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Abstract
Our previous studies have shown that DJ-1 play important roles in progression of liver diseases
through modulating hepatic ROS production and immune response, but its role in hepatic steatosis
remains obscure. In the present study, by adopting a high-fat-diet (HFD) induced mice model, we
found that DJ-1 knockout (DJ-1-/-) mice showing decreased HFD-induced obesity and visceral
adipose accumulation. In line with these changes, there were also reduced liver weight and
ameliorated hepatic triglyceride (TG) accumulation in DJ-1-/- mice compared to wild-type (WT)
mice. And there were also decreased blood glucose levels and insulin resistance and reduced
glucose metabolic disorder in DJ-1-/- mice, whereas there were no significant differences in total
cholesterol (TC) and serum lipid in two groups of mice. Mechanistically, we found that there were
no differences in food intake in these two genotypes of mice. Furthermore, there were no significant
differences in fatty acid synthesis and glycolysis, but the expression of key enzymes in fatty acid
oxidation and the tricarboxylic acid (TCA) cycle, such as Cpt1α, Pparα, Acox1, Cs, Idh1 and Idh2, was
increased in DJ-1-/- mice liver, suggesting that there was enhanced fatty acids oxidation and TCA
cycle in DJ-1-/- mice. Our data indicate that deletion of DJ-1 enhancing fatty acids oxidation resulting
in lower hepatic TG accumulation in mice, which protecting mice hepatic steatosis.
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Introduction
As a vital metabolic organ in human body, liver
plays a central role in maintaining energy balance.
When lipid synthesis exceeds lipolysis or export
caused unbalanced lipid synthesis and hepatic lipid
accumulation which finally lead to hepatic steatosis[1]
. The lipid synthesis and catabolism were regulated by
complicated networks which controlled by numerous
transcriptional factors, including transcriptional
factor like: SREBP-1[2], transcriptional coregulators,
such as PGC-1, Sirt-1 [3].
DJ-1, also known as Parkinson disease 7 (Park7),
is a ubiquitously expressed, multifunctional protein
[4]. We have established that DJ-1 has a critical role in
initiating an inflammatory response through

modulating ROS generation [5]. Later, we have shown
that DJ-1 has important roles in progression of liver
diseases through modulating ROS and immune
response[6]. We have shown that DJ-1 deficiency
negatively regulates hepatic progenitor cells (HPC)
proliferation by impairing the formation of
HPC-associated fibrosis and inflammatory niches[7];
Deficiency of DJ-1 ameliorates liver fibrosis through
inhibition of hepatic ROS production and
inflammation[8];
moreover,
DJ-1
ameliorates
tumorigenesis and hepatocellular carcinoma cell
(HCC) proliferation through regulating hepatic
inflammation and decreasing interleukin 6/signal
transducer and activator of transcription 3 (IL-6/
http://www.ijbs.com
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STAT3) signaling pathway in a classic diethylnitrosamine (DEN)-induced HCC mice model [9].Recently,
studies have showed that DJ-1 controlled type 2
diabetes mellitus (T2DM) and energy metabolism in
various tissues [10]. It was reported that DJ-1
inhibited energy metabolism through PTEN/PI3K/
AKT/FoxO1/Ucp1 pathway and promoted lipid
formation and obesity-mediated inflammation in
adipose tissue [11, 12]. DJ-1 deficiency accelerated
glycolysis through ROS-mediated MAPK and
mitochondrial uncoupling pathway in skeletal muscle
[13]. Although DJ-1 has been shown to regulate
energy metabolism in adipose tissue and skeletal
muscle, evidence for a role of DJ-1 in liver steatosis is
lacking. In this study, we characterized the function
and potential mechanism of DJ-1 in liver steatosis.
In the present study, we have investigated the
role of DJ-1 on hepatic lipid metabolism in an
HFD-induced mice model. We found HFD-induced
adipose accumulation, insulin resistance and glucose
metabolic disorder were significantly inhibited in
DJ-1-/- mice. Furthermore, we found there were
increased hepatic fatty acids oxidation and lower
hepatic TG accumulation in DJ-1-/- mice, which may
protect mice form hepatic steatosis.

Materials and Methods
Mice and animal models.
DJ-1 knockout (DJ-1-/-) mice on a C57BL/6
background (stock#006577) were purchased from the
Jackson Laboratory (Bar Harbor, Maine, USA).
Wild-type (WT) mice were purchased from SLAC
laboratory (Shanghai, China). 4- to 6-week-old male
mice (14-16g) were housed in a standard environment
at 22 to 24℃ with a 12:12 h light -dark cycle and ad
libitum access to food and water. The WT mice and
DJ-1-/- mice were fed with HFD (18.1% protein, 61.6%
fat and 20.3% carbohydrates; D12492, Research Diets,
New Brunswick, NJ) for 24 weeks to establish a mouse
model of NAFLD. Mice fed with normal chow diet
(NCD) were served as controls. All animal protocols
were approved by the criteria outlined in Guide for
the Care and Use of Laboratory Animals, which was
approved by Bioethics Committee School of Medicine,
Shanghai Jiao Tong University.

Mouse hepatic and serum lipid contents
analysis.
Liver and blood specimens were collected from
mice after fed NCD or HFD for 24 weeks, and stored
at -80℃ until use. The lipid contents of liver and
serum were measured by using commercial kits
(E1003 for serum TG, E1013 for liver TG, E1005 for
serum TC, E1015 for liver TC; Applagin Technologies
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Inc., Beijing, China; A113-1 for serum low-density
lipoprotein cholesterol (LDL-C), A112-1 for serum
high-density lipoprotein cholesterol (HDL-C);
Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer's instructions.

Histopathologic analysis.
The liver sections were embedded in paraffin
and cut into 5-µm-thick sections. Liver tissue sections
were stained with hematoxylin-eosin (H&E) and
periodic acid–Schiff (PAS) using standard procedures.
Oil red O (ORO)(O0625; Sigma-Aldrich, St Louis, MO)
staining of frozen liver sections were performed
according to previously described protocol [14].

Glycogen contents assay.
The levels of glycogen in the liver were
measured using a commercially available glycogen
Assay Kit (MAK016, Sigma-Aldrich, St Louis, MO)
according to the manufacturer's instructions.

qPCR and western blot analysis.
Total RNA from liver tissue was isolated with
the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. Reverse
transcription was performed using random primers
using the PrimeScript RT reagent Kit (Takara).
SYBR-green based Quantitative real time-PCR
(Takara) was applied to detect the relative expression
levels of genes. The mRNA expression levels of target
genes were normalized to β-actin. Primer sequences
are shown in Table S1. Liver tissues or cell samples
were homogenized with RIPA buffer (Thermo
Scientific, Rockford, IL) containing a protease
inhibitor cocktail (Caliche, Raleigh, NC) and
phosphatase inhibitor cocktail (HY-K0021; Med Chen
Express). The Pierce BCA Protein Assay Kit (#23227,
Thermo Fisher Scientific) was used to measure total
protein concentrations. Protein samples (40 µg) were
separated on a 10% SDS – PAGE gel. The gel was
transferred to a nitrocellulose membrane. The NC
membrane was blocked with 5% non-fat milk for one
hour at room temperature, and then incubated with
primary antibodies against indicated antigens at 4 °C
overnight under shaking conditions. The membrane
incubation with the corresponding secondary
antibodies coupled with horseradish peroxidase for
one hour at room temperature then. The Cheviot
XRS+ System with Image Lath Software (Bio-Rad)
was used for blotting signal detection and
quantification. Primary antibodies were rabbit
anti-DJ-1 (Abcam, Cambridge, MA), rabbit antiSREBP-1 (Santa Cruz, CA), rabbit anit-ACLY (Proteintech, Wuhan, China), IRS1(Proteintech, Wuhan,
China), p-IRS1(Tyr608)(Millipore, Billerica, MA),
http://www.ijbs.com
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p-AKT (Ser473) (Cell Signaling Technology, Beverly,
MA), AKT (Cell Signaling Technology, Beverly, MA),
anti-β-actin (Sigma-Aldrich, St Louis, MO).

Glucose tolerance tests and Insulin tolerance
tests.
The mice used for the glucose tolerance tests had
been fasted for 16 h (17:00-09:00) with ad libitum
access to water. The fasting blood glucose levels were
measured, and then each mouse was intraperitoneally
injected with 2.0 g per kg body weight (g kg-1) glucose
(Sigma-Aldrich, St Louis, MO, USA). We measured
the levels of blood glucose 15, 30, 60 and 120 min after
glucose injection using a glucometer. For the insulin
tolerance tests, mice were fasted for 4 h (09:00-13:00)
and then intraperitoneally injected 0.75U kg-1 human
insulin (Novolin R, Novo Nordisk, Bisgaard,
Denmark). Blood glucose levels were measured
0,15,30,60 and 120 min after insulin injection.

In vitro lipid synthesis assays.
Mouse primary hepatocyte were isolated from 6to 8-weeks WT or DJ-1-/- mice similarly to a
previously published procedure[8]. Isolated primary
hepatocytes were seed into 6-well plates with DMEM
medium treated with 0.25 mM palmitate (P9767,
Sigma-Aldrich) for 48h, as previously reported [15].
The intracellular TG levels were measured using
commercial kits (E1013, Applagin Technologies Inc.)
according to the manufacturer's instructions.

Statistical analysis.
All results were presented as mean ± SEM from
at least 3 independent biological replicated
experiments. Unpaired or paired Student’s t-tests
were used in this study. P<0.05 was considered
statistically significant (*P<0.05; **P<0.01; ***P<0.001).

Results
Ablation of DJ-1 prevents HFD-induced
obesity and visceral adipose accumulation in
mice.
To study the role of DJ-1 in hepatic steatosis, we
fed WT and DJ-1-/- mice with an NCD and HFD for
different time periods. There was no significant
difference in their body weight among the genotypes
when fed NCD for 24 weeks and even 40 weeks
(figure 1A and figure S1A). However, the body
weight was significantly lower in HFD-fed DJ-1-/mice compared to WT mice (figure 1A). The visceral
adipose tissues in DJ-1-/- mice were also significantly
less than those of WT mice at the end of 24th week
after HFD feeding (figure 1B). The mass of
epididymal white adipose tissue (eWAT) and the ratio
of eWAT weight to body weight were also markedly
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decreased in DJ-1-/- mice after HFD feeding for 24
weeks (figure 1C). Because higher food intake could
induce obesity, so we first measured the food intake
amount during the day and night, and found that
there was no significant difference in the food intake
between DJ-1-/- mice and WT mice (figure 1D and 1E,
figure S1B and S1C), therefore, the difference between
DJ-1-/- mice and WT mice was not due to the food
intake appetite.

DJ-1 deficiency ameliorates HFD-induced
insulin resistance and glucose metabolic
disorder.
Next, we explored whether DJ-1 regulate insulin
sensitivity. As show in figure 2A and 2B, both random
blood glucose and fasting blood glucose levels were
lower in HFD-fed DJ-1-/- mice compared to WT mice
and there was no significant difference between
DJ-1-/- and WT mice with NCD. In addition, fasting
serum insulin levels were also lower in HFD-fed
DJ-1-/- mice compared to WT mice (figure 2C).
Glucose tolerance tests (GTT) was significantly
improved in DJ-1-/- mice compared to WT mice at the
end of 24th week of HFD feeding (figure 2D). Insulin
tolerance tests (ITT) results were consistent with GTT
(figure 2E). As show in figure 2F, we observed that the
liver glycogen contents in DJ-1-/- mice were higher
than those of WT mice by PAS staining. The liver
glycogen contents measured by commercial kit were
consistent with PAS staining (figure 2G). Study has
shown that the phosphorylation levels of IRS1 and
AKT were related to insulin sensitivity[16]. We also
measured the levels of phosphorylation-IRS1 and
-AKT and found that they were higher in HFD-fed
DJ-1-/- mice compared to WT mice (figure 2H). It
suggested that the HFD induced impairment of
hepatic insulin signaling was alleviated in DJ-1-/mice. All these results above showed that ablation of
DJ-1 ameliorated HFD-induced insulin resistance and
glucose metabolic disorder.

Dj-1 deficiency ameliorates HFD-induced
hepatic TG accumulation.
It is well known that fatty liver is closely related
to obesity and insulin resistance [17]. Next, we
explored whether deletion of DJ-1 inhibits hepatic
lipid accumulation. In the general form, we can
clearly see there were more white spots on the surface
of liver in WT mice than that in DJ-1-/- mice after HFD
feeding for 24 weeks (figure 3A). The liver weight was
significantly lower in DJ-1-/- mice than WT mice at the
end of 24th week of HFD feeding, and deletion of DJ-1
did not affect liver weights in NCD-fed group (figure
3B). There are more vacuoles in mice liver after HFD
feeding as shown by H&E staining, the number and
http://www.ijbs.com
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size of vacuoles in DJ-1-/- mice were much lower than
those of WT mice after HFD feeding, and we also
found the hepatic lipid accumulations were also
markedly decreased in DJ-1-/- mice compared to WT
mice as determined by ORO staining (figure 3C right).
There was no significant difference between both
genotypes in NCD-fed group (figure 3C left).
Consistently, the hepatic TG levels in DJ-1-/- mice
were lower than that in WT mice after HFD feeding
(figure 3D left). But there was no significant difference
in hepatic TC levels between WT and DJ-1-/- mice
(figure 3D right). Except the serum HDL-C levels in
DJ-1-/- mice were higher than that of WT mice in the
HFD-group, all other serum lipid contents had no
differences between WT and DJ-1-/- mice (figure 3E).
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Lipid accumulation can cause hepatic-lipotoxicity, so
we measured the levels of serum ALT/AST to check
the liver function, the serum ALT levels in DJ-1-/- mice
were lower than that of WT mice in the HFD-group,
and there was no significant difference was observed
in the level of AST in two groups (figure S2). There
were no significant differences in liver weight and
hepatic lipid contents after fed NCD for 40 weeks by
the H&E and ORO staining (figure S3A and S3B). Our
results suggested that deletion of DJ-1 prevented
diet-mediated hepatic TG accumulation in vivo.
However, HFD did not increase the mRNA and
protein expressions of DJ-1 in the liver tissues
(figure S4).

Figure 1. Ablation of DJ-1 prevents HFD-induced obesity and visceral adipose accumulation in mice. (A)Body weight of WT and DJ-1-/- mice fed on
NCD and HFD for 24 weeks. (B)A representative photograph of visceral adipose of WT and DJ-1-/- mice at the end of 24th week of HFD feeding. (C)eWAT weight
and eWAT weight to body weight ratio of WT and DJ-1-/- mice after 24 weeks HFD treatment. (D、E) Cumulative (dark, 17:00 to 8:00; light, 8:00 to 17:00) daily food
intake per mouse of WT or DJ-1-/- mice treated with HFD for 24 weeks. *P < 0.05, **P < 0.01, *** P < 0.001.

http://www.ijbs.com
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Figure 2. Deletion of DJ-1 improved HFD-induced insulin resistance and glucose metabolic disorder. (A)Random blood glucose and (B) fasting blood
glucose (fasted for 6 h) of WT and DJ-1-/- mice that were fed an NCD or HFD for 24 weeks. (C) Fasting blood serum insulin levels of DJ-1-/- and WT mice that after
fed an HFD for 24 weeks. (D, E) The level of blood glucose in a glucose tolerance test (GTT) and an insulin tolerance test (ITT) in WT and DJ-1-/- mice after 24 weeks
HFD treatment. (F) Glycogen accumulation in liver sections by PAS staining in WT and DJ-1-/- mice that fed HFD for 24 weeks. (G) Liver glycogen contents in WT
and Dj-1-/- mice after HFD administration for 24 weeks. (H) Representative western blot for phosphorylation and total IRS1 and AKT, in the liver tissues from DJ-1-/and WT mice after HFD administration for 24 weeks. β-actin served as the loading control. *P < 0.05, **P < 0.01, *** P < 0.001.

DJ-1 deficiency does not directly affect hepatic
lipid synthesis but augmented hepatic fatty
acids oxidation in HFD-mediated mice models.
Unbalanced lipid synthesis and break down lead
to hepatic steatosis. In order to explore the role of DJ-1
in hepatic lipid synthesis, we first measured fatty

acids synthesis-related genes: targets of the key
transcriptional factor of lipogenesis (sterol regulatory
element binding protein 1C(Srebp1c)) in WT and
DJ-1-/- mice liver after fed with HFD for 24 weeks by
quantitative real-time PCR. No significant difference
was observed in HFD-fed WT mice compare with
http://www.ijbs.com
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those in DJ-1-/- mice (figure 4A). We further detected
the protein expressions of the precursor (p-SREBP1C)
and mature (m-SREBP1C) forms of SREBP1C and
ATP citrate lyase (ACLY), and consistent with genes
expression, there were also no significant differences
between two groups (figure 4B). Further, we also
confirmed these results by using in vitro primary
hepatocytes treated with palmitic acid (PA) and oleic
acid (OA), and there was also no significant difference
in intracellular TG contents in two genotypes primary
hepatocytes which indicated the lipid synthesis in
hepatocytes were comparable in two groups (figure
S5). In additions, the mRNA expression of
glycolysis-related genes and the levels of lactic acid
also showing no significant difference in two groups
(figure 4C and 4D). Next, we moved to analyze the
catabolism of lipid, the expression of Ucp2 and fatty
acid oxidation related genes were higher in DJ-1-/mice compare to WT mice after HFD feeding for 24
weeks (figure 4E). The mRNA expression of the key
enzymes of the tricarboxylic acid (TCA) cycle in
HFD-fed DJ-1-/-mice were also higher than that in WT
mice (figure 4F). Similarly, we found that deletion of
DJ-1 increased body weight loss during starvation
(figure S6). Overall, these results suggested that DJ-1
deficiency ameliorated hepatic TG accumulation by
promoting fatty acid oxidation.

Discussion
In this work, we have demonstrated that
deletion of DJ-1 decreased HFD-induced obesity and
visceral adipose accumulation in mice. Furthermore,
we found that deletion of DJ-1 does not affect mice
food intake and hepatic lipid synthesis. However,
genes involved in lipid catabolism showing
significantly different, indicate that DJ-1 promotes
liver steatosis through decreasing fatty acid oxidation
in mice. Thus, our study discovered a novel role of
DJ-1 on hepatic lipid metabolism in an HFD-induced
fatty liver mice model.
Previous studies have shown that DJ-1 can
promote 3T3-L1 cells differentiate into adipocytes and
fat accumulation [12]. To check the relationship
between DJ-1 and fat accumulation in mice, we fed
mice with an NCD or HFD for different time periods
and confirmed that DJ-1 deficiency ameliorated
diet-dependent obesity and visceral adipose
accumulation, and it has no significant effect on
age-dependent. In order to explore how DJ-1
promotes fat accumulation in mice, we first measured
the food intake between day and night. In the present
study, there was no significant change of food intake
between DJ-1-/- and WT mice, which suggested that
the obesity and fat accumulation were not induced by
food intake. Previous studies attributed to no
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significant difference in respiratory quotients,
physical activity, body temperature between DJ-1-/and WT mice; Yet they also observed that the energy
expenditure was increased in DJ-1-/- mice compared
with WT mice [11, 13]. In addition, we found that
deletion of DJ-1 increased the body weight loss during
starvation in our present study, which indicated that
deletion of DJ-1 inhibited energy expenditure. All
results above and previous articles showed that DJ-1
might promote diet-mediated obesity by decreasing
energy expenditure.
It is well known that obesity is one of the most
important risk factors for T2DM, and ectopic fat
accumulation can induce glucose metabolism
disorder and insulin resistance[18]. Previous articles
also reported that DJ-1 has a moderating effect on
T2DM [10, 12, 19, 20]. In the present study, deletion of
DJ-1 ameliorated glucose metabolism and insulin
sensitivity in HFD-induced mice model. Our results
indicated that deletion of DJ-1 protects T2DM in
HFD-induced obesity mice model, which were similar
to other studies that DJ-1 has been expected to be a
target of therapy for T2DM [11-13].
Obesity and T2DM are closely related to NAFLD
and which are the main risk factors of it [21]. NAFLD
is defined as liver diseases with hepatic excess lipid
accumulation, especially TG, due to non-alcoholic
causes. When the pace of synthesis exceeds that of
lipolysis in liver, excessive lipid accumulation induces
NAFLD [22]. Our results showed that deletion of DJ-1
ameliorated
hepatic
TG
accumulation
in
HFD-mediated mice model. And the fatty acids
synthesis-related genes have no significant difference
in mRNA and protein levels between WT and DJ-1-/mice, which means that the pace of lipid synthesis has
no significant changes. Liver plays an important role
in the maintenance of glucose metabolism, when liver
takes up excess amounts of glucose or the glucose
metabolic disorder and it converts glucose to fatty
acids[23]. Shi et al.[13] showed that DJ-1 inhibited
glycolysis through ROS-mediated MAPK and
mitochondrial uncoupling in muscle. Glycolysis have
no significant changes in our study. These results
indicated that participated pathways in glycolysis in
liver might be different from those in muscle. DJ-1 is
closely related to uncoupling proteins (Ucps), namely
Ucp1, Ucp3, Ucp4 and Ucp5 [11, 13, 24, 25]. Ucp2 is
the unique uncoupling protein expressed in liver [26]
and it regulates NAFLD by promoting fatty acid
oxidation [27, 28]. Next, we investigated whether DJ-1
can regulate hepatic lipid oxidation. Our study found
that DJ-1 deficiency does promote the mRNA
expression of Ucp2 and lipid oxidation-related genes.
Mitochondrial oxidative phosphorylation is not
perfectly transfer energy to ATP, and some of the
http://www.ijbs.com
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energy is released in the form of proton-leak [29].
Ucps reduce energy utilization by increasing
mitochondrial proton-leak[29]. And there was no
difference in hepatic ATP contents (data not shown).
Given that deletion of DJ-1 increased hepatic lipid
oxidation might through Ucp2. Further work was
need to elucidate how DJ-1 regulate Ucp2.
In summary, we have demonstrated that
deletion of DJ-1 decreased HFD-induced obesity and
visceral adipose accumulation in mice and the
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potential mechanism may through promoting fatty
acid oxidation in mice. However, although DJ-1
promoted HFD-induced hepatic TG accumulation by
promoting hepatic lipid oxidation, we did not observe
similar results in in vitro primary hepatocytes model,
which indicated there were complex networks
involves in the liver steatosis formation in DJ-1-/mice, including: indirect modulation of hepatocytes
from obesity and insulin resistance condition.

Figure 3. Ablation of DJ-1 prevents diet-induced hepatic TG accumulation. (A)Morphology of liver from WT and DJ-1-/- mice that were fed a NCD or
HFD for 24 weeks.(B)Liver weight of WT and DJ-1-/- mice after HFD administration for 24 weeks.(C) A representative image of H&E(top) and ORO(bottom) staining
of liver sections after NCD or HFD treatment for 24 weeks.(D) TG (left), TC (right) contents in the liver of WT and DJ-1-/- mice.(E)Serum lipid contents of TG、
TC、LDL-C and HDL-C in WT and DJ-1-/- mice after NCD or HFD administration for 24 weeks. *P < 0.05, **P < 0.01, *** P < 0.001.

http://www.ijbs.com
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Figure 4. DJ-1 enhances hepatic fatty acid oxidation in HFD-mediated mice model. (A) The relative mRNA expression of genes related to fatty acid
synthesis in WT and DJ-1-/- mice after HFD administration for 24 weeks. (B) Representative Western blots (left) and quantification (right) for the expression of
p-SREBP-1C, m-SREBP-1C and ACLY in the liver of WT and DJ-1-/- mice after HFD administration for 24 weeks. β-actin was used as the loading control. (C) The
mRNA expression of glycolysis-related genes was analyzed by RT-PCR. (D) Hepatic lactic acid contents in WT and DJ-1-/- mice at the end of 24th week of HFD feeding.
(E) The relative mRNA expression of genes related to fatty acid oxidation in WT and DJ-1-/- mice after HFD administration for 24 weeks. (F) The expression of TCA
cycle related gene was analyzed by RT-PCR in WT and DJ-1-/- mice after HFD administration for 24 weeks. *P < 0.05, **P < 0.01, *** P < 0.001.
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