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Protective Function of Mitogen-Activated 
Protein Kinase Phosphatase 5 in  
Aging- and Diet-Induced Hepatic 
Steatosis and Steatohepatitis
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Nonalcoholic fatty liver disease is currently the most common liver disease and is a leading cause of liver-related morbid-
ity and mortality. However, its pathogenesis remains largely unclear. We previously showed that mice deficient in mito-
gen-activated protein kinase (MAPK) phosphatase 5 (MKP5) spontaneously developed insulin resistance and glucose 
intolerance, which are associated with visceral obesity and adipose tissue inflammation. In this study, we discovered that 
mice deficient in MKP5 developed more severe hepatic steatosis and steatohepatitis with age or with feeding on a high-
fat diet (HFD) compared to wild-type (WT) mice, and this was associated with increased expression of proinflammatory 
cytokines and collagen genes. Increased p38 activation in MKP5 knockout (KO) liver compared to that in WT liver was 
detected, which contributed to increased expression of lipid droplet-associated protein cell death-inducing DFF45-like  
effector A (CIDEA) and CIDEC/fat-specific protein 27 but not CIDEB through activating transcription factor 2 (ATF2).  
In addition, MKP5 KO liver had higher peroxisome proliferator-activated receptor gamma (PPARγ) expression compared 
with WT liver. On the other hand, overexpression of MKP5 or inhibition of p38 activation in hepatocytes resulted in 
reduced expression of PPARγ. Inhibition of p38 resulted in alleviation of hepatic steatosis in KO liver in response to 
HFD feeding, and this was associated with reduced expression of CIDEA, CIDEC, and proinflammatory cytokines. 
Conclusion:  MKP5 prevents the development of nonalcoholic steatohepatitis by suppressing p38–ATF2 and p38–PPARγ 
to reduce hepatic lipid accumulation, inflammation, and fibrosis. (Hepatology Communications 2019;3:748-762).
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Nonalcoholic fatty liver disease (NAFLD), 
ranging from simple steatosis to nonalcoholic 
steatohepatitis (NASH), is the most common 

cause of chronic liver disease in developed countries 
and affects up to one third of the world popula-
tion.(1-3) Liver steatosis is characterized by accumu-
lation of excessive hepatocellular lipid droplets (LDs) 
in patients in the absence of other causes of chronic 
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liver diseases, including alcohol, virus, drugs, and 
autoimmunity. NAFLD can progress from hepatic 
steatosis to steatohepatitis, cirrhosis, and hepatocel-
lular carcinoma (HCC). The majority of cases of 
NAFLD are associated with obesity, insulin resis-
tance, and type 2 diabetes; NAFLD in turn increases 
the risk of type 2 diabetes, cardiovascular and cardiac 
disease, and chronic kidney disease.(1,3) The primary 
event of NAFLD is the accumulation of triglycerides 
(TGs) in hepatocytes in the form of LDs(1); this leads 
to cellular stress and hepatic injury and eventually 
results in chronic disease. LDs are spherical organ-
elles composed of a core of neutral lipids, mainly TGs 
and sterol esters, covered by a monolayer of phos-
pholipids, free cholesterol, and specific proteins.(2,4) 
Accumulating evidence demonstrates that LDs are 
bioactive organelles with functions beyond mere lipid 
storage in hepatocytes. There are distinct populations 
of LDs that differ in their lipid and protein compo-
sition and are targeted for lipolysis, secretion in the 
form of very low-density lipoprotein, or long-term 
storage of lipids.(2,5) The biogenesis and growth, func-
tion, and fate of these multifunctional LDs are highly 
regulated and are integrated within the hepatocellular 
machinery. Hepatic steatosis is thought to result from 
dysregulation of the lipid homeostatic process.(2)

LD-associated proteins, such as members of the 
perilipin family of proteins and cell death-inducing 
DFF45-like effectors (CIDEs), play important roles 
in lipid metabolism and participate in the pathogenic 
processes of metabolic disorders, including insulin resis-
tance and hepatic steatosis.(6) For instance, the expres-
sion of perilipin 2 (PLIN2), a member of the perilipin 
family of proteins, is elevated in human fatty livers, and 
deficiency of PLIN2 in mice resulted in resistance to 
diet-induced fatty liver development, which was asso-
ciated with reduced hepatic TG accumulation.(7,8) The 
levels of CIDEA and CIDEC/fat-specific protein 27 
(FSP27) are markedly up-regulated in steatotic livers 
and are strongly correlated with the severity of hepatic 
steatosis in humans.(9) In mice, their expression in the 
liver is correlated with the development of hepatic  
steatosis. Deficiency of CIDEA or CIDEC/FSP27 in 
mice resulted in decreased hepatic TG levels and resis-
tance to diet-induced or genetically mediated hepatic 
steatosis.(9,10)

Mitogen-activated protein kinase (MAPK) phos-
phatases (MKPs), also known as dual-specificity 
phosphatases (DUSPs), are major negative regula-
tors of MAPKs, including extracellular signal-regu-
lated kinase (ERK), c-Jun N-terminal kinase ( JNK), 
and p38. Accumulating evidence demonstrates that 
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MKPs play important roles in metabolic processes. 
For instance, it has been shown that mice deficient 
in MKP1 are resistant to diet-induced obesity due 
to increased energy expenditure.(11) MKP1 knock-
out (KO) mice were also resistant to diet-induced 
hepatic steatosis, which was associated with increased  
β-oxidation of fatty acid in the liver. In addition, it 
has been observed that the expression of MKP1 is 
correlated with the development of atherosclerotic 
lesions and hypercholesterolemia in mice.(12) However, 
its function in atherosclerosis is unknown. MKP3 is 
another MKP member that plays an important role 
in metabolism. Interestingly, MKP3 was found to 
regulate the activity of forkhead box O1 (FOXO1) 
in hepatic gluconeogenesis.(11) It dephosphorylates 
FOXO1 to promote its nuclear translocation, thereby 
regulating the expression of gluconeogenic genes. In 
addition, mice deficient in MKP3 were found to be 
resistant to diet-induced obesity and hepatic steatosis, 
and this was associated with improved systemic insu-
lin sensitivity.(13) We recently showed that MKP5 is 
beneficial in maintaining adipose tissue homeostasis 
by preventing the development of metabolic disor-
ders.(14) Deletion of MKP5 in mice resulted in pro-
gressive development of systemic insulin resistance, 
glucose intolerance, and visceral obesity, which are 
all associated with the development of adipose tissue 
inflammation. Here, we report that MKP5 inhib-
its p38 activation, the expression of CIDEA and 
CIDEC/FSP27, and the development of inflamma-
tion in the liver to prevent development of aging- 
associated and diet-induced NAFLD.

Materials and Methods
animal eXpeRiments

All animal protocols were approved by the Animal 
Care and Use Committee of the National University 
of Singapore. All mice under a C57BL6/J genetic 
background were housed under a 12-hour:12-hour 
light–dark cycle and an ambient temperature of 
22°C and allowed free access to water and food. 
Mkp5 –/– mice generated previously were crossed with 
C57BL6/J mice for 12 generations. For diet studies, 
7- to 9-week-old C57BL6/J mice were fed a diet con-
taining 35% lard (TD.03584) purchased from Harlan 
Laboratories.

Cell CultuRe
Mouse FL83B hepatocytes (American Type Culture 

Collection) were cultured in F12K nutrient medium 
(Invitrogen) supplemented with 10% fetal bovine 
serum and 1% antibiotics. For p38 inhibitor treatment, 
cells were pretreated with 20 μM SB203580 for 1 hour, 
followed by 9 hours of palmitic acid (PA) stimulation.

Histology
Paraffin-embedded liver sections (5 μm) were dep-

araffinized and stained with hematoxylin and eosin 
(H&E) before mounting with mounting medium 
(Invitrogen). For Oil Red O staining, 6-μm-thick 
frozen sections were cut and stained with Oil Red 
O (Sigma). Digital images were captured on a light 
microscope (Olympus). To assess hepatic fibrosis, liver 
tissue samples were fixed with 2% paraformaldehyde 
in phosphate-buffered saline (PBS) with 30% sucrose 
at 4 ̊C overnight, washed with PBS for 2 days at 4℃, 
and then embedded in optimum cutting temperature 
compound (Sakura FineTek, Singapore). Sections 5 
μm thick were then cut on a cryostat (Leica, Singapore) 
and stained with Masson’s trichrome stains (Sigma-
Aldrich) using the standard protocol. Quantification 
of Masson’s trichrome staining was done by ImageJ 
software.

lipiD test
Serum TGs were measured using the Triglyceride 

Determination Kit (Sigma) based on the manu-
facturer’s instructions. Cholesterols were measured 
using the Cholesterol Determination Kit (Biovision). 
Nonesterified fatty acids (NEFAs) were measured by 
the NEFA Determination Kit (Wako Chemicals). 
Lipids from liver tissues were extracted using 
the methanol–chloroform method. Snap-frozen liver 
fragments of equal weight were homogenized in nine 
volumes of PBS, and 200 μL of the homogenate was 
transferred into 1,200 μL of chloroform:methanol (2:1  
volume per volume). Then, 100 μL of PBS was added,  
mixed, and centrifuged at 4,200g  for 10 minutes at 
4°C; 200 μL of the organic phase was then trans-
ferred into a tube and left to dry in the fume hood. 
The dried lipid residue was resuspended in 1% Triton 
X-100 (Sigma) in absolute ethanol. Levels of hepatic 
TGs, cholesterol, and NEFAs were determined with 
the respective determination kit.
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CHRomatin 
immunopReCipitation

MKP5-overexpressed mouse hepatocytes FL83B 
and control cells were stimulated with PA for 9 hours 
and crosslinked with formaldehyde at a final concentra-
tion of 1% for 10 minutes, followed by quenching with 
glycine. Cell lysates were fragmented by sonication and 
precleared with protein G Dynabeads and subsequently 
precipitated with anti-phosphor activating transcription 
factor 2 (pATF2) antibody (Santa Cruz) or normal rab-
bit immunoglobulin G (Santa Cruz) overnight at 4°C. 
After washing and elution, crosslink reversal was done 
by incubating at 65°C for 8 hours. The eluted DNA was 
purified and analyzed by real-time polymerase chain 
reaction (RT-PCR) with primers specific to Cidea  and 
Fsp27  promoters.

statistiCal analysis
Data are presented as mean ± SEM. Statistical sig-

nificance of the differences between groups was deter-
mined by the two-tailed unpaired Student t  test with 
GraphPad Prism software. Other materials and meth-
ods are described in Supporting Materials and Methods.

Results
DeVelopment oF 
steatoHepatitis in mKp5 Ko 
miCe WitH aging

We have shown that mice deficient in MKP5 
developed insulin resistance at the age of 3 months 
and glucose intolerance at approximately 5 months; 
this was associated with increased inflammatory mac-
rophage infiltration in perigonadal adipose tissue and 
increased adipose tissue inflammation.(14) To further 
understand the role of MKP5 in metabolism, we con-
tinuously monitored the metabolic phenotypes of the 
mice. We observed that livers from MKP5 KO mice 
were heavier from the age of 11 months and appeared 
to be paler than livers from wild-type (WT) mice 
(Fig. 1A,B). H&E staining of WT and KO liver sec-
tions demonstrated the development of microvesicular 
steatosis in the KO liver but not in the WT liver (Fig. 
1C), which is consistent with increased liver TG con-
tents in the KO mice (Fig. 1D). Masson’s trichrome 

staining of liver sections of WT and KO mice at the 
age of 14 months showed increased fibrosis in the KO 
liver (Fig. 1E). In addition, expression of inflammatory 
genes, including tumor necrosis factor alpha (Tnfα ) 
and monocyte chemoattractant protein 1 (Mcp-1 ), and 
collagen genes, including Col1a1 , Col3a1,  Col6a1  and 
Col6a2 , were elevated in the liver of KO mice (Fig. 1F).  
The expression of these genes was not increased in 
the liver of KO mice compared to that in WT mice at 
the age of 3 months (Supporting Fig. S1). Together, 
these results demonstrated the development of steato-
hepatitis with aging in MKP5 KO mice.

mKp5-DeFiCient miCe aRe 
moRe susCeptiBle to Diet-
inDuCeD HepatiC steatosis

A high-fat diet (HFD) accelerates the development 
of obesity and obesity-associated metabolic disorders, 
such as hepatic steatosis. To facilitate the study on the 
role of MKP5 in the pathogenesis of hepatic steatosis, 
WT and KO mice were fed with an HFD following 
weaning. Increased susceptibility to HFD-induced 
metabolic disorders, including insulin resistance and 
glucose intolerance, was observed in MKP5 KO mice. 
Consistent with our previous finding,(14) MKP5 KO 
mice developed insulin resistance but not glucose 
intolerance at approximately 3 months on a chow diet 
(Fig. 2A). With HFD feeding for 8 weeks, KO mice 
developed more severe insulin resistance and glucose 
intolerance compared to WT mice (Fig. 2A), indicat-
ing the requirement of MKP5 for the animals to cope 
with excessive nutrition.

In addition, a dramatic increase in liver weight in 
KO mice compared to WT mice was detected after 8 
weeks of HFD feeding (Fig. 2B). In WT mice, gross 
morphology of the liver appeared to be normal after 
8 weeks of HFD feeding (Fig. 2C). H&E staining of 
WT liver sections showed no development of steatosis 
at this stage (Fig. 2D). Steatosis was observed in WT 
mice after 12 weeks of the HFD, and the degree of 
steatosis appeared more profound at 16 weeks (Fig. 
2D,E). In contrast, obvious steatosis in KO mice was 
observed after 8 weeks of the HFD and was more 
severe at 12 and 16 weeks compared to WT mice 
(Fig. 2C,D). Oil Red O staining of liver sections from 
mice on the HFD for 12 weeks revealed accumula-
tion of small LDs in WT hepatocytes (Fig. 2E). In 
contrast, accumulation of larger LDs was observed in 
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KO hepatocytes. Collectively, these results demon-
strate that MKP5 KO mice are more susceptible to 
the development of diet-induced hepatic steatosis 
than WT mice.

alteReD HepatiC lipiD 
metaBolism in mKp5 Ko 
miCe is assoCiateD WitH 
inFlammation in tHe liVeR

To further understand the effect of MKP5 deficiency 
on lipid metabolism, we measured NEFAs, TGs, and 
cholesterol in both serum and the liver from WT and 

MKP5 KO mice after HFD feeding. Serum levels of 
NEFAs and TGs were comparable between WT and 
MKP5 KO mice following HFD feeding for 8, 12, 
or 16 weeks (Fig. 3A). Significantly increased levels of 
total cholesterol in serum from KO mice were detected 
compared to serum from WT mice. On the other hand, 
significantly increased levels of hepatic TGs, total cho-
lesterol, and NEFAs were detected in KO mice com-
pared to levels in WT mice after the HFD for 8, 12, or 
16 weeks (Fig. 3B). A comprehensive lipidomic analysis, 
which included glycerophospholipids, sphingolipids, and 
neutral lipids, of the extracts from WT and KO livers 
showed that the difference in lipid content between 

Fig. 1. Deficiency of MKP5 in mice resulted in the development of steatohepatitis in aged mice. (A) The weight of the liver from 
WT (n = 5) and MKP5 KO (n = 5) male mice at the age of 11 months on a chow diet was determined. (B,C) Representative images of 
WT and KO mice (B) at the age of 11 months and (C) H&E staining of sections of liver at 3 (3M) and 11 (11M) months showed the 
development of hepatic steatosis in the KO mice. (D) Hepatic TG in WT and MKP5 KO livers was measured using the Triglyceride 
Determination Kit (Sigma). (E) Representative pictures of Masson’s trichrome staining of liver sections of WT and KO mice at the 
age of 14 months. (F) RT-qPCR examination of proinflammatory cytokines and collagen genes in the liver of WT and KO mice at 
the age of 14 months. The data shown are representative of three to four independent experiments with similar results. (A,D) Data are 
presented as mean ± SEM. *P  < 0.05; **P  < 0.01.
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the two conditions was mainly due to accumulation of 
TGs, diacylglycerols (DAGs), and cholesterol esters in 
KO mice (Fig. 3C). The molecular species that are sig-
nificantly different in each of these lipid classes contain 
short saturated or monounsaturated acyl chains as well as 
long polyunsaturated chains (Supporting Fig. S2). Other 
lipid classes were affected but only in specific molecular 
species, as shown in the figure. Therefore, the develop-
ment of hepatic steatosis in MKP5 KO mice is in line 
with altered hepatic lipid metabolism, which may in turn 
contribute to the development of hepatic steatosis.

Next, we tested if enhanced lipid accumulation in 
MKP5 KO liver leads to the development of NASH. 
To address this, we examined the expression of proin-
flammatory cytokines, including interleukin-6 (IL-6), 
TNFα, and MCP-1, in both WT and KO livers fol-
lowing the HFD for 12 weeks. The expression of all 
three cytokines was increased in KO livers compared to 
WT livers (Fig. 3D). Furthermore, serum MCP-1 levels 
were significantly higher in KO mice than in WT mice 
(Fig. 3E). These results demonstrate the development 
of liver inflammation on top of steatosis in MKP5 KO 

Fig. 2. MKP5 KO mice are more susceptible to HFD-induced hepatic steatosis. WT (n = 5) and MKP5 KO mice were fed with an 
HFD (TD03584, Harlan) for 8 weeks after weaning. (A) Insulin resistance and glucose tolerance tests were performed. (B) The weight 
of livers from WT (n = 3-5) and MKP5 KO (n = 3-5) mice after 8 or 12 weeks of HFD feeding was measured. (C) Representative 
images showing livers from WT and MKP5 KO mice after 8 or 12 weeks of HFD feeding. (D) Representative micrographs showing 
H&E staining on liver sections of WT and MKP5 KO mice receiving the HFD for 8, 12, or 16 weeks. (E) Representative micrographs 
showing Oil Red O staining on liver sections from WT and MKP5 KO mice receiving 12 weeks of the HFD. Scale bar denotes 100 
μM. Data shown are representative of three independent experiments with similar results. (A,B) Data are presented as mean ± SEM. 
*P  < 0.05; **P  < 0.01.
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mice compared to WT mice, suggesting that MKP5 is 
protective in the pathogenesis of NASH.

mKp5 inaCtiVates p38 mapK in 
tHe liVeR

To evaluate the substrate(s) of MKP5 in the liver, 
we examined activation of ERK, JNK, and p38 in liv-
ers from WT and KO mice. Increased activation of 

p38 in KO livers compared to WT livers at the age of 
11 months on the chow diet was detected (Supporting 
Fig. S3). Activation of ERK and JNK was comparable 
between WT and KO mice. Consistently following 
HFD feeding, significantly increased phosphoryla-
tion of p38 but not JNK or ERK was detected in the 
liver from KO mice compared to WT mice (Fig. 4A). 
Together, these results demonstrate that p38 is the 
main target of MKP5 in the liver.

Fig. 3. Altered lipid metabolism in MKP5 KO liver is associated with hepatic inf lammation. (A,B) Concentrations of TGs, total 
cholesterol, and FFAs in the (A) serum and (B) liver of WT and MKP5 KO mice fed with the HFD for 8, 12, or 16 weeks were 
determined using the Triglyceride Determination Kit (Sigma), Cholesterol Determination Kit (Biovision), and NEFA Determination 
Kit (Wako Chemicals), respectively. (C) Lipidomic analysis of liver extracts in WT (n = 4) and KO (n = 4) mice after 12 weeks of HFD 
feeding showed accumulation of total TGs, DAGs, and CEs in KO livers. The ratios of TGs, CEs, and DAGs between KO and WT 
livers are shown. (D) Expression of proinflammatory cytokine genes, including IL-6, TNFα, and MCP-1, in the liver from mice fed 
with the HFD for 12 weeks was determined by qPCR. (E) Serum concentrations of MCP-1 in WT (n = 4) and MKP5 KO (n = 5) 
mice after 12 weeks of HFD feeding were determined by enzyme-linked immunosorbent assay. Data shown are representative of three 
to four independent experiments with similar results. Data are presented as mean ± SEM. *P  < 0.05; **P  < 0.01. Abbreviations: CE, 
cholesterol ester; FFA, free fatty acid.
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inCReaseD eXpRession oF 
CiDea anD CiDeC/Fsp27 in tHe 
liVeR FRom mKp5 Ko miCe

To further understand the regulatory role of 
MKP5 in the liver, we performed a transcriptome 
analysis of WT and KO livers from mice fed with 

the HFD for 12 weeks. Pathway analysis showed 
that p38 pathway genes or genes in ATF2 pathway, 
which is a major target of p38, were enriched in KO 
livers (Supporting Fig. S4); this is consistent with 
the increased activation of p38 in KO livers after 
HFD feeding compared to WT livers (Fig. 4A). 
In addition, genes associated with inflammatory 

Fig. 4. MKP5 regulates CIDEA and CIDEC/FSP27 in the liver through p38. (A) Representative western blots showing the activation 
of MAPKs, including p38, JNK, and ERK, in the liver from WT and MKP5 KO mice fed with the HFD for 12 weeks. Quantification 
of immunoblots was performed using ImageJ software. (B) mRNA expression of Cidea , Cideb,  and Cidec /Fsp27  in the liver of WT and 
MKP5 KO mice following HFD feeding was determined by qPCR. (C) Protein levels of CIDEA, CIDEB, and CIDEC/FSP27 in the 
liver of WT and MKP5 KO mice were examined by western blots. (D) Overexpression of MKP5 inhibits Cidea  and Cidec  promoter 
activity. The Cidea  or Cidec  promoter region was cloned into a pGL3 luciferase vector and was separately cotransfected with MKP5 
or MKP5mut together with a pRL reporter vector containing a cDNA encoding Renilla  luciferase renilla luciferase-null vector into 
FL83B hepatocytes for a dual-luciferase assay after stimulation with or without PA. (E) p38 inhibition reduced the expression of Cidea  
or Cidec  but not Cideb  in mouse hepatocytes. FL83B mouse hepatocytes were pretreated with p38-specific inhibitor SB203580 (40 μM) 
for 1 hour, followed by 500 μM of PA stimulation for 9 hours. Cide  gene expression was examined by qPCR. (F) MKP5 attenuates 
pATF2 binding to the promoter of Cidea  or Cidec/Fsp27 . Mouse hepatocytes with or without MKP5 overexpression were treated 
with BSA or PA for 9 hours. Cells were harvested for the chromatin immunoprecipitation assay using pATF2 antibody to examine its 
binding to Cide  promoters. The promoter region of Cidea  or Cidec/Fsp27  associated with pATF2 was quantified by qPCR. Data shown 
are representative of three independent experiments with similar results. Data are presented as mean ± SEM. *P  < 0.05; **P  < 0.01. 
Abbreviations: BSA, bovine serum albumin; DMSO, dimethyl sulfoxide.
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cytokine pathways, such as IL-6 and TNFα, were 
also found to be enriched in KO livers (Supporting 
Fig. S4), which correlated with the increased expres-
sion of proinflammatory cytokines in the KO liver 
(Fig. 3C), suggesting the development of liver 
inflammation in KO mice.

Next, we analyzed the genes that are up-regulated in 
the KO liver. The CIDEA  gene was identified among 
the top up-regulated genes (Supporting Fig. S5).  
Members of the CIDE protein family, includ-
ing CIDEA, CIDEB, and CIDEC (also known as 
FSP27), play important roles in the development 
of hepatic steatosis.(15) Therefore, we examined the 
expression of Cide  genes in both WT and KO livers 
after HFD feeding. Interestingly, increased expression 
of CIDEA and CIDEC/FSP27, but not CIDEB, at 
both messenger RNA (mRNA) and protein levels 
in the liver of MKP5 KO mice compared with WT 
mice was detected (Fig. 4B,C), suggesting that MKP5 
specifically inhibits the expression of CIDEA and 
CIDEC/FSP27 during the development of hepatic 
steatosis.

To further understand the regulation of CIDEA 
and CIDEC/FSP27 by MKP5, we made luciferase 
constructs in which the expression of firefly lucifer-
ase is controlled by the promoter of Cidea  or Cidec/
Fsp27 . The Cidea  or Cidec/Fsp27  luciferase construct 
was then cotransfected with the full length of MKP5 
complementary DNA (cDNA) or MKP5 phospha-
tase-dead mutant (MKP5mut) cDNA into FL83B cells, 
a mouse liver cell line, to perform a dual-luciferase 
assay with or without PA stimulation. Overexpression 
of MKP5 inhibited Cidea  and Cidec/Fsp27  promoter 
activity (Fig. 4D). In contrast, MKP5mut was unable 
to suppress the promoter activity of Cidea  or Cidec/
Fsp27  (Fig. 4D). Together, these results demonstrate 
that MKP5 inhibits Cidea  and Cidec/Fsp27  expres-
sion, which is dependent on its phosphatase activity.

mKp5 Regulates CiDea anD 
CiDeC/Fsp27 eXpRession 
tHRougH p38

Next, we examined if negative regulation of 
CIDEA and CIDEC/FSP27 by MKP5 is through 
its regulation of p38. To address this, we first pre-
treated FL83B cells with p38 inhibitor SB203580, 
followed by stimulation with PA, to examine the 
expression of Cide  genes. The results showed that 

SB203580 treatment suppressed the activation of 
ATF2 (Supporting Fig. S6A), indicating that acti-
vation of p38 was inhibited. Expression of both 
Cidea  and Cideac/Fsp27  was increased in hepato-
cytes in response to PA stimulation, and inhibi-
tion of p38 significantly inhibited the expression 
of both genes with or without PA stimulation (Fig. 
4E). We verified this observation with another p38 
inhibitor, SB20219. Inhibition of p38 activation 
with SB20219 also resulted in inhibition of Cidea  
and Cideac/Fsp27  expression (Supporting Fig. S6B). 
These results demonstrate that p38 regulates the 
expression of Cidea  and Cideac/Fsp27  in hepato-
cytes, suggesting that MKP5 regulates the expres-
sion of Cidea  and Cideac/Fsp27  through p38.

To substantiate these results, we generated MKP5 
overexpressing FL83B cells (Supporting Fig. S6C). 
A chromatin immunoprecipitation assay was carried 
out to examine the binding of pATF2, a major tar-
get of p38, to the promoter of Cidea  or Cidec/Fsp27  
in FL83B cells with or without MKP5 overexpres-
sion. pATF2 binds to the promoter of both Cidea  and 
Cideac/Fsp27  in FL83B cells, and this binding was 
enhanced by PA stimulation (Fig. 4F). Overexpression 
of MKP5 significantly reduced the binding of pATF2 
to the promoter of Cidea  or Cideac/Fsp27  with or 
without stimulation (Fig. 4F). Together, these data 
demonstrate that MKP5 inhibits the expression of 
Cidea  and Cidec/Fsp27  through negative regulation of 
p38 activation.

p38–peRoXisome 
pRoliFeRatoR-aCtiVateD 
ReCeptoR gamma aXis 
ContRiButes to tHe 
Regulation oF CIDE  genes By 
mKp5

Studies have revealed that CIDEA and CIDEC/
FSP27 are direct mediators of peroxisome prolifera-
tor-activated receptor gamma (PPARγ)-dependent 
hepatic steatosis.(10,16) Interestingly, we found that 
both mRNA and protein expression of PPARγ was 
increased in KO livers compared to WT livers in 
response to the HFD (Fig. 5A), suggesting that 
MKP5 regulates hepatic PPARγ expression. To test 
the regulation of PPARγ expression by MKP5, we 
made a PPARγ promoter luciferase construct and 
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cotransfected it with MKP5 cDNA into FL83B 
hepatocytes for the luciferase assay. MKP5 expres-
sion inhibited PA-induced PPARγ promoter activity, 
indicating that MKP5 negatively regulates PPARγ 
expression (Fig. 5B).

It has been shown that p38 regulates PPARγ 
expression.(17) We also found that inhibition of p38 
by SB203580 reduced the expression of both mRNA 
and proteins of PPARγ in FL83B hepatocytes with 
or without PA stimulation (Fig. 5C). Collectively, 
these results indicate that MKP5 regulates PPARγ 

expression through p38, which contributes to its regu-
lation of CIDEA and CIDEC/FSP27 expression.

inHiBition oF p38 alleViates 
HepatiC steatosis in mKp5 Ko 
miCe

Our findings suggest that deficiency of MKP5 
resulted in increased p38 activation, which pro-
moted the development of steatosis. Inhibition of 
p38 activation would therefore reduce the severity 

Fig. 5. MKP5 negatively regulates PPARγ expression through p38. (A) Increased expression of PPARγ in MKP5 KO livers following 
HFD feeding. mRNA and protein expression of PPARγ in the liver of WT and MKP5 KO mice following 12 weeks of HFD 
feeding were determined by qPCR and western blots, respectively. (B) Overexpression of MKP5 inhibits Pparγ  promoter activity. 
The Pparγ  promoter region was cloned into a pGL3 luciferase vector and was cotransfected with MKP5 cDNA or control plasmid 
into FL83B hepatocytes together with a phosphorylated renilla luciferase-null plasmid for a dual-luciferase assay with or without PA 
stimulation for 6 hours. (C) p38 inhibition reduced Pparγ  expression in mouse hepatocytes. FL83B mouse hepatocytes were pretreated 
with p38 inhibitor SB203580 (40 μM) for 1 hour, followed by stimulation with 500 μM of PA for 6 hours. PPARγ expression at both 
mRNA and protein levels was determined by qPCR and western blots, respectively. Data shown are representative of three independent 
experiments with similar results. Data are presented as mean ± SEM. *P  < 0.05; **P  < 0.01. Abbreviations: BSA, bovine serum albumin; 
DMSO, dimethyl sulfoxide.
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of steatosis in the KO mice. To address this, we 
administered SB203580 to WT and KO mice at 
week 3, after the HFD for 7 weeks in a course of 
10-week HFD feeding. Mice were then killed for 
examination. Increased liver weight and increased 
hepatic TG level in KO mice compared to WT 
mice were detected (Fig. 6A). Inhibition of p38 
resulted in reduced liver weight and reduced hepatic 
TG level in both WT and KO mice. Importantly, 
TG levels became comparable between WT and 
KO mice after 7 weeks of p38 inhibition (Fig. 6A). 
Measurement of MAPK activation demonstrated 
reduced activation of p38 but not JNK or ERK in 

the liver of MKP5 KO mice following SB203580 
treatment (Supporting Fig. S7). Next, we exam-
ined the expression of CIDE family members in 
the liver from WT and KO mice. We found that 
mRNA expression of Cidea  and Cidec  but not Cideb  
was higher in MKP5 KO mice compared to WT 
mice in response to the HFD (Fig. 6B). Following 
7 weeks of SB203580 administration, the expres-
sion of Cidea  and Cidec  but not Cideb  was signifi-
cantly reduced in the KO liver (Fig. 6B). Reduced 
protein expression of CIDEA and CIDEC but not 
CIDEB was also observed in MKP5 KO livers fol-
lowing p38 inhibition (Fig. 6C), suggesting that 

Fig. 6. Inhibition of p38 activation alleviates hepatic steatosis in both WT and MKP5 KO mice. WT and MKP5 KO mice were 
fed with the HFD for 3 weeks after weaning, followed by administration of p38-specific inhibitor SB203580 by oral gavage with 
continuation of HFD feeding for 7 weeks. (A) The weight of the liver and hepatic TG levels were determined. (B) mRNA and (C) 
protein expression of CIDEA, CIDEB, and CIDEC were determined in the liver from WT and KO mice with or without p38 
inhibition. (D) H&E staining of liver sections from WT and MKP5 KO mice with or without p38 inhibition. Original magnification 
×20. Data shown are representative of two independent experiments with similar results. (A,B) Data are presented as mean ± SEM.  
*P  < 0.05; **P  < 0.01. Abbreviation: NS, not significant.
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p38 specifically regulates CIDEA and CIDEC in 
the liver. Furthermore, the development of hepatic 
steatosis was obviously alleviated in both WT and 
KO mice (Fig. 6D). Together, these results demon-
strate that activation of p38 in the liver promotes 
the development of diet-induced hepatic steatosis, 
which can be suppressed by MKP5.

Discussion
We have shown that MKP5 is required for mainte-

nance of white adipose tissue (WAT) homeostasis in 
aging by preventing the development of adipose tissue 
inflammation and insulin resistance.(14) Mice defi-
cient in this molecule progressively developed insulin 
resistance, visceral obesity, and glucose intolerance, 
which are associated with adipose tissue inflamma-
tion. Here, we showed that MKP5 plays a protec-
tive role in the development of NAFLD, including 
hepatic steatosis and steatohepatitis. MKP5 KO aged 
mice developed hepatic steatosis spontaneously, which 
further progressed to more severe liver inflammation 
and fibrosis compared to WT mice (Fig. 1). Similarly, 
more severe steatosis accompanied by liver inflam-
mation in the KO mice compared to WT mice was 
observed following the HFD for 12 weeks, suggesting 
the development of steatohepatitis in the KO mice  
(Figs. 2 and 3).

MKPs are cysteine-based protein tyrosine phos-
phatases that are able to dephosphorylate both the 
tyrosine and threonine residues in the activation loop 
of MAPKs to inactivate them, and therefore are also 
known as DUSPs.(18) Our previous study showed that 
deficiency of MKP5 resulted in increased p38 acti-
vation in WAT,(14) suggesting that p38 is the main 
substrate of this phosphatase in WAT. In the cur-
rent study, we detected increased activation of p38 
but not JNK or ERK in the liver from MKP5 KO 
mice compared to WT mice with age or on the HFD 
(Supporting Fig. S2; Fig. 5A), demonstrating that 
p38 is also the main target of MKP5 in the liver in 
response to stimulation that leads to the development 
of NAFLD.

The function of p38α in liver inflammation and 
injury has been studied using cell-/tissue-specific 
p38α KO mice. Tormos et al.(19) employed bile duct 
ligation (BDL)-induced chronic cholestasis to assess 
the role of p38α in the progression of biliary cirrhosis 

using liver-specific p38α KO mice. BDL-induced 
chronic cholestasis causes proliferation of hepato-
cytes and cholangiocytes together with cell death, 
leukocyte infiltration, oxidative stress, and eventually 
fibrosis. In this biliary cirrhosis model, it was found 
that hepatocyte growth was reduced and hepato-
megaly was absent in p38α-deficient mice; this was 
associated with enhanced expression of inflammatory 
mediators, including regulated on activation, normal 
T-cell expressed, and secreted (also known as CCL5) 
and intercellular cell adhesion molecule 1, but reduced 
fibrosis. Reduced survival of the p38α liver-specific 
KO mice in response to BDL was observed compared 
to control mice. In another study using a coenzyme 
A-induced hepatitis model where T cells and natural 
killer T (NKT) cells play critical roles in liver inflam-
mation and damage, Kang et al.(20) found that p38α  
activation in hepatocytes plays a protective anti- 
inflammatory role during acute liver injury, whereas 
its activation in T cells or NKT cells promotes liver 
inflammation and injury. Interestingly, it was found 
that deficiency of p38α in hepatocytes resulted in 
increased JNK activation that contributed to increased 
chemokine expression for the recruitment of inflam-
matory cells to the liver, leading to severe inflammation 
and injury.(20) Such a phenomenon was not observed 
in the liver-specific p38α KO mice following BDL.(19) 
The roles of p38α in liver injury and HCC has also 
been investigated using liver-specific p38α-deficient 
mice.(21,22) Sakurai et al.(21) used a diethylnitrosamine 
(DEN)-induced HCC mouse model and liver-specific 
p38α-deficient mice (p38αΔhep) to examine the role of 
p38α in liver injury and HCC. It was found that defi-
ciency of p38α in hepatocytes resulted in increased cell 
death of hepatocytes. This led to an increased release 
of IL-1α that stimulates IL-6 production. IL-6 stim-
ulates hepatocyte compensatory proliferation, which is 
important for the development of HCC in response 
to DEN. In addition, enhanced accumulation of reac-
tive oxygen species (ROS) and reduced expression of 
heat shock protein (HSP)25, a potent inhibitor of 
ROS, were observed in p38αΔhep mice. Subsequent 
administration of chemical antioxidant butylated 
hydroxyanisole to p38αΔhep mice or overexpression 
of HSP25 in p38αΔhep mice showed a marked reduc-
tion in DEN-induced liver injury and compensatory 
proliferation. Interestingly, increased JNK activity was 
detected in the liver from p38αΔhep mice compared to 
that in p38α floxed mice. Conversely, administration 
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of a JNK inhibitor inhibited DEN-induced liver 
damage and compensatory proliferation. In another 
study using a thioacetamide (TAA)-induced HCC 
mouse model, Sakurai et al.(22) showed that p38αΔhep 
mice had enhanced hepatocarcinogenesis, which was 
associated with reduced expression of HSP25 and 
enhanced ROS accumulation in the liver of p38αΔhep 
mice compared to that in p38αF/F mice in response to 
TAA treatment. The enhanced ROS accumulation in 
the liver of p38αΔhep mice was believed to be respon-
sible for the increased liver injury and fibrogenesis.  
The expression and phosphorylation of MAPK-
activated protein kinase 2 (MAPKAPK2) was down- 
regulated in p38αΔhep liver following TAA treatment. 
Importantly, increased JNK activity was detected in 
p38αΔhep mouse liver. Therefore, the protective role 
of p38α showed in these two chemical-induced HCC 
mouse models was entangled with JNK. Indeed, it has 
been shown that p38α negatively regulates cell pro-
liferation and liver cancer development by antagoniz-
ing the JNK-c-Jun pathway.(23) In addition, p38α can 
regulate the activities of a large number of substrates, 
including MAPKAPK2, C/EBP homologous pro-
tein (CHOP), mitogen- and stress-activated protein 
kinase (MSK)1/2, and ATF2, which are the source of 
functional diversity of this pathway.(24) In our study, 
we observed increased activation of p38 but not JNK 
or ERK (Fig. 4A) in the liver of MKP5-deficient mice 
in response to HFD feeding, which led to increased 
ATF2 activity, increased expression of Cidea  and 
Cidec , increased expression of PPARγ, and increased 
inflammation for the development of hepatic steato-
sis and steatohepatitis. Together, these studies suggest 
that cell-/tissue-specific regulation of p38α activation 
is dependent on the pathologic conditions,(20) and this 
leads to different biological outcomes.

Increased activation of p38 coupled with increased 
activation of JNK was associated with the develop-
ment of NAFLD, and inhibiting p38/JNK amelio-
rates disease severity.(25,26) However, the mechanism 
of how p38 regulates NAFLD is unclear. In this 
study, we found that deficiency of MKP5 resulted 
in enhanced activation of p38 but not ERK or JNK; 
this was associated with increased hepatic steato-
sis, inflammation, and fibrosis in response to aging 
or overnutrition (Figs. 1‒3; Supporting Fig. S3). We 
further showed that p38 regulates the expression of 
LD-associated proteins CIDEA and CIDEC but 
not CIDEB in the liver; we believe this contributes 

to the more severe hepatic steatosis observed in the 
KO mice (Fig. 4B-F). Mechanistically, we demon-
strated that pATF2, a major target of p38, bound 
to the promoter regions of Cidea  and Cidec , thereby 
enhancing their expression following activation in 
hepatocytes (Fig. 4D,F). Conversely, inhibition of p38 
suppressed the expression of both Cidea  and Cidec  
(Fig. 4E). In addition, expression of PPARγ, a known 
regulator of Cidea  and Cidec/Fsp27, (10) was observed 
to be enhanced in the liver from KO mice (Fig. 5A). 
This increased expression of PPARγ was likely due to 
increased p38 activation caused by the deficiency of 
MKP5 as we observed that overexpression of MKP5 
or inhibition of p38 activation inhibited the expres-
sion of PPARγ (Fig. 5B,C), demonstrating that p38 
promotes PPARγ expression in the liver. Therefore, 
it is likely that MKP5 regulates the expression of 
Cidea  and Cidec/Fsp27  through both p38–ATF2 and  
p38–PPARγ axes, thereby inhibiting the development 
of hepatic steatosis.

PPARγ, a member of the PPAR subfamily of nuclear 
hormone receptors, is a ligand-activated transcrip-
tional factor with a major role in the development of 
adipocytes and also serves as a receptor for an import-
ant class of antidiabetic drugs.(27) The expression of 
PPARγ was found to be elevated in steatotic livers in 
both animal models and patients with NAFLD,(28-30)  
suggesting that it plays a role in the pathogenesis 
of the disease. A study using HFD-induced hepatic  
steatosis in low-density lipoprotein receptor-deficient 
mice showed that PPARγ expression induced by its 
ligand rosiglitazone attenuated the development of 
NASH.(31) However, in leptin-deficient mice, rosigli-
tazone treatment resulted in increased oxidative stress 
and liver steatosis.(32) In addition, PPARγ expression in 
the liver was found to mostly predominate in hepato-
cytes, and PPARγ deletion in hepatocytes but not in 
macrophages promoted the development of hepatic 
steatosis.(29,33) Interestingly, deficiency of PPARγ in 
hepatocytes or macrophages did not lead to changes 
in hepatic inflammation in response to HFD feeding. 
Furthermore, expression of Cidec/Fsp27 , a PPARγ-
target gene, promotes hepatic steatosis.(10,34) Genetic 
differences in the mice used in these studies could be 
one of the reasons responsible for the observed dis-
crepancy on the role of this molecule in the patho-
genesis of NAFLD. We observed the development 
of both steatosis and hepatic inflammation in MKP5 
KO mice, which are associated with increased p38 
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activation, and inhibition of p38 resulted in reduced 
expression of Cidea  and Cidec/Fsp27  as well as inflam-
matory cytokines, including IL-6, TNFα, and MCP-1 
(Fig. 6B). Therefore, p38 activation contributes to 
both increased accumulation of lipids through both 
ATF2 and PPARγ and the development of inflam-
mation through ATF2 in the liver (Fig. 7).

In summary, our study demonstrates that MKP5 
plays protective roles in the development of aging- 
and diet-induced hepatic steatosis and steatohep-
atitis. It controls the activation of p38–ATF2 and  
p38–PPARγ axes in the liver, thereby inhibiting exces-
sive accumulation of LDs and the development of 
inflammation. Our study therefore reveals the mech-
anism of p38 in the pathogenesis of NAFLD and 
suggests that MKP5 may be targeted for the develop-
ment of therapeutics for the prevention and treatment 
of steatohepatitis.
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