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Sao Paulo, Brazil, ° Department of Pathology, School of Veterinary Medicine and Animal Science, University of Sao Paulo,
Sao Paulo, Brazil

High-fat diet (HFD) feeding causes insulin resistance (IR) in skeletal muscle of mice,
which affects skeletal muscle metabolism and function. The involvement of muscle-
specific microRNAs in the evolution of skeletal muscle IR during 4, 8, and 12 weeks in
HFD-induced obese mice was investigated. After 4 weeks in HFD, mice were obese,
hyperglycemic, and hyperinsulinemic; however, their muscles were responsive to insulin
stimuli. Expressions of MyomiRs (miR-1, miR-133a, and miR-206) measured in soleus
muscles were not different from those found in control mice. After 8 weeks of HFD feeding,
glucose uptake was lower in skeletal muscle from obese mice compared to control mice,
and we observed a significant decrease in miR-1a in soleus muscle when compared to
HFD for 4 weeks. miR-1a expression continued to decay within time. After 12 weeks
of HFD, miR-133a expression was upregulated when compared to the control group.
Expression of miR-1a was negatively correlated with glycemia and positively correlated
with the constant rate of plasma glucose disappearance. Pioglitazone treatment could
not reverse decreases of miR-1a levels induced by HFD. Targets of myomiRs involved
in insulin-growth factor (IGF)-1 pathway, such as Igf-1, Irs-1, Rheb, and follistatin, were
reduced after 12 weeks in HFD and Mtor increased, when compared to the control or
HFD for 4 or 8 weeks. These findings suggest for the first time that miR-1 may be a
marker of the development of IR in skeletal muscle. Evidence was also presented that
impairment in myomiRs expression contributes to decreased myogenesis and skeletal
muscle growth reported in diabetes.

Keywords: microRNA, insulin resistance, myogenesis, high-fat diet, skeletal muscle, IGF-1, myomiRs

INTRODUCTION

An imbalance between energy intake and energy expenditure can lead to obesity, which presents
adipose tissue expansion and fat accumulation in non-adipose tissues, such as skeletal muscle,
leading to the development of insulin resistance (IR) in this tissue (1). IR is typically found in
type 2 diabetic subjects being characterized by impaired insulin action on adipocyte lipolysis,
suppression of endogenous glucose production, and skeletal muscle glucose uptake. Since skeletal
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muscle constitutes about 40% of total body weight and accounts
for about 80% of the insulin-stimulated postprandial glucose
utilization (2), this tissue is the major player in the develop-
ment of IR and type 2 diabetes (3). The treatment with insulin
sensitizer can attenuate or even prevent the progressive loss of
skeletal muscle mass and the establishment of sarcopenia in type
2 diabetic patients (4).

The myogenic regulatory factors (MRFs) that include
myogenin, Murf4, Myf5, and MyoD, and members of the
MEF2 family, essentially control skeletal muscle development
(myogenesis) process. Various extracellular stimuli and distinct
signaling pathways modulate expression of the MRFs. However,
the insulin-growth factor (IGF)-1/phosphatidylinositol 3-kinase
(PI3K)/AKT/MTOR is the main signaling pathway involved
in skeletal differentiation and growth (5). IGF-1 binds to the
IGF-1R, a tyrosine kinase receptor, and phosphorylates insulin
receptor substrates (IRS) that activate PI3K. PI3K activation
generates PIP3 that targets Akt, which mediates IGF-1 anabolic
and anti-catabolic effects due via mTOR by inactivation of Foxo3
(6-8). Therefore, the IGF-1R signaling pathway plays a central
role in muscle cell development.

MicroRNAs (miRNAs or miRs) are small, non-coding RNA
molecules of ~18-24 that control gene expression (9). miRNAs
regulate the stability and translation of conventional messenger
RNAs by base pairing with the 3’ untranslated regions of protein-
coding transcripts. Muscle-specific miRNAs, miR-1a, miR-133a,
and miR-206, are recognized as important regulators of skeletal
muscle development (10). miR-1 and miR-206 promoted differ-
entiation of myoblasts through downregulation of HDAC4 and
the p180 subunit of DNA polymerase alpha, while miR-133 pro-
moted proliferation through downregulation of serum response
factor (SRF) in C2C12 cells (11-13). Inhibition of endogenous
miR-1 and miR-206 by using antimiRs blocked the downregula-
tion of most targets in differentiating cells, thus indicating that
miRNA activity and target interaction are required for muscle
differentiation (14).

miR-133a represses IGF-1R expression and signaling pathway
during skeletal myogenesis (15), suggesting it may be a potential
therapeutic target in muscle diseases. On the other hand, IGF-1
and IGF-1R are targets for miR-1a, and a feedback loop between
miR-1 expression and IGF-1 signal transduction cascade has
been proposed in striated muscle (16). The role of IGF-1R on
insulin signaling has been demonstrated in mice overexpressing
a dominant-negative IGF-1 receptor (IGF-1R) in skeletal muscle
(MKR mice) (17). These mice showed marked IR state and
diabetes. Therefore, miRNA expression controlling IGF-1/PI3K/
AKT pathway could well be marker of decreased myogenesis in
soleus muscle of type 2 diabetic mice. The aim of this study was
then to investigate the involvement of muscle-specific miRNAs
in the evolution of skeletal muscle IR during 4, 8, and 12 weeks
in high-fat diet (HFD)-induced obese (DIO) mice. Evidence
was obtained that miR-1a may be an early-stage marker of IR
evolution in skeletal muscle. Proliferation and differentiation are
impaired in insulin resistant soleus muscles as miR-1a is consist-
ently decreased. Increased expression of miR-133a (after 12 weeks
of HFD feeding) was associated to transcriptional repression of
IGF-1R and PI3K/AKT pathway in skeletal muscle of DIO mice.

MATERIALS AND METHODS

Animals

One hundred and eleven male wild-type C57BL/6] mice
(Jackson Laboratory, Bar Harbor, ME, USA) were maintained
at 12:12-h light-dark cycle, 23 + 2°C. They received a standard
diet (Nuvilab-Nuvital Nutrients Ltd., Curitiba, Parana, Brazil)
and water ad libitum until they were 8-week-old. Experimental
Animal Ethics Committee of the Institute of Biomedical Sciences,
University of Sao Paulo, approved the experimental protocol of
this study (165/11/CEUA).

Study Design

Sixty animals from the same brooding were randomly and
equally divided into 2 groups (total of 15 per group): fed with
balanced diet (CD) (9% kcal fat, 15% kcal protein, and 76% kcal
carbohydrate) or with high-fat diet (HFD) (59% kcal fat, 15% kcal
protein, and 26% kcal carbohydrate) (18). Animals received bal-
anced (CD) or high-fat (HFD) diets for 4, 8, or 12 weeks. Next,
we evaluated the effect of pioglitazone (35 mg/kg of b.w./day) on
CD or HFD animals fed for 8 weeks. The animals were randomly
divided into three groups (n =7 per group): control diet (C), HFD
(H), or HFD + plus pioglitazone (HP). Pioglitazone (EMS’) was
mixed in the diet, and animals were treated for the last 2 weeks
of the protocol. At the end of the defined period, the animals
were fasted for 6 h and euthanized by cervical dislocation after
ketamine intraperitoneal injection (100 mg/kg b.w.) and xylazine
(50 mg/kg b.w.) for tissue harvesting. Soleus muscle was care-
fully dissected from the surrounding tissue, frozen in liquid
nitrogen, and stored at —80°C until analysis being performed.
Retroperitoneal, mesenteric, and epididymal adipose tissues were
harvested and weighed to check adiposity level, and blood was
collected for the determination of the metabolites. Body weight
was determined every week and food intake every 3 days. The
number of individual experiments was representative of at least
three different litters. The total number of animals used in each
experiment is indicated in the figure legends.

Glucose Tolerance Test

After 4-, 8-, and 12-week feeding period, mice from all groups
were fasted for 6 h and blood samples were collected from the
tail vein for determination of fasting blood glucose (5 pL) and
plasma insulin (20 pL) levels (time 0). After that, mice were given
an intraperitoneal injection of glucose (2 g/kg b. w.) and blood
samples were collected at 15, 30, 60, and 90 min afterwards.
Blood glucose levels were measured using Glucose monoreagent
Kit (Bioclin, Minas Gerais, Brazil). Insulinemia was measured by
ELISA with EZRMI-13K kit (Millipore).

Insulin Tolerance Test

The same initial procedure described above for Glucose tolerance
test (GT'T) was used. Mice received an intraperitoneal injection of
insulin (0.75 mIU/g b.w.), and blood samples were collected at 0,
10, 20, and 30 min postinjection. Glycemia was measured using
blood glucose test strips and a glucometer (Accu-Chek, Roche,
USA). Insulin sensitivity was calculated using the plasma glucose
disappearance rate (Kitt) during 10- to 30-min period (19).

Frontiers in Endocrinology | www.frontiersin.org

June 2016 | Volume 7 | Article 76


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Frias et al.

MyomiRs, Myogenesis, and Insulin Resistance

Glucose Uptake and Metabolism in

Isolated Soleus Muscle

Soleus muscles from mice fed with HFD for 4-12 weeks were
rapidly and carefully isolated and incubated as previously
described, with minor modifications (20, 21). Intact soleus
muscles were preincubated at 35°C in Krebs—Ringer bicarbonate
buffer containing 5.6 mM glucose, pH 7.4, pre-gassed for 30 min
with 95% O,/5% CO, and agitation at 120 oscillations/min for
30 min. Subsequently, the muscles were transferred to the same
buffer containing 0.3 pCi/mL p-[U-"C]glucose and 0.2 pCi/mL
2-deoxy-[2,6-*H]Dp-glucose and incubated under similar condi-
tions for 1 h in the absence or presence of 10 mIU/mL insulin.
Phenylethylamine, diluted 1:1 v/v in methanol, was added into a
separate compartment for 14CO, adsorption. After the incuba-
tion period, the muscles were briefly washed in cold buffer, dried
on filter paper, and frozen in liquid N». [14C]-Glycogen synthesis
(as estimated by p-[14C]-glucose incorporation into glycogen),
decarboxylation of p-[14C]-glucose, and 2-deoxy-p-[2,6-°H]-
glucose uptake were measured as previously described (20).

Total RNA Isolation

Total RNA was extracted from mice soleus muscle using
miRVana RNA Isolation kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Total RNA
concentration was measured using the NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Waltham, MA, USA). Purity
was determined by the 260/280 nm ratio, and the value of 2.0
indicated a high purity of our samples.

MicroRNA Expression

Relative miRNA expression was quantified by stem-loop RT-PCR
technique described by Chen et al. (22). cDNA was synthetized
from 10 ng total RNA extract according to the Tagman microRNA
Assay Protocol by Life Technologies using Tagman microRNA
Reverse Transcription kit (Thermo Scientific, Waltham, MA,
USA) together with 50 nM TagMan" MicroRNA Assays (Thermo
Scientific, Waltham, MA, USA). miRNA expression was then
performed by the Tagman Real-time PCR method using the
c¢DNA 15X diluted, 2X TagMan Universal PCR master mix, and
miRNA assays from Life Technologies: snoRNA-202 (001232),
hsa-miR-1 (002222), hsa-miR-133a (002246), and hsa-miR-206
(000510). Real-time PCR was performed using ABI Prism 7500
equipment (Thermo Scientific, Waltham, MA, USA), following
the universal protocol of amplification: 95°C for 10 min, 40 cycles
of 95°C for 15 s, and 60°C for 1 min. The expression of miRNA
relative to sno-202 (housekeeping) was determined using the
274A¢T method.

mRNA Expression

cDNA was synthetized from 500 ng total RNA extract using High
Capacity cDNA Reverse Transcription Kit (Thermo Scientific) at
25°C for 10 min, 37°C for 120 min, with a final step of 5 min at
85°C in an Veriti Thermal Cycler (Thermo Scientific, Waltham,
MA, USA). All PCR reactions was then performed using diluted
(1/10) cDNA template, forward and reverse primers (200 nM
each) and Power SYBR Green PCRMaster Mix (Thermo-Fisher).

Real-time PCR was performed using Rotor Gene 3500 (Qiagen,
Hilden Germany), following the universal protocol of amplifica-
tion: 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for
1 min. To verify the purity of the products, a dissociation curve
was performed after each run according to the manufacturer’s
instructions. For the relative gene expression quantification, also
determined by 2744¢T, 36b4 was used as reference gene, as 36b4
expression did not vary between diets or along the time. Genes
analyzed included IGF-1 (Igf-1) and Igf-1 receptor (Igf-IR),
insulin receptor substrate-1 (Irs-1), Ras homolog enriched in
brain (Rheb), mechanistic target of rapamycin (serine/threonine
kinase) (mTOR), regulatory-associated protein of mTOR complex
1 (Rptor), independent companion of mTOR complex 2 (Rictor),
myogenic differentiation 1 (Myod1I), myogenic factor 5 (Myf5),
Myostatin (Mstn), Follistatin (Fst), Follistatin-like 1 (Fst/I), and
histone deacetylase 4 (HDAC4). Primers’ sequences are shown
in Table 1.

Bioinformatic Analysis

MyomiRs target prediction was performed using DIANA-
microT-CDS algorithm v5.0 (23, 24). A score threshold of 0.7 was
set for searches of miRNA recognition elements (MRE) located
in both 3'UTR and CDS regions of mRNAs. Then, we used the
DIANA-miRPath v2.0, an online software suite dedicated to the
assessment of miRNA regulatory roles and the identification of
controlled pathways. (25).

Statistical Analysis

The results are presented as mean + SEM and were analyzed by
using one-, two-, or three-way ANOVA, followed by Bonferroni
posttest. For two- and three-way ANOVA, when there was no
interaction between the two or three factors, respectively, the
factors or the interaction between two factors were considered
separately, and the all pairwise multiple comparison test Holm-
Sidak was performed. Spearman’s or Pearson’s rank correlation
coefficient was used to find which variables were correlated.

TABLE 1 | Primers’ sequences used to quantify mRNA expression.

Gene Seq forward Seq reverse

Igf-1 GTGAGCCAAAGACACACCCA ACCTCTGATTTTCCGAGTTGC
lgf-1R CTCTGTTACCTCTCCACCAT CTTCTCACACATGGGCTTCT
Irs-1 CTCAGTCCCAACCATAACCAG GAGTGTTCATAGGCGAGATGG
Rheb  CGA TCC AAC CAT AGA GAA CAC  AAT ATT CAT CCT GCC CCG CT
Mtor ~ TGC CGC TGA GAG ATG ACAATG  GTT GTT AAT GCT GAT GAG GG
Rictor TCG GGG TTC GTG GTT CAT TA GTC CTG TTT TGT TCC ACT GC
Rptor  ACC TGT TCA CAT CCT GCC TCA  GGC CAG GGATCT TTT CTATC
Myod1 GCCCGCGCTCCAACTGCTCTGAT  CCTACGGTGGTGCGCCCTCTGC
Myfs ~ TGACGGCATGCCTGAATGT GCTGGACAAGCAATCCAAGC
Fst AAAACCTACCGCAACGAATG GGTCTGATCCACCACACAAG
Fstlt  AATGGCAAGACCTACCTCAACC GTGCCCATCATAATCAACCTGG
Mstn  GCAAAATTGGCTCAAACAGCC AGGGATTCAGCCCATCTTCTC
Hdac4 TGAGAGTGAGGAGGAAGAAGCG CAAATGACACAGGGATGCCAG

lgf-1, insulin-like growth factor 1, Igf-1R, insulin-like growth factor 1 receptor; Irs-1,
insulin receptor substrate-1; Rheb, Ras homolog enriched in brain; Mtor, mechanistic
target of rapamycin (serine/threonine kinase); Rptor, regqulatory-associated protein

of mTOR complex 1; Rictor, independent companion of MTOR complex 2; Myod1,
myogenic differentiation; Myf5, myogenic factor 5; Fst, follistatin; Fstl1, follistatin-like 1;
Mstn, myostatin; Hdac4, histone deacetylase 4.
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Then, a multivariate linear regression analysis was used to evalu-
ate which variables could independently predict increments in
glycemia. Variables that presented multicollinearity among the
independent variables were excluded. Statistical tests were per-
formed using the Sigma Stat version 3.5. Level of significance was
set to p < 0.05.

RESULTS

Body Weight Gain, Weight of Adipose
Depots, and Glucose and Insulin Tolerance
Tests

Mice fed with HFD showed augment of body weight gain, weights
of adipose depots, fasting insulin levels, HOMA-IR, constant of
glucose disapearance (Kitt), the area under the curve (AUC)
of GTT, and so IR and glucose intolerance conditions were
established already after 4 weeks (Table 2; Figures 1A,B). As
expected, a prolonged time on HFD worsened the obesity and
IR. Interestingly, after 8 and 12 weeks of HFD, gastrocnemius
muscle weight was lower than that of CD mice (Table 2). We also
noted a progressive increase in liver weight with time, which was
a result of ectopic triglyceride (TG) accumulation as indicated by
measurement of steatosis score, calculated after histopathological
examination, and TG content (Table 2).

Glucose metabolism and insulin responsiveness were
investigated in soleus muscle that is rich in oxidative (I and
Ila type) fibers (26) (Figures 1C-L). Insulin stimulated 2-DG
uptake (Figure 1E), glycogen synthesis (Figure 1H), and glucose
oxidation (Figure 1L) in soleus muscle of mice. Mice fed with

HFD presented lowered 2-DG uptake (Figure 1E) and glycogen
synthesis (Figure 1H) induced by insulin and glycogen oxida-
tion (Figure 1J). After 8 weeks of HFD, soleus muscle presented
significant decrease in glucose uptake (Figure 1D) compared to
control-fed mice. After 12 weeks of feeding CD or HED (20 weeks
of age), soleus muscles were not responsive to insulin stimulus
for glycogen synthesis anymore, and 20-week-old animals were
less responsive to insulin-stimulated glycogen synthesis than
12-week-old or 16-week-old animals (fed for 4 or 8 weeks with
CD or HFD, respectively) (Figure 1G). As well as this, soleus
muscles from 20-week-old mice presented lower glucose oxida-
tion, independently of the diet received (12 weeks of CD or HFD)
(Figure 1K).

miRNAs Expression in the Soleus Muscle
of Mice Fed HFD for 4, 8, or 12 Weeks

Two-way ANOVA revealed an interaction of period of time stud-
ied and diet only in miR-133a expression (Figure 2A). Different
from control mice, animals on HFD showed an increase by
twofold of miR-133a expression in soleus muscles after 12 weeks
(Figure 2A). miR-1a expression was different along the time (4
vs. 8 or 12 weeks) and between control and HFD (Figures 2B-D),
and miR-206 expression was different along the time (4 vs. 8 or
12 weeks, and 8 vs. 12 weeks, p < 0.05) (Figures 2E,F).

Expression of mRNAs in Soleus Muscle of
Mice fed HFD for 4, 8, and 12 Weeks

Due to the fact that myomiRs are strongly associated to myogene-
sis and myomiR targets are involved in IGF-1/PI3K/AKT/MTOR

TABLE 2 | Adipose tissue weight, glucose, and insulin tolerance tests in mice fed either control or high-fat diets for 4, 8, or 12 weeks.

Measurements 4 weeks 8 weeks 12 weeks Time Time Diet
and diet

CD (15) HFD (14) CD (12) HFD (15) CD (13) HFD (15) p* ) P
Initial body weight (g) 215+1.5 223+1.5 22.3+0.13 22.0+1.2 228+1.7 223+2.0 >0.05 >0.05 >0.05
Final body weight (g) 228+1.2 27.2 + 2.3° 236 +1.2 32.1 + 3.2% 241 +16 36.1 + 4.7° <0.05 - -
Body weight gain (inai-iniita) (9) 1.3+0.9 4.9 + 2.0° 13+1.2 10.2 + 3.112 0.73+1.83 14.0 + 3.3%° <0.05 - -
Retroperitoneal fat pad (g) 0.11 £0.02 0.30 + 0.10* 0.13+0.04 0.55 + 0.16°° 0.13+0.08 0.60 + 0.14® <0.05 - -
Epidydimal fat pad (g) 0.37+0.04 0.71 £0.25* 0.39 +0.08 1.31 + 0.33% 0.38 + 0.09 1.67 + 0.412b <0.05 - -
Mesenteric fat pad (g) 0.30 + 0.08 0.44 + 0.12 0.25 +0.11 0.45 + 0.13 0.21 +£0.10 0.48 + 0.15 >0.05 >0.05 <0.05
Gastrocnemius weight (mg) 127 £ 10 144 + 13 139+ 12 150 + 13 141 + 13 156 + 12 >0.05 <0.05 <0.05
Relative gastrocnemius 5.6+ 0.4 5.4+ 0.4 59+05 4.7 + 0.3 59+06 4.3 + 0.5%° <0.05 - -
weight (mg/b.w.)
Liver weight (g) 092+ 0.14  0.87 +0.09 0.92 + 0.09 1.01 + 0.12° 0.91 +0.08 1.08 + 0.18% <0.05 - -
Liver TG content (g) 1.01+058 0.73+0.16 1.05+0.84 1.82+1.15 4.97 + 2.38  7.36 + 3.57 >0.05 <0.05 >0.05
Steatosis score (0-3) 0(0-1) 0(0-1) 0 (0-1) 1(0-1)2 0(0-1) 1 (0-2)= <0.05 - -
Fasting glycemia (mg/dL) 136 + 24 177 + 31 144 +9 188 + 31 126 + 20 168 + 26 >0.05 >0.05 <0.05
Fasting insulin levels (ng/ 0.41+0.09 0.99 + 0.48 0.30 + 0.09 1.24 + 0.64 0.69 + 0.54 1.83 + 1.03 >0.05 <0.05 <0.05
mL)
Kitt (%/min) 5.3 +0.51 4.26 + 0.71 4.99 + 0.66  3.38 + 0.98 4.66 + 0.88 2.84 + 0.74 >0.05 <0.05 <0.05
HOMA-IR 29+16 7.7+ 35 1.7+09 10.8 + 6.4 2417 16.0 + 13.1 >0.05 >0.05 <0.05
HOMA-B 50.3 +£18.7 58.5 +£28.7 283+ 11.8 87.6 + 41.4* 44.6 +24.0 122.7 + 35.12¢ <0.05 - -
AUC GTT 15532 + 3078 24518 + 4765 16770 + 2651 28764 + 4920 15616 + 2429 26538 + 6829 >0.05 >0.05 <0.05

AUC GTT, area under curve of glucose tolerance test; Kitt, constant for glycemia decay obtained from insulin tolerance test; HOMA, homeostasis model assessment; IR, insulin
resistance; B, beta pancreatic cells. Data are expressed as mean + SD, except for steatosis score, which is presented as medians with range (0: <5%; 1: 5-33%; 2: 33-66%, 3:
>66% of hepatocytes with lipids). In bold, significant values of time or diet. In parenthesis, the total number of mice studied.

*p for interaction of time and diet as indicated by two-way ANOVA.

abcp < 0.05 as indicated by Bonferroni posttest vs. control diet?; 4 weeks of HFD?; and 8 weeks of HFL".
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FIGURE 1 | Insulin sensitivity and glucose tolerance in control- or HFD-fed C57BL/6J mice. (A) Glycemic curves obtained from GTT after injection of
glucose (2 g/kg/b.w.); (B) glycemic curves obtained from ITT after injection of insulin (0.75 miU/g b.w.); (C,Fl) glucose metabolism in soleus muscle of control- and
HFD-fed animals after stimulation (+) or not (—) with insulin 10 miU/mL after 4-, 8-, and 12-week feeding period. (C-E): glucose uptake average for each group in
the absence/presence of insulin (C), interaction between insulin and diet (D), and interaction between time and diet (E). (F-H): glycogen synthesis average for each
group in the absence or presence of insulin (F), interaction between insulin and time (G), and interaction between insulin and diet (H). (I-L): glucose oxidation
average for each group in the presence and absence of insulin (I) and effect of diet (J), time (K), and insulin (L) separately on glucose oxidation. a,b and *p < 0.05
as indicated by three-way ANOVA followed by all pairwise multiple comparison test Holm-Sidak for interaction between two factors or effect of just one factor. (a,b)
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pathway, we postulated that decreases in miR-1a and increases in
miR-133a levels could be associated with decreased myogenesis
in skeletal muscles of insulin-resistant mice. Interaction between
period of time studied and diet was found in mRNA expression
of Igf-1, Irs-1, Rheb, mTOR, and Rictor (Mtorc2). HFD-fed mice
showed a significant reduction on expression of Igf-1, Igf-1R,
and Rheb after 12 weeks when compared to the paired control
group (Figure 3A). This pattern of expression is consistent with
an increase of miR-133a levels (Figure 2A), which has Igf-1R as
target (15). Irs-1 level was significantly lowered in soleus muscles
in 8-week HFD-fed animals as compared with paired control
and 4-week HFD mice. mTOR level was upregulated in soleus
muscles of 12-week-fed HFD mice, which is consistent with
Rheb inhibition. Mtorcl (Rptor) was higher expressed in soleus
muscle of HFD animals (CD: 1.2 + 0.09 vs. HFD: 1.5 + 0.12,
p < 0.05), but it was not different from control after 12 weeks

of HFD. This is in agreement with Mtorcl upregulation in
obesity (27). Levels of Rictor (mTorc2) increased only at 8 weeks
of HFD when compared to control, and then is reduced after
12 weeks of HFD (Figure 3A). Mtorc2 phosphorylates AKT at
residue Ser-473, activating it, and reduction in Rictor expression
inhibits AKT (28). These results suggest IGF-1 anabolic effect is
reduced in 12-week HFD mice. In order to confirm a decreased
myogenesis in soleus muscle, we have measured some myogenic
response factors. Fst, Mstn, and Hdac4 expression showed an
interaction between time and diet. Myostatin (Mstn) was lowered
in 4-week HFD-fed animals as compared to the control group.
Concurrently, its inhibitor Follistatin (Fst) was upregulated in
soleus muscles of mice fed HFD for 4 weeks (Figure 3B). Hdac4,
a transcription repressor, and target of miR-1 and miR-206, was
increased in soleus muscle of mice in HFD for 12 weeks com-
pared to control and with 4 and 8 weeks of HFD (Figure 3B).
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and control diet (CD)-fed mice. Total RNA was extracted from soleus muscle of HFD- and CD-fed mice, and 10 ng was used for stem-loop reverse transcription.
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Expressions of Myf5 was significantly reduced by HFD feeding
(CD: 0.69 + 0.08 vs. HFD: 0.39 + 0.05, p < 0.05) and by the
time (4 weeks: 0.81 + 0.11 vs. 12 weeks: 0.41 + 0.06, p < 0.05),
independently. These observations are in agreement with the
loss of skeletal muscle mass observed in sarcopenia, which is
accelerated by diabetes. Interestingly, relative to body weight, a
progressive loss of skeletal muscle was observed in HFD mice,
especially at 8- and 12-weeks times, which was not observed in
control (Table 2).

Lower Expression of miR-1 is Correlated
with Insulin Resistance in DIO Mice but Is

Not Restored by Pioglitazone Treatment

A significant positive correlation between miR-1 and miR-206
expression was found in all individuals (r = 0.70, p < 0.05).
A negative correlation between miR-1 and fasting glycemia
(r = —0.43, p < 0.05) and body weight (r = —0.48, p < 0.05)
and a positive correlation between miR-1 and Kitt (r = 0.41,
p < 0.05) were also found (Figure 4). This correlation was
not observed on miR-206 levels (data not shown). When we
separated control from obese, we found a strong positive cor-
relation between plasma insulin concentration and miR-1 levels

(r =0.82, p < 0.05) and miR-1 expression and mTOR mRNA
levels (r = 0.51, p < 0.05) in soleus muscles of control diet-
fed mice. Interestingly, in C2C12 differentiating cells, Mtor is
important for upregulation of MyoD, which in turn upregulates
miR-1 (29). Mtor and miR-1 correlation was lost, but Kitt and
Fst mRNA levels were positively correlated and body weight and
Myod mRNA levels negatively correlated with miR-1 levels in
soleus muscles (Figure 4).

Finally, we performed a multiple linear regression analysis,
to understand which variables were independently associated
to glycemia in our DIO model. As this model is very sensi-
tive to body weight, this variable was used as an independent
variable. Body weight was correlated with glycemia, liver weight,
Steatosis score, Rheb and Igf-1 expression, and gastrocnemius
weight (data not shown). Other variables used in the model
were miR-1a (correlated to glycemia) and miR-206 (correlated
to miR-1a levels), and miR-133a, Rheb, Igf-1, Mtor, and Mstn
mRNAs expression, and gastrocnemius weight, because they
were significantly associated to IR progression. The model with
an adjusted R’ = 0.734 resulted in the following variables appear-
ing to account for the ability to predict glycemia (p < 0.05): body
weight, gastrocnemius weight, Mtor, Rheb, Mstn, miR-1a, and
miR-206 expression.
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To evaluate if treatment with an insulin sensitizer, such as
pioglitazone, could restore muscle-specific miRNAs, we treated
DIO mice with pioglitazone 35 mg/kg/day. Pioglitazone treat-
ment of HFD for 15 days partially restored insulin sensitivity as
measured by the Kitt (C: 6.3 + 0.7%/min vs. H: 2.7 + 0.3%/min vs.
HP: 4.8 + 0.6%/min, p < 0.05). Regardless of improving insulin
sensitivity, pioglitazone could not restore miR-1a, miR-133a, or
miR-206 levels in soleus muscles (Figure 5).

DISCUSSION

Muscle-specific miRNAs (e.g., miR-1a, miR-133a, and miR-206)
have been reported to play critical role in myogenesis. MyomiRs
have been shown to target IGF-1 signaling pathway, which is
associated with insulin response in skeletal myocytes. Evidence
is presented herein that miRNAs may be markers of the evolution
of insulin resistance in soleus muscle.

Glucose intolerance and IR in mice exposed to an HFD devel-
ops within 3 days on an HFD but does not worsen significantly,
even after 12 weeks on an HFD (30). Regardless of hyperinsuline-
mia, IR, and glucose intolerance observed in 4 weeks of HED, the
onset of IR in skeletal muscle of DIO mice was observed only after
8 weeks with impact on skeletal muscle mass loss. In line with
unaltered glucose metabolism in soleus muscles after 4 weeks in
HFD, a recent work has shown the maintenance of muscle insulin
sensitivity in mice fed with HFD for 3 weeks (31). After 5 weeks in
HFD, an impaired insulin-mediated glucose uptake was observed
in DIO mice (32).

Mattson’s group (33) showed that control laboratory mice
are sedentary, glucose intolerant, and obese as compared to wild
mice. Researchers have shown reducing daily food intake or
providing exercise training results in increased plasma adiponec-
tin and reduced insulin levels (34) and increases whole body
insulin sensitivity mainly related to raised skeletal muscle glucose
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oxidation (35) in ad libitum fed and sedentary rodents. Thus,
rodents housed under standard laboratory conditions are rela-
tively insulin resistant (33), as observed herein after the 12-week
period. Corroborating with these results, using a mice-to-human
age map (36), for non-insulin dependent diabetes mellitus, the
mouse age of 140 days (20-week-old) would be mapped to the
55-year-old in humans (r* = 0.647); a high risk age for type 2
diabetes mellitus (37, 38).

Impaired insulin action or release impacts negatively on
skeletal muscle health as this tissue is the largest body site for
glucose consumption. Diabetic myopathy, characterized by
reduced physical capacity, strength, and skeletal muscle mass is a
common complication of diabetes. Our data show a reduction in
skeletal muscle mass, specifically gastrocnemius muscle, exactly
at the same time IR in skeletal muscle is established. A recent
work on skeletal muscle regeneration demonstrated a delayed
muscle repair process in DIO mice and an impaired activation of
muscle satellite cells (39), which might contribute to sarcopenia
related to type 2 diabetes.

There is cumulative evidence that miRNAs are associated with
the development of diabetic complications (40). We evaluated the
evolution of the expression of miR-1a, miR-133, and miR-206 in
mice fed a HFD for 4, 8, or 12 weeks. A reduction in miR-1a
expression in soleus of HFD-fed animals was observed, and,
particularly, miR-133a was upregulated after 12 weeks of HFD
compared to control mice. Interestingly, miR-1la expression,
together with other variables, appears to account for fasting
glycemia increments. Others have also shown a role of myomiRs
in IR. Downregulation of miR-1, miR-206, and miR-133 levels
has been reported in white adipocytes (41) and in gastrocnemius

muscle (42) of DIO mice and in vastus lateralis (43) and plasma
(44, 45) of type 2 diabetic patients.

Treatment with pioglitazone did not restore miRNAs expres-
sion in soleus muscle of HFD mice, despite the fact it increased
insulin sensitivity. Not surprisingly, treatment with pioglitazone
did not restore microRNAs expression in soleus muscle of HFD
mice, despite the fact it increased insulin sensitivity. Agonists of
peroxisome proliferator-activated receptor y (PPARY), such as
pioglitazone, has shown to significantly inhibit myotube forma-
tion of C2C12 myoblasts, whereas GW9662, a PPARy antagonist,
increased the number and length of myotubes (46). In addition,
the in vitro ectopic expression of PPARy in C2C12 cells induced
their transdifferentiation into adipocytes (47). This may be the
reason pioglitazone (3 mg/kg) treatment of rats for 8 weeks
induced fat accumulation in oxidative and glycolytic skeletal
muscles (48).

miR-1a, miR-133a, and miR-206 are specifically induced
during myogenesis (49) and myogenic transcription factors,
such as MyoD, Myf5, Myog, and Mef2, mediate upregulation of
these miRNAs (49-51). Alternatively, miRNAs repress proteins
important for muscle differentiation such as HDAC4, a negative
regulator of myogenesis, myostatin, and follistatin-like 1 (52, 53).
Consistent with miR-1a reduction, soleus muscle from HFD-fed
mice showed lower expression of Myf5, a transcription factor
essential for miR-1a upregulation compared to control-fed mice
(51). Zhou et al. (54) also found lower expression of f3-catenin-
related genes, Myf5, MyoD, and Irs-1, in skeletal muscle of DIO
rats when compared with rats fed with a HFD that remained lean
(obesity-resistant). The authors of this study postulated a cross
talk between Wnt/p-catenin, and insulin sensitivity markers exists
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in skeletal muscle of obese rats. We also observed an increase of
Hdac4 and a decrease in follistatin (Fst) from 4 to 12 weeks of
HEFD, but only after 12 weeks of HFD feeding, Hdac4 was different
from control mice. Follistatin controls skeletal muscle develop-
ment through antagonizing the myogenic inhibitor myostatin
(55), and Sun et al. (29) have shown miR-1 suppresses HDAC4
and subsequently upregulates the production of follistatin, stimu-
lating skeletal myocyte fusion in vitro and in vivo.

Among putative miR-1a, miR-206, and miR-133a targets, IGF-
1,IGF-1R,and FSTL1 were already validated (15, 16, 52). Feedback
circuits in which miR-1a and miR-133a control the level of IGF-1,
that in turn regulates miR-1a and miR-133a, have been described
during skeletal muscle development (15, 16). IGF-1 mRNA and
IGF-1 signaling via Igf-1R were impaired in soleus muscle of
12 weeks HFD-fed mice compared to that from control mice at
the same time miR-133a expression was upregulated; suggesting
miR-133a is mainly involved with IGF-1/IGF-1R/PI3K/AKT/
Mtor signaling pathway. Ectopically overexpression of miR-133
in C2C12 cells reduces IGF-1-stimulated phosphorylation of Akt
at Serine-473, the Akt activation site (15), which mediates IGF-1
anabolic and anti-catabolic effects due via mTOR by inactivation
of Foxo3. A significant reduction in PI3K activity, an upstream
target that activates AK'T, was observed in skeletal muscle of obese
mice, which was associated to decreased myofiber growth and col-
lagen deposition (56). In addition, Brown et al. (57) have shown
diet-induced obesity reduced Igf-1 and Igf-1 signaling in skeletal
muscle of mice before and after 28 days post-injury with bupiv-
acaine injection, impairing skeletal muscle regenerative response.
Therefore, our data suggest increased miR-133a expression may
be responsible for impaired induction of protein synthesis signal-
ing in obese mice. miRNA miR-1a did not present a time and diet
interaction effect; however, miR-1a expression is lower in HFD
mice compared to control and is reduced over the time. Therefore,

REFERENCES

1. Abdul-Ghani MA, Defronzo RA. Pathogenesis of insulin resistance in skeletal
muscle. ] Biomed Biotechnol (2010) 2010:476279. doi:10.1155/2010/476279

2. Olefsky JM, Nolan JJ. Insulin resistance and non-insulin-dependent dia-
betes mellitus: cellular and molecular mechanisms. Am J Clin Nutr (1995)
61:980S-6S.

3. DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary
defect in type 2 diabetes. Diabetes Care (2009) 32(Suppl 2):S157-63.
doi:10.2337/dc09-S302

4. Umegaki H. Sarcopenia and diabetes: hyperglycemia is a risk factor for
age-associated muscle mass and functional reduction. ] Diabetes Investig
(2015) 6:623-4. doi:10.1111/jdi.12365

5. Zanou N, Gailly P. Skeletal muscle hypertrophy and regeneration: interplay
between the myogenic regulatory factors (MRFs) and insulin-like growth
factors (IGFs) pathways. Cell Mol Life Sci (2013) 70:4117-30. doi:10.1007/
s00018-013-1330-4

6. Rommel C, Bodine SC, Clarke BA, Rossman R, Nunez L, Stitt TN, et al.
Mediation of IGF-1-induced skeletal myotube hypertrophy by PI(3)K/Akt/
mTOR and PI(3)K/Akt/GSK3 pathways. Nat Cell Biol (2001) 3:1009-13.
do0i:10.1038/ncb1101-1009

7. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A, et al. Foxo
transcription factors induce the atrophy-related ubiquitin ligase atrogin-1
and cause skeletal muscle atrophy. Cell (2004) 117:399-412. doi:10.1016/
$0092-8674(04)00400-3

probably, miR-1a contributes for reduced myogenesis in HFD
animals. As well as this, miR-1a was correlated to glycemia.

In conclusion, as summarized in Figure 6, we provided for
the first time data indicating decreased myogenesis in oxidative
skeletal muscle of insulin-resistant mice due to dysregulation in
expression of myomiRs, mainly miR-1a and miR-133a. Type 2
diabetes negatively affects skeletal muscle function and mass,
which may be a result of increased miR-133a expression together
with low Igf-1 in skeletal muscle. While miR-1a may be used as
a biomarker for the manifestation and progression of diabetes,
and lately glycemic control, it has been found dysregulated in
plasma of diabetic subjects (44, 45). Therefore, miR-1a may be
a candidate for an early marker for increments on glycemia and
miR-133a for skeletal muscle wasting in diabetic subjects.

AUTHOR CONTRIBUTIONS

Conceived and designed the research: AR. Acquired, analyzed,
or interpreted data: FE, MM, AG, AR, and BC. Wrote the manu-
script: FE RC, and AR.

ACKNOWLEDGMENTS

FF and MM were recipients of Funda¢io de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP-2013/19787-0 and 2014/22046-
5) Scholarships. RC is a research fellow of the Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq).

FUNDING

This publication was made possible by Young Investigators
Grants from FAPESP (Processo FAPESP: 2011/05876-6) and
CNPq (Processo CNPq: 471085/2013-8) to AR.

8. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, et al.
Akt/mTOR pathway is a crucial regulator of skeletal muscle hypertrophy and
can prevent muscle atrophy in vivo. Nat Cell Biol (2001) 3:1014-9. doi:10.1038/
ncb1101-1014

9. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function.

Cell (2004) 116:281-97. d0i:10.1016/S0092-8674(04)00045-5

Townley-Tilson WHD, Callis TE, Wang D. MicroRNAs 1, 133, and 206: criti-

cal factors of skeletal and cardiac muscle development, function, and disease.

Int ] Biochem Cell Biol (2010) 42:1252-5. doi:10.1016/j.biocel.2009.03.002

Chen JE, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond SM, et al. The

role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and

differentiation. Nat Genet (2006) 38:228-33. doi:10.1038/ng1725

Hak KK, Yong SL, Sivaprasad U, Malhotra A, Dutta A. Muscle-specific

microRNA miR-206 promotes muscle differentiation. J Cell Biol (2006)

174:677-87. doi:10.1083/jcb.200603008

ChenJ, Tao Y, Li], Deng Z, Yan Z, Xiao X, et al. microRNA-1 and microRNA-

206 regulate skeletal muscle satellite cell proliferation and differentiation by

repressing Pax7. J Cell Biol (2010) 190:867-79. doi:10.1083/jcb.200911036

Goljanek-Whysall K, Pais H, Rathjen T, Sweetman D, Dalmay T,

Munsterberg A. Regulation of multiple target genes by miR-1 and miR-206

is pivotal for C2C12 myoblast differentiation. J Cell Sci (2012) 125:3590-600.

doi:10.1242/jcs. 101758

Huang M, Xu H, Xie S, Zhou H, Qu L. Insulin-like growth factor-1 receptor

is regulated by microRNA-133 during skeletal myogenesis. PLoS One (2011)

6(12):€29173. doi:10.1371/journal.pone.0029173

10.

11.

12.

13.

14.

15.

Frontiers in Endocrinology | www.frontiersin.org

June 2016 | Volume 7 | Article 76


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
http://dx.doi.org/10.1155/2010/476279
http://dx.doi.org/10.2337/dc09-S302
http://dx.doi.org/10.1111/jdi.12365
http://dx.doi.org/10.1007/s00018-013-1330-4
http://dx.doi.org/10.1007/s00018-013-1330-4
http://dx.doi.org/10.1038/ncb1101-1009
http://dx.doi.org/10.1016/S0092-8674(04)00400-3
http://dx.doi.org/10.1016/S0092-8674(04)00400-3
http://dx.doi.org/10.1038/ncb1101-1014
http://dx.doi.org/10.1038/ncb1101-1014
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1016/j.biocel.2009.03.002
http://dx.doi.org/10.1038/ng1725
http://dx.doi.org/10.1083/jcb.200603008
http://dx.doi.org/10.1083/jcb.200911036
http://dx.doi.org/10.1242/jcs.101758
http://dx.doi.org/10.1371/journal.pone.0029173

Frias et al.

MyomiRs, Myogenesis, and Insulin Resistance

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Elia L, Contu R, Quintavalle M, Varrone F, Chimenti C, Russo MA, et al.
Reciprocal regulation of MicroRNA-1 and insulin-like growth factor-1
signal transduction cascade in pathological conditions. Circulation (2009)
120(23):2377-85. doi:10.1161/CIRCULATIONAHA.109.879429

Ferndndez AM, Kim JK, Yakar S, Dupont ], Hernandez-Sanchez C, Castle AL,
et al. Functional inactivation of the IGF-I and insulin receptors in skeletal
muscle causes type 2 diabetes. Genes Dev (2001) 15:1926-34. doi:10.1101/
ad.908001

Ropelle ER, Pauli JR, Prada PO, de Souza CT, Picardi PK, Faria MC, et al.
Reversal of diet-induced insulin resistance with a single bout of exercise in
the rat: the role of PTP1B and IRS-1 serine phosphorylation. J Physiol (2006)
577:997-1007. doi:10.1113/jphysiol.2006.120006

Bonora E, Moghetti P, Zancanaro C, Cigolini M, Querena M, Cacciatori V,
et al. Estimates of in vivo insulin action in man: comparison of insulin toler-
ance tests with euglycemic and hyperglycemic glucose clamp studies. J Clin
Endocrinol Metab (1989) 68:374-8. doi:10.1210/jcem-68-2-374

Cuendet GS, Loten EG, Jeanrenaud B, Renold AE. Decreased basal,
noninsulin-stimulated glucose uptake and metabolism by skeletal soleus
muscle isolated from obese-hyperglycemic (ob/ob) mice. J Clin Invest (1976)
58:1078-88. doi:10.1172/JCI108559

Cretaz M, Prentki M, Zaninetti D, Jeanrenaud B. Insulin resistance in soleus
muscle from obese Zucker rats. Biochem ] (1980) 186:525-34.

Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen J T, et al. Real-time
quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res (2005)
33(20):e179. doi:10.1093/nar/gnil78

Paraskevopoulou MD, Georgakilas G, Kostoulas N, Vlachos IS, Vergoulis T,
Reczko M, et al. DIANA-microT web server v5.0: service integration into
miRNA functional analysis workflows. Nucleic Acids Res (2013) 41:169-73.
doi:10.1093/nar/gkt393

Reczko M, Maragkakis M, Alexiou P, Grosse I, Hatzigeorgiou AG. Functional
microRNA targets in protein coding sequences. Bioinformatics (2012)
28:771-6. doi:10.1093/bioinformatics/bts043

Vlachos IS, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M, Maragkakis M,
et al. DIANA miRPath v.2.0: investigating the combinatorial effect of
microRNAs in pathways. Nucleic Acids Res (2012) 40:W498-504. d0i:10.1093/
nar/gks494

Augusto V, Padovani CR, Eduardo G, Campos R. Skeletal muscle fiber types
in C57Bl6] mice. Braz ] Morphol Sci (2004) 21:89-94.

Khamzina L, Veilleux A, Bergeron S, Marette A. Increased activation of the
mammalian target of rapamycin pathway in liver and skeletal muscle of obese
rats: possible involvement in obesity-linked insulin resistance. Endocrinology
(2005) 146:1473-81. doi:10.1210/en.2004-0921

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and regu-
lation of Akt/PKB by the rictor-mTOR complex. Science (2005) 307:1098-101.
doi:10.1126/science.1106148

Sun Y, Ge Y, Drnevich J, Zhao Y, Band M, Chen J. Mammalian target of
rapamycin regulates miRNA-1 and follistatin in skeletal myogenesis. J Cell
Biol (2010) 189:1157-69. doi:10.1083/jcb.200912093

Turner N, Kowalski GM, Leslie S, Risis S, Yang C, Lee-Young RS, et al.
Distinct patterns of tissue-specific lipid accumulation during the induction of
insulin resistance in mice by high-fat feeding. Diabetologia (2013) 56:1638-48.
doi:10.1007/s00125-013-2913-1

Trajcevski KE, O'Neill HM, Wang DC, Thomas MM, Al-Sajee D, Steinberg
GR, et al. Enhanced lipid oxidation and maintenance of muscle insulin sensi-
tivity despite glucose intolerance in a diet-induced obesity mouse model. PLoS
One (2013) 8(8):e71747. doi:10.1371/journal.pone.0071747

Boudina S, Sena S, Sloan C, Tebbi A, Han YH, O’'Neill BT, et al. Early
mitochondrial adaptations in skeletal muscle to diet-induced obesity are
strain dependent and determine oxidative stress and energy expenditure
but not insulin sensitivity. Endocrinology (2012) 153:2677-88. doi:10.1210/
en.2011-2147

Martin B, Ji S, Maudsley S, Mattson MP, Poor L. “ Control ” laboratory rodents
are metabolically morbid: why it matters. Proc Natl Acad Sci U S A (2010)
107:6127-33. doi:10.1073/pnas.0912955107

Martin B, Pearson M, Kebejian L, Golden E, Keselman A, Carlson O, et al.
Sex-Dependent metabolic, neuroendocrine, and cognitive responses to
dietary energy restriction and excess. Endocrinology (2007) 148:4318-33.
doi:10.1210/en.2007-0161

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

James DE, Kraegen EW, Chisholm DJ. Effects of exercise training on in vivo
insulin action in individual tissues of the rat. J Clin Invest (1985) 76:657-66.
doi:10.1172/JCI112019

Geifman N, Rubin E. The mouse age phenome knowledgebase and
disease-specific inter-species age mapping. PLoS One (2013) 8:e81114.
doi:10.1371/journal.pone.0081114

Sharma M, Nazareth I, Petersen I. Trends in incidence, prevalence and
prescribing in type 2 diabetes mellitus between 2000 and 2013 in primary
care: a retrospective cohort study. BMJ Open (2016) 6:¢010210. doi:10.1136/
bmjopen-2015-010210

Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of diabetes:
estimates for the year 2000 and projections for 2030. Diabetes Care (2004)
27:1047-53. doi:10.2337/diacare.27.5.1047

D’Souza DM, Al-Sajee D, Hawke TJ. Diabetic myopathy: impact of diabetes
mellitus on skeletal muscle progenitor cells. Front Physiol (2013) 4:379.
doi:10.3389/fphys.2013.00379

McClelland AD, Kantharidis P. microRNA in the development of
diabetic complications. Clin Sci (Lond) (2014) 126:95-110. doi:10.1042/
CS$20130079

Chartoumpekis DV, Zaravinos A, Ziros PG, Iskrenova RP, Psyrogiannis Al,
Kyriazopoulou VE, et al. Differential expression of microRNAs in adipose
tissue after long-term high-fat diet-induced obesity in mice. PLoS One (2012)
7:¢34872. doi:10.1371/journal.pone.0034872

Chen GQ, Lian W], Wang GM, Wang S, Yang YQ, Zhao ZW. Altered
microRNA expression in skeletal muscle results from high-fat diet-induced
insulin resistance in mice. Mol Med Rep (2012) 5:1362-8. doi:10.3892/
mmr.2012.824

Gallagher IJ, Scheele C, Keller P, Nielsen AR, Remenyi J, Fischer CP, et al.
Integration of microRNA changes in vivo identifies novel molecular features
of muscle insulin resistance in type 2 diabetes. Genome Med (2010) 2:9.
doi:10.1186/gm130

Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, et al.
Plasma microRNA profiling reveals loss of endothelial miR-126 and other
microRNAs in type 2 diabetes. Circ Res (2010) 107:810-7. doi:10.1161/
CIRCRESAHA.110.226357

Santovito D, De Nardis V, Marcantonio P, Mandolini C, Paganelli C,
Vitale E, et al. Plasma exosome MicroRNA profiling unravels a new
potential modulator of adiponectin pathway in diabetes: effect of glyce-
mic control. ] Clin Endocrinol Metab (2014) 99:E1681-5. doi:10.1210/
jc.2013-3843

Chang YJ, Chen Y], Huang CW, Fan SC, Huang BM, Chang WT, et al. Cyclic
stretch facilitates myogenesis in C2C12 myoblasts and rescues thiazolidine-
dione-inhibited myotube formation. Front Bioeng Biotechnol (2016) 4:27.
doi:10.3389/fbioe.2016.00027

Hu E, Tontonoz P, Spiegelman BM. Transdifferentiation of myoblasts by the
adipogenic transcription factors PPAR gamma and C/EBP alpha. Proc Natl
Acad Sci U S A (1995) 92:9856-60. doi:10.1073/pnas.92.21.9856

Ochiai M, Matsuo T. Pioglitazone-induced increase in the stearoyl-CoA
desaturation index and fat accumulation in rat muscles are not related
to lipoprotein lipase activity. ] Oleo Sci (2013) 62:745-54. doi:10.5650/
j0s.62.745

Rao PK, Kumar RM, Farkhondeh M, Baskerville S, Lodish HE. Myogenic
factors that regulate expression of muscle-specific microRNAs. Proc Natl Acad
Sci US A (2006) 103:8721-6. doi:10.1073/pnas.0602831103

Zhao Y, Samal E, Srivastava D. Serum response factor regulates a muscle-
specific microRNA that targets Hand2 during cardiogenesis. Nature (2005)
436:214-20. doi:10.1038/nature03817

Sweetman D, Goljanek K, Rathjen T, Oustanina S, Braun T, Dalmay T,
et al. Specific requirements of MRFs for the expression of muscle specific
microRNAs, miR-1, miR-206 and miR-133. Dev Biol (2008) 321:491-9.
doi:10.1016/j.ydbio.2008.06.019

Rosenberg MI, Georges SA, Asawachaicharn A, Analau E, Tapscott SJJCB.
MyoD inhibits Fstll and Utrn expression by inducing transcription of miR-
206. J Cell Biol (2006) 175:77-85. doi:10.1083/jcb.200603039

Winbanks CE, Wang B, Beyer C, Koh P, White L, Kantharidis P, et al. TGF-p
regulates miR-206 and miR-29 to control myogenic differentiation through
regulation of HDAC4. ] Biol Chem (2011) 286:13805-14. doi:10.1074/jbc.
M110.192625

Frontiers in Endocrinology | www.frontiersin.org

June 2016 | Volume 7 | Article 76


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.879429
http://dx.doi.org/10.1101/gad.908001
http://dx.doi.org/10.1101/gad.908001
http://dx.doi.org/10.1113/jphysiol.2006.120006
http://dx.doi.org/10.1210/jcem-68-2-374
http://dx.doi.org/10.1172/JCI108559
http://dx.doi.org/10.1093/nar/gni178
http://dx.doi.org/10.1093/nar/gkt393
http://dx.doi.org/10.1093/bioinformatics/bts043
http://dx.doi.org/10.1093/nar/gks494
http://dx.doi.org/10.1093/nar/gks494
http://dx.doi.org/10.1210/en.2004-0921
http://dx.doi.org/10.1126/science.1106148
http://dx.doi.org/10.1083/jcb.200912093
http://dx.doi.org/10.1007/s00125-013-2913-1
http://dx.doi.org/10.1371/journal.pone.0071747
http://dx.doi.org/10.1210/en.2011-2147
http://dx.doi.org/10.1210/en.2011-2147
http://dx.doi.org/10.1073/pnas.0912955107
http://dx.doi.org/10.1210/en.2007-0161
http://dx.doi.org/10.1172/JCI112019
http://dx.doi.org/10.1371/journal.pone.0081114
http://dx.doi.org/10.1136/bmjopen-2015-010210
http://dx.doi.org/10.1136/bmjopen-2015-010210
http://dx.doi.org/10.2337/diacare.27.5.1047
http://dx.doi.org/10.3389/fphys.2013.00379
http://dx.doi.org/10.1042/CS20130079
http://dx.doi.org/10.1042/CS20130079
http://dx.doi.org/10.1371/journal.pone.0034872
http://dx.doi.org/10.3892/mmr.2012.824
http://dx.doi.org/10.3892/mmr.2012.824
http://dx.doi.org/10.1186/gm130
http://dx.doi.org/10.1161/CIRCRESAHA.110.226357
http://dx.doi.org/10.1161/CIRCRESAHA.110.226357
http://dx.doi.org/10.1210/jc.2013-3843
http://dx.doi.org/10.1210/jc.2013-3843
http://dx.doi.org/10.3389/fbioe.2016.00027
http://dx.doi.org/10.1073/pnas.92.21.9856
http://dx.doi.org/10.5650/jos.62.745
http://dx.doi.org/10.5650/jos.62.745
http://dx.doi.org/10.1073/pnas.0602831103
http://dx.doi.org/10.1038/nature03817
http://dx.doi.org/10.1016/j.ydbio.2008.06.019
http://dx.doi.org/10.1083/jcb.200603039
http://dx.doi.org/10.1074/jbc.M110.192625
http://dx.doi.org/10.1074/jbc.M110.192625

Frias et al.

MyomiRs, Myogenesis, and Insulin Resistance

54.

55.

56.

57.

Zhou D, Strakovsky RS, Zhang X, Pan Y-X. The skeletal muscle Wnt
pathway may modulate insulin resistance and muscle development in a
diet-induced obese rat model. Obesity (2012) 20:1577-84. doi:10.1038/
0by.2012.42

Amthor H, Nicholas G, McKinnell I, Kemp CE Sharma M, Kambadur R,
et al. Follistatin complexes myostatin and antagonises myostatin-mediated
inhibition of myogenesis. Dev Biol (2004) 270:19-30. doi:10.1016/j.
ydbio.2004.01.046

Hu Z, Wang H, Lee IH, Modi S, Wang X, Du ], et al. PTEN inhibition improves
muscle regeneration in mice fed a high-fat diet. Diabetes (2010) 59:1312-20.
doi:10.2337/db09-1155

Brown LA, Lee DE, Patton JE, Perry RA, Brown JL, Baum J1, et al. Diet-induced
obesity alters anabolic signalling in mice at the onset of skeletal muscle regen-
eration. Acta Physiol (2015) 215:46-57. doi:10.1111/apha.12537

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer (CS) and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2016 Frias, de Mendonga, Martins, Gindro, Cogliati, Curi and Rodrigues.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

12

June 2016 | Volume 7 | Article 76


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
http://dx.doi.org/10.1038/oby.2012.42
http://dx.doi.org/10.1038/oby.2012.42
http://dx.doi.org/10.1016/j.ydbio.2004.01.046
http://dx.doi.org/10.1016/j.ydbio.2004.01.046
http://dx.doi.org/10.2337/db09-1155
http://dx.doi.org/10.1111/apha.12537
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	MyomiRs as Markers of Insulin Resistance and Decreased Myogenesis in Skeletal Muscle of Diet-Induced Obese Mice
	Introduction
	Materials and Methods
	Animals
	Study Design
	Glucose Tolerance Test
	Insulin Tolerance Test
	Glucose Uptake and Metabolism in Isolated Soleus Muscle
	Total RNA Isolation
	MicroRNA Expression
	mRNA Expression
	Bioinformatic Analysis
	Statistical Analysis

	Results
	Body Weight Gain, Weight of Adipose Depots, and Glucose and Insulin Tolerance Tests
	miRNAs Expression in the Soleus Muscle of Mice Fed HFD for 4, 8, or 12 Weeks
	Expression of mRNAs in Soleus Muscle of Mice fed HFD for 4, 8, and 12 Weeks
	Lower Expression of miR-1 is Correlated with Insulin Resistance in DIO Mice but Is Not Restored by Pioglitazone Treatment

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References


