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Modulating serine palmitoyl transferase (SPT) expression and activity unveils a crucial role in lipid-induced insulin resistance in rat skeletal muscle cells

INTRODUCTION

Hyperlipidemia is one of a cluster of abnormalities associated with the metabolic syndrome and one that is considered important for both development and progression of insulin resistance in skeletal muscle, a tissue that makes a major contribution to whole body glucose homeostasis. Sustained over supply of free fatty acids to skeletal muscle has been shown to result in the accumulation of intramuscular triacylglycerols (IMTG) and that of fatty acid-derived metabolites, such as diacylglycerol (DAG) and ceramide. Whilst accumulation of IMTG has been positively correlated with a loss in skeletal muscle insulin sensitivity the finding that muscle of endurance trained athletes exhibit improved insulin sensitivity in the face of an increase in IMTG implies that increases in intramuscular lipid alone may not in itself be the primary driver of lipid-induced insulin resistance [START_REF] Bruce | Disassociation of muscle triglyceride content and insulin sensitivity after exercise training in patients with Type 2 diabetes[END_REF]. Recent work from our laboratory and that of others has shown that increased availability of palmitate, the most prevalent circulating saturated fatty acid, impairs the insulin-dependent regulation of glucose transport and glycogen synthesis in skeletal muscle cells [START_REF] Dimopoulos | Differential effects of palmitate and palmitoleate on insulin action and glucose utilization in rat L6 skeletal muscle cells[END_REF][START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF]. This impairment is due in large part to an attendant accumulation in muscle cells of the sphingolipid, ceramide, for which the fatty acid is a key precursor. Increases in intramyocellular ceramide have previously been linked to loss in insulin sensitivity in cultured muscle cells [START_REF] Chavez | Characterizing the effects of saturated fatty acids on insulin signaling and ceramide and diacylglycerol accumulation in 3T3-L1 adipocytes and C2C12 myotubes[END_REF]16] and in skeletal muscle of both rodents [START_REF] Dobrzyn | Ceramides and sphingomyelins in skeletal muscles of the rat: content and composition. Effect of prolonged exercise[END_REF][START_REF] Turinsky | 1,2-Diacylglycerol and ceramide levels in insulin-resistant tissues of the rat in vivo[END_REF] and humans [START_REF] Straczkowski | Relationship between insulin sensitivity and sphingomyelin signaling pathway in human skeletal muscle[END_REF]. However, it is only recently that the mechanistic basis of ceramide-induced insulin resistance is beginning to be understood.

We [16,[START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF][START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF], and others [START_REF] Bourbon | Ceramide-induced inhibition of Akt is mediated through protein kinase Czeta: implications for growth arrest[END_REF][START_REF] Chavez | Characterizing the effects of saturated fatty acids on insulin signaling and ceramide and diacylglycerol accumulation in 3T3-L1 adipocytes and C2C12 myotubes[END_REF][START_REF] Summers | Regulation of insulinstimulated glucose transporter GLUT4 translocation and Akt kinase activity by ceramide[END_REF], have shown that increases in intracellular ceramide promote a targeted loss in the insulin-dependent activation of the serine/threonine kinase, protein kinase B (PKB, also known as Akt). This kinase plays a pivotal role in the hormonal activation of glucose transport and glycogen synthesis and consequently its dysregulation is likely to impact significantly upon the homeostatic control of blood glucose. The loss in PKB activation by ceramide has been proposed to occur by one of two mechanisms involving either dephosphorylation of its two regulatory sites (Thr 308 and Ser 473 ) by a type 2A-like phosphatase activity [START_REF] Summers | Regulation of insulinstimulated glucose transporter GLUT4 translocation and Akt kinase activity by ceramide[END_REF] or alternatively, as we have shown, inhibition in the cell surface recruitment and phosphorylation of PKB [16,[START_REF] Salinas | Inhibition of PKB/Akt1 by C2-ceramide involves activation of ceramide-activated protein phosphatase in PC12 cells [In Process Citation[END_REF] by a process dependent upon activation of atypical protein kinase C isoforms (lamda/zeta, PKCλ/ζ) [START_REF] Bourbon | Ceramide-induced inhibition of Akt is mediated through protein kinase Czeta: implications for growth arrest[END_REF][START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF]. Increasing intracellular ceramide (by provision of short chain (C 2 ) ceramide or stimulating endogenous palmitic (C 16 )-ceramide synthesis from fatty acids such as palmitate) results in potent activation of PKCζ (for review see [START_REF] Mathias | Signal transduction of stress via ceramide[END_REF]) and, as such, this has important implications for PKB activation. In unstimulated cells, PKCζ has been shown to directly interact with and repress PKB in numerous cell types [START_REF] Bourbon | Ceramide-induced inhibition of Akt is mediated through protein kinase Czeta: implications for growth arrest[END_REF][START_REF] Doornbos | Protein kinase Czeta is a negative regulator of protein kinase B activity[END_REF]19,[START_REF] Konishi | The pleckstrin homology domain of RAC protein kinase associates with the regulatory domain of protein kinase C zeta[END_REF][START_REF] Mao | Inhibition of growth-factor-induced phosphorylation and activation of protein kinase B/Akt by atypical protein kinase C in breast cancer cells[END_REF][START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF], but dissociates upon cell treatment with growth factors [START_REF] Doornbos | Protein kinase Czeta is a negative regulator of protein kinase B activity[END_REF] and insulin [START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF] thus allowing PKB to become activated. In contrast, ceramide stabilises the interaction between the two kinases and, moreover, ablates insulin's ability to not only dissociate the kinase complex, but to also activate PKB [START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF]. It follows that limiting intramuscular ceramide production and/or accumulation would confer an insulin-sensitising effect and that enzymes participating in ceramide synthesis may potentially serve as therapeutic targets for promoting insulin sensitivity of tissues such as skeletal muscle. Indeed, recent in vivo work suggests that attenuating endogenous ceramide synthesis ameliorates the loss in skeletal muscle insulin sensitivity induced in response to saturated fat, glucocorticoids and obesity [20].

The synthesis of ceramide from saturated fatty acids such as palmitate is crucially dependent upon the activity of serine palmitoyl transferase (SPT), which catalyses the first and rate-limiting A c c e p t e d M a n u s c r i p t step of sphingolipid biosynthesis involving the condensation of the amino acid L-serine with palmitoyl CoA to form 3-ketodihydrosphingosine [17]. Mammalian SPT belongs to the family of pyridoxal 5′-phosphate-dependent enzymes and is composed of two distinct protein subunits known as long chain base-1 and long chain base-2 (LCB1, 53 kDa; LCB2, 63 kDa), with stability of the latter being critically dependent upon expression of the former. More recently, a third SPT subunit (LCB3) had been identified, but given that its tissue expression is highly variable, being expressed predominantly in the placenta and cells of trophoblastic origin [22], it is likely to be dispensable with regards SPT function in other cell and tissue types. SPT activity is susceptible to inhibition by serine analogues such as cycloserine and by molecules that structurally resemble transition-reactive intermediates such as the anti-fungal agent, myriocin [17]. In this study we have modulated SPT expression and activity in cultured rat skeletal muscle cells by either silencing the expression of the LCB1 gene or subjecting muscle cells to sustained incubation with myriocin in an attempt to assess the impact of these interventions on palmitateinduced insulin resistance. We have shown previously that ceramide generated de novo from palmitate is a major factor promoting insulin resistance in muscle cells and that short-term inhibition of SPT has an ameliorative effect on insulin signaling [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF]. However, under circumstances when expression of SPT has been repressed or is chronically inhibited, we show that utilisation of palmitate is diverted towards greater synthesis of diacylglycerol (DAG), which subsequently activates DAG-sensitive PKCs that in turn promote a reduction in IRS-directed insulin signaling.

EXPERIMENTAL

Materials -α-Minimal essential medium (α-MEM), foetal bovine serum (FBS and antibiotic/antimycotic solution were from Life technologies (Paisley, Scotland, UK). Most other reagent grade chemicals, myriocin, insulin, palmitate, palmitoyl-CoA, diacylglycerol (1,2dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt), sn-1,2-diacylglycerol kinase and antibodies against actin were purchased from Sigma-Aldrich (Poole, UK). Ro 31.8220 was from Calbiochem-Merck (Notingham, UK) C2-ceramide was from Tocris (Bristol, UK) and C 16ceramide was purchased from Avanti (Alabaster, USA). Radioactive chemicals, [ 3 H]-2deoxyglucose and [ 3 H]-serine were purchased from Perkin Elmer (Massachusetts, USA). [γ-32 P]ATP and protein-G-sepherose beads were from Amersham Biosciences (Piscataway, NJ, USA). Antibodies to PKB/Akt, Phospho-PKB Ser473 , PKCθ and phospho-IRS1 Ser1101 were purchased from New England Biolabs (Hitchin, Herts, UK). Antibodies against the p85 subunit of PI3K and anti-IRS1 were obtained from Upstate-Millipore (Hampshire, UK). Anti-LCB2 was from Abcam (Cambridge, UK) and antibodies against LCB1 were synthesized by AstraZeneca (Manchester, UK). Anti-α1 Na,K-ATPase (α6F) was obtained from the University of Iowa Hybridoma Bank and the phospho-serine antibody was from Chemicon-Millipore (Hampshire, UK). Bovine serum albumin, Fraction V (fatty acid free, BSA-V) for conjugating with palmitate and complete protein phosphatases inhibitor tablets were purchased from Boehringer-Roche Diagnostics (Basel, Switzerland).

Cell culture and treatments -L6 skeletal muscle cells were maintained in α-Minimum Essential Medium (α-MEM) and differentiated in culture to the stage of myotubes as previously described [15]. L6 myotubes were incubated for periods and with the appropriate effectors as indicated in the figure legends. Plates were washed twice with ice cold phosphate-buffered saline (PBS) and A c c e p t e d M a n u s c r i p t lysis buffer added (50mM TRIS pH7.4, 0.27M Sucrose, 1mM Na-Orthovanodate pH10, 1mM EDTA 1mM EGTA, 10mM Na-β-glycerophosphate, 50mM NaF, 5mM Na-pyrophosphate, 1% Triton X-100, 0.1% 2-Mercaptoethanol and protesase inhibitors). Whole cell lysates were centrifuged at 4000 g, 4°C for 10 min and stored at -20°C after being snap frozen in liquid nitrogen. In some experiments, L6 myotubes were sub-fractionated to isolate total membranes as previously described [15]. Briefly, cells were scrapped off plates using a rubber policeman in PBS and centrifuged at 4000 g, 4°C for 10 min. The resulting cell pellet was resuspended in Buffer I (20mM HEPES pH 7.4, 250mM Sucrose, 2mM EGTA, 3mM Na Azide, and protease inhibitors) and homogenised with a dounce glass to glass homogeniser. The homogenates were centrifuged at 750 x g for 5 min to remove the nuclear pellet. The supernatant was centrifuged at 190,000 x g for 60 min to pellet total cell membranes.

SPT silencing using Short-hairpin RNA (shRNA) -A short RNA sequence (GGAGCGTTCTGATCTTACA) complimentary to the LCB1 subunit of SPT, was chosen from sequences obtained from web tools on the Dharmacon (http://www.dharmacon.com), Promega (http://www.dharmacon.com) and Eurogentic (http://www.eurogentec.com) websites. Once a suitable sequence was identified a BLAST was preformed to check and exclude those sequences that generated non-specific hits. The sequence was then cloned into the siSTRIKE vector (Promega, Southampton, UK) to create a hairpin loop sequence (AACCGGAGCGTTCTGATCTTACATTCAAGAGATGTAAGATCAGAACGCTCCTTTTT). The vector was transfected (1 μg DNA) into L6 myoblasts using FuGene reagent (Boehringer-Roche). Myoblasts were washed free of transfection media 5 h later and incubated for a further 2 days in α-MEM containing 2% (v/v) FBS and 1% (v/v) antibiotic/antimycotic. Stable transformants were subsequently selected by addition of 800μg/ml G-418 Disulphate to the culture media. Transformed L6 myoblasts were selected using cloning discs (Sigma-Aldrich) and propagated to generate a working stock cell line. Silencing of SPT was confirmed by using antibodies against the LCB1 and LCB2 subunits and by analysis of cellular SPT activity.

SDS/PAGE and immunoblotting -Cell lysates and total membrane fractions (15-50μg protein) were reconstituted in Laemmli buffer and subjected to SDS-PAGE on 10% or 7.5% resolving gels and transferred onto immobilon-P membranes as described previously [15]. Membranes were probed with primary antibodies of interest and subsequently detected using either horseradish peroxidase (HRP)-conjugated anti-rabbit IgG or anti-mouse-IgG (New England Biolabs). Membranes were visualized using enhanced chemiluminescence (Pierce, Northumberland, UK) on Konica Minolta x-ray medical film (Staffordshire,UK).

Hexose uptake -2-deoxyglucose uptake was assayed as previously described [15]. Briefly, after relevant incubations, L6 myotubes were washed twice with HBS (Hepes-buffered saline; 140 mM NaCl, 20mM Hepes, 5 mM KCl, 2.5mM MgSO 4 and 1mM CaCl 2 (pH 7.4)) and incubated for 10 min in HBS containing 10µM [ 3 H]-2-deoxy-D-glucose (1µCi/ml) at room temperature. Non-specific binding was determined by quantifying cell-associated radioactivity in the presence of 10µM cytochalasin B. Medium was aspirated and adherent cells washed twice with 0.9% (w/v) ice-cold NaCl. Cells were subsequently lysed in 50mM NaOH and cell associated radioactivity quantified using a Beckman LS 6000IC scintillation counter. Protein concentration in cell lysates was determined using the Bradford reagent [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]. Analysis of cellular ceramide and DAG content -After appropriate cell treatments, myotubes were extracted from plates using a rubber policeman in ice-cold PBS for analysis of ceramide and DAG using the DAG kinase method that relies on the kinase catalysing the formation of ceramide 1-phosphate and phosphatidic acid, respectively. Briefly, protein content in the harvested cells was assayed using the Bradford method [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] and lipids extracted from a cell aliquot containing 400 µg protein by the addition of chloroform/methanol (1:2, v/v) with the phases being broken by the addition of chloroform and 1M NaCl. The organic phase was separated, dried and used for ceramide and DAG measurements as previously described [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF]. The lipids were incubated at room temperature for 30 min in a reagent mix containing sn-1,2-diacylglycerol kinase (Sigma-Aldrich) in diluted enzyme buffer (10 mM imidazole/HCL, 1 mM diethylenetriamine-pentaacetic acid pH 6.6), assay buffer (0.1 M buffer, 0.1 M NaCl, 25 mM MgCl 2 , 2 mM EGTA pH 6.6) and 20 mM dithiothreitol and the reaction initiated by addition of 5mM ATP (mixed with [γ-32 P]ATP, 1 μCi/reaction) and 1ul of DAG kinase that equates to an activity of at least 1.3nmol/min. The reaction was terminated by the addition of 20 μl 1% (v/v) perchloric acid and 450 μl chloroform/methanol (1:2, v/v). The organic phase was isolated and washed twice with 1% (v/v) perchloric acid. The samples were dried and reconstituted in chloroform/methanol (95:5, v/v) and spotted onto TLC plates. Reaction products were separated by placing the plate in a chamber equilibrated with a solution of choloroform/methanol/acetic acid (65:15:5 per volume). Radioactive products were visualized on Konica Minolta X-ray medical film using an X-ograph imaging system. Changes in ceramide and DAG content were expressed as a fold change relative to that measured in untreated cells.

Analysis of SPT activity -SPT activity was analysed using the Merrill method as described by Holleran et al [21]. Briefly, 80-100 μg total membrane protein from L6 myotubes was incubated at 37°C for 10 min in a reaction buffer (100 mM Hepes, 2.5 mM EDTA, 5 mM DTT, 50μM pyridoxal phosphate and 1 mM serine mixed with 1 μCi/100μl [ 3 H]-Serine). The reaction was initiated by addition of 20 μl of 1 mM palmitoyl-CoA and terminated by the addition of 200 μl 0.5N NH 4 OH and cooled on ice. The lipid phases were broken by addition of 1.5 ml chloroform/methanol (1:2, v/v), 25 μl sphingonine (1 mg/ml, as carrier) and 2 ml NH 4 OH. Samples were vortexed and centrifuged (3000 g, 4°C for 5 min) to separate the phases. The aqueous phase was removed and the organic phase washed twice with deionised H 2 O. The organic phase (300μl) was then dried under vacuum and reconstituted in chloroform/methanol/acetic acid (6.5:1:1, v/v/v) and radioactivity quantified using a Beckman LS 6000IC scintillation counter. Non-specific activity was assessed by assaying activity in wild type cells in which the SPT substrate, palmitoyl-CoA, was excluded from the assay.

IRS-1 immunoprecipitation -Following appropriate treatments, L6 myotubes were lysed in lysis buffer and IRS-1 immunoprecipitated using an antibody against the C-terminal domain of IRS-1. Immunocomplexes were incubated with protein-G-Sepharose beads overnight at 4°C and solubilised in Laemmli sample buffer prior to immunoblotting as described above.

Statistical analyses -Data analysis was performed using GraphPad Prism software and considered statistically significant at P values less than 0.05. 

RESULTS

Cellular silencing of SPT using shRNA -Previous work from our lab has been shown that incubation of L6 myotubes for 16h with 0.75 mM palmitate induces a greater than 2 fold increase in intracellular ceramide, which promotes a significant a reduction in the hormonal (insulin) activation of PKB and glucose uptake [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF]. Attenuating ceramide synthesis from palmitate by coincubation of cells with myriocin; a SPT inhibitor significantly curtails the ceramide synthesis from palmitate and the associated reduction in PKB activation ( [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF], also see supplementary figure). Based on the foregoing observations we hypothesized that a sustained suppression in SPT expression and/or activity may protect muscle cells against the insulin desensitizing effects of palmitate. To test this hypothesis we generated a stable L6 muscle cell line in which cellular SPT expression was reduced substantially through silencing the expression of the LCB1-SPT subunit using shRNA. Nine positive L6 transformants were identified in which expression of LCB1 had been reduced by between 60 and 90% compared to wild type (WT) clones. Of these, clone 6 (Fig 1A ) exhibited the greatest reduction in LCB1 expression and was subsequently propagated for further experimental analysis. Given that stability of the LCB2-SPT subunit is inherently dependent on the expression of LCB1 and both subunits associate with a 1:1 molar stoichiometry [17], silencing of LCB1 also led to an attendant reduction in the expression of LCB2 (Fig 1A). Consistent with the loss in cellular SPT expression observed in shRNA treated cells, analysis of SPT activity revealed that this was suppressed significantly (by ~70%) in cells transfected with the shRNA-LCB1 sequence (SPT-shRNA) compared to wild type L6 cells or those that had been transfected with the scrambled (SCR-shRNA) shRNA-LCB1 sequence (Fig 1B). An apparent consequence of silencing SPT expression in L6 muscle cells was increased cellular sensitivity towards palmitate, which manifests itself as an increase in palmitate-induced cell death. Wild type L6 myotubes or SCR-shRNA cells tolerate prolonged incubation (16h) with 0.75 mM palmitate, whereas those in which SPT expression had been reduced display an increased propensity to detach from plates and subsequently wither. To overcome this problem, SPT-shRNA cells were incubated with a lower palmitate concentration (0.5 mM), which was tolerated by the cells much better based on analysis of adherence, trypan blue exclusion and total cell protein. All subsequent experiments with cells in which SPT expression had been reduced that required incubation with the fatty acid were conducted using 0.5 mM palmitate. Consistent with the marked reduction in SPT expression and activity observed in shRNA-transfected cells we found, compared to wild type cells, a virtual loss in palmitate-driven ceramide synthesis (Fig 1C ).

Effects of insulin and palmitate on PKB activation and glucose uptake in shRNA-LCB1

transfected muscle cells -Having established that palmitate does not induce any detectable increase in intracellular ceramide in muscle cells in which SPT expression had been suppressed we subsequently investigated the effects of the fatty acid on insulin-induced PKB phosphorylation and glucose uptake. Interestingly, despite the significant loss in SPT expression and activity that prevails in SPT-shRNA cells, we found that incubation of muscle cells with 0.5 mM palmitate (16 h) still induced a significant loss in the insulin dependent activation of both PKB and glucose uptake in a manner similar to that observed in wild type control cells or SCR-shRNA cells (Fig 2). Very similar responses to palmitate were also observed in two other SPT-shRNA clonal isolates (depicted as clones 5 and 8 in Fig 1A ) indicating that the results obtained did not simply reflect heightened sensitivity of a single clone to palmitate. It is also noteworthy that as a consequence of lowering the palmitate concentration from 0.75 mM to 0.5 mM, A c c e p t e d M a n u s c r i p t inhibition of PKB activity in wild type cells was not as marked as reported previously [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF] or shown in the supplementary figure .   Effects of long-term SPT inhibition upon palmitate induced insulin resistance -Sustained SPT inhibition using myriocin should mimic the cellular scenario created by silencing SPT expression. Fig 3 shows that this indeed appears to be the case. In contrast to the ameliorative effect associated with short-term (24 h) inhibition of SPT, more sustained inhibition over a period of 7 days does not antagonise the loss in insulin sensitivity associated with palmitate treatment, as judged by analysis of PKB Ser473 phosphorylation (Fig 3A ) and glucose uptake (Fig 3B). It should be stressed that we did not observe any adverse changes in cellular morphology in response to chronic (7 day) treatment with myriocin and that in the absence of palmitate these cells exhibit a comparable hormonal activation of PKB to that observed in control cells (Fig 3A ).

Effects of chronic SPT inhibition and SPT silencing in L6 muscle cells upon palmitate-induced

DAG synthesis -Treatment of muscle cells with myriocin for 24h or 7 days had no discernable effect upon SPT expression as judged by analysis of SPT-LCB1 abundance (Fig 4A). Nevertheless, intramyocellular SPT activity was virtually ablated in response to both short and chronic treatment with the inhibitor (Fig 4A ) and in line with this, the capacity to generate ceramide from palmitate was markedly reduced in both circumstances (Fig 4B). We postulated that the palmitate-induced loss in PKB activation and glucose uptake (Fig 3) observed in cells that lack the capacity to synthesize palmitic-ceramides via the SPT pathway may have arisen from diverting the fatty acid towards greater synthesis of other lipid molecules, such as DAG, which have been implicated in the pathogenesis of insulin resistance. Consequently, we assessed intracellular DAG content in cells treated with myriocin for 24h or 7 days. In the absence of ceramide production, palmitate provision led to a modest increase (~2-fold) in DAG synthesis in response to cell treatment with myriocin for 24h, which was comparable to that observed in muscle cells incubated with palmitate, but not treated with myriocin. Under similar incubation conditions we have previously observed much larger increases in palmitate-derived DAG accumulation [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF]. One potential explanation that may help account for the relative differences in DAG content is that our previous work utilized a commercial (Amersham) radiometric DAG kinase kit and we assessed the in vitro conversion of DAG to phosphatidic acid using a very sensitive electronic autoradiographic InstantImager. The Amersham kit is no longer available and so DAG was assayed using a protocol based on that described in the commercial kit, but using bacterial-expressed DAG kinase from another commercial vendor. In addition, the generation of phosphatidic acid was assessed by quantitating spot intensities on autoradiographic film attributable to the radioactive phosphatidic acid once it had been resolved by TLC and the TLC plate had been exposed to film. Whilst the slight changes in methodology may help account for differences in the relative changes in DAG measured in the current study compared with that published previously [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF], it is apparent that the method used here was able to detect a significant increase in DAG when muscle cells were subjected to a 7 day treatment with myriocin compared to those incubated with the inhibitor for 24h (Fig 4C).

Based on the foregoing results we subsequently assessed whether enhanced intracellular DAG synthesis also prevails in SPT-shRNA cells following 16h incubation with 0.5 mM palmitate. IRS1 serine phosphorylation and PKCθ recruitment to the plasma membrane are increased in cells with reduced SPT expression and activity -To assess whether the reduced interaction between p85-PI3K and IRS1 was associated with an increase in IRS-1 serine phosphorylation we immunoprecipitated IRS1 from wild-type L6 cells, cells in which SPT had been silenced or those that had been chronically treated with myriocin for 7 days following a 16h incubation in the absence or presence of 0.5mM palmitate. Fig 6A shows that in the absence of any preincubation with palmitate there was no significant IRS1 serine phosphorylation. Based on the analysis of three separate experiments, incubation of wild-type cells with 0.5 mM palmitate induced a modest enhancement in serine phosphorylation of immunoprecipitated IRS1, although this failed to achieve statistical significance. By contrast, IRS1 serine phosphorylation was elevated 3-4 fold in cells in which SPT had either been silenced or chronically inhibited with 7 days of myriocin treatment. Although numerous kinases have been suggested to serine phosphorylate IRS1, activation of novel and conventional DAG-sensitive PKCs have been strongly implicated in this event in response to fatty acid overload [14]. To investigate the possibility of PKC involvement, we assessed activation of PKCθ, a PKC isoform that is abundant in muscle cells. Data from three separate experiments revealed that treatment of SPT-shRNA transfected cells or those incubated with myriocin led to a significant activation of PKCθ based on its increased association with the plasma membrane. This activation was not evident in wild-type L6 cells subjected to palmitate (16h) treatment, but was observed upon incubation of these cells with 100 µM PMA, a known PKC activator, which was used as a positive control for the membrane recruitment assay (Fig 6B). Activated PKCθ has been shown to promote phosphorylation of IRS1 Ser 1101 [START_REF] Li | Protein kinase C Theta inhibits insulin signaling by phosphorylating IRS1 at Ser(1101)[END_REF] and as shown in Fig 6C a phospho-antibody directed against this site was able to detect increased phosphorylayion of this site in response to palmitate treatment of SPT-shRNA transfected cells or those incubated with myriocin. This palmitate induced phosphorylation was not apparent in muscle cells that had also been coincubated with Ro 31.8220, a compound that selectively targets novel and conventional forms of PKC when used at submicromolar concentrations [START_REF] Standaert | Protein kinase c-zeta as a downstream effector of phosphatidylinositol 3-kinase during insulin stimulation in rat adipocytes -potential role in glucose transport[END_REF].

PKC inhibition antagonises the insulin-desensitising effect of palmitate in cells with reduced SPT expression and activity -Since PKC inhibition antagonised palmitate-induced IRS1

Ser 1101 phosphorylation we subsequently assessed whether this intervention would enhance IRS1directed insulin signaling to PKB. Figure 7A and 7B show that incubation of both SPT-shRNA cells and L6 cells that had been treated chronically (for 7 days) with 10 μM myriocin with Ro 31.8220 or GF109203X (another bisindolemalemide capable of targeting and inhibiting PKC isoforms) led to a significant diminution in palmitate's ability to suppress insulin-stimulated PKB Ser473 phosphorylation. . Under physiological circumstances the intracellular concentration of lipid intermediates generated downstream of SPT activity such as 3-ketosphinganine, sphinganine and ceramide are normally maintained at relatively low levels [START_REF] Zheng | Ceramides and other bioactive sphingolipid backbones in health and disease: lipidomic analysis, metabolism and roles in membrane structure, dynamics, signaling and autophagy[END_REF]. However, increased availability of circulating non-esterified fatty acids, in particular palmitate, serves to drive ceramide synthesis whose cellular accumulation not only promotes apoptosis [START_REF] Paumen | Inhibition of carnitine palmitoyltransferase I augments sphingolipid synthesis and palmitate-induced apoptosis[END_REF][START_REF] Shimabukuro | Fatty acid-induced beta cell apoptosis: a link between obesity and diabetes[END_REF] but impairs insulin action in tissues such as skeletal muscle and adipose tissue [START_REF] Summers | Ceramides in insulin resistance and lipotoxicity[END_REF]. It follows, that preventing excessive intracellular synthesis of ceramide may have potentially beneficial consequences with respect to maintaining cellular integrity and insulin sensitivity. Indeed, recent in vivo work from Summers' group strongly suggests that SPT is likely to be an appropriate molecular target for anti-diabetic therapies based on observations showing that myriocin administration to rodents ameliorates some of the metabolic disturbances associated with glucocorticoid-, saturated fat-and obesityinduced insulin resistance [20].

In an attempt to further understand the role played by SPT in fatty acid-induced insulin resistance and to assess its value as a potential therapeutic target the current study investigated the effects of palmitate on insulin action in muscle cells in which SPT expression/activity was chronically suppressed. Whilst short term (24h) inhibition of SPT with myriocin was found to ameliorate the loss in insulin-stimulated PKB phosphorylation induced by palmitate-driven ceramide synthesis ( [START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF] and supplementary data), our findings indicate that sustained inhibition of SPT or shRNAmediated silencing of the enzyme fails to confer a protective effect against the insulindesensitising effects of palmitate. We postulated that in the absence of being able to utilise palmitoyl-CoA for ceramide synthesis via the SPT pathway that palmitate may have been channelled into other pathways, such as those responsible for DAG synthesis. Consistent with this notion, the current work demonstates that muscle cells harbouring a stable loss in SPT expression exhibit greater partitioning of palmitate into DAG (~2.3 fold) compared with those transfected with the control scrambled shRNA sequence (~1.3 fold). In the absence of any significant ceramide synthesis it is likely that the increase in intramyocellular DAG becomes an important determinant of insulin sensitivity in cells with reduced SPT expression/activity (Fig 8B). Whilst we are unable to fully exclude the possibility that myriocin may exert additional pharamacological effects when incubated with muscle cells over a 7 day period, the observation that SPT-shRNA cells give broadly similar results, in terms of insulin sensitivity and changes in cellular DAG, when challenged with palmitate implies that the effects of the inhibitor are likely to be largely restricted to inhibition of SPT.

How do our cell-based observations compare with recent in vivo studies in which myriocin was been administered to rodents? In line with our work, Holland and coworkers found that infusing rats for 6h with lard oil (a source of saturated fat) elevated intramuscular ceramide, DAG and promoted a reduction in PKB activation, which, with the exception of the increase in DAG, could be ameliorated by co-infusion of myriocin [20]. More long-term administration of myriocin was found to improve whole-body insulin sensitivity in rodent models of glucocorticoid-and obesityinduced insulin resistance. Whilst the authors noted that myriocin treatment markedly reduced tissue ceramide, they did not directly assess the chronic effects of myriocin administration on A c c e p t e d M a n u s c r i p t findings suggest that insulin resistance induced by the fatty acid is not, at least over the 16h palmitate incubation used in our studies, dependent on NFκB given that inhibition of PKCs ameliorate the loss in PKB activation without any significant reduction in NFκB activation (Lipina & Hundal unpublished observations). Nevertheless, given that suppression of TLR-4 and NFkB signalling [START_REF] Radin | Inhibition or deletion of the lipopolysaccharide receptor Toll-like receptor-4 confers partial protection against lipid-induced insulin resistance in rodent skeletal muscle[END_REF][START_REF] Sinha | Fatty acid-induced insulin resistance in L6 myotubes is prevented by inhibition of activation and nuclear localization of nuclear factor kappa B[END_REF][START_REF] Tsukumo | Loss-of-function mutation in Toll-like receptor 4 prevents diet-induced obesity and insulin resistance[END_REF] has been suggested to antagonise diet-induced insulin resistance it is likely that the loss in insulin sensitivity associated with fatty acid overload involves contribution from diverse pathways, which exert both spatial and temporal effects upon cellular responses influencing the fidelity of insulin action within tissues such as skeletal muscle [18]. For example, the finding that the insulin dependent activation of PKB can be acutely down-regulated within 10 minutes of raising intracellular ceramide, using a cell permeant analogue of this sphingolipid [16], supports the idea that ceramide synthesis from palmitate may represent a key early event initiating fatty acid-induced insulin resistance. However, insulin sensitivity will also be strongly influenced by responses that may temporally lag the effects associated with an increase in cell ceramide and DAG, such as changes in gene expression induced in response to proinflammatory (NFκB and cytokine) signaling that will affect important cellular functions such as insulin signaling, nutrient uptake and mitochondrial function [18].

In summary, our findings demonstrate that ceramide synthesis from palmitate is critically dependent upon SPT and that increased flux through this enzyme makes an important contribution to the insulin desensitising effects of palmitate. Ceramide generated via this pathway induces a targeted inhibition of PKB by a mechanism that has been shown previously to involve activation of atypical PKCs [START_REF] Powell | Ceramide Disables 3-Phosphoinositide Binding to the Pleckstrin Homology Domain of Protein Kinase B (PKB)/Akt by a PKCzeta-Dependent Mechanism[END_REF][START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF][START_REF] Stratford | Ceramide dissociates 3'phosphoinositide production from pleckstrin homology domain translocation[END_REF]. The importance of ceramide generated via this pathway is underscored by the finding that short-term inhibition of SPT helps alleviate the insulin desensitising effects of palmitate.

However, a sustained loss or reduction in SPT expression/activity, whilst reducing the capacity for generating ceramide from palmitate, has the effect of diverting use of the fatty acid towards greater synthesis of DAG, which then becomes a more important determinant of insulin sensitivity through its ability to activate DAG-sensitive PKCs that suppress IRS-directed insulin signalling. Consequently, whilst targeting SPT with inhibitors improves insulin sensitivity both in vitro (this study and [START_REF] Pickersgill | Key role for ceramides in mediating insulin resistance in human muscle cells[END_REF][START_REF] Powell | Intracellular ceramide synthesis and protein kinase Czeta activation play an essential role in palmitateinduced insulin resistance in rat L6 skeletal muscle cells[END_REF] and in vivo [20] in the short-term, the perceived long-term benefits may need to be carefully assessed based on the impact that SPT inhibition has upon accumulation of other fatty-acid derived metabolites with the potential to promote insulin resistance within skeletal muscle. myotubes or those in which SPT had been stably repressed by shRNA or chronically inhibited by sustained incubation with myriocin for 7 days were incubated in the absence or presence of 0.5 mM palmitate for 16 h prior to cell lysis. IRS1 was immunoprecipitated from the lysates and the immunoprecipitate resolved by SDS-PAGE and immunoblotted with an anti-phospho serine antibody and anti-IRS1 anitibody. Immunoblots were quantified using ImageJ software. (B) muscle cells were treated as described in A, but in addition WT cells were also incubated with and without 100 nM PMA for 2 h. Cells were harvested following treatments and total cell membranes isolated for SDS-PAGE and immunoblotting with anti-PKCθ antibody or an antibody directed against the α1 subunit of the Na,K-ATPase (loading control). (C) Wild type, SPT-shRNA and 7 day myriocin treated cells were incubated in the absence or presence 0.5 mM palmitate for 16 h and/or 0.5 µM Ro 31.8220, which was added in the penultimate 2h incubation period prior to cell lysis. Lysates were immunoblotted using an antibody against phospho-IRS1 Ser1101 or actin as a control for gel loading. Bar values represent mean + SEM from three experiments. Asterisks in (A) signify a significant difference between the bars indicated and their respective untreated counterparts and in (B) between the indicated bars and the WT-palmitate treated bar value (P < 0.05). 
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  Fig 5A shows that compared to cells transfected with the scrambled shRNA-containing vector those in which SPT expression had been silenced harbor a significantly greater accrual of DAG in Biochemical Journal Immediate Publication. Published on 16 Oct 2008 as manuscript BJ20081149 THIS IS NOT THE VERSION OF RECORD -see doi:10.1042/BJ20081149 A c c e p t e d M a n u s c r i p t response to treatment with palmitate. A significant increase in DAG would be expected to activate DAG-sensitive PKCs which can promote serine phosphorylation of IRS1, and subsequently reduce recruitment of p85-PI3K to IRS1 after insulin stimulation. Consistent with this notion, Fig 5B shows that unlike wild-type L6 cells or those transfected with the scrambled shRNA sequence, SPT-shRNA cells fail to recruit the p85 subunit of PI3K to IRS1 in response to insulin following prior incubation with 0.5 mM palmitate, whereas they remain competent to do so if not exposed to the fatty acid. It is noteworthy that silencing SPT expression did not result in any significant shifts in the expression of the p85 PI3-kinase subunit or that of IRS1 based on assessing the abundance of both proteins in whole cell lysates (Fig 5B).
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Figure 1 .

 1 Figure1. Use of LCB1-shRNA to silence expression of SPT subunits. (A) L6 cells were transfected with LCB1-shRNA and stable transformants were selected and lysed as described in the methods. Cell lysates were immunoblotted and screened for reduction in the LCB1 and the LCB2 subunits of SPT using antibodies specific against each subunit. (B) Clone 6 (SPT-shRNA) was selected, propagated and cellular SPT activity assayed alongside that from wild type (WT) untransfected cells or those transfected with the scrambled LCB1-shRNA sequence as described in the methods. SPT activity was expressed as a relative percentage of that measured in wild type cells. (C) Intracellular ceramide levels were determined in L6 cells transfected with SCR-shRNA or SPT-shRNA following a 16 h incubation with 0.5 mM palmitate. Bar values represent mean + SEM from at least 3 separate experiments. Asterisks signify a significant difference from the appropriate control value (P < 0.05).

Figure 2 .

 2 Figure 2. Effects of insulin and palmitate on PKB activation and glucose uptake in L6muscle cells in which SPT expression has been stably repressed by shRNA. L6 myotubes were incubated in the absence or presence of 0.5 mM palmitate for 16 h and 100 nM insulin during the penultimate 10 min (A) or 30 min (B) period prior to either cell lysis and immunoblotting of lysates with antibodies against phospho-PKB Ser473 , PKB or the two SPT subunits (LCB1 and LCB2) or (B) for assay of glucose uptake. Bar values represent mean + SEM from 3 to 5 separate experiments. Asterisks signify a significant difference from the appropriate control value (P < 0.05).

Figure 3 .

 3 Figure3. Effects of short and long term myriocin incubation on PKB activation and glucose uptake in response to insulin and palmitate. L6 muscle cells were cultured for a period of 7 days in the absence or presence of 10 μM myriocin. In some experiments cells were grown in culture for 6 days and then subjected to incubation with 10 μM myriocin for the 24h. During the last 16 h incubation with myriocin, cells were also incubated in the absence or presence of 0.75 mM palmitate as indicated. Cells were exposed to 100 nM insulin or vehicle in the penultimate 10 min (A) or 30 min (B) period prior to either cell lysis and immunoblotting of lysates with antibodies against phospho-PKB Ser473 and native PKB or (B) for assay of glucose uptake. Bar values represent mean + SEM from a minimum of 3 separate experiments. Asterisks signify a significant difference between the indicated values (P < 0.05).

Figure 4 .

 4 Figure 4. Effects of short and long term myriocin incubation on SPT-LCB1 expression,SPT activity, intracellular ceramide and DAG. L6 muscle cells were cultured for a period of 7 days in the absence or presence of 10 μM myriocin. In some experiments cells were grown in culture for 6 days and then subjected to incubation with 10 μM myriocin for the 24h. During the last 16 h incubation with myriocin, cells were also incubated in the absence or presence of 0.75 mM palmitate where indicated. Following these treatments cells were processed for analysis of (A) LCB1-SPT abundance by immunoblotting using the α1 subunit of the Na,K-ATPase as a membrane loading control and for analysis of SPT activity; (B) for intracellular ceramide or (C) intracellular DAG content. The blots show data from two experiments run in side by side lanes for the conditions shown. Bar values represent mean + SEM from three experiments. Asterisks signify a significant difference compared to the untreated control or between the indicated values (P < 0.05).

Figure 5 .

 5 Figure 5. Intramyocellular DAG content and IRS1/p85 PI3-kinase association in L6 muscle cells in which SPT expression has been stably repressed by shRNA. Muscle cells with a stable repression of SPT or those transfected with the scrambled LCB1-shRNA sequence (SCR-shRNA) were incubated in the absence or presence of 0.5 mM palmitate for 16h prior to (A) analysis of intramyocellular DAG content. B: Wild type (WT) L6 myotubes or those transfected with the LCB1-SPT shRNA or the scrambled LCB1-shRNA sequence (SCR-shRNA) incubated with 0.5 mM palmitate for 16h and incubated with 100 nM insulin during the penultimate 15 min incubation period as indicated. Muscle cells were lysed and either immunoblotted (whole cell lystae, 50µg protein) or used for immunoprecipitation of IRS1 prior to resolving the immunoprecipitate by SDS-PAGE and immunoblotting with antibodies against IRS1 or the p85 subunit of PI3-kinase. Immunoblots were quantified and data normalized to the untreated wild-type control value. Bar values represent mean + SEM from three experiments. Asterisks signify a significant difference between the indicated values (P < 0.05).

Figure 6 .

 6 Figure 6. Effects of palmitate on IRS1 serine phosphorylation and PKCθ membrane association in muscle cells with reduced SPT expression/activity. Wild type (WT) L6 myotubes or those in which SPT had been stably repressed by shRNA or chronically inhibited by sustained incubation with myriocin for 7 days were incubated in the absence or presence of 0.5 mM palmitate for 16 h prior to cell lysis. IRS1 was immunoprecipitated from the lysates and the immunoprecipitate resolved by SDS-PAGE and immunoblotted with an anti-phospho serine antibody and anti-IRS1 anitibody. Immunoblots were quantified using ImageJ software. (B) muscle cells were treated as described in A, but in addition WT cells were also incubated with and without 100 nM PMA for 2 h. Cells were harvested following treatments and total cell membranes isolated for SDS-PAGE and immunoblotting with anti-PKCθ antibody or an antibody directed against the α1 subunit of the Na,K-ATPase (loading control). (C) Wild type, SPT-shRNA and 7 day myriocin treated cells were incubated in the absence or presence 0.5 mM palmitate for 16 h and/or 0.5 µM Ro 31.8220, which was added in the penultimate 2h incubation period prior to cell lysis. Lysates were immunoblotted using an antibody against phospho-IRS1 Ser1101 or actin as a control for gel loading. Bar values represent mean + SEM from three experiments. Asterisks in (A) signify a significant difference between the bars indicated and their respective untreated counterparts and in (B) between the indicated bars and the WT-palmitate treated bar value (P < 0.05).

Figure 7 .Figure 8 .

 78 Figure 7. Palmitate-induced inhibition of PKB activation in L6 cells with reduced SPT expression/activity is antagonised by PKC inhibition.L6 myotubes in which SPT had been stably repressed by shRNA or chronically inhibited by sustained incubation with myriocin for 7 days were incubated with 0.5 mM or 0.75mM palmitate respectively for 16h. Ro 31.8220 (0.5μM) or GF109203X (1 µM) were added to the incubation media during the last 2h with the fatty acid. Where indicated, muscle cells were treated with insulin (100 nM) during the penultimate 10 min of the incubation. Cells were lysed and lysates immunoblotted to assess PKB activation using an anti-phospho-PKB Ser473 antibody. Blots in (A and B) show lysates from two separate experiments run in side by side lanes. Blots from at least three experiments were quantified and changes expressed relative to the untreated "basal" sample. Asterisks signify a significant difference between the indicated values (P < 0.05).
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