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SUMMARY

DJ-1 is significantly down-regulated in human donor liver
tissues and the mouse liver subjected to I/R injury. In a
mouse model of liver I/R injury, Dj-1 deficiency in hepato-
cytes but not in myeloid cells ameliorates liver damage and
inflammatory responses, probably by promoting mitochon-
drial accumulation of PARKIN and stabilizing PARKIN pro-
tein, which consequently result in enhanced mitophagy in
response to I/R injury

BACKGROUND & AIMS: DJ-1 is universally expressed in
various tissues and organs and is involved in the physiological
processes in various liver diseases. However, the role of DJ-1 in
liver ischemia-reperfusion (I/R) injury is largely unknown.

METHODS: In this study, we first examined the DJ-1 expression
changes in the liver tissues of mice and clinical donor after
hepatic I/R by both quantitative polymerase chain reaction and
Western blotting assays. Then we investigated the role of DJ-1
in I/R injury by using a murine liver I/R model.

RESULTS: We demonstrated that DJ-1 down-regulation in both
human and mouse liver tissues in response to I/R injury and
Dj-1 deficiency in hepatocytes but not in myeloid cells could
significantly ameliorate I/R induced liver injury and inflam-
matory responses. This hepatoprotective effect was dependent
on enhanced autophagy in Dj-1 knockout mice, because inhi-
bition of autophagy by 3-methyladenine and chloroquine could
reverse the protective effect on hepatic I/R injury in Dj-1
knockout mice.

CONCLUSIONS: Dj-1 deficiency in hepatocytes significantly
enhanced mitochondrial accumulation and protein stability of
PARKIN, which in turn promotes the onset of mitophagy
resulting in elevated clearance of damaged mitochondria dur-
ing I/R injury. (Cell Mol Gastroenterol Hepatol 2021;12:567–584;
https://doi.org/10.1016/j.jcmgh.2021.03.007)
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iver ischemia/reperfusion (I/R) injury remains a
Lmajor problem in clinical practice and occurs in
multiple clinical settings, including hemorrhagic shock,
partial hepatectomy, and liver transplantation.1 Although
the mechanisms of liver I/R injury are complex, loss of
mitochondrial membrane potential (DJm) is the key event
to trigger I/R injury, mainly because the dysfunctional
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mitochondria can produce excessive reactive oxygen spe-
cies, which in turn cause DNA damage, protein oxidation,
and lipid peroxidation and ultimately result in cell death.2–5

Failure to remove damaged mitochondria has been impli-
cated in many pathophysiological processes, especially in
neurodegenerative diseases and aging.6 Therefore, it is
generally accepted that prompt and sufficient removal of
dysfunctional mitochondria improves cell death.7

Mitophagy is a form of selective autophagy for clearance
of damaged mitochondria and is essential in maintaining
mitochondrial homeostasis.8 The serine/threonine kinase
PTEN-induced kinase-1 (PINK1) and the E3 ubiquitin ligase
PARKIN are the 2 key regulators of mitophagy working in
concert to remove dysfunctional mitochondria. PINK1 is
encoded in nuclear DNA and translocated from cytosol into
mitochondria through the translocases localized in the outer
and inner mitochondrial membranes.9 In healthy mito-
chondria, full-length PINK1 is first cleaved by a mitochon-
drial protease, presenilin-associated rhomboid-like (PARL),
to form a truncated PINK1 protein (52KD),10 and the
truncated PINK1 is subsequently retro-translocated into
cytosol and subjected to rapid degradation in a proteasome-
dependent manner.11,12 In response to DJm loss, full-
length PINK1 is stabilized and accumulated on the outer
mitochondrial membrane (OMM) and recruits PARKIN from
cytosol to damaged mitochondria.13–16 PARKIN then ubiq-
uitinates a number of proteins at the OMM to consign
damaged mitochondria to autophagic turnover.17

DJ-1 is a highly conserved and homodimeric protein18

that participates in multiple biological functions including
cell survival,19 apoptosis,20 transcriptional regulation,21

mitochondrial function, and oxidative stress.22 Some DJ-1
mutations cause early-onset familial recessive Parkinson’s
disease (PD).23 Interestingly, DJ-1 has been reported to
interact with PINK1 and PARKIN, the other 2 PD-related
genes, to form a trimer complex,24 which may be associ-
ated with the function and homeostasis of mitochondria.25

Previous studies have demonstrated the involvement of
DJ-1 in the pathogenesis of various liver diseases and con-
ditions including liver fibrosis,26 nonalcoholic fatty liver
disease,27,28 liver cancer,29 and liver injury and repair.30

However, the role of DJ-1 in hepatic I/R injury remains
largely unknown.

In this study we show that DJ-1 is significantly down-
regulated in the human donor liver tissues and the mouse
liver subjected to I/R injury. In a mouse model of liver I/R
injury, we demonstrate that Dj-1 deficiency in hepatocytes
but not in myeloid cells ameliorates liver damage and in-
flammatory responses, probably by promoting mitochon-
drial accumulation of PARKIN and stabilizing PARKIN
protein, which consequently result in enhanced mitophagy
in response to I/R injury.
transmission electron microscope; TNF, tumor necrosis factor; WT,
wild-type.
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Results
DJ-1 Down-Regulation in Liver I/R Injury

To examine whether DJ-1 is involved in liver I/R injury,
the DJ-1 expression changes were first examined in the liver
tissues in a mouse hepatic I/R model. Compared with the
sham group, both quantitative real-time polymerase chain
reaction (qRT-PCR) and Western blotting assays showed
that DJ-1 expression was significantly decreased in the I/R
group (Figure 1A and B) but not in the ischemia group
(Figure 1C). Meanwhile, to detect the influence of I/R in the
expression of DJ-1 on primary hepatocytes, we adopted the
hypoxia/reoxygenation (H/R) model (hypoxia for 4 hours
and reoxygenation for 6 hours) to treat primary hepatocytes
from wild-type (WT) mice in vitro to mimic in vivo liver I/R
injury. Compared with baseline controls, the primary he-
patocytes treated with H/R showed lower DJ-1 expression
levels (Figure 1D). More importantly, analyses of clinical
living donor liver tissues that were subjected to I/R injury
confirmed the decrease in DJ-1 expression (Figure 1E). In
addition, bioinformatic analyses in a Gene Expression
Omnibus (GEO) data set (GSE12720) also indicated a he-
patic DJ-1 decrease in response to I/R but not ischemia
injury in living donor liver grafts (Figure 1F and G). These
findings indicate that the expression of DJ-1 in liver tissues
is down-regulated in response to I/R injury.
Ablation of DJ-1 Ameliorates Hepatic I/R Injury
To determine the role of DJ-1 in I/R injury, the hepatic I/

R injury model was performed in Dj-1 knockout (Dj-1-/-)
mice. Compared with WT mice, Dj-1-/- mice showed signif-
icantly less hepatic necrosis (Figure 2A and B), serum
alanine aminotransferase (ALT)/aspartate aminotransferase
(AST) (Figure 2C), and mitochondrial DNA (mtDNA)
(Figure 2D) levels at 6 hours after reperfusion, suggesting
that Dj-1 deficiency improves I/R injury. Because mito-
chondrial dysfunction is a key event to trigger the onset of
I/R injury, we then used JC-1, a membrane
potential–sensitive dye, and MitoSox, a mitochondrial su-
peroxide indicator, to evaluate DJm loss and mitochondrial
superoxide, respectively, in primary hepatocytes after
in vitro H/R treatment. JC-1 dye aggregates in healthy
mitochondria fluorescing red or exports from damaged
mitochondria into cytosol fluorescing green. The ratio of
green/red signals could present the severity of mitochon-
drial damage. As shown in Figure 2E–H, compared with
hepatocytes isolated fromWT mice, the hepatocytes isolated
from Dj-1-/- mice showed less DJm loss and mitochondrial
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Figure 1. Liver DJ-1 expression is significantly decreased during hepatic I/R injury. (A) mRNA levels of DJ-1 in mouse liver
tissues subjected to hepatic I/R injury. b-actin served as a control. (B–E) Representative Western blotting and quantification
showing DJ-1 expression in liver tissues in mice subjected to I/R injury (B), in liver tissues in mice subjected to ischemia injury
(C), in primary hepatocytes from WT mice in response to H/R treatment in vitro mimic of I/R injury (D), and in human liver
biopsies either before any manipulation of the liver or after reperfusion (E). (F and G) Dj-1 mRNA levels in the sham group and
the reperfused group (F) or the ischemia group (G) in GEO data sets (GSE12720). (n ¼ 3 per group for A–C, n ¼ 3 independent
experiments for D, n ¼ 10 per group for E, n ¼ 8 per group for F and G). *P < .05, **P < .01.
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superoxide in response to H/R treatment. These findings
indicate that Dj-1 deficiency improves mitochondrial
dysfunction and hepatic I/R injury. To further confirm the
pathophysiological functions of DJ-1, we have set up ex-
periments to investigate whether Dj-1 overexpression by
adenovirus vector in Dj-1 knockout (KO) primary
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hepatocytes and observed whether rescue DJ-1 could
counteract the protective effect of Dj-1 deficiency in vitro. As
shown in Figure 2I, the expression levels of green fluores-
cent protein in primary hepatocytes were detected to assay
the transfection efficiency under fluorescence microscope
after transfection for 48 hours. The expressions of DJ-1 in
primary hepatocytes were detected by Western blotting and
qRT-PCR after transfection for 48 hours (Figure 2J and K).
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As shown in Figure 2L–N, the ALT and AST levels were
significantly increased after DJ-1 overexpressed in DJ-1 KO
primary hepatocytes compared with DJ-1 KO hepatocytes
after H/R treatment. Meanwhile, cytotoxicity and mito-
chondrial superoxide levels were also reversed by DJ-1
overexpression in DJ-1 KO primary hepatocytes.

DJ-1 Deficiency Improves I/R-Related
Inflammatory Responses

Because hepatic I/R injury frequently associates with the
surge of sterile inflammatory responses,31 we then per-
formed immunohistochemical (IHC) staining of myeloper-
oxidase (MPO) (a marker of neutrophils) and F4/80 (a
marker of macrophages) to determine the hepatic infiltra-
tion of those immune cells. Significantly attenuated hepatic
infiltration of both cell types was observed in Dj-1-/- mice
compared with WT mice (Figure 3A and B). Correspond-
ingly, the induction of proinflammatory cytokines such as
interleukin (IL) 6, IL1b, and tumor necrosis factor (TNF) a
was also decreased in Dj-1-/- mice compared with WT mice
(Figure 3C and D). Collectively, these results demonstrate
that Dj-1 deficiency improves the inflammatory responses
after hepatic I/R injury.

Hepatocyte-Specific but not Myeloid-Specific Dj-
1 KO Ameliorates Hepatic I/R Injury

Both hepatocytes and myeloid cells have been recognized
to play important roles in the progression of liver I/R
injury.32–34 We then started to investigate which type of cells
are important for I/R protection in Dj-1-/- mice. We first
examined the DJ-1 expression in both parenchymal and non-
parenchymal cells inmouse liver. As shown in Figure 4A, DJ-1
levels were comparable in both cell types. We generated Dj-
1f/f mice by inserting loxp sites flanking the second and third
exons of Dj-1 (Figure 4B). We then used Alb-CreþDj-1f/f mice
and Lysm-CreþDj-1f/f mice, which possess specific Dj-1
depletion in hepatocytes and myeloid cells, respectively, to
perform liver I/R injury. Tissue-specific Dj-1 depletion was
confirmed by Western blotting assays, the upper blots were
for Alb-CreþDj-1f/f mice, and the lower blots were for Lysm-
CreþDj-1f/f mice (Figure 4C). Interestingly, hepatocyte-
specific but not myeloid-specific Dj-1 KO improved liver I/R
injury as demonstrated by reduced levels of liver necrosis,
Figure 2. (See previous page). DJ-1 KO improves I/R-induced
organ from WT and Dj-1-/- mice in both sham and I/R groups. (B
Dj-1-/- and WT mice in both sham and I/R groups. (C) Serum AL
groups. (D) Serum mtDNA levels of WT and Dj-1-/- mice in bot
images (E) and quantification (F) of loss of mitochondrial membra
Dj-1-/- mice subjected to H/R injury. (G and H) Representative i
levels in primary hepatocytes isolated from either WT or Dj-1-/-

isolated from WT and Dj-1-/- mice, and Dj-1 was overexpressed
in vitro. (I) Expression levels of green fluorescent protein in p
efficiency by using bright field (left panel) and fluorescence (righ
and (K) proteins levels of DJ-1 in primary hepatocytes after tr
supernatant in both sham and H/R groups. (M) Quantification o
medium supernatant. (N) Representative images (left) and quan
hepatocytes. (KO, Dj-1 knockout; OE, Dj-1 overexpression; n
for E–N.)
serum ALT/AST, hepatic infiltration of both neutrophils and
macrophages, and proinflammatory cytokines in Alb-CreþDj-
1f/f mice (Figure 4D–J) but not in Lysm-CreþDj-1f/f mice
(Figure 4K–N). Collectively, these findings indicate that Dj-1
depletion in hepatocytes but not in myeloid cells improves
liver I/R injury.
DJ-1 Deficiency Enhances Hepatic Autophagy in
Response to I/R Injury

Autophagy is an evolutionarily conserved self-
degradation cellular process and enables cells to recycle
intracellular proteins and organelles in response to various
extracellular stimuli such as depletion of nutrients, energy,
and growth factors.35 Although the exact role of autophagy
on I/R injury is still under debate,36 our and some other
groups have demonstrated the protective role of autophagy
on liver I/R injury.37 To determine whether the hep-
atoprotective phenomenon in Alb-CreþDj-1f/f mice is related
to autophagy, we examined the levels of autophagy markers,
LC3 ratio (LC3-II/I), ATG5, and SQSTM1, in liver tissues
after I/R injury. Western blotting assays showed increased
LC3 ratio and ATG5 levels and decreased SQSTM1 expres-
sion in Alb-CreþDj-1f/f mice compared with control mice
after I/R injury, suggesting enhanced autophagy in Alb-
CreþDj-1f/f mice (Figure 5A). More importantly, trans-
mission electron microscopy (TEM) confirmed that I/R
induced a greater number of autophagosomes in the liver
tissues of Alb-CreþDj-1f/f mice compared with control mice
(Figure 5B). In addition, autophagy levels were also
measured in primary hepatocytes isolated from both geno-
types after in vitro H/R treatment. As shown in Figure 5C,
compared with hepatocytes isolated from control mice, H/R
treatment caused greater LC3 ratio and ATG5 expression
and less SQSTM1 expression in the primary hepatocytes
isolated from Alb-CreþDj-1f/f mice. To further confirm the
enhancement of autophagy in hepatocytes with DJ-1
depletion, a novel amphiphilic tracer that stains lysosomes
minimally while maximizing the fluorescence in autophagic
vesicles such as pre-autophagosomes, autophagosomes, and
autolysosomes38 was used to measure the autophagy flux.
H/R treatment induced more abundant autophagic vesicles
(green signals) in the primary hepatocytes of Alb-CreþDj-1f/f

mice than in control hepatocytes (Figure 5D). We also found
liver injury. (A) Representative morphology of the whole liver
) Representative image of H&E staining of liver sections from
T and AST levels of WT and Dj-1-/- mice in both sham and I/R
h sham and I/R groups. (E and F) Representative fluorescent
ne potential in primary hepatocytes isolated from either WT or
mages (G) and quantification (H) of mitochondrial superoxide
mice subjected to H/R injury. (I–N) Primary hepatocytes were
in primary hepatocytes of Dj-1-/- mice by adenovirus vector

rimary hepatocytes were captured to assay the transfection
t panel) microscopy after transfection for 48 hours. (J) mRNA
ansfection for 48 hours. (L) ALT and AST levels of medium
f cytotoxicity was assayed by measuring levels of LDH in the
tification (right) of mitochondrial superoxide levels in primary
¼ 3–5 per group for A–D; n ¼ 3 independent experiments



Figure 3. DJ-1 deficiency improves I/R-induced inflammation responses. (A) Representative images of MPO and quan-
tification of MPO positive cells showing hepatic infiltration of neutrophils in response to I/R surgery in both genotypes. (B)
Representative images of F4/80 and quantification of F4/80 positive cells showing hepatic infiltration of macrophages in
response to I/R surgery in both genotypes. (C) Expression levels of Tnf-a, Il-6, and Il-1b in liver tissues in both WT and Dj-1-/-

mice after hepatic I/R injury. (D) Serum levels of TNF-a, IL6, and IL1b in both WT and Dj-1-/- mice after hepatic I/R injury. (n ¼
3–5 per group for A–D).
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that adenovirus virus-mediated overexpression of Dj-1 in
DJ-1 KO primary hepatocytes that were isolated from
Alb-CreþDj-1f/f mice showed a marked decreased autopha-
gosome (Figure 5E–H). These findings suggest that hepatic-
specific Dj-1 deficiency enhances autophagy in liver tissues
in I/R injury.
Autophagy Is Essential for the Protective Effect of
DJ-1 Depletion

To test whether autophagy is required for the hep-
atoprotective effect in Alb-CreþDj-1f/f mice in response to
liver I/R injury, we used 2 autophagy inhibitors, 3-
methyladenine (3-MA) and chloroquine (CQ), to block



574 Xu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 2
autophagy in both genotypes. Autophagy inhibition signifi-
cantly eliminated the hepatoprotective effect in Alb-CreþDj-
1f/f mice as evidenced by substantially increased hepatic
necrosis and serum ALT/AST levels in response to I/R
injury (Figure 6A–C). In line with these in vivo results, 3-MA
and CQ pretreatment significantly counteracted the
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protective effect of Dj-1 deficiency in hepatocytes after
in vitro H/R treatment (Figure 6D). Together, these obser-
vations suggest that Dj-1 deficiency protects hepatic I/R
injury in an autophagy-dependent manner.
DJ-1 Loss Increases Mitophagy by Enhanced
Mitochondrial Translocation of Parkin

As a form of selective autophagy, mitophagy has been
indicated to play a protective role in I/R injury in various
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organs by selectively removing damaged mitochondria.39–41

A previous study has demonstrated that Dj-1 deficiency
could promote mitochondrial translocation of PARKIN,
which is a key step of the onset of mitophagy.42 To examine
whether Dj-1 deficiency promotes mitophagy during liver I/
R injury, we measured the mitochondrial accumulation of
PARKIN in the liver tissues of both genotypes in response to
I/R injury. The mitochondrial accumulation of PARKIN and
LC3BI/II ratios were significantly higher in Alb-CreþDj-1f/f

mice compared with control mice (Figure 7A and B), sug-
gesting that hepatic-specific Dj-1 deficiency may enhance
mitophagy levels in liver tissues in response to I/R injury.
To further confirm this point, we performed immunofluo-
rescent co-staining of mitochondria via MitoTracker Red
and PARKIN in primary hepatocytes after H/R treatment.
Co-localization of PARKIN and mitochondria was more
apparent in Dj-1 depleted hepatocytes than in WT hepato-
cytes (Figure 7C). Moreover, compared with control mice,
mitochondria isolated from the liver of Alb-CreþDj-1f/f mice
possessed significantly higher ubiquitin levels in response
to I/R injury (Figure 7D). Interestingly, Western blotting
assays showed that compared with control mice, Dj-1 defi-
ciency could significantly increase PARKIN protein levels in
the whole liver tissue lysates after I/R injury (Figure 7E).
Meanwhile, the steady-state levels of PARKIN were com-
parable in both genotypes (Figure 7E). In addition, cyclo-
heximide chase assays showed that PARKIN was more
stable in Dj-1 depleted hepatocytes than in WT hepatocytes
in response to H/R treatment (Figure 7F and G). This result
is consistent with a previous study showing increased
PARKIN accumulation in Dj-1-null cells.24 Therefore, in
response to I/R injury, Dj-1 deficiency not only enhanced
mitochondrial recruitment of PARKIN but also increased
PARKIN stability, which contribute to elevated mitophagy
levels.
Discussion
DJ-1 is abundantly expressed in various tissues and

organs and regulates many biological functions.43 Our
previous studies revealed that DJ-1 is a stress sensor in
the pathogenic progression of various liver dis-
eases.26,28,29 However, the functions and molecular
mechanisms of DJ-1 in hepatic I/R injury are still
Figure 4. (See previous page). Hepatocyte-specific DJ-1
responses. (A) Protein levels of DJ-1 in both parenchymal and n
conditional Dj-1 KO mice. (C) Expression levels of DJ-1 in vario
blots) or Lysm-Cre-Dj-1f/f and Lysm-CreþDj-1f/f mice (lower blots
Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice in both sham and I/R gro
from Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice in both sham and
and Alb-CreþDj-1f/f mice in both sham and I/R groups. (G an
respectively, showing the hepatic infiltration of neutrophils and
both sham and I/R groups. (I and J) Hepatic mRNA levels (I) and
Alb-CreþDj-1f/f mice in response to I/R injury. (K) Representative
and Lysm-CreþDj-1f/f mice in response to I/R injury. (L) Serum le
mice in response to I/R injury. (M) Relative mRNA levels of Tnf-
CreþDj-1f/f mice after I/R injury. (N) Serum levels of TNF-a, IL6,
hepatic I/R injury. (n ¼ 3–5 per group for A–N.) *P < .05, **P <
unknown and required for further investigation. In this
study, we investigate the functions and mechanisms of DJ-
1 in hepatic I/R injury.

We demonstrated that I/R injury leads to DJ-1 down-
regulation in both human and mouse liver tissues.
Meanwhile, in vitro H/R treatment also decreased DJ-1
expression in hepatocytes. These results suggest that DJ-1
may play a role in hepatic I/R injury. Consistent with our
previous studies showing that Dj-1 deficiency improves
CCL4- and DEN-induced liver injury,26,29 our current study
has demonstrated that ablation of Dj-1 ameliorates liver I/R
injury. We further demonstrated that the specific Dj-1
depletion in hepatocytes but not in myeloid cells contributes
to the improvement of I/R injury.

Recently, many groups have demonstrated the involve-
ment of autophagy in I/R injury in various organs. Although
the exact role of autophagy in I/R injury is still under
debate, we and other groups have demonstrated that
autophagy plays a positive role in protecting I/R
injury.37,44–47 In this study, we showed that elevated auto-
phagy levels are required for the protective effect in Dj-1
deficiency hepatocytes, because inhibition of autophagy by
3-MA and CQ counteracted the hepatoprotective function of
Dj-1 deficiency during hepatic I/R injury. Interestingly, like
PINK1 and PARKIN, which are frequently mutated in many
cases of early-onset familial PD, some DJ-1 mutations also
lead to early-onset PD. Moreover, a previous study has
identified a trimer complex consisted of PINK1-Parkin-DJ-1,
suggesting that DJ-1 may play a role in PINK1-PARKIN
mediated mitophagy. In this study, we demonstrate that
Dj-1 deficiency enhances mitophagy by either increasing
mitochondrial recruitment of Parkin or elevating the protein
stability of Parkin.

In fact, the association of DJ-1 and autophagy has been
demonstrated controversially in many studies. It seems that
DJ-1 could either positively48–50 or negatively25,51–53 regu-
late the autophagy levels. This discrepancy may be due to
the different role of DJ-1 in various cell types. The results in
current study support that DJ-1 negatively regulates auto-
phagy in hepatocytes.

In summary, the present work demonstrates that DJ-1 is
a novel cellular regulator of hepatic I/R injury. Dj-1 deple-
tion protects against hepatocyte damage and inflammatory
responses through argument of mitophagy during hepatic I/
KO improves I/R-induced liver injury and inflammatory
on-parenchymal cells in mouse liver. (B) Schematic diagram of
us tissues of Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice (upper
). (D) Representative morphology of the whole liver organ from
ups. (E) Representative image of H&E staining of liver sections
I/R groups. (F) Serum levels of ALT and AST of Alb-Cre-Dj-1f/f

d H) Representative IHC image of MPO (G) and F4/80 (H),
macrophages in Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice in
serum levels (J) of TNF-a, IL6, and IL1b in Alb-Cre-Dj-1f/f and
image of H&E staining of liver sections from Lysm-Cre-Dj-1f/f

vels of ALT and AST of Lysm-Cre-Dj-1f/f and Lysm-CreþDj-1f/f

a, Il-6, and Il-1b in liver tissues of Lysm-Cre-Dj-1f/f and Lysm-
and IL1b in Lysm-Cre-Dj-1f/f and Lysm-CreþDj-1f/f mice after
.01, ****P < .0001.
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R injury. Our study provides experimental evidence sup-
porting that DJ-1 could serve as a potential therapeutic
target for the amelioration of hepatocyte damage caused by
I/R injury.
Materials and Methods
Patient Samples

The human liver biopsies used in this study were ob-
tained from Renji Hospital. The baseline biopsies were taken



Figure 5. (See previous page). DJ-1 deficiency enhances hepatic autophagy in response to I/R injury. (A) Representative
Western blotting and quantification for expression of SQSTM1, ATG-5, and LC3 in the liver tissues of Alb-Cre-Dj-1f/f and Alb-
CreþDj-1f/f mice after hepatic I/R injury. b-ACTIN was used as the loading control. (B) Representative transmission electron
images showing autophagosomes in the liver sections of both Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice after hepatic I/R injury.
Autophagosomes are indicated by arrows. (C) Representative Western blotting and quantification for expression of SQSTM1,
ATG-5, and LC3 in the primary hepatocytes of the Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice after H/R treatment. b-ACTIN was
used as the loading control. (D) Representative fluorescence images of autophagosomes in the primary hepatocytes of the
Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f mice after H/R treatment. (E–H) Primary hepatocytes were isolated from Alb-Cre-Dj-1f/f and
Alb-CreþDj-1f/f mice, and Dj-1 was overexpressed in the primary hepatocytes by adenovirus vector in vitro. (E and F) Levels of
autophagy were measured by flow cytometry using Autophagy Probe. (G and H) Representative Western blotting and
quantification for expression of SQSTM1, ATG-5, and LC3 in the primary hepatocytes after H/R treatment. b-ACTIN was used
as the loading control. KO, Dj-1 knockout; OE, Dj-1 overexpression; n ¼ 3–6 per group for A and B, n ¼ 3 independent
experiments for C–H. *P < .05, **P < .01, ***P < .001.
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in the living donor before manipulation of the liver. The I/R
biopsies were taken at 2–3 hours after reperfusion of the
donor liver with recipient blood during transplant. Informed
consent forms of all participants were signed by all donors
or their families. All human samples were used only for
scientific research, and the human tissues experiment was
approved by the institutional review board at the Renji
Hospital and performed according to the principles outlined
by the Declaration of Helsinki.
Mice
DJ-1 KO (Dj-1-/-) mice (JAX stock# 006577) were pur-

chased from the Jackson Laboratory (Bar Harbor, ME). The
experimental Dj-1-/- and WT littermate controls were
generated by Dj-1þ/- � Dj-1þ/-. The conditional Dj-1 KO mice
were generated by the Shanghai Model Organisms by
inserting loxp sites flanking the second and third exons of
Dj-1 (Figure 4B). Mice with conditional ablation of the Dj-1
gene were generated by crossing Alb-Creþ/- and Lysm-Creþ/-

with Dj-1f/f mice. In all experiments, Dj-1f/f littermates were
used as controls. The sources of all the above mice are
C57BL/6 background. Colonies were housed in the virus/
antigen-free Animal Core Facility of the ShuGuang Hospital
Affiliated to Shanghai University of Chinese Traditional
Medicine, with a 12-hour light/dark cycle and controlled
temperature and humidity and were provided with water
and food ad libitum.
Murine Model of Warm Liver Ischemia-Reperfusion
Injury

Eight- to 10-week-old male mice (weight 23–27 g) were
subjected to 70% warm hepatic I/R injury as we previ-
ously described.37 In brief, after the mice were anes-
thetized by sodium pentobarbital (40 mg/kg,
intraperitoneally), midline laparotomy was performed to
expose the liver. An atraumatic microvascular clamp was
used to occlude the blood supply to the left and median
lobes of the liver for 90 minutes, and then the clamp was
removed for 6-hour reperfusion. Mice were euthanized at
each indicated time point after reperfusion, and the liver
and serum samples were collected immediately for sub-
sequent examination. Sham controls underwent the same
surgical procedure without vasculature occlusion. To
examine the role of autophagy on liver I/R injury, the mice



Figure 6. Autophagy inhibition attenuates the protective effect on hepatic I/R injury in DJ-1 deficiency mice. (A–C)
Hepatic necrosis levels (A) and Suzuki score (C) and the serum ALT and AST (B) levels were examined in Alb-Cre-Dj-1f/f and
Alb-CreþDj-1f/f mice pretreated with autophagy inhibitors 3-MA and CQ, followed by hepatic I/R injury. (D) Quantification of
cytotoxicity (% cell death) from the primary hepatocytes isolated from Alb-CreþDj-1f/f mice, which were pretreated with
autophagy inhibitors 3-MA and CQ, followed by H/R treatment. (n ¼ 4 per group for A–C, n ¼ 3 independent experiments for
D). *P < .05, **P < .01, ***P < .001.
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were injected intraperitoneally with CQ (60 mg/kg) or 3-
MA (30 mg/kg) (Sigma-Aldrich, St Louis, MO) at 1 hour
before ischemia. A same volume of 0.5% dimethyl sulf-
oxide or blank solution was used as the vehicle control. All
procedures involving animals were reviewed and approved
by the criteria outlined in Guide for the Care and Use of
Laboratory Animals, which was approved by the Institu-
tional Animal Care and Use Committee of the ShuGuang
Hospital Affiliated to Shanghai University of Chinese
Traditional Medicine.
Liver Function Measurement
The liver function of mice was assessed by measuring

the concentrations of serum ALT and AST by standard
clinical automatic analyzer (Dimension Xpand; Siemens
Dade Behring, Munich, Germany) according to the manu-
facturer’s instructions.
Liver Histologic and IHC Staining
Liver issues were fixed in 4% paraformaldehyde for 24

hours and then paraffin-embedded through standard pro-
cedures. The paraffin-embedded tissue sections were sliced
by a rotary microtome to give a thickness of 5 mm. For liver
histopathology, in brief, the slides were stained with H&E to
visualize the pattern in necrotic areas of the liver, and the
Suzuki criteria were used to evaluate the histologic severity
of hepatic I/R injury. For IHC staining, the hepatic infiltra-
tion of macrophages and neutrophils was determined by
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incubating the liver tissue slides with MPO (rabbit poly-
clonal, 1:300 dilution; Cell Signaling Technology, Danvers,
MA) and F4/80 (rat monoclonal, 1:250 dilution; AbD
Serotec, Oxford, UK) primary antibodies, respectively. After
overnight incubation at 4�C, the slides were incubated with
horseradish peroxidase–conjugated secondary antibodies
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(1:500 dilution; Jackson Laboratory), and immunoreactive
cells were visualized using DAB.
Primary Hepatocyte Isolation, Culture, and
Treatment

Primary hepatocytes were isolated from 6- to 8-week
male mice and then plated on plates as previously
described.54 The primary hepatocytes were challenged
with 4-hour hypoxia at 37�C in a modular incubator
chamber (Biospherix, Lacona, NY) gassed with 5% CO2

and 95% N2 and followed by 6-hour reoxygenation to
mimic in vivo liver I/R injury. Autophagy inhibitors, 3-MA
(5 mmol/L) and CQ (20 mmol/L), were added to the cell
culture medium of primary hepatocytes, and autophagy
inhibition was confirmed by Western blotting. To assess
the H/R induced cytotoxicity in primary hepatocytes, the
lactate dehydrogenase (LDH) levels in cell culture su-
pernatant were measured by LDH Release Assay Kit
(Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. TheDJm assay kit with JC-1 (Beyo-
time, Shanghai, China) was used to measuring
mitochondrial transmembrane potential in hepatocytes
according to the manufacturer’s instructions. Mitochon-
drial superoxide was stained with MitoSOX Red (Invi-
trogen, Waltham, MA). The autophagosomes of the
hepatocytes were identified by the Cyto-ID Autophagy
Detection Kit (Enzo Life Sciences, Farmington, NY) and
Autophagy Assay Red kit (ImmunoChemistry Technolo-
gies, Bloomington, MN). The PARKIN stability was
measured in primary hepatocytes after in vitro H/R
treatment by incubating cells with cycloheximide at 20
mg/mL for indicated time points.
Plasmids Construction and Adenovirus Package
Mouse full-length DJ-1 cDNA was inserted into pAdEasy-

EF1-MCS-CMV-EGFP (EcoRI MCS) vector to obtain Dj-1
expression plasmid (pAdEasy-DJ-1). Furthermore, pAdEasy-
DJ-1 or its control vector plasmid (pAdEasy-GFP) was co-
transfected with packaging plasmids pHBAd-BHG into
HEK293A cells to produce Ad-DJ-1 or Ad-GFP adenovirus
particles, respectively. Adenovirus supernatant was
collected 46 hours after transfection. The recombinant DJ-1
overexpression and its control adenovirus were prepared by
Hanbio (Shanghai, China).
Figure 7. (See previous page). DJ-1 deficiency increases m
protein stability of Parkin. (A and B) Representative Western b
PARKIN and LC3 in the liver tissues in the Alb-Cre-Dj-1f/f and Alb
loading control. (C) Representative confocal images of the co-sta
isolated from either Alb-Cre-Dj-1f/f or Alb-CreþDj-1f/f mice afte
images and quantification of the ubiquitin levels on the mitochon
CreþDj-1f/f mice in response to I/R injury. PHB was used as a lo
quantification for expression of PARKIN in the whole tissue lysa
mice in response to I/R injury. (F and G) Representative West
patocytes isolated from either Alb-Cre-Dj-1f/f or Alb-CreþDj-1f/f

treatment. b-ACTIN was used as a loading control. (n ¼ 3 per g
F, and G). CHX, cycloheximide. *P < .05, **P < .01, ***P < .001
Cell Transfection and Evaluation of DJ-1
Primary hepatocytes were cultured in a 24-well or 6-

well plate and infected with Ad-DJ-1 or its control Ad-GFP
by using Lipofectamine RNAiMAX (Invitrogen, Carlsbad,
CA) according to the protocol provided by Ribobio Corpo-
ration. The expression levels of green fluorescent protein in
primary hepatocytes were detected to assay the transfection
efficiency under fluorescence microscope after transfection
for 48 hours (Figure 2I). The expressions of DJ-1 in primary
hepatocytes were detected by Western blotting and qRT-
PCR after transfection for 48 hours (Figure 2J and K).

qPCR and Western Blotting Analysis
Total RNA of liver tissues was isolated with the RNeasy

Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Eight hundred nanograms total RNA
was reverse-transcribed into cDNA using the PrimeScript
RT reagent Kit (Takara, Tokyo, Japan) following the manu-
facturer’s instructions. The PCR amplification products were
quantified by SYBR-green based qRT-PCR (Takara)
following a standard procedure. The mRNA expression
levels of target genes were normalized by b-Actin. Primer
sequences are provided in Table 1.

Liver tissue or cell samples were processed to Western
blotting analysis as we previously described.28 Primary
antibodies were rabbit anti-DJ-1 (Abcam, Cambridge, MA),
mouse anti-PARKIN (Santa Cruz Technology, Santa Cruz,
CA), mouse anti-Ub (Santa Cruz Technology), rabbit anti-
LC3B (Proteintech, Wuhan, China), rabbit anti-PHB (Pro-
teintech), rabbit anti-SQSTM1 (Cell Signaling Technology),
rabbit anti-ATG5 (Cell Signaling Technology), and anti-b-
actin (Sigma-Aldrich).

TEM analysis
The fresh liver samples were fixed with 2.5% glutaral-

dehyde, then cut into ultrathin sections, stained with uranyl
acetate and lead citrate, and then observed on an electron
microscope. Ten visual fields were randomly taken from
each sample, and the total amount of autophagic vacuoles
was counted.

mtDNA Detection
Absolute qRT-PCR was used to measure serum levels of

mtDNA as we previously described.37 Total DNA from
serum samples was isolated with the QIAamp Blood and
itophagy by enhanced mitochondrial translocation and
lotting images (A) and quantification (B) of the mitochondrial
-CreþDj-1f/f mice in response to I/R injury. PHB was used as a
ining of mitochondria and PARKIN in the primary hepatocytes
r in vitro H/R treatment. (D) Representative Western blotting
dria isolated from liver tissues of both Alb-Cre-Dj-1f/f and Alb-
ading control. (E) Representative Western blotting images and
tes of liver tissues of both Alb-Cre-Dj-1f/f and Alb-CreþDj-1f/f

ern blotting and quantification of PARKIN in the primary he-
mice subjected to in vitro H/R treatment followed with CHX
roup for A, B, D, and E; n ¼ 3 independent experiments for C,
.



Table 1.Primers Used for qRT-PCR

Gene Sequence 50—30 forward Sequence 50—30 reverse

b-Actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

Il-6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA

Il-1b TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

Tnfa TTCTATGGCCCAGACCCTCA TTTGCTACGACGTGGGCTAC

Dj-1 GTGCAGTGTAGCCGTGATGT CCTCCTGGAAGAACCACCAC
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Mini Kit (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions and diluted to the appropriate concen-
tration. The same amount of total DNA was added to each
reaction on each plate. mtDNA was determined using a pair
of mouse primers of cytochrome c oxidase subunit III (50-
ACCAAGGCCACCACA CTCCT-30 and 50-ACGCTCAGAA-
GAATCCTGCAAAGAA-30). To construct standard curves,
mitochondria were isolated from mouse liver by Tissue
Mitochondria Isolation Kit (Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. Real-time PCR
was used to verify the purity of mtDNA standards using 2
pairs of mouse primers, one for mitochondrial genes and
other for nuclear-encoded b-actin. Dilutions of these puri-
fied mtDNA samples and mtDNA standards were included
on each PCR plate for each gene tested. The limit of detec-
tion for the assay was determined to be <0.05 ng/mL.

Cytoplasmic and Mitochondrial Fractionation
A Tissue Mitochondria Isolation Kit was used to isolate

intact mitochondria according to the manufacturer’s in-
structions. Briefly, 50–100 mg liver tissues were homoge-
nized with 2 mL Mito-Cyto Isolation Buffer on ice for 10
passes, and the homogenate was then centrifuged at 1000g
for 5 minutes to remove the sediments. The supernatant
was further centrifuged at 3500g for 10 minutes to collect
the mitochondrial pellet.

Immunofluorescence and Confocal Microscopy
To analyze the co-localization of PARKIN with mito-

chondria, immunofluorescence co-staining against mito-
chondria and PARKIN was performed by MitoTracker Red
(Beyotime, Shanghai, China) and the PARKIN antibody
(Santa Cruz Technology). The mitochondrial accumulation
of PARKIN was detected by Olympus FV3000 confocal laser
scanning microscope.

Serum Concentration of Inflammatory Cytokines
Serum levels of inflammatory cytokines including IL6,

TNF-a, and IL1b were measured using commercial enzyme-
linked immunosorbent assay kits (NeoBioscience Technol-
ogy, Shenzhen, China) according to the manufacturer’s
protocols.

Dj-1 Expression Analysis in Public Data Sets
Affymetrix microarray data in GSE1272055 were down-

loaded from the GEO (https://www.ncbi.nlm.nih.gov/geo/)
database, which contains 63 biopsies in 13 deceased donor
and 8 living donor liver grafts done at serial time points
(baseline, no manipulation; ischemia, cold preservation; and
I/R, 1 hour after reperfusion). Dj-1 expression was extracted
and analyzed in GraphPad Prism 7 (San Diego, CA).
Statistical Analysis
Paired and unpaired data were evaluated with the Stu-

dent t test in this study. All data are presented as mean ±
standard error of the mean of at least 3 independent bio-
logical replicated experiments, except where otherwise
specifically noted. P < .05 was considered to be statistically
significant (*P < .05, **P < .01, ***P < .001).
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