
Mitochondrial Enzyme Activity and mtDNA Content. Red and white gastroc-
nemius was dissected and frozen in liquid nitrogen. CS enzyme activity was
determined by the change in absorbance of DTNB measured at 412 nm. COX
enzyme activity was determined by the change in absorbance of reduced
cytochrome c measured at 550 nm. SDH enzyme activity was determined by
the change in absorbance of DCIP measured at 600 nm. Relative mtDNA
content was measured by quantitative PCR using primers for ND1 and B2M.

Muscle Fiber Biochemistry.Respirationwasperformed in saponinpermeabilized red
and white gastrocnemius muscle fibers using an Oxygraph O2K (Oroboros In-
struments) at 37 °C. We added 10 mM glutamate, 5 mMmalate, 2 mM ADP, and
10 mM Succ sequentially. ROS production was measured in permeabilized fibers
using Amplex Red (ThermoFisher) at 37 °C in a fluorometer. Then, 5 mM gluta-
mate, 5 mM malate, 5 mM Succ, 2 mM ADP, and 10 μM AA were added se-
quentially. Excitation at 563 nm and emission at 587 nm was measured. CRC was
measured in permeabilized fibers using Calcium Green (ThermoFisher) at 37 °C in
a fluorometer. Excitation at 505 nm and emission at 535 nm was measured (37).

RNA-Seq and FGF21 and GDF15 Analysis. Total RNA from white gastrocnmeius
was extractedwith TRIzol and depleted of rRNA using RiboMinus (ThermoFisher).
Librarieswere preparedwith Ion Library kit and sequencedusing the Ion Proton
Sequencer (ThermoFisher). RNA-seq datawere analyzed using PartekGenomics
Suite software version 6.12.0109, DESEq. (38), and The Database for Annota-
tion, Visualization and Integrated Discovery v6.7 (DAVID) (39). TrIzol isolated
RNA from gastrocnemius, liver, WAT, and BAT was isolated from Ant1−/− and
ANT1+/+ mice, and FGF21, GDF15, BDNF, and UCP1 mRNAs were quantifies by
TaqMan assay. Serum FGF21 levels were determined by Rat-Mouse FGF21
ELISA Kit (EMD Millipore).

Additional methods are provided in SI Materials and Methods.
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Hyperinsulinemic–Euglycemic Clamp and Glucose Uptake. For hyper-
insulinemic–euglycemic clamp, mice were anesthetized with so-
dium pentobarbital and a catheter was inserted in the right jugular
vein and secured s.c. One week after insertion of internal jugular
vein catheters, the mice were subjected to 6 h fasting but allowed
ad libitum access to water. D-[3-3H] glucose was infused through
the catheter at a rate of 0.05 μCi/min simultaneously with insulin
(10 mU/kg/min). Tail blood was monitored for glucose at 10-min
intervals for 3 h, and 20% (wt/vol) glucose was infused at an ad-
justable rate to achieve a blood glucose level of 120–140 mg/dL.
One hour after initiation of infusion, 2-[14C] deoxyglucose was
injected i.v. to allow measurement of glucose uptake in tissues.
The mice were euthanized, and gastrocnemius and perigonadal
adipose tissue were harvested for measurement of glucose me-
tabolites.

ElectronMicroscopy.Gastrocnemius was isolated, and red and white
fibers were immediately dissected and fixed with 2.5% (vol/vol)
glutaraldehyde, 2.0% (vol/vol) paraformaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4, overnight at 4 °C. After subsequent
buffer washes, the samples were postfixed in 2.0% (wt/vol) os-
mium tetroxide for 1 h at room temperature and rinsed in distilled
H2O before staining en bloc with 2% (vol/vol) uranyl acetate.
After dehydration through a graded ethanol series, the muscle
fibers were infiltrated and embedded in EMbed-812 (Electron
Microscopy Sciences). Thin sections were stained with uranyl ac-
etate and lead citrate and were examined on a JEOL 1010 elec-
tron microscope fitted with a Hamamatsu digital camera and
AMT Advantage image capture software. Images of the inter-
myofibrillar compartment were collected at 12,000× magnifica-
tion, and images from the subsarcolemmal compartment were
collected at 15,000× magnification.

Immunohistochemistry. The gastrocnemius, plantaris, and soleus
complex of each animal were dissected as a whole and mounted on
plastic blocks in tragacanth and frozen in liquid isopentane cooled
in liquid nitrogen. Samples were stored immersed in isopentane at
–80 °C until use. We cut 8 μm-thick serial cross-sections in a
cryostat at −18 °C and mounted them on lysine-coated slides to
determine in situ fiber type. Two serial sections were used for the
immunolabeling of the different MHCs. The first cross-sections of
each sample were immunolabeled for MHC type I, IIa, and IIb.
These cross-sections were first allowed to reach room temperature
and rehydrated with PBS (pH 7.2). These sections were then
blocked using goat serum [10% (vol/vol) in PBS] and incubated
for 1 h at room temperature with the following primary antibody
mixture: mouse IgG2b monoclonal anti-MHC type I (BA-F8,
1:25), mouse IgG1 monoclonal anti-MHC type IIa (SC-71, 1:200),
mouse IgM monoclonal anti-MHC type IIb (BF-F3, 1:200), and
rabbit IgG polyclonal anti-laminin (Sigma L9393, 1:750). Muscle
cross-sections were then washed three times in PBS before being
incubated for 1 h at room temperature with the following sec-
ondary antibody mixture: Alexa Fluor 350 IgG2b (y2b) goat anti-
mouse (Invitrogen, A-21140, 1:500), Alexa Fluor 594 IgG1 (y1)
goat anti-mouse (Invitrogen, A-21125, 1:100), Alexa Fluor 488
IgM goat anti-mouse (Invitrogen, A-21042, 1:500), and Alexa
Fluor 488 IgG goat anti-rabbit (A-11008, 1:500). Muscle cross-
sections were then washed three times in PBS, and slides were
then coverslipped using Prolong Gold (Invitrogen, P36930) as
mounting medium. Identical procedures were used for the cross-
section used to immunolabel for MHC type IIx, except for the

primary antibody mixture, which was composed of a mouse IgM
monoclonal anti-type 2x MHC (6H1, 1:25) and a rabbit IgG
polyclonal anti-laminin, and the secondary antibody mixture,
which was composed of Alexa Fluor 488 IgM goat anti-mouse and
Alexa Fluor 488 IgG goat anti-rabbit.

Mitochondrial Enzyme Activity. Mice were euthanized by cervical
dislocation and the gastrocnemius removed. We homogenized 15
to 25 mg of oxidative or glycolytic tissue with a Teflon pestle on ice
in homogenization buffer (50 mM triethanolamine, 1 mM EDTA)
at 4 °C. CS enzyme activity was determined by the change in ab-
sorbance of DTNB (Ellman’s reagent) measured at 412 nm. In a
96-well plate, 200 μL of CS assay mix (200 mM Tris, 10 mM
acetyl-CoA, 10 mM DTNB, 10% Triton X-100), 7 μL of oxalo-
acetate (2 mM), and 10 μL of homogenate were added. Absor-
bance was read at 412 nm in kinetic mode. COX enzymatic
activity was determined by the decrease in absorbance of reduced
cytochrome c. In a 96-well plate, 2–10 μL of homogenate was
added to 200 μL of COX assay mix (50 mM potassium phosphate,
10% n-Dodecylmaltoside, 0.1 mM reduced cytochrome c). Ab-
sorbance was read at 550 nm in kinetic mode. SDH enzyme
activity was determined by the change in absorbance of DCIP
(2,6-Dichloroindophenol) measured at 600 nm. In a 96-well
plate, 200 μL of SDH assay mix (50 mM potassium phosphate,
2 mM EDTA, 50 mg/mL BSA, 20 mM KCN, 0.2 mM rotenone,
0.4 mM AA, 20 mM decylubiquinone, 20 mM DCIP, 500 mM
Succ, 2 mM Tris, 50 mM ATP) was added to 5–10 μL of ho-
mogenate. Absorbance was read at 600 nm in kinetic mode.

Relative mtDNA Content. Gene expression was measured by quan-
titative real-time PCR. Total genomic DNA was extracted and
purified (DNeasy, Qiagen) from ∼25 mg of isolated red and white
gastrocnemius and diluted to 2.5 ng/μL. The ratio of mitochon-
drial to nuclear DNA (mtDNA/nDNA) was quantified by the 2̂ –

ΔΔCT method using the following primer pairs: for nDNA, β-2-
microglobulin forward TCCTCTCCCGCTCTGCACCC (3′–5′)
and reverse GGCGGGCCACCAAGGAGAAC; and mtDNA,
ND1 forward GCAGAGACCAACCGAACCCCC and reverse
GGGCCTGCGGCGTATTCGAT. The PCR mixture contained
1× iTaq Universal SYBR Green Supermix (BioRad), 400 nM
primers, and 5 ng of template DNA.

Preparation of Permeabilized Muscle Fibers. Gastrocnemius muscles
were rapidly dissected and immersed in ice-cold buffer (2.77 mM
CaK2EGTA, 7.23 mM K2EGTA, 6.56 mM MgCl2, 0.5 mM DTT,
50 mM K-Mes, 20 mM imidazol, 20 mM taurine, 5.3 mM
Na2ATP, 15 mM phosphocreatine, pH 7.3, at 4 °C) in a Petri dish
on ice. Muscle fiber bundles were prepared by teasing apart
bundles along the fiber longitudinal orientation length of 3–4 mm,
diameter of 1 mm. Using two sharpened forceps, each fiber bundle
was gently dissected to maximize access to saponin. The muscle
bundles were transferred to a scintillation vial containing 6 mL of
buffer supplemented with 200 μL of saponin 30× (final concen-
tration of 50 μg/mL). The bundles were incubated on ice on a
rocking platform for 30 min.

Respiration of Permeabilized Muscle Fibers. Respiration was per-
formed in permeabilized red andwhite gastrocnemiusmuscle fibers
in an Oxygraph O2K (Oroboros Instruments) at 37 °C in 2 mL of
buffer (2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 1.38 mM
MgCl2, 0.5 mM DTT, 100 mM K-Mes, 20 mM imidazol, 20 mM
taurine, 3 mM K2HPO4, 2 mg/mL BSA, pH 7.3, at 4 °C). Muscle
fiber bundles were weighed and added to the respiration chamber.
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The following substrates were added sequentially: 10 mM gluta-
mate, 5 mM malate, 2 mM ADP, and 10 mM Succ.

ROS Production in Permeabilized Muscle Fibers. Permeabilized red and
white gastrocnemius muscle fibers were washed in buffer (110 mM
K-Mes, 35 mMKCl, 1 mMEGTA, 3 mMMgCl2, 10 mMK2HPO4,
0.5 mM BSA, pH 7.3, at 4 °C) and placed in a cuvette with assay
mix (600 μL buffer, 3 μL Amplex Red, and 1.2 μL HRP) at 37 °C
into a fluorometer. The following substrates and inhibitors were
added sequentially: 5 mM glutamate, 5 mM malate, 5 mM Succ,
2 mM ADP, and 10 μM AA. Excitation at 563 nm and emission at
587 nm was measured. The % free radical leak was calculated as
the rate of H2O2 production divided by twice the rate of O2 con-
sumption, as two electrons are needed to reduce 1 mol of O2 to
H2O2, whereas four electrons are transferred in the reduction of
1 mol of O2 to water. The result was then multiplied by 100.

CRC Assay. Permeabilized red and white gastrocnemius muscle
fibers were washed in buffer (250 mM sucrose, 5 μMEGTA–Tris,
10 mM Tris–Mops, pH 7.3, at 4 °C) and placed in a cuvette with
600 μL CRC assay mix (10 mM Pi, 2.5 mM malate, 5 mM glu-
tamate, 0.5 nM oligomycin, 1 μM calcium green) at 37 °C into a
fluorometer. Excitation at 505 nm and emission at 535 nm was
measured, and a single bolus of Ca2+ was added. Fluorescence
was recorded over 5–10 min.

RNASequencing.Total RNAwas extracted and purified with TRIzol
RNA Isolation Reagents and kits and depleted of cytosolic rRNA
(RiboMinus, Life Technologies). RNA was quantified and its
integrity checked on a Bioanalyzer 2100, RNA 6000 Nano kit
(Eukaryote Total RNA Nano, Agilent Technologies), and Qubit
2.0 fluorometer RNA assay kit (Invitrogen). We used 500 ng of
RNA for cDNA preparation, and libraries were prepared with Ion
Library kit (Life Technologies) following manufacturer protocols,

bar-coded with IonXpress RNA-Seq Barcode kit, and sequenced
using the Life Technologies Ion Proton Sequencer with Ion
OneTouch2 template preparation kit, Ion Proton Sequencing kit,
and Ion PI Chip kit (Life Technologies). RNA sequencing data
were further analyzed using Partek Genomics Suite software
version 6.12.0109. Data were normalized and expressed as reads
per kilobase per million reads (RPKM). Data were analyzed with
DESeq and The Database for Annotation, Visualization and In-
tegrated Discovery v6.7 (DAVID).

Quantitative Real-Time RT-PCR. Total RNA was isolated using TRIzol
reagent (Thermo Fisher Scientific) according to the manufacturer’s
protocol. First-strand cDNA was created from total RNA using
SuperScript IV First-Strand Synthesis System (Thermo Fisher Sci-
entific). Quantitative RT-PCR was performed using TaqMan Ex-
pression Assays (Thermo Fisher Scientific) on the ViiA7 platform.
The ΔΔCt method was used to normalize expression of the target
gene to the control gene (mouse HPRT). The TaqMan primer sets
are as follows: Hprt Mm00446968_m1, Fgf21 Mm00840165_g1,
Gdf15 Mm00442228_m1, Bdnf Mm04230607_s1, and Ucp1
Mm01244861_m1.

FGF21 ELISA. Serum was collected from tail blood, and FGF21
levels were measured by ELISA (Millipore).

Statistical Analysis. Results are presented as means ± SEM. For
comparison of two groups, Student’s two-tailed t test was per-
formed using GraphPad Prism version 5.04 (GraphPad Software).
Mouse survival curves were generated using a Kaplan–Meier plot.
P ≤ 0.05 was accepted for statistical significance. For RNA-seq
data, P ≤ 0.01 was accepted for statistical significance. For gene
expression by qPCR, Student’s two-tailed t test was performed on
the ΔCT values, and fold change [2̂ (–ΔΔCT)] was graphed as
geometric mean with 95% CIs.
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Fig. S1. ANT1 deficiency modulates metabolism according to diet. (A) Kaplan–Meier survival curve of Ant1+/+ and Ant1−/− mice fed a LFD. (B) Body weight
measured in mice fed a LFD. (C) Body composition measured by MRI in 8-mo-old mice fed a LFD. (D) RER measured over 24 h in 8–9-mo-old mice fed a LFD.
(E) Activity levels measured over 24 h in 8–9-mo-old mice fed a LFD. VO2 rate during a 24-h period divided into four 6-h phases measured in 8–9-mo-old mice
fed (F) a LFD or (G) a HFD. Data are represented as mean ± SEM; n = 12–30 per group (A and B) and 6–9 per group (C–G). *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.
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glucose disposal. (D) 14C-2-deoxyglucose uptake in white fat and skeletal muscle on LFD. Data are represented as mean ± SEM; n = 11–13 per group (A and B)
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**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. S4. Altered transcriptome in ANT1-deficient mice up-regulates mitochondrial processes in white muscle. Twenty-five most significant biological process categories for genes enriched in Ant1−/− skeletal muscle showing
(A) up-regulated (>1.5-fold, n = 227) and (B) down-regulated categories (<0.3-fold, n = 453). Queried categories include Gene Ontology (GO), Protein Information Resource (PIR), Sequence (Seq) Features, Kyoto Encyclopedia
of Genes and Genomes (KEGG), and InterPro protein sequence and analysis classification. Analysis was performed using DAVID (v6.7). (C–F) Fold change of relative mRNA levels of FGF21, GDF15, UCP1, and BDNF in Ant1−/−

versus Ant1+/+ gastrocnemius (gastroc), liver, BAT, and WAT by qPCR. H, HFD; L, LFD. Data are represented as geometric mean with 95% CIs. n = 4 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Table S1. Gene transcripts of Ant1−/− white gastrocnemius
muscle determined by RNA sequencing

Gene name FoldΔ P

Adenine nucleotide translocase
Slc25a4 1.1E-04 3.6E-15
Slc25a5 0.57 0.014

Insulin receptor
Igf1r 0.51 0.017
Insr 0.67 0.145

Insulin receptor substrates
Gab1 0.75 0.327
Irs1 0.51 0.002
Irs2 0.31 5.8E-07
Irs3 0.26 0.010
Shc1 0.71 0.204
Shc2 0.39 9.8E-05

PI3-kinase
Pik3c2a 0.61 0.060
Pik3c3 0.54 0.016
Pik3ca 0.43 0.001
Pik3cb 0.74 0.435
Pik3cd 1.66 0.038
Pik3cg 0.68 0.178
Pik3r1 0.66 0.066
Pik3r2 0.85 0.583
Pik3r3 0.63 0.129
Pik3r4 0.78 0.440
Pik3r5 0.49 0.041

PDK/Akt signaling
Akt1 1.01 0.913
Akt2 0.68 0.161
Akt3 0.44 0.002
Gsk3a 0.70 0.103
Gsk3b 0.33 7.9E-08
Pdpk1 0.42 5.5E-05
Sgk1 0.31 1.7E-04

AMPK
Prkaa1 0.69 0.144
Prkaa2 0.68 0.104
Prkab1 0.96 1.000
Prkab2 0.56 0.009
Prkaca 0.85 0.538
Prkacb 0.45 1.7E-04
Prkag1 0.73 0.312
Prkag2 0.73 0.237
Prkag3 0.38 1.6E-06
Prkar1a 0.55 0.008
Prkar1b 0.54 0.423
Prkar2a 0.53 0.005
Prkar2b 0.52 0.214

Glucose transport
Slc2a1 0.42 4.7E-04
Slc2a4 0.84 0.650

Transcriptional regulators
Egr1 0.68 0.433
Elk1 0.86 0.811
Fos 0.15 3.2E-08
Foxo1 0.13 3.0E-19
Foxo3 0.64 0.099
Foxo6 6.91 9.0E-06
Jun 0.46 0.035
Nrip1 0.49 0.001
Ppara 0.59 0.075
Ppard 0.56 0.028
Pparg 1.17 0.704
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Table S1. Cont.

Gene name FoldΔ P

Ppargc1a 0.23 4.9E-11
Ppargc1b 2.46 3.2E-04
Pprc1 0.55 0.015
Srf 1.14 0.524
Tfam 0.63 0.051

Myokines
Bdnf 8.79 2.9E-10
Fgf21 >40 2.3E-08
Fndc5 0.98 0.973
Gdf15 9.96 0.001
Il15 1.99 0.037
Metrnl 0.45 0.007

The table includes individual transcripts of genes including adenine nucle-
otide translocases, insulin receptor signaling pathways, general transcription
factors, and skeletal muscle secreted myokines. n = 4 mice per genotype.
Statistical significance set to P < 0.01.
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