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Abstract: The mechanisms connecting obesity with type 2 diabetes, insulin resistance, nonalcoholic
fatty liver disease, and cardiovascular diseases remain incompletely understood. The function of
MAPK phosphatase-2 (MKP-2), a type 1 dual-specific phosphatase (DUSP) in whole-body metabolism,
and how this contributes to the development of diet-induced obesity, type 2 diabetes (T2D), and
insulin resistance is largely unknown. We investigated the physiological contribution of MKP-2 in
whole-body metabolism and whether MKP-2 is altered in obesity and human fatty liver disease using
MKP-2 knockout mice models and human liver tissue derived from fatty liver disease patients. We
demonstrate that, for the first time, MKP-2 expression was upregulated in liver tissue in humans
with obesity and fatty liver disease and in insulin-responsive tissues in mice with obesity. MKP-
2-deficient mice have enhanced p38 MAPK, JNK, and ERK activities in insulin-responsive tissues
compared with wild-type mice. MKP-2 deficiency in mice protects against diet-induced obesity and
hepatic steatosis and was accompanied by improved glucose homeostasis and insulin sensitivity.
Mkp-2~/~ mice are resistant to diet-induced obesity owing to reduced food intake and associated
lower respiratory exchange ratio. This was associated with enhanced circulating insulin-like growth
factor-1 (IGF-1) and stromal cell-derived factor 1 (SDF-1) levels in Mkp-2~/~ mice. PTEN, a negative
regulator of Akt, was downregulated in livers of Mkp—Z_/ ~ mice, resulting in enhanced Akt activity
consistent with increased insulin sensitivity. These studies identify a novel role for MKP-2 in the
regulation of systemic metabolism and pathophysiology of obesity-induced insulin resistance and
fatty liver disease.

Keywords: obesity; mitogen-activated protein kinases; protein tyrosine phosphatase; lipid and
glucose metabolism; insulin resistance; fatty liver disease

1. Introduction

Obesity predisposes to the development of cardiovascular disease, type 2 diabetes
(T2D), nonalcoholic fatty liver disease (NAFLD), and increased risk of insulin resistance
and even some cancers [1,2]. The mechanisms connecting obesity with these diseases
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remain incompletely understood. Mitogen-activated protein kinases (MAPKs) are physio-
logical regulators of metabolic homeostasis, and MAPK dysfunction promotes metabolic
disease [3,4]. However, the regulatory mechanisms of MAPKs in metabolism remains
under investigation.

Mammalian MAPKSs comprise three major sub-groups, and these include the extra-
cellular signal-regulated kinases (ERK1/2), c-Jun NH,-terminal kinases (JNK1/2/3), and
p38 MAPKSs [5-7]. Obesity and obesity-induced inflammatory state activates the stress-
responsive MAPKs, p38 MAPK, and JNK [8-11]. Muscle-specific JNK1 deletion mice
displayed improved insulin sensitivity and increased glucose turnover in response to
feeding of chow or high-fat diet (HFD) [12]. Activation of p38 MAPK increases hepatic
gluconeogenesis and inhibits fat storage by reducing hepatic lipogenesis and stimulating
fatty acid oxidation [13,14]. Collectively, these data showed that both JNK and p38 MAPK
are important mediators of metabolic signaling, which regulates insulin resistance and
energy metabolism.

The MAPKs are inactivated by mitogen-activated protein kinase phosphatase (MKPs)
through dephosphorylation [15]. The MKPs comprise a family of 10 catalytically active
enzymes that dephosphorylate MAPKSs [15,16]. Members of the MKP family have been
shown to play diverse roles in metabolism. For instance, MKP-1-deficient mice were resis-
tant to diet-induced obesity [17], and skeletal muscle-specific MKP-1 deletion recapitulates
the phenotype of global knockout [18]; MKP-3 regulates hepatic gluconeogenesis [19] and
increases MKP-4 expression in adipose tissue of db/db mice [20]. MKP-2, also known as
dual-specificity phosphatase 4 (DUSP4), is an inducible phosphatase known to be upreg-
ulated in response to growth factors, hormones, and lipopolysaccharide (LPS) [21] The
understanding of MKP-2 function has resulted in the discovery of novel roles for MKP-2 in
the regulation of sepsis, infection, and cell-cycle progression that are distinct from those of
other MKPs [22-25]. One study showed that MKP-2 is a negative regulator of JNK and p38
MAPK in macrophages and that it inhibits the expression of proinflammatory cytokines in
response to lipopolysaccharide (LPS) [22]. Another study suggests that MKP-2 regulates
macrophage-adipocyte interaction [26]. However, the physiological function of MKP-2 in
metabolism remains largely unknown.

In this study, we revealed that MKP-2 expression was upregulated in liver tissue
in humans with obesity and fatty liver disease and in insulin-responsive tissues in mice
with obesity. MKP-2-deficient mice have enhanced p38 MAPK, JNK, and ERK activities in
insulin-responsive tissues compared with wild-type mice. We found that MKP-2-deficient
mice were protected against obesity and development of hepatic steatosis and insulin
resistance following HFD feeding. These results suggest that MKP-2 plays a major role in
the development of obesity, insulin resistance, and nonalcoholic fatty liver disease.

2. Materials and Methods
2.1. Reagents, Antibodies and Immunoblotting

All reagents were purchased from standard chemical vendors. The following antibod-
ies were used; phospho-p38 MAPK (#9215S), phospho-JNK1/2 (#4668S), phospho-ERK1/2
(#9101S), p38 MAPK (#9228S), INK (#3708S), ERK1/2 (9102S), PTEN (#9559S), p-Akt (#9271),
Akt (#2966S), and Beta actin (#84575), were obtained from cell signaling technology. MKP-2
(#610850) was obtained from BD Biosciences. Liver, skeletal muscle, and adipose tissues
from Mkp-2*/* and Mkp-2~/~ mice were isolated and processed and immunoblotted as
described [3].

2.2. Animal and Human Studies
2.2.1. Animal Studies

The University of Alabama Institutional Animal Care and Use Committee approved
all animal studies. The MKP-2 wild-type (Mkp-2*/*) and MKP-2 knockout (Mkp-2~/~) mice
were kindly provided by Robin Plevin, University of Strathclyde, United Kingdom. Mice
lacking MKP-2 have been genetically characterized previously [22,24]. For in vivo studies
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under normal and diet-induced obesity conditions, three-week-old male and female mice
were maintained on either a custom high-fat (60% kcal) purified rodent diet DN 112252
(Dyets, Inc.,Bethlehem, PA, USA) or chow diet or chow diet (Lab Supply, Nothlake, TX,
USA) for 16 to 24 weeks. The ingredients and nutrient composition of these diets are shown
in Tables 1 and 2 for 16 to 24 weeks.

Table 1. The ingredients and nutrient composition of high-fat diet used in the study.

Ingredient kcal./g g/kg kcal./kg
Casein 3.58 200 716.00
Constarch 3.6 0 0.00
Dyetrose 3.8 125.00 475.00
Sucrose 4 68.8 275.20
Cellulose 0 50 0.00
Soybean Oil 9 25 225.00
TBHQ 0 0.005 0.00
Lard 9 245 2205.00
Salt Mix #210088 1.6 10 16.00
Dicalcium Phosphate 0 13 0.00
Calcium Carbpnate 0 5.5 0.00
Patassium Citrate H20 0 16.5 0.00
Vitamin Mix #300050 3.92 10 39.20
L-Cystine 4 3 12.00
Choline Bitartrate 0 2 0.00
773.805 3963.400

TBHQ: t-Butylhy droquinone.

Table 2. The ingredients and nutrient composition of chow diet used in the study.

Ingredient kcal./g g/kg kcal./kg
Casein 3.58 200 716.00
L-Cystine 4 3 12.00
Sucrose 4 350 1400.00
Constarch 3.6 315 1134.00
Dyetrose 3.8 35 133.00
Soybean Oil 9 25 225.00
t-Butylhy droquinone 0 0.005 0.00
Lard 9 20 180.00
Cellulose 0 50 0.00
Salt Mix #210088 1.6 10 16.00
Dicalcium Phosphate 0 13 0.00
Calcium Carbpnate 0 5.5 0.00
Patassium Citrate H20 0 16.5 0.00
Vitamin Mix #300050 3.92 10 39.20
Choline Bitartrate 0 2 0.00
1055.005 3855.200

2.2.2. Human Liver Samples

Liver biopsy samples from normal and obese NASH individuals (males ~70% and
females ~30%) between the ages of 30 and 68 years were used. The specimens were
provided by the University of Kansas Liver Center Biorepository. Normal individuals
had a BMI ~25 kg/m? with no evidence of infiltrates or fibrosis and obese NASH (BMI
~30 kg/m?); clinically steatohepatitis with lobular inflammation and NAFLD; and clinically
steatosis without NASH (BMI ~30 kg/m?).
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2.3. Metabolic Measurements

Glucose tolerance tests (GTTs) were performed on male and female Mkp-2*/* and
Mkp-2~/~ mice fed either chow or HFD for 16 to 24 weeks. Mice were fasted overnight for
16 h followed by intraperitoneally (i.p.) injection of glucose (2 g/kg). Blood glucose levels
were measured at time points 0, 15, 30, 60, 90, and 120 min. For insulin tolerance tests (ITTs),
mice were fasted for 5 h and were injected (i.p.) with 0.75 mU/g human insulin (Humlin
R; Elly and Company, Indianapolis, IN, USA). The blood glucose levels were measured at
time points 0, 15, 30, 60, 90, and 120 minutes. Plasma insulin levels were measured using
ultra-sensitivity mouse insulin Elisa kit (Crystal Chem, Elk Grove Village, IL, USA; Catalog
#90080).

Conscious male chow-fed Mkp-2*/* and Mkp-2~/~ mice aged between 8 to 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 food and water. Mice were adapted
for one week and kept in metabolic cages (Promethion, Sable Systems, Las Vegas, NV, USA)
for one week, and the food and water intake, energy expenditure, respiratory exchange
ratio (RER), and physical activity were measured. Data were analyzed using regression
analysis using ANCOVA.

2.4. Cell Culture and Transient Transfections

Mouse embryonic fibroblasts (MEFs) derived from Mkp-2*/* and Mkp-2~/~ mice
were cultured as described [3] and transfected with pcDNA3-FLAG PTEN (Cat.#78777;
Addgene). MEFs were serum-starved overnight before stimulated with insulin (100 nM) for
1h. At the end of stimulation, MEFs were lysed using RIPA buffer as described [3]. Plasmids
were transfected with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions.

2.5. RNA Extraction and Real-Time PCR Analysis

Tissues derived from Mkp-2*/* and Mkp-2~/~ mice were used to isolate total RNA
using RNeasy kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s
instructions and as described [3]. Real-time quantitative PCR was performed as de-
scribed [3], with the Applied Biosystems 7500 Fast RT-PCR system and TagMan and
SYBR Green gene expression master mix with the following primer pairs: Srebf2, 5/-
GCAGCAACGGGACCATTCT-3' and 3’-CCCCATGACTAAGTCCTTCAACT-5; 18S, 5'-
ACCGCAGCTAGGAATAATGGA-3' and 3'-GCCTCAGTTCCGAAAACCA-5'; Srebflc, 5'-
ATCTCCTAGAGCGAGCGTTG and 3'-TATTTAGCAACTGCAGATATCCAAG; CD36, 5'-
ATGGGCTGTGATCGGAACTG-3' and 3'-TTTGCCACGTCATCTGGGTTT-5'; CCL2, 5'-
TTAAAAACCTGGATCGGAACCAA-3' and 3'-GCATTAGCTTCAGATTTACGGGT-5'; and
CPT1x, 5-TGTCAAAGATACCGTGAGCAG-3' and 5'-GCCCACCAGGATTTTAGCTT-3'.

All relative gene expression levels were analyzed using the ACt method and normal-
ized to 18S. TagMan primers and gene expression master mix from Applied Biosystems
were used for FASN and quantitation.

2.6. Serum Cytokine Levels Measurements

Serum cytokine levels derived from HFD-fed Mkp-2*/* and Mkp-2~—/~ mice were
analyzed using mouse cytokine antibody array, which contains 96 different anti-cytokine
antibodies, including negative and positive controls (AAM-CYT-1000-4, RayBiotech Life,
Inc., Peachtree Corners, GA, USA).
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2.7. Histological Analysis of Tissue Sections

Tissues were isolated from chow and HFD-fed male Mkp-2*/* and Mkp-2~/~ mice
and then fixed in 4% paraformaldehyde in PBS and processed for paraffin sections and
stained with hematoxylin and eosin. Cryostat sections of livers were processed for Oil Red
O staining as described [3].

2.8. Statistical Analysis

All data are presented as mean + SEM. Differences between groups were compared us-
ing Student’s unpaired two-tailed t-test or one- and two-way analysis of variance (ANOVA).
A post hoc test was performed using Bonferroni’s multiple comparisons using Prism 9
statistical software (GraphPad Software, La Jolla, CA, USA). A value of p < 0.05 was consid-
ered statistically significant. Gender was not considered a factor in the statistical analysis.
Indirect calorimetry was analyzed using CalR, a web-based analysis tool [27].

2.9. Data and Resource Availability

All data generated or analyzed during this study are included in the published article
(and its online supplementary files). The human samples analyzed during the current
study were obtained from University of Kansas Liver Center Biorepository.

3. Results
3.1. Upregulation of MKP-2 Expression in Human and Mice Livers with Obesity and Fatty
Liver Disease

To investigate the role of MKP-2 in obesity and development of NAFLD and nonal-
coholic steatohepatitis (NASH), we determined the protein expression levels of MKP-2 in
livers of male and female normal and obese NASH humans. Interestingly, in the livers
of obese NASH subjects, we found for the first time that the levels of MKP-2 protein ex-
pression were significantly enhanced (>3-fold; p < 0.05) as compared with normal subjects
(Figure 1A,B). Furthermore, we determined the protein expression levels of MKP-2 in obese
mice across major metabolic tissues. In the liver of wild-type, high-fat diet (HFD)-fed
mice, we found that the expression levels of MKP-2 protein were significantly elevated
(~5-fold; p < 0.001) as compared with wild-type chow-fed livers (Figure 1C, upper panel
and D). Similarly, we also found that MKP-2 protein expression levels were significantly
elevated (~3-fold; p < 0.01) in white adipose tissue (WAT) of HFD-fed wild-type mice
(Figure 1C, middle panel and E) as compared with wild-type chow-fed WAT. In addi-
tion, we found that the expression levels of MKP-2 protein were significantly elevated
in skeletal muscle in HFD-fed wild-type mice (~2.5-fold; p < 0.001.) as compared with
chow-fed skeletal muscles. (Figure 1C, lower panel and F). These results demonstrate that
MKP-2 is upregulated in liver tissue in humans with obesity and fatty liver disease and
in insulin-responsive tissues in mice with obesity and may contribute to the development
of obesity and NAFLD/NASH. We hypothesize that overexpression of MKP-2 following
overnutrition promotes the development of obesity and fatty liver disease.

3.2. MAPK Phosphorylation in Human NASH Livers

We assessed the phosphorylation status of JNK, p38 MAPK, and ERK in the livers of
normal and NASH subjects. In livers of obese NASH human subjects, the phosphorylation
levels of JNK were increased in NASH livers (Figure S1A upper panel and B) compared
with livers of normal subjects, but these were not statistically significant. However, no
differences were observed in p38 MAPK or ERK phosphorylation levels in the livers of
NASH compared with normal subjects (Figure S1A middle and lower panels, and C,D).
These results suggest that the activity of JNK, p38 MAPK, and ERK were comparable in
obese NASH and normal subjects.
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Figure 1. Upregulation of MKP-2 Expression in Human and Mice Livers with Obesity and Fatty Liver
Disease. Liver tissue lysates from male and female normal (BMI ~25 kg/ m?) and obese NASH (BMI
~30 kg/m?) human subjects (N = 7/group) (A,B). Liver, skeletal muscle, and white adipose tissue
lysates from wild-type chow and HFD-fed mice (N = 4-6) (C-F) were analyzed by immunoblotting.
Representative immunoblots were quantitated by densitometry for the levels of MKP-2 and B-actin.
Results represent the mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.0001 as determined by Student’s
t-test.

3.3. Enhanced MAPK Phosphorylation in MKP-2-Deficient Mice

Given the role of MAPKSs in metabolic control, understanding the function of MKP-2 in
their regulation is very important. We determined the phosphorylation status of p38 MAPK,
JNK, and ERK across major metabolic tissues. Consistent with lack of MKP-2, we found
that MKP-2 global knockout (Mkp-2~/~) mice exhibited significantly enhanced p38 MAPK
(Figure 2A, upper panel and B), ERK (Figure 2A, middle panel and C), and JNK (Figure 24,
lower panel and D) phosphorylation in the liver under chow-fed conditions compared
with wild-type (Mkp-2*/*) mice. In white adipose tissue (WAT), chow-fed Mkp-2~/~ mice
exhibited significantly enhanced ERK (Figure 2E, middle panel and G) phosphorylation
compared with wild-type (Mkp-2*/*) mice. However, no differences were observed in
p38 MAPK (Figure 2E, upper panel and F) or ]NK phosphorylation levels (Figure 2E,
lower panel and H) in the WAT of chow-fed Mkp-2~/~ compared with Mkp-2*/* mice. No
differences were observed in p38 MAPK (Figure 2I, upper panel and J), ERK (Figure 2I,
middle panel and K), or JNK (Figure 21, lower panel and L) phosphorylation in the skeletal
muscle of chow-fed Mkp-2~/~ and Mkp-2*/* mice. Consequently, lack of MKP-2 expression
results in the corresponding upregulation of p38 MAPK in the liver but not WAT or skeletal
muscle and JNK and ERK in the liver and WAT but not in skeletal muscle.
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Figure 2. Enhanced MAPK Phosphorylation in Chow- and HFD-fed MKP-2-Deficient Mice. Liver
tissue lysates from liver, skeletal muscle, and white adipose tissue lysates from chow- and HFD-

S

PPIB MAPK/
P38 MAPK

@

PERKIZ/ERK 12

o

PERK1/2/ERK1/2
L
PINKI2UNK12
© © = = »
ﬁf—?

fed mice. Mkp-2*/* and Mkp-2~/~ were analyzed by immunoblotting (N = 4-6). Representative
immunoblots were quantitated by densitometry for phospho-p38 MAPK/p38 ((A) upper panel
and (B)), phospho-JNK1/2/JNK1/2 ((A) lower panel and (C)), and phospho-ERK1/2ERK1/2
((A) middle panel (D)) in chow liver; phospho-p38 MAPK/p38 MAPK ((E) upper panel and
(F)), phospho-ERK1/2ERK1/2 ((E) middle panel (G)), and phospho-JNK1/2/JNK1/2 ((E) lower
panel and (H)) in chow WAT; phospho-p38 MAPK/p38 MAPK ((I) upper panel and (J)), phospho-
ERK1/2ERK1/2 ((I) middle panel (K)), and phospho-JNK1/2/JNK1/2 ((I) lower panel and (L)) in
chow skeletal muscle. Results represent the mean + SEM; * p < 0.05, ** p < 0.01 as determined by
Student’s t-test.

3.4. Resistance to Diet-Induced Obesity in MKP-2-Deficient Mice

Mkp-2*+/* and Mkp-2~/~ mice were bred and, from three weeks of age, were fed either
chow diet or HFD for a period of 16 to 24 weeks. Male Mkp-2~/~ mice fed a chow diet
exhibited comparable weight gain as compared with Mkp-2*/* mice (Figure 3A). There was
no difference in fasting blood glucose or plasma insulin between chow-fed male Mkp-2+/+
and Mkp-2—/~ mice (Figure 3B,C). Male Mkp-2~/~ mice fed a HFD had a significantly
(p = 0.0001) reduced rate of weight gain as compared with Mkp-2*/* mice (Figure 3D). By
17 weeks of high-fat feeding, male Mkp-2~/~ mice weighed ~22% less as compared with
Mkp-2*/* mice (Figure 3D). No differences were observed in skeletal muscle histological
sections liver, adipose or skeletal muscle tissue weight between chow-fed Mkp-2*/* and
Mkp-2~/~ mice (Figure S2A-E). Consistent with reduced fat mass in HFD-fed (Figure 3E),
white adipose tissue histological presentation showed that the size of adipocytes of Mkp-
2=/~ mice is smaller than that of Mkp-2*/* mice (Figure S3). No difference in lean mass
between HFD-fed male Mkp-2*/* and Mkp-2~/~ mice was discovered (Figure 3B,C). To
further investigate the involvement of MKP-2 in reduced fat content, we assessed the
phosphorylation of p38 MAPK, ERK, and JNK in WAT derived from HFD-fed Mkp-2*/* and
Mkp-2~/~ mice. The results indicated that JNK and ERK phosphorylation were significantly
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enhanced in Mkp-2=/~ compared with Mkp-2*/* mice (Figure S4A middle and lower
panels, and C,D). However, no differences were observed in p38 MAPK phosphorylation
(Figure S4A, upper panel and B) in the WAT of Mkp-2~/~ compared with Mkp-2*/* mice.
Female Mkp-2~/~ mice fed a chow diet exhibited reduced weight gain as compared with
Mkp-2*/* mice (Figure S5A). However, female Mkp-2~/~ mice fed a HFD diet exhibited
comparable weight gain compared with Mkp-2*/* mice (Figure S5E). Liver weights were
also similar (Figure S5D). These results demonstrate that HFD-fed female Mkp-2~/~ mice
were not resistant to diet-induced obesity. Together, these data demonstrate that loss of
MKP-2 protects against the development of diet-induced obesity and insulin resistance in
male mice.
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Figure 3. Resistance to Diet-Induced Obesity and Insulin Sensitivity in Male MKP-2-Deficient Mice.
(A) Weight curves of chow-fed Mkp-2*/+ and Mkp-2—/~ mice for 16 weeks; (B) fasting blood glucose;
(C) plasma insulin; (D) weight curves of HFD-fed Mkp—ZJ'/+ and Mkp-2 ~/~ mice for 24 weeks; (E) fat
mass; and (F) lean mass (N = 10 mice/genotype). Results represent the mean £+ SEM; ** p < 0.01,
as determined by Student’s f-test or in (A,D) by analysis of variance (ANOVA) with Bonferroni’s
post-test for multiple comparisons. Open bars, Mkp-2*/* mice; closed bars, Mkp-2~/~ mice.

3.5. Reduced Food Intake and RER in MKP-2-Deficient Mice

In order to determine the physiological mechanism accounting for the resistance to
weight gain in Mkp-2~/~ mice, we performed metabolic calorimetry. Chow-fed Mkp-2~/~
mice exhibit significantly reduced food intake and RER in the light cycle compared with
Mkp-2*/* mice (Figure 4A,B). These findings are consistent with the fact that Mkp-2—/~
mice eat less; then, their RER would be expected to be lower, indicating that Mkp—Z_/ -
mice burn more lipids from their fat stores compared with Mkp-2*/* mice. In addition, the
activity levels of Mkp-2~—/~ mice were also significantly reduced compared with Mkp-2*/*
mice during the light cycle (Figure 4C). However, we did not observe any differences
in energy expenditure between Mkp-2*/* and Mkp-2~/~ mice (Figure 4D-F). Similarly,
Mkp-2—/~ and Mkp-2*/* mice exhibit comparable total body lean and fat mass (Figure 4G).
These data support the hypothesis that the Mkp-2~/~ mice are resistant to diet-induced
obesity owing to reduced food intake that is associated with lower RER. This suggests
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that the Mkp-2=/~ mice burn lipids from their fat stores instead of eating. Interestingly,
the Mkp-2=/~ mice did not compensate by eating more during the dark phase. During
the dark phase, the Mkp-2~/~ mice ate slightly less than the Mkp-2*/* mice, but it did not
reach significance (Figure 4A,B). Together, these data suggest that MKP-2 deficiency results
in reduced food intake and RER, consistent with observed resistance to weight gain on a
high-fat diet.
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Figure 4. Reduced food intake and RER in MKP-2-deficient mice. (A-G) Chow-fed Mkp—2+/ *and
Mkp-2~/~ mice were subjected to indirect calorimetry. (A) Food intake; (B) respiratory exchange
ratio; (C) locomotor activity; (D) energy expenditure; (E) oxygen consumption; (F) carbon dioxide
production; and (G) lean and fat mass (N = 8 per genotype). Data represent mean + SEM * p < 0.05,
**p <0.01, as determined by Student’s t-test or by ANCOVA analysis.

3.6. Protection from the Development of Hepatic Steatosis in MKP-2-Deficient Mice

Consequent to HFD feeding for 24 weeks, lipid content were markedly decreased in
the livers of male MKP-2-deficient mice as compared with Mkp-2*/*, mice, suggesting that
MKP-2 deficiency prevents the development of hepatic steatosis (Figure 5A, upper panel
Mkp-2—/~,lower panel Mkp-2*/*). No differences were observed histologically or in tissue
weights in the liver, skeletal muscle, WAT, and brown adipose tissue (BAT) under chow-
fed conditions (Figure S2A-E). Consistent with resistance to hepatic steatosis, Mkp-2~/~
mice exhibited a marked reduction in liver weight (Figure 5B) and hepatic triglycerides
(TGs) (Figure 5C) compared with Mkp-2*/* mice. Furthermore, Mkp-2~/~ mice exhibited
reduced fat mass compared with Mkp-2*/* mice (Figure 4B). Consistent with protection
from fatty liver, the expression of mRNAs for PPARY, sterol regulatory element-binding
protein 1c (Srebflc), and Srebf2 were significantly reduced in the livers of Mkp-2~/~ mice
(Figure 5D). Under HFD feeding, important factors promoting lipogenesis in hepatocytes,



Nutrients 2022, 14, 2475

10 of 19

fatty acid synthase (FASN), and acetylcoA carboxylase (ACC) were significantly reduced
in the Mkp-2~/~ mice compared Mkp-2*/* mice (Figure 5D). Furthermore, hepatic mnRNA
expression of carnitine palmitoyltransferase 1, a key rate-limiting enzyme in the fatty
acid B-oxidation pathway, was significantly enhanced in Mkp-2~/~ mice compared with
Mkp-2*/* mice (Figure 5D). In addition, the mRNA levels of fatty acid uptake gene, FABP1,
were significantly reduced in the livers of Mkp-2~/~ mice compared with Mkp-2*/* mice
(Figure 5D). Fatty acid translocase (CD36) plays a major role in fatty acid uptake in many
metabolic tissues, including the liver [28]. We analyzed the mRNA expression of CD36 in
the livers of Mkp-2—/~ mice. In HFD-fed Mkp-2~/~ livers, we found that the expression
levels of CD36 were significantly reduced (~70%; p < 0.05) compared with Mkp-2*/* mice
(Figure 5D). These results suggest that Mkp-2—/~ livers exhibit CD36-dependent reduction
in fatty acid uptake, thereby lowering the lipid content and conferring protection from
the development of hepatic steatosis. Reduced liver damage was observed in HFD-fed
MKP-2-deficient mice as evident in decreased hepatic fibrosis as assessed by picrosirius red
staining (Figure 5A, upper panel Mkp-2+/ *, lower panel Mkp-Zf/ 7). Furthermore, analysis
of markers of fibrosis demonstrated that Mkp-2~/~ mice exhibited significantly reduced
gene expression of alpha smooth muscle actin («-SMA) compared with Mkp-2*/* mice
(Figure 5E). To further investigate the involvement of MKP-2 in reduced hepatic steatosis,
we assessed the phosphorylation of p38 MAPK, ERK, and JNK in liver derived from HFD-
fed Mkp-2*/* and Mkp-2~/~ mice. We found that p38 MAPK and JNK phosphorylation
were significantly enhanced in Mkp-2~/~ compared with Mkp-2*/* mice (Figure 5F upper
and lower panels and G,I). However, no differences were observed in ERK phosphorylation
(Figure 5F, middle panel and H) in the liver of Mkp-2~/~ compared with Mkp-2*/* mice.
Together, these results indicate that MKP-2-deficient mice fed a HFD were protected from
development of hepatic steatosis by reducing lipogenesis and fatty uptake in hepatocytes.
It also suggests that in obesity, MKP-2 upregulation impairs hepatic fatty acid 3-oxidation,
thereby promoting accumulation of fat in the liver.

3.7. Glucose Tolerance and Insulin Sensitivity in Chow and HF D-Fed MKP-2-Deficient Mice

To examine the effects of MKP-2 deficiency on systemic clearance of glucose in Mkp-
27/~ mice, we performed glucose tolerance tests (GTTs). GTTs were performed with
male and female Mkp-2*/* and Mkp-2~/~ mice fed either chow or HFD. Mice were fasted
overnight for 16 h, followed by an injection (i.p.) of glucose at 2 g/kg body weight. Blood
glucose was measured as described in methods. The data showed no difference in fasting
blood glucose or plasma insulin between chow-fed male Mkp-2*/* and Mkp-2~/~ mice
(Figure 3B,C). Interestingly, in chow-fed conditions, blood glucose concentration reduced
significantly in the male Mkp-2~/~ mice at 30 and 60 min after glucose injection as com-
pared with Mkp-2*/* mice (Figure 6A). This was also reflected by the area under the curve
(Figure 6B). To examine the effects of i.p. administration of insulin on systemic glucose
clearance and assess insulin sensitivity, we performed insulin tolerance tests (ITTs). Mkp-
2+/* and Mkp-2~/~ mice were fasted for 5 h and injected (i.p.) with 0.75 mU/g human
insulin. ITTs demonstrated that changes in blood glucose level in chow-fed maleMkp-
27/~ mice were significantly lower than those in the Mkp-2*/* mice after insulin injection
(Figure 6C). In HFD-fed conditions, fasting blood glucose in HFD-fed male Mkp-2~/~
mice were significantly reduced compared with Mkp-2*/* mice (Figure 6D). Plasma insulin
levels were significantly increased in HFD-fed Mkp-2~/~ mice compared with Mkp-2*+/*
mice (Figure 6E), suggesting that Mkp-2~/~ mice exhibit physiological hyperinsulinemia.
The GTTs demonstrate that blood glucose concentration reduced significantly in the male
Mkp-2=/~ mice at 90 and 120 min after glucose injection compared with Mkp-2*/* mice
(Figure 6F). This was also reflected by the area under the curve (Figure 6G). ITTs demon-
strated that changes in blood glucose level in the HFD-fed male Mkp-2~/~ mice were
significantly lower than those in the Mkp-2*/* mice at 60, 90, and 120 min after insulin
injection (Figure 6H). This was also reflected by the area under the curve (Figure 6I). No
differences were observed in fasting blood glucose (Figure S5B,C), GTTs, and ITTs in chow-
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and HFD-fed female Mkp—2+/ *and Mkp-Z’/ ~ mice (Figure S5G-]). Furthermore, we found
that the expression levels of MKP-2 protein was slightly increased in the HFD-fed livers
of female mice as compared with wild-type chow-fed livers, but this was not statistically
significant (Figure S5K,L). These results demonstrate that male Mkp-2~/~ mice exhibit
improved ability to reduce glucose levels and improve insulin sensitivity, suggesting that
MKP-2 contributes to the maintenance of glucose homeostasis.
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Figure 5. Protection from the Development of Hepatic Steatosis in HFD-fed Male MKP-2-Deficient
Mice. (A) Representative hematoxylin and eosin staining, Oil Red O and Picrosirius red staining
of liver sections from HFD-fed Mkp-2 ~/~ mice ((A), upper panel) and Mkp—2+/ * mice ((A), lower
panel) mice for 24 weeks (N = 5 mice/genotype). (B) Liver weights; (C) hepatic TGs; (D) hepatic
mRNA expression of PPARYy, Srebflc, Srebf2, FASN, ACC, CPT1«, FABP1 and CD36; and (E) alpha
smooth muscle actin. Representative immunoblots were quantitated by densitometry for phospho-
P38 MAPK/p38 ((F) upper panel and (G)), phospho-JNK1/2/JNK1/2 ((F) lower panel and (I)), and
phospho-ERK1/2ERK1/2 ((F) middle panel (H)) in HFD livers. Results represent the mean + SEM;
*p <0.05,*p <0.01, ** p < 0.0001 as determined by Student’s t-test or in (D) by analysis of variance
(ANOVA) with Bonferroni’s post-test for multiple comparisons. Open bars, Mkp—2+/ * mice; closed
bars, Mkp—Z*/ ~ mice.
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Figure 6. Glucose Tolerance and Insulin Sensitivity in Male Chow-fed MKP-2-Deficient Mice. Plasma
glucose concentration during GTTs (A), AUC (B), and ITTs (C); fasting blood glucose (D), plasma
insulin (E), and plasma glucose concentration during GTTs (F), AUC (G), and ITTs (H); AUC
(I) and GLUT4 mRNA expression in skeletal muscle (J) from HFD-fed Mkp—2+/ * and Mkp-2 ~/~ mice
(N =5-10/genotype). Results represent the mean + SEM; * p < 0.05, ** p < 0.01, as determined by
analysis of variance (ANOVA) with Bonferroni’s post-test for multiple comparisons. Open bars,
Mkp—2+/ * mice; closed bars, Mkp—Z*/ ~ mice.

To investigate how MKP-2-deficient mice exhibit glucose tolerance, we examined the
potential mechanisms associated with glucose metabolism. GLUT4 is key to glucose uptake
in skeletal muscle [29]. We found that the expression levels of GLUT4 in skeletal muscles
of chow-fed Mkp-2—/~ mice were significantly enhanced compared with Mkp-2*/* mice
(Figure 6]). These results suggest that Mkp-2~/~ mice display increased basal whole-body
glucose disposal, thereby contributing to the improved glucose tolerance.

3.8. Enhanced Akt Signaling in MKP-2-Deficient Mice

To establish the molecular basis for the improved glucose homeostasis and increased
insulin sensitivity in Mkp-2~—/~ mice (Figure 6), we assessed the phosphorylation status of
Akt in the liver, skeletal muscle, and adipose tissue. Remarkably, in the liver (Figure 7A,C)
and skeletal muscles (Figure 7A,D) of Mkp-2~/~ mice, phosphorylation of Akt>*”® was
significantly enhanced as compared with Mkp-2*/* mice. However, in adipose tissue, no
significant differences in Akt phosphorylation were observed between Mkp-2~/~ mice and
Mkp-2*/* mice (Figure S6A,B). Akt is found downstream of IGF-1R signaling pathway [30],
and this is consistent with enhanced serum levels of IGF-1 and improved ability to reduce
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glucose levels in Mkp-2~/~ mice (Figure 8F). These results demonstrate that MKP-2 plays
a role in negatively regulating Akt pathway in the liver and skeletal muscle. This obser-
vation that MKP-2 negatively regulates Akt encouraged us to examine the mechanism
of MKP-2/ Akt cross-talk. We tested the hypothesis that Akt signaling could be affected
by changes in the expression levels of phosphatase and tensin homolog (PTEN), which
negatively regulates Akt [21]. When we measured the expression levels of PTEN in the
livers of Mkp-2~/~ mice, we found significantly decreased levels of PTEN in these mice as
compared with Mkp-2*/* mice (Figure 7B,E), suggesting that in the liver, MKP-2 negatively
regulates Akt activity by regulating PTEN expression. To examine the mechanism that
reduced PTEN expression in Mkp-2~/~ mice that plays a major role for the elevated level
of Akt phosphorylation, we investigated the MKP-2/PTEN/ Akt phosphorylation axis in
mouse embryonic fibroblasts (MEFs). Consistent with the in vivo results, we observed
enhanced basal levels of Akt phosphorylation Mkp-2~/~ MEFs compared with Mkp-2*+/*
MEFs (Figure 7F, lane 1 vs. lane 5). Furthermore, in response to insulin stimulation, we
found enhanced Akt phosphorylation in Mkp-2~/~ MEFs compared with Mkp-2*/+* MEFs
(Figure 7F, lane 2 vs. lane 6). Interestingly, when PTEN was overexpressed in Mkp-2~/~
MEFs, and this restored the level of Akt phosphorylation comparable to Mkp-2*/* MEFs
(Figure 7F, lanes 3 and vs. lanes 7 and 8). These data suggest that the improved insulin
sensitivity observed in Mkp-2~/~ mice results from enhanced phosphorylation of Akt that
is partly due to reduced PTEN expression.
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Figure 7. Enhanced Akt signaling in MKP-2-Deficient Mice. Liver and skeletal muscle lysates
from overnight fasted insulin stimulated (i.p.) HFD-fed (5 weeks) Mkp-2*/* and Mkp-2~/~ mice
were analyzed by immunoblotting (N = 4-6 mice/genotype). Representative immunoblots were
quantitated by densitometry for phospho-Akt/Akt, liver (A,C), and skeletal muscle (A,D) and PTEN
and B-actin (B,E). (F) Serum-starved MEFs were transfected with vector or FLAG PTEN followed by
insulin (100 nM) stimulation for 1 h. Results represent the mean + SEM; * p < 0.05, *** p < 0.0001, as
determined by Student’s t-test. Open bars, Mkp-2*/* mice; closed bars, Mkp-2—/~ mice.
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Figure 8. Modulation of Cytokines/Chemokines and Growth factor Secretion in HFD-fed Male MKP-
2-Deficient mice. Serum protein levels of secreted cytokines from HFD-fed Mkp-2+/+ and Mkp-2~/~
mice for 24 weeks (N = 4/genotype). (A) SDF-1, (B) hepatic SDF-1 mRNA, (C) fractalkine, (D) hepatic
fractalkine mRNA, and (E) its receptor CX3CR1, (F) IGF-1, (G) TIMP-1, (H) VEGE, IL-10 (I), and
(J) CCL-2. Results represent the mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.0001, as determined by
Student’s ¢-test. Open bars, Mkp—2+/ * mice; closed bars, Mkp-2 ~/~ mice.

3.9. Modulation of Cytokines/Chemokines and Growth Factor Secretion in HFD-Fed
MKP-2-Deficient Mice

In order to evaluate the possibility that MKP-2 regulates the expression and secretion
of cytokines, cell-cell signaling proteins that systemically control the progression of obe-
sity, and development of insulin resistance and hepatic steatosis, we performed a mouse
cytokine antibody array to analyze for the levels of 96 mouse proteins in blood serum
of HFD-fed Mkp-2*/* and Mkp-2~/~ mice. Densitometric analysis showed changes in
Mkp-2~/~ mice protein secretion profile. We found that a select group of molecules were
overrepresented. Among those that showed statistically elevated levels in Mkp-2—/~ mice
compared with Mkp-2*/* mice were stromal cell-derived factor (SDF-1) (Figure 8A) and
insulin-like growth factor-1 (IGF-1) (Figure 8F). Others were fractalkine (FKN) (Figure 8C),
TIMP-1 (Figure 8G), and IL-10 (Figure 8I). Most interesting were the presence of insulin-like
growth factor-1 (IGF-1), stromal cell-derived factor 1 (SDF-1), fractalkine (FKN), and IL-10.
To verify the cytokine antibody array results, quantitative RT-PCR was performed in livers
of Mkp-2*/* and Mkp-2~/~ mice. We found an increase of ~4-fold in SDF-1 and ~2-fold in
fractalkine mRNA expression in the livers of Mkp-2~/~ mice compared to Mkp-2*/* mice
(Figure 8B,D). We also found FKN cognate receptor, CX3CR1, was significantly upregu-
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lated in Mkp-Z’/ ~ mice (Figure 8E). Studies showed that in vivo administration of FKIN
improved glucose tolerance [31]. Moreover, SDF-1 KO mice exhibit glucose intolerance
and insulin resistance [32]. These results indicate that the expression of these cytokines
were enhanced in the livers of MKP-2-deficient mice, which is consistent with the insulin
sensitivity observed in Mkp-2~/~ mice. IGF-1 is essential for normal insulin sensitivity,
and dysregulation of IGF-1 synthesis results in the development of insulin resistance [33].
Similarly, increased TIMP-1 expression reduced liver fibrosis [34]. These studies are con-
sistent with enhanced serum IGF-1 and TIMP-1 expression in Mkp—Z’/ ~ mice. Moreover,
adipose tissue overexpression of VEGF protects against diet-induced obesity and insulin
resistance [35], and MKP-2 deficient mice exhibit reduced serum VEGEF levels (Figure 8H).
Obesity and metabolic syndrome promote the development of inflammation. We found
that the serum levels of the anti-inflammatory cytokine IL-10 were significantly elevated in
Mkp-2—/~ mice (Figure 8I). Furthermore, we found a significant decrease (~3-fold; p < 0.01)
in the mRNA expression of a pro-inflammatory cytokine, C-C chemokine ligand, CCL2,
also known as monocyte chemoattractant protein 1 (MCP-1), in the livers of Mkp-2—/~
mice compared to Mkp-2*/* mice (Figure 8]). Collectively, our data suggest that MKP-2
promotes IGF-1, SDF-1, FKN, and IL-10 signaling to contribute to development of insulin
resistance, NAFLD, fibrosis, and inflammation.

4. Discussion

In this study, we show for the first time that MKP-2 protein levels were increased in
the liver of obese humans with NASH. Consistent with this, we show that MKP-2 was
increased in its protein levels in the liver, skeletal muscle and white adipose tissues in mice
fed an HFD. We show that MKP-2-deficient mice exhibit enhanced p38 MAPK, JNK, and
ERK activities in insulin-responsive tissues. We found enhanced phosphorylation of p38
MAPK in the liver of chow- and HFD-fed MKP-2-deficient mice but not skeletal muscle
or WAT. Additionally, in the liver, the phosphorylation JNK and ERK were increased. In
WAT, we found enhanced JNK and ERK phosphorylation. These results show that MKP-2
is a major physiological regulator of the activities of p38 MAPK, JNK, and ERK in major
insulin-responsive tissues and suggest that increased activity of these MAPKs mediate the
metabolic function of MKP-2.

Many studies demonstrated either enhanced activity or deficiency in each of these
MAPKs play a key role in the regulation of metabolic homeostasis and potential targets
for treatment of metabolic diseases [4,36,37]. Although previous studies mainly from
in vitro data suggested MKP-2 does not dephosphorylate p38 MAPK [32], our data clearly
demonstrate that MKP-2 regulate the activity of p38 MAPK in the liver but not in skeletal
muscle or WAT. This strongly suggests that the function of MKP-2 in terms of substrate
specificity in vivo may be cell-type-specific. We also observed enhanced JNK and ERK
activities in MKP-2-deficient mice, and these data indicated that the observed phenotype in
this model could be mediated by more than one MAPK family member. Mkp-2~/~ mice
exhibit enhanced JNK activity, which is widely reported to impair glucose homeostasis.
However, Mkp-2~—/~ mice exhibit increased glucose homeostasis. We think that since
MKP-2 is localized in the nucleus, this discrepancy could be due inactivation of the nuclear
pool of JNK by MKP-2 that is different from the regulation of cytosolic pool of JNK. Our
data indicate that MKP-2 at least in the liver plays a role in negatively regulating both p38
MAPK and ERK but additionally the Akt pathway. The results reported here highlight
the physiological specificity within MKPs family members, indicating some differences
and similarities between our data and other knockout models of MKPs. For instance,
MKP-1 whole-body knockout mice were resistant to diet-induced obesity but not insulin
sensitive [17], and MKP-3 regulates hepatic gluconeogenesis [19] and increased MKP-4
expression in adipose tissue of db/db mice [20].

We find that the main physiological mechanism responsible for the reduced adipos-
ity and resistance to diet-induced obesity exhibited by the MKP-2-deficient mice was
attributable to reduced food intake. Furthermore, the reduced RER in MKP-2-deficient
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mice demonstrate that these mice burn lipids from their fat stores instead of eating. Al-
though many different organs are involved in food intake regulation, our data raise the
fascinating possibility that MKP-2 may have direct effects on the hypothalamic neurons
that regulate feeding behavior [38]. Recently, it has been shown that MKP-2 knockout mice
exhibit enhanced local cerebral glucose utilization in the ventral tegmental area, a ghrelin-
sensitive brain nucleus [39]. This indicate that MKP-2 is an important regulator of pathways
that control lipid homeostasis. We showed PPARY expression levels were significantly
reduced in the livers of Mkp-2 ~/~ mice; therefore, it is possible that enhanced JNK and/or
ERK activities in adipocytes of Mkp-2~—/~ mice dysregulate PPARy-dependent lipogenesis.
Moreover, Mkp-2 ~/~ mice exhibited enhanced levels of Akt in the liver and skeletal muscle,
which prompts us to discover a pathway by which MKP-2 negatively regulates AKT by
antagonizing PTEN. These results suggest that loss of MKP-2 stimulates changes in the
expression of the PTEN/Akt pathway to contribute to the increased insulin sensitivity.
Furthermore, our cytokine antibody array data showed significantly enhanced serum IGF-1
levels in MKP-2-deficient mice, supporting the observed increased Akt singling and insulin
sensitivity in MKP-2-deficient mice. Consistent with this, patients with IGF-1 gene deletion
exhibit severe insulin resistance [40], and mice with IGF-1 deletion in the liver exhibit
insulin resistance and administration of IGF-1 improved the insulin-resistant state [40].
Similarly, our data showed that serum SDF-1 was significantly enhanced in MKP-2-deficient
mice. This is consistent with the observed MKP-2-deficient phenotype, as streptozotocin
(STZ) injected SDEF-1 transgenic mice exhibit improved glucose homeostasis and were
protected from the development of diabetes through Akt activation in 3-cells [41]. More-
over, in vivo administration of fractalkine has been shown to improve glucose tolerance
and promotes {3-cell function [31] consistent with increased serum fractalkine in MKP-
2-deficient mice. The mechanisms by which {3-cell functional plasticity regulate insulin
secretion in pathological conditions are unclear, and examining tissue-specific contribution
of MKP-2 could potentially identify novel pathways that regulate 3-cell physiology to
enhance insulin secretion.

Our data demonstrate that MKP-2 plays an important role in hepatic lipid metabolism.
MKP-2-deficient mice were protected from the development of fatty liver. This is consistent
with enhanced hepatic expression of CPT1e in Mkp-2~/~ mice, indicating that MKP-2
negatively regulates fatty acid oxidation in the liver. Liver-specific deletion of PPARy im-
proves hepatic steatosis [42]. The phenotype of MKP-2-deficient mice recapitulates in part
those of PPARY liver-specific-deficient mice, which manifest as resistance to diet-induced
acquisition of fatty liver and significant reduction in levels of hepatic PPARy. Furthermore,
deletion of JNKI1 in hepatocytes promotes hepatic steatosis [43], suggesting that increased
activity of JNK protects against hepatic steatosis. In addition, ERK2 liver-specific knockout
mice exhibit hepatic steatosis, suggesting that enhanced ERK activity prevents hepatic
steatosis [44]. Studies have shown that liver-specific expression of transcriptionally active
Srebflc promotes development of fatty liver and increased visceral mass [45], and mice
expressing nuclear Srebflc developed fatty liver [46] and liver-specific Srebf2 knockout
mice exhibit reduced cholesterol and fatty acid synthesis [47]. This is consistent with signif-
icantly reduced Srebflc and Srebf2 in the livers of Mkp-2~/~ mice, suggesting that MKP-2
negatively regulates hepatic fatty acid oxidation and cholesterol metabolism. Moreover, it
has been shown that Srebflc is phosphorylated by p38 MAPK and ERK in HepG2 cells [48].
Mechanistically, MKP-2 negatively regulates Srebf2 expression by attenuating p38 MAPK
pathway, suggesting its contribution to the metabolic effects of MKP-2 deficiency in fatty
liver. Together, these data suggest MKP-2-deficient mice exhibit p38 MAPK-dependent
impaired hepatic de novo lipogenesis. Obesity and metabolic syndrome promote the de-
velopment of inflammation. Although many studies have demonstrated the regulation
of immune function by MKPs, our study for the first time suggests the role of MKP-2 in
the development of obesity-induced inflammation. We showed that MKP-2-deficient mice
exhibit attenuated obesity-induced inflammation. Consistent with our findings, in a model
of experimental autoimmune encephalomyelitis (EAE), it has been reported that MKP-2
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knockout mice exhibit reduced severity of EAE [49]. These findings suggest that MKP-2
plays a vital role in the regulation of obesity-induced inflammation and could be a possible
therapeutic target for the treatment of metabolic syndrome.

In summary, we demonstrate for the first time a critical role of MKP-2 in development
of obesity, insulin resistance, and fatty liver disease in vivo. Our results demonstrate that
MKP-2 is a major regulator of p38 MAPK, JNK, and ERK activities in insulin responsive
tissues, and upregulation of MKP-2 in obesity contributes to the development of insulin
resistance, fatty liver disease, and metabolic dysfunction. These observations implicate
MKP-2 as a potential target for the treatment obesity and fatty liver disease and possibly
other metabolic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nul14122475/s1, Figure S1: MAPK Phosphorylation in Human
Fatty Liver Disease; Figure S2: No difference in histology of MKP-2 deficient mice and wild type
mice; Figure S3: Skeletal muscle and WAT histology of MKP-2 deficient mice and wild type mice;
Figure S4: MAPK Phosphorylation in chow-fed MKP-2 Deficient Mice; Figure S5: Glucose Tolerance
and Insulin Sensitivity in female Chow and HFD-fed MKP-2 Deficient Mice; Figure S6: No difference
in WAT Akt phosphorylation in MKP-2 deficient mice and wild.

Author Contributions: A.L. conceived, designed, and wrote the manuscript; S.F,].S., S.S.,S.B., SJ.,
M.W., O.W,, N.G. and C.S. performed experiments and analyzed data; S.F, J.S. and A.L. analyzed
data; K.M. edited, designed, and revised the manuscript; S.C.K. and M.B. edited and revised the
manuscript. A.L. is the guarantor of this work and, as such, had full access to all data in the study
and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by (University of Alabama in Huntsville (UAH)) grant number
(251359).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and the Institutional Animal Care and Use Committee of UAH approved all
animal studies (protocol number 2019.R004).

Informed Consent Statement: Informed consent was obtained from all patients who donated speci-
mens for research used in this study provided by the University of Kansas Liver Centre.

Acknowledgments: A.L. is supported by UAH Faculty Startup and New Faculty Research Funding
Program. K.M is supported by UTEP Faculty Startup Award. The indirect calorimetry was performed
by the Vanderbilt Mouse Metabolic Phenotyping Center (DK059637 and 1S10RR028101-01). The
specimens used in this study were provided by the University of Kansas Liver Center Biorepository.
The authors acknowledge contribution of the patients who donated specimens for research as well as
the physicians, nurses, and researchers who procured the specimens.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Arroyo-Johnson, C.; Mincey, K. Obesity Epidemiology Worldwide. Gastroenterol. Clin. N. Am. 2016, 45, 571-579. [CrossRef]
[PubMed]

2. Beyerlein, A.; Toschke, A.M.; Rosario, A.S.; Von Kries, R. Risk Factors for Obesity: Further Evidence for Stronger Effects on
Overweight Children and Adolescents Compared to Normal-Weight Subjects. PLoS ONE 2011, 6, e15739. [CrossRef]

3. Lawan, A,; Zhang, L.; Gatzke, E; Min, K.; Jurczak, M.].; Al-Mutairi, M.; Richter, P.; Camporez, ] P.G.; Couvillon, A.; Pesta, D.; et al.
Hepatic Mitogen-Activated Protein Kinase Phosphatase 1 Selectively Regulates Glucose Metabolism and Energy Homeostasis.
Mol. Cell. Biol. 2015, 35, 26—40. [CrossRef] [PubMed]

4. Manieri, E.; Sabio, G. Stress kinases in the modulation of metabolism and energy balance. ]. Mol. Endocrinol. 2015, 55, R11-R22.
[CrossRef]

5. Xiong, Y; Collins, Q.F; An, J.; Lupo, E.; Liu, H.-Y;; Liu, D.; Robidoux, J.; Liu, Z.; Cao, W. p38 Mitogen-activated Protein Kinase
Plays an Inhibitory Role in Hepatic Lipogenesis. ]. Biol. Chem. 2007, 282, 4975-4982. [CrossRef]

6. Liu, Z.; Cao, W. p38 mitogen-activated protein kinase: A critical node linking insulin resistance and cardiovascular diseases in

type 2 diabetes mellitus. Endocr. Metab. Immune Disord. Drug Targets 2009, 9, 38—46. [CrossRef]


https://www.mdpi.com/article/10.3390/nu14122475/s1
https://www.mdpi.com/article/10.3390/nu14122475/s1
http://doi.org/10.1016/j.gtc.2016.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27837773
http://doi.org/10.1371/journal.pone.0015739
http://doi.org/10.1128/MCB.00503-14
http://www.ncbi.nlm.nih.gov/pubmed/25312648
http://doi.org/10.1530/JME-15-0146
http://doi.org/10.1074/jbc.M606742200
http://doi.org/10.2174/187153009787582397

Nutrients 2022, 14, 2475 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kyriakis, ].M.; Avruch, J. Mammalian MAPK Signal Transduction Pathways Activated by Stress and Inflammation: A 10-Year
Update. Physiol. Rev. 2012, 92, 689-737. [CrossRef]

Hirosumi, J.; Tuncman, G.; Chang, L.; Gorgtin, C.Z.; Uysal, K.T.; Maeda, K.; Karin, M.; Hotamisligil, G.S. A central role for JNK in
obesity and insulin resistance. Nature 2002, 420, 333-336. [CrossRef]

Puigserver, P; Rhee, J.; Lin, J.; Wu, Z.; Yoon, J.C.; Zhang, C.Y.; Krauss, S.; Mootha, V.K.; Lowell, B.B.; Spiegelman, B.M. Cytokine
stimulation of energy expenditure through p38 MAP kinase activation of PPARgamma coactivator-1. Mol. Cell 2001, 8, 971-982.
[CrossRef]

Vernia, S.; Cavanagh-Kyros, J.; Garcia-Haro, L.; Sabio, G.; Barrett, T.; Jung, D.Y.; Kim, ].K,; Xu, J.; Shulha, H.P; Garber, M.; et al.
The PPARx-FGF21 Hormone Axis Contributes to Metabolic Regulation by the Hepatic JNK Signaling Pathway. Cell Metab. 2014,
20, 512-525. [CrossRef]

Han, M.S,; Jung, D.Y.; Morel, C.; Lakhani, S.A.; Kim, ].K.; Flavell, R.A.; Davis, R.J. JNK Expression by Macrophages Promotes
Obesity-Induced Insulin Resistance and Inflammation. Science 2013, 339, 218-222. [CrossRef] [PubMed]

Sabio, G.; Kennedy, N.J.; Cavanagh-Kyros, J.; Jung, D.Y.; Ko, H.]J.; Ong, H.; Barrett, T.; Kim, J.K.; Davis, R.J. Role of Muscle c-Jun
NH,-Terminal Kinase 1 in Obesity-Induced Insulin Resistance. Mol. Cell. Biol. 2010, 30, 106-115. [CrossRef] [PubMed]

Bengal, E.; Aviram, S.; Hayek, T. p38 MAPK in Glucose Metabolism of Skeletal Muscle: Beneficial or Harmful? Int. . Mol. Sci.
2020, 21, 6480. [CrossRef] [PubMed]

Somwar, R.; Koterski, S.; Sweeney, G.; Sciotti, R.; Djuric, S.; Berg, C.; Trevillyan, J.; Scherer, P.E.; Rondinone, C.M.; Klip, A. A
dominant-negative p38 MAPK mutant and novel selective inhibitors of p38 MAPK reduce insulin-stimulated glucose uptake in
3T3-L1 adipocytes without affecting GLUT4 translocation. J. Biol. Chem. 2002, 277, 50386-50395. [CrossRef]

Seternes, O.-M.; Kidger, A.M.; Keyse, S.M. Dual-specificity MAP kinase phosphatases in health and disease. Biochim. Biophys.
Acta 2019, 1866, 124-143. [CrossRef]

Caunt, J.C.; Keyse, S.M. Dual-specificity MAP kinase phosphatases (MKPs): Shaping the outcome of MAP kinase signalling.
FEBS J. 2013, 280, 489-504. [CrossRef]

Wu, J.J; Roth, R.J.; Anderson, E.J.; Hong, E.-G.; Lee, M.-K_; Choi, C.S.; Neufer, P.D.; Shulman, G.; Kim, J.; Bennett, A.M. Mice
lacking MAP kinase phosphatase-1 have enhanced MAP kinase activity and resistance to diet-induced obesity. Cell Metab. 2006, 4,
61-73. [CrossRef]

Lawan, A.; Min, K; Zhang, L.; Canfran-Duque, A.; Jurczak, M.]J.; Camporez, ].P.G; Nie, Y.; Gavin, T.P,; Shulman, G.I.; Fernandez-
Hernando, C.; et al. Skeletal Muscle-Specific Deletion of MKP-1 Reveals a p38 MAPK/JNK/ Akt Signaling Node That Regulates
Obesity-Induced Insulin Resistance. Diabetes 2018, 67, 624—635. [CrossRef]

Wu, Z,; Jiao, P.; Huang, X; Feng, B.; Feng, Y.; Yang, S.; Hwang, P; Du, J.; Nie, Y.; Xiao, G.; et al. MAPK phosphatase-3 promotes
hepatic gluconeogenesis through dephosphorylation of forkhead box O1 in mice. J. Clin. Investig. 2010, 120, 3901-3911. [CrossRef]
Emanuelli, B.; Eberlé, D.; Suzuki, R.; Kahn, C.R. Overexpression of the dual-specificity phosphatase MKP-4/DUSP-9 protects
against stress-induced insulin resistance. Proc. Natl. Acad. Sci. USA 2008, 105, 3545-3550. [CrossRef]

Parsons, R.; Simpson, L. PTEN and cancer. Methods Mol. Biol. 2003, 222, 147-166. [PubMed]

Al-Mutairi, M.S.; Cadalbert, L.C.; McGachy, H.A.; Shweash, M.; Schroeder, ].; Kurnik, M.; Sloss, C.M.; Bryant, C.E.; Alexander, J.;
Plevin, R. MAP Kinase Phosphatase-2 Plays a Critical Role in Response to Infection by Leishmania mexicana. PLoS Pathog. 2010,
6,e1001192. [CrossRef] [PubMed]

Al-Mutairi, M.; Al-Harthi, S.; Cadalbert, L.; Plevin, R. Over-expression of mitogen-activated protein kinase phosphatase-2
enhances adhesion molecule expression and protects against apoptosis in human endothelial cells. Br. J. Pharmacol. 2010, 161,
782-798. [CrossRef] [PubMed]

Lawan, A.; Al-Harthi, S.; Cadalbert, L.; McCluskey, A.G.; Shweash, M.; Grassia, G.; Grant, A.; Boyd, M.; Currie, S.; Plevin, R. Dele-
tion of the Dual Specific Phosphatase-4 (DUSP-4) Gene Reveals an Essential Non-redundant Role for MAP Kinase Phosphatase-2
(MKP-2) in Proliferation and Cell Survival. J. Biol. Chem. 2011, 286, 12933-12943. [CrossRef]

Lawan, A.; Torrance, E.; Shweash, M.; Alnasser, S.; Neamatallah, T.; Schroeder, J.; Plevin, R.; Al-Harthi, S. MKP-2: Out of the
DUSP-bin and back into the limelight. Biochem. Soc. Trans. 2012, 40, 235-239. [CrossRef]

Jiao, H.; Tang, P.; Zhang, Y. MAP Kinase Phosphatase 2 Regulates Macrophage-Adipocyte Interaction. PLoS ONE 2015,
10, e0120755. [CrossRef]

Mina, A.; LeClair, R.A.; LeClair, K.B.; Cohen, D.E.; Lantier, L.; Banks, A.S. CalR: A Web-Based Analysis Tool for Indirect
Calorimetry Experiments. Cell Metab. 2018, 28, 656-666.e1. [CrossRef]

Rada, P; Gonzélez-Rodriguez, A.; Garcia-Monzon, C.; Valverde, A.M. Understanding lipotoxicity in NAFLD pathogenesis: Is
CD36 a key driver? Cell Death Dis. 2020, 11, 802. [CrossRef]

Ren, ].M.; A Marshall, B.; Mueckler, M.M.; McCaleb, M.; Amatruda, ].M.; I Shulman, G. Overexpression of Glut4 protein in
muscle increases basal and insulin-stimulated whole body glucose disposal in conscious mice. J. Clin. Investig. 1995, 95, 429-432.
[CrossRef]

Kandel, E.S.; Hay, N. The Regulation and Activities of the Multifunctional Serine/Threonine Kinase Akt/PKB. Exp. Cell Res. 1999,
253, 210-229. [CrossRef]

Lee, Y.S.; Morinaga, H.; Kim, J.J.; Lagakos, W.; Taylor, S.; Keshwani, M.; Perkins, G.; Dong, H.; Kayali, A.G.; Sweet, LR,; et al. The
Fractalkine /CX3CR1 System Regulates (3 Cell Function and Insulin Secretion. Cell 2013, 153, 413-425. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00028.2011
http://doi.org/10.1038/nature01137
http://doi.org/10.1016/S1097-2765(01)00390-2
http://doi.org/10.1016/j.cmet.2014.06.010
http://doi.org/10.1126/science.1227568
http://www.ncbi.nlm.nih.gov/pubmed/23223452
http://doi.org/10.1128/MCB.01162-09
http://www.ncbi.nlm.nih.gov/pubmed/19841069
http://doi.org/10.3390/ijms21186480
http://www.ncbi.nlm.nih.gov/pubmed/32899870
http://doi.org/10.1074/jbc.M205277200
http://doi.org/10.1016/j.bbamcr.2018.09.002
http://doi.org/10.1111/j.1742-4658.2012.08716.x
http://doi.org/10.1016/j.cmet.2006.05.010
http://doi.org/10.2337/db17-0826
http://doi.org/10.1172/JCI43250
http://doi.org/10.1073/pnas.0712275105
http://www.ncbi.nlm.nih.gov/pubmed/12710685
http://doi.org/10.1371/journal.ppat.1001192
http://www.ncbi.nlm.nih.gov/pubmed/21085614
http://doi.org/10.1111/j.1476-5381.2010.00952.x
http://www.ncbi.nlm.nih.gov/pubmed/20860659
http://doi.org/10.1074/jbc.M110.181370
http://doi.org/10.1042/BST20110648
http://doi.org/10.1371/journal.pone.0120755
http://doi.org/10.1016/j.cmet.2018.06.019
http://doi.org/10.1038/s41419-020-03003-w
http://doi.org/10.1172/JCI117673
http://doi.org/10.1006/excr.1999.4690
http://doi.org/10.1016/j.cell.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23582329

Nutrients 2022, 14, 2475 19 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kurita, K.; Ishikawa, K.; Takeda, K.; Fujimoto, M.; Ono, H.; Kumagai, ].; Inoue, H.; Yokoh, H.; Yokote, K. CXCL12-CXCR4 pathway
activates brown adipocytes and induces insulin resistance in CXCR4-deficient mice under high-fat diet. Sci. Rep. 2019, 9, 6165.
[CrossRef] [PubMed]

Kasprzak, A.; Adamek, A. The insulin-like growth factor (IGF) signaling axis and hepatitis C virus-associated carcinogenesis
(review). Int. J. Oncol. 2012, 41, 1919-1931. [CrossRef]

Ramezani-Moghadam, M.; Wang, J.; Ho, V.; Iseli, T.].; Alzahrani, B.; Xu, A.; Van der Poorten, D.; Qiao, L.; George, J.; Hebbard, L.
Adiponectin reduces hepatic stellate cell migration by promoting tissue inhibitor of metalloproteinase-1 (TIMP-1) secretion. ].
Biol. Chem. 2015, 290, 5533-5542. [CrossRef]

Elias, I.; Franckhauser, S.; Ferré, T.; Vila, L.; Tafuro, S.; Mufioz, S.; Roca, C.; Ramos, D.; Pujol, A.; Riu, E.; et al. Adipose Tissue
Overexpression of Vascular Endothelial Growth Factor Protects Against Diet-Induced Obesity and Insulin Resistance. Diabetes
2012, 61, 1801-1813. [CrossRef] [PubMed]

Sabio, G.; Davis, R.J. cJun NH2-terminal kinase 1 (JNK1): Roles in metabolic regulation of insulin resistance. Trends Biochem. Sci.
2010, 35, 490-496. [CrossRef]

Lawan, A.; Bennett, A.M. Mitogen-Activated Protein Kinase Regulation in Hepatic Metabolism. Trends Endocrinol. Metab. 2017,
28, 868-878. [CrossRef]

Watts, A.G.; Kanoski, S.E.; Sanchez-Watts, G.; Langhans, W. The physiological control of eating: Signals, neurons, and networks.
Physiol. Rev. 2022, 102, 689-813. [CrossRef]

Pytka, K.; Dawson, N.; Tossell, K.; Ungless, M. A ; Plevin, R.; Brett, R.R.; Bushell, T.]. Mitogen-activated protein kinase phosphatase-
2 deletion modifies ventral tegmental area function and connectivity and alters reward processing. Eur. J. Neurosci. 2020, 52,
2838-2852. [CrossRef]

Clemmons, D.R. The relative roles of growth hormone and IGF-1 in controlling insulin sensitivity. J. Clin. Investig. 2004, 113,
25-27. [CrossRef]

Yano, T.; Liu, Z.; Donovan, J.; Thomas, M.K.; Habener, J.E. Stromal cell derived factor-1 (SDF-1)/CXCL12 attenuates diabetes
in mice and promotes pancreatic beta-cell survival by activation of the prosurvival kinase Akt. Diabetes 2007, 56, 2946-2957.
[CrossRef] [PubMed]

Matsusue, K.; Haluzik, M.; Lambert, G.; Yim, S.H.; Gavrilova, O.; Ward, J.M.; Brewer, B.; Reitman, M.L.; Gonzalez, FJ. Liver-
specific disruption of PPARgamma in leptin-deficient mice improves fatty liver but aggravates diabetic phenotypes. J. Clin.
Investig. 2003, 111, 737-747. [CrossRef] [PubMed]

Sabio, G.; Cavanagh-Kyros, J.; Ko, H.J.; Jung, D.Y.; Gray, S.; Jun, ].Y.; Barrett, T.; Mora, A.; Kim, J.; Davis, R.J. Prevention of
Steatosis by Hepatic JNK1. Cell Metab. 2009, 10, 491-498. [CrossRef]

Kujiraoka, T.; Satoh, Y.; Ayaori, M.; Shiraishi, Y.; Arai-Nakaya, Y.; Hakuno, D.; Yada, H.; Kuwada, N.; Endo, S.; Isoda, K.; et al.
Hepatic Extracellular Signal-Regulated Kinase 2 Suppresses Endoplasmic Reticulum Stress and Protects from Oxidative Stress
and Endothelial Dysfunction. J. Am. Heart Assoc. 2013, 2, e000361. [CrossRef] [PubMed]

Knebel, B.; Lehr, S.; Hartwig, S.; Haas, J.; Kaber, G.; Dicken, H.-D.; Susanto, F; Bohne, L.; Jacob, S.; Nitzgen, U.; et al. Phosphoryla-
tion of sterol regulatory element-binding protein (SREBP)-1c by p38 kinases, ERK and JNK influences lipid metabolism and the
secretome of human liver cell line HepG2. Arch. Physiol. Biochem. 2014, 120, 216-227. [CrossRef]

Engelking, L.].; Cantoria, M.].; Xu, Y.; Liang, G. Developmental and extrahepatic physiological functions of SREBP pathway genes
in mice. Semin. Cell Dev. Biol. 2018, 81, 98-109. [CrossRef]

Rong, S.; Cortés, V.A,; Rashid, S.; Anderson, N.N.; McDonald, J.G.; Liang, G.; Moon, Y.A.; Hammer, R.E.; Horton, J.D. Expression
of SREBF1c Requires SREBF-2-mediated Generation of a Sterol Ligand for LXR in Livers of Mice. eLife 2017, 6, €25015. [CrossRef]
Kotzka, J.; Knebel, B.; Haas, J.; Kremer, L.; Jacob, S.; Hartwig, S.; Nitzgen, U.; Muller-Wieland, D. Preventing Phosphorylation of
Sterol Regulatory Element-Binding Protein 1a by MAP-Kinases Protects Mice from Fatty Liver and Visceral Obesity. PLoS ONE
2012, 7, €32609. [CrossRef]

Barbour, M.; Plevin, R.; Jiang, H.R. MAP kinase phosphatase 2 deficient mice develop attenuated experimental autoimmune
encephalomyelitis through regulating dendritic cells and T cells. Sci. Rep. 2016, 6, 38999. [CrossRef]


http://doi.org/10.1038/s41598-019-42127-8
http://www.ncbi.nlm.nih.gov/pubmed/30992469
http://doi.org/10.3892/ijo.2012.1666
http://doi.org/10.1074/jbc.M114.598011
http://doi.org/10.2337/db11-0832
http://www.ncbi.nlm.nih.gov/pubmed/22522611
http://doi.org/10.1016/j.tibs.2010.04.004
http://doi.org/10.1016/j.tem.2017.10.007
http://doi.org/10.1152/physrev.00028.2020
http://doi.org/10.1111/ejn.14688
http://doi.org/10.1172/JCI20660
http://doi.org/10.2337/db07-0291
http://www.ncbi.nlm.nih.gov/pubmed/17878289
http://doi.org/10.1172/JCI200317223
http://www.ncbi.nlm.nih.gov/pubmed/12618528
http://doi.org/10.1016/j.cmet.2009.09.007
http://doi.org/10.1161/JAHA.113.000361
http://www.ncbi.nlm.nih.gov/pubmed/23954796
http://doi.org/10.3109/13813455.2014.973418
http://doi.org/10.1016/j.semcdb.2017.07.011
http://doi.org/10.7554/eLife.25015
http://doi.org/10.1371/journal.pone.0032609
http://doi.org/10.1038/srep38999

	Introduction 
	Materials and Methods 
	Reagents, Antibodies and Immunoblotting 
	Animal and Human Studies 
	Animal Studies 
	Human Liver Samples 

	Metabolic Measurements 
	Cell Culture and Transient Transfections 
	RNA Extraction and Real-Time PCR Analysis 
	Serum Cytokine Levels Measurements 
	Histological Analysis of Tissue Sections 
	Statistical Analysis 
	Data and Resource Availability 

	Results 
	Upregulation of MKP-2 Expression in Human and Mice Livers with Obesity and Fatty Liver Disease 
	MAPK Phosphorylation in Human NASH Livers 
	Enhanced MAPK Phosphorylation in MKP-2-Deficient Mice 
	Resistance to Diet-Induced Obesity in MKP-2-Deficient Mice 
	Reduced Food Intake and RER in MKP-2-Deficient Mice 
	Protection from the Development of Hepatic Steatosis in MKP-2-Deficient Mice 
	Glucose Tolerance and Insulin Sensitivity in Chow and HFD-Fed MKP-2-Deficient Mice 
	Enhanced Akt Signaling in MKP-2-Deficient Mice 
	Modulation of Cytokines/Chemokines and Growth Factor Secretion in HFD-Fed MKP-2-Deficient Mice 

	Discussion 
	References

