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Abstract 

Liver fibrosis is a global health problem and previous studies have demonstrated that reactive 
oxygen species (ROS) play important roles in fibrogenesis. Parkinson disease (autosomal recessive, 
early onset) 7 (Park7) also called DJ-1 has an essential role in modulating cellular ROS levels. DJ-1 
therefore may play functions in liver fibrogenesis and modulation of DJ-1 may be a promising 
therapeutic approach. Here, wild-type (WT) and DJ-1 knockout (DJ-1 KO) mice were 
administrated with carbon tetrachloride (CCl4) to induce liver fibrosis or acute liver injury. 
Results showed that DJ-1 depletion significantly blunted liver fibrosis, accompanied by marked 
reductions in liver injury and ROS production. In the acute CCl4 model, deficiency of DJ-1 showed 
hepatic protective functions as evidenced by decreased hepatic damage, reduced ROS levels, 
diminished hepatic inflammation and hepatocyte proliferation compared to WT mice. In vitro 
hepatic stellate cells (HSCs) activation assays indicated that DJ-1 has no direct effect on the 
activation of HSCs in the context of with or without TGFβ treatment. Thus our present study 
demonstrates that in CCl4-induced liver fibrosis, DJ-1 deficiency attenuates mice fibrosis by 
inhibiting ROS production and liver injury, and further indirectly affecting the activation of HSCs. 
These results are in line with previous studies that ROS promote HSC activation and fibrosis 
development, and suggest the therapeutic value of DJ-1 in treatment of liver fibrosis. 
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Introduction 
Liver fibrosis is a major health problem 

worldwide. Without appropriate treatment, liver 
fibrosis can develop from mild to extensive, 
eventually to irreversible stages, cirrhosis or 
hepatocellular carcinoma [1]. Under persistent cycles 
of chronic liver injury and repair, the balance between 
extracellular matrix (ECM) synthesis and degradation 
is disrupted, which directly leads to the excessive 
accumulation of ECM, a typical characteristic of liver 
fibrosis [2]. There are tremendous studies focusing on 
the crosstalk between inflammation and liver fibrosis. 

It has been shown that macrophages play a critical 
role in determining fibrotic scarring or resolution [3]. 
Additionally, studies have validated that liver fibrosis 
results from a series of events triggered by 
inflammation [4]. Briefly, in majority of the chronic 
liver diseases, exogenous or endogenous insults can 
lead to necrosis and/or excessive apoptosis of 
parenchymal cells, resulting in the initiation of 
inflammation, HSCs activation, and liver fibrosis [1]. 

Some other efforts over the past decades have 
focused on the role of reactive oxygen species (ROS) 
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in fibrogenesis. Previous studies indicate that ROS 
derived from cytochrome p450 2E1 (Cyp2e1) of 
hepatocytes can induce alpha 2 collagen type I 
(Col1α2) gene expression in HSCs [5, 6]. In addition, 
ROS derived from phagocytic NADPH oxidase of 
Kupffer cells and non-phagocytic NADPH oxidase of 
HSC can respectively contribute to liver fibrosis by 
activating HSCs [7, 8]. Furthermore, increased ROS 
levels can exacerbate the inflammatory responses by 
activating several pro-inflammatory signal pathways, 
such as MAPK, NF-κb and JAK-STAT [9-12]. 
Therefore, ROS can promote liver fibrogenesis either 
by directly activating HSCs resulting in increased 
collagen production and deposition or by aggravating 
the inflammatory responses resulting in indirect 
enhancement of liver fibrosis.  

DJ-1, a conserved ubiquitous protein, is encoded 
by Park7 gene. Loss-of-function mutations of DJ-1 
contribute to the early onset of Parkinson’s disease 
(PD). Many previous studies have shown that DJ-1 
functions as an important scavenger in ROS 
elimination. Without DJ-1, dopaminergic neurons are 
more sensitive to oxidative stress [13]. Furthermore, 
DJ-1 has a protective role in preventing cell death 
from oxidative stress [14, 15]. In addition, DJ-1 can 
also modulate the expression of superoxide 
dismutase1 (SOD1), a well-known enzyme for 
dismutating superoxide, through Erk1/2-Elk1 
pathway [16]. These findings strongly indicate that 
DJ-1 is involved in intracellular defense responses of 
ROS. In contrast to the well-defined antioxidant role 
of DJ-1, recent studies indicate that DJ-1 may also 
determine the ROS generation. Vasseur et al. have 
demonstrated that DJ-1 knockdown lead to reduced 
ROS accumulation in MEF cells [17]. Our recent study 
has shown that DJ-1 is involved in ROS production in 
a NADPH oxidase-dependent manner in 
macrophages [18]. Therefore, DJ-1 seems to play a 
dual role in buffering cellular ROS levels: DJ-1 
functions as a scavenger in high ROS levels, whereas 
helps ROS production when essential ROS are 
required. 

Given that both ROS and inflammation 
contribute to liver fibrogenesis and that ROS can 
exacerbate the inflammation, we hypothesized that 
DJ-1 plays a pivotal role in liver fibrosis by 
modulating the cellular redox state. In present study, 
we demonstrate much less liver fibrosis in DJ-1 KO 
mice than that in WT mice in a CCl4-induced fibrosis 
model. This alleviated liver fibrosis is mainly 
attributed to the reduction of ROS production, lipid 
peroxidation, hepatic damage and inflammation 
response in DJ-1 KO mice. These findings suggest the 
therapeutic value of DJ-1 in the treatment of liver 
fibrosis. 

Materials and Methods 
Patient samples 

Liver tissues of cirrhosis patients were obtained 
during liver surgery from Renji Hospital. The human 
tissues experiment was approved by the institutional 
review board at the Renji Hospital. All participants 
provided written informed consent. About 10 
paraffin-embedded cirrhosis samples and 5 normal 
tissues were used. Patient information was provided 
in Supplementary Table 1. 

Animal models 
DJ-1 knockout mice (stock#006577) were 

purchased from the Jackson Laboratory (Bar Harbor, 
Maine, USA). C57BL/6 mice were purchased from 
SLAC laboratory (Shanghai, China). All mice were 
bred and maintained at an animal facility under 
specific pathogen free condition. Age- and 
sex-matched mice were used in all experiments. For 
the chronic CCl4 model to induce liver fibrosis, mice 
with C57BL/6 background were intraperitoneally 
injected with CCl4 (10% in olive oil, 2 ml/kg body 
weight) three times per week for 4 or 8 weeks. 
Animals were sacrificed at 24h after the final injection. 
For the acute CCl4 model to induce liver injury, mice 
received a single intraperitoneal injected with CCl4 
(10% in olive oil, 2 ml/kg body weight) and sacrificed 
at indicated time points. All animal experiments were 
approved by Bioethics Committee of Shanghai Jiao 
Tong University. 

Hepatocytes, Kupffer cells and Hepatic 
satellite cells isolation and culture 

Primary HSCs were obtained by using perfusion 
method. In brief, liver was perfused via portal vein 
with EGTA buffer (5.4mM KCl, 0.44mM KH2PO4, 
0.338mM Na2HPO4, 137mM NaCl, 25mM Tricine and 
0.5mM EGTA) 40ml for 5 min, followed by another 
perfusion with Gey’s balanced salt solution (GBSS) 
(2mM CaCl2, 1mM MgCl2, 0.285mM MgSO4, 5mM 
KCl, 0.20mM KH2PO4, 27mM NaHCO3, 120mM 
NaCl, 0.8mM Na2HPO4, 5.6mM D-Glucose) 
containing 0.075% collagenase IV (Sigma) 40ml for 
20min. After that, liver was dissociated with digestion 
GBSS buffer with collagenase IV (0.008%) for 30 min 
at 37℃ and filtered with a 70-μm Nylon cell strainer. 
After centrifuged at 500 rpm for 5 min, the hepatocyte 
pellets were suspended in DMEM with 10% FBS and 
seeded at 24-well plates for further experiments. The 
supernatant was performed for density gradient 
centrifugation with a 17% or 12.5% OptiPrep Gradient 
(sigma) for isolation of Kupffer cells or HSCs 
respectively. Kupffer cells or HSCs were counted and 
respectively cultured in RPMI 1640 medium 
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supplemented with 10% FBS (Gibco) or 10% FBS 
(Gibco) plus 10% horse serum (Gibco). Cell lysates of 
HSCs were collected at 1, 4, 7 days for mRNA 
analysis. 

TGFβ-induced activation of HSCs 
After primary HSCs were isolated from WT mice 

and DJ-1 KO mice, cells were cultured with RPMI 
1640 culture medium in 12-well plates at a density of 
100,000 cells/well for 2 days. Then the medium was 
replaced by serum-free medium. After 24h starvation, 
cells were treated with 5ng/ml TGFβ or with solvent 
(4mM HCl containing 0.1% BSA). Cell lysates were 
collected for qPCR analysis after 24h of treatment. 

Biochemical analysis 
Blood samples were obtained from mice injected 

with CCl4, and serum was acquired after 
centrifugation. Serum alanine transaminase (ALT) 
and aspartate aminotransferase (AST) levels were 
assessed according to the manufacturer's instructions 
from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). 

Western Blotting 
Liver samples were homogenized with RIPA 

buffer (Thermo Scientific, Rockford, IL) containing a 
protease inhibitor cocktail (Calbiochem, Raleigh, NC). 
Protein quantification was performed with a BCA 
protein assay kit (Thermo Scientific, Rockford, IL). 
Protein samples were separated by 10% SDS-PAGE. 
The gel was transferred to a nitrocellulose membrane 
and probed with antibodies against indicated 
antigens, followed by incubation with corresponding 
secondary antibodies coupled with horseradish 
peroxidase. Blotting signals were detected and 
quantified by using the ChemiDocTM XRS+ System 
with Image LabTM Software (Bio-Rad). Primary 
antibodies were rabbit anti-α-SMA, rabbit anti-DJ-1, 
mouse anti-GAPDH (Abcam, Cambridge, MA), rabbit 
anti-Smad2/3, rabbit anti-Phospho-Smad2, rabbit 
anti-Phospho-Smad3 (Cell Signaling, Boston, MA). 

Histological analysis 
4% paraformaldehyde-fixed liver tissues were 

embedded with paraffin, and 5-μm-thick sections 
were collected and stained with hematoxylin-eosin 
(HE) and Sirius red staining (Sigma) to detect liver 
injury and liver fibrosis respectively. For 
immunohistochemistry staining, paraffin liver 
sections were dewaxed, rehydrated and subjected to 
epitope retrieval in citric acid solution, Proteinase K 
or Tris-EDTA buffer (PH 9.0). Endogenous peroxidase 
activity was blocked with 3% hydrogen peroxide. 
Sections were then blocked with 10% bovine serum 
albumin and incubated with primary antibodies of 

DJ-1 (1:200, Abcam, Cambridge, MA), α-SMA (1:200, 
Abcam, Cambridge, MA), F4/80 (1:100, AbD Serotec, 
Oxford, UK), Ki67 (1:100, Abcam, Cambridge, MA), 
PCNA (1:100 Cell Signaling, Boston, MA), 
Cleaved-caspase 3 (1:300, Cell Signaling, Boston, MA), 
CD11b (1:400, Abcam, Cambridge, MA) and MPO 
(BioCare Medical, Concord, CA) at 4℃ overnight. 
Corresponding second antibodies conjugated with 
horseradish peroxidase were used and hematoxylin 
counterstaining was performed. Six to ten images 
from random fields in each section were taken with a 
light microscope (Axio Imager A1; Zeiss). 

Quantitative RT-PCR analysis 
Total RNA was extracted by using RNeasy Mini 

Kit (Qiagen, Valencia, CA), according to the 
manufacturer’s instructions. Total RNA (1μg) was 
used for cDNA synthesis (Thermo Scientific, 
Rockford, IL). Gene expression levels were detected 
by SYBR Green based Quantitative RT-PCR (TaKaRa 
Biotechnology, Dalian, China) with gene specific 
primers listed below. Primers: Mouse α-SMA primers, 
forward: TGCCATGTATGTGGCTATTCA; reverse: 
ACCAGTTGTACGTCCAGAAGC, Mouse TIMP-1 
primers, forward: GGCATCCTCTTGTTGCTATCAC
TG; reverse: GTCATCTTGATCTCATAACGCTGG, 
Mouse COL1A1 primers, forward: GACATGTTCAG
CTTTGTGGAC; reverse: GCAGCTGACTTCAGGGA
TG, Mouse COL3A1 primers, forward: 
GCCCACAGCCTTCTACAC; reverse: CCAGGGTCA
CCATTTCTC, Mouse TIMP-2 primers, forward: 
CACCCAGAAGAAGAGCCTGA; reverse: GGGAGG
AGATGTAGCAAGGG, Mouse MMP-2 primers, 
forward: ACCCAGATGTGGCCAACTAC; reverse: 
TCATTTTAAGGCCCGAGCAA, Mouse TGFβ 
primers, forward: CACGATCATGTTGGACAACTGC
TCC; reverse: CTTCAGCTCCACAGAGAAGAACTG
C, Mouse CCL4 primers, forward: GAAACAGCAGG
AAGTGGGAG; reverse: CATGAAGCTCTGCGTGTC
TG, Mouse CCL3 primers, forward: 
TTCTCTGTACCATGACACTCTGC; reverse: CGTGG
AATCTTCCGGCTGTAG, Mouse MMP-9 primers, 
forward: GTTTTTGATGCTATTGCTGAGATCCA; 
reverse: CCCACATTTGACGTCCAGAGAAGAA, 
Mouse CXCL2 primers, forward: CAGAGCTTGAGT
GTGACG; reverse: TCGTACCTGATGTGCCTC, 
Mouse ICAM-1 primers, forward: CAATTTCTCATG
CCGCACAG; reverse: AGCTGGAAGATCGAAAGT
CCG, Mouse DJ-1 primers, forward: 
GTGCAGTGTAGCCGTGATGT; reverse: CCTCCTG
GAAGAACCACCAC, Mouse IL-6 primers, forward: 
TGTTCTCTGGGAAATCGTGGA; reverse: TTTCTGC
AAGTGCATCATCGT, Mouse TNF-α primers, 
forward: TTCTATGGCCCAGACCCTCA; reverse: 
TTTGCTACGACGTGGGCTAC, Mouse CYP2E1 
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primers, forward: GGGAATGGGGAAACAGGGTA; 
reverse: GGTGCACAGCCAATCAGAAA, Mouse 
HMOX-1 primers, forward: AAGCCGAGAATGCTG
AGTTCA; reverse: GCCGTGTAGATATGGTACAAG
GA, Mouse MCP-1 primers, forward: 
CCCTAAGGTCTTCAGCACCT; reverse: ACTGTCA
CACTGGTCACTCC, Mouse CCL5 primers, forward: 
ATATGGCTCGGACACCACTC;  reverse: GTGACA
AACACGACTGCAAGA, Mouse GAPDH primers, 
forward: AGGCCGGTGCTGAGTATGTC; reverse: 
TGCCTGCTTCACCACCTTCT. 

ROS production determination 
We examined the intracellular ROS levels with 

the 2’, 7’-Dichlorofluorescin diacetate (DCFH-DA, 
sigma) probe in the frozen sections of liver tissues 
from either the CCl4 induced liver fibrosis model or 
the acute liver injury model. Briefly, liver tissues were 
embedded with OCT-Freeze medium (Sakura 
Tissue-Tek; Torrance, CA). After frozen, tissues were 
sliced into 8-μm-thick sections and washed with 
ice-cold phosphate buffer (PH 7.4), subsequently 
incubated with the fluorescent probe DCFH-DA 
(25μM) at 37℃ for 30min. Fluorescence intensity was 
determined with an excitation wavelength of 488 nm 
and an emission wavelength of 526 nm. Images were 
captured with the fluorescence microscope (Leica). 

In vitro ROS detection in primary Kupffer cells 
and hepatocytes 

Isolated primary Kupffer cells and hepatocytes 
were seed into 24-well plates at a density of 50,000 
cells/well with RPMI 1640 medium or DMEM 
medium respectively. After adherence, cells were 
incubated with DCFH-DA probe (20μM) at 37℃ for 
30min. Fluorescence intensity was detected with 488 
nm excitation and 526 nm emission wavelengths. 
Images were captured with the fluorescence 
microscope (Leica). 

MDA and GSH detection 
For MDA and GSH detection, commercial kits 

were used according to the manufacturer’s 
instructions (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). Liver tissues were 
homogenized with ice-cold phosphate buffer (PH 7.4), 
then centrifuged at 13,000rpm for 15min at 4℃. The 
supernatant was used to detect the content of MDA 
and GSH [19]. Total protein content was determined 
by BCA protein assay kit (Thermo Scientific, 
Rockford, IL). 

Statistical Analysis 
Results were presented as mean ± SEM from at 

least 3 independent biological replicated experiments. 
Data were analyzed using unpaired or paired 

Student’s t-tests. *P<0.05; **P<0.01; ***P<0.001. 

Results 
DJ-1 deficiency ameliorates CCl4-induced 
experimental liver fibrosis in vivo 

Carbon tetrachloride (CCl4) induced liver 
fibrosis is a common and classical mouse fibrosis 
model. On one hand, CCl4 can directly impair 
hepatocytes by changing the permeability of plasma, 
lysosome and mitochondrial membranes, resulting in 
cell apoptosis or/and necrosis; on the other hand, 
CCl4 can be metabolized into trichloromethyl radicals 
by CYP2E1 enzyme and lead to ROS production and 
intracellular lipid peroxidation, resulting in the 
activation of hepatic stellate cells [20, 21]. To address 
whether DJ-1 plays a role in development of hepatic 
fibrosis, the mouse chronic liver injury process was 
mimicked by weekly injection of the hepatotoxic 
chemical CCl4. Increased DJ-1 expression was found 
in the liver tissues of WT mice 8 weeks after CCl4 
treatment (Supplementary Figure 3). In fact, the 
increased DJ-1 levels were also observed in the liver 
sections of cirrhosis patients (Supplementary Figure 
3), which is consistent with our recent study [22]. 
These findings suggest the association of DJ-1 with 
the progression of liver fibrosis. Collagen deposition 
and HSC activation, the two key markers of liver 
fibrosis, were examined after 8 weeks of CCl4 
injection. Compared to WT mice, DJ-1 KO mice 
showed less collagen deposition in ECM and HSC 
activation as demonstrated by Sirius Red and α-SMA 
staining respectively (Fig. 1A). Consistent with the 
IHC results, both mRNA and protein levels of α-SMA 
were decreased in DJ-1 KO mice compared to their 
WT counterparts (Figure 1B and C). Additionally, the 
expression of other activated HSC markers, such as 
TIMP-1, Col1α1, Col3α1, TIMP-2 and MMP-2 was 
examined in liver tissues of both WT and DJ-1 KO 
mice. In line with decreased HSC activation, the 
hepatic mRNA levels of those activated HSC markers 
were lower in DJ-1 KO mice compared to WT mice 
after 8 weeks of CCl4 exposure (Figure 1B). Given that 
TGFβ is a key cytokine for HSC activation, we next 
examined the hepatic TGFβ levels by qPCR after 4 or 8 
weeks of CCl4 treatment. As shown in Figure 1D, 
significantly decreased TGFβ mRNA levels were 
detected in DJ-1 KO mice at both time points. In 
response to decreased TGFβ level, the 
phosphorylation of Smad2 and Smad3 was 
subsequently downregulated in DJ-1 KO mice at 8 
weeks after CCl4 injection (Figure 1E and 
Supplementary Figure 4). Collectively, our data 
indicate that DJ-1 deficiency has an antifibrotic role in 
the CCl4-induced experimental model.  
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Figure 1. DJ-1 deficiency attenuates CCl4-induced liver fibrosis in Vivo. (A) Representative Sirius red staining and α-SMA immunohistochemistry of livers from WT 
mice and DJ-1 KO mice after CCl4 injection for 8 weeks (200× magnification). Bar graphs show quantification of them (n = 6-9). The data are shown as the mean ± SEM. *P<0.05. 
(B) α-SMA, TIMP-1, Col1α1, Col3α1, TIMP-2, MMP-2 mRNA expression in livers was analyzed by qPCR after CCl4 injection for 8 weeks (n = 6-9). All gene expression levels 
were normalized to housekeeping control GAPDH. *P<0.05. (C) Protein expression of α-SMA in whole livers from mice treated with CCl4 for 8 weeks was analyzed by 
immunoblotting. Bar graph shows quantification of it (n = 4). ***P<0.001. (D) TGFβ mRNA expression in livers of WT and DJ-1 KO mice after CCl4 injection for 4 weeks or 8 
weeks was analyzed by qPCR (n = 6-9). The data are shown as the mean ± SEM. *P<0.05. RFC: relative fold change. (E) Phosphorylation levels of Smad2 in livers from WT mice 
and DJ-1 KO mice treated with CCl4 for 8 weeks were analyzed by immunohistochemistry. Bar graph shows quantification of it (n = 7). *P<0.05. 

 

DJ-1 has no direct effect on the activation of 
HSCs 

Previous reports have demonstrated that 
activated HSCs are the predominant ECM-producers 
in the course of hepatic fibrosis [23]. Although we 
found less liver fibrosis and HSC activation in DJ-1 
KO mice and less liver injury seems attributable to 
this antifibrotic phenotype in DJ-1 KO mice, we can 
not rule out the possibility that DJ-1 may affect HSC 
activation directly. To address this concern, we 
isolated primary HSCs from both WT and DJ-1 KO 
mice and examined their culture activation for 1d, 4d, 
or 7d. As shown in Figure 2A, the expression of HSC 

activation markers, such as TIMP-1, α-SMA and 
Col1α1, was increased with time in both WT and DJ-1 
KO mice and HSC activation showed no difference in 
both genotypes. Given that TGFβ can enhance HSC 
activation in vitro and in vivo, we next examined 
whether DJ-1 affects TGFβ mediated HSC activation 
in vitro. Although TGFβ treatment augmented the 
HSC activation as demonstrated by increased 
expression of TIMP-1, α-SMA and Col1α1, the 
induction of those genes were comparable between 
WT and DJ-1 KO mice (Figure 2B). Therefore, these 
findings indicate that DJ-1 has no direct effect on HSC 
activation. 
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Figure 2. DJ-1 has no direct effect on primary HSCs activation in vitro. (A) mRNA levels of activated HSCs markers were analyzed by qPCR after isolated HSCs 
cultured for 1d, 4d and 7d (n = 4-5). (B) mRNA levels of TIMP-1, α-SMA, Col1α1 in isolated HSCs of the two groups were analyzed after TGFβ treatment for 24h. The data are 
shown as the mean ± SEM. RFC: relative fold change. 

 

DJ-1 KO mice are protected from 
CCl4-induced acute liver injury 

As liver fibrosis is a pathological reaction to liver 
injury by depositing ECM to injury sites [2], we then 
employed an acute CCl4 injury model to further 
explore the role of DJ-1 in liver injury. After a single 
CCl4 (2ml/kg BW) injection, mice from both 
genotypes were sacrificed and their livers were 
harvested at indicated time points. Liver injury was 
evaluated by HE staining and serum ALT levels. As 
shown in Figure 3A, DJ-1 deficiency resulted in 
significant hepatic protection as demonstrated by 
decreased liver injury areas and ALT levels. The 
decreased liver injury could be due to less apoptosis 
levels in DJ-1 KO mice as detected by cleaved-caspase 
3 staining (Figure 3C). Corresponding to the 
decreased liver injury, less hepatic immune cells were 
detected in DJ-1 KO mice as demonstrated by F4/80 (a 
macrophage marker) and MPO (a neutrophil marker) 
staining (Fig. 3B). Meanwhile, pro-inflammatory 
cytokines IL-6 and TNF-α were also decreased when 
DJ-1 was depleted (Fig. 3D). Given that the induction 
of inflammatory cytokines can generally feedback to 
hepatocytes resulting in increased proliferation. We 
then measured the proliferation changes in both WT 
and DJ-1 KO mice. Compared to WT mice, DJ-1 KO 
mice showed greatly reduced PCNA and Ki67 
staining signals 36h and 48h after CCl4 injection 
respectively (Fig. 3E). Since a previous study indicates 
that ROS mainly contribute to CCl4 induced acute 
liver injury [24], we examined whether DJ-1 can affect 
CCl4 directed liver injury by modulating ROS levels 
in an acute model. ROS levels were visualized by the 
DCFH-DA fluorescence probe in frozen liver sections 

from WT mice and DJ-1 KO mice 24h after CCl4 
treatment. As shown in Figure 3F, greater ROS levels 
were observed in WT mice than those in DJ-1 KO mice 
24h after a single CCl4 challenge. As excessive ROS 
can cause lipid peroxidation resulting in second 
round of liver damage and Malondialdehyde (MDA), 
one of the endogenous end products during lipid 
peroxidation and a parameter of oxidative stress [25], 
we then measured the MDA levels in the acute liver 
injury model. In parallel with the ROS levels, 
decreased MDA levels were also detected in the liver 
homogenates of DJ-1 KO mice compared to WT mice 
(Figure 3G). Reduced ROS levels are unlikely due to 
antioxidant increase in DJ-1 KO mice because the 
levels of GSH, a major antioxidant, are same in WT 
and DJ-1 KO mice (Supplementary Figure 1). Previous 
reports demonstrate that trichloromethyl free radical 
(CCl3•) and trichloromethyl peroxy radical 
(CCl3OO•), generated by CYP2E1 enzyme of 
hepatocytes post CCl4 injection, cause lipid 
peroxidation and liver damage [25, 26]. Therefore, the 
different levels of ROS and liver injury between WT 
and DJ-1 KO mice maybe possibly due to differential 
expression of CYP2E1 in WT and DJ-1 KO mice. To 
examine this possibility, we detected CYP2E1 
expression by qPCR in both WT and DJ-1 KO mice 
24h and 36h after CCl4 injection. qPCR results showed 
that the CYP2E1 mRNA levels are comparable in the 
liver tissues of WT and DJ-1 KO mice (Figure 3H), 
suggesting that the attenuated lipid peroxidation and 
liver damage in DJ-1 KO mice are not caused by 
CYP2E1. These results indicate that DJ-1 deficiency is 
protective for CCl4-induced acute liver injury. 
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Figure 3. Deficiency of DJ-1 attenuates liver damage and ROS generation in CCl4-induced acute liver injury. (A) HE staining and serum ALT levels were displayed 
at different time points after CCl4 injection (n = 4-7). *P<0.05, **P<0.01, ***P<0.001. (B) F4/80 and MPO Immunochemistry were performed in liver sections of WT mice and 
DJ-1 KO mice after CCl4 injection for 36h and 48h (400× magnification). (C) Cleaved-caspase 3 in liver sections from WT mice and DJ-1 KO mice after CCl4 injection for 36h 
was shown (n = 3) (200× magnification). Quantification of the positive areas was also performed (n = 3). **P<0.01. (D) mRNA levels of IL-6, TNF-α cytokines were determined 
by qPCR 36h post CCl4 injection. **P<0.01, ***P<0.001. (E) Immunochemistry for PCNA and Ki67 were performed after CCl4 injection for 36h and 48h respectively (200× 
magnification). Bar graphs show quantification of them (n = 5). **P<0.01, ***P<0.001. (F) ROS production was visualized by DCFH-DA probe in frozen liver sections from WT 
mice and DJ-1 KO mice 24h after CCl4 treatment (200× magnification). (G) MDA content in liver tissue homogenates was evaluated between WT mice and DJ-1 KO mice 24h 
after CCl4 injection. *P<0.05. (H) Gene expression of CYP2E1 in two groups was displayed 24h and 36h after CCl4 injection. 

 

DJ-1 deficiency has a hepatic protective role to 
CCl4-induced chronic liver injury 

As liver fibrosis develops from chronic and 
reiterative injury-repair cycles, we then sought to 
examine whether DJ-1 deficiency affects 
CCl4-induced chronic liver injury. Liver injury was 
assessed by measuring the serum ALT/AST levels 8 
weeks after CCl4 treatment. As shown in Figure 4A, 
ALT/AST levels were decreased in DJ-1 KO mice 
compared to WT mice, suggesting the protective role 

of DJ-1 deficiency in CCl4-induced chronic liver 
injury. In agreement with less liver injury, although 
the overall apoptosis levels were greatly reduced in 
the chronic CCl4 model compared to the acute one, 
lower cleaved-caspase 3 signals were observed in DJ-1 
KO mice compared to WT mice (Figure 4B). 
Meanwhile, we did not get any positive Ki67 and 
PCNA signals in the liver sections of mice from the 
chronic CCl4 model (data not shown), despite 
abundant those positive signals observed in the acute 
CCl4 model (Figure 3E). This finding is consistent 
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with a previous report showing rare Ki67 signals in 
the liver after a chronic CCl4 treatment [27]. In 
addition, hepatic neutrophils and macrophages were 

also examined in both WT and DJ-1 KO mice 8 weeks 
after CCl4 exposure.  

 

 
Figure 4. DJ-1 deletion suppresses ROS production and lipid peroxidation in CCl4-induced chronic liver injury. (A) Serum ALT and AST levels were determined 
in WT mice and DJ-1 KO mice after CCl4 injection for 8 weeks (n = 6-9). *P<0.05, **P<0.01. (B) Cleaved-caspase 3 in liver sections from WT mice and DJ-1 KO mice after CCl4 
injection for 8 weeks was shown (n = 3) (200× magnification). Quantification of the positive areas was also performed (n = 3). *P<0.05. (C) Immunochemistry for MPO and 
CD11b were performed in liver sections of WT mice and DJ-1 KO mice after CCl4 injection for 8 weeks (400× magnification). Bar graphs show quantification of them, *P<0.05. 
(D) Gene expression of cytokines IL-6, TNF-α in the whole liver tissues was analyzed by qPCR after CCl4 injection for 8 weeks. *P<0.05. RFC: relative fold change. (E) ROS 
production was visualized in frozen liver sections and (F) MDA content was evaluated in liver tissue homogenates from WT mice and DJ-1 KO mice treated with CCl4 for 4 
weeks (200× magnification). (G) Gene expression of CYP2E1 in two groups was displayed after 8 weeks CCl4 injection. (H) ROS production in isolated Kupffer cells, 
hepatocytes, HSCs was shown with mice treated with CCl4 for 4 weeks (100× magnification). (I) mRNA levels of HMOX-1 in cultured Kupffer cells, hepatocytes, HSCs were 
analyzed by qPCR with mice treated with CCl4 for 4 weeks. *P<0.05. RFC: relative fold change. 
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As shown in Figure 4C, less hepatic neutrophils 
but not macrophages was observed in DJ-1 KO mice 
compared to WT ones. However, the increased 
neutrophil seems not associated with the changes of 
traditional chemokines, because the expression of 
various chemokines, including CCL4, CCL3, CXCL2 
and ICAM-1, had no change between WT and DJ-1 
KO mice except that of MCP-1 and CCL5, which are 
not related to neutrophil infiltration (Supplementary 
Figure 2). Interestingly, the pro-inflammatory 
cytokines, TNF-α and IL-6, which are mainly 
produced by activated macrophages, were decreased 
in DJ-1 KO mice compared to WT mice (Figure 4D), 
although the hepatic macrophage was comparable in 
both genotypes. We then evaluated the ROS levels in 
this chronic CCl4 model. As shown in Figure 4E and 
4F, similar to the results in the acute model, higher 
ROS levels were found in WT mice detected by 
DCFH-DA fluorescent staining and MDA 
measurement respectively. The CYP2E1 expression 
levels were same in both genotypes (Figure 4G), 
suggesting that CYP2E1 does not contribute to the 
different ROS levels in this chronic model. To confirm 
the cell source of ROS production in our model, HSCs, 
hepatocytes and Kupffer cells were isolated from WT 
and DJ-1 KO mice after 4 weeks of CCl4 treatment and 
followed with a ROS detection using the DCFH-DA 
probe. The purities of those cell types were more than 
90% (Supplementary Figure 5). Our results showed 
very few signals in both HSCs and hepatocytes but 
abundant ROS signals were observed in Kupffer cells 
(Figure 4H). In addition, compared to WT mice, DJ-1 
KO mice showed dramatically decreased ROS levels 
in Kupffer cells (Figure 4H). To further confirm these 
ROS results, we measured the levels of HMOX-1, an 
early ROS response gene, in WT and DJ-1 KO mice. In 
line with the decreased ROS levels observed in 
Kupffer cells of DJ-1 KO mice, the HMOX-1 mRNA 
levels of Kupffer cells were significantly lower in DJ-1 
KO mice compared to WT ones. Additionally, the 
HMOX-1 levels in either HSCs or hepatocytes were 
comparable in both genotypes (Figure 4I). 
Collectively, these findings support the hepatic 
protective role of DJ-1 deficiency in CCl4-induced 
chronic liver injury.  

Discussion 
In present study, we find elevated DJ-1 

expression in the CCl4 chronic experimental model 
and in the liver tissues of cirrhosis patients 
(Supplementary Figure 3), suggesting the possible 
involvement of DJ-1 in the pathogenesis of liver 
fibrosis. We further demonstrate that CCl4 induced 
liver fibrosis is severely attenuated in DJ-1 KO mice. 
Given that HSC activation plays a major role in liver 

fibrosis, we then performed the experiments of 
in-culture HSC activation to determine whether DJ-1 
can directly regulate this process. Our results showed 
similar activation rate of HSCs derived from WT and 
DJ-1 KO mice either in the presence or in the absence 
of TGFβ (Figure 2), suggesting that this disadvantage 
of liver fibrogenesis in DJ-1 KO mice is not due to the 
direct effect of DJ-1 on HSCs. Through CCl4 induced 
acute liver injury and chronic fibrosis models, we find 
that DJ-1 deficiency leads to a liver protective 
phenomenon as evidenced by marked reductions in 
liver injury, ROS production and inflammation in 
response to CCl4 exposure (Figure 3 and 4).  

It is well known that liver fibrosis is a 
complicated process involving various pathological 
factors. Among them, ROS is one of the most potent 
pro-fibrogenic factors in the pathology of hepatic 
fibrosis, by activating the HSCs [28]. Reduction of 
ROS decreases collagen accumulation in experimental 
liver fibrosis models [29]. A previous study 
demonstrates that NADPH oxidase derived ROS play 
a critical role in liver fibrogenesis because depletion of 
p47phox, a key subunit of NADPH oxidase, leads to 
attenuated liver injury and fibrosis [8].  

It is well known that DJ-1 functions as an 
antioxidant in the context of high ROS levels to 
protect cells from ROS induced damage. However, 
our recent study demonstrates that, by interacting 
with p47phox, DJ-1 is required for NADPH oxidase 
derived ROS production in macrophages [18]. Based 
on the studies of our and other groups, we therefore 
hypothesize that DJ-1 has a dual role in maintaining 
cellular ROS levels. On one hand, DJ-1 limits the 
cellular oxidant stress when the levels of ROS are 
high; on the other hand, DJ-1 is essential for ROS 
induction in response to cellular insults from outside 
or inside. According to the fundamental role of DJ-1 in 
regulating ROS, it is conceivable that DJ-1 can affect 
fibrogenesis by modulating ROS levels. In fact, we 
observed much less ROS levels in DJ-1 KO mice 
compared to WT mice in both acute and chronic 
models, suggesting that the attenuated liver fibrosis in 
DJ-1 KO mice may at least partially attributed to the 
reduced ROS levels.  

Previous studies demonstrate that there are three 
main cell sources of ROS production during liver 
fibrosis, including hepatocytes, Kupffer cells (hepatic 
resident macrophages) and HSCs. For example, 
CYP2E1 mediated hepatocytic ROS production 
induces proliferation, transdifferentiation and 
collagen synthesis in HSCs and subsequently 
contributes to fibrogenesis [30], and ROS derived 
from phagocytic NADPH oxidase of Kupffer cells and 
non-phagocytic NADPH oxidase of HSCs can 
respectively contribute to liver fibrosis by activating 
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HSCs [7, 8]. Given that there is no difference in the in 
vitro HSC activation from both WT and DJ-1 KO 
groups (Figure 2), we think that HSCs are not the 
major cell source of ROS in our present study. This 
presumption has been confirmed by very few ROS 
signals detected in HSCs after CCl4 treatment (Figure 
4H). By comparing the ROS levels in the hepatocytes 
and Kupffer cells, we found that Kupffer cells are the 
major cell source for ROS production and that Kupffer 
cells in WT mice produce greater amount of ROS than 
those in DJ-1 KO mice (Figure 4H). Given that Kupffer 
cells are liver resident macrophages, this finding is 
consistent with our previous study that DJ-1 depletion 
impairs ROS production in macrophages [18]. 
Therefore, DJ-1 may specifically affect the ROS 
production from phagocytic NADPH oxidase.  

In present study, we find increased neutrophil 
infiltration in WT mice compared to DJ-1 KO mice in 
both acute and chronic models (Figure 3 and 4). 
However, the expression of various chemokines is 
comparable between WT and DJ-1 KO mice except 
MCP-1 and CCL5, which is not responsible for 
neutrophil infiltration (Supplementary Figure 2). 
Therefore, the infiltration of neutrophil in present 
study may not depend on the chemokines. Given that 
certain products of lipid peroxidation can serve as 
potent chemotactic factors for neutrophils [31], the 
increased neutrophil infiltration is very likely due to 
higher lipid oxidation levels in WT mice.  

In summary, our present study demonstrates 
that DJ-1 depletion significantly attenuated liver 
fibrosis in a CCl4-induced experimental model. DJ-1 
depletion shows a hepatic protective role in both 
CCl4-induced acute and chronic liver injury models 
as evidenced by less liver injury, ROS production, and 
inflammation. Mechanistically, we believe that the 
less ROS production at least partially contributes to 
amelioration of liver fibrosis in DJ-1 KO mice in the 
CCl4 mouse model. Our findings highly suggest the 
therapeutic potential of DJ-1 in liver fibrosis. 
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