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ABSTRACT:
Aim/hypothesis: Obesity is associated with an early development of insulin resistance and an impaired insulin-stimulated glucose uptake in thbye adipose tissue. It is well knownestablished that glycogen metabolism in the liver and skeletal muscle is altered as a consequence of obesity and insulin resistance. In the presence of glucose and insulin, adipocytes synthesize glycogen prior to the formation of lipids. Adipocytes utilize glycogen as a glycerolprecursor metabolite for glycerol formation, and thereby influencingaffect triacylglycerol TAG synthesis. Recently, human obesity has been associated with deposition of glycogen deposition in adipocytes. This study examinesd adipose tissue glycogen in the obese Zucker rats and the effect of fasting on glycogen-metabolising enzymes. We hypothesise that obesity imposes a blunts theed response to fasting through impaired activation of glycogen metabolizing enzymes which to dampens attenuate glycogen mobilization during fasting.	Comment by eva apweiler: Unclear what exactly is meant.	Comment by eva apweiler: lipogenesis?	Comment by eva apweiler: Glycogen deposits/stores?
Methods: 12-week old obese and lean Zucker rats were subjected to 24-h fasting. Metabolic characterization measures included circulating levels of insulin, blood glucose, NEFA and glycerol. Epididymal fat pads were collected and analysed forto assess determination of glycogen content,  glycogen-metabolizing enzymes activitiesy, PKA activity, and to quantify total and phosphorylated glycogen synthase (GS, phospho-GS Ser8), glycogen phosphorylase (GP, phosphor-GP Ser 14), and cAMP-dependent response element binding protein (CREB/p-CREB Ser133) levels.immunoblotting of total and phosphorylated glycogen synthase (GS, phospho-GS Ser8), glycogen phosphorylase (GP, phosphor-GP Ser 14), and cAMP-dependent response element binding protein (CREB/p-CREB Ser133).
Results: Glycogen content was increased in the adipose tissue, and was not mobilized following 24-h fasting in Oobese Zucker rats displayed increased adipose tissue glycogen content, which was not mobilized following a 24-h fast. This defect was associated with an impaired activation of PKA activation, and the attenuation of phosphorylation-mediated activation of GP and inactivation of GS. OObese state animals also exhibited was also associated with differentialdys regulatedion of protein expression of both GS and GP enzymes at the protein level. 
Conclusions: This study provides evidence of a defective glycogen metabolism in the obese adipose tissue of obese rats, which may be related to primary alterations in carbohydrate and lipid metabolism in this tissue. 	Comment by eva apweiler: unclear
Keywords: Obesity, insulin resistance, glycogen metabolism, epididymal adipose tissue, fasting, glycogen synthase, glycogen phosphorylase, protein kinase A. 	Comment by eva apweiler: glycogen phosphorylase?
Abbreviations:	Comment by eva apweiler: Maybe include abbreviations for the different experimental groups to make the results easier to follow, e.g. FO – fed obese
GS: glycogen synthase
GP: glycogen phosphorylase
GBE: glycogen branching enzyme
GDE: glycogen debranching enzyme
PKA: protein kinase A
CREB: c-AMP response element-binding protein.
NEFA: non-esterified fatty acids



INTRODUCTION 
In the adipose tissue, insulin-mediated glucose uptake provides the cells with glucose that is mainly fated to be oxidized as metabolic substrate for glycolysis, and as a precursor metabolite for de novo adipogenesis and fatty acid re-esterification (1). Additionally, a small fraction of the incoming glucose, approximately 5%, of the incoming glucose is stored as glycogen (2-4). Glycogen is used tothe mechanism by which cells store and mobilize cellular glucose to meet their the cell’s energetic and synthetic demands. Glycogen is a branched polymer of composed of glucose residues linked byglucose which comprises 1,4-glycosidic bonds, and with branch points formed by  points occurring at 1,6-glycosidic linkagesbonds. Glycogen synthesis initiates with the auto-glycosylation of glycogenin, an enzyme that transfers the first glucose residue from UDP-glucose to the nascent glycogen chain, which is elongated thereafter by the action of glycogen synthase ( GS) and glycogen branching enzyme (GBE) (5). On the other hand, glycogen breakdown renders releases glucose through the concerted action of glycogen phosphorylase (GP), which  that catalyses the phosphorolysis of α-1,4-glycosidic linkagesbonds, and glycogen debranching enzyme (GDE), which  that hydrolyses the 1,6-glycosidic links bonds at branching points and translocates the branched glucose polymer ointo the main glycogen chain, where GP finally releases glucose-1-phosphate  (6). 	Comment by eva apweiler: Adipocytes obtain glucose by insulin-mediated uptake. Subsequently, this glucose is primarily either used as a metabolic substrate for glycolysis or as a precursor for de novo adipogenesis and fatty acid re-esterification	Comment by eva apweiler: Como alternativa	Comment by eva apweiler: May want to revise this statement: glcuose oxidised in glycolysis (¿!)	Comment by eva apweiler: On the other hand, glycogen breakdown releases glucose through the concerted action of glycogen phosphorylase (GP) and glycogen debranching enzyme (GDE). GP catalyses the phosphorolysis of α-1,4-glycosidic bonds, whilst GDE hydrolyses the branch point 1,6-glycosidic bonds and translocates the branched glucose polymer onto the main glycogen chain, where GP finally releases glucose-1-phosphate 
	Comment by eva apweiler: Isn’t it the amylo-α-1,6-glucosidase activity of GDE that liberates glucose (not G1P) ? Not GP? https://enzyme.expasy.org/EC/3.2.1.33
AThe dipocyte glycogen content in the adipocyte is tightly  regulated during according to feeding transitionstatus. At In the fed state, when under high glucose is availabilityle, glycogenesis is initiated by GS activation. Allosteric binding of glucose-6-phosphate (G6P) induces conformational changes that facilitates the binding of GS to glycogen.  and iInsulin-induced dephosphorylation of GS, processis mediated by Akt/PKB-dependent inhibition of glycogen synthase kinase 3 (GSK3α/β) (7), and the activation of type 1 serine/threonine phosphatases targeting glycogen (PPT1-targeting glycogen, PTG) (8-10), which dephosphorylates GS at any of its nine target serine phosphorylation sites. SimultaneouslyConcurrently, PTG inhibits GP activation by dephosphorylating GP ion at its serine 14 (Ser-14) residue. Conversely, during fasting, elevated circulating catecholamine levelss orchestrate glycogen breakdown mainly through by activatingion of β-adrenergic signalingsignalling and downstream recruiting ment ofthe downstream cAMP-dependent protein kinase (PPKA).  PKA activates the upstream kinase glycogen phosphorylase kinase (GPK), which enhances GP activity by phosphorylating its es GP on Ser-14 increasing its activityresidue (6; 11). Additionally, PKA activation leads to sequential phosphorylation of GS on multiple sites, which further decreasing its activity. Both, insulin and catecholamine regulatory mechanisms pathways converge into to the regulateion of the phosphorylation  state of the glycogen-metabolising enzymes (12).	Comment by eva apweiler: This entire paragraph is rather confusing. 	Comment by eva apweiler: Not very clearly explained. Is this correct? Other alternative versión in the comment below	Comment by eva apweiler: Insulin enhances GS activity through the activation of Akt and type 1 serine/threonine phosphatases targeting glycogen (PPT1-targeting glycogen, PTG) (8-10). Akt subsequently phosphorylates and deactivates glycogen synthase kinase 3 (GSK3), which in concert with PTG permits GS to be dephosphorylated at any of its nine target serine phosphorylation residues	Comment by eva apweiler: – and thereby activity- ?
The primary role of Aadipose tissuee glycogen deposits main role is to the integration ofe adipocyte carbohydrate and lipid metabolism in adipose cells. Glycogen content is tightly regulated and maintained at a low set point, serving as a regulatory input that informs the cells about on resource availability for TAG synthesis (13). Glucose flux to TAG synthesis seems to be alwaysis preceded by glycogen formation (8; 14), and, conversely, glycogen dissipates progressively with the initiation of lipid resynthesis (2). In studies using in vivo delipidization in mice, either by pre-treatment with leptin or prolonged fasting, a spike in glycogen synthesis was observed immediately upon refeeding, prior to initiation of lipid deposition in the adipose tissue (13-18).  Furthermore, transgenic overexpression of protein phosphatases targeting glycogen, i.e. PPP1R3E and PTG, markedly increased glucose flux into the glycogen synthesis pathway. This suggests probing that that adipocyte glycogen levels are actively maintained at a low set-point, but can be surpassedadipocytes are capable to accommodate a greater glycogen content, and its levels are actively maintained at a low set-point (2; 8; 19). Despite this supra-physiological condition of increased glycogen accretion, glycogen was effectively mobilized during fasting, and provided an d alternative glycerol source of glycerol for fatty acids re-esterification (8). Together, these findingsthis suggests adipose tissue glycogen to in the adipose tissue works function as an intracellular  metabolic rheostat that yielding utilisesa carbon flux out of glycogen as a substrate for and into TAG synthesis, thus re-setting the adipocyte’s lipid equilibrium in the adipocyte during the fasted to fed transition (13). Recently, the obese state inobesity in humans has been associated with adipose tissue glycogen accumulation. of glycogen in the adipose tissue, and t This defect was linked to dysregulated autophagy and altered adipokine secretion (19). However, whether this accumulation was due to increased synthesis or impaired degradation was not directly addressed. The aim of this study was to investigate glycogen metabolism in the adipose tissue of obese Zucker rats and the response of glycogen metabolizing enzymes to fasting. It was hypothesised that obesity will impose a blunt thed response to fasting, which will beas reflected by an impaired glycogen mobilization.  	Comment by eva apweiler: Synthesis?	Comment by eva apweiler: Glycogen is progressively broken down
METHODS
[bookmark: _Toc342987178]Animals: Sixty-one Zucker rats were used in this study (male = 31, female = 30). Obese (fa/fa;, n = 31,; 17 males and 14 females) and their counterpart lean (Fa/fa;, n = 30;, 14 males and 16 females) littermates were selected at 12 weeks of age. All experiments were approved by the Animal Experimentation Ethics Committee of the University of Melbourne, and were conducted in accordance with the guidelines for the care and use of experimental animals as outlined byof the National Health and Medical Research Council of Australia. Animals were purchased from Monash University Animal Services. Rats were housed in a temperature-controlled room (21 ± +2ºC, 50 ± +5% humidity) in a 12-hour light/dark cycle. Animals acclimatized at least 7 days before prior to the experiments. Rats consumed a commercial chow and tap water They received free access to foodad libitum, a commercialized chow, and tap water during this time until they were separated into fed and fasted groups. HThe half of  both the lean and obese groups (lean, n = 8; obese, n = 8) were put housed in new and separate cages free from food accesswith no access to food for 24 hours. All animals were weighed in theat fed states and prior to commencing the fasting period. Animals Rats at fed or 24-h fasted states were anaesthetized by an intra-peritoneal injection of with sodium pentobarbitone (Nembutal, Rhone Merieux, Pinkenba, QLD, Australia: 60 mg*kg-1) intra-peritoneal injection. , with suSupplemental doses were administered to maintain an adequate depth of anaesthesia. Next, animals were dissected and epididymal fat pads were harvested, cleaned of connective tissue and blood,  and subsequently snap frozen in liquid nitrogen and stored at -80ºC until required. Blood (~ 3.0 ml) was collected by suction from the thoracic cavity and was immediately transferred to 1.5 ml microtubes containing 3μl 0.5M EDTA. Blood samples were kept at room temperature prior to beuntil spun at 10,000g for 5 min at 4ºC. The Pplasma constituent was then collected and stored at -20ºC for until further analysis. 	Comment by eva apweiler: Unclear at what time point fed animals were analysed. Did they spend another day being fed etc in their cage and then sacrificed?	Comment by eva apweiler: Randomised? No details on randomisation or blinding given	Comment by eva apweiler: Individual?
[bookmark: _Toc342987180]Blood glucose and pPlasma insulin levels: Blood glucose level was determined at fed or 24-h fasted states by tail venous puncture with a standard ACCUCHECK system, whilste the rats were fully conscious. Plasma insulin concentrations were assayed using a rat ELISA kit (Rat/mouse Insulin 96-well plate assay, Millipore) according to manufacturer’s instructions.
[bookmark: _Toc342987183]Plasma nNon-esterified fatty acids (NEFA) and glycerol levels: Plasmatic NEFA and glycerol levels were determined in using 20 µl of isolated plasma using the Wako NEFA-C kit (Wako Chemicals, Osaka, Japan) and the Zen-Bio Plasma/serum Glycerol kit (Zen-Bio, Inc. North Carolina, U.S) respectively, according to manufacturer’s directions. 
[bookmark: _Toc342987186]Tissue homogenization: The epididymal fat pad was chosen as a representative adipose tissue as previously reported (15).  A tissue fraction of approximatelyx. 100mg tissue was homogenized in 1mL of lysis buffer (CER I and II, NE-PER® Nuclear and Cytoplasmic extraction kit, Thermo Scientific) using the a IKA T-10 Basic Ultra Turrax homogenizer. in 1mL of lysis buffer (CER I and II, NE-PER® Nuclear and Cytoplasmic extraction kit, Thermo Scientific). Whole lysates were incubated on ice for 10 minutes with occasional shaking, and then spun at 10,000g for 5 minutes at 4ºC. The upper fat layer wasin order to  discarded the upper fat layer. Pellets were re-suspended in the supernatant fraction and carefully transferred to pre-chilled microtubes. 
[bookmark: _Toc342987191][bookmark: _Toc342987192]Glycogen assay: Fifty or seventy microliters of whole tissue lysates of either liver and or adipose tissue respectively, were assayed in buffer containing 5μl sodium acetate, pH 6.0 with (+) or without (-) 5μl α-amyloglucosidase (10μg*μl-1). Samples were incubated for 20 minutes at 50ºC, and centrifuged at 14,000g for 2 minutes. and Then, 30μl samples in triplicate were transferred  to a 96-well microplate in triplicate and mixed with 270μl of PGO (glucose oxidase/peroxidise) enzymatic colour reaction buffer (Sigma, Saint Louis, Missouri, USA) containing 5mg/mL o-dianidisidine dihydrochloride. Samples absorbance was plotted against standard glucose concentration curve and fitted in by a linear equation. Then, light absorbance was measured at 450 nm wave length using the xMarkTM microplate absorbance spectrophotometer (Bio-rad Inc, USA).  Glycogen concentration was determined by subtracting values of negative assays thats, representing bound glucose, to from positive assays that represent ed free-glucose. Glycogen concentration was then normalized to protein concentration of the sample and expressed as micrograms (μg) of glycogen per microgram (mg) of protein in a sample.	Comment by eva apweiler: Why symbols?	Comment by eva apweiler: Check if ug or mg!
[bookmark: _Toc342987193]Glycogen Synthase activity: Adipose tissue glycogen synthase activity were was assayed as previously described previously (20-22). The assay measures the incorporation of radioactive glucose (UDP-[14C]- glucose) into glycogen in the absence (dephosphorylated form of the enzyme, I activity,) or presence (phosphorylated form of the enzyme, T activity,) of the allosteric activator, glucose- 6- phosphate (G6P). Briefly, 100mg tissue sample was homogenized in 1 ml homogenization buffer (10mM Tris-HCl, pH 7.0; 150 mM KF; 15mM EDTA; 15mM 2-mercaptoethanol; 0.6 M sucrose, and protease inhibitor cocktail tablet, Roche). Homogenates were then centrifuged at 13000 g for 15 min at 4 °C., and s Supernatant and pellets were mixed and transferred to pre-chilled microtubes. 20µl of whole lysate is was mixed with 40uL of reaction buffer (50mM Tris-HCl, pH 7,8, 25mM KF, 20mM EDTA) containing 10 mg*ml-1 glycogen (Sigma, previously dephosphorylated by chromatography), 6,7 mM UDP-[14C]- glucose (2000 cpm*µl-1 in the I assay and 1000 cpm*μl-1 in the T assay) in the presence (T-buffer) or absence (I-buffer) of G6P (10,8mM pH 7,4). The reaction is was incubated for 10 min at 30ºC with constant agitation. Then the reaction wasis stopped in on ice.  and 50uL of the reaction mix wasis quickly rapidly transferred to a small piece of Whatman paper (~2,5cm2, 31 ET CHR, 3031-915) and put placed into 80% ethanol at (-20ºC) for 10 minutes, in order to precipitate glycogen. The pieces of paper were washed for ten minutes in the cold ethanol. Then, the pieces ofWhatman paper are was washed twice for 15 min at room temperature and left to dry. The Pprecipitated glycogen in on the dried Whatman papers is was counted quantified usingin a liquid scintillation counter. GS activity was corrected by for protein concentration and expressed as cpm*mg-1protein*min-1. Calculations were performed by subtracting blank values and correcting GS activity per for protein concentration in the sample and then expressed as cpm*mg-1protein*min-1. 	Comment by eva apweiler: Proper symbol	Comment by eva apweiler: In what?	Comment by eva apweiler: Isnt this saying the same as the previous sentence?	Comment by eva apweiler: Not sure if this is correct
Glycogen Phosphorylase activity: GP activity was determined as described by Vaughan et al (22). Briefly, 10µl of whole tissue lysate was added into the reaction buffer (50mM sodium, glycerol-phosphate, pH 7.1, 10mM potassium phosphate, 5mM MgCl2, 0.5mM NAD+, 1mM DTT, 1.6 units phosphoglucomutase, 1.6 units G-6-P dehydrogenase, and 0.2% glycogen) in a total volume of 300µl and assayed at 25ºC,. The reaction was monitored every 2 minutes for one hour by measuring the increase of fluorescence (excitation 350 nm, emission 470 nm) using the Fluorskan Ascent fluorescence spectrophotometer (Thermo Electron corp.) for NADH generation. Monitoring of fluorescence was conducted every 2 minutes in a lapse of one hour. The results were plotted into on a fluorescence vs time graph. The slope of the curve representing the reaction velocity was calculated by a linear equation and corrected by for protein concentration and time. Results were expressed as AU*mg protein-1*min-1.	Comment by eva apweiler: Doesnt make sense in the context: reaction was monitored by measuring the increase of fluorescence … for NADH generation
[bookmark: OLE_LINK2][bookmark: _Toc342987196]cAMP-dependent protein kinase A (PKA): Protein extracts were subjected toassessed using a commercially available PKA activity assay, the Profluor® PKA assay (Promega, WI, USA), according to manufacturer’s indications.
Immunoblotting: The sameEqual protein concentrations (30 μg) were loaded into 4-20% Criterion TGX stain-free pre-cast gel (Biorad, Inc) and resolved by electrophoresis. Proteins were then transferred to 0.2 μm midi format PVDF membranes, blocked in 1X TRIS-buffered saline with 0.05% (v/v) Tween-20 (TBST) containing 5% non-fat skim milk and incubated overnight in with the correspondenting anti-total or anti-phospho protein antibody (1:1000 in TBS + 0.01% Tween-20). Then, the mMembranes were washed 3 times for 5 min 3 times in TBST and incubated 1 h at room temperature in goat anti rabbit IgG conjugated HRP antibody (1:5000 in TBST). Proteins were visualized and quantified using enhanced chemiluminiscence in the a ChemiDoc MP system and analysed using the Image Lab 4.0 software (Bio Rad, Inc).	Comment by eva apweiler: What concentration?
Antibodies: The following polyclonal antibodies were used as indicated: rabbit anti glycogen Phosphorylase (GP) total and phosphorylated (ser-14) protein  as previously described (23; 24); phospho-(Ser 8) and total rabbit anti-GS (25); phospho-(Ser 133) and total rabbit anti-CREB antibodies  (Cell Signalling Technology, Inc), goat anti rabbit IgG- conjugated horse-radish peroxidase (HRP) antibody (Sigma, Saint Louis, Missouri, USA); rabbit anti-GAPDH antibody (Santa Cruz Biotechnology, Inc). GAPDH was used as a loading control as previously described (26; 27).
Statistical analysis: Data is presented as combined male and female groups unless indicated. All results were are expressed as mean + SEM. Level of significance was set as p < 0.05 with a 95% confidence interval. In order to determine Tthe effect of food feeding status, i.e. fed or vs fasted, on variables in of both lean and obese phenotypes (lean and obese) was assessed using , a 2-way ANOVA with multiple comparisons, and the a Bonferroni post-hoc test.  All analyses were performed using GraphPad Prism 7.0 software (GraphPad Software, Inc). 
RESULTS
[bookmark: _Hlk517325691]Obesity is characterized by hyperinsulinemia, hyperglycaemia, and impaired fasting-induced lipolysis. At the time of the dissections, there was no difference in age between obese and lean animals. All the procedures and analyses were conducted in both male and female animals equally. Gender difference data is presented in supplementary results and figures. Data from body mass reflected that theThe 12-week old obese Zucker weighted awere 36% more heavier than lean rats (409 + +8 and vs 255 + +13 g respectively; p < 0.0001) (Ffigure 1-A). Both fed and fasted Grouped lean animals hashowed a stable blood glucose level despite the 24h fast (7.4 + +0.6 to vs 4.8 + +0.1 mmol*l-1*, fed and fasted, respectively; ; p>0.05), whereas this level was significantly reduced in obese rats animals (17.8 + +1.7 to vs 8.1 + +1.2 mmol*l-1; p < 0.001). In the fed state, Oobese rats had a 2.4-fold higher blood glucose glucose level than lean  rats. at fed state, with nNo significant difference between glucose levels of fasted obese fastratsing glucose level andvs fed glucose of lean lean animals fed ad libitum (8.1 + +1.2 and vs 7.4 + 0.6 mmol*l-1, obese fasted versus lean fed; p > 0.05) was detected. However, the glucose levels of fasted obese rats, although the obese fasting glucose was stillremained higher than the lean group level (8.1 + +1.2 and vs 4.8 + +0.1 mmol*l-1, respectively; p = 0.0071) (fig Figure 1-B). Similarly, plasma insulin levels was were reduced to a minimal value after 24-h fasting in fasted leand fasted rats (73 + 8.3 to 8.2 + +2 ρmol*l-1; p < 0.0001) (fig Figure 1-C), whereas obese animals had displayed 3 to 4-fold increased higher plasma insulin in both the fed (246.4 + +9 ρmol*l-1; p<0.0001) and fasted state s (212.4 +2 28 ρmol*l-1; p < 0.0001). The, this difference between the fed and fasted state in obese animals beingwas statistically significant between the food states (Figure fig 1-C).	Comment by eva apweiler: Data represented according to gender CHECK	Comment by eva apweiler: How do you know its stable if only 1 reading was taken?	Comment by eva apweiler: Increased ¿!	Comment by eva apweiler: P-val?	Comment by eva apweiler: Not sure what is meant – all (fed+fasted) lean rats or just fasted? 4.8mmol/l seems to refer to just the fasted lean rats, right?
There were no significant differences in plasma glycerol levels between fed vs fasted lean fed and fasted rats (55.7 + +4.5 and vs 63.2 + +5.1 μmol*l-1; p < 0.0001) (fig Figure 1-D). However, circulating NEFA levels after the 24 h fast tended to be lower and a trend toward increase in fed lean vs fasted lean animals circulating NEFA levels at the end of 24h fasting (43.2 + +2.3 vs 82 + +6.1 μmol*l-1, lean fed vs lean fasted; p = 0.07, Figure fig 1-E). Circulating plasma glycerol and NEFA concentration levels were increased up to 8-fold higher in the fed obese fed groupvs compared to fed leand fed rats (55.7 7++ 4.5 vs 470 0++ 53, and 43.2 2++ 2.3 vs 286 + +37 μmol*l-1, lean fed vs obese fed glycerol and NEFA respectively; p < 0.0001). In the obese group, Ffasted obese animals had lower ing significantly reduced these plasma glycerol and NEFA levels than fasted lean animals (63.2 2++ 5.1 vs 286 + +37, and 82 + +6.1 vs 186 6++ 28 μmol*l-1, lean fasted vs obese fasted, respectively; p < 0.0001) (Figures fig 1-D and E). The NEFA/glycerol ratio, o, a parameter to evaluate NEFA recycling, was increased in fasted vs fed lean rats fasted andbut remained unchanged unaffected in fasted vs fed obese fasted rats (Figure figure 1-F).  	Comment by eva apweiler: p-value for both comparisons? Unclear	Comment by eva apweiler: p-value for both comparisons? Unclear
	Comment by eva apweiler: p value? And values?
[bookmark: OLE_LINK1]Fasting-induced glycogen degradation is impaired in the liver and adipose tissues of Zucker obese rats. Although gender differences were found in for some metabolic parameters (see supplementary results), such differences were not found in for glycogen metabolism variables. Thus, the foregoing results are based on the were combined male and female data. The Hhepatic glycogen content of fasted lean rats was almost completely depleted after 24h fasting in leancompared to  fed leanrats (4.6+0.4 to 0.1 + +0.03 vs 4.6 + 0.4 µg*mg-1protein, p = 0.0001) (Figure fig 2-A). The hepatic glycogen content of fasted obese rats was reduced vs fed obese rats (6.5 + 0.7 vs 10.2 + 1 µg*mg-1protein, p = 0.0014), which had double the glycogen content of their fed lean counterparts. These effectsGlycogen content in the liver doubled in obese rats and was significantly reduced following fasting (10.2+1 to 6.5+0.7 µg*mg-1protein, p=0.0014), with  werea more pronounced effect in females (Ssupplementary Figure fig 2-A). Similar patterns were observed with Aadipose tissue glycogen content was similarly affected (Figure figure 2-B). Following fasting, glycogen content was significantly reduced in Fasted lean animals had reduced adipose tissue glycogen content compared to fed lean animals (0.8 + 0.2 vs 3.9 + +0.7 and 0.8+0.2 µg*mg-1protein, lean fed and fasted, respectively; p = 0.004), whereas in obese rats, this content remained unchanged (5.0 + 0.5 vs 5.2 + +0.8 and 5.0+0.5 µg*mg-1protein, fed obese fed andvs fasted, obese respectively, p = non-significant (ns)) (Figure fig 2-B).	Comment by eva apweiler: consistency	Comment by eva apweiler: Raises the question of the preceeding data – was that also combined? Were there sex differences?	Comment by eva apweiler: Unsure what is meant. “The following results” maybe?	Comment by eva apweiler: Decimal place for consistency?
Adipose glycogen-metabolizing enzymes activity is altered in obese Zucker rats 
The activity of glycogen-metabolizing enzymes was assessed In an attempt tto identifyied a possible mechanism involved in the impaired fasting-induced adipose tissue glycogen mobilization in the fasted state in obese ratsof glycogen in the adipose tissue, the activity of glycogen-metabolizing enzymes was analysed. GS activity was measured in the absence (I) or presence (T) of its allosteric activator glucose-6- phosphate (G6P). Fasted lIn lean rats exhibited , fasting was characterized by decreasedreduced T and I GS activities than their fed lean counterparts  (8.8 + 0.9from vs 16.2 + +1.6 to 8.8+0.9cpm*µg protein-1*min-1 GS-T, and 6.3 + 0.4 vs 8.6 + +0.5 to 6.3+0.4cpm*µg protein-1*min-1 GS-I; p < 0.005),.  whereas in obese rats, GS activity was increased in obese rats compared to lean fasted (9.6 + +0.5 fed and 10.2 + +0.3 cpm*µg protein-1*min-1; p<0.005) (Figure fig 3-A-B).  	Comment by eva apweiler: Correct?	Comment by eva apweiler: Not very intuitive abbreviations; + and – or A and P would make more sense/easier to understand	Comment by eva apweiler: Correct?	Comment by eva apweiler: Unsure what is meant. 

To confirm these findings in GS activity, the GS phosphorylation state was analyzed assessed by immunoblotting. The p-GS(Ser8)/total-GS ratio was significantly increased following fasting in Fasted lean rats exhibited an increased p-GS(Ser8)/total-GS ratio compared to their fed lean counterparts (p < 0.005). In contrast, feeding status did not affect the p-GS(Ser8)/total-GS ratio of obese rats . Such increase was not observed in obese fasted animals (Figure fig 3-C).
Next, the GP activation state was analysedassessed. In lean rats, GP activity in fasted lean rats doubled was almost double than in fed lean rats at the end of the fasting period (8.5 + 1.9 from vs 4.7 + +0.6 to 8.5+1.9 AU*min-1*µg protein-1; p < 0.05). This response was not observedabsent in obese fasted animals (4.1 + 0.4 vs 3.6+ + 0.3 and 4.1+0.4 AU*min-1*µg protein-1, fasted obese vs fed obeseobese fed and fasted, respectively; p = ns) (Figure fig 3-D). GP protein expression and phosphorylation state were also examined and nNot change in GP phosphorylation at Ser14 was observed. , althoughHowever, GP protein content was significantly reduced by both thein both fed and fasted obese state rats compared to their lean counterparts, and and in response to fasting in both obese and lean animals (Figure fig 3-E). To corroborate the effect of the obese state and fasting on GP protein levels, adipose tissue GLUT4 protein expression was analysedassessed. Adipose tissue GLUT4 protein content in fasted lean rats was reduced Fasting reduced GLUT4 expression to ato 45% of the levels observed in fed lean rats. Both fed and fasted obese rats had a , and the obese state markedly decreased adipose tissue GLUT4 protein content compared to their lean counterparts. GLUT4 protein expression in obese rats was not affected by feeding statusin the adipose tissue, although this effect was not affected by fasting (supplementary Supplementary Figure figure 3). 	Comment by eva apweiler: For which groups?	Comment by eva apweiler: p-value?	Comment by eva apweiler: True? And p-value?	Comment by eva apweiler: Figure gives impression that difference between fed vs fasted was insignificant for both lean and obese groups	Comment by eva apweiler: p-value?
Impaired fasting-induced activation of upstream kinase PKA	Comment by eva apweiler: Sounds weird, I’d take it out	Comment by eva apweiler: Which tissue?
PKA activity was ~ 2-fold markedly increased ~ 2-fold in fasted lean fasted rats vs  fed lean rats (from 32.1 + 2.2 vs 17.4 + +1.4 to 32.1+ 2.2 unit*mg-1 protein, lean fed and fasted, respectively; p < 0.0001). PKA activity of obese rats was unaffected by This feeding status increased activity was not observed in the obese (Figure fig.4-A). Furthermore, PKA activity was reduced in fasted obese rats compared to their fasted lean littermates (23.6 + 2.4 and 32.1 + 2.2 units*mg-1protein, respectively; p = 0.009).significantly less activated during fasting in obese rats when compared with their lean fasted littermates (23.6+2.4 and 32.1 + 2.2 units*mg-1protein, respectively; p = 0.009).  Downstream PKA-mediated activation of CREB was confirmed by immunoblotting. CREB phosphorylation at serine 133 mirrored PKA activity. and CREB-Ser13 phosphorylation was increased 2.6-fold in fasted lean fasted rats vs fed lean rats (Figure fig 4-B). Conversely, in the obese group the phosphorylation ratio was significantly increased at fed state in comparison with lean fed littermates (p<0.0001),In contrast, with  feeding status did not affect CREB-Ser13 phosphorylation state in obese animals. However, the CREB-Ser13 phosphorylation state of fed obese animals was increased vs fed lean animals (p < 0.0001).   no significant changes in the obese fasted state compared with lean fasted and obese fed animals.	Comment by eva apweiler: Do you mean: PKA-dependent activation of CREB was determined by assessing the CREB-Ser13 phosphorylation state by immunoblotting.  	Comment by eva apweiler: I think this is unneccssary
Discussion
Obese Zucker rats suffer from hyperphagia and insulin resistance in their liver, skeletal muscle and adipose tissues (30; 31). In this study, The obese 12-week old Zucker fatty rats used in this study had normal fasting blood glucose levels but were insulin resistant as demonstrated indicated by hyperinsulinemia and hyperlipidemia, with normal fasting blood glucose levels, as previously reported (28; 29). The higher plasma insulin levels has have been related linked to a compensatory insulin over-secretion by pancreatic β-cells in response to constant hyperglycaemia.  due to the hyperphagia exhibit by Zucker obese rats, and a state of insulin resistance in liver, skeletal muscle and adipose tissue (30; 31). 	Comment by eva apweiler: Repitition – 2ns paragraph is clearer and seems more relevant	Comment by eva apweiler:  repetitive and unclear. Relevance also unclear. 
.
In the present study, although both male and female obese rats exhibited blood glucose levels within the normal range following the 24h fastobese rats, both male and females, blood glucose at the end of the 24h fasting period was observed within the normal range, this came at the expenses of a 20-fold increase in plasma insulin concentrationlevels. The  Ggender-related metabolic differences found in thisthe present  study are consistent with previous findings, and have been extensively characterized elsewhere (32-34). Elevated plasma levels of lipolytic products NEFA and glycerol were also observed, which is Iin line with previous reports, elevated plasma levels of the lipolytic products NEFA and glycerol were observed (31; 35). Elevated NEFA levels has have been described suggested to increasinge the hepatic gluconeogenic flux, whilst in the liver and impairing theing insulin-mediated inhibition of endogenous glucose production (36). This is likely to , and therefore contributinge to the fasting hyperglycemia observed in fasted Zucker rats. During fasting, insulin withdrawal elicited catecholamine-stimulated lipolysis to be stimulated by catecholamines. In lean rats, Ccirculating NEFA levels, mainly derived from adipose tissue lipolysis, doubled during after fasting in lean rats, mainly derived from lipolytic activation in adipose tissue. In contrast, feeding status did not affect no differences were found between fed and fasted plasma glycerol levels in lean rats, indicative of. The latter could be due to the liver utilizing glycerol being as a gluconeogenic precursor or to synthesize lipoproteins, particularly VLDLtaken up and re-utilized in the liver as gluconeogenic precursor or to synthesize lipoproteins, particularly VLDL (37).  Both, NEFA and glycerol plasma levels were elevated by several-fold in fed as well as fasted obese rats regardless of feeding status. Zucker et al., described the NEFA/free glycerol ratio as a measure of NEFA re-esterification in relation to glycerol release. , and thatThey found this ratio to be diminished in obese “fatty” Zucker rats,  had a reduced ratio which has been interpreted as more increased NEFA being re-esterificationed back to TAG, yielding thusa reducinged NEFA release from the adipose tissue (31). In this regardThis is consistent with, our results, as in the fasted obese animals showed had a fasting NEFA/free glycerol ratio of 0.7 as opposed to 1.5 displayed by fasted lean animals compared with. This  1.5 in the lean fasted group, which representsindicates a reduced less NEFA release from the adipose tissue during fasting. An impaired catecholamine-induced lipolytic response has been characterized as an early feature in obesity (38; 39), mainly due toas a consequence of β-adrenergic desensitization and decreased β-adrenergic receptors expression of β-adrenergic receptors (40; 41). This blunted fasting-induced lipolytic effect could be explained bya result of the maintenance of higherelevated fasteding plasma insulin levels in of obese Zucker rats. Recently, Izumida et al., described that during fasting the activation of adipose tissue lipolysis was blunted by the impaired mobilization of hepatic glycogen, and proposed a liver-brain-adipose axis where impaired mobilization of hepatic glycogen during fasting blunted activation of lipolysis in the adipose tissue (42). The findings of increased hepatic glycogen and impaired fasting-induced fat mobilization are in line with a potential blunted lipolytic response in the adipose tissue. 	Comment by eva apweiler: consistency	Comment by eva apweiler: Consisitency – either obese or Zucker rats	Comment by eva apweiler: Not best Word, its not controlled exogenously. “lower insulin levels” would be more adequate	Comment by eva apweiler: Relevance?	Comment by eva apweiler: For which group?	Comment by eva apweiler: consistency	Comment by eva apweiler: repetition
Lipolysis occurs in parallel with glycogen degradation in the adipose tissue (13). Thus, the observed impaired fasting-induced adipose tissue glycogen breakdown may also interfere with lipid mobilization. This led us to examine the potential mechanisms by which obesity alters affects glycogen metabolism in the adipose tissue of the Zucker rats. Glycogen metabolism is under hormonal regulation during the fed to fasting transition. During In the fed statefeeding, high blood glucose and plasma insulin levels command stimulate glycogen synthesis. Conversely, glycogen degradation during in the fasting ed state requires the sequential inactivation of GS and activation of GP, which are both actions orchestrated by catecholamines and PKA, the activation of the downstream kinase PKA. In addition, reduced glucose availability may prevent limit G-6-P allosteric activation of GS. Glucose-6-phosphateG6P binds GS and induces a conformational changes that facilitate dephosphorylation-mediated GS activation and binding to the glycogen particle (6). Indeed, our results showed indicate that G-6-P-dependent GS-T activity was to be significantly reduced at the end of the 24h fasting period in fasted lean rats. In parallel, GS-I activity, which is independent of G-6-P but highly sensitive to the phosphate load, was also reduced. The GS deactivation during in response to fasting is a a hierarchical phosphorylation-dependent process exerted in a hierarchical manner, so thatin which the addition of one phosphate group by a the first kinase enables facilitates the incorporation of subsequent groups later on by the action of other upstream kinases (6).  Glycogen synthaseGS has several phosphorylation sites, each with a higher affinity to  of them with preferable interaction with specific upstream kinases (6). Beta-adrenergic activation led to increases GS phosphorylation on multiple sites, decreasing its activity ratio (12). This phosphorylation is mediated by PKA, which  that phosphorylates GS on sites 1a, 1b and 2 increasing GS phosphate loadand therefore thereby reducesing its activity ratio (25). Immunoblot analysis showed revealed an increased GS phosphorylation ratio following fasting in fasted lean rats. 	Comment by eva apweiler: mobilisation?/braekdown?	Comment by eva apweiler: Mobilisation/breakdown?	Comment by eva apweiler: Via?	Comment by eva apweiler: Repetition, maybe delete second sentence and just leae the ref?	Comment by eva apweiler: Upsteram of what?	Comment by eva apweiler: Confusing, better left out	Comment by eva apweiler: confusing	Comment by eva apweiler: Consistency, before just beta symbol	Comment by eva apweiler: Not sure what is meant – just activity?	Comment by eva apweiler: Relevance? Don’t mention it later…	Comment by eva apweiler: Repetition - 
In contrast, in fasted obese, insulin resistant Zucker rats, both GS-T and -I activities remained elevated during fasting, thus preserving maintaining glycogen synthesis. The lack ofimpaired inactivation of GS-T during in response to fasting may has been related linked to the elevated a relatively higher circulating glucose levels of obese rats compared to fasted lean fasted rats. In this sense, previous studies reported 3-5-fold increases in basal glucose uptake in adult Zucker obese rats in association with elevated GLUT1 expression (43). In the presence of a more active GS-T form, inactivation of GS-I is less attainable Dduring fasting, the presence of a more active GS-T form makes the inactivation of GS-I is less feasible. The Ssustained activation of GS-I form was alsomay have been facilitated by a the reduced phosphorylation state observed in fasted obese fasted rats. Taken together, theThis suggests the combination of the impaired lack of phosphorylation-mediated GS inactivation and an the increased fasting glycaemia, would to favors re-direction of glucose towards glycogenesis. This in turn could, sustain GS activation during fasting by providing both UDP-glucose and glucose-6-phosphateG6P, and thus preserving the activation of GS during fasting. Ceperuelo-Mallafré et al., and others (8) described a reduction in GS phosphorylation coupled to increased glycogen content in human adipocytes overexpressing PTG (19)., agreeing with previous analyses (8). Most importantly, the same study adipose tissue biopsies from obese subjects following an overnight fast revealed showed a 2-fold increase in adipose glycogen content in associatin combinationion to with an elevated total GS protein content in adipose tissue biopsies from obese subjects following an overnight fast (19). Interestingly, protein expression of glycogen branching enzyme and protein phosphatase 1R3E, the most abundant PPT isoform in human adipose tissue, was markedly reduced., s This indicatesuggesting that in obesity, accretion of adipose tissue glycogen in obesity is accrued in related to a less branched glycogen structureform, and that during fasting the reduced impaired de-phosphorylation mediated activation of GS , which may hinder blunt glycogen degradation breakdown during fasting (19). Unfortunately, the authors did not analyze the phosphorylation state of GS or GP, thus impaired glycogen degradation cannot be ruled out.	Comment by eva apweiler: consistency	Comment by eva apweiler: combine the two sentences? Like this its unclear what the point is	Comment by eva apweiler: ref?	Comment by eva apweiler: blood/plasma?	Comment by eva apweiler: consistency	Comment by eva apweiler:  relevance of this in relation to this study is unclear
On the other handIn contrast, fasted lean animals showed an increased GP activity and mobilized their adipose tissue mobilization of glycogen storescontent in fasted lean animals occurred in association with increased GP activity. At After thethe end of the 24-h fasting period, glycogen concentration was reduced to a 20% of that of , compared with fed glycogen content in thefed lean rats. This,  is similar to previous studies reports, which describeding glycogen content to decreases ranging betweenfrom 25 to 52% (14; 17; 44). However, immunoblotting analysis failed to show GP phosphorylation. This could be the result of the degree of GP activation diminishing alongside glycogen concentration Considering that adipose glycogen was indeed mobilized during fasting, most likely, GP was activated earlier during the fasting period, but the degree of its activation dropped along with glycogen concentration, as it has been previously suggested (15). In obese rats, GP activation was absent. Both, glucose and insulin, have been reported to decrease GP activity mainly through phosphatase-induced dephosphorylation (15; 22). Zhang et al., reported glucose and insulin-mediated post-translational acetylation of GP at lysine-470 to negatively influenceing GP activity by increasing the GP-protein phosphatase interaction to , thereby promoteing GP dephosphorylation and inactivation (45). Thus, the observed hyperglycemic and a hyperinsulinemic state of obese animals observed coupled to hyperinsulinemia in the present study may have contributed to the lack ofimpaired GP activation. In addition, GP protein expression was repressed in obesitye animals repressed GP protein expression (Figurefig 3-E). In a context of less GP protein content, any activation would be significantly attenuated. A similar effect was observed in for GLUT4 protein expression, which expression was markedly reduced in response to fasting and inby both the fasted and  obese statesanimals. This, finding is in lineconsistent with the widely reported downregulated adipose GLUT4 expression in obesity and insulin resistant states (46-49).  	Comment by eva apweiler: Not sure what is meant
The finding of an impaired reduced phosphorylation state of glycogen-metabolizing enzymes led us to interrogate the activity of the upstream kinase PKA. PKA activity was increased 2-fold by in fasting infasted vs fed lean animals. However, whilst in obese animals such this responseeffect was not observed. Blunted PKA activation has been described relatedlinked to chronic hyperinsulinemia, a high fat diet, and the accumulation of lipid oxidation intermediate metabolites (50-53). Furthermore, phosphorylation of the transcription factor CREB at Ser133, a single phosphorylation motif targeted by PKA, mirrored changes in PKA activity in the Zucker rats. CREB phosphorylation was increased 3-fold by fasting in thefasted vs fed lean groupanimals. This effect is in agreements with previous findings showing in mice, where a 3-fold increase in phospho-CREB in mice following an overnight fast, associated to elevated cAMP signalling throughand increased PKA signaling were observed  following an overnight fast (49). Interestingly, fed obese rats showed, a similar increment increase in phospho-CREB levels was found in obese fed rats when compared withas fasted lean fasted rats, which impliesindicating basal activation of this transcription factor. Insulin has been shown to increase basal CREB phosphorylation CREB in adipocytes throughby  activatingon of mitogen-activated protein kinase-kinase (MKK1). MKK1  that phosphorylates and activates ERK1/ERK2 and p38 MAP-kinases, which in turn phosphorylateleading to CREB Ser-133 phosphorylation on CREB (54-56) , and inactivateion of protein phosphatase 2A (57). However, fasting-induced CREB activation in fasted obese rats was reduced despite hyperinsulinemia, which responds tosuggesting the blunted PKA activation to be blunted during fasting in fasted obese animals. These results confirmed support the hypothesis that in rats, obesity imposes an impairs adipose tissue glycogen metabolism ined fasting-induced response on to fastingadipose glycogen metabolism in Zucker obese rats. This effect was relatedmay be mediated by to  a a reducedlower PKA activity, which that led to blunted reduces GPphosphorylation-mediated activation as well as GS of GP and inactivation of GS and to ultimately impaired fasting-induced adipose glycogen mobilization in response to fasting. 	Comment by eva apweiler: Upstream of what? May be “regulating” would be a better term?	Comment by eva apweiler: consistency	Comment by eva apweiler: repettive. Maybe just “. CREB phosphorylation was increased 3-fold in fasted vs fed lean animals as previsouly reported by others in mice” ? 	Comment by eva apweiler: full name?	Comment by eva apweiler: repeition of previous sentence
[bookmark: _GoBack]Conclusion: The obese Zucker obese “fatty” rat is a widely used model for theto study of defects associated with obesity. The Mmain findings outcome of in the present study showed was the impaired glycogen mobilization in andparallel with reduced PKA activity following a 24h fasting in obese rats. The reduced PKA activation state in response to fasting Blunted fasting-induced PKA activation was linked with dysregulatedaffects the phosphorylation states of glycogen-metabolizing enzymes, showing thereby impairinged GS de-activation of GS and GP reduced activation of GP. In addition, GP protein expression the obese statewas reduced GP protein expressionin obese animals. Ectopic glycogen accumulation has been recently referred to as a relevant obesity-related feature in humans, which that is associates associated with impaired autophagy, inflammation and adipokine secretion (19; 58). Furthermore, adipose tissue glycogen has to be taken into is consideration consideredas an important contributor to fat mass, highlighting the potential of adipose tissue to store carbohydrate (8; 59). It is worth notingNotably, that whilst adipose tissue glycogen is increasedaccumulated,  in association with reduced NEFA mobilization is reduced during fasting in obese animals,. This indicates thus reflectingan altered substrate handling in a context of a blunted fasting response overdriven by hyperinsulinemia. This study provides new molecular insights into the interaction between carbohydrate and lipid metabolism as well as overlapping hormonal mechanisms recruited in the transition from the fed to fasted state.	Comment by eva apweiler: consistency	Comment by eva apweiler: Inactivation or deactivation? Consistency	Comment by eva apweiler: Not sure what is meant – glycogen=fat?	Comment by eva apweiler: As a result?	Comment by eva apweiler: Not sure what is meant.

Side note: hormone levels weren’t measured, right?
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