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Abstract

Aryl Hydrocarbon Receptor Nuclear Translocator/ hypoxia-inducible factor 1 beta (ARNT/
HIF1B), a member of bHLH-PAS family of transcriptional factors, plays a critical role in meta-
bolic homeostasis, insulin resistance and glucose intolerance. The contributions of ARNT in
pancreas, liver and adipose tissue to energy balance through gene regulation have been
described. Surprisingly, the impact of ARNT signaling in the skeletal muscles, one of the
major organs involved in glucose disposal, has not been investigated, especially in type Il
diabetes. Here we report that ARNT is expressed in the skeletal muscles, particularly in the
energy-efficient oxidative slow-twitch myofibers, which are characterized by increased oxi-
dative capacity, mitochondrial content, vascular supply and insulin sensitivity. However,
muscle-specific deletion of ARNT did not change myofiber type distribution, oxidative capac-
ity, mitochondrial content, capillarity, or the expression of genes associated with these fea-
tures. Consequently, the lack of ARNT in the skeletal muscle did not affect weight gain,
lean/fat mass, insulin sensitivity and glucose tolerance in lean mice, nor did it impact insulin
resistance and glucose intolerance in high fat diet-induced obesity. Therefore, skeletal mus-
cle ARNT is dispensable for controlling muscle fiber type and metabolic regulation, as well
as diet-induced weight control, insulin sensitivity and glucose tolerance.

Introduction

The Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT), also known as the hypoxia-
inducible factor 1 beta (HIF1p), is a transcription factor belonging to the basic helix-loop-
helix, Per/AHR/ARNT/SIM (bHLH-PAS) family [1]. The ARNT/HIF1p (henceforth referred
to as ARNT) primarily contributes to gene regulation by forming transcriptional heterodimers
with other members of the same family such as HIF (e.g. HIF1o. and HIF2a), the aryl hydro-
carbon receptor (AHR), Single-minded homolog (e.g. Sim 1 and Sim 2), Period (e.g. Per 1, Per
2, Per 3). Speculatively, ARNT interactions may not be limited to bHLH-PAS members, and
ARNT could heterodimerize with other transcriptional regulators, expanding its scope in
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transcriptional regulation. Accordingly, ARNT could have a major physiological function,
including the regulation of hypoxic response, brain development, xenobiotic response and cir-
cadian rhythm through respective interaction with HIF, AHR and SIM, and PER proteins.
Additionally, ARNT has been shown to be involved in angiogenesis, cell survival and lipid
homeostasis [2-5].

Recent studies have highlighted the critical role of ARNT in energy homeostasis in major
endocrine organs, and consequently in the pathogenesis of type II diabetes. ARNT expression
is dramatically down-regulated in pancreatic islets from humans with type II diabetes. Selec-
tive deletion of ARNT in beta cell of the pancreas leads to glucose intolerance, impaired insulin
secretion and deregulated islet gene expression [6,7]. Other studies using conditional knockout
mice have additionally reported the critical role of pancreatic ARNT in beta cell transplant,
and glucose tolerance during pregnancy [8,9]. ARNT expression is also repressed in diabetic
livers. Liver-specific deletion of ARNT increases hepatic gluconeogenesis, dyslipidemia, glu-
cose intolerance and insulin resistance. In contrast to its role in pancreas and liver, deletion of
ARNT in adipose tissue actually improves glucose tolerance and insulin sensitivity, potentially
via its effect of hypoxic response, angiogenesis and vasculature in the adipose tissue [10,11].

Surprisingly, the contribution of skeletal muscle ARNT to metabolic homeostasis and
development of insulin resistance has not been explored. The rationale for examining the con-
tribution of muscle ARNT to myofiber specification, obesity, and glucose homeostasis emerges
from several observations. As mentioned above, manipulation of ARNT expression in various
organs relevant to energy homeostasis such as pancreas, liver and adipose tissues influenced
glucose intolerance and insulin resistance [6,10-12]. Skeletal muscle accounts for approxi-
mately 30-50% of the body weight, and is a critical organ involved in glucose homeostasis, as it
disposes approximately 80% of glucose during an hyper-insulinemic euglycemic clamp [13].
Type II diabetes is partly a result of lipid deregulation and development of insulin resistance,
leading to impaired insulin-dependent glucose uptake in the skeletal muscle. Generally, the
capacity of insulin-stimulated glucose disposal seems to directly correlate with oxidative slow-
twitch myofiber proportion, functional mitochondrial content, and oxidative capacity in the
skeletal muscle [14]. Both HIF1A and HIF2A, which utilize ARNT in the heterodimer tran-
scriptional complex, influence skeletal muscle myofiber type and metabolic capacity. HIF1A
controls glycolysis in the skeletal muscles, and muscle-specific deletion of HIF1A causes a
compensatory increase in oxidative and fatty acid metabolism [15]. On the other hand, HIF2A
encodes an oxidative slow-twitch muscle program in the skeletal muscle, and deletion of mus-
cle HIF2A triggers a shift to more glycolytic fast-twitch muscles [16]. Thus, HIF1A and HIF2A
collectively control both the glycolytic and oxidative arms of muscle metabolism, additionally
impacting myofiber type specification. Signaling pathways regulating myofiber type, mito-
chondrial biogenesis and oxidative capacity in the skeletal muscle, which collectively are linked
with muscle insulin sensitization, are of great interest for informing therapeutic development
in type II diabetes. ARNT may potentially have an important impact on myofiber type specifi-
cation, mitochondrial biogenesis and glucose homeostasis via gene regulation. Therefore, this
study was designed to investigate the role of ARNT in the skeletal muscle in the context of
myofiber specification, mitochondrial biogenesis, oxidative capacity, obesity, and insulin
resistance.

Materials and Methods
Mouse husbandry

Dr. Frank Gonzalez (NIH) generously provided ARNT floxed (ARNTY™) mice. The targeting
strategy for ARNT in these mice has been previously described [17], and the ARNT mice
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have been previously used to efficiently knockout ARNT in tissue-specific patterns in multiple
studies [17]. We breed the ARNTY® mice with transgenic mice (Jackson labs, # 006149, B6.
Cg-Tg (ACTA-cre)79]me/) specifically over-expressing CRE recombinase enzyme in the skele-
tal muscle under the human skeletal actin (HSA) promoter. Briefly, after initial rounds of
breeding using heterozygous mice, HSA-CRE: ARNT™ mice were cross bred with ARNT™?
mice to obtained littermate ARNTY? (control) and HSA-CRE:: ARNTY! (MKO) mice. Both
the HSA-CRE and ARNT™™ mice were back-crossed for 2-3 generation to C57Bl/6] back-
ground before cross-breeding the two lines. The mice were bred and housed at the Brown
Foundation Institute of Molecular Medicine’s vivarium. The room temperature was kept
between 20-22°C under 12:12h light dark cycle with free access to water and food and were
fed ad libitum on normal chow diet (NCD) (Pico Lab rodent diet 20; 13.2% Fat). For diet-
induced obesity studies, mice were placed on a high fat diet (HFD) (Research Diet D12492,
60% Fat) starting at 7 weeks of age, for 14 weeks. All the experiments were performed in 3-7
months old mice. Within each experiment, all the groups were age and sex-matched. The
exact age of the animals used in each experiment is stated in the figure legends. Cages were
changed once a week. Animals were maintained and treated in accordance with the U.S.
National Institute of Health Guide for Care and Use of Laboratory Animals, and the Animal
Welfare Committee at The University of Texas McGovern Medical School at Houston
approved all the procedures.

Body mass and body composition

Body weight was measured weekly at the same time of the day. Body composition in terms of
lean and fat mass was measured using quantitative nuclear magnetic resonance imaging
(Echo-MRI 3-in-1 system; Echo Medical System).

Tissue collection and preparation

Mice were euthanized under isoflurane anesthesia by cervical dislocation after 6 hr. of fasting
and tissues were rapidly extracted. For RNA and protein, muscles were freeze-clamped in lig-
uid nitrogen. For insulin signaling experiments, gastrocnemius muscles were stimulated in a
KRHA buffer + insulin (200 nM) ex-vivo, as previously described [18]. Because insulin-stimu-
lated AKT-phosphorylation was measured in ex vivo experiments, we checked whether the
quality of the gastrocnemius muscles across all groups is comparable by measuring ATP con-
centration in vehicle and insulin-stimulated muscles from control and MKO HFD-fed mice.
ATP concentrations were measured using a luciferin/luciferase-dependent bioluminescence
assay kit from Molecular Probes (Cat. # A22066), as per manufacturer’s instructions. Protein
lystates from gastrocnemius muscles used for ex vivo measurement of insulin-stimulated AKT
phosphorylation response test were subsequently used to measure ATP concentration. The
assay was performed in 96 well plates and the luminescence was measured using Tecan 1000
plate reader in muscle lysates as well as ATP standards. The ATP concentrations in muscle
lysates were determined from the ATP standard curve, normalized to protein concentrations
of the muscle lysates, and presented as pmol ATP/g.

For immunofluorescence experiments, Tibialis Anterior (TA) muscles were mounted in
OCT and frozen in melting isopentane cooled down by liquid nitrogen.

Gene expression

Total RNA was prepared using the Purelink Kit (Ambion, Life technologies). Total RNA was
further reverse-transcribed to cDNA with SuperScript III Reverse Transcriptase (Invitrogen)
and analyzed by quantitative real-time PCR using ABI-7900 cycler (Applied Biosystems). The
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genes were normalized to Ppia for the tissues or Hprt for the myotubes. List of primers used
and sequences is provided (S2 Table).

Protein analysis by western blotting

Tissues were homogenized in Pierce IP Lysis buffer (Thermo Scientific) using a Polytron
instrument at 25,000 rpm. Further the lysates were pre-cleared at 16,000 x g for 20 min at 4°C,
and the supernatants were store at -80°C. The protein content was measured using the Pierce
BCA protein assay kit (Thermo Scientific). Protein samples (30-40 1g) were run on an 8 or
10% or 4-20% (VWR) poly-acrylamide gel, transferred onto nitrocellulose membranes and
incubated with the primary antibodies [anti-pAKT ser-473 (# 4058), anti-panAKT (# 4691),
ARNT (# 5537) (Cell Signaling Technology), OXPHOS cocktail (# ab110413 (Abcam), GLUT4
(# bs1658R (Bioss)].

Histological analysis

The H&E staining was performed on serial transverse cryosections (10 pm thickness) obtained
from the mid-section of the TA muscles. After fixation with a 4% PFA/PBS solution, slides
were incubated in hematoxylin QS (Vector Laboratories) for 2 minutes followed by 5 min
washing under running tap water. Following 1 min incubation with a 90% ethanol solution,
the slides were incubated for 2 minutes in the Eosin solution (VWR). Prior to mounting with
Permount (Fisher scientific) slides were dehydrated by successively incubation in 70%, 90%,
100% EtOH and 100% Xylen solution.

Immunohistology

Serial transverse cryosections (10 pm thickness) were obtained from the mid-section of the TA
muscles. Frozen muscle sections were processed for immunofluorescence staining of capillar-
ies [using CD31/PECAM-1 antibody # RM5200 (Invitrogen)] and of myosin heavy chains
(MyHC) type IIA, IIX and IIB [using, respectively, # SC-71, # BF-F3, and # 6H1 (Developmen-
tal Studies Hybridoma Bank)], as we previously described [19,20]. All primary antibodies were
visualized using suitable Alexa Fluor® or Cy5 secondary antibodies from Molecular Probes.
Negative control staining by omitting either the primary or the secondary antibody was
included in all sets of experiments. In addition, we used microsphere (Invitrogen) angiography
for detecting intact muscle vascular supply, as we previously described [15].

Succinate Dehydrogenase (SDH) and Nicotinamide Adenine
Dinucleotide-Tetrazolium Reductase (NADH-TR) Staining

SDH and NADH-TR staining was performed on cryosections (10 um thickness) of TA mus-
cles, as previously described [21,22].

Insulin and glucose tolerance test

Tests were performed as previously described [23]. Insulin (Sigma-Aldrich) was injected at the
dose of 0.4 U/kg for the Insulin tolerance test (ITT). For the glucose tolerance test (GTT), we
injected 2 g/kg or 1 g/kg of glucose, respectively, for NCD and HFD-fed mice. Area under the
curve (AUC) or area above the curve (AAC) was calculated to account for differences in base-
line fasting blood glucose concentrations, as previously described [24]. Note that the NCD and
HFD studies were performed as independent experiments, such that the mice in NCD cohort
were at a different age than the HFD cohort. Therefore, the effect of diet is not being examined
by comparing ITT and GTT data from the NCD and HFD cohorts on the same graph.
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Blood Parameters

After 6 hr. of fasting, blood was collected in EDTA-coated tubes and then centrifuged at 2000
x g for 10 min at 4°C. The plasma glucose and insulin levels were measured using a colorimet-
ric assay (Cayman Biochemicals) and an ELISA kit (Alpco), respectively. The Quicki index
was calculated using the glucose and insulin values, as we previously described [25].

Primary culture

Primary muscle cells were isolated from the ARNTY mice, as previously described [26].

Briefly, the hind limb muscles were digested in a Collagenase D/Dispase/CaCl2 cocktail solu-
tion (0.345 U/ml, 2.4 mg/ml and 2.5 mM, respectively). Subsequently, the myoblasts were iso-
lated using the pre-plating technique. For the experiments, the primary cells were seeded on
matrigel-coated plates. At 80% confluence the medium was changed from growth (F10
medium supplemented with 20% FBS and 2.5ng/ml bEGF) to the differentiation medium
(DMEM 10% Horse serum), and the cells were infected with control (Ad-control) or CRE
(Ad-CRE) adenoviruses (Vector Development Lab, Baylor College of Medicine) at the MOI of
100 for 48 hr. After 5 days of differentiation the cells were treated with DMOG (1 mM) or
DMSO (vehicle) for 16 hr., and subsequently harvested for QPCR analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 for Windows (GraphPad Soft-
ware Inc.). Normal distribution of the data was tested with Kolmogorov-Smirnov test.
Unpaired Student’s t-tests with or without Welch correction were performed to determine dif-
ferences between two groups. One-way ANOVA with Tukey’s multiple comparison test was
used for comparing more than two groups. Two-way ANOVA with Bonferroni’s repeated
measure test was used for comparing groups when two or more variables were present. All val-
ues in figures are presented as mean + SEM. Statistical significance was set at p<0.05.

Results

ARNT is preferentially expressed in the oxidative slow-twitch skeletal
muscle

We first measured the expression of ARNT protein in skeletal muscles relative to various other
organs. ARNT is highly expressed in adipose tissues, heart, liver, and also skeletal muscle (Fig
1A). We further measured whether there is any difference in ARNT expression between the
pre-dominantly oxidative slow-twitch muscles and the pre-dominantly glycolytic fast-twitch
muscles, keeping in mind that oxidative slow-twitch muscles are metabolically efficient and
relatively more insulin sensitive [27,28]. Expression of both ARNT gene (Fig 1B) and protein
(Fig 1C and 1D) was relatively higher in pre-dominantly oxidative muscle (e.g. soleus) com-
pared to the glycolytic muscles (e.g. gastrocnemius, quadriceps, TA, EDL). Nevertheless,
ARNT is robustly expressed in both types of muscle beds.

Characterization of the MKO mice

To specifically study the effect of ARNT in the skeletal muscle, we generated mutant (MKO)
mice in which ARNT is selectively deleted in the skeletal muscles. In these mice, cre-driven
recombination in the skeletal muscle results in a 79% decrease in Arnt gene expression in the
EDL (Fig 1E) and a 74% decrease in the soleus (S1A Fig). The ARNT protein expression is
severely blunted in the skeletal muscles of the MKO mice, as exemplified in different hindlimb
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Fig 1. ARNT expression in different tissues. (A) ARNT protein expression in different organs [sub-cutaneous adipose
tissue (Sc), perigonadic adipose tissue (Pg), brown adipose tissue (Bat), heart (He), liver (Li), brain (Br), kidney (Ki),
pancreas (Pa), gastrocnemius muscle (Ga)] of 4 months old mice (N = 1). (B) Arnt gene expression in the soleus and the
extensor digitorum longus (EDL) of 3 month old mice (N = 4-5). (C-D) ARNT expression in control and MKO muscle
groups ranging from the most oxidative (soleus) to most glycolytic (EDL) (N = 3). (C) Representative images. (D)
Densitometry for protein expression. (E) Arnt gene expression in EDL control and MKO muscles of 4 months old mice
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(N =4-5). (*p<0.05,**p<0.01,***p<0.001, Unpaired Student’s t-test or One-way ANOVA with Tukey’s multiple
comparison post-hoc test.)

doi:10.1371/journal.pone.0168457.9001

muscles (Fig 1C). The loss of muscle ARNT expression is not compensated by an increase in
the expression of Arnt2 or Arnt3, which are the other two isoforms of ARNT (data not shown).
As expected from the use of muscle-specific CRE, ARNT expression was not deleted in the
other organs of the MKO mice (S1B Fig). In additional in vitro experiments performed in
myocytes isolated from the skeletal muscles of ARNT" mice, we demonstrate that deletion of
ARNT ablates DMOG (hypoxia mimetic/HIF stabilizer drug)-mediated induction of HIF tar-
gets genes (Slc2al, Vegfa, Ldha) (S2 Fig). This confirms that the deletion of ARNT leads to sup-
pression of its transcriptional activity associated with the HIF pathway. We do not understand
why the baseline expression of ARNT is decreased by DMOG, but perhaps it’s a compensatory
response to HIF1 activation by DMOG.

We first characterized the weekly changes in body weight of the MKO mice from 5 weeks
to 20 weeks of age. The initial weight as well as age-dependent weight gain in MKO mice is
comparable to the control littermate mice (Fig 2A). We also measured the total body fat and
the lean body mass, using Echo-MRI, in 4 months old animals and did not find any difference
between the control and the MKO mice (Fig 2B and 2C). In confirmation of the Eco-MRI
data, the individual weights of different muscles, as well as the perigonadic and the brown adi-
pose tissue were comparable between the control and MKO mice (S1 Table). Furthermore, in
cross-sections of TA muscles stained with H&E, we did not find any difference in myofiber
size and number between control and MKO mice (Fig 2D).

Muscle-specific ARNT deletion does not affect oxidative and vascular
phenotype in the skeletal muscle

The relatively high expression of ARNT gene and protein in predominantly oxidative slow-
twitch vs. the glycolytic fast-twitch muscle lead us to measure the effect of muscle ARNT dele-
tion on myofiber specification. We measured the expression of MyHC 7, 2, 1 and 4 genes
(respectively encoding MHC I, ITA, IIX and IIB proteins representing the namesake myofiber
types) in the quadriceps of the control and MKO mice. No differences were observed in the
expression of the myofiber biomarker genes between the two groups (S3A Fig). We also mea-
sured myofiber type composition by immunofluorescence, but no fiber type switch was
observed in the TA of the MKO mice compared to their control littermates (Fig 3A). We then
assessed the mitochondria content in the EDL using the mitochondrial DNA as read out, and
also did not detect any change between control and MKO mice (Fig 3B). In support, we did
not find any difference in the expression of protein markers of mitochondrial respiratory com-
plex (S4A). The maximal mitochondrial activity measured by the SDH (complex II) staining of
the muscle cryosections between the two genotypes (Fig 3C and quantified in Fig 3D), as well
as by NADH-TR (complex I) staining (Fig 3E) was comparable between the control and the
MKO mice. We also measured the expression of key nuclear receptors (Esrra, Esrrg, Ppara,
Ppard, Ppargcla, Ppargc1b) that regulate mitochondrial biogenesis and lipid oxidation, and
were previously described to be ARNT targets in non-muscular tissues [5,12,29]. The expres-
sion of these genes was unaffected by ARNT deletion in the skeletal muscle (S5A Fig). Like-
wise, the expression of majority of genes directly encoding features of oxidative myofibers
were unaffected by ARNT deletion (Acadm, Cd36, Cpt1b, Ckmt2, Mb, Pdhk4, Tnnil) (S5B Fig).

As another marker of the oxidative muscles, we also measured the total capillary density as
well as the functional vascular supply in the aforementioned muscles. Typically, oxidative
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Fig 2. Characterization of the MKO mice. Following parameters were measured in wild type control and MKO mice. (A)
Weight gain measured from 5 to 20 weeks of age (N = 10-12). (B-C) Body composition measured as fat mass (B) and lean
mass (C) (N = 4). (D) H&E staining showing histomorphology of the tibialis anterior (TA) muscle cross-sections (N = 4).
(Scale bar =500 pym.) (***p<0.001, Unpaired Student’s t-test.)

doi:10.1371/journal.pone.0168457.9002

muscles are highly vascularized. We did not find any change in CD31-positive capillary stain-
ing (S6A Fig) or in the density of microsphere-perfused blood vessels (S6B Fig) in the TA mus-
cles of MKO compared to the control mice. In agreement with these results, the expression of
HIF-targeted angiogenic factors such as Vegfal21, Vegfal65 and Vegfal89 did not change in
the TA muscles of MKO compared to the control mice (S6C Fig).

It is well established that high fat diet (HFD) fed mice adapt by increasing muscle oxidative
capacity [30] in an attempt to combat obesity and insulin resistance. ARNT could be responsi-
ble for oxidative myofiber remodeling under obesity-inducing dietary condition, which is
what we tested. Both the control and the MKO mice were placed on 60% Kcal high fat diet for
14 weeks, and subsequently following measurement were made. Firstly, we compared the mus-
cle oxidative capacity in the HFD-fed mice and normal chow diet (NCD)-fed mice, as
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Fig 3. Fiber type and oxidative capacity in NCD-fed mice. Following parameters were measured in 4 months old
control and MKO mice on NCD. (A) Representative images of medial (left) and outer (right) TA cross-sections stained for
MyHC IIA (green), IIX (red), and 1I1B (purple) (N = 4-6). (B) Mitochondrial DNA content in EDL (N = 4-6). (C-D) Succinate
dehydrogenase (SDH) staining activity in cross-sections of TA. (C) Representative cross-sectional images of the outer
and medial TA (N = 4-6). (D) Percentage of positive fibers quantified in the outer and medial TA cross-sections for the
SDH staining (N = 4-6). (E) Representative cross-sectional images of the outer and medial TA with NADH-TR staining
(N =4-6). (Scale bar = 200 pm.) The differences between groups were not statistically significant (Unpaired Student’s t-
test).

doi:10.1371/journal.pone.0168457.g003
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measured by mitochondrial DNA content, SDH staining and NADH-TR staining. We did not
observed an increase of the mitochondrial DNA expression (NCD = 4.19+0.6 and HFD = 4.95
+1.01, p = NS) in skeletal muscles of HFD-fed vs. the NCD-fed mice. However, the SDH and
NADH-TR activities were higher in the skeletal muscle of HFD-fed mice compared to the
NCD-fed mice (S7A-S7D Fig). Despite the oxidative remodeling observed in the muscle after
HFD, deletion of ARNT expression in the skeletal muscle did not affect mitochondrial DNA
content (Fig 4B), mitochondrial complex density (S4B Fig) and SDH (Fig 4C and 4D) or
NADH-TR (Fig 4E) activity, in HFD-fed MKO mice compared to the littermate control mice.
As in the NCD-fed mice the expression of the MyHC genes (S3B Fig) and the fiber type (Fig
4A) distribution was not altered in the HFD-fed MKO mice compared to the HFD-fed litter-
mate controls. Of note, some of the known HIF target genes were induced by HFD feeding
(Hk1 and Glutl) in the muscle, but the induction was not affected by ARNT deletion (data not
shown).

Altogether these results show that deletion of ARNT in the skeletal muscle does not affect
myofiber type composition, mitochondrial content or oxidative capacity in the skeletal muscle
either under NCD or HFD-feeding conditions.

Muscle-specific ARNT deletion does not affect HFD-induced weight gain
and insulin resistance

Twelve weeks of HED feeding lead to a significantly greater increased in weight gain compared
to NCD feeding in mice. However, we did not detect any significant difference in weight gain
between HFD-fed MKO and littermate control mice (Fig 5A). The respective weights in con-
trol and MKO mice at the end of 12 weeks of HFD were 45.3+1.8 g and 43.13+1.3 g. The lean
and fat mass measured by Eco-MRI was not altered in the MKO compared to the littermate
control mice (Fig 5B and 5C). HFD resulted in an increase in plasma glucose (S8A Fig) and
insulin (S8B Fig) levels compared to the NCD. Calculation of QUICKI index, which is a mea-
sure of insulin sensitivity indicated 12 weeks of HFD resulted in insulin resistance (S8C Fig).
We next measured the insulin sensitivity of the animals after 10 weeks of HFD. We did not
observe any difference in plasma glucose levels during the insulin tolerance test (ITT) (Fig 5D
and 5E) or glucose tolerance test (GTT) (Fig 5F and 5G) between the two genotypes. Note that
the insulin sensitivity and glucose tolerance in MKO mice were also similar to the control lit-
termate mice on NCD (S9A and S9B Fig).

To assess muscle insulin signaling we performed an ex vivo insulin stimulation assay on the
isolated gastrocnemius muscles from different mice and measured AKT phosphorylation on
the activating serine 473 residue. While insulin stimulated AKT phosphorylation in ex vivo-
treated gastrocnemius muscle from NCD-fed mice, this effect was impaired in HFD-fed mice.
Furthermore in the HFD-fed group, there was no difference in the level of AKT phosphoryla-
tion at baseline or under insulin-stimulated conditions between the control and the MKO
groups, after normalization by the total protein (Fig 5H, Left panel: Densitometry ratio; Right
panel: Representative blots). To ensure that the quality of isolated muscles used in insulin-
stimulated AKT phosphorylation is comparable between groups, we measured ATP concen-
trations in muscle lysates from different groups. The ATP levels in all the muscle groups
were found to be similar [HFD-control vehicle-treated: 0.0059+0.002 umoles ATP/g, HFD-
control insulin-treated: 0.0053+0.0013 pmoles ATP/g, HFD-MKO vehicle-treated: 0.00453
+0.00032 pmoles ATP/g, HFD-MKO Insulin-treated: 0.0065+0.0016 pmoles ATP/g, p = NS,
One-way ANOVA with Tukey’s multiple comparison post-hoc test]. The gene expression of
glucose transporters GLUT1 (Slc2al) and GLUT4 (Slc2a4), which were previously identified as
targets of ARNT in the adipocytes [11] are not affected by the deletion of ARNT in the skeletal
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muscle, either in NCD (S10A Fig) or HFD-fed (S10B Fig) mice. We did not observe any
change in the protein expression of the GLUT4 transporter either in NCD or HFD groups
(S10C and D). Therefore, unlike ARNT in other metabolically relevant organs, skeletal muscle
ARNT expression does not influence the progression of obesity and insulin resistance.

Discussions

Here we show that ARNT is expressed in the skeletal muscle, and its expression is relatively
higher in oxidative slow-twitch muscles compared to the glycolytic fast-twitch muscles.
Despite its robust expression in the skeletal muscle, deletion of ARNT selectively in the muscle
does not affect myofiber type composition, mitochondrial biogenesis and oxidative capacity in
the muscle. Unlike its role in the other tissues, deletion of muscle ARNT does not affect weight
gain or pathogenesis of insulin resistance and glucose intolerance in murine model of diet-
induced obesity.

Despite the strong rationale presented in the Introduction, deletion of ARNT in the skeletal
muscle did not have any effect on the proportions of different myofibers and related factors
such as the level of mitochondrial biogenesis and oxidative capacity. The lack of effect of
ARNT knockout is especially surprising in the context of the role of HIF1A and HIF2A in the
skeletal muscle, both of which require obligatory heterodimerization with ARNT to be func-
tional [1]. In most other organ systems cellular functions of ARNT vs. HIF1A or HIF2A are
generally overlapping [11,17,29]. This could suggest that in muscle HIF1A and HIF2A may
function by heterodimerizing with other transcriptional factors in absence of ARNT. As much
as two other isoforms of ARNT, namely ARNT 2 and 3 (also known as Bmall) have been dis-
covered, whether they can serve as HIF heterodimer partners remains unknown. We did not
find any compensatory increase in ARNT 2 or 3 expression in the muscles lacking ARNT. Fur-

T mice, we found that ARNT is indispensible

ther, in primary myocytes isolated from ARN
for induction of HIF target genes by a HIF stabilizer/hypoxia mimetic drug DMOG, support-
ing the likelihood that the lack of effect of ARNT on fiber type is unrelated to substitution by a
surrogate protein or transcriptional factor.

High fat feeding, leading to obesity and insulin resistance brings about a compensatory
remodeling of the skeletal muscle towards an oxidative phenotype to cope with excessive
energy and lipid accumulation, under which several muscle signaling pathways become
relevant [30-32]. Indeed, we showed that HFD feeding leads to a compensatory increase
in oxidative capacity in the skeletal muscle. However, even under HFD feeding conditions,
lack of muscle ARNT expression does not impact the aforementioned adaptation or as such
change myofiber type composition, oxidative capacity, mitochondrial content, weight gain
and insulin tolerance. The effect of HFD feeding on muscle capillarity in mice is unclear, as
in one study HFD caused muscle capillary regression in mice [33]; whereas, in another it
increased angiogenesis and capillarity, without affecting HIF1 expression [34]. Nevertheless,
ARNT deletion did not affect capillary density at least in the skeletal muscles of NCD-fed
mice, which was somewhat surprising given the central role for HIF1 in regulating angiogene-
sis. Furthermore, ARNT did not seem to affect the expression of any genes relevant to afore-
mentioned muscle remodeling processes, including regulators of oxidative metabolism (e.g.
Essra, Essrg, Ppargcla, Ppargclb, Ppara, Ppard), MyHC isoforms, other metabolic markers of
oxidative muscles (Acadm, Cd36, Cpt1b, Ckmt2, Mb, Pdhk4, Tnnil), and angiogenic factors
(Vegfal2l, Vegfal65 and Vegfal89). This is in sharp contrast to the transcriptional effects of
ARNT in other tissues through which it regulates energy homeostasis. In liver, ARNT seems to
maintain energy and glucose homeostasis via the suppression of gluconeogenesis and lipid
metabolism genes primarily through regulation of master-regulators such as FXR and SREBP-1c
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[12]. In adipose tissue, ARNT positively controls genes linked with angiogenesis (Vegf), and thus
its deletion prevents adipose expansion and glucose intolerance [11]. However, ARNT deletion
decreases the glucose uptake capacity of adipocyte by down-regulating glucose transporters 1
and 4. In pancreatic beta cells, ARNT encodes the expression of genes linked with glucose
metabolism and insulin signaling, which ultimately affects insulin secretion by these cells [6].

What might be the role of ARNT in the skeletal muscle? Skeletal muscle remodeling occurs
under a variety of conditions including exercise, inactivity, ischemic muscle angiopathy,
aging/sarcopenia and muscle regeneration. HIF1A and HIF2A signaling is important in many
of these conditions. For example, HIF1A has been described to be essential in skeletal muscle
adaptation to endurance type exercise [35,36]. In gain-of-function studies, both HIF1A and
HIF2A activation in the skeletal muscle can induce angiogenesis and revascularization in
murine models of hind limb ischemia [37-42]. Recent studies have also implicated both
HIF1A and ARNT in satellite cell activation and regeneration in muscle injury [43]. Therefore,
ARNT could still potentially be involved in muscle remodeling in any of these conditions.
Moreover, ARNT interacting partners may not be limited to HIF family members, and there-
fore, ARNT could influence gene clusters unrelated to metabolism and fiber type in the skeletal
muscle. Identification of these gene-sets in future will require global gene expression analysis
and/or ChIP-sequencing analysis comparing control and ARNT null skeletal muscles. Further,
identification of transcriptional protein complexes containing ARNT in the skeletal muscle
using mass-spectrometry analysis will provide additional insights into the ARNT transcrip-
tional role in the muscle. Finally, muscle-specific gain-of-function mouse models may reveal
muscle ARNT function that may be masked by gene redundancy.

In conclusion we show that muscle-specific ARNT deletion does not affect myofiber distri-
bution, mitochondrial content and oxidative capacity despite being highly expressed in oxida-
tive slow-twitch muscles. Furthermore, ARNT deletion also does not affect skeletal muscle
mass, weight body gain, or insulin/glucose homeostasis in animals on either normal chow or
high fat diet. Overall, muscle ARNT expression is dispensable for metabolic regulation and
energy homeostasis.

Supporting Information

S1 Fig. Arnt expression. (A) Arnt gene expression in the soleus of 4 months old control and
MKO mice (N = 4-5). (B) ARNT protein expression in the perigonadic adipose tissue (PG),
heart and liver of 3 months old WT and MKO mice (N = 2). (***p<0.001, Unpaired Student’s
t test.)

(TIFF)

S2 Fig. HIF1 target gene expression in myoblast. Gene expression measured in primary wild
type myoblasts treated with Ad-control or Ad-Cre, and with DMOG (N = 3) (1uM) or DMSO
as control. (A) Arnt expression. (B) Slc2al expression. (C) Vegfa expression. (D) Ldha expres-
sion. * Indicates a treatment effect and $ indicates gene knockout effect. $ $ p<0.01; $ $ $/***
p<0.001 (Two-way ANOVA with a Bonferroni’s repeated measure test).

(TIFF)

$3 Fig. MyHC gene expression. (A-B) MyHC gene expression in the skeletal muscles of NCD
(A) and HFD-fed (B) 5 months old control and MKO mice (N = 5-6). (p = NS, Unpaired Stu-
dent’s t-test.)

(TIFF)

$4 Fig. Mitochondrial complex protein expression. (A-B) Expression of mitochondrial
complex proteins in the skeletal muscles of NCD (A) or HFD-fed (B) 5 months old mice.
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Representative images from N = 4-6 per group.
(TIFF)

S5 Fig. Nuclear receptor and transcriptional factor expression in muscle. (A-B) Gene
expression of nuclear receptors and transcription factors (A) and their known target genes (B) in
the skeletal muscle of 5 months old NCD-fed mice (N = 4-6). (p = NS, Unpaired Student’s t-test.)
(TIFF)

S6 Fig. Microvascular staining in muscle. (A) Immunostaining for the endothelial marker
CD31/PECAM-1 in the TA muscle cross-sections of 7 months old control and MKO mice

(N =4). (B) Representative cryo-section images of TA muscles from 7 months old control and
MKO mice, perfused with fluorescent microspheres (N = 4). (C) Gene expression of Vegfa iso-
forms (N = 8-7). (Scale bar = 200 um). (p = NS, Unpaired Student’s t-test.)

(TIFF)

S7 Fig. SDH and NADH-TR staining. (A-B) SDH activity staining in TA muscle cross-sec-
tions from 4-5 months old NCD and HFD-fed mice (N = 5-6). (A) Representative images of
the outer and medial TA muscle. (B) Percentage of SDH positive myofibers. (C-D) NADH-TR
activity staining in TA muscles of 4-5 months old NCD and HFD-fed mice (N = 6). (C) Repre-
sentative images of the outer and medial TA muscle. (D) Percentage of NADH-TR positive
myofibers. (Scale bar = 200 pm). (**p<0.01, ***p<0.001, Unpaired Student’s t test.)

(TIFF)

S8 Fig. Fasting plasma glucose and insulin. (A-B) Fasting plasma glucose (A) and insulin (B)
levels in 6 hr. fasted 5 months old control and MKO NCD or HFD-fed mice (N = 5-6). (C)
Quicki index in 5 months old control and MKO NCD or HFD-fed mice (N = 5-6). *Indicates
a diet effect. **p<0.01 *** p<0.001 (Two-way ANOVA with a Bonferroni’s repeated measure
test).

(TIFF)

S9 Fig. GTT and ITT in NCD-fed mice. (A-B) Insulin tolerance test (A) and Glucose toler-
ance test (B) in 6 hr. fasted 3 months old control and MKO NCD-fed mice (N = 6-7). (p = NS,
Two-way ANOVA with a Bonferroni’s repeated measure test.)

(TIFF)

$10 Fig. Glucose transporter expression in muscle. The following parameters are measured
in 6 hr. fasted 5 months old control and MKO NCD or HFD-fed mice. (A) Muscle gene
expression of glucose transporters (Slc2al, Slc2a4) in NCD-fed mice (N = 4-6). (B) Muscle
gene expression of glucose transporters in HFD-fed mice (N = 5-6). (C) Muscle GLUT4 pro-
tein expression in NCD-fed mice (N = 4-6). (D) Muscle GLUT4 protein expression in HFD-
fed mice (N = 5). (p = NS, Unpaired Student’s t-test.)

(TIFF)

S1 Table. Tissue weights in 4 month-old male control and MKO mice.
(PDF)

$2 Table. QPCR primer sequences.
(PDF)

Acknowledgments

We would like to thank Dr. Gonzalez (NIH/NCI) for generously providing the ARNT floxed
mice. We would like to thank Dr. Misha Kolonin (UTHealth) for generously allowing us to

PLOS ONE | DOI:10.1371/journal.pone.0168457 December 22, 2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168457.s012

@° PLOS | ONE

ARNT in Skeletal Muscle

use the Echo-MRI. This work was supported by UTHealth intramural funds and The Welch
Foundation endowment in Chemistry & Related Science (#L-AU-0002), as well as grants from
American Diabetes Association (ADA#1-13-BS-127) and National Institute of Health/
National Heart Lung and Blood Institute (1 RO1 HL129191-01) to V.A.N.

Author Contributions

Conceptualization: PMB VAN.

Formal analysis: PMB VAN.

Funding acquisition: VAN.

Investigation: PMB DHS SL.

Methodology: PMB DHS SL VAN.

Project administration: VAN.

Resources: VAN.

Supervision: VAN.

Validation: PMB DHS SL.

Writing - original draft: PMB VAN.

Writing - review & editing: PMB VAN.

References

1.

Mandl M, Depping R (2014) Hypoxia-inducible aryl hydrocarbon receptor nuclear translocator (ARNT)
(HIF-1beta): is it a rare exception? Mol Med 20: 215-220. doi: 10.2119/molmed.2014.00032 PMID:
24849811

Maltepe E, Schmidt JV, Baunoch D, Bradfield CA, Simon MC (1997) Abnormal angiogenesis and
responses to glucose and oxygen deprivation in mice lacking the protein ARNT. Nature 386: 403—407.
doi: 10.1038/386403a0 PMID: 9121557

Krock BL, Eisinger-Mathason TS, Giannoukos DN, Shay JE, Gohil M, et al. (2015) The aryl hydrocar-
bon receptor nuclear translocator is an essential regulator of murine hematopoietic stem cell viability.
Blood 125: 3263-3272. doi: 10.1182/blood-2014-10-607267 PMID: 25855602

HanY, Yang K, Proweller A, Zhou G, Jain MK, et al. (2012) Inhibition of ARNT severely compromises
endothelial cell viability and function in response to moderate hypoxia. Angiogenesis 15: 409—420. doi:
10.1007/s10456-012-9269-x PMID: 22484908

Wu R, Chang HC, Khechaduri A, Chawla K, Tran M, et al. (2014) Cardiac-specific ablation of ARNT
leads to lipotoxicity and cardiomyopathy. J Clin Invest 124: 4795-4806. doi: 10.1172/JCI76737 PMID:
25329697

Gunton JE, Kulkarni RN, Yim S, Okada T, Hawthorne WJ, et al. (2005) Loss of ARNT/HIF1beta medi-
ates altered gene expression and pancreatic-islet dysfunction in human type 2 diabetes. Cell 122: 337—
349. doi: 10.1016/j.cell.2005.05.027 PMID: 16096055

Cheng K, Ho K, Stokes R, Scott C, Lau SM, et al. (2010) Hypoxia-inducible factor-1alpha regulates beta
cell function in mouse and human islets. J Clin Invest 120: 2171-2183. doi: 10.1172/JCI35846 PMID:
20440072

Lalwani A, Stokes RA, Lau SM, Gunton JE (2014) Deletion of ARNT (Aryl hydrocarbon receptor nuclear
translocator) in beta-cells causes islet transplant failure with impaired beta-cell function. PLoS One 9:
€98435. doi: 10.1371/journal.pone.0098435 PMID: 24878748

Lau SM, Cha KM, Karunatillake A, Stokes RA, Cheng K, et al. (2013) Beta-cell ARNT is required for nor-
mal glucose tolerance in murine pregnancy. PLoS One 8: €77419. doi: 10.1371/journal.pone.0077419
PMID: 24204824

PLOS ONE | DOI:10.1371/journal.pone.0168457 December 22, 2016 16/18


http://dx.doi.org/10.2119/molmed.2014.00032
http://www.ncbi.nlm.nih.gov/pubmed/24849811
http://dx.doi.org/10.1038/386403a0
http://www.ncbi.nlm.nih.gov/pubmed/9121557
http://dx.doi.org/10.1182/blood-2014-10-607267
http://www.ncbi.nlm.nih.gov/pubmed/25855602
http://dx.doi.org/10.1007/s10456-012-9269-x
http://www.ncbi.nlm.nih.gov/pubmed/22484908
http://dx.doi.org/10.1172/JCI76737
http://www.ncbi.nlm.nih.gov/pubmed/25329697
http://dx.doi.org/10.1016/j.cell.2005.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16096055
http://dx.doi.org/10.1172/JCI35846
http://www.ncbi.nlm.nih.gov/pubmed/20440072
http://dx.doi.org/10.1371/journal.pone.0098435
http://www.ncbi.nlm.nih.gov/pubmed/24878748
http://dx.doi.org/10.1371/journal.pone.0077419
http://www.ncbi.nlm.nih.gov/pubmed/24204824

@° PLOS | ONE

ARNT in Skeletal Muscle

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Jiang C, Qu A, Matsubara T, Chanturiya T, Jou W, et al. (2011) Disruption of hypoxia-inducible factor 1
in adipocytes improves insulin sensitivity and decreases adiposity in high-fat diet-fed mice. Diabetes
60: 2484—2495. doi: 10.2337/db11-0174 PMID: 21873554

Lee KY, Gesta S, Boucher J, Wang XL, Kahn CR (2011) The differential role of Hif1beta/Arnt and the
hypoxic response in adipose function, fibrosis, and inflammation. Cell Metab 14: 491-503. doi: 10.
1016/j.cmet.2011.08.006 PMID: 21982709

Wang XL, Suzuki R, Lee K, Tran T, Gunton JE, et al. (2009) Ablation of ARNT/HIF1beta in liver alters
gluconeogenesis, lipogenic gene expression, and serum ketones. Cell Metab 9: 428-439. doi: 10.
1016/j.cmet.2009.04.001 PMID: 19416713

DeFronzo RA, Tripathy D (2009) Skeletal muscle insulin resistance is the primary defect in type 2 diabe-
tes. Diabetes Care 32 Suppl 2: S157—-163.

Goodpaster BH, Coen PM (2014) Improved mitochondrial function is linked with improved insulin sensi-
tivity through reductions in FFA. Diabetes 63: 2611-2612. doi: 10.2337/db14-0277 PMID: 25060892

Mason SD, Howlett RA, Kim MJ, Olfert IM, Hogan MC, et al. (2004) Loss of skeletal muscle HIF-1alpha
results in altered exercise endurance. PLoS Biol 2: e288. doi: 10.1371/journal.pbio.0020288 PMID:
15328538

Rasbach KA, Gupta RK, Ruas JL, Wu J, Naseri E, et al. (2010) PGC-1alpha regulates a HIF2alpha-
dependent switch in skeletal muscle fiber types. Proc Natl Acad SciU S A 107: 21866—-21871. doi: 10.
1073/pnas.1016089107 PMID: 21106753

Tomita S, Sinal CJ, Yim SH, Gonzalez FJ (2000) Conditional disruption of the aryl hydrocarbon receptor
nuclear translocator (Arnt) gene leads to loss of target gene induction by the aryl hydrocarbon receptor
and hypoxia-inducible factor 1alpha. Mol Endocrinol 14: 1674—1681. doi: 10.1210/mend.14.10.0533
PMID: 11043581

Badin PM, Vila IK, Louche K, Mairal A, Marques MA, et al. (2013) High-fat diet-mediated lipotoxicity and
insulin resistance is related to impaired lipase expression in mouse skeletal muscle. Endocrinology
154: 1444-1453. doi: 10.1210/en.2012-2029 PMID: 23471217

Matsakas A, Yadav V, Lorca S, Evans RM, Narkar VA (2012) Revascularization of ischemic skeletal
muscle by estrogen-related receptor-y. Circulation research 110: 1087—1096. doi: 10.1161/
CIRCRESAHA.112.266478 PMID: 22415017

Matsakas A, Yadav V, Lorca S, Narkar V (2013) Muscle ERRy mitigates Duchenne muscular dystrophy
via metabolic and angiogenic reprogramming. FASEB journal: official publication of the Federation of
American Societies for Experimental Biology 27: 4004-4016.

Yadav V, Matsakas A, Lorca S, Narkar VA (2014) PGC1beta activates an antiangiogenic program to
repress neoangiogenesis in muscle ischemia. Cell Rep 8: 783-797. doi: 10.1016/j.celrep.2014.06.040
PMID: 25066120

Bajpeyi S, Reed MA, Molskness S, Newton C, Tanner CJ, et al. (2012) Effect of short-term exercise
training on intramyocellular lipid content. Appl Physiol Nutr Metab 37: 822—-828. doi: 10.1139/h2012-
051 PMID: 22691059

Vila IK, Badin PM, Marques MA, Monbrun L, Lefort C, et al. (2014) Immune cell Toll-like receptor 4
mediates the development of obesity- and endotoxemia-associated adipose tissue fibrosis. Cell Rep 7:
1116-1129. doi: 10.1016/j.celrep.2014.03.062 PMID: 24794440

Ayala JE, Samuel VT, Morton GJ, Obici S, Croniger CM, et al. (2010) Standard operating procedures
for describing and performing metabolic tests of glucose homeostasis in mice. Disease Models & Mech-
anisms 3: 525-534.

Badin PM, Vila IK, Sopariwala DH, Yadav V, Lorca S, et al. (2016) Exercise-like effects by Estrogen-
related receptor-gamma in muscle do not prevent insulin resistance in db/db mice. Sci Rep 6: 26442.
doi: 10.1038/srep26442 PMID: 27220353

Rando TA, Blau HM (1994) Primary mouse myoblast purification, characterization, and transplantation
for cell-mediated gene therapy. J Cell Biol 125: 1275-1287. PMID: 8207057

Albers PH, Pedersen AJ, Birk JB, Kristensen DE, Vind BF, et al. (2015) Human muscle fiber type-spe-
cific insulin signaling: impact of obesity and type 2 diabetes. Diabetes 64: 485-497. doi: 10.2337/db14-
0590 PMID: 25187364

Mackrell JG, Arias EB, Cartee GD (2012) Fiber type-specific differences in glucose uptake by single
fibers from skeletal muscles of 9- and 25-month-old rats. J Gerontol A Biol Sci Med Sci 67: 1286—1294.
doi: 10.1093/gerona/gls194 PMID: 23042591

LaGory EL, Wu C, Taniguchi CM, Ding CK, Chi JT, et al. (2015) Suppression of PGC-1alpha Is Critical
for Reprogramming Oxidative Metabolism in Renal Cell Carcinoma. Cell Rep 12: 116—127. doi: 10.
1016/j.celrep.2015.06.006 PMID: 26119730

PLOS ONE | DOI:10.1371/journal.pone.0168457 December 22, 2016 17/18


http://dx.doi.org/10.2337/db11-0174
http://www.ncbi.nlm.nih.gov/pubmed/21873554
http://dx.doi.org/10.1016/j.cmet.2011.08.006
http://dx.doi.org/10.1016/j.cmet.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21982709
http://dx.doi.org/10.1016/j.cmet.2009.04.001
http://dx.doi.org/10.1016/j.cmet.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19416713
http://dx.doi.org/10.2337/db14-0277
http://www.ncbi.nlm.nih.gov/pubmed/25060892
http://dx.doi.org/10.1371/journal.pbio.0020288
http://www.ncbi.nlm.nih.gov/pubmed/15328538
http://dx.doi.org/10.1073/pnas.1016089107
http://dx.doi.org/10.1073/pnas.1016089107
http://www.ncbi.nlm.nih.gov/pubmed/21106753
http://dx.doi.org/10.1210/mend.14.10.0533
http://www.ncbi.nlm.nih.gov/pubmed/11043581
http://dx.doi.org/10.1210/en.2012-2029
http://www.ncbi.nlm.nih.gov/pubmed/23471217
http://dx.doi.org/10.1161/CIRCRESAHA.112.266478
http://dx.doi.org/10.1161/CIRCRESAHA.112.266478
http://www.ncbi.nlm.nih.gov/pubmed/22415017
http://dx.doi.org/10.1016/j.celrep.2014.06.040
http://www.ncbi.nlm.nih.gov/pubmed/25066120
http://dx.doi.org/10.1139/h2012-051
http://dx.doi.org/10.1139/h2012-051
http://www.ncbi.nlm.nih.gov/pubmed/22691059
http://dx.doi.org/10.1016/j.celrep.2014.03.062
http://www.ncbi.nlm.nih.gov/pubmed/24794440
http://dx.doi.org/10.1038/srep26442
http://www.ncbi.nlm.nih.gov/pubmed/27220353
http://www.ncbi.nlm.nih.gov/pubmed/8207057
http://dx.doi.org/10.2337/db14-0590
http://dx.doi.org/10.2337/db14-0590
http://www.ncbi.nlm.nih.gov/pubmed/25187364
http://dx.doi.org/10.1093/gerona/gls194
http://www.ncbi.nlm.nih.gov/pubmed/23042591
http://dx.doi.org/10.1016/j.celrep.2015.06.006
http://dx.doi.org/10.1016/j.celrep.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26119730

@° PLOS | ONE

ARNT in Skeletal Muscle

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Turner N, Bruce CR, Beale SM, Hoehn KL, So T, et al. (2007) Excess lipid availability increases mito-
chondrial fatty acid oxidative capacity in muscle: evidence against a role for reduced fatty acid oxidation
in lipid-induced insulin resistance in rodents. Diabetes 56: 2085—-2092. doi: 10.2337/db07-0093 PMID:
17519422

lossa S, Mollica MP, Lionetti L, Crescenzo R, Botta M, et al. (2002) Skeletal muscle oxidative capacity
in rats fed high-fat diet. Int J Obes Relat Metab Disord 26: 65-72. doi: 10.1038/s].ij0.0801844 PMID:
11791148

Saito Y (1993) [Effect of a muscarinic (M1) receptor agonist on sympathetic nerve activity in rats]. Hok-
kaido Igaku Zasshi 68: 190-204. PMID: 8509063

Thomas MM, Trajcevski KE, Coleman SK, Jiang M, Di Michele J, et al. (2014) Early oxidative shifts in
mouse skeletal muscle morphology with high-fat diet consumption do not lead to functional improve-
ments. Physiol Rep 2.

Silvennoinen M, Rinnankoski-Tuikka R, Vuento M, Hulmi JJ, Torvinen S, et al. (2013) High-fat feeding
induces angiogenesis in skeletal muscle and activates angiogenic pathways in capillaries. Angiogene-
sis 16: 297-307. doi: 10.1007/s10456-012-9315-8 PMID: 23090645

Lindholm ME, Rundgvist H (2016) Skeletal muscle hypoxia-inducible factor-1 and exercise. Exp Physiol
101: 28-32. doi: 10.1113/EP085318 PMID: 26391197

Sturchler C, Carbon P, Krol A (1992) An additional long-range interaction in human U1 snRNA. Nucleic
Acids Res 20: 1215-1221. PMID: 1532853

Pajusola K, Kunnapuu J, Vuorikoski S, Soronen J, Andre H, et al. (2005) Stabilized HIF-1alpha is supe-
rior to VEGF for angiogenesis in skeletal muscle via adeno-associated virus gene transfer. FASEB J
19: 1365—-1367. doi: 10.1096/f].05-3720fje PMID: 15958522

Sarkar K, Fox-Talbot K, Steenbergen C, Bosch-Marce M, Semenza GL (2009) Adenoviral transfer of
HIF-1alpha enhances vascular responses to critical limb ischemia in diabetic mice. Proc Natl Acad Sci
US A 106: 18769-18774. doi: 10.1073/pnas.0910561106 PMID: 19841279

Li M, Liu C, BinJ, Wang Y, Chen J, et al. (2011) Mutant hypoxia inducible factor-1alpha improves angio-
genesis and tissue perfusion in ischemic rabbit skeletal muscle. Microvasc Res 81: 26-33. doi: 10.
1016/j.mvr.2010.09.008 PMID: 20937289

Milkiewicz M, Pugh CW, Egginton S (2004) Inhibition of endogenous HIF inactivation induces angiogen-
esis in ischaemic skeletal muscles of mice. J Physiol 560: 21-26. doi: 10.1113/jphysiol.2004.069757
PMID: 15319416

Niemi H, Honkonen K, Korpisalo P, Huusko J, Kansanen E, et al. (2014) HIF-1alpha and HIF-2alpha
induce angiogenesis and improve muscle energy recovery. Eur J Clin Invest 44: 989-999. doi: 10.
1111/eci.12333 PMID: 25208310

Ouma GO, Rodriguez E, Muthumani K, Weiner DB, Wilensky RL, et al. (2014) In vivo electroporation of
constitutively expressed HIF-1alpha plasmid DNA improves neovascularization in a mouse model of
limb ischemia. J Vasc Surg 59: 786—793. doi: 10.1016/j.jvs.2013.04.043 PMID: 23850058

Majmundar AJ, Lee DS, Skuli N, Mesquita RC, Kim MN, et al. (2015) HIF modulation of Wnt signaling
regulates skeletal myogenesis in vivo. Development 142: 2405-2412. doi: 10.1242/dev.123026 PMID:
26153230

PLOS ONE | DOI:10.1371/journal.pone.0168457 December 22, 2016 18/18


http://dx.doi.org/10.2337/db07-0093
http://www.ncbi.nlm.nih.gov/pubmed/17519422
http://dx.doi.org/10.1038/sj.ijo.0801844
http://www.ncbi.nlm.nih.gov/pubmed/11791148
http://www.ncbi.nlm.nih.gov/pubmed/8509063
http://dx.doi.org/10.1007/s10456-012-9315-8
http://www.ncbi.nlm.nih.gov/pubmed/23090645
http://dx.doi.org/10.1113/EP085318
http://www.ncbi.nlm.nih.gov/pubmed/26391197
http://www.ncbi.nlm.nih.gov/pubmed/1532853
http://dx.doi.org/10.1096/fj.05-3720fje
http://www.ncbi.nlm.nih.gov/pubmed/15958522
http://dx.doi.org/10.1073/pnas.0910561106
http://www.ncbi.nlm.nih.gov/pubmed/19841279
http://dx.doi.org/10.1016/j.mvr.2010.09.008
http://dx.doi.org/10.1016/j.mvr.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20937289
http://dx.doi.org/10.1113/jphysiol.2004.069757
http://www.ncbi.nlm.nih.gov/pubmed/15319416
http://dx.doi.org/10.1111/eci.12333
http://dx.doi.org/10.1111/eci.12333
http://www.ncbi.nlm.nih.gov/pubmed/25208310
http://dx.doi.org/10.1016/j.jvs.2013.04.043
http://www.ncbi.nlm.nih.gov/pubmed/23850058
http://dx.doi.org/10.1242/dev.123026
http://www.ncbi.nlm.nih.gov/pubmed/26153230

