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Hepatic Mitogen-Activated Protein Kinase Phosphatase 1 Selectively
Regulates Glucose Metabolism and Energy Homeostasis
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The liver plays a critical role in glucose metabolism and communicates with peripheral tissues to maintain energy homeostasis.
Obesity and insulin resistance are highly associated with nonalcoholic fatty liver disease (NAFLD). However, the precise molecu-
lar details of NAFLD remain incomplete. The p38 mitogen-activated protein kinase (MAPK) and c-Jun NH,-terminal kinase
(JNK) regulate liver metabolism. However, the physiological contribution of MAPK phosphatase 1 (MKP-1) as a nuclear antago-
nist of both p38 MAPK and JNK in the liver is unknown. Here we show that hepatic MKP-1 becomes overexpressed following
high-fat feeding. Liver-specific deletion of MKP-1 enhances gluconeogenesis and causes hepatic insulin resistance in chow-fed
mice while selectively conferring protection from hepatosteatosis upon high-fat feeding. Further, hepatic MKP-1 regulates both
interleukin-6 (IL-6) and fibroblast growth factor 21 (FGF21). Mice lacking hepatic MKP-1 exhibit reduced circulating IL-6 and
FGF21 levels that were associated with impaired skeletal muscle mitochondrial oxidation and susceptibility to diet-induced obe-
sity. Hence, hepatic MKP-1 serves as a selective regulator of MAPK-dependent signals that contributes to the maintenance of
glucose homeostasis and peripheral tissue energy balance. These results also demonstrate that hepatic MKP-1 overexpression in

obesity is causally linked to the promotion of hepatosteatosis.

besity is a major problem globally, and its incidence is in-

creasing at an alarming rate (1). Obesity predisposes to the
development of nonalcoholic fatty liver disease (NAFLD), which
is a spectrum of liver-related pathologies that encompasses steato-
sis, nonalcoholic steatosis, and nonalcoholic steatohepatitis (2).
The development of hepatosteatosis arises as a result of an imbal-
ance between triglyceride deposition and removal. Epidemiolog-
ically, NAFLD is associated with type 2 diabetes, suggesting that
hepatosteatosis and the development of insulin resistance are
causally linked (2). However, both genetic mouse models and
clinical data suggest dissociation of hepatosteatosis from insulin
resistance, arguing against the existence of such a causal link (3).
Several proposed mechanisms have been put forth to explain the
relationship between hepatosteatosis and insulin resistance. One
mechanism proposes that type 2 diabetes results in hyperinsulin-
emia, which promotes hepatic lipogenesis and thus hepatosteato-
sis. Dysfunction in hepatic lipid metabolism and lipotoxicity have
also been proposed to activate serine/threonine kinases that sub-
sequently lead to the failure of insulin to signal (4).

The actions of kinases in physiological and pathophysiological
metabolic pathways have been studied extensively (5, 6). In par-
ticular, the mitogen-activated protein kinase (MAPK) pathway is
an established regulator of hepatic metabolism (7-10). The stress-
responsive MAPK c-Jun NH,-terminal kinase 1 (JNK1), when
deleted specifically in the liver, results in the development of hepa-
tosteatosis, enhanced hepatic glucose production, and insulin re-
sistance (11). Additionally, p38 MAPK promotes gluconeogenesis
through activation of the peroxisome proliferator-activated re-
ceptor 1y coactivator la (PGC-1a) and through mediation of free
fatty acid-induced p38 MAPK phosphorylation of the cyclic-
AMP-responsive element binding protein (CREB) (9, 12). Collec-
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tively, these observations demonstrate an important role for the
MAPKSs in hepatic metabolism.

MAPK activity is opposed by specific dephosphorylation
through the actions of MAPK phosphatases (MKPs) (13). The
MKPs have been demonstrated to play a variety of roles in meta-
bolic homeostasis (14). We have previously demonstrated that
MKP-1, a nucleus-localized MKP, is a major negative regulator of
p38 MAPK and JNK1/2 and functions to control metabolism (15).
Whole-body deletion of MKP-1 in mice protects against diet-in-
duced obesity (15, 16). Moreover, MKP-1-deficient mice fed a
high-fat diet (HFD) (15) or mice in a genetic mouse model of
obesity deficient for the expression of MKP-1 are protected from
the development of hepatosteatosis (15, 17). These observations
suggest that MKP-1 plays a crucial role in regulating liver metab-
olism. Mechanistically, MKP-1 functions to attenuate the ability
of both p38 MAPK and JNK1/2 to phosphorylate and subse-
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FIG 1 Generation and characterization of mice with liver-specific deletion of MKP-1. (A) Schematic of the Dusp1/MKP-1 gene locus, the targeted construct, and
the resulting targeted allele. Cre-mediated excision results in the deletion of exons 2 and 3 of the Mkp-1 gene. The relevant restriction sites are indicated: B,
BamHTI; E, EcoR[; H, HindIII; S, Scal. (B) Mkp- """ and MKP1-LKO genotyping by PCR using genomic DNA. (C) mRNA expression of MKP-1 from chow-fed
Mkp—lﬂ/ﬂ and MKP1-LKO mice (n = 6 to 10). Open bars, Mkp- "M mice; filled bars, MKP1-LKO mice. (D) Hepatic MKP-1 and MKP-2 protein expression from
chow- and HFD-fed mice (upper panel) and Mkp- /" and MKP1-LKO mice fed an HFD (lower panel). ERK1/2 antibodies were used to detect the expression of

ERK1/2 as a loading control.

quently activate transcription factors that are instrumental in the
control of hepatic lipid metabolism (15, 17). MKP-1 regulates
MAPK-mediated phosphorylation and activation of PPARa and
PGC-1la (15, 16). MKP-1 also promotes lipogenesis by attenuat-
ing MAPK-dependent phosphorylation of PPARYy1 at the site,
which negatively regulates the ability of PPARy1 to engage in tran-
scriptional activity (17). These results demonstrate an important
role for MKP-1 in whole-body energy balance and also suggest
that MKP-1 regulates MAPK-dependent pathways that control
liver metabolism.

The goal of this study was to define the contribution of hepatic
MKP-1 in the control of whole-body metabolism. To accomplish
this, we generated mice specifically lacking the expression of
MKP-1 in the liver, which represents the first tissue-specific dele-
tion of an MKP family member. Our results show that MKP-1isa
critical regulator of hepatic lipid metabolism that integrates nu-
clear MAPK signaling in a manner that, when it is overexpressed
in obesity, selectively promotes hepatosteatosis. Finally, an unan-
ticipated connection between MKP-1 and the regulation of inter-
leukin-6 (IL-6) and the liver hormone fibroblast growth factor 21
(FGF21) was uncovered, suggesting a role for hepatic MKP-1 in
the systemic mediation of whole-body energy metabolism. Hence,
hepatic MKP-1 represents a critical nodal point of MAPK regula-
tion that links hepatic metabolic homeostasis to the control of
whole-body metabolism.

MATERIALS AND METHODS

Reagents and antibodies. All reagents were purchased from standard
chemical vendors. The following antibodies were used. Phospho-p38
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MAPK (9215S), phospho-JNK1/2 (4668S), phospho-extracellular signal-
regulated kinase 1/2 (phospho-ERK1/2) (9101S), phospho-STAT-3
(Y705) (9145S), phospho-STAT-3 (S727) (9134), phospho-CREB (S133)
(9198S), phospho-a subunit of eukaryotic initiation factor 2 (phospho-
elF2a) (9721), STAT-3 (4904S), CREB (4820), JAK2 (3230), elF2a
(9722), and protein disulfide isomerase (PDI) (3501S) were obtained
from Cell Signaling Technology. ERK1/2 (sc-94), p38 MAPK (sc-535),
and JNK (sc-571) were obtained from Santa Cruz Biotechnology. GRP78
(AB53068) was obtained from Abcam. Antibodies to MKP-1 were gener-
ated using a chimeric peptide representing both the C terminus of MKP-1
and that of MKP-2 as an immunogen; these antibodies were obtained
from Cell Signaling Technology.

Animal studies. The Yale University School of Medicine Institutional
Animal Care and Use Committee approved all animal studies. Briefly,
loxP sites flanking exons 2 and 3 of the Duspl/MKP-1 gene locus were
generated. A neomycin-selectable marker flanked by the Flp sites was
placed downstream of the “floxed” exon 2 to allow for the removal of the
neomycin cassette. Targeting was performed by standard techniques
through the Yale Transgenics Core Facility. The targeting construct was
introduced into 129Sv embryonic stem cells, and these cells were screened
for neomycin resistance. Targeted cells were obtained and transfected
with pOG-Flp-e6, which drives expression of the Flpe recombinase to
obtain clones lacking the Neo cassette. PCR and Southern blotting iden-
tified clones in which the Neo resistance gene had been deleted and the
genomic DNA with its appropriate modifications had been left intact.
Embryonic stem (ES) cells in which the Neo cassette had been deleted
were injected into mice, and mice chimeric for the mutation were crossed
to C57BL/6 mice to generate F1 hybrids. F1 mice were backcrossed for 10
generations to a C57BL/6 background. MKP-11¥1% (Akp- ") mice
were then bred with mice expressing the Cre recombinase under the con-
trol of an albumin promoter (Alb-Cre) to obtain Alb-Cre-MKP-1/*
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FIG 2 Enhanced hepatic MAPK phosphorylation in MKP1-LKO mice. (A) Liver lysates from chow-fed Mkp- 1" and MKP1-LKO mice were analyzed by
immunoblotting with the indicated antibodies. (B) Immunoblots were quantitated by densitometry for the levels of phospho-p38 MAPK/p38 MAPK, phospho-
JNK1/2/JNK1/2, and phospho-ERK1/2/ERK1/2, as indicated. Results represent 10 to 13 mice per genotype, and data shown are the means + SEM; #*, P < 0.05,
as determined by Student’s ¢ test. Open bars, Mkp—lﬂ/ﬂ mice; filled bars, MKP1-LKO mice.

mice that were backcrossed to Mkp- "/ mice to generate mice with liver-
specific deletion of MKP-1, Alb-Cre-MKP-1" referred to as MKP-1
liver knockout (MKP1-LKO) mice. The Alb-Cre transgene was detected
using primers specific to Alb-Cre and the MKP-1 “floxed” allele.

Metabolic measurements. Glucose tolerance tests (GTTs) were per-
formed with 8- to 12-week-old male Mkp- "/ and MKP-LKO littermates.
Mice were fasted overnight for 16 h, followed by an intraperitoneal injec-
tion of glucose at 2 g/kg body weight. Blood glucose was measured by tail
massaging at 0, 15, 30, 60, 90, and 120 min. Serum FGF21 levels was
measured by using an enzyme-linked immunosorbent assay (ELISA) kit
(Quantikine ELISA; R&D Systems), and leptin and IL-6 levels were deter-
mined by using a Milliplex map mouse serum adipokine kit (Millipore,
MA). Hyperinsulinemic-euglycemic clamp studies were performed with
male chow-fed Mkp- " and MKP1-LKO mice at 12 weeks old at the Yale
Metabolic Phenotyping Center. For the hyperinsulinemic-euglycemic
clamp studies, catheters were implanted in these mice and they were al-
lowed to recover 1 week prior to the clamp experiments. After an over-
night 14-h fast, the mice were infused with [3->H]glucose at a rate of 0.05
p.Ci/min for 120 min to establish basal glucose turnover. The hyperinsu-
linemic-euglycemic clamp was performed with conscious mice for 140
min with a 4-min primed infusion (29 nU/kg) followed by a continuous
(3 wU/kg/min) infusion of human insulin (Novolin; Novo Nordisk,
Princeton, NJ), a continuous infusion of [3-*H]glucose (0.1 wCi/min),
and a variable infusion of 20% dextrose, given to maintain euglycemia.
Blood samples were collected by tail massage for plasma glucose, insulin,
and tracer levels at set time points during the 140-min infusion. The
glucose turnover was calculated as the ratio of the [3->H]glucose infusion
rate to the specific activity of plasma glucose at the end of the basal infu-
sion and during the last 40 min of the hyperinsulinemic-euglycemic
clamp experiment.

Conscious male Mkp- "/ and MKP1-LKO mice were used to measure
total body fat and lean mass using 'H magnetic resonance spectroscopy
(Bruker minispec analyzer; Echo Medical Systems, Houston, TX). Male
chow-fed Mkp- 1" and MKP1-LKO mice of ages between 8 and 12 weeks
old were individually housed under controlled temperature (23°C) and
lighting (12-h light, 12-h dark cycle; lights on at 0700 h) with free access to
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food and water. After 2 weeks of acclimatization, mice were kept in the
metabolic cages (TSE Systems, Bad Homburg, Germany) for 1 week, and
the food and water intake, energy expenditure, respiratory exchange ratio,
and physical activity were assessed.

Isolation and culture of primary hepatocytes. Primary hepatocytes
were isolated from 8- to 12-week-old male Mkp-1""/" and MKP1-LKO
mice via portal cannulation. The liver was digested by perfusion with type
IV collagenase (Worthington Biochemical Corp., Freehold, NJ) in Krebs-
Ringer buffer (Sigma Chemical Co., St. Louis, MO). Dissociated cells were
plated at 5 X 10° cells per well in rat tail type 1 collagen (Invitrogen,
NY)-coated 6-well plates and allowed to adhere for 4 h in plating medium
(Dulbecco’s modified Eagle medium [DMEM]; Invitrogen, NY) contain-
ing 10% fetal bovine serum. Then, the plating medium was replaced with
maintenance medium containing 0.2% bovine serum albumin (BSA), and
cells were transfected with the promoter of FGF21 fused to luciferase for
48 h or stimulated with glucagon in the presence or absence of MAPK
inhibitors.

Luciferase reporter assays. Primary hepatocytes were isolated from 8-
to 12-week-old male Mkp- " and MKP1-LKO mice and were transfected
with the FGF21 promoter fused to luciferase (kindly provided by David
Mangelsdorf, University of Southwestern Medical Center). Cells were
transiently transfected with 500 ng of FGF21-luc and 10 ng renilla with
Lipofectamine 2000. Cells were stimulated with 100 nM glucagon for 6 h
or cells were incubated with 10 wM U0126, 10 uM SB203580, or 10 pM
SP600125 for 1 h prior to stimulation with glucagon. HepG2 hepatoma
cells were cotransfected with FGF21 luciferase promoter and either MKK6
(wild type [WT]) (13517; Addgene), MKK4 (WT) (14615; Addgene), or
constitutively active mutants of the upstream activators of p38 MAPK,
MKKG6(EE) (13518; Addgene), JNK, and MKK4(EE) (14813; Addgene),
or dominant negative mutants of p38 MAPK, MKK6(AA) (13519; Add-
gene), JNK, and MKK4(AA) (15314; Addgene). Also, HepG2 hepatoma
cells were cotransfected with either pGL3-G6Pc or pGL-3-PCK1 pro-
moter luciferase and MKK6(EE) and MKK7(DD) (16) in the presence or
absence of pcDNA3.1-MKP-1. Plasmids were transfected with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. The activities of luciferase and renilla luciferase were assessed using
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FIG 3 Increased adiposity, hyperglycemia, and hyperinsulinemia in chow-fed MKP1-LKO mice. (A) Weight curves of chow-fed male Mkp- """ and MKP1-LKO
mice (n = 10 to 12 per genotype). (B) Liver weights and liver-to-body-weight ratio of chow-fed Mkp- 1" and MKP1-LKO mice (1 = 10 per genotype). (C and
D) Representative hematoxylin-and-eosin staining of liver sections (C) and hepatic triglycerides from chow-fed Mkp- """ and MKP1-LKO mice (n = 5 to 8 for
each genotype) (D). (E and F) Spectroscopic analysis of total body lean (E) and fat (F) mass of chow-fed Mkp- P""and MKP1-LKO mice (n = 10 per genotype).
(G) Serum leptin in chow-fed Mkp-1"/" and MKP1-LKO mice (1 = 8 per genotype). (H and I) Plasma glucose (H) and insulin (I) in chow-fed Mkp- 1" and
MKP1-LKO mice (1 = 15 per genotype). Data represent the means = SEM; #, P < 0.05; #3#x, P < 0.0001 (as determined by Student’s ¢ test). Open bars, Mkp- "7

mice; filled bars, MKP1-LKO mice.

the dual-luciferase reporter system kit from Promega (Madison, WI) ac-
cording to the manufacturer’s instructions, and luminescence was mea-
sured using a GloMax 20/20 luminometer (Promega Corporation, USA).

Histological analysis of tissue sections. Liver, skeletal muscle, and
white adipose tissue were isolated from chow- and HFD-fed male Mkp-
P! and MKP1-LKO mice and then fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS), processed for paraffin sections, and
stained with hematoxylin and eosin. Cryostat sections of livers were fixed
with 4% paraformaldehyde-PBS for 1 h and cyroprotected with 20% su-
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crose prior to staining with 4% Oil Red O for 2 h. Liver tissues were fixed
with 10% formalin in PBS for 2 h and then stained with 4% Oil Red O
solution for 2 h.

Skeletal muscle mitochondrial oxygen consumption. Samples of
muscle from chow- and HFD-fed male Mkp-1""" and MKP1-LKO mice
were placed in ice-cold buffer X containing 60 mM 2-(N-morpholino)
ethanesulfonic acid (K-MES), 35 mM KCl, 7.23 mM K,EGTA, 2.77 mM
CaK,EGTA, 20 mM imidazole, 0.5 mM dithiothreitol (DTT), 20 mM
taurine, 5.7 mM ATP, 15 mM PCr, and 6.56 mM MgCl,, pH 7.1. The
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FIG 4 MKP1-LKO mice are glucose intolerant and exhibit hepatic insulin resistance. (A) Plasma glucose concentration during glucose tolerance tests in
overnight fasted chow-fed (left panel) and HED-fed (right panel) Mkp- """ and MKP1-LKO mice (n = 15 and n = 8 per genotype for chow- and HFD-fed mice,
respectively). (B to E) Hyperinsulinemic-euglycemic clamps were performed on chow-fed Mkp- "/ and MKP1-LKO mice, and the glucose infusion rate (GIR)
(B), whole-body glucose uptake (C), skeletal muscle glucose uptake (D), and hepatic endogenous glucose production (EGP) and hepatic insulin action (E) were
analyzed (n = 10 per genotype). Data are represented as means = SEM; #, P < 0.05; #*, P < 0.01; *#, P < 0.0001 (as determined by Student’s ¢ test and in panel
A by analysis of variance [ANOVA] with Bonferroni’s posttest for multiple comparisons). Open bars, Mkp- "/ mice; filled bars, MKP1-LKO mice.

muscle was trimmed of connective tissue and fat. The muscle fiber bun-
dles were gently separated in ice-cold buffer X to maximize the surface
area of the fiber bundle. To permeabilize the myofibers, each fiber bundle
was incubated in ice-cold buffer X containing 50 pg/ml saponin on a
rotator for 30 min at 4°C. The permeabilized muscle bundles were then
washed in ice-cold buffer Z containing 110 mM K-MES, 35 mM KCI, 1
mM EGTA, 5 mM K,HPO,, 3 mM MgCl,, 0.005 mM glutamate, 0.02 mM
malate, and 0.5 mg/ml BSA, pH 7.1.

Mitochondrial respiration was measured at 37°C in buffer Z using the
Oroboros O2K oxygraph. After the respiration chamber was calibrated,
permeabilized fiber bundles were incubated with 2 ml of respiration buf-
fer Z containing 20 mM creatine to saturate creatine kinase. Flux through
complex I was measured using 5 mM pyruvate and 2 mM malate. ADP-
stimulated respiration (state 3) was measured by the addition of 500 uM
ADP to the respiration chamber. Basal respiration (state 4) was deter-
mined in the presence of 10 pg/ml oligomycin to inhibit ATP synthesis.
The respiratory control ratio (RCR) was calculated by dividing state 3 by
state 4 respiration.

RNA extraction and real-time PCR analysis. RNA was isolated from
either cells or tissues, including liver, skeletal muscle, white adipose tissue,
brain, kidney, heart, lungs, and spleen, from male Mkp—]ﬂ/ﬂ and MKP1-
LKO mice using an RNeasy kit (Qiagen, CA) according to the manufac-
turer’s instructions. A total of 1 g RNA was reverse transcribed to gen-
erate cDNA using a reverse transcriptase PCR kit (Applied Biosystems,
CA). Real-time quantitative PCR was carried out in triplicate using the
Applied Biosytems 7500 Fast real-time PCR system and TagMan and
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SYBR green gene expression master mix with the following primer pairs:
MKP-1, 5"-ATTTGCTGAACTCGGCACATTCGG-3" and 3'-GGCAAG
CGAAGAAACTGCCTCAAA-5"; PGC-1a, 5'-CCCTGCCATTGTTAAG
ACC-3" and 3'-CTGCTGCTGTTCCTGTTTTC-5'; PCK1, 5 -CTAACTT
GGCCATGATGAACC-3" and 3'-CTTCACTGAGGTGCCAGGAG-5';
G6PC, 5'-TCGGAGACTGGTTCAACCTC-3' and 3'-ACAGGTGACAG
GGAACTGCT-5; 18S rRNA, 5'-ACCGCAGCTAGGAATAATGGA-3'
and 3'-GCCTCAGTTCCGAAAACCA-5'; SREBPIc, 5'-ATCTCCTAGAGC
GAGCGTTG and 3'-TATTTAGCAACTGCAGATATCCAAG; PPARy, 5'-
GTGCCAGTTTCGATCCGTAGA and 3'-GTAGGTGAAGAGAACGGCC
TTGT. All relative gene expression levels were analyzed using the AC;.
method and normalized to 18S rRNA expression. TagMan primers and gene
expression master mix from Applied Biosystems were used for POMC, neu-
ropeptide Y (NPY), and AgRP mRNA quantitation.

Measurement of serum and hepatic lipids and glucose. Serum and
hepatic triglyceride, ceramide, diacylglycerol, low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and long-chain acyl coenzyme A
(LC-CoA) from 8- to 12-week-old fed male Mkp-17" and MKP-LKO
mice were measured at the Yale Mouse Metabolic Phenotyping Center.
Male chow-fed Mkp- """ and MKP1-LKO mice of ages between 8 and 12
week old were used for the measurement of plasma glucose concentra-
tions by a glucose oxidase method using a Beckman glucose analyzer II.
Measurement of plasma insulin was performed by using a radioimmuno-
assay kit (Linco Research, St. Louis, MO), and fatty acids were measured
by a spectrophotometric technique (NEFA [nonesterified fatty acid] kit;
Wako, Osaka, Japan).
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FIG 5 Hepatic and serum lipid profiles of chow-fed MKP1-LKO mice. (A to E)

Hepatic cytosolic diacylglycerol (A), hepatic membrane diacylglycerol (B), total

hepatic ceramide (C), hepatic long-chain acyl-CoA (D), and hepatic ceramide species (E) were measured for chow-fed Mkp-1"" and MKP1-LKO mice (n = 8
per genotype). (F to I) Serum low-density lipoprotein (LDL) (F), serum triglycerides (G), serum nonesterified fatty acids (NEFA) (H), and serum high-density

lipoprotein (HDL) (I) were measured for chow-fed Mkp-1"" and MKP1-LKO

mice (n = 8 per genotype). (J to N) Liver lysates from chow-fed (J and K) and

HFD-fed (L, M, and N) Mkp-""" and MKP1-LKO mice were analyzed by immunoblotting using anti-GRP78, anti-PDI, phospho-elF2a, and anti-elF2«
antibodies. Immunoblots were quantified by densitometry (n = 4 or 5 mice per genotype). Data represent means = SEM; s, P < 0.0001, as determined by

Student’s ¢ test. Open bars, Mkp—lﬂ/ﬂ mice; filled bars, MKP1-LKO mice.

Immunoblotting. Liver tissue was homogenized in RIPA buffer (25
mM Tris - HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1%
SDS, and 1.0% sodium deoxycholic acid), supplemented with protease
and phosphatase inhibitors (5 pg/ml leupeptin, 5 pg/ml aprotinin, 1
pg/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
benzamidine, 1 mM Na;VOj;, and 10 mM NaF). Homogenates were lysed
for 30 min on the shaker at 4°C prior to clarification at 20,800 X g for 30
min at 4°C. Protein concentrations were determined by using a Pierce
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Lysates
were resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes, which were incubated with phospho-specific antibodies, followed
by enhanced chemiluminescence detection.

Statistical analysis. All data represent the means * standard errors of
the means (SEM). Differences between groups were assessed using a Stu-
dent t test or analysis of variance (ANOVA) with Bonferroni’s posttest for
multiple comparisons using the GraphPad Prism 6 statistical software
program.
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RESULTS

Generation of liver-specific-MKP-1-deficient mice. Previous
data using whole-body MKP-1-deficient mice suggested a meta-
bolic role for MKP-1 in the liver (15, 17). To further define the
contribution of MKP-1 in the liver, we generated MKP-1 liver-
specific knockout mice (MKP1-LKO) using the Cre-loxP strategy.
Mice containing a floxed allele between exons 2 and 3 of the
Duspl/MKP-1 locus were intercrossed with albumin-Cre-ex-
pressing mice to generate Mkp- 1I""—Alb-Cre progeny (Fig. 1A and
B). Quantitative PCR analysis of MKP-1 mRNA expression
among several different tissues isolated from MKP1-LKO mice
confirmed that MKP-1 was deleted specifically in the liver (Fig.
1C). In the livers of mice fed a chow diet, the protein expression of
MKP-1 was low but detectable (Fig. 1D, upper panel). However,
these basal levels of MKP-1 protein expression were dramatically
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FIG 6 Regulation of gluconeogenic genes by hepatic MKP-1. (A to C) mRNA expression of Gépc, Pckl, and Pgcla from livers of overnight-fasted chow-fed
Mkp- 1" and MKP1-LKO mice (1 = 10 per genotype). Changes in relative luciferase activity in HepG2 hepatoma cells transfected with either pGL3-G6Pc or
pGL-3-PCK1 promoter luciferase in the presence or absence of MKP-1 are shown. Constitutively active mutants of the upstream activators of p38 MAPK
[MKK6(EE)] and JNK [MKK7(DD)] were overexpressed to induce p38 MAPK and JNK activity, respectively. (D to G) Glucose 6-phosphatase (G6Pase) (D and
F) and phosphoenolpyruvate carboxykinase (PEPCK) (E and G). (H) Liver lysates from chow-fed Mkp- 1" and MKP1-LKO mice were analyzed by immuno-
blotting using phospho-CREB (S133) and CREB antibodies (n = 8 to 10 per genotype). Data represent the means * SEM; *, P < 0.05; #:, P < 0.01; %%, P <
0.0001 (as determined by Student’s  test and in panels D to G by analysis of variance [ANOVA] with Bonferroni’s posttest for multiple comparisons). Open bars,

Mkp—lﬂ/ﬂ mice; filled bars, MKP1-LKO mice.

upregulated in HFD-fed Mkp-1""" mice (Fig. 1D, upper panel).
Importantly, in HFD-fed MKP1-LKO mice, the expression of
MKP-1 was not detectable, confirming the deletion of the MKP-1
protein in the liver without discernible compensatory expression
from the highly related MKP family member MKP-2 (Fig. 1D,
lower panel). Consistent with the MKP-1 whole-body knockout
phenotype (15), MKP1-LKO mice exhibited enhanced hepatic
p38 MAPK and JNK1/2 but not ERK1/2 phosphorylation (Fig. 2A
and B). Hence, the lack of hepatic MKP-1 expression results in the
commensurate upregulation of both p38 MAPK and JNK phos-
phorylation, demonstrating that functional loss of MKP-1 has
been achieved in this mouse model. These data also show that
MKP-1 becomes upregulated in the liver in obese states.

Hepatic MKP-1 negatively regulates gluconeogenesis. MKP1-
LKO mice showed body weight, liver weight, histology, and he-
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patic triglycerides comparable to those of Mkp- 1"/ mice when fed
achow diet (Fig. 3A to D). MKP1-LKO mice also showed a level of
lean mass equivalent to that of wild-type mice (Fig. 3E). However,
unlike MKP-1 whole-body-deficient mice on a chow diet (15),
MKP1-LKO mice showed increased levels of adiposity (Fig. 3F)
which, correlated with significantly elevated serum leptin levels
compared with those of Mkp-1""" littermates (Fig. 3G). MKP1-
LKO mice developed significant fasting hyperglycemia compared
with Mkp- """ mice (Fig. 3H), and compensatory hyperinsulin-
emia on a chow diet was significant in MKP1-LKO mice (Fig. 31).
These results reveal that hepatic MKP-1 contributes to the main-
tenance of glucose homeostasis.

To examine whether hepatic MKP-1 regulates glucose homeo-
stasis, we performed glucose tolerance tests. These results revealed
that MKP1-LKO mice are modestly glucose intolerant in compar-
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FIG 7 Impaired STAT-3 phosphorylation and IL-6 expression in MKP1-LKO mice. (A and B) Liver lysates from chow-fed Mkp- """ and MKP1-LKO mice were
analyzed by immunoblotting with phospho-STAT-3 (Y705) (A) or phospho-STAT-3 (S727) (B); STAT-3 and JAK2 antibodies were used as controls (n = 8 to
10 per genotype). (C) Serum IL-6 in chow-fed Mkp- 1"/ and MKP1-LKO mice. Data represent the means = SEM; #, P < 0.05; s, P < 0.0001 (as determined

by Student’s  test). Open bars, Mkp-1""" mice; filled bars, MKP1-LKO mice.

ison with Mkp- """ mice under chow feeding conditions (Fig. 4A),
but this was significantly exacerbated in HFD-fed MKP1-LKO
mice (Fig. 4A). In order to assess insulin action and sensitivity in
specific tissues, we performed hyperinsulinemic-euglycemic
clamps in chow-fed MKP1-LKO and Mkp- "/ mice. These stud-
ies showed no significant difference in the glucose infusion rate
required to maintain euglycemia (Fig. 4B), and no difference in
either whole-body (Fig. 4C) or skeletal muscle (Fig. 4D) glucose
uptake were observed in MKP1-LKO mice compared with that for
Mkp-1"" littermates. However, clamped hepatic glucose produc-
tion was significantly greater and suppression of hepatic glucose
production by insulin was impaired by approximately 60%, indi-
cating that MKP1-LKO mice exhibit hepatic insulin resistance
(Fig. 4E). These data demonstrate that MKP1-LKO mice are hy-
perglycemic and glucose intolerant and develop hepatic insulin
resistance.

Dysfunctional lipid metabolism and the unfolded protein
response are implicated in the development of hepatic insulin
resistance (4, 18). Analyses of hepatic lipid metabolites (Fig. 5A
to E), serum lipids (Fig. 5F to I), and markers of the unfolded
protein response (Fig. 5] to N) were unremarkable between
MKP1-LKO and Mkp- 1" mice, suggesting a lack of involve-
ment of either lipotoxicity or endoplasmic reticulum stress in
the development of hepatic insulin resistance in chow-fed
MKP1-LKO mice.

It has been demonstrated that p38 MAPK promotes gluconeo-
genesis (9, 19) and enhanced gluconeogenic flux can facilitate the
development of hepatic insulin resistance (20). Therefore, we an-
alyzed the mRNA expression of glucose-6-phosphatase (G6pc)
and phosphoenolpyruvate carboxykinase (Pckl). We found that
expression of both genes was significantly increased in MKP1-
LKO mice compared with that in Mkp-1"" littermates (Fig. 6A
and B). PGC-1a, which promotes gluconeogenesis (21), was sig-
nificantly upregulated in MKP1-LKO mice compared with results
for Mkp- """ mice (Fig. 6C). Next, we used constitutively active
mutants of MKK6 and MKK?7 in order to determine the effects of
MKP-1 overexpression on p38 MAPK and JNK-mediated effects
on G6Pase and Pckl gene expression. Both activated mutants of
MKK6 and MKK7 stimulated the expression of G6Pase- and
Pckl-mediated luciferase activity (Fig. 6D to G). Overexpression
of MKP-1 inhibited p38 MAPK-mediated (Fig. 6D and E) and
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JNK-mediated (Fig. 6F and G) activation of G6Pase and Pck1 tran-
scriptional activity. These results establish MKP-1 as a negative
regulator of gluconeogenesis by opposing both p38 MAPK- and
JNK-mediated activation of PckI and Gépc.

Next, we examined signaling components that are known to be
critical regulators of the gluconeogenic pathway. First, we inves-
tigated the status of activation of the cAMP-responsive element
binding protein (CREB), which promotes gluconeogenesis (22,
23). Consistent with our previous findings (24), phosphorylation
of CREB, which is activated by Ser 133 phosphorylation, was sig-
nificantly increased at this site in livers of MKP1-LKO mice (Fig.
6H). Collectively, these results demonstrate that hepatic MKP-1 is
an essential negative regulator of gluconeogenesis by acting
through a p38 MAPK-dependent pathway to suppress CREB
phosphorylation.

We further explored the mechanism of MKP-1 regulation of
gluconeogenesis by assessing the activity of the signal transducer
and activator of transcription 3 (STAT-3), which negatively regu-
lates gluconeogenesis, by inhibiting G6pcand PckI (25). We found
that in livers of MKP1-LKO mice, STAT-3 tyrosine 705 (Tyr-705)
phosphorylation was significantly reduced compared with that of
Mkp-1"" mice (Fig. 7A). The expression levels of Janus kinase 2
(JAK2) and the upstream STAT-3 tyrosine kinase were compara-
ble between the two genotypes (Fig. 7A). STAT-3 serine 727 (Ser-
727) phosphorylation is also required for its transcriptional acti-
vation (26), and this site was reduced in phosphorylation in the
livers of MKP1-LKO mice compared with results for Mkp-1"/
littermates (Fig. 7B). The apparent disruption of STAT-3 signal-
ing in MKP1-LKO mice suggested the possibility that cytokines
that signal through this pathway are altered in their levels of ex-
pression. Interleukin-6 (IL-6) is a potent metabolic cytokine that
acts through the JAK/STAT pathway to suppress gluconeogenesis
(27). We therefore, examined whether the circulating expression
levels of IL-6 were reduced in MKP1-LKO mice. Remarkably, we
found that MKP1-LKO mice exhibited dramatically reduced ex-
pression of circulating IL-6 levels compared with wild-type con-
trols (Fig. 7C). These results reveal the surprising relationship
between hepatic MKP-1 and the expression of IL-6. The loss of
circulating IL-6 expression likely contributes to the impaired sig-
naling to STAT-3 in MKP1-LKO mice and hence unabated gluco-
neogenic gene expression.
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FIG 8 Susceptibility to diet-induced obesity and protection from hepatosteatosis in MKP1-LKO mice. (A) Weight curves of HFD-fed male Mkp- 1" (n = 9) and
MKP1-LKO (n = 10) mice for 20 to 24 weeks. (B and C) Spectroscopic analysis of total body lean mass (B) or total body fat mass (C) from HFD-fed Mkp- """
and MKP1-LKO mice (n = 8 per genotype). (D) Blood glucose values from HFD-fed Mkp-1"" and MKP1-LKO mice (n = 8 per genotype). (E) Representative
hematoxylin-and-eosin and Oil Red O staining of liver sections from HFD-fed Mkp-1"" and MKP1-LKO mice. (F) Liver weights of HFD-fed Mkp- """ and
MKP1-LKO mice (n = 8 per genotype). (G) Hepatic triglycerides (TG) from HFD-fed Mkp- 1" and MKP1-LKO mice (n = 8 per genotype). (H) Representative
hematoxylin-and-eosin staining of skeletal muscle sections from chow- and HFD-fed Mkp- 1" and MKP1-LKO mice (n = 5 per genotype). (I) Representative
hematoxylin-and-eosin staining of epididymal white adipose tissue (eWAT) sections from chow- and HFD-fed Mkp- " and MKP1-LKO mice (n = 5 per
genotype). (J to L) Hepatic mRNA expression of PPARY (J), Srebplc (K), or PPAR« (L) from HFD-fed Mkp- """ and MKP1-LKO mice (n = 8 per genotype).
Data represent means = SEM; *, P < 0.05; #:, P << 0.01; %, P < 0.0001 (as determined by Student’s ¢ test or in panel A by analysis of variance [ANOVA] with
Bonferroni’s posttest for multiple comparisons). Open bars, Mkp- "/ mice; filled bars, MKP1-LKO mice.

Loss of hepatic MKP-1 protects against hepatic steatosis.
MKP-1 whole-body-deficient mice are protected from diet-in-
duced obesity and the acquisition of hepatic steatosis (15-17). In
contrast, MKP1-LKO mice when placed on a HFD were suscepti-
ble to diet-induced obesity compared with Mkp- /" controls (Fig.
8A). The increased weight gain in MKP1-LKO mice was largely
attributable to an increase in adiposity rather than in lean mass
(Fig. 8B and C). HFD-fed MKP1-LKO mice also exhibit signifi-
cant fasting hyperglycemia (Fig. 8D). Since MKP1-LKO mice are
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sensitive to diet-induced obesity and succumb to hepatic insulin
resistance, susceptibility to the development of hepatic steatosis
was anticipated. Surprisingly, MKP1-LKO mice were protected
from the development of hepatic steatosis when fed an HFD (Fig.
8E), consistent with the reduced liver weight and hepatic triglyc-
eride accumulation (Fig. 8F and G). Skeletal muscle and white
adipose tissue were histologically similar between MKP1-LKO
and Mkp-1"""" controls (Fig. 8H and I). Consistent with the pro-
tection from fatty liver, the expression of mRNAs for PPARy and
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FIG 9 Reduced energy expenditure in MKP1-LKO mice. Chow-fed Mkp- """ and MKP1-LKO mice were subjected to open-circuit calorimetry. (A) Energy
expenditure; (B) oxygen consumption; (C) carbon dioxide production; (D) respiratory exchange ratio; (E) feeding; (F) locomotor activity (n = 8 per genotype).
Data represent means * SEM; *, P < 0.05; #, P < 0.01 (as determined by Student’s ¢ test). Open bars, Mkp-]ﬂ/ﬂ mice; filled bars, MKP1-LKO mice.

sterol regulatory element-binding protein 1c (SREBP-1c) but not
that of PPAR«a was significantly reduced in the livers of MKP1-
LKO mice (Fig. 8] to L). These data suggest that MKP-1 upregu-
lation in obesity (Fig. 1D) selectively promotes hepatic lipogenesis
and is uncoupled under HFD conditions from participating in the
maintenance of glucose homeostasis.

Reduced energy expenditure in hepatic MKP-1-deficient
mice. In order to examine the basis for the sensitivity to weight
gain in MKP1-LKO mice, we performed metabolic calorimetry.
Chow-fed MKP1-LKO mice displayed significantly decreased en-
ergy expenditure levels and oxygen and carbon dioxide consump-
tion compared with those of Mkp-1"/" littermates (Fig. 9A to C).
No differences in respiratory exchange ratio, food intake, or activ-
ity between the two genotypes were observed (Fig. 9 to F). Previ-
ously, we observed that whole-body MKP-1 deficiency results in
increased energy expenditure, consistent with the observed resis-
tance to diet-induced obesity (15). Here, we found hepatic MKP-1
to be involved in promoting energy utilization, which is in line
with the susceptibility of MKP1-LKO mice to gaining weight on a
high-fat diet.

These results could reflect the decreased expression levels of cir-
culating IL-6 (Fig. 7C). Studies have demonstrated that IL-6 exerts its
metabolic effects centrally rather than by acting on peripheral sites
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(28). Therefore, we considered the possibility that hepatic MKP-1
was indirectly regulating IL-6 expression, which in turn was control-
ling energy expenditure by affecting hypothalamic neuropeptide ex-
pression. Therefore, we determined the expression levels of hypotha-
lamic neuropeptides, neuropeptide Y (NPY), agouti-related peptide
(AgRP), and propriomelanocortin (29) in MKP1-LKO mice. We
found no observable changes in hypothalamic mRNA expression lev-
els of NPY, AgRP, or propriomelanocortin in either chow- or HFD-
fed MKP1-LKO mice (Fig. 10). Hence, consistent with a lack of effect
on food intake, it is unlikely that decreases in energy expenditure in
MKP1-LKO mice are associated with a central neuroendocrine effect.
It is conceivable that the decreased levels of energy expenditure in
MKP1-LKO mice arise either from intrinsic decreases in hepatic en-
ergy consumption and/or factors released by the liver that influence
systemic whole-body energy balance. Given that the contribution of
the liver toward whole-body energy expenditure is relatively minor, it
is more likely that MKP1-LKO mice might have defects in the regu-
lation of hepatokines that influence systemic energy metabolism.
Hepatic MKP-1 is required for the expression of FGF21. In
order to evaluate the possibility that MKP-1 regulates the expres-
sion of hormones and/or cytokines that systemically regulate en-
ergy expenditure, we surveyed for differences between wild-type
and MKP1-LKO mice for hepatically secreted hormones known
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FIG 10 Effects on hypothalamic neuropeptide expression in MKP1-LKO mice. RNA was isolated from the brain of chow-fed (A to C) and HFD-fed (D to F)
Mkp- """ and MKP1-LKO mice, and the expression of POMC, NPY, and AgRP was analyzed by quantitative PCR (n = 5 per genotype). Data are represented as

means + SEM. Open bars, Mkp- 1" mice; filled bars, MKP1-LKO mice.

to promote energy expenditure. The liver is one of the major
sources of the circulating hormone fibroblast growth factor 21
(FGF21), which promotes energy expenditure, insulin sensitivity,
fatty acid oxidation, and weight loss (30). Since FGF21 is a potent
starvation-sensitive hepatokine, we determined its expression in
fasted and refed MKP1-LKO mice. These results demonstrated
that whereas FGF21 expression was robustly upregulated in fasted
wild-type mice, MKP1-LKO mice failed to upregulate FGF21
when fasted (Fig. 11A). The hepatic expression levels of FGF15/19
and FGF23 were not detectable in either Mkp- 1" or MKP1-LKO
mice. The circulating expression levels of FGF21 in MKP1-LKO
mice were significantly reduced in chow-fed but not HFD-fed
MKP1-LKO mice compared with those in Mkp-1"" mice (Fig.
11B). We found no significant differences in components of keto-
genesis, such as (-hydroxybutyrate in MKP1-LKO mice fed a
chow diet (Fig. 11C) or mitochondrial 3-hydroxy-3-methylglu-
taryl-CoA synthase (HMGCS2) expression, either under fasted or
fed conditions (Fig. 11D).

Next, we determined whether MKP-1 regulates FGF21 in a
cell-autonomous manner. Primary hepatocytes were isolated
from MKP1-LKO and Mkp- """ mice and transiently transfected
with the promoter of FGF21 fused to luciferase (31). Basal levels of
FGF21 promoter activity were significantly lower in hepatocytes
from MKP1-LKO mice than in those from Mkp- """ controls (Fig.
11E). These results demonstrate that hepatic MKP-1 is required
for the transcriptional expression of FGF21 in hepatocytes and
implies that MAPK activity suppresses FGF21 transcriptional re-
sponsiveness. To identify which MAPK suppresses FGF21 expres-
sion, hepatocytes from Mkp- "/ mice were transiently transfected
with the FGF21 luciferase reporter and were preincubated with
MAPK inhibitors of p38 MAPK (SB203580), JNK (SP60015), and
MEK (U0126) prior to stimulation with glucagon to promote
both the expression of MKP-1 and FGF21 (32, 33). We found that
inhibition of p38 MAPK significantly relieved suppression of
FGF21 promoter activity (Fig. 11F), whereas pharmacological in-
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hibition of JNK had a marginal effect and inhibition of MEK fur-
ther suppressed FGF21-mediated reporter activity (Fig. 11F). To
support the pharmacological interpretation suggesting a predom-
inant role for p38 MAPK in the suppression of FGF21 expression,
we employed gain-of and loss-of-function approaches using the
upstream activators of p38 MAPK and JNK, MKK6, and MKK4,
respectively. Since no discernible differences in ERK1/2 activities
were found in the livers of MKP1-LKO mice (Fig. 2), we focused
on p38 MAPK and JNK for these analyses. When HepG2 cells were
transfected with an activating mutant of MKKG6 to activate consti-
tutively p38 MAPK, FGF21 reporter activity was suppressed (Fig.
11G). In contrast, a dominant negative mutant of MKK®6 relieved
this inhibition (Fig. 11G). Given the importance of JNK in hepatic
metabolism (11), we were surprised that neither gain- nor loss-of-
function MKK4 mutants affected FGF21 reporter activity (Fig.
11G). As a control, the expected increase and decrease in levels of
p38 MAPK and JNK1/2 phosphorylation were observed with the
respective constitutively activated and dominant negative mu-
tants of MKK6 and MKK4 (Fig. 11G). Together, these data suggest
that MKP-1 is required for the expression of FGF21 in hepatocytes
in a p38 MAPK-dependent manner.

Hepatic MKP-1 regulates skeletal muscle metabolism. We
next sought to establish whether peripheral tissues exhibit im-
paired metabolic flux that would be consistent with the reduced
levels of circulating IL-6 and FGF21. Supporting evidence thatloss
of hepatic MKP-1 could affect skeletal muscle metabolism was
first provided by the observation that MKP1-LKO mice expressed
significantly reduced PGC-1lae mRNA in skeletal muscle under
both chow diet and HFD conditions compared with that for
Mkp-1"" controls (Fig. 12A). We next measured mitochondrial
respiration in permeabilized soleus muscle fibers isolated from
chow- and HFD-fed MKP1-LKO and Mkp- """ mice. Under both
chow- and HFD-fed conditions, the respiratory control ratio sig-
nificantly decreased in MKP1-LKO mice compared with that in
Mkp-1"" controls (Fig. 12B). Collectively, these data demonstrate
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FIG 11 Hepatic MKP-1 is required for FGF21 expression and skeletal muscle metabolism. (A) Hepatic FGF21 mRNA expression in chow-fed, fasted, and refed
mice (n = 8 per genotype). (B) Serum FGF21 levels (n = 8 per genotype). (C) Hepatic B-hyroxybutyrate expression in chow-fed mice (n = 5 per genotype). (D)
HMGCS2 mRNA expression in fed and fasted animals (# = 10 per genotype). (E) Relative luciferase activity in hepatocytes derived from Mkp- """ and
MKP1-LKO mice transfected with the FGF21 luciferase promoter (n = 3 or 4 independent experiments). (F) Relative luciferase activity in hepatocytes derived
from Mkp- 1" mice transfected with FGF21 luciferase promoter for 48 h, following incubation with vehicle or MAPK inhibitors for 1 h prior to stimulation with
glucagon for 6 h (n = 3 or 4). (G) HepG2 cells were cotransfected with the FGF21 luciferase promoter and either the wild type or constitutively active mutants
of the upstream activators of p38 MAPK (MKK6EE) and JNK (MKK4EE) or dominant negative mutants of p38 MAPK [MKK6(AA)] and JNK [MKK4(AA)].
HepG2 cells were lysed and immunoblotted for phospho-p38 MAPK and phospho-JNK (1 = 3 or 4). Data are represented as means = SEM; *, P < 0.05; s,

P < 0.01; #:, P < 0.0001 (as determined by Student’s  test). Open bars, Mkp- I/ mice; filled bars, MKP1-LKO mice.

that hepatic deletion of MKP-1 results in reduced circulating IL-6
and FGF21 levels and this is associated with impaired skeletal muscle
oxidative capacity and susceptibility to diet-induced obesity.

DISCUSSION

The tissue-specific contributions of MKP-1 in physiology are un-
known. Previously, whole-body deletion of MKP-1 was found to
result in resistance to diet-induced obesity and protection from
the acquisition of hepatosteatosis in models of diet-induced and
genetic obesity (15-17). Our goal in this study was to specifically
examine the hepatic function of MKP-1 in mice. In order to
achieve this, we generated liver-specific-MKP-1-deficient mice.
The results of this study revealed that hepatic MKP-1 serves as a
master regulator of MAPK-dependent pathways that selectively
target, in a mutually exclusive manner, gluconeogenic and lipo-
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genic processes. Moreover, our results reveal that hepatic MKP-1
plays a role in the control of endocrine effects that stem from the
regulation of both IL-6 and FGF21 (Fig. 12C).

Our studies demonstrate an essential role for MKP-1 in gluco-
neogenesis through the control of MAPK-mediated pathways that
participate in the regulation of STAT-3 through control of both
tyrosine and serine STAT-3 phosphorylation. In addition, CREB-
mediated gluconeogenic gene activation (23) is negatively regu-
lated by hepatic MKP-1 through a p38 MAPK-dependent path-
way. The observation that STAT-3 signaling was impaired by loss
of hepatic MKP-1 was ascribed to the reduced circulating IL-6
levels. These results uncover the surprising relationship between
hepatic MKP-1 and the expression of IL-6. Although IL-6 acts on
the liver to suppress gluconeogenesis, this cytokine is secreted pri-
marily from the hypothalamus, adipose tissue, and skeletal mus-
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FIG 12 Hepatic MKP-1 regulates skeletal muscle mitochondrial respiration. (A) mRNA expression of PGC-1a from skeletal muscle of chow and HFD-fed
Mkp—lﬂ/ﬂ and MKP1-LKO mice (n = 5 per genotype). (B) Mitochondrial respiratory function in skeletal muscle of chow (1 = 6 per genotype) and HFD-fed (n =
8 per genotype) Mkp- " and MKP1-LKO mice. Data are represented as means = SEM; #, P < 0.05; #::, P < 0.0001 (as determined by Student’s ¢ test). Open
bars, Mkp- 1" mice; filled bars, MKP1-LKO mice. (C) Integrative mode of metabolic regulation by hepatic MKP-1. In obesity, overexpressed hepatic MKP-1
selectively drives lipogenesis, thereby contributing to the development of hepatosteatosis.

cle. Therefore, hepatic MKP-1 likely influences IL-6 expression by
acting on an endocrine pathway that indirectly controls IL-6 ex-
pression in one or more of these tissues. The exact nature of this
integration between the role of the hepatic MKP-1 and other tis-
sues remains to be resolved.

The selectivity of hepatic MKP-1-mediated effects on gluco-
neogenesis and lipogenesis is supported by the observation that
obese mice overexpressing hepatic MKP-1 exhibit fasting hyper-
glycemia in the background of persistent lipogenesis, a hallmark
of the type 2 diabetic state. Additionally, neither lipotoxicity nor
endoplasmic reticulum stress was evident in MKP1-LKO mice
under chow-fed conditions where hepatic insulin resistance was
observed, suggesting that loss of hepatic MKP-1 perturbs hepatic
metabolic homeostasis discretely. Thus, MKP-1 negatively en-
gages MAPK-dependent pathways in the liver under basal condi-
tions to control gluconeogenesis and lipogenesis (Fig. 12C). How-
ever, when MKP-1 is overexpressed in pathophysiological
situations, such as in obesity, these pathways become uncoupled.
Interestingly, it has been reported that hepatic p38 MAPK activity
decreases in HFD-fed mice (34), raising the possibility that
MKP-1 overexpression contributes to the dephosphorylation of
p38 MAPK and exacerbates the loss of glucose homeostasis while
promoting lipogenesis.

MKP-1 dephosphorylates and inactivates hepatic JNK1/2.
Consistent with this, liver-specific deletion of JNK1 promotes
hepatosteatosis (11). However, hepatic JNK1-deficient mice ex-
hibit hepatic insulin resistance, while MKP1-LKO mice show en-
hanced hepatic JNK1/2 activity that correlates with a dissociation
of hepatic steatosis from insulin resistance. These observations
provide additional support for the notion that MKP-1 engages
selectively with distinct MAPK-directed metabolic pathways in
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the liver. Indeed, it is noteworthy that MKP1-LKO mice recipro-
cally phenocopy liver-specific CREB disruption, since CREB mu-
tant mice display increased hepatosteatosis and lipogenesis but
decreased gluconeogenesis (22, 23). Thus, MKP-1 likely lies up-
stream of CREB in the liver, and by inference, nuclearly localized
P38 MAPK dephosphorylation contributes to the balance of met-
abolic flux between glucose and lipid metabolism. In addition to
MKP-1, it has also been suggested that other MKPs participate in
the regulation of gluconeogenesis. MKP-3, which dephosphory-
lates primarily ERK1/2 (35), was shown to also dephosphorylate a
noncanonical MKP motif on the forkhead box O1 (FOXO1) (36).
When dephosphorylated by MKP-3, FOXOL1 translocates to the
nucleus, where it engages gluconeogenic gene expression. Since
ERK1/2 and p38 MAPK can also phosphorylate FOXO1 (37), it is
formally possible that MKP-3 dephosphorylates ERK1/2, leading
to reduced FOXO1 phosphorylation and nuclear translocation. It
has been shown that JNK can also promote the phosphorylation of
some (38) but not all FOXO isoforms (37). However, whether
JNK/FOXO signaling in the liver plays a role in the control of
gluconeogenesis, in addition to its purported effects on longevity
and stress responsiveness, remains unclear (39). Constitutive ac-
tivation of FOXO1 promotes gluconeogenesis and causes hepa-
tosteatosis (40). This phenotype is distinct from that seen in
MKP1-LKO mice, which are protected against hepatosteatosis.
These observations suggest that hepatic MKP-1/JNK/FOXO sig-
naling is less likely to make a significant contribution to the man-
ifestation of the MKP1-LKO phenotype.

The susceptibility of MKP1-LKO mice to developing increased
adiposity on chow and following high-fat feeding was surprising
in light of the observation that whole-body-MKP-1-deficient mice
are resistant to diet-induced obesity (15, 16). This is likely attrib-
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utable to reduced whole-body energy expenditure, since neither
differences in feeding nor in locomotor activity were observed
between MKP1-LKO and control mice. We identified FGF21 as a
candidate that may account, at least in part, for the reduced energy
expenditure, since FGF21 is a known metabolic endocrine hor-
mone expressed predominately in the liver (41). PGC-1a has been
shown to negatively regulate FGF21 expression (42), and MKP-1
negatively regulates PGC-1a function in a p38 MAPK-dependent
manner (16). Therefore, our data imply a link between MKP-1/
p38 MAPK and the negative regulation of FGF21 by PGC-1a,
since we show that p38 MAPK mediates the inhibitory effect on
FGF21 expression.

Obese patients that are type 2 diabetic or who present with
nonalcoholic steatosis have elevated serum FGF21 levels (41); this
is consistent with our observation that hepatic MKP-1 is overex-
pressed in obesity. FGF21 stimulates the expression of PGC-1a to
drive mitochondrial oxidation in white adipose tissue (43), and
here we found decreased skeletal muscle PGC-1a expression in
MKP1-LKO mice, which provides a mechanism for the impaired
skeletal muscle mitochondrial respiration (Fig. 12C). It is also
conceivable that FGF21 acts indirectly on skeletal muscle through
a local adiponectin/p38 MAPK/MKP-1 pathway (44, 45) to con-
tribute to mitochondrial function. Recently, it has been suggested
that FGF21 is negatively regulated by JNK through a PPARa-de-
pendent pathway (46). It is not clear why at this juncture; we do
not appear to find evidence for a role of JNK in the control of
FGF21. Actions of JNK indirectly affecting the status of p38
MAPK-mediated signaling remain one possible explanation. It is
also noteworthy that the reduced level of IL-6, which we propose
contributes to the impairment of gluconeogenesis (Fig. 12C), is
also likely to indirectly influence metabolic homeostasis. Given
the important role of inflammation in metabolic homeostasis
(27), the relative contributions of both IL-6 and FGF-21 to the
overall metabolic phenotype of MKP1-LKO mice are likely to be
quite complex. In summary, we have revealed an unanticipated
selectivity of hepatic MKP-1 in metabolic disease and define a
pathway in which hepatic MKP-1 is critical for liver metabolism
and maintenance of peripheral tissue energy homeostasis. This
study highlights the complexity of nuclearly localized MAPK de-
phosphorylation by MKP-1 in the liver.
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