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ABSTRACT. Hypoxia can affect energy metabolism. We examined 
gene expression and enzyme activity related to mitochondrial energy 
metabolism, as well as myosin heavy chain (MyHC) types in yaks 
(Bos grunniens) living at high altitudes. Real-time quantitative PCR 
assays indicated that the yak has significantly lower levels of carnitine 
palmitoyltransferase (CPT) mRNA in the biceps femoris and lower 
levels of uncoupling protein 3 (UCP3) mRNA in both biceps femoris 
and longissimus dorsi than in Yellow cattle. No significant differences 
between yak and Yellow cattle were observed in the activities 
of mitochondrial β-hydroxyacyl-CoA dehydrogenase, isocitrate 
dehydrogenase and cytochrome oxidase in the same muscles. Semi-
quantitative RT-PCR analysis showed that the MyHC 1 mRNA levels 
in yak biceps femoris was lower than in Yellow cattle. We conclude 
that the yak has significantly lower mRNA levels of CPT, UCP3, and 
MyHC 1 in biceps femoris than in Yellow cattle, suggesting that the 



2872

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 11 (3): 2871-2877 (2012)

Y.Q. Lin et al.

yak biceps femoris has lower fatty acid oxidation capacity and greater 
glycolytic metabolic potential.

Key words: Carnitine palmitoyltransferase; Uncoupling protein; 
Myosin heavy chain; Hypoxia adaptation; Bos grunniens

INTRODUCTION

Mitochondria are the primary source of cellular energy and produce the majority 
of ATP used to drive life processes. Alteration of mitochondrial energy production may af-
fect many events such as growth, feed efficiency and health of animals (Bottje and Carstens, 
2009). There are studies showing that genes regulating metabolism and energy partitioning 
have the potential to influence economically important traits in farm animals (Sherman et 
al., 2008). Thus, mitochondrial genes involved in energy metabolism are potential candidate 
genes for economic traits.

Yak is the sole bovine species adapted to the hypoxic environment of Qinghai-Ti-
betan Plateau, and it is the major meat source for local Tibetan farmers. It is documented 
that muscle adaptation to hypoxia in humans involves a decrease in muscle oxidative ca-
pacity (Hoppeler et al., 2003), a change in oxidative muscle metabolism towards a higher 
dependence on carbohydrates as fuel, and reduction in intramyocellular lipid stores (Jurie 
et al., 2006). It has been reported that the intramuscular fat content in yak is lower than that 
of Yellow cattle (Cai and Wiener, 1995). Thus, we hypothesized that gene expressions and 
enzyme activities related to energy metabolism in yak mitochondria may differ from those of 
low latitude Yellow cattle, which may have a differential influence on muscle development. 
In this study, we compared the gene expression of mitochondrial carnitine palmitoyltransfer-
ase (CPT), uncoupling protein 3 (UCP3), and activities of β-hydroxyacyl-CoA dehydroge-
nase (HOAD), isocitrate dehydrogenase (ISDH) and cytochrome oxidase (COX), as well as 
myosin heavy chain (MyHC) types between yak and Yellow cattle muscles, to shed light on 
the correlation or interaction between environment, mitochondrial metabolism and muscle 
development.

MATERIAL AND METHODS

Animals and sampling

Muscle samples were taken from healthy male Jiulong yaks (5.4 ± 1.7 years old, N 
= 8) reared in Jiulong County of Sichuan Province, China. The experimental yaks grazed on 
natural pasture at an altitude of 3500 m without any feed supplementation. Thirty minutes 
after slaughter, a longissimus muscle sample was taken from each yak at the position between 
the last thoracic spine and the third lumbar spine of the right side of the carcass, and a biceps 
femoris sample was taken from corresponding individuals. Longissimus and biceps femoris 
muscles were also taken from eight steers (Chinese Yellow cattle, 4.8 ± 0.9 years old) reared 
at low altitude for comparison. All of the muscle samples were promptly frozen and stored at 
-80°C. This experiment was conducted according to the guidelines of Chinese government for 
the use of experimental animals and EC Directive 86/609/EEC for animal experiments.
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Muscle enzyme activity assay

Muscle activities of three enzymes, including HOAD, ISDH and COX, were assayed. 
Muscle extract preparation and enzyme activity analysis was carried out according to the 
methods of Jurie et al. (2006).

mRNA level quantification

The mRNA levels of CPT and UCP3 were quantified by real-time quantitative RT-
PCR using the β-actin gene as internal control. The primers were designed based on corre-
sponding gene mRNA sequences in GenBank as listed in Table 1. Total RNA was extracted 
from muscle using the TRIzol reagent (Invitrogen, New Zealand). Purity and concentration of 
RNA was determined spectrophotometrically by measurement of UV absorbance at 260 and 
280 nm. For the assay, cDNA was synthesized by reverse transcription from 1 μg total RNA in 
a 20-μL final volume using 100 U Superscript II reverse transcription and 10 pmol oligo(dT), 
as described in the manufacturer protocol. The amplification mixture contained 1 μL RT reac-
tion mix, 10 μL 2X SYBR® Premix Ex TaqTM (TaKaRa, China), 0.5 μL 10 μM each primer 
and ddH2O to 20 μL. Reactions were run on a iCycler thermo cycler iQ5 (Bio-Rad), The PCR 
conditions were as follows: one cycle of 1 min at 95°C; 45 cycles of 30 s at 95°C, 30 s at 54°C 
and 30 s at 72°C. The threshold cycle (CT) resulting from RT-PCR was analyzed using the 
2-ΔΔCt method (Livak and Schmittgen, 2001).

Gene	 Primers	 GenBank accession No.	 Amplicon size (bp)	 Annealing temperature (°C)

β-actin	 F: CATCCGCAAGGACCTCTAC	 BT030480	 340	 54
	 R: ATGCCAATCTCATCTCGTTTT
UCP3	 F: ACCATCGCCAGAGAGGA	 NM_174210	 268	    54.3
	 R: AGGGGCTGTGGTACTGG
CPT	 F: AGTCTGGGCTGTCTGTGTCC	 GU230741	 203	    55.5
	 R: TGGGGGCAGTCTTCTCCT
MyHC 1	 F: GCTGAAAGCAGAGAGAGATTAT	 AB059400	 185	 51
	 R: CGTCAAAGGCGTTATCAGT
MyHC 2A	 F: CCATGATGACCCACTTGC	 AB059398	 255	 55
	 R: TCAGGATTGACTGATTCTCTCG
MyHC 2X	 F: TGTTCCTGTGGATGGTTGC	 AB059399	 398	    54.4
	 R: TTTGGGTTTCTGGAAGTTGTT

Table 1. Primer information in RT-PCR.

Semi-quantitative RT-PCR was employed to assay mRNA levels of three isoforms 
of MyHC in yak and bovine muscles. PCR amplifications were performed under standard 
conditions: denaturation at 94°C for 2 min, then 33 cycles of 94°C for 30 s, 51°C to 55°C (an-
nealing temperature) for 30 s and 72°C for 1 min. Primers were designed as shown in Table 
1. PCR products were examined by electrophoresis on agarose gels, and the relative mRNA 
abundance was expressed as the ratio of intensity between the amplified bands of the target 
gene and β-actin gene.

Statistical analysis

Data were analyzed using Statistical Package for the Social Science (SPSS Inc., ver-
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sion 11.5). Values are reported as means ± SE, and the significance of differences was evalu-
ated using the Student unpaired t-test with the level of significance level set at P < 0.05.

RESULTS

Expression level of CPT and UCP3 in skeletal muscles

Yak contained a significantly lower level of CPT mRNA than Yellow cattle in biceps 
femoris (P < 0.05) but not in longissimus dorsi (Table 2). Besides, biceps femoris contained 
a higher level of CPT mRNA than did longissimus dorsi in both yak and Yellow cattle (P < 
0.05). Compared to Yellow cattle, both biceps femoris and longissimus dorsi of yak exhibited 
a lower level of UCP3 mRNA (P < 0.05).

Gene	 Longissimus dorsi			   Biceps femoris

	 Yak	 Yellow cattle	 P	 Yak	 Yellow cattle	 P

CPT	 1.03 ± 0.19	 1.94 ± 0.32	 0.088	 0.04 ± 0.01*	 1.04 ± 0.21	 0.040
UCP3	   1.01 ± 0.12*	 2.63 ± 0.34	 0.029	 0.003 ± 0.001*	 1.04 ± 0.19	 0.034

*P < 0.05. Comparison was conducted between yak and Yellow cattle for the same type of muscle.

Table 2. Comparison of the relative mRNA abundance of CPT and UCP3 genes in skeletal muscles of yak and 
Yellow cattle.

Activities of HOAD, ICDH and COX in skeletal muscles

Three enzymes involved in fatty acid oxidation, citric acid cycle and respiratory chain, 
respectively, were assayed. Biceps femoris contained higher activities of HOAD and COX and 
similar level of ICDH compared to longissimus dorsi in yak but not in Yellow cattle (Table 3). 
No significant difference in enzyme activities was observed in the same type muscles between 
yak and Yellow cattle.

Enzyme	 Muscle type	 Yak (N = 11)	 Yellow cattle (N = 8)

HOAD (U/g tissue)	 LD	   0.61 ± 0.09	   0.83 ± 0.08
	 BF	     1.17 ± 0.21*	   0.80 ± 0.14
ISDH (U/g tissue)	 LD	   0.12 ± 0.02	   0.23 ± 0.06
	 BF	   0.18 ± 0.04	   0.24 ± 0.07
COX (U/g tissue)	 LD	 13.30 ± 0.99	 16.16 ± 2.38
	 BF	     25.06 ± 2.33**	 18.68 ± 2.96

*,**Indicate that the difference in enzyme activity is significant between LD and BF at P < 0.05 and P < 0.01, 
respectively. HOAD = β-hydroxyacyl-CoA dehydrogenase; ISDH = isocitrate dehydrogenase; COX = cytochrome 
oxidase; LD = longissimus dorsi; BF = biceps femoris.

Table 3. Enzyme activities in skeletal muscles of yak and Yellow cattle.

MyHC type of yak skeletal muscles

Semi-quantitative RT-PCR assay showed that the proportion of MyHC 1 mRNA level in 
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yak biceps femoris was lower than that of Yellow cattle (Figure 1); however, yak and Yellow cattle 
showed similar proportions of MyHC 1, MyHC 2A and MyHC 2X mRNA in longissimus dorci.

Figure 1. Proportion of MyHC isoforms in yak and bovine muscles. *Indicates that the difference in the proportion 
of MyHC isoform between yak and Yellow cattle for the same type of muscle is significant at P < 0.05. LD = 
longissimus dorsi; BF = biceps femoris.

DISCUSSION

Yaks are well adapted to the hypoxic Qinghai-Tibetan Plateau. Because of the high 
sequence similarity (98 to 99%) between yak and Yellow cattle in genes assayed (Zheng et al., 
2008; Bai et al., 2010; Zhang et al., 2010), yak may act as a suitable animal model to study the 
mechanism of hypoxia adaptation. Due to the low oxygen environment, energy supply is an 
important aspect for studying adaptation in yaks. CPT plays a key role in fatty acid oxidation 
in mitochondria by translocating long-chain fatty acids from the cytosol to the mitochondrial 
matrix (Grummer, 1993). The lower CPT mRNA level in biceps femoris of yak compared to 
Yellow cattle may indicate an attenuated capacity of fatty acid oxidation in yak. This is in ac-
cordance with the characteristic of energy metabolism as reported in human muscle adaptation 
to hypoxia (Hoppeler et al., 2003). A similar tendency was also observed in longissimus dorci 
of yak and Yellow cattle, although the difference was not significant (Table 2). Our experiment 
also discovered differences in CPT mRNA level between biceps femoris and longissimus 
dorsi, which have a different oxidative capacity, in both yak and Yellow cattle; therefore, we 
suppose that CPT expression is an appropriate marker to evaluate fatty acid oxidation state.

Uncoupling proteins (UCP1, UCP2 and UCP3) are important in regulating cellular 
energy metabolism and reactive oxygen species production in mitochondria (Rousset et al., 
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2004; Azzu et al., 2010). UCP3 is expressed predominantly in skeletal muscle and its exact 
function remains to be elucidated. UCP3 expression is associated with increases in circling 
fatty acid and fatty acid oxidation in muscle (Costford et al., 2007), and there is evidence that 
UCP3 is more involved in fatty acid metabolism than in energy metabolism (for review, see 
Schrauwen and Hesselink, 2002). In our experiment, yak and bovine muscles shared a simi-
lar pattern of UCP3 and CPT mRNA expression (Table 2), suggesting that the lower UCP3 
mRNA level in muscles is associated with reduced fatty acid oxidation in yaks relative to 
Yellow cattle.

The different isoforms of the MyHC protein are the best markers to characterize mus-
cle fiber type diversity. The oxidative and glycolytic capacities differ between muscle fiber 
types, and oxidative metabolism decreases in the rank order of fiber type I, IIa, IIx, IIb (Le-
faucheur et al., 2004; Moreno-Sánchez et al., 2008). Our experiment found that the level of 
MyHC I mRNA in yak biceps femoris is lower than that of Yellow cattle (Figure 1), suggesting 
that yak biceps femoris exhibits more glycolytic potential although the activities of HOAD, 
COX and ICDH in biceps femoris are similar. This may be a result of yaks’ adaptation to 
hypoxia because they live in the highlands where oxygen supply is much lower, compared to 
Yellow cattle living in low altitude regions. The increased HOAD and COX activities in yak 
biceps femoris compared to longissimus dorsi should reflect the relatively higher needs for 
fatty acid oxidation in biceps femoris, and this is consistent with the higher level of CPT in 
yak biceps femoris compared to longissimus dorsi. Yaks are characterized by active moving in 
search for grass availability, and thus, biceps femoris needs more energy. In contrast, longis-
simus dorsi does not need as much movement as biceps femoris and its energy metabolism is 
relatively lower. Perhaps this can also explain why we did not observe a significant difference 
in fiber types of longissimus dorsi between yak and Yellow cattle. Taken together, a hypoxic 
environment may decrease fatty acid oxidation in yak muscle as indicated by muscle CPT and 
UCP3 mRNA levels, and this adaptation may further influence fiber types of yak muscle and 
possibly meat traits, since muscle properties are associated with its fiber types (Klont et al., 
1998; Moreno-Sánchez et al., 2008). Therefore, research on the detailed mechanism of this in-
fluence could be helpful in regulating yak meat quality by a genetic or physiological approach.

In conclusion, the present data demonstrate that yak contains significantly lower 
mRNA levels of CPT, UCP3, and MyHC 1 in biceps femoris compared to Yellow cattle, sug-
gesting that yak biceps femoris exhibits lower fatty acid oxidation capacity and more glyco-
lytic metabolic potential.
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