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Insulin resistance, a hallmark of type 2 diabetes and obesity, is
associated with increased activity of MAP and stress-activated protein
(SAP) kinases, which results in decreased insulin signaling. Our goal
was to investigate the role of MAP kinase phosphatase-4 (MKP-4) in
modulating this process. We found that MKP-4 expression is upregulated during adipocyte and myocyte differentiation in vitro and
up-regulated during fasting in white adipose tissue in vivo. Overexpression of MKP-4 in 3T3-L1 cells inhibited ERK and JNK phosphorylation and, to a lesser extent, p38MAPK phosphorylation. As a
result, the phosphorylation of IRS-1 serine 307 induced by anisomycin
was abolished, leading to a sensitization of insulin signaling with
recovery of insulin-stimulated IRS-1 tyrosine phosphorylation, IRS-1
docking with phosphatidylinositol 3-kinase, and Akt phosphorylation. MKP-4 also reversed the effect of TNF-␣ to inhibit insulin
signaling; alter IL-6, Glut1 and Glut4 expression; and inhibit insulinstimulated glucose uptake in 3T3-L1 adipocytes. Overexpression of
MKP-4 in the liver of ob/ob mice decreased ERK and JNK phosphorylation, leading to a reduction in fed and fasted glycemia, improved
glucose intolerance, decreased expression of gluconeogenic and lipogenic genes, and reduced hepatic steatosis. Thus, MKP-4 has a
protective effect against the development of insulin resistance
through its ability to dephosphorylate and inactivate crucial mediators of stress-induced insulin resistance, such as ERK and JNK, and
increasing MKP-4 activity might provide a therapy for insulin-resistant
disorders.
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I

nsulin resistance is a central defect in obesity, type 2 diabetes, and
the metabolic syndrome. These disorders have been associated
with a chronic inflammatory state and an activation of cellular
stress responses (1). Elevated levels of free fatty acids and cytokines,
such as TNF-␣, IL-6, or IL-1 ␤, are involved in this process by
activating stress pathways that impede insulin signaling and lead to
a decreased insulin response (1). Among these pathways, activation
of the MAP kinases (ERK 1 and 2) (2) and SAP kinases (JNK and
p38MAPK) are crucial in the insulin resistance (3–5). One target
of the MAP and SAP kinases is insulin receptor substrate (IRS)-1,
which is phosphorylated on serine residues (3). This impairs the
ability of the insulin receptor to tyrosine phosphorylate IRS-1 and
thus reduces its ability to interact with the downstream components
of the insulin-signaling network (6). Blocking these stress kinases
has the potential to prevent development of insulin resistance, and
thus these serve as targets for the development of pharmacological
inhibitors (7, 8).
Several negative regulators modulate the intensity and the
duration of the stress response. The most direct regulators are
MAPK phosphatases (MKP), a class of phosphatases with
dual-specificity activity toward threonine and tyrosine residues
that dephosphorylate and inactivate the MAP and SAP kinases.
Although the MAP and SAP kinases have been extensively
studied in the regulation of insulin action, the role of MKPs
remains largely unknown. The MKPs are regulated by a number
of factors (9). The N-terminal domain of MKPs increases their
substrate specificity, and this interaction results in activation of
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712275105

the enzymatic activity (9). The MKPs are also induced by a
variety of stimuli (10). In addition, localization determines the
compartment in which they find their targets (10). This is
important because the MAP and SAP kinases can translocate
from the cytoplasm to the nucleus and phosphorylate a broad
range of proteins (11). Finally, MKP activity can be regulated by
phosphorylation and by oxidation of the catalytic site (12, 13).
Among the MKPs, MKP-4, also known as dual-specificity phosphatase-9 (DUSP-9), is an interesting candidate for the regulation
of the stress responses involved in insulin resistance. MKP-4 has
been shown to be expressed in insulin-sensitive tissues, and its
expression is modulated in insulin-resistant states (14). MKP-4 has
also been shown to inhibit adipocyte differentiation and modify
some insulin actions (14). However, the molecular targets and the
mechanism of action of MKP-4 in insulin resistance are unclear. In
this article, we study in detail the regulation of MKP-4 expression
and the effect of MKP-4 on insulin signaling and insulin action in
vitro and in vivo, especially in situations with increased stress kinase
activity.
Results
Expression and Localization of MKP-4 in Insulin-Sensitive Cell Lines
and Tissues. The expression of MKP-4 was assessed during differ-

entiation of several insulin-sensitive cell lines. In 3T3-L1 cells,
whereas ERK and JNK expression remained stable, MKP-4 expression was detected at day 3 after the induction and then
gradually increased until it reached a plateau by day 6, when the
cells become adipocytes (Fig. 1A). A similar pattern was observed
during brown adipocyte differentiation [supporting information (SI) Fig. 6A]. In C2C12 myoblasts, both MKP-4 and
MKP-1 expression was detected as early as day 1 and increased to
the end of the differentiation process (SI Fig. 6B), whereas MKP-7
expression was detectable in the undifferentiated cells, rose slightly,
and then returned to basal levels by day 6. Thus, MKP-4 expression
increased in all of the insulin-sensitive cell lines in parallel with
differentiation, as the cells acquired their metabolic function.
To determine whether MKP-4 expression is modulated in vivo
under physiological and pathological conditions, we analyzed
MKP-4 expression in insulin-sensitive tissues of lean and obese mice
in various feeding conditions. Two groups of mice were studied:
obese mice fed a high-fat diet (HFD) and lean control mice on a
regular chow diet. In the normal-chow group, fasting induced a
7-fold increase in MKP-4 mRNA in adipose tissue compared with
control-fed mice (Fig. 1B). Chronic exposure to HFD also increased MKP-4 levels by 3-fold in the fed state, and levels of MKP-4
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A

in the fed state in the liver (SI Fig. 6E) and by 3-fold in the fasted
state in skeletal muscle (SI Fig. 6F).
In addition to expression, the activity of the MKPs is also
regulated by intracellular localization (10). For example, MKP-3 is
primarily cytoplasmic (15), MKP-1 is primarily nuclear (16), and
MKP-7 is able to shuttle from one compartment to another (17).
Cell fractionation followed by Western blotting of cytoplasmic and
nuclear extracts obtained from differentiating 3T3-L1 cells revealed
that MKP-4 was located in the cytoplasmic compartment at all time
points during differentiation and was not detected in the nuclear
compartment (Fig. 1C), suggesting that MKP-4 dephosphorylates
its targets in the cytoplasm of the cell.
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Fig. 1. MKP-4 protein expression and localization in insulin-sensitive cells
and tissues. (A) As specified in Experimental Methods, 3T3-L1 cells were
induced to differentiate. Cell lysates were prepared at different time points
after induction of differentiation and analyzed by immunoblots. Typical
autoradiographs from at least three independent experiments are shown. (B)
Mice were fed with either regular chow (10% fat, gray bars) or a high-fat diet
(60% fat, black bars) for 11 weeks and then killed either in the early morning
in the fed state (hatched bars) or after an overnight fast (gray and black bars).
Expression of MKP-4 in epididymal adipose tissue was assessed by real-time
PCR, normalized to TBP, and presented as the mean ⫾ SEM. n ⱖ 8 mice for each
group. *, P ⬍ 0.05; **, P ⬍ 0.005; ***, P ⬍ 0.001. (C) Nuclear and cytoplasmic
extracts were prepared at various times after induction of differentiation in
3T3-L1 cells and immunoblotted as specified. The first six lanes correspond to
the cytoplasmic extracts, and the last six lanes correspond to the nuclear
extracts.

expression further increased by 3-fold upon overnight fasting.
Expression of the MKP-1 and MKP-3 were modestly or not changed
in these conditions (SI Fig. 6 C and D). By contrast, there was no
modulation of MKP-4 by fasting in the liver and skeletal muscle of
lean mice. However, HFD increased MKP-4 expression by 2.5-fold

A

specificity for different MAP and SAP kinases (9, 18). To identify
the MKP-4 substrates in insulin-sensitive cells, we analyzed the
phosphorylation status of different members of the MAPK family
in 3T3-L1⌬CAR fibroblasts infected with adenoviruses mediating
GFP (AdV-GFP) as control or MKP-4 (AdV-MKP-4) expression.
Two days after infection, cells were stimulated with insulin (5 min)
or treated with anisomycin (30 min). In control cells, insulin
stimulated ERK and JNK phosphorylation, whereas anisomycin
produced strong phosphorylation of JNK and p38MAPK (Fig. 2A,
lanes 1–3). By contrast, in cells overexpressing MKP-4, the ERK
and JNK phosphorylation responses to insulin and anisomycin
were decreases ⬎80% (Fig. 2A, lanes 4–6, and SI Fig. 7A), and
p38MAPK phosphorylation was reduced by 50% (Fig. 2 A, lanes
4–6 and SI Fig. 7A).
Oxidative stress, inducers of endoplasmic reticulum (ER) stress,
and proinflammatory cytokines, like TNF-␣, have been shown to
induce insulin resistance by activating MAP and SAP kinases, such
as JNK (3–5). The ability of MKP-4 to dephosphorylate and
deactivate these kinases prompted us to investigate whether MKP-4
could modulate insulin resistance engendered by stress inducers. By
using undifferentiated and differentiated 3T3-L1⌬CAR cells
infected with adenoviruses overexpressing GFP, 30 min of anisomycin treatment increased JNK activity and IRS-1 Ser-307 phosphorylation (Fig. 2B, lanes 1–4, Fig. 3A, lanes 1–6, and SI Fig. 7B),
resulting in a 50% reduction of IRS-1 tyrosine phosphorylation and
parallel decreases in the association of PI3-kinase with IRS-1 and
insulin-stimulated phosphorylation of Akt (Fig. 2B, lanes 1–4, and
SI Fig. 7B). By contrast, in cells overexpressing MKP-4, anisomycin-
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Fig. 2. MKP-4 inhibits ERK and JNK more than p38MAPK and protects against anisomycin-induced insulin resistance. The 3T3-L1⌬CAR cells were infected with
equivalent amounts of AdV-GFP or AdV-MKP-4. (A) Forty-eight hours after infection, some wells were treated with anisomycin (5 g/ml, 30 min) or with insulin
(10 nM, 5 min). Levels of expression of total and serine-phosphorylated ERK, JNK, and p38MAPK were assessed by immunoblot analysis. (B) Forty-eight hours
after infection, some wells were treated with anisomycin (5 g/ml, 30 min) and then with insulin (10 nM, 5 min). Proteins from cell lysates were immunoprecipitated by using anti-IRS-1 antibodies, resolved by SDS/PAGE, and immunoblotted with anti-phosphotyrosine and anti-p85 antibodies or directly resolved by
SDS/PAGE and then immunoblotted with antibodies as indicated.
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Fig. 3. MKP-4 protects against TNF-␣-induced inhibition of insulin signaling and changes on gene expression. Differentiated 3T3-L1⌬CAR adipocytes were
infected with equivalent amounts of control AdV-GFP or AdV-MKP-4. (A) Some wells were subsequently pretreated with anisomycin (5 g/ml, 30 min) (lanes 4 – 6
and 13–15) or with TNF-␣ (25 ng/ml, 5 h) (lanes 7–9 and 16 –18) and then stimulated with insulin (10 nM, 5 min). Proteins from cell lysates were immunoprecipitated
by using anti-IRS-1 antibodies, resolved by SDS/PAGE, and immunoblotted with anti-phosphotyrosine and anti-p85 antibodies or directly resolved by SDS/PAGE
and then immunoblotted with antibodies as indicated. (B) The 3T3-L1 adipocytes infected with AdV-GFP (gray bars) or AdV-MKP-4 (black bars) were treated
(hatched bars) or not (gray and black bars) with TNF-␣ (25 ng/ml, 24 h) and with insulin (10 nM) during the last 8 h (dotted bars). mRNA expression was assessed
by using real-time quantitative PCR in three independent experiments. Results are expressed as fold of stimulation and presented as the means ⫾ SEM. (C) For
24 h before insulin stimulation (10 min at 100 nM), 3T3-L1 adipocytes infected with AdV-GFP (gray bars) or AdV-MKP-4 (black bars) were pretreated or not with
TNF-␣. At 5 min after insulin stimulation, 2-deoxyglucose uptake was measured. Means ⫾ SEM of three independent experiments are shown.

induced JNK phosphorylation and IRS-1 serine 307 phosphorylation was reduced by up to 75% (Fig. 2B, Fig. 3A, lanes 10–15, and
SI Fig. 7B), and tyrosine phosphorylation of IRS-1, association with
p85, and activation of Akt were rescued (Fig. 2B, lanes 5–8, and SI
Fig. 7B).
A similar result was observed with the proinflammatory cytokine
TNF-␣. Thus, TNF-␣ (25 ng/ml) treatment for 5 h triggered the
phosphorylation of IRS-1 on Ser-307 (Fig. 3A and SI Fig. 7C), and
this was associated with a 50% decrease in insulin-stimulated
tyrosine phosphorylation of IRS-1 and its association with p85 (Fig.
3A and SI Fig. 7C). Again, these effects were reversed in cells
overexpressing MKP-4, with an 80% reduction in IRS-1 Ser-307
phosphorylation and restoration of IRS-1 tyrosine phosphorylation
(Fig. 3A and SI Fig. 7C).
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Effect of MKP-4 on TNF-␣-Modulated Gene Expression and Inhibition
of Glucose Uptake. In addition to inhibition of insulin signaling,

TNF-␣ modulates the expression of genes involved in several
adipocyte functions (19). In 3T3-L1 adipocytes overexpressing
GFP, treatment with 25 ng/ml TNF-␣ for 24 h reduced the
expression of PPAR␥ and lipoprotein lipase (LPL) by 45–50% in
control cells, and these effects were not changed by overexpressing
MKP-4 (Fig. 3B a and b). TNF-␣ also reduced FAS expression by
60% and blocked the ability of insulin to up-regulate FAS expression (Fig. 3Bc). In cells overexpressing MKP-4, the TNF-␣ effect to
reduce FAS was comparable; however, insulin partially restored
FAS expression in these cells, consistent with increased insulin
sensitivity in the cells overexpressing MKP-4 (Fig. 3Bc).
Exposure of fat cells to TNF-␣ also produces changes in expression of a number of adipokines (20). There was a 10-fold increase
in the mRNA for IL-6 and a 40% decrease in the expression of
adiponectin (Fig. 3B d and e). Both effects were partially reversed
in cells overexpressing MKP-4 (Fig. 3B d and e). TNF-␣ also
Emanuelli et al.

induced a 50% decrease in leptin mRNA expression. In cells
overexpressing MKP-4, basal leptin mRNA expression was increased 2-fold, and the effect of TNF-␣ was abolished (Fig. 3Bf ). As
reported (21, 22), TNF-␣ also increased the expression of Glut1 by
1.5-fold and reduced the expression of Glut4 by 60% in control cells
(Fig. 3B g and h). Both of these effects were reversed or partially
reversed in cells overexpressing MKP-4 (Fig. 3B g and h).
To determine whether the protective effect of MKP-4 against
TNF-␣-induced inhibition of insulin signaling might alter the insulin
response in pathological states, we assessed glucose uptake in
3T3-L1 adipocytes. In control cells, insulin stimulated a 3-fold
increase in glucose uptake. TNF-␣ treatment for 16 h caused an
elevation in the basal uptake of glucose and impeded the ability of
insulin to further stimulate glucose uptake, consistent with insulin
resistance (Fig. 3C). In cells overexpressing MKP-4, insulinstimulated glucose uptake was similar to that observed in controls;
however, the increased basal glucose uptake induced by TNF-␣
treatment was abolished, thus reestablishing the effect of insulin to
stimulate glucose uptake (Fig. 3C).
MKP-4 Overexpression in Liver of ob/ob Mice Reduces the Features of
Insulin Resistance. To investigate whether MKP-4 would correct

insulin resistance in vivo, 10-week-old ob/ob mice were injected via
the tail vein with adenoviruses mediating expression of GFP or
MKP-4, resulting in overexpression of MKP-4 specifically in liver
(SI Fig. 8). Signaling studies performed after acute injection of
either saline solution or insulin (2 milliunits/g of body weight; see
Experimental Procedures in SI Text) for 5 min revealed that MKP-4
overexpression reduced ERK and JNK phosphorylation and partially restored insulin-stimulated Akt phosphorylation in ob/ob mice
compared with control (SI Fig. 8 and Results in SI Text). Blood
glucose levels of MKP-4 expression were lower in both the fed and
fasted states compared with GFP controls (Fig. 4 A and B). Glucose
PNAS 兩 March 4, 2008 兩 vol. 105 兩 no. 9 兩 3547
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Fig. 4. MKP-4 overexpression reduces hyperglycemia and improves glucose intolerance in ob/ob mice. Ten-week-old ob/ob mice were infected with AdV-GFP
(n ⫽ 5, gray) or AdV-MKP-4 (n ⫽ 6, black) via tail vein injection. (A and B) Fed (A) and fasting (B) blood glucose levels were measured 2 days after adenovirus
injection. (C) An i.p. glucose tolerance test (GTT) was performed on day 5 after a 6-h fast. (D) The area under the curve was estimated by summing the numerical
integration values of successive linear segments of the glucose curve for 0 –15, 15–30, 30 – 60, and 60 –120 min.

tolerance tests performed 5 days after adenovirus injection also
revealed a significant 20% reduction in glucose excursions in mice
overexpressing MKP-4 (Fig. 4 C and D).
Finally, the expression of gluconeogenic and lipogenic enzymes
was assessed. As a result of insulin resistance in the livers of ob/ob
mice, the expression of gluconeogenic genes was increased, whereas
insulin still stimulated the production of SREBP1c and lipogenic
genes, e.g., fatty acid synthase (FAS), sterol CoA desaturase 1
(SCD1), and acetyl CoA carboxylase (ACC), leading to hepatic
steatosis and more insulin resistance. MKP-4 overexpression in liver
was able to restore the normal expression of fructose 1,6 bisphosphatase, one of the critical genes regulating gluconeogenesis (Fig.
5Aa) and produced increased SREBP2 and decreased SREBP1c
expression. These changes were paralleled by an increase in HMGcoAR expression, a target gene of SREBP2, and a reduction in
expression of genes involved in lipid synthesis, such as SCD1 and
ACC, to levels close to those observed in controls (Fig. 5A b–g). As
a result, hepatic steatosis was attenuated in ob/ob mice overexpressing MKP-4 in liver (Fig. 5B), and triglyceride content of the
liver was diminished by 20% (Fig. 5C).
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Discussion
Increased activity of ERK, JNK, and other stress kinases has been
shown to induce insulin resistance and is a feature of obesity- and
diabetes-related insulin resistance in mice and humans (4, 23, 24).
Thus, one potential therapeutic strategy for these disorders and to
improve insulin sensitivity would be to reduce the activity of these
kinases (7, 8). In this study, we investigated the role of the dual
specificity phosphatase MKP-4 (DUSP-9) in the process.
For this purpose, we used two in vitro models of stress-induced
insulin resistance in 3T3-L1 cells: one produced by anisomycin and
a second using TNF-␣, a proinflammatory cytokine involved in
obesity-induced insulin resistance. Our results show that MKP-4
can dephosphorylate ERK, JNK, and, to a lesser extent, p38MAPK
in these cells and reverse both forms of stress-induced insulin
resistance. The molecular basis for this protective effect resides
primarily in the inhibition of phosphorylation of IRS-1 on serine
307. This restores IRS-1 tyrosine phosphorylation and reverses
stress-induced insulin desensitization. In addition, MKP-4 overexpression reduces the increase in IL-6 after TNF-␣ treatment and
partly reversed the changes in Glut1 and Glut4 expression. As a
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Fig. 5. Effects of MKP-4 on gene expression and lipid accumulation in liver of ob/ob mice. (A) Gene-expression analysis was performed on liver extracts from
10-week-old control C57BL6 mice (n ⫽ 6, white bars) and ob/ob mice infected with AdV-GFP (n ⫽ 11, gray bars) or AdV-MKP-4 (n ⫽ 12, black bars). Hepatic
expression of various genes was analyzed by real-time PCR. Expression levels were normalized to TBP and presented as the mean ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01.
(B) Hematoxylin and eosin staining of liver section is shown at magnification ⫻40. (C) The triglyceride content in the liver of mice infected with AdV-GFP
(n ⫽ 5, gray bars) or AdV-MKP-4 (n ⫽ 6, black bars) was measured as specified in Experimental Methods and presented as the means ⫾ SEM. *, P ⬍ 0.05.
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Experimental Methods

produced in our laboratory. All chemicals and anti-flag antibody were purchased
from Sigma. Recombinant murine TNF-␣ was from R&D Systems, and recombinant human insulin for in vivo studies was from Lilly. MKP-4 was cloned by RT-PCR
using the SuperScript II kit from Invitrogen with RNA isolated from mouse liver.
The sequence of the cDNA obtained was identical to the one corresponding to
accession number AY316312 on the National Center for Biotechnology Information. Control GFP and MKP-4-expressing adenoviruses were constructed by using
the Adeasy adenoviral vector system (Stratagene) and were purified by CsCl
gradient and dialyzed in PBS containing 10% glycerol.
Cell Culture and Infection. D. Orlicky (University of Colorado, Denver) provided
3T3-L1⌬CAR cells (expressing the receptor for adenovirus) (30). The 3T3-L1 cells
and C2C12 cells were obtained from American Type Culture Collection. Brown
adipose tissue cell lines were generated in our laboratory (31). All cells were
grown in DMEM supplemented with 10% FBS and induced to differentiate as
described (31, 32). The 3T3-L1 fibroblasts or 3T3-L1 differentiated into adipocytes
were cultured overnight in media containing adenovirus at a multiplicity of
infection of 200. All experiments were performed 48 h after infection.
Cell Lysates, Nuclear Lysates, Immunoprecipitation, and Immunoblots. Cells
were stimulated as indicated, after which they were washed in ice-cold PBS
and harvested in lysis buffer containing vanadate and proteases inhibitors
(32). For immunoprecipitation, whole-cell lysates were mixed with various
antibodies and protein A-coupled to agarose beads (GE Healthcare Biosciences). Proteins from whole-cell lysates and immunoprecipitates were
separated by SDS/PAGE, transferred to Immobilon-P membranes (Millipore) and blotted with antibodies as specified. For the preparation of
cytoplasmic and nuclear extracts, lysis buffer with 0.1% Triton X-100 was
used to gently disrupt the plasma membrane by agitation at 4°C. Nuclei
were pelleted by centrifugation and lysed in a buffer containing 1% SDS.
RNA Extraction and Gene Expression. RNA extraction from cells and tissues was
performed by using the RNeasy kit (Qiagen). Gene expression was assessed by
quantitative real-time PCR. One microgram of total RNA was used for cDNA
synthesis by using a kit from Applied Biosystems. Specific primers for ACC,
adiponectin, FAS, fructose 1,6 bisphosphatase, Glut1, Glut4, HMG-CoA reductase, IL6, leptin, LPL, MKP-4, PPAR-␥, SREBP1c, SREBP2, SCD1, and TBP were
used for the PCR using the ABI Prism 7900HT (Applied Biosystems), and analysis
was done with the ABI Prism SDS 2.2.2 software.
Glucose Uptake. Glucose uptake in 3T3-L1 cells was performed as described (33).
Briefly, cells were pretreated with 25 ng/ml TNF-␣ or buffer and stimulated with
100 nM insulin in KRH containing 0.1% BSA buffer for 10 min. Cells were
incubated with 0.25 Ci of [3H]2-deoxyglucose for 5 min. Transport was stopped
by addition of cytochalasin B. Cells were harvested in 0.05% SDS, and the amount
of [3H]2-deoxyglucose taken up was measured by liquid scintillation counting.
Animals. C57/BL6 male mice (TaconicFarms) were maintained on HFD (60% fat,
n ⫽ 17) or LFD (10% fat, n ⫽ 18) for 11 weeks starting at 6 weeks of age. Each
group of mice was killed in the early morning in the postprandial state [n ⫽ 9
for low-fat diet (LFD); n ⫽ 8 for HFD] or after an overnight fast (n ⫽ 9 for LFD
and HFD). Male ob/ob mice and control littermates were purchased from The
Jackson Laboratories. All of the mice were maintained on a 12-h light/dark
cycle. All protocols for animal use were reviewed and approved by the Animal
Care Committee of the Joslin Diabetes Center and were in accordance with
Institutional Animal Care and Use Committee guidelines.
Animal Studies. Adenoviral injection (2 ⫻ 1011 viral particles) was given into the
tail vein. Blood glucose values were determined 2 days later in the fed state or
after a 6-h fast by using a glucose meter (Ascensia Elite; Bayer). Glucose tolerance
tests were performed 5 days after adenovirus injection by using 2 g of glucose per
kilogram of body weight i.p. after a 6-h fast. The triglyceride content of the liver
was determined by enzymatic assay (GPQ-Trinder; Sigma) of glycerol.

Materials. Antibodies for immunoblotting were ERK, JNK, p38MAPK, Akt, and
their phosphorylated forms (Cell Signaling Technology); MKP-4 (Santa Cruz Biotechnology), phosphotyrosine (Upstate Biotechnology); IRS-1 (BD Biosciences).
Rabbit polyclonal sera against IRS-1 and IRS-2 used for immunoprecipitation were
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result, MKP-4 restores or partly restores insulin stimulation of
glucose uptake and regulation of FAS expression.
Because complete inactivation of the MKP-4 gene is embryonic lethal (25), we investigated how MKP-4 modulates insulin
sensitivity in vivo by overexpression in liver of ob/ob mice using
adenoviral-mediated gene transduction. We find that this improves some features of insulin resistance, including hyperglycemia, glucose intolerance, hepatic steatosis, and insulin signaling in the liver. Thus, increasing MKP-4 can improve insulin
sensitivity both in vivo and in vitro by counteracting stressinduced inhibition of insulin signaling and the effects of stress on
gene expression.
Our data on the effects of MKP-4 are consistent with several
reports showing that decreasing JNK or ERK activities sensitizes
insulin metabolic actions (2, 4), but appear to be in contrast to a
study by Xu et al. (14) showing that MKP-4 expression blocks
insulin-induced adipogenesis and inhibits insulin-stimulated glucose uptake. MKP-1 is also able to block adipocyte differentiation
if expressed ectopically in fibroblasts (26). We believe that the
apparent differences in results are due to the different experimental
conditions used. Thus, MKP-4 and MKP-1 can inhibit ERK, which
is crucial in early adipogenesis (27), and under some conditions,
p38MAPK, which collaborates with the PI-3 kinase pathway in the
regulation of glucose transport activity (28, 29). However, MKP-4
had no effect on p38MAPK in vivo and actually improved the
reduced glucose-transport activation seen in TNF-␣-induced insulin resistance. Because insulin regulates a large number of physiological functions including proliferation, survival, differentiation,
and metabolism, it is possible that MKP-4 inhibits some of insulin’s
actions, such as the MAPK-dependent processes of proliferation
and differentiation, while enhancing others that are normally
negatively regulated by ERK and JNK. The latter would be
especially true in states where these stress kinases are activated.
MKP-4 expression has been shown to be increased in insulinsensitive tissues in some mouse models of obesity, such as db/db,
ob/ob, or HFD-fed mice (14). We find that feeding status can also
modulate MKP-4, but not MKP-3 and only moderately MKP-1,
expression in white adipose tissue (WAT), indicating that regulation of MKP-4 expression in WAT is regulated by both physiological
and pathological conditions. Interestingly, the regulation of MKP-4
by HFD and fasting appear to be different in liver and skeletal
muscle. These changes in MKP-4 expression might reflect a compensatory mechanism against excessive MAPK activity in the
tissues, as part of a negative feedback loop (10). Other mechanisms
are also involved in the regulation of MKP activity, including
oxidation of the cysteine residue crucial for MKP catalytic activity,
which might occur in response of TNF-␣ (13).
In conclusion, MKP-4 is expressed in insulin-sensitive tissues and
is up-regulated during their differentiation. In addition, its expression is modulated in situations of insulin resistance and by feeding
status. More importantly, MKP-4 can modulate insulin signaling
and insulin action in vitro and in vivo and exert a protective effect
against stress-induced insulin resistance. These data strongly support a role of MKP-4 in modulating insulin action and suggest that
this protein may provide a therapeutic target for treatment of type
2 diabetes.
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