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ABSTRACT

The sexual maturation occurred by the changes of steroid hormones was known to sex-dependently and/or age- 
dependently regulate the lipid metabolism in various animal species. Our current study demonstrates that lipid and its 
functional fatty acids can be changed depending on the status of sexual maturation. Of the functional fatty acids, γ- 
linolenic acid (GLA; 18:3n-6) is an important factor for maintaining human health. The purpose of our study was to 
investigate the level of GLA in mice with different stages of sexual maturation. To this end, the longissimus muscle 
(LM) of immature (3-week-old) and mature (7-week-old) female mice was analysed for the fatty acid composition by 
gas chromatography. Furthermore, both gene and protein level of Δ6 desaturase (FADS2) which is involved in GLA 
metabolism by real time PCR and Western blotting, respectively. Mature females showed greater (P<0.05) serum 17β
-estradiol (E2) level and LM GLA contents than immature group. The mRNA and protein levels of FADS2, which 
converts precursor linoleic acid into GLA, were higher (P<0.05) in mature female mice than in immature mice. In 
conclusion, these results show that sexual maturation of female mice induces GLA and FADS2 contents in LM.
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INTRODUCTION

The process of sexual maturation is known to affect the 
metabolic as well as physical characteristics in females. Rea- 
ched at sexual maturation, females generally showed markedly 
increased body weight with higher content of adipose tissue 
(Courant et al., 2010) and estrogen level (Campbell and Feb- 
braio, 2001). However, intramuscular fat in the longissimus 
muscle (LM), the marbling, is very important factor for meat 
palatability (Hausman et al., 2009). Of the fatty acids, n-6 
polyunsaturated fatty acids (n-6 PUFA) such as γ-linolenic acid 
(GLA; 18:3n-6) are known to be particularly important for 
disease prevention and treatment (Das, 2007; Horrobin, 1992; 
Senapati et al., 2008).

The LM has mesenchymal progenitor cells that should be 
differentiated into muscle cells or fat cells by various nutri- 
tional, environmental, and genetic factors as animal age (Du et 
al., 2013).

Thus, it is a reasonable deduction that the progenitor cell 
differentiation may partly be occurred by hormones changed 
during sexual maturation. Few previous studies have suggested 

that the sexual maturation should affect the lipid metabolism 
in intramuscular fat cells, especially the change in GLA level 
by comparing the fatty acid composition and metabolism bet- 
ween the muscle tissues of both mature and immature females.

This study was aimed to find out how sexual maturation may 
affect the lipid metabolism in female muscle tissue by analyzing 
the level of GLA and the expression of Δ6 desaturase (FADS2) 
gene related to conversion of linoleic acid (LNA; 18:2n-6) to 
GLA (Stoffel et al., 2008) in LMs obtained from immature and 
mature female mice.

MATERIALS AND METHODS

1. Animals
Female ICR (Institute for Cancer Research) mice were ran- 

domly divided into two 3- and 7-week-old groups, as five mice 
were allocated for each age group. The mice were allowed to 
acclimate at least for three days with chow (AIN 93 G; Feedlab 
Co., Gyeonggi-Do, Korea) and water fed ad libitum. All mice 
were reared in a facility that maintained a constant temperature 
of 23 ± 2℃, a relative humidity of 50 ± 5%, and a 12 h/12 
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h light/dark cycle. All experiments were conducted in accor- 
dance with the policies and recommendations of Animal Care 
and Use Committee of the Kyungpook National University.

2. Reagents
Solvents were purchased from several chemical companies. 

SupelcoTM 37 and BHT (2, 6-di-tert-butyl-4-methylphenol) 
were purchased from Sigma Chemical Co. (MO, USA). Premix 
Ex Taq and 2× SYBR Ex Taq were from Takara Bio Inc. 
(Shiga, Japan). RIPA buffer was from Cell Signaling Techno- 
logy Inc. (MA, USA). Primary antibody (FADS2) and secondary 
anti-goat antibody conjugated to horseradish peroxidase were 
from Santa Cruz (CA, USA). ECL Plus chemiluminescence 
reagent was from Amersham Biosciences (IL, USA ).

3. Preparation of Samples
Muscle samples were collected from 3- and 7-week-old 

female mice (n = 5 each). All mice were anesthetized by intra- 
peritoneal injection with 2.5% tribromoethanol (Sigma-Aldrich, 
St. Louis, MO, USA) at 0.015 ml per gram of body weight. 
Samples of LM tissue were recovered from each animal, finely 
minced with scissors, and stored at —80℃ until use.

Blood samples were obtained from the retro-orbital venous 
plexus of each animal after light etherization, and placed in 
EDTA-coated tubes (BD Vacutainer, Franklin Lakes NJ USA). 
Samples were centrifuged at 3,000 rpm for 15 min at room 
temperature, after which the upper layer of serum was imme- 
diately isolated and stored at —80℃ until use.

4. Electrochemiluminescence Immunoassay
Serum aliquots from 1 ml blood samples obtained in the 

morning (9 AM) were analyzed for testosterone (T) and 17β
-estradiol (E2). These two steroid hormones were quantified 
using electro chemiluminescence immunoassays (ECLIA; Roche, 
Mannheim, Germany), which are based on the competition 
principle. For each analyte, levels were determined from an 
instrument-specific calibration curve, which is generated by two- 
point calibration and a master curve provided by the reagent 
barcode.

5. Gas Chromatography
Five mL of chloroform/methanol (2:1) solution and 10 µl of 

7.2% BHT solution were added to each minced LM tissue 
sample. The tissue was homogenized at 2,500 rpm for 10 min 

using a Polytron Homogenizer PT 1200 CL (Kinemarica AG, 
Littau, Switzerland). Samples were first incubated for 6 h to 
extract crude lipid, then mixed with 25% NaCl solution. The 
lower lipid layer was collected and dried under a stream of 
gaseous nitrogen. Two mL of 6% methanol/sulfuric acid (94:6) 
solution was added to each dried sample, to convert fatty acids 
into fatty acid methyl esters (FAMEs) (Folch et al., 1957). The 
methylated samples were transferred to vials and stored at 4℃
before being analyzed by gas chromatography (GC).

The methylated samples were analyzed using an Agilent 
7890A GC system equipped with an MPS2 autosampler. FAME 
concentrations were calculated using software provided by 
Agilent. Briefly, 1 µl of sample was injected into an SPTM- 
2560 column (100 m × 0.25 mm internal diameter, 0.2 µm). 
Ultra-pure helium gas was used as the carrier gas, at a constant 
flow rate of 1.5 ml/min. The oven temperature was maintained 
at 121℃, and then increased to 140℃ at a rate of 20℃/min. 
It was then slowly increased to 190℃ at a rate of 4℃/min, 
and finally to 260℃ at a rate of 3℃/min, and maintained for 
5 min at 260℃. Separation of fatty acids was achieved by GC, 
followed by quantification with a flame-ionization detector. The 
FAME samples were quantified relative to an external standard, 
SupelcoTM 37. The proportions of individual fatty acids were 
expressed as percentages of the total fatty acid content in the 
sample.

6. Real-Time PCR
Total RNA was isolated from muscle tissue samples in an 

RNase-free environment, using the Trizol reagent (Invitrogen, 
CA, USA), and quantified by measurement of UV absorbance 
(Nano Drop 2000, Thermo Scientific, NC, USA).

Complementary DNA (cDNA) was synthesized as follows: 
1 µg of RNA (in a volume of up to 8 µl) was used as a tem- 
plate in each 10-µl reaction, which also contained 1 µl of dNTP 
mix (final concentration of 0.5 mM), 1 µl of oligo (dT) primer, 
and nuclease-free water. Reactions were allowed to occur at 70 
℃ for 5 min and then stopped by incubation on ice for 5 min. 
For the reverse transcription (RT) reaction, 10-µl aliquots of 
reaction mix (3 µl of 5× Improve-IITM reaction buffer, 3 µl 
of 25 mM MgCl2, 1 µl of Im-Prom-IITM Reverse Transcriptase, 
0.5 µl of recombinant RNasin® Ribonuclease Inhibitor, and 2.5 
µl of nuclease-freewater) were added to each reaction tube on 
ice. The resulting 20 µl samples were incubated at 42℃ for 60 
min. The samples were then heated to 70℃ for 15 min to stop 
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Table 1. Primers used in this study

Genes
Primers

Forward Reverse

FADS2 (NM_019699.1) CCTCAGCCAACTGGTGGAA CTTTATGTCCGGGTCCTTGTG

β-Actin (NM_007393.3) GATGGTGGGAATGGGTCAGA TCCATGTCGTCCCAGTTGGT

the reverse transcription reaction, and stored at —20℃ until 
required.

Primers were designed using Primer Express 2.0 (Applied 
Biosystems, CA, USA) and their sequences were checked using 
BLAST searches against the GenBank database. The primer 
sequences for the FADS2 gene targeted in this study are shown 
in Table 1.

For real-time PCR, 1 µg of cDNA was diluted to 0.1 µg/ml 
with water and used as a template. Amplification was performed 
in 20 µl reaction volumes, each containing 1 µl of diluted 
cDNA, 10 µl of 2× SYBR Ex Taq (Takara Bio Inc., Shiga, 
Japan), 0.4 µl of Rox Dye I (Takara Bio Inc., Shiga, Japan), 
2 µl of each primer, and 4.6 µl of water. Thermal cycling was 
performed in 96-well optical plates using a Step-one Real-Time 
PCR Detection System (Applied Biosystems, CA. USA), with 
the following thermal cycling parameters: an initial denaturation 
step (95℃ for 30 s), followed by 40 cycles of denaturation (95 
℃ for 5 s) and annealing/extension (60℃ for 30 s).

All mRNA expression levels were normalized with respect 
to the β-actin control. The level of each mRNA was expressed 
as the difference between the threshold values of the two 
genes (2-ΔCt). Data were analyzed using the comparative cycle 
threshold (Ct) method. Briefly, the expression levels of target 
genes in muscle tissue samples from 7-week-old mice were 
normalized based on the expression of the β-actin gene in each 
sample. These values were then compared with the normalized 
expression levels of the corresponding genes in muscle sam- 
ples from 3-week-old mice, to gene rate ΔCt values. The relative 
quantities (RQ) were calculated using the equation RQ = 2-ΔΔCt. 
Melting curve analysis was always performed during real-time 
PCR to verify the specificity of the reaction.

7. Western Blot Analysis
Muscle tissue samples were homogenized in RIPA buffer 

(20 mM Tris-HCl, 150 mM NaCl, 1 mM Na2․EDTA, 1 mM 
EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 

μg/ml leupeptin, and 1 mM PMSF; Cell Signaling Technology 
Inc., MA, USA). The lysates were clarified by centrifugation at 
13,000 rpm for 40 min. All procedures were carried out at 4℃
and samples were stored at —80℃. The protein concentration 
of the lysates was determined using a Bradford assay. Proteins 
were separated by SDS-PAGE, using 12% polyacrylamide gels, 
and transferred onto nitrocellulose membranes. Membranes were 
blocked for 2 h with skim milk, and incubated overnight at 
4℃ with primary antibodies (anti-FADS2, sc-109272). This was 
followed by incubation with anti-goat (sc-2922) or anti-rabbit 
(sc-2004) horseradish peroxidase-conjugated secondary antibo- 
dies for 2 h at room temperature. Primary and secondary anti- 
bodies were obtained from Santa Cruz Biotech (Santa Cruz, CA, 
USA). An enhanced chemiluminescence kit (Amersham Bioscien- 
ces, Arlington Heights, IL, USA) was used, with a Davinchche- 
miTM Camera system, for detection of antibody-bound proteins. 
The FADS2 protein expression level in sample was normalized 
relative to that of α-tubulin.

8. Statistical Analysis
All results are presented as mean ± standard deviation (S.D.). 

SPSS software (v. 19.0; SPSS Inc., Chicago, IL, USA) was used 
for all statistical analyses. Comparisons between groups (e.g. 
comparison of muscle fatty acid levels among the three groups 
of mice) were performed using one-way ANOVA, if necessary, 
followed by multiple range tests.

RESULTS

1. Effect of Sexual Maturation on the Levels of Testosterone and 17
β-Estradiol in Female Mice

We measured the levels of two major reproductive hormones, 
T and E2, in 7-week-old (mature) and 3-week-old (immature) 
female mice, using ECLIA. The results obtained were shown 
in Fig. 1.

T level in the mature group was 3.72 × 10—2 ± 0.017 ng/ml, 
that was not significantly different from 3.02 × 10—2 ± 0.005 
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Fig. 1. Sexual maturation and steroid hormone level in female mice. The levels of T and E2 were measured by ECLIA in serum of 
3-week-old and 7-week-old female mice and are presented as mean ± S.D. (error bars represent SDs). An asterisk (*) indicates 
a significant difference between the means (P<0.05).

ng/ml of the immature group. In contrast, E2 level in the ma- 
ture group was 19.35 ± 2.25 pg/ml, that was significantly higher 
(P<0.05) than 13.84 ± 2.43 pg/ml of the immature group.

2. Effect of Sexual Maturation on the Levels of n-6 PUFA in the 
Muscle Tissue of Female mice

In order to examine the effects of sexual maturation on fatty 
acid metabolism, the n-6 PUFA compositions in LMs of im- 
mature and mature female mice were analyzed by GC and 
shown in Table 2.

The proportion of n-6 PUFA relative to total fatty acid con- 
tent in muscle did not significantly differ between immature 
(23.67 ± 0.78%) and mature group (23.42 ± 1.45%). However,

Table 2. Effect of sexual maturation on n-6 PUFA levels in the 
muscle tissue of female mice

n-6 fatty acids
Age

3 wk 7 wk

LNA 18.86 ± 1.35b 20.51 ± 1.70a

GLA  0.22 ± 0.03b  0.29 ± 0.01a

Total 23.67 ± 0.78 23.42 ± 1.45NS

The proportions of n-6 PUFA (%, g/100g) in LM tissue sam- 
ples were determined by GC.
Values are presented as means ± S.D., n = 5.
a,b significant difference between groups (P<0.05).
NS no significant difference between groups (P>0.05).

levels n-6 PUFAs including the LNA and GLA were increased 
from 18.86 ± 1.35% to 20.51 ± 1.70% and from 0.22 ± 0.03% 
to 0.29 ± 0.01%, respectively in mature mice compare to im- 
mature group.

3. Effect of Sexual Maturation on Expression of FADS2 Gene related 
to GLA Metabolism in Female Mice

The mRNA expression of FADS2 gene in LM was analyzed 
using real-time PCR and shown in Fig. 2.

The relative level of FADS2 mRNA significantly increased 
from 1.00 ± 0.31 to 1.84 ± 0.18 while female mice were sexu- 
ally matured from 3-week-old to 7-week-old (Fig. 2). The result 
showed that sexual maturation in female mice should stimulate 
the mRNA expression of FADS2 gene.

4. Effect of Sexual Maturation on Level of FADS2 Protein for GLA 
Metabolism in the Female Mice

Also the level of FADS2 protein in LM significantly increa- 
sed in sexually matured female mice (Fig. 3).

As shown above, mRNA expression of FADS2 gene was 
significantly increased in sexually matured female mice. To 
confirm the effect of sexually female maturation on FADS2 
gene expression, the FADS2 protein level was determined by 
western blot analysis and shown in Fig. 3.

The level of FADS2 protein also significantly increased from 
9.91 ± 0.63 to 13.43 ± 1.05, while female mice were sexually 
matured from 3-week-old to 7-week-old. The result proposed
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Fig. 2. Sexual maturation and mRNA level of FADS2 in female 
mice. The gene expression levels of FADS2 in 3-week-old 
and 7-week-old female mice were measured using real-time 
PCR and normalized with respect to the β-actin control. 
The relative mRNA expression level in 7-week-old female 
mice is normalized to the level in 3-week-old female mice 
as mean ± S.D. (error bars represent S.D.). An asterisk (*) 
indicates a significant difference between means (P<0.05).

that sexual maturation also should increase the FADS2 protein 
level in the LM of female mice.

DISCUSSION

Sexual maturation increases the levels of steroid hormone 
E2, which might play a crucial role in regulating the lipid 
metabolism in muscle tissue (Courant et al., 2010; Salehzadeh 
et al., 2011). Especially, its functional role is associated with 
the level and synthesis of fatty acids. Estrogen deficiency 
increases plasma free fatty acid availability in postmenopausal 
women (Jensen et al., 1994). Lohner et al. (2013) showed that 
women with higher E2 level showed more PUFA content in 
the adipose tissue than the men with higher T levels. These 
results suggest that sex hormones might affect the composition 
of fat depots (Extier et al., 2009) and skeletal muscle

Fig. 3. Sexual maturation and protein level of FADS2 in female 
mice. (A) Expression of FADS2 protein in 3-week-old and 
7-week-old mice was determined by western blot analysis. 
(B) The FADS2 expression level was normalized to that 
of α-tubulin. Relative protein levels were quantified using 
Image J software. FADS2 protein level differed significantly 
between the 3-week-old group and the 7-week-old groups 
(P<0.05). An asterisk (*) indicates a significant difference 
between means (P<0.05).

phenotypes (van den Beld et al., 2000) in the body.
Interestingly, serum E2 level was higher in mature than in 

immature female mice which is, in turn, possibly related to in- 
crease in GLA level in muscle tissue. Giltay et al. (2004) also 
demonstrated that E2 affects both n-3 and n-6 PUFA conversion 
into through an estrogen receptor-dependent pathway.

E2 may affect GLA synthesis through the expression of 
FADS2 gene in muscle tissue of female mice. The activity of 
the FADS2 enzyme was reported to be greater in female rat 
and humans (Childs et al., 2010). The data presented in our 
current study showed that higher E2 in mature female mice 
should increase the level of GLA as well as the expression of 
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FADS2 gene in LM muscle tissue. Therefore, these results 
indicate that sexual maturation of female mice might induce 
higher GLA level by increasing FADS2 gene expression in 
LM with greater serum E2 concentration.

In female mice, the onset of sexual maturation is associated 
with the change in level of reproductive steroid hormone. We 
therefore measured the levels of two major reproductive hor- 
mones, T and E2 (Fig.1). This result indicates that E2, but not 
T, level increased in blood of female mice. Our result suggests 
that sexual maturation did not significantly alter the proportion 
of total n-6 PUFA in muscle tissue (Table 2). In agreement with 
our results (Table 2), other studies show that sexual maturation 
of female mice significantly increases the levels of functional 
n-6 PUFAs, such as LNA and GLA in the LM (Korotkova et 
al., 2005). Furthermore, our results implicate that GLA meta- 
bolism regulated by FADS2 enzyme (de Alaniz and Marra, 
2003) might be closely associated with sexual maturation in- 
duced high estrogen level, which is in agreement with previous 
study (Childs et al., 2012).

Although further study is necessary to identify precise me- 
chanism between estrogen treatment and FADS2 related to 
GLA synthesis in LM, our current study clearly shows that the 
circulating E2 involved in GLA metabolism in female mice.
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