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ABSTRACT 

There are multiple binding domains on the promoter region of the peroxisome proliferator 
activator receptor γ coactivator-1 α (PGC-1α) gene, including a trio of insulin responsive 
elements that are activated by the forkhead box class-O (FoxO1) winged helix transcription 
factor, which is known to be regulated by acute transforming retrovirus thymoma (Akt). Here we 
show that in skeletal muscle biopsy specimens from healthy humans and cultured human skeletal 
myotubes, insulin phosphorylates Akt (Ser473) and FoxO1 (Thr24, Ser256), leading to reduced 
nuclear abundance of FoxO1 total protein. This is associated with an insulin-mediated repression 
of the mRNA expression PGC-1α and downstream genes associated with oxidative 
phosphorylation. In contrast, in muscle taken from insulin resistant humans or in palmitate-
treated insulin resistant myotubes, neither Akt nor FoxO1 was phosphorylated by insulin, 
resulting in a failure for nuclear exclusion of FoxO1 total protein, and an inability for insulin to 
repress the mRNA expression of PGC-1α and down-stream genes. To determine whether the 
regulation of FoxO1 was Akt dependent, we next treated Akt2 −/− and wild-type mice with or 
without insulin. Insulin phosphorylated Akt and FoxO1 (Thr24, Ser256) resulting in a reduced 
nuclear expression of FoxO1 total protein in wild-type but not Akt2 −/− skeletal muscle. We 
conclude that insulin decreases the expression of genes involved in oxidative metabolism in 
healthy but not insulin resistant muscle, due to a decrease in FoxO1 phosphorylation and nuclear 
exclusion secondary to reduced Akt activity. 
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vidence is emerging linking muscle insulin resistance with mitochondrial dysfunction (1), 
and it has recently been reported that genes associated with mitochondrial function are 
down-regulated in patients with type 2 diabetes (2). Coactivators are important 

intracellular molecules, and although they do not directly bind to DNA, they can modulate gene 
expression through specific protein–protein interactions (3). One such coactivator receiving 
much attention due to its hypothesized role in type 2 diabetes (4) is the peroxisome proliferator-
activated receptor γ coactivator-1α (PGC-1α), which was originally identified as a Coactivator of 
PPAR-γ in-vitro (5). Recent studies have demonstrated a down-regulation of PGC-1α mRNA 
and associated genes in adipose tissue (6, 7) and skeletal muscle (2, 8) of insulin resistant 
humans, although this is not always seen (7). It is suggested that PGC-1α is the hierarchical 
regulator of the OxPhos genes; nuclear respiratory factor-1 (NRF-1) and mitochondrial 
transcription factor A (tFAM), which constitute a family of genes responsible for mitochondrial 
biogenesis and slow twitch (oxidative) muscle fiber expression (9). PGC-1α exerts this 
regulatory role via association with NRF-1 to control expression of tFAM (10), the signal 
through which the nucleus regulates mitochondrial DNA transcription and replication (11). Thus, 
it is not surprising that suppression of PGC-1α in skeletal muscle could contribute toward insulin 
resistance via reduced mitochondrial mass and number. The regulation of PGC-1α gene 
transcription is complex. It is known that calcium (Ca2+) activates calcineurin (CnA) and 
calmodulin kinases (CaMK). CnA activates nuclear factor of activated T cells (NFAT; ref 12), 
which works in a combinatorial fashion with myocyte enhancer factor 2 (MEF2; ref 13), to act as 
transcription factor for PGC-1α in a CaMK-dependant manner (14). Increased adrenaline can 
also activate cyclic-AMP (cAMP) to phosphorylate a cAMP responsive element binding protein 
(CREB), which activates CRE on PGC-1α (15). Hence, it is likely that in patients with type 2 
diabetes, physical inactivity leads to reduced NFAT, MEF2, and CREB binding to the PGC-1α 
promoter, thereby resulting in the decreased PGC-1α mRNA and downstream genes observed 
basally in the skeletal muscle of these patients (2, 8). 

Little is known, however, regarding the effect of insulin on regulation of PGC-1α gene 
transcription, particularly in skeletal muscle, where regulation of Ox Phos genes is particularly 
important. In a recent study, Ling et al. (16) reported an insulin-stimulated increase in skeletal 
muscle PGC-1α mRNA in young and elderly subjects. In contrast, in unpublished work, 
Crunkhorn et al. (17) reported insulin to decrease PGC-1α mRNA in cultured C2C12 myotubes. 
Apart from MEF2 and CREB binding sites on the PGC-1a promoter, there also exists a trio of 
insulin responsive elements that are activated by the forkhead box class-O (FoxO1) winged helix 
transcription factor (15, 18). Previously known as Forkhead homologue of rhabdomyosarcomma 
(FKHR; ref 18), FoxO1 (FKHR), FoxO4 (AFX), and FoxO3a (FKHRL1) transcription factors 
are the mammalian orthologs of DAF-16, the Caenorhabditis elegans winged helix Forkhead 
transcription factors (15). FoxO1 is expressed in insulin-sensitive tissues such as skeletal muscle, 
liver, and adipose tissue (20). In these tissues, FoxO factors play a key role in transmitting 
insulin signaling downstream of acute transforming retrovirus thymoma (Akt), where insulin 
negatively regulates FoxO trans-activation in such a way that upon insulin stimulation, Akt 
phosphorylates FoxO proteins resulting in their cytosolic sequestration (nuclear exclusion) (20–
22) and subsequent proteasomal degradation (23). In hepatocytes, phosphorylation of FoxO1, by 
Akt in response to insulin, abolishes FoxO1 binding to PGC-1α and these events reduce the 
expression of the gluconeogenic genes; PEPCK and G-6-Pase (18). In addition Daitoku et al. 
(15) recently reported that, in Hep G2 cells, insulin suppresses basal PGC-1α promoter activity 
and co-expression of constitutively active Akt mimics the effect of insulin. Moreover, co-
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expression of FoxO1 stimulated the PGC-1α promoter activity via interaction with insulin 
response sequences (IRSs) of PGC-1α, while co-expression of FoxO1 mutant, where the three 
putative Akt phosphorylation sites in FoxO1 are nonfunctioning, abolished the suppressive 
effects of Akt on FoxO1 trans-activation of the PGC-1α promoter (21). 

It is well known that, in healthy skeletal muscle, insulin phosphorylates Akt, a process that can 
be impaired in the skeletal muscle of patients with type 2 diabetes (24). Somewhat surprisingly, 
no studies have examined the Akt-mediated regulation FoxO1 and PGC-1α by insulin in skeletal 
muscle, but this is warranted given the limited, but conflicting, data with respect to insulin 
regulation of PGC-1α in skeletal muscle (16, 17). In the present study, we, therefore, examined 
the effect of insulin on Akt and FoxO1 phosphorylation and PGC-1α mRNA expression in 
skeletal muscle from healthy and insulin resistant humans. To confirm our in vivo data, we next 
performed experiments in vitro in human primary muscle cells treated with either vehicle or 
palmitic acid to render them insulin resistant, before subjecting them to insulin stimulation. 
Finally, to confirm that aberrant FoxO1 function was Akt dependent, we performed experiments 
in muscles from Akt2 −/− and wild-type mice. We hypothesized that in healthy, but not insulin 
resistant, skeletal muscle insulin stimulation would decrease PGC-1α gene transcription via an 
Akt dependent phosphorylation and nuclear exclusion of FoxO1. 

MATERIALS AND METHODS 

In vivo human experimental procedures 

Subjects 

A total of 16 volunteers [7 male patients with type 2 diabetes (TYPE 2), 9 healthy, but sedentary, 
aged and gender matched control subjects (CON)] participated in this investigation which was 
approved by the Human Ethics Committee of RMIT University. The physical characteristics of 
all study participants are presented in Table 1. Normal glucose tolerance was confirmed in CON 
by an oral glucose tolerance test (OGTT; 75 g glucose). The subjects in TYPE 2 had a mean time 
of 4 ± 1 year since diagnosis of disease (range 6 months to 10 year) and were treated with diet 
(n=2) or oral hypoglycemic agents (n=1 sulphonylureas, n=1 metformin, n=3 a combination of 
sulphonylureas and metformin). Other than type 2 diabetes, these subjects had no other medical 
problems. All subjects were nonsmokers and maintained a constant body mass during the 6 
months preceding the experiment, and each was instructed to abstain from any form of vigorous 
physical activity for 36 h before the hyperinsulinemic euglycemic clamp experiment and to 
maintain their habitual diet. The subjects reported to the laboratory for this experiment after a 
12−14 h overnight fast, and in the case of the patients with type 2 diabetes were taken off their 
anti-diabetic medication 48 h before the experiment. Before the experiment, whole body dual 
energy X-ray absorptiometry (DEXA; Lunar DPX, Lunar Radiation Corp., Madison WI) was 
used to measure whole body fat mass and fat-free mass (FFM). Before each scan, the DEXA was 
calibrated with known phantoms. 

Experimental protocol 

Patients arrived and rested supine for ~30 min. An anticubital vein (infusion of glucose and 
insulin) and a dorsal hand vein (blood sampling) were subsequently cannulated. The hand was 



continuously heated to sample arterialized blood. After collection of baseline blood samples, a 
percutaneous biopsy from the vastus lateralis muscle was obtained. After patients rested for 5 
min, a primed (9 mU·kg−1) continuous (40 mU·m−2·min−1) infusion of insulin (Actrapid, Novo 
Nordisk, Australia) was commenced and a variable rate infusion of 20% glucose was used to 
maintain euglycemia (5 mmol·l−1) for 120 min. The blood glucose concentration in TYPE 2 was 
allowed to decrease during the insulin infusion to 5 mmol·l−1, which took ~25 min, and then 
maintained at this concentration for the remainder of the clamp. In both CON and TYPE 2 
steady-state glucose infusion rates were achieved after ~60 min. A second muscle biopsy was 
obtained at the conclusion of the clamp. To prevent a decrease in plasma potassium 
concentration during the clamp, 30 mmol KCl (Slow-K; Novartis, Australia) were administered 
orally. 

Blood biochemistry 

Blood glucose concentration was measured using an automated analyzer (Yellow Springs 
Instruments 2300 Stat Plus Glucose and L-Lactate Analyzer, Yellow Springs, OH). Plasma 
insulin concentration was determined by radioimmunoassay (Phadeseph, Insulin RIA, Pharmacia 
and Upjohn Diagnostics AB, Uppsala, Sweden), HbA1C was determined by specific ion-
exchange chromatography (Sigma Diagnostic), and plasma free fatty acids (FFA) concentration 
was measured using an enzymatic colorimetric method (NEFA C test kit, Wako, Richmond, 
VA). 

In vitro experimental procedures 

Primary cell culture 

There are limitations to research conducted in humans in vivo, namely the amount of sample 
obtained from percutaneous biopsies and the fact that muscle tissue may be contaminated with 
different cell types. To verify our results in vivo, we performed in vitro experiments in primary 
cell culture. Muscle tissue from the vastus lateralis was obtained from independent percutaneous 
needle biopsies from healthy young male volunteers. After sampling, the tissue was immediately 
transferred to ice-cold Ham’s F-10 media (GIBCO, Brooklyn, NY). The tissue was washed three 
times in ice-cold Ham’s F10 media to remove any traces of blood and placed over ice in a sterile 
Petri dish. The tissue was covered with ~3 ml of 0.05% Trypsin/EDTA and minced. The 
homogenate was collected, diluted in 15 ml of 0.05% Trypsin/EDTA, and agitated for 20 min, 
and the supernatant collected and stored on ice. This procedure was repeated three times, and the 
supernatants were pooled, filtered, and then spun for 7 min at 1600 g at room temperature. The 
cell pellet was resuspended in growth media (alpha MEM with 10% FCS, 0.5% penicillin-
streptomycin, 0.5% amphotericin B) and placed in an uncoated 75 cm flask and incubated for 30 
min at 37°C (95% O2/5% CO2) to allow attachment of fibroblasts. The supernatant was collected 
and placed in another flask precoated with ECM and incubated as above for 24 h. Growth media 
were replenished every 48 h thereafter. Satellite cells appeared after ~7 days and were allowed to 
reach 60−70% confluence, at which point they were subcultured into separate dishes. When the 
myoblasts reached 70% confluence (~4−6 days), the growth media were replaced with 
differentiation media (2% HS, 0.5% penicillin-streptomycin, 0.5% Amphotericin B). Myoblasts 
were maintained in differentiation media until fully fused myotube cultures were obtained (~4 
days). For all cell culture experiments, data are presented as n = 6. 



Cell treatments 

Myotube cultures were incubated in either vehicle [VEH, 4% BSA (Sigma), 2% horse serum, 
0.5% penicillin-streptomycin, 0.5% amphotericin B cocktail] or palmitate [PALM, 4% BSA 
(Sigma), 0.75 mM palmitic acid (Sigma), 2% horse serum, 0.5% penicillin-streptomycin, 0.5% 
amphotericin B cocktail] media for 8 h. After this time, cells were serum starved for 4 h and 
experiments were performed. For insulin treatment, the appropriate cultures were stimulated with 
50 nM insulin for a period of 30 min for phospho-protein analysis or 8 h for mRNA analysis. 
Insulin treatment times were based on time-course experiments (data not shown). For Western 
blot analyses of total cell lysate, cells were lysed with ice-cold lysis buffer consisting of 50 mM 
HEPES, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4, 5 mM EDTA, 0.5% Triton X-100, 10% 
glycerol (v:v), 2 mg·ml−1 leupeptin, 100 mg·ml−1phenylmethylsulfonyl fluoride (PMSF), and 2 
mg·ml−1 aprotinin and snap frozen in liquid nitrogen. For nuclear fraction Western blot analyses, 
cells were lysed with 500 ul of prechilled Buffer A [250 mM sucrose, 10 mM Tris pH 7.5, 10 
mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM PMSF, and 2 ml/30 mg tissue 
protease inhibitor cocktail] and snap frozen in liquid nitrogen. For mRNA analyses, myotube 
cultures were lyzed with 400 ul RNAbee (Tel-Test, Friendswood, TX) and the lysate snap frozen 
in liquid nitrogen and stored at −80°C until subsequent extraction. 

In vivo animal experimental procedures 

Akt2 −/− mice were developed as described previously (25). Akt2 −/− and wild-type littermate 
control mice were fasted overnight and the following morning injected with 1 mU·g−1 body mass 
insulin into the intraperitoneal space. Mice were then anesthetized (50 mg·kg−1 pentobarbital) 
and mixed gastrocnemius muscle was harvested and snap frozen in liquid nitrogen, 20 min post 
insulin injection. 

Analytical measurements 

RNA extraction 

Muscle tissue or myotube lysates were homogenized and extracted for total RNA using the acid 
guanidium thiocyanatephenol-chloroform extraction method (26) and modified according to 
methods described elsewhere (27). RNA samples were reverse transcribed using a thermal cycler 
(Perkin Elmer GeneAmp PCR 2400 Thermal Cycler, Rowville, Victoria, Australia) with Taqman 
reverse transcription reagents (Applied Biosystems, Foster City, CA) in 40 μl reaction mixtures 
containing 1× Taqman RT buffer, 5.5 mM MgCl2, 500 mM 2′-deoxynucleoside 5′-triphosphate, 
2.5 mM random hexamers, 0.4 U·ml−1 RNase inhibitor, and 1.25 U·ml−1 multiscribe reverse 
transcriptase. Control (reverse transcriptase negative) samples were also made and included in all 
future PCR analyses to check for genomic DNA contamination. 

Real-time polymerase chain reaction analysis (real-time PCR) was employed to quantify the 
genes of interest. All reactions were performed according to the multiplex comparative critical 
threshold (CT) method. This method allows for the detection of the reference gene (ribosomal 
18S) and the gene of interest in the same well or tube. Preliminary experiments were first 
performed to determine the efficiency of amplification of 18S vs. the gene of interest. PCR 
reactions were performed (in duplicate) in 96-well plates on a Bio-Rad i-CYCLER iQ real-time 



PCR detection system in 25 ul reaction volumes consisting of Bio-Rad iQ™ Supermix PCR mix 
(2×; Bio-Rad), Applied Biosystems predeveloped assay reagent for 18S (Applied Biosystems, 
Foster City CA), the forward and reverse primers and probes of the genes of interest (see Table 1 
for sequences) and sterile H2O. In all experiments a one-way ANOVA was performed on the CT 
for VIC fluorescence (18S) to ensure that the housekeeping gene was constitutively expressed. 
Human probe and primers were designed (Primer Express version 1.0 Applied Biosystems) from 
the human gene sequence accessed from Gen-Bank/EMBL. The specific probe/primer sequences 
are reported in Table 1. 

Western blot analyses 

Muscle tissue was homogenized (Polytron; Brinkman Instruments, Westbury, NY), and myotube 
cultures were lyzed in ice-cold HEPES buffer as described previously. Homogenates were spun 
at 16,000 g for 60 min at 4°C, and the supernatant was removed and rapidly frozen in liquid 
nitrogen. Nuclear proteins were extracted from myotubes using a technique described previously 
(28). Briefly, myotubes were homogenized in 500 ul of prechilled Buffer A (250 mM sucrose, 10 
mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM PMSF, and 2 
ml/30 mg tissue protease inhibitor cocktail). The homogenate was spun at 500 g for 5 min at 
4°C. The supernatant containing cytosolic materials (crude fraction) was then removed and 
stored at −80°C until required. Then, 500 ul of prechilled Buffer B (50 mM Tris pH 7.5, 1 mM 
EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 50mM MgCl2, 50 mM NaF, 5 mM Na 
pyrophosphate, 1 mM DTT, 1 mM PMSF, 2 ml/30 mg−1 tissue protease inhibitor cocktail) were 
added to resuspend the remaining pellet. After 10 min incubation on ice with occasional mixing, 
the pellet mixture was then spun for 5 min at 3000 g at 4°C. The supernatant representing the 
nuclear fraction was extracted and stored at −80°C until required. Fraction purity was assessed 
by Western blotting on Histone H1 as described previously (28). Protein concentration of the 
muscle lysates was subsequently determined (Pierce, Rockford, IL). Muscle lysates were 
solubilized in Laemmeli sample buffer and boiled for 5 min, resolved by SDS-PAGE on 10% 
polyacrylamide gels, transferred to a nitrocellulose membrane, blocked with 3% BSA, and 
immunoblotted overnight with total-Akt, phospho-Akt (Ser473), total-FoxO1, phospho-FoxO1 
(Ser256), or phospho-FoxO1 (Thr24) antibodies (1:1000; Cell Signaling, Beverley, MA). After 
incubation with horseradish peroxidase-conjugated secondary antibody (1:2000; Amersham 
Biosciences, Castle Hill, NSW, Australia), the immunoreactive proteins were detected with 
enhanced chemiluminescence (Perkin Elmer, Rowville, Victoria, Australia) and quantified by 
densitometry. 

2-Deoxyglucose uptake 

Cells were serum starved overnight in α-MEM with 0.1% fetal bovine serum and treated as 
described previously. After treatment, cells were equilibrated for 30 min in glucose free D-MEM 
and 0.1% BSA. Cells were then incubated in the presence or absence of insulin (50 nm) for 30 
min after which the [3H]-2-deoxyglucose solution was added for 30 min. Cytochylastin B was 
added to a well from each plate to determine basal glucose uptake. The reaction was stopped by 
the addition of ice cold PBS and 0.1 mM phloretin. Cells were washed two times in ice cold 1× 
PBS then lysed in 0.1% SDS; 400 ul of lysate were added to scintillation vials containing 4 ml of 
scintillation fluid, and 3H concentration was then determined in a β spectrometer. Ten microliters 



of the remaining lysate were used to determine total protein concentration via Bradford method 
using Pierce reagents (A:B:C; 50:49:1. Perbio, Rockford, IL) and BSA for standard curve. 

Maximal enzyme activities 

Citrate synthase (CS) and β-hydroxyacyl CoA dehydrogenase (β-HAD) activities were analyzed 
in basal muscle samples from the human study by homogenizing 5−10 mg of muscle in 1:50 
dilution (w/v) of a 175 mM potassium buffer solution and measuring the disappearance of 
NADH spectrophotometrically at a constant temperature of 25°C according to the methods of 
Lowry and Passonneau (29). 

Statistical analyses 

Data for Figs. 1–8 were analyzed as follows: paired t test for Figs. 1A, 2B, and 7B, one-way 
ANOVA for Fig. 2A, and two-way (condition×treatment) ANOVA for all other figures) using a 
statistical software package (Statistica®, Tulsa, OK), with significance accepted with a P value 
of <0.05. If analyses revealed a significant interaction, a Newman Keuls post-hoc test was used 
to locate specific differences. Data are mean ± SE. 

RESULTS 

The subject characteristics are presented in Table 2. Although a small but significant difference 
was observed in body weight, no difference was observed in percent body fat as determined by 
DEXA and the BMI were similar when comparing groups. As expected fasting blood glucose, 
insulin, FFA and HbA1c were all higher (P<0.05) in TYPE 2 compared with CON. Neither blood 
glucose (5.1±0.1 vs. 5.0±0.1 mmol·l−1; CON vs. D) nor plasma insulin (545±36 vs. 522±35 
pmol·l−1; CON vs. D) levels during the clamp differed when comparing TYPE 2 with CON. 

The experimental results are presented in Figs. 1–8. Figures 1–7 present the data from human in 
vivo experiments and tissue culture experiments. The top panels represent in vivo data and the 
bottom panels in vitro data in all cases. The in vivo rodent experiments are presented in Fig. 8. 

As expected, GIR was lower (P<0.05) in TYPE 2 compared with CON averaging 2.0 ± 0.1 and 
7.9 ± 0.9 mg·kg−1·min−1, respectively (Fig. 1). 2-deoxyglucose uptake was lower in insulin-
stimulated palmitate treated myotubes compared with vehicle treated myotubes (Fig. 1). 

The basal mRNA expression of PGC-1α and downstream metabolic and mitochondrial genes is 
presented in Fig. 2A. We expressed the mRNA abundance of the TYPE 2 relative to CON 
(CON=1). The mRNA expression of PGC-1α, COX4, tFAM, and NRF-1 was lower (P<0.01) in 
TYPE 2 compared with CON. Although not significant, the expression of FoxO1 (P=0.10) and 
PSARL (P=0.16) tended to be lower in TYPE 2 compared with CON. Consistent with the data in 
humans, basal mRNA expression of PGC-1α was lower (P<0.01) in PALM compared with 
VEH-treated cells (Fig. 2B). 

CS maximal activity was lower (P<0.05) in TYPE 2 compared with CON averaging 3.6 ± 0.3 
and 5.5 ± 0.4 mmol·g−1·min−1, respectively. In contrast, β-HAD activity was not different when 
comparing TYPE 2 with CON averaging 5.0 ± 0.7 and 6.0 ± 0.7 mmol·g−1·min−1, respectively. 



There was no difference in basal phosphorylated Akt when comparing CON with TYPE 2 (Fig. 
3A). Likewise, there was no difference in basal phosphorylated Akt when comparing VEH with 
PALM treated myotubes (Fig. 3B). However, while insulin increased (P<0.05) Akt 
phosphorylation in CON, this was not the case in TYPE 2 (Fig. 3A). Consistent with these 
results, insulin increased (P<0.05) Akt phosphorylation in VEH- but not PALM-treated 
myotubes (Fig. 3B). Basal phosphorylation of FoxO1 (Ser256) residue was higher (P<0.05) in 
CON compared with TYPE 2 (Fig. 4A), and the same was true of basal FoxO1 (Ser256) 
phosphorylation in VEH compared with PALM myotubes (Fig. 4B). Insulin did not increase 
phosphorylation at this residue in either group in vivo (Fig. 4A). However, in vitro, insulin 
increase (P<0.05) FoxO1 (Ser256) phosphorylation in VEH but not PALM-treated cells (Fig. 4B). 
Basal phosphorylation of FoxO1 (Thr24) residue was not different when comparing groups in the 
basal state, either in vivo (Fig. 5A) or in vitro (Fig. 5B). However, while insulin stimulation 
increased (P<0.05) FoxO1 (Thr24) phosphorylation in CON, it did not do so in TYPE 2 (Fig. 5A) 
and a similar pattern of phosphorylation of FoxO1 (Thr24) was observed when comparing VEH 
with PALM treated myotubes (Fig. 5B). We were unable to examine the nuclear abundance of 
total FoxO1 protein in human muscle due to insufficient tissue. However, while insulin treatment 
decreased (P<0.05), the nuclear abundance of FoxO1 total protein in VEH, it did not do so in 
PALM-treated cells (Fig. 6). 

The insulin-stimulated mRNA expression of PGC-1α and downstream metabolic and 
mitochondrial genes in vivo is presented in Fig. 7A. The insulin-stimulated mRNA expression of 
PGC-1α in vitro is presented in Fig. 7B. We expressed the in vivo and in vitro mRNA abundance 
of the insulin-stimulated expression (postclamp/poststimulation) relative to basal 
(preclamp/prestimulation) for both CON and TYPE 2 (and VEH and PALM, respectively). We 
observed, in vivo, that insulin decreased (P<0.05) the mRNA expression of PGC1-α, COX4, and 
NRF-1 in CON. In contrast, insulin did not repress the expression of any of the measured genes 
in TYPE 2. We also observed in vitro that insulin decreased (P<0.05) the mRNA abundance of 
PGC-1α in VEH treated myotubes, but this was not the case in PALM-treated cells. Since the 
expression of the measured genes was lower in the basal state in TYPE 2 relative to CON, it was 
also of interest to calculate the mRNA expression relative to CON preclamp for both groups to 
determine whether the relative gene expression differed between populations following insulin 
treatment. Calculating the data this way revealed that a difference in post-clamp expression for 
PGC-1α (0.47±0.10 vs. 1.09±0.43, for CON and TYPE 2, respectively; relative to CON 
preclamp=1; P<0.05). Of note, however, when calculated this way, the mRNA expression of all 
other measured genes was not different when comparing CON with TYPE 2. 

The data from our mice experiments are presented in Fig. 8. As expected, insulin phosphorylated 
(P<0.05) Akt in wild-type but not Akt2 −/− mice (Fig. 8A). Likewise, insulin phosphorylated 
(P<0.05) FoxO1 (Ser256) (Fig. 8B) and FoxO1 (Thr24) (Fig. 8C) in wild-type but not Akt2 −/− 
mice. Accordingly, insulin reduced (P<0.05) the nuclear abundance of FoxO1 in wild-type, but 
not Akt2 −/−, mice (Fig. 8D). In agreement with our in vivo and in vitro data, the basal mRNA 
expression of PGC-1α was lower (P<0.01) in Akt2 −/− compared with WT mice (Fig. 8E). 
Moreover, insulin stimulation decreased the (P<0.05) mRNA expression of PGC-1α in wild-type 
but failed to do so in Akt2 −/− mice (Fig. 8F). All phospho-proteins were expressed as a ratio of 
phospho-to-total protein. There were no significant differences, with the exception in Akt 2 −/− 
muscle, whereas expected total Akt was lower, observed between total protein analyses. 



DISCUSSION 

The regulation of PGC-1α and downstream OxPhos genes is complex and not fully elucidated, 
particularly in skeletal muscle. Here we show in human muscle biopsy specimens and muscle 
cell culture that insulin reduces the expression of PGC-1α and down-stream OxPhos genes in 
healthy, but not insulin resistant, skeletal muscle. This result is consistent with our observations 
that phosphorylation, and subsequent nuclear exclusion, of FoxO1 is reduced in the skeletal 
muscle of type 2 diabetics and human primary skeletal muscle cultures treated with palmitic 
acid, secondary to reduced insulin-stimulated Akt phosphorylation. Furthermore, we demonstrate 
that the reduced phosphorylation and subsequent nuclear exclusion of FoxO1 is somewhat Akt 
dependent, since the effect of insulin on these processes was blunted in Akt2 −/− mice. 

Our observation that PGC-1α and downstream genes were reduced in the skeletal muscle of 
patients with type 2 diabetes is consistent with previous studies (2, 8). To our knowledge, no 
previous studies have examined the mRNA expression of COX4, FoxO1, or PSARL in the 
skeletal muscle of type 2 diabetes. We demonstrate that COX4 was reduced (P<0.05), while 
FoxO1 (P=0.10) and PSARL (P=0.16) mRNA tended to be lower in the patient group. COX4, a 
nuclear gene encoding part of complex IV in mitochondrial respiration, was recently shown to be 
increased by PGC-1α overexpression in mice (10) and by aerobic training in elderly subjects 
(30). In this latter study, however, this increase did not translate to increased insulin sensitivity 
(30). To our knowledge, only one previous preliminary study has examined the effect of 
palmitate treatment on OxPhos gene expression. In this previous study Crunkhorn et al. (17) 
showed that both PGC-1α and NRF-1 were markedly reduced by palmitate in a C2C12 muscle 
cell line. Our results are consistent with this previous observation and suggest that even acute 
insulin resistance reduces OxPhos gene expression. 

A major finding from this study was that while insulin repressed PGC-1α and downstream 
OxPhos mRNA expression in healthy skeletal muscle, it did not do so in the muscles of patients 
with type 2 diabetes and in experimentally induced insulin resistance. The effect of insulin on 
OxPhos gene expression in skeletal muscle is the subject of controversy, since insulin either 
increases PGC-1α in young and elderly subjects (16) or decreases PGC-1α in C2C12 cells (17). 
In addition, both ND1 and COX1 mRNA have been shown to be increased in patients by insulin 
stimulation (31), while the mRNA encoding COX4 and ND4 is increased by 8 h, but not 4 h, of 
high dose insulin stimulation (plasma insulin ~350 pmol·l−1) in healthy humans (32). 
Interestingly, in this latter study (32), while not significant, 4 h low dose insulin (plasma insulin 
~50 pmol·l−1) tended to repress COX3 and COX4 mRNA. In the present study, our results were 
very consistent irrespective of the model investigated. Notwithstanding the fact that cell culture 
experiments are very different from the human in vivo model and palmitate treatment is only one 
model to induce cellular insulin resistance in vitro, insulin significantly repressed PGC-1α in 
both healthy muscle biopsy specimens and cultured human primary myotubes. In addition, in the 
in vivo study COX4 and NRF-1 were also repressed by insulin treatment. In contrast, in the 
insulin resistant state, insulin did not repress mRNA expression of these OxPhos genes either in 
vivo or in vitro. One potential confounding variable in the present study was that we allowed the 
fasting glucose in type 2 (9.1 mM) to fall to 5.0 mM before we maintained euglycemia at this 
concentration. Although we are unable to assess the effect of this lowered level of glycemia in 
the patients with type 2 diabetes, we cannot rule out the possibility that this had an effect on our 
measurements. 



In the previous study that measured a small increase in PGC-1α with insulin, no attempt was 
made to explain why insulin would promote expression of this gene (16). However, given that 
Akt phosphorylates FoxO1 to down-regulate PGC-1α promoter activity in both HEPG2 cells 
(20) and 293T cells (23) when insulin stimulated, this previous result is difficult to interpret. It 
must be noted, however, our results demonstrate a repression of mitochondrial gene expression 
by insulin, but we do not imply that this would result in a decrease in mitochondrial function or 
respiration. In the present study, we were unable to measure indices of mitochondrial function 
such as CS, β-HAD, or MAPR after insulin treatment due to insufficient sample size. Therefore, 
it is not possible to determine from our dataset whether the repression of mRNA expression by 
insulin in CON or indeed the lack of repression in TYPE 2 had any impact on mitochondrial 
function. It is well known that insulin stimulation increases respiration, as measured by limb VO2 
(33). In addition, Stump et al. (32) have demonstrated marked increases in skeletal muscle 
mitochondrial ATP production rates (MAPR) with 4 h of insulin stimulation in the absence of 
any significant changes in mRNA expression of COX3, COX4, and ND4. Clearly, the 
physiological significance of FoxO1 regulation of PGC-1α mRNA expression by insulin and 
downstream physiological processes requires further research. 

The fact that patients with type 2 diabetes have impaired mitochondrial function (1, 2, 8, 30–33) 
but have a higher PGC1-α mRNA expression upon insulin stimulation may appear paradoxical. 
However, even though these patients are, in the basal state, relatively hyperinsulinemic when 
compared with their healthy counterparts, this is not sufficient to chronically phosphorylate Akt 
(Fig. 3A) or indeed FoxO1 (Figs. 4A and 5A). Therefore, one would not expect FoxO1 to be a 
regulator of PGC-1α at any time other than when insulin is transiently increased in the immediate 
postprandial period. Rather, at most times, it is likely that other transcription factors for PGC-1α 
such as MEF2, NFAT, and CREB play a greater role than FoxO1 in regulating PGC-1α. Since 
inactivity would reduce the signals to these transcription factors, it appears that these factors are 
overall quantitatively more important in regulating PGC-1α. It is also clear that these factors may 
also be influenced by fatty acids because in the basal state treating muscle cells in vitro with 
palmitate reduces PGC-1α mRNA (Fig. 2B) but at the same time reduces FoxO1 phosphorylation 
at Ser256 (Fig. 4B). It also appears that these factors may play a role in regulating PGC-1α in the 
Akt2−/− mice, since, in the basal state, FoxO1 phosphorylation or nuclear abundance was not 
different and yet PGC-1α mRNA was reduced relative to littermate control mice (Fig. 8) 

To our knowledge, this is the first study to measure the effect of insulin on phosphorylation and 
subsequent nuclear exclusion of FoxO1 and the role of Akt in this process in the skeletal muscle 
of type 2 diabetics or experimental models of insulin resistance. Insulin-stimulated Akt 
phosphorylation was reduced in the muscle of type 2 diabetics and skeletal muscle myotubes 
rendered insulin resistant with palmitic acid. The reduced insulin-stimulated phosphorylation of 
FoxO1 on Ser256 in palmitate-treated myotubes was significant in vitro, and there was a strong 
tendency for this reduction in vivo. Insulin-stimulated phosphorylation of FoxO1 on Thr24 was 
consistent both in vivo and in vitro. This finding suggests that the localization of FoxO1 in the 
nucleus is increased in insulin resistant muscle and the ability of insulin to reduce FoxO1 
transactivation of PGC-1α via Akt-mediated phosphorylation is decreased. Due to tissue 
constraints, the nuclear abundance of FoxO1 could not be investigated in our in vivo human 
studies. However, in vitro, we observed a significant decrease in the nuclear abundance of 
FoxO1 in insulin-stimulated vehicle-treated myotubes, but this was not observed in insulin-
stimulated palmitate pretreated myotubes, suggesting that when myotubes are rendered insulin 



resistant, FoxO1 remains predominantly nuclear and retains transactivation ability. Based on in 
vivo human experiments and our cell culture in vitro experiments, we were unable to determine 
if impaired Akt phosphorylation was causally linked to our observations that FoxO1 
phosphorylation and nuclear extrusion were also impaired in insulin resistance. Hence, we 
performed experiments in Akt2 −/−mice. In wild-type, littermate control mice insulin 
phosphorylated Akt (Fig. 8A) and FoxO1 (Fig. 8B and C) and resulted in reduced nuclear 
abundance of this protein (Fig. 8D). This was in contrast with data obtained from the Akt 
−/−mice (Fig. 8D). Hence, our data indicate that Akt plays a central role in the regulation of 
PGC-1a mRNA expression by FoxO1 with insulin stimulation (Fig. 8E and F). 

Recently, Kamei et al. (34) reported that PGC-1α mRNA levels are increased in muscle specific 
FoxO1 overexpression mice, suggesting that, as is seen in liver, FoxO1 promotes PGC-1α gene 
expression in muscle. This is, to some extent, consistent with the data presented here, insomuch 
as when we insulin-stimulated both type 2 diabetic muscle and experimentally induced insulin 
resistant human skeletal muscle myotubes, we saw an increased PGC-1α mRNA expression. 
Although we have not overexpressed FoxO1, we see a decreased ability to phosphorylate and 
therefore negate, FoxO1 transactivation of PGC-1α in our insulin resistant models. There are few 
studies that have examined the relationship between PGC-1α expression and insulin-stimulated 
glucose transport and/or insulin sensitivity. 

In conclusion, we have shown that insulin decreases the expression of genes involved in 
oxidative metabolism in healthy muscle, but this does not occur in patients with type 2 diabetes 
and skeletal muscle cultures rendered insulin resistant. This is most likely due to a decrease in 
FoxO1 phosphorylation secondary to reduced Akt activity. 
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Table 1 
 
Primers and Probe sequences for real-time PCR 

Gene Forward Primer Reverse Primer  TaqMan Probe 

PGC1-
α 

5′CAAGCCAAACCAACAACTTTATCTCT3′ 5′CACACTTAAGGTGCGTTCAATAGTC3′ 5′AGTCACCAAATGACCCCAAGGGTTCC3′ 

COX4 5′CCTCCTGGAGCAGCCTCTC3′ 5′TCAGCAAAGCTCTCCTTGAACTT'3 5′TGCGATACAACTCGACTTTCTCATCCAT3′ 
FoxO1 5′CGTGCCCTACTTCAAGCATAAGG3′ 5′CGACTATGCAGTGACAGGTTGTG3′ 5′TCTGCCGGCTGGAAGAACTCCATC3′ 
tFAM 5′AGATTCCAAGAAGCTAAGGGTGATT3′ 5′TTTCAGAGTCAGACAGATTTTTCCA3” 5′CCGCAGGAAAAGCTGAAGACTGTAAAGGA3′ 
PSARL 5′GCCATGGATACAGCAGGAATG3′ 5′AAAGAGCTCCCCCAAGATGTG3′ 5′CGCATGATCAAAAAATTTCCATCCCAGG3′ 
NRF-1 5′GGCACTGTCTCACTTATCCAGGTT3′ 5′CAGCCACGGCAGAATAATTCA3′ 5′ACCACGGTCACCGTTGCCCAA3′ 
 

 
 
     
 
 




