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Abstract. DJ-1 protein, as a multifunctional intracellular 
protein, has an important role in transcriptional regulation 
and anti-oxidant stress. A recent study by our group showed 
that DJ-1 can regulate the expression of certain anti-oxidant 
enzymes and attenuate hypoxia/re-oxygenation (H/R)-induced 
oxidative stress in the cardiomyocyte cell line H9c2; however, 
the detailed molecular mechanisms have remained to be eluci-
dated. Nuclear factor erythroid 2-like 2 (Nrf2) is an essential 
transcription factor that regulates the expression of several 
anti-oxidant genes via binding to the anti-oxidant response 
element (ARE). The present study investigated whether acti-
vation of the Nrf2 pathway is responsible for the induction of 
anti-oxidative enzymes by DJ-1 and contributes to the protec-
tive functions of DJ-1 against H/R-induced oxidative stress in 
H9c2 cells. The results demonstrated that DJ-1-overexpressing 
H9c2 cells exhibited anti-oxidant enzymes, including 
manganese superoxide dismutase, catalase and glutathione 
peroxidase, to a greater extent and were more resistant to 
H/R-induced oxidative stress compared with native cells, 
whereas DJ-1 knockdown suppressed the induction of these 
enzymes and further augmented the oxidative stress injury. 
Determination of the importance of Nrf2 in DJ-1-mediated 
anti-oxidant enzymes induction and cytoprotection against 
oxidative stress induced by H/R showed that overexpression of 
DJ-1 promoted the dissociation of Nrf2 from its cytoplasmic 
inhibitor Keap1, resulting in enhanced levels of nuclear trans-
location, ARE-binding and transcriptional activity of Nrf2. Of 

note, Nrf2 knockdown abolished the DJ-1-mediated induction 
of anti-oxidant enzymes and cytoprotection against oxidative 
stress induced by H/R. In conclusion, these findings indicated 
that activation of the Nrf2 pathway is a critical mechanism by 
which DJ-1 upregulates anti-oxidative enzymes and attenu-
ates H/R-induced oxidative stress in H9c2 cells.

Introduction

Oxidative stress is known to have an important role in the 
pathogenesis of certain cardiovascular diseases, including 
atherosclerosis, myocardial ischemia-reperfusion injury and 
chronic heart failure (1). Endogenous anti-oxidant systems 
include a number of proteins or enzymes, e.g., superoxide 
dismutase (SOD), catalase (CAT) and glutathione peroxidase 
(GPx), as well as non-enzymatic, low-molecular-weight 
anti-oxidant compounds, including glutathione and ascorbic 
acid, which constitute the first line of defence against oxida-
tive stress and maintain the redox environment of the body (2). 
Mounting evidence indicates that stimulation of endogenous 
anti-oxidant systems is an important strategy for achieving 
cardioprotection against ischemia-reperfusion injury, and 
is also one of essential mechanisms of anti-oxidative stress 
effect of certain proteins (3,4).

DJ-1, a ubiquitously expressed and highly conserved 
intracellular protein, was originally discovered in 1997 as a 
novel oncogene product that can transform mouse NIH3T3 
cells in combination with H-Ras or c-Myc (5). Subsequent 
studies demonstrated that DJ-1 has multiple functions and is 
involved in diverse cellular processes ranging from cellular 
transformation, transcriptional regulation and anti-oxidative 
stress response to control of male infertility (6-10). A recent 
study by our group investigated the potential role of DJ-1 
in the response of H9c2 cells to oxidative stress induced by 
hypoxia/re-oxygenation (H/R) by using gene transfer strate-
gies and firstly found that DJ‑1 can upregulate the expression 
of certain anti-oxidant enzymes (MnSOD, CAT and GPx) 
and attenuate H/R-induced oxidative stress in H9c2 cells (11). 
However, the detailed molecular mechanisms by which DJ-1 
upregulates these anti-oxidant enzymes have remained to be 
fully elucidated.
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Nuclear factor erythroid 2-like 2 (Nrf2), the central 
transcription factor, regulates multiple lines of cellular 
anti-oxidant systems, which is important in the protection of 
cells against oxidative stress (12-14). Under basal, non-acti-
vated conditions, Nrf2 is bound to Kelch-like ECH-associated 
protein-1 (Keap1) in the cytoplasm and is degraded through 
the ubiquitin-proteasome pathway (12,15). However, once 
activated, Nrf2 dissociates from its cytoplasmic inhibitor 
Keap1 and translocates to the nucleus, where it binds to 
conserved anti-oxidant response elements (ARE) and trans-
activates the expression of ARE-dependent genes, including 
MnSOD, CAT, and GPx, to attenuate cellular oxidative 
stress (13,16,17).

Of note, Clements et al (18) reported that DJ-1 is indis-
pensable for Nrf2 stabilization in primary mouse embryonic 
fibroblasts, as supported by the fact that disruption of DJ‑1 
decreased Nrf2 protein stability, whereas overexpression 
of DJ-1 restored protein stability by promoting Nrf2 disas-
sociation from Keap1 and thus escaping ubiquitin-dependent 
proteasomal degradation during oxidative stress (18). These 
results implied that the anti-oxidant effects of DJ-1 may be 
mediated via the Nrf2 pathway. Accordingly, based on these 
studies, the present study hypothesized that activation of the 
Nrf2 pathway may also be responsible for the induction of 
anti-oxidative enzymes by DJ-1 and contribute to the protec-
tive functions of DJ-1 against H/R-induced oxidative stress in 
H9c2 cells.

To investigate this hypothesis, the present study used 
DJ-1/Nrf2-knockdown or -overexpressing H9c2 cardiomyo-
cyte cells and assessed levels of anti-oxidant enzymes, as 
well as indicators of oxidative stress and cell proliferation 
following H/R. Furthermore, a luciferase reporter assay as 
well as immunoprecipitation (IP) and immunoblotting (IB) 
were performed to investigate the association between Nrf2 
and Keap1.

Materials and methods

Chemicals and reagents. Cell culture media and supple-
ments were obtained from Invitrogen Life Technologies 
(Carlsbad, CA, USA). 5(6)-carboxy-2',7'-dichlorofluores-
ceindiacetate (cDCFH-DA) was purchased from Molecular 
Probes Inc. (Thermo Fisher Scientific, Waltham, MA, 
USA). A malondialdehyde (MDA) assay kit was obtained 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). Antibodies against DJ-1 (N-20; cat. no. sc-27004; 
goat; pAb; 1:1,000), Nrf2 (C-20; cat. no. sc-722; rabbit; 
pAb; 1:1,000), Keap1 (H-190; cat. no. sc-33569; rabbit; 
pAb; 1:1,000), MnSOD (N-20; cat. no. sc-18503; goat; pAb; 
1:500), CAT (N-17; cat. no. sc-34280; goat; pAb; 1:500), GPx 
(N-20; cat. no. sc-22145; goat; pAb; 1:300), lamin B1 (A-11; 
cat. no. sc-377000; mouse; mAb; 1:1,000), and β-Actin (I-19; 
cat. no. sc-1616; goat; pAb; 1:1,000) were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-Flag 
(cat. no. F2555; rabbit; mAb, 1:1,000) and anti-tubulin 
(cat. no. T8203; mouse; mAb; 1:1,000) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). All primary 
antibodies were incubated overnight at 4˚C. Horseradish 
peroxidase (HRP)-conjugated secondary antibodies (1:5,000; 
goat anti-mouse IgG-HRP; cat. no. sc-2005, rabbit anti-goat 

IgG-HRP; cat. no. sc-2768, and goat anti-rabbit IgG-HRP; 
cat. no. sc-2004) were used at room temperature for 1 h. All 
other chemicals were also purchased from Sigma-Aldrich, 
unless otherwise stated.

Cell culture. H9c2, a clonal cell line derived from an embry-
onic rat heart, was obtained from the American Type Culture 
Collection (CRL-1446; Manassas, VA, USA) and were main-
tained in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% (v/v) heat-inactivated fetal bovine 
serum, 10 mM L-Glu and 5 mg/ml penicillin/streptomycin 
(complete medium) in a humidified atmosphere of 95% air 
and 5% CO2 at 37˚C. The medium was replaced every other 
day and the cells were seeded in six-well plates at a density of 
1x106 cells/well.

DJ‑1 expression vector construction and transfection. The rat 
DJ-1 gene expression vector was constructed as previously 
described (11). Briefly, to obtain the coding region of rat 
wild-type DJ-1 cDNA, oligonucleotide primers complemen-
tary to the 5' and 3' ends of DJ-1 were designed, which 
incorporated the restriction sites EcoR I and Kpn I: 
Primer sense, 5'-CCG GAA TTC AAT GGC ATC CAA AAG 
AGC; and primer anti-sense, 5'-CGG GGT ACC CTA GTC TTT 
GAG AAC AAGCG. The specific primers were designed and 
synthesized by Shanghai Jikai Gene Chemical Co., Ltd, 
(Shanghai, China). Total RNA was extracted from H9c2 cells 
using TRIzol® reagent (Invitrogen Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. DJ‑1 cDNA was amplified using a Multiplex PCR kit 
(Takara Bio, Inc., Shiga, Japan) by a PCR reactor (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). The PCR conditions 
were as follows: Initial denaturation at 95˚C for 5 min; 
30 cycles of denaturation at 95˚C for 30 sec, annealing at 57˚C 
for 1 min and elongation at 72˚C for 1 min and a final exten-
sion at 72˚C for 5 min. Polymerase chain reaction (PCR) 
fragments were separated by electrophoresis on a 1.5% agarose 
gel (Sigma-Aldrich) and visualized with ethidium bromide 
(Beyotime Institute of Biotechnology, Haimen, China). PCR 
products were digested with EcoR I and Kpn I (Takara Bio, 
Inc.) and analyzed by 12% agarose gel electrophoresis. Bands 
of the expected length were excised from the gel and ligated 
into the mammalian expression vector pFlag-CMV-4 
(Sigma-Aldrich), which had been digested with EcoR I and 
Kpn I. Subsequently, the generated construct was confirmed 
by sequencing and further referred to as pFlag-DJ-1. 
pFlag-DJ-1 or empty vector pFlag were transfected into H9c2 
cells using Lipofectamine 2000 reagent (Invitrogen Life 
Technologies) according to the manufacturer's instructions. 
DNA sequencing was performed by Shanghai Jikai Gene 
Chemical Co., Ltd.

Small interfering RNA and transfection. The small interfering 
RNA (siRNA) oligonucleotides targeting rat DJ-1 or Nrf2 
were purchased from Ambion Inc. (Thermo Fisher Scientific). 
A negative control siRNA (NC siRNA) was included to 
monitor non‑specific effects. These siRNAs were transfected 
into H9c2 cells using Lipofectamine 2000 reagent. 24 h after 
transfection, western blot analysis was performed to examine 
the knockdown of the target proteins.
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Cellular models of H/R. H/R was conducted as previously 
described (11,19). Briefly, hypoxia was achieved by incu-
bating the cells for 2 h in an airtight chamber in which O2 
was replaced by N2 using glucose-free Tyrode's solution that 
contains 139 mM NaCl, 4.7 mM KCl, 0.5 mM MgCl2, 1.0 mM 
CaCl2 and 5 mM HEPES, pH 7.4, at 37˚C. After incubation 
under hypoxic conditions, the cells were provided with fresh 
medium and then cultured under normoxic conditions (95% 
air-5% CO2, 37˚C) for 60 min for re‑oxygenation.

Quantification of cell damage. Cell damage was determined 
by measuring cell viability and the release of lactate dehydro-
genase (LDH) into the cell culture medium. The release of 
LDH was quantified using the CytoTox‑ONETM Homogenous 
Membrane Integrity Assay (Promega Corp., Madison, WI, 
USA) according to the manufacturer's instructions. Cell 
viability was determined using an MTT assay based on the 
formation of formazan from MTT by metabolically active 
cells. Briefly, the cells were seeded into 96-well plates at 
1x105 cells/well. Following treatment, cells were washed with 
warm phosphate-buffered saline (PBS) and incubated with 
0.5 mg/ml MTT in PBS for 4 h at 37˚C. The reaction was 
stopped by the addition of 150 µl diphenylamine solution, and 
the absorbance of the blue formazan derivative read at 570 nm 
using a microplate reader (680; Bio-Rad Laboratories, Inc.).

Detection of reactive oxygen species (ROS) generation. The 
production of ROS, as an index of oxidative stress, was deter-
mined using the cell-permeable probe cDCFH-DA, which is 
cleaved by cellular esterases to non‑fluorescent 2',7'‑dichlo-
rofluorescin (DCFH) and oxidized by intracellular ROS to 
the fluorescent product dichlorofluorescein (DCF). After the 
indicated treatments, the cells were harvested and washed with 
cold PBS, following by incubation with 10 mM of cDCFH-DA 
at 37˚C for 20 min. DCF fluorescence was then monitored 
by flow cytometry (FACSCalibur; BD Biosciences, Franklin 
Lakes, NJ, USA) at wavelengths of 495 nm (excitation) and 
525 nm (emission). The generation of ROS was expressed as 
the mean fluorescence intensity of 10,000 cells determined in 
each sample.

Measurement of MDA content. MDA, a breakdown product of 
lipid peroxidation, is another oxidative stress marker and truly 
reflects the development of oxidative stress in a biological 
system. After treatment, cells were harvested and lysed in 
100 µl lysis buffer containing 1% Triton X-100, 10 mM Tris, 
pH 7.6, 50 mM NaCl, 0.1% bovine serum albumin (BSA), 
1 mM phenylmethanesulfonylfluoride, 1% aprotinin, 5 mM 
EDTA, 50 mM NaF, 0.1% 2-mercaptoethanol, 5 mM pheny-
larsine oxide and 100 mM sodium orthovanadate by three 
cycles of freezing/thawing. After centrifugation at 13,000 xg 
for 10 min at 4˚C, the supernatants were subjected to the 
cellular MDA content assay using the corresponding detection 
kit according to the manufacturer's instructions. The results 
were normalized to the total protein levels, as measured by the 
Lowry method using a Bio-Rad detergent-compatible (DC) 
protein assay kit II, (Bio-Rad Laboratories, Inc.).

Western blot analysis. Cytoplasmic and nuclear proteins were 
extracted using NE-PER Nuclear and Cytoplasmic Extraction 

Reagents kit (Pierce, Rockford, IL, USA) according to the 
manufacturer's instructions. The protein content was deter-
mined by the Lowry method using a DC protein assay kit. 
IB analysis was performed as described previously (11,19). 
In brief, equal amounts of proteins were resolved on 12% 
SDS-PAGE gels (Sigma-Aldrich) and transferred onto nitrocel-
lulose membrane (Schleicher and Schuell, Keene, NH, USA). 
After blocking with 5% non-fat milk, the blots were probed 
using primary antibodies against DJ-1 (dilution, 1:1,000), 
Flag (1:1,000), Nrf2 (1:1,000), MnSOD (1:500), CAT (1:500), 
GXp (1:300), lamin-B1 (1:1,000), tubulin (1:1,000), lamin-B1 
(1:1,000) and β-actin (1:1,000). Appropriate secondary 
antibodies conjugated with horseradish peroxidase immuno-
globulin (Ig)G were used for chemiluminescence detection. An 
enhanced chemiluminescence kit was used (Pierce). The wet 
transfer system was used (Bio-Rad Laboratories, Inc.) and the 
X‑ray film was purchased from Kodak (Rochester, NY, USA). 
The band intensities were determined using Quantity One® 
image analysis software version 4.62 (Bio-Rad Laboratories, 
Inc.).

Co‑IP assays. To assess the interaction between Nrf2 and 
Keap1, whole-cell lysates containing 0.5 mg protein were 
pre-cleared with protein G-agarose (Roche Applied Science, 
Basel, Switzerland) at 4˚C for 3 h. Subsequently, IP was 
performed overnight with 1 µg anti‑Nrf2 antibody at 4˚C 
followed by a 4-h incubation with 30 µl protein-G agarose. 
After washing, the IP complexes were subjected to IB with 
anti-Nrf2 or anti-Keap 1 antibodies as described above in the 
western blot analysis protocol.

Chromatin IP (ChIP) assay. To evaluate the ARE-binding 
activity of Nrf2, a ChIP assay was performed by using the 
commercial ChIP-IT kit (Active Motif, Carlsbad, CA, USA) 
as previously described (19). Briefly, cells were cross‑linked 
by adding formaldehyde, lysed and sonicated. Lysates were 
immunoprecipitated using Nrf2 antibodies, proteins were 
digested with proteinase K and ChIP-enriched DNA was 
subjected to PCR using the following primers: MnSOD-ARE, 
forward 5'-CTG AGG GCA AGA GAA AAG AGAT-3' and 
reverse 5'-TAC CCC TAA GTG AGT CCA TTGAT-3'; GPx-ARE, 
forward 5'-CGG GAC CCT GAG ATT TAGA-3' and reverse 
5'-CGA GCA GCA GAC ATA CTG-3'; CAT-ARE, forward 
5'-CCA GAT TAC ATT CCT GAT TCC-3' and reverse 5'-CGT 
GGT CAC TAT GCT GTC-3'. IgG was used as a negative control 
for IP with anti‑Nrf2 to verify the specificity. 10% of the chro-
matin DNA used for IP was similarly subjected to PCR analysis 
and designated as input. PCR products were quantified using 
ImageJ software version 2.1.4.7 (National Institutes of Health, 
Bethesda, MD, USA). Relative enrichment was calculated as 
the difference between Nrf2 antibody and normal IgG signals 
that were normalized to the respective input signals.

Luciferase reporter assays. The transcriptional activity 
of Nrf2 was tested by a reporter gene assay. An ARE 
reporter comprised of tandem repeats of the ARE transcrip-
tional response element upstream of firefly luciferase (SA 
Biosciences, Frederick, MD) and a renilla luciferase plasmid 
containing a cytomegalovirus promoter (as an internal control) 
were used. Transfections of H9c2 cells were performed with 
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Lipofectamine 2000 reagent according to the manufacturer's 
instructions. Firefly and renilla luciferase activities were 
assayed using the Dual Luciferase® Assay System (Promega 
Corp.) and results were expressed as firefly luciferase activity 
normalized to renilla luciferase activity.

Statistical analysis. Values are expressed as the mean ± stan-
dard error of the mean. An unpaired t-test was used to compare 
between groups. Multiple group means were compared by 
analysis of variance followed by a least significant differ-
ence post hoc test. Statistical calculations were performed 
using SPSS 11.0 software (SPSS, Inc., Chicago, IL, USA). 
Differences with a two-tailed P<0.05 were considered statisti-
cally significant.

Results

DJ‑1 induces anti‑oxidant enzymes and attenuates 
H/R‑induced oxidative stress in H9c2 cells. As an initial 
experiment toward determining the role of DJ-1 in the regu-
lation of cellular anti-oxidant enzymes and attenuation of 

oxidative stress induced by H/R, H9c2 cells were transiently 
transfected with pFlag-DJ-1 or DJ-1 siRNA for 24 h and 
then subjected to H/R. As shown in Fig. 1, the transfection 
of pFlag-DJ-1 markedly increased DJ-1 levels concomitant 
with an obvious elevation in MnSOD, CAT and GPx expres-
sion in H9c2 cells. By contrast, empty vector pFlag did not 
affect the expression of these proteins. In addition, 24-h 
transfection of pFlag-DJ-1 markedly attenuated H/R-induced 
viability loss (Fig. 2A), LDH release (Fig. 2B) as well as 
elevation of ROS (Fig. 2C) and MDA (Fig. 2D) content, 
indicating that DJ-1-overexpressing H9c2 cells were more 
resistant to H/R-induced oxidative stress. Conversely, in 
DJ-1 siRNA-transfected H9c2 cells, knockdown of DJ-1 
significantly reduced endogenous MnSOD, CAT and GPx 
protein levels (Fig. 1). Concomitantly, these DJ‑1‑deficient 
cells were more susceptible to H/R-induced oxidative stress 
compared with control cells (Fig. 2), which was in agreement 
with the results for DJ-1-overexpressing cells. Overall, these 
findings demonstrated that DJ‑1 can induce the expression of 
anti-oxidant enzymes and attenuate H/R-induced oxidative 
stress in H9c2 cells.

Figure 1. Role of DJ-1 in the regulation of the expression of the anti-oxidant enzymes MnSOD, GPx and CAT. H9c2 cells were transiently transfected with 
or without NC or nuclear factor erythroid 2-like 2 siRNA, or pFlag-DJ-1 or its empty control vector pFlag for 24 h. Levels of DJ-1 and anti-oxidant enzymes 
MnSOD, GPx and CAT were examined by western blot analysis. β-actin was used as an internal control. A representative blot of each experiment is shown. 
Blots were quantified using densitometric analysis and values are expressed as the mean ± standard error of the mean of four independent experiments. 
##P<0.01 vs. vehicle group. siRNA, small interfering RNA; SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, catalase; NC, negative control.
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DJ‑1 promotes the activation of the Nrf2 pathway in 
H9c2 cells. The present study next focused on the under-
lying mechanisms by which DJ-1 upregulates anti-oxidative 
enzymes and attenuates H/R-induced oxidative stress in H9c2 
cells. Considering that DJ-1 has been suggested to increase 
Nrf2 stability (18), whereas the Nrf2 pathway has been shown 
to have a critical role in regulation of anti-oxidative enzymes 
and in cell survival under stress conditions (12-14), the present 
study hypothesized that activation of the Nrf2 pathway may 
be responsible for the induction of anti-oxidative enzymes 
by DJ-1 and contribute to the protective functions of DJ-1 
against H/R-induced oxidative stress. To investigate this 
putative mechanism, the present study first examined the 
effects of DJ-1 on the Keap1 - Nrf2 interaction and subse-
quent nuclear translocation, ARE-binding and transcriptional 
activity of Nrf2 in H9c2 cells. As shown in Fig. 3, in trans-
fected pFlag-DJ-1 H9c2 cells, DJ-1 overexpression promoted 
Nrf2 - Keap1 dissociation (Fig. 3A) and resulted in increased 
nuclear translocation (Fig. 3B), ARE-binding (Fig. 3C) 
and transcriptional activity (Fig. 3D) of Nrf2. However, in 
DJ-1-siRNA-transfected H9c2 cells, knockdown of DJ-1 
exhibited inhibitory effects on the Keap1 - Nrf2 dissociation 
(Fig. 3A) as well as on the subsequent nuclear translocation 
(Fig. 3B), ARE-binding (Fig. 3C) and transcriptional activity 
(Fig. 3D) of Nrf2. These results indicated that DJ-1 has an 
obligatory role in the activation of the Nrf2 pathway in H9c2 
cells.

Activation of the Nrf2 pathway is required for DJ‑1‑mediated 
induction of anti‑oxidative enzymes. The present study put 
further emphasis on the correlation between the activa-
tion of Nrf2 pathway and the DJ-1-mediated induction of 
anti-oxidative enzymes, and attempted to elucidate whether it 
is an accompanying or a cause-effect phenomenon. For this, 
the impact of Nrf2 knockdown on the DJ-1-mediated induction 
of anti-oxidative enzymes was investigated. H9c2 cells were 
transfected with pFlag-DJ-1 or empty vector pFlag for 24 h 
and subsequently with negative control (NC) or Nrf2 siRNA 
for 24 h. As shown in Fig. 4, DJ-1 overexpression upregulated 
anti-oxidative enzymes (MnSOD, CAT and GPx) consistent 
with the results shown in Fig. 1, whereas simultaneous knock-
down of Nrf2 significantly attenuated DJ‑1‑mediated induction 
of anti-oxidative enzymes (Fig. 4). These results indicated that 
activation of the Nrf2 pathway is required for DJ-1-mediated 
induction of anti-oxidative enzymes.

Activation of the Nrf2 pathway is required for DJ‑1‑mediated 
cytoprotection against oxidative stress induced by H/R. The 
abovementioned results strongly suggested a causal role for 
Nrf2 activation in the upregulation of anti-oxidative enzymes 
by DJ-1. Therefore, the present study further investigated 
whether activation of Nrf2 is a prerequisite for DJ-1-mediated 
protection of H9c2 cells against oxidative stress induced 
by H/R. To ascertain this question, H9c2 cells were trans-
fected with pFlag-DJ-1 or empty vector pFlag for 24 h and 

Figure 2. Effects of DJ-1 on H/R-induced oxidative stress injury in H9c2 cells. H9c2 cells were transiently transfected with or without NC or nuclear factor ery-
throid 2‑like 2 siRNA, or pFlag‑DJ‑1 or its empty control vector pFlag for 24 h followed by H/R. Subsequently, cell damage was identified by (A) cell viability 
and (B) LDH release assays, and oxidative stress was assessed by quantifying the (C) ROS and (D) MDA content. Values are expressed as the mean ± standard 
error of the mean of four independent experiments. ##P<0.01 vs. vehicle + H/R group. H/R, hypoxia/re-oxygenation; MDA, malondialdehyde; ROS, reactive 
oxygen species; LDH, lactate dehydrogenase; NC, negative control; siRNA, small interfering RNA; DFC, 2',7'‑dichlorofluorescein. 
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subsequently with NC or Nrf2 siRNA for 24 h, followed 
by H/R. H/R-induced oxidative stress was analyzed by 
quantifying MDA and ROS content, and cellular damage 
was monitored by measuring cell viability and the release of 
LDH. As expected, DJ-1 overexpression protected H9c2 cells 
against H/R-mediated oxidative stress as shown by attenu-
ation of H/R-induced viability loss (Fig. 5A), LDH release 
(Fig. 5B), as well as ROS (Fig. 5C) and MDA (Fig. 5D) 
content, whereas simultaneously knocking down Nrf2 
significantly attenuated DJ‑1‑mediated cytoprotection. These 
results clearly indicated an essential role of Nrf2 activa-
tion for DJ-1-mediated cytoprotection against H/R-induced 
oxidative stress.

Discussion

The present study demonstrated that activation of the Nrf2 
pathway is a critical mechanism by which DJ-1 upregulates 
anti-oxidative enzymes and attenuates H/R-induced oxidative 
stress in H9c2 cells. This was indicated by results showing that: 
1) DJ-1 promoted Nrf2 and Keap1 dissociation, resulting in the 
enhanced levels of nuclear translocation of Nrf2 in H9c2 cells; 
2) DJ-1 increased the direct binding of Nrf2 to ARE on the 
promoters of MnSOD, GPx and CAT, and enhanced the 
transcriptional activity of Nrf2; 3) most importantly, knock-
down of Nrf2 expression with siRNA not only prevented the 
induction of anti-oxidative enzymes (MnSOD, GPx and CAT) 

Figure 3. Role of DJ-1 in the regulation of the Keap1-Nrf2 interaction, Nrf2 nuclear translocation, ARE-binding and its transcriptional activity. H9c2 cells were 
transiently transfected with or without NC or Nrf2 siRNA, or pFlag-DJ-1 or its empty control vector pFlag for 24 h. (A) Keap1-Nrf2 interaction was assessed 
by co-IP. Cell lysates were subjected to IP with anti-Nrf2 antibody and IB analysis was performed with anti-Keap1 or anti-Nrf2. Total protein extracts (prior 
to IP) were used as control (Input). Representative images of three separate experiments are shown. (B) Nrf2 nuclear translocation was assessed by western 
blot analysis. Whole-cell lysates, cytosolic and nuclear fractions were prepared and nuclear, cytosolic and total Nrf2 levels were examined. Lamin B1 was used 
as the nuclear marker and loading control, tubulin as the cytosolic marker and loading control, and β-actin as the whole-cell loading control. A representative 
blot of each experiment is shown with the densitometric analysis corresponding to the mean ± standard error of the mean of four independent experiments. 
##P<0.01 vs. the corresponding vehicle group. (C) A chromatin IP assay was performed for the detection of ARE-binding activity of Nrf2. The relative 
binding of Nrf2 with ARE sequences in the promoter regions of MnSOD, CAT and GPx (MnSOD‑ARE, CAT‑ARE and GPx‑ARE) were quantified from 
the band intensities of four independent experiments. Values are expressed as the mean ± standard error of the mean. ##P<0.01 vs. the corresponding vehicle 
group. (D) The transcriptional activity of Nrf2 was tested by luciferase reporter assay. H9c2 cells were co-transfected with the ARE reporter plasmid and the 
indicated siRNA or pFlag‑DJ‑1 for 24 h and were harvested for the luciferase assay. Relative luciferase activity was determined as firefly luciferase activity nor-
malized to renilla luciferase activity. Values are expressed as the mean ± standard error of the mean of triplicate experiments. ##P<0.01 vs. the corresponding 
vehicle group. siRNA, small interfering RNA; SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, catalase; NC, negative control; Nrf2, nuclear 
factor erythroid 2-like 2; Keap1, Kelch-like ECH-associated protein 1; ARE, anti-oxidant response element; IP, immunoprecipitation; IB, immunoblotting.
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by DJ-1 but also severely diminished the cardioprotective 
effects of DJ-1 against H/R-induced oxidative stress in H9c2 
cells. In conclusion, the present study expanded the current 
understanding of the anti-oxidative stress function of DJ-1 by 
identifying a novel regulatory process induced by DJ-1, which 
stimulates the expression of anti-oxidative enzymes via activa-
tion of Nrf2 and, as a result, attenuates H/R-induced oxidative 
stress in H9c2 cells.

Oxidative stress is directly associated with the pathogen-
esis of myocardial ischemia-reperfusion injury and is therefore 
an attractive target for biomarker development and potential 
therapies (20). DJ-1 is believed to have several possible func-
tions, but a consistent finding is that it responds to oxidative 
stress. Several studies have demonstrated that DJ-1 is protec-
tive against Parkinson disease, ischemia-reperfusion and 
stroke-induced damage by attenuating oxidative stress (21-24). 
More recently, a study by our group investigated the potential 
role of DJ-1 in the response of H9c2 cells to oxidative stress 
induced by H/R by using gene transfer strategies and identified 

that DJ-1-overexpressing H9c2 cells exhibited elevated levels 
of anti-oxidant enzymes, including MnSOD, CAT and GPx, 
and were more resistant to H/R-induced oxidative stress (11). 
Furthermore, the present study showed that DJ-1 knockdown 
suppressed the induction of these enzymes and further 
augmented the oxidative stress-induced injury, which was 
in agreement with the results for DJ-1 overexpressing cells. 
Again, these findings demonstrated that DJ-1 can induce 
anti-oxidant enzyme expression and attenuate H/R-induced 
oxidative stress in H9c2 cells. However, the mechanisms of 
the induction of these anti-oxidative enzymes by DJ-1 have 
remained elusive, and therefore, the present study focused on 
clarifying the underlying mechanisms.

Nrf2 is the primary transcription factor that mediates 
transcriptional regulation of numerous anti-oxidant genes 
(including MnSOD, CAT and GPx) by binding to the ARE 
element present in the promoters of these genes (16). Several 
studies have demonstrated that Nrf2 has a crucial role in the 
protection of cells against oxidative stress (12,13). Of note, 

Figure 4. Effects of Nrf2 knockdown on the DJ-1-mediated induction of the anti-oxidant enzymes MnSOD, GPx and CAT in H9c2 cells. H9c2 cells were 
transfected with pFlag-DJ-1 or its empty vector pFlag for 24 h and subsequently with NC or Nrf2 siRNA for 24 h. The overexpression of DJ-1 was detected by 
western blot analysis using DJ-1 and Flag antibodies, respectively. Levels of Nrf2 and the anti-oxidant enzymes MnSOD, GPx and CATs were examined with 
Nrf2, MnSOD, CAT and GPx antibodies. β-actin was used as an internal control. A representative blot of each experiment is shown with the densitometric 
analysis corresponding to the mean ± standard error of the mean of four independent experiments. ##P<0.01 vs. the corresponding pFlag + NC siRNA group; 
**P<0.01 vs. the corresponding pFlag-DJ-1 + NC siRNA group. siRNA, small interfering RNA; SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, 
catalase; NC, negative control; Nrf2, nuclear factor erythroid 2-like 2.
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DJ-1 has been reported to be a stabilizer and positive regulator 
of Nrf2, aiding Nrf2 in nuclear translocation and anti-oxidant 
gene activation (18,25,26). On this basis, it was hypothesized 
that activation of the Nrf2 pathway may be responsible for the 
induction of anti-oxidative enzymes by DJ-1 and contribute to 
the protective functions of DJ-1 against H/R-induced oxida-
tive stress in H9c2 cells. To elucidate this question, the present 
study determined the effects of DJ-1 on the Keap1 - Nrf2 inter-
action and subsequent nuclear translocation, ARE-binding 
and transcriptional activity of Nrf2 in H9c2 cells. The results 
showed that DJ-1 overexpression promoted Nrf2 - Keap1 
dissociation and resulted in increased nuclear translocation, 
ARE-binding and transcriptional activity of Nrf2, whereas 
knockdown of DJ‑1 exhibited adverse effects. These findings 
suggested that DJ-1 has a crucial role in the activation of the 
Nrf2 pathway in H9c2 cells. To further verify the contribu-
tion of the Nrf2 pathway in the DJ-1-mediated upregulation 
of anti-oxidative enzymes, the present study investigated the 
impact of Nrf2 knockdown on the induction of MnSOD, GPx 
and CAT by DJ-1. As expected, the results showed that DJ-1 
overexpression led to a significant upregulation of MnSOD, 
GPx and CAT expression. These results are consistent with 
those of a previous study by our group (11). However, this 
effect was diminished in H9c2 cells transfected with siRNA 

against Nrf2, suggesting that activation of the Nrf2 pathway 
is essential for the induction of anti-oxidative enzymes by 
DJ-1. In addition, considering the fact that the Nrf2 pathway 
has a critical role in cell survival under oxidative stress condi-
tions, the present study further investigated whether activation 
of Nrf2 is a prerequisite for DJ-1-mediated protection of 
H9c2 cells against oxidative stress induced by H/R. DJ-1 
overexpression protected H9c2 cells against H/R-mediated 
oxidative stress as supported by the observed attenuation 
of H/R-induced loss in cell viability and LDH release, and 
elevation of ROS and MDA content. However, when Nrf2 
expression was specifically knocked down using siRNA, the 
inhibitory effect of DJ-1 overexpression on H/R-mediated 
oxidative stress was reversed. These results clearly indicated 
an essential role of Nrf2 activation in DJ-1-mediated cytopro-
tection against H/R-induced oxidative stress.

However, of note, the question regarding the mechanism 
by which DJ-1 induces Nrf2 activation in H9c2 cells was not 
addressed by the present study and remains to be elucidated. 
Clements et al (18) reported that DJ-1 may activate the Nrf2 
pathway by preventing the Keap1/Nrf2 association without 
binding to either component as well as by preventing the 
ubiquitination and proteasomal clearance of Nrf2. Similarly, 
the results of the present study confirmed that DJ‑1 promotes 

Figure 5. Effect of Nrf2 knockdown on DJ-1-mediated cytoprotection against H/R-induced oxidative stress in H9c2 cells. H9c2 cells were transfected with 
pFlag-DJ-1 or its empty vector pFlag for 24 h and subsequently with NC or Nrf2 siRNA for 24 h and subjected to H/R. Cellular damage was monitored by 
measuring (A) cell viability and (B) LDH release, and oxidative stress was analyzed by quantifying (C) ROS and (D) MDA content. Values are expressed as 
the mean ± standard error of the mean of four independent experiments. ##P<0.01 vs. the corresponding pFlag + NC siRNA + H/R group; **P<0.01 vs. the 
corresponding pFlag-DJ-1 + NC siRNA + H/R group. H/R, hypoxia/re-oxygenation; MDA, malondialdehyde; ROS, reactive oxygen species; LDH, lactate 
dehydrogenase; NC, negative control; siRNA, small interfering RNA; DFC, 2',7'‑dichlorofluorescein.
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only the Nrf2-Keap1 dissociation, as the co-IP assay did not 
indicate any binding between DJ-1 and either Nrf2 or Keap1 in 
H9c2 cells (data no shown). However, to the best of our knowl-
edge, no experimental evidence is available that DJ-1 prevents 
Nrf2 ubiquitination in this context. Therefore, it is concluded 
that DJ-1 is able to interact with other proteins to regulate Nrf2 
stability and activation. In addition, previous studies reported 
that phosphorylation or acetylation of Nrf2 may regulate its 
intracellular localization and activity (27,28). The possibility 
that DJ-1 may regulate the post-translational modification 
of Nrf2 cannot be excluded considering that DJ-1 interacts 
with transcriptional repressors, including protein inhibitor of 
activated signal transducer and activator of transcription, 2α 
and DJ-1-binding protein, and inhibits the recruitment of the 
histone deacetylase complex (29,30).

In conclusion, the present study provided evidence that DJ-1 
elicits significant Nrf2 activation and Nrf2‑dependent induc-
tion of major cellular anti-oxidant enzymes and effectively 
attenuates H/R-induced oxidative stress in H9c2 cells. These 
observations demonstrated the importance of the DJ-1/Nrf2 
axis in the cellular response to oxidative stress-induced cell 
death and suggest that this axis may be a potential therapeutic 
target for cardiovascular disorders associated with oxidative 
stress such as myocardial ischemia-reperfusion injury.
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