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Abstract
High saturated fat (HF-S) diets increase intramyocellular lipid, an effect ameliorated by

omega-3 fatty acids in vitro and in vivo, though little is known about sex- and muscle fiber

type-specific effects. We compared effects of standard chow, HF-S, and 7.5% HF-S re-

placed with fish oil (HF-FO) diets on the metabolic profile and lipid metabolism gene and

protein content in red (soleus) and white (extensor digitorum longus) muscles of male and

female C57BL/6 mice (n = 9-12/group). Weight gain was similar in HF-S- and HF-FO-fed

groups. HF-S feeding increased mesenteric fat mass and lipid marker, Oil Red O, in red and

mixed muscle; HF-FO increased interscapular brown fat mass. Compared to chow, HF-S

and HF-FO increased expression of genes regulating triacylglycerol synthesis and fatty

acid transport, HF-S suppressed genes and proteins regulating fatty acid oxidation, where-

as HF-FO increased oxidative genes, proteins and enzymes and lipolytic gene content,

whilst suppressing lipogenic genes. In comparison to HF-S, HF-FO further increased fat

transporters, markers of fatty acid oxidation and mitochondrial content, and reduced lipo-

genic genes. No diet-by-sex interactions were observed. Neither diet influenced fiber type

composition. However, some interactions between muscle type and diet were observed.

HF-S induced changes in triacylglycerol synthesis and lipogenic genes in red, but not white,

muscle, and mitochondrial biogenesis and oxidative genes were suppressed by HF-S and

increased by HF-FO in red muscle only. In conclusion, HF-S feeding promotes lipid storage

in red muscle, an effect abrogated by the fish oil, which increases mediators of lipolysis, oxi-

dation and thermogenesis while inhibiting lipogenic genes. Greater storage and synthesis,

and lower oxidative genes in red, but not white, muscle likely contribute to lipid accretion en-

countered in red muscle. Despite several gender-dimorphic genes, both sexes exhibited a

similar HF-S-induced metabolic and gene expression profile; likewise fish oil was similarly

protective in both sexes.
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Introduction
Diets rich in saturated fat (HF-S), particularly when consumed ad libitum, increase adiposity
in rodents [1, 2]. Additionally, HF-S diets increase triacylglycerol deposition in ectopic stores,
including the liver and skeletal muscle in both mice [3–5] and humans [6–9]. We have previ-
ously reported [10] that in vitro exposure to palmitate, a saturated fatty acid, increases triacyl-
glycerol content in rat L6 myotubes. In healthy lean humans, acute exposure to a HF-S diet
increases fatty acid oxidation [11, 12]. This adaptive increase is impaired in obese humans [11,
13, 14] and has been linked to increased intramyocellular triacylglycerol storage [4, 5, 15, 16],
although increased fatty acid uptake [17, 18] and reduced triacylglycerol hydrolysis [19, 20]
may also be involved.

Dietary supplementation with fish oil has multiple, well-established health benefits, includ-
ing reducing circulating triacylglycerol and an anti-inflammatory action [21, 22]. In mice, re-
placing 1.5% of a corn oil based high fat diet (35% lipid; n-6 PUFA-rich) with docosahexaenoic
acid (DHA) derivative, α-ethyl DHA ethyl ester, reduced intramyocellular triacylglycerol by
more than half [23] and likewise, incorporating 3.6% eicosapentaenoic acid (EPA) ethyl ester
into a 45% high fat diet elicited intramyocellular triacylglycerol lowering effects. Mechanistically
several pathways may be involved. A high fat diet (35.5% energy from fat) of predominantly
fish oil increased muscle fatty acid transporter, Fat/cd36, mRNA in mice, compared to those
consuming an isocaloric lard-based high fat diet [24]. Supplementing a cafeteria high fat diet
(62% energy from fat (45% saturated fat, no EPA and DHA)) with EPA ethyl ester (1g/kg), re-
duced acetyl CoA carboxylase β (Acc-β) mRNA content in rat muscle, which may simulta-
neously result in suppression of lipogenesis and enhanced β-oxidation in myocytes [25]. While
replacing 15% of fat in high fat diet (35.2% fat (mainly n-6 PUFA-rich corn oil)) with n-3
PUFA concentrate (3.29:1 DHA:EPA) in mice promoted efficient β-oxidation of fatty acids
within skeletal muscle mitochondria [26]. Whether n-3 PUFAs from natural fish oil abrogate
intramyocellular lipid accumulation in a HF-S setting is unclear and the pathways involved re-
quire clarification. Additionally, the vast majority of past studies have examined only the effect
of dietary n-3 PUFA supplementation in either white glycolytic skeletal muscles [24] or muscles
of mixed fiber type [25–30] that are reliant on glucose or a fuel mixture as their main substrate
[31]. Red fibers are oxidative and rely heavily on lipids as fuel [31–33]. The extent to which the
addition of n-3 PUFAs to a HF-S diet modifies lipid metabolism in these red fibers remains to
be determined, although increased Cpt1b and Ucp3mRNA have been reported in the mouse so-
leus in response to EPA ethyl ester enrichment of a high fat diet [34]. Past studies were also con-
ducted solely in male rodents and thus cannot answer whether there are sex-related differences
in this response. Especially as in rats [35, 36], high fat-fed males are reported to be less efficient
at promoting adipose tissue deposition, are less proficient at amplifying muscle oxidative capac-
ity and instead exhibit greater hepatic triacylglycerol content and fatty acid oxidation rate,
when compared to high fat-fed females [36]. The aim of this study was therefore to determine
the differential effects of feeding a saturated fat-rich diet (HF-S) or a HF-S diet with 7.5% of
fatty acids replaced with n-3 PUFAs from fish oil (HF-FO) in male and female mice on body
composition and pathways of skeletal muscle lipid metabolism in both “white” fast-twitch gly-
colytic and oxidative-glycolytic and “red” slow-twitch oxidative muscles, by quantifying the his-
tological changes in muscle lipid content and oxidative capacity (SDH, NADH-TR) and the
mRNA content of key genes involved in fatty acid transport (Fat/cd36, Fabppm, Fatp1, Fatp4), li-
pogenesis and triacylglycerol storage and hydrolysis (Srebf1, Insig1, Dgat1, Scd1,Hsl), and fatty
acid disposal (Pdk4, Ampkα 1, Ampkα 2, Acc-β, Cpt1b, Ucp3, Pgc1α, Pparα) using real time
quantitative PCR and the abundance of key proteins involved in mitochondrial oxidation by
Western blot analysis (PGC1α, PPARα, CPT1b, OXPHOS Complex I-V).
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Materials and Methods

Ethics Statement
All procedures were approved by the University of Adelaide and Institute of Medical and Vet-
erinary Science Animal Ethics Committees, and University of Adelaide guidelines for the use
and care of laboratory animals were followed (approval number: M-027–2007). All animals
were provided with environmental enrichment throughout the dietary intervention and all
procedures thereafter were performed under isoflurane-induced anaesthesia to
minimise suffering.

Animals and diets
Specific pathogen-free 6-week-old male and female C57BL/6J mice were purchased from Labo-
ratory Animal Services, University of Adelaide (Adelaide, Australia). Mice were housed in indi-
vidual cages in an animal holding room with fixed photoperiod (12:12hr light/dark cycle) and
temperature (24.5°C). On arrival, mice underwent an acclimatization period of 2 wks, during
which they were provided standard rodent chow diet and water ad libitum. Following the accli-
matization period, mice were randomly assigned to one of three diets, fed either a standard
chow ((control (CON); AIN-93G), 16.1 MJ/kg, 15.91% energy from fat, 25.08% energy from
protein, 58.48% energy from carbohydrate), high saturated fat ((HF-S; SF07–066), 21.8 MJ/kg,
59.60% energy from fat (rich in saturated fat), 18.53% energy from protein, 21.20% energy
from carbohydrate), or HF-S fish oil enriched ((HF-FO; SF07–067), 21.8 MJ/kg, 59.60% energy
from fat (7.5% of HF-S replaced with n-3 PUFAs (% as fed)), 18.53% energy from protein,
21.27% energy from carbohydrate) diet. Diets were manufactured by Specialty Feeds Pty Ltd
(Glen Forrest, Australia) and n-3 PUFAs in the HF-FO diet were provided as HiDHA 25N
tuna oil (26% DHA, 6% EPA) (kindly donated by Nu-mega Ingredients Pty Ltd (Nathan, Aus-
tralia)). Both high fat diets were stored at -20°C, whilst the HF-FO diet was also stored in ali-
quots under nitrogen gas to avoid oxidation. Mice were maintained on their respective diets for
a period of 11 or 14 wks, see Experimental Protocols and Tissue Collection, during which food
and water were provided daily ad libitum.

Experimental Protocols and Tissue Collection
Cohort 1: Mice were maintained on their respective diets for 14 wks (± 4 d). Body weight (g)
was measured thrice weekly and at the time points of arrival (6 wks-of-age) and post-mortem
(20 wks-of-age) (n = CON(male) = 10, CON(female) = 12, HF-S(male) = 11, HF-S(female) =
11, HF-FO(male) = 9, HF-FO(female) = 11). Body weight upon arrival (Table 1; P = 0.16
(CON vs. HF-S), P = 1.0 (CON vs. HF-FO), P = 0.99 (HF-S vs. HF-FO) and during the acclima-
tization period (data not shown; P = 0.24 (CON vs. HF-S), P = 0.42 (CON vs. HF-FO), P = 1.0
(HF-S vs. HF-FO)) was similar in all dietary groups. Food intake was measured daily, from
which cumulative energy intake (MJ) was calculated.

Following 14 wks diet, whilst in the fed-state, mice underwent non-recovery surgery for the
excision of skeletal muscle. Surgeries were scheduled and performed to minimise temporal
variation. Anaesthesia was induced using a mixture of oxygen (0.5 L/min), nitrous oxide
(0.5 L/min) and 2% isoflurane (Forthane, Abbott Australasia Pty Ltd (Kurnell, Australia)) and
maintained using 1.5% isoflurane, 0.4 L/min oxygen and 0.4 L/min nitrous oxide. The whole
“white” extensor digitorum longus (EDL) and “red” soleus (SOL) muscles were then rapidly
dissected, snap frozen in liquid nitrogen and stored under liquid nitrogen vapour phase storage
until subsequent analyses of mRNA content and protein abundance. Following skeletal muscle
surgery, a cardiac puncture was performed and blood was collected in Microvette CB300 tubes
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treated with EDTA dipotassium salt (Sarstedt (Nümbrecht, Europe)). Post-mortem, adipose
tissue from the pooled posterior and anterior subcutaneous (dorso-lumbar, inguinal, gluteal,
white interscapular, subscapular, axillo-toracic and superficial cervical depots); visceral mesen-
teric; pooled perirenal and retroperitoneal; pooled brown deep cervical and interscapular; and
perigonadal (periovariac, females; epididymal, males) depots was dissected, snap frozen in liq-
uid nitrogen and evaluated for weight. Adipose tissue depot weights are expressed relative to
body weight, to allow comparison across sexes.

Cohort 2: Mice were maintained on their respective diets for 11 wks (± 7 d). Following 11
wks diet, whilst in the fed-state, mice underwent non-recovery surgery for the excision of skele-
tal muscle, with anaesthesia induced and maintained as described above. The whole EDL (un-
divided from the tibialis muscle), and soleus (undivided from the gastrocnemius and plantaris
muscles) were then rapidly dissected, followed by excision of the whole undivided quadriceps
muscles. Muscle groups were embedded at resting tension in Tissue-Tek OCT (Sakura Finetek
Co Ltd (Tokyo, Japan)) and gently frozen. OCT-embedded muscles were stored under liquid
nitrogen vapor phase storage until subsequent histological analyses of muscle lipid, fiber type
composition and oxidative capacity.

Plasma Biochemistry
Plasma glucose and triacylglycerol (mM) concentrations were measured in duplicate using
Gluco-quant Glucose/HK and TG GPO-PAP kits (Roche Diagnostics (Mannheim, Germany)),
respectively, on the COBAS Bio automated analysis system (Roche Diagnostics Australia Pty
Ltd (Castle Hill, Australia)). Plasma insulin concentrations (pM) were measured by DRG

Table 1. Body weight-related and plasma biochemical parameters.

Male Female Stat

CON HF-S HF-FO CON HF-S HF-FO

Start Weight (g) † 22.0 ±0.6 22.5 ±0.2 22.6 ±0.3 17.9 ±0.2 18.9 ±0.3 18.3 ±0.3 S

Final Weight (g) † 28.0 ±0.8 31.1 ±0.7* 31.8 ±0.9* 21.9 ±0.3 26.0 ±0.8* 27.6 ±0.6* D, S

Weight Gain (g) † 6.05 ±0.8 8.63 ±0.6* 9.25 ±0.9* 3.99 ±0.3 7.14 ±0.7* 9.25 ±0.6* D, S

Energy Intake (MJ) 4.36 ±0.1 5.45 ±0.1§ 5.08 ±0.2§ 3.94 ±0.1 5.50 ±0.2§ 5.49 ±0.1§ DxS

Pooled AT (g) 2.48 ±0.2 3.00 ±0.3* 3.19 ±0.5* 1.64 ±0.1 2.64 ±0.4* 2.92 ±0.3* D

Subcutaneous AT (mg/g) 35.0 ±2.4 40.5 ±4.8 41.5 ±6.3 34.0 ±2.1 44.9 ±5.4 47.3 ±6.0 N/S

Mesenteric AT (mg/g) 20.0 ±1.0 18.7 ±0.6 15.6 ±1.1 # 17.9 ±0.6 21.7 ±2.2 18.4 ±0.8 # D

Perirenal AT† (mg/g) 8.2 ±0.7 9.3 ±1.1 11.5 ±2.0* 5.9 ±0.4 7.8 ±1.0 9.9 ±1.0 * D, S

Brown AT (mg/g) 4.7 ±0.4 3.8 ±0.3 5.2 ±0.5 # 4.4 ±0.4 3.8 ±0.2 5.5 ±0.4 # D

Perigonadal AT (mg/g) 20.0 ±1.3 22.3 ±2.4 23.8 ±4.0 13.4 ±1.4 18.6 ±2.3 22.4 ±2.9* D

Plasma Glucose (mM) † 8.04 ±0.6 7.98 ± 0.5 6.84 ±0.7 7.34 ±0.6 5.96 ±0.5 6.64 ±0.5 S

Plasma Insulin (pM) 63.8 ±12 109.7 ±29 59.7 ±14 71.9 ±14 114.2 ±26 70.7 ±18 N/S

Plasma TG (mM) 0.83 ±0.1 0.62 ±0.0 0.53±0.1*# 0.72 ±0.1 0.79 ±0.1 0.55±0.1*# D

Measured in male and female mice fed control (CON), high saturated fat (HF-S) and high fat fish oil enriched (HF-FO) diets for 14 wks (Cohort 1).

Results are mean ± SEM of 9–12 animals per group. Adipose tissue, AT; TG, triacylglycerol.

Statistics: Effect of diet (D):

*P�0.05, vs CON;
#P�0.05, compared to HF-S. Effect of sex (S):
†P�0.05 male vs female. Diet*sex interaction (DxS):
§P�0.05, compared to CON of same gender. N/S, not significant.

doi:10.1371/journal.pone.0117494.t001
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Ultrasensitive Mouse Insulin ELISA (DRG Instruments (Marburg, Germany)) as per
manufacturer’s instructions.

mRNA Expression Analyses using the GenomeLab GeXP Genetic
Analysis System
Total RNA from whole EDL and soleus muscles was isolated using TRIzol reagent (Invitrogen
Australia Pty Ltd (Mount Waverley, Australia)). RNA quality and concentration were evaluat-
ed (NanoDrop 1000 Spectrophotometer, ThermoScientific Inc (Wilmington, USA)). RNA was
treated using DNase I (Invitrogen Australia Pty Ltd). cDNA was generated by reverse tran-
scription according to manufacturer’s instructions (GenomeLab GeXP Genetic Analysis Sys-
tem, Beckman Coulter Inc), resulting in cDNA of gene-specific sequences with a flanking
universal sequence. Forward and reverse primers were designed to amplify a section of the pro-
tein coding sequence and to be positioned in different exons as determined by Entrez Nucleo-
tide (National Center for Biotechnology Information (Bethesda, USA)) and Ensembl
(European Bioinformatics Institute/Wellcome Trust Sanger Institute (Cambridge, United
Kingdom)), respectively. Primers were designed using GenomeLab GeXP eXpress Profiler soft-
ware (ver.10.0 Beckman Coulter Inc (Fullerton, USA)) to generate an amplified product with a
gene fragment length between 137–356 nucleotides and separation size of at least 6 nucleotides.
Finally primer sequences were submitted to BLAST (Basic Local Alignment Search Tool, Na-
tional Center for Biotechnology Information (Bethesda, USA)). A universal sequence was then
added to both forward and reverse designed primer sequences, generating chimeric primers.
Resultant forward and reverse primers (GeneWorks Pty Ltd (Hindmarsh, Australia)) are listed
in table form (Supporting Information—S1 Table). Primers were optimized in singlet and mul-
tiplex reactions, according to manufacturer’s instructions (GenomeLab GeXP Genetic Analysis
System, Beckman Coulter Inc). Multiplex PCR was then performed on the Eppendorf Master-
cycler Gradient (Eppendorf South Pacific Pty Ltd (North Ryde, Australia)). Negative controls
(no template, no reverse transcriptase) were run in parallel. Fluorescently-labeled PCR prod-
ucts were separated, detected, quantified and analyzed in duplicate using the GenomeLab
GeXP Genetic Analysis system and GenomeLab GeXP eXpress Profiler software. Output
mRNA contents were then normalized to the average mRNA content of 3 housekeeping genes,
TATA-binding protein, RNA Polymerase 2c and large ribosomal protein P0.

Protein content analyses by Western Blot
Whole EDL and soleus muscles were weighed and homogenised in ice-cold lysis buffer as de-
scribed previously [37] and protein concentration determined by bicinchoninic acid protein
assay (Pierce Biotechnology (Rockford, USA)). For measuring the abundance of PPARα, oxi-
dative phosphorylation (OXPHOS) complexes I-V, peroxisome proliferative activated receptor
γ coactivator 1α (PGC1α), CPT1b and β-tubulin proteins, 16–20 μg of muscle protein was sub-
jected to SDS-PAGE using precast 10% Bis-Tris gels or 4–12% Bis-Tris gels (Bio-Rad Laborato-
ries Pty Ltd (Gladesville, Australia)) and transferred to PVDF membranes. Membranes were
incubated overnight in primary antibody; PPARα (Abcam (Cambridge, UK)), 1:500; OXPHOS
proteins (MitoSciences (Eugene, USA)), 1:250; PGC1α (Abcam), 1:1000; CPT1b (Alpha Diag-
nostic International Inc (San Antonio, USA)), 1:1000; and β-Tubulin (Cell Signaling Technolo-
gy (Danvers, USA)), 1:2000. Bound primary antibodies were detected with sheep anti-rabbit
(1:2500, Chemicon International (Billerica, USA)) or goat anti-mouse alkaline-phosphatase
linked antibody (1:2000, Millipore (Billerica, USA)). Membranes were developed with chemi-
fluoresence substrate (ECF), scanned by Typhoon Imager (GE Healthcare Bio-Sciences (Rydal-
mere, Australia)) and were quantified using ImageQuant software (Molecular Dynamics).
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Muscle Histology
OCT-embedded muscle groups (the EDL and tibialis group, and the soleus, gastrocnemius and
plantaris group, and the quadriceps muscles group) were cut to 4, 9 or 10 μm thick cross-sec-
tions at -20°C. Sections were stained with haematoxylin and eosin to confirm normal cellular
morphology (data not shown) or with Oil Red O, a marker of intramyocellular lipid content.
Serial sections were stained for myofibrillar myosin adenosine triphosphatase (mATPase), fol-
lowing alkaline (pH 10.4) and acidic (pH 4.1, pH 4.3) preincubations, to evaluate muscle fiber
type [38]. Sections were stained for succinic dehydrogenase (SDH) and NADH tetrazolium re-
ductase (NADH-TR) to confirm muscle fiber type and evaluate oxidative capacity. Following
all staining, slides were scanned using the NanoZoomer Digital Pathology scanner (Hamama-
tsu Photonics K. K. (Hamamatsu City, Japan)). The soleus and EDL muscles were analyzed in
duplicate to determine muscle fiber type and oxidative capacity in predominantly red and
white muscles, respectively, with the same 75 muscle fibers in each scanned image assessed for
all stains. Images were scored whilst blinded to dietary group and sex.

The activity of mATPase was judged on a subjective basis by one observer and muscle fibers
were given a score from 1–5 based on the intensity of staining (1 = light, 2 = light-moderate, 3
= moderate, 4 = moderate-dark, 5 = dark). A defined scheme was used to classify fiber type,
based on scores given to muscle fibers stained for mATPase [38]. Fiber type composition (%)
was calculated as the proportion of each fiber type relative to the total number of fibers scored.

SDH and NADH-TR staining intensity were assessed by mean pixel density using ImageJ
software (ver. 1.42q, National Institute of Health (Bethesda, USA)) from grayscale images man-
ually traced at cell perimeters. The same fibers used to assess the activity of both SDH and
NADH-TR were also used to determine muscle fiber type by mATPase staining, allowing clas-
sification of oxidative activity respective to fiber type. Cell area of each muscle fiber type was
also assessed. The area of each fiber type was calculated relative to the total area measured, pro-
viding the relative area occupied by each muscle fiber type within the EDL and soleus muscles.
Results are presented as the mean cross-sectional cell area of classified fibers and the % area oc-
cupied by each muscle fiber type.

Statistical Analysis
All data are presented as mean ± SEM. Two-way ANOVA, with pairwise comparisons (Bonfer-
roni post-hoc), was used to determine the effect of diet (CON, HF-S, HF-FO), muscle (EDL, so-
leus), sex (male, female) and their interaction on parameters. In Cohort 2 analyses, as there was
no significant interaction of sex and diet, to enhance statistical power, data from male (n = 3
per group) and female (n = 2–3 per group) mice were combined. One-way ANOVAs, with
Bonferroni post-hoc analysis, were therefore used to determine the effect of diet in the EDL
and soleus muscles on muscle fiber type-specific parameters. Statistics were performed using
Statistical Package for Social Scientists ver.17.0.0 (SPSS Inc (Chicago, USA)). P<0.05 was con-
sidered statistically significant.

Results

Effect of dietary fat composition on adipose tissue distribution and
plasma biochemistry (Table 1)
Compared to CON, HF-S- and HF-FO-fed mice gained more weight (effect of diet: P�0.001),
but there were no differences between the two high fat diet groups. Irrespective of diet, males
gained more weight than females (effect of sex: P�0.05). Compared to CON, cumulative ener-
gy intake was higher in the two high fat diet groups (effect of diet: P<0.005), but there was no
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difference between high fat diets and no effect of sex. Compared to CON, HF-S and HF-FO in-
creased pooled adipose tissue mass similarly, in both sexes (effect of diet: P�0.05, P�0.01).
However, fat storage in distinct adipose tissue depots was affected by dietary fatty acid compo-
sition. Compared to CON, HF-FO increased pooled perirenal and retroperitoneal adipose tis-
sue (effect of diet: P�0.005), irrespective of sex, and gonadal periovariac adipose tissue (effect
of diet: P�0.05) in female mice. In males, gonadal depot, epididymal adipose tissue, was un-
changed by diet; similarly subcutaneous fat mass was not diet-dependent. Compared to HF-S,
HF-FO decreased mesenteric adipose tissue (effect of diet: P�0.05) and increased brown adi-
pose tissue (effect of diet: P�0.05), in both sexes. Other than higher pooled perirenal and retro-
peritoneal adipose tissue in males (effect of sex: P�0.05), the adipose tissue depots measured
were not sexually dimorphic. Compared to CON and HF-S, HF-FO lowered plasma triacylgly-
cerol (effect of diet: P�0.005, P�0.05), irrespective of sex. Neither high fat diet influenced plas-
ma glucose nor insulin concentrations, irrespective of sex. Irrespective of diet, glucose levels
were higher in males than females (effect of sex: P�0.05).

Effect of dietary fat composition on skeletal muscle lipid content in whole
muscle and muscle fiber type distribution (Fig. 1)
Increased Oil Red O staining, a marker of intramyocellular lipid, was apparent in soleus (pre-
dominately red) and quadriceps (mixed fiber type) of HF-S, but not CON and HF-FO, mice
(Fig. 1A). Neither high fat diet influenced Oil Red O staining in the EDL (predominantly white
muscle). Percentage muscle fiber type composition in the EDL and soleus muscles was not
influenced by diet (Fig. 1B), nor was the cross-sectional area of each muscle fiber type (data not
shown).

Effect of dietary fat composition on muscle fatty acid transporter mRNA
content (Table 2)
Compared to CON, both high fat diets increased Fat/cd36 and Fatp1mRNA (effect of diet:
Fat/Cd36: P�0.001; Fatp1: HF-S P�0.005; HF-FO P�0.001), but HF-FO alone increased Fatp4
mRNA (effect of diet: P�0.02), irrespective of muscle type. Compared to HF-S, HF-FO in-
creased Fat/Cd36mRNA (effect of diet: P�0.001), irrespective of muscle type. All fatty acid
transporters exhibited greater mRNA content in the soleus muscle (effect of muscle fibre type:
P�0.001). Except for higher Fatp1mRNA in males compared to females in the EDL only
(muscle�sex interaction: P�0.001), there were no other sex differences in fatty acid transporter
mRNA content.

Effect of dietary fat composition on the mRNA content of genes
influencing fatty acid storage and lipogenesis (Table 3)
Compared to CON, HF-S increased Srebf1 and Insig1mRNAs (effect of diet: P�0.02), irrespec-
tive of muscle fiber type, and increased Dgat1 and decreased Scd1mRNA in the soleus muscle
alone (diet�muscle interaction: P�0.05; P�0.005). Compared to CON, HF-FO increased
Dgat1mRNA in both muscles (diet�muscle interaction: P�0.001). Compared to both CON
and HF-S, HF-FO decreased Scd1mRNA in both muscles (diet�muscle interaction: P�0.02)
and increasedHslmRNA (effect of diet: P�0.001, P�0.05), irrespective of fiber type. Com-
pared to HF-S alone, HF-FO lowered the mRNA content of Insig1, irrespective of muscle type
(effect of diet: P�0.001) and increased Dgat1mRNA in the soleus muscle (diet�muscle interac-
tion: P�0.001).
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Fig 1. Muscle Lipid Content and Fiber Type Composition. (A) Oil Red O staining, a marker of intramyocellular lipid, of the whole extensor digitorum
longus (EDL), soleus (SOL) and quadriceps (rectus femoris (RECT FEM), vastus lateralis (VAST LAT), vastus intermedius (VAST INT) and vastus medialis
(VASTMED)) muscles and (B) muscle fiber type composition (%) of the EDL and SOLmuscles of mice fed a control (CON), high saturated fat (HF-S) or high
fat fish oil enriched (HF-FO) diet for 11 wks (Cohort 2). Scale bars represent 100 μm.

doi:10.1371/journal.pone.0117494.g001
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Table 2. Fatty acid transporter mRNA content.

Male Female Stat

CON HF-S HF-FO CON HF-S HF-FO

Fat/Cd36 EDL 100 ± 6 116 ± 8* 133 ± 5*# 95 ± 7 105 ± 5* 137 ± 7*# D, M

SOL+ 100 ± 3 121 ± 4* 146 ± 7*# 94 ± 5 115 ± 6* 139 ± 7*#

Fabppm EDL 100 ± 3 107 ± 4 100 ± 3 106 ± 8 98 ± 4 107 ± 5 M

SOL+ 100 ± 3 96 ± 2 110 ± 5 101 ± 6 100 ± 7 113 ± 8

Fatp1 EDL‡ 100 ± 8 137 ± 8* 145 ± 9* 81 ± 10 102 ± 7* 113 ± 13* D, MxS

SOL+ 100 ± 6 114 ± 8* 129 ± 6* 93 ± 9 112 ± 12* 141 ± 9*

Fatp4 EDL 100 ± 6 99 ± 9 119 ± 13* 107 ± 12 93 ± 7 108 ± 8* D, M

SOL+ 100 ± 5 128 ± 10 150 ± 6* 117 ± 12 142 ± 20 142 ± 14*

Fatty acid translocase (Fat/Cd36), Fatty acid binding protein (Fabppm) and Fatty acid transport proteins 1 (Fatp1) and 4 (Fatp4) in extensor digitorum

longus (EDL) and soleus (SOL) muscles of male and female mice fed control (CON), high saturated fat (HF-S) or high fat fish oil enriched (HF-FO) diets

for 14 wks (Cohort 1).

mRNA contents are expressed as a percentage of the value of male animals under CON diet. Results are mean ± SEM of 9–12 animals per group.

Statistics: Two-way ANOVA: Effect of diet (D):

*P�0.05, vs CON;
#P�0.05, compared to HF-S. Effect of muscle type (M):
+P�0.05 EDL vs SOL. Muscle*sex interaction (MxS):
‡P�0.05, male vs female (EDL).

doi:10.1371/journal.pone.0117494.t002

Table 3. Lipogenesis, triacylglcerol synthesis and storage genes mRNA content.

Male Female Stat

CON HF-S HF-FO CON HF-S HF-FO

Srebf1 EDL† 100 ± 5 143 ± 10* 104 ± 11 78 ± 8 103 ± 8* 104 ± 9 D, MxS

SOL 100 ± 10+ 99 ± 11*+ 92 ± 16+ 90 ± 11 108 ± 13* 141 ± 27

Insig1 EDL 100 ± 8 128 ± 9* 89 ± 9# 109 ± 15 97 ± 5* 81 ± 5# D

SOL 100 ± 8 147 ± 10* 104 ± 9# 112 ± 12 148 ± 18* 107 ± 16#

Dgat1‡ EDL 100 ± 15 167 ± 23 197 ± 41* 113 ± 19 178 ± 29 209 ± 22* S, DxM

SOL 100 ± 15 162 ± 17*^ 224 ± 39*#^ 117 ± 16 197 ± 34*^ 300 ± 33*#^

Scd1 EDL 100 ± 8 86 ± 8 56 ± 3*# 109 ± 17 77 ± 4 84 ± 7*# DxMMxS

SOL† 100 ± 11^ 84 ± 6*^ 32 ± 2*# 149 ± 13^ 110 ± 19*^ 40 ± 5*#

Hsl EDL 100 ± 7 128 ± 8 142 ± 14*# 103 ± 12 117 ± 12 135 ± 11*# D, M

SOL+ 100 ± 7 117 ± 7 144 ± 13*# 107 ± 12 124 ± 14 150 ± 13*#

Sterol regulatory element binding transcription factor 1 (Srebf1), insulin induced gene 1 (Insig1), diacylglycerol acyltransferase 1 (Dgat1), stearoyl-

Coenzyme A desaturase 1 (Scd1) and hormone sensitive lipase (Hsl) in extensor digitorum longus (EDL) and soleus (SOL) muscles of male and female

mice fed control (CON), high saturated fat (HF-S) or high fat fish oil enriched (HF-FO) diets for 14 wks (Cohort 1).

mRNA contents are expressed as a percentage of the value of male animals under CON diet. Results are mean ± SEM of 9–12 animals per group.

Statistics: Two-way ANOVA: Effect of diet (D):

*P�0.05, vs CON;
#P�0.05, compared to HF-S. Effect of muscle type (M):
+P�0.05 EDL vs SOL. Effect of sex (S):
‡P�0.05, male vs female. Muscle*sex interaction (MxS):
†P�0.05, male vs female (of same muscle). Diet*muscle (DxM):

^P�0.05, EDL vs SOL (of same diet).

doi:10.1371/journal.pone.0117494.t003
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mRNA contents of genes involved in lipogenesis, lipolysis and triacylglycerol metabolism
were mostly higher in the soleus than the EDL, but this was sex- and diet-dependent. Srebf1
(male mice), Hsl (irrespective of diet or sex), Dgat1 (HF-S, HF-FO (diet�sex) and Scd1 (CON,
HF-S (diet�muscle), male and female (sex�muscle)) exhibited greater mRNA in soleus com-
pared to EDL muscle. Sex-dependent effects were observed for Srebf1 (in EDL) which exhibited
greater mRNA in males, and Scd1 (in soleus) and Dgat1 (irrespective of diet or muscle) which
exhibited greater mRNA in females.

Effect of dietary fat composition on fatty acid oxidation gene mRNA
content (Table 4)
Compared to CON, HF-S decreased Pgc1αmRNA in the soleus muscle (diet�muscle interac-
tion: P�0.001) and PparαmRNA in both muscles (effect of diet P�0.05) and increased
Ampkα2mRNA irrespective of muscle fiber type (effect of diet P�0.05). Compared to CON,
HF-FO increased Cpt1b, Ucp3, Pgc1α and Pdk4mRNA in both muscles (diet�muscle interac-
tion: P�0.05; P�0.001; P�0.001; and effect of diet: P�0.001). Compared to HF-S, HF-FO

Table 4. Fatty Acid Utilisation Gene mRNA Content.

Male Female Stat

CON HF-S HF-FO CON HF-S HF-FO

Pdk4 EDL 100 ± 18 167 ± 13* 206 ± 25* 131 ± 27 160 ± 20* 192 ± 19* D, M

SOL+ 100 ± 14 176 ± 5* 234 ± 13* 118 ± 20 204 ± 28* 241 ± 24*

Ampk1 EDL 100 ± 7 97 ± 8 101 ± 8 107 ± 12 97 ± 6 128 ± 11 M

SOL+ 100 ± 7 116 ± 7 118 ± 5 122 ± 8 111 ± 6 110 ± 6

Ampk2 EDL† 100 ± 5 106 ± 3* 91 ± 2# 85 ± 5 94 ± 29* 85 ± 7# D MxS

SOL+ 100 ± 3 103 ± 4* 93 ± 3# 95 ± 5 106 ± 9* 92 ± 5#

Acc- EDL 100 ± 7 110 ± 9 111 ± 10 140 ± 40 104 ± 6 104 ± 12 M

SOL+ 100 ± 8 122 ± 7 139 ± 6 134 ± 28 147 ± 33 154 ± 27

Cpt1b‡ EDL 100 ± 6 94 ± 6 115 ± 4*# 65 ± 5 88 ± 3 104 ± 10*# DxMS

SOL+ 100 ± 4 111 ± 5 146 ± 4*# 85 ± 4 89 ± 10 116 ± 9*#

Pgc1‡ EDL 100 ± 10 88 ± 6 97 ± 5 78 ± 6 79 ± 9 94 ± 13 DxMS

SOL 100 ± 11^ 68 ± 9* 185 ± 33*#^ 87 ± 10^ 44 ± 7* 144 ± 16*#^

Ppar EDL 100 ± 5 84 ± 6* 90 ± 6# 105 ± 15 92 ± 11* 95 ± 12# D, M

SOL+ 100 ± 9 78 ± 7* 102 ± 7# 104 ± 10 87 ± 6* 100 ± 8#

Ucp3 EDL 100 ± 15 116 ± 7 163 ± 18* 78 ± 14 105 ± 12* 136 ± 13* DxM

SOL 100 ± 19^ 196 ± 16 283 ± 25* 111 ± 27^ 248 ± 34* 255 ± 24*

Pyruvate dehydrogenase kinase 4 (Pdk4), AMP-activated protein kinase catalytic subunits α 1 (Ampkα 1) and α 2 (Ampkα 2), acetyl-CoA carboxylase-

(Acc-), carnitine palmitoyl transferase 1b (Cpt1b), peroxisome proliferative activated receptor coactivator 1 (Pgc1), peroxisome proliferator activator

receptor α (Ppar α) and uncoupling protein 3 (Ucp3) in extensor digitorum longus (EDL) and soleus (SOL) muscles of male and female mice fed control

(CON), high saturated fat (HF-S) or high fat fish oil enriched (HF-FO) diets for 14 wks (Cohort 1).

mRNA contents are expressed as a percentage of the value of male animals under CON diet. Results are mean ± SEM of 9–12 animals per group.

Statistics: Two-way ANOVA: Effect of diet (D):

*P�0.05, vs CON;
#P�0.05, compared to HF-S. Effect of muscle type (M):
+P�0.05 EDL vs SOL. Effect of sex (S):
‡P�0.05, male vs female. Muscle*sex interaction (MxS):
†P�0.05, male vs female (of same muscle). Diet*muscle (DxM):

^P�0.05, EDL vs SOL (of same diet).

doi:10.1371/journal.pone.0117494.t004
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increased Cpt1bmRNA in both muscles (diet�muscle interaction P�0.05), and increased Ppar
(effect of diet P�0.05) and decreased Ampkα2mRNA (effect of diet P�0.05), irrespective of
muscle fiber type. Neither Ampkα 1 nor Acc-βmRNA were changed by diet or sex (data not
shown). There were no diet�sex interactions, however sex differences were observed in the
mRNA content of Cpt1b (effect of sex: P�0.001) and Pgc1α (effect of sex: P�0.005), irrespec-
tive of muscle type, and of Ampkα2 in the EDL only (muscle�sex interaction: P�0.001).

Effect of dietary fat composition on mitochondrial fatty acid oxidative and
OXPHOS protein abundance and staining for oxidative enzymes
Compared to CON, HF-S increased CPT1b protein in the soleus muscle (diet�muscle interac-
tion: P�0.005). Compared to CON, HF-FO increased CPT1b protein in the soleus (diet�mus-
cle interaction: P�0.005) and EDL muscles (diet�muscle interaction: P�0.01). Compared to
HF-S, HF-FO increased CPT1b protein in the EDL muscle (diet�muscle interaction: P�0.001)
(Table 5). PGC1α and PPARα protein contents were unaffected by diet. Except for increased
CPT1b protein in the EDL compared to soleus of female mice only (muscle�sex interaction:
P�0.001), CPT1b, PGC1α and PPARα proteins were not influenced by sex or muscle fibre

Table 5. Abundance of Fatty Acid Utilisation and Oxidative Phosphorylation Proteins.

Male Female Stat

CON HF-S HF-FO CON HF-S HF-FO

CPT1b EDL 100 ± 7 74 ± 9 129 ± 19*# 104 ± 18 91 ± 25 199 ± 48*# DxMMxS

SOL 100 ± 22 183 ± 20* 233 ± 18* 43 ± 5^ 141 ± 13*^ 171 ± 29*^

PGC1α EDL 100 ± 14 107 ± 15 107 ± 16 108 ± 16 119 ± 19 158 ± 41 M

SOL+ 100 ± 8 100 ± 9 111 ± 7 76 ± 8 82 ± 6 102 ± 10

PPARα EDL 100 ± 16 106 ± 15 105 ± 16 99 ± 12 85 ± 7 117 ± 19 M

SOL+ 100 ± 11 78 ± 13 92 ± 16 78 ± 19 80 ± 13 87 ± 20

Complex-I EDL 100 ± 21 77 ± 40 68 ± 21 146 ± 43 107 ± 28 88 ± 30 M

SOL+ 100 ± 18 64 ± 8 33 ± 8 49 ± 10 61 ± 16 28 ± 8

Complex-II EDL 100 ± 10 110 ± 24 120 ± 23 136 ± 32 134 ± 22 168 ± 34 M

SOL+ 100 ± 15 94 ± 8 109 ± 7 88 ± 7 103 ± 10 105 ± 10

Complex-III EDL 100 ± 27 31 ± 7* 68 ± 13# 99 ± 15 35 ± 9* 94 ± 29# DxM

SOL 100 ± 17^ 60 ± 10 53 ± 11^ 55 ± 9^ 60 ± 15 53 ± 11^

Complex-IV EDL 100 ± 17 87 ± 17 100 ± 15 106 ± 12 98 ± 13 114 ± 17 M

SOL+ 100 ± 8 104 ± 2 98 ± 8 74 ± 7 95 ± 6 101 ± 9

Complex-V EDL 100 ± 16 106 ± 16 108 ± 15* 106 ± 11 111 ± 14 153 ± 31* D, M

SOL+ 100 ± 14 145 ± 11 148 ± 11* 69 ± 7 130 ± 8 151 ± 10*

Carnitine palmitoyl transferase 1b (CPT1b), peroxisome proliferative activated receptor γ coactivator 1α (PGC1α), peroxisome proliferator activator

receptor α (PPARα) and mitochondrial Complex-I to—V protein abundance in extensor digitorum longus (EDL) and soleus (SOL) muscles of male and

female mice fed control (CON), high saturated fat (HF-S) or high fat fish oil enriched (HF-FO) diets for 14 wks (Cohort 1).

mRNA contents are expressed as a percentage of the value of male animals under CON diet. Results are mean ± SEM of 6 animals per group. Statistics:

Two-way ANOVA: Effect of diet (D):

*P�0.05, vs CON;
#P�0.05, compared to HF-S. Effect of muscle type (M):
+P�0.05 EDL vs SOL. Effect of sex (S):
‡P�0.05, male vs female. Muscle*sex interaction (MxS):
†P�0.05, male vs female (of same muscle). Diet*muscle (DxM):

^P�0.05, EDL vs SOL (of same group).

doi:10.1371/journal.pone.0117494.t005
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type. Compared to CON, HF-FO increased OXPHOS ATP synthase (Complex-V) protein, re-
sponsible for the final step of mitochondrial oxidative phosphorylation (OXPHOS) (effect of
diet: P�0.01) (Table 5). Compared to CON and HF-FO, HF-S reduced OXPHOS Complex-III
protein in the EDL muscle alone (diet�muscle interaction: P�0.001, P�0.005). Protein abun-
dance of Complexes-I to-V was not sex-dependent; but was greater in the EDL than soleus
(Complex-I, -II, -IV, -V, effect of muscle fibre type: P�0.001; Complex-III (CON and HF-FO
groups only) diet�muscle interaction: P�0.001). Representative blots are featured in support-
ing information S1 Fig.

Staining of SDH and NADH-TR provides a generalized readout of mitochondrial oxidative
capacity. Compared to CON and HF-S, HF-FO increased soleus muscle SDH staining in a
fiber type-specific manner (with type I and IIC fibers exhibiting darker staining for SDH in
HF-FO muscle compared CON (IIC: P�0.05 I: P = 0.1(trend)) and HF-S (all P�0.05) muscle)
(Fig. 2D, E). Compared to HF-S, HF-FO tended to increased SDH staining in type IIA fibers in
the soleus muscle (P = 0.06). Compared to CON and HF-S, HF-FO increased NADH-TR stain-
ing in soleus type IC fibres (P�0.005, P�0.02, respectively) and compared to HF-S alone, HF-
FO increased NADH-TR staining in the soleus muscle type I and IIC fibers (P�0.05) (Fig. 2F).
Compared to CON, HF-FO also tended to increase SDH and NADH-TR staining in the EDL
muscle in a fiber type-specific manner, with type IID/X and IIA fibers tending to stain darker
for SDH (P = 0.06, P = 0.1, respectively) and for NADH-TR (P = 0.09, P = 0.08, respectively) in
the HF-FO EDL (Fig. 2A-C).

Discussion
In this study we demonstrate that chronic consumption of a HF-S diet induces markers of
intramyocellular lipid accumulation in the soleus, a predominately red or oxidative muscle, but
not in the EDL, a mainly white or glycolytic muscle, in mice. Increased intramyocellular lipid
specific to red muscle is consistent with fundamental fiber-specific differences in intermediary
metabolism and nutrient oxidation; namely red muscle ordinarily is reliant on fat as fuel and
white muscle is glucose-dependent [31]. Preferential accumulation of triacylglycerol in type I
fibers has been reported in rats [39] and humans [8, 9]. Our findings also suggest that increased
abundance of fatty acid transport and triacylglycerol esterification genes, and decreased expres-
sion of mediators of fatty acid oxidation in red, but not white myocytes, in response to HF-S
are likely contributors to the red muscle-specific intramyocellular lipid accumulation [40–43].
While HF-S-induced changes in intermediary metabolism have in past been reported [35, 36],
here we show muscle type-specificity of this effect and we highlight the importance of consider-
ing fiber type when interpreting past publications and in future study design.

In past enrichment of a high fat diet of corn oil with pharmaceutical n-3 PUFA derivative,
α-ethyl DHA ethyl ester, elicited promising effects in preventing high fat diet-induced muscle
triacylglycerol accretion in male C57BL/6N mice [23]. We introduce a novel finding in which
enrichment of a chronic HF-S diet with natural fish oil abolished markers of intramyocellular
lipid accretion in the soleus and quadriceps muscles of mice. In fact histological muscle lipids
in HF-FO-fed mice was comparable visually to that observed in a low-fat standard chow-fed
control group, although it is important to note that not only the fat, but also the protein and
carbohydrate contents, of these diets differed. Whether this is a red fiber type-predominant
phenomena requires investigation by quantifying intramyocellular lipid in serial sections with
individual fiber type determination. n-3 PUFAs, especially of marine origin, have long been
hailed as effective mediators of hyperlipidemia [22, 23, 44–46] and at preventing hepatocellular
lipid accumulation [47] and have therefore gained popularity as an adjunct clinical therapeutic.
Based on past literature, the mechanism for the observed muscle lipid-lowering effect is
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Fig 2. Staining for Mitochondrial Enzymes: Serial sections of the EDL (A) and soleus (D) muscle stained for SDH and NADH-TR and histological
quantification SDH (B, E) and NADH-TR (C, F) staining intensity in extensor digitorum longus (B, C) and soleus (E, F) in mice fed a control (CON),
high saturated fat (HF-S) or high fat fish oil enriched (HF-FO) diet for 11 wks (Cohort 2). (A, D): Scale bars represent 100 μm. n = 5/6 per group.
Statistics: (E): Effect of diet: *P�0.05, compared to CON (of same fibre type); #P�0.05, compared to HF-S (of same fibre type). (F): Effect of diet: *P�0.005,
compared to CON (of same fibre type); #P�0.05, ##P�0.02, compared to HF-S (of same fibre type).

doi:10.1371/journal.pone.0117494.g002
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unclear; just a handful of studies [24–30, 48] provide disparate findings on the effect of dietary
n-3 PUFA enrichment on muscle lipid metabolism. We therefore sought to determine the po-
tential mechanisms by which partial replacement of dietary fat with fish oil in a HF-S setting
prevent lipid accumulation in mouse skeletal muscle. One of the main confounders encoun-
tered when assessing past published studies for evidence of a mechanism for n-3 PUFAs pre-
venting intramyocellular lipid/triacylglycerol was that direct comparison between studies was
not possible. This is because diets of varying length, energy intake from fat, proportion of n-3
PUFAs incorporated, n-3 PUFA species composition and n-3 PUFA source (marine oil, con-
centrates, ethyl esters) were implemented, as were varying rodent strain and gender. Another
notion neglected was the effect of HF-FO in red muscle since the majority have assessed mus-
cles of predominantly a white fast-twitch glycolytic nature [24–30]. In order to assess potential
mechanisms, we therefore undertook a single-study analysis of mediators of lipid metabolism
pathways in both red and white muscle to provide a snap-shot of the overall lipid metabolism
and importantly to prevent inter-study variation.

Prevention of markers of intramyocellular lipid accretion in the red muscle from HF-FO
mice, along with a congruent expression profile of lipid metabolism genes in both red and
white muscle types, suggests that n-3 PUFAs are protective irrespective of muscle fiber type.
This is, however, in contrast to a past report [48], previously unprecedented in its investigation
of diet-induced effects of fish oil or lard feeding on red and white muscle contractile and meta-
bolic gene abundance. While there were several diet-by-muscle interactions reported, dietary
fat predominantly elicited responses in the white EDL muscle [48]. The source of disparity be-
tween their white muscle-specific findings and our fiber type-independent responses are likely
a result of acute [48] versus chronic intervention and due to consumption of a relatively low fat
diet [48] versus an “extreme” high fat diet.

We hypothesised that the mechanisms through which dietary fish oil enrichment amelio-
rates HF-S-induced intramyocellular lipid are via increased muscle fatty acid uptake in con-
junction with upregulated fatty acid disposal and restrained lipogenesis. The observation that
HF-FO elicited a co-ordinate increase in the mRNA content of 3 skeletal muscle fatty acid
transporters (Fat/Cd36, Fatp1, Fatp4) supports this hypothesis. Our finding is also in keeping
with previous research in which FAT/CD36 and fatty acid uptake increased in the white muscle
of fish oil high fat-fed mice (35.5% E fat; vs tallow) [24] and in myotubes exposed to EPA
(0.6 mM for 24 h) [49]. We believe that increased lipid uptake by skeletal muscle in a HF set-
ting may be a compensatory response to prevent hyperlipidemia. We hypothesise that uptaken
fatty acids are then channelled into disposal pathways and the fate of surplus fatty acids in
muscle therefore warranted investigation. Induction of Pdk4mRNA is consistent with dietary
fat triggering a switch from carbohydrate to fatty acid oxidation in an environment of fatty
acid surplus [50, 51]. However, in past, HF-FO in female Wistar rats completely prevented [52]
(47% E fat lard-diet vs equi-caloric diet 7% lard replaced with marine oil), and in humans par-
tially ameliorated (75% fat vs equi-caloric diet 15% fat replaced with n-3 PUFA), induction of
PDK4 activity [53]. To exert their full effect, n-3 PUFAs require tissue incorporation, a process
which takes ~4 months to reach steady-state [54]. We believe the mentioned short [52] or
acute [53] interventions may have been insufficient for n-3 PUFAs to elicit their full effects, in
comparison to our diet of chronic duration, at least 3 times longer than past reported diets [52,
53]. This suggests that traditional pathways of fatty acid disposal are switched on by HF-FO.
Traditionally DGAT1 is considered an essential intracellular enzyme in preventing harmful
lipid intermediate accumulation in tissues by ensuring non-oxidised fatty acids enter neutral
triacylglycerol storage [42]. In this study, parallel increases in Dgat1 and lipolytic Hsl also sug-
gest that HF-FO may provide an alternative disposal route by promoting a futile triacylgly-
cerol-fatty acid cycle [55]. This simultaneous lipolysis and re-esterification to triacylglycerol
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would promote energy consumption, limiting triacylglycerol synthesis in myocytes and pre-
venting intramyocellular triacylglycerol accretion. This is the first evidence to date that HF-FO
may promote futile cycling, but this requires testing at the substrate level. An increase in mito-
chondrial fatty acid transporter, CPT1 [56], the rate-limiting step in fatty acid oxidation [57],
may actively prevent fatty acid from entering esterification and storage [58], providing further
evidence for conventional fatty acid disposal pathways being triggered by HF-FO. The interac-
tion of transcription co-activator PGC1α and transcription factor PPAR α is known to enhance
fatty acid oxidation [59]. The increase in Pgc1 αmRNA and prevention of HF-S-induced Ppar
α suppression by HF-FO is consistent with beliefs that n-3 PUFAs are natural PPAR α agonists
and that n-3 PUFAs, via PPAR α, exert triacylglycerol-lowering effects directing fat away from
storage into oxidation [60]. Although no change in their respective protein contents were ob-
served, measures of Pgc1 αmRNA are not necessarily reflected at the protein level [61, 62].
Mechanistically, greater Ppar α and Pgc1 αmRNA combined with CPT1b mRNA and protein
induction by HF-FO may promote mitochondrial fatty acid entry and oxidation, quenching
intramyocellular triacylglycerol. In order to understand the contribution of mitochondrial
OXPHOS in disposal pathways, we measured the protein abundance of OXPHOS Complexes
I-V, as they reflect mitochondrial density and oxidation [63]. Despite research investigating
the effect of HF-FO (60% E fish oil) on OXPHOS proteins in murine liver [29], to the best of
our knowledge, this is the first characterisation of HF-FO-mediated changes in OXPHOS
Complex I-V protein in muscle. HF-FO induction of Complex-V reflects increased flux
through this pathway and greater availability of substrate from fatty acid oxidation. Increased
mitochondrial enzymes, SDH and NADH-TR, in HF-FO, particularly in red muscle, are also
suggestive of mitochondrial oxidative phosphorylation contributing to the prevention of intra-
myocellular lipid accretion. Though the contribution of peroxisomal pathways of fatty acid dis-
posal requires investigation.

Finally, our study was designed to investigate the effects of HF-FO in both males and fe-
males, as past studies have reported sex-specific responses to HF feeding in rodents [35, 36]. In
contrast, we demonstrated that both sexes were equally vulnerable to HF-S-induced metabolic
dysfunction at the whole-body and skeletal muscle levels. In past, HF-S females upregulated
adipose storage and muscle fatty acid oxidation [36]; whereas males, less efficient at promoting
these pathways instead directed triacylglycerol to the liver, where oxidation increased [36].
Though, multiple methodological factors, including diet composition (31.4% [36] vs 65% satu-
rated fat), duration (6 [36] vs 3.5 months) and species (rats [36] vs mice) may produce dispari-
ties. In keeping with HF-S eliciting no sex-specific responses, HF-FO was equally protective in
males and females in the current study. These data suggest that gender-specific responses to n-
3 PUFA could be a trivial consideration in the clinical setting and in future studies.

In conclusion, this is a novel study identifying the potential mechanisms by which n-3
PUFA enrichment, from fish oil, may prevent HF-S-induced dysfunction in fatty acid metabo-
lism pathways in skeletal muscle, and is the first to investigate both the effects in red and white
muscle, and female and male settings. We provide insights into the changes induced within
skeletal muscle at the mRNA and protein levels as a result of dietary fatty acid composition and
implicate increased fatty acid transport, enhanced myocyte triacylglycerol storage and synthe-
sis, and reduced/incomplete oxidation in the inappropriate intramyocellular lipid accretion ob-
served in red oxidative muscle upon long-term HF-S feeding. According to analyses of the
mRNA, protein and enzyme contents of key mediators of fatty acid metabolism, we demon-
strate that HF-FO likely prevents HF-S-induced intramyocellular lipid accumulation by a con-
current increase in mediators of fatty acid uptake and utilisation, and suppression of mediators
promoting fatty acid storage and lipogenesis. Future research would best focus on confirming
the proposed mechanistic pathways at the substrate level. Furthermore given the benefits of
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dietary fish oil enrichment in preventing lipid-induced metabolic dysfunction, understanding
the translatability of these findings to a clinical setting is vital, especially as 60% E from fat is an
“extreme” high fat diet whilst replacing 7.5% of saturated fat with n-3 PUFAs from fish oil is
the equivalent of a high intake of n-3 PUFAs in humans.

Supporting Information
S1 Fig. Representative Western Blots Probed for Fatty Acid Utilisation and Oxidative
Phosphorylation Proteins. Carnitine palmitoyl transferase 1b (CPT1b), peroxisome prolifer-
ative activated receptor γ coactivator 1 α (PGC1 α) and peroxisome proliferator activator re-
ceptor α (PPAR α) and Complex-I to—V protein in the extensor digitorum longus (EDL) and
soleus (SOL) muscles of male and female mice fed a control (CON), high saturated fat (HF-S)
and high fat fish oil enriched (HF-FO) diet for 14 wks (Cohort 1).
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(DOCX)

Acknowledgments
The authors thank George Hatzinikolas for providing technical assistance.

Author Contributions
Conceived and designed the experiments: LKP LKH AJ GAW. Performed the experiments:
LKP. Analyzed the data: LKP. Wrote the paper: LKP LKH GAW. Tissue collection: LKP AJ.

References
1. Piers LS, Walker KZ, Stoney RM, Soares MJ, O’Dea K. Substitution of saturated with monounsaturated

fat in a 4-week diet affects body weight and composition of overweight and obese men. Br J Nutr. 2003;
90: 717–727 PMID: 13129479

2. Dreon DM, Frey-Hewitt B, Ellsworth N, Williams PT, Terry RB, Wood PD. Dietary fat:Carbohydrate ratio
and obesity in middle-aged men. Am J Clin Nutr. 1988; 47: 995–1000. PMID: 3376914

3. Buettner R, Parhofer KG, Woenckhaus M, Wrede CE, Kunz-Schughart LA, Scholmerich J, et al. Defin-
ing high-fat-diet rat models: Metabolic and molecular effects of different fat types. J Mol Endocrinol.
2006; 36: 485–501. PMID: 16720718

4. Kim J-Y, Nolte LA, Hansen PA, Han D-H, Ferguson K, Thompson PA, et al. High-fat diet-induced mus-
cle insulin resistance: Relationship to visceral fat mass. Am J Physiol Regul Integr Comp Physiol. 2000;
279: R2057–2065. PMID: 11080069

5. Mullen KL, Smith AC, Junkin KA, Dyck DJ. Globular adiponectin resistance develops independently of
impaired insulin-stimulated glucose transport in soleus muscle from high-fat-fed rats. Am J Physiol
Endocrinol Metab. 2007; 293: E83–90. PMID: 17356008

6. Westerbacka J, Lammi K, Häkkinen A-M, Rissanen A, Salminen I, Aro A, et al. Dietary fat content modi-
fies liver fat in overweight nondiabetic subjects. J Clin Endocrinol Metab. 2005; 90: 2804–2809. PMID:
15741262

7. Zderic TW, Davidson CJ, Schenk S, Byerley LO, Coyle EF. High-fat diet elevates resting intramuscular
triglyceride concentration and whole body lipolysis during exercise. Am J Physiol Endocrinol Metab.
2003; 286: E217–E225. PMID: 14559721

8. Coen PM, Dubé JJ, Amati F, Stefanovic-Racic M, Ferrell RE, Toledo FGS, et al. Insulin resistance is as-
sociated with higher intramyocellular triglycerides in type i but not type ii myocytes concomitant with
higher ceramide content. Diabetes. 2010; 59: 80–88. doi: 10.2337/db09-0988 PMID: 19833891

9. He J, Watkins S, Kelley DE. Skeletal muscle lipid content and oxidative enzyme activity in relation to
muscle fiber type in type 2 diabetes and obesity. Diabetes. 2001; 50: 817–823. PMID: 11289047

Dietary Fatty Acids Dictate Muscle Lipid Metabolism in Mice

PLOS ONE | DOI:10.1371/journal.pone.0117494 February 6, 2015 16 / 19

Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
http://www.ncbi.nlm.nih.gov/pubmed/3376914
http://www.ncbi.nlm.nih.gov/pubmed/16720718
http://www.ncbi.nlm.nih.gov/pubmed/11080069
http://www.ncbi.nlm.nih.gov/pubmed/17356008
http://www.ncbi.nlm.nih.gov/pubmed/15741262
http://www.ncbi.nlm.nih.gov/pubmed/14559721
http://dx.doi.org/10.2337/db09-0988
http://www.ncbi.nlm.nih.gov/pubmed/19833891
http://www.ncbi.nlm.nih.gov/pubmed/11289047


10. Lam YY, Hatzinikolas G, Weir JM, Janovská A, McAinch AJ, Game P, et al. Insulin-stimulated glucose
uptake and pathways regulating energy metabolism in skeletal muscle cells: The effects of subcutane-
ous and visceral fat, and long-chain saturated, n-3 and n-6 polyunsaturated fatty acids. BBA- Molecular
and Cell Biology of Lipids. 2011; 1811: 468–475. doi: 10.1016/j.bbalip.2011.04.011 PMID: 21570480

11. Blaak EE, Hul G, Verdich C, Stich V, Martinez A, Petersen M, et al. Fat oxidation before and after a high
fat load in the obese insulin-resistant state. J Clin Endocrinol Metab. 2006; 91: 1462–1469. PMID:
16449343

12. Cameron-Smith D, Burke LM, Angus DJ, Tunstall RJ, Cox GR, Bonen A, et al. A short-term, high-fat
diet up-regulates lipid metabolism and gene expression in human skeletal muscle. Am J Clin Nutr.
2003; 77: 313–318. PMID: 12540388

13. Schrauwen P, van Marken Lichtenbelt WD, Saris WH, Westerterp KR. Changes in fat oxidation in re-
sponse to a high-fat diet. Am J Clin Nutr. 1997; 66: 276–282. PMID: 9250105

14. Thomas CD, Peters JC, Reed GW, Abumrad NN, Sun M, Hill JO. Nutrient balance and energy expendi-
ture during ad libitum feeding of high-fat and high-carbohydrate diets in humans. Am J Clin Nutr. 1992;
55: 934–942. PMID: 1570800

15. Han X-X, Chabowski A, Tandon NN, Calles-Escandon J, Glatz JFC, Luiken JJFP, et al. Metabolic chal-
lenges reveal impaired fatty acid metabolism and translocation of fat/cd36 but not fabppm in obese
zucker rat muscle. Am J Physiol Endocrinol Metab. 2007; 293: E566–575. PMID: 17519284

16. Thyfault JP, Kraus RM, Hickner RC, Howell AW, Wolfe RR, DohmGL. Impaired plasma fatty acid oxi-
dation in extremely obese women. Am J Physiol Endocrinol Metab. 2004; 287: E1076–1081. PMID:
15280153

17. Smith AC, Mullen KL, Junkin KA, Nickerson J, Chabowski A, Bonen A, et al. Metformin and exercise re-
duce muscle fat/cd36 and lipid accumulation and blunt the progression of high-fat diet induced hyper-
glycemia. Am J Physiol Endocrinol Metab. 2007; 293: E172–181. PMID: 17374701

18. Marotta M, Ferrer-Martinez A, Parnau J, Turini M, Mace K, Gomez Foix AM. Fiber type- and fatty acid
composition-dependent effects of high-fat diets on rat muscle triacylglyceride and fatty acid transporter
protein-1 content. Metabolism. 2004; 53: 1032–1036. PMID: 15281014

19. Guillerm-Regost C, Louveau I, Sebert SP, Damon M, ChampMM, Gondret F. Cellular and biochemical
features of skeletal muscle in obese yucatan minipigs. Obesity. 2006; 14: 1700–1707. PMID:
17062798

20. Kim CH, KimMS, Youn JY, Park HS, Song HS, Song KH, et al. Lipolysis in skeletal muscle is de-
creased in high-fat-fed rats. Metabolism. 2003; 52: 1586–1592. PMID: 14669160

21. Biscione F, Pignalberi C, Totteri A, Messina F, Altamura G. Cardiovascular effects of omega-3 free fatty
acids. Curr Vasc Pharmacol. 2007; 5: 163–172. PMID: 17430221

22. Lombardo YB, Chicco AG. Effects of dietary polyunsaturated n-3 fatty acids on dyslipidemia and insulin
resistance in rodents and humans. A review. J Nutr Biochem. 2006; 17: 1–13. PMID: 16214332

23. Rossmeisl M, Jelenik T, Jilkova Z, Slamova K, Kus V, Hensler M, et al. Prevention and reversal of obe-
sity and glucose intolerance in mice by dha derivatives. Obesity. 2009; 17: 1023–1031. doi: 10.1038/
oby.2008.602 PMID: 19148125

24. Yu Y-H, Wu S-C, ChengWT-K, Mersmann HJ, Shen T-L, Ding S-T. The function of porcine pparγ and
dietary fish oil effect on the expression of lipid and glucose metabolism related genes. J Nutr Biochem.
2011; 22: 179–186. doi: 10.1016/j.jnutbio.2010.01.006 PMID: 20970313

25. Pérez-Echarri N, Pérez-Matute P, Marcos-Gómez B, Marti A, Martínez JA, Moreno-Aliaga MJ. Down-
regulation in muscle and liver lipogenic genes: Epa ethyl ester treatment in lean and overweight (high-
fat-fed) rats. J Nutr Biochem. 2009; 20: 705–714. doi: 10.1016/j.jnutbio.2008.06.013 PMID: 18829285

26. Horakova O, Medrikova D, van Schothorst EM, Bunschoten A, Flachs P, Kus V, et al. Preservation of
metabolic flexibility in skeletal muscle by a combined use of n-3 pufa and rosiglitazone in dietary obese
mice. PLoS One. 2012; 7: e43764. doi: 10.1371/journal.pone.0043764 PMID: 22952760

27. Kuda O, Jelenik T, Jilkova Z, Flachs P, Rossmeisl M, Hensler M, et al. N-3 fatty acids and rosiglitazone
improve insulin sensitivity through additive stimulatory effects on muscle glycogen synthesis in mice
fed a high-fat diet. Diabetologia. 2009; 52: 941–951. doi: 10.1007/s00125-009-1305-z PMID:
19277604

28. Feillet-Coudray C, Aoun M, Fouret G, Bonafos Ba, Ramos J, Casas Fo, et al. Effects of long-term ad-
ministration of saturated and n-3 fatty acid-rich diets on lipid utilisation and oxidative stress in rat liver
and muscle tissues. Br J Nutr. 2013; 110: 1789–1802. doi: 10.1017/S0007114513001311 PMID:
23656726

29. Fiamoncini J, Turner N, Hirabara SM, Salgado TML, Marçal AC, Leslie S, et al. Enhanced peroxisomal
β-oxidation is associated with prevention of obesity and glucose intolerance by fish oil-enriched diets.
Obesity. 2013; 21: 1200–1207. doi: 10.1002/oby.20132 PMID: 23666909

Dietary Fatty Acids Dictate Muscle Lipid Metabolism in Mice

PLOS ONE | DOI:10.1371/journal.pone.0117494 February 6, 2015 17 / 19

http://dx.doi.org/10.1016/j.bbalip.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/21570480
http://www.ncbi.nlm.nih.gov/pubmed/16449343
http://www.ncbi.nlm.nih.gov/pubmed/12540388
http://www.ncbi.nlm.nih.gov/pubmed/9250105
http://www.ncbi.nlm.nih.gov/pubmed/1570800
http://www.ncbi.nlm.nih.gov/pubmed/17519284
http://www.ncbi.nlm.nih.gov/pubmed/15280153
http://www.ncbi.nlm.nih.gov/pubmed/17374701
http://www.ncbi.nlm.nih.gov/pubmed/15281014
http://www.ncbi.nlm.nih.gov/pubmed/17062798
http://www.ncbi.nlm.nih.gov/pubmed/14669160
http://www.ncbi.nlm.nih.gov/pubmed/17430221
http://www.ncbi.nlm.nih.gov/pubmed/16214332
http://dx.doi.org/10.1038/oby.2008.602
http://dx.doi.org/10.1038/oby.2008.602
http://www.ncbi.nlm.nih.gov/pubmed/19148125
http://dx.doi.org/10.1016/j.jnutbio.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20970313
http://dx.doi.org/10.1016/j.jnutbio.2008.06.013
http://www.ncbi.nlm.nih.gov/pubmed/18829285
http://dx.doi.org/10.1371/journal.pone.0043764
http://www.ncbi.nlm.nih.gov/pubmed/22952760
http://dx.doi.org/10.1007/s00125-009-1305-z
http://www.ncbi.nlm.nih.gov/pubmed/19277604
http://dx.doi.org/10.1017/S0007114513001311
http://www.ncbi.nlm.nih.gov/pubmed/23656726
http://dx.doi.org/10.1002/oby.20132
http://www.ncbi.nlm.nih.gov/pubmed/23666909


30. Lanza IR, Blachnio-Zabielska A, Johnson ML, Schimke JM, Jakaitis DR, Lebrasseur NK, et al. Influ-
ence of fish oil on skeletal muscle mitochondrial energetics and lipid metabolites during high-fat diet.
Am J Physiol Endocrinol Metab. 2013; 304: E1391–E1403. doi: 10.1152/ajpendo.00584.2012 PMID:
23632634

31. Samec S, Seydoux J, Russell AP, Montani JP, Dulloo AG. Skeletal muscle heterogeneity in fasting-in-
duced upregulation of genes encoding ucp2, ucp3, ppargamma and key enzymes of lipid oxidation.
Pflugers Arch. 2002; 445: 80–86. PMID: 12397391

32. Hickey MS, Carey JO, Azevedo JL, Houmard JA, Pories WJ, Israel RG, et al. Skeletal muscle fiber
composition is related to adiposity and in vitro glucose transport rate in humans. Am J Physiol Endocri-
nol Metab. 1995; 268: E453–457.

33. Hintz CS, Lowry CV, Kaiser KK, McKee D, Lowry OH. Enzyme levels in individual rat muscle fibers.
Am J Physiol Cell Physiol. 1980; 239: C58–65. PMID: 6254366

34. Bertrand C, Pignalosa A, Wanecq E, Rancoule C, Batut A, Deleruyelle S, et al. Effects of dietary eicosa-
pentaenoic acid (epa) supplementation in high-fat fed mice on lipid metabolism and apelin/apj system
in skeletal muscle. PLoS ONE. 2013; 8: e78874. doi: 10.1371/journal.pone.0078874 PMID: 24244380

35. Catala-Niell A, Estrany ME, Proenza AM, Gianotti M, Llado I. Skeletal muscle and liver oxidative metab-
olism in response to a voluntary isocaloric intake of a high fat diet in male and female rats. Cell Physiol
Biochem. 2008; 22: 327–336. doi: 10.1159/000149811 PMID: 18769060

36. Priego T, Sanchez J, Pico C, Palou A. Sex-differential expression of metabolism-related genes in re-
sponse to a high-fat diet. Obesity. 2008; 16: 819–826. doi: 10.1038/oby.2007.117 PMID: 18239587

37. Janovská A, Hatzinikolas G, Staikopoulos V, McInerney J, Mano M, Wittert GA. Ampk and acc phos-
phorylation: Effect of leptin, muscle fibre type and obesity. Mol Cell Endocrinol. 2008; 284: 1–10. doi:
10.1016/j.mce.2007.12.013 PMID: 18255222

38. Guth L, Samaha FJ. Procedure for the histochemical demonstration of actomyosin atpase. Exp Neurol.
1970; 28: 365–367. PMID: 4248172

39. Kaneko S, Iida R-H, Suga T, Fukui T, Morito M, Yamane A. Changes in triacylglycerol-accumulated
fiber type, fiber type composition, and biogenesis in the mitochondria of the soleus muscle in obese
rats. Anat Rec. 2011; 294: 1904–1912. doi: 10.1002/ar.21472 PMID: 21956862

40. Schrauwen P, Hoeks J, Hesselink MKC. Putative function and physiological relevance of the mitochon-
drial uncoupling protein-3: Involvement in fatty acid metabolism? Prog Lipid Res. 2006; 45: 17–41.
PMID: 16384603

41. Bézaire V, Seifert EL, Harper M-E. Uncoupling protein-3: Clues in an ongoing mitochondrial mystery.
FASEB J. 2007; 21: 312–324. PMID: 17202247

42. Liu L, Zhang Y, Chen N, Shi X, Tsang B, Yu Y-H. Upregulation of myocellular dgat1 augments triglycer-
ide synthesis in skeletal muscle and protects against fat-induced insulin resistance. J Clin Invest. 2007;
117: 1679–1689. PMID: 17510710

43. Lin J, Handschin C, Spiegelman BM. Metabolic control through the pgc-1 family of transcription coacti-
vators. Cell Metab. 2005; 1: 361–370. PMID: 16054085

44. Parrish CC, Pathy DA, Angel A. Dietary fish oils limit adipose tissue hypertrophy in rats. Metabolism.
1990; 39: 217–219. PMID: 2308514

45. Belzung F, Raclot T, Groscolas R. Fish oil n-3 fatty acids selectively limit the hypertrophy of abdominal
fat depots in growing rats fed high-fat diets. Am J Physiol Regul Integr Comp Physiol. 1993; 264:
R1111–1118.

46. Rokling-Andersen MH, Rustan AC, Wensaas AJ, Kaalhus O, Wergedahl H, Rost TH, et al. Marine n-3
fatty acids promote size reduction of visceral adipose depots, without altering body weight and compo-
sition, in male wistar rats fed a high-fat diet. Br J Nutr. 2009; 102: 995–1006. doi: 10.1017/
S0007114509353210 PMID: 19397836

47. JanczykW, Socha P, Lebensztejn D, Wierzbicka A, Mazur A, Neuhoff-Murawska J, et al. Omega-3
fatty acids for treatment of non-alcoholic fatty liver disease: Design and rationale of randomized con-
trolled trial. BMC Pediatrics. 2013; 13: 1–11. doi: 10.1186/1471-2431-13-1 PMID: 23281628

48. MizunoyaW, Iwamoto Y, Shirouchi B, Sato M, Komiya Y, Razin FR, et al. Dietary fat influences the ex-
pression of contractile and metabolic genes in rat skeletal muscle. PLoS One. 2013; 8: e80152. doi:
10.1371/journal.pone.0080152 PMID: 24244634

49. Aas V, Rokling-Andersen MH, Kase ET, Thoresen GH and Rustan AC. Eicosapentaenoic acid (20:5 n-
3) increases fatty acid and glucose uptake in cultured human skeletal muscle cells. J Lipid Res. 2006;
47: 366–374. PMID: 16301737

50. Holness MJ, Kraus A, Harris RA, Sugden MC. Targeted upregulation of pyruvate dehydrogenase ki-
nase (pdk)-4 in slow-twitch skeletal muscle underlies the stable modification of the regulatory character-
istics of pdk induced by high-fat feeding. Diabetes. 2000; 49: 775–781. PMID: 10905486

Dietary Fatty Acids Dictate Muscle Lipid Metabolism in Mice

PLOS ONE | DOI:10.1371/journal.pone.0117494 February 6, 2015 18 / 19

http://dx.doi.org/10.1152/ajpendo.00584.2012
http://www.ncbi.nlm.nih.gov/pubmed/23632634
http://www.ncbi.nlm.nih.gov/pubmed/12397391
http://www.ncbi.nlm.nih.gov/pubmed/6254366
http://dx.doi.org/10.1371/journal.pone.0078874
http://www.ncbi.nlm.nih.gov/pubmed/24244380
http://dx.doi.org/10.1159/000149811
http://www.ncbi.nlm.nih.gov/pubmed/18769060
http://dx.doi.org/10.1038/oby.2007.117
http://www.ncbi.nlm.nih.gov/pubmed/18239587
http://dx.doi.org/10.1016/j.mce.2007.12.013
http://www.ncbi.nlm.nih.gov/pubmed/18255222
http://www.ncbi.nlm.nih.gov/pubmed/4248172
http://dx.doi.org/10.1002/ar.21472
http://www.ncbi.nlm.nih.gov/pubmed/21956862
http://www.ncbi.nlm.nih.gov/pubmed/16384603
http://www.ncbi.nlm.nih.gov/pubmed/17202247
http://www.ncbi.nlm.nih.gov/pubmed/17510710
http://www.ncbi.nlm.nih.gov/pubmed/16054085
http://www.ncbi.nlm.nih.gov/pubmed/2308514
http://dx.doi.org/10.1017/S0007114509353210
http://dx.doi.org/10.1017/S0007114509353210
http://www.ncbi.nlm.nih.gov/pubmed/19397836
http://dx.doi.org/10.1186/1471-2431-13-1
http://www.ncbi.nlm.nih.gov/pubmed/23281628
http://dx.doi.org/10.1371/journal.pone.0080152
http://www.ncbi.nlm.nih.gov/pubmed/24244634
http://www.ncbi.nlm.nih.gov/pubmed/16301737
http://www.ncbi.nlm.nih.gov/pubmed/10905486


51. Jeoung NH, Harris RA. Pyruvate dehydrogenase kinase-4 deficiency lowers blood glucose and im-
proves glucose tolerance in diet-induced obese mice. Am J Physiol Endocrinol Metab. 2008; 295:
E46–54. doi: 10.1152/ajpendo.00536.2007 PMID: 18430968

52. Fryer LGD, Orfali KA, Holness MJ, Saggerson ED, Sugden MC. The long-term regulation of skeletal
muscle pyruvate dehydrogenase kinase by dietary lipid is dependent on fatty acid composition. Eur J
Biochem. 1995; 229: 741–748. PMID: 7758471

53. Turvey EA, Heigenhauser GJF, Parolin M, Peters SJ. Elevated n-3 fatty acids in a high-fat diet attenu-
ate the increase in pdh kinase activity but not pdh activity in human skeletal muscle. J Appl Physiol.
2005; 98: 350–355. PMID: 15591305

54. Arterburn LM, Hall EB, Oken H. Distribution, interconversion, and dose response of n-3 fatty acids in
humans. Am J Clin Nutr. 2006; 83: S1467–1476.

55. Wolfe RR, Klein S, Carraro F, Weber JM. Role of triglyceride-fatty acid cycle in controlling fat metabo-
lism in humans during and after exercise. Am J Physiol Endocrinol Metab. 1990; 258: E382–389.

56. Bezaire V, Bruce CR, Heigenhauser GJF, Tandon NN, Glatz JFC, Luiken JJJF, et al. Identification of
fatty acid translocase on human skeletal muscle mitochondrial membranes: Essential role in fatty acid
oxidation. Am J Physiol Endocrinol Metab. 2006; 290: E509–515. PMID: 16219667

57. Doh K-O, Kim Y-W, Park S-Y, Lee S-K, Park JS, Kim J-Y. Interrelation between long-chain fatty acid ox-
idation rate and carnitine palmitoyltransferase 1 activity with different isoforms in rat tissues. Life Sci.
2005; 77: 435–443. PMID: 15894012

58. Bruce CR, Hoy AJ, Turner N, Watt MJ, Allen TL, Carpenter K, et al. Overexpression of carnitine palmi-
toyltransferase-1 in skeletal muscle is sufficient to enhance fatty acid oxidation and improve high-fat
diet-induced insulin resistance. Diabetes. 2009; 58: 550–558. doi: 10.2337/db08-1078 PMID:
19073774

59. Liang H, WardWF. Pgc-1a: A key regulator of energy metabolism. Advan Physiol Edu. 2006; 30:
145–151. PMID: 17108241

60. Hihi AK, Michalik L, Wahli W. Ppars: Transcriptional effectors of fatty acids and their derivatives. Cell
Mol Life Sci. 2002; 59: 790–798. PMID: 12088279

61. Watt MJ, Southgate RJ, Holmes AG, Febbraio MA. Suppression of plasma free fatty acids upregulates
peroxisome proliferator-activated receptor (ppar) α and δ and ppar coactivator α in human skeletal mus-
cle, but not lipid regulatory genes. J Mol Endocrinol. 2004; 33: 533–544. PMID: 15525607

62. Mathai AS, Bonen A, Benton CR, Robinson DL, Graham TE. Rapid exercise-induced changes in pgc-
1αmrna and protein in human skeletal muscle. J Appl Physiol. 2008; 105: 1098–1105. doi: 10.1152/
japplphysiol.00847.2007 PMID: 18653753

63. Hoeks J, deWilde J, Hulshof MFM, van den Berg SAA, Schaart G, van Dijk KW, et al. High fat diet-in-
duced changes in mouse muscle mitochondrial phospholipids do not impair mitochondrial respiration
despite insulin resistance. PLoS One. 2011; 6: e27274. doi: 10.1371/journal.pone.0027274 PMID:
22140436

Dietary Fatty Acids Dictate Muscle Lipid Metabolism in Mice

PLOS ONE | DOI:10.1371/journal.pone.0117494 February 6, 2015 19 / 19

http://dx.doi.org/10.1152/ajpendo.00536.2007
http://www.ncbi.nlm.nih.gov/pubmed/18430968
http://www.ncbi.nlm.nih.gov/pubmed/7758471
http://www.ncbi.nlm.nih.gov/pubmed/15591305
http://www.ncbi.nlm.nih.gov/pubmed/16219667
http://www.ncbi.nlm.nih.gov/pubmed/15894012
http://dx.doi.org/10.2337/db08-1078
http://www.ncbi.nlm.nih.gov/pubmed/19073774
http://www.ncbi.nlm.nih.gov/pubmed/17108241
http://www.ncbi.nlm.nih.gov/pubmed/12088279
http://www.ncbi.nlm.nih.gov/pubmed/15525607
http://dx.doi.org/10.1152/japplphysiol.00847.2007
http://dx.doi.org/10.1152/japplphysiol.00847.2007
http://www.ncbi.nlm.nih.gov/pubmed/18653753
http://dx.doi.org/10.1371/journal.pone.0027274
http://www.ncbi.nlm.nih.gov/pubmed/22140436

