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Abstract

Background: Musclin is a novel skeletal muscle-derived secretory factor considered to be a potent regulator of the
glucose metabolism and therefore may contribute to the pathogenesis of obesity and insulin resistance (IR).

Methods: To test this hypothesis, we examined the plasma musclin levels in overweight/obese subjects and lean
controls. Rats on a high fat diet (HFD) were used as the annimal model of obesity. Radioimmunoassay and western
blot were used to determine musclin levels in plasma and skeletal muscle.

Results: According to radioimmunoassays,the overweight/obese subjects exhibited elevated musclin plasma levels
compared with the lean controls (89.49 + 19.00 ng/L vs 80.39 £ 16.35 ng/L, P < 0.01). The musclin levels were
positively correlated with triglyceride, fasting plasma glucose, and homeostasis model assessment of IR levels. These
observations were confirmed with a high-fat diet(HFD) rat model. HFD rats also exhibited increased musclin
immunoreactivity in plasma (P < 0.01) and in skeletal muscle (P < 0.05), as well as increased musclin mRNA
levels in skeletal muscle (P < 0.01). Musclin incubation significantly inhibited muscles *H-2-DG uptake in the
normal diet(ND) group (P < 0.01). The protein expression of glucose transporter type 4 was significantly down
regulated by 30% (P < 0.05) in the ND group after soleusmuscle was incubated with musclin compared with
the control. Musclin incubation also increased the protein levels of glucose-regulated protein (GRP)78 and
GRP94 by 146.8 and 54% (both P < 0.05), respectively, in ND rats.

Conclusions: Our data support the hypothesis that musclin has a strong relationship with obesity-associated
IR by impairing the glucose metabolism and, at least in part, through causing endoplasmic reticulum stress.
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Background

Individuals with obesity are at a higher risk for
obesity-associated medical conditions, such as meta-
bolic syndrome, and insulin resistance (IR), which
can develop into type 2 diabetes mellitus (T2DM)
[1]. Although the precise mechanism linking obesity
to IR and T2DM are unknown, extensive evidence
suggests that impaired glucose disposal in skeletal
muscle plays a crucial role in development of
obesity-associated disease [2]. Recently, it has been
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shown that skeletal muscle is an endocrine organ
that can regulate energy metabolism homeostasis by
releasing a variety of bioactive factors [3]. Pedersen
et al. reported that cytokines and peptides released
by muscle fibers exert either paracrine or endocrine
effects and could be classified as “myokines” [4]. To
date, a number of studies have shown that myokines,
such as interleukin-6 (IL-6), interleukin-15 (IL-15)
and brain-derived neurotrophic factor(BDNF), may
be potential regulators of many physiological states
and metabolic diseases, such as obesity and IR [5-8].
However, the connections between obesity, myokine
secretion, and metabolic dysfunction remain to be
elucidated. Among myokines, musclin is a newly

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12986-017-0199-x&domain=pdf
mailto:yinxinhua_hrb@163.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Chen et al. Nutrition & Metabolism (2017) 14:46

discovered, 130-amino acid peptide that was first re-
ported by Nishizawa et al. Musclin has been found
to be almost exclusively expressed in skeletal mus-
cles [9]. Musclin is a pleiotropic myokine that is
involved in the regulation of energy homeostasis.
Nishizawa et al. reported that musclin mRNA ex-
pression was augmented in the skeletal muscle of
obese mice [9]. In vitro studies have demonstrated
that musclin significantly inhibited insulin-stimulated
2-deoxy-D-[1-3H]-glucose (2-DG) uptake and glyco-
gen synthesis [9]. Furthermore, Liu et al. reported
that pre incubating muscles with musclin reduced
protein kinase B activation in the insulin-signaling
cascade [10]. Although musclin has been shown to
be a novel, endogenous obesity-related factor in ani-
mal models, the mechanism of its bioactivity and its
expression in humans remain largely unknown.

In this study, we investigated the circulating levels of
musclin and the clinical parameters associated with
musclin levels in subjects from a human cohort with or
without obesity. Furthermore, a high-fat diet (HFD) rat
obesity model was used to test the hypothesis that
musclin plays a role in obesity-associated IR in skeletal
muscle.

Methods

Animals and reagents

Male Sprague—Dawley (SD) rats (155 + 5 g) were pro-
vided by the Animal Department, Peking University
Health Science Center. All animal care and experimental
protocols complied with the Animal Management Rules
of the People’s Republic of China (Ministry of Health,
P.R. China, document no. 55, 2001) and the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996) and were approved by the Animal Care Commit-
tee of Health Science Center, Peking University. Musclin
peptide was synthesized by Phoenix Pharmaceuticals
(Belmont, CA, USA). [*H] Deoxy-glucose was obtained
from PerkinElmer (Boston, MA, USA), and insulin was
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against GRP78, GRP94 were from Abcam
(Cambridge, UK). Antibodies against musclin and (-
actin and all secondary antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
body against GLUT-4 was from Wuhan BOSTER Bio-
engineering (Wuhan, Hubei, China).

Preparation of the animal model

Male SD rats (155 + 5 g) were randomly divided into the
2 following groups (n = 8 each): the normal diet (ND)
group, comprising 14,610 kJ/kg and energy contents (%)
for carbohydrates, fat, and protein of 66.50, 10.21, and
23.29, respectively; and the HFD group, comprising
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19,315 kJ/kg, 200 g fat/kg (170 g of lard +30 g of corn
oil to provide essential fatty acids) and 1% cholesterol by
weight plus normal drinking water. The HFD was for-
mulated to provide 40% of the total energy from fat by
replacing carbohydrate energy with lard and corn oil
energy. The HFD had the same amounts of vitamins and
minerals per kilojoule as the ND [11]. After 2 days of
further treatment, the rats were anesthetized with ureth-
ane (1 g/kg, intraperitoneally) at the end of a dark cycle
and overnight fasting and were then euthanized. Blood
was collected in a heparinized syringe from the abdom-
inal aorta and mixed with 1 mg/mL EDTA-2Na and 500
KIU/mL aprotinin or heparin. Plasma and serum were
obtained by centrifugation at 3000 rpm for 10 min at
4 °C and stored at -70 °C. White gastrocnemius mus-
cles were collected and weighed. All tissue samples
were frozen in liquid nitrogen.

Subjects

The study was performed in accordance with the Helsinki
Declaration and was approved by the Ethics Committee of
the Second Affiliated Hospital of Harbin Medical
University, Harbin, China. Written informed consent
was obtained from all participants prior to participation.
We selected 117 consecutive subjects from the general
population who had undergone medical check-ups at the
Outpatient Department of the Second Affiliated Hospital
of Harbin Medical University. Exclusion factors were
diseases affecting the metabolic state or being unsuitable
for participation in this study. All subjects completed a
self-administered questionnaire to provide data on age,
smoking history, alcohol consumption, history of T2DM
and medications. All subjects underwent a physical exam-
ination, including measurements of height and weight
(while wearing light clothes and no shoes), body mass
index (BMI, kg/m?), and blood pressure. Waist circumfer-
ences were calculated midway between the iliac crest and
rib cage and were rounded to the nearest 0.1 cmship
circumference was measured at the point of the maximum
extension of the buttocks. Waist-to-hip ratios were calcu-
lated by dividing the waist circumference (cm) by the hip
circumference (cm). According to the recommendations
of the Working Group on Obesity in China, subjects with
BMI between 18.5 and 24.0 kg/m?> were considered nor-
mal, while those with BMIs between 24.0 and 28.0 kg/m>
or over 28.0 were defined as overweight or obese [12].

Radioimmunoassays of musclin levels in muscle and
plasma

Musclin levels were measured using a specific, commer-
cially available radioimmunoassay kit (Beijing Sino-UK
Institute of Biological Technology, Beijing, China). Gastro-
cnemius muscles were immediately acidified by the
addition of 1.0 mol/L acetic acid and were then heated at
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100 °C for 10 min to inactivate proteases. Tissue homoge-
nates were prepared using a Polytron homogenizer, centri-
fuged at 17,000xg for 20 min, and then the supernatants
collected. The plasma samples were pre-treated with apro-
tinin (500 KIU/mL). The assay sensitivity provided by the
kit manufacturer was 1.25 pg/mL, and the standard curve
range was from O to 400 pg/mL. The assays showed a
good degree of parallelism. The intra- and interassay coef-
ficients of variation were validated in the present study
and were 7.1 and 10%, respectively. There was no cross-
reactivity with rat IL-15, insulin-like growth factor-1,
platelet-derived growth factor, fibroblast growth factor,
transforming growth factor-§ or hepatocyte growth factor.

Glucose uptake

After fasting overnight, rats were anesthetized using ur-
ethane (1 g/kg, intraperitoneally) and euthanized; the so-
leus muscles were obtained by dissection (25-30 mg)
and preincubated in 12-well plates at their resting
length. The soleus muscles were then incubated in 2 mL
of Krebs-Henseleit buffer (KHB) containing 40 mmol/L
mannitol, 0.1% bovine serum albumin (BSA) and
8 mmol/L glucose with or without 2 mIU/mL insulin at
37 °C for 2 h. The muscles were then transferred to 12-
well plates in 2 mL of KHB containing 40 mmol/L man-
nitol, 0.1% BSA, 1.5 uCi/ml [*H]-2-deoxy-D-glucose and
insulin at the same concentration as was used during
the preceding incubation. The plates were placed in a
water bath at 37 °C under continuous shaking (60 beats/
min) and bubbling of 95% O, and 5% CO,. After
30 min, the muscles were placed in scintillation vials
containing 100 pL of formic acid and 100 pL of 30%
hydrogen peroxide and were counted in a Packard liquid
scintillation counter with channels preset for simultan-
eous °H [13, 14].

Muscle preparation and incubation

After an overnight food restriction, the rats were anes-
thetized by urethane (1 g/kg, intraperitoneally) and eu-
thanized. The soleus muscles were dissected (25-30 mg)
with a bistoury and were preincubated for 30 min in 12-
well plates at their resting length in KHB with 2% BSA.
After preincubation, muscles were incubated in KHB
with or without 1.5 x 1077 mol/L musclin for 3 h, as
previously described. The plates were placed in a water
bath at 37.8 °C under continuous shaking (60 beats/min)
and bubbling with 95% O, and 5% CO,. After co-
incubation for 3 h, the tissues were rapidly blotted on ice-
cold filter paper and stored at —-80 °C until the Western
blot analysis.

Real-time PCR analysis
Total RNA from the gastrocnemius muscles was isolated
and reverse transcribed using a reverse transcription
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system (Promega, Madison, WI, USA). In total, 20 pL of
the reaction mixture underwent real-time PCR. The
amount of PCR product formed in each cycle was evalu-
ated by SYBR Green I fluorescence. The rat primers used
for musclin wereforward, 5'-GGT GTC CTTG GAGA
ATGATG-3" and reverse, 5'-CGGTTTCTACCAATTCG
ATC -3’, and those for B-actin were forward, 5° — A TCT
GGCACC ACA CCTTC-3" and reverse, 5'-AG CCAG
GTCCAGAC G CA-3'. All amplification reactions used
the Mx3000 Multiplex Quantitative PCR System (Strata-
gene, La Jolla, CA, USA). After denaturation at 95 °C for
7 min, the solution was subjected to PCR for musclin at
95 °C for 30 s, 58 °C for 30 s, and 72 °C for 40 s for
45 cycles.

Western blot analysis

Skeletal muscle tissues were homogenized in lysis buffer
[0.1 mol/L NaCl, 0.01 mol/L Tris—HCl (pH 7.5),
1 mmol/L EDTA, 1 mmol/L. PMSE, 1%TritonX-100, 10
pg/ml pepstatin A and 500 KIU/mL aprotinin], and the
homogenates were centrifuged at 3000 rpm for 15 min
at 4 °C. Protein samples were separated using 10% SDS-
PAGE and were then transferred to nitrocellulose for 3 h
at 4 °C. The membranes were blocked with 5% nonfat,
dried milk for 1 h at room temperature and were then
incubated with the primary antibodies anti-p-actin, anti-
GRP78, anti-GRP94, anti-musclin or anti-glucose trans-
porter type-4 (GLUT-4) overnight at 4-8 °C. Then,the
membranes were incubated for 1 h with the secondary
antibodies (horseradish peroxidase-conjugated anti-
mouse or anti-rabbit IgG). Protein expression was ana-
lyzed use NIH image analysis software (Bethesda, Mary-
land, USA) and normalized to B-actin expression. All
experiments were repeated at least 3 times.

Statistical analysis

The data were analyzed using SPSS 20.0 (SPSS Inc,
Chicago, IL, USA), and the results are expressed as the
mean * standard deviation. For continuous variables,
comparisons between 2 groups were made using an un-
paired Student t test, and those among more than 2
groups were made using one-way ANOVA, followed by
Newman-Keuls multiple comparison test. Skewed data
were analyzed using the Mann—Whitney U and Krus-
kal-Wallis H tests. Correlations between variables were
determined using a simple linear regression analysis
(Spearman’s correlation). Unadjusted and adjusted odds
ratios (ORs) with 95% confidence intervals (Cls) predict-
ive of subjects with overweight/obesity based on musclin
level were generated using univariate and multivariate
logistic regression analyses after controlling for other
potential covariates. Values of P < 0.05 were considered
significant.
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Results

Subjects’characteristics

Demographic and laboratory characteristics stratified by
BMI are presented in Table 1. Compared with the lean
subjects, the individuals with overweight/obesity had
higher diastolic blood pressure(DBP),TG,fasting serum
insulin and HOMA-IR levels. There were no significant
differences between the two groups in the other parame-
ters, including age, fasting plasma glucose (FPG), TC,
LDL-C and HDL-C.

Elevated plasma musclin levels in subjects with
overweight/obesity

The musclin data were normally distributed. We found
higher plasma musclin levels in subjects with overweight/
obesity than in lean subjects (89.49 + 19.00 ng/L vs
80.39 + 16.35 ng/L, P < 0.01) (Fig. 1 and Table 1).

Relation between plasma musclin levels and overweight/
obesity parameters

The Spearman correlation coefficients for associations
between musclin concentrations and other parameters
are summarized in Table 2. In all subjects, plasma
musclin levels were significantly positively associated
with BMI(r = 0.327, P < 0.01) and TG(r = 0.191,
P < 0.05) but negatively associated with HDL(r = -0.282,
P < 0.01). In lean subjects, plasma musclin levels were not
associated with BMI, DBP, SBP, or the other variables

Table 1 Subjects’ characteristics
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Fig. 1 Comparison of plasma musclin levels in lean controls and
subjects with overweight/obesity

mentioned above. However, in subjects with overweight/
obesity, plasma musclin levels were significantly positively
associated with BMI (r = 0.287, P < 0.05) (Fig. 1), TG
(r =0.237, P < 0.05), FPG (r = 0.314, P < 0.01) and HOMA-
IR (r = 0.250, P < 0.05) levels but negatively associated with
HDL (r = -0.318, P < 0.05) (Fig. 2).

Correlation between overweight/obesity and the musclin
level

The ORs of the musclin level being predictive of subjects
with overweight/obesity were determined using univariate
and multivariate logistic regression analyses; the results

Variable Lean Overweight/obese P value
(n=44) (n=73)

Age (years) 5175+ 138 4789 £9.8 0.08
Male/female 21(47.73%)/23 48(65.75%)/25 0.055
T2DM history 28(63.64%) 48(65.75%) 0816
Current smoker (%) 9(20.45%) 26(35.62%) 0.083
Alcohol use (%) 14(31.82%) 31(42.47%) 0.252
Waist-to-hip ratio 0.9 £ 0.04 0.9 £ 0.05 0491
Systolic blood pressure (mmHg) 12736 £ 17.73 132.05 £ 16.73 0.154
Diastolic blood pressure (mmHg) 8259 + 943 8768 + 9.02 0.004”
Total cholesterol (mmol/L) 5.06 £ 1.01 536 £ 1.16 0.155
Triglycerides (mmol/L) 1.69 + 141 255+ 224 0.025%
High-density lipoprotein (mmol/L) 133+029 126 £ 027 0.157
Low-density lipoprotein (mmol/L) 307 £ 084 32+081 0407
Fasting plasma glucose (mmol/L) 728 +3.29 818 +37 0.186
Fasting serum insulin (mmol/L) 846 + 592 1344 + 870 00017
HOMA-IR (uIU x mol/L) 302 + 394 542 +5.19 0009~
Hemoglobin A;c (%) 694 + 232 7.54 £ 2.28 0.173
Musclin(ng/L) 80.39 + 16.35 89.49 + 19.00 0.009"

Data are presented as the mean + standard deviation or as proportions (%)
*P < 0.05 vs. controls, **P < 0.01 vs. controls

T2DM type 2 diabetes mellitus, HOMA-IR homeostasis model assessment of insulin resistance
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Table 2 Correlations of plasma musclin with anthropometric parameters

Variable Total (n =117) Lean (n = 44) Overweight/obese (n = 73)

r P r p r p
Body mass index (kg/mz) 0327 0.001** 0.142 0356 0.287 0.014*
Waist-to-hip ratio -0.077 0410 —-0.050 0.746 —-0.150 0.204
Systolic blood pressure (mmHg) -0.097 0.299 —0.080 0.607 -0.167 0.157
Diastolic blood pressure (mmHg) 0.009 0926 -0.006 0.967 -0.080 0499
Total cholesterol (mmol/L) —0.009 0924 -0.202 0.188 0.044 0.709
Triglycerides (mmol/L) 0.191 0.039* -0019 0.903 0237 0.044*
High-density lipoprotein (mmol/L) -0.282 0.002** —0.150 0331 -0.318 0.006**
Low-density lipoprotein -0.120 0.197 -0.132 0.394 -0.156 0.189
(mmol/L)
Fasting plasma glucose (mmol/L) —0.158 0.088 -0.174 0.258 0314 0.007**
Fasting serum insulin (mmol/L) 0.089 0.342 —0.199 0.194 0.147 0.215
HOMA-IR 0.13 0.164 -0.292 0.054 025 0.033*
(U x mol/L)
Hemoglobin A;c (%) 0.028 0.766 —-0.300 0.052 0.172 0.146

Correlations were determined using Spearman correlations
HOMA-IR homeostasis model assessment of insulin resistance. *P < 0.05, **P < 0.01

are shown in Table 3. In the univariate logistic regression 2, after adjusting for age, gender, SBP, LDL-C, TC, insulin
analyses, the OR and 95% CI were 1.029(1.006-1.051) and HbAlc, the OR and 95% CI were 1.032(1.006-1.059)
(P =0.011). In model 1 of the multivariate logistic regres- (P = 0.015). In model 3, after adjusting for age, gender,
sion analyses, after adjusting for age and gender, the OR  SBP, LDL-C, HDL-C, TC, TG, insulin, HbAlc and FPG,
and 95% CI were 1.027(1.005-1.051) (P = 0.017). In model  the OR and 95% CI were 1.033(1.005-1.061) (P = 0.019).
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Fig. 2 Relation between plasma musclin levels and overweight/obesity parameters. HOMA-IR: homeostasis model assessment of insulin resistance.
r = correlation coefficient *P < 0.05, **P < 0.01
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Table 3 Univariate and multivariate logistic regression analyses
of musclin predicting overweight/obese patients (n = 117)

Variable P OR 95% Cl
Univariate 0011 1029 1.006-1.051
Multivariate
Model 12 0017 1027 1.005-1.051
Model 2P 0015 1.032 1.006-1.059
Model3¢ 0019 1.033 1.005-1.061
Model4? 0.031 1.031 1.003-1.060

Odds ratios(ORs) for overweight/obesity were calculated by logistic regression
models. C/ confidence interval

?Adjusted for age and gender

® Adjusted for age, gender, systolic blood pressure, low-density lipoprotein,
total cholesterol, insulin and hemoglobin A;.

“Adjusted for age, gender, systolic blood pressure, low-density lipoprotein,
high-density lipoprotein,total cholesterol, triglycerides, insulin, hemoglobin A,
and fasting plasma glucose

d Adjusted for age, gender, systolic blood pressure, low-density lipoprotein,
high-density lipoprotein,total cholesterol, triglycerides, insulin, hemoglobin A,
fasting plasma glucose, smoking and drinking history

In model 4, after adjusting for age, gender, SBP, LDL-C,
HDL-C, TC, TG, insulin, HbAlc, FPG, smoking and
drinking history, the OR and 95% CI were 1.031(1.003-
1.060) (P = 0.031);

Insulin sensitivity was impaired in HFD rats

After 20 weeks, the body weight of the HFD rats in-
creased by 13.49% (P < 0.01), the Lee index increased by
4.88% (P < 0.01) and the fat mass/body weight (%) in-
creased by 89.32% (P < 0.01) (Table 4). The 20-weeks
HED also increased TC (by 24.79%), TG (by 27.78%) and
LDL (by 49.60%) levels(all P < 0.05) but decreased the
HDL level by 52.78% (P < 0.01) (Table 4). Insulin sensi-
tivity was impaired in HFD rats, as shown by the
HOMA-IR level,which increased by 113.45% (P < 0.01)
(Additional file 1: Table S1). Compared with the control
rats, the HFD increased serum insulin and FBG levels in

Table 4 Comparison of plasma biochemical indicators in HFD
and ND rats

Parameters ND
546.30 + 16.29

HFD
62001 + 13317

Body weight (g)

Lee index 30127 +173 31597 £226"
Fat mass/body weight (%) 412+ 029 780 + 072"
Triglyceride (mmol/L) 0.72 + 004 092 + 005
Total cholesterol (mmol/L) 242 +0.10 302 £ 019
High-density lipoprotein (mmol/L) ~ 1.08 + 0.10 051 + 003"
Low-density lipoprotein (mmol/L) 125+ 0.11 187 +022°
Fasting serum insulin(ulU/mL) 1132 + 046 200+ 177"
Fasting blood glucose(mmol/L) 546 + 0.09 751 + 028"
HOMA-IR (uIU x mol/L) 275+0.14 587 £ 067

HFD high-fat diet, HOMA-IRI homeostasis model assessment of insulin resist-
ance, ND normal diet. The data are shown as the mean + standard error of the
mean of each group; (n = 8); P < 0.05 vs ND group. P < 0.01 vs ND group
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rats by 76.68% (P < 0.01) and 37.6%(P < 0.01), respect-
ively (Table 4). The glucose response during the OGTT
in the HFD group was markedly increased by 50%
(P < 0.01), 43% (P < 0.01), 34% (P < 0.01), 28% (P < 0.05)
and 31% (P < 0.05) at the 0, 30, 60, 90, and 120 min time
points, respectively, compared with those in the ND
group (Fig. 3a). The total area under the glucose curve
was also significantly increased by 36% (P < 0.05) in the
HED group (Fig. 3b). To accurately examine IR, we mea-
sured insulin-induced 2-DG uptake in the soleus mus-
cles. In the HFD rats, 2-DG uptake (glucose transport
activity) showed a 26.3% (P < 0.05) decrease compared
with that in the ND rats (Fig. 3c).

Musclin expression and its circulating levels increased in
HFD rats

In the rat gastrocnemius muscles, the HFD increased
musclin mRNA expression by 220% (P < 0.01) (Fig. 4a) and
increased the musclin protein level by 52.8% (P < 0.05) and
67.70% (8.25 + 0.45 ng/g vs 13.84 + 2.16 ng/g,P < 0.05), as
determined by Western blot and radioimmunoassay ana-
lyses, respectively (Fig. 4b,c). Compared with the control
group, musclin immunoreactivity (musclin-ir) in plasma
was increased in HFD rats (7834 + 752 ng/L vs
119.6 + 6.71 ng/L,P < 0.01) (Fig. 4d).

Correlation between musclin content and an indicator of
insulin resistance in HFD rats

The plasma musclin-ir concentrations were positively
correlated with FBG (r = 0.79, p < 0.05), serum insulin
(r = 081, p < 0.05) and glucose uptake (r = 0.875,
p < 0.05) of skeletal muscle in HFD rats (Fig. 5 and
Additional file 1: Table S1). There was no significant cor-
relation between plasma musclin content and obese in-
dicators including weight, Lee index and fat mass/body
weight. The skeletal muscle musclin-ir displayed a posi-
tive correlation with FBG (r = 0.901, p < 0.01), serum in-
sulin (r = 0.879, p < 0.01) and glucose uptake (r = 0.777,
p < 0.05) of skeletal muscle in HFD rats (Fig. 6 and Add-
itional file 2: Table S2). There was no significant correl-
ation between skeletal muscle musclin content and
obese indicators including weight, Lee index and fat
mass/body weight.

Musclin induced IR and inhibited the protein expression
of GLUT-4 in rat skeletal muscle

To determine whether musclin impaired the glucose up-
take ability of skeletal muscle, we tested the effect of
musclin on 2-DG uptake in the soleus muscles. We ob-
served a 48.3% (P < 0.01) decrease in 2-DG uptake in
the ND group after incubation with musclin (1.5 x 10
7 mol/L) compared with the control, while there was
no significant decreasein 2-DG uptake in the HFD group
after incubation with musclin (Fig. 7a). Compared with
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Fig. 5 Correlation between plasma immunoreactive musclin concentrations and plasma biochemical indicator in HFD rats. HOMA-IR: homeostasis
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the ND rats, the HFD rats exhibited a marked decrease
in the GLUT-4 protein level (P < 0.05). The protein
expression of GLUT-4 in the soleus muscle was signifi-
cantly downregulated by 30% (P < 0.05) in the ND group
after incubation with musclin compared with the control
(Fig. 7b,c).

Musclin increased skeletal muscle endoplasmic reticulum
stress (ERS) marker levels

After 20 weeks, the HFD rats showed GRP78 and GRP9%4
protein levels in skeletal muscle that were significantly in-
creased by 136.1 and 48.6% (both P < 0.05), respectively,
compared with the ND rats. The Western blot analysis

showed thatinthe ND group, muscle incubation with
musclin increased the protein levels of GRP78 and GRP94
by 146.8 and 54% (both P < 0.05), respectively. However,
in the HED group, there were no differences in GRP78
and GRP94 protein expression after the musclin incuba-
tion (Fig. 8).

Discussion

The present study demonstrated for the first time that
plasma musclin levels were significantly higher in sub-
jects with obesity than in lean controls. In addition, the
plasma musclin concentration was positively correlated
with IR-related laboratory parameters as well as fasting
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J

glucose and HOMA-IR levels. Furthermore, the human
study results were supported by the findings of the
animal experiments, which showed that rats with obesity-
associated IR had markedly increased plasma and skeletal
muscle musclin expression. Using ex-vivo assays, we also
found that musclin impaired insulin-induced glucose up-
take and inhibited the protein expression of GLUT-4
related to the activation of ERS. This alteration of en-
dogenous musclin expression in skeletal muscle and
plasma in humans and rats with obesity-associated IR has
never been previously reported.

Obesity-induced IR is a key pathophysiological fea-
ture of T2DM; however, the specific mechanism linking

IR and obesity has not been established before. In our
study, plasma musclin levels were investigated in sub-
jects with overweight/obesity (BMI > 24 kg/m?), and we
demonstrated for the first time that musclin plasma
concentrations were significantly increased in the sub-
jects with overweight/obesity compared with the lean
subjects. Our data showed that the subjects with over-
weight/obesity had higher insulin and HOMA-IR levels,
suggesting that the subjects with overweight/obesity
had obtained IR. In addition, we found that the musclin
levels in the subjects with overweight/obesity were sig-
nificantly correlated with markers of obesity and IR,
such as BMI, HOMA-IR and FBG levels. Hence, we
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speculate that musclin may play an important role in
obesity-associated IR.

We then performed a further study in rats with obesity-
associated IR induced by a HFD. After 20 weeks, the HFD
rats exhibited dyslipidemia, as indicated by higher serum

TC and TG levels, similar to what is observed in human
obesity. IR leads to hyperinsulinemia and a decreased glu-
cose metabolism [15]. Our results also show that the
obese rats exhibited characteristics of IR, such as elevated
blood glucose levels, hyperinsulinemia and impaired

-
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Fig. 8 Effect of musclin on ERS markers in rat soleus muscles. a: Western blot analysis of the protein levels of the 78-kDa glucose-regulated
protein (GRP78) and the 94-kDa GRP%4 in soleus muscles. b: Quantitative analysis of GRP78 protein expression. ¢: Quantitative analysis of GRP94
protein expression. Values are the mean + standard error of the mean; (n = 3); *P < 0.05 vsND,**P < 0.01 vs ND
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glucose tolerance. Additionally, the glucose uptake by
skeletal muscle with IR was significantly decreased, which
is in agreement with the findings of previous reports [16].
Recent research has shown that myofibers produce and
release musclin in a fiber-type-specific manner, wherein
higher levels of musclin are found in the fast-twitch plan-
taris and white gastrocnemius muscles, especially in the
type IIb fibers [17]. In the present study, we used white
gastrocnemius rat musclesto to investigate the expression
of musclin. We found that the gene expression of musclin
was clearly upregulated in the HFD rat skeletal muscles,
and the musclin protein levels were also significantly
increased, as determined by Western blot and radio-
immunoassay analyses. Several studies have demonstrated
increased musclin levels is associated with metabolic
disorder. Nishizawa et al. reported that musclin mRNA
expression was augmented by approximately 4-fold in the
gastrocnemius muscles of obese KIKKAy mice and db/db
mice [9]. Yu et al. found musclin expression was signifi-
cantly elevated in the skeletal muscle of HFD rats [18].
Chen et al. reported increased circulating levels of musclin
in newly diagnosed T2DM patients [19]. In our study, we
demonstrated for the first time that the plasma musclin-ir
was up regulated in rats with obesity-associated IR. We
then determined the causes of the higher musclin plasma
levels in HFD rats. Compared with the ND rats, the HFD
rats showed skeletal muscle musclin mRNA expression
that was increased by 2-fold. In addition, in the HFD
group, the musclin expression in the skeletal muscles was
approximately 100-fold higher than that in the plasma.
Based on a previous report demonstrating that musclin is
exclusively expressed in skeletal muscles [9], together with
the significantly higher musclin expression in skeletal
muscles, the findings of the current study suggest that the
increased plasma musclin in rats with IR might be se-
creted predominantly by skeletal muscles.

A few investigations have addressed the mechanism
and regulation of musclin expression in the state of IR.
Our results suggested that incubating the skeletal mus-
cles of ND rats with musclin could induce IR, leading to
decreased 2-DG uptake. A recent study has shown that
the preincubation of skeletal muscles with musclin
caused decreased insulin-stimulated 2-DG uptake and
decreased Akt/PKB activation in the insulin-signaling
cascade [10]. In our study, we also found that musclin
suppresses the expression of GLUT-4 protein in ND
rats. These results suggest that musclin could exert ef-
fects on glucose homeostasis that may be mediated via
changes in the insulin sensitivity of skeletal muscle.

Notably, our study demonstrated that musclin caused
ERS in skeletal muscle. In recent years, ERS has been im-
plicated in the development of peripheral IR, obesity and
T2DM [20]. Deldicque et al. showed that a 20-weeks HFD
increased the protein and mRNA levels of factors involved
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in the unfolded protein response, such as binding protein/
GRP78, p-protein kinase R-like ER protein kinase, CHOP
and inositol-requiring enzyme 1la in skeletal muscle [21].
Gu et al. found that palmitate can induce a high expres-
sion of musclin in C2C12 myotubes, and that the PERK
signaling pathway is potentially involved in this process
[22]. In our study, we also found that ERS markers, such
as GRP78 and GRP94,were markedly increased in the
skeletal muscles of the HFD rats, which was consistent
with the findings of previous studies. Furthermore, we also
found that musclin incubation increased the protein levels
of GRP78 and GRP94.Therefore, these results demon-
strated that musclin could induce IR, at least in part,
through causing ERS in skeletal muscles.

Conclusion

In summary, we showed that HFD upregulated the ex-
pression of endogenous musclin in skeletal muscles and
plasma in obesity-associated IR. Treating skeletal muscle
with musclin induced IR and impaired the glucose me-
tabolism, at least in part, through causing ERS. Musclin
is an important myokine that participates in the develop-
ment of skeletal muscle IR and the regulation of periph-
eral glucose homeostasis in subjects with obesity and
HFD rats. Further research is warranted to investigate
the functional role of musclin in the development of
obesity-associated IR and its mechanism of regulation.
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