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Abstract

We clarified in our previous study that hypoxic training promotes angiogenesis in skeletal
muscle, but the mechanism of angiogenesis in skeletal muscle remains unknown. In this
study, we investigated the influence of differences in hypoxia exposure on angiogenesis in
skeletal muscles at differing ages and metabolic characteristics at which the production of
reactive oxygen species and nitric oxide may differ. Ten-week-old (young) and 20-month-
old (old) mice were separated into control (N), continuous hypoxia (H), and intermittent hyp-
oxia (IH) groups. The H group was exposed to 16% O, hypoxia for 5 days and the IH group
was exposed to 16% O, hypoxia at one-hour intervals during the light period for 5 days.
After completion of hypoxia exposure, the soleus and gastrocnemius muscles were immedi-
ately excised, and mRNA expression of angiogenesis- and satellite cell-related genes was
investigated using real-time RT-PCR. In addition, muscle fiber type composition, muscle
fiber area, number of satellite cells, and capillary density were measured immunohisto-
chemically. In the young soleus muscle, the muscle fiber area was decreased in the H
group, and mRNA expression of satellite cell activation-related MyoD, MHCe, and BDNF
was significantly increased. On the other hand, in the old soleus muscle, NNOS and VEGF-
A mRNA expression, and the capillary density were significantly increased in the H group. In
the superficial portion of the gastrocnemius, mRNA expression of FGF2, an angiogenic fac-
tor secreted by satellite cells, was significantly increased in the young IH group. In addition,
a positive correlation between VEGF-A mRNA expression and nNOS mRNA expression in
the soleus muscle and eNOS mRNA expression in the superficial portion of the gastrocne-
mius was noted. These data demonstrated that age, hypoxia exposure method and muscle
metabolic characteristics are related, which results in significant differences in
angiogenesis.

Introduction

A hypoxic environment [1] and exercise stimulation [2] are factors that increase reactive oxy-
gen species (ROS), and hypoxic training combining these may markedly increase ROS [3].
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Increases in ROS and reactive nitrogen species (RNS) may be necessary to acquire beneficial
effects of exercise through hormesis effects of ROS and RNS on mitochondrial biosynthesis,
angiogenesis and satellite cell (SC) activation [4, 5]. We previously demonstrated the beneficial
effects of hypoxic training using thoroughbreds, but the capillary density was evaluated only in
the gluteus medius muscle, which is a glycolytic metabolism-dominant fast twitch muscle [4].
In the previous study [6, 7] using hypoxia, muscle fiber type-specific adaptive changes were
observed, suggesting that actions of ROS and RNS occur in a muscle fiber type-specific
manner.

Continuous or intermittent exposure to hypoxia is known as a cause of increased ROS, and
intermittent hypoxia markedly increases xanthine oxidase-mediated ROS production in reox-
ygenation when switching from hypoxia to normoxia [1, 8]. Although intermittent exposure
to hypoxia has been combined with training to improve angiogenesis and endurance [9], it is
unclear which method of hypoxic exposure is more effective.

Aging has been reported to increase the basal level of ROS but inhibit the exercise-induced
additional increase in ROS [10]. In aged women, the VEGF-A mRNA response to exercise in
the vastus lateralis muscle was lower than that in young women [11], but the VEGF-A mRNA
response to acute hypoxia (FIO, = 0.06, 2 h) and exercise in aged mice was similar to that in
young mice [12]. Based on these findings, an increase in ROS in response to continuous and
intermittent hypoxia exposure may be slow and the effects may weaken with age.

The objective of this study was to evaluate the effects of continuous or intermittent hypoxia
in young (10 weeks old) and old mice (20 months old), especially on angiogenesis and SCs
activation, employing immunohistochemical and real-time RT-PCR methods. Additionally, to
examine muscle fiber type-specific adaptive responses to hypoxia, muscles (the soleus muscle
and the superficial portion of gastrocnemius muscle) with different metabolic characteristics
were analyzed.

Materials and methods
Animals and experimental design

All procedures were approved by the Animal Welfare and Ethics Committee of Yamaguchi
University and followed the American Physiological Society’s Animal Care Guidelines.

Sixteen young (10-week-old, body weight: 30.9+0.51 g) and seventeen old (20-month-old,
body weight: 49.3+1.7 g) male mice (ICR-JCL strain) were supplied by Kyudo company
(Tosu, Japan), and acclimated for at least 3 days before being used in experiments. Mice were
randomly separated into normoxic control (N: FIO, = 0.21), continuous hypoxia (H: FIO, =
0.16), and intermittent hypoxia (IH: FIO, = 0.21 and 0.16) groups. Normobaric hypoxia was
achieved in a chamber (inside dimension: 28 x 35 x 24 cm) with an O, controller (MC-8G-S;
Iijima Electronics CO., Gamagori, Japan), and the CO, concentration in the chamber was
kept below 0.1% with a carbon dioxide monitor (COZY-1; JIKCO, Tokyo, Japan). The H
group was housed in this chamber for 5 days, the IH group was subjected to repeated expo-
sure of hypoxia and normoxia at 1-hour intervals for 12 hours, and spent 12 hours in a nor-
moxic atmosphere for 5 days. All mice were housed in cages and maintained under artificial
conditions at 23+2°C, with a constant humidity of 55+7% and 12- hour light / dark cycle.
Solid food and water were provided ad libitum. After hypoxic exposure for 5 days, all animals
were immediately anaesthetized with pentobarbital sodium (70 mg/kg, intraperitoneally),
and then the left and right soleus and gastrocnemius muscles were removed. The entire
soleus muscle and only the superficial portion of the gastrocnemius muscle were used for
subsequent experiments (Fig 1A). All muscle samples were frozen by liquid nitrogen and
stored at —80°C until analyzed.
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Fig 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).

https://doi.org/10.1371/journal.pone.0207040.g001

Immunohistochemical analysis

Fiber type population (%), cross-sectional area (CSA:um?), SC number and capillary density
were measured, as described previously [4]. Serial 10-pm cross sections of the muscle samples
were obtained on a cryostat (CM510; Leica, Wetzlar, Germany) at —20°C. The sections were pre-
incubated in 1% normal goat serum (EMD Millipore, Billerica, MA) in 0.1 M phosphate buffered
saline (PBS; pH 7.6) at room temperature (RT) for 10 min. The primary monoclonal antibody
was then applied: either (1) fast myosin (1: 2000; Sigma Aldrich, St. Louis, MO), which specifi-
cally reacts with the myosin heavy chain- (MHC-) IIa and IIx, or (2) SC-71 (1: 1000; Develop-
mental Studies Hybridoma Bank, Iowa City, IA), which specifically reacts with MHC-IIa. The
sections were incubated in these primary antibodies overnight at RT and incubated with a sec-
ondary antibody (goat anti-mouse IgG) conjugated with horseradish peroxidase (HRP, Bio-Rad,
Hercules, CA, 1: 1,000) at RT for 3 hours. Diaminobenzidine tetrahydrochloride was used as a
chromogen to localize HRP. Images of the stained muscle fibers were captured using a photomi-
croscope (BZ-X710, KEYENCE, Osaka, Japan). The fibers were classified as Type I, Ila or IIx/b
fibers based on their immunohistochemical staining properties, and the population and CSA of
each muscle fiber type were calculated from at least 200 muscle fibers.

Another cross-section of the muscle was fixed in 4% paraformaldehyde in 0.1 M PBS at RT
for 10 min. These sections were preincubated in blocking solution containing 10% normal
goat serum and 2% bovine serum albumin in PBS at RT for 30 min. Each section was incu-
bated for 2 hours at RT in the primary antibodies mouse anti-paired box protein-7 (Pax7,
Developmental Studies Hybridoma Bank; 1: 1,000) and rabbit anti-laminin (Sigma Aldrich, 1:
1,000) diluted in 2% bovine serum albumin/PBS. The sections were then incubated in the
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appropriate secondary antibodies: Cy3-conjugated AffiniPure goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, USA; 1: 1,000) for Pax7 and Alexa Fluor 488 goat anti-rabbit
IgG (Molecular Probes, Breda, Netherlands; 1: 1,000) for laminin. After incubation, the sec-
tions were stained with 4,6- diamidino-2-phenylindole (DAPI) diluted in PBS at RT for 5 min.
Images for anti-Pax7, anti-laminin and DAPI were merged (BZ-X710, KEYENCE) and used
for quantification of SCs (Fig 1B). SCs were identified as being positive for both DAPI and
Pax7 at the periphery of each fiber beneath the basal lamina.

The capillaries surrounding clear basal lamina were counted, and presented as the capillary
density (the number of capillaries per 1 mm?®) and the capillary-to-fiber ratio in images for
anti-laminin. The co-localization of these capillaries and CD31 was confirmed by another
image of a 10-um cross-section incubated with anti-laminin and anti-CD31 (1: 1000; Sigma
Aldrich) instead of anti-Pax7, as described above (Fig 1C).

RNA isolation and real-time RT-PCR

Relative quantification of mRNA expression in muscle samples (soleus and superficial portion
of gastrocnemius) was performed by real-time RT-PCR, as described previously [4]. Real-time
RT-PCR analysis of the gastrocnemius muscle was carried out by removing 10~20 mg from
the region corresponding to the superficial portion (Fig 1A) in frozen muscle. Total RNA was
isolated with TRIzol reagent (Molecular Probes, Breda, Netherlands) and then treated for 30
min at 37°C with TURBO DNase (Ambion, Austin, USA) to remove genomic DNA from the
samples. First-strand cDNA was synthesized from the RNA (0.5 ug) with the Exscript RT
reagent kit (Takara, Tokyo, Japan). Thereafter, the cDNA products were analyzed by real-time
PCR using the SYBR Green PCR Master Mix protocol and StepOne Real-Time PCR System
(Applied Biosystems Japan, Tokyo, Japan).

The amplification program included an initial denaturation step at 95°C for 10 min, 40
cycles of denaturation at 95°C for 30 sec and annealing/extension at 58°C for 1 min. The
amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was estimated as an
internal control. Each mRNA amount was normalized to GAPDH by subtracting the cycle
threshold (Ct) value of GAPDH from the Ct value of the gene target [ACt (target)]. The relative
expression of the target gene was calculated as the relative quantification value for the N group.

Primer sequences for RT-PCR are presented in Table 1. PCR primers for pax7, MyoD,
myogenin, TNFo [13], Atroginl, ATGS5 [6] and BDNF [14] were made in reference to previous
studies, whereas the others were designed by Primer Express software (Applied Biosystems
Japan). The oligonucleotides were purchased from FASMAC (FASMAC, Kanagawa, Japan).

Statistics

All data are presented as the mean + SE. Data obtained from the histochemical analysis and
real-time RT-PCR were analyzed by two-way ANOVA (hypoxic method and age differences,
S1 and S2 Tables) followed by the ¢-test with Bonferroni adjustment. Pearson’s correlation
coefficients between ratios of increases in mRNA expression were calculated based on total
data for three experimental groups in each muscle from young (n = 16) and old (n = 17) mice.
Significance was set at P < 0.05.

Results
Body and muscle weights

The muscle weights of young mice were lower in the H [soleus muscle (SOL): 13.3+0.3 g, gas-
trocnemius muscle (GA): 173.6+17.4 g] and IH [SOL: 13.4+0.6 g, GA: 173.7+5.2 g] groups
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Table 1. Real-time RT-PCR primer sequences.

Gene

GAPDH

Pax7

MyoD
myogenin
VEGF-A

FGF2

BDNF

PGCla
Neuronal NOS
Inducible NOS
Endothelial NOS
MHCe
myostatin
TNFo
Atroginl
ATG5

Forward sequence
CATGGCCTTCCGTGTTCCTA
AAATCCGGGACCGGCTGCTGAA
GGATGGTGTCCCTGGTTCTTCAC
AACTACCTTCCTGTCCACCTTCA
AGTGGCTTACCCTTCCTCATCTT
TGGTATGTGGCACTGAAACGA
TAGCAAAAAGAGAATTGGCTG
GGACAGTCTCCCCGTGGAT
GGTCTTCGGGTGTCGACAA
GGATCTTCCCAGGCAACCA
TTGTCTGCGGCGATGTCA
GAGCAGCTGGCGCTGAA
ACCACGGAAACAATCATTACCAT
ATGGCCTCCCTCTCATCAGT
ACCGGCTACTGTGGAAGAGA
TTGAATATGAAGGCACACCCC

Reverse sequence
GCGGCACGTCAGATCCA
AGACGGTTCCCTTTGTCGCCCA
CTATGTCCTTTCTTTGGGGCTGGA
GTCCCCAGTCCCTTTTCTTCCA
CGGGTCCTGCCCCATT
TCCAGGTCCCGTTTTGGAT
TTTCAGGTCATGGATATGTCC
TCCATCTGTCAGTGCATCAAATG
GAGTAGGCAGTGTACAGCTCTCTGA
CAATCCACAACTCGCTCCAA
GAATTCTCTGCACGGTTTGCA
TCTGATCCGTGTCTCCAGTTTCT
TGCCATCCGCTTGCATT
CTTGGTGGTTTGCTACGACG
CCTTCCAGGAGAGAATGTGG
CTCTTGAAATGTACTGTGATGTTCCAA

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 neurotrophic factor, PGCla; proliferator-activated receptor gamma coactivator 1-alpha, NOS;

nitric oxide synthase, MHCe; myosin heavy chain embryonic, TNFo; tumor necrosis factor alpha, ATGS5; autophagy-related gene 5

https://doi.org/10.1371/journal.pone.0207040.t001

than in the N group [SOL: 16.0+1.1 g, GA: 193.0+7.3 g], but not significantly. No change was
observed in the muscle weights in all groups of old mice [(N group) SOL: 16.8+1.8 g, GA:
177.3£16.0 g, (H group) SOL: 17.0+0.6 g, GA: 178.2+3.9 g, (IH group) SOL: 15.9+1.1 g, GA:

197.6+16.1 g)].

Muscle fiber properties

The muscle fiber properties except for capillary densities are shown in Table 2. The fiber type
populations for both muscles were similar among the all experimental groups for each age. For
the soleus muscle in young mice, the CSA of type I (P = 0.022) and IIa (P = 0.006) fibers in the
H group and type I (P = 0.002) fibers in the IH group was significantly lower than that in the N
group (Fig 2). Except for the soleus muscle from young mice, the CSA of the muscle fiber was
not significantly altered in response to hypoxia exposure. The myonuclear domain size of the
soleus muscle in young mice was significantly lower because of the decrease in CSA of these
muscles fibers [H: Type I (P =0.001 in H vs. N), Type IIa (P = 0.003 in H vs. N), IH: Type I
(P =0.002 in IH vs. N)]. The ratios of SCs to muscle fibers for both muscles in young and old
mice were slightly higher in the H and IH groups than in the N groups. The populations of
fibers containing central nuclei were not significantly changed among experimental groups for
each age, but significantly decreased from young to old mice in the N group (P = 0.02).

The capillary densities in the soleus muscle from old mice were significantly higher in the
H group than in the N group (P = 0.022, Fig 3). Although there was no significant difference,
the capillary density in the soleus muscle from young mice was ~15% higher after hypoxia
exposure. Although the capillary to fiber ratio in the old soleus muscle in the H group was
slightly higher than that in the N group, the ratios in all groups of both ages were not signifi-
cant different from those in the N groups (Fig 3). In old gastrocnemius muscles, capillary den-
sities and capillary to fiber ratios in all groups were lower than in those from young mice
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Table 2. Muscle fiber properties in each experimental group.

SOL
Population of muscle fiber type (%)

Muscle fiber area
(um?)

Myonuclear number/fiber
Myonuclear domain size (um?)
Satellite cell number/100 fiber
Fiber-containing central nucleus (%)
GA-S

Population of muscle fiber type (%)
Muscle fiber area

(um?)

Myonuclear number/fiber
Myonuclear domain size (um?)
Satellite cell number/100 fiber

Fiber-containing central nucleus (%)

Fiber type Young Old
N H IH N H IH
I 51.3+3.4 59.8+4.5 57.9+2.8 52.7+4 50.6+5 53.5+5.3
IIa 48.7+3.4 40.2+4.5 42.1+2.8 47.3+4 49.4+5 46.5+5.3
I 2041+68 1563+115 + 1615+50 + 1915474 1938+95 2215+240
Ila 1734+76 1207487 + 1419+87 19444203 196680+ 1891+110%
I 2.51+0.06 2.47+0.1 2.46+0.08 2.45+0.08 2.6+0.07 2.63+0.09
Ila 2.27+0.07 2.09+0.12 2.13+0.1 2.36+0.1 2.44+0.05 2.19+0.08
I 928+38 679%19 t 736+26 t 882+36 831+46% 911+60
ITa 854+32 637+27 F 754+34 925+69 880+33% 953+62
I 3.3#1.1 4+1.3 6.1+1.3 2.2#1.1 3.4#1.1 5.0+1.7
IIa 4+0.7 2.7+1.3 5.6+0.7 2.9+1.1 6x1.3 3.9+1.3
! ND ND 1.1+£0.7 7.4%2.6 8.1+3.8 1.7+1.2
IIa ND ND 0.6+0.6 7.9+3.2 5.3+3.9 2.2+1.1
Fiber type Young Old
N H IH N H IH
IIx/b 100+0 100+0 100+0 100+0 100+0 100+0
IIx/b 2518+38 2402425 2723%111 2612+197 2513£151 2718+152
IIx/b 1.73+0.05 1.67+0.05 1.75+0.07 2.06+0.11 1.8+0.05 1.83+0.06
IIx/b 1665+58 1658+36 1799+60 1469+153 1550+111 1671+112
IIx/b 5.3%1.3 6.0+1.3 7.8+3.4 5.0+0.8 6.0+1.3 5.0+0.8
IIx/b 1.3+0.8 3.3+1.1 2.8+1.6 15.6+3.6% 8.7+2.5 11.1+£3.3

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 intermittent hypoxia (IH) groups of young and old mice. Values are the mean + SE.

t: Significant difference from each N group (P < 0.05).

#: Significant difference from young mice in each group (P < 0.05).

https://doi.org/10.1371/journal.pone.0207040.t002

[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), TH (P = 0.001)].

Expression of mRNA

Soleus muscle. The relative changes in mRNA expression for each muscle are shown as
fold changes from the N group (Fig 4). In the young soleus muscle in the H group, the mRNA

Fig 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).

https://doi.org/10.1371/journal.pone.0207040.9002
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Fig 3. The capillary density (number/ 1 mm?) 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 mean + SE. 1: Significant difference from each N group (P < 0.05). #: Significant 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)].

https://doi.org/10.1371/journal.pone.0207040.9003

expression of MyoD (P = 0.013), BDNF (P = 0.002), and MHCe (P = 0.035) was significantly
higher than that in the N group, and Atroginl (P = 0.011) mRNA expression was higher than
that in the IH group (Fig 4A). On the other hand, the expression of VEGF-A (P = 0.044)
mRNA in the H group and PGClo: mRNA in both hypoxic groups (P = 0.005, P = 0.035) was
significantly lower than that in the N group. The myostatin mRNA expression in the young
muscle was significantly higher in the IH than in the N groups (P = 0.020).

Unlike young mice, the VEGF-A (P = 0.009) mRNA expression in the old soleus muscle in
the H group was significantly higher, and the nNOS (P = 0.035) mRNA expression was simul-
taneously increased (Fig 4B). Consistent with young mice, the myostatin mRNA expression in
the old muscle in the IH group was significantly higher than that in the N group (P = 0.011).
The mRNA expression of VEGF-A (H: P =0.001, IH: P=0.001) and nNOS (H: P = 0.001, IH:
P =10.001) in both hypoxic groups and the mRNA expression of PGCla (P = 0.001) in the H
groups were higher in the old muscle compared with young muscle in each group. On the
other hand, the mRNA expression of BDNF (P = 0.039) in the H groups and the mRNA
expression of FGF2 (P = 0.031) in the IH groups were lower in the old mice.
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Fig 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, respectively. Values are the mean + SE. : Significant difference from the N groups
for each gene (P < 0.05). *: Significant difference between H and IH groups for each gene (P < 0.05). #: Significant 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), Atroginl (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-A
(P =0.044 in H vs. N) mRNA and PGCla (P = 0.005 in H vs. N, P = 0.035 in IH 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, IH: P = 0.001), nNOS (H: P = 0.001, IH: P = 0.001) and PGCla (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-1o. (P = 0.014) mRNA was
significantly higher than that in H groups. (D) The expression of myogenin (P = 0.024) and ATGS5 (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.

https://doi.org/10.1371/journal.pone.0207040.9004

Gastrocnemius muscle. In the young gastrocnemius muscle in the H group, the expres-
sion of VEGF-A mRNA was significantly lower than that in the N group, similar to the soleus
muscle (P = 0.016, Fig 4C). Only in the young muscle in the IH group, FGF-2 mRNA expres-
sion was significantly higher than that in the N group (P = 0.028). Furthermore, the expression
of MyoD (P = 0.049), VEGE-A (P = 0.001), FGF-2 (P = 0.005), and PGC-1la. (P = 0.014)
mRNA in the young muscle in the IH group was significantly higher than that in the H group.

Although no significant differences were found in mRNA expression in the old gastrocne-
mius muscle in both hypoxic groups compared with the N group, the expression of myogenin
(P =0.024) and ATG5 (P = 0.028) mRNA was higher in the H group than in the IH groups
(Fig 4D). Additionally, 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.

Correlations between factors

Previous studies [15, 16] demonstrated that NO is involved in the activation of SCs, and acti-
vated SCs secrete angiogenic factors, including VEGF-A and FGF2. Thus, we analyzed correla-
tions between the increased ratio of nNOS and eNOS mRNA expression, which are used to
synthesize NO, and increased ratios of VEGF-A, FGF2, and MyoD mRNA expression, which
are involved in angiogenesis and myogenesis in muscle (Table 3).

In the soleus muscle, there were significant correlations between the increased ratio of
nNOS and VEGF-A mRNA expression in both age groups (young: P = 0.004, old: P = 0.033),
and significant correlations between the increased ratio of eNOS and FGF2 mRNA expression

Table 3. Pearson’s correlation coefficients between each factor.

nNOS Young
Old

eNOS Young
Old

MyoD VEGF-A FGF2
SOL GA-S SOL GA-S SOL GA-S
-0.16 0.16 0.67% 0.25 -0.05 0.16
0.01 0.09 0.52% 0.28 0.48 -0.1
0.24 0.50% 0.14 0.59* 0.5 0.35
0.32 0.31 -0.08 0.08 0.57% 0.49*

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).

https://doi.org/10.1371/journal.pone.0207040.t003
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in old mice (P = 0.017). On the other hand, in the gastrocnemius muscle, the increased ratio of
eNOS mRNA expression was positively correlated with the increased ratio of MyoD

(P =0.049) and VEGF-A (P = 0.011) mRNA expression in young mice, and the increased ratio
of FGF2 mRNA expression in old mice (P = 0.019).

Discussion
Muscle fiber properties

Soleus muscle. In the 5-day H and IH groups, the Type I and Type Ila fiber areas were sig-
nificantly decreased in the young soleus muscle. On the other hand, no significant change was
noted in the muscle fiber area in the old soleus muscle. In addition, in the young muscle,
mRNA expression of a gene involved in proteolysis [17], Atroginl, was significantly increased
due to the reduction of the muscle fiber area in the H group compared with that in the IH
group, and mRNA expression of myostatin, which is involved in the promotion of proteolysis
and inhibition of muscle formation [18], was significantly increased in the IH group. Myosta-
tin mRNA expression demonstrated a similar response in the old mice even though the muscle
fiber area did not decrease. Myostatin mRNA expression has been reported to be increased
through NF-kp signaling in response to an increase in the ROS H,0, [19], suggesting that this
was associated with the significant increase observed only in the IH group.

In a previous study in which mice were continuously exposed to 8% O, normobaric hyp-
oxia for 3 weeks [6], the muscle fiber area did not change in the soleus muscle. Regarding the
explanation for the different findings in the muscle fiber area between the previous and present
studies, the intensity of hypoxia may have been related. In a study in which rats were exposed
to 14-15% O, intermittent hypoxia for 8 weeks, close to the condition in the present study, the
muscle fiber area decreased with an increase in the capillary density without any change in the
weight of the soleus muscle [20]. Relatively weak hypoxia may decrease the muscle fiber area
in the soleus muscle independent of the muscle weight. The increase in the capillary density
with no change in the muscle weight was considered to be due to apoptosis of existing muscle
fibers and an increase in the number of muscle fibers in the previous study [20]. In the present
study, mRNA expression of MyoD, MHCe, and BDNF were significantly increased in the
young soleus muscle in the H group. Hypoxia has been reported to promote SC proliferation
and differentiation in vitro, and MyoD increased as an important factor [21]. In addition,
BDNF increases after exercise and is involved in muscle regeneration by new muscle fiber for-
mation [22]. It has been reported that muscle-specific knockout of BDNF inhibited myogenin
and MHCe expression in vitro, and increased the number of unfused (mononuclear) myocytes
expressing MHC [23]. Additionally, a previous study examining the combination of SC deple-
tion and overactivity in the plantaris muscle reported that the importance of the addition of
myonuclei mediated by SCs for muscle hypertrophy was higher in young mice (8 weeks old)
than adult mice (16 weeks old) [24]. If hypoxia stressed the transcriptional ability of the myo-
nucleus to govern the fiber area, it may be reasonable that reduction of the myonuclear domain
size and activation of SCs in response to hypoxia was observed only in young mice in this
study. These results of the previous and present studies suggested that hypoxic stimulation
promotes new muscle fiber formation or the addition of myonuclei in the soleus muscle of
young animals. This SC activation may increase the capillary density without changing the
muscle weight, as observed in the previous study.

Gastrocnemius muscle. No significant reduction of the muscle fiber area was noted in
the superficial portion of the gastrocnemius in young or old mice. Similarly, no significant
change was observed in mRNA expression of Atroginl, ATGS5, or myostatin by real-time
RT-PCR, demonstrating that unlike the previous report [6] in which 8% O, hypoxia induced
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significant glycolytic reduction of the muscle fiber area in the extensor digitorum longus mus-
cle, the intensity of continuous and intermittent 16% O, hypoxia was too low to cause glyco-
lytic muscular atrophy. Furthermore, unlike the soleus muscle, MyoD and BDNF mRNA
expression did not increase in the gastrocnemius in the young and old H groups, suggesting
that together with changes in the muscle fiber area, the influence of hypoxia is weaker on the
gastrocnemius than on the soleus muscle.

On the other hand, MyoD mRNA expression was significantly increased in the IH group
compared with that in the young H group. This increase in MyoD mRNA expression was not
accompanied by increases in BDNF or MHCe mRNA, compared with that in the N and H
groups, suggesting that intermittent exposure to hypoxia activates SCs in the young gastrocne-
mius and that its mechanism is different from that in the soleus muscle in the H group. This
increase in MyoD mRNA was absent in the old mice. We consider that the difference between
the young and old mice can be explained by differences in the increase in the amount of ROS
induced by intermittent exposure to hypoxia [10], SC activation ability [25], and reduction of
NOS activity [26].

Angiogenesis

Soleus muscle. A previous study [6] demonstrated that continuous exposure to 8% O,
hypoxia promotes angiogenesis in the soleus muscle in 12-week-old mice. In the present study,
continuous exposure to 16% O, hypoxia significantly increased the capillary density in the
soleus muscle in 20-month-old mice. In addition, VEGF-A mRNA and nNOS mRNA were sig-
nificantly increased, and a significant positive correlation was noted between these factors.
Although this significant difference was observed in only H groups, the mRNA expression of
VEGE-A and nNOS in both hypoxic groups was significantly higher in the old mice than in the
young mice. nNOS has been reported to increase during exercise in humans and to be involved
in angiogenesis [27], and VEGF-A mRNA and the number of capillaries were significantly
decreased in nNOS-deficient mice [28]. In addition, an increase in the nNOS mRNA expression
level under hypoxia has been reported [29]. The present study demonstrated that intermittent
16% O, hypoxia induced increases in nNOS and VEGF-A mRNA expression in the soleus mus-
cle in the old mice. Increases in both factors are considered to be involved in the significant
increase in the capillary density observed in the old soleus muscle. As the increased capillary
density was due to the decrease in muscle fiber area under hypoxia [6], the absence of increased
nNOS or VEGF-A mRNA may have been related to the reduction of the muscle fiber area
observed in the young soleus muscle. Regarding the significant reduction of VEGF-A mRNA
expression, contradictory findings were noted in previous study: hypoxia (6% O,/ 2 h) [30]
increased or decreased (12% O,/ 8 weeks) [31] mRNA expression. The difference due to the
experimental conditions suggested that the basal level of VEGF-A mRNA expression increases
in response to shorter or more intense hypoxia. In contrast, VEGF mRNA expression may not
have been stimulated by long-term exposure (8 weeks) because capillaries sufficiently developed
[31]. In the young soleus muscles in our study, the capillary density slightly increased due to the
reduction of the muscle fiber area. The reduction of the muscle fiber area suggested that short-
ening of the diffusion distance weakened angiogenic stimulation, similar to the conditions in
which capillaries sufficiently developed in response to long-term exposure.

Intermittent hypoxia markedly increases xanthine oxidase-mediated ROS production in
reoxygenation [8]. ROS is associated with several impairments and is also involved in the bene-
ficial effects of exercise [5]. Indeed, intermittent exposure to moderate hypoxia has been sug-
gested to be beneficial for blood flow and blood pressure [32]. In the IH group, ROS did not
significantly change the number of capillaries in the soleus muscle in young and old mice. In
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addition, in the old mice, VEGF-A and nNOS mRNA expression was not influenced, unlike in
the H group. This may have been due to the short exposure to hypoxia compared with the H
group.

Gastrocnemius muscle. The capillary density and capillary-to-fiber ratio in old mice were
lower than those in young mice. These results are consistent with previous human studies that
reported that these parameters simultaneously reduced in vastus lateralis muscle with aging
[33].

In the superficial portion of the gastrocnemius continuously exposed to hypoxia, no corre-
lation was noted between nNOS and VEGF-A mRNA expression in young and old mice,
unlike in the soleus muscle, and the number of capillaries did not increase. In the previous
study, exposure to more intense hypoxia (8% O,) caused atrophy of the extensor digitorum
longus muscle [6], whereas exposure to 16% O, did not significantly change the muscle fiber
area in the present study. This result also suggested that the diffusion distance was not short-
ened by the reduction of the muscle fiber area, unlike that in the young soleus muscle.

NO, which is involved in vascular dilatation, is synthesized by constitutive NOS (eNOS and
nNOS) [34]. In NO synthesis in a hypoxic environment, eNOS activity decreases, whereas the
influence of nNOS increases [34]. The nNOS was more strongly expressed in Type IIb fibers
than in other fiber types in a previous study [35]. The nNOS expression level is considered to
be higher in the gastrocnemius than in the soleus muscle suggested that an increase in blood
flow helped alleviate hypoxia. On the other hand, in the previous study employing intense hyp-
oxia (8% O,) [6], reduction of the muscle fiber area in the extensor digitorum longus muscle
was observed, suggesting that the upregulation of nNOS [29] or NO-induced increase in blood
flow may have reached the upper limit under hypoxia.

An increase in blood flow upregulates eNOS mRNA expression by increasing shear stress,
which is involved in angiogenesis [36]. Indeed, in previous study using the mouse extensor
digitorum longus muscle, both overactivity and an increase in blood flow caused by prazosin
(vasodilator: the o1-adrenergic receptor antagonist) administration induced angiogenesis, but
angiogenesis did not occur only in the prazosin treatment group of eNOS-deficient mice [37].
It has also been reported that neither overactivity nor increased blood flow was inhibited in
nNOS-deficient mice, clarifying that the increase in blood flow induces angiogenesis in associ-
ation with eNOS, but not in association with nNOS. In the previous study using a similar
experimental system, inhibition of VEGF-A abolished the angiogenic actions of both overac-
tivity and prazosin administration, suggesting that VEGF-A is a mediator of eNOS induced by
an increase in blood flow and angiogenesis [38]. In the present study, VEGF-A and eNOS
mRNA expression was higher in the IH group than in the H group, and a significant positive
correlation was noted between the increases in eNOS mRNA and VEGF-A mRNA only in the
young gastrocnemius. Vascular dilatation occurs during exercise under hypoxia compared
with that under normoxia, but this vascular dilatation was found to be weak in the elderly
compared with that in the young, and NOS inhibitor-induced reduction of vascular dilatation
was not observed in the old [26]. These findings may explain the absence of a positive correla-
tion between the 2 factors in the old gastrocnemius in the present study.

It is possible that downregulation of eNOS expression under hypoxia [34] is related to sig-
nificant differences in the eNOS and VEGF-A mRNA expression levels in the young gastroc-
nemius between the H and IH groups. In a study involving humans, high-intensity interval
training markedly increased the capillary density and eNOS protein amount compared with
those induced by endurance training [39], suggesting that interval training is more effective
than continuous exercise to increase eNOS.

In the young gastrocnemius, VEGF-A mRNA was significantly increased and MyoD
mRNA was increased in the IH group compared with those in the H group, suggesting that
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SCs are involved in eNOS-VEGF-A-induced angiogenesis. Indeed, SCs are activated by NO
[15], and these cells have been reported to release angiogenic factors such as VEGF-A and
FGF2 [16]. In the present study, FGF2 mRNA was significantly increased in the young superfi-
cial portion of the gastrocnemius in the IH group. In addition, eNOS mRNA expression was
significantly correlated with MyoD and VEGF-A mRNA expression in the young gastrocne-
mius, suggesting that SCs mediate increases in NO-induced VEGF-A mRNA in the young
gastrocnemius.

Conclusions

In young mice, exposure to continuous hypoxia decreased the muscle fiber area and concur-
rently increased the expression of satellite cell-related genes in the soleus muscle, but not in
the gastrocnemius. Furthermore, in old mice, exposure to continuous hypoxia increased the
mRNA expression of nNOS and VEGF-A, and the capillary density in the soleus muscle, but
not in the gastrocnemius. We concluded that differences in the age of the mice, hypoxia expo-
sure method, and muscular metabolic characteristics led to significant differences in angiogen-
esis in skeletal muscle.

Supporting information

S1 Table. Results of ANOVA in data of Table 2 and Fig 3.
(PDF)

$2 Table. Results of ANOVA in data of Fig 4.
(PDF)

Acknowledgments

This work was supported in part by a grant from The Japanese Ministry of Education, Science
and Culture (nos. 17J08086 and 16H03221).

Author Contributions

Data curation: Hiroshi Nagahisa.

Funding acquisition: Hirofumi Miyata.
Investigation: Hiroshi Nagahisa, Hirofumi Miyata.
Methodology: Hiroshi Nagahisa.

Supervision: Hirofumi Miyata.

Writing - original draft: Hiroshi Nagahisa.

Writing - review & editing: Hirofumi Miyata.

References

1. Semenza GL (2012) Hypoxia-Inducible Factors in Physiology and Medicine. Cell 148: 399—-408. https://
doi.org/10.1016/j.cell.2012.01.021 PMID: 22304911

2. Radak Z, Zhao Z, Koltai E, Ohno H, Atalay M (2013) Oxygen consumption and usage during physical
exercise: the balance between oxidative stress and ROS-dependent adaptive signaling. Antioxid Redox
Signal 18: 1208—46. hitps://doi.org/10.1089/ars.2011.4498 PMID: 22978553

3. Zuol, Shiah A, Roberts WJ, Chien MT, Wagner PD, Hogan MC (2013) Low Po, conditions induce reac-
tive oxygen species formation during contractions in single skeletal muscle fibers. Am J Physiol Regul
Integr Comp Physiol 304: R1009—-16. https://doi.org/10.1152/ajpregu.00563.2012 PMID: 23576612

PLOS ONE | https://doi.org/10.1371/journal.pone.0207040 November 8,2018 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207040.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207040.s002
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22304911
https://doi.org/10.1089/ars.2011.4498
http://www.ncbi.nlm.nih.gov/pubmed/22978553
https://doi.org/10.1152/ajpregu.00563.2012
http://www.ncbi.nlm.nih.gov/pubmed/23576612
https://doi.org/10.1371/journal.pone.0207040

®PLOS | one

Influence of hypoxic stimulation on angiogenesis and satellite cells in mouse skeletal muscle

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Nagahisa H, Mukai K, Ohmura H, Takahashi T, Miyata H (2016) Effect of High-Intensity Training in Nor-
mobaric Hypoxia on Thoroughbred Skeletal Muscle. Oxid Med Cell Longev Article ID 1535367: 10
pages. https:/doi.org/10.1155/2016/1535367 PMID: 27721912

Merry TL, Ristow M (2016) Do antioxidant supplements interfere with skeletal muscle adaptation to
exercise training?. J Physiol 594: 5135-47. https://doi.org/10.1113/JP270654 PMID: 26638792

de Theije CC, Langen RC, Lamers WH, Gosker HR, Schols AM, Kéhler SE (2015) Differential sensitivity
of oxidative and glycolytic muscles to hypoxia-induced muscle atrophy. J Appl Physiol (1985) 118:
200-11. https://doi.org/10.1152/japplphysiol.00624.2014 PMID: 25429096

Carberry JC, McMorrow C, Bradford A, Jones JF, O’Halloran KD (2014) Effects of sustained hypoxia on
sternohyoid and diaphragm muscle during development. Eur Respir J 43: 1149-58. https://doi.org/10.
1183/09031936.00139512 PMID: 23766332

Lavie L (2015) Oxidative stress in obstructive sleep apnea and intermittent hypoxia—revisited—the bad
ugly and good: implications to the heart and brain. Sleep Med Rev 20: 27—45. https://doi.org/10.1016/j.
smrv.2014.07.003 PMID: 25155182

Suzuki J (2016) Short-duration intermittent hypoxia enhances endurance capacity by improving muscle
fatty acid metabolism in mice. Physiol Rep 4: e12744. https://doi.org/10.14814/phy2.12744 PMID:
27044851

Gliemann L, Nyberg M, Hellsten Y (2016) Effects of exercise training and resveratrol on vascular health
in aging. Free Radic Biol Med 98: 165—176. https://doi.org/10.1016/j.freeradbiomed.2016.03.037
PMID: 27085843

Croley AN, Zwetsloot KA, Westerkamp LM, Ryan NA, Pendergast AM, Hickner RC, et al. (2005) Lower
capillarization, VEGF protein, and VEGF mRNA response to acute exercise in the vastus lateralis mus-
cle of aged vs. young women. J Appl Physiol (1985) 99: 1872-9. https://doi.org/10.1152/japplphysiol.
00498.2005 PMID: 16024519

Gavin TP, Westerkamp LM, Zwetsloot KA (2006) Soleus, plantaris and gastrocnemius VEGF mRNA
responses to hypoxia and exercise are preserved in aged compared with young female C57BL/6 mice.
Acta Physiol (Oxf) 188: 113—21. https://doi.org/10.1111/j.1748-1716.2006.01609.x PMID: 16948798

Fujimaki S, Hidaka R, Asashima M, Takemasa T, Kuwabara T (2014) Wnt protein-mediated satellite
cell conversion in adult and aged mice following voluntary wheel running. J Biol Chem 289: 7399—412.
https://doi.org/10.1074/jbc.M113.539247 PMID: 24482229

Naumenko VS, Kulikov AV, Kondaurova EM, Tsybko AS, Kulikova EA, Krasnov IB, et al. (2015) Effect
of actual long-term spaceflight on BDNF, TrkB, p75, BAX and BCL-XL genes expression in mouse brain
regions. Neuroscience 284: 730-6. https://doi.org/10.1016/j.neuroscience.2014.10.045 PMID:
25451288

De Palma C, Clementi E (2012) Nitric oxide in myogenesis and therapeutic muscle repair. Mol Neurobiol
46: 682-92. https://doi.org/10.1007/s12035-012-8311-8 PMID: 22821188

Rhoads RP, Johnson RM, Rathbone CR, Liu X, Temm-Grove C, Sheehan S, et al. (2009) Satellite cell-
mediated angiogenesis in vitro coincides with a functional hypoxia-inducible factor pathway. American
Journal of Physiology” Cell Physiology 296: C1321-C1328. https://doi.org/10.1152/ajpcell.00391.2008
PMID: 19386789

Razeghi P, Baskin KK, Sharma S, Young ME, Stepkowski S, Essop MF, et al. (2006) Atrophy, hypertro-
phy, and hypoxemia induce transcriptional regulators of the ubiquitin proteasome system in the rat
heart. Biochem Biophys Res Commun 342: 361—4. https://doi.org/10.1016/j.bbrc.2006.01.163 PMID:
16483544

Rodriguez J, Vernus B, Chelh |, Cassar-Malek |, Gabillard JC, Hadj Sassi A, et al. (2014) Myostatin and
the skeletal muscle atrophy and hypertrophy signaling pathways. Cell Mol Life Sci 71: 4361-71. hitps://
doi.org/10.1007/s00018-014-1689-x PMID: 25080109

Sriram S, Subramanian S, Sathiakumar D, Venkatesh R, Salerno MS, McFarlane CD, et al. (2011)
Modulation of reactive oxygen species in skeletal muscle by myostatin is mediated through NF-kB.
Aging Cell 10:931-48. https://doi.org/10.1111/j.1474-9726.2011.00734.x PMID: 21771249

Chen CY, Tsai YL, Kao CL, Lee SD, Wu MC, Mallikarjuna K, et al. (2010) Effect of mild intermittent hyp-
oxia on glucose tolerance, muscle morphology and AMPK-PGC-1alpha signaling. Chin J Physiol 53:
62-71. PMID: 21789886

Kook SH, Son YO, Lee KY, Lee HJ, Chung WT, Choi KC, et al. (2008) Hypoxia affects positively the
proliferation of bovine satellite cells and their myogenic differentiation through up-regulation of MyoD.
Cell Biol Int 32: 871-8. https://doi.org/10.1016/j.cellbi.2008.03.017 PMID: 18468460

YuT, ChangY, Gao XL, Li H, Zhao P (2017) Dynamic Expression and the Role of BDNF in Exercise-
induced Skeletal Muscle Regeneration. Int J Sports Med 38: 959-966. https://doi.org/10.1055/s-0043-
118343 PMID: 28965341

PLOS ONE | https://doi.org/10.1371/journal.pone.0207040 November 8,2018 14/15


https://doi.org/10.1155/2016/1535367
http://www.ncbi.nlm.nih.gov/pubmed/27721912
https://doi.org/10.1113/JP270654
http://www.ncbi.nlm.nih.gov/pubmed/26638792
https://doi.org/10.1152/japplphysiol.00624.2014
http://www.ncbi.nlm.nih.gov/pubmed/25429096
https://doi.org/10.1183/09031936.00139512
https://doi.org/10.1183/09031936.00139512
http://www.ncbi.nlm.nih.gov/pubmed/23766332
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1016/j.smrv.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25155182
https://doi.org/10.14814/phy2.12744
http://www.ncbi.nlm.nih.gov/pubmed/27044851
https://doi.org/10.1016/j.freeradbiomed.2016.03.037
http://www.ncbi.nlm.nih.gov/pubmed/27085843
https://doi.org/10.1152/japplphysiol.00498.2005
https://doi.org/10.1152/japplphysiol.00498.2005
http://www.ncbi.nlm.nih.gov/pubmed/16024519
https://doi.org/10.1111/j.1748-1716.2006.01609.x
http://www.ncbi.nlm.nih.gov/pubmed/16948798
https://doi.org/10.1074/jbc.M113.539247
http://www.ncbi.nlm.nih.gov/pubmed/24482229
https://doi.org/10.1016/j.neuroscience.2014.10.045
http://www.ncbi.nlm.nih.gov/pubmed/25451288
https://doi.org/10.1007/s12035-012-8311-8
http://www.ncbi.nlm.nih.gov/pubmed/22821188
https://doi.org/10.1152/ajpcell.00391.2008
http://www.ncbi.nlm.nih.gov/pubmed/19386789
https://doi.org/10.1016/j.bbrc.2006.01.163
http://www.ncbi.nlm.nih.gov/pubmed/16483544
https://doi.org/10.1007/s00018-014-1689-x
https://doi.org/10.1007/s00018-014-1689-x
http://www.ncbi.nlm.nih.gov/pubmed/25080109
https://doi.org/10.1111/j.1474-9726.2011.00734.x
http://www.ncbi.nlm.nih.gov/pubmed/21771249
http://www.ncbi.nlm.nih.gov/pubmed/21789886
https://doi.org/10.1016/j.cellbi.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18468460
https://doi.org/10.1055/s-0043-118343
https://doi.org/10.1055/s-0043-118343
http://www.ncbi.nlm.nih.gov/pubmed/28965341
https://doi.org/10.1371/journal.pone.0207040

®PLOS | one

Influence of hypoxic stimulation on angiogenesis and satellite cells in mouse skeletal muscle

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Clow C, Jasmin BJ (2010) Brain-derived neurotrophic factor regulates satellite cell differentiation and
skeltal muscle regeneration. Mol Biol Cell 21: 2182—-90. https://doi.org/10.1091/mbc.E10-02-0154
PMID: 20427568

Murach KA, White SH, Wen Y, Ho A, Dupont-Versteegden EE, McCarthy JJ, et al. (2017) Differential
requirement for satellite cells during overload-induced muscle hypertrophy in growing versus mature
mice. Skelet Muscle 7: 14. https://doi.org/10.1186/s13395-017-0132-z PMID: 28693603

Rhoads RP, Flann KL, Cardinal TR, Rathbone CR, Liu X, Allen RE (2013) Satellite cells isolated from
aged or dystrophic muscle exhibit a reduced capacity to promote angiogenesis in vitro. Biochem Bio-
phys Res Commun 440: 399-404. https://doi.org/10.1016/j.bbrc.2013.09.085 PMID: 24070607

Casey DP, Walker BG, Curry TB, Joyner MJ (2011) Ageing reduces the compensatory vasodilatation
during hypoxic exercise: the role of nitric oxide. J Physiol 589: 1477-88. https://doi.org/10.1113/
jphysiol.2010.203539 PMID: 21282292

Huber-Abel FA, Gerber M, Hoppeler H, Baum O (2012) Exercise-induced angiogenesis correlates with
the up-regulated expression of neuronal nitric oxide synthase (nNOS) in human skeletal muscle. Eur J
Appl Physiol 112: 155-62. https://doi.org/10.1007/s00421-011-1960-x PMID: 21505843

Baum O, Vieregge M, Koch P, Gl S, Hahn S, Huber-Abel FA, et al. (2013) Phenotype of capillaries in
skeletal muscle of NNOS-knockout mice. Am J Physiol Regul Integr Comp Physiol 304: R1175-82.
https://doi.org/10.1152/ajpregu.00434.2012 PMID: 23576613

Ward ME, Toporsian M, Scott JA, Teoh H, Govindaraju V, Quan A, et al. (2005) Hypoxia induces a func-
tionally significant and translationally efficient neuronal NO synthase mRNA variant. J Clin Invest 115:
3128-39. https://doi.org/10.1172/JCI20806 PMID: 16276418

Gavin TP, Westerkamp LM, Zwetsloot KA (2016) Soleus, plantaris and gastrocnemius VEGF mRNA
responses to hypoxia and exercise are preserved in aged compared with young female C57BL/6 mice.
Acta Physiol (Oxf) 188: 113-21. https://doi.org/10.1111/j.1748-1716.2006.01609.x PMID: 16948798

Olfert IM, Breen EC, Mathieu-Costello O, Wagner PD (2001) Chronic hypoxia attenuates resting and
exercise-induced VEGF, flt-1, and flk-1 mRNA levels in skeletal muscle. J Appl Physiol (1985) 90:
1532-8. https://doi.org/10.1152/jappl.2001.90.4.1532 PMID: 11247956

Mateika JH, EI-Chami M, Shaheen D, Ivers B (2015) Intermittent hypoxia: a low-risk research tool with
therapeutic value in humans. J Appl Physiol (1985) 118: 520-32. https://doi.org/10.1152/japplphysiol.
00564.2014 PMID: 25549763

Verdijk LB, Snijders T, Holloway TM, VAN Kranenburg J, VAN Loon LJ (2016) Resistance Training
Increases Skeletal Muscle Capillarization in Healthy Older Men. Med Sci Sports Exerc 48: 2157-2164.
https://doi.org/10.1249/MSS.0000000000001019 PMID: 27327032

Ho JJ, Man HS, Marsden PA. (2012) Nitric oxide signaling in hypoxia. J Mol Med (Berl) 90: 217-31.
https://doi.org/10.1007/s00109-012-0880-5 PMID: 22349396

Hoshino S, Ohkoshi N, Ishii A, Shoji S (2002) The expression of neuronal nitric oxide synthase and dys-
trophin in rat regenerating muscles. J Muscle Res Cell Motil 23: 139-45. PMID: 12416720

Egginton S, Hussain A, Hall-Jones J, Chaudhry B, Syeda F, Glen KE (2016) Shear stress-induced
angiogenesis in mouse muscle is independent of the vasodilator mechanism and quickly reversible.
Acta Physiol (Oxf) 218: 153—-166. https://doi.org/10.1111/apha.12728 PMID: 27261201

Williams JL, Cartland D, Hussain A, Egginton S (2006) A differential role for nitric oxide in two forms of
physiological angiogenesis in mouse. J Physiol 570: 445-54. https://doi.org/10.1113/jphysiol.2005.
095596 PMID: 16293647

Williams JL, Cartland D, Rudge JS, Egginton S (2006) VEGF trap abolishes shear stress- and over-
load-dependent angiogenesis in skeletal muscle. Microcirculation 13: 499-509. https://doi.org/10.
1080/10739680600785717 PMID: 16864416

Cocks M, Shaw CS, Shepherd SO, Fisher JP, Ranasinghe AM, Barker TA, et al. (2013) Sprint interval
and endurance training are equally effective in increasing muscle microvascular density and eNOS con-
tent in sedentary males. J Physiol 591: 641-56. https://doi.org/10.1113/jphysiol.2012.239566 PMID:
22946099

PLOS ONE | https://doi.org/10.1371/journal.pone.0207040 November 8,2018 15/15


https://doi.org/10.1091/mbc.E10-02-0154
http://www.ncbi.nlm.nih.gov/pubmed/20427568
https://doi.org/10.1186/s13395-017-0132-z
http://www.ncbi.nlm.nih.gov/pubmed/28693603
https://doi.org/10.1016/j.bbrc.2013.09.085
http://www.ncbi.nlm.nih.gov/pubmed/24070607
https://doi.org/10.1113/jphysiol.2010.203539
https://doi.org/10.1113/jphysiol.2010.203539
http://www.ncbi.nlm.nih.gov/pubmed/21282292
https://doi.org/10.1007/s00421-011-1960-x
http://www.ncbi.nlm.nih.gov/pubmed/21505843
https://doi.org/10.1152/ajpregu.00434.2012
http://www.ncbi.nlm.nih.gov/pubmed/23576613
https://doi.org/10.1172/JCI20806
http://www.ncbi.nlm.nih.gov/pubmed/16276418
https://doi.org/10.1111/j.1748-1716.2006.01609.x
http://www.ncbi.nlm.nih.gov/pubmed/16948798
https://doi.org/10.1152/jappl.2001.90.4.1532
http://www.ncbi.nlm.nih.gov/pubmed/11247956
https://doi.org/10.1152/japplphysiol.00564.2014
https://doi.org/10.1152/japplphysiol.00564.2014
http://www.ncbi.nlm.nih.gov/pubmed/25549763
https://doi.org/10.1249/MSS.0000000000001019
http://www.ncbi.nlm.nih.gov/pubmed/27327032
https://doi.org/10.1007/s00109-012-0880-5
http://www.ncbi.nlm.nih.gov/pubmed/22349396
http://www.ncbi.nlm.nih.gov/pubmed/12416720
https://doi.org/10.1111/apha.12728
http://www.ncbi.nlm.nih.gov/pubmed/27261201
https://doi.org/10.1113/jphysiol.2005.095596
https://doi.org/10.1113/jphysiol.2005.095596
http://www.ncbi.nlm.nih.gov/pubmed/16293647
https://doi.org/10.1080/10739680600785717
https://doi.org/10.1080/10739680600785717
http://www.ncbi.nlm.nih.gov/pubmed/16864416
https://doi.org/10.1113/jphysiol.2012.239566
http://www.ncbi.nlm.nih.gov/pubmed/22946099
https://doi.org/10.1371/journal.pone.0207040

