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Abstract The aim of the present study was to examine
whether pretreatment with different fatty acids, as well as
the liver X receptor (LXR) agonist T0901317, could modify
metabolic switching of human myotubes. The n-3 FA eicosa-
pentaenoic acid (EPA) increased suppressibility, the ability
of glucose to suppress FA oxidation. Substrate-regulated
flexibility, the ability to increase FA oxidation when chang-
ing from a high glucose, low fatty acid condition (“fed”) to
a high fatty acid, low glucose (“fasted”) condition, was in-
creased by EPA and other n-3 FAs. Adaptability, the capacity
to increase FA oxidation with increasing FA availability, was
enhanced after pretreatment with EPA, linoleic acid (LA),
and palmitic acid (PA). T0901317 counteracted the effect
of EPA on suppressibility and adaptability, but it did not af-
fect these parameters alone. EPA per se accumulated less,
however, EPA, LA, oleic acid, and T0901317 treatment
increased the number of lipid droplets (LD) in myotubes.
LD volume and intensity, as well as mitochondrial mass,
were independent of FA pretreatment. Microarray analysis
showed that EPA regulated more genes than the other FAs
and that specific pathways involved in carbohydrate metabo-
lism were induced only by EPAEll The present study sug-
gests a favorable effect of n-3 FAs on skeletal muscle
metabolic switching and glucose utilization.—Hessvik, N. P.,
S. S. Bakke, K. Fredriksson, M. V. Boekschoten, A. Fjgrkenstad,
G. Koster, M. K. Hesselink, S. Kersten, E. T. Kase, A. C.
Rustan, and G. H. Thoresen. Metabolic switching of human
myotubes is improved by n-3 fatty acids. J. Lipid Res. 2010.
51: 2090-2104.
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Skeletal muscle in lean, healthy individuals is character-
ized by metabolic flexibility; the ability to switch from
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predominantly lipid oxidation during fasting conditions
to suppression of lipid oxidation and increased glucose
oxidation in response to insulin (1, 2). Loss of this capacity
to switch easily between glucose and lipid oxidation was
termed metabolic inflexibility by Kelley and Mandarino
(3). Obesity, insulin resistance, and type 2 diabetes (T2D)
are associated with reduced lipid oxidation during fasting,
impaired postprandial switch from lipid to glucose oxida-
tion, and reduced capacity to increase lipid oxidation dur-
ing exercise (4-7). Furthermore, a reduced postprandial
switch from lipid to glucose oxidation has been observed
in men with impaired glucose tolerance (4), suggesting
that inflexibility plays a role in the early development of
T2D. Ukropcova et al. described metabolic switching in
vitro in human myotubes as suppressibility, defined as the
ability of acutely added glucose to suppress fatty acid oxi-
dation, and as adaptability, defined as the capacity of the
cell to increase fatty acid oxidation upon increased fatty
acid availability (8). In vitro suppressibility was found to be
inversely correlated with insulin sensitivity and metabolic
flexibility in vivo, whereas adaptability was positively cor-
related with these parameters, indicating that metabolic
switching is an intrinsic characteristic of skeletal muscle
cells (8). However, metabolic inflexibility could be due to
both intrinsic and induced factors. Clinical studies have
shown that postprandial impairments in metabolic flexi-
bility can be improved by weight loss (4, 9, 10) and that
exercise improves the ability of skeletal muscle to oxidize
fatty acids during exercise and fasting (10-12). Still, the
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effect of dietary fat quality, such as different fatty acids, on
metabolic flexibility is unknown.

A growing amount of evidence shows different effects of
distinct fatty acids on lipid metabolism and insulin sensitiv-
ity. In vivo in rats, a diet rich in saturated fatty acids caused
insulin resistance, whereas a diet rich in n-6 polyunsatu-
rated fatty acids (PUFA) resulted in increased insulin sen-
sitivity (13). Storlien et al. showed that replacement of the
n-6 fatty acid linoleic acid (LA) with n-3 fatty acids pre-
vented the development of insulin resistance in high-fat
fed rats (14). Increased intake of fish oil or n-3 PUFA
eicosapentaenoic acid (EPA) reduced insulin resistance in
some but not all human studies (15-19). Haugaard et al.
showed that changes in insulin resistance were inversely
correlated to changes in membrane concentrations of
EPA, docosahexaenoic acid, and total n-3 fatty acids, as
well as the ratio of PUFA n-3/n-6 in human skeletal muscle
(20). In vitro studies have shown that incubation of myo-
tubes with the saturated fatty acid palmitic acid (PA) in-
creased the cellular pool of diacylglycerol (DAG) and
ceramides, as well as induced insulin resistance (21, 22).
By contrast, incubation of myotubes with the unsaturated
fatty acid oleic acid (OA) increased triacylglycerol (TAG)
accumulation without inhibiting insulin action (21, 22).
Pretreatment of human myotubes with EPA has been
shown to promote increased uptake of fatty acids and in-
creased TAG accumulation, also compared with pretreat-
ment with OA, without impairing insulin-stimulated
glucose uptake (23, 24). Wensaas et al. also showed that
the level of total acyl-CoA was reduced after EPA pretreat-
ment versus OA (24). The mechanism by which unsatu-
rated fatty acids exert positive effects on skeletal muscle
insulin sensitivity is unclear, but it may involve changes in
glucose and fatty acid metabolism as well as changes in the
level of different lipid intermediates in skeletal muscle.
Furthermore, the effect may be mediated by changes in
gene expression via specific nuclear receptors that func-
tion as fatty acid sensors. PUFAs are shown to act as an-
tagonists on liver X receptors (LXR) (25, 26) and PUFAs
as well as other FAs act as agonists on peroxisome prolifer-
ator-activated receptors (PPAR) (27-29). LXRs and PPARs
are important regulators of energy metabolism in the body
and might contribute to the regulation of metabolic
switching. However, the roles for LXR and PPAR as well as
the cross-talk between them in nutritional regulation are
complex and not fully understood.

According to the Randle cycle (30), FAs reduce glucose
oxidation, whereas glucose reduces FA oxidation in what
is often called reverse Randle cycle (31, 32). While the
mechanistic basis for the Randle cycle is relatively well un-
derstood, the molecular mechanism underlying metabolic
inflexibility largely remains unknown. Furthermore, it is
not known whether it is possible to change metabolic flex-
ibility through dietary changes. The purpose of the pres-
ent study was to test whether treatment with different fatty
acids, including n-3 FAs and LXR activation by T0901317,
could modify metabolic switching of myotubes to get
insight into the cellular mechanisms behind a potential
effect. Moreover, we wanted to use previously suggested

parameters (8) and suggest a new parameter to describe
energy metabolism in cell cultures.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM-Glutamax™),
DMEM without phenol red, nonheat-inactivated fetal calf serum
(FCS), and penicillin-streptomycin-amphotericin B were pur-
chased from Gibco Invitrogen (Gibco, Life Technologies Paisley,
UK). BSA (essentially fatty acid-free), L-carnitine, and Dulbecco’s
phosphate-buffered saline (DPBS; with Mg*" and Ca*"), oleic acid
(OA), palmitic acid (PA), eicosapentaenoic acid (EPA), linoleic
acid (LA), docosahexaenoic acid (DHA), and a-linolenic acid
(ALA), extracellular matrix (ECM) gel, glycogen, and HEPES
were obtained from Sigma (St Louis, MO). Ultroser G was pur-
chased from Ciphergen (Cergy-Saint-Christophe, France), insulin
(Actrapid®) from NovoNordisk (Bagsvaerd, Denmark). [1-14C]
oleic acid (55 mCi/mmol), [1-14C]palmitic acid (57.5 mCi/
mmol), [1-"*C]linoleic acid (56 mCi/mmol), [1-"'C]eicosapen-
taenoic acid (55 mCi/mmol), and D-["*C(U)]glucose (5 mCi/
mmol) were from American Radiolabeled Chemicals (St Louis,
MO). T0901317 was purchased from Cayman Chemical Co. (Ann
Arbor, MI). Ecoscint A scintillation solution was from National
diagnostics (Hessle, England, UK). Corning® CelIBIND® tissue
culture plates were obtained from Corning Life-Sciences
(Schiphol-Rijk, The Netherlands). Glass bottom plates were from
MatTek (Ashland, MA). OptiPhase Supermix, UniF ilter®96
GF/B and ScintiPlate®96 TC plates were delivered by PerkinElmer
(Shelton, CT). Protein assay reagens was purchased from BioRad
(Copenhagen, Denmark). Phospho-Akt (Ser473) and Akt anti-
bodies were from Cell Signaling Technology (Beverly, MA).
RNeasy minikit was from Qiagen (Venlo, The Netherlands).
NuGO human Genechip arrays were obtained from Affymetrix
(Santa Clara, CA). Bodipy 493/503 (4.4-difluoro-1.3.5.7.8-
pentamethyl-4-bora-3a.4a-diaza-sindacene), MitoTracker® Red
FM, and Hoechst 33258 were obtained from Molecular Probes,
Invitrogen (Carlsbad, CA). All other chemicals used were of stan-
dard commercial high-purity quality.

Cell culture and fatty acid incubation

Satellite cells were isolated as previously described (33) from
the M. obliquus internus abdominis of eight healthy donors. Both
males and females were included, age 50 + 10 years, body mass
index 24.0 + 3.2 kg/mQ, fasting glucose 6.0 = 1.0 mmol/], insulin,
plasma lipids and blood pressure within normal range, and
no family history of diabetes. The biopsies were obtained with
informed consent and approval by the National Committee for
Research Ethics, Oslo, Norway.

The cells were cultured on 96-well plates (CellBIND®) with
DMEM-Glutamax™ (5.5 mM glucose), 2% FCS, 2% Ultroser G,
P/S, and amphotericin B. At 70%-80% confluence, the growth
medium was replaced by DMEM-Glutamax™ supplemented with
2% FCS, P/S, 1.25 pg/ml amphotericin B, and 25 pM insulin to
induce differentiation. The cells were cultured in humidified 5%
COy atmosphere at 37°C, and the medium was changed every 2-3
days. After 5 days of differentiation, the cells were pretreated with
1 pM T0901317 or vehicle (DMSO) for 24 h, and then preincu-
bated with different fatty acids (OA, PA, EPA, or LA; 100 ptM) or
BSA (40 pM, control) in combination with T0901317 (for EPA)
or vehicle for another 24 h. Stock solutions of fatty acid sodium
salts (6 mM) and BSA (2.4 mM) were heated to 45°C and rapidly
mixed (molar ratio of 2.5:1). Only optically clear solutions were
used. There were no differences between the myotubes after pre-
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incubation with fatty acids or T0901317 as evaluated by micro-
scopic inspection searching for floating cells. The myotubes had
similar protein content independent of preincubation medium.

Substrate oxidation assay

The muscle cells were cultured on 96-well CellBIND® mi-
croplates as described above. Substrate, [1-14C]oleic acid (1
pCi/ml, 100 pM), with and without glucose (5 mM) present, or
D-[MC(U)]glucose (1 pCGi/ml, 200 pM), was given in DPBS with
10 mM HEPES and 1 mM L-carnitine. A 96-well UniFilter®-96
GF/B microplate was mounted on top of the CellBIND® plate
as described before (34), and the cells were incubated for 4 h at
37°C. The CO, trapped in the filter was counted by liquid scin-
tillation in a 1450 MicroBeta TriLux scintillation counter
(PerkinElmer). The remaining cell-associated radioactivity was
also assessed by liquid scintillation, and the sum of CO, and
cell-associated radioactivity was considered as total substrate uti-
lization. Protein content in each well was determined by use of
Coomassie reagent (35).

Scintillation proximity assay

Radiolabeled substrates taken up and accumulated by adherent
cells will be concentrated close to the scintillator embedded in the
plastic bottom of each well (SCintiPlate®-96 TC, PerkinElmer) and
provide a stronger signal than the radiolabel dissolved in the me-
dium alone. Measurements of fatty acid uptake by scintillation
proximity assay (SPA) were performed in medium as described
above without phenol red, with an additional 100 pM OA, PA, LA,
or EPA (1 pCi/ml [1-"*C]FA), bound to BSA (40 pM) at a ratio of
2.5:1, and were monitored at 0, 1, 2, 3, 4, 6, 8, and 24 h during the
incubation. After the 24 h experiment, measurement of acid-
soluble metabolites (ASM) was performed with a method modified
from Skrede et al. (36). Incubation media (30 pl) were transferred
to a new multiwell plate, precipitated with 100 pl HCIO, (1 M) and
10 pl BSA (6%), and centrifuged at 2100 gfor 10 min at 4°C. Then,
30 pl of the supernatant was counted by liquid scintillation. ASMs
consist mainly of tricarboxylic acid cycle metabolites and reflect
incomplete oxidation of fatty acids.

Lipid distribution

Myotubes were incubated with 100 pM fatty acids (OA, PA, LA,
and EPA) supplemented with a trace amount of [1-"C]oleic acid
(0.5 pCi/ml) for 24 h. Myotubes were washed twice with PBS
(1 ml), harvested into a tube with two additions of 250 pl distilled
water, and frozen at —20°C. Cells were later assayed for protein
(35), and cellular lipids were extracted (37). Briefly, homoge-
nized cell fractions were extracted, lipids were separated by thin-
layer chromatography, and radioactivity was quantified by liquid
scintillation. The amount of neutral lipids was calculated by
using protein levels for standardization.

Glycogen synthesis

After preincubation with fatty acids and T0901317, the cells
were incubated for 3 h with D-["*C(U)]glucose (2 pCi/ml, 5.5
mM) with and without 1 pM insulin. The cells were washed twice
with PBS and harvested in 1 M KOH. Protein content in each well
was determined by use of Coomassie reagent (35). The rest of the
sample was added glycogen (10 mg/ml) and incubated for 20
min at 80°C on a heat block. After cooling down, the samples
were added to ice-cold 100% ethanol and centrifuged (10500 g,
20 min, 4°C). The pellets were washed once with ice-cold 70%
ethanol, centrifuged (10500 g, 20 min, 4°C), air-dried, and resus-
pended in distilled water. Radioactivity was measured by scintilla-
tion counting, and the glycogen synthesis was calculated by using
protein levels for standardization.
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Live imaging of lipid droplets and mitochondria

Myotubes were cultured and pretreated as described above,
with the exception of using 12-well glass bottom plates coated with
ECM. Myotubes were incubated with Bodipy 493/503 (2 pg/ml),
which is a lipophilic dye that enters the nonpolar lipid droplet
(LD) core, for 5 min and washed with PBS. Next, the cells were
incubated for 15 min with MitoTracker®Red FM (100 nM) to stain
mitochondria and washed with PBS. Finally, the cells were incu-
bated for 15 min with Hoechst 33258 (2.5 pg/ml) diluted in PBST-
BSA to stain nuclei and washed with PBS. The Olympus Scan"R
platform was used for automated image acquisition and subse-
quent analysis. The basis of this platform is an Olympus IX81
inverted fluorescence microscope with a computer-controlled mo-
torized stage that uses autofocus to find the z-position of interest.
The microscope has a temperature and a CO, enrichment incuba-
tor for long-term live imaging. Epi-fluorescence illumination was
from a MT20 arc burner (Olympus) coupled into the microscope
through an optical fiber. We used a 20x objective and standard
filter sets with excitation windows for Hoechst 33258 (350 nm),
Bodipy 493/503 (488 nm), and MitoTracker*Red FM (594 nm),
and a triple band filter for emission.

Images were made at 25 positions per well. We used the back-
ground-subtracted maximal intensity projection from 12 images
taken in z-direction (1 pm apart) for each color channel at each
position. The images were analyzed and quantified using Scan"R
analysis software, which uses an edge detection algorithm for ob-
jectsegmentation. We segmented and quantitatively analyzed the
nuclei, LDs, and mitochondria in the appropriate color-channels.
Parameters measured were the total intensity of MitoTracker“Red
FM signal per image (mitochondrial mass), the number of LDs
per frame, the number of nuclei per frame, as well as the diame-
ter and intensity of each LD. After gating out obviously artifactual
image abnormalities, the images were quantified.

Microarray

Human myotubes were preincubated with different fatty acids
(OA, PA, EPA, or LA; 100 pM) or BSA (40 pM) for 24 h. There-
after, cells were harvested, and total RNA was prepared from pri-
mary myotubes from three donors per treatment using RNeasy
mini kit according to the supplier’s protocol (Qiagen). RNA was
used individually, and RNA integrity was checked on chip analy-
sis (Agilent 2100 bioanalyzer, Agilent Technologies, Amsterdam,
The Netherlands) according to the manufacturer’s instructions.
RNA was judged as suitable for array hybridization only if samples
exhibited intact bands corresponding to the 18S and 28S rRNA
subunits and displayed no chromosomal peaks or RNA degrada-
tion products (RNA Integrity Number > 8.0). Ten micrograms of
RNA were used for one cycle cRNA synthesis (Affymetrix, Santa
Clara, CA). Hybridization, washing, and scanning of Affymetrix
human NuGO Genechip arrays were according to standard
Affymetrix protocols. Probe sets were defined according to Dai
etal. (38). In this method, probes are annotated using up-to-date
databases and assigned to unique gene identifiers, in this case
Entrez IDs. The probes present on the human NuGO arrays
(Gene Expression Omnibus platform number GPL7020) repre-
sent 16483 Entrez IDs. After quality control, three arrays per
treatment were considered suitable for further analysis. Arrays
were normalized with the Robust Multi-array Average (RMA)
method (39, 40). Only probe sets with normalized signal intensi-
ties above 20 on at least two arrays were selected for further analy-
sis. Individual fold changes (FC) for each donor were calculated
as log2-transformed expression level after fatty acid treatment
divided by log2-transformed expression level after BSA treatment
(control). Mean fold changes were calculated based on the log2-
transformed individual fold changes. Differentially expressed



probe sets were identified using intensity-based moderated paired
t-statistics (41). Pvalues were corrected for multiple testing using
a false discovery rate (FDR) method (42). Probe sets that satisfied
the criterion of FDR < 20% (q-value < 0.2) were considered to be
significantly regulated. Gene set enrichment analysis (GSEA) was
performed for functional analysis of changes in gene expression.
GSEA is focused on predefined gene sets, that is, groups of genes
that share biological function, chromosomal location, or regula-
tion (43). The “functional catalogue” constructed by Subramanian
et al. (43) was modified to contain only 505 well-defined bio-
chemical, metabolic, and signal pathways compiled from the fol-
lowing publicly available, curated databases: Biocarta, GenMAPP
(44), Kyoto Encyclopedia of Genes and Genomes (KEGG) (45),
Sigma-Aldrich pathways, and Signal Transduction Knowledge
Environment. The analysis was run using 1,000 permutations per
gene set. Gene sets with an FDR < 0.2 were considered signifi-
cantly regulated. The advantage of this method is that it is unbi-
ased because a score is calculated based on all genes in a gene set.
All array data have been submitted to Gene Expression Omnibus
(accession number GSE18589).

Real-time RT-PCR

Total RNA was isolated using RNeasy minikit (Qiagen, Venlo,
The Netherlands) according to manufacturer’s instructions.
RNA sample concentrations were determined using a NanoDrop
ND-1000 spectrophotometer (Isogen, Maarssen, The Nether-
lands). One microgram of total RNA was reverse transcribed us-
ing iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Veenendaal,
The Netherlands). Real-time PCR was performed with platinum
Taq polymerase (Invitrogen, Breda, The Netherlands) and SYBR
green on an iCycler PCR machine (Bio-Rad Laboratories). Melt
curve analysis was included to assure a single PCR product was
formed. PCR primer sequences were taken from the PrimerBank
and ordered from Eurogentec (Seraing, Belgium). Sequences of
the primers used are available upon request.

Immunoblotting

Total cell lysates prepared in Laemmli buffer were electropho-
retically separated on 10% (w/v) polyacrylamide gels (acrylamide/
NVNV-bis-methylene acrylamide 5 30:0.8) followed by immuno-
blotting overnight with antibody recognizing Aktl [protein
kinase B (PKB)] phosphorylated at Ser473 and Akt2 and Akt3
when phosphorylated at equivalent sites, as well an antibody
detecting total level of Aktl, Akt2, and Akt3 (Cell Signaling Tech-
nology, Beverly, MA). Immunoreactive bands were visualized
with enhanced chemiluminescence and quantified with Gel-Pro
Analyzer (version 2.0) software.

Calculations of metabolic parameters

Suppressibility is the ability of the cells to decrease OA oxida-
tion by acutely added glucose: [(1-(oxidation of OA at 5 mM
glucose / oxidation of OA at no glucose added)) x 100%]. Adapt-
ability is ability to increase the OA oxidation with increasing OA
concentration: [oxidation of 100 pM OA / oxidation of 5 pM
OA]. Substrate-regulated flexibility is the ability to increase the
OA oxidation while changing from the “fed” (low fatty acid,
high glucose) to the “fasted” (high fatty acid, no glucose added)
condition: [oxidation of 100 pM OA without glucose added /
oxidation of 5 pM OA at 5 mM glucose].

Presentation of data and statistics

All values are reported as means + SEM. The value n repre-
sents the number of different donors used. Linear mixed models
(LMM) were used to compare effects of different treatments.
The statistical analyses were performed with SPSS version 12 (SPSS

Inc., Chicago, IL). A Pvalue < 0.05 was considered significant. Bon-
ferroni correction was applied for multiple comparisons.

RESULTS

Fatty acid uptake and effects on insulin-stimulated
glucose metabolism in myotubes

Real-time determination of accumulation of 100 pM of
[14C]oleic acid (OA, 18:1, n-9), [14C]palmitic acid
(PA, 16:0), ["*C]linoleic acid (LA, 18:2, n-6), and ['*C]
eicosapentaenoic acid (EPA, 20:5, n-3) in differentiated
myotubes during 24 h showed that EPA accumulated
significantly less than LA, OA, and PA (P < 0.05, Fig. 1).
However, the oxidation of [MC]EPA to ASMs was 2.5-
fold increased compared with OA (P = 0.02, data not
shown).

Preincubation of myotubes with 100 pM fatty acids
(FAs) for 24 h had no negative influence on glucose me-
tabolism and insulin action. Myotubes were pretreated
for 24 h with 100 pM OA, PA, LA, EPA or 40 pM BSA
(BSA, fatty acid-free control). Pretreatment with fatty
acids did not affect basal or insulin-stimulated glycogen
synthesis (Fig. 2A, average insulin response 84%, P <
0.001). Furthermore, insulin sensitivity, measured as
phosphorylation of Akt, adjusted for the level of total
Akt, was not changed after preincubation with 100 pM
fatty acids (Fig. 2B).

Effect of FA pretreatment on glucose uptake and
oxidation

The effect of pretreatment with fatty acids and T0901317
on glucose metabolism was further examined. Myotubes
were pretreated for 24 h with 1 pM T0901317 or vehicle
(DMSO), and then for another 24 h with 100 pM OA, EPA,
LA, PA, or 40 pM BSA (control) in the presence or ab-
sence of T0901317. Pretreatment with T0901317 for 48 h
increased glucose oxidation by 44-132% (average 87%, P<
0.001, Fig. 3A) and glucose uptake, which is the sum of
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Fig. 1. Real-time accumulation of [14C]oleic acid (OA), [14C]
palmitic acid (PA), ["“C]linoleic acid (LA) and ["*C]eicosapen-
taenoic acid (EPA) during 24 h in differentiated myotubes. Myo-
tubes were incubated with [14C]fatty acids (100 pM, 1 pCi/ml) and
measurements of cell-associated radioactivity were monitored by
SPA as described in “Materials and Methods” at 0, 1, 2, 3, 4, 6, 8,
and 24 h during the incubation. Results represent means + SEM
from 3 different donors.
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Fig. 2. Insulin responses. (A) Glycogen synthesis. Myotubes were pretreated for 24 h with 100 pM OA, EPA,
LA, PA, or 40 pM BSA (control), before 3 h incubation with D-[HC(U)]glucose (5.5 mM, 2 pCi/ml) in the
presence or absence of 1 pM insulin. Glycogen synthesis was measured as described in “Materials and Meth-
ods.” Results represent means + SEM for 4 different donors. (B) Akt phosphorylation. Myotubes were pre-
treated for 24 h with 100 pM OA, EPA, LA, PA, or 40 uM BSA (control), before 15 min incubation in the
presence or absence of 1 pM insulin. Cells were harvested and immunoblot analysis was performed with anti-
bodies against phosphorylated Akt and total Akt as described in “Materials and Methods.” Optical density of
phosphorylated Akt was adjusted for total Akt. Results represent means relative to basal level + SEM for 3—4
different donors. EPA, eicosapentaenoic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic acid.

recovered CO, and cell-associated glucose, with 36%—
106% (average 61%, P < 0.001, Fig. 3B). When combined
with EPA, the T0901317-induced augmentation of glucose
oxidation was enhanced compared with control (P< 0.05,
Fig. 3C). Also the T0901317-mediated augmentation in

glucose uptake was larger when T0901317 was used in
combination with EPA than with OA or control (P< 0.05,
Fig. 3D). Since the effect of T0901317 was more pro-
nounced only when combined with EPA, we chose to fur-
ther examine this combination.
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Fig. 3. Glucose uptake and oxidation. Myotubes were pretreated for 24 h with 1 pM T0901317 or vehicle
(DMSO), and then for another 24 h with 100 pM OA, EPA, LA, PA, or 40 pM BSA (control) in the presence
or absence of T0901317. Thereafter the cells underwent CO, trapping for 4 h with D—[HC(U)]glucose (200
M, 1 pCi/ml) as described in “Materials and Methods.” Effect of T0901317 treatment on (A) glucose oxida-
tion T0901317 versus DMSO (P < 0.001) and (B) glucose uptake, which is the total recovered CO, and cell-
associated glucose T0901317 versus DMSO (P< 0.001). Pretreatment with EPA affected the T0901317 effect
on (C) glucose oxidation and (D) glucose uptake. Same raw data as in (A) and (B), butin (C) and (D) ratio
T0901317:DMSO for each fatty acid treatment was calculated. The results represent means + SEM (n = 6).
Bonferroni correction was applied for multiple comparisons. *P < 0.05 versus control; "P < 0.05 versus OA.
EPA, eicosapentaenoic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic acid; T, T0901317.
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Oxidation of labeled OA after pretreatment with FAs and
the effect of acute glucose

The myotubes were pretreated for 24 h with 1 pM
T0901317 or vehicle (DMSO), and then for another 24 h
with 100 pM OA, EPA, LA, PA, 40 pM BSA (control),
T0901317 plus BSA, or a combination of T0901317 and
EPA. Thereafter, myotubes were treated acutely for 4 h
with [14C]OA (100 pM) in the absence or presence of 5
mM glucose. The inhibitory effect of acute glucose on
[14C]OA oxidation was highly significant (43% inhibition,
overall effect P< 0.001, Fig. 4A), and the presence of glu-
cose increased the cellular accumulation of [ C]OA by
32% (overall effect P< 0.001, Fig. 4B). Activation of LXR
by T0901317 significantly increased OA oxidation (P <
0.05, Fig. 4A) and OA accumulation (P< 0.01, Fig. 4B) in
the myotubes. Pretreatment with EPA increased the cellu-
lar accumulation of OA compared with pretreatment with
BSA (control) and OA (P< 0.05, Fig. 4B).

To study metabolic switching of the myotubes after fatty
acid and T0901317 pretreatment, three different parame-
ters were defined; suppressibility and adaptability accord-
ing to Ukropcova et al. (8) and a new parameter we called
substrate-regulated flexibility.
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Suppressibility was defined as the capacity of the cells to
decrease OA oxidation by acute addition of glucose (5 mM).
Pretreatment with EPA significantly increased suppress-
ibility of the myotubes compared with pretreatment with
OA (P = 0.007) and PA (P = 0.004), while PA and LA
showed minimal effect (Fig. 4C). Exposure to T0901317 in
combination with EPA blunted the increase in suppress-
ibility (P = 0.03) seen with EPA alone, and T0901317 had
no effect on suppressibility per se (Fig. 4C).

Myotubes were able to increase fatty acid oxidation by
64% upon increased availability of OA (overall effect, P <
0.001, Fig. 5A). The adaptability of the myotubes, defined
as the capacity to increase acute fatty acid oxidation with
increasing OA availability, was significantly increased after
pretreatment with EPA, LA, and PA compared with con-
trol and OA pretreatment (P < 0.05, Fig. 5B). Treatment
with T0901317 did not affect the adaptability, but it coun-
teracted the effect of EPA (P=0.007).

Substrate-regulated flexibility, defined as the ability of
the myotubes to increase the acute fatty acid oxidation
while changing from a “fed” (low fatty acid and high glu-
cose concentration) to a “fasted” condition (high fatty
acid and no glucose added), was increased after pretreat-
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Fig. 4. Suppressibility by glucose. Myotubes were pretreated for 24 h with 1 pM T0901317 or vehicle
(DMSO), and then for another 24 h with 100 pM OA, EPA, LA, PA, 40 pM BSA (control), T0901317 plus
BSA or a combination of T0901317 and EPA, and thereafter underwent CO, trapping for 4 h with 100 pM
[ C]olelc acid (OA) in the presence or absence of 5 mM glucose as described in “Materials and Methods.”

Overall effect of glucose on [ C]OA oxidation (A) P<0.001 and [ C]OA accumulation (B) P<0.001. Sup-
pressibility (C), the ability of the cells to decrease OA oxidation by glucose, was calculated as [ (1-(oxidation
of OA at 5 mM glucose/oxidation of OA at no glucose added)) x 100%]. Results represent means + SEM for
n = 6-17. Bonferroni correctlon was applied for multiple comparisons. “P < 0.05 versus control; "P<0.05
versus OA; “P< 0.05 versus EPA; “P< 0.05 versus PA. EPA, eicosapentaenoic acid; LA, linoleic acid; OA, oleic

acid; PA, palmitic acid; T, T0901317.
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Fig. 5. Adaptability. Myotubes were pretreated for 24 h with 1 pM T0901317 or vehicle (DMSO), and then
for another 24 h with 100 pM OA, EPA, LA, PA, 40 pM BSA (control), T0901317 plus BSA, or a combination of
T0901317 and EPA, and thereafter underwent CO, trapping for 4 h with 5 or 100 pM [HC]OA in the absence
of glucose as described in “Materials and Methods.” (A) Oxidation of 5 and 100 pM OA. Fatty acid oxidation
increased by 64% upon increased availability of OA (overall effect P< 0.001). (B) Adaptability was defined as
the ability to increase the acute OA oxidation with increasing OA concentration and calculated as follows:
[oxidation of 100 pM OA / oxidation of 5 pM OA]. Results represent means = SEM for n = 6-12. Bonferroni
correction was applied for multiple comparisons. *P < 0.05 versus control; "P<0.05 versus OA; ‘P< 0.05 versus
EPA. EPA, eicosapentaenoic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic acid; T, T0901317.

ment with EPA compared with control and OA pretreat-
ment (P < 0.05, Fig. 6). Exposure to PA and LA had
minimal effect on this parameter. Treatment with T0901317
alone did not affect the substrate-regulated flexibility of
the myotubes, nor did it interfere with the effect of EPA
(Fig. 6). Pretreatment with the PPARS agonist GW501516
(10 nM) for 96 h increased OA oxidation as previously re-
ported (34), butit did not change any of the parameters of
metabolic switching (data not shown). To investigate
whether the effects of EPA were specific to EPA or were a
general quality of n-3 fatty acids, additional experiments
with ALA (18:3, n-3) and DHA (22:6, n-3) were performed.
Pretreatment with ALA and DHA increased substrate-
regulated flexibility significantly (P < 0.05 versus control,
data not shown) and to the same extent as pretreatment
with EPA (fold change 2.8, 3.1, and 2.7 for ALA, DHA, and
EPA, respectively).

Pretreatment with FAs and T0901317 affected the
number LDs in myotubes

The myotubes were pretreated as described above.
Thereafter, the cells were stained for nuclei, LDs, and mi-
tochondria (Fig. 7). Pretreatment with OA, LA, EPA,
T0901317, and the combination of EPA and T0901317 in-
creased the number of LDs per nucleus compared with
control (P< 0.05, Fig. 8A). PA also tended to increase the
number of LDs per nucleus (P=0.09) but to a smaller ex-
tent than the other FAs. The absolute values of LDs per
nucleus were in the range 26-260, with 52 + 7, 164 + 24,
and 136 + 42 as mean values after control, OA, and EPA
exposure, respectively. The average LD volume was mea-
sured to be about 1.1 }Lm3 and was not affected by pre-
treatment with FAs (data not shown). Density of the LDs
was measured as fluorescence intensity per LD. The aver-
age fluorescence intensity per LD was not significantly dif-
ferent after pretreatment with various FAs (data not
shown). Mitochondrial mass, measured as total intensity
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of MitoTracker’Red FM per nucleus, was also indepen-
dent of the different pretreatments (data not shown).

To investigate lipid distribution, myotubes were incu-
bated with 100 pM OA, PA, LA, or EPA supplemented with
a trace amount of [1-14C]oleic acid for 24 h. We investi-
gated the content of neutral lipids, as LDs are generally
composed of neutral lipids, mostly TAGs and cholesteryl
esters (CE) (46). Extraction and separation of cellular lip-
ids showed that in average TAG constitutes 80%, diacyl-
glycerol (DAG) 12%, and CE 8% of neutral lipids. The
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Fig. 6. Substrate-regulated flexibility. Myotubes were pretreated
for 24 h with 1 pM T0901317 or vehicle (DMSO), and then for an-
other 24 h with 100 pM OA, EPA, LA, PA, 40 pM BSA (control),
T0901317 plus BSA, or a combination of T0901317 and EPA, and
thereafter underwent CO, trapping for 4 h with 100 pM [14C] OAin
the absence of glucose or with 5 pM ['C]OA in the presence of 5
mM glucose as described in “Materials and Methods.” Substrate-
regulated flexibility was defined as the ability to increase the acute
OA oxidation while changing from the “fed” (low fatty acid and
high glucose concentration) to the “fasted” (high fatty acid and no
glucose added) state and calculated as: [oxidation of 100 pM OA
without glucose / oxidation of 5 pM OA in the presence of 5 mM
glucose]. Results represent means + SEM for n = 6-12. Bonferroni
correction was applied for multiple comparisons. “P < 0.05 versus
control; PP < 0.05 versus OA; “P < 0.05 versus T0901317. EPA, ei-
cosapentaenoic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic
acid; T, T0901317.



Fig. 7. Live imaging of lipid droplets and mitochondria. Myotubes were pretreated for 24 h with 1 pM T0901317 or vehicle (DMSO), and
then for another 24 h with 100 pM OA, EPA, LA, PA, 40 pM BSA (control), T0901317, or a combination of T0901317 and EPA. The cells
were stained for nuclei (blue), mitochondria (red) and LDs (green) as described in “Materials and Methods.” Representative images are
presented for control (A-C), pretreatment with EPA (D-F), and EPA + T0901317 (G-I). Images A, D, and G show mitochondria and nu-
clei; B, E, and H show LDs and nuclei; and C, F, and I show mitochondria, LDs, and nuclei. Scale bar is 50 pm. EPA, eicosapentaenoic acid;
LA, linoleic acid; LD, lipid droplet; OA, oleic acid; PA, palmitic acid; T, T0901317.

amount of neutral lipids after different pretreatments fol-
lowed the same pattern as the number of LDs per nucleus
(Fig. 8B). However, the distribution of neutral lipids into
different lipid classes was not changed by pretreatment
with distinct FAs.

Gene expression and pathway analysis after FA
pretreatment

To examine whether the effects of fatty acid treatment
could be explained by changes in gene expression, mi-
croarray analysis was performed. Treatment with EPA reg-
ulated most genes (40 upregulated and 112 downregulated
genes), thereafter LA and OA, and PA regulated the few-
est genes (11 upregulated and 0 downregulated genes,
Table 1). Only 8 genes were induced by all fatty acids,
including the PPARS target genes angiopoietin-like 4
(ANGPTL4) and pyruvate dehydrogenase kinase isozyme
4 (PDK4), as well as the PAT-protein adipose differentia-
tion-related protein (ADFP/adipophilin, Table 2). No

genes were commonly repressed by all fatty acids. Expo-
sure to EPA induced 24 genes and repressed 98 genes that
were not affected by any of the other FAs. EPA was the only
FA thatinduced acetyl-CoA carboxylase 3 [ACCB/ACACB,
fold change (FC) 1.4], which catalyzes the carboxylation
of acetyl-CoA to malonyl-CoA, the rate-limiting step in de
novo fatty acid synthesis, and regulates mitochondrial fatty
acid oxidation. The myokine interleukin 6 (IL-6) was only
upregulated by EPA (FC 1.5), whereas the cholesterol
transport protein ATP-binding cassette, subfamily A,
member 1 (ABCA1) was only repressed by EPA (FC —2.1).
Stearoyl-CoA desaturase 1 (SCD1), the enzyme that cata-
lyzes a rate-limiting step in the synthesis of unsaturated
fatty acids, was downregulated by OA and LA (FC —1.6
and —1.7, respectively). The fatty acid transporter CD36
was only upregulated by PA (FC 1.5).

To verify the results from microarray analysis, real-time
RT-PCR on selected genes was performed. This confirmed
that ADFP, ANGPTL4, and PDK4 were induced by all FAs

Effects of eicosapentaenoic acid in skeletal muscle 2097
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Fig. 8. Number of lipid droplets per nucleus and lipid distribution. (A) Number of LDs per nucleus. The
myotubes were pretreated for 24 h with 1 pM T0901317 or vehicle (DMSO), and then for another 24 h with
100 pM OA, EPA, LA, PA, 40 pM BSA (control), T0901317, or a combination of T0901317 and EPA. The
cells were stained for LDs, mitochondria, and nuclei as described in “Materials and Methods.” Results repre-
sent means normalized to control = SEM for 4 different donors, quantified from in total 200 images where
one image contained in average 37 + 3 nuclei. *P< 0.05 versus control; "P < 0.05 versus PA; ‘P < 0.05 versus
T0901317. (B) Lipid distribution into neutral lipids. Myotubes were incubated with 100 pM OA, PA, LA and
EPA supplemented with a trace amount of [1-"*C]oleic acid (0.5 pCi/ml) for 24 h. Myotubes harvested and
assayed for protein. Cellular lipids were extracted and separated by thin-layer chromatography, and radioac-
tivity was quantified by liquid scintillation as described in “Materials and Methods.” Results represent means
(nmol per mg cell protein) + SEM for 3 different donors. CE, cholesteryl ester; DAG, diacylglycerol; EPA,
eicosapentaenoic acid; LA, linoleic acid; LD, lipid droplet; OA, oleic acid; PA, palmitic acid; T, T0901317;

TAG, triacylglycerol.

tested, whereas SCD1 was repressed only by OA and LA
(Fig. 9). PPARa and PPARS were not regulated by any of
the FAs used in the present study (Fig. 9). Furthermore, to
obtain some indication of gene regulation by ALA and
DHA, we investigated the expression level of ABCAI, one
of the genes observed to be regulated only by EPA, after
DHA and ALA pretreatment. Real-time RT-PCR confirmed
that EPA pretreatment reduced the mRNA level of ABCA1
and showed that ABCA1 was downregulated to a similar
extent also by ALA and DHA exposure (data not shown).
GSEA was performed for functional analysis of changes
in gene expression. Pathways with FDR (g-value) < 0.2
(that is, —log q > 0.7) were considered significantly regu-
lated. Figures 10 and 11 show that pathways involved in
metabolic processes were significantly regulated in myo-

TABLE 1. Number of genes regulated by fatty acid treatment
compared with control in myotubes identified by microarray analysis

Upregulated Downregulated

tubes after treatment with OA, PA, LA, or EPA compared
with control. Treatment with OA, LA, and PA downregu-
lated cholesterol synthesis, while EPA upregulated this
pathway. Fatty acid B-oxidation was induced by EPA and
PA, but not by OA and LA. Furthermore, pathways in-
volved in carbohydrate metabolism, such as the pentose
phosphate pathway, galactose metabolism, and glycosphin-
golipid biosynthesis, were induced in myotubes after expo-
sure to EPA, but not by the other fatty acids.

DISCUSSION

In human myotubes, 24 h pretreatment with 100 pM of
the n-3 FA EPA increased the suppressibility caused by
acute exposure to glucose on fatty acid metabolism com-
pared with pretreatment with OA, and EPA increased the
substrate-regulated flexibility of the cells compared with
control and OA pretreatment. Furthermore, pretreatment
with ALA and DHA increased substrate-regulated flexibil-

Ireatment Number of Genes Number of Genes ity to the same extent as EPA, indicating that the observed
OA 16 20 effects of EPA could be due to a general quality of n-3 FAs.
E‘Z i(l) lg These results suggest a possible favorable effect of n-3 FAs
EPA 40 112 on skeletal muscle substrate handling and metabolic

Myotubes were incubated with fatty acids (100 pM) or BSA (40 pM,
control) for 24 h and harvested for RNA isolation. Gene expression was
measured by Affymetrix human NuGO Genechip arrays and fold
change (FC) was calculated as log2-transformed expression level after
fatty acid treatment divided by log2-transformed expression level after
BSA treatment (control) for each individual donor. Mean fold changes
were calculated based on the individual log2-transformed fold changes.
Differentially expressed probe sets were identified using paired
Intensity-based moderated t-statistics (IBMT, g-value) as explained in
“Materials and Methods.” Genes with q < 0.2 was considered significantly
regulated. Abbreviations: EPA, eicosapentaenoic acid; LA, linoleic acid;
OA, oleic acid; PA, palmitic acid.
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switching. EPA, LA, and PA significantly increased the cel-
lular adaptability toward an increased acute exposure to
fatty acids compared with control and OA pretreatment.
This finding indicates that the increase in FA adaptability,
in contrast to suppressibility and substrate-regulated flexi-
bility, is due to a more general effect of fatty acids on skel-
etal muscle lipid metabolism, although this does not apply
to OA. These data also fit with data from the microarray
analysis, where all fatty acids were found to upregulate cer-
tain genes involved in fatty acid B-oxidation: enoyl CoA



TABLE 2. Genes upregulated by all fatty acids

Gene Symbol EPA LA OA PA
PDK4 4.58 4.41 5.97 4.93
ANGPTL4 3.45 2.42 2.72 2.42
ADFP 2.68 2.07 2.27 1.90
CAT 1.59 1.51 1.53 1.60
ECHI1 1.51 1.57 1.63 1.69
IMPA2 1.48 1.55 1.48 1.37
ACADVL 1.44 1.34 1.42 1.40
SLC25A20 1.39 1.30 1.30 1.34

Myotubes were incubated with fatty acids (100 pM) or BSA (40 pM,
control) for 24 h and harvested for RNA isolation. Gene expression was
measured by Affymetrix human NuGO Genechip arrays and fold change
(FC) was calculated as log2-transformed expression level after fatty acid
treatment divided by log2-transformed expression level after BSA
treatment (control) for each individual donor. Mean fold changes were
calculated based on the individual log2-transformed fold changes.
Differentially expressed probe sets were identified using paired Intensity-
based moderated t-statistics (IBMT, g-value) as explained in Materials
and Methods. Genes with q < 0.2 was considered significantly regulated.
The table shows FC for the genes upregulated by all fatty acids tested.
Abbreviations: ACADVL, acyl-CoA dehydrogenase, very long chain;
ADFP, adipose differentiation-related protein; ANGPTL4, angiopoietin-
like 4; CAT, catalase; ECHI, enoyl CoA hydratase 1, peroxisomal; EPA,
eicosapentaenoic acid; IMPAZ2, inositol (myo)-1 (or 4)-monophosphatase
2; LA, linoleic acid; OA, oleic acid; PA, palmitic acid; PDK4, pyruvate
dehydrogenase kinase, isozyme 4; SLC25A20, solute carrier family 25

(carnitine/acylcarnitine translocase), member 20.

hydratase 1 (ECHI), acyl-CoA dehydrogenase very long
chain (ACADVL), and solute carrier family 25 (carnitine/
acylcarnitine translocase) member 20 (SLC25A20). Fur-
thermore, pathway analysis showed that fatty acid B-oxidation
was upregulated by EPA and PA. The pathway analysis also
showed that exposure to EPA, in contrast to the other fatty
acids, affected carbohydrate metabolism, supporting the
functional data showing the specific effect of n-3 FAs on
suppressibility and substrate-regulated flexibility compared
with the other FAs. Real-time accumulation studies of fatty
acids showed that EPA per se accumulated significantly
less and was more oxidized to ASM than the other fatty

acids. LXR-activation with T0901317 increased OA uptake
and oxidation, as well as glucose uptake and oxidation.
Furthermore, T0901317 counteracted the effect of EPA
on suppressibility and adaptability, but not on substrate-
regulated flexibility of the cells.

In the present study we observed eight genes commonly
upregulated by EPA, LA, OA, and PA, indicating a general
fatty acid effect, probably due to PPAR activation. Four of
these genes, ANGPTL4, PDK4, ADFP, and IMPA2, were
also found to be induced by both PA and LA in myotubes
by Staiger et al. (47). In addition we showed that catalase
(CAT) and a few genes involved in fatty acid B-oxidation
(ACADVL, SLC25A20, ECH1) were upregulated by all FAs
examined. The changes in adaptability cannot solely be
explained by regulation of gene expression because no
genes were found to be commonly regulated by EPA, LA,
and PA, but not by OA.

Gene set enrichment analysis showed that EPA upregu-
lated specific pathways involved in carbohydrate metabo-
lism, indicating that the effects of n-3 FAs on metabolic
switching are partially due to enhanced glucose utiliza-
tion. In the present study we did not observe increased
glucose oxidation after pretreatment with EPA compared
with control, in contrast to previous reports (23, 24). This
finding might be due to different experimental condi-
tions, such as incubation time and concentration of fatty
acids used. However, pretreatment with EPA increased
acute fatty acid uptake, but not oxidation, in accordance
with previous findings (23, 24). Furthermore, EPA was
found to induce gene expression of ACACB, which con-
trols fatty acid B-oxidation through production of malonyl-
CoA and inhibition of carnitine palmitoyltransferase 1
(CPT1). This upregulation might reflect an increased ca-
pacity to control fatty acid oxidation rate. The present
study also showed that pretreatment with EPA increased the
expression level of IL-6. It has been shown that exposure
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Fig. 10. Pathways involved in metabolic processes upregulated by
fatty acids in myotubes. Myotubes were incubated with fatty acids
(100 pM) or BSA (40 pM, control) for 24 h and harvested for RNA
isolation. Gene expression was measured by Affymetrix human
NuGO Genechip arrays and GSEA was performed to identify path-
ways regulated by OA, PA, LA, and EPA compared with control as
explained in “Materials and Methods.” Pathways with FDR (g-value) <
0.2 (thatis, —log(q) > 0.7) were considered significantly regulated.
Line marks —log(q) = 0.7, the cut-off for significance for the
GSEA. In short, GSEA identifies pathways in which more genes
are found to be regulated by microarray analysis than one would
expect on the basis of chance. EPA, eicosapentaenoic acid; GSEA,
gene set enrichment analysis; LA, linoleic acid; OA, oleic acid; PA,
palmitic acid.

to IL-6 increases phosphorylation and activation of AMP-
activated protein kinase (AMPK) in skeletal muscle and
thereby regulates muscle substrate utilization (48, 49).
Therefore, increased phosphorylation of AMPK might
contribute to the effect of n-3 FAs on metabolic switching
in the myotubes.

LXRs, important regulators of cholesterol, lipid, and
glucose metabolism (50-54), might be involved in regula-
tion of metabolic switching. Recently, Stenson et al. showed
that LXR regulated the switch between glucose and FA ox-
idation in adipocytes (55). In the present study, pretreat-
ment with T0901317 increased acute uptake and oxidation
of OA and glucose in myotubes. This result is in accordance
with previous findings showing that exposure to T0901317
increased acute PA and glucose uptake and oxidation in
the same cell model (56, 57). Stenson et al. showed that
the LXR agonist GW3965 decreased glucose oxidation,
but it increased fatty acid oxidation in human and murine
adipocytes (55). This finding indicates that glucose oxidation
is regulated by LXR in a tissue-specific manner. Treatment
with T0901317 did not affect the adaptability or suppress-
ibility itself, but it counteracted the effect of EPA on these
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parameters. Exposure to T0901317 showed no effect on
substrate-regulated flexibility. The blunted increase in
suppressibility and adaptability after treatment with EPA
in combination with T0901317 could be explained by
suppressive effects of LXR on PPAR target genes (58, 59).
However, the fact that PPARS activation did not influ-
ence adaptability or suppressibility does not support this
explanation.

The counteractive effects of T0901317 on EPA-induced
increase in adaptability and suppressibility could also indi-
cate that EPA’s effects on metabolic switching are due to
LXR antagonism, as PUFAs are shown to act as LXR antago-
nists (25, 26). Although T0901317 counteracted EPA’s effect
on suppressibility and adaptability, the T0901317-mediated
augmentation in glucose uptake and oxidation was in-
creased after exposure to EPA, indicating that not all of
the effects of T0901317 and PUFAs are counteractive.
PPARs and LXRs are shown to perform reciprocal induc-
tion of each other (60-62), and these results further under-
line the complex interplay between these nuclear receptors.

The mechanisms by which n-3 FAs affect metabolic
switching may not only involve gene regulation but may
also be linked to different membrane incorporation of
fatty acids (63-65) and, thereby, increased plasma mem-
brane fluidity, as well as altered structure or dynamics of
the mitochondrial membranes (65-67). According to the
“membrane pacemaker theory,” in which n-3 FA content is
correlated with metabolic rate, an increased proportion of
PUFAs in membranes is proposed to increase the activity
of membrane-associated proteins and thereby increase
cellular metabolic activity and membrane leak-pump cycles
(65-68). In the present study, mitochondrial mass of myo-
tubes was unaffected by all pretreatments examined, sug-
gesting that the metabolic effects of EPA is not due to
increased mitochondrial biogenesis. However, mitochon-
drial dynamics and function might be altered.

The ability of fatty acids to differently change metabolic
switching of myotubes might also be due to different ac-
cumulations of fatty acids, changes in the level of intracel-
lular lipid species, such as acyl-CoA, diacylglycerol (DAG),
and triacylglycerol (TAG), and lipid utilization. In this
study, myotubes accumulated less labeled EPA per se com-
pared with OA, PA, and LA. EPA was more oxidized to
ASM than the other FAs, which might explain the reduced
accumulation. However, pretreatment with EPA, as well as
OA and LA, did increase the number of LDs per nucleus,
whereas the volume and intensity of LDs were unaffected.
The amount of neutral lipids after different FA pretreat-
ments followed the same pattern as the number of LDs,
but the distribution into different lipid classes was not
changed by distinct FAs. Pretreatment with T0901317 also
increased the number of LDs. The increased number of
LDs in T0901317-treated myotubes might be due to the
ability of T0901317 to stimulate lipogenesis, uptake of fatty
acids, and TAG formation (56, 69). EPA, on the other
hand, has been shown to decrease lipogenesis in several
tissues, such as liver, intestine, and adipose (70-72). In
accordance with our data, previous studies have shown
that pretreatment with EPA increased acute fatty acid uptake,
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1 —log(q) > 0.7) were considered significantly regu-
lated. Line marks —log(q) = 0.7, the cut-off for sig-
nificance for the GSEA. EPA, eicosapentaenoic acid;
Methionine metabolism GSEA, gene set enrichment analysis; LA, linoleic
L] acid; OA, oleic acid; PA, palmitic acid.
|
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promoted accumulation of TAG, and reduced the level of
total acyl-CoA in human myotubes (23, 24). Increased
storage of TAG may protect against cell damage due to a
reduction in lipotoxic intermediates (24, 73, 74) and
might contribute to the favorable effects of n-3 FAs on
metabolic switching. The impact of LDs and the regula-
tion of LDs by different fatty acids are currently under fur-
ther investigation.

Metabolic inflexibility might be caused by lifestyle factors
and their interaction with intrinsic characteristics of skeletal
muscle. In vitro adaptability of myotubes has been shown
to be positively correlated with in vivo metabolic flexibility

and insulin sensitivity (8), and it might reflect the ability
to adapt to a high-fat diet and protect against obesity.
In the present study, pretreatment with EPA, LA, and PA
increased in vitro adaptability of myotubes. Unexpectedly,
Ukropcova et al. found that in vitro suppressibility was
inversely correlated with in vivo metabolic flexibility and
insulin sensitivity (8). These observations might be inap-
propriate to compare, as the in vivo experiments were
done in the presence of insulin, whereas the in vitro ex-
periments were done in the absence of insulin. However,
in our study, treatment with EPA was found to increase
both in vitro suppressibility and substrate-regulated flexi-
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bility. Suppressibility reflects the ability of glucose to sup-
press FA oxidation, possibly reflecting the reverse Randle
cycle (8, 31, 32). Metabolic inflexible muscle is character-
ized by an impaired switch from lipid to glucose oxidation
after a meal, which might be reflected by decreased sup-
pressibility. Improvement of adaptability, suppressibility,
and substrate-regulated flexibility through changes in diet,
weight, and physical activity might reflect a therapeutic
beneficial effect for individuals with obesity and T2D.

CONCLUSION

Our study suggests a positive role for n-3 FAs compared
with other FAs in improving overall energy metabolism
and metabolic switching in skeletal muscle that might con-
tribute to the beneficial effects of dietary intake of n-3 FAs.
We also suggest the use of three parameters, suppressibil-
ity, adaptability, and substrate-regulated flexibility, in
functional studies of fuel selection and energy metabolism
in cell cultures.Hl
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