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Synopsis
Mitochondrial dysfunction has been associated with insulin resistance, obesity and diabetes. Hyperinsulinaemia and
hyperlipidaemia are hallmarks of the insulin-resistant state. We sought to determine the contributions of high insulin
and saturated fatty acid exposure to mitochondrial function and biogenesis in cultured myocytes. Differentiated C2C12
myotubes were left untreated or exposed to chronic high insulin or high palmitate. Mitochondrial function was de-
termined assessing: oxygen consumption, mitochondrial membrane potential, ATP content and ROS (reactive oxygen
species) production. We also determined the expression of several mitochondrial genes. Chronic insulin treatment
of myotubes caused insulin resistance with reduced PI3K (phosphoinositide 3-kinase) and ERK (extracellular-signal-
regulated kinase) signalling. Insulin treatment increased oxygen consumption but reduced mitochondrial membrane
potential and ROS production. ATP cellular levels were maintained through an increased glycolytic rate. The expression
of mitochondrial OXPHOS (oxidative phosphorylation) subunits or Mfn-2 (mitofusin 2) were not significantly altered
in comparison with untreated cells, whereas expression of PGC-1α (peroxisome-proliferator-activated receptor γ co-
activator-1α) and UCPs (uncoupling proteins) were reduced. In contrast, saturated fatty acid exposure caused insulin
resistance, reducing PI3K (phosphoinositide 3-kinase) and ERK (extracellular-signal-regulated kinase) activation while
increasing activation of stress kinases JNK (c-Jun N-terminal kinase) and p38. Fatty acids reduced oxygen consump-
tion and mitochondrial membrane potential while up-regulating the expression of mitochondrial ETC (electron chain
complex) protein subunits and UCP proteins. Mfn-2 expression was not modified by palmitate. Palmitate-treated cells
also showed a reduced glycolytic rate. Taken together, our findings indicate that chronic insulin and fatty acid-induced
insulin resistance differentially affect mitochondrial function. In both conditions, cells were able to maintain ATP
levels despite the loss of membrane potential; however, different protein expression suggests different adaptation
mechanisms.
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INTRODUCTION

Mitochondrial dysfunction in skeletal muscle has been associated
with insulin resistance that occurs in states of obesity and Type 2
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diabetes [1–3]. In fact, insulin-resistant individuals have reduced
expression of mitochondrial gene mRNAs and lower protein ex-
pression of respiratory chain subunits [4–8], decreased mtDNA
(mitochondrial DNA), reduced oxidative enzyme activity [5] and
decreased mitochondrial size and density [3,5,7,9]. Furthermore,
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several studies have shown impaired mitochondrial respiration in
patients with Type 2 diabetes and in their lean insulin-resistant
offspring [1,10–13], although this has not been observed in other
studies [14,15].

At the cellular level, one of the main cellular manifestations
of insulin resistance is an impairment of insulin signalling in
peripheral tissues, particularly liver, skeletal muscle, heart and
adipose tissue. Insulin binding to its receptors at the cell surface
triggers the initiation of signalling cascades that regulate cell
metabolism (including glucose, amino acid and lipid metabol-
ism), cell proliferation and cell survival. Several pieces of experi-
mental evidence suggest that insulin signal transduction pathways
are also important for mitochondrial function and that insulin res-
istance has a negative impact on the mitochondria. First, in vitro,
insulin administration to cultured myoblasts has been shown to
regulate transcription of mitochondrial genes such as Mfn, and
the subunits I and IV of the cytochrome c oxidase (MTCOI
and NCOIV) [16,17]. In Drosophila, the insulin-regulated tran-
scription factor dFOXO (Drosophila forkhead box O; orthologue
of mammalian FOXO1a) regulates the expression of many nutri-
ent responsive genes, including the homologue of the mammalian
PGC-1 [PPAR (peroxisome-proliferator-activated receptor) γ co-
activator-1], a transcriptional co-activator implicated in con-
trolling mitochondrial gene expression in mammals [18]. These
data strongly suggest that mitochondrial biogenesis is linked to
insulin signalling via dFOXO-mediated repression of a PGC1
homologue. Furthermore, in vivo studies performed in humans
showed that administration of insulin to non-diabetic insulin-
sensitive subjects caused an increase in the MAPR (mitochon-
drial ATP production rate), an effect that was not seen in diabetic
patients [19]. It has also been reported that muscle mitochon-
drial protein synthesis is stimulated by insulin treatment [19,20]
and that this process is also impaired in diabetic subjects [21].
The PI3K (phosphoinositide 3-kinase) pathway is responsible for
many of the metabolic actions of insulin and represents an im-
portant pathway for insulin signalling in muscle. Furthermore,
activation of the PI3K pathway is required for the phosphoryla-
tion and activation of the serine/threonine kinase Akt, which has
been reported to translocate to the mitochondria in response to
insulin [22,23].

Similarly, nutrient oversupply, particularly of fatty acids, can
induce changes in mitochondrial activity and may play a role
in the development of mitochondrial dysfunction. For example,
switching animals to a high-fat diet for a few days was sufficient
to rapidly reduce the mitochondrial rate of ATP synthesis [24]. In
a separate study, genes coding for proteins involved in OXPHOS
(oxidative phosphorylation) and mitochondrial biogenesis were
down-regulated in response to high-fat feeding [25]. Furthermore,
increased fatty acid exposure, as seen in obesity, leads to the
production and intracellular accumulation of diacylglycerol and
ceramides, which also lead to a reduction in PI3K signalling in
muscle, thus leading to increased insulin resistance [26].

In order to clarify the contribution of factors related to the
insulin-resistant state (high insulin or high lipids) to mitochon-
drial dysfunction, we examined the effects of chronic insulin
treatment on mitochondrial function and biogenesis and com-

pared that with saturated fatty acid exposure in a cultured cell
system. We demonstrate that chronic insulin and fatty acid ex-
posure contribute differently to mitochondrial function.

MATERIALS AND METHODS

Materials
All chemicals and reagents were purchased from Sigma–Aldrich
or Thermo Fisher Scientific unless otherwise stated.

Cell culture
C2C12 cells were grown in a humidified atmosphere in 95 % air
and 5 % CO2 at 37 ◦C in DMEM (Dulbecco’s modified Eagle’s
medium) containing 25 mM glucose supplemented with 10 %
(v/v) FBS (fetal bovine serum), penicillin (100 units/ml), strep-
tomycin (100 μg/ml) and Hepes (10 mM) until they reached 90 %
confluence. At this point, differentiation and fusion to myotubes
were initiated by changing to the fusion medium, which was
DMEM supplemented with 2 % (v/v) horse serum and penicil-
lin, streptomycin and Hepes of the same concentration as in the
growth medium. Myotubes between days 3 and 5 after differen-
tiation were used for experiments. For chronic insulin treatment
cells were treated with 100 nM insulin for 24 or 48 h in the fusion
medium as indicated. Fresh medium with insulin was changed
every 24 h. For the fatty acid treatments sodium palmitate (Sigma)
was bound to 12 % (w/v) fatty-acid-free BSA in the DMEM me-
dium to make a stock solution of 2 mM palmitate. This stock was
then diluted to obtain fatty acid concentrations ranging from 0.2
to 1.6 mM in 4.8 % (w/v) BSA as indicated in the Figure legends.

Western blot analysis
Whole-cell lysates and immunoblotting was performed as pre-
viously described [27]. Antibodies used were purchased as fol-
lows: phospho-Akt (Ser473), Akt, p44/42 MAP and phospho-
p44/42 MAPK (mitogen-activated protein kinase) (ERK1/2)
(Thr202/Tyr204), insulin receptor β, and phospho-SAPK (stress-
activated protein kinase)/JNK (Thr183/Tyr185) were from Cell Sig-
naling; Mfn-2 (mitofusin 2) antibody was from Abcam; anti-
Porin 31HL was from Calbiochem; anti-β-tubulin and actin were
from Sigma–Aldrich. Antibodies against Complex I–V were from
Invitrogen. HRP (horseradish peroxidase)-conjugated secondary
antibodies were from Thermo Fisher Scientific. Densitometric
analysis was performed using the Image J software (NIH).

Real-time PCR
Total RNA was extracted from mature myotubes using TRIzol®

reagent (Invitrogen), following the manufacturer’s instructions.
cDNA was generated using SuperScript® VILOTM cDNA syn-
thesis kit (Invitrogen). Real-time PCR was performed using the
StepOnePlusTM Real-Time PCR System (Applied Biosystems)
with cDNA template (6.25 ng), primers (100–400 nM each), and
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SYBR Green qPCR Master Mix. Primers were designed using
Primer3 Software and obtained from Sigma–Aldrich/Genosys.
Quantifications of gene expression were normalized to 18S
or cyclophilin A. The primer pairs for each gene are
shown in Supplementary Table S1 (at http://www.bioscirep.org/
bsr/032/bsr0320465add.htm).

Mitochondrial isolation
Cells were washed with PBS and homogenized in isolation buffer
containing 2.5 % (w/v) BSA, 220 nM mannitol, 70 mM sucrose,
1 mM EDTA, 10 mM Tris/HCl, pH7.4, using a Dounce homo-
genizer. Cell lysates were centrifuged twice (700g , for 5 min,
at 4 ◦C) and the supernatants further centrifuged at 7000 g, for
10 min, at 4 ◦C.The pellets were resuspended in isolation buffer
and the centrifugation step repeated twice. The pellet containing
crude mitochondria was resuspended in 20 μl of buffer and used
in further biochemical assays.

Analysis of inner mitochondrial membrane potential
Cells were incubated in DMEM without serum for 2 h
before they were stained with JC-1 (5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine, 10 μg/ml; Mo-
lecular Probes/Invitrogen) for 10 min at 37 ◦C. Cells were then
treated with or without insulin (100 nM) for 30 min before they
were trypsinized, resuspended in the growth medium and trans-
ferred to the flow cytometer (FACSCalibur; Becton Dickinson).
JC-1 was excited at 488 nm and the monomer signal (green) was
analysed at 525 nm (FL1). Simultaneously, the aggregate signal
(red) was analysed at 590 nm (FL2). Data were acquired and
analysed by using the BD CellQuestTMPro Software (BD Bios-
ciences). Fluorescence values were determined on 10 000 cells for
each condition in each experiment. The results show the average
of three to five independent experiments.

Determination of cellular ATP
Cellular ATP content was determined with a luciferin/luciferase
luminometry ATP measurement kit (Sigma) according to manu-
facturer’s instructions. Briefly, cell lysates were prepared in 1 %
(w/v) TCA (trichloroacetic acid) and incubated for 15 min before
centrifugation (11 300 g, 10 min, 4 ◦C). The supernatant contain-
ing ATP was neutralized by Tris/HCl buffer (50 μl, 0.1M, pH 9.0)
before it was mixed with the bioluminescent solution and read
by a luminometer (Berthold Tube Master; Berthold Technolo-
gies). ATP concentrations in cell lysates were then determined
from a standard curve, and then normalized for the total protein
concentrations.

Determination of ROS production
Cells were washed in PBS and incubated with DCF-DA [(2′,7′-
dichlorofluorescein diacetate); Invitrogen] at a final concentration
of 2 μM at 37 ◦C in the dark for 30 min. Cells were then washed
in warmed PBS and left in the dark for 20 min before imaging

on a Leica DMI6000 microscope under a 488 nm excitation fil-
ter. Mean fluorescence for control or treated cells was quantified
and analysed over 5 min time intervals using Leica LAF soft-
ware. Average fluorescence values were calculated from at least
three independent experiments each with triplicate cell plates per
conditions, with 50–180 cells.

OCR (oxygen consumption rate) and ECAR
(extracellular acidification rate)
Respirometry of cultured muscle cells was performed using the
Seahorse Bioscience XF 24 platform. Briefly, C2C12 cells were
grown and differentiated on Seahorse Bioscience XF24 plates.
Cells were then left untreated (controls) or treated with 100 nM
insulin or with 0.25 mM palmitate. The instrument was calib-
rated the day before the experiment as per the instructions of
the manufacturer. The injection ports were loaded with appropri-
ate mitochondrial inhibitors as specified in the Figure legends.
Oxygen consumption and medium acidification values were nor-
malized by protein content.

Statistical analysis
Results are presented as means +− S.E.M. Comparisons between
treatment groups were performed by Student’s t test or ANOVA
(GraphPad Prism; GraphPad Software) as appropriate. P < 0.05
was considered statistically significant (*P < 0.05, **P < 0.01
and ***P < 0.001).

RESULTS

Chronic insulin treatment causes insulin resistance
and mitochondrial uncoupling
In order to investigate the role of impaired insulin signalling in
mitochondrial function we first generated a model of insulin res-
istance in cultured C2C12 myotubes, by treating cells chronically
with insulin (100 nM) for up to 2 days. As shown in Figure 1,
chronic insulin treatment decreased the expression of the insulin
receptor, which was evident following 24 h of insulin treatment.
Quantification of three to five independent experiments showed
a reduction of 60 % of insulin receptor protein after 24 h in-
sulin exposure and up to 75–80 % after 48 h in comparison with
untreated cells (Figure 1B). Concomitantly, 48 h of insulin treat-
ment reduced the subsequent insulin-stimulated phosphorylation
of the serine/threonine kinase Akt (Figure 1A, lanes 11 and 12 in
comparison with control cells, lanes 3 and 4, and Figure 1B).
Activation of ERKs (p44/p42) following an acute insulin treat-
ment was also reduced in cells chronically treated with insulin
for 48 h (Figure 1B). Basal activation of ERK p44/p42 was also
increased after insulin treatment of cells. However, basal activa-
tion of the stress kinases p38 MAPK or JNK was not different in
the insulin-treated group in comparison with control non-treated
cells. We observed no changes in the phosphorylation levels of
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Figure 1 Chronic insulin treatment induces insulin resistance and inhibits PI3K signalling
(A) C2C12 myotubes were left untreated (lanes 1–4) or treated with 100 nM insulin for 24 h (lanes 5–8) or 48 h (lanes
9–12) before they were serum-deprived in DMEM for 4 h and either left untreated (lanes 1, 2, 5, 6, 9 and 10) or treated
with insulin (100 nM) for 30 min (lanes 3, 4, 7, 8, 11 and 12). Whole-cell extracts were prepared and samples separated
by SDS/PAGE and immunoblotted with the indicated antibodies. A representative experiment is shown. (B) Quantification
of the effects of chronic insulin treatment on insulin signalling. Results are means +− S.E.M. [AU (arbitrary units)] from
three to five experiments. Data for individual proteins were normalized to loading controls (actin, Akt, ERK, JNK or p38).
Non-treated cells were used as reference. Statistical analysis: one-way ANOVA (*P < 0.05, **P < 0.01 and ***P < 0.001).

p38 MAPK in the insulin-treated cells in comparison with con-
trol cells. These data suggest that 48 h of chronic insulin treat-
ment causes insulin resistance by reducing signalling through
PI3K/Akt and p44/p42 MAPK without affecting p38 or JNK
activation.

Next, we examined whether the mitochondrial function
was impaired in chronically insulin-treated cells. To this end,
we examined the OCR and ATP levels in cells chronically
treated with insulin for 2 days. Insulin-treated cells showed
a higher OCR and higher maximal respiratory capacity [in
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Figure 2 Mitochondrial function in C2C12 myotubes chronically treated with insulin
(A) Oxygen consumption. Cells were either left untreated (controls) or treated with 100 nM insulin for 48 h. Oxygen
consumption was determined using a Seahorse XF24 Flux analyser and following the manufacturer’s instructions. Data
were normalized by protein content. As indicated the following mitochondrial inhibitors were used: oligomycin A 10 μg/ml,
FCCP 10 μM). Data are means +− S.E.M. for five independent experiments. Statistical analysis: Student’s t test (*P < 0.05,
**P < 0.01 and ***P < 0.001) (B) Cellular ATP content. C2C12 myotubes were left untreated or treated with insulin
(100 nM) for 48 h. ATP content was measured using a luciferin/luciferase kit (Sigma) and following the manufacturer’s
instructions. The concentrations of ATP were normalized for the total protein concentrations (μmol/μg of protein) and
the results presented as the percentage respective to the control. Results are means +− S.E.M. for four independent
experiments each measured in triplicate. (C) Mitochondrial membrane potential (�ψ). C2C12 myotubes were left untreated
or treated with insulin (100 nM) for 48 h before they were serum-starved in DMEM without serum for 2 h and stained
with JC-1 dye as described in the Material and Methods section. Acute treatment of insulin was for 30 min. Cells were
trypsinized and analysed by flow cytometry. Data are presented as the percentage of the control; significance was analysed
using a Student’s t test (***P < 0.001). (D) ECAR. Cells were either left untreated (controls) or treated with 100 nM insulin
for 48 h. Proton excretion as a measure of glycolysis was determined using a Seahorse XF24 Flux analyser and following the
manufacturer’s instructions. Data were normalized by protein content. As indicated the following mitochondrial inhibitors
were used: oligomycin A 10 μg/ml, FCCP 10 μM). Data are means +− S.E.M. for five independent experiments. Statistical
analysis: data were analysed using a Student’s t test (*P < 0.05). (E) ROS production. C2C12 myotubes were either left
untreated or treated with insulin (100 nM, 48 h). Cells were washed in PBS and stained with DCF-DA as detailed in the
Materials and Methods section. Cells were visualized in a Leica DMI6000 microscope under 488 nm excitation filter and
fluorescence was quantified over a 5 min time intervals with Leica LAF software. The means +− S.E.M. of fluorescence for
n = 41–59 cells are shown, analysed by Student’s t test (***P < 0.001).

the presence of the uncoupler FCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone)] than the control untreated
cells (Figure 2A). Despite this, the ATP levels of the cells were
not different than controls (Figure 2B).

We next determined the mitochondrial membrane potential
by flow cytometry. Cells were stained with JC-1, a cationic dye
that selectively accumulates in the mitochondrial inter-membrane
space in a manner proportional to the proton gradient. JC-1 ex-
hibits green (525 nm) fluorescence in its monomeric state, but in
energized mitochondria it forms aggregates that shift its emission
fluorescence from green (525 nm) to the far-red (590 nm) emis-
sion wavelength. Thus, quantification of the ratio between the
red/green-emitted lights provides a measure of the mitochondrial
membrane potential. As observed in Figure 2(C) cells exposed to
chronic insulin for 2 days, exhibited the reduced mitochondrial
membrane potential in comparison with control untreated cells.

Concomitantly with this, ROS was lower in the insulin-treated
cells (Figure 2E).

Insulin-resistant cells also displayed a higher ECAR (Fig-
ure 2D), which suggests a higher glycolytic rate in order to
maintain ATP levels.

Overall these data suggest that insulin-induced insulin resist-
ance causes mitochondrial uncoupling decreasing mitochondrial
efficiency, which is compensated by increased glycolysis.

Chronic insulin treatment alters the expression of
transcripts encoding for mitochondrial proteins or
proteins involved in mitochondrial biogenesis
To evaluate further the impact of chronic insulin treatment on
mitochondrial function, we sought to determine whether chronic
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Figure 3 Mitochondrial gene expression in C2C12 myotubes treated with chronic insulin treatment
C2C12 myotubes were left untreated or treated with insulin for 48 h. Total mRNA was extracted and the mRNA abund-
ance of genes coding for mitochondrial proteins examined by quantitative real-time PCR. Results were analysed by the
��CT method. Data are means +− S.E.M. for three independent experiments analysed by Student’s t test (*P < 0.05 and
**P < 0.01).

insulin treatment alters the expression of mitochondrial genes or
genes associated with mitochondrial biogenesis.

To this end we determined the mRNA levels of the transcrip-
tional co-activators PGC-1α and PGC-1β, which have been found
to regulate mitochondrial biogenesis. We found that PGC-1α

mRNA levels were markedly decreased in insulin-treated cells in
comparison with controls (Figure 3), but no changes were detec-
ted in PGC-1β. Despite the changes in PGC-1α, no changes were
detected in the mRNA levels of the downstream transcriptional
factors NRF1 (nuclear respiratory factor-1) or Tfam (mitochon-
drial transcription factor A) (Figure 3).

We also determined the levels of mRNA coding for several mi-
tochondrial proteins. The expression of mRNAs coding for Cox
2 (cytochrome c oxidase subunit 2), Cox4 and ATP-synthase
subunits showed a tendency to decrease after insulin treatment,
albeit it did not reach statistical significance. We observed, how-
ever, a significant reduction in the mRNA levels coding for UCP
(uncoupling protein) 2 and UCP3 in cells treated with insulin.

Chronic insulin treatment does not alter the
expression of electron transfer proteins or Mfn-2
To investigate further the impact of chronic insulin on mitochon-
drial function we examined by Western blotting the expression
of ETC (electron chain complex) protein subunits Mfn-2, a pro-
tein involved in mitochondrial fusion, and porin in these cells.
Chronic insulin exposure did not significantly alter the expres-
sion of ETC protein Complexes I–V (Figure 4A) or the levels
of Mfn-2 (Figure 4B). The expression levels of porin were also
unchanged in insulin treated cells in comparison with controls
(Figure 4B). In any case these data indicate that insulin-induced

insulin resistance does not compromise the expression of mito-
chondrial OXPHOS proteins.

Saturated fatty acid exposure reduces PI3K
signalling, increases JNK and p38 activity and
decreases mitochondrial membrane potential
Chronic treatment of cells with the saturated fatty acid palmit-
ate induced insulin resistance in a dose-dependent manner, as
evidenced by the attenuated Akt activation following an acute
treatment of cells with insulin for 30 min (Figure 5). As the con-
centrations of the fatty acid increased, we observed a marked
decline in the capacity of insulin to phosphorylate Akt and a de-
crease in the basal activation of Akt. Concomitantly with this, as
the concentration of palmitate increased we observed increased
basal activation of the stress kinases JNK and p38 (Figures 5A and
5B). In subsequent experiments, we chose to examine mitochon-
drial function at 0.2 mM palmitate, since at this concentration
the activation of Akt was significantly reduced (to approx. 45 %
of that seen in control cells, i.e. insulin-treated in the absence of
fatty acid, without compromising cell viability (cell viability was
determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide] assay and at this concentration of fatty
acid it was not significantly different to control untreated (results
not shown).

Having established a saturated fatty-acid-induced in vitro
model of insulin resistance we next sought to examine the mito-
chondrial function in these cells. First, we determined the OCR
and ATP levels in cells treated with 0.2 mM palmitate and control
untreated cells. We observed that the OCR and maximal respir-
atory capacity (in the presence of FCCP) were decreased in the
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Figure 4 Chronic insulin treatment does not alter expression of OXPHOS protein complexes porin or Mfn-2
(A) C2C12 myotubes were left untreated (lanes 1 and 2) or treated with insulin for 24 h (lanes 3 and 4) or for 48 h (lanes
5 and 6). Whole-cell lysates were obtained, and separated by SDS/PAGE and immunoblotted with specific antibodies as
indicated. A representative experiment is shown. (B) C2C12 myotubes were left untreated (lanes 1 and 2) or treated with
insulin for 48 h (lanes 3 and 4). Whole-cell lysates were obtained, and separated by SDS/PAGE and immunoblotted with
specific antibodies as indicated. A representative experiment is shown. (C) Quantification of effects of chronic insulin
treatment on OXPHOS complex protein expression [a.u. (arbitrary units)]. Data from three experiments were normalized to
actin. Non-treated cells were used as reference. Statistical analysis: one-way ANOVA.

fatty-acid-treated cells in comparison with controls (Figure 6A).
The mitochondrial membrane potential was also significantly
reduced in cells treated with palmitate for 24 h (Figure 6C), con-
comitantly with a reduced formation of ROS (Figure 6E). How-
ever, the ATP content in cells was maintained at the same time
that glycolytic rate (ECAR) was reduced (Figures 6B and 6D,
respectively), suggesting a preference for fatty acid utilization
over glucose in the palmitate-exposed cells.

Saturated fatty acid exposure increases the
expression of UCPs
We next set to examine whether fatty acid treatment resulted in
changes in the expression of transcripts coding for mitochondrial
proteins or proteins associated with regulating mitochondrial bio-
genesis. Treatment of cells with 0.2 mM palmitate did not change
PGC-1α and PGC-1β transcript levels, or indeed the levels of
transcripts coding for the transcription factors NRF1 or Tfam

(Figure 7). In contrast, fatty acid exposure markedly increased
the transcripts coding for UCP2 and UCP3 (Figure 7). In addi-
tion, we detected a tendency to increase the transcript coding for
ATP6 (ATP synthase subunit 6) (Figure 7).

Saturated fatty acid exposure increases the
expression of some electron transport chain
proteins
To further investigate the effects of palmitate on mitochon-
drial function and dynamics, we examined the expression of the
OXPHOS protein complex subunits by Western blot in control
(untreated cells) or cells exposed to palmitate. Fatty acid expos-
ure elevated the expression of protein components of Complex IV
and V, without affecting the expression levels of the proteins of
Complex I–III (Figures 8A and 8C). Interestingly, we found that
expression of porin or Mfn-2 were unaltered in fatty-acid-treated
cells in comparison with controls (Figure 8B).
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Figure 5 Chronic saturated fatty acid exposure inhibits PI3K signalling in C2C12
(A) C2C12 myotubes were treated with increasing concentrations of palmitate in DMEM/4.8 % BSA or DMEM/4.8 %
BSA alone for 24 h as described in the Materials and methods section. Cells were then serum starved for 3–4 h and
subsequently either left untreated or treated with insulin for 30 min as indicated. Cell lysates were obtained, and sep-
arated by SDS/PAGE and immunoblotted with specific antibodies as indicated. A representative experiment is shown.
(B) Quantification of the effects of fatty acid exposure on insulin signalling. Data for individual proteins were normalized
to loading controls (Akt, ERK, JNK or actin). Control cells were used as reference. Data shown are means +− S.E.M. for
three to five experiments. Statistical analysis: ANOVA with Bonferroni post-hoc test (*or �P < 0.05, ** or ��P < 0.01 and
���P < 0.001.

Expression of reactive oxygen detoxifying enzymes
is not altered after chronic insulin or saturated
fatty acid exposure
Our in vitro models displayed reduced ROS levels in parallel with
lower mitochondrial membrane potentials. However, reduced
ROS levels could be due to a lower ROS production or increa-
sed ROS clearance. To shed some light into this issue we sought
to determine whether chronic insulin or saturated fatty acid ex-
posure altered the expression of several detoxifying enzymes
including: SOD (superoxide dismutase) isoforms 1 and 2, Prdx
III (peroxiredoxin), GptxI (glutathione peroxidase) and catalase.

As seen in Figure 9, chronic insulin treatment did not modify
the mRNA levels of SOD1, SOD2, PrdxIII or catalase. A small
but significant decrease was observed for GptxI. Chronic expos-
ure to fatty acid did not modify the mRNA levels of SOD2, GptxI,
Prdx III or catalase. A small decrease was observed in the levels
of SOD1 after fatty acid treatment (Figure 9). Taken together
these findings suggest that the overall expression of ROS detox-
ifying enzymes are not altered in our insulin-resistance models,
and while we were not able to directly measure the specific activ-
ities for these enzymes, taken together with the mitochondrial

membrane potential data, these results support the hypothesis
that lower ROS detected may be due to lower electron transport
or increased uncoupling rather than increased ROS clearance.

DISCUSSION

In the present study, we set out to compare the contribution of
insulin resistance induced by chronic hyperinsulinaemia or fatty
acid exposure to mitochondrial function and biogenesis in a cul-
tured model of muscle cells. We chose to do our experiments
with palmitate exposure at 24 h because this was sufficient time
to generate insulin resistance in our cell model. Longer incuba-
tions of cells with high concentrations of palmitate result in apo-
ptosis and reduced cell viability. However, for insulin-mediated
insulin resistance 24 h treatment was not sufficient, as we saw
no decrease in the phosphorylation levels of Akt after 24 h;
therefore we evaluated mitochondrial function after 48 h of in-
sulin treatment. Under these experimental conditions we achieved
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Figure 6 Mitochondrial function in C2C12 myotubes chronically treated with palmitate
(A) Oxygen consumption. Cells were either left untreated (controls) or treated with 0.2 mM palmitate for 24 h. Oxygen
consumption was determined using a Seahorse XF24 Flux analyser and following the manufacturer’s instructions. Data
were normalized by protein content. As indicated the following mitochondrial inhibitors were used: oligomycin A 10 μg/ml,
FCCP 10 μM,). Data are means +− S.E.M. for five independent experiments. Statistical analysis: data were analysed by
Student’s t test (*P < 0.05 and **P < 0.01). (B) Cellular ATP content. C2C12 myotubes were left untreated or treated
with 0.2 mM palmitate for 24 h. ATP content was measured using a luciferin/luciferase kit (Sigma) and following the
manufacturer’s instructions. The concentrations of ATP were normalized for the total protein concentrations (μM ATP/mg
of protein) and the results presented as the percentage respective to the control. Results are means +− S.E.M. for three
independent experiments, n = 6–13 per group. (C) Mitochondrial membrane potential (��m). C2C12 myotubes were left
untreated or treated with 0.2 mM palmitate before they were serum-starved in DMEM without serum for 2 h and stained
with JC-1 dye as described in the Materials and methods section. Acute treatment of insulin was for 30 min. Cells were
trypsinized and analysed by flow cytometry. Data are presented as the percentage of the control and significance was
analysed by Student’s t test (***P < 0.001). (D) ECAR. Cells were either left untreated (controls) or treated with 0.2 mM
palmitate. Proton excretion as a measure of glycolysis was determined using a Seahorse XF24 Flux analyser and following
the manufacturer’s instructions. Data were normalized by protein content. As indicated the following mitochondrial inhibitors
were used: Oligomycin A 10 μg/ml, FCCP 10 μM). Statistical analysis: data were analysed by Student’s t test (*P < 0.05).
(E) ROS production. C2C12 myotubes were either left untreated or treated with 0.2 mM palmitate for 24 h. Cells were
washed in PBS and stained with DCF-DA as detailed in the Materials and methods section. Cells were visualized in a Leica
DMI6000 microscope under 488 nm excitation filter and fluorescence was quantified over a 5 min time intervals with Leica
LAF software. Means +− S.E.M. fluorescence for n = 48–186 cells are shown. Analysed by one-way ANOVA (***P < 0.001).

comparable levels of insulin resistance by both treatments, as seen
in the similar levels of Akt phosphorylation inhibition after acute
insulin exposure. Chronic insulin treatment resulted in the down-
regulation of the insulin receptor expression by approx. 60–70 %
and significantly reduced the subsequent insulin-stimulated phos-
phorylation of Akt and p44/p42 ERK, whereas activation MAPK
p38 or JNK where largely unaffected. Concomitantly with this,
chronic insulin treatment increased myocyte differentiation and
size (results not shown), consistent with previous observations
[16]. Similarly, chronic palmitate treatment reduced PI3K/Akt
signalling but increased basal p38 and JNK stress kinase activa-
tion. Recently, Yuzefovych et al. [28] have also reported increased
JNK kinase activation in a similar muscle cell line. These authors
found that palmitate induced DNA damage in L6 muscle cells.
Interestingly, however, we found that the mitochondrial readout
was different following these two treatments.

Chronically insulin-treated cells displayed a higher OCR than
control cells, without any increase in ATP levels, at the same
time that mitochondrial membrane potential and ROS produc-
tion were reduced. This suggests decreased efficiency of mi-
tochondrial energy transduction (mitochondrial uncoupling), as
increased oxygen consumption does not correspond with an in-
crease in ATP levels. We believe that ATP levels were maintained
in our model through stimulating glycolysis. Similar results were
found in myotubes isolated from Type 2 diabetic patients cul-
tured in vitro. These cells exhibited a reduced tricarboxylic acid
flux [29]. However, and unlike our model, the diabetic myotubes
exhibited lower ATP levels in comparison with controls [13]. A
recent study from the same group found reduced levels of ROS
(H2O2) in the myotubes obtained from diabetic patients [30],
which is also in agreement with our findings. Furthermore, our
results are consistent with those obtained in in vivo models of
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Figure 7 Mitochondrial gene expression in C2C12 myotubes exposed to chronic palmitate
Cells were treated with fatty-acid-free BSA (4.8 % (w/v) in DMEM) or with BSA (4.8 %) and palmitate (0.2 mM) for 24 h.
The mRNA abundance of mitochondrial genes was determined by quantitative real-time PCR by ��CT method. Data are
means +− S.E.M. for n = 3 experiments, quantified in triplicate. Statistical analysis: two-way ANOVA with Bonferroni post-hoc
test (*P < 0.05).

CR (calorie restriction), which are characterized with reduced
plasma insulin levels and reduced insulin signalling. Muscle mi-
tochondria from CR mice also showed reduced mitochondrial
membrane potential with 21 % increase in proton leak respective
to control animals [31]. Interestingly, in this model, the proton
leak and H2O2 production were reduced with exogenous admin-
istration of insulin to these animals. At the moment the precise
molecular mechanisms by which chronic insulin caused mito-
chondrial uncoupling in our cell model is unknown. Given that
we found the transcripts for UCP2 and UCP3 proteins to be re-
duced in cells treated with insulin, it is possible that UCP proteins
are not responsible for these actions of insulin. Additional can-
didate proteins may be the ANT (ATP/ADP translocator), and
the aspartate–glutamate carrier. However, recent studies in the
CR mice model suggest that neither CR nor insulin treatment al-
ter the expression of ANT in muscle mitochondria [31]. Further
experiments are needed to clarify this issue.

In contrast, palmitate-treated cells showed decreased oxygen
consumption and reduced ECAR, indicative of a reduced lact-
ate production, which suggests decreased glucose utilization as
a consequence of preferred fatty acid utilization. This effect,
initially described by Randle and co-workers, and commonly
known as the Randle cycle, reflects the competition between the
two substrates for oxidation. When fatty acids are in abundant
supply, there is an inhibition of glucose oxidation, which is re-
routed to be stored as glycogen. Fatty acids have been shown to
inhibit several glycolytic enzymes, most notably the PDH (pyr-
uvate dehydrogenase) [32].

Our palmitate-treated cells also exhibited a decreased mem-
brane potential and ROS generation. These findings contrast with

those found by Yuzefovych et al. [33] in L6 myotubes. In this
study, the authors found elevated ROS levels in cells treated with
palmitate. Interestingly ROS production was attenuated by the
expression of a DNA repair enzyme targeted to the mitochondria
[33]. We do not know the causes for this discrepancy; however,
while the two cell lines used in these studies are quite similar,
they are known to exhibit differences in the degree of respon-
siveness to insulin and glucose uptake, partially due to the lower
expression of glucose transporter Glut4 in the C2C12 cell line.
Nevertheless, Yuzefovych et al. used a much higher concentration
of palmitate (0.5 and 1 mM) in their studies, which could have had
a more potent lipotoxic effect on the cells. In line with this, their
study reports a reduction of cell viability to approx. 70 and 50 %
relative to control untreated cells, respectively at 0.5 and 1 mM
palmitate. At the concentrations used in our study (0.2 mM), we
did not observe a significant decline in cell viability in the cells
treated with palmitate against control (results not shown). In any
case, in our study we also detected an increase in the mRNA cod-
ing for UCP2 and UCP3, which could increase protein leak and
thus reduce ROS generation. Indeed, overexpression of UCP3
was shown to decrease ROS [34]. Other studies performed in
isolated muscle mitochondria treated with NEFA (non-esterified
fatty acids) also support our findings and suggest that long chain
fatty acids (>12 carbons) induce uncoupling and reduce mito-
chondrial potential and ROS production [31]. However, some
in vivo studies done in mice and humans have showed increased
ROS production in skeletal muscle after a high-fat diet [35,36].
While we do not know the reason for this discrepancy, it is pos-
sible that the levels of ROS generated in vivo may be reflective of
a much higher fatty acid availability and fatty acid oxidation than
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Figure 8 Effects of chronic palmitate exposure on mitochondrial protein expression
(A) and (B) C2C12 myotubes were treated with fatty-acid-free BSA 4.8 % in DMEM (lanes 1 and 2) or with 4.8 % BSA
and palmitate (0.2 mM) for 24 h (lanes 3 and 4). Cell lysates were obtained and separated by SDS/PAGE transferred to
nitrocellulose filters and immunoblotted with the specific proteins as indicated. A representative experiment is shown. (C)
Quantification of the effects of chronic saturated fatty acid exposure on OXPHOS complex protein expression. Data from
three to five experiments were normalized to actin. Non-treated cells were used as reference. Statistical analysis: ANOVA
with Bonferroni post-hoc test (*P < 0.05).

the in vitro studies, which would enhance the supply of reduced
equivalents to the respiratory chain and therefore stimulate elec-
tron transport and ROS production. Alternatively or additionally,
in vivo models could display reduced ROS clearance by altering
the expression or activity of ROS detoxifying enzymes. Although
we did not measure enzyme activity, we quantified the abundance
of mRNA transcripts coding for several detoxifying enzymes in
cells treated with insulin or palmitate. Overall these were not
different to those observed in control cells. These data, taken to-
gether with the reduced membrane potential, strongly suggests
that the reduced ROS levels seen in our cells are reflective of
either a lower electron transfer or increased uncoupling. In any
case our results are consistent with those found in a recent study
with myotubes isolated from obese and Type 2 diabetic patients
[30].

We also explored whether exposure to chronic insulin or
palmitate altered the expression of genes coding for proteins
with mitochondrial function and proteins involved in regulating

mitochondrial biogenesis and dynamics. In our study there was
a tendency for some OXPHOS transcripts to be decreased in the
chronic insulin-treated cells after 48 h insulin treatment. How-
ever, 48 h was insufficient to detect any changes at the protein
level. Our findings contrast those reported by Pagel-Langenickel
et al. [37] that observed reduced expression of OXPHOS proteins
COX1, COX3 and cytochrome c in cells chronically treated with
insulin. These authors also found a decrease in the expression
of Tfam, a nuclear-encoded transcription factor that upon activ-
ation translocates to the mitochondria to activate transcripton of
mitochondrial DNA, which was not evident in our study. Tfam
enables PGC-1α to transduce its signal from the nucleus to regu-
latory events in the mitochondria. As we saw no change in Tfam
expression, this may explain why changes in expression of PGC-
1α did not manifest into significant changes in the expression of
OXPHOS transcripts in our study. Importantly however, in the
Pagel-Langenickel et al. study, the cells were cultured at much
higher glucose concentrations (40 mM), which could contribute
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Figure 9 Expression of enzymes involved in ROS detoxification after exposure to insulin or palmitate
C2C12 myotubes were either left untreated or treated with either 100 nM insulin or palmitate (0.2 mM, conjugated to
BSA 4.8 %) for 24 h. The mRNA abundance of mitochondrial genes was determined by quantitative real-time PCR by ��CT

method. Data are means +− S.E.M. for n = 3 experiments, quantified in triplicate. Statistical analysis: ANOVA (*P < 0.05).

to the differences seen between the two studies. In contrast, the
expression of some OXPHOS protein complex subunits (complex
I and V) were increased upon exposure of cells to palmitate. This
could reflect the greater production of reduced equivalents being
supplied to the respiratory chain following fatty acid oxidation.

Mfn2, a protein involved in regulating mitochondrial fusion,
is substantially down-regulated in muscle during obesity, both
in animal models and in humans [38]. Therefore, we examined
whether the expression of this gene was altered in our cellular
models. Expression of Mfn2 was not affected by chronic insulin or
palmitate treatment. Our previous findings indicate that PGC-1β

is implicated in the regulation of Mfn2 gene expression, mediating
the co-activation of the nuclear receptor ERRα (oestrogen-related
receptor α) [39]. PGC-1β mRNA was not altered by chronic in-
sulin or palmitate exposure. Under chronic insulin we detected a
significant decrease in the mRNA content for PGC-1α, which is
also known to co-activate ERRα [40]. PGC-1α levels were also
not different in palmitate-treated cells in comparison with con-
trols. This is in agreement with a recent study by Bergouignan
et al. [41], which showed that the total PGC-1α protein is un-
altered in lean or obese humans on a high-fat diet.

Lastly, we found that chronic insulin and palmitate differen-
tially affect the expression of UCPs. UCP protein expression
is tightly regulated in skeletal muscle. For instance, physical
activity and muscle wasting regulate UCP2 and UCP3 expres-
sion. In our study, chronic insulin alone decreased UCP2 and
UCP3 expressions, whereas palmitate exposure significantly in-
creased the expression of UCP2. It has been reported that acute
insulin administration up-regulates the expression of UCP2 in
rat skeletal muscle [42]. Furthermore, expression of UCP2 and

UCP3 is compromised in muscle of insulin-resistant animal mod-
els [43] and in diabetic subjects [44]. Our study supports these
findings and demonstrates that impaired insulin signalling can
result in the reduced expression of UCPs in vitro. We hypothes-
ize that these effects may be mediated at least in part by the
reduced PGC-1α expression levels seen in the C2C12 insulin-
resistant cells. Although we did not directly test this hypothesis
in our experiments, however, existing literature supports this.
First, Pagel-Langenickel et al. [37] showed that knock-down of
the insulin receptor in C2C12 myotubes reduced PGC1α expres-
sion. Secondly, insulin up-regulates UCP1 expression in brown
adipocytes via a PI3K/Akt mechanism [45]. However, in the pres-
ence of the saturated fatty acid, UCP expression was increased.
This is consistent with findings of elevated levels of UCP2 and
UCP3 transcripts found in physiological conditions with elevated
plasma levels of fatty acids such as fasting and high-fat feeding,
in both animals and humans (for recent reviews see [46,47]).
At present, the specific molecular mechanisms that regulate the
expression of UCP2 and UCP3 by insulin or fatty acids are not
fully understood. Some evidence suggests that SREBPs (sterol-
regulatory-element-binding proteins) and PGC1β can collabor-
ate to up-regulate UCP2 [48]. However, in our study, we did not
see any significant changes in the expression level of PGC1β

in palmitate-treated cells, where UCP expression was increased.
Taken together, our results suggest a greater role for PGC1α

in the regulation of UCP2 and UCP3 proteins in muscle. Given
the complex regulation of PGC1α function by post-translational
modifications and interaction with other binding proteins, further
experiments are needed to confirm this hypothesis. In addition,
PPARs have been reported to bind fatty acids, particularly those
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of a polyunsaturated nature [49], and synthetic PPAR ligands can
up-regulate UCP2 [50]. Recent work by Bugge et al. [51] demon-
strates that PPARγ can activate both UCP2 and UCP3 expression
via an enhancer located within the first intron of the UCP3 gene.

In conclusion, our findings demonstrate that exposure to
chronic insulin or saturated fatty acid differentially has an impact
on mitochondrial function and mitochondrial gene expression.
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Table S1 List of primers used for quantitative real-time PCR

Gene Direction Primer (5′→3′)

NRF1 Forward GAACTGCCAACCACAGTCAC

Reverse TTTGTTCCACCTCTCCATCA

PGC-1α Forward AACCACACCCACAGGATCAGA

Reverse CTCTTCGCTTTATTGCTCCATG

PGC-1β Forward GGCCTTGTGTCAAGGTGGAT

Reverse GGTGCTTATGCAGTTCCGTAC

TFAM Forward CCGAAGTGTTTTTCCAGCAT

Reverse GGCTGCAATTTTCCTAACCA

COX2 Forward GCCGACTAAATCAAGCAACA

Reverse CAATGGGCATAAAGCTATGG

COX4 Forward TATGCTTTCCCCACTTACGC

Reverse CACATCAGGCAAGGGGTAGT

ATP6 Forward AATTACAGGCTTCCGACACAAAC

Reverse TGGAATTAGTGAAATTGGAGTTCCT

UCP2 Forward AAAGGGACCTCTCCCAATGT

Reverse GGTCGTCTGTCATGAGGTTG

UCP3 Forward TGCTGAGATGGTGACCTACG

Reverse GCGTTCATGTATCGGGTCTT

18S Forward TCAAGAACGAAAGTCGGAGG

Reverse GGACATCTAAGGGCATCACA

Cyclophilin A Forward GCATACAGGTCCTGGCATCT

Reverse TTACAGGACATTGCGAGCAG

SOD1 Forward CAGCATGGGTTCCACGTCCA

Reverse CACATTGGCCACACCGTCCT

SOD2 Forward CATTAACGCGCAGATCATGC

Reverse CCCAAAGTCACGCTTGATAGC

Catalase Forward CCAGCGACCAGATGAAGCAG

Reverse CCACTCTCTCAGGAATCCGC

Prdx III Forward GTTGCAGTTTCAGTGGATTCCC

Reverse CTTTGGAAGCTGTTGGACTTGG

GptxI Forward GGGCAAGGTGCTGCTCATTG

Reverse AGAGCGGGTGAGCCTTCTCA
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