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Abstract 40 

INTRODUCTION: Members of the interleukin-6 (IL-6) family, IL-6 and ciliary neurotrophic factor 41 

(CNTF) have been shown to increase glucose uptake and fatty acid oxidation in skeletal muscle. 42 

However, the metabolic effects of another family member, leukemia inhibitory factor (LIF), are not 43 

well characterized. 44 

METHODS: Effects of LIF on skeletal muscle glucose uptake, palmitate oxidation and signaling 45 

were investigated in ex-vivo incubated mouse soleus and EDL muscles from muscle-specific 46 

AMPKα2 kinase-dead, muscle-specific SOCS3 knockout, and lean and high-fat fed mice. Inhibitors 47 

were used to investigate involvement of specific signaling pathways. 48 

RESULTS: LIF increased muscle glucose uptake in dose (50-5000 pM/L) and time-dependent 49 

manners with maximal effects at the 30 min time-point. LIF increased Akt Ser473-P in soleus and 50 

EDL, whereas AMPK Thr172-P was unaffected. Incubation with Parthenolide abolished LIF-51 

induced glucose uptake and STAT3 Tyr705-P, whereas, incubation with LY-294002 and 52 

Wortmannin suppressed both basal and LIF-induced glucose uptake and Akt Ser473-P, indicating 53 

that JAK- and PI3-kinase signaling is required for LIF-stimulated glucose uptake. Incubation with 54 

Rapamycin and AZD8055 indicated that Mammalian Target of Rapamycin complex (mTORC) 2, 55 

but not mTORC1, also is required for LIF-stimulated glucose uptake. In contrast to CNTF, LIF-56 

stimulation did not alter palmitate oxidation. LIF-stimulated glucose uptake was maintained in EDL 57 

from obese insulin resistant mice, whereas soleus developed LIF resistance. Lack of SOCS3 and 58 

α2AMPK did not affect LIF-stimulated glucose uptake. 59 

CONCLUSION: LIF acutely increased muscle glucose uptake by a mechanism potentially 60 

involving the PI3-kinase/mTORC2/Akt pathway and is not impaired in EDL muscle from obese 61 

insulin resistant mice. 62 

Keywords: Leukemia Inhibitory Factor, Skeletal muscle, Glucose homeostasis, AMPK 63 
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Abbreviations 64 

2-DG 2-deoxy glucose 65 

AMPK AMP-activated protein kinase 66 

AS160 Akt Substrate of 160 kDa 67 

CNTF Ciliary neurotrophic factor 68 

CLC Cardiotrophin-like cytokine 69 

CT-1 Cardiotrophin-1 70 

EDL Extensor digitorum longus 71 

IP Intra peritoneal 72 

LIF Leukemia inhibitory factor 73 

MKO Muscle-specific knock out 74 

mTORC Mammalian target of rapamycin complex 75 

OSM Oncostatin 76 

PAS Phospho-Akt-substrate 77 

SC Subcutaneous 78 

SH2 Scr-homology 2 79 

SOCS Suppressors of cytokine signaling 80 

SOL Soleus 81 

82 
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Introduction 83 

Skeletal muscle comprises a significant portion of the body mass and is an important site for uptake 84 

and oxidation of glucose and fatty acids (30). Recent studies have shown that members of the 85 

interleukin (IL)-6 family may be important for regulating muscle metabolism. This family consists 86 

of structurally and functionally related proteins including IL-6, IL-11, oncostatin M (OSM), ciliary 87 

neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), cardiotrophin-like cytokine (CLC) and 88 

leukemia inhibitory factor (LIF) (15).  89 

Both CNTF and IL-6 have been shown to increase glucose uptake and fatty acid oxidation in 90 

skeletal muscle  (1; 8; 41; 44). The downstream signalling regulating this is complex, and IL-6 91 

regulated fatty acid oxidation seems to depend on only AMPK (1; 8), whereas, glucose uptake 92 

depends on both AMPK and Akt (1; 8). CNTF regulated fatty acid oxidation appears also to depend 93 

on AMPK (44), but CNTF stimulated glucose transport is only dependend on Akt and not AMPK 94 

(41). In addition, CNTF has been shown to have a direct effect on blood glucose levels in mice (41). 95 

LIF has traditionally been viewed as a cytokine effecting growth promotion and cell differentiation 96 

of several target tissues and has in rodents been shown to aid in blastocyst implementation and 97 

muscle regeneration, and to modulate growth and development of peripheral nerves after injury 98 

(27). LIF has also been shown to have anti-inflammatory properties and to reduce food intake of 99 

both monkeys and rodents, similarly to CNTF (3; 19; 44).  100 

LIF initiates intracellular signaling by binding to a heterodimeric transmembrane receptor-complex 101 

consisting of the gp130-receptor and LIF-receptor β-subunits (10). Upon LIF-binding, janus kinases 102 

(JAK), which are constitutively associated to the intracellular part of the receptor-complex, become 103 

activated by auto-phosphorylation (16). JAK phosphorylates specific tyrosine residues on the 104 

intracellular part of the receptor complex, thereby creating docking sites for Scr-homology 2 (SH2) 105 

containing proteins (10; 11; 15). This leads to docking and activation of signal transducer and 106 
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activator of transcription (STAT) 3 as well as association of PI3-kinase to the receptor-complex 107 

(10). 108 

While metabolic actions of CNTF and IL-6 in skeletal muscle have been described, it is unknown if 109 

LIF has similar effects on skeletal muscle metabolism and if so, the mechanisms involved. Since 110 

CNTF (44) and IL-6 (18; 34) are effective in reversing obesity-related insulin resistance, the 111 

purpose of the present study was to describe the metabolic role of LIF in skeletal muscle from lean 112 

and obese mice. Our findings show that LIF increases glucose uptake in highly oxidative (soleus) 113 

and more glycolytic (extensor digitorum longus, EDL) muscles from mice by a mechanism likely 114 

depending on the PI3-kinase pathway and Mechanistic Target of Rapamycin complex 2 115 

(mTORC2), but not STAT3 or AMPK. In addition, we found that LIF did not increase palmitate 116 

oxidation indicating that metabolic actions of LIF on muscle metabolism in some respects are 117 

different compared to IL-6 and CNTF. Interestingly, we also found that while LIF-stimulated 118 

glucose uptake was suppressed in soleus muscle with high-fat feeding, it was normal in EDL 119 

muscle under the same conditions suggesting an alternative means to enhance glucose uptake in 120 

muscle under insulin resistant conditions.  121 

   122 
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Research design and methods 123 

Animals 124 

Male C57Bl/6 mice aged 8 weeks were obtained from Taconic Europe. Mice over-expressing the 125 

kinase dead (KD) AMPKα2 subunit under control of the muscle creatine kinase promoter have been 126 

described previously (28). Briefly, expression of the inactive kinase dead α2 protein (Lys45Arg) 127 

displaces all detectable endogenous α2 and 50-70% of endogenous α1 protein (20; 28). Animals 128 

used were of the C57Bl/6 strain (Taconic) and 8-10 weeks old, SOCS3 MKO mice have been 129 

described previously (21). Briefly, SOCS3 MKO mice were generated by crossing C57Bl/6 SOCS3 130 

floxed mice (24) with C57Bl/6 mice expressing Cre-recombinase under the control of the creatine 131 

kinase promoter (7). Littermates were used as control in both cases. 132 

Mice were maintained on a 12:12-h light-dark cycle and provided ad libitum access to food and 133 

water. Mice received a standard rodent low-fat chow diet (5% calories fat; Altromin no.1324, Chr. 134 

Pedersen, Ringsted, Denmark) except in high-fat diet experiments where 45% of the energy 135 

originated from fat (Research Diets Inc, D12451, NJ, USA). All experiments were approved by the 136 

McMaster University Animal Ethics Committee or the Danish Animal Experiments Inspectorate 137 

and complied with the European Convention. 138 

Glucose tolerance test 139 

The glucose tolerance test was performed after 10 weeks of high-fat feeding. Mice were fasted for 6 140 

hrs before intraperitoneal (IP) injection with a bolus of 1 g glucose/kg bodyweight using a 30% 141 

(w/v) glucose solution in 0.9% (w/v) saline. Tail blood glucose was monitored over 120 min. 142 

Muscle incubations 143 

For 2-deoxyglucose uptake (2DG) experiments, soleus (~80% oxidative Type I+IIA fibers) and 144 

extensor digitorum longus (EDL) (~80% glycolytic Type IIX+IIB) (4) muscles were dissected from 145 
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anesthetized mice (6 mg pentobarbital sodium/100 g bodyweight) and transferred to incubation 146 

flasks containing 2 ml of essential buffer (Krebs-Henseleit buffer, pH 7.5, with 2.0 mM pyruvate, 8 147 

mM mannitol and 0.1% BSA) where they were allowed to remain flaccid, pre-gassed with 95% O2 148 

+ 5% CO2 (and gassed at every buffer change) and maintained at 30 ºC as described (22; 41). For 149 

all experiments, muscles were pre-incubated for 15 min in essential buffer before replaced with a 150 

similar buffer with or without LIF (Abcam, UK) at concentrations and durations as indicated.  In 151 

separate experiments, muscles were incubated with 500 nM Wortmannin (Sigma-Aldrich Corp. 152 

MO, USA), 60 nM LY-294002 hydrochloride (Sigma-Aldrich Corp. MO, USA), 25 µM 153 

Parthenolide (Sigma-Aldrich Corp. MO, USA), 1 mM Rapamycin (Sigma-Aldrich Corp. MO, 154 

USA) or 1.28 mM AZD8055 (Selleckchem, Texas, USA) for 30 min before treatment with LIF.  155 

2DG uptake was measured for 10 min by replacing the existing incubation buffer with similar 156 

buffers in addition containing of 0.5 µCi ml-1 2-[2,6-3H]-deoxy-D-glucose, 1 mM 2-deoxy-D-157 

glucose and 0.5 µCi ml.-1 [1-14C]-mannitol ml-1. After preparing muscles as described below, 158 

radioactivity was measured in muscle lysates by  liquid scintillation counting (Tri-Carb 2910, 159 

PerkinElmer, Massachusetts, USA). 160 

For palmitate oxidation experiments, soleus muscles were dissected as described and transferred to 161 

incubation flasks containing 2 ml of basal buffer (Krebs-Henseleit buffer, pH 7.5, with 2.0 mM 162 

pyruvate, 4% BSA and 1 mM palmitic acid (Sigma-Aldrich)) gassed with 95% O2 + 5% CO2 and 163 

maintained at 30 ºC as described (Steinberg & Dyck, 2000). For all experiments, muscles were pre-164 

incubated for 15 min in basal buffer before replaced with a similar buffer containing vehicle, 5000 165 

pM (100 ng/ml) LIF (Abcam, UK) or 4546 pM (100 ng/ml) Axokine ciliary neurotrophic factor 166 

(Kind gift from Mark W. Sleeman, Regeneron Pharmaceuticals, NY, USA) as well as 0.5μCi/ml [1-167 

14C] palmitate/ml (Sigma-Aldrich) for 60 min. Radioactivity was measured in the CO2-fraction 168 
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after benzethonium hydroxide capture, and in the acid soluble metabolite fraction after 169 

chloroform:methanol extraction (40). 170 

Muscle homogenization 171 

Muscles were homogenized in ice-cold buffer containing 50 mM Hepes, pH 7.4, 150 mM NaCl, 172 

100 mM NaF, 10 mM sodium pyrophosphate, 5 mM EDTA, 250 mM sucrose, 1 mM dithiothreitol, 173 

1% TritonX-100, 1 mM Na3VO4 and one Roche protease inhibitor tablet/50 ml using a TissueLyser 174 

II (Qiagen, Hilden, Germany). Homogenates were rotated end-over-end for 1 h at 4 ºC before 175 

centrifugation for 30 min (17.500 g, 4ºC). Lysates were snap-frozen in liquid nitrogen and stored at 176 

-80 ºC. Protein content was measured by the bicinchoninic acid method (Pierce Chem. Comp., 177 

Illinois, USA). 178 

Immunoblotting 179 

Expression and phosphorylation of relevant proteins were determined in muscle lysates by SDS-180 

PAGE followed by immunoblotting. Phosphorylation of Akt Ser473 (1:1000), AS160 (PAS) 181 

(1:1000), AMPK Thr172 (1:1000), STAT3 Tyr705 (1:2000), NDRG1 Thr346 (1:500), Erk1 182 

Thr202/Tyr204 and Erk2 Thr185/Tyr187 (1:1000) was measured using phospho-specific antibodies 183 

from Cell Signaling Technology (Beverly, MA, USA). Total Akt2 (1:1000), STAT3 (1:2000), Erk 184 

1/2 (1:1000) and NDRG1 (1:500) protein levels were measured using antibodies from Cell 185 

Signaling Technology (Beverly, MA, USA) and phosphorylation of Akt Thr308 (1:1000) was 186 

measured using an antibody from Upstate Biotechnology (Lake Placid, NY, USA). Total AS160 187 

(1:1000) protein levels were measured using an antibody from Millipore (Darmstadt, Germany) and 188 

AMPK α2 (1:15,000) was measured using an antibody kindly donated by D. G. Hardie (University 189 

of Dundee, Dundee, UK). 190 

Characterization of recombinant LIF protein. 191 
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The quality of recombinant human LIF (L5283; Sigma Aldrich) was verified by UHPLC-ESI-Mass 192 

Spectrometry (Dionex, Bruker Daltronics) for verification of molecular mass, non-reducing SDS-193 

PAGE Coomassie Blue staining (Fig.7) and kinetic turbidimetric LAL assay for endotoxin content. 194 

The average mass was measured to 19679,84kDa and the endotoxin analysis showed an endotoxin 195 

level of 12 EU/mg (~50nmol), which is considered low. 196 

 Statistics 197 

Data are expressed as means ± SE. Statistical evaluations were performed by one- or two-way 198 

ANOVA for main effects of treatments and genotype followed by a Bonferroni test for post hoc 199 

comparisons, with significant differences at p<0.05.  200 

201 



 10

Results 202 

Dose dependencies of LIF-stimulated muscle glucose uptake and signaling 203 

To test the effects of LIF on skeletal muscle glucose uptake, isolated soleus and EDL muscles were 204 

incubated with LIF at concentrations ranging from 50 to 5000 pM for 30 min. LIF increased muscle 205 

glucose uptake in soleus muscle in a dose-dependent manner with a significant increase starting at 206 

500 pM and a maximal increase of ~90% at 5000 pM (Fig.1A). In EDL muscle, glucose uptake was 207 

increased by ~70% at 5000 pM. Activation of gp130 receptor complexes increase PI3-kinase/Akt, 208 

AMPK, STAT3 and Erk signaling (10; 15), hence we measured activating phosphorylation of these 209 

molecules. 5000 pM of LIF increased Akt Ser473-P by ~260% in soleus and EDL (Fig.1B). Akt 210 

Thr308-P was not affected by LIF treatment in SOL and was below detection limit in EDL 211 

(Fig.1C). To further investigate the role of Akt signaling we investigated AS160 phosphorylation 212 

(PAS), a downstream target of Akt signaling. Interestingly, AS160 PAS was not affected by LIF 213 

treatment in either SOL or EDL (Fig.1D).  Other cytokines from the IL-6 family have been shown 214 

to activate AMPK by increasing Thr172-P (1; 8; 41; 44), but LIF did not increase AMPK Thr172-P 215 

in either muscle type (Fig.1E). 5000 pM of LIF increased STAT3 Tyr705-P by ~90% and Erk 216 

phosphorylation by ~18% in soleus while it was not statistically increased in EDL (Fig.1F+G). 217 

Time course of LIF-stimulated muscle glucose uptake and signaling 218 

The maximal effect of LIF on glucose uptake in both muscle types was observed after 30 min 219 

However, it cannot be ruled out that the maximal effects had occurred before 30 minutes. There 220 

were no significant increases compared with basal at 60 and 90 min (Fig.2A). Changes in glucose 221 

uptake with time were mirrored by Akt Ser473-P (Fig.2B), but not STAT3 Tyr705-P, which was 222 

activated in EDL at later time-points (Fig.2C). In agreement with the dose-response study, LIF did 223 

not affect Akt Thr308-P or AMPK Thr172-P at any of the investigated time points and Erk-P was 224 

not affected either (data not shown). 225 
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Effects of PI3-kinase and JAK inhibitors on LIF actions 226 

To further investigate the importance of PI3-kinase in LIF-stimulated glucose uptake, muscles were 227 

pre-incubated with the PI3-kinase inhibitors Wortmannin and LY-294002, followed by stimulation 228 

with 5000 pM LIF for 30 min. Pre-incubation with LY-294002 and Wortmannin (data not shown) 229 

completely inhibited LIF-stimulated glucose uptake in both muscle types (Fig.3A) and LY-294002 230 

also inhibited basal glucose uptake (Fig.3A). To assess the importance of JAK/STAT-signaling, 231 

muscles were pre-incubated with Parthenolide, an inhibitor reported to block JAK-dependent 232 

STAT-activation (38). Parthenolide also completely blocked LIF-stimulated glucose uptake in both 233 

soleus and EDL (Fig.3A) but did not affect the basal glucose uptake. 234 

LIF increased Akt Ser473-P by 200-600% in the two muscle types (Fig.3B). LY-294002 and 235 

Wortmannin (data not shown) abolished basal and LIF-stimulated Akt Ser473-P. Parthenolide 236 

suppressed LIF-stimulated increases in Akt Ser473-P in soleus but not in EDL (Fig.3B).  237 

LIF increased STAT3 Tyr705-P by ~50-90% and ~200-300% in soleus and EDL, respectively 238 

(Fig.3C). LY-294002 did not impair LIF-stimulated STAT3 Tyr705-P in either muscle type, 239 

whereas Wortmannin surprisingly abolished this response in soleus and reduced it by ~50% in EDL 240 

(data not shown) suggesting non-specific actions of Wortmannin. As anticipated, Parthenolide 241 

abolished LIF-induced increases in STAT3 Tyr705-P in soleus and suppressed both basal and LIF-242 

stimulated increase in STAT3 Tyr705-P in EDL (Fig.3C). These observations suggest that both PI3-243 

kinase and JAK inhibitors impair LIF regulation of glucose uptake in skeletal muscle. 244 

Effect of ablated AMPK-activity on LIF actions 245 

To examine the importance of AMPK signaling in LIF-mediated glucose uptake, muscles from 246 

wild-type and AMPKα2 kinase dead (KD) mice were incubated with 5000 pM LIF for 30 min. LIF 247 

treatment increased glucose uptake, Akt Ser473-P and STAT3 Tyr705-P to a similar extent in WT 248 
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and AMPK KD mice, although there was a trend (p=0.093) towards reduced glucose uptake in 249 

soleus.  This suggests that the effect of LIF is independent of AMPK (Fig.4A-D).  250 

Effect of mTORC inhibition on LIF actions 251 

Because LIF increased Akt Ser473-P we speculated that mTORC2 might be involved since this 252 

molecule has been described as the Akt Ser473 kinase (36). We investigated the importance of 253 

mTORC signaling on LIF-mediated glucose uptake in the most LIF-responsive muscle (SOL) using 254 

relevant inhibitors. To distinguish signaling via mTORC1 and mTORC2, soleus muscles were pre-255 

incubated with or without the specific mTORC1 inhibitor Rapamycin (35) and the inhibitor of both 256 

mTORC1+2, AZD8055 (9) followed by stimulation with 5000 pM LIF for 30 min. Pre-incubation 257 

with Rapamycin did not affect LIF-stimulated glucose uptake, whereas AZD8055 reduced both 258 

basal and LIF-stimulated glucose uptake (Fig.5A). 259 

The ~100% increased Akt Ser473-P with LIF was unaffected by Rapamycin but completely 260 

inhibited by AZD8055 (Fig.5B).  Neither LIF nor Rapamycin affected Akt Thr308-P, whereas 261 

AZD8055 blocked basal Akt Thr308-P (Fig.5C). The ~50% increase in STAT3 Tyr705-P with LIF 262 

was not affected by either Rapamycin or AZD8055 (Fig.5D). LIF increased phosphorylation of the 263 

mTORC2 target N-myc downstream regulated 1 (NDRG1) at Thr346 by ~90% (Fig.5E) which, as 264 

expected, was not affected by Rapamycin (Fig.5E). Moreover, AZD8055 completely blocked both 265 

basal and LIF-stimulated NDRG1 Thr346-P (Fig.5E). These observations suggest that inhibition of 266 

mTORC2 signaling may impair LIF regulation of glucose uptake in soleus muscle. 267 

LIF-stimulated glucose uptake in SOCS3 muscle KO mice 268 

The SOCS3 protein is a negative feedback regulator of gp130-receptor signaling (33; 39). We 269 

therefore hypothesized that upregulation of SOCS3 with ligand-induced STAT3 activation could 270 

explain the down regulation of LIF-induced glucose uptake observed in the time-course study at the 271 
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90 min time point despite of continuous LIF exposure. We incubated soleus muscles from wild-type 272 

and SOCS3 muscle knockout (MKO) mice with 100 ng/ml of LIF for 30 or 90 min. As expected, in 273 

WT muscle LIF increased glucose uptake after 30 min and this increase was substantially 274 

suppressed after 90 min (Fig.5G). Surprisingly, the same changes were also observed in SOCS3 275 

MKO muscle suggesting that SOCS3 is not essential for inhibiting LIF-receptor signaling. 276 

Effects of LIF on palmitate oxidation 277 

CNTF has previously been shown to increase fatty-acid oxidation in skeletal muscle by activating 278 

AMPK (44). To investigate whether LIF also regulates muscle lipid oxidation we measured the 279 

ability of LIF to stimulate palmitate oxidation in mouse soleus muscles ex vivo. In contrast to the 280 

effects of CNTF, which increased palmitate oxidation by 20%, LIF did not alter palmitate oxidation 281 

(Fig.5H). 282 

Effects of obesity on LIF-stimulated glucose uptake and signaling 283 

It is well known that obesity is associated with impaired insulin sensitivity in skeletal muscle and 284 

several studies have linked this to impaired IRS-1 and PI3-kinase signaling and enhanced 285 

phosphatase 2A (PP2A) dependent Akt dephosphorylation (17; 37; 42; 47). We investigated 286 

whether LIF-stimulated glucose uptake was maintained in mice fed a high-fat (HF) diet for 12 287 

weeks. As expected, HF feeding increased body weight (~20%) and epididymal fat-pad weight 288 

(~400%) (Fig.6A) as well as development of glucose intolerance (Fig.6B) compared to chow-fed 289 

animals. LIF increased glucose uptake by ~100% in soleus and ~35% in EDL muscle from chow-290 

fed animals. Interestingly, LIF-stimulated glucose uptake was reduced by ~60% in soleus and 291 

normal in EDL muscle from HF fed animals (Fig.6C). We have previously shown (41) that the 292 

same diet intervention impairs CNTF-stimulated Akt phosphorylation in mouse muscle, however, 293 

(HF) feeding did not impair LIF increased Akt Ser473-P in either of the two muscle types (Fig.6D) 294 

despite impaired LIF-stimulated glucose uptake in the soleus. 295 
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Discussion 296 

Cytokines of the IL-6 family are reported to be involved in multiple inflammatory responses in 297 

various tissues (14; 27; 43; 46), but more recent studies have shown that several members also have 298 

acute actions on muscle metabolism (8; 13; 41; 44; 45). LIF serum levels are low in healthy 299 

individuals and elevated only in patients with severe inflammatory conditions (usually <50 pM) 300 

(31). Like most cytokines, LIF production is highly inducible and can be expressed in broad range 301 

of cell types. Recent studies of human skeletal muscles reported that LIF mRNA increases with 302 

exercise  (6) and that both the LIF-receptor and LIF-protein levels are  higher in muscle from type 2 303 

diabetics compared to matched normo-glycemic individuals (5). Both IL-6 and CNTF have been 304 

shown to increase muscle glucose uptake and regulate whole-body glucose homeostasis (8; 13; 41; 305 

44; 45) and LIF has been shown to increase glucose update in cardio myocytes (12), but it is to the 306 

best of our knowledge not known if LIF increases glucose transport of skeletal muscle.  307 

In recent years, there has been increased focus on the lack of reproducibility of published scientific 308 

findings (2) where e.g. quality or contamination are inherent risks when working with recombinant 309 

proteins. Where therefore employed a QC evaluation which confirmed the MW, showed no 310 

indications of contamination, or degradation products, and showed low endotoxin levels. Thus, this 311 

suggested that the observed responses are related to LIF and not unknown factors e.g. generated 312 

during protein production.       313 

The aim of this study was to investigate the effects of LIF on glucose uptake and lipid oxidation in 314 

skeletal muscle, and to investigate potential signaling pathways involved. The present study shows 315 

that LIF stimulates glucose uptake in skeletal muscle, and it describes potential proximal signaling 316 

events in muscle leading to this response. We show that LIF increases glucose uptake ex vivo and 317 

data based on the use of inhibitors may suggest that the PI3-kinase/mTORC2/Akt signaling 318 

pathway could play at least a permissive role. An additional finding was that LIF did not regulate 319 
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palmitate oxidation, which was surprising as both IL-6 and CNTF enhanced muscle lipid 320 

metabolism. We also tested if the efficacy of LIF to stimulate glucose uptake was impaired in 321 

muscles from obese insulin resistant mice and found that while soleus became somewhat LIF-322 

resistant, LIF-sensitivity was maintained in EDL with obesity.  323 

We hypothesized that JAK-dependent receptor activation and PI3-kinase were necessary signaling 324 

components in LIF-stimulated glucose uptake (41). Inhibition of JAK with Parthenolide suppressed 325 

glucose uptake, STAT3- and Akt signaling, indicating reliance on JAK dependent gp130 and LIF-326 

receptor phosphorylation and activation. Furthermore, using two different classes of PI3-kinase 327 

inhibitors, LY-294002 and Wortmannin, we found a complete or almost complete ablation of LIF-328 

stimulated Akt-473-P, and glucose uptake in both muscle types suggesting a significant role of the 329 

PI3-kinase. However, as LY-294002 also inhibited basal glucose uptake the role of PI3K could be 330 

permissive rather than directly involved as a signaling molecule. Furthermore, observations based 331 

on inhibitors are seldom conclusive due to potential off-target actions, but the finding that both LY-332 

294002 and Wortmannin impair LIF-action does strengthen the idea that PI3-kinase is involved. In 333 

contrast, studies of cardio myocytes showed that wortmannin did not impair LIF-stimulated glucose 334 

uptake (12), indicating, that LIF regulates glucose uptake by two different mechanisms in cardio 335 

myocytes and skeletal muscle. Incubation with LIF resulted in a selective increase in Akt Ser473-P 336 

without detectable changes in Thr308-P, suggesting that LIF-signaling at the level of Akt is 337 

independent of Thr308 phosphorylation. The lack of a detectable increase in Akt Thr308-P was 338 

reproducible between independent experiments using an antibody verified using insulin-stimulated 339 

muscle. In addition, phosphorylation of AS160, a downstream target of Akt, was also unaffected by 340 

incubation with LIF. The transient increase in glucose uptake with LIF in both EDL and soleus was 341 

mirrored by an increase in Akt Ser473-P supporting the idea that PI3-kinase/Akt signaling is 342 

involved in this regulation. PI3-kinase contributes to Akt activation by phosphorylating PIP2 to 343 
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form PIP3, which facilitates correctly membrane positioning of Akt for activating phosphorylation 344 

by mTORC2 at Ser473 and phosphoinositide dependent kinase 1 (PDK1) at threonine 308. As we 345 

consistently observed that LIF specifically increased Akt Ser473 we hypothesized that the Akt 346 

Ser473 kinase mTORC2 would be required for a maintained response in glucose uptake with LIF. 347 

We showed that the mTORC1 inhibitor Rapamycin (35) did not affect glucose uptake and Akt 348 

Ser473-P suggesting no significant role of mTORC1. Conversely, AZD8055, which is reported to 349 

inhibit both mTORC1 and mTORC2 (9), suppressed basal glucose uptake and basal 350 

phosphorylation of both Akt Thr308/Ser473 and the mTORC2 activity readout NDRG1 at Thr346. 351 

In addition to suppressing basal levels also LIF-induced increases were either blunted or suppressed 352 

with AZD8055. Neither of the two inhibitors affected STAT3-Tyr705 phosphorylation indicating 353 

that proximal LIF signaling was not impaired. In combination, these data suggested that mTORC2 354 

dependent phosphorylation of Akt is required for a normal increase in LIF-induced glucose uptake. 355 

Again caution is warranted when concluding on data obtained using inhibitors due to the risk of off-356 

target effects but the data do indicate that the PI3-kinase/mTORC2/Akt pathway is involved in LIF-357 

stimulated glucose uptake of mouse skeletal muscle at some level. 358 

AMPK is well-characterized regulator of glucose uptake and lipid oxidation (1; 8; 26; 41; 44). 359 

Studies of cardio-myocytes did not report an increase in AMPK phosphorylation with LIF (12), 360 

whereas both CNTF and IL-6 have been shown to activate AMPK in skeletal muscle (8; 13; 23; 41; 361 

44), thus one may anticipate involvement of additional signaling pathways in skeletal muscle. We 362 

therefore investigated whether AMPK had a contributing role in LIF-stimulated glucose uptake. 363 

However, we did not detect any activation of AMPK Thr172-P by LIF, and LIF-stimulated glucose 364 

uptake was normal in muscles overexpressing kinase-dead α2AMPK, suggesting that LIF does not 365 

activate AMPK and AMPK is not involved in LIF-stimulated glucose uptake in muscle. This is 366 

supported by the finding, that LIF did not increase muscle lipid oxidation in contrast to reports on 367 
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IL-6 and CNTF (8; 44), showing that different members of the IL-6 family appear to have distinct 368 

metabolic actions in skeletal muscle. Also, we observed a down-regulation of LIF-stimulated 369 

glucose uptake and Akt Ser473-P when exceeding 30 min of LIF exposure, whereby both glucose 370 

uptake and Akt Ser473-P both returned to basal values after 90 min of LIF exposure. Gp130 371 

receptor signaling is under temporal control of negative feedback mechanisms involving the STAT-372 

dependent transcriptional induction of SOCS3 (25), which have been shown to suppress both gp130 373 

and insulin receptor signaling (33; 39). However, time-dependent LIF-resistance developed to the 374 

same degree in SOCS3 MKO muscles as observed in WT muscles. This indicates that SOCS in 375 

skeletal muscles are either not responsible for the down-regulation of LIF-stimulated glucose uptake 376 

or that up-regulation of other homologous SOCS isoforms such as SOCS1 perhaps compensated for 377 

the lack of SOCS3 (29). 378 

An additional purpose of the study was to assess if LIF-stimulated glucose uptake was impaired by 379 

obesity and if LIF could comprise an alternative mechanism to increase muscle glucose uptake 380 

during insulin resistance. We tested this hypothesis in muscles from obese glucose intolerant mice 381 

and found that LIF-stimulated glucose uptake was normal in EDL, whereas soleus developed some 382 

degree of LIF-resistance. These findings are in contrast to our previous finding where we showed 383 

that both EDL and soleus developed CNTF resistance using the same obesity-inducing diet 384 

intervention (41). Interestingly, as LIF-induced Akt Ser473-P was not impaired with obesity the 385 

development of moderate LIF-resistance in the soleus appears to be downstream of proximal 386 

signaling. 387 

LIF has been reported to be increased to 40-50pM  in human blood with infectious diseases, which 388 

is 10 times lower than the lowest effective dose used in the current ex vivo study (32). This may 389 

suggest that LIF in vivo does not increase to levels resulting in physiological relevant regulations of 390 

skeletal muscle glucose uptake. However, LIF is one of several IL-6 family molecules known to 391 
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have the potential to increase muscle glucose uptake (1; 8; 41; 44), and it could be, that these in 392 

combination have some effect on skeletal muscle glucose uptake, or that LIF increases locally to 393 

concentrations affecting muscle glucose uptake. Interestingly, even if the physiological role is 394 

minor or only relevant during specific conditions, it could still be that pharmacological levels of LIF 395 

could improve glucose homeostasis with diabetes.    396 

 397 

In summary, we show that LIF increased glucose uptake by 2-fold in isolated soleus and EDL 398 

muscle in a dose-dependent manner. Based on the use of inhibitors and isolated muscles we propose 399 

that LIF-stimulated glucose uptake at least to some degree depends on the PI3-kinase/mTORC2/Akt 400 

signaling pathway, however we cannot rule out that this signaling pathway mainly has a permissive 401 

role. Furthermore, in contrast to IL-6 and CNTF, LIF did not increase AMPK phosphorylation and 402 

lipid oxidation illustrating unique metabolic effects. We also showed that the transient time-403 

dependent attenuation of LIF-stimulated glucose uptake occurred normally in muscles deleted of 404 

SOCS3 indicating that SOCS3 is not essential in this response. Thus, future research should 405 

investigate if LIF may be able to regulate glucose homeostasis in vivo and provide an alternative 406 

strategy to reduce blood glucose with type 2 diabetes. 407 

408 
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Figure 1: Dose-dependent effect of LIF on glucose uptake and signaling in incubated soleus 579 

(SOL)(left side panel) and extensor digitorum longus (EDL)(right side panel) at basal conditions 580 

and after incubation with LIF at indicated concentrations or 10.000 µU/ml of insulin for 30 min. 581 

LIF and insulin stimulated glucose uptake (A). LIF-stimulated Akt Ser473 phosphorylation relative 582 

to total Akt2 protein content (B), Akt Thr308 phosphorylation relative to total Akt2 protein content 583 

(C), AS160pas phosphorylation relative to total AS160 (D), AMPK Thr172 phosphorylation relative 584 

to total AMPK protein content (E), STAT3 Tyr705 phosphorylation relative to total STAT3 protein 585 

content (F) and Erk1/2 Thr202/185/Tyr204/187 phosphorylation relative to total Erk1/2 protein content 586 

(G). Representative blots of the presented signaling molecules (H). Values are expressed as mean ± 587 

SE, n=6-8 (insulin incubations n=2). *p<0.05 different compared to basal. **p<0.01 different 588 

compared to basal. 589 

Figure 2: Time-dependent effect of LIF on glucose uptake and signaling in incubated soleus (SOL) 590 

and extensor digitorum longus (EDL) at basal conditions and after incubation with 5000 pM LIF for 591 

0 (30 min without LIF), 30, 60 and 90 min of incubation. LIF-stimulated glucose uptake (A), Akt 592 

Ser473 phosphorylation relative to total Akt2 protein content (B) and STAT3 Tyr705 phosphorylation 593 

relative to total STAT3 protein content (C). Representative blots of the presented signaling 594 

molecules (D). Values are expressed as mean ± SE, n=8. *p<0.05 different compared to basal. 595 

**p<0.01 different compared to basal. 596 

Figure 3: Effect of the PI3-kinase inhibitor LY-294002 (LY) and JAK/STAT inhibitor Parthenolide 597 

(PART) on LIF-stimulated glucose uptake and signaling in incubated soleus (SOL) and extensor 598 

digitorum longus (EDL) at basal conditions (black bars) and after 30 min incubation with 5000 pM 599 

LIF (white bars) with or without either 60 µM LY294002 or 25 µM Parthenolide. LIF-stimulated 600 

glucose uptake (A), Akt Ser473 phosphorylation relative to total Akt2 protein content (B) and 601 

STAT3 Tyr705 phosphorylation relative to total STAT3 protein content (C). Representative blots of 602 
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the presented signaling molecules (D). Values are mean ± SE, n=8. *P<0.05 different compared to 603 

basal. **P<0.01 different compared to basal. # P<0.05 different compared to control. ## P<0.01 604 

different compared to control.  605 

Figure 4: Effect of impaired AMPK activity on LIF-stimulated glucose uptake and signaling in 606 

incubated soleus (SOL) and extensor digitorum longus (EDL) from wildtype (WT) and AMPKα2 607 

kinase dead (KD) mice at basal conditions (black bars) and after 30 min incubation with 5000 pM 608 

LIF (white bars). LIF-stimulated glucose uptake (A), Akt Ser473 phosphorylation relative to total 609 

Akt2 protein content (B) and STAT3 Tyr705 phosphorylation relative to total STAT3 protein content 610 

(C). Representative blots of the presented signaling molecules (D). Values are mean ± SE, n=8. 611 

**P<0.01 different compared to basal. 612 

Figure 5: Effect of the mTORC inhibitors Rapamycin (RAPA) and AZD8055 (AZD) on LIF-613 

stimulated glucose uptake and signaling in incubated soleus (SOL) at basal conditions (black bars) 614 

and after incubation with 5000 pM LIF (white bars) with or without either 1 mM Rapamycin or 615 

1.28 mM AZD8055. LIF-stimulated glucose uptake (A), Akt Ser473 phosphorylation relative to total 616 

Akt2 protein content (B), Akt Thr308 phosphorylation relative to total Akt2 protein content (C), 617 

STAT3 Tyr705 phosphorylation relative to total STAT3 protein content (D) and NDRG1 Thr346 618 

phosphorylation relative to total NDRG1protein content (E). Representative blots of the presented 619 

signaling molecules (F). Values are mean ± SE, n=8. **P<0.01 different compared to basal. ## 620 

P<0.01 different compared to control. Effect of impaired SOCS3 activity on relative increase in 621 

LIF-stimulated glucose uptake after incubation with 5000 pM LIF for 30 min or 90 min in soleus 622 

(SOL) from wildtype (black bars) and SOCS3 muscle knock out (MKO) mice (white bars) (G). 623 

Values are mean ± SE, n=8-9. **P<0.01 different compared to basal. Effect of incubation with 4546 624 

pM Axokine ciliary neurotrophic factor and 100 ng/ml LIF for 30 min on [1-14C] palmitate 625 

oxidation in soleus (H). Values are mean ± SE, n=7-8. *P<0.05 different compared to basal. 626 
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Figure 6: Body weight and fat pad weight (A) after 12 weeks in mice fed a chow diet (CHOW) and 627 

in mice fed a high fat diet (HFD) for 12 weeks. Plasma glucose concentrations during an 628 

intraperitoneal glucose tolerance test (IPGTT) performed in mice fed a chow diet (CHOW)(black 629 

circles) and in mice fed a high fat diet (HFD)(white circles) for 12 weeks and plasma glucose area 630 

under curve (AUC) during the IPGTT (B). LIF-stimulated glucose uptake and signaling in soleus 631 

(SOL) and extensor digitorum longus (EDL) from mice fed a chow diet (CHOW) and in mice fed a 632 

high fat diet (HFD) for 12 weeks at basal conditions (black bars) and after incubation with 5000 pM 633 

LIF (white bars). LIF-stimulated glucose uptake (C) and Akt Ser473 phosphorylation relative to total 634 

Akt2 protein content (D). Representative blots of the presented signaling molecules (E). Values are 635 

mean ± SE, n=8-10. **P<0.01 different compared to basal. ## P<0.01 different compared to chow 636 

control. 637 

 638 

Figure 7: Protein characterization. Quality of recombinant human LIF was verified by UHPL-ESI-639 

MS for molecular weight determination, non-reducing SDS-PAGE for purity and kinetic LAL assay 640 

for endotoxin content. 641 

 642 

 643 
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