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Dual Specificity Phosphatase 12 Regulates 
Hepatic Lipid Metabolism Through 
Inhibition of the Lipogenesis and Apoptosis 
Signal–Regulating Kinase 1 Pathways
Zhen Huang,1* Lei-Ming Wu,1* Jie-Lei Zhang,2* Abdelkarim Sabri,3 Shou-Jun Wang,2 Gui-Jun Qin,2 Chang-Qing Guo,4  
Hong-Tao Wen,4 Bin-Bin Du,1 Dian-Hong Zhang,1 Ling-Yao Kong,1 Xin-Yu Tian,1 Rui Yao,1 Ya-Peng Li,1 Cui Liang,1  
Peng-Cheng Li,1 Zheng Wang,1 Jin-Yan Guo,5 Ling Li,1 Jian-Zeng Dong,1 and Yan-Zhou Zhang1

Nonalcoholic fatty liver disease (NAFLD) has become the most common cause of chronic liver disease worldwide. 
Due to the growing economic burden of NAFLD on public health, it has become an emergent target for clinical 
intervention. DUSP12 is a member of the dual specificity phosphatase (DUSP) family, which plays important roles 
in brown adipocyte differentiation, microbial infection, and cardiac hypertrophy. However, the role of DUSP12 in 
NAFLD has yet to be clarified. Here, we reveal that DUSP12 protects against hepatic steatosis and inf lammation 
in L02 cells after palmitic acid/oleic acid treatment. We demonstrate that hepatocyte specific DUSP12-deficient 
mice exhibit high-fat diet (HFD)–induced and high-fat high-cholesterol diet–induced hyperinsulinemia and liver 
steatosis and decreased insulin sensitivity. Consistently, DUSP12 overexpression in hepatocyte could reduce HFD-
induced hepatic steatosis, insulin resistance, and inf lammation. At the molecular level, steatosis in the absence of 
DUSP12 was characterized by elevated apoptosis signal-regulating kinase 1 (ASK1), which mediates the mitogen-
activated protein kinase (MAPK) pathway and hepatic metabolism. DUSP12 physically binds to ASK1, promotes its 
dephosphorylation, and inhibits its action on ASK1-related proteins, JUN N-terminal kinase, and p38 MAPK in 
order to inhibit lipogenesis under high-fat conditions. Conclusion: DUSP12 acts as a positive regulator in hepatic 
steatosis and offers potential therapeutic opportunities for NAFLD. (Hepatology 2019;70:1099-1118).
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Nonalcoholic fatty liver disease (NAFLD) 
is the most common diffuse liver disease 
and is characterized by lipid accumulation 

in hepatocytes in the absence of excessive alcohol 

consumption.(1) The prevalence of NAFLD increases 
worryingly with obesity and other diseases of meta-
bolic syndrome (MS) and is expected to be the lead-
ing cause of liver failure in the future.(2) Accumulating 
studies show that NAFLD not only is linked to an 
increased risk of liver-related mortality or morbidity 
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but also affects some extrahepatic organs, including 
the cardiovascular and renal systems, as a multisys-
temic disease.(3) Due to the growing economic bur-
den of NAFLD on public health, it has become an 
emergent target for clinical intervention.(4) While tre-
mendous progress has been made over the last decade 
in investigating the pathogenesis of NAFLD and 
developing treatment strategies, the development of 
additional tasks of therapeutics is urgently needed to 
further reduce the burden of NAFLD.

Naturally, NAFLD is a heterogeneous disease, and 
a full understanding of the mechanisms contributing 
to progression risk in NAFLD is vital for provid-
ing clarity in this regard. The spectrum of NAFLD 
ranges from simple steatosis to advanced stages, 
including nonalcoholic steatohepatitis (NASH), 
hepatic fibrosis, and cirrhosis.(5-7) Different theories 
have been pointed out, leading initially to the “two-hit 
hypothesis.” The first hit is insulin resistance (IR) and 
lipotoxicity causing hepatocyte injury, but a second 
hit is needed for chronic liver damage and includes 
apoptosis, oxidative stress, and lipid peroxidation.(8) 
In patients with NAFLD, both environmental and 
genetic factors are involved in the insulin signaling 

pathway and therefore contribute to the maintenance 
and worsening of IR, inflammation, and fibrosis. At 
the molecular level, the mechanism underlying the 
development and progression of NAFLD is complex 
and multifactorial. Multiple signaling pathways have 
been reported to be involved in the dynamic regula-
tion of NAFLD, including mitogen-activated protein 
kinases (MAPKs) and nuclear factor kappa B (NF-
κB).(9) Thus, an in-depth understanding of the molec-
ular basis of NAFLD is required to explore effective 
therapeutic targets.(10-12)

Dual-specificity phosphatases (DUSPs) are mem-
bers of a family of proteins that specifically dephos-
phorylates threonine and tyrosine residues.(13) 
DUSP12 is a member of a subgroup of atypical 
DUSPs that contain a zinc finger domain, a consensus 
DUSP catalytic domain, and a highly conserved alde-
hyde dehydrogenase cysteine active site.(14) Because 
DUSP12 was identified in 2005 by a small inter-
fering RNA (siRNA) screen, its function has been 
poorly explored.(15) It was reported as a prosurvival 
phosphatase that is involved in cancer by regulating 
ribosome biogenesis and cell cycle progression.(16) 
Additionally, ectopic expression of DUSP12 using a 
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retroviral expression system induced the suppression 
of adipogenic differentiation and lipid accumula-
tion.(17) More recently, studies showed that DUSP12 
could protect against microbial infection by inhibit-
ing MAPK-mediated expression of proinflammatory 
mediators such as tumor necrosis factor alpha (TNF-
α), interleukin (IL)-1β, and monocyte chemoattrac-
tant protein 1.(18) Providing further support, DUSP12 
deficiency apparently aggravated pressure overload–
induced cardiac hypertrophy and fibrosis by inhibit-
ing activation of JUN N-terminal kinase ( JNK).(19) 
However, the function of DUSP12 in hepatic steato-
sis and NAFLD is still unknown. Based on the roles 
of DUSP12 in lipid accumulation, inflammation, and 
fibrosis and the ability of DUSP12 to regulate MAPK 
signaling, which is well known in the pathogenesis of 
NAFLD, we hypothesize that DUSP12 may play an 
important role in the pathogenesis of NAFLD.

In this study, we revealed that DUSP12 expression 
was remarkably decreased in the livers of mice fed a 
high-fat diet (HFD). We demonstrate that hepato-
cyte-specific DUSP12-deficient (DUSP12-CKO) 
mice exhibit hepatic steatosis, IR, and inflammation, 
whereas DUSP12-transgenic (DUSP12-TG) mice 
protected against HFD-induced steatosis and show 
improved insulin sensitivity. Moreover, DUSP12 
also serves as a master regulator in NAFLD by reg-
ulating apoptosis signal–regulating kinase 1 (ASK1) 
phosphorylation. Finally, our findings suggest that 
DUSP12 is a potential therapeutic target for lipid 
metabolism disorders.

Materials and Methods
aNIMal lIVeR SaMpleS

Adult male mice (C57BL/6) aged 8-10 weeks  
(19-29 g) were housed at 25 ± 5°C under a 12-hour 
light/dark cycle with free access to water and food. 
The mice were fed an HFD (60.9% fat, 21.8% carbo-
hydrate, and 18.3% protein; D12492; Research Diets) 
for 24 weeks and a high-fat high-cholesterol (HFHC) 
diet (42% fat, 44% carbohydrate, 14% protein, and 
0.2% cholesterol; TP26304; Trophic Diets, Nantong, 
China) for 16 weeks. A normal chow (NC) diet (4% 
fat, 78% carbohydrate, and 18% protein; D12450J; 
Research Diets) was used as a control. Ob/Ob mice 
were fed an NC diet for 8 weeks.

Cell lINeS
The human normal hepatocyte cell line L02 and 

HEK293T cells were purchased from the Type 
Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). All cell lines in our lab-
oratory were passaged no more than 30 times after 
resuscitation and were routinely tested for myco-
plasma contamination using PCR. The cells were 
cultured in standard medium comprising Dulbecco’s 
modified Eagle’s medium, 10% fetal bovine serum, 
and 1% penicillin–streptomycin and maintained in a 
humidified 5% CO2 atmosphere in a cell incubator 
at 37°C.

WeSteRN BlottINg aNalySIS
A total of 40-50 μg of protein was subjected to 

a 10% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis gel, transferred to a polyvinylidene 
difluoride membrane, and incubated with corre-
sponding primary antibodies overnight at 4°C.  
The indicated antibodies are listed in Supporting 
Table S1.

leNtIVIRUS VeCtoR 
CoNStRUCtIoN

Overexpression and knockdown plasmids were 
obtained to construct lenti-DUSP12 and shDUSP12 
virus, and green fluorescent protein and shRNA were 
used as controls. A kinase inactive mutant plasmid 
was obtained to construct lenti-dominant negative 
ASK1 viruses as described.(20) The lentiviruses were 
packaged using Opti-MEM reduced serum medium, 
pMD2.G, and overexpression plasmids, as well as 
polyethylenimine, and then used to infect 293T cells. 
Lentivirus supernatant was collected 48 hours later 
and used to infect L02 cells along with polybrene; 
then, the cells were selected with puromycin.

IN VITRO Cell MoDel oF lIpID 
aCCUMUlatIoN

Palmitic acid (PA) powder (P0500; Sigma-Aldrich) 
was dissolved in 0.01 M NaOH to make a stock solu-
tion. The PA stock solution was diluted by mixing 
the indicated culture medium with 25% bovine serum 
albumin (BSA; BAH66-0050; Equitech-Bio) to make 
a PA solution. Oleic acid (OA; O1008; Sigma) was 
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dissolved in 0.01 M NaOH to the indicated concen-
tration. For oil red O staining assays, PA and OA 
stock solutions with 25% BSA were mixed and diluted 
with medium to the final concentrations of PA/OA 
(0.5 mM/1 mM). The cells were then stained with 
60% oil red O (O1391; Sigma) working solution for 
10 minutes to examine the level of lipid accumulation. 
Intracellular triglyceride levels were measured using 
the commercially available Triglyceride Colorimetric 
Assay Kit (10010303; Cayman) according to the 
manufacturer’s protocol.

IMMUNoFlUoReSCeNCe 
StaININg

Paraffin sections were labeled with primary anti-
bodies (ab75476, 1:100; Abcam) overnight, followed 
by incubation with secondary antibody for 1 hour. 
Immunofluorescence images were obtained using a 
fluorescence microscope with DP2-BSW software.

MICe
DUSP12-CKO mice were obtained using clus-

tered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated 9 methods. The sec-
ond and third exons were flanked by loxP sites, and 
two single-guide RNAs (sgRNA1 and sgRNA2) 
targeting introns 1 and 3 were thus designed. The 
donor vector contained exons 2 and 3 flanked by 
two loxP sites. The PCR primers P1 to P5 used 
for identification are listed in Supporting Table 
S2. All products were confirmed by sequencing. 
Full-length mouse DUSP12 complementary DNA 
was cloned downstream of the albumin promoter. 
Hepatocyte-specific DUSP12-TG mice were then 
produced by microinjecting the albumin–DUSP12 
construct into fertilized mouse embryos (C57BL/6 
background). Transgenic mice were identified by 
PCR analysis of tail genomic DNA. Primers were 
designed for DUSP12 identification as follows: 5′- 
GGAACAGCTCCAGATGGCAA-3′ and 5′-GC- 
GACTGACTCCTGCATGAC-3′.

MoUSe eXpeRIMeNtS
Mouse body weight, fasting blood glucose levels, 

and fasting serum insulin levels were determined at 
different time points during the experiments. Fasting 

blood glucose and fasting serum insulin levels were 
assessed using a glucometer and enzyme-linked 
immunosorbent assays, respectively, after the mice 
were fasted for 6 hours. For glucose tolerance tests 
(GTTs), mice were injected intraperitoneally with  
1 g/kg glucose after a 6-hour fast, whereas for insulin 
tolerance tests (ITTs), 0.75 U/kg insulin was injected 
intraperitoneally after a 6-hour fast. Blood glucose 
concentrations in tail blood samples were detected 
using a glucometer at baseline and at 15, 30, 60, and 
120 minutes after injection.

HIStologICal aNalySIS
Liver sections were embedded in paraffin and 

stained with hematoxylin and eosin (H&E) to visual-
ize the morphology of the cells in the tissues. Oil red 
O staining of frozen liver sections was used to assess 
lipid droplet accumulation. Images were acquired with 
a light microscope (Olympus, Tokyo, Japan). Liver 
fibrosis was assessed by picrosirius red (26357-02; 
Hede Biotechnology Co., Ltd.) staining. A digital 
image analysis system (Image-Pro Plus, version 6.0) 
was used to examine the cross-sectional images of the 
fibrotic areas.

QUaNtItatIVe Rt-pCR
RT-PCR was performed with SYBR Green. 

mRNA levels were normalized to the corresponding 
β-actin expression levels. The primers used in this 
study are presented in Supporting Table S3.

MoUSe HepatIC lIpID aNalySeS
Triglyceride, total cholesterol (TC), and nonester-

ified fatty acid (NEFA) levels were measured using 
commercial kits (290-63701 for triglyceride assay, 
294-65801 for TC assay, 294-63601 for NEFA assay; 
Wako, Osaka, Japan).

lIVeR FUNCtIoN aSSay
Liver function was evaluated in the animals by 

determining serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) concentrations 
using an ADVIA 2400 Chemistry System analyzer 
(Siemens, Tarrytown, NY) according to the manufac-
turer’s instructions.
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plaSMID CoNStRUCtS
Full-length sequences for the human DUSP12 

coding region were subcloned into pcDNA5-Flag 
and phage-Flag vectors to generate the pcDNA5- 
Flag-DUSP12 and phage-Flag-DUSP12 recombinant 
plasmids. The DUSP12 and ASK1 coding region were 
cloned into a vector containing glutathione S-transferase 
(GST)-HA to obtain GST-HA-DUSP12 and GST-
HA-ASK1. DUSP12 truncations (1-169, 1-298, and 
170-340 amino acids) were obtained by PCR ampli-
fication. The products of the DUSP12 residues were 
digested with the corresponding enzyme and ligated 
into pcDNA5-Flag to obtain the corresponding plas-
mids. Similarly, pcDNA5-HA-ASK1, pcDNA5- 
Flag-ASK1, and HA-labeled ASK1 truncations 
(1-678, 1-384, 385-678, 679-936, and 937-1374 amino 
acids) were constructed. The primers used to generate 
these constructs are listed in Supporting Table S4.

IMMUNopReCIpItatIoN
HEK293T cells were cotransfected with the indi-

cated plasmids, and cell lysates were precleared with 
protein A/G-agarose beads and incubated overnight at 
4°C with the indicated antibody. Immunoprecipitated 
(IP) proteins were identified by immunoblotting.

gSt pReCIpItatIoN aSSayS
The direct interaction between DUSP12 and ASK1 

was determined using GST precipitation assays. 
Briefly, Rosetta (DE3) Escherichia coli cells were trans-
formed with the vector pGEX-4T-1-GST-DUSP12 
or pGEX-4T-1-GST-ASK1, and expression was 
induced using 0.5 mM isopropyl β-D-thiogalacto-
pyranoside. The E. coli were lysed, and the extracts 
were incubated with glutathione–Sepharose 4B beads 
at 4°C for 1 hour. The beads were then incubated 
with purified Flag-tagged ASK1, which was prepared 
through IP, for an additional 4 hours. Proteins that 
interacted were eluted with elution buffer (50 mM 
Tris-HCl [pH 8.0] and 20 mM reduced glutathione) 
and subjected to immunoblotting using anti-Flag 
antibodies. Extracts from E. coli expressing only a 
GST tag were used as the negative control.

StatIStICal aNalySIS
Unless otherwise noted, all data are presented as 

the means ± SEM. Statistical analysis of data with 

more than two groups was evaluated by one-way anal-
ysis of variance. Data from two groups were analyzed 
by two-tailed Student t test. P < 0.05 was defined as 
statistically significant.

aDDItIoNal MetHoDS
Detailed methods are provided in the Supporting 

Information.

Results
DUSp12 eXpReSSIoN IS  
DoWN-RegUlateD IN Fatty 
lIVeR

To examine the association between DUSP12 and 
fatty liver, we first evaluated the expression of DUSP12 
in obese mice. Eight-week-old mice were fed an HFD 
or NC for 24 weeks. The protein expression of DUSP12 
in the liver was down-regulated in HFD mice compared 
with control mice (Fig. 1A). As expected, DUSP12 was 
also decreased in the liver of Ob/Ob mice compared 
with lean mice (Fig. 1B). These data were further con-
firmed in the cultured normal human hepatocyte cell 
line L02 treated with 1% BSA or 0.5 mM PA and 1.0 
mM OA for 24 hours. DUSP12 protein expression was 
down-regulated in PA/OA-treated L02 cells (Fig. 1C). 
However, the mRNA level of DUSP12 was not changed 
either in vivo or in vitro, indicating a posttranslational 
modification of DUSP12 (Supporting Fig. S1). These 
results indicate that DUSP12 could play an important 
role in the pathogenesis of hepatic steatosis.

DUSp12 INHIBItS lIpID 
aCCUMUlatIoN aND 
INFlaMMatIoN aFteR pa/oa 
tReatMeNt IN VITRO

The down-regulation of DUSP12 expression in 
fatty liver prompted us to investigate the functional 
role of DUSP12 in lipid metabolism. DUSP12 was 
knocked down in L02 cells using siRNAs (Fig. 2A,B). 
Treatment with PA/OA further increased the num-
ber of lipid droplets in cells expressing low levels of 
DUSP12 compared with the control cells (Fig. 2C). 
Triglyceride levels were also significantly higher in 
the siDUSP12 groups (Fig. 2D). The mRNA levels of 
acetyl-coenzyme A carboxylase alpha (ACACα), fatty 
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acid synthase (FASN), stearoyl-coenzyme A desatu-
rase 1 (SCD-1), and peroxisome proliferator–activated 
nuclear receptor gamma (PPARγ) were then exam-
ined. The results showed that ACACα, FASN, SCD, 
and PPARγ mRNA expression was increased signifi-
cantly in siDUSP12-transfected cells compared with 
control cells after treatment with PA/OA (Fig. 2E). 
Additionally, the expression levels of IL-6 and TNF-α 
were increased in PA/OA-treated, siDUSP12-trans-
fected cells compared to controls (Fig. 2F).

Next, we investigated whether overexpression 
of DUSP12 could have an opposite effect on lipid 
metabolism and inflammation (Supporting Fig. 
S2A). The number of lipid droplets and triglycer-
ide levels sharply decreased in cells overexpressing 
DUSP12 compared with cells expressing the lentiviral 

vector alone upon treatment with PA/OA (Supporting  
Fig. S2B,C). Moreover, the mRNA levels of ACACα, 
FASN, SCD, and PPARγ were decreased significantly 
in the DUSP12-overexpressing cells (Supporting 
Fig. S2D). Consistently, IL-6 and TNFα expression 
were also decreased in the DUSP12-overexpressing 
cells (Supporting Fig. S2E). Taken together, these 
results demonstrate that DUSP12 protects against 
lipid accumulation and inflammation after PA/OA 
stimulation.

DeFICIeNCy oF DUSp12 
tRIggeRS HepatIC SteatoSIS

To clarify the effect of DUSP12 on hepatic ste-
atosis in vivo, we established DUSP12-CKO mice 

FIg. 1.  DUSP12 expression in the liver and in L02 cells. (A) Representative western blot of DUSP12 expression in liver samples of 
C57BL/6J mice that were fed an HFD or NC for 24 weeks (n = 6/group). (B) Representative protein expression of DUSP12 in the livers 
of lean and ob/ob mice (n = 6/group). (C) Protein expression of DUSP12 in the normal human hepatocyte cell line L02 treated with 
PA/OA (0.5/1.0 mM; n = 3 independent experiments). Quantification of protein expression levels was normalized to β-actin levels. 
Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01.
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FIg. 2.  DUSP12 reduces PA/OA-induced lipogenesis and inflammation in L02 cells. (A) Relative mRNA levels of DUSP12 were 
determined by real-time quantitative PCR. (B) DUSP12 protein expression levels were evaluated by western blotting. n = 3 independent 
experiments. (C) Representative oil red O staining and (D) relative intracellular triglyceride levels of L02 cells transfected with different 
siRNAs after treatment with PA/OA (0.5/1.0 mM), n = 3 independent experiments; bar, 50 μm. (E) Relative mRNA levels of lipid 
metabolism–related genes and (F) proinflammatory markers in L02 cells transfected with different siRNAs after treatment with  
PA/OA, n = 3 independent experiments. Data represent the mean ± SEM. **P < 0.01, ***P < 0.001. Abbreviation: TG, triglyceride.
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(Supporting Fig. S3A-C; Fig. 3A). Subsequently, 
DUSP12-CKO and littermate Flox mice were fed an 
HFD for 24 weeks. The results showed that, com-
pared to control mice, DUSP12-CKO mice showed 

no significant difference in body weight but had a 
higher liver weight after consuming an HFD for  
24 weeks (Fig. 3B,C). Liver sections stained with 
H&E and oil red O showed that the DUSP12-CKO 
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mice fed an HFD exhibited a remarkable increase 
in lipid accumulation compared to control littermate 
mice (Fig. 3D). DUSP12-CKO mice fed an HFD 
also showed increased levels of triglyceride, TC, and 
NEFA in the liver compared to controls (Fig. 3E-G). 
Furthermore, the mRNA levels of lipid metabolic 
genes, including the fatty acid synthesis genes SCD1, 
ACACα, and PPARγ and the fatty acid uptake gene 
cluster of differentiation 36 (CD36) were significantly 
increased in the liver of DUSP12-CKO mice, whereas 
the fatty acid β-oxidation genes PPARα and carni-
tine palmitoyltransferase 1a (CPT1a) were decreased  
(Fig. 3H). These data suggest that DUSP12 deficiency 
may contribute to HFD-induced hepatic steatosis.

DUSp12 DeFICIeNCy 
eXaCeRBateS HFD-INDUCeD 
HepatIC INSUlIN ReSIStaNCe 
aND INFlaMMatIoN

Next, we examined whether DUSP12 deficiency 
could exacerbate HFD-induced insulin resistance. 
DUSP12-CKO mice fed an HFD had consistently 
increased fasting glucose levels compared with their 
DUSP12-Flox counterparts (Fig. 4A). Additionally, 
glucose tolerance was increased and insulin sensi-
tivity was compromised in the DUSP12-CKO mice 
compared with the DUSP12-Flox mice, as shown by 
the GTTs and ITTs, respectively (Fig. 4B,C). Plasma 
insulin levels were increased in DUSP12-CKO mice 
compared with their counterparts at the end of 24 
weeks of HFD feeding (Fig. 4D). The mRNA levels of 
genes related to gluconeogenesis, phosphoenolpyruvate 
carboxykinase (PCK1) and glucose-6-phosphatase 
(G6PC), were also significantly higher in DUSP12-
CKO mice (Fig. 4E).

Because inappropriate NF-κB pathway activation 
and inflammation increase the likelihood of hepatic 
steatosis progression to cirrhosis and liver damage,(21) 

we examined whether NF-κB signaling is regulated 
by DUSP12 during HFD-induced hepatic steatosis. 
Activation of inhibitor of kappa light polypeptide 
gene enhancer in B cells (IKBα) was significantly 
decreased, while phosphorylation levels of IKKβ and 
P65 were significantly enhanced in DUSP12-CKO 
mice compared with DUSP12-Flox mice (Fig. 4F). 
Moreover, the mRNA levels of proinflammatory 
cytokines (TNF-α, IL-6) and chemokine (C-C 
motif ) ligand 2 (CCL2) were significantly higher, 
while the anti-inflammatory cytokine IL-10 was 
significantly lower in DUSP12-CKO mice (Fig. 
4G). Quantification of serum ALT and AST levels 
in mice confirmed that DUSP12-CKO mice were 
sensitive to HFD-induced liver injury (Fig. 4H,I). 
Collectively, these data revealed that DUSP12 defi-
ciency promotes IR and inflammation after HFD 
treatment.

DUSp12 oVeReXpReSSIoN 
ReDUCeS HFD-INDUCeD 
HepatIC SteatoSIS, IR, aND 
INFlaMMatIoN

To determine whether DUSP12 overexpression 
could reduce HFD-induced hepatic steatosis, we 
also generated hepatocyte-specific DUSP12-TG 
mice (Supporting Fig. S4A). Body weight showed 
no significant change (Supporting Fig. S4B), but 
liver weight and hepatic lipogenesis were decreased 
in DUSP12-TG mice fed an HFD compared with 
DUSP12-NTG controls (Fig. 5A-C). Furthermore, 
the mRNA levels of SCD1, ACACα, PPARγ, and 
CD36 were significantly decreased; but the mRNA 
levels of PPARα and CPT1a were increased in 
DUSP12-TG mouse liver (Fig. 5D). Fasting blood 
glucose, GTT, ITT, and fasting insulin levels were also 
significantly decreased in DUSP12-TG mice com-
pared with their counterparts (Fig. 5E-G; Supporting 

FIg. 3.  Deficiency of DUSP12 aggravates hepatic steatosis. (A) Representative blot of DUSP12 expression in liver samples from 
DUSP12-Flox and DUSP12-CKO mice (n = 3). (B) Body weight and (C) liver weight of DUSP12-CKO mice and their littermate 
controls fed for 24 weeks with NC or an HFD (n = 10). For (B), **P < 0.01, ***P < 0.001 Flox-HFD versus Flox-NC group. (D) Images 
of H&E and oil red O staining of liver tissues from Flox and DUSP12-CKO mice fed an HFD for 24 weeks (n = 6/group). Scale bar, 
100 μm. NAFLD activity score of the Flox and DUSP12-CKO mice fed an HFD for 24 weeks (n = 6 for each group). (E) Triglyceride, 
(F) TC, and (G) NEFA levels in the livers of Flox and DUSP12-CKO mice at the end of 24 weeks of HFD feeding (n = 10 mice for 
each group). (H) Relative mRNA levels of lipid metabolic genes, including lipogenesis genes and oxidation-related genes, in Flox and 
DUSP12-CKO mice fed an HFD for 24 weeks (n = 4/group). The mRNA and protein expression levels of the genes were normalized 
to that of β-actin. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: NAS, NAFLD activity score; 
TG, triglyceride.
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Fig. S4C). Furthermore, we also examined levels of 
gluconeogenesis-related genes, PCK1 and G6PC, 
which were significantly decreased in DUSP12-TG 
mouse liver (Supporting Fig. S4D). Phosphorylation 
of IKBα was significantly increased, while phos-
phorylation levels of IKKβ and P65 were signifi-
cantly decreased in DUSP12-TG compared with 
nontransgenic (NTG) mice fed an HFD (Fig. 5H). 
Furthermore, the mRNA levels of TNF-α, IL-6, 
and CCL2 were also significantly lower, while 
IL-10 mRNA levels were higher in DUSP12-TG 
mice fed an HFD than in DUSP12-NTG mice 
(Fig. 5I). Similarly, our data showed that serum lev-
els of ALT and AST were significantly decreased 
in DUSP12-TG mice fed an HFD compared with 
NTG mice (Supporting Fig. S4E,F). These data 
suggest a protective effect of DUSP12-TG on mice 
with HFD-induced hepatic steatosis.

DUSp12 DeFICIeNCy aggRaVateS 
HFHC DIet–INDUCeD lIVeR 
FIBRoSIS aND INFlaMMatIoN

To determine whether DUSP12 deficiency could 
promote liver inflammation and fibrosis in NASH, 
we established a NASH model using an HFHC diet 
in mice.(22) Like the HFD-induced response, body 
weight was similar, while liver weight was significantly 
increased in DUSP12-CKO mice compared with 
control mice (Fig. 6A,B). Hepatic lipid accumulation 
(Fig. 6C) and triglyceride and TC levels (Fig. 6D,E) 
were also significantly higher in DUSP12-CKO mice. 
Consistent with this finding, the mRNA levels of 
genes involved in fatty acid synthesis, such as SCD1, 
CD36, and PPARγ, were all significantly greater in 
DUSP12-CKO mouse liver than in control mouse 
liver, while PPARα significantly decreased (Fig. 6F). 

Moreover, the DUSP12-CKO mice showed higher 
fasting blood glucose (Fig. 6G) and impaired glucose 
resistance (Fig. 6H) and insulin sensitivity (Fig. 6I). In 
addition, immunofluorescence staining showed that 
the number of inflammatory cells infiltrating the liver 
of DUSP12-CKO mice was significantly greater than 
that of the control group (Fig. 6J). These findings were 
further corroborated by data showing higher mRNA 
levels of inflammatory markers and lower mRNA levels 
of anti-inflammatory markers in DUSP12-CKO mice 
fed an HFHC diet compared to controls (Fig. 6K). 
Notably, collagen deposition and mRNA levels of 
profibrotic genes were all significantly greater in the 
liver of DUSP12-CKO mice than in the liver of 
control mice fed an HFHC diet (Fig. 6L,M). These 
data show that DUSP12 deficiency is responsible for 
HFHC-induced liver inflammation and fibrosis.

DUSp12 RegUlateS p38 aND JNK 
SIgNalINg patHWayS tHRoUgH 
aSK1 pHoSpHoRylatIoN

Subsequently, we investigated the mechanisms by 
which DUSP12 inhibits the progression of NAFLD/
NASH. Considering that DUSP12 could regulate 
microbial infection and cardiac hypertrophy through 
modulating MAPK signaling,(18) MAPK pathways 
are well known to regulate metabolic dysfunction 
and hepatic steatosis during the pathogenesis of 
NAFLD.(23) Thus, we examined whether DUSP12 
could regulate MAPK signaling in hepatic steato-
sis. Phosphorylation of JNK and p38 was increased 
in liver samples of DUSP12-CKO mice compared 
with DUSP12-Flox mice fed an HFD (Supporting 
Fig. S5A). In contrast, phosphorylation of JNK and 
p38 was decreased in DUSP12-TG mice compared 
with DUSP12-NTG mice (Supporting Fig. S5B). 

FIg. 4.  DUSP12 deficiency exacerbates HFD-induced hepatic insulin resistance and inflammation. (A) Fasting blood glucose levels 
were measured in DUSP12-Flox and DUSP12-CKO mice fed either NC or an HFD every 4 weeks from 0 to 24 weeks (n = 10/group). 
(B,C) GTTs (B) and ITTs (C) were performed on DUSP12-CKO and Flox mice after NC or HFD feeding for 22 weeks and 23 weeks, 
respectively (for each test, n = 10/group). For (A-C), *P < 0.05, ***P < 0.001 indicates DUSP12-Flox-HFD versus DUSP12-Flox-NC; 
##P < 0.01, ###P < 0.001 indicate DUSP12-CKO-HFD versus DUSP12-Flox-HFD. (D) Fasting serum insulin levels were measured 
in DUSP12-Flox and DUSP12-CKO mice fed either NC or an HFD at 0 and 24 weeks (n = 10/group). (E) Real-time quantitative 
PCR analysis of the relative mRNA levels of PCK1 and G6PC in the livers of the indicated groups (n = 4/group). (F) Phosphorylated 
and total levels of IKBα and IKKβ/P65 in liver tissues from HFD-fed DUSP12-KO and DUSP12-Flox mice were determined by 
western blotting. Target protein expression levels were normalized to the levels of β-actin (n = 6/group). (G) The mRNA levels of 
proinflammatory cytokines (TNF-α, IL-6), the chemokine CCL2, and the anti-inflammatory cytokine IL-10 were tested by real-time 
quantitative PCR in DUSP12-KO and DUSP12-Flox mice (n = 4/group). (H) ALT and (I) AST in serum were examined in Flox and 
DUSP12-CKO mice fed an HFD (n = 10/group). All data represent the mean ± SEM. For D-I, *P < 0.05, **P < 0.01, ***P < 0.001.
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However, extracellular signal–regulated kinase phos-
phorylation was not affected by DUSP12 modulation 
(Supporting Fig. S5A,B).

To determine possible upstream molecules that 
mediate the activation of JNK and p38, we examined 
the activation of several signaling molecules, including 
TANK-binding kinase (TBK), ASK1, and MAPK 
kinase 4/7 (MKK4/7). The results showed that phos-
phorylation of ASK1 and MKK4/7, but not TBK1, 
was significantly elevated in DUSP12-CKO mice but 
down-regulated in DUSP12-TG mice (Supporting 
Fig. S5C,D). Taken together, our findings suggest that 
the ASK1–MKK4/7–p38/JNK signaling pathway is 
regulated by DUSP12 during hepatic steatosis and 
related metabolic disorders.

Next, we investigated how DUSP12 regulates the 
activation of ASK1. To verify the effect of DUSP12 
on ASK1 signaling in vitro, we tested the protein 
expression of Flag-DUSP12 and the phosphory-
lation of ASK1 signaling pathways, and the results 
showed that DUSP12 inhibited the phosphory-
lation of ASK1 signaling pathways after PA/OA 
treatment (Fig. 7A). We performed a series of IP 
experiments using the HEK293T cell line. IP exper-
iments demonstrated that DUSP12 coimmunopre-
cipitated with ASK1 and vice versa (Fig. 7B,C). A 
GST-tagged DUSP12 efficiently pulled down ASK1 
and vice versa (Fig. 7D,E). These results suggest 
that DUSP12 works directly with ASK1. Next, we 
created serially truncated forms of DUSP12 and 
ASK1 and performed co-IP assays to identify which 
regions of DUSP12 and ASK1 mediate the interac-
tion. The mapping results showed that the domain 
encompassing amino acids 1-384 on ASK1 bound 
to the domain encompassing amino acids 1-169 on 
DUSP12 (Fig. 7F,G).

aSK1 MeDIateD tHe eFFeCt oF 
DUSp12 oN HepatIC SteatoSIS 
oF lIpID MetaBolISM 
MaCHINeRy

To further evaluate whether the effect of DUSP12 
on the regulation of ASK1 signaling was dependent 
on its phosphatase activity, we obtained an inactivat-
ing mutant containing a point mutation in the cata-
lytic site of DUSP12 (DUSP12-C115S). The results 
showed that DUSP12-C115S lost its interaction with 
ASK1 (Fig. 8A) and that DUSP12-C115S showed 
no inhibitory effect on ASK1 activation (Fig. 8B).

To further address the role of the DUSP12–ASK1 
pathway in lipid accumulation, we blocked ASK1 
activity in L02 cells expressing either control or 
DUSP12 short hairpin RNA (Fig. 8C). We found 
that the hyperactivation of p38 and JNK phosphor-
ylation that resulted from DUSP12 knockdown was 
inhibited by ASK1 activity inhibition (Fig. 8D). Lipid 
accumulation potentiated by DUSP12 knockdown was 
also completely inhibited by ASK1 activity inhibition 
(Fig. 8E,F). Moreover, blocking ASK1 activity sup-
pressed the up-regulated mRNA expression of lipid 
metabolism and inflammatory markers in DUSP12 
knockdown cells (Fig. 8G,H). These findings present 
evidence that the DUSP12–ASK1 pathway is directly 
involved in the regulation of lipid metabolism, which 
could play a role in hepatic steatosis regulated by 
DUSP12.

Discussion
NAFLD prevalence has increased, and over the next 

10 years NAFLD is expected to be the leading cause 

FIg. 5.  DUSP12 inhibits HFD-induced lipid content and hepatic glucose metabolism. (A) Liver weight in DUSP12-TG or NTG 
mice fed an HFD or NC for 24 weeks (n = 10/group). (B) Representative H&E and oil red O staining of liver sections obtained 
from DUSP12-TG and NTG mice after 24 weeks of HFD feeding (n = 6/group). Scale bar, 100 μm. The NAFLD activity score of 
DUSP12-TG and NTG mice fed an HFD for 24 weeks (n = 6/group). (C) Triglyceride, TC, and NEFA levels in DUSP12-TG or 
NTG mice fed an HFD or NC for 24 weeks (n = 10/group). (D) Relative mRNA levels of lipogenesis-related genes were tested by 
real-time quantitative PCR (n = 4/group). (E) Fasting blood glucose levels were measured in NTG and DUSP12-TG mice fed either 
NC or an HFD every 4 weeks from 0 to 24 weeks (n = 10/group). (F,G) GTTs (F) and ITTs (G) were performed on DUSP12-TG 
and NTG mice after NC or HFD feeding for 22 weeks and 23 weeks, respectively (n = 10 in each group). For (E-G), ***P < 0.001 
indicates DUSP12-NTG-HFD versus DUSP12-NTG-NC; #P < 0.05, ##P < 0.01, ###P < 0.001 indicate DUSP12-TG-HFD versus 
DUSP12-NTG-HFD. (H) Phosphorylated and total levels of IKBα/IKKβ/P65 in the livers from HFD-fed TG and NTG mice were 
determined by western blotting. Target protein expression levels were normalized to the levels of β-actin (n = 6/group). (I) Relative 
mRNA levels of TNF-α, IL-6, CCL2, and IL-10 were examined in DUSP12-TG and DUSP12-NTG mice after HFD feeding  
(n = 4/group). All data represent the mean ± SEM. For (A-D, H, I), *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: NAS, NAFLD 
activity score; TG, triglyceride (C).
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of liver pathology in the Western world; NAFLD can 
progress to liver failure and, consequently, the need 
for liver transplantation.(24) NAFLD is recognized as 
the predominant form of chronic liver disease asso-
ciated with MS, which includes hypertension, type 2 
diabetes mellitus (T2DM), obesity, and hyperlipid-
emia.(25-27) While NAFLD is mostly benign, chronic 
liver inflammation in NASH may cause progression 
to fibrosis and hepatocellular carcinoma. Currently, 
the need for a better understanding of the reasons that 
drive the progression from NAFLD to NASH and 
how to use this information both to improve diag-
nosis and to develop treatment strategies is extremely 
urgent.(28) Intriguingly, our findings identify a function 
of DUSP12 in regulating lipid metabolism. DUSP12 
deficiency aggravated HFD-induced IR and hepatic 
steatosis and accelerated HFHC diet–induced inflam-
matory responses and liver fibrosis. Furthermore, 
ASK1 activity was essential for DUSP12 deficiency–
mediated prevention of HD-induced fatty liver and 
hepatic steatosis. These observations present evi-
dence that the DUSP12–ASK1 pathway is positively 
involved in the regulation of NAFLD and NASH and 
underline DUSP12 as an essential molecular switch 
regulating lipid metabolism.

DUSP12 is an atypical DUSP that is highly con-
served among mammalian species.(29) Recent studies 
have revealed that DUSP12 acts as a neuroblastoma 
susceptibility gene, with particular relevance for those 
at low risk for malignant progression and death from 
disease.(30) Moreover, DUSP12 could increase the 
c-met proto-oncogene and the collagen and lami-
nin receptor integrin alpha 1, which is implicated in 
metastasis.(29) While an increasing number of studies 
have focused on the role of DUSP12 in regulating 

multiple critical signaling pathways, the potential 
role of DUSP12 in the liver, especially in NAFLD, 
remains uncharacterized. In contrast, our study using 
DUSP12-CKO mice revealed a hepatic steatosis resis-
tance phenotype under HFD conditions. Furthermore, 
DUSP12-CKO mice fed an HFD also showed an 
increase in liver weight as well as increased triglycer-
ide, TC, and NEFA levels. Additionally, DUSP12 
deficiency exacerbates HFD-induced hepatic IR 
and inflammation. Further study on the correlations 
between DUSP12 and hepatic steatosis may provide 
guidance for the treatment of certain types of meta-
bolic disease.

NAFLD is characterized by an accumulation of 
intrahepatic lipids. Lipotoxicity is emerging when 
the hepatic capability to use, store, and output free 
fatty acids as triglycerides is surpassed by free fatty 
acid flux or liver de novo lipogenesis,(31) thus trig-
gering hepatocyte death, inflammation, and fibro-
sis.(32) Interestingly, our study demonstrates that the 
liver sections of DUSP12-CKO mice fed an HFD 
exhibited a remarkable increase in lipid accumula-
tion as evidenced by staining with H&E and oil red 
O. Consistently, the mRNA levels of lipid metabolic 
genes, including the fatty acid synthesis genes SCD1, 
ACACα, and PPARγ and the fatty acid uptake 
gene CD36, were significantly increased in the liver  
of DUSP12-CKO mice, whereas the fatty acid  
β-oxidation genes PPARα and CPT1a were decreased. 
These data suggest that DUSP12 deficiency contrib-
utes to HFD-induced hepatic steatosis.

ASK1 is a MAPK kinase kinase that was identified 
as an activator of the MKK4/7–JNK and MKK3/6–
p38 pathways, resulting in apoptosis.(33,34) Recently, 
a large number of studies have indicated a critically 

FIg. 6.  DUSP12 deficiency aggravates HFHC-induced liver fibrosis and inflammation. (A) Body weight and (B) liver weight in 
DUSP12-Flox or DUSP12-CKO mice fed an HFHC for 16 weeks (n = 10/group). (C) Representative H&E staining of liver sections 
obtained from Flox or DUSP12-CKO mice after 16 weeks of HFHC feeding (n = 6/group). Scale bar, 100 μm. The NAFLD activity 
score of Flox or DUSP12-CKO mice after 16 weeks of HFHC feeding (n = 6/group). (D) Triglyceride and (E) TC levels in Flox or 
DUSP12-CKO mice fed an HFHC for 16 weeks (n = 10/group). (F) Relative mRNA levels of lipogenesis-related genes SCD1, CD36, 
PPARγ, and PPARα were tested by real-time quantitative PCR (n = 4/group). (G) Fasting blood glucose levels were measured in 
DUSP12-Flox or DUSP12-CKO mice fed an HFHC every 4 weeks from 0 to 16 weeks (n = 10 in each group). (H,I) GTT (H) and 
ITT (I) were performed on DUSP12-Flox and DUSP12-CKO mice after HFHC feeding for 14 weeks and 15 weeks, respectively 
(for each test, n = 10/group). (J) Representative images showing immunofluorescence staining for CD11b in the livers of the indicated 
mice fed an HFHC for 16 weeks. Nuclei were labeled with 4′,6-diamidino-2-phenylindole (blue) (n = 4 mice/group). Scale bar,  
25 µm. (K) Relative mRNA levels of cytokines in DUSP12-Flox and DUSP12-CKO mice after HFHC feeding (n = 4 mice/group). 
(L) Representative picrosirius red staining of liver sections from DUSP12-Flox and DUSP12-CKO mice after HFHC diet for  
16 weeks (n = 6 mice/group). (M) mRNA levels of profibrotic genes in livers from mice in the indicated groups (n = 4 mice/group). 
mRNA expression of target genes was normalized to that of β-actin. All data represent the mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. Abbreviations: NAS, NAFLD activity score; PSR, picrosirius red; TG, triglyceride.
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FIg. 7.  DUSP12 directly binds to ASK1 and inhibits its phosphorylation. (A) Activation of the ASK1 signaling pathway was measured 
in L02 cells transfected with Flag-DUSP12 at different times with 0.5 mM PA (n = 3 independent experiments). (B,C) 293T cells were 
transiently transfected with Flag-DUSP12 and HA-ASK1, and western blotting was used to detect the interaction between DUSP12 
and ASK1. (D,E) GST precipitation assays showing direct DUSP12–ASK1 binding. Purified GST was used as a control. (F,G) The 
binding domains of DUSP12 and ASK1 were explored using full-length and truncated DUSP12 and ASK1 expression constructs 
and co-IP assays followed by western blotting. Abbreviations: ERK, extracellular signal-regulated kinase; FL, full-length; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase.

FIg. 8.  ASK1 contributes to DUSP12-regulated lipogenesis and inflammation. (A) The interaction of DUSP12(WT), DUSP12 
(C115S), and ASK1 in 293T cells. Cell lysates were precleaned and then subjected to IP with anti-Flag. The bound DUSP12 was 
determined by western blotting using anti-Flag antibodies. (B) Protein levels of phosphorylated and total ASK1, JNK and P38 
were tested by western blotting in L02 cells that were transfected with DUSP12 and DUSP12 (C115S). (C) Protein levels of ASK1 
and DUSP12 in L02 cells infected with different lentiviruses. (D) MAPK signaling activation was measured from the total and 
phosphorylated JNK and P38 levels in L02 cells in specific groups. Protein expression was normalized to that of β-actin. (E,F) 
Representative oil red O staining (E) and relative intracellular triglyceride levels (F) of L02 cells infected with the indicated lentivirus 
followed by PA/OA stimulation (n = 10). (G,H) mRNA levels of lipogenesis-related genes (G) and proinflammatory genes (H) in 
the indicated groups. mRNA expression of target genes was normalized to that of β-actin. All data represent the mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: dn, dominant negative; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; sh, 
short hairpin; TG, triglyceride.
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exacerbated role of ASK1 activation in the progression 
of NAFLD and NASH.(35-37) Importantly, hyperac-
tivated ASK1 was detected in human subjects with 
NASH, which further supports the potential clinical 
use of ASK1 as a therapeutic target for NASH. In 
our study, we found that ASK1 activity was increased 
in the livers of DUSP12-CKO mice, whereas it was 
decreased in the livers of DUSP12-TG mice. More 
importantly, DUSP12 can directly interact with 
ASK1 and inhibit its activation, and blocking ASK1 
activity abolished the effect of DUSP12 on hepatic 
steatosis, IR, and inflammation. Taken together, our 
results demonstrate that DUSP12 is a potential target 

for the treatment of NASH for its direct regulation of 
ASK1 activity.

ASK1 aggravates NASH progression primarily 
through its downstream targeting of JNK1. Studies 
have shown that JNK1 exacerbates NASH progres-
sion by reducing insulin sensitivity, impairing lipid 
homeostasis, and inducing inflammation simulta-
neously through its downstream factors.(38) JNK1 is 
markedly involved in lipid metabolism by regulating 
PPARα target genes(39,40) and promotes IR and glu-
cose increase by accelerating insulin receptor sub-
strate 1 serine phosphorylation.(41,42) Furthermore, a 
hyperactivated inflammatory answer can be triggered 

FIg. 8. Continued.
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by JNK through its downstream factors c-Jun and 
c-Fos, both of which bind to promoters of proinflam-
matory chemokines and cytokines.(43,44) Functionally, 
DUSP12 exerts its function in NAFLD/NASH by 
inhibiting lipid metabolic dysfunction while decreas-
ing inflammation and improving IR by blocking the 
activation of ASK1 and the subsequent JNK1 pathway.

In summary, the present study establishes the 
molecular crosstalk between DUSP12 and ASK1 in 
the regulation of lipid metabolism and the progression 
of NAFLD. Approaches that improve lipid metabo-
lism by manipulating a more distal molecule, such as 
increasing DUSP12 expression and activity, might 
rebalance lipid uptake and improve insulin sensitiv-
ity, thus making DUSP12 an attractive drug target 
for metabolic disorders such as liver steatosis, T2DM, 
myocardiopathy, and lipogenesis-related diseases.
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