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ABSTRACT 

Arachidonic acid (20:4n-6, ARA) is a major component of the cell membrane, whereas 

ARA-derived eicosanoids are formed when cells are damaged. Aging is associated with an 

accretion of oxidative stress in skeletal muscles. In this study, we examined the effects of chronic 

administration (13 weeks) of ARA (240 mg/kg/day) on fatty acid composition, antioxidative status, 

and morphology of slow (soleus muscles) and fast (extensor digitorum longus muscles; 

EDL)-twitch muscles in aged rats (21 months old). The level of reactive oxygen species was 

higher in the EDL of ARA-administered rats than in that of control rats. ARA administration 

decreased the muscle cell volumes and increased the number of slow myosin heavy chain 

(MHC)-positive cells in the EDL. The relative content of MHC2X was increased whereas the 

relative content of MHC2B was decreased in the EDL of ARA-administered rats. These results 

suggest that ARA deposition in the fast-twitch muscle of aged rats reduced cell volume with an 

increase in oxidative stress. 
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1. Introduction 

The age-related loss of skeletal muscle mass and strength, i.e. sarcopenia, is becoming a 

growing public health problem because it contributes to decreased capacity for independent living 

[1, 2]. Sarcopenia can be explained by several physiopathological factors, including increased 

oxidative stress [3]. Aging accretes oxidative stress and increases the incidence of oxidative injury 

in respiratory and locomotive skeletal muscles [4, 5]. Furthermore, it has been reported that 

age-related oxidative stress causes a significant decrease in antioxidant enzymes, particularly 

glutathione peroxidase in rats [6]. Consequently, muscles undergoing elevated levels of oxidative 

stress develop sarcopenia, which causes considerable age-related decline in muscle mass [7]. On 

the basis of the myosin heavy chain (MHC) isoform pattern, adult mammalian limb skeletal 

muscles contain two and, in some species, three types of fast fibers (Type 2A, 2X, and 2B) and 

one type of slow fiber (Type 1). Fast-twitch muscles such as the extensor digitorum longus 

muscles (EDL) are composed primarily of a mixture of the fast myosin isozymes, whereas 

slow-twitch muscles such as the soleus muscle (SO) contain primarily the slow Type 1 fibers [8, 9]. 

The synthesis rate of the MHC protein is reportedly decreased with age in humans [10, 11]. 

Moreover, the effects of aging on antioxidant systems in the skeletal muscle may be quite different 

from those on antioxidant systems in the liver, kidney, brain, and heart [12] because the lipid 

peroxidation (LPO) level is greater in skeletal muscle homogenate than in other tissue 
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homogenates [6].  

 

Arachidonic acid (20:4n-6, ARA), a polyunsaturated fatty acid (PUFA) synthesized from 

linoleic acid (18:2n-6, LA) in many tissues, is a major component of the cell membrane [13, 14]. 

In various pathophysiological conditions, ARA is released from membrane phopholipids by 

phospholipases, particularly phospholipase A2 (PLA2). Free ARA can be converted to bioactive 

eicosanoids through the cyclooxygenase (COX), lipoxygenase (LOX), or P-450 epoxygenase 

pathways [15]. In the skeletal muscle, ARA is necessary for the repair and growth of muscle tissue 

through its conversion to active components such as prostaglandin (PG) F2 alpha and COX-2 

metabolites [16, 17]. By contrast, PLA2 activity is increased in patients with Duchenne muscular 

dystrophy (DMD) and Becker muscular dystrophy (BMD) [18] and PGE2 activity is increased in 

isolated strips of biceps muscle from patients with DMD [19]. Skeletal muscle wasting associated 

with chronic inflammatory conditions, such as aging-associated sarcopenia in old rats and older 

adults [20, 21], has been reported to be improved by systemic non-steroidal anti-in�ammatory 

drug (NSAID) treatment. Thus, despite the apparent positive role of the COX/PG pathway in 

adaptive muscle growth/regeneration in vivo, evidence is also indicative of a negative role of this 

pathway in the maintenance of skeletal muscle mass under conditions of chronic systemic 

low-grade inflammation. 

Despite of these finding, no study has investigated the direct effect of exogenous ARA 
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availability on morphological changes in the skeletal muscles of aged rats. The present study 

aimed to examine the impact of supplementation with exogenous ARA on fatty acid composition, 

lipid peroxidation, and MHC isoform levels in the skeletal muscles of aged rats. 

 

2. Materials and Methods 

2. 1. Animals 

 

Five-week-old Wistar (Jcl:Wistar) rats (Generation 0; G0) obtained from Clea Japan 

(Osaka, Japan) were housed and maintained in an air-conditioned room under a 12-h/12-h 

light/dark cycle and were given fish oil-deficient food (F1; Funabashi Farm, Funabashi, Japan) 

and water ad libitum. Breeding commenced when the animals were 3 months of age. The pups 

(G1 and G2) were maintained under the same conditions as G0. The G2 aged rats were used for 

the study, which was conducted under the procedures outlined in the Guidelines for Animal 

Experimentation of Shimane University, compiled from the Guideline for Animal Experimentation 

of the Japanese Association for Laboratory Animal Science. 

 

2. 2. ARA administration 
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The G2 male aged rats (100 weeks old) were randomly divided into the ARA group and 

control group. Rats in the ARA group were intragastrically administered ARA oil [the triglyceride 

(TG) form of ARA-rich oil: 240 mg/kg body weight (BW)/day) for 13 weeks. The ARA oil was 

gently emulsified in an ultrasonic homogenizer (Taitec VP-5; Taitec, Tokyo, Japan) just before 

administration. The control group was administered a similar volume of control oil (beef fat: 

soybean oil: rape seed oil = 2:1:1) without ARA. The dose of each oil was determined based on 

previous reports [22, 23]. Administration of the compound was maintained until all experiments 

were complete. Table 1 shows the composition of the fatty acids in each oil. 

 

2. 3. Blood and muscle sample preparation 

 

Rats were deeply anaesthetized by an intraperitoneal injection of pentobarbital (65 mg/kg 

BW) and blood was drawn for biochemical assay. 

Slow-twitch muscles (SO) and fast-twitch muscles (extensor digitorum longus muscles; 

EDL) were retrieved from each rat for analysis. Some samples were quickly dissected and 

immediately frozen in liquid nitrogen for further analysis. Other samples were fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight for histological analysis. 

 

2. 4. Lipid analysis 
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Muscle samples were homogenized in a Polytron homogenizer (PCU-2-110; Kinematica 

GmbH, Steinhofhalde, Switzerland) in phosphate-buffered saline (1 mL/100-mg tissue) that 

contained 0.005% (w/v) 2,6-di-t-butyl-4-methylphenol (Wako Chemicals, Osaka, Japan) as an 

antioxidant. Protein concentrations were estimated using the method of Lowry et al. [24]. Fatty 

acid levels in the plasma and muscles were prepared and analyzed by a modification of the 

one-step reaction analysis of Lepage and Roy [25] using gas chromatography (GC) [26]. For each 

sample, the mixture of plasma or muscle tissue homogenate was augmented with 2 mL of 

methanol containing 10 �g of tricosanoic acid as an internal standard and 200 �L of acetyl 

chloride. This mixture was then incubated at 100°C for 60 min, followed by the addition of 200 

�L of octane and 5 mL of 10% sodium chloride containing 0.5 N sodium hydroxide. The mixture 

was shaken for 10 min at room temperature and centrifuged at 2800 × g for 15 min. The octane 

phase, which contained the fatty acid methyl esters, was subjected directly to GC in the Agilent 

6850 A gas chromatograph (Agilent Technologies, Santa Clara, CA).  

 

2. 5. Antioxidative–oxidative status  

 

The LPO level was determined using the thiobarbituric acid reactive substances (TBARS) 

assay [27]. Briefly, 200 �L of 8.1% sodium dodecyl sulfate, 3.0 mL of 0.4% thiobarbituric acid in 
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20% acetic acid (pH 3.5), and 700 �L of double distilled water were added to 100 �L of 

homogenate containing 100 �g of protein. The mixture was then incubated for 1 h at 95°C. After 

cooling in tap water, 1.0 mL of double distilled water and 4.0 mL of n-butanol-pyridine (15:1, v/v) 

were added and the mixture was shaken vigorously for 20 min. After centrifugation at 1800 × g for 

10 min, the fluorescence intensity of the upper organic layer was determined with a Hitachi 850 

spectrofluorometer (Tokyo, Japan). The excitation and emission wavelengths were 515 and 553 

nm, respectively. TBARS levels were expressed as nanomoles of malondialdehyde per milligram 

of protein. Malondialdehyde levels were calculated relative to a standard preparation of 

1,1,3,3-tetraethoxypropane. 

The level of reactive oxygen species (ROS) was determined as described previously 

[28,29]. Briefly, tissue homogenate were centrifuged at 12,500 × g for 10 min at 4°C to remove 

cytosolic proteins. The pellet was suspended at 4°C in 5 mL of 100 mmol/L phosphate buffer (pH 

7.4) and mixed with dichlorofluroscein diacetate (Sigma-Aldrich, St. Louis, MO, USA) at a final 

concentration of 5 �mol/L. Fluorescence was monitored with a Hitachi 850 spectrofluorometer at 

wavelengths of 488 nm for excitation and 525 nm for emission for 60 min at 37°C. ROS levels 

were quantified from the dichlorofluroscein standard curve and were expressed as moles per min 

per milligram of protein. 

 

2. 6. RNA isolation and real-time reverse transcription-polymerase chain reaction 
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Total RNA of the humerus was isolated by Isogen (Wako Pure Chemical Industries), then 

cDNA was synthesized with the Quantitect reverse transcription kit (Qiagen, Hilden, Germany) 

and amplified by the Thermal Cycler Dice® Real Time System MRQ (Takara Bio Inc., Shiga, 

Japan). Real-time reverse transcription (RT) PCR was carried out with the Quantitect SYBR 

Green PCR kit (Qiagen). Primers for RT-PCR reactions were as follows: rat glutathione 

peroxidase forward primer (GGAGAATGGCAAGAATGAAGA), reverse primer 

(CCGCAGGAAGGTAAAGAG); rat superoxide dismutase forward primer 

(ATCTTCTTGTGCAGTGCCAGC), reverse primer (TAGGGCTCAGGTTTGTCCAG); and rat 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward primer 

(GTGACCAGAGCGAAAGCA), reverse primer (CCTTGACTGTGCCGTTGAACT). The PCR 

conditions were as follows: initial activation at 95°C for 30 seconds, then 40 amplification cycles 

of denaturation at 95°C for 5 seconds, annealing at 60°C for 31 seconds, and extension at 72°C for 

30 seconds. The relative changes in gene expression levels were determined by the 2���Ct method 

[30]. All real-time PCR results were normalized to GAPDH.  

 

2. 7. Histological analysis for muscle 

 

Samples were frozen with OCT compound. The tissue blocks were cut in serial sections 
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(10 �m) that were stained with hematoxylin–eosin (HE) and observed under light microscopy. The 

serial section in which the maximum area of muscles had appeared was designated as the central 

section. The previous and subsequent sections were numbered serially in the mediolateral 

direction. The previous 15 and subsequent 15 sections to the central section were selected for 

analysis. The region of analysis was 300 �m in size. Other sections were processed for 

immunohistochemistry with the following characterized antibodies: anti-laminin antibody rabbit 

IgG (1:2000; Sigma-Aldrich) and anti-slow myosin heavy chain (sMHC) antibody mouse IgG 

(1:1000; Abcam, Cambridge, UK). The sections were observed by a Pascal confocal laser 

microscope (Carl Zeiss, Jena, Germany). We chose sections at random from each group, counted 

the cell number and number of sMHC positive cells, and obtained the number of sMHC-positive 

cells per cell number. 

 

2. 8. Electrophoretic separation of MHC isoforms  

 

Electrophoresis was conducted under the conditions described by Myzunoya et al. [31]. 

The muscles were frozen in liquid nitrogen, ground to a powder, and stored at �80°C. Weighed 

frozen powdered muscles (approximately 30 mg) were homogenized in sodium dodecyl sulfate 

(SDS) solution containing 10% w/v SDS, 40 mM dithiothreitol (DTT), 5 mM EDTA, and 0.1 M 

Tris–HCl buffer (pH 8.0) to give a final concentration of muscle tissue of 0.25 mg/�L. These 
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sample homogenates were heated at 100°C for 3 min. Total protein concentrations were assayed 

using BCA Protein Assay Reagent (Pierce Biotechnology, Rockford, IL, USA) and standardized 

with bovine serum albumin. The samples were diluted in 2× sample buffer [100 mM DTT, 4.0% 

w/v SDS, 0.16 M Tris–HCl (pH 6.8), 43% v/v glycerol, and 0.2% w/v bromophenol blue] and 

distilled water. The protein concentration was adjusted to 2 mg/mL. The protein samples were 

frozen at �80°C until further use. The separating gel consisted of 35% v/v glycerol, 8% w/v 

acrylamide-N,N�-methylenebisacrylamide (Bis) (99:1), 0.2 M Tris–HCl (pH 8.8), 0.1 M glycine, 

0.4% w/v SDS, 0.1% w/v ammonium persulfate, and 0.05% v/v 

N,N,N�,N�-tetramethylethylenediamine (TEMED). The stacking gel consisted of 30% v/v glycerol, 

4% w/v acrylamide-Bis (50:1), 70 mM Tris–HCl (pH 6.7), 4 mM EDTA, 0.4% w/v SDS, 0.1% 

w/v ammonium persulfate, and 0.05% v/v TEMED. After samples (5 �L) were loaded, 

electrophoresis was performed at a constant voltage of 140 V for 22 h. After each electrophoresis 

run, the gels were stained with a silver staining kit (Silver Staining Kit, Protein; GE Healthcare 

Bio-sciences Corp., Piscataway, NJ, USA).  

 

2. 9. Image analysis  

 

The captured pictures were changed into binary format images using Adobe Photoshop 

CS2 software. The binary format images were used to measure areas and perimeters with the 
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Image J software (NIH, Bethesda, MD, USA). 

 

2. 10. Statistical analysis 

 

All data are expressed as mean ± standard error of the mean (SEM). Data were analyzed 

using Student’s t-test. Correlation was determined by Pearson's correlation analysis. Differences 

between groups were considered significant at P-values less than 0.05. All statistical analyses 

were performed using PASW Statistics 18.0 (IBM-SPSS, Inc., USA).  
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3. Results 

 

3. 1. BW and biochemical data 

 

Table 2 shows BW and biochemical data after ARA administration for 13 weeks. The BW 

of the rats was not affected by ARA administration. Plasma total and low- and high-density 

lipoprotein cholesterol levels were significantly higher in the ARA group than in the control group 

(P < 0.05). While other biochemical parameters were not affected by ARA administration. 

 

3. 2. Effects of chronic ARA administration on the fatty acid profiles of plasma and skeletal 

muscles  

 

ARA levels, the n-6/n-3 ratio, and unsaturation index (USI) in the plasma were 

significantly higher in the ARA group than in the control group (P < 0.05) while palmitic acid, LA, 

and eicosapentaenoic acid (EPA) levels in the plasma were significantly lower in the ARA group 

than in the control group (P < 0.05; Table 3). Oleic acid levels tended to be lower in the ARA 

group than in the control group (P = 0.07; Table 3). 

The n-6/n-3 ratio in the SO was significantly higher in the ARA group than in the control 

group (P < 0.05) while docosahexaenoic acid (DHA) levels and the DHA/ARA ratio in the SO 
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were significantly lower in the ARA group than in the control group (P < 0.05). ARA levels in the 

EDL were significantly higher in the ARA group than in the control group (P < 0.05) while LA 

levels and the DHA/ARA ratio in the EDL were significantly lower in the ARA group than in the 

control group (P < 0.05; Table 4). 

Strongly significant positive correlations were observed between plasma LA and EPA 

levels and LA levels and the EPA/ARA ratio in the EDL. Significant negative correlations were 

also observed between plasma LA and EPA levels and ARA levels in the EDL (Supplemental 

Table 1). Similarly, a strongly significant positive correlation was observed between plasma ARA 

levels and ARA levels in the EDL. A significant negative correlation was also observed between 

plasma ARA levels and the DHA/ARA and EPA/ARA ratios in the EDL (Supplemental Table 1). 

The correlation was not observed between plasma ARA levels and the DHA/ARA and EPA/ARA 

ratios in the SO (data not shown). 

 

3. 3. Effects of chronic ARA administration on oxidative status  

 

TBARS levels in the plasma were significantly higher in the ARA group than in the 

control group (P < 0.05; Table 3), whereas those in the SO were significantly higher in the ARA 

group than in the control group (P < 0.05). Similarly, ROS levels in the EDL were significantly 

higher in the ARA group than in the control group (P < 0.05; Table 4).  
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Strongly significant negative correlations were observed between plasma TBARS levels 

and the DHA/ARA and the EPA/ARA ratios in the EDL and between ROS levels and the 

DHA/ARA ratio in the EDL (Supplemental Table 2). The correlation was not observed between 

plasma TBARS levels and TBARS levels in the SO and between the DHA/ARA and EPA/ARA 

ratios in the SO (data not shown).  

In slow-twitch muscle, the relative mRNA expressions of superoxide dismutase was 

lower in the ARA group than in the control group (P < 0.05; Fig. 1A). In fast-twitch muscle, the 

relative mRNA expressions of glutathione peroxidase and superoxide dismutase were significantly 

lower in the ARA group than in the control group (P < 0.05; Fig. 1B).  

 

3. 4. Histological analysis of slow- and fast-twitch muscles 

 

The spaces between the muscle bundles in the EDL were wider in the ARA group than in 

the control group (Fig. 2B, D and asterisks). Muscle area in the SO was not affected in the ARA 

group (Fig. 2E); the muscle cell area per muscle area tended to decrease (0.05 < P < 0.1) 

compared with that in the control group (Fig. 2F). On the other hand, muscle area in the EDL was 

significantly decreased in the ARA group compared with that in the control group (P < 0.05; Fig. 

2E); the muscle cell area per muscle area was significantly decreased compared with that in the 

control group (P < 0.05; Fig. 2F).  
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3. 5. Expression and distribution of slow MHC in the fast-twitch muscles 

 

The number of sMHC-positive cells (green, white arrow heads) per muscle cells in the 

EDL was significantly increased of the ARA group compared with that in the control group (P < 

0.05; Fig. 3). 

 

3. 6. Changes in MHC isoforms in slow- and fast-twitch muscles  

 

MHC1 expression in the SO was significantly decreased in the ARA group compared 

with that in the control group (P < 0.01) (Fig. 4A and B). MHC2X and MHC2B expression in the 

EDL were significantly decreased in the ARA group compared with that in the control group (P < 

0.01; Fig. 4A and C). The relative content of MHC2X in the EDL was increased (P < 0.01) while 

that of MHC2B was decreased (P < 0.01) in the ARA group compared with those in the control 

group (Fig. 4D). 

 

3. 7. Correlations between MHC isoforms and oxidative status in plasma and muscles 

 

Significantly negative correlations were observed between plasma TBARS levels and 
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MHC1 expression in the EDL, whereas significantly negative correlations were observed between 

plasma TBARS levels and ROS levels in the EDL and between MHC2X and MHC2B expression 

in the EDL (Supplemental Table 3). 

 

3. 8. Correlations among cell area, sMHC-positive cells, fatty acid proportion, and oxidative 

status in plasma and fast-twitch muscles  

 

Significantly negative correlations were observed between cell area in the EDL and 

plasma (Supplemental Fig. 1B) and EDL (Supplemental Fig. 1C) ARA levels. Inversely significant 

positive correlations were observed between cell area in the EDL and plasma EPA levels 

(Supplemental Fig. 1A) and the DHA/ARA ratio in the EDL (Supplemental Fig. 1D). Furthermore, 

a significantly negative correlation was seen between sMHC-positive cells and the DHA/ARA 

ratio in the EDL (Supplemental Fig. 1G) while inversely significant positive correlations were 

observed between sMHC-positive cells and plasma TBARS (Supplemental Fig. 1E) and EDL 

ARA levels (Supplemental Fig. 1F).  
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4. Discussion 

In the present study, chronic ARA administration was accompanied by a decrease in LA 

levels and the DHA/ARA ratio and an increase in ARA and ROS levels in the EDL of aged rats. 

Muscle cell areas were decreased and the number of sMHC-positive cells was increased in the 

EDL in the ARA group compared with those in the control group. Furthermore, MHC1 expression 

in the SO was significantly decreased in the ARA group. The relative expression of MHC2X in the 

EDL was increased while that of MHC2B was decreased in the ARA group compared with those 

in the control group.  

It was reported that ARA-enriched TG oil with or without DHA oil neither affected the 

health, growth, fertility, or reproductive performance of the parental rats nor affected any pup 

characteristics (condition, weight gain, viability, number per litter, or sex ratio) [32]. In our 

experiments, we used the TG form of ARA-rich oil. There was no influence on BW, liver, kidney 

function index of the blood, and fasting blood glucose levels, suggesting that there was no general 

systemic toxicity caused by chronic ARA administration. In the present study, plasma total and 

low- and high-density lipoprotein cholesterol levels were significantly higher in the ARA group 

than in the control group (Table 2). It was reported that an increase in LA intake lowers plasma 

cholesterol in humans [33, 34]. Furthermore, Lina et al. reported that the cholesterol concentration 

was higher in a high-fat control group and an ARA group than in a low-fat control group, while it 

was lower in an ARA/DHA group than in a high-fat control group [32]. LA levels in the ARA oil 
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used in this study were less than those in the control oil (Table 1); and LA levels in plasma also 

decreased in the ARA group (Table 3). Therefore, increases in plasma total and low- and 

high-density lipoprotein cholesterol levels in ARA-administered aged rats may result from the 

lower LA levels in the ARA oil. Oleic acid (OLA) levels in the ARA oil used in this study were 

also less than those in the control oil (Table 1); however OLA levels in the plasma slightly but not 

significantly decreased in the ARA group because OLA can be sufficiently synthesized in liver or 

other organs and supply to the plasma. 

The fatty acid composition of skeletal muscle varies by muscle fiber type [35-38]; it 

could be reflected in the content of sarcolemma, sarcoplasmic reticulum, and mitochondria, which 

have different lipid composition in their membranes [39]. DHA is highly contained in the 

phospholipid of sarcoplasmic reticulum and mitochondria; therefore, DHA level in the skeletal 

muscle affects the muscle functions in vitro [40] and in vivo [41]. Stark et al have reported that 

total n-3 PUFA is comparative between SO and white gastrocnemius; whereas, percentage of DHA 

in SO significantly lower than that in the white gastrocnemius [42]. In the present study, less DHA 

percentage in the SO was observed compared with that in the EDL of control group (Table 4); 

however, it might be reflected in high TG levels are containing in the SO compared with EDL [35]. 

Mole percentage of DHA in the SO and DHA/ARA ratio in the SO and EDL significantly 

decreased in the ARA group (Table 4), suggesting that frequency contraction could be decreased 

by ARA administration. Further study is necessary to confirm muscle volume loss, high oxidative 
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stress, and switch MHC type were stimulated by either high concentration of ARA or low 

concentration of DHA in the muscle. In rats, it was reported that ARA composition of 

phospholipids was lower in the EDL than in the SO [43]. In the present study, less ARA levels in 

the EDL were also observed than that in the SO of the control group. After chronic ARA 

administration, ARA levels significantly increased in EDL but not SO. In contrast to ARA, OLA 

levels in the EDL significantly decreased but not in the SO; LA levels was decreased both in the 

EDL and the SO. Different transport systems may involve in these difference among fatty acids. 

Fatty acids transporters or translocators in the muscle regulate fatty acid composition [44, 45]. 

Guo et al. reported that fatty acid translocase (FAT/CD36) selectively transport ARA or LA but not 

OLA and palmitic acid [46]. Further studies are needed to determine the difference of these fatty 

acids transport proteins between the EDL and the SO. 

Declines in skeletal muscle mitochondria are thought to play a primary role in age-related 

progressive loss of muscle mass and muscle strength [47]. The amount of reduced glutathione 

decreases with aging as a result of functional decline of the mitochondria electron transfer chain 

[48]. Multiple damages may explain the decrease in respiration rate and activities of different 

respiratory chain complexes in human skeletal muscles [49, 50]. Low-level ROS plays an 

important role as the signal transducer of the excitation–contraction coupling; however, 

high-concentration ROS acts to decrease the function of skeletal muscle [51, 52]. Furthermore, the 

skeletal muscles are particularly vulnerable to oxidative stress because they are constituted in 
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postmitotic cells that are liable to accumulate oxidative damage over time [12]. Finally, oxidative 

stress is increased in the muscles of elderly people in association with cellular lipid, protein, and 

DNA damage. In the present study, ROS levels significantly increased and the muscle cell 

volumes decreased in EDL of ARA group. A strongly significant negative correlation was 

observed between plasma TBARS levels and the DHA/ARA and EPA/ARA ratios in the EDL. 

Similarly, a strongly significant negative correlation was observed between ROS levels and the 

DHA/ARA ratio in the EDL. Additionally, the relative mRNA expressions of glutathione 

peroxidase and superoxide dismutase significantly decreased in EDL of ARA group. These results 

suggest that increased levels of ARA in the EDL by chronic ARA administration might enhance 

oxidative stress in EDL.  

Skeletal muscle has different fiber-types, which are characterized by the expression of 

distinct myosin variants. During sarcopenia, there is a decrease in type 2 fibers, with little to no 

decrease in type 1 fibers [53]. Muscle aging determines the decline in cross-sectional area, fiber 

denervation, and fiber number loss, primarily type 2 fibers [54, 55]. Type 2 fibers show an 

age-related decrease in both number and size [56-58]; on the other hand, type 1 fibers increase 

with age or are little affected [59-562]. In this study, the muscle cell volumes were decreased and 

the number of sMHC-positive cells was increased in the EDL of ARA-administered aged rats, 

suggesting that ARA deposition in the EDL of aged rats induced the fiber volume loss. 

The synthesis rate of MHC protein decreases with age in humans [8]. mRNA abundance 
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in MHC2A and 2X fibers was decreased in vastus lateralis biopsy samples from healthy older 

individuals compared with that in those from healthy younger individuals, whereas the MHC1 

mRNA content remained unchanged [63]. In contrast, there is no difference between younger and 

older individuals in terms of mRNA abundance in MHC isoforms [64]. In this study, MHC1 

expression was significantly decreased in the SO of ARA-administered aged rats. Furthermore, the 

relative content of MHC2X was increased while that of MHC2B was decreased in the EDL of 

ARA-administered aged rats. These data indicate that ARA deposition in the EDL of aged rats 

caused a fast-to-slow isoform shift, suggesting that ARA deposition in the skeletal muscle of aged 

rats accelerates aging process. 

In the present study, we investigated whether chronic ARA administration could improve 

age-related decline of skeletal muscles because ARA or ARA-derived eicosanoids is necessary for 

the repair and growth of muscle tissue [16, 17]. On the other hands, NSAIDs treatments improved 

skeletal muscle wasting associated with chronic inflammatory conditions, such as 

aging-associated sarcopenia in old rats and older adults [20, 21]. Recent our study demonstrated 

that long-term oral administration of ARA increased ARA-derived eicosanoids level in the plasma 

of the normal young rats [65]. ARA-derived eicosanoids were not determined in the present study; 

it could be possible to increase ARA-derived eicosanoids levels in the muscle. Further study is 

necessary to confirm whether chronic ARA administration induces the production of ARA-derived 

eicosanoids in the aged rats. 
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To our knowledge, this is the first demonstration that chronic ARA administration 

changes in the MHC composition of aging skeletal muscle. The results suggest that chronic ARA 

administration induces muscle cell volume loss with an increase in oxidative stress in aged rats. In 

particular, ARA deposition in the EDL of aged rats may induce damage to type 2 muscle cells, 

such as volume loss. 

 

5. Conclusions 

 ARA deposition in the type 2 muscle of aged rats reduced cell volume with an increase in 

oxidative stress. ARA deposition in the EDL also changed a fast-to-slow MHC isoform shift. 
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Table 1 - Composition of the fatty acid in administrated oils 

(mol%) Control oil ARA oil 

Palmitic acid C16:0  13.8±0.01 6.95±0.00 

Stearic acid C18:0  13.8±0.01 5.91±0.00 

Oleic acid C18:1n-9  42.5±0.03 5.31±0.00 

Linoleic acid C18:2n-6  20.0±0.02 9.38±0.01 

Arachidonic acid C20:4n-6  ND 45.1±0.04 

Eicosapentaenoic acid C20:5n-3  0.13±0.01 0.52±0.00 

Docosapentaenoic acid C22:5n-3  ND ND 

Docosahexaenoic acid C22:6n-3  ND ND 

ND: Not detected 
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Table 2 - Body weight and biochemical parameters of plasma 

 Control ARA 

Number of rats 6 6 

Body weight (g) 404±13 419±10 

   

GOT (IU/L) 84.5±8.7 84.3±9.6 

GPT (IU/L) 44.5±3.3 49.3±4.0 

�-GTP (IU/L)) 1.5±0.2 1.8±0.3 

Albumin (mg/dL) 2.70±0.04 2.63±0.07 

Total cholesterol (mg/dL) 98.7±5.2 116.0±4.6* 

Triglyceride (mg/dL) 56.7±14.8 36.5±5.2 

Blood urea nitrogen (mg/dL) 17.2±1.2 19.7±0.7 

Creatinine (mg/dL) 0.27±0.02 0.29±0.01 

Blood glucose (mg/dL) 122.0±5.6 126.8±4.3 

HDL cholesterol (mg/dL) 57.3±4.1 70.2±1.8* 

LDL cholesterol (mg/dL) 28.3±0.8 35.0±2.8* 

Data are the mean ± SEM. *P < 0.05 
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GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; �-GTP �-glutamyl 

transpeptidase, HDL cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, 

low-density lipoprotein cholesterol. 

Table 3 - Fatty acid profiles and oxidative status in plasma 

 Control ARA  

Number of rats 6 6 

Palmitic acid C16:0 (mol%) 24.3±0.5 22.7±0.5* 

Stearic acid C18:0 (mol%) 14.1±0.3 14.6±0.4 

Oleic acid C18:1n-9 (mol%) 10.2±0.7 8.7±0.6 

Linoleic acid C18:2 n-6 (mol%) 18.1±1.2 14.2±0.9* 

Arachidonic acid C20:4n-6 (ARA) (mol%) 28.7±1.9 36.3±1.7* 

Eicosapentaenoic acid C20:5n-3 (EPA) (mol%) 0.69±0.12 0.36±0.09* 

Docosapentaenoic acid C22:5n-3 (mol%) 0.51±0.12 0.44±0.09 

Docosahexaenoic acid C22:6n-3 (DHA) (mol%) 1.79±0.27 1.33±0.25 

n-6/n-3 15.9±2.8 24.1±3.6 

DHA/ARA 0.06±0.01 0.04±0.01 

EPA/ARA 0.025±0.005 0.011±0.004* 

Unsaturation index (USI) 179.5±4.3 195.3±3.8* 
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TBARS (nmol/mL) 9.4±0.6 13.7±0.7* 

Data are the mean ± SEM. *P < 0.05 

TBARS, thiobarbituric acid reactive substance.

Table 4 - Fatty acid profiles and oxidative status in the muscle fibers 

 SO EDL 

 Control ARA Control ARA 

Number of rats 6 6 6 6 

Palmitic acid C16:0 (mol%) 19.40±0.96 21.31±0.68 26.30±0.67 27.50±0.55 

Stearic acid C18:0 (mol%) 18.38±1.28 16.15±1.67 13.68±0.59 14.12±0.38 

Oleic acid C18:1n-9 (mol%) 12.54±2.32 15.87±2.54 12.31±0.91 10.23±0.57 

Linoleic acid C18:2 n-6 (mol%) 27.36±0.53 24.54±1.45 25.61±0.50 20.30±0.79** 

Arachidonic acid C20:4n-6 (ARA) (mol%) 15.16±1.44 17.07±2.26 11.63±0.64 18.40±0.71** 

Eicosapentaenoic acid C20:5n-3 (EPA) (mol%) 0.102±0.004 0.077±0.015 0.100±0.004 0.089±0.016 

Docosapentaenoic acid C22:5n-3 (mol%) 1.19±0.13 0.93±0.15 1.43±0.06 1.48±0.03 

Docosahexaenoic acid C22:6n-3 (DHA) (mol%) 5.20±0.54 3.39±0.50* 8.31±0.81 7.34±0.38 

n-6/n-3 6.61±0.57 9.46±0.91* 3.80±0.28 4.31±0.19 

DHA/ARA 0.35±0.02 0.20±0.01** 0.71±0.04 0.40±0.01** 

EPA/ARA 0.007±0.001 0.006±0.002 0.009±0.001 0.005±0.001** 
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Unsaturation index (USI) 166.3±6.6 159.5±7.1 168.4±5.4 145.7±1.0 

TBARS (nmol/mg of protein) 1.37±0.21 2.83±0.57* 3.44±0.84 3.99±0.19 

ROS (nmol/min/mg of protein) 3.88±0.49 2.56±0.72 2.84±0.71 5.86±0.68* 

Data are the mean ± SEM. **P < 0.01, *P < 0.05

SO, slow-twitch muscle; EDL, fast-twitch muscle; TBARS, thiobarbituric acid reactive substance; 

ROS, reactive oxygen species.  

Captions to illustrations 

Fig. 1. The relative mRNA expressions of antioxidant enzyme in the skeletal muscles 

SO, slow-twitch muscle; EDL, fast-twitch muscle; GPx, glutathione peroxidase; SOD, superoxide 

dismutase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (A) The relative mRNA 

expressions of antioxidant enzyme in the slow-twitch muscle. (B) The relative mRNA expressions 

of antioxidant enzyme in the fast-twitch muscle. Data are expressed as mean ± SEM (n = 6). **P 

< 0.01, *P < 0.05. 

 

Fig. 2. Histological changes in muscles  

SO, slow-twitch muscle; EDL, fast-twitch muscle. (A) The cross-section of SO in the control 

group. (B) The cross-section of EDL in the control group. (C) The cross-section of SO in the ARA 
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group. (D) The cross-section of the EDL in the ARA group. Spaces between muscle bundles in the 

EDL were wider (B and D, asterisks) in the ARA group than in the control group. (E) The muscle 

area of the SO and EDL in each group. (F) The muscle cell area per muscle area of SO and EDL in 

each group. Scale bars: 200 �m. Data are expressed as mean ± SEM (n = 6). *P < 0.05. 

 

Fig. 3. Analysis of expression and distribution of slow myosin heavy chain in the fast-twitch 

muscles using immnohistochemistry  

sMHC, slow myosin heavy chain. (A) Immunohistochemistry image of the fast-twitch muscles 

(EDL) in the control group. (B) Immunohistochemistry image of the EDL in the ARA group. The 

green color represents sMHC-positive cells (white arrow heads). The red color represents laminin 

(as a marker of the basement membrane). (C) sMHC-positive cells per cell number. Scale bars: 

100 �m. Data are expressed as mean ± SEM (n = 6). *P < 0.05. 

 

Fig. 4. Representative electrophoretic gel separation of myosin heavy chain isoforms in slow- 

and fast-twitch muscles  

SO, slow-twitch muscle; EDL, fast-twitch muscle; MHC, myosin heavy chain. (A) Scanned 

image of electrophoretic gel separation of MHC isoforms. (B, C) Plot of the peak areas for the gel 

as shown in SO (B) and EDL (C). (D) MHC isoform ratios in the EDL. Data are expressed as 

mean ± SEM (n = 6). **P < 0.01. 
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HIGHLIGHTS 

1. Arachidonic acid (ARA) administration to aged rats increases ARA levels in the 

fast-twitch muscles. 

2. ARA administration increases reactive oxygen species level in the fast-twitch muscle. 

3. ARA administration decreases the muscle cell volumes in the fast-twitch muscle. 

4. Slow myosin heavy chain-positive cell number is increased in the fast-twitch muscles. 

5. ARA decreases muscle cells volume and type 2 muscle cells. 
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