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In order to better understand the impact of reduced mitochondrial function for the development of insulin resistance and cellular metabolism, human myotubes were established from lean, obese, and T2D subjects exposed to mitochondrial inhibitors either affecting the electron transport chain (Antimycin A), the ATP synthase (oligomycin) or respiratory uncoupling (2,4-dinitrophenol). Direct inhibition of the electron transport chain or the ATP synthase was followed by increased glucose uptake and lactate production, reduced glycogen synthesis, reduced lipid and glucose oxidation and unchanged lipid uptake. The metabolic phenotype during respiratory uncoupling resembled the above picture, except for an increase in glucose and palmitate oxidation. Antimycin A and oligomycin treatment induced insulin resistance at the level of glucose and palmitate uptake in all three study groups while, at the level of glycogen synthesis, insulin resistance was only seen in lean myotubes. Primary insulin resistance in diabetic myotubes was significantly worsened at the level of glucose and lipid uptake. The present study is the first convincing data linking functional mitochondrial impairment per se and insulin resistance. Taken together functional mitochondrial impairment could be part of the pathophysiology of insulin resistance in vivo.

Introduction

Type 2 diabetes (T2D) mellitus is characterized by alterations in both lipid and glucose metabolism, and an increasing body of evidence suggests an association between insulin resistance, T2D, and mitochondrial dysfunction. Initial in vivo studies reported a diminished citrate synthase (CS)/hexokinase (HK) ratio in diabetic skeletal muscles, showing that the oxidative/glycolytic ratio correlated with insulin sensitivity [START_REF] Simoneau | Altered glycolytic and oxidative capacities of skeletal muscle contribute to insulin resistance in NIDDM[END_REF]. Mitochondrial size and activity were also shown to be reduced in obese and T2D subjects and to correlate with the degree of insulin resistance [START_REF] Kelley | Dysfunction of mitochondria in human skeletal muscle in type 2 diabetes[END_REF]. Stump et al [START_REF] Stump | Effect of insulin on human skeletal muscle mitochondrial ATP production, protein synthesis, and mRNA transcripts[END_REF] showed that insulin has a direct, stimulatory effect on mitochondrial ATP production and mRNA transcripts of mitochondrial enzymes in skeletal muscle of non-diabetic subjects, whereas no change in mitochondrial ATP production was observed in T2D subjects. Moreover, recent analyses of gene expression patterns demonstrated a coordinated reduction in mRNA transcripts of nuclearencoded genes involved in mitochondrial oxidative phosphorylation including the catalytic betasubunit of the ATP synthase in both prediabetic and T2D subjects [START_REF] Mootha | PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes[END_REF][START_REF] Patti | Coordinated reduction of genes of oxidative metabolism in humans with insulin resistance and diabetes: Potential role of PGC1 and NRF1[END_REF][START_REF] Sreekumar | Gene expression profile in skeletal muscle of type 2 diabetes and the effect of insulin treatment[END_REF]. Petersen et al [START_REF] Petersen | GI: Impaired mitochondrial activity in the insulinresistant offspring of patients with type 2 diabetes[END_REF] provided evidence for a possible, inherited defect in mitochondrial oxidative phosphorylation in skeletal muscle of insulin-resistant offspring of T2D patients. This defect was associated with dysregulation of intracellular fatty acid metabolism. In myotubes established from T2D patients, lipid oxidation, and insulin-mediated glucose oxidation and insulin-mediated increase in citrate synthase activity were reduced. In addition, palmitate (PA) impaired insulin-mediated glucose oxidation and insulinmediated increase in citrate synthase activity in myotubes of obese non-diabetic subjects [START_REF] Gaster | Reduced lipid oxidation in skeletal muscle from type 2 diabetic subjects may be of genetic origin: evidence from cultured myotubes[END_REF][START_REF] Gaster | The Reduced Insulin Mediated Glucose Oxidation in Skeletal Muscle from Type 2 Diabetic Subjects may be of Genetic Origin -Evidence from Cultured Myotubes[END_REF][START_REF] Ortenblad | Reduced insulin-mediated citrate synthase activity in cultured skeletal muscle cells from patients with type 2 diabetes: evidence for an intrinsic oxidative enzyme defect[END_REF].

Taken together, these data suggest that abnormalities in oxidative function may be associated with insulin resistance. Whether a direct link exists between reduced mitochondrial function and insulin resistance in skeletal muscles, can be questioned. However, our current knowledge of oxidative enzyme activities in the tricarboxylic acid cycle, mitochondrial beta-oxidation, and electron transport chain in relation to insulin resistance and T2D originates mainly from in vivo studies. Both the mitochondrial oxidative capacity and insulin resistance of skeletal muscle are highly influenced by physical activity, ageing, and fiber type composition rendering it difficult to clarify whether a direct link exists between mitochondrial dysfunction and insulin resistance in T2D. Cultured myotubes offer a unique model to separate the genetic influence on insulin resistance and T2D from environmental factors [START_REF] Gaster | The diabetic phenotype is conserved in myotubes established from diabetic subjects: evidence for primary defects in glucose transport and glycogen synthase activity[END_REF][START_REF] Henry | Glycogen synthase activity is reduced in cultured skeletal muscle cells of non-insulin-dependent diabetes mellitus subjects. Biochemical and molecular mechanisms[END_REF][START_REF] Henry | Acquired defects of glycogen synthase activity in cultured human skeletal muscle cells: influence of high glucose and insulin levels[END_REF], but also the impact of single factors on the metabolism on various genetic backgrounds. In order to better understand the impact of reduced mitochondrial function for the development of insulin resistance and cellular metabolism, human myotubes were established from lean, obese, and T2D subjects exposed to mitochondrial inhibitors either affecting the electron transport chain (Antimycin A (AA), Complex III inhibitor), the ATP synthase (oligomycin (OL), F0-F1 inhibitor) or by respiratory uncoupling (2,4-dinitrophenol, ionophor) in order to evaluate
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if exposure to these inhibitors changes the intermediary metabolism and whether they may induce insulin resistance in exposed myotubes.

Methods

Human study subjects. Ten lean, ten obese control subjects, and ten obese T2D patients participated in the study (Table 1), and clinical characteristics have previously been published [START_REF] Ortenblad | Reduced insulin-mediated citrate synthase activity in cultured skeletal muscle cells from patients with type 2 diabetes: evidence for an intrinsic oxidative enzyme defect[END_REF]. Cell culture. Cell cultures were established as previously described (14;15). In brief, muscle tissue was minced, washed, and dissociated for 60 min. by three treatments with 0.05 % trypsin-EDTA.

The cells harvested were pooled and FCS was added to stop trypsination. The cells obtained were seeded for up-scaling on ECM-gel coated dishes after 30 min. of preplating. Cell cultures were established in DMEM medium supplemented with 10% FCS, 50 U/ml penicillin, 50 µg/ml streptomycin, and 1.25 µg/ml amphotericin B. After 24 h cell debris and non-adherent cells were removed by change of growth medium to DMEM supplemented with 2% FCS, 2% Ultroser G, 50 U/ml penicillin, 50 µg/ml streptomycin, and 1.25 µg/ml amphotericin B. Cells were subcultured twice before final seeding. At 75% confluence the growth medium was replaced by basal medium (DMEM supplemented with 2% FCS, 50 U/ml penicillin, 50 µg/ml streptomycin, 1.25 µg/ml amphotericin B, and 25 pmol/l insulin) in order to induce differentiation. The cells were cultured in humidified 5 % CO 2 atmosphere at 37°C, and medium was changed every 2-3 days.
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Experimental design. Human myotubes established from lean, obese, and T2D subjects were allowed to differentiate under physiological conditions of insulin (25pmol/l) and glucose (5.5 mmol/l) for eight days. All myotube cultures were used for analysis day eight after onset of differentiation.

At day eight, myotubes were exposed to four different protocols: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml AA, c) basal medium supplemented with 5.0 µg/ml OL; d) basal medium supplemented with 1.0 mmol/l 2,4-Dinitrophenol, and subsequently basal and insulin-stimulated glucose uptake, glucose oxidation, glycogen synthesis (GS), lipid uptake and lipid oxidation were determined. Furthermore, the lactate concentration was determined in the media after terminating the experiments.

Mitochondrial inhibition:

In order to verify that the inhibitors were inhibiting the mitochondria the O 2 -utilisation rate of trypsinated myotubes in suspension were measured with a Clark-type electrode (Hansatech Instruments DW1) in a water-jacket glass chamber maintained at 25°C and equipped with magnetic stirring in DMEM containing 5.5mmol/l glucose [START_REF] Ortenblad | Reduced insulin-mediated citrate synthase activity in cultured skeletal muscle cells from patients with type 2 diabetes: evidence for an intrinsic oxidative enzyme defect[END_REF]. Myotube cultures were used for analysis day eight after onset of differentiation. When the O 2 -respiration reached the stable rate, the uncoupled respiration was measured after adding increased concentrations of DNP

(1 pM to 1mM). The maximal uncoupled respiration was measured after adding 0.1 mmol/l DNP (final konc) without further increase, thereby immediately (30-60 s) enhancing the respiration rate 2.8 times. In parallel the effect of AA (1pg/ml to 1µg/ml) and OA (5 pg/ml to 5µg/ml) on the respiration of myotubes were studied after a steady state respiration was achieved. Maximal inhibition of the respiration of myotubes was achieved at a concentration of 0.5mg/ml and 1.25 mg/ml (final conc.) respective for AA and OA blocking the respiration rate to 5% and 3% of basal respiration rate (Data not shown, N=2). Furthermore, the total ATP content in cell extract was measured with the ATP monitoring reagent (ATPlite from PerkinElmer, Turku, Finland). Cells were grown and differentiated in 12 well plates, as described above. At day eight, myotubes were exposed to four different protocols: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 0.01, 0.1 and 1.0 µg/ml AA, c) basal medium supplemented with 0.05, 0.5 and 5.0 µg/ml OL; d) basal medium supplemented with 0.01, 0.1 and 1.0 mmol/l 2,4-Dinitrophenol, for four hours and subsequently acid soluble metabolites were extracted with tricloroacetic acid (TCA). TCA extracts were neutralized in Tris buffer (0.1mol/l) [START_REF] Gaster | A cellular model system of differentiated human myotubes[END_REF] and ATP determined on a VICTOR Plate Reader model 1420-050 (PerkinElmer, Turku, Finland). Fig. 1 shows the fractional ATP content in myotubes exposed to increasing concentrations of used inhibitor compared to baseline condition. The fractional ATP content tended to be lowered at the maximal used concentrations investigated i.e. 0.92 ± 0.03, 0.91 ± 0.05 and 0.90 ± 0.02 (n=3) for AA, OA and DNP respectively. The inhibitors were used at following final concentrations 5.0 µg/ml
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OL, 1.0 µg/ml AA and 1.0 mmol/l DNP in the presented experiments to ensure maximal inhibition of mitochondrial function and equal fractional ATP content.

Glucose uptake: Cells were grown and differentiated in 12 well plates, as described above.

Cultures were exposed to DMEM supplemented with 0.24 mmol/l fat free albumin, 50 U/ml penicillin, 50 µg/ml streptomycin, 1.25 µg/ml amphotericin B, 2-deoxyglucose(DOG)/2-[ 3 H]DOG (0.2µCi/well), and 25 pmol/l or 1 µmol/l insulin, respectively, in order to study basal and insulinmediated glucose uptake [START_REF] Gaster | The Reduced Insulin Mediated Glucose Oxidation in Skeletal Muscle from Type 2 Diabetic Subjects may be of Genetic Origin -Evidence from Cultured Myotubes[END_REF]. The reaction was stopped after four hours by aspirating the reaction mixture and rapidly rinsing each well four times with PBS at 4ºC. Cells were solubilized by addition of 0.5 ml 0.1 M NaOH. An aliquot of 50 µl was removed for protein determination. The remaining fluid was placed in a scintillation vial, and scintillation fluid was added. Glucose transport activity was expressed as moles of 2-deoxy-glucose taken up per minute per absorbance of total protein or per mg protein.

Glycogen synthesis: Cells were grown and differentiated in 12 well plates, as described above.

Cultures were exposed to DMEM supplemented with 0.24 mmol/l fat free albumin, 50 U/ml penicillin, 50 µg/ml streptomycin, 1.25 µg/ml amphotericin B, D-[ 14 C(U)]glucose (1.0µCi/well), and 25 pmol/l or 1 µmol/l insulin, respectively, in order to study basal and insulin-stimulated GS. The reaction was stopped after four hours by aspirating the reaction mixture and rapidly rinsing each well four times with PBS at 4ºC. Cells were solubilized by adding 0.5 ml 1.0 M KOH and heated at 70 °C for 20 min. 100 µl saturated Na 2 SO 4 , 100 µl 25 mg/ml glycogen were added to the sample in distilled water (freshly made) and 9 ml ice-cold absolute ethanol and then left at -70 °C for 48 hours for glycogen precipitation. The tubes were centrifuged (2000 G, 20 min, 4°C) and the supernatant immediately removed and discarded. The glycogen precipitate was redissolved in 500 µl distilled water by heating at 70°C for 10 min, 9 ml ice-cold absolute ethanol were added and then left at -20 °C for minimum 24 hours. Again, the tubes were centrifuged, the supernatants removed and 500 µl distilled water were added and the glycogen dissolved. 500 µl were taken out for scintillation counting [START_REF] Gaster | Reduced lipid oxidation in skeletal muscle from type 2 diabetic subjects may be of genetic origin: evidence from cultured myotubes[END_REF].

Glucose oxidation: Cells were cultured on 12.5 cm 2 flasks and differentiated, as described above.

Cultures were exposed to DMEM supplemented with 0.24 mmol/l fat free albumin, 50 U/ml penicillin, 50 µg/ml streptomycin, 1.25 µg/ml amphotericin B, D-[ 14 C]glucose ( 2.0µCi/ml), and 25 pmol/l or 1 µmol/l insulin, respectively, in order to study basal and insulin-mediated glucose
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To study the impact of acute exposure to PA, sister cultures were incubated under the above-mentioned conditions supplemented by 0.6 mmol/l PA. Flasks were air-tightened with a rubber stopper. After four hours, 300 µl phenyl ethylamine-methanol (1:1, v/v) were added with a syringe to a centre well containing a folded filter paper. 300 µl 1 M perchloric acid were subsequently added to the cells through the stopper tops by means of a syringe. The flasks were placed for a minimum of one hour at room temperature to trap labeled CO 2 . Cell-free flasks (no cell controls) went through the same procedure to correct for unspecific CO 2 trapping.

Lactate concentration:

The lactate content in the collected media during the various incubation conditions was determined spectrophotometrically in accordance with the method described by

Passonneau et al [START_REF] Passonneau | Enzymatic Analysis. A practical guide[END_REF].

PA uptake. Cells were cultured in 12 well plates and differentiated, as described above. Myotubes were exposed to DMEM supplemented with 0.24 mmol/l fat free albumin (BSA), 0.5 mmol/l Lcarnitine, 20 mmol/l HEPES, either [1-14 C] oleic acid (2.0 µCi/ml, 0.6 mM) or [1-14 C] palmitic acid (2.0 µCi/ml, 0.6 mM) with 5.5 mmol/l and 25 pmol/l or 1 µmol/l insulin and analyzed, as previously described in [START_REF] Gaster | Reduced lipid oxidation in skeletal muscle from type 2 diabetic subjects may be of genetic origin: evidence from cultured myotubes[END_REF]. The reaction was stopped after four hours by aspirating the reaction mixture and rapidly rinsing each well four times with PBS at 4ºC. Cells were solubilized by adding 0.5 ml 0.1 M

NaOH. An aliquot of 50 µl was removed for protein determination [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. The remaining fluid was placed in a scintillation vial, and scintillation fluid was added. The incubation media was transferred into two new tubes and assayed for labeled β-oxidation products (acid soluble metabolites (ASM)) [START_REF] Skrede | Stimulation of fatty acid oxidation by a 3-thia fatty acid reduces triacylglycerol secretion in cultured rat hepatocytes[END_REF]. Lipid uptake was determined as the sum of intracellular lipids and ASM. PA:BSA ratio was Eq (1)

Fmet = Gox(inh)/(GT(inh)-GS(inh))
where (inh) indicates rates under conditions of inhibition and where GT(inh)-GS(inh) corrects for glucose which is not available for pentose phosphate shunt as it is mainly incorporated in glycogen.

The activity of pentose phosphate shunt:

Eq (2)
Pentose phosphate shunt = Fmet (GT-GS) = Gox(inh) (GT-GS)/(GT(inh)-GS(inh))

Statistical analysis. Data in text, tables, and figures are given as mean +/-SE. Statistical analyses were performed with INSTAT 2.01 (GraphPad, USA). Kruskal-Wallis test or Friedman's test with Dunn comparison test were used to assess non-paired and paired significant differences between multiple treatments. Pearson correlation coefficient was used for covariance analysis. P ≤ 0.05 was considered to be significant.

Results

Subject characteristics. Clinical characteristics of the lean and obese controls and T2D patients are shown in Table 1. Fasting plasma glucose, serum insulin, and HbA1c levels were significantly higher in the diabetic group compared with both the lean and obese controls. Fasting HDL cholesterol concentrations were lower in T2D patients compared with lean controls. The obese controls showed higher fasting serum insulin levels compared with lean controls. During the steady state of the hyperinsulinemic euglycemic clamp period, the glucose infusion rates (GIR) were significantly lower in T2D patients compared with both lean and obese control subjects, and GIR were significantly lower in obese controls compared with lean control subjects.

Cell culture. Established cultures form many myotubes as shown by phase contrast microscope (not shown). We could not differentiate between study groups by visual inspection. The various treatments used in the present study proved not to be toxic for the cells, as verified by measurements of cellular protein content (not shown).

Glucose uptake is increased in myotubes inhibited with OL, AA, and 2,4-Dinitrophenol (DNP), and insulin resistance is developed in myotubes exposed to OL and AA: Diabetic myotubes expressed an increased basal glucose uptake compared with myotubes from lean controls (p<0.05) (Fig. 1a), while the insulin response was significantly reduced compared with lean myotubes when precultured under normophysiological conditions (p<0.05) (Fig. 2b). Basal and insulin-stimulated glucose uptake increased significantly in myotubes of all three groups (p<0.05) when exposed to OL, AA and DNP, mostly for the latter (Fig. 2a). The insulin response (fold change) was significantly reduced (p<0.05) in myotubes exposed to OL and AA, while only obese myotubes seem to respond with reduced insulin effect during DNP inhibition (Fig. 2b).

Glucose oxidation is reduced in myotubes inhibited with OL, AA and increased by DNP, but they did not induce insulin resistance at the level of glucose oxidation: Diabetic myotubes precultured under baseline conditions expressed an increased basal and insulin-stimulated glucose oxidation compared with lean myotubes (p<0.05) (Fig. 3a), while the insulin response was significantly reduced compared with lean myotubes (p<0.05) (Fig. 3b). Basal and insulin-stimulated glucose uptake decreased significantly in myotubes of all three groups when exposed to OL and AA compared with baseline condition (p<0.05). In contrast, DNP significantly increased both basal and insulin-stimulated glucose oxidation (p<0.05) (Fig. 3a). All myotubes were insulin sensitive, but OL, AA, and DNP did not alter the insulin response significantly (Fig. 3b).

Glycogen synthesis is reduced in myotubes inhibited with OL, AA, and DNP, while Insulin resistance was only induced in lean myotubes: The insulin response on GS was significantly reduced in diabetic myotubes compared with lean myotubes precultured under baseline conditions (Fig. 4b). Both basal and insulin-stimulated GS were decreased significantly in myotubes of all three groups when exposed to OL, AA, and DNP compared with baseline condition, mostly during DNP (Fig. 4a). All myotubes were insulin sensitive, but OL, AA, and DNP only reduced the insulin response (fold change) significantly in lean myotubes (Fig. 4b).
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Lactate production is increased in myotubes inhibited with OL, AA, and DNP: We measured the lactate accumulation in the media of myotubes exposed to baseline conditions and various inhibitors. Lactate production was increased in obese and diabetic myotubes precultured under baseline conditions. Both basal and insulin-mediated lactate production was significantly increased in all three groups when exposed to OL, AA, and DNP. Significant differences between groups were only detected at the basal level of DNP exposure (Fig. 5).

The insulin response on PA uptake in human myotubes is reduced by OL, AA, and DNP: We studied the effect of oligomycin A (OL), AA, and DNP inhibition on basal and acute insulinstimulated PA uptake in myotubes established from lean, obese, and T2D subjects (Fig. 6a,b).

Basal and insulin-stimulated PA uptake was not significantly different between groups (p>0.40). PA uptake was insulin sensitive in all myotubes (p<0.05). Exposure to OL, AA or DNP did not significantly change basal or insulin-stimulated PA uptake (Fig. 7a). However, all inhibitors decreased the insulin response (fold change) in lean, obese, and diabetic myotubes (Fig. 7b).

. PA oxidation is reduced in myotubes inhibited with OL, AA while increased by DNP: PA oxidation was not significantly different between groups in the present study under various experimental conditions, although diabetic and obese myotubes PA oxidation tended to be lower.

Myotubes exposed to OL and AA expressed a reduced ASM and complete PA oxidation compared with baseline conditions, mostly pronounced for AA (Fig. 7a). The complete oxidation is reduced to 11% of baseline by AA and to 21% by OL. ASM is reduced to 65% and 47% of baseline by OL and AA, respectively. In contrast DNP increased PA oxidation in all myotubes based on a significant increase of the complete oxidation (Fig. 7). The complete PA oxidation increased by a factor of 3.2 by DNP, while beta oxidation was reduced to 75% of baseline level. Overall, the PA oxidation was reduced to 51% by OL and to 36% by AA, while DNP increased PA oxidation by 50% compared with baseline level. A measurement of the oxidation in peroxisomes can be obtained under studies blocking mitochondrial oxidation. No significant differences in the fractional distribution of PA between peroxisomes and mitochondrial were detected between groups (data not shown).

The activity of the pentose phosphate shunt is insulin sensitive and increased in diabetic myotubes: Based on the above data it is possible to calculate the activity of the pentose phosphate shunt in myotubes as described under metabolic considerations. The activity of the pentose phosphate shunt was insulin sensitive in all myotubes and was significantly increased both at basal level and during insulin stimulation in diabetic myotubes compared with lean myotubes
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(Fig. 8a). The difference between groups was still present when correcting for differences in glucose uptake (Fig. 8b), while the insulin effect seems based on an increased glucose uptake.

Discussion

The impetus for this study was the paradigm that mitochondrial dysfunction is associated with insulin resistance in obese and T2D subjects. Glucose and lipid metabolism were studied in human myotubes established from lean, obese, and T2D subjects during exposure to AA, OL, and DNP in order to reduce ATP production from oxidative phosphorylation, either directly by affecting ATP synthase or the electron transport chain or indirectly by disturbing the proton gradient across the mitochondrial membrane by the ionophor DNP. Experiments were done under normoglycemic conditions, in order to ensure substrates for ATP production from glycolysis. The advantages of using human myotubes are that the extracellular environment can be controlled precisely and kept constant over time, thus allowing us to study the importance of the genetic background or single exogenous factors without systemic, homeostatic regulatory components from the nervous and endocrine systems.

Direct inhibition of the electron transport chain or the ATP synthase was followed by increased glucose uptake and lactate production, reduced glycogen synthesis, reduced lipid and glucose oxidation and unchanged lipid uptake, thus changing the glucose metabolism in the direction of anaerobe metabolism with only minimal changes in lipid metabolism. Glucose metabolism still allows ATP production in the absence of oxygen through oxidation of glucose to pyruvate and the conversion of pyruvate to lactate. In contrast, fatty acids cannot be completely oxidized by other organelles than mitochondria, although the beta oxidation in peroxisomes may partly metabolize fatty acids. Lipid and glucose oxidation were reduced in accordance with the mode of action of these inhibitors. Indirect inhibition of mitochondrial ATP production expresses the same picture, except for an increase in glucose and PA oxidation during uncoupling.

Antimycin A and oligomycin treatment was followed by insulin resistance at the level of glucose and PA uptake in all three study groups, while glycogen synthesis was only affected in lean myotubes, suggesting that impaired mitochondrial function has a role in the pathophysiology of insulin resistance. The present study is the first convincing data linking functional mitochondrial impairment per se and insulin resistance. Rabøl et al [START_REF] Rabol | Mitochondrial oxidative function and type 2 diabetes[END_REF] have very recently reviewed mitochondrial oxidative function and type 2 diabetes and concluded, that the reduced oxidative capacity in most studies are explained by decreased mitochondrial content. We have previously tried to verify a reduced mitochondrial content in diabetic myotubes by three different parameters, but showed no significant differences in mitochondrial content between groups [START_REF] Ortenblad | Reduced insulin-mediated citrate synthase activity in cultured skeletal muscle cells from patients with type 2 diabetes: evidence for an intrinsic oxidative enzyme defect[END_REF]. Although a
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reduced mitochondrial content not could be verified in diabetic myotubes imply our findings, that also a reduced mitochondrial content is linked to insulin resistance, supporting previous in vivo studies describing an association between reduced mitochondrial content and insulin resistance (reviewed ( 19), (2;20). Further studies have to clarify the magnitude of reduction in mitochondrial content necessary for or the degree of functional impairment, which can induce insulin resistance.

Both the mitochondrial oxidative capacity and insulin sensitivity of skeletal muscle are highly influenced by physical activity, ageing, and fiber type composition, rendering it difficult to clarify whether a direct link exists between mitochondrial dysfunction and insulin resistance in T2D.

Cultures of human myotubes are not influenced by these parameters, as myotubes in culture all express fast heavy myosin, seldom contract spontaneous [START_REF] Gaster | A cellular model system of differentiated human myotubes[END_REF] and in the present study are established from subjects at comparable age and used in the same passage. The diabetic phenotype was conserved in diabetic myotubes, as verified by a reduced, insulin-stimulated increment in glucose uptake, glucose oxidation, and glycogen synthesis. The question arises whether the mitochondria in diabetic myotubes already express functional mitochondrial defects.

The insulin resistance in diabetic myotubes could be worsened by the metabolic inhibitors, indicating that possible defects in the mitochondria in diabetic myotubes are only partial. In line, we showed previously that diabetic myotubes express a 14% reduction in basal activity of citrate synthase compared to lean myotubes, implying a mild mitochondrial impairment [START_REF] Ortenblad | Reduced insulin-mediated citrate synthase activity in cultured skeletal muscle cells from patients with type 2 diabetes: evidence for an intrinsic oxidative enzyme defect[END_REF]. Increased accumulation of intracellular triglyceride (TAG) has been associated with insulin resistance and linked to mitochondrial dysfunction (1;2;21-27). We have recently shown that induced inhibition of oxidative phosphorylation by AA and OA was followed by TAG accumulation [START_REF] Gaster | Triacylglycerol accumulation is not primarily affected in myotubes established from type 2 diabetic subjects[END_REF]. Thus above myotubes studies indicate, that induced mitochondrial impairment is linked both t o TAG accumulation and insulin resistance. Taken together functional mitochondrial impairment could be part of the pathophysiology of insulin resistance and TAG accumulation in vivo.

In the present study, a new finding is that the activity of the pentose phosphate shunt was increased twice in diabetic myotubes compared with lean myotubes. The shunt activity seems insulin sensitive, but this effect disappeared when corrected for changes in the insulin-mediated glucose uptake. The pentose phosphate shunt metabolizes 2 % of glucose taken up for glycolysis in human myotubes, which is in line with previous in vitro and in vivo studies. The major function of the pentose phosphate shunt is to provide NADPH for reductive synthesis of fatty acids and amino acids outside the mitochondria and to provide ribose for nucleotide and nucleic acids. It could be speculated whether the increased activity of the pentose phosphate shunt may contribute to the increased triacylglycereol content seen in obese and T2D patients. Further studies are needed to test this hypothesis. The pathway has not been shown to participate directly in the pathogenesis of insulin resistance. 

  Muscle biopsies were obtained from the vastus lateralis muscle by needle biopsy under local anesthesia. Diabetic patients were treated with either diet alone or in combination with sulfonylurea, metformin or insulin withdrawn one week before the study. The patients suffered from no diabetic complications except for simplex retinopathy. The control subjects had normal glucose tolerance and no family history of diabetes. All subjects gave written informed consent, and the local ethics committee of Funen and Vejle County approved the study. Materials. Dulbecco`s modified Eagle`s medium, fetal calf serum (FCS), penicillin-streptomycinamphotericin B, and trypsin-EDTA were obtained from Invitrogen (Invitrogen, Scotland, UK). Ultroser G was purchased from Pall Biosepra (Cergy-Saint-Christophe, France). Protein assay kit was purchased from B ioRad (Copenhagen, DK). Palmitic acid, L -carnitine, AA, OL, KN 93, GF109203X, 1,2-bis(2-aminophenoxy)ethane.-N,N,N,N-tetraacetic acid (BAPTA-AM), N-acetyl-Lcysteine (NAC) and ECM-gel were purchased from Sigma Chemical Co. (St. Louis, USA). Bovine serum albumin (BSA) (essentially FA free), compound C, LY 294002, and SB 203580 were from Calbiochem (VWR, Roskilde, DK). Insulin Actrapid was from Novo Nordisk (Bagsvaerd, DK).
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 51 Control and treated myotubes were exposed for equal amount of fatty acid free BSA PA oxidation: Cells were cultured on 12.5 cm 2 flasks and differentiated and exposed, as described above. Myotubes were exposed to DMEM supplemented with 0.24 mmol/l fat free albumin (BSA), 0.5 mmol/l L-carnitine, 20 mmol/l HEPES, [1-14 C]palmitic acid (2.0 µCi/ml, 0.6 mmol/l), and 25 pmol/l or 1 µmol/l of insulin to study basal PA oxidation. Flasks were air-tightened with stopper tops. After four hours, 300 µl phenyl ethylamine-methanol (1:1, v/v) were added with a syringe to a centre well containing a folded filter paper. 300 µl 1 mol/l perchloric acid were subsequently added to the cells through the stopper tops using a syringe. The flasks were placed for a minimum of one hour at room temperature to trap labeled CO 2 . Cell-free flasks (no-cell controls) went through the same procedure to correct for unspecific CO 2 trapping. PA:BSA ratio was 2.5:1. Control and treated myotubes were exposed for equal amount of fatty acid free BSAA C C E P T E D M A N U S C R I P TMethodological considerations: Pentose phosphate shunt: In the present study we determined glucose uptake (GT), glucose oxidation (Gox), and the rate of GS under normophysiological conditions and during inhibited mitochondrial oxidation. CO2 generation from glucose is mainly explained by mitochondrial oxidation and by the activity of the pentose phosphate shunt. By inhibiting mitochondrial oxidation we can estimate the activity of the pentose phosphate shunt by collecting released CO2. The fraction of glucose metabolized (Fmet) to CO2 by the pentose phosphate pathway can be determined as:

Figure 1 .

 1 Figure 1. The fractional ATP content in myotubes exposed for increasing concentrations of AA, OL and DNP. Human satellite cell cultures were established from lean, grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 0.01, 0.1 and 1.0 µg/ml AA, c) basal medium supplemented with 0.05, 0.5 and 5.0 µg/ml OL; d) basal medium supplemented with 0.01, 0.1 and 1.0 mmol/l 2,4-Dinitrophenol, for four hours and ATP content was determined as described in "methods". Fig.1 shows the fractional ATP content in myotubes exposed to increasing concentrations of used inhibitor compared to baseline condition. The inhibitor concentration is expressed as percent of maximal used inhibitor. AA (open bars), OL (hatched bars) and DNP (black bars). N=3.

Figure 2 .

 2 Figure 2. Glucose uptake in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml antimycin A (AA), and c) basal medium supplemented with 5.0 µgm/l oligomycin (OL); and d) basal medium supplemented with 1.0 mmol/l 2,4-dinitrophenol (DNP), and subsequently basal (bas) and insulinstimulated (stim) glucose uptake was determined as described in "methods". A) Absolute values. * p < 0.05 insulin-stim vs. corresponding basal. ^p < 0.05 vs. lean. # p < 0.08 vs. lean. a p < 0.05 vs. corresponding control. b p < 0.05 vs corresponding OL. c p < 0.05 vs. corresponding AA. B) Glucose uptake increment during acute insulin stimulation expressed as fold change. *p < 0.05 insulin-stim vs. corresponding basal. p < 0.05 vs. lean. # p < 0.08 vs lean. a p < 0.05 vs. corresponding control. b p < 0.05 vs. corresponding OL. c p < 0.05 vs. corresponding AA. Data are shown as mean ± SEM. N=8.

Figure 3 .

 3 Figure 3. Glucose oxidation in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin)

Figure 4 .

 4 Figure 4. Glycogen synthesis (GS) in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml AA; and c) basal medium supplemented with 5.0 µgm/l oligomycin (OL); and d) basal medium supplemented with 1.0 mmol/l 2-dinitrophenol (DNP), and subsequently basal (bas) and insulin-stimulated (stim) GS was determined as described in "methods". A) Absolute values. *p < 0.05 insulin-stim vs. corresponding basal. ^p < 0.05 vs. lean. # p < 0.08 vs. lean. a p < 0.05 vs. corresponding control. b p < 0.05 vs. corresponding OL. c p < 0.05 vs. corresponding AA. B) GS increment during acute insulin stimulation expressed as fold change. * p < 0.05 insulin-stim vs. corresponding basal. ^p < 0.05 vs. lean. # p < 0.08 vs. lean control. a p < 0.05 vs. corresponding control. b p < 0.05 vs corresponding OL. c p < 0.05 vs. corresponding AA. Data are shown as mean ± SEM. N=8.

Figure 5 .

 5 Figure 5. Lactate production in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml AA; and c) basal

Figure 6 .

 6 Figure 6. PA uptake in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml AA; and c) basal medium supplemented with 5.0 µgm/l oligomycin (OL); and d) basal medium supplemented with 1.0 mmol/l 2,4-dinitrophenol (DNP), and subsequently basal (bas) and insulin-stimulated (stim) PA uptake was determined as described in "methods". A) Absolute values. * p < 0.05 insulin-stim vs. corresponding basal. ^p < 0.05 vs. lean. a p < 0.05 vs. corresponding control. b p < 0.05 vs. corresponding OL. c p < 0.05 vs. corresponding AA. B) PA uptake increment during acute insulin stimulation expressed as fold change. a p < 0.05 vs. corresponding control. b p < 0.05 vs. corresponding OL. c p < 0.05 vs. corresponding AA. Data are shown as mean ± SEM. N=8.

Figure 7 :

 7 Figure 7: PA oxidation in myotubes established from lean and obese and T2D subjects after exposure to mitochondrial respiratory inhibitors. Human satellite cell cultures were established from lean (open bars), obese (hatched bars) and T2D subjects (black bars), grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and exposed to the following media conditions for four hours: a) basal medium (5.5 mmol/l Glucose, 25 pmol/l Insulin); b) basal medium supplemented with 1.0 µg/ml AA; and c) basal medium supplemented with 5.0 µgm/l oligomycin (OL); and d) basal medium supplemented with 1.0 mmol/l 2,4-dinitrophenol (DNP), and subsequently basal PA oxidation was determined as described in "methods". Absolute values: ASM, acid soluble metabolites, CO2, complete oxidation and total oxidation is the sum of ASM and CO2. a p < 0.05 vs. corresponding control. b p < 0.05 vs. corresponding OL. c p < 0.05 vs. corresponding AA. Data are shown as mean ± SEM. N=8.

Figure 8 .

 8 Figure 8. Activity of the pentose phosphate shunt in myotubes established from lean and obese and T2D subjects. Human satellite cell cultures were established from lean, obese and T2D subjects, grown and differentiated for eight days under physiological conditions (5.5 mmol/l glucose, 25 pmol/l insulin) and the pentose phosphate shunt was determined as described in methods. A) Basal (open bars) and insulin-stimulated rates of the pentose phosphate shunt (black bars). * p < 0.05 Insulin-stim vs. corresponding basal. a p < 0.05 vs. lean. B) Activity rates of the pentose phosphate shunt corrected for glucose uptake. a p < 0.05 vs. lean. Data are shown as mean ± SEM. N=8.

Fig. 1 0

 1 Fig.1

  Fig.3a

  Fig.5

  uptake (Fold change)

Fig. 7

 7 Fig.7

  Fig.8a

Table 1 .

 1 Clinical characteristics of the study subject Data are means ± SE. * Significant different from the lean controls (P<0.05), # significant different from the lean and obese controls (P<0.05).

	Control, lean	Control, obese	T2D
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