. (Beijing, China); the RNAse-Free DNA 
enzyme kit was purchased from Invitrogen (Carlsbad, CA, USA); lipopolysaccharides were 
purchased from Shanghai Hualan Chemical Technology Co., Ltd. (Shanghai, China); and 
amiloride (batch No. 20130518) was purchased from Hubei Zhongcheng Pharmaceutical Co., 
Ltd. (Wuhan, China).

BM-37XB immunofluorescence inverted phase contrast microscope (Hach Co., Love-
land, CO, USA); DELTA ordinary optical microscope (API, USA); the CO2 incubator was 
purchased from LEAD-TECH Scientific Instrument Co., Ltd. (Shanghai, China).

Resuscitation and proliferation of podocytes

A 75-cm2 culture flask was washed 3 times with type-I collagen coating PBS for 
later use. The mouse podocytes cryopreserved in liquid nitrogen were thawed rapidly 
(within 1 min) in a water bath preheated to 37°C, and centrifuged at 1500 rpm for 3 min. 
The supernatant was removed and the cells at the bottom were resuspended in a new cen-
trifuge tube with 1.5 mL FBS with pipetting. The uniformly pipetted cell suspension was 
added to the 75-cm2 culture flask, to which 12.5 mL RPMI 1640 culture solution contain-
ing 20-100 U/mL interferon (IFN)-γ had previously been added. The flask was shaken 
slightly, and cultured in an incubator containing 5% CO2 for proliferation at 33°C with the 
medium replaced every 2 days.

Morphological observation and identification of podocytes

The podocytes that had differentiated at 14 days after being cultured at 33°C in a 
solution containing IFN-γ or at 37°C in a solution containing no IFN-γ 14 were photographed 
microscopically and observed for any morphological changes. The podocytes cultured at 37°C 
for 14 days were identified as maturely differentiated podocytes using anti-synaptopodin 
podocyte specific protein immunofluorescence (Shi et al., 2013).

In vitro experimental groups and interventional treatment of podocytes

The control group consisted of podocytes without any intervention factor. The lipo-
polysaccharide group was generated by incubation of 50 mg/L lipopolysaccharide with ma-
turely differentiated podocytes for 24 h. The lipopolysaccharide + amiloride group was gener-
ated with addition of both 50 mg/L lipopolysaccharide and 50 mg/L amiloride to the mature 
podocytes for 24 h.
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Detection of uPAR expression in podocytes using flow cytometry

Cells were dissociated with the dissociation buffer and the number of podocytes was 
adjusted to 1 x 109/L. The podocytes were centrifuged at 1000 rpm for 5 min and the super-
natant was discarded. The podocytes were washed 3 times with phosphate buffered saline 
(PBS), incubated with 0.5 μg primary antibody goat anti-mouse uPAR (AF-534) for 20 min, 
centrifuged at 1000 rpm for 5 min after addition of 1000 μL cold PBS, incubated with 0.4 μg 
FITC marked rabbit anti-goat IgG for 20 min in the dark after the supernatant was discarded, 
and centrifuged at 1000 rpm for 5 min after addition of 1000 μL cold PBS. Refer to the previ-
ous experiment, the supernatant was discarded and the cells were re-suspended in 200 μL PBS, 
mixed well, and placed in a flow cytometric test tube to detect the expression of the uPAR 
protein in the podocytes (Wei et al., 2008).

Detection of podocyte motility with the transwell migration assay

An I-type collagen coated cell culture insertion transwell plate was used for this as-
say. The plate was stored at room temperature for 1 h and was washed once with PBS. Fifteen 
milliliters fresh DMEM culture medium containing no IFN-γ and a final concentration of 10% 
FBS in transwell plate. The podocytes that had been cultured at 37°C and maturely differenti-
ated, and treated on the basis of their respective experimental groups, were inoculated onto 
the transwell plate at 1 x 104/mL (final concentration), and incubated for 24 h in an incubator 
containing 5% CO2 at 37°C. The cells that had not migrated and remained on the upper layer 
of the membrane were removed gently with a swab. The migrated cells on the lower layer 
were fixed for 10-20 min with 4% paraformaldehyde, washed twice with PBS, stained for 
5 min with 0.1% gentian violet prepared with 20% ethyl alcohol, and washed again for 1-3 
min with PBS. The filter membrane was cut, horizontally placed on a slide, and photographed 
under the phase contrast microscope in the central field, and the migrated cells were counted 
(Ilatovskaya et al., 2013).

Establishment of animal models

Thirty C57BL/6 male mice were randomly divided into control, lipopolysaccharide 
treatment (lipopolysaccharide), and lipopolysaccharide + amiloride treatment (lipopolysac-
charide + amiloride) groups, with 10 animals in each group. The amiloride was dissolved in 
PBS and stored at -20°C; the lipopolysaccharide was dissolved in normal saline and stored at 
4°C. The lipopolysaccharide and lipopolysaccharide + amiloride groups were intraperitone-
ally injected with 200 μg lipopolysaccharide. The control group was intraperitoneally injected 
with an equivalent amount of saline. The lipopolysaccharide + amiloride group was intragas-
trically administered 10 mg ∙ kg−1 ∙ d−1 of amiloride 2 days ahead of the lipopolysaccharide 
injection. The control and lipopolysaccharide groups were intragastrically administered an 
equivalent amount of normal saline. The urine protein collected at 24 h was retained and tested 
on the second day; harvesting of tissues on Day 3, and each mouse was anesthetized with ether 
and routinely sterilized. The mouse abdominal cavity was cut open to draw a blood sample 
from the abdominal aorta. The blood was centrifuged and the supernatant was taken. The 
tissue of the two kidneys was taken and divided into four parts: one part was fixed with 4% 
paraformaldehyde, one was fixed with 2.5% glutaraldehyde, one was cryopreserved in liquid 
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nitrogen, and the fresh cortex of the remaining part was taken and delivered to the pathology 
department to generate sample slides after being rapidly sectioned with a freezing microtome 
(Abe et al., 2013).

Coomassie brilliant blue detection of the urine protein volume in the model within 24 h

Urine (0.1 mL) and 5 mL Coomassie brilliant blue reagent solution were added to the 
test tube and 0.1 mL normal saline and 5 mL Coomassie brilliant blue reagent solution were 
added to the blank control tube; the tube contents were well mixed. A colorimetric assay was 
performed after 5-10 min at 595 nm using a spectrophotometer. The numerical value was read 
and the standard curve was consulted to determine protein concentration.

To dilute the standard protein solution and generate a 1 mg/mL standard protein solu-
tion, 1 mL 5% stock protein solution + 49 mL normal saline were added. Diluted solution (0.1 
mL) was taken from each tube and well mixed with 5 mL Coomassie brilliant blue reagent 
solution for colorimetric assessment after 5 min. The colorimetric tube was washed with 95% 
ethyl and then washed with pure water after each tube was tested (Sanchez-Niño et al., 2013).

Immunofluorescence detection of the podocytes

Fresh mouse renal tissue was immediately processed into 3 μm thick frozen sections, 
fixed for 10 min at -20°C with acetone, washed 3 times with PBS for 5 min each time, perme-
ated with 0.5% Triton X-100 for 20 min, washed an additional 3 times with PBS for 5 min 
each time, and blocked in 5% bovine serum albumin (BSA) for 20 min at room temperature. 
The slides were placed in a humidified box after addition of the primary antibody and incu-
bated at 4°C overnight, washed 3 times with PBS for 5 min each time, incubated at 37°C for 
60 min in the dark after addition of the fluorescent labeled secondary antibody, and washed 
3 times with PBS for 5 min each time. The slides were subsequently mounted with an anti-
fluorescence attenuation reagent, and observed under a fluorescence microscope.

Statistical analysis

The measurement data are reported as means ± standard deviation. The SPSS 13.0 
statistical software (SPSS, Chicago, IL, USA) was used for statistical analysis. The method 
of one-way analysis of variance was used for the results. The homogeneity of variance was 
subject to least significant difference (LSD) multiple comparisons among groups and the het-
erogeneity of variance was subjected to Dunnett’s T3 multiple comparisons among groups. P 
< 0.05 was considered to be statistically significant.

RESULTS

Morphological observation and identification of podocytes

Podocytes were cultured at 33°C in a culture medium containing IFN-γ. The podocytes 
were considered to be proliferating if they were alternately arranged like cobblestones or branch-
es. The podocytes were cultured without IFN-γ for 14 days at 37°C subsequently. As the podo-
cytes became maturely differentiated, the cell bodies became large, the cytoplasm thinned, and 
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many primary and secondary foot processes were intertwined. These features indicated that the 
podocytes were differentiating. The podocytes that were proliferating after being cultured with 
IFN-γ at 33°C did not express the podocyte-specific skelemin synaptopodin, whereas podocytes 
that had become maturely differentiated after being cultured without IFN-γ for 14 days at 37°C 
expressed synaptopodin. In addition, a filose cytoskeleton was observed in all cells (Figure 1).

Figure 1. Observation of podocytes cultured in vitro. A) Morphology of the cells cultured for 14 days in a culture 
medium containing IFN-γ at 33°C; B) podocytes cultured in a culture medium containing IFN-γ at 33°C did not 
express the specific skelemin synaptopodin; C) morphology of the cells cultured for 14 days in a culture medium 
containing no IFN-γ at 37°C; D) Mature podocytes cultured in a culture medium containing no IFN-γ at 37°C 
expressed the specific skelemin synaptopodin.

Effect of amiloride on expression of the uPAR protein in podocytes

The expression of the uPAR protein in the three experimental groups was detected 
with flow cytometry and the uPAR protein expression rates in the control, lipopolysaccharide, 
and lipopolysaccharide + amiloride groups were 21.08 ± 2.17, 67.26 ± 3.59, and 33.68 ± 
2.85%, respectively. The uPAR protein rate in the lipopolysaccharide group was significantly 
higher than those in the control and the lipopolysaccharide + amiloride groups (P < 0.05) 
(Table 1 and Figure 2).

Group Control  Lipopolysaccharide  Lipopolysaccharide + Amiloride

uPAR (%)(means±SD) 21.08 ± 2.17 67.26 ± 3.59# 33.68 ± 2.85*

Table 1. Flow cytometric detection of uPAR expression changes in different podocytes.

#Compared with the control group, P < 0.05; *compared with the lipopolysaccharide group, P < 0.05. uPAR = 
urokinase-type plasminogen activator receptor.
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Figure 2. Effect of amiloride on uPAR protein expression in podocytes. #Compared with the control group, the 
uPAR expression rate significantly increased in the lipopolysaccharide group, P < 0.05; *compared with the 
lipopolysaccharide group, the uPAR expression rate decreased somewhat in the lipopolysaccharide + amiloride 
group; these differences were statistically significant, P < 0.05. uPAR = urokinase-type plasminogen activator receptor.

Detecting the effect of uPAR on cell motility in podocytes with the transwell 
migration assay

In the control, lipopolysaccharide, and lipopolysaccharide + amiloride groups, the 
average cell numbers in each field, representing cells that had undergone migration, were 
162.38 ± 23.71, 328.14 ± 35.12, and 204.25 ± 28.11 respectively. The average cell number in 
the lipopolysaccharide group was significantly larger than those in the other two groups (P < 
0.05) (Table 2 and Figure 3).

Group Control Lipopolysaccharide Lipopolysaccharide + Amiloride

Podocytes (means ± SD) 162.38 ± 23.71 328.14 ± 35.12# 204.25 ± 28.11*
#Compared with the control group, P < 0.05; *compared with the lipopolysaccharide group, P < 0.05.

Table 2. Detection of podocyte motility changes using a transwell migration experiment.

Figure 3. Detection of podocyte motility using a transwell migration experiment. A) Control group; B) 
lipopolysaccharide group; and C) lipopolysaccharide + amiloride group. It can be seen from the figure that cell 
migration occurred each group, particularly in the lipopolysaccharide group, 24 h after treatment.
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Changes of proteinuria in the various groups in the model of mouse proteinuria 
induction by lipopolysaccharides

Compared with the urine protein level in the control group over 24 h, urine protein in-
creased significantly in the lipopolysaccharide group (P < 0.05). However, compared with the 
lipopolysaccharide group, the urine protein level decreased significantly in the lipopolysac-
charide + amiloride group (P < 0.05); there was no statistically significant difference observed 
following comparison between the lipopolysaccharide + amiloride and the control groups (P 
> 0.05) (Table 3 and Figure 4).

Group Control Lipopolysaccharide Lipopolysaccharide + Amiloride

N 10 10 10
Level of urine protein over 24 h (mg/mL)(means ± SD ) 0.98 ± 0.16 4.17 ± 0.23# 1.73 ± 0.22*

N = number of laboratory mice. #Compared with the control group, P < 0.05; *compared with the lipopolysaccharide 
group, P < 0.05.

Table 3. Urine protein levels over 24 h in mice of the different groups.

Figure 4. Comparison of urine protein levels over 24 h in mice of the different groups. #Compared with the control 
group, the urine protein levels significantly increased in the lipopolysaccharide group, P < 0.05; *compared with 
the lipopolysaccharide group, the urine protein levels decreased somewhat in the lipopolysaccharide + amiloride 
group; this difference was statistically significant, P < 0.05.

Amiloride might inhibit uPAR expression in podocytes in the mouse model of transient 
proteinuria induced by lipopolysaccharides

In the mouse model of transient proteinuria induced by lipopolysaccharides, the podo-
cyte-specific skelemin synaptopodin in the control group was found to be primarily expressed 
in glomerular podocytes, uPAR was widely present in renal tubules and glomeruli, and both 
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were seldom observed simultaneously in glomerular podocytes. In comparison, in the lipo-
polysaccharide group, it was observed that uPAR expression had increased, the uPAR fluo-
rescent brightness was high, and uPAR and synaptopodin appeared overlapping hybridization 
signals. In the lipopolysaccharide + amiloride group, it was observed that uPAR expression 
was downregulated significantly and that overlapping hybridization signals of synaptopodin 
was decreased on the glomerular podocytes (Figure 5).

Figure 5. Expression and cellular localization of uPAR in mouse proteinuria models of the different groups. A) 
Control group; B) lipopolysaccharide group; and C) lipopolysaccharide + amiloride group. It can be seen from 
the figure that uPAR was least expressed in the control group as demonstrated by the low fluorescence intensity, 
most highly expressed in the lipopolysaccharide group, and expressed to a somewhat lesser degree in the 
lipopolysaccharide + amiloride group. uPAR = urokinase-type plasminogen activator receptor.

DISCUSSION

Proteinuria is not only a sign of renal injury and an index of the efficacy of clini-
cal treatment, but is also an important risk factor in the process whereby glomerular disease 
progresses to renal tubule injury and interstitial fibrosis and finally to chronic kidney disease 
(CKD) (Zhang et al., 2013). Podocytes and proteinuria are involved in almost all glomerular 
diseases. As the final barrier of the glomerulus filtration barriers, podocytes have become the 
critical cells for current research on proteinuria. Enhanced mobility and fusion of podocytic 
processes damage the glomerulus filtration barriers thus leading to the occurrence of protein-
uria. Therefore, podocyte damage is directly associated with the occurrence of proteinuria 
(Liu et al., 2013; Worthmann et al., 2013). To date, substantial progress has been made in the 
research on the molecular structure of podocytes and the understanding of their interactions. 
In addition, further in-depth research on the damage to podocytes and the changes of their 
molecular structure that occur during proteinuria has been performed. Under normal physi-
ological status, the maturely differentiated podocytes are terminal cells without division and 
proliferation capacity that exist in a relatively stationary state. In contrast, damaged podocytes 
are hyperdynamic cells that bear similarity to tumor cells (Merscher-Gomez et al., 2013; Yu 
et al., 2013b). In vitro experiments have shown that these cells exhibit enhanced migration 
and invasion capacities; i.e. their mobility is enhanced, while in vivo experiments have dem-
onstrated changes in the dynamic system of the podocytic processes and podocytic process 
fusion (Mao et al., 2013; Shen et al., 2013).

As a transmembrane protein , which regulates cell activities, uPAR plays an important 
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role in inflammation, tumor infiltration, and metastasis (Trimarchi, 2013). Previous research 
has found that uPAR is an important molecular protein in regulating tumor cells and their 
infiltration and metastasis of the surrounding tissues indicating that uPAR plays an important 
role in regulating tumor cell motility (Lugano et al., 2012; Yeh et al., 2013). Studies have also 
shown that the expression level of uPAR rises and a large amount of proteinuria appears in 
models of animals with nephrotoxic nephritis, thus giving rise to the reconstruction of renal 
tissues and glomerular sclerosis (Boucher et al., 2012; Yasuno et al., 2013). The resultant 
damaged podocytes exhibit features similar to those of tumor cells, and their motility is also 
strengthened considerably (Brähler et al., 2012). Recent research has found that increased 
uPAR expression can enhance the activities of podocytes and the generation of proteinuria 
in diseased human glomeruli, nephropathy animal models, and in proteinuria animal and cell 
models induced by lipopolysaccharide. To study these issues, researchers have utilized gene 
knock-out and transgenic animals. It was found that the proteinuria of the injured mouse fol-
lowing lipopolysaccharide induction decreased significantly upon knock-out of the uPAR gene, 
whereas it increased significantly after the uPAR cDNA was re-introduced, indicating that 
uPAR plays a unique role in the pathogenic mechanism of proteinuria (Meyer-Schwesinger et 
al., 2011; Xiao et al., 2011). Research has also shown that damaged podocytes are able to in-
crease the motility of normal podocytes and can cause foot process fusion and the occurrence 
of proteinuria by up-regulating the expression of uPAR (Patrakka and Tryggvason, 2009).

As a classic diuretic, amiloride primarily acts on distal renal tubules and blocks sodium-
potassium exchange to promote the excretion of sodium and chlorine and reduce the secretion of 
potassium and hydrogen ions, thus achieving diuresis (Sun et al., 2012). It has been reported that 
amiloride might inhibit uPAR RNA and protein synthesis in cloned tumor cell strains (Haishima 
et al., 2012; Shkreli et al., 2012). Based on the previously discussed research, these findings sug-
gest the question of whether amiloride is able to reduce the motility of podocytes thus stabilizing 
them and lowering the effects of proteinurea on the damaged podocytes.

In this study, an in vitro model of podocyte damage induced by lipopolysaccharides was 
established and amiloride was used for interventional treatment. We observed that the expression 
of uPAR in the podocytes in the lipopolysaccharide group was significantly higher than that in 
the control group and that the expression of uPAR decreased significantly after interventional 
amiloride treatment, indicating that amiloride was able to inhibit the expression of the uPAR 
protein in podocytes. To detect the changes in the motility of podocytes in the various treatment 
groups, a transwell migration experiment and a scraping experiment were used. The motility of 
the damaged podocytes increased significantly in the lipopolysaccharide group and the motility 
decreased after intervention with amiloride, which contributed to the stabilization of the podo-
cytes and to damage repair. Thus, at the level of podocytes in an in vitro experiment, amiloride 
was able to inhibit the uPAR expression of damaged podocytes, decrease the motility and mi-
gration capacity of podocytes, decrease their activities, and to stabilize them and return them 
partially or completely to their normal stationary state. In the in vivo experiment, we established 
a mouse model of transient proteinuria induced by lipopolysaccharide. We used amiloride to 
intervene in the establishment of the animal model and detected the proteinuria over 24 h. We 
observed that amiloride was able to significantly decrease the occurrence of proteinuria.

Based on the above results, we concluded that amiloride is able to reduce the motil-
ity of podocytes and stabilize them, and thus lower the overall proteinuria by inhibiting the 
expression of uPAR in the podocytes. Amiloride thus can be considered a new medicine for 
lowering proteinuria in podocyte-targeted cell treatments.
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