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Dual-Specificity Phosphatase 26 Protects 
Against Nonalcoholic Fatty Liver 
Disease in Mice Through Transforming 
Growth Factor Beta–Activated Kinase 1 
Suppression
Ping Ye,1* Jijun Liu,1* Wuping Xu,3* Denghai Liu,4 Xiangchao Ding,2 Sheng Le,2 Hao Zhang,2 Shanshan Chen,2 Manhua Chen,1 and 
Jiahong Xia2

Nonalcoholic fatty liver disease (NAFLD), which has a wide global distribution, includes different stages ranging 
from simple steatosis to nonalcoholic steatohepatitis, advanced fibrosis, and liver cirrhosis according to the degree of 
severity. Chronic low-grade inf lammation, insulin resistance, and lipid accumulation are the leading causes of 
NAFLD. To date, no effective medicine for NAFLD has been approved by governmental agencies. Our study dem-
onstrated that the expression of dual-specificity phosphatase 26 (Dusp26), a member of the Dusp protein family, was 
decreased in the liver tissue of mice with hepatic steatosis and genetically obese (ob/ob) mice. In our study, hepatic 
steatosis, inf lammatory responses, and insulin resistance were exacerbated in liver-specific Dusp26-knockout (KO) 
mice but ameliorated in liver-specific Dusp26-transgenic mice induced by a high-fat diet. In addition, the degree of 
liver fibrosis was aggravated in high-fat high-cholesterol diet–induced Dusp26-KO mice. We further found that the 
binding of Dusp26 to transforming growth factor beta–activated kinase 1 (TAK1) to block the phosphorylation of 
TAK1 regulated the TAK1–p38/c-Jun NH2-terminal kinase signaling axis to alleviate hepatic steatosis and meta-
bolic disturbance. Conclusion: These findings suggest that Dusp26 is a good TAK1-dependent therapeutic target for 
NAFLD. (Hepatology 2019;69:1946-1964).

Nonalcoholic fatty liver disease (NAFLD) 
caused by liver lipid deposition involves pro-
gressive steatosis. The progression of steatosis 

in NAFLD is usually accompanied by hepatitis, fibro-
sis, cirrhosis, and even hepatocellular carcinoma. 
NAFLD includes nonalcoholic fatty liver (NAFL) 

Abbreviations: Acaca, acetyl-coenzyme A carboxylase 1; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Ca, constitutively 
active; Ccl2, chemokine (C-C motif) ligand 2; Cxcl10, chemokine (C-X-C motif) ligand 10; Dusp26, dual-specificity phosphatase 26; ERK, 
extracellular signal–regulated kinase; FASN, fatty acid synthase; GFP, green fluorescent protein; G6PC, glucose 6-phosphate catalytic subunit; 
GSK3β, glycogen synthase kinase 3 beta; GST, glutathione S-transferase; GTT, glucose tolerance test; HA, hemagglutinin; H&E, hematoxylin 
and eosin; HFD, high-fat diet; HFHC, high-fat, high-cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; IL, interleukin; 
IP, immunoprecipitation; IRS1, insulin receptor substrate 1; ITT, insulin tolerance test; JNK, c-Jun NH2-terminal kinase; KO, knockout; lenti, 
lentiviral; LW/BW, liver weight-to-body weight ratio; MAPK, mitogen-activated protein kinase; MEK, MAP kinase-ERK kinase; MKK, 
putative mitogen activated protein kinase; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NCD, normal chow 
diet; NEFA, nonesterified fatty acid; NF-κB, nuclear factor kappa B; NTG, nontransgenic; PA, palmitic acid; PCK1, phosphoenolpyruvate 
carboxykinase 1; PPARα, peroxisome proliferator–activated receptor alpha; TAK1, transforming growth factor beta–activated kinase 1; TBK1, 
TANK-binding kinase 1; TC, total cholesterol; TG, triglyceride; TNF, tumor necrosis factor; WT, wild type.

Received August 18, 2018; accepted December 12, 2018.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep.30485/suppinfo.
*These authors contributed equally to this work.
Supported by grants from the National Natural Science Foundation of China (81730015, 81470482, and 81600186).
© 2018 The Authors. Hepatology published by Wiley Periodicals, Inc. on behalf of American Association for the Study of Liver Diseases. 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

mailto:
http://onlinelibrary.wiley.com/doi/10.1002/hep.30485/suppinfo
http://creativecommons.org/licenses/by-nc/4.0/


Hepatology, Vol. 69, No. 5, 2019 ye et al.

1947

and nonalcoholic steatohepatitis (NASH). NAFL is 
characterized by steatosis of the liver without hepato-
cyte injury, and NASH is characterized by hepatocyte 
injury against a background of steatosis in the process 
of necroinflammation.(1-3) In the twenty-first century, 
NAFLD has become a prevalent disease that affects 
approximately 1 billion individuals worldwide.(4) It is 
estimated that NAFLD is to be the main reason for 
liver failure in the next decade. A series of metabolic 
risk factors including insulin resistance, dyslipid-
emia, and obesity may be associated with NAFLD.(5) 
However, the specific mechanism and effective ther-
apeutic method remain unclear.(5,6)

Dual-specificity phosphatases (DUSPs) play a key 
role in the cellular signaling pathways that regulate the 
growth, differentiation, and apoptosis of cells by means 
of dephosphorylating both phosphoserine/threonine 
and phosphotyrosine on their substrates.(7,8) Many 
scientists have demonstrated that several members of 
the DUSP protein family play potential roles in obe-
sity-associated inflammation or insulin resistance.(9-11) 
Dusp9, a member of the DUSP protein family, was 
down-regulated in the mitogen-activated protein 
kinase (MAPK) pathway to regulate differentiation, 
proliferation, and apoptosis through a series of cellular 
responses. Dusp26 was reported to inhibit the phos-
phorylation of p38 to block p38-mediated apoptosis 
in some types of tumor cells.(12-14) We hypothesized 

that Dusp26 may play a critical role in the lipid accu-
mulation and obesity-associated inflammation in liver 
cells during the progression of different stages of 
NAFLD. In our study, the expression of Dusp26 was 
dramatically decreased in the liver tissue of high-fat 
died (HFD)–induced mice. Conditional liver-specific 
Dusp26-knockout (KO) mice and Dusp26-transgenic 
mice were used to clarify how Dusp26 affects NAFLD 
in mice under the pathological conditions associated 
with obesity.

Materials and Methods
aNIMal lIVeR SaMpleS

Adult male mice (C57BL/6), 8-10 weeks of age 
(17-27 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 different weeks and a high-fat, high-cholesterol 
(HFHC) diet (42% fat, 44% carbohydrate, 14% pro-
tein, and 0.2% cholesterol; TP26304; Trophic Diets, 
Nantong, China) for 16 weeks, with a normal chow 
diet (NCD; 4% fat, 78% carbohydrate, and 18% pro-
tein; D12450J; Research Diets) for control. Ob/ob 
mice were fed the NCD for 8 weeks.(14) The animals 
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were bred and maintained in a specific pathogen-free 
barrier facility at Tongji Medical College (Wuhan, 
China). All animal experiments were approved by 
the Institutional Animal Care and Use Committee of 
Tongji Medical College.

WeSteRN Blot
Total protein was isolated from tissues or cells. Protein 

(40-50 μg) was subjected to a 10% sodium dodecyl  
sulfate–polyacrylamide gel electrophoresis gel, transferred 
to a polyvinylidene difluoride membrane, and incubated 
with corresponding primary antibodies (Supporting 
Table S1) overnight at 4°C then incubation with  
peroxidase-conjugated secondary antibodies ( Jackson 
ImmunoResearch Laboratories; 1:10,000 dilution).

HIStologICal aNalySIS 
aND IMMUNoFlUoReSCeNCe 
StaININg

Oil red O staining and hematoxylin and eosin 
(H&E) staining were performed on frozen and par-
affin-embedded liver sections, respectively. Periodic 
acid–Schiff staining was performed to detect glyco-
gen, as reported.(15) Histological fibrosis was examined 
by sirius red and alpha-smooth muscle actin staining. 
To calculate the NAFLD activity score, H&E images 
(×20) were analyzed by a trained hepatopathologist 
who was blinded to the identity of the samples accord-
ing to criteria described by Kleiner et al.(16) The expres-
sion and localization of Dusp26 were investigated by 
immunofluorescence. Rabbit antimouse-Cd11b anti-
body (ab75476, 1:100; Abcam) was used to stain infil-
trated inflammatory cells in liver sections.

Cell lINeS
The human normal hepatocyte cell lines L02 and 

HEK293T were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences, 
Shanghai, China. All cell lines in our laboratory were 
passaged no more than 30 times after resuscitation and 
routinely tested for mycoplasma contamination using 
PCR. Cells were cultured in standard medium com-
prised of Dulbecco’s modified Eagle’s medium, 10% 
fetal bovine serum, and 1% penicillin– streptomycin 
and placed in 5% CO2 under a water-saturated atmo-
sphere in a cell incubator at 37°C.

leNtIVIRUS VeCtoR 
CoNStRUCtIoN

An overexpression plasmid was obtained to con-
struct lentiviral (lenti) DUSP26 virus, and lenti-green 
fluorescent protein (GFP) was used as control. A con-
stitutively active (Ca) mutant plasmid was obtained to 
construct lenti-Ca transforming growth factor beta–
activated kinase 1 (TAK1) viruses, as described.(17) 
The lentivirus was packaged using the opti-
memori reduced serum medium, pMD2.G, and over-
expression plasmids, as well as Polyethyleneimine, and 
then used to infect 293T cells. Lentivirus supernatant 
was collected 48 hours later, used to infect L02 cells 
with polymebrene, and then selected by puromycin.

IN VITRO Cell MoDel oF lIpID 
aCCUMUlatIoN

For the oil-red O staining assay, palmitic acid (PA) 
and oleic acid stock solution together with 25% bovine 
serum albumin were mixed and diluted by medium 
to the indicated concentration. The cells were then 
stained with 60% oil red O (O1391; Sigma) work-
ing solution for 10 minutes to examine the amount 
of lipid accumulation. Intracellular triglyceride (TG) 
levels were measured using the commercially avail-
able Triglyceride Colorimetric Assay Kit (10010303; 
Cayman) according to the manufacturer’s protocol.

QUaNtItatIVe Real-tIMe pCR
Total mRNA was extracted from tissues and cul-

tured and converted to complementary DNA (cDNA). 
Quantitative real-time PCR amplification was per-
formed with SYBR Green (04887352001; Roche). 
The mRNA expression levels of related gene expres-
sion were normalized against corresponding β-actin 
expression. The primers used for real-time PCR in 
this study are presented in Supporting Table S2.

MICe
DUSP26 flox/flox mice were created using the clus-

tered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated 9 methods,(15) which 
were then crossed with albumin–cyclization recombi-
nation (Cre) mice ( Jackson Laboratory, Bar Harbor, 
ME) to obtain hepatocyte DUSP26-specific KO 
mice. Full-length DUSP26 cDNA were inserted after 
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CAG-loxp-CAT-loxp cassettes, which were microin-
jected into fertilized embryos (C57BL/6J background) 
to generate conditional hepatocyte-specific DUSP26 
overexpressing mice. Founder mice were crossed with 
albumin-Cre mice ( Jackson Laboratory; 005650) to 
obtain hepatocyte-specific DUSP26-transgenic mice.

MoUSe eXpeRIMeNtS
Body weight, fasting blood glucose levels, fasting 

serum insulin levels, homeostatic model assessment of 
insulin resistance (HOMA-IR) values, glucose toler-
ance tests (GTTs), and insulin tolerance tests (ITTs) 
were examined and performed as described.(15)

MoUSe HepatIC lIpID aND 
lIVeR FUNCtIoN aSSay

Liver tissue TG, total cholesterol (TC), and non-
esterified fatty acid (NEFA) levels were measured 
using commercial kits (Wako, Osaka, Japan), while 
liver functions were evaluated in the animals by deter-
mining the serum concentrations of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), 
and alkaline phosphatase using an ADVIA 2400 
Chemistry System analyzer (Siemens, Tarrytown, 
NY), according to the manufacturer’s instructions.

plaSMID CoNStRUCtS
Full-length sequences for the human DUSP26 

coding region were cloned into pcDNA5-hemagglu-
tinin (HA) and phage-Flag vectors to generate the 
pcDNA5-HA-DUSP26 and phage-Flag-DUSP26 
recombinant plasmids. The DUSP26 coding region 
was cloned into a vector which contains glutathione 
S-transferase (GST)-HA to get GST-HA-DUSP26. 
DUSP26 truncations were obtained through PCR 
amplification using corresponding primer pairs. In the 
same way, the pcDNA5-HA-TAK1, pcDNA5-Flag-
TAK1, and Flag-labeled TAK1 truncations were con-
structed. Primers used to generate these constructs are 
listed in Supporting Table S4.

IMMUNopReCIpItatIoN aND 
gSt pReCIpItatIoN aSSayS

Immunoprecipitation (IP) assays were performed as 
described to identify the binding capacity and domain 

of DUSP26 that binds to TAK1.(18) GST precipita-
tion assays were performed as described.(19)

gSt pReCIpItatIoN aSSayS
Direct interaction between DUSP26 and TAK1 

was determined using a GST precipitation assay.(9) 
Briefly, Rosetta (DE3) Escherichia coli cells were trans-
formed with the vector pGEX-4T-1-GST-DUSP26, 
and then expression was induced using 0.5 mM iso-
propyl-β-D-thiogalactopyranoside. The E. coli were 
lysed, and the extracts were incubated with glutathi-
one–Sepharose 4B beads at 4°C for 1 hour. The beads 
were then incubated with purified Flag-tagged TAK1, 
which was prepared through IP, for an additional 4 
hours. Proteins that had interacted were eluted in elu-
tion buffer (50 mM Tris-HCl [pH 8.0] and 20 mM 
reduced glutathione) and subjected to immunoblot-
ting using anti-Flag antibodies. Extracts from E. coli 
expressing only a GST tag were used as the negative 
control.

StatIStICal aNalySIS
All data are presented as mean ± SD. Differences 

between two groups were determined using the two-
tailed Student t test, and differences among three groups 
or more were evaluated by one-way analysis of vari-
ance, followed by Tukey’s post hoc test for data meeting 
homogeneity of variance or with Tamhane’s T2 analysis 
for data of heteroscedasticity. P < 0.05 was considered 
statistically significant.

Results
Dusp26 pRoteIN eXpReSSIoN  
IS DoWN-RegUlateD IN  
HFD-INDUCeD aND 
geNetICally oBeSe MICe

To clarify the relationship between Dusp26 and 
metabolic disease in the liver, the mRNA expression 
of Dusp26 was measured, and the result showed that 
there were no significant differences between NCD-
induced and HFD-induced mice (Fig. 1A). However, 
the protein expression of Dusp26 in liver samples 
from HFD-induced mice was down-regulated com-
pared with that in NCD-induced mice (Fig. 1B). In 
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agreement with this, ob/ob mice also had lower expres-
sion of Dusp26 than lean mice (Fig. 1C). In addition, 
immunofluorescence on liver sections further proved 

that the expression of Dusp26 is decreased in livers 
with hepatic steatosis (Fig. 1D). The protein expres-
sion of Dusp26 was decreased in HFD-induced and 
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ob/ob mice; we speculated that Dusp26 may partici-
pate in the pathology of NAFLD.

oVeReXpReSSIoN oF Dusp26 
IN tHe HUMaN lIVeR Cell 
lINe l02 atteNUateD 
lIpID DepoSItIoN aND 
INFlaMMatIoN INDUCeD By 
palMItate

To further explore the role of Dusp26 in the pro-
gression of NAFLD, we infected L02 cells  separately 
with GFP and Dusp26 by lentivirus to evaluate 
the effect of Dusp26 on lipid accumulation and 
the inflammatory response in vitro. Western blots 
showed that Dusp26 was successfully overexpressed 
in L02 cells (Fig. 1E). Oil red O staining and the 
levels of intracellular TG indicated that lipid depo-
sition was lower in Dusp26-infected L02 cells than 
in GFP-infected L02 cells (Fig. 1F,G). The mRNA 
levels of genes responsible for fatty acid oxidation, 
such as peroxisome proliferator–activated receptor 
alpha (PPARα) and carnitine palmitoyltransferase 1, 
were much higher in L02 cells infected with Dusp26 
than in cells infected with GFP after palmitate 
treatment; however, expression of the genes related 
to fatty acid synthesis and inflammation response 
was lower in L02 cells infected with Dusp26 than 
in cells infected with GFP after palmitate treatment 
(Fig. 1H,I).

HepatoCyte-SpeCIFIC Dusp26 
DeFICIeNCy eXaCeRBateS  
HFD-INDUCeD oBeSIty aND 
HepatIC SteatoSIS

To investigate the effect of Dusp26 on hepatic 
steatosis and its complications, hepatocyte-specific 
Dusp26-KO mice were generated (Fig. 2A; Supporting 
Fig. S1A,B). After treatment with the HFD for 
24 weeks, the body weight gradually increased in 
Dusp26-KO and control mice (DUSP26-Flox) com-
pared with the corresponding NCD-induced mice. 
The weight of Dusp26-KO mice was significantly 
greater than that of control mice induced by HFD 
(Fig. 2B). In addition, the liver weight and the liver- 
to-body weight ratio (LW/BW) were obviously higher 
in Dusp26-KO mice than in control mice induced by 
HFD in week 24 (Fig. 2C,D). We found that the lipid 
contents, including liver tissue TG, TC, and NEFA, were 
significantly higher in livers of Dusp26-KO mice than 
in control mice after the administration of HFD for 24 
weeks (Fig. 2E-G). Moreover, the mRNA expression 
levels of fatty acid synthase (FASN), acetyl-coenzyme 
A (CoA) carboxylase 1 (Acaca), fatty acid uptake (clus-
ter of differentiation 36 [CD36]), fatty acid transport 
protein 1 (FATP1), and cholesterol synthesis sterol reg-
ulatory element-binding protein-1c (SREBP-1) were 
significantly up-regulated in the livers of Dusp26-KO 
mice, whereas the expression levels of medium-chain 
acyl-CoA dehydrogenase (Mcad) and PPARα were 
much lower in the Dusp26-KO mice than in the 

FIg. 1. Dusp26 protein expression is down-regulated in HFD-induced and genetically obese mice, and overexpression of Dusp26 in 
human liver cell line L02 attenuated lipid deposition and inflammation induced by palmitate. (A) mRNA expression of Dusp26 in 
livers of WT mice fed the NCD or HFD for 24 weeks (n = 3). mRNA expression of target genes was normalized to that of β-actin. 
(B) Protein expression of Dusp26 in livers of WT mice fed the NCD or HFD for 24 weeks (n = 3), *P < 0.05 versus NCD-fed mice. 
(C) Protein expression of Dusp26 in livers of lean mice and genetically obese mice (ob/ob mice) after 8 weeks of NCD (n = 3), *P < 0.05 
versus lean mice. (D) Representative immunofluorescence images of livers of WT mice fed the NCD or HFD for 24 weeks (n = 3), 
which were stained with antibodies against hepatocyte nuclear factor 4 (green) and Dusp26 (red). 4′,6-Diamidino-2-phenylindole 
(blue) was used to show the nuclei. Scale bar, 100 µm. (E) Protein expression of Dusp26 in the human liver L02 cell line infected 
with lenti-GFP or lenti-Dusp26 (n = 3). *P < 0.05 compared with lenti-GFP group. (F,G) Representative oil red O staining (F) and 
relative intracellular TG levels (G) of L02 cells infected with the indicated lentivirus followed by palmitate stimulation for 24 hours 
(n = 3 independent experiments, with at least 15 images for each experiment; scale bar, 100 µm; for the intracellular TG assay, n = 10 
for each group). mRNA levels of lipid metabolic (H) and proinflammatory (I) genes in L02 cells infected with the indicated lentivirus 
followed by palmitate stimulation for 24 hours (n = 3 independent experiments). mRNA expression of target genes was normalized to 
that of β-actin. *P < 0.05 compared with the bovine serum albumin–treated lenti-GFP group, #P < 0.05 compared with the palmitate-
treated lenti-GFP group. Data represent the mean ± SD. Significance was determined by two-way analysis of variance with general 
linear model procedures using a univariate approach (H,I) and Student two-tailed, unpaired t test (A-G). Abbreviations: BSA, bovine 
serum albumin; CPT1α, carnitine palmitoyltransferase 1 alpha; DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; HNF4, hepatocyte nuclear factor 4.
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control mice after 24 weeks of HFD administration  
(Fig. 2H). Furthermore, the results of H&E and oil 
red O staining of liver sections also indicated that lipid 
deposition in the liver tissue significantly increased 
in the Dusp26-KO group compared with that in the  
control group after 24 weeks of HFD administration 
(Fig. 2I).

Dusp26 oVeReXpReSSIoN 
INHIBItS HFD-INDUCeD oBeSIty 
aND HepatIC SteatoSIS

We constructed hepatocyte-specific Dusp26-
transgenic mice to investigate the function of Dusp26 
overexpression on HFD-induced obesity and hepatic 

FIg. 2. HFD-induced obesity and hepatic steatosis exacerbated by hepatocyte-specific Dusp26 deficiency and reversed by hepatocyte-
specific Dusp26 overexpression. (A) Protein expression of Dusp26 in the livers of Dusp26-KO (left), Dusp26-transgenic (right), and 
control mice (n = 3). (B) Body weight change in Dusp26-KO (left), Dusp26-transgenic (right), and control mice administered the HFD 
or NCD for 24 weeks (n = 8). (C,D) Liver weight (C) and LW/BW ratio of Dusp26-KO, Dusp26-transgenic, and control mice (D) at 
24 weeks after HFD administration (n = 8). (E-G) Hepatic TC, TG, and NEFA contents of mice in livers of indicated groups were 
measured by commercial kits (n = 8). (H) mRNA expression of genes associated with fatty acid uptake and synthesis and oxidation 
in the liver samples of Dusp26-KO (left), Dusp26-transgenic (right), and control mice after 24 weeks of HFD treatment (n = 4). (I) 
H&E (upper) and oil red O (bottom) staining of liver sections of Dusp26-KO (left), Dusp26-transgenic (right), and control mice after 
HFD treatment (n = 6). Scale bar, 100 µm. Data represent the mean ± SD. *P < 0.05 versus Flox/NCD group, NTG/NCD group; 
#P < 0.05 versus Flox/HFD group, NTG/HFD group. Significance was determined by two-way analysis of variance with general linear 
model procedures using a univariate approach (B,E-G) and Student two-tailed, unpaired t test (C,D,H,I). Abbreviations: GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; NAS, NAFLD activity score.
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FIg. 3. Insulin resistance was exacerbated by hepatocyte-specific Dusp26 deficiency and inhibited by hepatocyte-specific Dusp26 
overexpression induced by HFD. (A-C) Fasting blood glucose (A), fasting insulin (B), and HOMA-IR (C) in Dusp26-KO (left), 
Dusp26-transgenic (right), or control mice treated with the HFD or NCD for 24 weeks. HOMA-IR was calculated as HOMA-
IR = (fasting blood glucose levels [mmol/L] × fasting serum insulin [mIU/L])/22.5 (n = 8). (D,E) Intraperitoneal GTT (1 g/kg) (D) 
and intraperitoneal ITT (0.75 units/kg) (E) were performed on Dusp26-KO (left), Dusp26-transgenic (right), and control mice at 
week 22 or 23 of food administration, respectively. The corresponding area under the curve was calculated (n = 8). (F) mRNA levels 
of PCK1 and G6PC in the livers of mice in the indicated groups (n = 4). (G) Representative images of periodic acid–Schiff staining on 
the liver sections of Dusp26-KO (left), Dusp26-transgenic (right), and control mice after a 24-week HFD treatment (n = 6). Scale bar, 
100 µm. (H) Representative western blot showing levels of total and phosphorylated IRS1, AKT, and GSK3β in the livers of Dusp26-
KO and control mice fed the HFD for 24 weeks; some mice received intraperitoneal insulin injection 10 minutes before liver tissue 
collection (n = 3). Glyceraldehyde 3-phosphate dehydrogenase served as the internal control. Data represent the mean ± SD. *P < 0.05 
versus Flox/NCD group or NTG/NCD group; #P < 0.05 versus Flox/HFD group or NTG/HFD group. Significance was determined 
by two-way analysis of variance with general linear model procedures using a univariate approach (A-E) and the Student two-tailed, 
unpaired t test (F,H). Abbreviations: AUC, area under the curve; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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steatosis (Fig. 2A; Supporting Fig. S1C). The weight 
of both groups of mice gradually increased during 24 
weeks of HFD administration, the weight of the non-
transgenic (NTG) group was obviously greater than 
that of the Dusp26-transgenic mice. However, no sig-
nificant difference was found between the two groups of 
mice fed NCD (Fig. 2B). Then, we harvested the liver 
and determined the liver weight and LW/BW ratio. 
The Dusp26-transgenic group had a lower liver weight 
and LW/BW ratio than the NTG group treated with 
the HFD (Fig. 2C,D). The lipid contents of TG, TC, 
and NEFA in the two groups of mice fed the NCD 
were not significantly different. However, the levels of 
the TG, TC, and NEFA in the livers of the NTG group 
were higher than in the Dusp26-transgenic group  
(Fig. 2E-G). In contrast to the increase in lipid content 
in Dusp26-KO mice, the liver-specific overexpression of  
Dusp26 caused an opposite effect on hepatic lipid 
accumulation. As a consequence, in livers overexpress-
ing Dusp26, the mRNA levels of FASN, Acaca, CD36, 
FATP1, and SREBP-1 were significantly down- 
regulated, whereas the expression of Mcad and PPARα 
was higher (Fig. 2H). Moreover, H&E and oil red O 
staining showed lower hepatic lipid accumulation in 
the liver tissue of the Dusp26-transgenic group than 
the NTG group (Fig. 2I).

Dusp26 DeFICIeNCy 
eXaCeRBateS HFD-INDUCeD 
INSUlIN ReSIStaNCe

To identify the effect of Dusp26 on glucose metab-
olism, we detected fasting glucose levels and plasma 
insulin levels and calculated the HOMA-IR indexes.(20) 
HFD-induced Dusp26-KO mice had higher fasting 
glucose levels, plasma insulin levels, and HOMA-IR 
indexes than control mice (Fig. 3A-C). Consistently, 

Dusp26-KO mice exhibited significantly higher glucose  
concentrations and areas under the curve in GTT and 
ITT assays, indicating that DUSP26 deficiency reduced 
glucose tolerance and insulin sensitivity (Fig. 3D,E). 
Additionally, the mRNA expression of phosphoenolpy-
ruvate carboxykinase 1 (PCK1) and glucose 6-phosphate 
catalytic subunit (G6PC) indicated that gluconeogene-
sis was higher in the Dusp26-KO group than in the 
control (Fig. 3F). Consistently, the glycogen content in 
the Dusp26-KO group was much lower than in control 
mice after HFD treatment (Fig. 3G), and the phos-
phorylation levels of key insulin signaling molecules, 
such as insulin receptor substrate 1 (IRS1), AKT, and 
glycogen synthase kinase 3 beta (GSK3β), were con-
siderably attenuated in the liver tissue of Dusp26-KO 
mice compared with control mice (Fig 3H).

Dusp26 oVeReXpReSSIoN 
INHIBItS HFD-INDUCeD INSUlIN 
ReSIStaNCe

Similarly, we used Dusp26-transgenic mice to 
prove the function of Dusp26 on glucose metabolism 
and insulin resistance. Fasting blood glucose was sig-
nificantly lower in the Dusp26-transgenic mice than 
in NTG mice after HFD treatment (Fig. 3A). The 
insulin levels and HOMA-IR index were significantly 
lower in the Dusp26-transgenic mice (Fig. 3B,C). 
Correspondingly, the GTT and ITT also showed that 
the Dusp26-transgenic mice had enhanced glucose tol-
erance and improve insulin sensitivity (Fig. 3D,E). The 
expression of PCK1 and G6PC was markedly lower 
in Dusp26-transgenic mice than in NTG mice (Fig. 
3F). Liver sections stained by periodic acid–Schiff after 
HFD administration also indicated that the amount of 
glycogen was significantly higher in Dusp26-transgenic 
mice than in NTG mice (Fig. 3G).

FIg. 4. Inf lammatory responses were exacerbated by hepatocyte-specific Dusp26 deficiency and inhibited by hepatocyte-specific 
Dusp26 overexpression induced by the HFD. (A) mRNA expression levels of inf lammatory cytokines and chemokines in the livers of 
the Dusp26-KO (left) and Dusp26-transgenic (right) groups (n = 4). (B) Expression of key proteins in NF-κB signaling in the livers 
of Dusp26-KO (left), Dusp26-transgenic (right), and their corresponding littermate controls after HFD or NCD treatment for 24 
weeks. Protein expression was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (n = 4). (C) Serum concentrations 
of ALT and AST in Dusp26-KO (left), Dusp26-transgenic (right), and their corresponding littermate controls after HFD or NCD 
treatment for 24 weeks (n = 8). *P < 0.05 versus the Flox/NCD group, NTG/NCD group; #P < 0.05 versus the Flox/HFD group, 
NTG/HFD group. Data represent the mean ± SD. Significance was determined by two-way analysis of variance with general linear 
model procedures using a univariate approach (A) and the Student two-tailed t test (B,C). Abbreviations: GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; IkB, inhibitor of kappa light polypeptide gene enhancer in B cells; IKK, inhibitor of NF-κB.
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Dusp26 DeFICIeNCy 
eXaCeRBateS HFD-INDUCeD 
INFlaMMatoRy ReSpoNSe

Given that chronic inflammation is also asso-
ciated with NAFLD, we examined the expression 

of proinflammatory factors such as interleukin 6  
(IL-6), chemokine (C-C motif ) ligand 2 (Ccl2), 
chemokine (C-X-C motif ) ligand (Cxcl10), IL-1β, 
and tumor necrosis factor alpha (TNFα). Compared 
with the control group, the expression of inflammatory 
response markers was up-regulated in Dusp26-KO 

FIg. 5. Hepatocyte Dusp26 deficiency aggravates lipid accumulation, inf lammation and fibrosis, and insulin resistance after HFHC. 
(A) Changes in body weight, liver weight, and LW/BW of Dusp26-KO and control mice treated with the HFHC for 16 weeks 
(n = 8). (B) Fasting blood glucose in Dusp26-KO or control mice treated with the HFHC for 16 weeks. Fasting blood glucose levels 
were measured every 4 weeks. (C) Intraperitoneal GTT (1 g/kg) was performed on Dusp26-KO and control mice at week 15 of food 
administration. (D) Hepatic TG and TC contents of mice in the indicated groups were measured by commercial kits (n = 8). (E) 
Representative images of H&E staining (left) and oil red O staining (right), and liver sections from the indicated mice fed the HFHC 
diet for 16 weeks (n = 6). Scale bar, 100 µm. (F,G) mRNA levels of proinflammatory (F) and profibrotic genes (G) in the livers (n = 4). 
mRNA expression of the target genes was normalized to that of β-actin. (H) Representative images of picrosirius red staining in liver 
sections from the indicated mice fed the HFHC diet for 16 weeks (n = 6). Scale bar, 100 µm. #P < 0.05 versus the Flox/HFHC group. 
Data represent the mean ± SD. Significance was determined by the Student two-tailed t test. Abbreviations: AUC, area under the 
curve; Col1a1, collagen type I alpha 1 chain; CTGF, connective tissue growth factor; NAS, NAFLD activity score.
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mice after 24 weeks of HFD administration (Fig. 4A). 
Exorbitant activation of nuclear factor kappa B  
(NF-κB) signaling in mice was also associated with 
insulin resistance and the production of inflammatory 
cytokines in hepatocytes.(21) Western blotting showed 
that NF-κB signaling was significantly activated in 
Dusp26-KO mice (Fig. 4B). In addition, plasma levels 
of ALT and AST were detected as markers of liver 
function and compared with those of the control mice; 
the levels of liver function markers were elevated in 
Dusp26-KO mice (Fig. 4C).

Dusp26 oVeReXpReSSIoN 
INHIBItS HFD-INDUCeD 
INFlaMMatoRy ReSpoNSe

In the Dusp26-transgenic mice fed the HFD, 
the mRNA levels of IL-6, Ccl2, Cxcl10, IL-1β, and 
TNFα were down-regulated (Fig. 4A). NF-κB signal-
ing was clearly repressed in Dusp26-transgenic mice 
(Fig. 4B). In addition, plasma levels of ALT and AST 
were decreased in Dusp26-transgenic mice (Fig. 4C).

HepatIC Dusp26 DeFICIeNCy 
eXaCeRBateS HFHC-INDUCeD 
INFlaMMatIoN, INSUlIN 
ReSIStaNCe, aND lIVeR 
FIBRoSIS

HFHC food can accelerate the process of NAFLD 
and promote the transition from simple steatosis to 
NASH. An HFHC-induced mouse model was con-
structed to mimic the pathophysiology of NASH in 
humans. At 12-16 weeks, the body weight was sig-
nificantly higher in Dusp26-KO mice than in con-
trol mice. Unsurprisingly, after a 16-week HFHC 

diet, the liver weight and LW/BW ratio were signifi-
cantly higher in Dusp26-KO mice (Fig. 5A). During 
weeks 4-16, HFHC-induced Dusp26-KO mice had 
higher fasting glucose levels than their control coun-
terparts (Fig. 5B). Consistently, GTT results sug-
gested that glucose tolerance was significantly lower 
in the Dusp26-KO mice than in the control mice 
(Fig. 5C). We detected that lipid deposition in liver 
tissue, including TG and TC, was significantly higher 
in Dusp26-KO mice than in control mice after 16 
weeks of HFHC administration (Fig. 5D). And oil 
red O and H&E staining showed increased lipid 
accumulation in Dusp26-KO mice (Fig. 5E). In addi-
tion, the mRNA expression of inflammatory factors 
and profibrotic genes was significantly elevated in 
Dusp26-KO mice compared with the levels in control 
mice (Fig. 5F,G). The sirius red–stained liver sections 
showed that the degree of fibrosis were exacerbated in 
Dusp26-KO mice (Fig. 5H).

taK1 aND ItS DoWNStReaM 
patHWayS aRe INVolVeD 
IN Dusp26-RegUlateD 
SteatoHepatItIS

MAPK signaling has been reported to be related to 
several metabolic diseases.(22) We investigated whether 
MAPK signaling is involved in hepatic steatosis and the 
relationship between Dusp26 and MAPK signaling. 
After 24 weeks of HFD administration, compared with 
the NCD group, the phosphorylation of MAP kinse-
ERK kinase (MEK), extracellular signal–regulated  
kinase 1/2 (ERK1/2), c-Jun NH2-terminal kinase 
( JNK), and p38 was increased in the HFD group; but 
only the phosphorylation of JNK and p38 was regulated 
by the alterations in Dusp26 expression (Fig. 6A,B).

FIg. 6. TAK1 and its downstream pathways are involved in Dusp26-regulated hepatic steatosis. (A) MAPK signaling activation 
was measured by the total and phosphorylated MEK, ERK, JNK, and P38 levels in the livers of Dusp26-KO mice and their control 
littermates after HFD treatment for 24 weeks (n = 3). Protein expression was normalized to that of GAPDH. (B) MAPK signaling 
activation was measured by the total and phosphorylated MEK, ERK, JNK and P38 levels in the livers of Dusp26-transgenic mice and 
their control littermates after HFD treatment for 24 weeks (n = 3). Protein expression was normalized to that of GAPDH. (C) JNK 
and P38 upstream signaling activation was measured from the total and phosphorylated TAK1, TBK1, MKK3, MKK4 and MKK7 
levels in the livers of Dusp26-KO mice and their control littermates after HFD treatment for 24 weeks (n = 3). Protein expression was 
normalized to that of glyceraldehyde 3-phosphate dehydrogenase. (D) JNK and P38 upstream signaling activation was measured from 
the total and phosphorylated TAK1, TBK1, MKK3, MKK4, and MKK7 levels in the livers of Dusp26-transgenic mice and their 
control littermates after HFD treatment for 24 weeks (n = 3). Protein expression was normalized to that of glyceraldehyde 3-phosphate 
dehydrogenase. *P < 0.05 versus Flox/NCD group, NTG/NCD group; #P < 0.05 versus Flox/HFD group, NTG/NCD group. Data 
represent the mean ± SD. Significance was determined by two-way analysis of variance with general linear model procedures using a 
univariate approach. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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TAK1, TANK-binding kinase 1 (TBK1), and TAK1- 
related MKK3, MKK4, and MKK7 were potential 
upstream factors of JNK and p38.(23,24) We found that 
only the levels of phosphorylated TAK-1 and TAK-
1-related MKK3, MKK4, and MKK7 were changed 
(Fig. 6C,D).

Dusp26 BINDS to taK1 aND 
BloCKS ItS pHoSpHoRylatIoN

A series of IP experiments were performed in the 
HEK293T cell line to prove that Dusp26 directly 
interacted with TAK1 to regulate the downstream 
pathway during the process of NAFLD. Co-IP assays 
demonstrated that Dusp26 interacts directly with 
TAK1 (Fig. 7A,B). Additionally, this direct interac-
tion was further validated in a GST pull-down exper-
iment (Fig. 7C). Next, a series of truncated forms of 
Dusp26 and TAK1 was used for co-IP assays, and the 
results indicated that the 1-60 amino acid domain of 
Dusp26 interacted with TAK1 and the 1-300 amino 
acid domain of TAK1 was responsible for the binding 
with Dusp26 (Fig. 7D,E).

In order to explore the influence of Dusp26 on 
TAK1 signaling, the human liver cell line-L02 was 
infected with equal amounts of Flag-TAK1 and dif-
ferent concentrations of HA-Dusp26. We observed 
that the expression of TAK1 was inhibited more obvi-
ously when the concentration of Dusp26 increased 
(Fig. 7F). Then we infected L02 cells with Dusp26, 
and the results demonstrated that expression of the 
phosphorylation of TAK1, JNK, and p38 was attenu-
ated compared with the control group (Fig. 7G).

taK1 MeDIateS tHe eFFeCt oF 
Dusp26 oN HepatIC SteatoSIS 
aND INFlaMMatIoN INDUCeD 
By palMItate

To further demonstrate whether the effect of 
Dusp26 on lipid accumulation and inflammation 

was mediated by TAK1, L02 cells were infected with 
GFP, Dusp26, Ca TAK1, or both Dusp26 and Ca 
TAK1. Western blots showed that phosphorylation of 
TAK1 and the downstream JNK and p38 was atten-
uated in Dusp26-overexpressing L02 cells; however, 
these effects were reversed by overexpression with Ca 
TAK1 (Fig. 8A). Similarly, oil red O staining and the 
levels of intracellular TG in L02 cells also suggested 
that the inhibitory effect of Dusp26 on lipid accumu-
lation was reversed by TAK1 activation (Fig. 8B,C). 
Consistent with these results, enhancing TAK1 activity 
completely reversed the regulation of Dusp26 on the 
mRNA expression of genes involved in fatty acid syn-
thesis beta-oxidation and the inflammatory response 
(Fig. 8D,E). In order to further state that Dusp26 
functioned by modulating TAK1, we then isolated pri-
mary hepatocytes from Dusp26-hepatocyte KO mice 
(Fig. 8F). Oil red O staining showed that the accu-
mulation of lipid in Dusp26-hepatocyte KO mice was 
reversed by the TAK1 inhibitor 5Z-7-ox (Fig. 8G).

Discussion
According to epidemic reports, the incidence of 

NAFLD is associated with hepatic insulin resistance. 
Insulin resistance elevates the levels of insulin in the 
serum, which causes hepatocytes to increase hepatic 
lipid synthesis through several insulin-sensitive sig-
naling factors and thereby induces a vicious cycle of 
inflammation.(25,26) The metabolism of hepatocytes is 
disturbed, and insulin signal transduction is impaired, 
resulting in increased TG storage in liver cells. Thus, 
the fatty acid input exceeds the output in the liver, 
resulting in hepatic steatosis.(27,28) Currently, the num-
ber of patients with NAFLD will increase owing to 
the prevalence of obesity, insulin resistance, and meta-
bolic syndrome.(29) Effective therapeutic strategies for 
NAFLD are limited to changes in lifestyle and the con-
trol of dietary intake, and medicine-based approaches 
have not been proved to have any significant effect on 

FIg. 7. Dusp26 binds to TAK1 and blocks its phosphorylation. (A,B) A co-IP assay was performed in HEK293T cells cotransfected 
with Flag-TAK1 and HA-Dusp26 to examine the interaction between TAK1 and Dusp26. (C) GST precipitation assays showing 
direct Dusp26–TAK1 binding. Purified GST was used as a control. (D,E) The binding domains of Dusp26 and TAK1 were explored 
using full-length and truncated Dusp26 and TAK1 expression constructs and co-IP assays followed by western blotting. (F) Protein 
expression of phosphorylation TAK1 was measured in the L02 cell line infected with equal amounts of Flag-TAK1 and a concentration 
gradient of HA-Dusp26 (n = 4). (G) A western blot was performed in the L02 cell line infected with Flag-Dusp26 treated with PA for 
0, 4, 8, and 12 hours to examine the protein expression of TAK1 and its downstream pathways. Abbreviations: aa, amino acid; FL, full 
length; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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NAFLD.(30) We demonstrated that Dusp26 played a 
key role in attenuating HFD-induced lipid accumu-
lation, inflammation, fibrosis, and insulin resistance 
in hepatocytes in the process of NASH. Our further 
observations showed that Dusp26 deficiency exacer-
bated liver fibrosis induced by an HFHC diet. Our 
present study indicates that Dusp26 may be a thera-
peutic target for NAFLD and NASH.

Our group observed that the protein expression 
of Dusp26 was attenuated in the fatty liver tissue 
compared with normal liver tissue. The DUSP fam-
ily has been reported to be involved in the innate 
immune response. It has been reported that the func-
tion of Dusp1 is related to several diseases such as 
inflammatory pathology and diabetes though the  
ERK1/2–JNK–p38 axis.(31-33) Cornell et al. demon-
strated that Dusp4 deficiency in macrophages reduces 
the secretion of proinflammatory and anti-inflamma-
tory cytokines through the MAPK signaling path-
way.(34,35) Dusp9 played a key role in the development 
of NAFLD.(12) Owing to the different cell types and 
research contents, the effect of dusp26 on MAPK was 
variable. Here, we found that DUSP26 modulated 
NAFLD through the MAPK signaling pathway.

The MAPK signaling pathway played a key role 
in the development of NAFLD. Lawan and Bennett 
reported that MAPKs participated in the process of 
hepatic metabolism, and the perturbation of MAPK/
MAPK phosphatase balance would impair insulin 
action and lipid metabolism in hepatocytes.(36) JNK1 
phosphorylated the Ser(307) in IRS1 to inhibit the 
function of the phosphotyrosine-binding domain in 
regulating insulin signaling.(37) Besides, under induction 
factors such as lipid peroxidation in the steatotic liver, 
JNK would be activated to increase the transcription 

of proinflammatory cytokines through activator pro-
tein-1.(38) Hepatic gluconeogenesis also depended on 
the p38 pathway.(39) TAK1, a MAPK kinase protein, 
has been recognized as a common upstream mole-
cule of the MAPK kinase–JNK/p38 and inhibitor of 
NF-κB kinase (IKK)–NF-κB cascades, which plays an 
indispensable role in hepatic steatosis and related met-
abolic disorder. It has been reported that during the 
process of liver injury the activation of TAK1–JNK/
NF-κB impaired the homeostasis of hepatocytes and 
increased hepatic inflammation, whereas obesity-linked 
inflammation, hepatic steatosis, and insulin resistance 
were alleviated in TAK1-deficient mice.(40,41) The 
deubiquitinase cylindromatosis, which reversed NASH 
progression in mice and monkeys, removed the K63-
linked polyubiquitin chain of TAK1 to attenuate the 
activation of the JNK–p38 cascades.(42) Ubiquitin-
specific protease 18 interacted with TAK1 to suppress 
the activation of the c-JNK and NF-κB signaling path-
ways.(11) TNF receptor–associated factor 3, binding 
to TAK1 to induce the ubiquitination and autophos-
phorylation of TAK1, regulated the IKKβ–NF-κB and 
MKK–JNK–IRS1 signaling pathway to alleviate ste-
atosis, insulin resistance, and systemic proinflammatory 
response in NAFLD.(43) Tripartite motif containing 8 
also participated in NASH and NAFLD by binding 
directly to TAK1, which activated the JNK–p38 and 
NF-κB pathway.(44) Here, we showed that Dusp26 
alleviated hepatic steatosis and fibrosis, maintained the 
balance of lipid and glucose metabolism, and decreased 
the inflammatory response by binding TAK1 and 
blocking its phosphorylation directly to suppress acti-
vation of the MAPK signaling pathway.

However, some reverse effect of TAK1 was 
reported. Fatty acid oxidation was suppressed and 

FIg. 8. TAK1 mediates the effect of Dusp26 on hepatic steatosis and inflammation induced by palmitate. (A) Phosphorylated 
TAK1, JNK, and P38 levels were measured in the L02 cell line treated with palmitate in the indicated groups. Protein expression was 
normalized to that of glyceraldehyde 3-phosphate dehydrogenase. *P < 0.05 compared with the lenti-GFP group, #P < 0.05 compared 
with the lenti-Dusp26 group. (B,C) Representative oil red O staining (B) and relative intracellular TG levels (C) of L02 cells infected 
with the indicated lentivirus followed by palmitate stimulation for 24 hours (n = 3 independent experiments, with at least 15 images 
for each experiment in B; scale bar, 100 µm; for the intracellular TG assay in C, n = 10 for each group; in bar, one circle represents data 
from one experiment; scale bar, 100 µm). (D,E) mRNA levels of lipid metabolism (D) and proinflammatory (E) genes in the livers from 
of mice in the indicated groups (n = 3 independent experiments). mRNA expression of target genes was normalized to that of β-actin. 
*P < 0.05 compared with the lenti-GFP group, #P < 0.05 compared with the lenti-Dusp26 group. (F) Protein expression of Dusp26 in 
the livers of Dusp26-KO and control mice (n = 3). Protein expression was normalized to that of β-actin. (G) Representative oil red O 
staining of primary hepatocytes from Dusp26-hepatocyte knockout and control mice followed by PA palmitate stimulation for 24 hours 
in the absence or presence of shikonin (2.5 µM) (n = 3 independent experiments, with at least 15 images for each experiment in G; scale 
bar, 100 µm). Data represent the mean ± SD. Significance was determined by the Student two-tailed t test. Abbreviations: DMSO, 
dimethyl sulfoxide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HKO, hepatocyte-specific KO.
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hepatic steatosis exacerbated in TAK1 liver-specific 
KO mice.(44) This conflicting result can be attributed 
to the difference in the degree of expression of 
TAK1 in TAK1 knockdown and TAK1 suppression 
in hepatic steatosis. However, under physiological 
conditions, TAK1 plays an indispensable role in reg-
ulating a wide range of cellular responses. If TAK1 
is completely knocked out in the livers of mice, the 
hepatocytes cannot play the role normally performed 
by TAK1 in the functional homeostasis of the liver in 
response to stimuli. Thus, maintaining the expression 
of TAK1 in a limited range is useful for maintaining 
functional homeostasis and protecting against steato-
sis of the liver. Whether the binding of Dusp26 and 
TAK1 influences other pathways and the reason that 
the expression of Dusp26 decreases in HFD-induced 
mice remain elusive.

In conclusion, our current study found that Dusp26 
deficiency in hepatocytes activated the downstream 
p38/JNK pathway by interacting with TAK1. Dusp26 
could be a potential target for the treatment of NAFLD.  
A type of medicine that could enhance the expression 
of Dusp26 or influence the interaction of Dusp26 and 
TAK1 would be an effective therapeutic strategy for 
NAFLD and related metabolic diseases.
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