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Quantitative regulation of skeletal muscle mitochondria 
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4-HNE: 4-hydroxy-2-nonenal 

4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1 

ACC: acetyl CoA carboxylase 

ADP: adenosine diphosphate 

AMP: adenosine monophosphate 

AMPK: 5′-AMP-activated protein kinase  

ATF: activating transcription factor  

ATG: autophagy-related gene 

ATP: adenosine triphosphate 

ATP5A: ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 

BiP: binding immunoglobulin protein 

BSA: bovine serum albumin 

CaMK II: Ca2+/calmodulin-dependent protein kinase II  

CHOP: C/EBP homologous protein 

COX: cytochrome c oxidase  

CS: citrate synthase 

DNA: deoxyribonucleic acid 

Drp1: dynamin-related protein 1 

ELISA: enzyme-linked immunosorbent assay 

ERK: extracellular signal-regulated kinase 

ERRα: estrogen-related receptor alpha 

FAT/CD36: fatty acid translocase cluster of differentiation 36 
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Fis1: mitochondrial fission 1 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase 

GLUT: glucose transporter 

GRP: glucose-regulated protein 

HSF1: heat shock factor 1 

HSP: heat shock protein 

ICR: institute for cancer research 

IRE-1α: inositol-requiring enzyme 1 alpha 

KAT: kynurenine aminotransferase 

LC3: microtubule-associated protein 1A/1B-light chain 3 

MAPK: mitogen-activated protein kinase 

MEF: myocyte enhancer factor 

Mfn: mitofusin 

MOTS-c: mitochondrial open reading frame of the 12S rRNA-c 

mTORC1: mammalian (mechanistic) target of rapamycin complex 1 

Mul1: mitochondrial E3 ubiquitin protein ligase 1 

NAD: nicotinamide adenine dinucleotide 

NDUFB8: NADH:ubiquinone oxidoreductase subunit B8 

NRF: nuclear respiratory factor 

Opa1: optic atrophy 1 

PCr: phosphocreatine 

PDH: pyruvate dehydrogenase 

PDK: pyruvate dehydrogenase lipoamide kinase 
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PGC-1α: peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PI3K: phosphoinositide 3-kinase 

PID: proportional-integral-derivative 

PINK1: PTEN-induced putative kinase 1 

PPAR: peroxisome proliferator-activated receptor  

PVDF: poly vinylidene difluoride 

RNA: ribonucleic acid 

ROS: reactive oxygen species 

SDS: sodium dodecyl sulfate 

SIRT1: sirtuin 1 

SQSTM: sequestosome 

TCA: tricarboxylic acid cycle 

TFAM: mitochondrial transcription factor A 

TIM: translocase of inner mitochondrial membranes 

TOM: translocase of outer mitochondrial membranes 

TRAP1: tumor necrosis factor receptor-associated protein 1 

TTBS: tris buffered saline with tween 20 

Ub: Ubiquitin 

UCP: uncoupling protein 

ULK1: Unc51-like kinase 1 

UPRmt: mitochondrial unfolded protein response 

VDAC: voltage-dependent anion channel 

YY1: Yin Yan 1
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2

SS IMF 86

20%

80% 86

54, 178

ATP 182

ATP

84, 182

2, 21, 111

Fig. 2. Topological and morphological differences between subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria. A: scanning electron microscopy
(SEM) imaging of a freeze-fractured soleus muscle fiber sectioned in the cross-sectional plane with its cytoplasm exposed. The SS region is outlined where mostly
globular SS mitochondria are clustered. B: SEM of freeze-fractured muscle fiber cracked to expose the staircase-like sarcomere structure revealing the IMF
mitochondrial reticulum between each sarcomeric plane. C: diagram representing the two main planes—longitudinal and transverse (i.e., cross-section)—used
to quantify various aspects of mitochondrial morphology. D and E: confocal imaging of permeabilized muscle fibers labeled with Mitotracker Red showing SS
and IMF mitochondria and sarcomeric organization. F: schematic of experimental setting used for optical sectioning of Mitotracker-labeled muscle fibers in the
longitudinal (blue) and cross-sectional (green) planes. Below is a three-dimensional reconstruction of an oblique section across a myofiber, showing elongated
organelles (arrow). G: the longitudinal view in both confocal and electron microscopy reveals the pairwise arrangement of IMF mitochondria across Z-lines at
each sarcomeric plane (appearing as spherical organelles, arrows), whereas the transverse view reveals the actual tubular morphology of IMF mitochondria (H,
arrows).

1564 Acute Exercise and Mitochondrial Interactions • Picard M et al.

J Appl Physiol • doi:10.1152/japplphysiol.00819.2013 • www.jappl.org
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Locke et al. (128) SD   42 a  (35 mg/kg ip) 

Chen et al. (37) SD   42-42.5  (80 mg/kg ip) and  (10 mg/kg ip) 

Gupte et al. (75) Wistar  x  41-41.5 a  (5 mg/100g ip) 

Gupte et al. (76) Fische  ̶  41-41.5 a  (5 mg/100g ip) 

Oishi et al. (160) Wistar  x  42 (20%, 500 µl/100 g body wt) 

Joyeux et al. (96) Wistar  x  42 a (25 mg/kg ip) 

Frier et al. (60) SD   42 “  (2-5% with 1 L O2/min) 

Kojima et al. (107) Wistar  x  - vn 

Goto et al. (73) Wistar  x  41-42 vn 
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MRHSF, Misumi-Vona, Tokyo, Japan

540 W

±

E5EC-CX2ASM-000, Omron, Kyoto, Japan,

G32A-EA AC100-240, Omron, G3PA-220B-VD 

DC5-24, Omron PID s PID

P:14.6 ºC, I 701 sec, D 119 sec 0.1 ºC
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Lactate Pro, Arkray, Japan

7A +

Lysis buffer

pH 7.5, 1% Triton X-100, 50 mM Tris HCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM Sodium 

Beta-glycerol Phosphate, 5 mM Sodium Pyrophosphate, 2 mM DTT, 10 µg/ml Pepstatin A 10 µg/ml 

Aprotinin 10 µg/ml Leupeptin 1 mM Na Orthovanadate 1 mM Phenylmethylsulfonylfluoride	

30 1500xG

Bradford

1 µg/µl Buffer 2 10 mM 

2-amino-2-hydroxymethyl-1, 3-propanediol, 1 mM EDTA, pH 7.4 100 µl

16%SDS 30 µl 100 ºC 10

HSP72 Bio Rad, 

USA s 10% SDS-polyacrylamide gel 10 µl

PVDF Hybond-P, Ge 

Healthcare Japan, Tokyo, Japan BSA/TTBS 3% BSA, 20 mM Tris Base, 137 

mM NaCl, 0.1 mM HCl, 0.1% Tween 20 1 HSP72 1 Enzo 
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Life Science ADI-SPA-810-D; 1:3000 v 4 ºC

1 TTBS 20 mM Tris Base, 137 mM NaCl, 0.1 mM HCl, 0.1% Tween 20 10

23 2 Goat Anti-mouse IgG (H+L) American Qualex, CA, USA 1

2 TTBS 20 mM Tris Base, 137 mM NaCl, 0.1 mM HCl, 

0.1% Tween 20 10 23 Pierce ECL Western Blotting Substrate (Thermo 

Scientific, USA) Chemi Doc, Bio Rad, CA, USA

Quantity One Ver. 4.5.2, Windows, Bio Rad

HDR-SR11, 30 fps, SONY, Tokyo, Japan Kinovea, Ver. 0.8.15, 

Windows

15

0 T

HSP72 Dunnet

2

JMP Version 9.0.1, Macintosh, SAS Institutes, NC, USA
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6 ICR CLEA Japan 23 ºC 12

1± 3-4 ± º 16.5 x 9.5 x 10.0 cm

MF, Oriental Yeast 2

1 3

3

v
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25 m/min 30

0º 5 3

 

2 40 ºC 1 30
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30

5 3
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10

30

 

s

22-362-566, Thermo Fisher Scientific 10,000 rpm, 

5min

-80 ºC ELISA

Assaymax Corticosterone ELISA Kit, Assaypro, MO, USA  

 

Lysis 

buffer (pH 7.5, 1% Triton X-100, 50 mM Tris HCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM 

Sodium Beta-glycerol Phosphate, 5 mM Sodium Pyrophosphate, 2 mM DTT, 10 µg/ml Pepstatin A 10 

µg/ml Aprotinin 10-15 µg/ml Leupeptin 1 mM Na Orthovanadate 1 mM Phenylmethylsulfonylfluoride)

30 1500xG

Bradford

1 µg/µl Buffer2 10mM 

2-amino-2-hydroxymethyl-1, 3-propanediol, 1mM EDTA, pH 7.4 100 µl

16%SDS 30 µl 100 ºC 10
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Bio Rad s

7.5-12% SDS-polyacrylamide gel 10 µl

PVDF Hybond-P, Ge Healthcare Japan

BSA/TTBS 3% BSA, 20 mM Tris Base, 137 mM NaCl, 0.1 mM HCl, 0.1% 

Tween 20 1 4 ºC 1

1 TTBS 20mM Tris Base, 137mM NaCl, 

0.1mM HCl, 0.1% Tween 20 10 23 2 Goat Anti-mouse IgG (H+L)

American Qualex Goat Anti-rabbit IgG (H+L) American Qualex 1

2 TTBS 20mM Tris Base, 137mM NaCl, 0.1mM HCl, 0.1% Tween 

20 10 23 Pierce ECL Western Blotting Substrate (Thermo Scientific)

Chemi Doc, Bio Rad

Quantity One Ver. 4.5.2, Windows, Bio Rad

2A  

 Homogenate Buffer (100 mM KH2PO4, 0.05% BSA, pH 7.3)

º 10 mg/ml

2A

 CS Srere 200 37ºC

10 µl 1 mM DTNB 15 µl 100 mM Tris-Hcl pH 7.3 290 µl 0.3 mM Acetyl CoA 20 µl

10 mM Oxaloacetate 15 µl 412 nm 3
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25 m/min, 30 min

ICR 20.8 m/min

ICR 25 m/min 90

(205) 25 m/min, 30 min
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8 ICR CLEA Japan 23 ºC 12

± º 16.5 cm29.5 cm210.0 cm

v
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10 24

4% 3% 0.5 ml/min
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Denervation

5 mm

0.7-0.8 mm

2 3

40 ºC 30 10 7 3 9

± ± 16.529.5210.0 cm 3-4

23 ºC

TC E52-CA20AY D=3.2 4M, Omron

1.5 cm

10

30
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Lysis buffer (pH 7.5, 1% Triton X-100, 50 mM Tris HCl, 1 mM EDTA, 1 mM EGTA, 50 mM 

NaF, 10 mM Sodium Beta-glycerol Phosphate, 5 mM Sodium Pyrophosphate, 2 mM DTT, 10 µg/ml 

Pepstatin A 10 µg/ml Aprotinin 10 µg/ml Leupeptin 1 mM Na Orthovanadate 1 mM 

Phenylmethylsulfonylfluoride) 30

1500xG

Bradford 1 µg/µl

Buffer2 10mM 2-amino-2-hydroxymethyl-1, 3-propanediol, 1mM EDTA, pH 7.4

100 µl 16%SDS 30 µl 100 ºC 10

Bio Rad

s 7.5-12% SDS-polyacrylamide gel 10 µl

PVDF Hybond-P, Ge Healthcare 

Japan BSA/TTBS 3% BSA, 20 mM Tris Base, 137 mM NaCl, 0.1 mM HCl, 

0.1% Tween 20 1 4 ºC 1

 1 TTBS 20mM Tris Base, 

137mM NaCl, 0.1mM HCl, 0.1% Tween 20 10 23 2 Goat Anti-mouse 

IgG (H+L) American Qualex Goat Anti-rabbit IgG (H+L) American Qualex 1

2 TTBS 20mM Tris Base, 137mM NaCl, 0.1mM HCl, 

0.1% Tween 20 10 23 Pierce ECL Western Blotting Substrate (Thermo 

Scientific) Chemi Doc, Bio Rad

Quantity One Ver. 4.5.2, Windows, Bio Rad
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2A  

 Homogenate Buffer (100 mM KH2PO4, 

BSA, pH 7.3) º 10 mg/1 ml

2A

 CS Srere 1969 )+4

10 µl 1 mM DTNB 15 µl 100 mM Tris-Hcl pH 7.3 290 µl 0.3 mM Acetyl CoA 20 µl

10 mM Oxaloacetate 15 µl 412 nm 3

e

97, 137

autophagic/mitophagic flux

0.4 mg/kg/day

9 10

 

Mitochondria-enriched/associated fraction Safdar 187

67 mM sucrose, 50 mM Tris, 50 mM KCl, 10 mM EDTA 

and 0.2% (w/v) fatty acid-free bovine serum albumin, pH 7.4
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700xG, 15 min, 4 ºC 12000xG, 20 

min, 4 ºC ×

× Bradford

GAPDH

COX IV v

0 T

Tukey-Kramer

P<0.05 P<0.10

JMP Version 9.0.1, Macintosh, SAS Institute
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