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Abstract Variants of the Myostatin gene have been shown
to have an influence on muscle hypertrophy phenotypes in
a wide range of mammalian species. Recently, a Thor-
oughbred horse with a C-Allele at the g.66493737C/T
single-nucleotide polymorphism (SNP) has been reported
to be suited to short-distance racing. In this study, we
examined the effect of the Myostatin SNP on muscle fiber
properties in young Thoroughbred horses during a training
period. To investigate the effect of the Myostatin SNP on
muscle fiber before training, several mRNA expressions
were relatively quantified in biopsy samples from the
middle gluteal muscle of 27 untrained male Thoroughbred
horses (1.5 years old) using real-time RT-PCR analysis.
The remaining muscle samples were used for immunohis-
tochemical analysis to determine the population and area of
each fiber type. All measurements were revaluated in
biopsy samples of the same horses after a 5-month period
of conventional training. Although the expressions of
Myostatin mRNA decreased in all SNP genotypes, a
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significant decrease was found in only the C/C genotype
after training. While, expression of VEGFa, PGCla, and
SDHa mRNAs, which relate to the biogenesis of mito-
chondria and capillaries, was significantly higher (54-82%)
in the T/T than the C/C genotypes after training. It is
suggested that hypertrophy of muscle fiber is directly
associated with a decrease in Myostatin mRNA expression
in the C/C genotype, and that increased expressions of
VEGFa, PGCla, and SDHa in the T/T genotype might be
indirectly caused by the Myostatin SNP.

Keywords Myostatin SNP - Horses muscle - Training -
Development

Introduction

Thoroughbreds have been bred mainly with the goal of
strengthening running capacity since the early 17th century
[1-3]. As a result, the quantity of skeletal muscles in
Thoroughbreds exceeding 50% of the entire body weight
and maximal oxygen intake of nearly 180 ml O,/min per
body weight have been reported [4]. However, improve-
ment of running capacity by selective mating is considered
to have almost reached its limit. With the development of
molecular-biological analytical methods, genetic factors
determining the running capacity have been attracting
attention.

Myostatin has recently been featured as an important
molecule controlling the quantity of skeletal muscles.
Myostatin is a member of the transforming growth factor
family (TGF-P) that inhibits muscle growth by inhibiting
proliferation and differentiation of muscle cells, and it is
known that suppression of the myostatin expression level
induces muscle growth [5, 6]. It has been reported that
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sequence mutations in the horse myostatin gene are asso-
ciated with the optimum race distance of Thoroughbreds
[7, 8]. According to these reports [7-9], four single-nu-
cleotide  polymorphisms  (SNPs), g.65809482T>C,
2.65868604G>T, 2.66493737C>T, and g.66539967A>G),
have been identified on horse chromosome 18 as candi-
dates for genetic prediction in Thoroughbreds.
2.66493737C>T is located in the 1st intron of the horse
myostatin gene and it has been reported to be the most
promising candidate gene for optimum race distance.
Furthermore, origins and history of this SNP were clearly
demonstrated by a combination of population genetics-
based molecular and pedigree approaches in modern and
historic horse samples [10].

Activation of satellite cells with proliferative ability is
an important factor for hypertrophy of skeletal muscles.
Myostatin has been demonstrated to inhibit satellite cell
activation in myogenesis after birth [11]. Therefore, there
may be a very interesting association between satellite
cells and myostatin gene polymorphisms; however, the
actual association between myostatin gene polymor-
phisms and training effects on skeletal muscles has not
been determined. In addition to the muscle hypertrophy,
it has been reported that muscle oxidative capacity has a
great impact on running ability of Thoroughbred horses,
especially in the developmental period [12]. Although
the importance of training in the early stage of devel-
opment has been noted in Thoroughbreds [13, 14], most
racehorses are trained regularly from about 1.5 years old.
Therefore, to consider total running performance of
Thoroughbred horses, we evaluated expressions of genes
not only for satellite cell-related factors, but also for
oxidative metabolism-related factors.

The objective of this study was to clarify the association
between the myostatin gene polymorphism (g.66493737,
T/T, C/T, and C/C genotypes) and the mRNA expression
levels of muscle satellite cell-related and oxidative meta-
bolism-related factors in racehorses during the growth
period.

Materials and methods
Animals and training protocol

All procedures were approved by the Animal Welfare and
Ethics Committee of the Japan Racing Association Hidaka
Training and Research Center and followed the American
Physiological Society’s Animal Care Guidelines.
Twenty-seven untrained Thoroughbred horses (male,
1.5 years old) were used in this study. By SNP analysis
using PCR methods, 27 horses were identified into three
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SNP groups, T/T, T/C, and C/C genotypes (n = 9 in each
group).

The horses were housed individually in 3 x 3.5-m box
stalls. Until October, before starting the exercise, the horses
were kept in 1-2-ha pastures for approximately 6 h/day;
and fed concentrate pellets (JRA original 10, NOSAN Co.,
Kanagawa, Japan) twice a day (approximately 4 kg/day),
and water and Timothy hay were available ad libitum.
During the 5-month training period, the horses were fed
four times daily with hay (approximately 2 kg/day), oats
(approximately 2 kg/day), and complete industrial feed
(approximately 5 kg/day), and water and Timothy hay
were available ad libitum.

The exercise regimen was according to a traditional
training schedule for young horses: two high-intensity
training sessions per week followed by three or four low-
intensity sessions. Through the end of January, after
warm-up on a walking machine, the horses cantered
1600 m on a flat-track course at mild speed with the last
500 m completed at 9.0 m/s, twice a week, and they
galloped 1000 m on a slope course (peak incline of 5.5°)
at an average speed of 10 m/s twice a week. On the
other 2 days, the horses cantered 2400 m at a speed of
between 7.7 and 9.0 m/s on a flat course. In February to
March, the exercise intensity was gradually increased.
The horses warmed up by trotting 800 m, then galloped
for 2 rounds of 1000 m on a slope course at an average
speed ranging between 10.0 and 12.5 m/s, twice a week.
On the other the 4 days, the horses cantered 2400 m at
speeds ranging from 7.7 to 9.0 m/s on a flat-track course.
The horses cooled down by walking approximately
2400 m every training day. Other than the training ses-
sions, the horses were pastured in small individual pad-
docks for about 4 h a day.

Muscle sampling

Muscle samples (~ 20 mg wet weight) were obtained
from the same area (concentrically 2 cm away from the
first sampling point) at the mid-section of the gluteus
medius muscle and from the same depth (5 cm below the
skin surface) by 18 G x 9-cm needle biopsy (SuperCore
Biopsy Instrument, Argon Medical, Device Japan Inc.,
Tokyo, Japan), under local anesthesia (Lidocaine, Fujisawa
Pharmaceutical Co., Osaka, Japan) before starting exercise
training and after a 5-month period of conventional train-
ing. In a previous study [14], we confirmed an interval of
14 days after exhaustive exercise is sufficient to recover all
mRNA expressions to resting levels. All muscle samples
were frozen by liquid nitrogen and stored at —80 °C until
analyzed.
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Immunohistochemical analysis

The fiber-type population was determined as previously
described [12]. Several serial 7-um cross sections of the
muscle were obtained on a cryostat (Leica CM510, Nuss-
loch, Germany) at —20 °C. The sections were warmed to
room temperature (RT) and then pre-incubated in 1%
normal goat serum (Millipore-Chemicon, Billerica, MA,
USA) in 0.1 M phosphate buffered saline (PBS, pH 7.6) at
RT for 10 min. The primary monoclonal antibody was then
applied, either (1) fast myosin (SIGMA, St. Louis, USA;
1:4000), which specifically reacts with myosin heavy chain
(MHCO)-IIa and -IIx, or (2) SC-71 (Developmental Studies
Hybridoma Bank, Iowa, USA; 1:1000), which specifically
reacts with MHC-IIa. The sections were incubated in these
primary antibodies overnight at RT, and incubated with a
secondary antibody (goat anti-mouse IgG) conjugated with
horseradish peroxidase (HRP, Bio-Rad, Hercules, CA,
USA; 1:1000) at RT for 3 h. Diaminobenzidine tetrahy-
drochloride (Bio-Rad) was used as a chromogen to localize
HRP. Images of the stained muscle fibers were recorded
with a photomicroscopic (E600, Nikon, Tokyo, Japan)
image-processing system (DS-U1, Nikon). The fibers were
classified as type I, Ila, or IIx fibers based on their
immunohistochemical staining properties, and the popula-
tion percentage and cross-sectional area (CSA) of each
muscle fiber type were calculated from at least 50 muscle
fibers.

RNA isolation and real-time RT-PCR

Total RNA was extracted from each muscle sample with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA
was synthesized using TURBO DNase (Ambion, Austin,
TX, USA) and ExscriptTM RT reagent kit (Takara, Tokyo,
Japan). Relative quantification of mRNA expressions with
real-time RT-PCR system (Applied Biosystems Japan,
Tokyo, Japan) was performed, as described previously
[15]. The relative expression of the target gene was cal-
culated as the relative quantification value for one horse in
the A/A genotype before training, using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA as an internal
control.

The sequences of the specific primers used in this study
are presented in Table 1. Each PCR primer was designed
by Primer Express® software (Applied Biosystems, Japan),
and the oligonucleotides were purchased from FASMAC
(FASMAC, Kanagawa, Japan).

Statistics

All data are presented as the mean + SEM, and analyzed
by two-way ANOVA and ¢ test with Bonferroni adjustment

for comparison between before and after training period,
and among SNP groups. In all cases, statistical significance
was set at p < 0.05.

Results
Body weight

Before the training period, average body weights were
444 £ 8.4, 438 £ 6.8, and 470 + 6.5 kg before training,
and 467 + 7.8, 452 £ 6.2 and 486 + 7.4 kg after training
in T/T, C/T, and C/C types, respectively (Table 2). The
growth rates of body weight during the training period
were 5.0, 3.2, and 3.5% in T/T, C/T, and C/C genotypes,
respectively. Significant increases in body weight were
found in all genotypes after training. Although the body
weight in C/C genotype showed a heavier than other two
groups, the significant differences were not detected among
these genotypes.

Histochemical properties of muscle fiber

In this study, muscle fiber types were classified in type I,
type Ila, and type IIx fibers by immunohistochemical
procedure, then muscle fiber population (%) and area ( umz)
of each fiber type were summarized in Table 2.

Any significant differences in fiber type population were
not detected among all the genotypes at both before and
after the training period. While, as compared to before
training, the population of type IIx fiber showed a tendency
to decrease after training in all the genotypes, and a sig-
nificant decrease was found in T/T genotype.

Any significant differences in fiber type area were not
found among the genotypes at both before and after the
training period. As compared to before training, the area of
type IIx fiber showed a tendency to increase after training
in all the genotypes, and a significant increase was found in
C/C genotype.

mRNA expression
Molecules related to satellite cell

Expressions of Myostatin, Pax7, MyoD, Myogenin, and
HGF mRNAs are shown in Fig. 1la—e. The expression of
Myostatin mRNA decreased in all the genotypes after
training, and significant decrease was found in C/C geno-
type. The expression of Pax7, marker of satellite cell,
significantly increased after training in all the genotypes.
The expressions of MyoD and Myogenin mRNA, prolif-
eration and differentiation makers of satellite cell, signifi-
cantly increased in only T/T genotype after training and
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Table 1 Real-time reverse

Forward sequence

Reverse sequence

transcriptional (RT)-PCR

primer sequences GAPDH CAAGGCTGTGGGCAAGGT GGAAGGCCATGCCAGTGA
Myostatin TGACAGCAGTGATGGCTCTT TTGGGTTTTCCTTCCACTTG
Pax7 CATCGGCGGCAGCAA TCCTCGATCTTTTTCTCCACATC
MyoD ACGGCTCTCTCTGCAACTTTG GAGTCGAAACACGGGTCATCA
myogenin TCACGGCTGACCCTACAGATG GGTGATGCTGTCCACAATGG
SDHa AGGTTTGCTGATGGCAGTATAAGA TGCATCGACTTCTGCATGCT
VEGFa CCCACTGCGGAGTTCAACAT TTGGCTTTGGTGAGGTTTGAT
PGClo TCCGTGTCACCACCCAAAT TGAACGAGAGCGCATCCTT
HGF GGTACGCTACGAAGTCTGTGACA CCCATTGCAGGTCATGCAT
MHC1 GGAATGACAACTCCTCTCGCTTT TCAATATCAGCAGAAGCCAGTTTC
MHC2 CCCATGAACCCTCCCAAATA GCAGGCTCATGCAGGTGAGT

GAPDH glyceraldehydes-3-phosphate dehydrogenase, Pax7 paired box transcription factor-7, MyoD
myogenic determination factor, SDHa succinate dehydrogenase subunit a, VEGFa vascular endothelial
growth factor-A, PGCla peroxisome proliferator-activated receptor y coactivator-lo, HGF hepatocyte
growth factor, MHC Myosin heavy chain

Table 2 Body weight and muscle fiber properties (population and area) before and after training of Thoroughbred horses in each genotype

(g.66493737C/T: T/T, C/T and C/C genotypes)

Before training

After training

T/T C/T C/C T/T C/T C/C
Body weight (kg) 444 4+ 8.4 438 + 6.8 470 £ 6.5 467 £ 7.8* 452 £+ 6.2% 486 £+ 7.4%
Population (%)
Type 1 11.1 £ 1.9 13.7 £ 2.8 75+ 19 157 £ 11.1 13.8 £ 9.1 94 + 6.5
Type Ila 404 £ 45 415 £ 35 40.8 £ 2.6 487 +£59 458 £ 6.4 45.5+ 78
Type IIx 485 £ 52 44. 8 + 2.6 517+ 25 35.6 + 12.7 * 404 + 10.7 451 +94
Area (umz)
Type I 2230 + 186 1749 + 64 2487 + 300 2577 £+ 291 2445 + 299 2626 + 284
Type Ila 2543 +179 2522 + 174 2202 + 158 2753 + 129 2838 + 218 2816 + 331
Type 1Ix 3939 + 299 3538 + 298 3832 £ 332 4233 £+ 450 3898 + 378 4647 £+ 325 *

Values are mean & SEM (n = 9 in each group)

* Significant difference (P < 0.05) between before and after training in same genotype group

significant difference of Myogenin mRNA was found
between T/T and C/T genotypes after training. The
expression of HGF mRNA, activator of satellite cell,
showed a tendency to increase in all the genotypes, and
significant increase was found in only C/T genotype.

Molecules related to oxidative metabolism

Expressions of SDHa, PGCla, and VEGFa mRNA are
shown in Fig. 2a—c, respectively. The expression of SDHa
mRNA, maker of mitochondria, significantly increased
after training in all the genotypes, and the value was sig-
nificantly higher in T/T than C/C genotypes after training.
The expression of PGCla mRNA increased in all the
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genotypes after training, and significant increase was found
in only C/C genotype. The expression of VEGFa mRNA,
maker of angiogenesis, unchanged after training in all the
genotypes, and the value was significantly higher in T/T
than C/C genotypes after training.

Myosin heavy chain (MHC)

Expressions of MHC I and II mRNA are shown in Fig. 3a,
b, respectively. No significant differences were found in
either MHC expression among all the genotypes. The
expression of MHC I significantly decreased in C/C after
training. On the other hand, the expression of MHC II
significantly increased in T/T genotype after training.
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Fig. 1 Comparison of relative expressions of mRNA in Myostatin
(a), MyoD (b), Myogenin (d), and HGF (e) in Thoroughbred horses’
muscles in each genotype before (gray bar) and after (white bar)
training period. Data of one horse in T/T genotype was set at base line
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Fig. 2 Comparison of relative expressions of mRNA in SDHa (a),
PGC-1a (b), and VEGFa (c) in Thoroughbred horses’ muscles in each
genotype before (gray bar) and after (white bar) training period. Data
of one horse in T/T genotype was set at base line value (1) in each

Discussion

This study was performed to examine whether training
effects are influenced by the myostatin SNP in racehorses
during the growth period. On histochemical analysis, no
difference due to the myostatin SNP was noted in the

value (1) in each mRNA. Values are mean = SEM (n = 9 in each
group). *Significant difference (P < 0.05) between before and after
training in same SNP group. Significant difference (P < 0.05) as
compared to each value in T/T genotype
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mRNA. Values are mean + SEM (n = 9 in each group). *Significant
difference (P < 0.05) between before and after training in same SNP
group. 'Significant difference (P < 0.05) as compared to each value
in T/T genotype

muscle fiber population or area before training, but the type
IIx fiber population in T/T genotype was significantly
decreased by training. In addition, training significantly
decreased the C/C genotype myostatin mRNA expression
level and type IIx fibers significantly hypertrophied. Fur-
thermore, the most marked difference among all the
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Fig. 3 Comparison of relative

expressions of mRNA in SDHa 20 -
(a), PGC-1a (b), and VEGF-A
(¢) in Thoroughbred horses’
muscles in each genotype group
before (gray bar) and after
(white bar) training period. Data
of one horse in T/T genotype
was set at base line value (1) in
each mRNA. Values are

mean £ SEM (n = 9 in each
group). *Significant difference
(P < 0.05) between before and
after training in same SNP

group
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genotypes was a marked increase in the mRNA expression
level of molecules (SDHa and PGCla) involved in mito-
chondrial biogenesis in the T/T type after training.

Myostatin SNP and muscle growth

Myostatin gene mutations are highly conserved among
mammals, such as cattle [16, 17], dogs [18], mice [19],
sheep [20], and humans [21], and are associated with the
phenotype of muscular hypertrophy. This is attractive,
particularly in Thoroughbreds, because myostatin muta-
tions influence the lifetime earnings, lifetime rank, and
optimum race distance [8, 22].

Muscle fibers were classified into types I, Ila, and IIx
using immunohistochemical staining [12], and their asso-
ciations with the SNP (g.66493737C>T) were investigated.
Type I fibers contract slowly with high endurance, having a
high oxygen supply capacity. Type IIx fibers contract fast
and appropriate for exerting power. The characteristics of
type Ila fibers are intermediate between these. Accord-
ingly, it was expected based on the findings in preceding
studies [23] that the population of type IIx fibers is high in
the C/C genotype or these fibers hypertrophied, but no
difference due to the myostatin SNP was noted in the
histochemical characteristics before training. On analysis
of the mRNA expression level, no significant difference
was noted in the expression level of any molecule,
including myostatin, among the SNP groups. These find-
ings suggested that the myostatin SNP did not cause any
difference at the muscle fiber level throughout the 1.5-year
period after birth, consistent with the findings of previous
reports.

Many previous studies demonstrated that although the
population of type I fibers did not change, the population of
type ITA and IIX fibers significantly increased and
decreased with conventional training, respectively [12, 24].
In this study, although the body weight gain was compa-
rable among the three genotypes after training, when the
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area was investigated by the muscle fiber type, a significant
increase was noted only in the C/C type IIx fibers. This
indicates that the training effects on glycolysis-dominant
muscle fibers were high in the C/C genotypes, suggesting
that C/C genotype horses grow into racehorses with an
aptitude for short distance [7, 22]. A decrease in the
myostatin mRNA expression level is generally observed
after training [25, 26] as a cause of this histological change.
The finding that the myostatin mRNA expression level
significantly decreased only in the C/C genotypes is con-
sistent with hypertrophy of type IIx fibers in the C/C
genotypes. Selective IIx fiber hypertrophy is interpreted as
a factor for why the C/C genotypes rapidly reach the
maximum speed and why the speed is higher compared
with that of the T/T genotypes [27]. Although it is difficult
to explain how the myostatin SNP is associated with
expression of the muscle fiber phenotype, we speculate that
the SNP in the first intron of the myostatin gene may be a
connection site of enhancer factors, as shown in previous
studies [28, 29].

Satellite cell activation plays an important role in mus-
cular hypertrophy. We investigated the satellite cell acti-
vator HGF [30], Pax7 expression in resting satellite cells,
which is required for satellite cell pool formation in
skeletal muscles [31], and the proliferation/differentiation
markers of satellite cells MyoD and Myogenin [32-34].
Unexpectedly, satellite cell activator and proliferation/dif-
ferentiation-related factors were significantly increased in
the T/T genotype than in the C/C genotype. It has recently
been reported that satellite cells secrete soluble capillary
blood vessel growth factor, which is associated with cap-
illary angiogenesis [35, 36]. Indeed, the VEGF expression
level was significantly elevated in the T/T genotype com-
pared with that in the C/C genotype, suggesting that T/T
genotype satellite cell activity contributed to capillary
angiogenesis, but not to muscular hypertrophy.
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Myostatin SNP and oxidative metabolic capacity

On analysis of the mRNA expression levels before training,
no significant difference was noted in the mRNA expres-
sion levels of SDHa, PGC-1a, or VEGFa related to mito-
chondria and vascularization among the SNP groups. In
contrast, on analysis after training, all these expression
levels increased from those before training, and the
increases in SDHa and PGC-1a mRNA were significant in
the T/T genotype, resulting in significantly higher mRNA
expression levels of SDHa and VEGFa in the T/T genotype
than in the C/C genotype. These findings suggested that
vascularization was more strongly promoted in the T/T
genotype, increasing oxygen supply capacity and promot-
ing mitochondrial biogenesis in cells, thereby increasing
ATP production. In addition, this may have led to the
histochemical characteristic that the type I fiber area was
greater in the T/T genotype.

The expression levels of all oxidative metabolism-re-
lated factors after training were the highest in the T/T
genotype followed by the C/T genotype, and lowest in the
C/C genotype. This order is consistent with the histo-
chemical analysis in which the population of the type I
fibers with superior oxygen supply capacity was high in the
T/T genotype. In addition, increases in SDHa related with
the quantity of mitochondria and PGC-1a-promoted mito-
chondrial biogenesis by training were confirmed in all the
genotypes. The high oxygen supply and utilization capacity
of the T/T genotype may have been due to the strong
promotion of vascularization and mitochondrial biogenesis.
In addition, based on histochemical analysis, the type I
fiber population was increased by training and the fibers
became muscles appropriate for endurance exercise in all
the genotypes, which suggests that the training performed
was effective to improve endurance in all the genotypes.
These findings may explain why the C/C genotype was
very rare in Egyptian Arabian horses with excellent
endurance [7].

In previous studies [5, 37], although nearly total ablation
of myostatin signaling caused by specific signaling block-
ade elicits a decrease in oxidative metabolism, a modest
decrease of myostatin signaling enhances oxidative meta-
bolism [6]. These results also support a complicated role of
myostatin in the regulation of energy metabolism, either
directly or indirectly. Our study also could not clarify how
the myostatin SNP is associated with expression of the
oxidative metabolism-related factor genes. In previous
study [21], the presence of a point mutation in the first
intron of the myostatin gene region and subsequent myo-
statin translocation due to abnormal splicing have been
identified in a human with marked muscular hypertrophy
from immediately after birth. As the myostatin SNP in
Thoroughbreds is also present in the first intron, a similar

mechanism that not only influences muscular hypertrophy
but also directly or indirectly affects gene expression of
oxidative metabolism-related factors may be present.
Therefore, multifaceted investigation of the mechanism of
myostatin SNP with regard to the influences on expression
of other genes and actual muscular function is awaited.
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