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Abstract

Methionine-S-sulfoxide reductase (MsrA) protects against high-fat diet-induced insulin resistance 

due to its antioxidant effects. To determine whether its counterpart, methionine-R-sulfoxide 

reductase (MsrB) has similar effects, we compared MsrB1 knockout and wild-type mice using a 

hyperinsulinemic-euglycemic clamp technique. High-fat feeding for 8 weeks increased body 

weights, fat masses, and plasma levels of glucose, insulin, and triglycerides to similar extents in 

wild-type and MsrB1 knockout mice. Intraperitoneal glucose tolerance test showed no difference 

in blood glucose levels between the two genotypes after 8 weeks on the high-fat diet. The 

hyperglycemic-euglycemic clamp study showed that glucose infusion rates and whole body 

glucose uptakes were decreased to similar extents by the high-fat diet in both wild-type and MsrB1 

knockout mice. Hepatic glucose production and glucose uptake of skeletal muscle were unaffected 

by MsrB1 deficiency. The high-fat diet-induced oxidative stress in skeletal muscle and liver was 

not aggravated in MsrB1-deficient mice. Interestingly, whereas MsrB1 deficiency reduced JNK 

protein levels to a great extent in skeletal muscle and liver, it markedly elevated phosphorylation of 

JNK, suggesting the involvement of MsrB1 in JNK protein activation. However, this JNK 

phosphorylation based on a p-JNK/JNK level did not positively correlate with insulin resistance in 

MsrB1-deficient mice. Taken together, our results show that, in contrast to MsrA deficiency, 

MsrB1 deficiency does not increase high-fat diet-induced insulin resistance in mice.
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Introduction

The prevalence of type 2 diabetes has increased dramatically in parallel with the global 

obesity epidemic, and has placed health care systems under severe pressure. Insulin 

resistance links obesity and type 2 diabetes [1] and is also associated with a variety of 

metabolic diseases, such as hypertension, dyslipidemia, and atherosclerosis [2].

Although various mechanisms have been proposed to explain obesity-induced insulin 

resistance, oxidative stress and inflammation have recently received much attention. Obese 

and diabetic subjects exhibit increased oxidative stress markers in plasma and peripheral 

tissues [3-5]. Furthermore, in normal subjects, high-fat consumption induces insulin 

resistance and reduces antioxidant capacity [5]. In addition, it has been shown that increased 

expression of the antioxidant enzyme superoxide dismutase (SOD) 2 in skeletal muscle 

attenuates high-fat diet-induced insulin resistance in mice [6].

Methionine sulfoxide reductases (Msrs) are important protein repair enzymes that catalyze 

the reduction of oxidized methionines back to methionines [7,8]. Msrs also act as 

antioxidants and protect cells (from bacteria to mammals) from oxidative stress [9]. Two 

Msr classes, that is, MsrA and MsrB, stereospecifically reduce methionine sulfoxide 

residues in proteins. MsrA is specific for the reduction of the S-form of methionine 

sulfoxide, whereas MsrB is specific for the R-form. Mammals possess a single MsrA gene, 

and its products are present in mitochondria, cytosol, and nuclei [10-12]. On the other hand, 

mammals possess three MsrB genes, the products of which localize to different cellular 

compartments [13,14]: MsrB1 is present in cytosol and nuclei, MsrB2 is a mitochondrial 

protein, and MsrB3 localizes to endoplasmic reticulum.

A number of studies have shown that MsrA is associated with a variety of physiopathologic 

processes, which include oxidative stress and age-related neurodegenerative diseases. MsrA 

knockout mice show increased oxidative stress, behavioral/cognitive impairments, and lower 

locomotor activities [15,16], and are more susceptible to kidney ischemia/reperfusion (I/R) 

injury [17], whereas MsrA transgenic mice show resistance to myocardial I/R injury [18]. 

Recently, Styskal et al reported that modulation of the MsrA gene can affect insulin 

resistance [19]. In particular, it was found that MsrA deficiency aggravates insulin resistance 

induced by high-fat diet in mice by facilitating the oxidation of insulin receptor, thereby 

reducing its activity. Accordingly, the above findings suggest that MsrA plays a protective 

role against obesity-induced insulin resistance.

Since MsrA has been shown to be involved in insulin signaling, it would be interesting to 

know whether MsrB also influences insulin resistance. Of the three MsrBs, MsrB1 is a 

selenoprotein and the major MsrB enzyme in liver [20]. MsrB1-deficient mice have recently 

been developed and reported to exhibit increased markers of protein and lipid oxidation in 
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peripheral tissues, suggesting that MsrB1 plays a role in the alleviation of oxidative stress 

[21]. In the present study, we examined the role of MsrB1 in high-fat diet-induced insulin 

resistance using MsrB1 knockout mice.

Materials and methods

MsrB1 knockout mice

The generation of MsrB1 knockout (MsrB1−/−) mice has been described elsewhere [21]. The 

breeding lines for MsrB1 knockout mice were obtained by backcrossing into the C57BL/6N 

genetic background for >8 generations. Eight-week-old male C57BL/6N wild-type and 

MsrB1 knockout mice were housed in a room under a 12:12-h light/dark cycle. Mice were 

fed a chow diet or a high-fat diet for 8 weeks and given ad libitum access to water. The 

laboratory chow diet (AIN-93G) provided 64% energy as carbohydrate, 20% as protein, and 

16% as fat, while the high-fat diet 60% calorie from fat) provided 20% energy as 

carbohydrate, 20% as protein, and 60% as fat (Feedlab, Korea). Compositions of the chow 

and high-fat diets are summarized in supplementary Table S1. The mice were anesthetized 

via an intraperitoneal injection of avertin (a mixture of 2,2,2-tribromoethanol and tert-amyl 

alcohol) for vein cannulation in the hyperinsulinemic-euglycemic clamp study. 

Retroperitoneal fat was excised for fat mass measurement. After all experiments, the mice 

were sacrificed with an overdose of avertin (>1.0 g•kg, i.p.) and death was verified by 

cervical dislocation. The study was conducted in strict accordance with the guidelines and 

protocols approved by Institutional Animal Care and Use Committee of Yeungnam 

University College of Medicine (permit number: YUMC-AEC2012-004).

Intraperitoneal glucose tolerance test

After 8 weeks on the high-fat diet, mice were fasted overnight, and blood samples were 

collected for basal blood glucose levels using microcapillary tubes from tail vessels. Glucose 

(1.5 g/kg body weight) was injected intraperitoneally, and blood samples were collected at 

15, 30, 60, 90, and 120 min. Blood glucose levels were measured using OneTouch blood 

glucose meters (LifeScan Europe, Switzerland).

Hyperinsulinemic-euglycemic clamp study

A hyperinsulinemic-euglycemic clamp study was performed 4 days after vein cannulation in 

conscious mice as described previously [22]. Briefly, after overnight fasting, a 2-h 

hyperinsulinemic-euglycemic clamp was performed with a 900 pmol•kg−1 priming dose and 

a continuous infusion of human regular insulin (Novolin, Denmark) at 15 pmol•kg−1•min−1, 

and 20% glucose was infused at variable rates to maintain glucose at constant concentrations 

of 5∼6 mM. Insulin-stimulated rates of whole body glucose uptake were estimated using a 

continuous infusion of [3-3H] glucose (PerkinElmer Life and Analytical Sciences, USA) 

throughout clamps (0.1 μCi/min). To estimate insulin-stimulated glucose uptake in 

individual tissues, 2-deoxy-D-[1-14C] glucose (2-[14C]DG; PerkinElmer Life and Analytical 

Sciences) was administered as a bolus (10 μCi) at 75 min after starting clamps. Plasma 

glucose concentrations were measured using a glucose analyzer (Analox, UK), and plasma 

insulin concentrations were measured using an enzyme-linked immunosorbent assay 

(ELISA; Merck Millipore, USA). To determine tissue 2-[14C]DG 6-phosphate (2-
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[14C]DG-6-P) contents, the supernatants of homogenized tissue samples were introduced 

into an ion exchange column to separate 2-DG-6-P from 2-DG. Rates of insulin-stimulated 

whole-body glucose uptake were calculated by dividing [3H] glucose infusion rates 

[disintegrations per minute (dpm/min)] by specific activities of plasma glucose (dpm/μmol) 

during the final 30 min of clamps. Hepatic glucose production (HGP) during clamps was 

determined by subtracting glucose infusion rate from whole-body glucose uptake rate. 

Glucose uptake in individual tissues was calculated from the plasma 2-[14C]DG profile, 

which was fitted with a double exponential or linear curve using MLAB (Civilized Software, 

USA) and tissue 2-[14C]DG-6-P content.

Quantitative real time polymerase chain reaction (qRT-PCR)

qRT-PCR was performed as previously described [23]. Briefly, 25 mg tissue samples from 

hyperinsulinemic-euglycemic clamp study were homogenized in TRI reagent (Sigma–

Aldrich, USA) and RNAs were reverse transcribed to cDNA using a reverse transcription kit 

(Applied Biosystems, USA). qRT-PCR was performed using the Real-Time PCR 7500 

System and Power SYBR Green PCR Master Mix (Applied Biosystems), according to the 

manufacturer's instructions. Validation of β-actin as a reference gene for sample 

normalization was tested by its Ct levels and stability index. Each reaction mixture was 

incubated at 95°C for 10 min and amplified over 45 cycles of 95°C for 15 s, 55°C for 20 s, 

and 72°C for 35 s. The primer sequences were designed using the Primer Express Program 

(Applied Biosystems). The primers used were: β-actin (121 bp: forward, 5′-
TGGACAGTGAGGCAAGGATAG-3′; reverse, 5′-TACTGCCCTGGCTCCTAGCA-3′), 
SOD2 (71 bp: forward, 5′-CTGCTCTAATCAGGACCCATT-3′; reverse, 5′-
GTGCTCCCACACGTCAATC-3′), glutathione peroxidase 1 (GPX1; 71 bp: forward, 5′-
GAAGTGCGAAGTGAATGGTG-3′; reverse, 5′-TGGGTGTTGGCAAGGC-3′), c-Jun N-

terminal kinase (JNK) 1 (100 bp: forward, 5′-GCTCATGGATGCAAATCTTT-3′; reverse, 

5′-AAGGTGCTTGATTCCACACA-3′); JNK2 (100 bp: forward, 5′-
CACCACAAAAAACGCTAGAAG-3′; reverse, 5′-TCATGGTCCAGTTCCATATGA-3′).

Western blotting

Antibodies against JNK, extracellular signal-regulated kinase (ERK), p38, and their 

phosphorylated forms were obtained from Cell Signaling Technology, antibodies against 4-

hydroxy-2-nonenal (4-HNE) from Abcam, and antibodies against SOD2 and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) from Santa Cruz Biotechnology. Antibodies against 

MsrA, MsrB1, MsrB2, and MsrB3 have been described elsewhere [17,21]. Tissue samples 

(25 mg) from hyperinsulinemic-euglycemic clamp study were homogenized in lysis buffer 

containing 50 mM HEPES, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 50 mM NaF, 1 mM 

phenylmethylsulfonyl fluoride, 1 mM bezamide, 1 mM Na3VO4, 1 mM dithiothreitol (DTT), 

5 mM MgCl2, 1% NP40, 10% glycerol, β-glycerophosphate, aprotinin, leupeptin, and 

pepstatin A. Proteins were then separated by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS–PAGE) using a 10% gel or a NuPAGE 4–12% Bis-Tris gel (Invitrogen, 

USA). Resolved proteins were then transferred to 0.45 μm polyvinylidene fluoride 

membranes (PVDF; Millipore). After blocking with a solution containing 5% skim milk in 

TBST (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% Tween-20), membranes were 

incubated overnight at 4°C with primary antibodies (1:1000 dilution), except for GAPDH 
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antibody (1:1000 dilution), in which case, membranes were incubated for 1 h at room 

temperature. Specific antibody binding was detected using sheep anti-rabbit IgG horseradish 

peroxidase (Bio-Rad, USA) for 1 h at room temperature. After addition of 

chemiluminescence detection regent (Millipore), signals were recorded and quantified using 

a LAS-3000 image analyzer and Multi Gauge 3.0 software (Fujifilm, Japan). GAPDH was 

used as a loading control since the protein levels were found to be not significantly different 

among the experimental groups.

Protein carbonylation

Protein-carbonyl contents were measured using an OxyBlot Protein Oxidation Detection kit 

(Chemicon, USA) as previously described [22]. Briefly, tissues were homogenized in lysis 

buffer (Invitrogen) containing 50 mM DTT. Protein (10 μg) in 3 μl of lysis buffer was added 

to 3 μl of 12% SDS. Samples were derivatized by adding 6 μl of 2,4-dinitrophenylhydrazine 

solution, incubated at room temperature for 15 min, and then 4.5 μl of neutralization solution 

was added. Protein samples were separated by 10% SDS-PAGE and transferred to PVDF 

membranes, which were blocked with 1% bovine serum albumin (BSA) in TBST, incubated 

for 1 h at room temperature with rabbit anti-2,4-dinitrophenyl antibody diluted 1:150 in 1% 

BSA/TBST, washed with TBST, and incubated for 1 h at room temperature with goat anti-

rabbit IgG coupled to horseradish peroxidase. Carbonylated proteins were visualized using 

the enhanced chemiluminescence detection reagent.

MsrA and MsrB activities

Reaction mixtures (100 μl) contained 50 mM sodium phosphate (pH 7.5), 50 mM NaCl, 20 

mM DTT, 200 μM dabsylated methionine-S-sulfoxide (for MsrA) or methionine-R-sulfoxide 

(for MsrB), and 200 μg of crude protein. Reactions were carried out at 37°C for 30 min, 

after which the reaction product, dabsyl-Met, was analyzed by HPLC as previously 

described [24]. The enzyme activity was expressed as pmole•min•mg of crude protein.

Hydrogen peroxide

Hydrogen peroxide levels in tissue samples were determined using the ferric-sensitive dye, 

xylenol orange (Sigma–Aldrich, USA) as previously described [24].

Glutathione to oxidized glutathione (GSH/GSSG) ratio

GSH/GSSG ratios were measured using a Glutathione Fluorescent Detection kit (Arbor 

Assays, USA) according to the instructions of the manufacturer. Briefly, skeletal muscle 

samples were homogenized in ice-cold 5% sulfosalicilic acid, incubated for 10 min at 4°C, 

and centrifuged at 14,000 rpm for 10 min at 4°C to remove the precipitated proteins. The 

supernatant was diluted 5 times with the assay buffer, and reacted with a ThioStar reagent to 

determine the free GSH levels (λ emission 510 nm and excitation 390 nm). The sample was 

added to the reaction mixture containing NADPH and GSH reductase to produce total GSH. 

The GSSG levels were calculated using the difference between the total and free GSH levels.
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Statistics

The results are expressed as mean±SEM. Statistical analyses were performed with SPSS 

software (version 22; IBM, USA) using one-way ANOVA followed by Tukey's post hoc test 

unless stated otherwise. Statistical details are provided in figure legends. A p value <0.05 

was considered significant.

Results

Body weight, fat mass, and plasma triglyceride levels

Body weights, fat masses, and plasma levels of triglyceride were not significantly different 

between chow diet-fed wild-type and MsrB1 knockout mice (p=0.12, p=0.85, and p=0.34 in 

body weights, fat masses, and triglyceride levels, respectively). High-fat diet significantly 

increased body weights and fat masses in wild-type and MsrB1 knockout mice; however, no 

significant differences in body weights (p=0.98) and fat masses (p=0.19) were observed 

between the two genotypes (Figs. 1A and B). Plasma triglyceride levels were significantly 

increased by the high-fat diet in wild-type mice and seemed to be increased in MsrB1 

knockout mice (p=0.1) (Fig. 1C).

Expression and activity levels of MsrA and MsrBs in skeletal muscle and liver

In skeletal muscle, MsrB1 and MsrB2 protein levels were similar in high-fat diet- and chow 

diet-fed wild-type mice (Fig. 2A); however, MsrB3 protein levels were significantly reduced 

by the high-fat diet in wild-type mice (p<0.05). MsrB activities in wild-type mice were 

insignificantly decreased by the high-fat diet (p=0.16) (Fig. 2B). In MsrB1 knockout mice, 

MsrB2 and MsrB3 protein levels were significantly reduced in a chow-fed group (p<0.05), 

compared to those in chow-fed wild-type mice. The high-fat diet significantly increased the 

MsrB2 levels in MsrB1 knockout mice (p<0.05), which were similar to those in high-fat-fed 

wild-type mice. MsrB3 expressions in MsrB1 knockout mice were unaffected by diet. MsrB 

activity was significantly lower (by 60%) in MsrB1 knockout mice than in wild-type mice, 

and no difference in MsrB activity was observed between high-fat and chow dietary animals. 

The residual MsrB activity was attributed to MsrB2 and MsrB3 isozymes. The high-fat diet 

did not change MsrA expressions in the skeletal muscles of wild-type or MsrB1 knockout 

mice (Fig. 2A). In accordance with the lack of diet-induced MsrA protein level changes in 

wild-type and MsrB1 knockout mice, MsrA activities were also unaffected by diet in both 

genotypes (Fig. 2C). In livers, MsrB1 protein and MsrB activity levels were similar in high-

fat diet- and chow diet-fed wild-type mice (Figs. 2D and E). The expression levels of MsrB2 

were not altered by diet in the livers of wild-type or MsrB1 knockout mice. Notably, MsrB3 

protein was hardly detectable in the livers of both mice fed chow or high-fat diets. MsrB 

activity in the livers of MsrB1 knockout mice was ∼15% of activity observed in wild-type 

mice, consistent with previous findings that MsrB1 is the major MsrB enzyme in liver [20], 

and was similar in chow and high-fat dietary groups. The expression and activity levels of 

MsrA in livers were not altered by the high-fat diet in wild-type or MsrB1 knockout mice 

(p=0.31) (Figs. 2D and F).

Heo et al. Page 6

Free Radic Res. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Intraperitoneal glucose tolerance test

Basal blood glucose levels were similar in wild-type and MsrB1 knockout mice fed chow 

diets after overnight fasting, but the high-fat diets significantly increased basal blood glucose 

levels in both groups of mice (Fig. 3A). Blood glucose levels were significantly higher at 15, 

30, 60, 90, and 120 min after an intraperitoneal injection of 1.5 g/kg glucose in high-fat-fed 

mice than in chow-fed wild-type and MsrB1 knockout mice, and no difference was observed 

between wild-type and MsrB1 knockout mice (p=0.93, p=0.49, p=0.32, p=0.22, p=0.57, and 

p=0.74 at 15, 30, 60, 90 and 120 min, respectively) (Fig. 3A). The high-fat diet significantly 

increased area under the curve, but no difference was found between wild-type and MsrB1 

knockout mice (p=0.45) (Fig. 3B).

Hyperinsulinemic-euglycemic clamp

We next performed a hyperinsulnemic-euglycemic clamp study, the gold-standard method to 

assess insulin sensitivity, to confirm the results from glucose tolerance test and to collect 

additional data as to the insulin resistance of peripheral tissues, liver and skeletal muscle. 

Since blood glucose levels may be affected by diverse factors including stress from 

experimental procedure, the hyperinsulinemic-euglycemic clamp study would strengthen the 

data of insulin sensitivity. Plasma glucose levels in the basal state were similar in wild-type 

and MsrB1 knockout mice fed a chow diet (p=0.40). The high-fat diet similarly increased 

plasma glucose levels in the basal state in both wild-type and MsrB1 knockout mice. Plasma 

insulin levels at basal state were not significantly different between wild-type and MsrB1 

knockout mice fed a chow diet (p=0.22). Although the high-fat diet significantly increased 

plasma insulin levels in wild-type and in MsrB1 knockout mice, no difference was observed 

between these two genotypes (p=0.95) (Table 1). During the hyperinsulinemic-euglycemic 

clamp study, plasma glucose levels were maintained at 5∼6 mM in wild-type and in MsrB1 

knockout mice on both diets. Plasma insulin levels were elevated to approximately 300 pM 

in both genotypes fed a chow diet. These plasma insulin levels were significantly increased 

by the high-fat diet, but no significant difference was observed between the wild-type and 

MsrB1 knockout mice groups (p=0.69) (Table 1).

Glucose infusion rates required to maintain euglycemia were similar for wild-type and 

MsrB1 knockout mice fed a chow diet (p=0.40). The high-fat diet significantly reduced 

glucose infusion rates in both wild-type and MsrB1 knockout mice, but no difference was 

observed between these two groups (p=0.80) (Fig. 4A). Insulin-stimulated whole body 

glucose uptakes were also similar in wild-type and MsrB1 knockout mice on a chow diet 

(p=0.38). The high-fat diet decreased whole body glucose uptake similarly in wild-type and 

MsrB1 knockout mice (p=0.97) (Fig. 4B).

Insulin-stimulated HGP levels were not significantly different between the wild-type and 

MsrB1 knockout mice in the chow diet group (p=0.11). The high-fat diet significantly 

increased HGP levels in wild-type and MsrB1 knockout mice, but no significant difference 

was observed between the two groups (p=0.54) (Fig. 4C). Skeletal muscle glucose uptake 

was similar for wild-type and MsrB1 knockout mice fed a chow diet (p=0.28). The high-fat 

diet reduced glucose uptake in both wild-type and MsrB1 knockout mice, but no significant 

difference was observed between genotypes (p=0.97) (Fig. 4D). We analyzed if there were 
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interactions of factors between diet and genotype using a two-way ANOVA, but found no 

statistically significant interactions from any data of the hyperinsulinemic-euglycemic clamp 

study. Collectively, these results show that high-fat diet-induced insulin resistance in liver 

and skeletal muscle is not increased by MsrB1 gene deletion.

Oxidative stress status in skeletal muscle and liver

Since MsrB1 functions as an antioxidant enzyme and a high-fat diet is known to induce 

oxidative stress, we investigated oxidative stress status of skeletal muscle and liver by 

measuring hydrogen peroxide, GSH/GSSG ratio, 4-HNE, and protein-carbonyl levels. Basal 

hydrogen peroxide levels in skeletal muscle were similar in wild-type and MsrB1 knockout 

mice. The high-fat diet seemed to increase hydrogen peroxide levels in wild-type (p=0.15) 

and MsrB1 knockout mice (p=0.06) with no difference between the two genotypes (p=0.83) 

(Fig. 5A). GSH/GSSG ratio in skeletal muscle was also similar in wild-type and MsrB1 

knockout mice in chow diet (p=0.95) and high-fat diet groups (p=0.96). Although high-fat 

diet did not significantly affect GSH/GSSG ratio in wild-type (p=0.34) and MsrB1 knockout 

mice (p=0.27), it decreased GSH/GSSG ratio by ∼15% in both genotype of mice (Fig. 5B). 

No significant increase in 4-HNE (p=0.19) and protein-carbonyl levels (p=0.34) was 

detected in the skeletal muscles of MsrB1 knockout mice versus the wild-type mice fed a 

chow diet (Fig. 5C and D). The high-fat diet significantly increased 4-HNE and protein-

carbonyl levels, but no significant differences were observed between the two genotypes 

(p=0.24 for HNE and p=0.42 for protein-carbonyl levels) (Figs. 5C and D). Protein-carbonyl 

levels were similar in the livers of MsrB1 knockout and wild-type mice fed the chow diet. 

The high-fat diet significantly increased carbonyl contents in livers of wild-type mice but not 

in livers of MsrB1 knockout mice (p=0.19); however, no difference was observed between 

the two genotypes (p=0.83) (Fig. 5E). Collectively, these results suggest that high-fat diet-

induced oxidative stress is not aggravated in MsrB1 knockout mice.

We also examined the gene expression levels of GPX1 and SOD2, which are representative 

antioxidant enzymes localized predominantly in the cytoplasm and mitochondria, 

respectively. Basal mRNA levels of both GPX1 and SOD2 in skeletal muscle seemed to 

increase (p=0.12) in MsrB1 knockout mice (Figs. 6A and B). The high-fat diet had no 

significant effect on GPX1 or SOD2 mRNA levels in the skeletal muscles of wild-type 

(p=0.49 for GPX1 and p=0.48 for SOD2) or MsrB1 knockout mice (p=0.82 for GPX1 and 

p=0.98 for SOD2). However, the mRNA levels of GPX1 or SOD2 in MsrB1 knockout mice 

were found to be significantly higher than those in wild-type mice fed the high-fat diet (Figs. 

6A and B). Basal protein levels of SOD2 in skeletal muscle seemed to be higher (p=0.09) in 

MsrB1 knockout mice (Fig. 6C), consistent with the mRNA data. The high-fat diet 

significantly increased the protein levels of SOD2 in both wild-type and MsrB1 knockout 

mice (Fig. 6C). Significantly higher protein levels of SOD2 were observed in MsrB1 

knockout mice, consistent with the transcript data. Notably, while the high-fat diet had no 

effect on SOD2 transcription, it positively regulated the protein levels of SOD2. These 

results suggest that SOD2 expression may be post-transcriptionally regulated in high-fat diet 

group. MsrB1 knockout and wild-type mice had similar mRNA levels of GPX1 (p=0.57) and 

SOD2 (p=0.35) in liver tissues (Figs. 6D and E). The high-fat diet did not affect the 

transcription levels of SOD2 in liver, while it seemed to increase GPX1 mRNA levels in 
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both wild-type (p=0.1) and MsrB1 knockout mice (p=0.07). There were no statistically 

significant interactions of factors between diet and genotype in oxidative stress and 

antioxidant expression data (two-way ANOVA).

Phosphorylations of JNK and ERK in skeletal muscle and liver

We examined whether MsrB1 status affects the activation of JNK and ERK, members of 

mitogen activated protein kinase (MAPK) family, in skeletal muscle and liver, as altered 

activities of JNK and ERK are associated with insulin resistance [25-27]. Interestingly, the 

protein levels of JNK were significantly lower in the skeletal muscles of MsrB1 knockout 

mice than in wild-type mice in both chow- and high-fat-fed animals (Fig. 7A). To explore 

this further, we measured the mRNA levels of JNK1 and JNK2. We found that the mRNA 

levels of JNK1 were not significantly different in wild-type and MsrB1 knockout mice (data 

not shown; p=0.27 and p=0.64 between wild-type and MsrB1 knockout mice in chow diet 

and high-fat diet groups, respectively), but the mRNA levels of JNK2 were significantly 

lower in MsrB1 knockout mice than in the wild-type mice (Fig. 7B). More interestingly, the 

levels of phosphorylated JNK forms in MsrB1 knockout mice fed a chow diet were 

remarkably comparable to those of wild-type mice. Therefore, the level of JNK 

phosphorylation calculated by p-JNK/JNK was significantly higher in the MsrB1 knockout 

mice (Fig. 7A, upper graph), suggesting activation of JNK protein by MsrB1 deficiency. The 

high-fat diet increased the phosphorylation of JNK in both wild-type (p=0.03) and MsrB1 

knockout mice (p=0.09) with a significant difference between these mice groups (Fig. 7A, 

upper graph).

ERK phosphorylation was not different in wild-type and MsrB1 knockout mice fed a chow 

diet (p=0.36). The high-fat diet significantly increased ERK phosphorylation in wild-type 

mice but not in MsrB1 knockout mice (p=0.21). However, no difference was observed 

between wild-type and MsrB1 knockout mice (p=0.84) (Fig. 7C). Phosphorylation of p38 

was unaffected by MsrB1 deficiency or a high-fat diet (data not shown).

As was found for skeletal muscle, JNK protein levels in livers were also significantly 

reduced in MsrB1 knockout mice (Fig. 7D). While the mRNA levels of JNK1 were similar 

in wild-type and MsrB1 knockout mice (data not shown; p=0.99 and p=0.37 between wild-

type and MsrB1 knockout mice in chow diet and high-fat diet groups, respectively), the 

mRNA levels of JNK2 were significantly lower in MsrB1 knockout mice than in wild-type 

mice (Fig. 7E). Like skeletal muscle, the levels of JNK phosphorylation in liver were 

significantly elevated in MsrB1 knockout mice fed a chow diet (Fig. 7D, upper graph). The 

high-fat diet seemed to increase the phosphorylation of JNK in wild-type mice (p=0.07) but 

not in MsrB1 knockout mice (p=0.53). JNK phosphorylation was significantly higher in 

MsrB1 knockout mice than in wild-type mice following high-fat diet. ERK phosphorylation 

was not significantly affected by MsrB1 deficiency (p=0.10 and p=0.78 between wild-type 

and MsrB1 knockout mice in chow-fed and high-fat-fed groups, respectively) or high-fat 

diet (p=0.22 and p=0.10 between chow-fed and high-fat-fed mice in wild-type and MsrB1 

knockout groups)(Fig. 7F).
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Discussion

In a previous study, it was reported that MsrA deficiency aggravates insulin resistance 

induced by high-fat diet in mice [19], which suggests an important role of MsrA in insulin 

sensitivity. In contrast, in the present study we found that high-fat-fed MsrB1 knockout and 

wild-type mice exhibited similar whole body and skeletal muscle glucose uptakes and 

hepatic glucose production rates. These results suggest that MsrB1 does not play a role in 

high-fat diet-induced insulin resistance.

MsrA prevents high-fat diet-induced insulin resistance and this protective role is directly 

related to its antioxidant function [19]. MsrA deficiency results in increased oxidation of 

insulin receptor in skeletal muscle, and thus, reduces receptor function. However, although 

MsrB1 plays a protective role against oxidative stress in transgenic flies and mammalian 

cells [28,29], no significantly greater accumulation of oxidative stress was observed in the 

skeletal muscles or livers of chow-fed MsrB1 knockout mice than in chow-fed wild-type 

mice. In addition, MsrB1 deficiency had no effect on the high-fat diet-induced oxidative 

stress in these tissues. These results suggest that MsrB1 does not play an antioxidant role in 

high-fat diet-induced insulin resistance in mice. In a recent study, overexpression of MsrA 

targeted to mitochondria protected from high-fat diet-induced insulin resistance, whereas its 

overexpression in the cytoplasm had no effect, suggesting that mitochondrial oxidative stress 

plays a crucial role in the development of high-fat diet-induced insulin resistance [30]. In 

contrast to abundant mitochondrial distribution of MsrA [10-12], MsrB1 is not found in the 

mitochondria but is present in the cytosol [13,14]. These different subcellular localizations 

between MsrA and MsrB1 may be responsible for the different responses to high-fat diet-

induced insulin resistance.

However, it is also possible that the effect of MsrB1 deficiency on oxidative stress is 

compromised by the compensatory overexpressions of other antioxidant enzymes. Indeed, 

this notion is supported by the observations that the expression levels of GPX1 and SOD2 

were elevated in the skeletal muscles of MsrB1 knockout mice. Enhanced expression of 

antioxidants by a compensatory effect has been previously reported in GPX1 knockout mice 

[31,32]. However, this overexpression was not observed in livers. Susceptibility of skeletal 

muscle to oxidative injury that causes insulin resistance may be higher than that of liver [33].

In a previous study, it was reported that MsrB1 knockout mice show elevated levels of 

protein carbonyls in liver and kidney, but no change in levels in heart and testis [21]. In the 

present study, carbonyl content was not significantly elevated in livers of MsrB1 knockout 

mice. The different levels of oxidative stress observed in the livers of MsrB1 knockout mice 

could have been due to different genetic backgrounds of the mice used and/or different 

housing conditions.

MAPK activation is a mechanism by which oxidative stress induces insulin resistance. 

Reactive oxygen species activate MAPK members, such as JNK and ERK, and it has been 

established that activation of JNK by increased oxidative stress in skeletal muscle inhibits 

insulin signaling pathways by increasing serine phosphorylation of insulin receptor 

substrate, whereas suppression of JNK by gene modulation or inhibitors improves insulin 
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sensitivity [26]. In addition, ERK activation has recently been demonstrated in the skeletal 

muscles of obese insulin resistant mice [34]. ERK-deficient mice are protected from insulin 

resistance without affecting obesity [35], whereas high basal ERK activity induces mature 

onset obesity and insulin resistance [36]. The increased oxidative stress and phosphorylation 

of JNK and ERK in skeletal muscle of wild-type mice-fed a high-fat diet, which were 

observed in the present study, are consistent with previous studies. This result supports the 

association between high-fat diet-induced oxidative stress and insulin resistance.

An interesting finding in the present study is that JNK protein levels are dramatically 

diminished in MsrB1 knockout mice, which has not been described previously. It seems that 

the reduced mRNA levels of JNK2 but not JNK1 attributes to the diminished JNK protein 

levels. Redox status of methionine is involved in the regulation of protein function in 

transcription factors. For example, methionine oxidation of HypT increases its 

transcriptional activity in Escherichia coli [37], whereas methionine oxidation of NirA 

makes this transcription factor inactive in fungus [38]. Thus, MsrB1 deficiency may alter 

methionine redox status of a transcription factor of JNK2, which leads to decreased 

transcriptional process of JNK2 gene.

In contrast to a great reduction of JNK protein, unexpectedly, phosphorylated JNK forms in 

MsrB1 knockout mice remain in a high level that is similar to wild-type mice, leading to 

significantly increased p-JNK/JNK levels versus wild-type mice. These results suggest that 

MsrB1 deficiency induces activation of JNK protein in skeletal muscles and livers to 

compensate for reduced JNK protein levels, and that this increased basal JNK protein 

activation may be necessary to maintain homeostasis of JNK signaling pathway. However, 

no direct or indirect interaction between JNK and MsrB1 has been demonstrated. As 

mentioned above, reversible oxidation and reduction of methionine is a protein modification 

to regulate protein activity [39]. In particular, MsrB1 regulates F-actin dynamics by 

reversing the Mical-mediated oxidation of actin protein [40,41]. It would be interesting to 

investigate how MsrB1 is involved in JNK protein activation.

Since MsrB1 depletion does not aggravate insulin resistance induced by a high-fat diet, 

increased JNK phosphorylation based on a p-JNK/JNK level in MsrB1-deficient mice seems 

to be independent of high-fat diet-induced insulin resistance. However, due to the very low 

protein levels of JNK found in MsrB1 knockout mice, JNK phosphorylation level was 

additionally normalized to an internal control protein GAPDH and would be considered as 

another surrogate of total JNK activity. On this basis, JNK phosphorylation in skeletal 

muscle was found to be similar in wild-type and MsrB1 knockout mice fed a chow diet (Fig. 

7A, lower graph). The high-fat diet significantly increased JNK phosphorylation, but no 

significant difference was observed between wild-type and MsrB1 knockout mice (Fig. 7A, 

lower graph). Thus, this JNK phosphorylation based on a p-JNK/GAPDH level might 

explain the correlation of JNK activation with insulin resistance in MsrB1-deficient mice.

Unlike skeletal muscle, the association between JNK phosphorylation based on a p-JNK/

GAPDH level and insulin resistance did not match well in liver. JNK phosphorylation level 

normalized to GAPDH was not different in wild-type and MsrB1 knockout mice in the 

chow-fed animals (Fig. 7D, lower graph). Whereas the high-fat diet increased JNK 
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phosphorylation level in wild-type mice, it did not affect JNK phosphorylation in MsrB1 

knockout mice (Fig. 7D, lower graph), although insulin sensitivity was similarly impaired 

after high-fat diet in MsrB1 knockout and wild-type mice. Inconsistent data on the 

correlation of JNK activity with hepatic insulin resistance have been reported previously 

[25-27].

In conclusion, the present study shows MsrB1 deficiency does not affect insulin resistance 

induced by a high-fat diet in mice, which contrasts with the protective effect of MsrA on 

insulin resistance. Based on the findings of the present and previous studies, it appears that 

methionine-S-sulfoxide reduction plays an important role in insulin resistance and that 

methionine-R-sulfoxide reduction does not. However, to clarify whether stereospecific 

methionine sulfoxide reduction is involved in insulin resistance, further studies are needed to 

investigate the roles of the other two MsrB isozymes, MsrB2 and MsrB3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Body weights (A), fat masses (B), and plasma triglyceride levels (C) in chow- and high-fat-
fed wild-type and MsrB1 knockout mice
Retroperitoneal fat was excised and the fat mass was standardized with body weight. Results 

are presented as mean±SEM (n=6, chow-fed wild-type; n=5, chow-fed MsrB1 knockout; 

n=6, high-fat-fed wild-type; n=8, high-fat-fed MsrB1 knockout). *p<0.05, **p<0.01, and 

***p<0.001 vs. wild-type chow diet or knockout chow diet. KO, knockout.
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Fig. 2. Expression and activities of MsrA and MsrBs in skeletal muscle (A–C) and liver (D–F) 
tissues
Protein levels of MsrA and MsrBs were analyzed by Western blotting (A, D); GAPDH was 

used as a loading control. MsrB3 in livers was hardly detectable. A strong non-specific band 

against MsrA antibody with size of approximately 27 kD was detected on the blot of skeletal 

muscle. The activities of MsrB (B, E) and MsrA (C, F) were determined as described in 

Materials and Methods. Results are expressed as mean±SEM (n=3 for each group). ##p<0.01 

and ###p<0.001 vs. wild-type chow diet or wild-type high-fat diet. WT, wild-type; KO, 

MsrB1 knockout; HF, high-fat.
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Fig. 3. Intraperitoneal glucose tolerance test in chow- and high-fat-fed wild-type and MsrB1 
knockout mice
Blood glucose levels (A). Area under the curve of blood glucose level (B). Results are 

presented as mean±SEM (n=5 per genotype in chow-fed groups; n=6 per genotype in high-

fat diet groups). *p<0.05, **p<0.01, and ***p<0.001 vs. wild-type chow diet or knockout 

chow diet. WT, wild-type; KO, MsrB1 knockout.
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Fig. 4. Glucose metabolism as determined using the hyperinsulinemic-euglycemic technique in 
chow- and high-fat-fed wild-type and MsrB1 knockout mice
Glucose infusion rates (A), whole body glucose uptakes (B), insulin-stimulated hepatic 

glucose production (HGP) (C), and skeletal muscle glucose uptakes (D) were measured as 

described in Materials and Methods. Results are presented as mean±SEM (n=6, chow-fed 

wild-type; n=5, chow-fed MsrB1 knockout; n=6, high-fat-fed wild-type; n=8, high-fat-fed 

MsrB1 knockout). *p<0.05, **p<0.01, and ***p<0.001 vs. wild-type chow diet or knockout 

chow diet. KO, knockout.
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Fig. 5. Oxidative stress markers in the skeletal muscles (A-D) and livers (E) of chow- and high-
fat-fed wild-type and MsrB1 knockout mice
H2O2 levels (A). GSH/GSSG ratio (B). 4-hydroxy-2-nonenal (HNE) levels (C). Protein-

carbonyl levels (D, E). Each oxidative stress marker was measured as described in Materials 

and Methods. Results are presented as mean±SEM. Experimental cases in each group are as 

follows: (A) n=3 for each group; (B-E) n=6, chow-fed wild-type; n=5, chow-fed MsrB1 

knockout; n=6, high-fat-fed wild-type; n=6, high-fat-fed MsrB1 knockout. *p<0.05 and 

**p<0.01 vs. wild-type chow diet or knockout chow diet. KO, knockout.
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Fig. 6. Expression of GPX1 and SOD2 in skeletal muscles (A-C) and livers (D,E) of chow- and 
high-fat-fed wild-type and MsrB1 knockout mice
mRNA levels of GPX1 (A, D) and SOD2 (B, E) and protein levels of SOD2 (C) were 

measured as described in Materials and Methods. Results are presented as mean±SEM (n=6, 

chow-fed wild-type; n=5, chow-fed MsrB1 knockout; n=6, high-fat-fed wild-type; n=6, 

high-fat-fed MsrB1 knockout). ***p<0.001 vs. wild-type chow diet or knockout chow 

diet; #p<0.05 and ##p<0.01 vs. wild-type high-fat diet. KO, knockout.
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Fig. 7. Phosphorylation of JNK and ERK in skeletal muscles (A–C) and livers (D–F) of chow- 
and high-fat-fed wild-type and MsrB1 knockout mice
JNK phosphorylation (A, D), JNK2 mRNA levels (B, E), and ERK phosphorylation (C, F) 

were measured as described in Materials and Methods. Results are presented as mean±SEM 

(n=6, chow-fed wild-type; n=5, chow-fed MsrB1 knockout; n=6, high-fat-fed wild-type; 

n=6, high-fat-fed MsrB1 knockout). *p<0.05 and **p<0.01 vs. wild-type chow diet or 

knockout chow diet; #p<0.05, ##p<0.01, ###p<0.001 vs. wild-type chow diet or wild-type 

high-fat diet. WT, wild-type; KO, MsrB1 knockout.
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