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A B S T R A C T   

Aims: Focal segmental glomerulosclerosis (FSGS) is the common cause of chronic renal disease worldwide. 
Although there are many etiologic factors which have common theme of podocyte injury conclusive etiology is 
not clearly understood. In this study, we aimed to explore the role of autophagy in the pathogenesis of podocyte 
injury, which is the key point in disease progression, and the roles of intrarenal microRNAs and the prorenin 
receptor (PRR) in the 5/6 nephrectomy and adriamycin nephropathy models of FSGS. 
Main methods: For experimental FSGS model, 5/6 nephrectomy and adriamycin nephropathy models were 
created and characterized in adult Sprague Dawley rats. Microarray analysis was performed on FSGS and control 
groups that was confirmed by q-RT-PCR. Beclin1, LC3B, PRR, ATG7 and ATG5 expression were evaluated by 
western blotting and immunohistochemistry. Also, Beclin1 and PRR expression were measured by ELISA. 
Glomerular podocyte isolation was performed and autophagic activity was evaluated in podocytes before and 
after transfection with miRNA mimic and antagonists. 
Key findings: Glomerular expression of Beclin1, LC3B, PRR, ATG7 and ATG5 were significantly lower in the 5/6 
nephrectomy than adriamycin nephropathy group and in both groups lower when compared to control groups. 
Western blot results were consistent with immunohistochemical data. Electron microscopy revealed signs of 
impaired autophagy in FSGS. Autophagic activity decreased significantly after miR-214, miR-132 and miR-34c 
mimics and increased after transfection with antagonists. 
Significance: These results showed that the role of autophagic activity and decreased expression of PRR in FSGS 
pathogenesis and miR-34c, miR-132 and miR-214 could be a potential treatment strategy by regulating 
autophagy.   

1. Introduction 

Focal segmental glomerulosclerosis is the more often glomerular 
reason of end stage renal disease which characterized by global sclerotic 
changes which may lead to irreversible loss of kidney functions. 
Currently, the diagnosis of FSGS is based on pathologic findings, clinical 
evidence and laboratory results. No available plasma and urine markers 
are available for diagnosing FSGS regarding delayed diagnosis. 

Autophagy is a cellular homeostatic process that is responsible for 
degradation of damaged cellular proteins and organelles. This pathway 
involves formation of autophagic vesicles around of organelles and 
fusion of lysosomes that mediate enzymatic degradation [1]. Global 
deletion of autophagy pathway and impaired autophagic organelle 
turnover in podocytes cause manifestations of FSGS disease in animal 
models [2]. 

MicroRNAs (miRNAs) are a class of 22–24 nucleotide RNAs that 
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degrade mRNA and capable of translational repression. There is evi
dence that they can also lead to gene upregulation [3]. Strong evidences 
from research are emphasized that dysregulation of miRNAs may lead to 
some various diseases such as cancer, cardiovascular diseases, trans
plant rejection [4–7]. Also, some kidney diseases like Lupus nephritis, 
diabetic nephropathy, IgA nephropathy and polycystic kidney diseases 
were showed significant relation with miRNA functions [8–12]. 

Etiology of primary FSGS is not elucidated yet, a lot of studies 
showed significant relations with some miRNA molecules and FSGS 
disease [13–17]. Moreover, plasma miRNA markers were identified as 
novel biomarkers of FSGS [14]. Presence of miRNA molecules in path
ogenesis of FSGS may provide new treatment options. miRNA mimics 
and antagonists may alter disease activity. 

Prorenin receptor (PRR) is localized on the X chromosome, encodes a 
37-kD transmembrane protein and is expressed in the central nervous 
system as well as in the heart, intestine and kidney, particularly in 
podocytes. It binds with prorenin to convert it into non-proteolytically 
activated prorenin that exerts renin enzymatic activity, thereby trig
gering the tissue renin angiotensin aldosterone system [15]. Previous 
reports exhibited that increased PRR and prorenin levels in the plasma 
or serum were associated with various diseases including cancer, hy
pertension, obesity, heart failure, diabetic nephropathy and glomeru
sclerosis [15–20]. Also stromal prorenin receptor is reported as essential 
for normal kidney development [21]. PRR is present on infiltrating 
lymphocytes and macrophages around glomeruli in anti-neutrophil 
cytoplasmic antibody (ANCA)-associated glomerulonephritis [22]. Pre
vious studies have revealed that the serum levels of sPRR correlated with 
the degree of renal dysfunction in chronic kidney disease (CKD) patients 
[17] and also involved in mesangial fibrosis [23]. 

Considering all these, present data constitute the basis for the 
investigation of the functional role of miRNAs in the regulation of 
autophagy in the pathogenesis of FSGS caused by podocyte damage. This 
study aimed to investigate the role of autophagy in the pathogenesis of 
podocyte damage in vivo, which is a key point in disease progression in 
the FSGS, and intrarenal miRNA expression and PRR activity in auto
phagy regulation, to enable new treatment protocols. 

2. Materials and methods 

2.1. Experimental rat model 

All experimental animal procedures were in accordance with the 
National Institutes of Health guide for the care and use of laboratory 
animals and local ethical committee approved the study. 48 male 
Sprague Dawley rats (6–8 weeks, 250–300 g) were used in the study. The 
rats were kept in cages in groups of 6 during the experiment in an 

environment with a humidity of 50–60%, a temperature of 22 ± 1 ◦C, 12 
h night and 12 h daylight period. Animals divided into 4 groups; Sham, 
Adriamycin induced injury, 5/6 nephrectomy and control models. In 5/ 
6 nephrectomy models secondary FSGS is performed. In the 5/6 Ne
phrectomy model (Secondary FSGS), rats (n = 20) were anesthetized 
and then entered into the abdominal area, the right kidney was sepa
rated from the surrounding tissue and carefully removed from the 
incision area. Renal blood vessels and ureter were cauterized, and the 
kidney was separated from the distal of the cauterization area. An infarct 
was created in approximately 2/3 of the left kidney by tying 2–3 
branches of the left renal artery (Fig. 1). 

In the control group (n = 6), sham operation was performed with 
laparotomy and mobilization of renal vessels. In the Adriamycin Ne
phropathy model (Primary FSGS) (n = 20), Adriamycin (Adriblastina, 
10 mg vial) 4 mg/kg was injected intravenously (iv) from the tail twice 
every 14 days. The control group (n = 6) received iv saline injection. The 
purpose of using the two models here was to be able to monitor the 
changes in both Primary and Secondary FSGS and compare them with 
each other. Renal functions were monitored by measuring blood creat
inine and albumin levels. Urine samples were also collected by using a 
metabolic cage and spot proteinuria were evaluated. The rats being 
nephrotic syndrome were sacrificed at the mean of 8th week in the 5/6 
nephrectomy models (n = 14) and the 6th week in the Adriamycin ne
phropathy group (n = 14) in accordance with the literature [24–29]. 

2.2. Histological and immunohistochemical procedures 

The kidneys were cut sagittal and put in a piece of formaldehyde for 
histopathological examination and a piece was divided into 1 mm3 
pieces and stored in 2.5% glutaraldehyde (pH 7.4) with 0.1 phosphate 
buffer. Renal histology was examined by hematoxylene eosin staining. 
Immunohistochemical staining was performed on tissue samples to 
determine localization of selected autophagy markers in the kidney and 
compare the levels of controls and patient groups. For immunohisto
chemical staining, routine deparaffinization and rehydration procedures 
were performed on the 3 mm renal cortex sections. To inhibit endoge
nous peroxidase activity, 3% H2O2 (TA-125-HP, Thermo Scientific) so
lution prepared in PBS was applied to sections for 20 min. After the 
sections were kept in PBS for 10 min, the tissues were circled by hy
drophobic pencil. Bovine serum albumin (TA-125-UP, Thermo Scienti
fic) was placed on the slides and left for 20 min. Anti-PRR (ab40790), 
Abcam IncAnti-Beclin-1 (sc-11427, Santa Cruz Biotechnology), LC3B 
(3868, Cell Signaling) and ATG5 antibody (NBP1-76992, Novus Bi
ologicals) which were prepared at 1/100 dilution and poured BSA onto 
the slide were incubated for 60 min with primary antibodies at 37 ◦C. 
After washing with PBS twice for 5 min, Biotinylated Goat 

Fig. 1. Creating 5/6 Nephrectomy model. Left panel: The operation to create an infarct in approximately 2/3 of the left kidney by tying 2–3 branches of the left renal 
artery. Right panel: Pre-operative condition. 
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AntiPolyvalent was added to the sections for 15 min. After doing the 
same procedure with biotin containing secondary antibody, streptavidin 
peroxidase (TS-125-HR, Thermo Scientific) was placed and left for 15 
min. Washed PBS again then DAB (TA-125-HD, Thermo Scientific) was 
dropped. Washing with PBS twice for 5 min and incubated in Mayers 
Hematoxylin (TA-125-MH, Thermo Scientific) for 3 min. Sections taken 
from PBS were allowed to turn blue. After washing in distilled water, it 
was shaken in 96% alcohol, was kept in 100% alcohol for 5 min and 
xylene for 5 min in 2 times. Histological scoring was performed by an 
experienced pathologist in immunohistochemical kidney tissue samples 
(OLYMPUS BX53). Accordingly, if the severity of staining is less than 
25% for 1, 25–50% for 2, 50–75% for 3 and 75–100% for 4 points were 
scored. 

2.3. Electron microscopic examination 

Tissue samples which were fixed in 2.5% gluteraldehyde with 0.1 M 
phosphate buffer were washed 3 times with the buffer and left for 1 h 
with 1% osmium tetra oxide. Then the tissues that were activated to 
propylene oxide were embedded in the embedding material prepared 
with Araldit CY212 kit and blocks were prepared. At the end of the 
period, tissues passed through graded alcohol series. Semi-thin sections 
were taken from the polymerized blocks in a 560 ◦C for 48 h and stained 
with toluidine blue and examined under light microscope. Thin sections 
of approximately 0.5 μm from the marked regions were stained with 
uranyl acetate - lead citrate and evaluated on Carl Zeiss 906 E TEM. 

2.4. Western blot analysis 

Kidney tissues or podocytes were homogenized by using Tissue 
Ruptor in T-PER including protease inhibitor cocktail. Homogenized 
tissues were centrifuged at 20.000 rpm for 20 min at 4 ◦C. Supernatants 
were harvested and protein concentrations were measured by BCA 
protein assay kit (Thermo Scientific). Proteins were boiled in 4×
laemmli sample buffer including 5% β-ME and subjected to 10% and 
15% SDS-PAGE depending on the molecular weight of antibody, then 
transferred to PVDF membrane. Membranes were blocked with 5% 
skimmed milk powder in TBST for 1 h at RT and then hybridized with 
primary antibodies overnight at 4 ◦C, respectively: anti-Beclin-1 (3738, 
Cell Signaling), anti-LC3B (2775, Cell Signaling), anti-ATG5 (9980, Cell 
Signaling), anti-ATG7 (2631, Cell Signaling), anti-PRR (ab40790, 
Abcam Inc), anti-β-actin (Sc-47778, Santa Cruz Biotechnology). After 
washes with TBS-T, membranes were incubated with HRP conjugated 
secondary antibodies at RT for 1 h. Following incubation, membranes 
were washed with TBS-T and protein bands were visualized using ECL 
kit by Chemidoc MP (Bio-Rad). 

2.5. Microarray analysis 

Total RNA from FSGS model and control tissues were isolated with 
QIAzol Lysis Reagent (Qiagen) conventional guanidinium thiocyanate- 
phenol-chloroform method. miRNA expression profiling was per
formed in Affymetrix GeneChip miRNA 2.0 Arrays (901754, Affymetrix) 
system by using RNAs obtained from kidney tissues of FSGS model and 
untreated control rats according to the manufacturer's instructions. In 
brief, after the addition of poly-A tail to the RNA, 1 μg RNA per sample 
was labelled by using FlashTag Biotin RNA Labeling Kit (Genisphere). 
Hybridization, washing, and scanning of chips were performed accord
ing to the manufacturer's instructions. 

2.6. Quantitative real-time RT-PCR 

miRNA isolation was performed with miRNeasy Mini Kit (Qiagen) 
from tissues according to the manufacturer's instructions. miRNAs were 
reverse transcribed by using miScript II RT Kit (Qiagen) at 37 ◦C for 60 
min and at 95 ◦C for 5 min according to the manufacturer's instructions. 

Quantitative real-time RT-PCR analysis was performed using miScript 
SYBR Green PCR Kit and miScript Primer Assay (Qiagen). The PCR 
mixture consisted of 2× QuantiTect SYBR Green PCR Master Mix (10 μl) 
which contains HotStarTaq DNA Polymerase, QuantiTect SYBR Green 
PCR Buffer, dNTP mix, including dUTP, SYBR Green I, ROX passive 
reference dye, 5 mM MgCl2, 10× miScript Universal Primer (2 μl), 10×
miScript Primer Assay (2 μl), RNase-free water (2 μl), and cDNA of 
samples (4 μl) in a total volume of 20 μl. PCR was performed with initial 
activation at 95 ◦C for 15 min, followed by amplification for 40 cycles, 
each cycle consisting of denaturation at 94 ◦C for 15 s, annealing at 55 ◦C 
for 15 s, extension at 70 ◦C for 30 s by using a Rotor-Gene Q real-time 
PCR cycler (Qiagen). 

2.7. Primary podocyte isolation and culture 

Primary podocyte cells were isolated from kidneys of 5/6 nephrec
tomy model rats. 5/6 nephrectomy model rats were fasted overnight and 
anesthetized with intraperitoneal injection of Ketamine hydrochloride: 
Xylazine (50 mg/kg:10 mg/kg). 4 × 106 dynabeads (4.5 μm) (Dynabeads 
M-450 Tosylactivated, Invitrogen) were prepared in 20 ml of ice-cold 
PBS and perfused to kidney vein very slowly. Ten minutes after perfu
sion, the kidney was extracted and placed in an ice-cold petri dish. 
Kidney was washed three times with ice-cold PBS, minced into small 
pieces and digested by shaking with 1 mg/ml collagenase (BD Bio
sciences) in PBS solution at 37 ◦C for 1 h. The specimens were then 
passed through a 100-μm cell strainer (BD Biosciences) two times and 
centrifuged at 900 rpm for 5 min at 4 ◦C. After removing the superna
tant, 8 ml of ACK (Ammonium-Chloride-Potassium Lysing Buffer) was 
added to the pellet to eliminate the red blood cells. After thawing with 
ACK, the cells were centrifuged at 900 rpm for 5 min at 4 ◦C. The su
pernatant was discarded, and the pellet was dissolved in 2 ml of PBS. 
Tubes were placed on the magnet (Life technologies) for 15 min then 
discard the supernatant. The beads were washed 2 times with PBS by 
placing the tubes on a magnet for 15 min and discard the supernatant. 
The beads were resuspened in culture medium and seeded collagen 
coated dishes. Primary podocytes were cultured in DMEM/F-12 (1:1) 
(Hyclone, GE Healthcare) supplemented with 10% heat inactivated fetal 
bovine serum (Hyclone), 2 mM L-glutamine (Hyclone), 100 U/ml peni
cillin, 100 μg/ml streptomycin (Hyclone) and 2,5 μg/ml plasmocin 
(Invivogen) in a 5% CO2 humidified incubator at 37 ◦C. 

2.8. Transfection of miRNA mimic and antagonists to primary podocytes 

After the microarray analysis and Q-RT-PCR validation, 30 nM 
selected miRNA (miR-34c, miR-132 and miR-214) mimics or antagonists 
(Qiagen) were transfected into primary podocytes (isolated from kid
neys of 5/6 nephrectomy model rats) using Lipofectamine 2000 (Invi
trogen) in OPTI-MEM I medium according to the manufacturer's 
instructions. 

2.9. Statistical analysis 

Data in the graphs are expressed as mean ± standard deviation in the 
form of mean bars and error bars. Non-parametric test was used for 
statistical analysis due to the low number of subjects in the groups. The 
relationship between the variables was evaluated by Mann-Whitney U 
test. Statistical significance level was accepted as p < 0.05. Statistical 
analysis of all data was performed using SPSS 20.0. 

3. Results 

3.1. Biochemical findings 

When the biochemical values of 5/6 Nephrectomy, Adriamycin Ne
phropathy and Control rats were compared, it was found that serum 
creatinine levels of 5/6 Nephrectomy and Adriamycin Nephropathy 
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groups increased significantly compared to control rats (1.51 ± 0.01 
mg/dl, 1. 46 ± 0.02 mg/dl and 0.43 ± 0.08 mg/dl, p < 0.01). Expressed 
as fold change, serum creatinine values increased 3.39 times in the 
Adriamycin Nephropathy group compared to the control, while it 
increased 3.51 times in the 5/6 Nephrectomy group. Serum albumin 
levels were significantly decreased in 5/6 Nephrectomy and Adriamycin 
Nephropathy groups compared to the control group (1.82 ± 0.47 g/dl, 
1.94 ± 0.77 g/dl and 3.48 ± 0.33 g/dl, respectively, p < 0.01). The fold 
changes in serum albumin values; while the Adriamycin Nephropathy 
group decreased 1.79 times compared to the control, it decreased 1.91 
times in the 5/6 Nephrectomy group. When urinary albumin/creatinine 
excretion rates of 5/6 Nephrectomy, Adriamycin Nephropathy and 
Control rats were compared; Urinary albumin/creatinine excretion rates 
of rats with FSGS model were found to be much higher than control mice 
(40.46 ± 8.37 mcg/mg, 38.74 ± 6.44 mcg/mg and 0.3 ± 0.14 mcg/mg, 
p < 0.001). The fold change values of the urinary albumin/creatinine 
excretion rates increased 129.1 times in the Adriamycin Nephropathy 
group and 134.8 times in the 5/6 Nephrectomy group compared to the 
control. There was no significant difference between serum creatinine, 
albumin levels and urine albumin/creatinine excretion rates between 
nephrectomy and adriamycin nephropathy groups (p > 0.05). These 
results are given in Table1. Thus, it was observed that rats developed 
FSGS can be detected biochemically in the 8th week after 5/6 ne
phrectomy and in the 6th week in the adriamycin nephropathy model. 

3.2. Histological and immunohistochemical observations 

We used hematoxylene eosin staining method, which may help 
showing decreased number of nucleus and interstitial inflammation 
[30]. When hematoxylene eosin stained kidney sections were examined; 
control group showed normal renal histology (Fig. 2a). However, on the 
kidneys with FSGS, global and segmental sclerosis in the glomeruli, 
degeneration of tubules, cytoplasmic vacuolization, loss of brushy 
margins, proteinous material in some lumens, and atrophy in certain 
interstitium, interstitium edema cell infiltration and fibrosis were 
observed (Fig. 2b–c) which validated that the FSGS rat model has suc
cessfully created. 

In the immunohistochemical staining with anti-Beclin-1, anti-LC3B, 
PRR and anti-ATG5 were observed in significantly reduced expression in 
both groups compared to controls in the surgical group (Fig. 3). Histo
logical scoring was performed by an experienced pathologist, unaware 
of the experimental results, by taking the average number of stained 
cells in 10 different 400× microscope areas that did not overlap with 
each other. Protein expression was measured only from glomerular le
sions. As seen in the Fig. 3m; results for anti PRR were 19.5 ± 3.6 in the 
controls, 9.4 ± 1.1 in the adriamycin nephropathy group and 4.2 ± 3.2 

in the 5/6 nephrectomy group; anti-Beclin-1; the score in the control 
group was 25.6 ± 2.8, 11.4 ± 2.1 in the adriamycin nephropathy and 
5.2 ± 2.3 in the 5/6 nephrectomy group; for anti-LC3B; while the score 
in the control group was 16.5 ± 4.6, for the adriamycin nephropathy 
group was 6.4 ± 1.13 and for the 5/6 nephrectomy group was 2.2 ± 1.2 
and for anti-ATG5; 23.5 ± 4.8 in the control group, 13.6 ± 2.8 in the 
adriamycin nephropathy group and 3.2 ± 1.4 in the 5/6 nephrectomy 
group. Autophagy markers and PRR antibodies were significantly lower 
in adriamycin nephropathy and 5/6 nephrectomy group compared to 
control (p < 0.01). The difference between adriamycin nephropathy and 
5/6 nephrectomy group scores were also significant (p < 0.05). Ac
cording to the results of immunohistochemistry studies, decreased 
expression of PRR and autophagy markers Beclin-1, LC3B and ATG5 in 
the primary and secondary FSGS models suggests that autophagy may be 
associated with PRR expression and FSGS pathogenesis. 

3.3. Electron microscopy observations 

The glomerular structure of the renal cortex was evaluated at the 
electron microscope level for the control group and 5/6 nephrectomy. 
Especially glomerular basement membrane structure, podocyte cells, 
pedicle arrangement and autophagic vacuole formation were taken into 
consideration. In the control group, glomeruli showed normal structure 
in the semi-thin section passing through the kidney cortex (Fig. 4) while 
5/6 nephrectomy samples showed a sclerotic appearance (Fig. 4d). 
Degeneration of podocyte cells was prominent compared to the control 
group. In some areas, excessive thinning of podocyte extensions was 
observed. In large and small growth, membrane-bound cellular residues 
and degenerate heterogeneous cell components that were not yet sur
rounded by membrane were distinguished in the primary extensions of 
podocytes. Electron-dense oval bodies were observed around the vacu
ole. These structures were accepted as indicators of autophagic activity. 
In some areas, the increase of mesengial cells observed in the advanced 
stages of FSGS. (Fig. 4e, f). Pedices on the basement membrane were 
completely erased in some areas (Fig. 4g) and the presence of degen
erative mitochondria and autophagic vacuoles in the podocyte primary 
extension was detected in higher magnification of the square area 
(Fig. 4h). Another finding observed in this group was the formation of 
apoptotic bodies in podocytes with advanced cellular degeneration 
(Fig. 4i). Giant vacuoles were detected in the cytoplasm of some podo
cytes. It was observed that mitochondria were relatively increased in 
cells with this type of structural damage compared to the control group 
and had significant structural damage. Autophagic vacuoles were 
differentiated between degenerative mitochondrion (Fig. 4i). As a result, 
in the 5/6 nephrectomy group, structural damages compatible with 
focal segmental glomerulosclerosis were seen in the semi-thin and thin 
sections of the kidney. Irregular basal membrane thickness, fusion of 
pediceles, complete erosion in places, as well as increased mesengial 
cells with consisting advanced FSGS findings were observed. In addition 
to structural damage such as vacuole formation in podocyte cells, the 
presence of numerous degenerative mitochondria was determined. 
Significant structural damage was detected in glomerular endothelial 
cells and some podocytes in contrast to the control group. Formations of 
different stages of autophagy were observed as a sign of decreased 
autophagy in most areas of podocytes. 

3.4. Protein expression levels of autophagic markers in experimental 
groups 

Autophagy markers (Beclin-1, LC3B, ATG5, ATG7) and PRR were 
analyzed in both by surgically and adriamycin induced FSGS rats 
analyzed by western blotting (Fig. 5a). Acquired data were normalized 
against β-actin and analyzed by using ImageLab software (ChemiDoc 
MP, Bio-RAD). Results showed that there is a statistically significant 
decrease in protein level of autophagy markers in both surgically and 
Adriamycin induced FSGS groups compared to control group (Fig. 5b). p 

Table 1 
Biochemical findings from Control, Adriamycin Nephropathy and 5/6 Ne
phrectomy Groups.  

Parameters Control 
(n = 6) 

Adriamycin 
Nephropathy 
(n = 14) 

5/6 
Nephrectomy 
(n = 14) 

Serum creatinine (mg/dl) 0.43 ±
0.08 

1. 46 ± 0.02* 1.51 ± 0.01* 

Serum albumin (gr/dl) 3.48 ±
0.33 

1.94 ± 0.77* 1.82 ± 0.47* 

Urinary albumin/creatinine 
excretion rates 

0.3 ±
0.14 

38.74 ± 6.44**, # 40.46 ± 8.37**, 

#  

* Significantly different from control group (p < 0.01).  

** Significantly different from control group (p < 0.001).  

# No significant difference between Adriamycin Nephropathy and 5/6 Ne
phrectomy groups (p > 0.05).  
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value for surgically induced FSGS group is less than 0.01 while for 
Adriamycin induced FSGS group is less than 0.05. Also, all autophagy 
markers levels were observed in decreased expression in the surgical 
group compared to the adriamycin group (p < 0.05). Anti-PRR was used 
as the primary antibody for western blot analysis of PRR in renal tissue. 
PRR levels were decreased in the surgery and adriamycin groups 
compared to the controls (p < 0.001; Fig. 5c). The difference between 
surgery and adriamycin group was not statistically significant (p >
0.05). 

3.5. Altered miRNA expression in the FSGS model 

Microarray analysis revealed that differentially expressed miRNAs 
determined by in tissue samples of FSGS and control groups. In the 5/6 
nephrectomy group, there was a significant increase in 19 miRNA 
expression and a significant decrease in 8 miRNA expression compared 
to the control (Fig. 6a). In adriamycin group, there was a significant 
increase in 15 miRNA expression and a significant decrease in 8 miRNA 
expression compared to control (Fig. 6b). A literature review for these 
miRNAs has been conducted and focusing on a total of 12 miRNAs that 
may play a role in the pathogenesis and autophagy regulation of FSGS. 
These miRNAs are miR-212, miR-132, miR-21, miR-146b, miR-130b, 
miR-34a, miR-34c, miR-18a, miR-376b-3p, miR-214, miR-192, miR- 
29c. Quantitative real-time PCR validation was performed for these 
miRNAs. Increased expression of miR-132 was about 7 and 11-fold, miR- 
34c was about 3 and 11-fold, and miR-214 was about 8 and 13-fold, 
respectively (Table 2). Considering the increasing potent expressions 
of these 3 miRNAs, we studied their mimic and antagonists. 

3.6. Evaluation of the effect of selected miRNAs on autophagic activity 

Autophagic activity was evaluated transfection with miR-34c, miR- 
132 and miR-214 mimics antagonists in podocytes. For this purpose, 
western blot studies were performed with anti-Beclin 1 (3738, Cell 
Signaling, USA), anti-LC3B (2775, Cell Signaling, USA), anti-ATG5 
(9980, Cell Signaling, USA), anti-ATG7 (2631, Cell Signaling, USA) 
and anti-β-actin (Sc-47778, Santa Cruz Biotechnology, USA) antibodies 
(Fig. 7). After mimic transfections into primary podocyte cells, a sta
tistically significant (p < 0.05) decrease was observed in all three 
miRNAs except Beclin-1 (p > 0.05) for miR-34c, LC3B (p > 0.05) for 
miR-132 and ATG5 for miR-214 (p > 0.05) compared to the control 
(Fig. 7). After transfection of miR34c, miR132 and miR214 antagonists, 
the expression of Beclin-1, LC3B, ATG5 and ATG7 increased signifi
cantly (p < 0.05), except for the increase in ATG7 following miR132 
antagonist transfection compared to the control (p > 0.05) (Fig. 7). 

3.7. Evaluation of the effect of selected miRNAs on PRR activity 

Mimic and antagonist transfections of the 3 selected miRNA targets 
were performed as in the autophagic activity section, and then PRR 
protein levels were analyzed by western blot (Fig. 8). The expression 
levels of PRR were observed in significantly decreased after miR-34c, 
miR-132 and miR-214 mimic transfection compared to before trans
fection (p < 0.01). PRR expression increased significantly after trans
fection of miR-34c, miR-132 and miR-214 antagonists (p < 0.05). 

4. Discussion 

FSGS is the most common cause of nephrotic syndrome and signifi
cant cause of end stage renal disease. Classically, glomerulosclerosis 
refers to the matrix obliteration of the capillary lumen. FSGS can identify 
both a primary podocyte injury and a lesion that may develop due to 
non-immunologically adaptive secondary causes. In our study, we per
formed both the primary podocyte injury model, adriamycin nephrop
athy, and the secondary FSGS model with a significant decrease in the 
number of nephrons through 5/6 Nephrectomy. Both models are char
acterized by marked proteinuria and progressive renal failure and 
podocyte damage which is the common pathophysiological mechanism 
[31]. 

Autophagy is an essential pathway for cellular mechanisms. This 
process benefits by destroying misfolded proteins and nonfunctional 
organelles. Glomerular podocytes were identified as cells with high 
levels of basal autophagy [32]. Functional block of the autophagy ma
chinery in podocytes by deletion of ATG5 caused a slowly progressing 
cellular degeneration [33]. Strikingly, some of the systemic manifesta
tions of FSGS observed in humans are found in mice with mutations of 
autophagy pathway. The inhibition of autophagy pathway constitutes 
FSGS in mice [34]. In both primary and secondary FSGS models applied 
in our study; autophagic activity in podocytes have been shown to play 
an important role in the pathogenesis of FSGS. The decrease in auto
phagic activity was more observed in secondary FSGS. Then, in order to 
evaluate the specific effect of miRNAs on autophagic activity; our 
functional experiments have been shown to be a potential therapeutic 
strategy by controlling the expression of Beclin-1, LC3B, ATG5 and 
ATG7 proteins. Inhibition of these miRNAs with antagonists increased 
the expression of Beclin-1, LC3B, ATG5 and ATG7. 

MicroRNAs, small noncoding RNA particles, opened a new road as 
unique biomarkers for tissue injury because of their tissue specifity and 
relative stability. Also, a lot of evidences proved that miRNAs in body 
fluid are reliable indicators of tissue damage [35–37]. miRNAs have 
been reported to play a role in kidney development and physiology, 
tubulointerstitial sclerosis development and progression [9,38–41]. 
Previous reports demonstrated some clinically significant miRNAs in 

Fig. 2. Histopathological evaluation of experimental groups. a. Control group, hematoxylin eosin staining, ×40 magnification. b. 5/6 Nephrectomy group hema
toxylin eosin staining, ×100 magnification. Global and segmental scleroses in glomeruli, degeneration in tubules, proteinaceous material and atrophy in some lu
mens, edema in the interstitium, significant mononuclear inflammatory cell infiltration and fibrosis. c. Adriamycin Nephropathy group hematoxylin eosin staining, 
×200 magnification. Segmental scleroses in the glomeruli, glomeruli leading to one global sclerosis, degeneration in the tubules, cytoplasmic vacuolization, loss of 
brushy margins, some dilatation and proteinaceous material in the lumen, edema in the interstitium and a small number of mononuclear inflammatory cell 
infiltration. 
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renal diseases like urinary miR-196a in disease progression of chronic 
kidney disease [42]; urinary miRNAs 10a and 30d for kidney injury 
[43]; miRNAs 17, 451,106a and 19b as biomarkers of FSGS [14]; miR
NAs 34b, 34c, 342,12255p, 1915 and 663 for minimal change of disease 
and FSGS [13]. It has been reported that miR-30 expression is down- 
regulated in the podocytes of FSGS patients, glucocorticoid therapy 

maintains miR-30 levels and may have a role in treatment effectiveness 
[44]. Transgenic expression of miR-193a in mice ended with FSGS by 
inhibiting Wilms Tumor Protein-1 expression, an important regulator of 
podocyte differentiation and homeostasis [45]. 

In our study; mi-R34c, miR-132 and miR-214 increased among the 
transcripts identified by microarray examination to determine key 

Fig. 3. Immunohistochemical findings performed with Anti-ATG5, Anti-Beclin-1, Anti LC3B and Anti-PRR antibodies in FSGS and control groups. IM ×400 
magnification. a, b, c: Anti-ATG5; d, e, f: Beclin; g, h, i: LC3B; j, k, l: PRR antibody; a, d, g, j: Control group; b, e, h, k: adriamycin induced nephropathy and c, f, i, l: 5/ 
6 nephrectomy group. m: Quantification of expression. *Significantly different from control group (p < 0.01). +Significantly different from adriamycin nephropathy 
group (p < 0.05). 

Fig. 4. Electron microscopic examination of the glomerular structures of the renal cortex in the control group and 5/6 nephrectomy. a: Control group: Semi-thin 
section, ; Glomeruli, ; Urinary space. (Toluidine BlueX400). b: Control Group: Thin Section: P; Podocyte, Np; Podocyte nucleus, ; Podocyte primary exten
sion, ; Pedisel, Nend; Endothelial nucleus, BM; basal membrane (Uranyl Acetate & Lead Citrate X2186). c: Control Group: Thin Section: P; Podocyte, Np; Podocyte 
nucleus, ; Podocyte primary extension, ; Pedisel, Nend; Endothelial nucleus, BM; basement membrane (Uranyl Acetate & Lead Citrate X4646). d: 5/6 nephrec
tomy: Semi-thin section; ; Sclerotic glomeruli (Toluidine BlueX 400). e: 5/6 nephrectomy: Thin Section: P; Podocyte, ; Fusion in pedicels, ; Thinning in podocyte 
extensions, Nend; Endothelial nucleus, Nm: Mesengial cell nucleus, Nneu; Neutrophil nucleus, ; Degenerate cell debris cluster, ; Autophagic vacuole, V; Vacuole, ; 
electron dense oval bodies, X: Subendothelial deposition, BM; basal membrane, BM*; Thickening of the basement membrane (Uranyl Acetate & Lead Citrate X2784). 
f: 5/6 nephrectomy: Thin Section: ; Fusion in pedicels, ; Thinning in podocyte extensions, Nneu; Neutrophil nucleus, ; Degenerate cell debris cluster, ; 
Autophagic vacuole, V; Vakuol, M*; degenerate mitochondria, ; electron dense oval bodies (Uranyl Acetate & Lead Citrate X4646). g: 5/6 nephrectomy: Thin 
Section: P; Podocyte, ; Fusion in pedicels, Nend; Endothelial nucleus, ; Degenerate cell debris cluster, M*; degenerate mitochondria, BM*; Thickening of the 
basement membrane (Uranyl Acetate & Lead Citrate X2784). h: 5/6 nephrectomy: Thin Section: Higher magnification of the square area in panel g P; Podocytes, ; 
Fusion in pediceles, M*; degenerate mitochondria, ; Autophagic vacuole, BM*; Thickening of basement membrane (Uranyl Acetate & Lead Citrate X6000). i: 5/6 
nephrectomy: Thin Section: P; Podocyte, P*; podocytes with apoptotic objects, Np; Podocyte nucleus, ; Fusion in pediceles, M*; degenerate mitochondria, ; 
Autophagic vacuole, BM*; Thickening of the basement membrane (Uranyl Acetate & Lead Citrate X4646). 
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miRNA molecules in FSGS. Among these, an article related to miR34c 
reported the association of miR34c with autophagy in the tumor 
microenvironment in cancer cells [46]. miR-214 is expressed at high 
levels in human and animal models of kidney disease [47] which pro
motes chronic kidney disease by disrupting mitochondrial oxidative 
phosphorylation [48]. miRNA-214 has also been included in a recent 
meta-analysis as one of upregulated genes with renal fibrosis [49]. miR- 
214 is cotranscribed with the miR-199a family on a single lncRNA strand 
located on the complementary strand of an intron in the dynamin-3 
gene. miR-214 and miR-199a are upregulated by activation of the 
TWIST transcription factor and by hypoxia via HIF-1α. In kidney sam
ples obtained from patients with various kidney diseases, miR-214 was 
detected in renal tubules, glomeruli, and infiltrating immune cells [50]. 

In the mouse unilateral ureteric obstruction model, decreased expres
sion of miR-214 protected against the development of fibrosis, and 
treatment of WT mice with anti-miR-214 before UUO resulted in similar 
antifibrotic effects [50,51]. 

miR-34c was also associated with many other conditions like cancer 
development, metastasis and embryonic processes [52–54]. Also, this 
molecule was showed important relationship with renal diseases. In a rat 
model, it is showed that miR-34c is upregulated at acute contrast 
induced renal injury [55]. Administration of miR-34c in a mouse model 
of unilateral ureteral obstruction attenuated kidney fibrosis and 
expression of fibrosis markers [56]. In another study miR-34c levels 
were found significantly higher in minimal change disease but not in 
FSGS when compared to controls [13]. In a study, aldosterone-induced 
downregulation of miR-34c-5p in the Wnt signaling and the consequent 
increase in CaMKIIβ expression played a role in aldosterone-induced 
fibrosis [57]. Also an article suggest that miR-34c overexpression in
hibits the Notch signaling pathway by targeting Notch1 and Jaggged1 in 
HG-treated podocytes, representing a novel and potential therapeutic 
target for the treatment of diabetic nephropathy [58]. 

miR-132 was also associated with many conditions like cerebral 
hypoperfusion and tuberous sclerosis complex [59,60]. Recently, miR- 
132 and miR-212 were reported to be increased in the heart, aorta, 
and kidney of ANG II-induced hypertensive rats and decreased in human 
arteries obtained from patients undergoing bypass surgery, in response 
to ANG II type 1 receptor (AT1) blockade [61]. In light of evidence that 
MMP-9 is a target of miR-132 [62], the role of MMP-9 in mediating the 
effect of miR132 on renal fibrosis warrants additional consideration 
[51]. 

In our study, literature was reviewed and we focused on a total of 12 
miRNAs that may play a role in the pathogenesis and autophagy regu
lation of FSGS; miR-212, miR-132, miR-21, miR-146b, miR-130b, miR- 
34a, miR-34c, miR-18a, miR-376b-3p, miR-214, miR-192 and miR-29c 
and quantitative real-time PCR verification was performed . Specif
ically, we planned to study mimic and antagonists of miRNAs on 
detection of increased expression of miR-132 in patient groups about 7 
and 11-fold, miR-34c approximately 3 and 11-fold, and miR-214 
approximately 8 and 13-fold. Autophagic activity was evaluated after 
transfection with the miR-34c, miR-132 and miR-214 mimic and post- 
transfection with miR-34c, miR-132 and miR-214 antagonists in podo
cytes of rat kidney tissues. We showed decrease in marker levels 
showing autophagic activity when mimics of miR-34c, 132 and 214 
were applied and increase in autophagy markers when antagonists of 
these miRNAs were transfected. Our study is an important report which 
supporting the studies showing that autophagy is a protective factor in 
FSGS, as well as identifying specific miRNAs that are important in the 
pathogenesis of FSGS and their relationship with autophagic activity 
and the possible location of treatment. 

PRR is a newly defined member of the renin-angiotensinogen system 
and has been found to have independent effects on blood pressure 
regulation and renin angiotensinogen system in recent years [63–65]. It 
has been reported that RAS activation plays a role in mesangial expan
sion in IgAN model mice because administration of an angiotensin II 
type1 receptor blocker ameliorated the extent of mesangial matrix 
expansion [66]. PRR deletion was performed in podocytes in some 
studies and knock-out mice developed proteinuria and glomerulo
sclerosis characterized by renal failure [67,68]. The inhibition of PRR or 
ERK1/2 signaling attenuated mesangial expansion and decreased the 
expression of fibrotic factors [66–69]. This is very similar to that 
observed by Kinouchi et al. in PRR knockout cardiomyocytes [70]. In 
another study examined the correlation between serum soluble PRR and 
various laboratory data including serum indoxyl sulphate (IS) and 
pathological indices in chronic kidney disease and particularly in IgA 
nephropathy patients. They revealed that PRR expression significantly 
increased in the presence of IS [23]. Studies supporting the relationship 
between PRR and mesengial fibrosis have suggested that this molecule 
may also be important in the pathogenesis of FSGS [71,72]. In our study, 

Fig. 5. Protein expression levels of PRR and autophagic markers Beclin-1, 
LC3B, ATG5, ATG7 in FSGS and control groups. 5.a. Band images of western 
blot results of samples studied in duplicate 5.b. Normalized expression values of 
Western Blot study performed with anti-Beclin-1, Anti-LC3B, Anti-ATG5 and 
Anti-ATG7 antibodies in models and control groups. Data are representative of 
three (n = 3) independent experiments and values are expressed in mean ±
SEM for all groups. *Significantly different from control group (p < 0.01). 
+Significantly different from control group (p < 0.05). ~Significantly different 
from Adriamycin nephropathy group (p < 0.05). 5.c. Normalized expression 
values of Western Blot study performed with anti-PRR antibody in models and 
control groups. Data are representative of three (n = 3) independent experi
ments and values are expressed in mean ± SEM for all groups. **Significantly 
different from control group (p < 0.001). #No significant difference between 
Adriamycin Nephropathy and 5/6 Nephrectomy groups (p > 0.05). 
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we have demonstrated that PRR is decreased in primary and secondary 
FSGS when compared to healthy rats. Also, we have shown that primary 
FSGS has lower PRR levels than secondary form. 

Activation of the RAAS system is one of the important causes of renal 
diseases, especially chronic kidney diseases. Enzyme inhibitors or re
ceptor blockers are used against these system components in the clinic. 
Although it is desired to reduce the progression of the disease with such 
inhibition strategies, more effective treatment agents or modulators are 
investigated [73]. miRNAs come to the fore with their potent modulator 
functions on signaling networks in metabolism. Detecting miRNAs 
expression levels makes a great contribution to the determination of 
specific disease targets. In addition, they are effective agents in both 
early diagnosis and the development of new treatment combinations. 
Molecular modeling and meta-analysis methods are frequently used to 
locate miRNAs in complex signaling networks. In a prediction study by 

Agarval et al. 368 different miRNAs targeting RAS system elements were 
identified [74,75]. This study reveals the importance of the experi
mental approach to miRNA-RAAS relationship. However, experimental 
studies of miRNAs that interact with RAAS targets are limited. miRNAs 
34c, 132 and 212, which were shown to be effective on FSGS in our 
study, were also reported to be associated with some RAAS family 
members. In a study investigating any miRNAs targeting placental RAS 
in human placenta, miR-34c, predicted to target AGTR1 (also known as 
AT1R) mRNA from RAS family, was found to be differentially expressed 
with a − 91.2-fold [76]. Also, AGTR1 is one of the target genes of FSGS 
from GeneCards database [77]. In another study, miR-34c was expressed 
significantly different levels in normal adrenal and aldosterone- 
producing adenoma tissues and was predicted to bind both the 
CYP11B1 (11β-hydroxylase) and the CYP11B2 (aldosterone synthase) 
[78]. Here, considering the known relationship of AGTR1 with chronic 

Fig. 6. Heatmap representation of differantially expressed miRNA profiling of FSGS and control groups (n = 4 per group). a. Heatmap of hierarchical clustering 
showing 27 miRNAs significantly regulated which were 15 miRNAs upregulated and 8 miRNAs downregulated in 5/6 nephrectomy group, compared to the control 
group. b. In Adriamycin group 23 significantly regulated miRNAs which were 15 miRNAs upregulated and 8 miRNAs downregulated compared to the control group. 
△ Common upregulated miRNAs in both experimental groups. ▽ Common downregulated miRNAs in both experimental groups. 
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kidney diseases, the findings obtained from our study showed a corre
lation with miR-34c and RAAS [79,80]. When the relationship between 
miR-132 and RAAS targets was investigated, a tightly regulated 
phenotype was found between miR-132 and AngII (Angiotensin II) [81]. 
Jeppesen et al. found that miR-132 expression was significantly and 
directly upregulated in Ang II treated AT1R-HEK (AT1R-expressed 
human embryonic kidney) cells via Gaq and Erk1/2 [82]. In another 
functional study, an increase in miR-132 expression was observed in 
different tissues (heart, aortic wall, and kidney) of AngII-induced hy
pertension model rats. In the same study, it was observed that miR-212 
expression level was decreased in arterial samples of patients who used 

various AT1R blockers [61]. A recent study revealed the direct roles of 
miR-132 in the mechanism of body fluid and salt balance under the 
RAAS regulation. It has been reported that miR-132 affects PGE2 
(prostaglandin-E2) and Renin levels by targeting COX-2 (cyclo‑ox
ygenase-2) in macula densa kidney cells in mice. Also, this equation was 
verified in various salt diets with mode-of-action experiments [83]. Due 
to the expression of AT1Rs in podocytes and their functional roles, 
modulation by miR-132 is also critical for FSGS. Since the studies have 
reported podocyte damage and various renal pathologies due to AT1R 
activation, it is very critical that the efficacy of miR-132 on FSGS was 
determined as a result of our study [84]. The evidence for miR-214 
relationship with RAAS targets is more limited than others. Liu et al. 
investigated many rat RAS genes for possible targets against miR-124 
but found no relationship other than a minor Ace transcript [85]. In 
another study, miR-214 also increased 8-fold in the mouse model of 
AngII-mediated hypertension [86]. 

Our study elucidated the role of autophagy in pathogenesis of FSGS. 
If miRNA antagonists would be commonly used in treatment of disease, 
progression and percentage of end stage renal disease may be reduced. 
There are many ongoing clinical phase trial studies on miRNA mole
cules. We think that our study has value in two different aspects. First, as 
understanding the molecular basis of diseases is very critical on the road 
to therapy, it enlightened the concept of autophagy/miRNA with FSGS. 
Secondly, with the data sets obtained here, it can be applied to all other 
disciplines. However, although our study provides strong evidence with 
molecular methods that validate each other with different results in 
unique animal models, there are some limitations. The most important 
of these is the resolution of miRNA profiling. Next generation 
sequencing-based RNA profiling can give sharper and more precise 

Table 2 
q-RT-PCR Verification of FSGS-related miRNAs. miR-34, miR-132 and miR-214 
have been determined the most upregulated miRNAs (n = 4 per group).   

Fold change 
(Relative to control) 

Adriamycin group 5/6 nephrectomy group 

Control  1  1 
miR-212  1.2924  2.1886 
miR-34c  3.2944  11.8762 
miR-21  3.5064  5.4453 
miR-132  7.2854  10.8528 
miR-146  1.8404  8.1965 
miR-130b  1.4673  4.9652 
miR-34a  2.2471  2.4665 
miR-18a  4.6631  3.5791 
miR-376b  1.3848  1.9654 
miR-214  8.5243  12.968 
miR-192  2.4576  2.1977 
miR-29c  5.4885  3.2733  

Fig. 7. Evaluation of the effects of selected intrarenal miRNAs on autophagic markers in primary podocyte cells isolated from 5/6 nephrectomy model rats. Beclin-1, 
L3CB, ATG5 and ATG7 protein expression levels were evaluated after transfections of mimics and antagonists of 3 miRNAs onto podocytes. Normalized densitometric 
analysis of each western blot run is plotted below the protein band images. Left panel: miR-34c, Middle panel: miR-132, Right panel: miR-214. Data are repre
sentative of three (n = 3) independent experiments and values are expressed in mean ± SEM for all groups. +Significantly different from control group (p < 0.05). 
#No significant difference between the experimental and control group (p > 0.05). 
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results. In addition, the correlation between the identified miRNAs and 
the expression levels in FSGS patient samples could be determined. 
These limitations can be overcome by high technology-based studies 
based on the data of our study. Also, determination of possible activities 
that may occur with in vivo treatments of selected miRNA mimics and 
antagonists can be listed among the limitations. But the integration and 
efficiency of this type of work into the transport systems is one of the 
ongoing problems for years. However, this is mostly possible with ap
plications that can be overcome with materials science and engineering. 
Collaboration with different disciplines is required. 

5. Conclusions 

This is the first study about the relationship between PRR and FSGS. 
Here we shed light on the molecular pathogenesis of glomerular damage 
caused by dysregulation of specific miRNAs. Our results may elucidate 
the unknown roles of these miRNAs by suggesting that miR-34c, miR- 
132 and miR-214 play a role in autophagy regulation and PRR expres
sion in podocytes by regulating the expression of key autophagy pro
teins, and these sizes show a potential treatment agent in the prognosis 
of podocytopenias. The pathogenesis of pathological miRNA expression 
increases is still unclear. Further trials are needed on this subject. 
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[52] Z. Hagman, O. Larne, A. Edsjö, A. Bjartell, R.A. Ehrnström, D. Ulmert, H. Lilja, 
Y. Ceder, miR-34c is downregulated in prostate cancer and exerts tumor 
suppressive functions, Int. J. Cancer 127 (2010) 2768–2776. 

[53] C. Migliore, A. Petrelli, E. Ghiso, S. Corso, L. Capparuccia, A. Eramo, P. 
M. Comoglio, S. Giordano, MicroRNAs impair MET-mediated invasive growth, 
Cancer Res. 68 (2008) 10128–10136. 

[54] X. Liang, D. Zhou, C. Wei, H. Luo, J. Liu, R. Fu, S. Cui, MicroRNA-34c enhances 
murine male germ cell apoptosis through targeting ATF1, PLoS One 7 (2012) 
e33861. 

[55] Y. Liu, B. Liu, Y. Liu, S. Chen, J. Yang, J. Liu, G. Sun, W.-J. Bei, K. Wang, Z. Chen, 
MicroRNA expression profile by next-generation sequencing in a novel rat model of 
contrast-induced acute kidney injury, Ann. Transl. Med. 7 (2019). 

[56] R. Morizane, S. Fujii, T. Monkawa, K. Hiratsuka, S. Yamaguchi, K. Homma, H. Itoh, 
miR-34c attenuates epithelial-mesenchymal transition and kidney fibrosis with 
ureteral obstruction, Sci, Rep 4 (2014) 1–9. 

[57] E.-J. Park, H.J. Jung, H.-J. Choi, J.-I. Cho, H.-J. Park, T.-H. Kwon, miR-34c-5p and 
CaMKII are involved in aldosterone-induced fibrosis in kidney collecting duct cells, 
Am. J. Physiol. Physiol. 314 (2018) F329–F342. 

[58] X.-D. Liu, L.-Y. Zhang, T.-C. Zhu, R.-F. Zhang, S.-L. Wang, Y. Bao, Overexpression of 
miR-34c inhibits high glucose-induced apoptosis in podocytes by targeting Notch 
signaling pathways, Int. J. Clin. Exp. Pathol. 8 (2015) 4525. 

[59] X.-L. Hu, X.-X. Wang, Y.-M. Zhu, L.-N. Xuan, L.-W. Peng, Y.-Q. Liu, H. Yang, 
C. Yang, L. Jiao, P.-Z. Hang, MicroRNA-132 regulates total protein of Nav1. 1 and 
Nav1. 2 in the hippocampus and cortex of rat with chronic cerebral hypoperfusion, 
Behav. Brain Res. 366 (2019) 118–125. 

[60] Y. Cai, W. Wang, H. Guo, H. Li, Y. Xiao, Y. Zhang, miR-9-5p, miR-124-3p, and miR- 
132-3p regulate BCL2L11 in tuberous sclerosis complex angiomyolipoma, Lab. 
Investig. 98 (2018) 856–870. 

[61] T.V. Eskildsen, P.L. Jeppesen, M. Schneider, A.Y. Nossent, M.B. Sandberg, P.B. 
L. Hansen, C.H. Jensen, M.L. Hansen, N. Marcussen, L.M. Rasmussen, Angiotensin 
II regulates microRNA-132/-212 in hypertensive rats and humans, Int. J. Mol. Sci. 
14 (2013) 11190–11207. 

[62] A. Ucar, V. Vafaizadeh, H. Jarry, J. Fiedler, P.A.B. Klemmt, T. Thum, B. Groner, 
K. Chowdhury, miR-212 and miR-132 are required for epithelial stromal 
interactions necessary for mouse mammary gland development, Nat. Genet. 42 
(2010) 1101. 

[63] A. Ichihara, M.S. Yatabe, The (pro)renin receptor in health and disease, Nat. Rev. 
Nephrol. 15 (2019) 693–712. https://doi.org/10.1038/s41581-019-0160-5. 

[64] A.J. Miller, A.C. Arnold, The renin–angiotensin system in cardiovascular 
autonomic control: recent developments and clinical implications, Clin. Auton. 
Res. 29 (2019) 231–243. 

[65] M. Hennrikus, A.A. Gonzalez, M.C. Prieto, The prorenin receptor in the 
cardiovascular system and beyond, Am. J. Physiol. Circ. Physiol. 314 (2018) 
H139–H145. 

[66] M. He, L. Zhang, Y. Shao, X. Wang, Y. Huang, T. Yao, L. Lu, Inhibition of renin/ 
prorenin receptor attenuated mesangial cell proliferation and reduced associated 
fibrotic factor release, Eur. J. Pharmacol. 606 (2009) 155–161. 

[67] F. Riediger, I. Quack, F. Qadri, B. Hartleben, J.-K. Park, S.A. Potthoff, D. Sohn, 
G. Sihn, A. Rousselle, V. Fokuhl, Prorenin receptor is essential for podocyte 
autophagy and survival, J. Am. Soc. Nephrol. 22 (2011) 2193–2202. 

[68] Y. Oshima, K. Kinouchi, A. Ichihara, M. Sakoda, A. Kurauchi-Mito, K. Bokuda, 
T. Narita, H. Kurosawa, G.-H. Sun-Wada, Y. Wada, Prorenin receptor is essential for 

D. Yildirim et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0060
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0060
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0060
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0065
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0065
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0065
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0065
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0070
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0070
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0070
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0070
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0075
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0075
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0075
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0075
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0080
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0080
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0080
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0080
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0085
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0085
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0085
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0085
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0090
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0090
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0090
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0090
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0095
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0095
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0095
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0100
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0100
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0100
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0105
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0105
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0105
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0110
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0110
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0110
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0115
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0115
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0115
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0120
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0120
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0125
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0125
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0130
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0130
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0130
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0130
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0135
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0135
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0135
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0140
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0140
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0140
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0145
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0145
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0145
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0150
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0150
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0155
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0155
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0160
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0160
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0165
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0165
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0165
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0165
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0170
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0170
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0175
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0175
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0175
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0180
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0180
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0180
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0185
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0185
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0190
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0190
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0190
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0195
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0195
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0195
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0195
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0200
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0200
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0205
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0205
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0210
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0210
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0210
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0215
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0215
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0215
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0220
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0220
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0220
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0225
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0225
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0225
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0230
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0230
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0230
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0230
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0235
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0235
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0240
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0240
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0240
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0245
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0245
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0245
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0250
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0250
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0250
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0255
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0255
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0255
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0260
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0260
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0260
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0265
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0265
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0265
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0270
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0270
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0270
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0275
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0275
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0275
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0280
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0280
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0280
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0285
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0285
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0285
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0290
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0290
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0290
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0295
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0295
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0295
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0295
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0300
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0300
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0300
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0305
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0305
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0305
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0305
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0310
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0310
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0310
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0310
https://doi.org/10.1038/s41581-019-0160-5
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0320
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0320
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0320
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0325
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0325
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0325
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0330
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0330
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0330
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0335
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0335
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0335
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0340
http://refhub.elsevier.com/S0024-3205(21)00657-3/rf0340


Life Sciences 280 (2021) 119671

13

normal podocyte structure and function, J. Am. Soc. Nephrol. 22 (2011) 
2203–2212. 

[69] X.-Q. Li, W. Tian, X.-X. Liu, K. Zhang, J.-C. Huo, W.-J. Liu, P. Li, X. Xiao, M.- 
G. Zhao, W. Cao, Corosolic acid inhibits the proliferation of glomerular mesangial 
cells and protects against diabetic renal damage, Sci. Rep. 6 (2016) 1–16. 

[70] K. Kinouchi, A. Ichihara, M. Sano, G.-H. Sun-Wada, Y. Wada, A. Kurauchi-Mito, 
K. Bokuda, T. Narita, Y. Oshima, M. Sakoda, The (pro) renin receptor/ATP6AP2 is 
essential for vacuolar H+-ATPase assembly in murine cardiomyocytes, Circ. Res. 
107 (2010) 30–34. 

[71] J. Zhang, J. Wu, C. Gu, N.A. Noble, W.A. Border, Y. Huang, Receptor-mediated 
nonproteolytic activation of prorenin and induction of TGF-β1 and PAI-1 
expression in renal mesangial cells, Am. J. Physiol. Physiol. 303 (2012) F11–F20. 

[72] R.A. Melnyk, J. Tam, Y. Boie, B.P. Kennedy, M.D. Percival, Renin and prorenin 
activate pathways implicated in organ damage in human mesangial cells 
independent of angiotensin II production, Am. J. Nephrol. 30 (2009) 232–243. 

[73] M.K. Ames, C.E. Atkins, B. Pitt, The renin-angiotensin-aldosterone system and its 
suppression, J. Vet. Intern. Med. 33 (2019) 363–382. 

[74] V. Agarwal, G.W. Bell, J.-W. Nam, D.P. Bartel, Predicting effective microRNA 
target sites in mammalian mRNAs, Elife 4 (2015) e05005. 

[75] J. Gerardo-Aviles, S. Allen, P.G. Kehoe, Renin-angiotensin system microRNAs, 
special focus on the brain, Renin-Angiotensin Syst. Present Futur. (2017) 173–199. 

[76] Y. Wang, E.R. Lumbers, A.L. Arthurs, C. Corbisier de Meaultsart, A. Mathe, K. 
A. Avery-Kiejda, C.T. Roberts, F.B. Pipkin, F.Z. Marques, B.J. Morris, Regulation of 
the human placental (pro) renin receptor-prorenin-angiotensin system by 
microRNAs, MHR Basic Sci. Reprod. Med. 24 (2018) 453–464. 

[77] Y. Li, X. Jiang, L. Song, M. Yang, J. Pan, Anti-apoptosis mechanism of triptolide 
based on network pharmacology in focal segmental glomerulosclerosis rats, Biosci. 
Rep. 40 (2020). 

[78] S. Robertson, S.M. MacKenzie, S. Alvarez-Madrazo, L.A. Diver, J. Lin, P.M. Stewart, 
R. Fraser, J.M. Connell, E. Davies, MicroRNA-24 is a novel regulator of aldosterone 
and cortisol production in the human adrenal cortex, Hypertension 62 (2013) 
572–578. 

[79] G.G. Braliou, A.-M.G. Grigoriadou, P.I. Kontou, P.G. Bagos, The role of genetic 
polymorphisms of the Renin–Angiotensin System in renal diseases: a meta-analysis, 
Comput. Struct. Biotechnol. J. 10 (2014) 1–7. 
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