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Dumont et al. 2015
Murach wt al. 2017; Christov et al. 2007

1 Hypoxia Inducible Factor-1 : HIF-1
Favier et al. 2015; Semenza, 2012 HIF-1 HIF- HIF-

HIF- HIF-
Prolyl-hydroxylases PHD HIF-

2- Fe2
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PHD HIF-

HIF- HIF-
HIF-

HIF- HeLa HIF-
1 % O2 3 Bagnall et al. 2014 1%O2 4

Hep 3B 15 Wang et al. 1995 HIF-1
in vitro 1%O2 HIF-

6 O2 5000m Favier et al. 2015 HIF-
Reactive Oxygen Species ROS

nitric-oxide : NO Chaudhary et al. 2012; Guzy et al. 2005; Balligand et al. 2009
ROS PHD Fe2 Fe3+ HIF- NO

PHD S- HIF-
HIF-1 Vascular Endothelial Growth Factor VEGF

Hoier and Hellsten, 2014 VEGF
VEGF

Hoier and Hellsten, 2014 VEGF mRNA
Ohno et al 2012; de Theije et al. 2015; 

Flann et al. 2014 VEGF HIF-1 AMP-activated protein kinase AMPK
Zwetsloot et al. 2008 AMPK AMP/ATP
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AMPK VEGF mRNA
VEGF Zwetsloot et al. 2008

AMPK VEGF
Peroxisome proliferator-activated receptor Gamma Coactivator 1 alpha PGC1 -

estrogen-related receptor- ERR- AMPK
PGC1  mRNA Lee et al. 2006 VEGF ERR

PGC1 ERR- ERR- VEGF
Chinsomboon et al. 2008 NO 1

NO NOS endothelial NOS eNOS
NOS neuronal NOS : nNOS Clanton, 2007 -

VEGF eNOS Williams et al. 2006 nNOS
Wild VEGF-A mRNA

Ward et al. 2005 1/2 Fibroblast growth factors : 
FGF1/2 1

Yun et al. 2010; Brindle et al. 2006

Dumont et al. 2015 in vitro
Jash and Adhya, 2015; Li et al. 

2007; Liu et al. 2012 HIF-1 HIF-1
in vivo

Jash and Adhya, 2015
in vivo

Christov et al. 2007
myogenin VEGF-A FGF2 HGF

in vivo
Latroche

Latroche et al. 2017

Rhoads et al 2013

Snijders et al. 2017 Type II
Nederveen et al. 2016
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Adult
Murach et al. 2017

10 20

15 12 O2 15 5
PGC1 VEGF-A 

mRNA Suzuki, 2016 VEGF-A mRNA PGC1
1

3 C/F 1

ROS Lavie, 2015

ROS
10 O2 ROS

Domínguez-Álvarez et al. 2017 COPD

Mateika et al. 2015

VEGF
Mateika et al. 2015
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Vogt and Hoppeler, 2010

LLTH

16%O2

Okabe et al. 2017
VEGF mRNA

AMPK
Morales-Alamo AMPK Thr172

Morales-Alamo et al. 2012
AMPK AMP/ATP

AMPK LKB1 Sirt1
Sirt1 NAD+/NADH.H+ ROS

ROS

Morales-Alamo et al. 2017 ROS NAD+/NADH.H+

AMP/ATP AMPK

Christiansen et al. 2018
ROS AMPK
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ROS Bretón-Romero et al 2012 AMPK
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2007 ROS
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Chen et al. 2012; Lavender 
et al. 2008; Maeo et al. 2017 2 1

Lavender et al. 2008; Maeo et al. 2017

Takagi et al. 2010

Ikezaki et al. 2017 3
MyoD mRNA

Roig et al. 2009; Hedayatpour et al. 2015 1~2
DOMS Nosaka et al. 2002; Chen et al. 2012

2

mRNA
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Semenza, 2012 Radak et al. 2013 (ROS)
ROS Zuo et al. 

2013 ROS (RNS)

Nagahisa et al. 2016; Merry and Ristow, 2016

Nagahisa et al. 2016
de Theije et al. 2015; Carberry et al. 2014 ROS RNS

ROS
ROS

Semenza, 2012; Lavie, 2015
Suzuki, 2016

ROS ROS
Gliemann et al. 2016 ROS Merry and 

Ristow, 2016 VEGF-A Chinsomboon et al. 2008
VEGF-A mRNA

Croley et al. 2005 ROS

RT-PCR 10
20

1

Kyudo company Tosu, Japan 16 10 week-old, body weights: 
30.9±0.51g 17 20 month-old, body weights: 49.3±1.75g ICR-JCL strain

N: FIO2 = 0.21 H: FIO2 = 0.16
H; FIO2 = 0.21 and 0.16 3 O2 controller MC-8G-S; Iijima Electronics CO., 
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gamagori, Japan carbon dioxide monitor COZY-1; JIKCO, Tokyo, Japan
: 28 x 35 x 24 cm 16%O2 0.1%CO2

5
5 12 1 16%O2 1

12 12
23±2 55±7%

(70mg/kg)
-80

Fig 1A

2
 (%), cross-sectional area (CSA: m2), 

Nagahisa et al. 2016 20
CM510,Leica,Nussloch,Germany

0.1M phosphate buffered saline PBS;pH7.6 1 normal goat 
serum Millipore Chemicon, Billerica, Massachusetts, USA 10 10

PBS 3
: 1 MHC -II Fast myosin

1:2000, Sigma,St Louis, Missouri, USA  2 MHC-IIa SC-71 1:1000, 
Developmental Studies Hybridoma Bank, Iowa, USA PBS horseradish 
peroxidase HRP goat anti-mouse IgG, Bio-Rad, Hercules, California, USA 3

diaminobenzine tetrahydrochloride Sigma HRP
BZ-X710, KEYENCE, Osaka, Japan

TypeI IIa IIxb
200

0.1MPBS 2% paraformaldehyde10
PBS PBS 10% normal goat serum 2% bovine serum albumin

30 PBS 2%bovine serum albumin/PBS
mouse anti-paired box protein-7 Pax7, Developmental Studies Hybridoma 

Bank; 1: 1,000 rabbit anti-laminin Sigma Aldrich, 1: 1,000 2
PBS : 

Cy3-conjugated AffiniPure goat anti-mouse IgG 1:1000,Jackson ImmunoResearch, West Grove, 
Pennsylvania, USA AlexaFlour488 goat anti-rabbit IgG 1:1000,Molecular Proves, Breda, 
Netherlands 2 PBS PBS

4,6-diamino-2-phenylindole DAPI, Molecular Probes 5
Pax7 laminin DAPI BZ-X710, KEYENCE

Fig1 B laminin
DAPI Pax7
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the number of capillaries per 1 mm2

/ CD31 10 m
anti-laminin anti-CD311 1: 1000; Sigma Aldrich

3 RNA RT-PCR 
mRNA RT-PCR

Nagahisa et al. 2016 TRIZOL reagent Molecular Probes, Breda, 
Netherlands total RNA Total RNA 260nm 280nm

total RNA TURBOTM DNase Ambion, Austin, 
USA 30 37 DNA DNase
Exscript RT reagent kit Takara, Tokyo, Japan cDNA

cDNA StepOneTM Real Time PCR System Applied Biosystems Japan, Tokyo, Japan
SYBR Green PCR Master Mix

95 10 +95 30 58 1
/ 40 Glyceraldehyde-3-phosphate dehydrogenase GAPDH

mRNA mRNA cycle 
threshold CT GAPDH Ct target

PRE cDNA

Table 1 PCR pax7
MyoD myogenin Fujimaki et al. 2014 Atrogin1 ATG5 de Theije et al. 2015  BDNF

Naumenko et al. 2015 Primer Express 
software v3.0, Applied Biosystems Japan FASMAC

Kanagawa, Japan

±SE RT-PCR
two-way ANOVA hypoxic method and age differences  t-test 

Bonferroni mRNA  coefficients
p 0.05

3
N SOL: 16.0±1.1g, GA-S:193.0±7.3g H SOL: 13.3±0.3g, 

GA-S:173.6±17.4g IH SOL: 13.4±0.6g, GA-S:173.7±5.2g

N SOL: 16.8±1.8g, GA-S:177.3±16g, H SOL: 17.0±0.6g, GA-S:178.2±3.9g, IH SOL: 
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15.9±1.1g, GA-S:197.6±16.1g

2
Table 2

TypeI IIa
TypeI Fig 2

/

/

Fig 3A, B
15 /

Fig 3C, D /

3 mRNA
Soleus muscle 

mRNA N 1 Fig 4 H
MyoD BDNF MHCe mRNA Atrogin1 mRNA

Fig 4A VEGF-A
IH Myostatin mRNA
H

H VEGF-A mRNA Fig 
4B nNOS H IH Myostatin 
mRNA

VEGF-A nNOS mRNA H  mRNA
 H BDNF IH FGF2 mRNA

Gastrocnemius muscle 
H VEGF-A mRNA

Fig 4C IH FGF-2 mRNA
IH MyoD VEGF-A FGF-2 PGC-

mRNA
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mRNA
Fig 4D H Myogenin ATG5 mRNA IH

Correlations between factors 
NO De Palma and 

Clementi, 2012 SC VEGF-A FGF2 Rhoads et al. 
2009 nNOS eNOS mRNA

VEGF-A FGF2 MyoD mRNA Table 3
VEGF-A nNOS mRNA

eNOS VEGF-A MyoD

1
Soleus muscle. 5 16%O2

TypeI TypeIIa

Atrogin1 Razeghi et al. 2006 mRNA IH H
Myostatin Rodriguez et al. 2014

mRNA H:P=0.3 IH:P 0.05 Myostatin mRNA
Myostatin 

mRNA H2O2 ROS NF-
Sriram et al. 2011 IH

8%O2 3
de Theije et al. 2015

14-15%O2 8
Chen et al. 

2010
Chen et al. 2010

MyoD MHCe BDNF mRNA
in vitro MyoD

Kook et al. 2008 BDNF
Yu et al. 2017 BDNF in 

vitro myogenin MHCe Clow and 
Jasmin, 2010 SC
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8-week-old adult 16-week-old
Murach wt al. 2017

SCs

Chen et al. 2010

Gastrocnemius muscle.
RT-PCR Atrogin1 Atg5 Myostatin mRNA
8% O2 de 

Theije et al. 2015 16%O2

MyoD BDNF mRNA

IH MyoD mRNA H MyoD mRNA
H BDNF MHCe mRNA

MyoD mRNA
ROS Gliemann et al. 2016

Rhoads et al. 2013 NOS Casey et al. 2011

2
Soleus muscle. de Theije et al. 2015 12 8%O2

20
16%O2

VEGF-A mRNA nNOS mRNA
nNOS Huber-Abel et al. 2012

nNOS VEGF-A mRNA Baum et al. 2013
nNOS mRNA Ward et al. 2005

16%O2 nNOS mRNA VEGF-A mRNA

nNOS VEGF-A mRNA
VEGF-A mRNA

VEGF-A mRNA
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6% O2/ 2 h Gavin et al. 2016 12% O2/ 8 weeks Olfert et al. 2001
VEGF-A mRNA

VEGF mRNA 12% O2/ 8 weeks Olfert et al. 2001

ROS
Lavie, 2015 ROS
Merry and Ristow, 2016

Mateika et al. 2015
H VEGF-A

nNOS mRNA H

Gastrocnemius muscle. /

Verdijk et al. 2016
nNOS mRNA

VEGF-A mRNA de 
Theije et al. 2015 (8%O2)

16%O2

NO constitutive NOS eNOS nNOS
Ho et al. 2012 NO eNOS nNOS

Ho et al. 2012 nNOS TypeIIb
Hoshino et al. 2002 nNOS

8%O2

de Theije et al. 2015
nNOS Ward et al. 2005 NO

eNOS mRNA
Egginton et al. 2016

eNOS
nNOS

Williams et al. 2006a nNOS eNOS
VEGF-A
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eNOS VEGF-A Williams et al. 2006b
IH H VEGF-A P<0.05 eNOS mRNA P=0.063

eNOS VEGF-A mRNA

NOS
Casey et al. 2011

eNOS Ho et al. 2012
eNOS VEGF-A mRNA

(SIT)
eNOS SIT

Cocks et al. 2013 eNOS

VEGF-A mRNA
MyoD mRNA eNOS-VEGF-A

NO
De Palma and Clementi, 2012 VEGF-A

FGF2 Rhoads et al. 2009
FGF2 mRNA

eNOS mRNA MyoD VEGF-A
NO VEGF-A

Conclusion 
10

nNOS VEGF-A mRNA
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Table 1 Real-time RT-PCR primer sequences.

GAPDH; glyceraldehyde-3-phosphate dehydrogenase, Pax7; paired box transcription factor-7, MyoD; 
myogenic determination factor, VEGF-A; vascular endothelial growth factor-A, FGF2; fibroblast 
growth factor 2, BDNF; brain-derived -activated receptor 
gamma coactivator 1-alpha, NOS; nitric oxide synthase, MHCe; myosin heavy chain embryonic, 

-related gene 5 
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Table 2 Muscle fiber properties in each experimental group. 

Data are shown for properties of muscle fiber types and CSA in the soleus muscle (SOL) and 
superficial portion of the gastrocnemius (GA-S) in normoxic control (N), continuous hypoxia (H), and 

0.05). 
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Table 3 Pearson's correlation coefficients between each factor.  

Pearson's correlation coefficients (R) between the ratio of the increase in nNOS, eNOS, and MyoD 
mRNA expression, and the ratio of the increase in MyoD, VEGF-A and FGF2 mRNA expression. 
Pearson's R was calculated based on total data for three experimental groups in each muscle from 
young and old mice. : Significant correlation between each factor (P < 0.05). 
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Figure 1 Images for MHC-IIa (A), satellite cells (B), central myonucleus (B), and capillaries (C) in the 
gastrocnemius. (A): Stained fibers represent MHC-IIa, and the area surrounded by the dashed line is 
the superficial portion of the gastrocnemius. (B) Image representing the basal lamina (green), 
myonucleus (blue), and satellite cells (red). White arrows indicate satellite cells (SCs) or central 
myonucleus (CMN). (C) Image representing co-localization of capillaries detected by laminin (green) 
and CD31 (red). 
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Figure 2 Images of muscle fibers in the young soleus muscle stained by laminin (green) from the N 
group (A), H group (B), and IH group (C). 
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Figure 3 The capillary density (number/ 1 mm2) and capillary-to-fiber ratio of the soleus (A, C) and 
superficial portion of the gastrocnemius (B, D) muscles in each experimental group of young and old 
mice (N: white bar, H: gray bar, IH: black bar).  
Values are the 
difference from young mice in each group (P < 0.05). The capillary density (A) was higher in the old 
soleus muscle of H groups than of N groups (P=0.022). In old gastrocnemius muscles, capillary 
densities (B) and capillary-to-fiber ratios (D) in all groups were lower than those in young mice 
[capillary densities: N (P=0.049), H (P=0.001), IH (P=0.001), capillary-to-fiber ratios: N (P=0.001), H 
(P=0.001), IH (P=0.001)]. 
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Figure 4 mRNA expression in both hypoxic groups compared with each N group in the soleus (A, B) 
and superficial portion of the gastrocnemius (C, D) muscles from young and old mice.  
Gray and black bars represent continuous hypoxia (H) and intermittent hypoxia (IH) groups, 

0.05). : Significant difference between H and IH groups for e
difference from young mice in each group (P < 0.05). 
(A) In the young soleus muscle, a significant increase was observed in the MyoD (P=0.013 in H vs. N), 
BDNF (P=0.002 in H vs. N), MHCe (P=0.035 in H vs. N), Atrogin1 (P=0.011 in H vs. IH), and 
myostatin (P=0.020 in IH vs. N) mRNA expression. On the other hand, a significant decrease was 
observed in the VEGF-
vs. N) mRNA expression. (B) In the old soleus muscle, VEGF-A (P=0.009) and nNOS (P=0.035) 
mRNA expression was significantly increased. In the IH groups, myostatin mRNA expression was 
significantly higher than that in the N groups (P=0.011). The mRNA expression in old mice was 
higher in VEGF-A (H: 
P=0.001) than in the young mice, and was lower in BDNF (H: P=0.039) and FGF2 (IH: P=0.031) than 
in the young mice. (C) In the young gastrocnemius muscle, VEGF-A mRNA was significantly 
increased (P=0.016 in H vs. N). FGF-2 mRNA expression was significantly higher than that in the N 
groups only in the gastrocnemius muscle of the IH groups (P=0.028). In the IH groups, the 
expression of MyoD (P=0.049), VEGF-A (P=0.001), FGF-2 (P=0.005), and PGC
was significantly higher than that in H groups. (D) The expression of myogenin (P=0.024) and ATG5 
(P=0.028) mRNA was higher in the H groups than in the IH groups. The expression of pax7 (P=0.022) 
and myogenin (P=0.048) in the old IH groups was lower than that in the young IH groups. 
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Vogt 
and Hoppeler, 2010; Wang et al. 2007; Stray-Gundersen et al. 4-8

4000-5000 m Vogt and 
Hoppeler, 2010; Wang et al. 2007; de Theije et al.

- - Vogt and Hoppeler, 2010

VO2 max
vascular endothelial growth factor-A (VEGF-A)

Vogt and Hoppeler, 2010
VEGF-A

hypoxia inducible factor-1 (HIF-1 )
Favier et al. 2015; Semenza 2012 SCs

Christov et al. 2007; McClung et al. 
2015; Rhoads et al. 2009 SCs

Christov et al. 2007 SCs
SCs

Jash and Adhya, 2015; Li et al. 2007; Liu et al. 2012 SCs
SC Imaoka et al. 2014

SCs SCs

SCs

1

8 5 3 6.5 ± 1.7 502 ± 14 kg
Pascoe et al. 1999
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Sato I, Sato AB, Uppsala, Sweden 4
6 2

16
Figure 1  = 4, FIO2 = 0.21

 = 4, FIO2 = 0.15 4 6%
3 4 2 6

1.7 m/s for 1 min and 4m/s for 2 min
7 m/s for 1min 100% VO2max 11.7 ± 0.2 m/s 2

1.7m/s for 3 min

2

pretest normoxic training group pretest: Nor Con; hypoxic training group 
pretest: Hypo Con 2 posttest

normoxic training group posttest: Nor Tr; hypoxic training group posttest: Hypo Tr
6%

S810, Polar, Kempele, Finland) 1.7m/s 3.5m/s
2 6m/s 2 2m/s

O2

90 30 VO2

VO2

3
50 mg (lidocaine, Fujisawa 

Pharmaceutical Co., Osaka, Japan) 2 cm
5cm pre post 4 4h 24

24h 3 3d 7 7d Lindholm 
and Piehl, 1974 80

Kawai et al. 2013 7
m 20 CM510, Leica,Nussloch, Germany

0.1M phosphate buffered saline PBS, pH7.6 1% Millipore-Chemicon, 
Billerica, MA, USA 10 (1) Myosin 
heavy chain-IIa (MHC-IIa) and MHC-IIx  fast myosin (Sigma,St. Louis, USA; 1 : 
4,000) (2) MHC-IIa SC-71 (Developmental Studies Hybridoma Bank, Iowa, 
USA;1 : 1,000) horseradish peroxidase (HRP, Bio-Rad, 
Hercules, CA, USA; 1:1,000) 2 3 Diaminobenzidine 
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tetrahydrochloride (Bio-Rad) HRP
(E600, Nikon, Tokyo, Japan) image-processing system (DS-U1, Nikon)

Type I IIa IIx
300

4
Okabe et al. 

2017 7 m 50 m 20
7 m 0.1M PBS 4% 10

10% 0.1M PBS 2% bovine serum 
albumin 30 2% bovine serum albumin/PBS

mouse anti-paired box protein-7 Pax7, Developmental StudiesHybridoma Bank; 1 : 1,000
rabbit anti-laminin, Sigma, 1 : 1,000) 1

Pax7 Cy3-conjugated AffiniPure goat antimouse IgG (Jackson 
ImmunoResearch, West Grove, USA; 1 : 1,000) Alexa Fluor 488 goat 
anti-rabbit IgG (Molecular Probes, Breda, Netherlands; 1 : 1,000) PBS
4,6-diamidino-2-phenylindole DAPI 5 anti-Pax7
anti-laminin DAPI image-processing software Adobe Photoshop Elements 12, Adobe, 
San Jose, CA, USA SCs Figure 2(a) SCs

DAPI Pax7 SCs/fibers 3

50 m (anti-laminin) 2  (Alexa Fluor 488 goat 
antirabbit IgG) laser-scanning confocal system C1, Nikon

4 15 2 m 2
Figure 2(b)

the number of capillaries per 1mm2

5 RNA RT-PCR
Total RNA TRIzol Molecular Probes, Breda, Netherlands

RNA 260nm / 280nm Total RNA
DNA 37 30  TURBO DNase (Ambion, Austin, USA)

DNase RNA 0.5 g ExscriptTM RT reagent kit (Takara, Tokyo, Japan)
1 cDNA cDNA SYBR Green PCR Master Mix 

protocol in StepOneTM Real-Time PCR System (Applied Biosystems Japan, Tokyo, Japan)
RT-PCR

10 95 40 30
1 glyceraldehyde-3-phosphate dehydrogenase GAPDH mRNA

mRNA cycle threshold (Ct) GAPDH Ct
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Pre
cDNA

Table 1 PCR Primer Express
software Applied Biosystems Japan FASMAC FASMAC, 
Kanagawa, Japan

6
mean ± SEM t-test

mRNA
 < 0.05

1
Nor: from 498 ± 6 to 489 ± 8 kg;  = 0.034; Hypo: from 

499 ± 6 to 483 ± 7 kg;  = 0.006 Figure 3(a)
40.1% 14.0% (from 4317 

± 217 to 4921 ± 232 m;  = 0.0006 from 4036 ± 225 to 5653 ± 266 m; 
= 0.0001 Figure 3 (b) VO2max

from 162.5 ± 5.3 to 166.2 ± 4.6 mL/min/kg from 159.5 ± 4.9 to 
177.7 ± 2.8 mL/min/kg;  = 0.011

2
Pre Figure 4(a)

type I: 11.0 13.1%; type IIa: 57.0 63.8%; type IIx: 24.7 31.4%
Figure 4(b) type I: 3145 3621 m2;type IIa: 3956 4072 

m2; type IIx: 4967 5176 m2

Figure 4(c) Nor: from 286 ± 11 to 304 ± 6/mm2; Hypo: from287 ± 11 to 329 ± 18/mm2; 
 = 0.045 Figure 4(d) SC number/fiber Nor 

Tr, type I: from 0.26 ±0.04 to 0.28±0.03; type IIa: from0.28±0.03 to 0.30±0.04; type IIx: from0.18±0.02 
to 0.24±0.02 Hypo Tr, type I: from 0.24 ± 0.06 to 0.26 ± 0.03/fiber; type IIa: from 0.25 ± 0.03 to
0.30±0.03/fiber; type IIx: from0.17±0.02 to 0.2±0.01/fiber

3 mRNA
Pre mRNA Figure 5 Pax7 mRNA

Pre 7d
MyoD mRNA Hypo Tr Pre 2.3 MyoD mRNA

4h 24h 7d Nor 
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Tr myogenin mRNA Hypo Tr Pre  = 0.023 Post  = 0.002
myogenin mRNA Pax7 MyoD mRNA

24h 7d VEGF-A mRNA Hypo Tr Hypo Con
Pre  = 0.029 Post e  = 0.020 VEGF-A mRNA

4h 24h 7d
VEGF receptor-2 KDR mRNA Hypo Tr 4h  = 0.031

Nor Tr 7d  = 0.016 Peroxisome proliferator-activated receptor 
coactivator-1 PGC-1 mRNA VEGF-A 4h
24h 3d Angiopoietin-1 ANGPT1 mRNA

Hypo Tr Pre Post  Hypo Tr HIF-1
 mRNA Pre Hypo Con  = 0.042 Nor Tr  = 0.041

Hypo Con 3d  = 0.007 HIF-1  mRNA Nor Tr
Nor Con 7d  = 0.040 HIF-1

mRNA 24h 7d
Hepatocyte growth factor HGF mRNA HIF-1  mRNA

HGF mRNA Pre Hypo Tr  = 0.037 7d
Nor Tr  = 0.023 HGF mRNA MyoD mRNA 4h

Fibroblast growth factor-2 FGF-2 and insulin-like growth factor-1 
IGF-1 mRNA HGF HIF-1 Hypo Tr FGF-2 mRNA

3d  = 0.013 Nor Tr FGF-2 mRNA
Pre  = 0.007 7d

 = 0.033 IGF-1 mRNA Hypo Tr 3d  = 0.026 Nor Tr
Pre  = 0.010 SC HGF, FGF-2, IGF-1, HIF-1

3d IL-6
mRNA 4h Hypo Tr 4h  = 0.006 3d  = 0.040

Nor Tr

1

VEGF-A
ANGPT-1
VEGF-A mRNA Lloyd et al. 2003

capillary contacts 12 VEGF-A mRNA
8

5 mRNA VEGF-A
Gustafsson et al. 2007 VEGF-A mRNA

VEGF-A
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VEGF-A PGC-1
Okabe et al. 2017 VEGF-A PGC-1

mRNA Hypo Tr PGC-1  mRNA 4h
VEGF-A mRNA

VEGF-A mRNA
Malek et al. 2010 VEGF-A

nitrite/nitrate NO nitric oxide NO NOS
Ren et al. 2010; Wang et al. 2014 NO

NO IL-6 mRNA Liu et al. 2015
NOS 4 7 IL-6 mRNA

Liu et al. 2015 IL-6 mRNA 4h 3d
NO

HIF-1 VEGF-A HIF-1 prolyl hydroxylase PHD
Semenza, 

2012; Balligand et al. 2009 NO PHD HIF-1
Balligand et al. 2009 NO HIF-1 NO

PHD Balligand et al. 
2009 HIF-1 NO
HIF-1 HGF IGF-1 FGF-2 mRNA HGF HIF-1  mRNA

Rhoads et al. 2009 IGFs Flann et al. 2014 FGF-2 Conte et al. 2008
HIF-1 HIF-1  mRNA

VEGF-A mRNA VEGF-A
KDR HIF-1

2
SCs SC HGF, VEGF, IGF-1, FGF-2

Christov et al. 2007
SCs VEGF ANGPT1 FGF-2 HGF Christov 
et al. 2007; McClung et al. 2015; Rhoads et al. 2009 myogenin

SC VEGF ANGPT Christov et al. 
2007; McClung et al. 2015 SCs

SC Rhoads et al. 
2009 SC HIF-1 Jash and 
Adhya, 2015; Li et al. 2007; Liu et al. 2012 in vivo

HIF-1 SCs
SCs HIF-1



28 

Jash and Adhya, 2015 NO HIF-1
NO SCs HIF- 1  mRNA Flann et al. 

2014 HGF Rhoads et al. 2009 NOS nitrite/nitrate
posttest Hypo Tr

SC SC number/fiber

FGF IGF HGF IL-6
Filippin et al. 2009 IL-6

Liu et al. 2015 IL-6 mRNA 4h 3d
HIF-1 HGF FGF-2 IGF-1 KDR 3d

Yamaguchi et al. 2004
HGF FGF-2 mRNA SC

IGF-1 mRNA 3 SC IFG-1
McKay et al. 2008 IGF-1 mRNA SCs

NOS NO
Filippin et al. 2009 Pax7 HGF HIF-1

3d NO 3d
IGF-1 FGF-2 IL-6 mRNA

NO
SCs Jash and  

Adhya, 2015 posttest SCs
NO myogenin mRNA Pre

SCs
myogenin mRNA 7

mRNA 3-7 myogenin
Srikuea et al. 2010 SCs

VEGF IGF-1
Borselli et 

al. 2010 SCs
NO HIF-1

SCs myogenin mRNA Pre
SCs VEGF-A

ANGPT1 FGF-2 HGF

5
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myogenin
VEGF-A HGF NO

HIF-1
SC
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Table 1 Real-time reverse transcriptional-PCR (RT-PCR) primer sequences. 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; Pax7: paired box transcription factor-7; MyoD: 
myogenic determination factor; HIF-1 : hypoxia inducible factor-1 ; VEGF-A: vascular endothelial 
growth factor-A; KDR: vascular endothelial growth factor receptor-2; PGC-1 : peroxisome 
proliferator activated receptor  coactivator 1 ; ANGPT1: angiopoietin-1; HGF: hepatocyte growth 
factor; FGF-2: fibroblast growth factor-2; IGF-1: insulin-like growth factor-1; IL-6: interleukin-6. 
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Figure 1 Schematic figure of the experimental schedule. The training protocol adopted a randomized 
crossover design, which was separated by a 16-week detraining period. Eight horses were assigned 
randomly into normoxic training (  = 4, FIO2 = 21%) and hypoxic training (  = 4, FIO2 = 15% O2) 
groups. Incremental exercise tests (IET) were carried out before (pretest) and after (posttest) 
training. In each IET, horses were subjected to biopsy sampling of the gluteus medius six times, 

 immediately (post) and 4 hours (4 h), 24 hours (24 h), 3 days (3 d), 
and 7 days (7 d) after IET). 
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Figure 2 Typical photomicrographs of serial transverse sections of the gluteus medius muscle. 
Thicknesses of sections are 7 and 50 m in panels (a) and (b), respectively. (a) 
Triple-immunofluorescent stained for laminin (green), Pax7 (red), and nuclei (blue). The white arrow 
in (a) indicates a satellite cell (Pax7+ nuclei). (b) Single-immunofluorescent stained for laminin. 
White arrows in (b) indicate capillaries. 
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Figure 3 Changes in run distance (a) and maximal oxygen consumption (VO2max) (b) in the 
incremental exercise test under normoxia for the normoxic training group (white bar) and the 

 Significant difference versus pretest (  < 0.05). Values are mean 
± SEM.



34 

Figure 4 Changes in fiber type population (a), fiber cross-sectional area (b), capillary density (c), and 
number of satellite cells (d) in pretest of control (Nor Con: normoxic control; Hypo Con: hypoxic 
control) and posttest (Nor Tr: normoxic training; Hypo Tr: hypoxic training) in normoxic or hypoxic 
training group. Measurements were performed on muscle samples obtained before the incremental 
exercise test (pre). White, grey, and black bars in (a), (b), and (d) represent fiber types I, IIa, and IIx, 
respectively.White and black bars in (c) represent normoxia and hypoxia, respectively. 
difference versus pretest ( < 0.05). Values are mean ± SEM.
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Figure 5 (a f) Time-course changes in mRNA expression of Pax7 (a), MyoD (b), myogenin (c), 
VEGF-A (d), KDR (e), and PGC-1  (f) in pretest of control (Nor Con: normoxic control, light red; Hypo 
Con: hypoxic control, light blue) and posttest (Nor Tr: normoxic training, red; Hypo Tr: hypoxic 
training, blue) after normoxic or hypoxic training.Measurements were performed before (pre) and 
immediately (post) and 4 hours (4 h), 24 hours (24 h), 3 days (3 d), and 7 days (7 d) after the 
incremental exercise test. Values of mRNA expression were calculated as x-fold change from pretest 

< 0.05). Values are mean ± SEM. Significant 
difference versus normoxia training group (  < 0.05). (g l) Time-course changes in mRNA expression 
of ANGPT1 (g), HIF-1  (h), HGF (i), FGF-2 (j), IGF-1 (k), and IL-6 (l) in pretest of control (Nor Con: 
normoxic control, light red; Hypo Con: hypoxic control, light blue) and posttest (Nor Tr: normoxic 
training, red; Hypo Tr: hypoxic training, blue) after normoxic or hypoxic training.Measurements 
were performed before (pre) and immediately (post) and 4 hours (4 h), 24 hours (24 h), 3 days (3 d), 
and 7 days (7 d) after the incremental exercise test. Values of mRNA expression were calculated as 
x-  < 0.05). Values 
are mean ± SEM. Significant difference versus normoxic training group (  < 0.05). 
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Nelson, 2013; Chen et al. 2012; Hyldahl and Hubal, 2014 ECC
Roig et al. 2009; Hedayatpour 

and Falla, 2015
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Chen et al. 2012; Lavender and Nosaka, 2008; Maeo et al. 2017

Repeated-bout effect 2 1 Lavender and Nosaka, 
2008; Maeo et al. 2017; Urai et al. 2013 6 Nosaka et al. 2013

Bradykinin BK B2 receptor mRNA Meotti et al. 2012
BKB2 receptor BKB2 receptor

Urai et al. 2013; Meotti et al. 2012 Prostaglandin
PG E2 PGE2 Cyclooxygenase COX -2 mRNA

Murase et al. 2013
Carrageenan COX-2 COX-2

PGE2 Murase et al. 2013; Zhang et al. 1997 PGE2
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-1 mPGES-1 COX-2 Samuelsson et al. 2007 PGE2
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No. 290
No. 16-077

Wistar (9 n=36) Sankyo Labo Service Sapporo, Japan
12 (24±2 )

ECC Non-Precon ECC 2 ECC Precon
ECC CTL

Precon 100 ECC 2 Precon 10 ECC
ECC

Hesselink et al. 1996; Willems and Stauber, Precon
ECC (0 )

2 4

2
0°

90° S-14154, Takei Scientific Instruments, Tokyo, Japan
ECC ES 150°/ 0°

40° 4 1 45 V
1 ms 50 Hz

3
H E Evans blue 

dye EBD 24 1% wt/vol  EBD 
solution 1 mg/10 g body wt H E EBD BIOREVO 
BZ-9000 KEYENCE, Osaka, Japan

4 RT-PCR
RT-PCR Nagahisa et al. 

2016 Total RNA TRIZOL reagent Invitrogen, Carlsbad, CA Total RNA
260 nm 280 nm Total RNA

TURBO DNase Ambion-Life Technologies Austin TX 37 30
DNA DNase-treated RNA 0.5 µg Exscript RT reagent kit TaKaRa Bio Otsu

Japan cDNA cDNA StepOne Real-Time PCR System
Applied Biosystems Japan, Tokyo, Japan SYBR-Green PCR Master Mix 

95 10 40 95 ; 30  + 58 ; 
1 / Glyseraldehyde-3-phosphate dehydrogenase

GAPDH mRNA mRNA Table 1
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cycle threshold Ct GAPDH Ct Ct(target)
CTL cDNA

Primer Express software v3.0, Applied Biosystems Japan
FASMAC Kanagawa, Japan

5
± SE mRNA One way-ANOVA

Bonferroni adjust t-test
Pearson < 0.05

1 ECC
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Figures 1(a) and 1(b) ECC2 4 H E
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Figures 1(c) and 1(e) Precon
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non-Precon ECC2 4 Figures 1(i) and 1(k)
Precon Figures 1(j) and 1(l)
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Precon CTL Figure 2(a) ECC4
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CTL Figure 2(b) Non-Precon Precon

HGF mRNA ECC2 4
Precon Figure 3(a) ECC2 4 HGF mRNA

non-Precon CTL Precon

/ Pax7 mRNA ECC2
4 Non-Precon CTL ECC4 Precon
Non-Precon Figure 3(b)

MyoD mRNA ECC 4 Precon
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Figure 3(c)
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Non-Precon

3 mRNA
Precon BKB2 receptor mRNA ECC 2 4 CTL
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Table 1 Real-time RT PCR primer sequences. 

GAPDH, glyceraldehydes-3-phosphate dehydrogenase; MHC, myosin heavy chain; HGF, hepatocyte 
growth factor; Pax7, paired box transcription factor-7; MyoD, myogenic determination factor; BKB2, 
bradykinin B2 receptor; COX-2, cyclooxygenase 2; mPGES-1, microsomal prostaglandin E 
synthase-1. 
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Figure 1 Photomicrograph of hematoxylin and eosin (a f) and Evans blue dye (g l) staining on 
sections of the left medial gastrocnemius muscles after damaging eccentric contractions. 
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Figure 2 Time course changes in relative expression of MHC-embryonic (a) and MHC-neonatal (b) 
mRNA. Thee mRNA expression of each time point was calculated as x-fold change from each CTL 
value at 0 d. CTL indicates intact right muscle of each experimental group. Values are means ± SE. 

significant differences (  < 0.05) as compared with each CTL value. # significant differences (  < 
0.05) as compared with each non-Precon value. 
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Figure 3 Time course changes in relative expression of HGF (a), Pax7 (b), MyoD (c), and myogenin (d) 
mRNA. The mRNA expression of each time point was calculated as x-fold change from each CTL 
value at 0 d. CTL indicates intact right muscle of each experimental group. Values are means ± SE. 

significant differences (  < 0.05) as compared with each CTL value. # significant differences  < 
0.05) as compared with each non-Precon value. 
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Figure 4: Time course changes in relative expression of BKB2 receptor (a), COX-2 (b), and mPGES-1 
(c) mRNA. The mRNA expression of each time point was calculated as x-fold change from each CTL 
value at 0 d. CTL indicates intact right muscle of each experimental group. Values are means ± SE. 

significant differences ( < 0.05) as compared with each CTL value. # significant differences ( < 
0.05) as compared with each non-Precon value. 
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