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ABSTRACT. We examined the expression of myosin heavy chain 
(MyHC) isoforms and forkhead box transcription factor O1 (FoxO1) in 
porcine soleus and extensor digitorum longus (EDL) muscles to clarify 
the correlation of FoxO1 and the relative abundance of transcripts of 
MyHC isoforms. Soleus muscle was found to be redder than EDL 
muscles in pigs, and immunohistochemical fast MyHC staining showed 
more oxidative type I fibers compared to EDL. qRT-PCR quantification 
of MyHC isoforms I, IIa, IIx, and IIb showed that expression of MyHC I 
and MyHC IIa mRNAs was much higher, whereas expression of MyHC 
IIx and MyHC IIb mRNAs was much lower in porcine soleus muscle 
compared to EDL muscle. Expression of FoxO1 mRNA and p-FoxO1 
protein was significantly more abundant in porcine soleus muscle 
compared to EDL muscle. The expression of phosphorylated FoxO1 
(p-FoxO1) was positively correlated with the expression of MyHC I 
(R = 0.9747, P < 0.01) and negatively correlated with the expression 
of MyHC IIx (R = -0.9963, P < 0.01) and MyHC IIb (R = -0.9834, P < 
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0.01). Taken together, these results suggested that FoxO1 may play a 
pivotal role in the determination of muscle fiber type.
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INTRODUCTION

Skeletal muscle is composed of individual muscle fibers. The diversity of skeletal 
muscle fiber types is explained, in part, by different isoforms of myosin heavy chain (MyHC). 
MyHC isoforms I, IIa, IIx, and IIb are expressed in skeletal muscle of adult pigs (Lefaucheur 
et al., 2002). Skeletal muscle is a dynamic tissue and reacts to external cues by changing its 
metabolism and contractile ability. Transition of MyHC follows a sequential reversible path-
way (Pette and Staron, 2000): I ↔ IIa ↔ IIx ↔ IIb.

Importantly, the proportions, structure and functional properties of different muscle fibers 
affect the growth performance of the animal and are endogenous factors for postmortem meat 
quality traits (Lengerken et al., 1994). Dramatic improvement of growth performance and lean 
content of pigs is suspected to coincide with altered meat quality. The inconsistency of results 
regarding the relationship of muscle fiber traits and meat quality and muscularity demonstrates 
the difficulty in determining the most advantageous muscle fiber type(s) (Lefaucheur et al., 2004).

The O subfamily of Forkhead/winged helix transcription factors (FoxO) plays an im-
portant role in tumor suppression, energy metabolism, and lifespan extension by upregulat-
ing target genes involved in cell cycle arrest, apoptosis, energy metabolism, oxidative stress 
resistance, and muscle atrophy (Daitoku and Fukamizu, 2007; Southgate et al., 2007; Salih 
and Brunet, 2008). Phosphorylation of the FoxO transcription factors inhibits their action by 
shuttling them away from the nucleus to the cytosol (Van der Heide et al., 2004). Furthermore, 
FoxO1, -3a, and -4 are expressed in skeletal muscle and regulate muscle metabolism and 
proteolysis in myogenic processes (Gross et al., 2008). In addition, FoxO1 can modulate cell 
differentiation and stimulate myotube fusion of primary mouse myoblasts (Bois and Grosveld, 
2003). However, the physiological role of FoxO1 in skeletal muscle is still unclear. Mean-
while, FoxO1 skeletal muscle transgenic mice show a marked decrease in skeletal muscle 
mass, and the expression of slow fiber genes but not fast fiber genes are decreased (Kamei et 
al., 2004). Reciprocally, conditional ablation of FoxO1 expression in the soleus muscle leads 
to reduced slow fiber and increased fast fiber formation (Kitamura et al., 2007). It seems to 
be controversial how FoxO1 plays a critical role in muscle fiber-type composition postnatally. 
Therefore, the effects of FoxO1 on the muscle fiber-type specification still need to be clarified.

In the present study, the expression of MyHC mRNA was examined in the soleus and 
extensor digitorum longus (EDL) muscles of the adult pig. To complete our study, expression 
of FoxO1 mRNA and protein p-FoxO1 was examined in porcine soleus and EDL muscles, and 
the correlation of p-FoxO1 and MyHCs was analyzed. 

MATERIAL AND METHODS

Animals

Six Duroc x Landrace x Large white pigs (castrated males) (body weight = 19.50 ± 
1.125 kg) were placed in individual pens and fed the same diet on the experimental farm of 
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the Northwest A&F University (Yangling, Shaanxi, China), and slaughtered when their weight 
reached 100 kg in a local abattoir after a fasting period of 24 h. Pigs were stunned with low 
voltage tongs. Five minutes after bleeding, samples of the EDL and soleus muscles were ex-
cised, placed in plastic cups, immediately frozen in liquid nitrogen and subsequently stored at 
-80°C until use. The laboratory procedures used in this study conformed to the guidelines of 
the Northwest A&F University Animal Care Committee. 

Immunohistochemical analysis 

Frozen serial muscle sections from EDL and soleus muscles were air-dried at 
room temperature for 30 min and then fixed in ice-cold acetone for 6 min. Sections were 
washed briefly in PBS and blocked in 5% goat serum for 30 min, followed by incuba-
tion with mouse anti-MYH1/2/4 (MY-32) (Santa Cruz, USA) in 5% goat serum at room 
temperature for 2 h. After three washes (5 min each), biotinylated secondary antibodies 
in PBS were applied to the sections for 1 h at room temperature. Micrographs were taken 
using a Leica DMI6000 B microscope (Leica, Germany) equipped with a Photometrics 
Cool-SNAP camera. 

Quantitative real-time RT-PCR (qRT-PCR)

Muscle tissue was homogenized and total RNA was extracted by standard techniques 
using TRIzol reagent (Invitrogen, USA). The integrity of the RNA was examined by 
electrophoresis on 2% agarose gels, and the concentration was estimated by measuring the 
absorbance at 260 nm in a spectrophotometer. A 2-mg sample of total RNA was reverse 
transcribed to synthesize cDNA using the PrimeScript RT-reagent kit (TaKaRa, Japan) for 
RT-PCR after treatment with DNase I (TaKaRa) to remove any contaminating genomic DNA. 
Real-time PCR amplification was done with the iQ5 real-time PCR detection system (Bio-
Rad, USA) using SYBR Premix Ex TaqTM (TaKaRa). Quantification of mRNA was done by 
the comparative threshold cycle (DDCt) method, except the relative efficiency of each primer 
was included in the calculation. The specificity of the PCR amplification was always verified 
by analysis of melting curves. Details of the primers are given in Table 1.

Table 1. PCR parameter of primers.

Gene	 Primer sequence (5'-3')	 Production	 No.	 Tm (°C)	 GenBank
		  size (bp)	 of cycles		  accession No.

β-Actin	 GCGGCATCCACGAAACTAC	 138	 27	 60	 NM007393
	 TGATCTCCTTCTGCATCCTGTC				  
FoxO1	 GCAAATCGAGTTACGGAGGC	   95	 27	 60	 NM214014
	 AATGTCATTATGGGGAGGAGAGT				  
MyHCI	 AAGGGCTTGAACGAGGAGTAGA	   87	 27	 60	 AB053226
	 TTATTCTGCTTCCTCCAAAGGG				  
MyHCIIa	 GCTGAGCGAGCTGAAATCC	   91	 28	 60	 AB025260
	 ACTGAGACACCAGAGCTTCT				  
MyHCIIb	 ATGAAGAGGAACCACATTA	 125	 26	 53	 AB025261
	 TTATTGCCTCAGTAGCTTG				  
MyHCIIx	 AGAAGATCAACTGAGTGAACT	 154	 28	 56	 AF102857
	 AGAGCTGAGAAACTAACGTG				  
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Western blot analysis

Protein was extracted from the tissue in lysis buffer (50 mm Tris-HCl, 0.5% Tri-
ton X-100, 2 mM EDTA, 150 mM NaCl, pH 7.5), containing PMSF as previously described 
(Lin et al., 2007). Protein content was measured as described elsewhere (Fryer et al., 1986). 
Samples containing 50 μg total protein were electrophoresed in SDS-12% polyacrylamide 
gel under reducing conditions, followed by electrotransfer onto nitrocellulose membranes. 
After blocking in 5% defatted milk in Tris-buffered saline with Tween 20 for 2 h at room tem-
perature, the membranes were reacted with anti-FoxO1 (Santa Cruz), anti-p-FoxO1 (Ser256) 
(Bioworld, USA), and anti-β-actin (Santa Cruz) antibodies for 24 h at 4°C. This was followed 
by incubation for 1 h at room temperature with horseradish peroxidase-conjugated secondary 
antibodies and then protein bands were visualized with chemiluminescence reagents (Mil-
lipore, Bedford, MA, USA) and quantified using the Image J program (National Institutes of 
Health, Bethesda, MD, USA). 

Statistical analysis

All statistical analysis was done with the SPSS 13.0 statistical software package. Data 
are reported as means ± SE and analyzed by one-way analysis of variance (ANOVA). The level 
of statistical significance was set at P < 0.05. Linear relationships between the ratio p-FoxO1/
total FoxO1 and MyHC mRNA expression were tested using the Pearson correlation coefficient.

RESULTS AND DISCUSSION

Muscle fiber composition in porcine soleus and EDL muscles

Traditionally, skeletal muscle can be distinguished as red and white fibers. In animal 
production for meat, meat color and tenderness are closely associated with a predominance of 
red fibers (Chang, 2007). This study showed that porcine soleus muscle is redder than EDL 
muscle (Figure 1A, B), and increased oxidative type I fibers in porcine soleus muscle were 
shown by immunohistochemical staining (Figure 1C), in agreement with an earlier report 
(Lefaucheur et al., 2004). 

Morphological, functional and metabolic characteristics of vertebrate skeletal muscles 
are related mainly to the muscle fiber types characterized mainly by the isoforms of MyHC 
that they contain (Cobos et al., 2001). Mammalian myofibers are classified on the basis of 
MyHC type into types I, IIa, IIb, and IIx, with types I and IIa exhibiting oxidative metabolism 
and types IIb and IIx being primarily glycolytic (Schiaffino and Reggiani, 1996). Type I fibers 
are also termed slow fibers because of the slow rate of contraction owing to the low level of 
ATPase activity associated with type I MyHC and can remain contracted for lengthy periods. 
By contrast, type II fibers contract quickly and fatigue rapidly (Bassel-Duby and Olson, 2006).

Quantification of RNA expression may be a more valuable technique for identifying 
changes in MyHC expression (Jankala et al., 1997). SYBR green real-time RT-PCR RNA 
analysis demonstrated a high degree of sensitivity when applied to the expression of genes 
selected from small amounts and limited tissue samples. A major determinant of skeletal 
muscle physiology is MyHC expression. Our results for MyHC composition showed MyHC 
I expression in soleus, while MyHC IIb expression was present in EDL muscles (Table 2). 
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Furthermore, the expression of MyHC I and MyHC IIa mRNAs was much higher in porcine 
soleus muscle compared to EDL muscle, whereas the expression of MyHC IIx and MyHC IIb 
mRNAs was higher in porcine EDL (Figure 2). These results are in good agreement with earlier 
work (Lefaucheur et al., 2004; Li et al., 2010), but the expression of the mRNA of different 
isoforms showed some important differences in relation to reports for other animal species. Fibers 
from mouse soleus muscle cover the spectrum from MyHCI to MyHC I, IIa and IIx, whereas 
EDL muscles have fibers from MyHC IIx to type MyHC IIb (Calderón et al., 2010). MyHCI, IIa, 
IIx, and IIb mRNA transcripts and protein isoforms are present in rat EDL muscle (Vadászová 
et al., 2006). Cat limb muscles have two types of fast fibers (MyHC IIx and IIb) and one type of 
slow fiber, which express MyHC IIx, IIa and I, respectively (Lucas et al., 2000). MyHC isoforms 
I, IIa and IIx have been detected at both the protein and mRNA levels in sheep skeletal muscle 
(Hemmings et al., 2009). MyHC IIb has been detected at the mRNA level in sheep muscle 
(Vuocolo et al., 2007), but it is not clear whether the protein is expressed. MyHC IIb mRNA but 
not the protein has been detected in certain human muscle fibers (Horton et al., 2001). 

Figure 1. Comparison of representative samples of dissected EDL and soleus muscles in pig. The samples were 
excised from Duroc x Landrace x Large white (castrated males) pigs (weight 100 kg). Soleus muscles were redder 
than EDL muscles (A and B). A) Total EDL and soleus muscles. B) Transverse sections of EDL and soleus muscles. 
Expression of fast MyHC in pig EDL and soleus muscles C). Immunohistochemical analysis of fast MyHC protein 
in pig EDL and soleus muscles. Muscle fibers that contain fast MyHC are stained brown using diaminobenzidine. 
Bar = 100 μm.
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Table 2. Comparision of myosin heavy chain mRNA isoforms within EDL or soleus muscles by real time PCR.

MyHC isoform	 EDL	 Soleus

MyHCI	   1.00 ± 0.77b	 1.00 ± 0.04a

MyHCIIa	   3.11 ± 0.64b	 0.07 ± 0.02b

MyHCIIb	   7.08 ± 0.73b	 0.02 ± 0.01b

MyHCIIx	 88.81 ± 0.87a	 0.01 ± 0.01b

Different letters show significant differences in the same column (P ﹤ 0.05), same superscript letters do not show 
significant differences in the same column (P ﹤ 0.05).

Figure 2. Comparision of relative mRNA expression levels of MyHCs between EDL and soleus muscles. The 
statistical data of  MyHC I (A), MyHC IIa (B), MyHC IIx (C), and MyHC IIb (D) mRNA expression. Total 
RNA was extracted using TRIzol reagent (Invitrogen, USA). Two-microgram sample of total RNA was reverse 
transcribed to synthesize cDNA using the PrimeScript RT-reagent Kit (TaKaRa, Japan). Real-time PCR was 
performed using a kit from TaKaRa and specific primer for MyHCs. Quantification of the mRNA was done by the 
comparative threshold cycle (DDCt) method. β-actin was used as internal control and total RNA (1 mg) was shown 
as a representative of equal total RNA loading. The asterisk indicates significant difference of mRNA expressions 
in corresponding tissues (P < 0.05) between EDL and soleus muscles (N = 6/group).

Expression and phosphorylation of FoxO1 

To investigate whether FoxO1 is correlated with fiber type, the expression of FoxO1 
was examined in muscles that differ in their predominant fiber type. We found that expres-
sion of FoxO1 mRNA in pigs was significantly lower in soleus muscles compared to EDL 
muscles (Figure 3A), which is in good agreement with earlier study (Yang et al., 2008). This 
result showed that FoxO1 may be involved in the transformation of muscle fiber type. In ad-
dition, FoxO activity is controlled by altering an intricate combination of post-translational 

β -actin
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modifications of FoxO, such as phosphorylation, acetylation, ubiquitination, and methylation, 
which in turn regulate subcellular localization, protein levels, DNA-binding properties, and 
transcriptional activity (Calnan and Brunet, 2008). The transcriptional regulatory functions of 
FoxO proteins require nuclear localization. Export from the nucleus to the cytoplasm is regu-
lated by the phosphorylation of FoxO, interfering with FoxO transcriptional activities (Vogt 
et al., 2005). Thus, we examined the expression of p-FoxO1 protein in porcine muscles in this 
study. The results showed that the expression of p-FoxO1 was notably higher in porcine soleus 
muscle compared to EDL muscles (Figure 3B, C and D). These results indicated that FoxO1 
is closely related to muscle fiber type.

Figure 3. FoxO1mRNA expression and protein content in pig EDL and soleus muscles. The real-time PCR was 
performed to detect the expressions of FoxO1mRNA (A) and Western blot was performed to assess total FoxO1 
(B), phorphorylation of FoxO1 at Ser256 (C) in pig EDL and soleus muscles. Total RNA was extracted using 
TRIzol reagent (Invitrogen, USA). Two-microgram sample of total RNA was reverse transcribed to synthesize 
cDNA using the PrimeScript RT-reagent Kit (TaKaRa, Japan). Real-time PCR was performed using a kit from 
TaKaRa and specific primer for FoxO1. Quantification of the mRNA was done by the comparative threshold cycle 
(DDCt) method. β-actin was used as internal control and total RNA (1 mg) was shown as a representative of equal 
total RNA loading. β-actin was used as internal control for protein loading. Values are reported as means ± SE. The 
asterisk indicates significant difference (P < 0.05) between EDL and soleus muscles (N = 6/group).
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Correlation of FoxO1 and MyHCs in porcine soleus and EDL muscles

Earlier reports suggested that it is possible to transform oxidative fibers into glycolytic 
fibers and vice-versa (Pette and Staron, 2001). The relationship between FoxO1 expression 
and muscle fiber type is complicated by the fact that FoxO1 appears to influence fiber type. 
Thus, expression of FoxO1 was examined in porcine soleus and EDL muscles. We found 
that expression of p-FoxO1 was negatively correlated with MyHC I (R = 0.9747, P < 0.01) 
whereas  positively correlated with MyHC IIx (R = ﹣0.9963, P < 0.01) and MyHC IIb (R =
﹣0.9834, P < 0.01) in pigs (Table 3). These results further suggest that FoxO1 is concerned 
with muscle fiber types. In vivo studies have shown FoxO1-transgenic mice to have decreased 
skeletal muscle mass and expression of type I (slow twitch/red muscle) fiber genes (Kamei et 
al., 2004). Inhibition of the PI3K (phosphatidylinositol 3-kinase)/PKB (protein kinase B) and 
MAPK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase) path-
ways causes activation of FoxO transcription factor in pancreatic cancer (Roy et al., 2010). 

Table 3. Correlation analysis of the phosphorylation level of FoxO1 and MyHC isoforms in pig EDL and 
soleus muscles.

MyHC isoform	 p-FoxO1/total FoxO1

MyHCⅠ	    0.9747*
MyHCⅡa	 -0.9193
MyHCⅡx	     -0.9963*
MyHCⅡb	     -0.9834*

The asterisk indicates extremely significant difference (P < 0.01) (N = 6/group).

Overexpression of ERK2 induces the fast fiber type program in the slow-contracting 
soleus muscles. MAPK signaling, most likely to be the ERK1/2 pathway, is necessary to 
preserve the fast-twitch fiber phenotype with a concomitant repression of the slow-twitch 
fiber program (Shi et al., 2008). MAPK/ERK2 phosphorylates IP3R1 at least at one highly 
conserved site, and its mutation abrogates IP3R1 phosphorylation in this domain (Lee et al., 
2006). IP3R1 activity regulates expression of the muscle fiber type-specific gene in inner-
vated muscle fibers (Jordan et al., 2005). These results indicate that PI3K/PKB and MAPK/
ERK pathways boost the formation of slow muscle fibers by inhibiting FoxO1. In addition, 
the transcription of slow and fast MyHC genes uses different combinations of nuclear factor 
of activated T cells (NFAT) family members, ranging from MyHC-slow, which uses all four 
NFAT isoforms, to MyHC IIb, which uses only NFATc4 (Calabria et al., 2009). Inhibition of 
the calcineurin/NFAT signaling cascade by FoxO and release of this repressive action by the 
PI3K/PKB pathway are important mechanisms whereby FoxO factors govern cell growth in 
cardiac muscles (Ni et al., 2006). These studies also illustrate that FoxO may affect muscle 
fiber types by cascading calcineurin/NFAT signaling. Treatment of wild-type mice with per-
oxisome proliferator-activated receptor δ (PPARδ) agonist elicited a similar type I fiber gene 
expression profile in muscles (Wang et al., 2004). Skeletal muscles from ovariectomized mice 
display decreased PPARδ and FoxO1 expression, and gene expression profiles indicate fewer 
type I oxidative fibers (Rogers et al., 2010). In brief, these results show indirectly that FoxO1 
may have a pivotal role in determining skeletal muscle fiber type, but further study is needed 
to determine whether FoxO1 affects the conversion of muscle fiber types. 
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CONCLUSION

In summary, the results of this study indicate that porcine skeletal muscle fibers can be 
classified into four types at the molecular level, according to the isoform of MyHC present in 
each fiber (MyHC I, IIa, IIx, and IIb). Expression of MyHC I is predominant in porcine soleus 
muscles, whereas expression of MyHC IIb is predominant in EDL muscles. The expression of 
FoxO1 mRNA in the porcine soleus muscles is lower than that in the EDL muscles; whereas 
the ratio of phosphorylated FoxO1/total FoxO1 protein in the porcine soleus muscles is higher 
than that in the EDL muscles. The expression of p-FoxO1 is positively correlated with the 
expression of MyHC I (R = 0.9747, P < 0.01) and negatively correlated with the expression 
of MyHC IIx (R = ﹣0.9963, P < 0.01) and MyHC IIb (R = ﹣0.9834, P < 0.01) in pigs. Thus, 
FoxO1  likely regulates MyHC I negatively and MyHC IIx and MyHC IIb positively. As for 
the analysis of FoxO1 and muscle fiber type, further research is needed.
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