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Abstract 27 

       Previous studies demonstrated that acute exercise can enhance glucose uptake (GU), γ3-28 

AMPK activity, and Akt Substrate of 160 kDa (AS160) phosphorylation in skeletal muscles from 29 

low fat diet (LFD) and high fat diet (HFD) fed male rats. Because little is known about exercise-30 

effects on these outcomes in females, we assessed postexercise GU by muscles incubated 31 

±insulin, delta-insulin GU (GU of muscles incubated with insulin minus GU uptake of paired 32 

muscles incubated without insulin), and muscle signaling proteins from female rats fed a LFD or 33 

brief-HFD (2wk). Rats were sedentary (LFD-SED, HFD-SED) or swim-exercised. Immediately 34 

postexercise (IPEX) or 3h postexercise (3hPEX), epitrochlearis muscles were incubated (no 35 

insulin IPEX; ±insulin 3hPEX) to determine GU. Muscle γ3-AMPK activity (IPEX, 3hPEX) and 36 

phosphorylated AS160 (pAS160; 3hPEX) were also assessed. γ3-AMPK activity and insulin-37 

independent GU of IPEX-rats exceeded sedentary-rats without diet-related differences in either 38 

outcome. At 3hPEX, both GU by insulin-stimulated muscles and delta-insulin GU exceeded their 39 

respective diet-matched sedentary controls. GU by insulin-stimulated muscles, but not delta-40 

insulin GU for LFD-3hPEX exceeded HFD-3hPEX. LFD-3hPEX versus LFD-SED had greater 41 

γ3-AMPK activity and greater pAS160. HFD-3hPEX exceeded HFD-SED for pAS160, but not for 42 

γ3-AMPK activity. pAS160 and γ3-AMPK at 3hPEX did not differ between diet-groups. These 43 

results revealed that increased γ3-AMPK activity at 3hPEX was not essential for greater GU in 44 

insulin-stimulated muscle or greater delta-insulin GU in HFD-female rats. Similarly elevated γ3-45 

AMPK activity in LFD-IPEX versus HFD-IPEX and pAS160 in LFD-3hPEX versus HFD-3hPEX 46 

may contribute to the comparable, delta-insulin GU at 3hPEX in both diet groups. 47 

Key words: acute exercise; glucose uptake; insulin resistance; TBC1D4; AMP-activated protein 48 

kinase. 49 

New & Noteworthy:  GU and pAS160 by insulin-stimulated muscles at 3hPEX exceeded diet-50 

matched controls in female LFD or HFD rats. GU with insulin for LFD-3hPEX exceeded HFD-51 

Downloaded from journals.physiology.org/journal/jappl at Copenhagen Univ Lib (130.226.229.016) on December 9, 2021.



3 
 

3hPEX, whereas pAS160 was similar between these groups. γ3-AMPK at IPEX was similarly 52 

elevated in LFD and HFD, but only LFD-3hPEX had increased γ3-AMPK. These results suggest 53 

greater γ3-AMPK at IPEX and pAS160 at 3hPEX may contribute to elevated GU with insulin, but 54 

greater γ3-AMPK at 3hPEX was dispensable for female HFD-rats. 55 

 56 

 57 

  58 
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Introduction 59 

        It is well-documented that a single exercise session can result in subsequently elevated 60 

insulin-stimulated glucose uptake by skeletal muscle from healthy humans and rodents (1-8). 61 

The vast majority of this research has been on males, but a few studies have also reported 62 

elevated insulin sensitivity after acute exercise by healthy female humans and rodents (9-11). It 63 

has also been demonstrated that one exercise session can enhance insulin-stimulated glucose 64 

uptake by skeletal muscle from insulin resistant, male humans and rodents (12-16). Published 65 

information is extremely limited about the effects of acute exercise on insulin-stimulated glucose 66 

uptake by skeletal muscle from insulin resistant females. 67 

        Insulin resistance was detectable after only one to three weeks of a high fat diet (HFD) by 68 

male mice, before major increases in body mass or body fat, and muscle insulin resistance did 69 

not deteriorate further when the HFD was continued for 16 weeks (17). Kraegen et al. (18) 70 

reported that 3 weeks of HFD resulted in insulin resistance in the soleus, red gastrocnemius, 71 

and white gastrocnemius (WG), but not the extensor digitorum longus (EDL) of male rats. 72 

Insulin resistance has also been reported in the epitrochlearis of male rats eating a HFD for 2 73 

weeks (16, 19). The fiber type profile is quite similar for the WG, EDL, and epitrochlearis of rats 74 

(20), so the differing results for the EDL are not attributable to fiber type. Castorena et al. (12) 75 

studied the effects of acute exercise on insulin-stimulated glucose uptake by skeletal muscle 76 

from male rats after either a low fat diet (LFD) or HFD (2 weeks) to assess the ability of exercise 77 

to oppose insulin resistance with a brief HFD. Insulin-stimulated glucose uptake by skeletal 78 

muscle from both LFD and HFD rats was elevated postexercise compared to diet-matched, 79 

sedentary controls. Furthermore, insulin-stimulated glucose uptake after exercise was greater in 80 

muscles from the LFD versus the HFD male rats. Subsequent studies in male rats assessed 81 

exercise effects on glucose uptake and changes in potential regulatory processes in skeletal 82 

muscle with the same two week HFD protocol (16, 21, 22). In the context of these foundational 83 

studies focused exclusively on male rats, we used the same two week HFD protocol in female 84 
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rats in the current study. The first aim of the current study was to determine the effects of one 85 

exercise session on subsequent insulin-stimulated glucose uptake by skeletal muscles from 86 

female LFD and HFD rats. We hypothesized that the insulin-stimulated glucose uptake would be 87 

greatest for the postexercise LFD group, and that the postexercise HFD values would exceed 88 

the values for the sedentary HFD group. 89 

        It has been widely reported that the improved insulin sensitivity after acute exercise can 90 

occur without elevation in proximal insulin signaling events, including Akt phosphorylation (6, 7, 91 

12, 23, 24). Phosphorylation of the Rab-GTPase activating protein known as Akt substrate of 92 

160 kDa (also called AS160 or TBC1D4) is important for insulin-stimulated glucose uptake (25-93 

28). A number of studies have found that prior exercise can result in elevated phosphorylation of 94 

AS160 in insulin-stimulated skeletal muscle (23, 24, 29-32). However, virtually all of the 95 

published research on insulin signaling after acute exercise has focused on skeletal muscles 96 

from male humans or rodents. Therefore, the second aim of the current study was to evaluate 97 

the influence of acute exercise on the phosphorylation of Akt and AS160 in skeletal muscles 98 

from female LFD and HFD rats. We hypothesized that insulin-stimulated Akt phosphorylation 99 

would not differ among the groups, and that insulin-stimulated AS160 phosphorylation would be 100 

greatest for the postexercise LFD group, with the values for the postexercise HFD group greater 101 

than the values for sedentary HFD group. 102 

        AMP-activated protein kinase (AMPK), a heterotrimeric protein that includes a catalytic 103 

subunit (α1 or α2 isoform) and two regulatory subunits (β1 or β2 isoform; and γ1, γ2, or γ3 104 

isoform), has been implicated in the regulation of muscle glucose uptake after exercise (33). 105 

The γ3 regulatory isoform is selectively expressed in skeletal muscle, and γ3-AMPK activity has 106 

been reported to be elevated both immediately postexercise (IPEX) and several hours after 107 

exercise that leads to enhanced insulin-stimulated glucose uptake in male LFD and HFD rats 108 

(16, 24). Furthermore, prior treatment of skeletal muscle with the AMPK-activator AICAR leads 109 

to subsequently enhanced insulin-stimulated glucose uptake by skeletal muscle from wild-type 110 
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mice, but not γ3-null mice (34). In addition, prior electrically stimulated muscle contractions 111 

leads to elevation of both γ3-AMPK activity and insulin-stimulated glucose uptake in mouse 112 

skeletal muscles 3 hours post-contraction (35). These observations support the idea that γ3-113 

AMPK may have a role in enhanced insulin sensitivity after various interventions, including 114 

muscle contractions, AICAR treatment, and exercise (36). The postexercise increase in γ3-115 

AMPK activity has not been assessed in skeletal muscle from female rats. Accordingly, the third 116 

aim of this study was to determine the effect of exercise (IPEX and 3hPEX) on γ3-AMPK in 117 

muscles from female LFD and HFD rats. We hypothesized that γ3-AMPK from the postexercise 118 

LFD rats would be greater than all other groups, and that the postexercise HFD values would be 119 

greater than both of the sedentary groups. 120 

 121 

Materials and Methods 122 

Materials  123 

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 124 

(Hanover Park, IL) unless otherwise noted. The reagents and apparatus for SDS-PAGE and 125 

nonfat dry milk (no. 170-6404) were from Bio-Rad (Hercules, CA). Pierce MemCode Reversible 126 

Protein Stain Kit (#24585), Bicinchoninic acid protein assay (#23225), Tissue Protein Extraction 127 

Reagent (TPER; # 78510) and Protein G magnetic beads (#10004D) and DynaMagTM-2 magnet 128 

(#12321D) were obtained from Thermo Fisher Scientific (Waltham, MA). Anti-phospho Akt 129 

Ser473 (pAktSer473; #9271), anti-phospho Akt Thr308 (pAktThr308; #13038), anti-Akt (#4691), anti-130 

phospho AS160 Thr642 (pAS160Thr642; #8881), anti-phospho AS160 Ser588 (pAS160Ser588; #8730), 131 

anti-phospho AMPKα Thr172 (pAMPKαThr172; #2531), anti-AMP-activated protein kinase-α 132 

(AMPKα; #5831), anti-acetyl CoA carboxylase (ACC; #3676), anti-phospho ACC Ser79 133 

(pACCSer79; #3661), anti-hexokinase II (HKII; #2867), and anti-rabbit IgG horseradish peroxidase 134 

conjugate (#7074) were from Cell Signaling Technology (Danvers, MA). Anti-phospho AS160 135 

Ser704 (pAS160Ser704) was custom-made by Capra Science (Angelholm, Sweden) and provided 136 
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by Dr. Jonas Thue Treebak (University of Copenhagen, Denmark). Anti-AMP-activated protein 137 

kinase γ3 (γ3-AMPK) was provided by Dr. David Thomson (Brigham Young University, USA) 138 

(37). Anti-Akt Substrate of 160 kDa (AS160; #ABS54), Anti-glucose transporter type 4 (GLUT4; 139 

#CBL243),  P81 Phosphocellulose Squares (#20-134) and enhanced chemiluminescence 140 

Luminata Forte Western HRP Substrate (#WBLUF0100) were from EMD Millipore (Billerica, 141 

MA). 2-Deoxy-D-[3H]-glucose ([3H]-2-DG) and [14C]-mannitol were from PerkinElmer (Boston, 142 

MA). [γ-33P]-ATP was purchased American Radiolabeled Chemicals, Inc. (St. Louis, MO). Liquid 143 

scintillation cocktail (#111195-CS) was obtained from Research Products International (Mount 144 

Prospect, IL).   145 

Table 1 provides the source, dilution, and validation for each of the antibodies used (24, 38-40). 146 

Animals Treatment 147 

Animal care procedures were approved by the University of Michigan Committee on Use 148 

and Care of Animals and performed in accordance with the guidelines from the Guide for the 149 

Care and Use of Laboratory Animals of the National Institutes of Health, USA. Female Wistar 150 

rats (8-9 weeks old when diet intervention was initiated) were individually housed on a 12:12 151 

hour light: dark cycle (lights out at 1800) and provided with standard rodent chow (LFD: 14% 152 

kcal fat, 57% kcal carbohydrate, and 29% kcal protein; Laboratory Diet no. 5L0D; LabDiet, St. 153 

Louis, MO) or high-fat chow (HFD: 60% kcal fat, 20% kcal carbohydrate, and 20% kcal protein; 154 

Laboratory Diet no. D12492; Research Diets, New Brunswick, NJ) and water ad libitum for 2 155 

weeks.  156 

Rats were fasted the night before the experiment day at ∼1900. The following morning 157 

at ~08:30, rats either remained sedentary or swam in a barrel filled with water (35°C, ~45 cm 158 

depth, six rats swimming at time) for 4×30 min bouts, with 5 min rest between each bout. Then 159 

rats were anesthetized with an intraperitoneal injection of ketamine/xylazine cocktail (50 mg/kg 160 

ketamine and 5 mg/kg xylazine) either immediately postexercise (IPEX) or 3 h postexercise 161 

(3hPEX) along with time-matched sedentary (SED) rats. Both epitrochlearis muscles from each 162 
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rat were dissected out before euthanasia while the rat was deeply anesthetized. After muscle 163 

dissections, the retroperitoneal fat pads were then dissected and weighed. 164 

Muscle Incubation 165 

        For the IPEX experiment, one epitrochlearis muscle was trimmed, freeze-clamped using 166 

aluminum clamps cooled to the temperature of liquid N2, and stored at −80°C until processed for 167 

further analysis. The contralateral epitrochlearis muscle was placed in a vial containing 2 ml 168 

Krebs Henseleit (KHB) supplemented with 0.1% bovine serum albumin (BSA), 2 mM sodium 169 

pyruvate, 6 mM mannitol (solution 1) for 10 min. Muscles were then transferred to another vial 170 

containing 2 ml KHB/BSA, 1 mM 2-DG (with final specific activity of 2.25 mCi/mmol [3H]-2-DG), 171 

and 9 mM mannitol (with final specific activity of 0.022 mCi/mmol [14C]-mannitol) (solution 2) for 172 

15 min.  For the 3hPEX experiment, paired epitrochlearis muscles were incubated for 30 min in 173 

vials containing 2 ml of solution 1 with or without insulin (0.6 nM). After this initial incubation, the 174 

muscles were incubated for 20 min in another vial containing 2 ml of solution 2 with the same 175 

insulin concentration as in the previous incubation step. For all incubation steps, the vials were 176 

shaken at 45 oscillations per minute and continuously gassed (95% O2/5% CO2) in a heated 177 

(35oC) water bath. After the final incubation step, muscles were blotted, freeze-clamped, and 178 

stored at -80°C until later processing and analysis. 179 

Muscle Lysate Preparation  180 

        Frozen muscles were weighed and then homogenized with 1 ml ice-cold lysis buffer using 181 

a glass pestle attached to motorized homogenizer (Caframo, Georgian Bluffs, ON). For muscle 182 

lysates used for determination of γ3-AMPK activity, the lysis buffer included 10% glycerol, 20 183 

mmol/L sodium pyrophosphate (NaPP), 1% NP-40, 2 mmol/L phenylmethylsulfonyl fluoride 184 

(PMSF), 150 mmol/L sodium chloride (NaCl), 50 mmol/L HEPES (pH 7.5), 20 mmol/L β-185 

glycerophosphate, 10 mmol/L sodium fluoride (NaF), 1 mmol/L EDTA, 1 mmol/L EGTA, 10 186 

μg/mL aprotinin, 10 μg/mL leupeptin, and 2 mmol/L sodium vanadate (Na3VO4). For muscle 187 

lysates used for 2-deoxy-D-glucose (2-DG) uptake and immunoblotting, the lysis buffer 188 
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contained T-PER supplemented with 1 mM EDTA, 1 mM EGTA, 2.5 mM NaPP, 1 mM Na3VO4, 1 189 

mM β-glycerophosphate, 1 µg/ml leupeptin, and 1 mM PMSF. Homogenates were rotated for 1 190 

h at 4oC prior to centrifugation (15,000 x g for 15 min at 4°C). The supernatants were 191 

transferred to microfuge tubes and stored at -80°C until subsequent analyses. Protein 192 

concentration was measured using the bicinchoninic acid procedure. 193 

Muscle 2-DG Uptake  194 

Aliquots of the supernatants (200 μl) from muscle lysates were pipetted into a vial 195 

together with 8 ml scintillation cocktail.  A scintillation counter (PerkinElmer) was used to 196 

determine the 3H and 14C disintegrations per minute. 2-DG uptake was calculated as previously 197 

described (41, 42). Delta-insulin 2-DG uptake of muscles was calculated (2-DG uptake of 198 

muscles incubated with insulin minus 2-DG uptake of paired muscles incubated without insulin). 199 

γ3-AMPK Activity Assay 200 

        The specificity of the γ3-AMPK antibody used to immunoprecipitation (IP) has been 201 

previously confirmed (24). AMPK activity was determined as previously described (34). Briefly, 202 

muscle lysates (300 µg protein) were rotated at 4°C overnight with γ3-AMPK antibody (1:500) 203 

and IP buffer [50 mmol/L NaCl, 1% Triton X-100, 50 mmol/L NaF, 5 mmol/L NaPP, 20 mmol/L 204 

Tris-base (pH 7.5), 500 μmol/L PMSF, 2 mmol/L dithiothreitol (DTT), 5 μg/mL leupeptin, 50 205 

μg/ml soybean trypsin inhibitor, 6mM benzamidine, and 250 mmol/L sucrose]. Then 50 μl of 206 

protein G-magnetic beads were added to the muscle lysate/antibody mixture, and rotated for 2 h 207 

at 4°C. DynaMagTM-2 magnet was used to pellet the protein G-immunocomplex. Each 208 

immunopellet was washed once in IP buffer, once in 6 x assay buffer (240 mmol/L HEPES, 480 209 

mmol/L NaCl, pH 7.0), and twice in 3 x assay buffer (1:1). Then the activity assay was 210 

performed in 30 μl of kinase mix buffer [40 mmol/L HEPES, pH 7.5, 80 mmol/L NaCl, 800 211 

μmol/L DTT, 200 μmol/L AMP, 100 μmol/L AMARA peptide, 5 mmol/L magnesium chloride, 200 212 

μmol/L ATP, and 2 µCi of [γ-33P]-ATP] for 30 min at 30°C. The reaction was stopped by the 213 

addition of 10 μl of 1% phosphoric acid. Next, 30 µl of supernatant was spotted on P81 214 
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phosphocellulose paper. After 4 x 15 min washing with 1% phosphoric acid, 1 x 5 min washing 215 

with acetone, the phosphocellulose paper was dried and placed in the vials containing 8 ml 216 

scintillation cocktail for scintillation counting. Results were expressed relative to the normalized 217 

mean of all the samples from each experiment. 218 

Muscle Glycogen Measurement  219 

        Muscle glycogen was determined using a Glycogen Assay Kit (#MAK016, Sigma Aldrich, 220 

St Louis, MO). Briefly, epitrochlearis muscles were homogenized in ice-cold water. The 221 

homogenates were boiled for 5 min at 95°C to inactivate enzymes. Then samples were 222 

centrifuged at 13,000 g for 5 min and supernatant was saved. Colorimetric measurements were 223 

performed according to the manufacturer’s protocol. The absorbance was measured at 570 nm 224 

with a microplate reader. 225 

Immunoblotting 226 

An equal amount of protein from each muscle lysate was mixed with 6 x Laemmli buffer, 227 

boiled at 95°C for 5 min, subjected to SDS-PAGE, and transferred to polyvinylidene difluoride 228 

membranes.  Equal loading was confirmed using the MemCode protein stain (43).  Membranes 229 

were blocked with TBST (Tris-buffered saline, pH 7.5 plus 0.1% Tween-20) that was 230 

supplemented with either 5% BSA or 5% nonfat milk for 1 h at room temperature, incubated with 231 

appropriate concentrations of primary and secondary antibodies, subjected to enhanced 232 

chemiluminescence, and quantified by densitometry (AlphaView; ProteinSimple, San Jose, CA). 233 

Each gel used for immunoblotting included equal numbers of samples from each treatment 234 

condition in the respective experiments (IPEX or 3hPEX). For IPEX experiments there were four 235 

treatment conditions (LFD-SED, LFD-IPEX, HFD-SED, HFD-IPEX), and n=2 samples from each 236 

treatment group was included on each immunoblot. For 3hPEX experiments, there were eight 237 

treatment conditions (LFD-SED without insulin, LFD-SED with insulin, HFD-SED without insulin, 238 

HFD-SED with insulin, LFD-3hPEX without insulin, LFD-3hPEX with insulin, HFD-3hPEX 239 

without insulin, HFD-3hPEX with insulin), and n=1 sample from each treatment group was 240 
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included on each immunoblot. Results for each sample (densitometric units) were expressed 241 

relative to the normalized average of all the samples on the blot. These normalized values were 242 

divided by the corresponding MemCode loading control value for each sample (using individual 243 

sample MemCode values that were normalized by dividing the mean MemCode values for all 244 

samples on each blot). Values for phosphorylated proteins were expressed as the ratio of 245 

phosphorylated protein to total protein (determined for each sample using a separate 246 

immunoblot with a primary antibody against the appropriate total protein). Delta-insulin for 247 

phosphorylated insulin signaling proteins (Akt and AS160) was calculated (phosphoprotein ratio 248 

value of muscles incubated with insulin minus phosphoprotein ratio value of paired muscles 249 

incubated without insulin). 250 

Statistical Analysis 251 

          Student’s t-test was used for comparisons between two groups. Two-way analysis of 252 

variance (ANOVA) was used to assess the main and interaction effects of diet (LFD or HFD) 253 

and exercise (SED or 3hPEX) within each insulin level (minus or plus insulin). Post-hoc analysis 254 

was performed using the Tukey test (SigmaPlot version 14.0; Systat Software, San Jose, CA). 255 

Data lacking normal distribution and/or equal variance were mathematically transformed to 256 

achieve normality and equal variance prior to statistical analysis. 257 

 258 

Results 259 

Body Mass, Retroperitoneal Fat Mass, and Retroperitoneal /Body Mass Ratio 260 

        After the 2-week diet intervention, the HFD rats versus LFD rats had greater body mass 261 

(261±9 vs. 233±8 g; P < 0.0001), retroperitoneal fat mass (1502±179 vs. 556±64 mg; P < 262 

0.001), and retroperitoneal/body mass ratio (5.7±0.6 vs. 2.4±0.2; P < 0.001).  263 

IPEX:  2-DG Uptake, Muscle Glycogen, and γ3-AMPK Activity  264 

        For insulin-independent 2-DG uptake in muscles, there was a significant main effect of 265 

exercise (IPEX exceeded SED; P < 0.001; Figure 1A). Post hoc analysis indicated that 2-DG 266 
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uptake was greater for muscles from IPEX versus SED in each diet group (P < 0.001 for LFD; P 267 

< 0.01 for HFD).  268 

        For muscle glycogen, there was a significant main effect of exercise (IPEX exceeded SED; 269 

P < 0.001; Figure 1B). Post hoc analysis indicated that glycogen was lower for IPEX versus 270 

SED in both LFD (P < 0.001) and HFD (P < 0.001) groups.  271 

        For γ3-AMPK activity, there was a significant main effect of exercise (IPEX exceeded SED; 272 

P < 0.001; Figure 1C). Post hoc analysis indicated that γ3-AMPK activity was significantly 273 

increased for IPEX versus SED within each diet group (P < 0.05). γ3-AMPK activity did not differ 274 

between diet groups for either SED or IPEX. 275 

IPEX:  Immunoblotting  276 

        There were no significant effects of diet or exercise on AMPK or AS160 total abundance 277 

(not shown). For ACC total abundance analyzed by two-way ANOVA, there was a significant 278 

main effect of diet (HFD exceeded LFD; P < 0.05, not shown). Post hoc analysis revealed the 279 

HFD-SED group was slightly greater than the LFD-SED group (~13%, P<0.01). 280 

        For all of the phosphorylated proteins, the data were expressed as a ratio of the 281 

phosphorylated to total protein values.  For AMPKα Thr172 phosphorylation, there was a 282 

significant main effect of exercise (IPEX exceeded SED; P < 0.001; Figure 2A). Post hoc 283 

analysis revealed that pAMPKαThr172/AMPKα was greater for muscles from IPEX versus SED 284 

within each diet group (P < 0.001). For AS160 Ser704 phosphorylation, there was a significant 285 

main effect of exercise (IPEX exceeded SED, P < 0.001, Figure 2B). Post hoc analysis 286 

indicated that pAS160Ser704/AS160 was significalty increased for muscles from IPEX versus SED 287 

in both LFD (P < 0.001) and HFD (P < 0.01) groups. For ACC Ser79 phosphorylation, there was 288 

a significant main effect of exercise (IPEX exceeded SED; P < 0.001; Figure 2C). Post hoc 289 

analysis indicated that greater pACCSer79/ACC in the IPEX group compared with SED controls 290 

with each diet (P < 0.01). 291 

3hPEX:  2-DG Uptake 292 
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        For 2-DG uptake in muscles incubated without insulin (Figure 3A), there was a significant 293 

main effect of exercise (3hPEX exceeded SED; P < 0.001), and post hoc analysis indicated that 294 

2-DG uptake was greater for muscles from 3hPEX versus SED in both LFD (P < 0.001) and 295 

HFD (P < 0.05) groups. There was no significant difference (P = 0.079) for 2-DG uptake without 296 

insulin between the LFD-3hPEX and HFD-3hPEX groups. For 2-DG uptake in muscles 297 

incubated with insulin, there were significant main effects of diet (LFD exceeded HFD; P < 0.01) 298 

and exercise (3hPEX exceeded SED; P<0.001; Figure 3A). Post hoc analysis revealed that 2-299 

DG uptake values from HFD-SED rats were lower than values in LFD-SED rats. The LFD-300 

3hPEX group had greater 2-DG uptake than both LFD-SED (P < 0.001) and HFD-3hPEX (P < 301 

0.01) groups. In the HFD rats, 2-DG uptake was greater (P < 0.001) for muscles from 3hPEX 302 

versus SED. 303 

 Delta-insulin 2-DG uptake provides insights about insulin’s ability to increase 2-DG 304 

uptake above the 2-DG uptake value found in paired muscles in the absence of insulin. For 305 

delta-insulin 2-DG uptake, there were significant main effects of diet (LFD exceeded HFD; P < 306 

0.05) and exercise (3hPEX exceeded SED; P < 0.001; Figure 3B). Post hoc analysis indicated 307 

that delta-insulin 2-DG uptake was not signficantly different for LFD-SED versus HFD-SED (P = 308 

0.084). Post hoc analysis revealed that delta-insulin 2-DG uptake for both LFD-3hPEX and 309 

HFD-3hPEX exceeded their respective, diet-matched sedentary controls (P < 0.01). There was 310 

no significant diet-related difference in delta-insulin glucose uptake at 3hPEX. 311 

3hPEX:  Muscle Glycogen 312 

        There was a significant diet x exercise interaction (P < 0.01, Figure 4A) for muscle 313 

glycogen. Post hoc analysis revealed that muscle glycogen was lower (P < 0.001) for 3hPEX 314 

versus SED within each diet group. The muscle glycogen concentration from LFD-3hPEX rats 315 

was lower than HFD-3hPEX rats (P < 0.05). 316 

3hPEX:  γ3-AMPK Activity  317 
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        There was a significant main effect of diet (LFD exceeded HFD, P < 0.05, Figure 4B), no 318 

significant main effect of exercise (P = 0.078), and no significant diet x exercise interaction (P = 319 

0.107) for γ3-AMPK activity. We used a Student’s t-test for comparisons between SED and 320 

3hPEX groups within each diet. The results revealed significantly greater (P < 0.05) γ3-AMPK 321 

activity in muscles from LFD-3hPEX versus LFD-SED rats. In contrast, no significant difference 322 

was detected between HFD-3hPEX and HFD-SED groups. The γ3-AMPK activity assays for 323 

IPEX and 3hPEX experiments were run separately, with each experiment using different 324 

samples for SED controls. 325 

3hPEX:  Immunoblotting 326 

Total Abundance of Signaling Proteins 327 

         Total abundance of signaling proteins was analyzed by two-way ANOVA. For total Akt 328 

abundance, there was a significant diet x exercise interaction (P < 0.001, not shown). Post-hoc 329 

analysis revealed that the HFD-SED group was slightly less than the LFD-SED group (~12%, P 330 

< 0.001). For total AS160 abundance, there was a significant diet x exercise interaction (P < 331 

0.01, not shown).  Post hoc analysis indicated that the LFD-SED group was slightly lower than 332 

the HFD-SED group (~14%, P < 0.05), and the HFD-3hPEX group was lower than the HFD-333 

SED group (~23%, P < 0.001). For total AMPKα abundance, there was a significant main effect 334 

of exercise (SED exceeded 3hPEX, P < 0.05, not shown). Post hoc analysis demonstrated that 335 

the LFD-SED group was slightly greater than the LFD-3hPEX group (~7%, P < 0.01). For total 336 

ACC abundance, there were no significant effects of diet or exercise.  337 

Akt Phosphorylation 338 

        For pAktThr308/Akt in muscles incubated without insulin, there were no significant effects of 339 

diet or exercise (Figure 5A). For pAktThr308/Akt in muscles incubated with insulin, there was a 340 

significant diet x exercise interaction (P < 0.05, Figure 5A). Post hoc analysis revealed that the 341 

LFD-3hPEX group was greater than both LFD-SED (P < 0.001) and HFD-3hPEX (P < 0.05) 342 

groups. For delta-insulin for pAktThr308/Akt, there was a significant main effect of diet (LFD 343 
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exceeded HFD, P < 0.001, Figure 5B). Post hoc analysis detected that LFD-3hPEX exceeded 344 

both LFD-SED (P < 0.05) and HFD-3hPEX (P < 0.001). For pAktSer473/Akt in muscles incubated 345 

without insulin, there were no significant effects of diet or exercise (Figure 5C). For pAkt 346 

Ser473/Akt in muscles incubated with insulin, there was a significant main effect of diet (LFD 347 

exceeded HFD, P < 0.05, Figure 5B). Post hoc analysis indicated that the LFD-3hPEX values 348 

exceeded the HFD-3hPEX values (P < 0.05). For delta-insulin for pAktSer473/Akt, there was a 349 

significant main effect of diet (LFD exceeded HFD, P < 0.05, Figure 5D). Post hoc analysis 350 

detected that LFD-3hPEX exceeded HFD-3hPEX (P < 0.05). 351 

AS160 Phosphorylation 352 

        For pAS160Ser704/AS160 in muscles incubated without or with insulin, there was a 353 

significant main effect of exercise (3hPEX exceeded SED, P < 0.001, Figure 6A). Post hoc 354 

analysis revealed that pAS160Ser704/AS160 was greater (P < 0.05) for muscles from 3hPEX 355 

versus SED in both LFD and HFD groups, regardless of insulin concentration. No significant 356 

exercise, diet, or interactions were detected for pAS160Ser704/AS160 (Figure 6B). 357 

        For pAS160Ser588/AS160 in muscles incubated without insulin, there was a significant main 358 

effect of exercise (3hPEX exceeded SED, P < 0.01, Figure 6C). Post hoc analysis 359 

demonstrated that pAS160Ser588/AS160 values were greater for 3hPEX versus SED within each 360 

diet group (P < 0.01 for LFD, P < 0.05 for HFD). For pAS160Ser588/AS160 in muscles incubated 361 

with insulin, there was a significant main effect of exercise (3hPEX exceeded SED, P < 0.01, 362 

Figure 6B). Post hoc analysis indicated that LFD-3hPEX group was greater than LFD-SED 363 

group (P < 0.05). No significant exercise, diet, or interactions were detected for 364 

pAS160Ser588/AS160 (Figure 6D). 365 

        For pAS160Thr642/AS160 in muscles incubated without insulin, there were no significant 366 

effects of diet or exercise (Figure 6C). For pAS160Thr642/AS160 in muscles incubated with 367 

insulin, there was a significant main effect of exercise (3hPEX exceeded SED, P < 0.01, Figure 368 

6E), and post hoc analysis indicated that pAS160Thr642/AS160 was greater (P < 0.05) for 369 
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muscles from 3hPEX versus SED in both LFD and HFD groups. No significant exercise, diet, or 370 

interactions were detected for pAS160Thr642/AS160 (Figure 6F). 371 

AMPKα and ACC Phosphorylation 372 

        For pAMPKαThr172/AMPKα, there was a significant main effect of exercise (3hPEX 373 

exceeded  SED, P < 0.001 Figure 7A). Post hoc analysis revealed that pAMPKαThr172/AMPKα 374 

was greater for muscles from 3hPEX versus SED within each diet (P < 0.001 for LFD group; P < 375 

0.01 for HFD group) . 376 

        For pACCSer79/ACC, there was a significant main effect of exercise (3hPEX exceeded SED, 377 

P < 0.001, Figure 7B). Post hoc analysis indicated 3hPEX values were greater than SED values 378 

for each diet (P < 0.001 for LFD group; P < 0.05 for HFD group) . 379 

GLUT4 and HKII Abundance 380 

        For GLUT4 abundance, there was a significant main effect of diet (LFD exceeded HFD, P 381 

< 0.05, Figure 8A). Post hoc analysis indicated that GLUT4 abundance was not significantly 382 

lower for HFD-SED versus LFD-SED (P = 0.052). 383 

        For HKII abundance, there was a significant diet x exercise interaction (P < 0.01, Figure 384 

8B). Post hoc analysis revealed that HFD values were lower than LFD values for SED rats (P < 385 

0.05). In the HFD group, HKII abundance was greater (P < 0.01) for 3hPEX versus SED rats (P 386 

< 0.01). 387 

 388 

Discussion                    389 

        Many previous studies evaluated potential mechanisms for increased insulin-stimulated 390 

glucose uptake postexercise in the skeletal muscle of male rodents and humans. The current 391 

research filled a major gap in the literature as the first study to assess the effect of exercise on 392 

glucose uptake and key potential mechanisms for enhanced insulin sensitivity in both normal 393 

and insulin resistant skeletal muscle of females. The effect of prior exercise on glucose uptake 394 

in muscles stimulated by insulin was evaluated by two commonly used approaches: 1) glucose 395 
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uptake was determined for muscles that were incubated with insulin; and 2) delta-insulin 396 

glucose uptake was calculated based on the difference in glucose uptake of muscles incubated 397 

with insulin and paired muscles incubated without insulin. The first value is important because 398 

the total glucose disposal by muscle under normal, physiological conditions is comprised of the 399 

sum of insulin-independent and insulin-dependent glucose uptake. Delta-insulin glucose uptake 400 

is a mathematically derived value that provides valuable insights that are specific to insulin-401 

mediated glucose uptake. The results indicated that prior exercise can enhance glucose uptake 402 

as assessed by each of these approaches in both normal and insulin resistant skeletal muscle 403 

from female rats. Interestingly, glucose uptake determined in insulin-stimulated muscles was 404 

greater for LFD-3hPEX versus HFD-3hPEX rats, whereas delta-insulin glucose uptake was not 405 

significantly different between the diet groups. Prior exercise led to greater AS160 406 

phosphorylation at 3hPEX and elevated γ3-AMPK activity at IPEX in both diet groups, and no 407 

diet-related differences were detected in either outcome at these timepoints post-exercise. 408 

These results suggest that AS160 phosphorylation at 3hPEX and γ3-AMPK at IPEX may be 409 

important for improving muscle insulin sensitivity after exercise in both diet groups of female 410 

rats.  However, only LFD rats had greater γ3-AMPK activity at 3hPEX. The diet-related 411 

difference in 3hPEX γ3-AMPK may be relevant for the glucose uptake in insulin-stimulated 412 

muscles from LFD-3hPEX versus HFD-3hPEX rats, but it was not essential for elevated delta-413 

insulin glucose uptake in HFD-3hPEX rats.  414 

        Both diet groups had similar IPEX-effects on each of the metabolic endpoints measured in 415 

skeletal muscle (insulin-independent glucose uptake, glycogen, γ3-AMPK activity, and 416 

phosphorylation of AMPK Thr172, ACC Ser79, and AS160 Ser704). Earlier research in male rats 417 

undergoing the same diet and exercise protocols also reported similar IPEX-effects between the 418 

diet groups for insulin-independent glucose uptake, glycogen, and phosphorylation of AMPK 419 

Thr172 (12). Other research using male rats with the same exercise and diet protocols as the 420 

current study demonstrated IPEX-related increases in γ3-AMPK activity and phosphorylation of 421 
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AS160 Ser704 in both LFD (24) and HFD (16) rats, but these studies also did not directly 422 

compare exercise effects on male LFD versus HFD rats. The current results indicate that the 423 

diet-related difference in glucose uptake by insulin-stimulated muscle observed at 3hPEX in 424 

female rats, similar to previous research in male rats, was not attributable to differences 425 

between LFD-IPEX and HFD-IPEX groups in these markers of skeletal muscle energetic stress. 426 

      Consistent with earlier studies in female humans and rodents with normal insulin sensitivity 427 

(9-11), glucose uptake by insulin-stimulated muscle was elevated after acute exercise in the 428 

current study. Prior exercise elevated pAktThr308 and delta-insulin pAktThr308, but did not alter 429 

pAktSer473, in LFD-3hPEX versus LFD-SED muscles. Earlier research in LFD-fed, male rats 430 

undergoing the same exercise protocol did not detect postexercise effects on pAkt or delta-431 

insulin pAkt on either phosphosite (12). The current study was the first to test in female rats the 432 

influence of acute exercise on Ser588, Thr642, and Ser704 phosphorylation of AS160. Both Thr642 433 

and Ser588 phosphorylation were greater in insulin-stimulated muscles from the LFD-3hPEX 434 

group compared to sedentary, diet-matched controls. AS160 Ser704 (corresponds to mouse 435 

Ser711) has been identified as an AMPK-phosphomotif (44). Previous studies provided 436 

compelling evidence for a link between γ3-AMPK and increased insulin-stimulated glucose 437 

uptake induced by the AMPK activator AICAR (34). Additionally, expression of the AS160 438 

Ser704A (Ser704 to Ala704) mutant to prevent the phosphorylation of Ser704 in mouse skeletal 439 

muscle, resulted in decreased insulin-stimulated phosphorylation of AS160 Thr642 (34). The 440 

current results showed exercise increased AS160 Ser704 phosphorylation concomitant with 441 

greater γ3-AMPK activity and AMPK phosphorylation on Thr172. Increased abundance of HKII or 442 

GLUT4 can result in greater insulin-stimulated glucose uptake by muscle (35), but there was no 443 

effect of exercise on GLUT4 or HKII abundance in LFD-3hPEX versus diet-matched controls. 444 

The relative magnitude of the post-exercise increases in both glucose uptake by insulin-445 

stimulated muscle and delta-insulin glucose uptake was roughly similar in female LFD-3hPEX 446 

rats (99% and 83%, respectively) compared to earlier studies by normal male LFD-3hPEX rats 447 
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(averaging ~65% and ~90%, respectively) after the same exercise protocol (12, 16, 24, 45). 448 

These earlier studies of LFD-fed male rats also found improved insulin-stimulated glucose 449 

uptake was accompanied by greater AS160 phosphorylation and γ3-AMPK activity, without 450 

altered GLUT4 expression, but HKII abundance was not reported in these studies. Taken 451 

together, the current results in normal female rats and earlier results in LFD male rats support 452 

the idea that AS160 and γ3-AMPK may be linked to enhanced insulin-stimulated glucose uptake 453 

postexercise.  454 

        The current study performed a dietary protocol that has been shown to induce skeletal 455 

muscle insulin resistance in male rats (12, 16, 19). In these earlier studies using male HFD-SED 456 

rats, glucose uptake by isolated muscles incubated with insulin was ~30% lower than values in 457 

LFD-SED rats. Similarly, skeletal muscles that were incubated with insulin after being isolated 458 

from HFD-SED rats had 33% lower glucose uptake compared to LFD-SED muscles that were 459 

incubated with insulin. In the earlier studies with male rats (12, 16, 19), delta-insulin glucose 460 

uptake was ~50% lower in HFD-SED versus LFD-SED groups. In the current study, there was a 461 

main effect of diet on the delta-insulin glucose uptake value in female HFD-fed versus LFD-fed 462 

rats. However, post hoc analysis did not detect a significant difference for delta-insulin glucose 463 

uptake between HFD-SED versus LFD-SED female rats. There was a significant main effect of 464 

diet for GLUT4, with values for LFD rats exceeding HFD rats, which would be expected to favor 465 

lower glucose uptake by muscles with insulin from HFD versus LFD rats. In contrast, earlier 466 

research using male rats undergoing the same diet protocol did not find LFD versus HFD 467 

differences in muscle GLUT4 abundance (12, 16). Female HFD-SED versus LFD-SED rats in 468 

the current study had lower HKII abundance. Earlier research in males with the same HFD 469 

protocol did not measure HKII abundance. AS160 site-selective phosphorylation (Thr642, Ser588 470 

or Ser704) did not differ between the female LFD-SED and HFD-SED rats. In male rats, AS160 471 

phosphorylation was greater for insulin-stimulated muscles from LFD-SED versus HFD-SED 472 

rats (12, 16). The results suggested that impaired glucose uptake in muscles from female rats 473 
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incubated with insulin induced by HFD may be attributable, in part, to reduced GLUT4 and HKII 474 

abundance, but not to attenuated phosphorylation of AS160 on several, key regulatory sites. 475 

The mechanisms whereby the HFD protocol resulted in lower muscle glucose uptake may not 476 

be identical between the sexes. 477 

        To the best of our knowledge, the current study is the first to investigate the effect of acute 478 

exercise on insulin signaling by insulin resistant skeletal muscle from female HFD rats. Earlier 479 

research in male rats undergoing the same HFD and exercise protocols also reported elevated 480 

glucose uptake by muscles stimulated by insulin and delta-insulin glucose uptake (12, 16). The 481 

observation that delta-insulin glucose uptake is increased in skeletal muscle of both male and 482 

female rats consuming a HFD has important implications with regard to the efficacy of exercise 483 

for improving insulin sensitivity, regardless of sex, under conditions of lipid overload. The 484 

relative magnitude of the post-exercise increases in glucose uptake by insulin-stimulated 485 

muscles (133%) and delta-insulin glucose uptake (179%) versus HFD sedentary controls was 486 

greater for the female rats in the current study compared to males rats in earlier studies (~40% 487 

for glucose uptake by insulin-stimulated muscles and ~90% for delta-insulin glucose uptake). 488 

These are intriguing results that should be addressed in future experiments to pursue 489 

mechanistic explanations for the apparently greater relative post-exercise increases in glucose 490 

uptake in insulin-stimulated muscles and delta-insulin glucose uptake in muscles from HFD-491 

female compared to HFD-male rats. 492 

The current results indicated there was no exercise effect on Akt phosphorylation on 493 

either Thr308 or Ser473 in insulin-stimulated muscles from HFD rats. These results are similar to 494 

previously reported results in male HFD-fed rats (12). For HFD-3hPEX compared to HFD-SED 495 

controls, insulin-stimulated AS160 Thr642 phosphorylation was significantly increased. Prior 496 

exercise by HFD-fed rats also induced increases in phosphorylation of AS160 on Ser704 and 497 

AMPK on Thr172, regardless of insulin concentration. However, there was no exercise effect on 498 

γ3-AMPK activity in muscles from HFD-3hPEX rats. These results suggest that attaining greater 499 
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AS160 phosphorylation at 3hPEX may be involved in the mechanism for the exercise benefit on 500 

insulin-resistant muscles from female HFD rats. Increased γ3-AMPK activity in muscles from 501 

female HFD rats IPEX may play a role in triggering the subsequent increase in delta-insulin 502 

glucose uptake at 3hPEX. However, enhanced γ3-AMPK activity in female HFD-3hPEX rats 503 

was not essential for improved insulin sensitivity compared to HFD-SED rats. Previously 504 

published research in male rats undergoing the same HFD and exercise protocols has reported 505 

greater AS160 phosphorylation at 3hPEX, and greater γ3-AMPK at both IPEX and 3hPEX (12, 506 

16). Skeletal muscles from female LFD-3hPEX versus HFD-3hPEX rats had lower glycogen 507 

concentration. Earlier studies using the same diet and exercise protocols in male rats did not 508 

report muscle glycogen at 3hPEX. 509 

        Previous research in male rats undergoing the same diet and exercise protocols reported 510 

that both glucose uptake by insulin-stimulated muscles and delta-insulin glucose uptake were 511 

lower in HFD-3hPEX compared to LFD-3hPEX rats (12). Similar to male rats, female rats also 512 

had significantly lower glucose uptake by insulin-stimulated muscles in HFD-3hPEX versus 513 

LFD-3hPEX rats. The relative magnitude of this diet-related decrement was similar for female 514 

(22%) compared to male (28%) rats. Taken together, these results suggest that although HFD-515 

fed rats of both sexes have a substantial post-exercise enhancement of glucose uptake by 516 

insulin-stimulated muscle, they do not attain the same absolute glucose uptake as LFD rats 517 

postexercise. In contrast, delta-insulin glucose uptake was significantly lower (34%) for HFD-518 

3hPEX versus LFD-3hPEX male rats, but not significantly different between the 3hPEX female 519 

diet groups. 520 

What might be the biological explanation for the similar values for delta-insulin glucose 521 

uptake in LFD-3hPEX compared to HFD-3hPEX female rats? In female rats, AS160 Thr642, 522 

Ser588, and Ser704 phosphorylation, as well as delta-insulin for these phosphosites, were not 523 

different between diet-groups at 3hPEX. The lack of diet-related differences in AS160 524 

phosphorylation may be relevant for the lack of diet-related differences in delta-insulin glucose 525 
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uptake in female rats. In male rats, AS160 Thr642 and Ser588 phosphorylation, as well as delta-526 

insulin for both phosphosites, of LFD-3hPEX rats exceeded HFD-3hPEX values, suggesting 527 

these differences might be related to the greater delta-insulin for male LFD versus male HFD 528 

rats at this timepoint (12). AS160 Ser704 phosphorylation has not been directly compared in male 529 

LFD-3hPEX versus HFD-3hPEX rats. Interestingly, LFD-3hPEX female rats, LFD-3hPEX male 530 

rats, and HFD-3hPEX male rats, but not HFD-3hPEX female rats, had elevated γ3-AMPK 531 

activity compared to sedentary controls. Thus, a sustained increase in γ3-AMPK was not 532 

essential for the elevated delta-insulin glucose uptake found in HFD-3hPEX female rats. Future 533 

mechanistic experiments will be required to elucidate the underlying causes for sex- and diet-534 

related differences in delta-insulin glucose uptake.  535 

The exercise effects in the current study were reminiscent of earlier results after one-536 

legged exercise by humans (46) or following treadmill running exercise by rats (2). Research in 537 

humans with the one-legged exercise model demonstrated that insulin-stimulated glucose 538 

uptake was greater in the exercised versus nonexercised muscle, providing support for the idea 539 

that exercise effects on insulin-stimulated glucose uptake are found in the previously contracting 540 

skeletal muscle. In an earlier study using the same exercise protocol as the current study, we 541 

reported greater glucose uptake by the insulin-stimulated rat epitrochlearis after exercise 542 

without any exercise effect on insulin-stimulated glucose uptake by another rat forelimb muscle 543 

with similar mass and fiber-type composition as the epitrochlearis (extensor digiti quinti proprius) 544 

(24). Taking all of these results together, it seems reasonable to suspect that the swim exercise 545 

protocol leads to greater glucose uptake that is attributable to muscle contractile activity rather 546 

than a nonspecific, systemic stress response. 547 

There was a modest, but statistically significant increase in pACCSer79 in both diet groups 548 

of female rats at 3hPEX, whereas no increase was detected for male rats in either diet group 549 

(16). The increased pACCSer79 in females, but not males are not attributable to a lack of post-550 

exercise elevation in pAMPKThr172 or γ3-AMPK activity in male rats. However, γ3-AMPK activity 551 
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is measured using a muscle lysate under conditions that do not capture possibile effects on 552 

enzyme colocalization with substrate or concentrations of allosteric regulators. It is also possible 553 

the effects are related to γ1-AMPK activity or the activity of the phosphatases that 554 

dephosphorylate pACCSer79. Discernment about these various possibilities will require future 555 

research. 556 

 The current study focused on the effects of brief HFD. Would acute exercise have similar 557 

effects on individuals with greater insulin resistance and metabolic dysfunction? Several studies 558 

have evaluated acute exercise effects on individuals with severe insulin resistance, profound 559 

obesity, or longer duration HFD. In each study, acute exercise improved insulin-stimulated 560 

glucose uptake. The relative exercise-induced increase in glucose disposal during a 561 

hyperinsulinemic clamp in women and men was similar for people with normal insulin sensitivity 562 

compared to people who were extremely insulin resistant, but not diabetic or obese (47). 563 

However, the glucose disposal of the severely insulin resistant people remained well below the 564 

values of the people with normal insulin sensitivity, and the results were not separately reported 565 

for women and men. Improved glucose uptake by insulin-stimulated muscles has also been 566 

reported after exercise by male, genetically obese Zucker rats (14) and male rats eating a HFD 567 

for either 4 weeks (15) or 3 months (48). However, none of these animal studies included a 568 

group of rats with normal insulin sensitivity that were exercised for comparison.   569 

 A limitation of the current study was that male rats were not included to enable a direct 570 

statistical comparison between the sexes. An earlier study using electrical stimulation to elicit 571 

contractions by isolated mouse skeletal muscles reported that contraction-stimulated glucose 572 

uptake was greater for female compared to male mice (49). However, this previous study did 573 

not assess the effects of prior exercise on subsequent insulin-stimulated glucose uptake or 574 

include a HFD-fed group. It would be valuable for future research to make a direct comparison 575 

between the sexes, including both normal and insulin resistant animals. Elucidating the 576 

underlying biological mechanisms responsible for both the differences and similarities between 577 
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the sexes with regard to insulin resistance is a complex and crucial topic for ongoing 578 

investigation (50-53). 579 

        In conclusion, the current study revealed that both glucose uptake by insulin-stimulated 580 

muscle and delta-insulin glucose uptake can be increased after one session of exercise in both 581 

normal and insulin resistant skeletal muscles from female rats. Many aspects of the current 582 

results in female rats were generally similar to earlier results in male rats undergoing the same 583 

diet and exercise protocols. The current results suggest that greater phosphorylation of AS160 584 

may potentially play a role in these exercise benefits for each diet group in female rats. Neither 585 

the delta-insulin glucose uptake, an indicator of insulin-stimulated glucose uptake, nor AS160 586 

phosphorylation was significantly different at 3hPEX in LFD compared to HFD rats. However, 587 

glucose uptake by insulin-stimulated muscle, a physiologically important outcome with regard to 588 

muscle’s ability to dispose of extracellular glucose that is comprised of both insulin-dependent 589 

and insulin-independent glucose uptake, was greater for LFD-3hPEX versus HFD-3hPEX rats, 590 

and only the LFD-3hPEX rats had elevated γ3-AMPK activity at 3hPEX. Future research should 591 

investigate: 1) whether greater AS160 phosphorylation is essential for exercise effect on insulin-592 

stimulated glucose uptake in muscles from female LFD and/or HFD rats; 2) the mechanism 593 

responsible for the lack of increased γ3-AMPK activity in female 3hPEX rats; 3) the extent to 594 

which the diet-related difference in γ3-AMPK activity 3hPEX contributes to greater glucose 595 

uptake by insulin-stimulated muscle in the LFD-3hPEX versus HFD-3hPEX rats; and 4) the 596 

mechanisms underlying potential differences between the sexes with regard to exercise effects 597 

on muscle glucose uptake. 598 

 599 

Figure Legends 600 

Figure 1. A: 2-DG uptake (insulin-independent) in epitrochlearis muscles at IPEX. *IPEX vs SED 601 

within each diet (P < 0.001 for LFD group; P < 0.01 for HFD group). B: Glycogen in 602 

epitrochlearis muscles at IPEX. *IPEX vs SED within each diet (P < 0.001). C: γ3-AMPK activity 603 
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in epitrochlearis muscles at IPEX. *IPEX vs SED within each diet (P < 0.05).  Data were 604 

analyzed using two-way analysis of variance. Tukey post hoc analysis was performed to identify 605 

significant differences.  Values are means ± SD; n = 6-12 per treatment group. 2-DG, 2-deoxy-606 

D-glucose; LFD, low-fat diet; HFD, high-fat diet; SED, sedentary; IPEX, Immediately 607 

postexercise.  608 

 609 

Figure 2. A: Phosphorylated AMPKαThr172/AMPKα in epitrochlearis muscles at IPEX. *IPEX vs 610 

SED within each diet (P < 0.001). B: Phosphorylated AS160Ser704/AS160 in epitrochlearis 611 

muscles at IPEX. *IPEX vs SED within each diet (P < 0.001 for LFD group; P < 0.01 for HFD 612 

group). C: Phosphorylated ACCSer79/ACC in epitrochlearis muscles at IPEX. *IPEX vs SED 613 

within each diet (P < 0.01). Data were analyzed using two-way analysis of variance. Tukey post 614 

hoc analysis was performed to identify significant differences. Values are means ± SD; n =12 615 

per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, sedentary; IPEX, Immediately 616 

postexercise (the representative blots are aligned with the group identification in the bar graph).   617 

 618 

Figure 3.  A: 2-DG uptake in paired epitrochlearis muscles incubated ±100 µU/mL insulin at 619 

3hPEX. With no insulin: *3hPEX vs SED within each diet (P < 0.001 for LFD group; P < 0.05 for 620 

HFD group). With insulin: †HFD-SED<LFD-SED (P < 0.05); ‡LFD-3hPEX >LFD-SED (P < 0.001) 621 

and HFD-3hPEX (P < 0.01); #HFD-3hPEX > HFD-SED (P < 0.001). B: Delta-insulin 2-DG 622 

uptake values (delta = value with insulin - value without insulin from paired muscles). *3hPEX vs 623 

SED within each diet (P < 0.01).  Data were analyzed using two-way analysis of variance within 624 

each insulin level (without or with insulin) or for delta-insulin values. Tukey post hoc analysis 625 

was performed to identify significant differences. Values are means ± SD; n = 10 per treatment 626 

group. 2-DG, 2-deoxy-D-glucose; LFD, low-fat diet; HFD, high-fat diet; SED, sedentary; 3hPEX, 627 

3 h postexercise. 628 

 629 
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Figure 4. A: Glycogen in epitrochlearis muscles at 3hPEX. *LFD-3hPEX < LFD-SED (P < 0.001) 630 

and HFD-3hPEX (P < 0.05); †HFD-3hPEX < HFD-SED (P<0.001). B: γ3-AMPK activity in 631 

epitrochlearis muscles at 3hPEX.  Data were analyzed using two-way analysis of variance. 632 

Tukey post hoc analysis was performed to identify significant differences. Comparisons between 633 

SED and 3hPEX rats within each diet group that were made using Student’s t-test revealed 634 

significantly greater γ3-AMPK activity in muscles from LFD-3hPEX versus LFD-SED rats (*P< 635 

0.05), but no significant difference was detected between HFD-3hPEX and HFD-SED rats. 636 

Values are means ± SD; n = 6-7 per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, 637 

sedentary; 3hPEX, 3 h postexercise. 638 

 639 

Figure  5. A: Phosphorylated AktThr308/Akt in paired epitrochlearis muscles incubated ±100 640 

µU/mL insulin at 3hPEX. With insulin: *LFD-3hPEX > LFD-SED (P<0.05) and HFD-3hPEX 641 

(P<0.001). B: Delta-insulin phosphorylated AktThr308/Akt. *LFD-3hPEX > LFD-SED (P<0.05) and 642 

HFD-3hPEX (P<0.001). C: Phosphorylated AktSer473/Akt in paired epitrochlearis muscles 643 

incubated ±100 µU/mL insulin at 3hPEX. With insulin: †LFD-3hPEX > HFD-3hPEX (P<0.05). D: 644 

Delta-insulin phosphorylated Akt Ser473/Akt. †LFD-3hPEX > HFD-3hPEX (P<0.05). Data were 645 

analyzed using two-way analysis of variance within each insulin level (without or with insulin) or 646 

for delta-insulin values. Delta-isnulin values = value with insulin - value without insulin from 647 

paired muscles. Tukey post hoc analysis was performed to identify significant differences. 648 

Values are means ± SD; n = 10 per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, 649 

sedentary; 3hPEX, 3 h postexercise (the representative blots are aligned with the group 650 

identification in the bar graph). 651 

 652 

Figure 6. A: Phosphorylated AS160Ser704/AS160 in paired epitrochlearis muscles incubated ±100 653 

µU/mL insulin at 3hPEX. *3hPEX vs. SED within each diet with no insulin (P < 0.01 for LFD 654 

group; P<0.05 for HFD group); †3hPEX vs. SED within each diet with insulin (P < 0.05 for LFD 655 
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group; P<0.01 for HFD group). B: Delta-insulin phosphorylated AS160Ser704/AS160. C: 656 

Phosphorylated AS160Ser588/AS160 in paired epitrochlearis muscles incubated ±100 µU/mL 657 

insulin at 3hPEX. *3hPEX vs. SED within each diet with no insulin (P < 0.01 for LFD group; P < 658 

0.05 for HFD group); †3hPEX vs. SED within LFD group with insulin (P<0.05). D: Delta-insulin 659 

phosphorylated AS160Ser588/AS160. E: Phosphorylated AS160Thr642/AS160 in paired 660 

epitrochlearis muscles incubated ± 100 µU/mL insulin at 3hPEX. †3hPEX vs. SED within each 661 

diet with insulin (P < 0.05). F: Delta-insulin phosphorylated AS160Thr642/AS160 .Data were 662 

analyzed using two-way analysis of variance within each insulin level (without or with insulin) or 663 

for delta-insulin values. Delta-insulin values= value with insulin - value without insulin from 664 

paired muscles.Tukey post hoc analysis was performed to identify significant differences. 665 

Values are means ± SD; n = 10 per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, 666 

sedentary; 3hPEX, 3 h postexercise (the representative blots are aligned with the group 667 

identification in the bar graph). 668 

 669 

Figure 7. A: Phosphorylated AMPKαThr172/AMPKα in epitrochlearis muscles at 3hPEX. *3hPEX 670 

vs. SED within each diet (P < 0.001 for LFD group; P<0.01 for HFD group). B: Phosphorylated 671 

ACCSer79/ACC in epitrochlearis muscles at 3hPEX. *3hPEX vs. SED within each diet (P < 0.001 672 

for LFD group; P<0.05 for HFD group). Data were analyzed using two-way analysis of variance. 673 

Tukey post hoc analysis was performed to identify significant differences.  Values are means ± 674 

SD; n = 10 per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, sedentary; 3hPEX, 3 675 

h postexercise.  676 

 677 

Figure 8.  A: GLUT4 abundance in epitrochlearis muscles at 3hPEX. B: Hexokinase II 678 

abundance in epitrochlearis muscles at 3hPEX. *HFD-SED < LFD-SED (P < 0.05); †HFD-679 

3hPEX > HFD-SED (P<0.05). Data were analyzed using two-way analysis of variance. Tukey 680 

post hoc analysis was performed to identify significant differences. Values are means ± SD; n = 681 
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10 per treatment group. LFD, low-fat diet; HFD, high-fat diet; SED, sedentary; 3hPEX, 3 h 682 

postexercise. 683 
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Table 1.  Names, Sources, Dilutions, and Validation of Antibodies Used 

Antibody Name 
(Abbreviation) 

Source (Catalog #) Dilution Validation 

anti-Akt Cell Signaling 
Technology (#4691) 

1:1000 - Validated using cells transfected with 
siRNA (38)  
- Widely cited (~2600 citations) 

anti-AS160 MilliporeSigma 
(#ABS54) 

1:1000 Validated using muscles from wildtype 
and AS160-KO rats (39, 40) 

anti-γ3-AMPK Dr. David Thomson, 
Brigham Young Univ., 
Provo, UT, USA 

1:1000 Validated using muscles from wildtype 
and γ3-AMPK-KO mice (24)  

anti-GLUT4 MilliporeSigma 
(#CBL243) 

1:100 Validated using muscles from rats 
injected with AAV-GLUT4 vs. muscles 
from rats with sham-injection 
(unpublished data from GDC)  

anti-phospho Akt 
Ser473 
(pAktSer473) 

Cell Signaling 
Technology (#4060) 

1:1000 - Vendor validated antibody using cells 
stimulated by PDGF ±specific 
inhibitors (LY294002/wortmannin) 
- Widely cited (~5600 citations) 

anti-phospho Akt 
Thr308 (pAktThr308) 

Cell Signaling 
Technology (#13038) 

1:1000 - Vendor verified antibody using cells 
stimulated with PDGF 
- Widely cited (~500 citations) 

anti-phospho 
AMPKα Thr172 
(pAMPKThr172) 

Cell Signaling 
Technology (#2535) 

1:1000 Vendor validated antibody using cells 
treated with oligomycin 

anti-phospho 
AS160 Ser588 
(pAS160Ser588) 

Cell Signaling 
Technology (#8730) 

1:1000 - Vendor validated antibody phospho-
specificity by λ phosphatase treatment. 
- Validated using AS160-KO rat 
muscles injected with AAV-AS160 with 
Ser588 mutated to Ala588 vs. muscles 
from wildtype rats with sham injection 
(unpublished data from GDC) 

anti-phospho 
AS160 Thr642 
(pAS160Thr642) 

Cell Signaling 
Technology (#4288) 

1:1000 - Vendor validated antibody phospho-
specificity by λ phosphatase treatment 
- Validated using AS160-KO rat 
muscles injected with AAV-AS160 with 
Thr642 mutated to Ala642 vs. muscles 
from wildtype rats with sham injection 
(unpublished data from GDC) 

anti-phospho 
AS160 Ser704 
(pAS160Ser704) 

Dr. Jonas Thue 
Treebak, Univ. of 
Copenhagen, 
Copenhagen, 
Denmark 

1:1250 - Validated using mouse muscles with 
gene electrotransfer of flag-tagged 
AS160 with Ser704 mutated to Ala704 
vs. mouse muscles with 
electrotransferred flag-tagged wildtype 
AS160 (unpublished data from JTT) 
- Validated using AS160-KO rat 
muscles injected with AAV-AS160 with 
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Ser704 mutated to Ala704 vs. muscles 
from wildtype rats with sham injection 
(unpublished data from GDC) 

Anti-rabbit IgG, 
HRP-linked 

Cell Signaling 
Technology (#7074) 

1:20,000 - Widely cited (~7600 citations)  
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Exercise Effects on γ3-AMPK Activity, Akt Substrate of 

160 kDa Phosphorylation, and Glucose Uptake in 

Muscle of Normal and Insulin Resistant Female Rats 

OUTCOME:  Glucose Uptake by Insulin-stimulated Muscle METHODS 
 

CONCLUSION Glucose uptake by insulin-stimulated muscle from 

female LFD and HFD rats at 3h postexercise (3hPEX) exceeded diet-

matched sedentary values, and LFD-3hPEX exceeded HFD-3hPEX. 

  Rats Fed Low Fat Diet (LFD) 

or High Fat Diet (HFD, 2 wk)  

LFD Sedentary 

Sedentary or  

Acute Swim Exercise 

3 hours Postexercise (3hPEX): 
Isolated muscles incubated with 

insulin and 2-Deoxy-D-glucose (2DG) 

to measure glucose uptake 

LFD 3hPEX 

HFD Sedentary 

HFD 3hPEX 
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