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Overexpression of DJ-1 alleviates autosomal dominant polycystic 
kidney disease by regulating cell proliferation, apoptosis, and 
mitochondrial metabolism in vitro and in vivo
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Background: DJ-1 is critical for the mitochondrial function associated with autosomal dominant polycystic 
kidney disease (ADPKD). We aimed to investigate DJ-1’s function in the pathogenesis of ADPKD. 
Methods: DJ-1 was knocked-down in IMCD3 cells to evaluate the effects of DJ-1 on cell phenotype and 
mitochondrial function in vitro. Furthermore, we generated three groups of mice with different expression 
levels of DJ-1 within an established ADPKD model: ADPKD, ADPKDpcDNA, and ADPKDpcDNA-DJ-1. 
Results: DJ-1 knock-down significantly increased oxidative stress as well as the proliferation and apoptosis 
rate of IMCD3 cells, along with Bcl-2 down-regulation and the up-regulation of Ki67, PCNA, Bax, cleaved 
caspase-3, and cleaved caspase-9. DJ-1 knock-down suppressed the cellular respiration, Ca2+ absorption, 
and mitochondrial complex I activity in mitochondria. In vivo, we verified that DJ-1 was down-regulated in 
ADPKD models, and its overexpression attenuated the renal dysfunction in ADPKD models. The transgenic 
mice had a significantly smaller renal cyst and less interstitial fibrosis than control, accompanied byα-SMA, 
fibronectin, and TGF-β1 up-regulation. Moreover, in vivo results confirmed DJ-1 overexpression inhibited 
the proliferation and apoptosis of tubular epithelial cells along with down-regulation of Ki67, PCNA, p53, 
intracellular Cyt c, cleaved caspase-3, and cleaved caspase-9 and the up-regulation of Bcl-2.
Conclusions: DJ-1 was down-regulated in ADPKD models, and its overexpression may attenuate the 
renal dysfunction and pathological damage by regulating the proliferation, apoptosis, oxidative stress and 
mitochondrial metabolism, which may be mediated by the p53 signaling pathway. 
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is 
the most prevalent, potentially lethal, monogenic, inherited 
kidney disease, which accounts for approximately 10% 
of all patients on renal replacement therapy worldwide 
(1,2). Abnormalities characterize ADPKD in epithelial cell 

growth, leading to the formation of multiple renal cysts 
and progressive renal failure (3). The remarkable advances 
in the diagnosis, prognosis, and treatment of ADPKD 
have been achieved over the past ten decades. However, 
this disorder remains to be identified as untreatable, 
relentlessly progressing towards end-stage renal disease (4).  
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Unfortunately, its pathogenesis is poorly understood. 
Herein, the elucidation of underlying cellular and genetic 
mechanisms of ADPKD is urgently needed and would 
contribute to providing a foundation for the development 
of potentially effective treatments and clinical trials. 

Recently, emerging evidence demonstrated that the 
reduction of intracellular calcium (Ca2+) in ADPKD could 
affect mitochondrial function and ATP production with 
a consequence of glucose metabolism (5). Mitochondrial 
dysfunction exists from an early phase of ADPKD, 
suggesting a relationship between mitochondria function 
and ADPKD (6,7). More recently, as the study reported 
by Ishimoto et al., mitochondrial dysfunction facilitates 
the cyst formation in ADPKD (8,9), further indicating the 
vital function of mitochondria in cyst formation. It is wide-
recognized that there exists a structural and functional link 
between the mitochondrial network and the endoplasmic 
reticulum (ER) (10,11). A vital aspect of this relationship 
is the modulation of Ca2+ signaling during cell activation, 
which could accordingly affect various biological and 
physiological processes (12,13). Notably, it is reported that 
the defective mitochondrial Ca2+ transfer may contribute to 
the aberrant cell proliferation of kidney cysts in ADPKD (14). 
Thus, the regulation of mitochondria function may supply a 
novel perspective on the molecular mechanisms of ADPKD. 

DJ-1 belongs to the ThiJ/PfpI protein superfamily and 
is a cytoprotective protein implicated in many cellular 
processes, which plays a pivotal role in transcriptional 
regulation and anti-oxidative stress (15). Previously, many 
studies indicated that mutations in the DJ-1 gene result in 
recessive parkinsonism (16). Interestingly, DJ-1 is proved 
to be critical for mitochondrial function (17), which also 
has a close connection with ADPKD. The knock-down of 
DJ-1 impairs the mitochondrial function of astrocyte (18)  
and could maintain the mitochondrial function in an 
oxidative environment (19). Moreover, the protective effects 
of DJ-1 on mitochondrial function and disease progression 
have been elaborated in various diseases’ biology beyond 
Parkinson’s disease, including ischemia-reperfusion-
induced heart failure (20) and cancer biology (21). Although 
numerous studies revealed the protective effects of DJ-1 on 
mitochondrial function in a variety of diseases, so far, no 
studies have been conducted to elucidate the role of DJ-1 in 
molecular mechanisms of ADPKD. Given that relationship 
between mitochondria function and ADPKD (6,7), we 
hypothesized that DJ-1 might support the mitochondrial 
function, thus alleviating the progress of ADPKD. To the 
best of our knowledge, this is the first study to investigate 

the effects of DJ-1 on the disease progression of ADPKD.
Herein, we creatively attempt to verify the effects of 

DJ-1 on cell proliferation, apoptosis, and mitochondrial 
metabolism in mouse inner medullary collecting duct lines. 
Meanwhile, the protective effects of DJ-1 on ADPKD were 
further investigated tentatively, expecting to supply a novel 
therapeutic target for ADPKD therapy. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at http://dx.doi.org/10.21037/atm-20-
5761).

Methods

In vivo experimental design

Animals
All the mice models used in this study were from a 
C57BL/6J inbred background. Pkd1fl/fl mice were bred 
with pkhd-cre (+) mice to generate APPKD mouse models. 
The DJ-1 sequence was cloned into a pcDNA4-vector to 
obtain the transgenic mice ADPKD model overexpressing 
DJ-1 (each group, n=10). The transgenic ADPKDpcDNA-
DJ-1 mouse was engineered by the Model Animal Research 
Center of Nanjing University (Nanjing, Jiangsu, China). 
All mice were provided with a standard diet and housed 
in a 12-hour light/dark cycle. All animal procedures were 
performed following the NIH Guide for the Care and Use 
of Laboratory Animals and approved by the Ethics Review 
Committee of Beijing Friendship Hospital, Capital Medical 
University {approval number: SYXK[Jing]2017-0019}. 

Renal function tests
Before sacrificing the mice, the animals were weighed, 
and blood was collected to measure creatinine, blood urea 
nitrogen (BUN), uric acid, and proteinuria levels. Serum 
creatinine was measured using capillary electrophoresis. 
The levels of BUN, uric acid, and proteinuria were detected 
using the Cobas C311 automated biochemistry analyzer 
(Roche Diagnostics, Germany).

Tissue harvesting and histopathologic analysis
Mice were sacrificed, and kidney tissue was obtained. 
The kidney tissues were at once fixed in 10% buffered 
formalin for 24 hours and embedded in paraffin. For the 
histopathological analysis, tissues were sliced into 5 μm 
thick sections. Then, hematoxylin & eosin (H&E) staining 
and Masson staining were respectively performed according 
to the standard protocol. The sections were visualized 
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and analyzed under a microscope (Leica, Japan). The 
percentages of the stained area with Masson’s ponceau acid 
fuchsin solution were calculated using Image J software.

Terminal-deoxynucleotidyl Transferase Mediated Nick 
End Labeling (TUNEL) staining
Apoptosis of Bowman’s capsule epithelial cells (BCECs) 
was detected by in situ TUNEL assay using a commercially 
available kit (Roche Diagnostics, Germany). Briefly, after 
paraffin sections were deparaffinized and rehydrated, 
endogenous peroxidase activity was quenched in 3% 
hydrogen peroxide for 20 min. Sections were treated with 
proteinase K and were labeled with TdT and biotinylated 
dUTP. Washed sections were incubated with peroxidase-
labeled streptavidin for 30 min and then stained with 
diaminobenzidine (DAB), followed by counterstaining 
with hematoxylin. Finally, the TUNEL-positive cells were 
counted using ImageJ software.

Immunohistochemistry (IHC)
IHC staining was performed using a standard streptavidin-
peroxidase method. After deparaffinization and unmasking 
epitopes, kidney sections were incubated with primary 
antibody against cleaved caspase 3 (1:500, ab2302, Abcam, 
Cambridge, MA, USA) at 4 ℃ overnight, followed by 
incubation with the secondary antibody for 20 min at room 
temperature. Then, kidney sections were incubated with 
horseradish peroxidase (HRP)-conjugated streptavidin 
peroxidase (1:40,000, ab7403; Abcam) for 30 min. DAB 
was used as the chromogen to visualize the results. Finally, 
kidney sections were counterstained with hematoxylin.

In vitro experimental design

Cell line and culture
Mouse inner medullary collecting duct cell lines (IMCD3) 
were obtained from the American Type Culture Collection 
(ATCC, USA) and grown in DMEM low glucose medium 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA) at 37 ℃ in a humidified incubator with a 5% CO2 

atmosphere. 

Cell transfection, proliferation, apoptosis and oxidative 
stress assays
IMCD3 cells were grown in a six-well plate (2×105 cells 
per well) with the Dulbecco’s Modified Eagle Medium 
(DMEM). At the 80–90% confluence, cells were transfected 
with plasmid DJ-1-shRNA or a control shRNA using 

Lipofectamine 2000 Transfection Kit (Invitrogen, USA) 
following the manufacturer’s instruction. Stable transfectants 
(clones) were selected, as described elsewhere (22). Two days 
after transfection, the cells were transferred to a 96-well 
plate and incubated in a CO2 incubator at 37 ℃ for 24 hours.  
For the proliferation assay, cell counting kit-8 (CCK-8) 
solution (10 μL) was added to each well and incubated for 
another two hours. Finally, the absorbance was measured 
by at 450 nm using a μQuant MQX200 microplate reader 
(Bio-Tek Instruments, USA). For apoptosis assay, the cell 
apoptosis rate was detected using Annexin V-fluorescein 
isothiocyanate (FITC) apoptosis kit (BD Biosciences, San 
Jose, CA, USA) according to the standard protocol of flow 
cytometry assay. Briefly, two days after transfection, the 
prepared cells were double-stained with 5 μL Annexin 
V-FITC and 5 μL propidium iodide for 15 min at room 
temperature. The apoptosis rate was at once measured in a 
FACSAria™ Fusion flow cytometer and analyzed using the 
RNA CellQuest software (BD Biosciences, San Jose, CA, 
USA). Malondialdehyde (MDA) Assay Kit and Superoxide 
Dismutase (SOD) Activity Assay Kit (Abcam, USA) were 
used to measure the levels of MDA and SOD, following 
manufacturer’s instructions.

Expression’s isolation and quantitative RT-PCR 
(Q-PCR)
For mRNA expression, total RNA was extracted from 
IMCD3 cells using TRIzol reagent (Invitrogen, USA). 
Then, cDNA was synthesized from mRNA using the 
iScript cDNA synthesis kit (Bio-Rad, USA). The qRT-
PCR assays were performed using SYBR PrimeScript 
RT-PCR Kit (Takara Bio, China). The sequences of 
the PCR primers are shown as follows: DJ-1 forward 
primer, 5'-TGCTGAAACTCTGCCATGTGAACC-3'; 
reverse primer, 5'-CCTGCTTGCCGAATATCAT-3'. 
GAPDH (endogenous  contro l )  forward  pr imer, 
5'-TCCTCTGACTTCAACAGCGACAC-3'; reverse 
primer, 5'-CACCCTGTTGCTGTAGCCAAATTC-3'.

Protein extraction and Western blot analysis
Whole-cell protein was extracted from kidneys or IMCD3 
cells using Radio immunoprecipitation assay (RIPA) buffer 
(Thermo Scientific, USA). An equal amount of proteins  
(20  μg)  was  loaded on a  sodium dodecyl  su l fa te 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a polyvinylidene fluoride (PVDF) membrane 
(Millipore, USA). The membrane was then blocked with 5% 
skim milk and incubated overnight at 4 ℃ with anti-DJ-1 
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(1:1,000, 2134S, CST, USA), anti-Ki67 (1:1,000, ab16667, 
Abcam, USA), anti-PCNA (1:2,000, ab18197, Abcam, 
USA), anti-Bax (1:500, 2772S, CST, USA), anti-Bcl-2 
(1:500, ab196495, Abcam, USA), anti-α-Smooth muscle 
actin (SMA, 1:1,000, ab5694, Abcam, USA), anti-fibronectin 
(FN1, 1:1,000, ab2413, Abcam, USA), anti-TGF-β1 
(1:1,000, ab92486, Abcam, USA), anti-p53 (1:5,000, ab26, 
Abcam, USA), anti-Cytc (1:5,000, ab133504, Abcam, USA), 
anti-cleaved-caspase 3 (1:1,000, ab2302, Abcam, USA), 
and anti-cleaved-caspase 9 (1:1,000, ab2324, Abcam, USA) 
antibodies. Subsequently, the goat-anti-mouse Horseradish 
Peroxidase (HRP)-conjugated IgG antibody (1:5,000, 
Cat. No. ab205718, Abcam, USA) was used as a secondary 
antibody. Finally, bands were developed with an Enhanced 
Chemiluminescence Kit (Thermo Scientific, USA) and 
quantified by Quantity One imaging software (BioRad, 
USA) normalized to β-actin (internal control).

High-resolution respirometry
Respiration in IMCD3 cells and mitochondria was 
checked with high-resolution respirometry (Oxygraph-2k, 
Oroboros Instruments, Innsbruck, Austria) equipped with 
two chambers using a chamber volume set to 2 mL. The 
protocol was broadly following the previously published 
study (8). Briefly, IMCD3 cells were re-suspended in the 
MiR05 solution and transferred separately to oxygraph 
chambers at a density of 1×106 cells/mL. Firstly, routine 
respiration (R-value) was assessed. After respiration 
stabilized, the plasma membrane was permeabilized with 
digitonin, followed by the serial addition of glutamate, 
malate, and ADP to measure the complex I (CI)-dependent 
oxidative phosphorylation (OXPHOS). Then, succinate (S) 
was added to induce maximal OXPHOS capacity (CI + II 
OXPHOS). CI + II-linked electron transfer system (ETS) 
capacity was measured by uncoupling with carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP). Rotenone 
was used to inhibit the Complex I and then measured the 
complex II (CII)-linked ETS. Residual oxygen consumption 
rate was determined by the inhibition of Complex III with 
antimycin A. Complex IV (CIV)-linked ETS capacity was 
measured by adding the CIV substrates ascorbate sodium 
salt and N, N, N',N'-tetramethyl-p-phenylenediamine 
dihydrochloride (TMPD).

Mitochondrial Ca2+ uptake assay
Mitochondrial Ca2+ uptake capacity was measured by using 
the protocol of mitochondrial Ca2+ uptake assay, following 

the previously published study (8). Briefly, cells were 
digested and re-suspended using the extracellular solution. 
Then, cell lines were treated with 5 μM Rhod-2 AM and 
0.025% F-127 for 30 min in the dark and washed with the 
extracellular solution. Subsequently, digitonin (0.02%) 
was added to permeabilize cells, followed by the serial 
addition of agonist (ATP) and Ca2+ for the next treatment. 
Fluorescence was measured at an emission wavelength of 
581 nm and an excitation wavelength of 552 nm. 

Measurement of Mitochondrial complex I activity
The Mitochondrial  Complex I Activity Assay Kit 
determined the mitochondrial complex I activity of the 
IMCD3 cells (Merck Millipore, Darmstadt, Germany) 
according to the manufacturer’s protocol. Mitochondrial 
complex I activity was detected at 450 nm absorbance using 
a microplate reader (Bio-Rad, USA).

Statistical analysis

GraphPad Prism software version 7.0 (GraphPad Software, 
La Jolla, CA) was used to perform the statistical analysis. 
Results were shown as mean ± mean of standard error (SEM) 
from three independent experiments. Statistical analysis was 
performed using Student’s t-test for pairwise comparisons or 
analysis of variance (ANOVA) followed by Tukey’s post hoc 
test for multiple comparisons. Differences were considered 
statistically significant when P<0.05.

Results

DJ-1 knock-down enhanced the proliferation of IMCD3 cells

To investigate the role of DJ-1 in ADPKD, we firstly 
detected its function in vitro. DJ-1 was knocked down in 
IMCD3 cells, and then the decreased expression of DJ-1 
was confirmed by qRT-PCR and western blot, respectively 
(Figure 1A,B). After DJ-1 knock-down, cell proliferation 
and the expression of proliferation-related proteins 
were measured to evaluate the effects of DJ-1 on cell 
proliferation. We observed that the knock-down of DJ-1 
significantly increased the proliferation rate of IMCD3 
cells compared to the wild-type cells (P<0.05, Figure 1C). 
Meanwhile, the knock-down of DJ-1 promoted the protein 
expression of Ki67 and PCNA (P<0.001, Figure 1D).  
The results concluded that the knock-down of DJ-1 
enhanced IMCD3 cell proliferation, showing that DJ-1 may 
participate in the progression of ADPKD. 
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DJ-1 knock-down induced the cell apoptosis, mitochondrial 
dysfunction and oxidative stress of IMCD3 cells

To further assess the function of DJ-1 in cell phenotype and 
mitochondrial metabolism in vitro, the cell apoptosis, and 
the expression of apoptosis-related proteins was measured 
after cell transfection. As shown in Figure 2A, compared 
with the wild-type cells, the apoptosis of transfected 
IMCD3 cells with shRNA-DJ-1 significantly enhanced. 
Accordingly, the knock-down of DJ-1 markedly increased 
the expression levels of Bax, intracellular Cyt c, cleaved-
caspase 3, and cleaved-caspase 9, but suppressed the Bcl-2  
expression (Figure 2B). Furthermore, the mitochondrial 
metabolism was evaluated using the high-resolution 
respirometry, Ca2+ absorption in mitochondria, and the 
activity of the respiratory enzyme. The results showed 

that the knock-down of DJ-1 suppressed the ROUTINE 
respiration, the CI-linked OXPHOS capacity, the CI+II-
linked OXPHOS capacity, the CI + II-linked ETS capacity, 
and the CII-linked ETS capacity, while had no effect on the 
LEAK respiration, CII-linked OXPHOS capacity and the 
CIV-linked ETS capacity (Figure 2C). Moreover, we found 
that the inhibition of DJ-1 both significantly inhibited 
the Ca2+ uptake ability in mitochondria (Figure 2D) and 
mitochondrial complex I activity (Figure 2E). In addition, 
the inhibition of DJ-1 obviously suppressed the levels of 
SOD (Figure 2F), but enhanced the MDA levels (Figure 2G),  
implicating the activation of oxidative stress. The results 
concluded that the knock-down of DJ-1 induced the cell 
apoptosis, mitochondrial dysfunction and oxidative stress of 
IMCD3 cells.
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Figure 1 DJ-1 knock-down enhanced the proliferation of IMCD3 cells. (A) mRNA levels of DJ-1 were detected by qRT-PCR analysis in 
IMCD3 cells after shRNA transfection; (B) protein expression levels of DJ-1 were detected by Western blot in IMCD3 cells after shRNA 
transfection; (C) after transfection, the cell proliferation rate of IMCD3 cells was determined by CCK-8 assay; (D) after transfection, the 
expression of proliferation-related proteins (Ki67 and PCNA) was measured by western blot using β-actin as an internal control. Data were 
expressed in mean ± SEM of three separate experiments. *, P<0.05, **, P<0.01, compared to DJ-1-WT (wild type).
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Figure 2 DJ-1 knock-down induced the cell apoptosis, mitochondrial dysfunction of IMCD3 cells. (A) After transfection, the cell apoptosis 
was detected by flow cytometry assay. (B) after transfection, the expression of apoptosis-related proteins was measured by western blot using 
β-actin as an internal control; (C) the effects of DJ-1 knock-down on mitochondrial respiratory function in IMCD3 cells were assessed by 
high-resolution respirometry; (D) the effects of DJ-1 knock-down on Ca2+ absorption in mitochondria; (E) the effects of DJ-1 knock-down 
on mitochondrial complex I activity; (F) the effects of DJ-1 knock-down on SOD levels; (G) the effects of DJ-1 knock-down on MDA levels. 
Data were expressed in mean ± SEM of three separate experiments. *, P<0.05, **, P<0.01, compared to DJ-1-WT (wild type).
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Overexpression of DJ-1 attenuated the renal dysfunction 
in ADPKDpcDNA-DJ-1 mouse

The wild-type ADPKD mice models and transgenic 
ADPKD models with overexpressing DJ-1 were constructed 
to simulate in vivo conditions to supply in vivo evidence for 
the function of DJ-1 in the ADPKD progression. Firstly, 
western blot assay for kidney tissue proved DJ-1 was 
down-regulated in ADPKD models, and meanwhile, DJ-1 
was successfully up-regulated in ADPKDpcDNA-DJ-1 mouse  

(Figure 3A). Then, we observed the kidney-weight-to-
body-weight ratios, serum BUN, creatinine, uric acid, and 
proteinuria levels were all enhanced in ADPKD models 
compared with blank control, which was attenuated by 
the overexpression of DJ-1 in ADPKDpcDNA-DJ-1 mouse 
(Figure 3B,C,D,E,F). The results concluded that DJ-1 
participated in the pathogenesis of ADPKD in vivo, and 
its overexpression could attenuate the renal dysfunction in 
ADPKD models.

Figure 3 Overexpression of DJ-1 attenuated the renal dysfunction ADPKD models. To understand the function of DJ-1 in the ADPKD 
progression, DJ-1 was overexpression in ADPKD models. Kidney extracts were obtained for analysis. (A) The expression of DJ-1 was 
measured by western blot. (B) Kidney-weight-to-body-weight ratios, (C) serum BUN levels, (D) serum creatinine levels, (E) serum uric acid 
levels, and (F) serum proteinuria levels were shown to evaluate the renal function of ADPKD models. Data were expressed in mean ± SEM 
(n=10 per group). **, P<0.01, compared to control; #, P<0.05, ##, P<0.01, compared to ADPKD + pcDNA. 
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Overexpression of DJ-1 attenuated the pathological 
damage to kidney tissue in ADPKDpcDNA-DJ-1 mouse

Subsequently, to evaluate whether DJ-1 affects the cyst 
growth and renal tissue fibrosis in ADPKD models, H&E 
staining, Masson staining, and the expression of fibrosis-
related proteins were detected in the treated and un-treated 
ADPKD models. We observed cyst growth and renal 
fibrosis in ADPKD mice compared with the control group 
(Figure 4A,B), accompanied by the up-regulation of fibrosis 
markers, including α-SMA, FN1, and TGF-β1 (Figure 4C). 
Notably, the overexpression of DJ-1 attenuated cyst growth 
and reduced renal fibrosis rate, compared with the negative 
control (Figure 4A,B). Besides, the overexpression of DJ-1 
reversed the ADPKD-induced up-regulation of α-SMA, 
FN1, and TGF-β1 (Figure 4C). The results concluded that 
DJ-1 overexpression could attenuate the cyst growth and 

renal tissue fibrosis in ADPKD models. 

Overexpression of DJ-1 inhibited the excessive 
proliferation and apoptosis of BCECs by p53 signaling 
pathway in ADPKDpcDNA-DJ-1 mouse

Kidney extracts from mice models were used for the later 
detection to gain insights into whether DJ-1 alleviates the 
renal function and pathological process of ADPKD by 
regulating cell proliferation and apoptosis in vivo. Firstly, 
the western blot assay showed the expression levels of 
Ki67 and PCNA were up-regulated in ADPKD models 
compared with blank control (Figure 5A). Whereas, 
the expression levels of Ki67 and PCNA in transgenic 
ADPKDpcDNA-DJ-1 models with overexpressing DJ-1 were 
significantly inhibited compared with negative control 

Figure 4 Overexpression of DJ-1 attenuated the pathological damage to kidney tissue in vivo. (A) H&E staining (magnification: ×200) and (B) 
Masson staining (magnification: ×400) of kidney sections from the 28-day-old wild-type and transgenic ADPKD models. (C) The expression 
levels of fibrosis-related proteins in wild-type and transgenic ADPKD models were measured by western blot. Data were expressed in mean 
± SEM (n=10 per group). **, P<0.01, compared to control. #, P<0.05, ##, P<0.01, compared to ADPKD + pcDNA.
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(Figure 5A). Similarly, the cell apoptosis rate was enhanced 
in ADPKD models, but both have been markedly reversed 
by the overexpression of DJ-1 (Figure 5B). Furthermore, 
we preliminary explored the downstream regulatory 
pathway that DJ-1 may be involved, due to DJ-1 mediating 
the apoptosis in ADPKD. Thus, the proteins in the 
p53 signaling pathway were detected by western blot. 

As expected, we observed that DJ-1 down-regulation in 
ADPKD models was accompanied by the up-regulation 
of p53 and Bcl-2, as well as the down-regulation of 
intracellular Cyt c, cleaved-caspase 3 and cleaved caspase 
9 (Figure 5A). However, this trend of expression change 
was reversed by DJ-1 overexpression in ADPKDpcDNA-DJ-1 

mice (Figure 5A). Meanwhile, the IHC staining showed 

Figure 5 Overexpression of DJ-1 inhibited the excessive proliferation and apoptosis of renal epithelial cells from ADPKD models in vivo. 
Kidney extracts were obtained to evaluate the effects of DJ-1 on proliferation and apoptosis in vivo. (A) The expression of proliferation- and 
apoptosis-related proteins were measured by western blot using β-actin as an internal control. (B) Cell apoptosis rate detected by TUNEL 
staining. Red arrows indicate TUNEL-positive cells (apoptotic cells). Magnification: ×100. (C) Immunohistochemical staining determined 
the expression of cleaved caspase-3. Red arrows indicate cleaved caspase 3-positive cells. Magnification: ×400. Data were expressed in mean 
± SEM (n=10 per group). *, P<0.05, **, P<0.01, compared to control; #, P<0.05, compared to ADPKD + pcDNA.
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comparable results with western blot assay (Figure 5C). 
The results concluded that DJ-1 overexpression inhibited 
excessive proliferation and apoptosis of BCECs by the p53 
signaling pathway in ADPKD models. 

Discussion

At present, the pathogenesis of ADPKD is still not to 
be fully elucidated despite many studies. Mitochondrial 
dysfunction has emerged as a characteristic of ADPKD 
in the past decade (6). It is widely recognized that DJ-1 
is crucial for mitochondrial function (17). Despite 
the identification of many dysregulated pathways in 
ADPKD (23), the physiological functions of DJ-1 on the 
mitochondria metabolism in ADPKD remains elusive. 
Herein, we investigated the DJ-1  role in ADPKD 
pathogenesis both in vitro and in vivo for the first time. 
Our study preliminary proved that overexpression of DJ-1 
attenuates disease progression by the p53 signaling pathway 
in ADPKD mouse models, which has the potential to be a 
novel drug target for ADPKD.

The most striking finding of the present study was that 
DJ-1 was down-regulated in ADPKD models and regulated 
the progression of ADPKD. DJ-1, as a cytoprotective 
protein, is widely distributed in various organs, including 
the brain, kidney, spleen, and heart (24). Generally, DJ-1 
was highly expressed in reactive astrocytes of patients 
with neurodegenerative diseases (25), as well as in various 
malignant cells, including HeLa cells and lung cancer cells 
(25-27). The abnormal expression of DJ-1 in these diseases 
was inconsistent with our result, which may occur due to 
the different pathological mechanisms of different diseases. 
Indeed, there was an article about the down-regulation of 
DJ-1 expression in tumors (28). To date, it is worth noting 
there remains a paucity of information regarding the 
role of DJ-1 in the kidney, especially in ADPKD (29,30). 
Therefore, our finding supplied a basis for the underlying 
role of DJ-1 in ADPKD. 

More  impor tant ly,  our  s tudy  sugges ted  DJ-1 
overexpression attenuated renal dysfunction, cyst growth, 
and renal fibrosis in ADPKD mice, indicating that 
DJ-1 has a protective effect on ADPKD. Meanwhile, 
DJ-1 overexpression reversed the ADPKD-induced up-
regulation of fibrosis-related proteins, including α-SMA, 
FN1, and TGF-β1. Similarly, Eltoweissy et al. previously 
reported that the expression of DJ-1 is associated with the 
progression of renal fibrosis (31). However, this study did 
not focus on the relationship between DJ-1 and ADPKD. 

To our knowledge, this is the first report illuminated the 
protective effect of DJ-1 in ADPKD, which not only 
provided more information on the mechanisms of DJ-1 
but also provided novels insights into the development of 
ADPKD targeted therapy. Traditionally, DJ-1 protects 
against cell death in hypoxia/reoxygenation injury (32) 
and Parkinson’s disease (33). According to many previous 
studies, the protective effect of DJ-1 is attributed to its 
anti-oxidative stress function (24). Many pieces of evidence 
have demonstrated DJ-1 deficiency results in the elevation 
of reactive oxygen species (ROS) (34) and thereby sensitizes 
renal cells to oxidative stress, endoplasmic reticulum stress, 
and enhances cytotoxicity (35).

Interestingly, recent studies showed that oxidative stress is 
evident early in ADPKD, even with preserved kidney function 
(36,37). After the inhibition of DJ-1, we noticed that the 
SOD levels were decreased while MDA levels were increased, 
implicating that DJ-1 down-regulation could enhance the 
oxidative stress, which was identified with findings in other 
diseases (35,38). Moreover, increased oxidative stress plays a 
functional role in cyst formation (9). On the above evidence, 
we considered that DJ-1 overexpression could attenuate renal 
dysfunction, cyst growth, and renal fibrosis may through 
inhibiting ROS production and decreasing oxidative stress. 
However, this mechanism is only on hypothesis and is still to 
be verified in practice. 

Presently, the precise regulatory mechanism of DJ-1 in 
ADPKD is still entirely ambiguous. Here, we preliminarily 
investigated the mechanism of DJ-1 in ADPKD. An 
imbalance between cell proliferation and apoptosis of 
BCECs is considered a significant factor leading to cyst 
growth and renal tissue remodeling in ADPKD (39,40). 
Therefore, we detected the effects of DJ-1 on cell 
proliferation and apoptosis in cell lines and ADPKD mice. 
As expected, we found DJ-1 deficiency induced the cell 
proliferation and apoptosis of IMCD3 cells accompanied 
by the increase of proliferation-related proteins (Ki67 and 
PCNA) and pro-apoptotic protein Bax, and the decrease of 
anti-apoptotic protein Bcl-2.

On the contrary, overexpression of DJ-1 inhibited the 
excessive proliferation and apoptosis of BCECs in ADPKD 
mice accompanied by the down-regulation of intracellular 
Cyt c, cleaved-caspase 3 and cleaved caspase 9. Inhibition 
of apoptosis has been shown to delay renal cyst growth in 
PKD models (41). Consistent with our study, a previous 
study has revealed DJ-1, as a potent nutritional antioxidant, 
could protect renal cells from apoptosis (31). Coincidentally, 
DJ-1 protects neurons from oxidative-stress-induced 
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apoptosis (42). Besides, in pulmonary arterial hypertension, 
characterized by excessive proliferation and apoptosis 
resistance of pulmonary artery smooth muscle cells 
(PASMCs), DJ-1 overexpression reversed hypoxia-induced 
elevation of PASMC cell proliferation, thus alleviating 
hypoxia-induced PASMCs injury (43). This finding further 
supported our speculation that DJ-1 could attenuate the 
renal dysfunction and pathological damage to ADPKD 
models by inhibiting excessive proliferation and apoptosis.

In recent years,  growing evidence suggests the 
mitochondrial biogenesis and their function regulation 
are the proximate cause of these metabolic disruptions in 
ADPKD to a certain extent (23). Mitochondrial dysfunction 
in ADPKD may result in reduced mitochondrial respiration, 
OXPHOS capacity, and increased production of ROS, 
which in turn increases cell proliferation (23,44). Thereby, 
we hypothesized that the improvement of mitochondrial 
dysfunction in ADPKD might be pivotal to the ADPKD 
progression. DJ-mediated mitochondrial dysfunction has 
been elaborated in Parkinson’s disease (18,19,45). Consistent 
with these previous publications, our investigation verified 
the induction of mitochondrial dysfunction by DJ-1 
deficiency, including respiratory depression and the decline 
of OXPHOS capacity, ETS capacity, Ca2+ uptake capacity, 
and mitochondrial complex I activity. Previously, Ishimoto 
et al. have demonstrated that mitochondrial abnormalities 
facilitate cyst formation in ADPKD (9). Accordingly, 
the current histopathological examination showed DJ-1 
overexpression attenuates cyst growth.

Additionally, Ca2+ uptake and Ca2+ signaling is also 
associated with the pathogenesis of ADPKD. It is 
demonstrated that disrupted intracellular Ca2+ homeostasis 
leads to reduced intracellular Ca2+ stores, further disrupting 
multiple signaling pathways and leading to the cystic 
phenotype (46). The DJ-1 protein has a role in the oxidative 
stress response; under oxidative conditions, DJ-1 partially 
translocates to mitochondria (47). The DJ-1 mitochondrial 
translocation could further induce the abnormal activation 
of autophagy, and eventually lead to mitochondrial 
dysfunction (48). Thus, we here evaluated the effects of 
DJ-1 on mitochondrial function and found DJ-1 deficiency 
inhibited the mitochondrial Ca2+ uptake, which in turn 
regulate the cyst growth. These results showed that DJ-1 
might directly regulate the mitochondrial OXPHOS 
capacity, ETS capacity, Ca2+ uptake, and respiratory, thus 
indirectly affect the mitochondrial function. Also, it is 
reported that the level of Ca2+ in the mitochondrial matrix 
regulated the ATP production (49). Subsequently, the 

improved effects of DJ-1 on mitochondrial dysfunction 
f inal ly  contr ibute  to  inhibit ion of  excess ive  cel l 
proliferation. Given the multifaceted findings in our study, 
we could conclude that DJ-1 acts as a protective factor by 
regulating mitochondrial function. Our pre-clinical study 
supplied a strong rationale for the development of a DJ-1 
based therapeutic strategy for ADPKD. Nevertheless, the 
possible mechanism of DJ-1 in mitochondrial metabolism 
in ADPKD warrants further investigations.

Previous researchers have identified p53 as a multi-
functional transcription factor that influences multiple, 
highly diverse cellular processes (50). Here, we tentatively 
assessed the effects of DJ-1 on the expression of p53 and 
its related proteins. As expected, the up-regulation of DJ-1 
in ADPKD mice inhibited the expression of p53. Further, 
there was a simultaneous down-regulation of intracellular 
Cyt c, cleaved-caspase 3, cleaved caspase 9, and the up-
regulation of Bcl-2. These results further support the 
inhibition of apoptosis by DJ-1.

Similarly, DJ-1 was previously proved to exert its 
cytoprotection through inhibiting the p53-Bax-caspase 
pathway (51,52). The p53 promotes apoptosis by repressing 
the survival genes through interference with the activity of 
specific transcription factors or by regulating mitochondrial 
translocation of Bax (53). It is well-recognized that p53 
directly activates the pro-apoptotic Bcl-2 protein Bax and 
indirectly regulates the release of Cyt-c (54). Cyt-c in the 
cytoplasm binds to Apaf-1 and then facilitates activation 
of caspase-9 and caspase-3, allowing for mitochondrial 
membrane permeabilization and apoptosis (55). Also, p53 
participates in the regulation of mitochondrially mediated 
cellular metabolism through its transcriptional activity (56).  
The p53 regulates the expression of nuclear-encoded 
synthesis of cytochrome-c oxidase 2 (SCO2), which is crucial 
for the proper assembly and function of cytochrome-c 
oxidase (COX) enzyme complex in the electron transport 
chain (57). Given the fact that p53 regulates mitochondrial 
respiration and apoptosis (53,58), we speculate here that 
DJ-1 attenuated the renal dysfunction and pathological 
damage to ADPKD by regulating cell proliferation, 
apoptosis and mitochondrial metabolism by p53 signaling 
pathway. Thus, targeting DJ-1 has the potential to become 
an alternative treatment for ADPKD.

Although we reported the role of DJ-1 in ADPKD 
and clarified its molecular mechanism in the disease 
progression, this study is a preliminary trial. The underlying 
molecular mechanisms of how DJ-1 participates in ADPKD 
pathogenesis have not been revealed entirely and remain to 
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be investigated.

Conclusions

The study firstly proved DJ-1 was down-regulated in 
ADPKD models. Importantly, we illustrated that DJ-1 
attenuated the renal dysfunction and pathological damage 
to ADPKD through a mechanism involving the regulation 
of mitochondrial function, which may be mediated by the 
p53 signaling pathway. This finding lays the groundwork 
relevant to the development of a DJ-1 based therapeutic 
strategy for ADPKD.
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