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Skeletal muscle fiber type composition is one of the important factors influencing muscle growth and meat
quality. As a member of the myogenic transcription factors, myogenin (MyoG) is required for embryonic
myoblast differentiation, but the expression of MyoG continues in mature muscle tissue of adult animals,
especially in oxidative metabolic muscle, which suggests that MyoG may play a more extended role. There-

ff/[eyx/()er:isr; fore, using MyoG gene transfer mice and C2C12 myoblasts as in vivo and in vitro models, respectively, we
Mﬂsie fiber types elected to study the role of MyoG in muscle fiber types and oxidative metabolism by using overexpression

and siRNA suppression strategies. The overexpression of MyoG by DNA electroporation in mouse gastrocnemius
muscle had no significant effect on fiber type composition but upregulated the mRNA expression (P < 0.01) and
enzyme activity (P < 0.05) of oxidative succinic dehydrogenase (SDH). In addition, downregulation of the activ-
ity of the glycolytic enzymes lactate dehydrogenase (LDH, P < 0.05) and pyruvate kinase (PK, P < 0.05) was
observed in MyoG gene transfer mice. In vitro experiments verified the results obtained in mice. Stable
MyoG-transfected differentiating C2C12 cells showed higher mRNA expression levels of myosin heavy
chain (MyHC) isoform IIX (P < 0.01) and SDH (P < 0.05), while the LDH mRNA was attenuated. The enzyme
activities of SDH (P < 0.01) and LDH (P < 0.05) were similarly altered at the mRNA level. When MyoG was
knocked down in C2C12 cells, MyHC IIX expression (P < 0.05) was decreased, but the mRNA level (P < 0.05)
and the enzyme activity (P < 0.05) of SDH were increased. Downregulating MyoG also increased the activity
of the glycolytic enzymes PK (P < 0.05) and hexokinase (HK, P < 0.05). Based on those results, we conclud-
ed that MyoG barely changes the MyHC isoforms, except MyHC IIX, in differentiating myoblasts but proba-
bly influences the shift from glycolytic metabolism towards oxidative metabolism both in vivo and in vitro.
These results contribute to further understand the role of MyoG in skeletal muscle energy metabolism and
also help to explore the key genes that regulate meat quality.

Oxidative metabolism

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Adult skeletal muscle fibers represent members of a heterogeneous
population that inherently differ in their energy metabolism, contractile
properties, and color. Muscle fiber types can be delineated according
to differences in their structural and functional properties. To date,
myosin heavy chain (MyHC) isoforms seem to represent the most
appropriate markers for fiber type delineation. The following pure
fiber types exist in adult mammalian skeletal muscles: slow-twitch
oxidative type I (MyHCI), which metabolizes lipids as a source of energy,
and three fast-twitch types, namely oxidative type IIA (MyHCIIA), oxido-
glycolytic type IIX (MyHC IIX) (Pette and Staron, 1990; Schiaffino and
Reggiani, 1994, 1996), and glycolytic type IIB (MyHC IIB), which contain

Abbreviations: MyoG, myogenin; MyHC, myosin heavy chain; SDH, succinic dehydro-
genase; LDH, lactate dehydrogenase; PK, pyruvate kinase; HK, hexokinase.
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higher amounts of glycogen and glucose, and predominantly use gly-
cogen and glucose as fuel (Choi et al., 2007). In humans, the muscle
fiber type profile, in part, dictate muscle performance, which is im-
portant in sports science (Costill et al., 1976; Gollnick et al., 1972),
and is relevant to neuromuscular diseases as well as metabolic dis-
eases, such as obesity and diabetes (Bikman et al., 2010; He et al.,
2001). In farm animals, muscle fiber type composition is one of the
main factors influencing many of the peri- and post-mortal biochemical
processes and, thereby, meat quality (Chang et al., 2003; Klont et al.,
1998; Lee et al,, 2010; Ryu et al,, 2005).

Extensive work has been conducted on the relationship between
muscle fiber type composition and meat production and quality in
pigs. The results have shown that both the contractile and metabolic na-
ture of fibers likely influence meat quality (Werner et al., 2010). The in-
tramuscular fat (IMF) content is an important factor that influences
sensory quality. Oxidative fibers have been shown to contain more
triglycerides, which represents a small proportion of IMF, than gly-
colytic fibers (Essengustavsson et al., 1994; Karlsson et al., 1999).
In addition, the presence of oxidative fibers was positively related
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to color characteristics, better water-holding capacity, and better ten-
derness (Chang et al., 2003; Eggert et al., 2002). Type IIB fibers tend to
be larger in diameter than other fiber types, and the proportion of
MyHC 1IB contributes to the increase in muscle mass (Ryu et al.,
2008). However, in pigs, higher white (glycolytic) fiber percentages
have been shown to correlate with the PSE (pale, soft, exudative)
meat condition (Chang et al., 2003; Fiedler et al., 1999; Larzul et al.,
1997). These fibers are more reliant on glycolytic pathways to produce
energy for contraction and contain less myoglobin to store oxygen and
may shift to anaerobic metabolism earlier, thereby, their metabolism
contributes to a very fast pH decline by the degradation of glycogen to
lactic acid, which results in muscle protein denaturation and PSE meat
after slaughter (Hammelman et al., 2003; Ryu et al., 2005).

The swine industry breeding system has been based on the major
objectives of high growth rate, low feed conversion, and high lean
meat percentage. As a result, dramatic improvements in the efficiency
of meat production have been made through genetic selection, breeding
conditions, and improvement of nutrition (Merks, 2000; Sellier and
Rothschild, 1991). In modern meat-type pigs, breeding selection has in-
creased the abundance of MyHC IIB transcript with an unexpected dete-
rioration in meat quality. In farm animals, a better control of meat
quality is of major importance for producers and retailers to satisfy
the consumers' requirement for a consistently good product. To be ad-
vantageous in achieving both high meat content and good meat quality,
the regulation of muscle fiber type has become a research topic of great
interest in animal science.

In our previous study, we used a microarray analysis to compare
longissimus dorsi muscle gene expression profiles between Landra-
ce, a typical commercial pig breed, and Jinhua swine, a local Chinese
breed, which is best known for its good meat quality (Miao et al.,
2009). The results showed that muscle fiber development was asso-
ciated with various transcription factors (Wu et al., 2013), among
them is a member of the helix-loop-helix superfamily, myogenin
(MyoG), which is highly expressed in young pigs. MyoG is required
for embryonic myoblast differentiation (Hasty et al., 1993; Venuti
et al., 1995), but MyoG expression continues in the mature muscle tis-
sue of adult animals, especially in oxidative metabolic muscle (Hughes
et al,, 1993), which suggests that it may play a more extended role.

Therefore, using MyoG gene transfer mice as a cost-effective model
for improving meat quality in agriculturally relevant species in vivo
and C2C12 myoblasts in vitro, we elected to study the role of MyoG on
muscle fiber composition and oxidative metabolism by employing
overexpression and siRNA suppression strategies.

2. Materials and methods
2.1. Animals and C2C12 myoblast cell line

Male ICR (Institute of Cancer Research) mice (25-30 g) were used
for gene delivery studies. All surgical procedures were performed
under deep anesthesia. Animals were killed by cervical dislocation.
During the experimental period, the mice were cared for under the
Guidelines of Animal Experimentation outlined by the Committee
of Experimental Animal Care, Zhejiang University. The mouse myo-
blast cell line C2C12 was purchased from the Cell Bank of the Chinese
Academy of Sciences Shanghai Institute of Cell Biology.

2.2. pcDNA3.1-MMG plasmid transfection and selection for stable
expression

The full-length mouse MyoG gene was amplified by reverse
transcription-polymerase chain reaction (RT-PCR; forward primer: 5'-
GCTCTAGAGCCACCATGGAGCTGTATGAGACATCC-3’, reverse primer: 5'-
CCGCTCGAGTCAGTTGGGCATGGTTTCGT-3'). The mouse MyoG plasmid
(pcDNA3.1-MMG) was constructed by cloning the PCR products into
the Xbal-Xhol restriction sites of the pcDNA3.1 mammalian expression

vector (Invitrogen, Carlsbad, CA). The pcDNA3.1-MMG plasmid was
transfected into cells using Lipofectamine™ 2000 (Invitrogen Life
Technologies) according to the manufacturer's instructions. The
pcDNA3.1 empty plasmid was transfected into C2C12 myoblasts to
serve as the negative control. The C2C12 cells were incubated with
the plasmid-Lipofectamine complex for 6 h, and then the transfec-
tion media Opti-MEM I was replaced with growth media containing
900 pg/uL of the antibiotic G-418 (Promega). The media were
changed every 2 days, and drug-resistant clones appeared 10 days
after transfection. Cell differentiation was induced by switching the
growth media to differentiation media (DMEM, 1% insulin-transfer-
rin-selenium (Invitrogen Life Technologies) and 2% horse serum
(Sigma)). The cells were cultured for 3 days in the differentiation
media at 37 °C and processed for the following analyses.

2.3. RNA interference (RNAi)

Three potential shRNA target sites were determined using the
Ambion small interfering RNA (siRNA) design program. The oligo-
nucleotides to produce the plasmid-based siRNA were cloned into
the pSilencer™ 4.1-CMV neo plasmid (Ambion), and all constructs
were confirmed by sequencing. The most effective target sequence
(5’-AACTACCTTCCTGTCCACCTT-3’) of MyoG for RNAi (MyoG-siRNA)
was determined by screening, and the RNAi conditions were opti-
mized. For the RNAi experiments, the mouse C2C12 myoblasts
were transfected with MyoG-siRNA or a negative control siRNA
(Neg.-siRNA), which was supplied by Ambion. After 6 h, the trans-
fection media were replaced with growth media. After 60 h, the
growth media were replaced with differentiation media. Gene ex-
pression and protein expression were determined 3 days after
differentiation.

24. DNA electroporation in vitro

The pcDNA3.1-MMG and pcDNA3.1 empty plasmids were prepared
with an endotoxin-free plasmid extraction kit (Sigma Chemicals. St.
Louis, MO, USA). The left gastrocnemius muscle was injected with
20 pg (500 ng/uL) of the pcDNA3.1-MMG plasmid in 0.9% sterile
NaCl, while the right gastrocnemius muscle was injected with the
pcDNA3.1 plasmid as a negative control. Following the injection,
electroporation was performed (200 V/cm, 8 pulses, 1 Hz, 20 ms in-
tervals) using a BTX ECM 830 electroporator (BTX Harvard Appara-
tus, Holliston, MA) as described previously (Ho et al., 2004). Ten
days following electroporation, the muscles were dissected and rapidly
frozen in liquid nitrogen and stored at — 80 °C until use for further anal-
ysis. The treatments were repeated two times at 4-week intervals.

2.5. Real-time RT-PCR analysis

Total RNA was extracted from the gastrocnemius muscles or cells
using the TRIzol Reagent protocol (Invitrogen Life Technologies). Re-
verse transcription (RT) was performed to synthesize cDNA using the
First Strand cDNA Synthesis Kit (Fermentas Life Science, St. Leon-Rot,
Germany). The PCR analysis was then carried out using SYBR Green
PCR technology with the StepOne Plus real-time PCR system (Applied
Biosystems) in a 20 pL reaction volume containing 10.2 pL of SYBR
Green Master Mix, 4000 nM each of the forward and reverse primers,
and 1 pL of diluted cDNA. The appropriate cDNA dilution was deter-
mined from the calibration curves established for each primer pair.
The thermal profile for the SYBR Green real-time RT-PCR was 95 °C for
30 s followed by 40 cycles at 95 °Cfor 5 s, and 60 °C for 34 s. The prim-
er sequences used in this study are available upon request. The relative
gene expression was normalized to 18S rRNA levels.
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2.6. Western blotting for MyoG

The cellular protein was extracted using the T-PER Tissue Protein Ex-
traction Reagent (Pierce, Thermo Fisher Scientific, USA). The total pro-
tein content was quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific). The protein samples (50 pg) were electrophoresed
through a 10% SDS-polyacrylamide gel followed by electrotransfer to ni-
trocellulose membranes (Millipore, Bedford, MA, USA). After blocking in
defatted milk powder, the membranes were incubated with an anti-
mouse MyoG antibody (Abcam) and an anti-mouse [-actin antibody
(Sigma) followed by an incubation in the presence of a peroxidase-
labeled secondary antibody (Pierce, Thermo Fisher Scientific, USA).
The signals were detected as chemical luminescence exposed to X-ray
films using the ECL Western Blotting Detection System (Amersham Bio-
sciences, Piscataway, NJ, USA).

2.7. Enzyme extraction and assay

We measured the maximal activities of the glycolytic enzymes
lactate dehydrogenase (LDH, EC 1.1.1.27), pyruvate kinase (PK, EC
2.7.1.40), and hexokinase (HK, EC 2.7.1.1) as well as the maximal ac-
tivities of the mitochondrial enzymes malate dehydrogenase (MDH,
EC1.1.1.37) and succinate dehydrogenase (SDH, EC 1.3.99.1). The en-
zyme activities were measured using a UV/Vis spectrophotometer
(Beckman DU 640) on cells and gastrocnemius muscle. The LDH
and HK activities were assessed at 340 nm at 25 °C by measuring
the use or production of NADH (Alzghoul et al., 2004; Kalousti
et al., 1969). The PK activity was measured using an assay coupled
to LDH following NADH as described previously (Guo et al., 2011;
Heiden et al., 2010). SDH and MDH have been used to represent
the potential of the tricarboxylic cycle. SDH activity was analyzed
by following the reduction of 2,6-dichlorophenol-indophenol at
580 nm (Guo et al.,, 2011; Heiden et al., 2010). The MDH activity
was determined by the method of Arfman et al. (1989). The total pro-
tein content was quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific).

2.8. Statistical analysis

Data are expressed as the mean + standard error of the mean
(SEM). The significance of the differences between the groups in all
of the experiments was determined by ANOVA followed by two-
tailed multiple t-tests using the biostatistics software SPSS 16.0. A
P-value < 0.05 was considered statistically significant.
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3. Results

3.1. Overexpression of MyoG has no obvious effect on the four MyHC mRNA
transcripts in gastrocnemius muscles

Gastrocnemius muscles of mice were transfected with pcDNA3.1-
MMG to characterize the function of MyoG in myoblast differentiation.
To test whether the pcDNA3.1-MMG plasmids were biologically active
prior to the in vivo experiments, we performed a series of in vitro studies
using the C2C12 cell line. Enhanced mRNA levels of MyoG were de-
tected in pcDNA3.1-MMG transfected cells 48 h after transfection
(Fig. 1a). The western blot analysis revealed that the protein expres-
sion of MyoG was also increased in the pcDNA3.1-MMG transfected
cells (Fig. 1b).

Ten days after DNA electroporation, we analyzed the mRNA expres-
sion levels of MyoG and MyHC isoforms in the gastrocnemius muscles
by qRT-PCR using specific primers. MyoG was overexpressed at both
the mRNA and protein levels (Fig. 2a). However, there was no obvious
effect of overexpressing MyoG on the four MyHC mRNA transcripts in
mouse gastrocnemius muscle (Fig. 2b).

3.2. Overexpression of MyoG modulates the mitochondrial metabolism
capacity in mouse gastrocnemius muscle

We also analyzed the activities of SDH, MDH, LDH, PK, and HK. SDH
and MDH are used as markers of the oxidative capacity in muscles. LDH,
PK, and HK are enzymes that catalyze individual steps in glycolysis. The
gastrocnemius muscles overexpressing MyoG exhibited higher SDH
mRNA levels and activity and lower LDH mRNA levels and activity
than that of the empty pcDNA3.1 treated control group (Fig. 3b). The ac-
tivity of glycolytic HK was also downregulated in the gastrocnemius
muscles of MyoG gene transfer mice (Fig. 3b). At the transcriptional
level, the overexpression of MyoG significantly upregulated SDH ex-
pression and downregulated LDH expression (Fig. 3a).

3.3. Effects of MyoG on MyHC isoform types and energy metabolism in vitro

A stable MyoG transfected cell line was selected to further character-
ize the function of MyoG in myoblast differentiation. Three days after
the growth medium was changed to the differentiation medium, the de-
tection of the MyoG transcription and protein levels was performed to
verify the creation of stable MyoG transfected clones (Fig. 4a). We ana-
lyzed the expression levels of four MyHC isoform types. With the excep-
tion of MyHC IIX, which was significantly increased in stable MyoG
transfected cells, there were no significant changes in the expression

(b)

myogenin

Fig. 1. (a) Quantitative RT-PCR analysis of MyoG in mouse C2C12 myoblasts following transient pcDNA3.1-MMG transfection. After reaching confluency, the mouse C2C12 myoblast cells
transfected with the pcDNA3.1-MMG were cultured in growth medium for 48 h and subjected to qRT-PCR. The data represent the fold change in mRNA expression relative to the control,
**P < 0.01. (b) Western blot analysis of MyoG and {3-actin in mouse C2C12 myoblasts following transient pcDNA3.1-MMG transfection. The pcDNA3.1-MMG transfected cells were cul-
tured in the growth medium for 48 h. Proteins were then extracted from the cells, and the expression levels of MyoG were examined by western blotting. Lane 1 and Lane 3,

pcDNA3.1 transfected cells; Lane 2 and Lane 4, pcDNA3.1-MMG transfected cells.
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Fig. 2. (a) Quantitative RT-PCR and western blot analysis of MyoG in mouse gastrocnemius muscles at 10 days post-electroporation. (b) Relative mRNA levels of myosin heavy chain
(MyHC) isoform genes in mouse gastrocnemius muscles at 10 days post-electroporation were determined using qRT-PCR. The data represent the fold change in mRNA expression relative

to the control (pcDNA3.1 treatment).

of the other three MyHC isoforms (Fig. 4b). The variation trend of SDH,
MDH, and LDH expression coincided with the results in vivo. The
upregulation of SDH and the downregulation of LDH occurred in differ-
entiating stably transfected clones at both the mRNA and enzyme activ-
ity levels (Fig. 5). In addition, glycolytic PK and HK activities revealed a
downward trend.

Additionally, MyoG siRNA was transfected into C2C12 myoblasts,
followed by the induction of cell differentiation, to inhibit the gene
expression of MyoG. The gene and protein expression of MyoG
were analyzed during the differentiation process. With the transfec-
tion of MyoG siRNA, the MyoG gene expression level significantly de-
creased compared with the Neg.-siRNA transfected C2C12 cells
(Fig. 6a), and western blot analysis confirmed the decrease in MyoG
protein amount. These results indicate that the expression of the
MyoG gene and protein was successfully inhibited by the transfection
of MyoG siRNA in the mouse differentiating myoblast cells.

Interestingly, when we analyzed the expression levels of the four
MyHC isoform types, a decreasing trend of the four MyHC isoform
types was found in the MyoG siRNA-transfected cells, but only the inter-
mediate fiber type (MyHC IIX) reached a significant level (Fig. 6b).

The expression levels of MDH, SDH, and LDH in the MyoG siRNA-
transfected cells were analyzed to investigate the effects of MyoG
gene silencing on the mitochondria-related genes. MyoG silencing
downregulated MDH and SDH and upregulated LDH gene expres-
sion. The SDH mRNA expression level was significantly lower in
the MyoG siRNA-transfected cells compared with the negative
siRNA transfected cells (Fig. 7a). MyoG siRNA transfection also
inhibited the cellular SDH activity and increased PK and HK activi-
ties (Fig. 7b).
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4. Discussion

MyoG is one of the myogenic regulatory factors (MRFs) that acts
as key regulatory molecule during early muscle differentiation, and
it has been suggested that MyoG may play a more extended role be-
cause its expression also persists in postmitotic mature muscles
(Hughes et al., 1993). In this study, we applied overexpression and
siRNA suppression strategies to investigate the influence of MyoG
on muscle fiber type isoform expression and muscle oxidative me-
tabolism. Using MyoG gene transfer mice as an in vivo biomodel,
we observed that the overexpression of MyoG in glycolytic gastroc-
nemius muscles elevated the mRNA expression and the enzyme ac-
tivity of the mitochondrial enzyme SDH as well as decreased the
glycolytic enzyme activities of LDH and PK, which induced a shift
from glycolytic metabolism to oxidative metabolism. Moreover, no
significant change in fiber type specific MyHC isoform expression
was observed in gastrocnemius muscles of MyoG gene transfer
mice. SDH activity of the electron transport chain increased, which
indicated the coordinated upregulation of mitochondrial proteins
encoded by both nuclear and mitochondrial genes.

The present data suggest causality between MyoG and oxidative
capacity in muscle, which is also supported by correlations found
in vivo that MyoG is expressed more highly in fibers with high oxida-
tive capacity and mitochondrial content than in glycolytic fibers
(Hughes et al., 1993; Rescan et al., 1995). Changes in MyoG transcript
and protein levels were similar in direction and magnitude to the
changes in the metabolic enzymes following endurance training
(Kadi et al., 2004; Siu et al., 2004), which coincides exactly with previ-
ous studies indicating that MyoG is involved in regulating the metabolic
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Fig. 3. (a) Quantitative RT-PCR analysis of mitochondria-related genes MDH, SDH, and LDH in mouse gastrocnemius muscles at 10 days post-electroporation. (b) Gastrocnemius muscles
overexpressing MyoG show higher oxidative and lower glycolytic enzyme activity. Ten days after MyoG electroporation, mouse gastrocnemius muscles were processed for enzyme activity

analysis. Values are expressed as the mean 4 SEM. *P < 0.05; **P < 0.01.
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Fig. 4. (a) Quantitative RT-PCR and western blot analysis of MyoG in mouse differentiating myoblast cells stably transfected with pcDNA3.1-MyoG. Cells were cultured in differentiation
medium for 3 days and subjected to qRT-PCR. The data represent the fold change in mRNA expression relative to the control. **P < 0.01. (b) Relative mRNA levels of myosin heavy chain
(MyHC) isoform genes in mouse differentiating myoblasts stably transfected with pcDNA3.1-MyoG were determined using qRT-PCR. The data represent the fold change in mRNA expres-
sion relative to the control. *P < 0.05.
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Fig. 5. (a) Quantitative RT-PCR analysis of mitochondria-related genes MDH, SDH, and LDH in mouse differentiating myoblasts stably transfected with pcDNA3.1-MyoG. Cells were cul-
tured in differentiation medium for 3 days and subjected to qRT-PCR analysis of mitochondria-related genes MDH, SDH, and LDH. (b) C2C12 cells overexpressing MyoG showed higher
oxidative and lower glycolytic enzyme activities. Cells stably transfected with pcDNA3.1-MyoG were cultured in differentiation medium for 3 days and processed for enzyme activity anal-

ysis. Values are expressed as the mean + SEM. *P < 0.05; **P < 0.01.

processes intrinsic to muscle catabolism or anabolism (Loughna and
Brownson, 1996; Marsh et al., 1997; Mozdziak et al., 1998). MyoG
gene expression has been shown to be influenced by electrical activity
(Alway et al., 2002; Merlie et al., 1994) and thought to be involved
in a link in the pathway between electrical activity and acetylcholine
receptor gene expression (Dutton et al., 1993). In addition, MyoG has
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been shown previously to regulate genes involved in oxidative me-
tabolism and repress genes involved in glycolytic metabolism
through histone deacetylase 4 (HDAC4) activity (Tang et al., 2009),
which exhibits activity in the cytosol and mitochondria to regulate
the acetylation of metabolic enzymes (Galmozzi et al., 2013). We
propose that skeletal muscle MyoG regulated by neural electrical
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Fig. 6. (a) Quantitative RT-PCR and western blot analysis of MyoG in mouse differentiating myoblast cells transfected with MyoG-siRNA. After reaching confluency, the mouse C2C12 myo-
blast cells transfected with the MyoG-siRNA were cultured in differentiation medium for 3 days and subjected to qRT-PCR. The data represent the fold change in mRNA expression relative
to the control (Neg.-siRNA). **P < 0.01. (b) Relative mRNA levels of myosin heavy chain (MyHC) isoform genes in mouse differentiating myoblast cells transfected with MyoG-siRNA were
determined using qRT-PCR. The data represent the fold change in mRNA expression relative to the control (Neg.-siRNA). *P < 0.05.
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Fig. 7. (a) Quantitative RT-PCR analysis of mitochondria-related genes MDH, SDH, and LDH in mouse differentiating myoblast cells transfected with MyoG-siRNA. The MyoG siRNA-
transfected cells were cultured in differentiation medium for 3 days and subjected to qRT-PCR analysis of mitochondria-related genes MDH, SDH, and LDH. (b) C2C12 cells show lower
oxidative and higher glycolytic enzyme activities after RNA interference of MyoG. The MyoG siRNA-transfected cells were cultured in differentiation medium for 3 days and processed

for enzyme activity analysis. Values are expressed as the mean 4 SEM. *P < 0.05.

activity could represent a direct or indirect signal able to switch on
genes responsible for altering processes that normally regulate mito-
chondrial biogenesis and the cell metabolic status of muscle fibers.
However, evidence indicates that MyoG acts in concert with the
other MRFs in the regulation of fiber type. The manipulation of
MyoG expression in transgenic mice, which is accompanied by a re-
ciprocal downregulation of MyoD (Gundersen et al., 1995), causes an
increase in oxidative metabolism in muscle fibers (Hughes et al.,
1999). Moreover, transgenic mice lacking functional MyoD have
shifts in fiber type in the oxidative direction (Seward et al., 2001).
Our present work raised the possibility that the MyoG/MyoD ratio, rath-
er than absolute levels, might be decisive in fiber type transformation
(Hughes et al., 1993). MyoG overexpression in C2C12 myoblasts tended
to upregulate the expression of four MyHC genes, while its knockdown
downregulated their expression. However, the MyHC IIX isoform ex-
pression changed at a statistically significant level, which was distinct
from the result of the in vivo experiment but in accordance with a report
that low doses of MyoG promote the formation of fast-twitch fibers in
cell culture (Alapat et al., 2009). A plausible explanation is that the
in vivo DNA electroporation triggered a large number of postmitotic
fibers, which differed from the in vitro C2C12 cell line. MyoG is best
known for regulating skeletal muscle development during the embry-
onic and fetal stages of life (Molkentin and Olson, 1996) and mediates
the terminal differentiation of embryonic myoblasts. Alterations in
MyHC gene expression caused by MyoG manipulation in vitro were like-
ly to be associated with the effect of MyoG on myoblast differentiation,
which is consistent with a previous report that transient MyoG
overexpression stimulated myoblast differentiation (Rochard et al.,
2000). It is worth mentioning that high mitochondrial activity ap-
pears to be associated with the preliminary steps of myogenic differ-
entiation, and the rise of mitochondrial activity just before the onset
of terminal differentiation may characterize the irreversible engage-
ment of myoblasts into terminal differentiation (Rochard et al., 2000).
The present data from the in vivo study support the conclusion
drawn from studies on the effects of moderate endurance training:
oxidative enzyme activity and MyHC type can be regulated indepen-
dently in adult skeletal muscle (Kiens et al., 1993; Schluter and Fitts,
1994). Previous studies have suggested that some of the variations in
fiber type characteristics and metabolic potentials within muscle can
explain the variations in certain meat quality (Chang et al., 2003; Lee
etal., 2010). Glycolytic processes in meat are the most important fac-
tors responsible for quality deterioration, including low ultimate pH
and acidic meat with low water-holding capacity (Le Roy et al.,
2000). The proportion of fast-twitch glycolytic fibers (MyHC IIB)
was enhanced with the development of modern breeding technolo-
gy including variety of breeding, which increased the growth rate
and meat yield while decreasing the meat quality due to muscle gly-
colytic metabolism. Because oxidative enzyme activity and muscle

fiber composition can be regulated independently, a balance could
be acquired between the meat quality issues caused by the metabolic
properties and the advantages of MyHC in meat yield.

In conclusion, our data suggest that overexpressing MyoG induces a
metabolic enzyme activity shift from glycolytic to oxidative in vitro and
in vivo and that MyoG suppression causes the opposite effect. In addi-
tion, MyoG does not affect muscle fiber type in mature muscle tissues
but can change the MyHC IIX mRNA expression in differentiating myo-
blasts when the shift occurred in the slow direction. This study contrib-
utes to further understand the role of MyoG in skeletal muscle energy
metabolism and also helps to explore the key genes regulating meat
quality. Nonetheless, additional research is required to elucidate the cel-
lular pathways and the molecular mechanisms that regulate metabolic
changes induced by MyoG.
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