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Circadian rhythms can be perturbed by shift work, travel across time zones, many occupational tasks, or genetic mutations. Perturbed circadian rhythms are associated with the increasing problem of obesity, metabolic dysfunction, and insulin resistance. We hypothesized that insulin sensitivity in skeletal muscle follows a circadian pattern and that this pattern is important for overall metabolic function. This hypothesis was verified using mice as a model system. We observed circadian rhythmicity in whole body insulin tolerance, as well as in signaling pathways regulating insulin- and exercise-induced glucose uptake in skeletal muscle, including AKT, 5′-adenosine monophosphate-activated protein kinase (AMPK) and TBC1 domain family member 4 (TBC1D4) phosphorylation. Basal and insulin-stimulated glucose uptake in skeletal muscle and adipose tissues in vivo also differed between day- and nighttime. However, the rhythmicity of glucose uptake differed from the rhythm of whole-body insulin tolerance. These results indicate that neither skeletal muscle nor adipose tissue play a major role for the circadian rhythmicity in whole-body insulin tolerance. To study the circadian pattern of insulin sensitivity directly in skeletal muscle, we determined glucose uptake under basal and submaximal insulin-stimulated conditions ex vivo every sixth hour. Both insulin sensitivity and signaling of isolated skeletal muscle peaked during the dark period. We next examined the effect of exercise training on the circadian rhythmicity of insulin sensitivity. As expected, voluntary exercise training enhanced glucose uptake in skeletal muscle. Nevertheless, exercise training did not affect the circadian rhythmicity of skeletal muscle insulin sensitivity. Taken together, our results provide evidence that skeletal muscle insulin sensitivity exhibits circadian rhythmicity.
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INTRODUCTION

To anticipate changes in physical activity and nutritional requirements, whole-body homeostasis is regulated by intrinsic cellular clocks that maintain daily rhythms of about 24 h (Eckel-Mahan and Sassone-Corsi, 2013; Eckel-Mahan et al., 2013). Perturbation of these rhythms due to shift-work, travel across time zones, many occupational tasks, or genetic mutations is associated with metabolic dysfunction and decreased metabolic health (Karlsson et al., 2003; Eckel-Mahan et al., 2013). The main zeitgeber that regulates circadian rhythms is light, but other external cues such as food intake and physical activity also entrain the cellular clocks. At the molecular level, cell-autonomous circadian rhythms are generated by a transcriptionally auto-regulatory feedback loop. The positive arm in this feedback loop is composed of the transcriptional activators Circadian locomotor output cycles kaput (CLOCK) and Brain and muscle ARNTL-like protein 1 (BMAL1) (Sahar and Sassone-Corsi, 2012; Panda, 2016).

Intrinsic molecular clocks play an important role for glucose metabolism and insulin sensitivity. Whole body knockout of Clock or Bmal1 renders mice prone to obesity and hyperglycemia (Turek et al., 2005; Shi et al., 2013). Furthermore, CLOCK and BMAL1 transgenic mice have decreased insulin tolerance and impaired gluconeogenesis (Rudic et al., 2004). The circadian clock regulates glucose metabolism through tissue-specific mechanisms. Liver-specific knockout of Bmal1 induces hypoglycemia and decreases glucose and insulin tolerance during the fasting phase in inactive mice (Lamia et al., 2008). Conversely, skeletal muscle-specific ablation of Bmal1 does not affect glycemia or insulin tolerance (Dyar et al., 2014), but impairs insulin-stimulated skeletal muscle glucose uptake and whole-body glucose tolerance (Dyar et al., 2014; Harfmann et al., 2016). In addition, pancreatic-specific knockout of Bmal1 impairs glucose tolerance and glucose-stimulated insulin release, while retaining insulin tolerance (Sadacca et al., 2011). These findings emphasize the importance of the clock machinery for tissue-specific regulation of glucose handling, but the circadian rhythmicity of insulin tolerance was not investigated in these studies.

Blood glucose levels and glucose metabolism follow a diurnal rhythm. In mouse models, during the active, dark phase, metabolic intermediates such as glucose are mainly used for lipid synthesis and storage, whereas in the inactive, light phase, glucose production from the liver compensates for the caloric restriction. This shift in metabolic fuel utilization is reflected in increased fasting blood glucose levels and decreased insulin sensitivity in mice during the inactive time of the day (Shi et al., 2013). In healthy humans, glucose tolerance is diminished in the evening compared to the morning. This shift in metabolism is ascribed to both decreased insulin sensitivity of peripheral tissues and reduced responsiveness of insulin producing β-cell in the evening (Lee et al., 1992; Saad et al., 2012). However, it is not clear to what extent the diurnal pattern in whole body insulin sensitivity is reflected at the tissue-specific level.

The phase of the circadian rhythm, both centrally in the brain and peripherally in metabolic organs, shifts in response to exercise (Wolff and Esser, 2012; Yasumoto et al., 2015). Evidence is emerging that exercise training at specific times of the day can correct a “misalignment” of the clock (Mrosovsky and Salmon, 1987; Schroeder et al., 2012). However, the effect of exercise training on circadian rhythm of insulin sensitivity is unknown. We hypothesized that exercise training can potentiate entrainment of the peripheral clock in skeletal muscle and regulate insulin sensitivity in a circadian optimal manner.

In this study, we determined whether rhythmicity of whole-body insulin tolerance was reflected by the putative circadian rhythmicity of skeletal muscle insulin sensitivity. We provide evidence that insulin- and exercise-induced signaling pathways controlling skeletal muscle glucose uptake were augmented during the dark phase in mice. Moreover, whole-body insulin tolerance was high when skeletal muscle insulin sensitivity to glucose uptake was low, and exercise training did not affect the circadian rhythmicity of skeletal muscle insulin sensitivity. Collectively, our data reveal circadian rhythmicity of insulin sensitivity and signaling in skeletal muscle.

MATERIALS AND METHODS

Mouse Studies

Animal experiments complied with the European directive 2010/63/EU of the European Parliament and were approved by the Danish Animal Experiments Inspectorate (2015-15-0201-00792). C57BL/6JBomTac male mice were obtained from Taconic (Denmark). Mice were group-housed, but for exercise training experiments, mice were single-housed. Mice were kept in an enriched environment with a 12 h light:12 h dark cycle with ad libitum feed (#1310, Altromin) and water in a temperature-controlled (22°C ± 1°C) room.

Measurement of Blood Parameters

Blood samples were taken from the tail vein. Blood glucose and lactate levels were measured directly with Contour Next (Bayer) and Lactate Plus (Nova Biochemical) strips, respectively. Insulin and leptin levels were measured by a MULTI-SPOT Assay System (#K15124C, Meso Scale Discovery) according to the instructions from the manufacturer. This assay detects leptin and insulin in a multiplexed sandwich immunoassay. The sample and a solution containing labeled detection antibodies were added to a plate that was pre-coated with leptin and insulin capture antibodies on spatially distinct spots. Reading buffer was added and intensity of emitted light was measured on a QuickPlex SQ 120 (Meso Scale Discovery) to obtain a quantitative measure of leptin and insulin present in the sample.

Insulin Tolerance Test (ITT)

Mice were fasted for 2 h before an intraperitoneal injection of insulin (0.75 U/Kg bodyweight; Actrapid, Novo Nordisk, Denmark). Blood glucose was measured before and 15, 30, 45, 60, and 120 min after the insulin administration. Separate groups of mice were used for each of the four time-of-the-day ITT experiments performed. The ITTs were performed at least 24 h after the last training bout.

Western Blot Analyses

The procedures used for protein extraction from skeletal muscle and Western blot analyses have previously been described (Brandauer et al., 2015). Protein concentration was determined by the bicinchoninic acid (BCA) assay (#23225, Pierce). Samples were loaded according to protein concentration and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Ponceau S staining was performed to confirm that equal amounts of protein were transferred to each membrane. Western blot analysis was performed by loading samples representing all experimental conditions on each gel. All gels included one or two internal control samples used for normalization purposes in order to allow comparison of samples resolved on separate gels. All gels were cut in smaller pieces corresponding to the specific protein target, and gel pieces were transferred to the same membrane and developed together. Protein abundance was detected using antibodies listed in Table 1.

TABLE 1. Antibodies used for Western blot analyses.
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In vivo Glucose Uptake

Mice were fasted for 2 h before they were anesthetized with 75 mg pentobarbital/kg body weight and glucose uptake in skeletal muscle and adipose tissue was assessed in response to a single retro-orbital injection of 3H-2-deoxyglucose (3H-2-DG) [12.32 MBq/kg bodyweight (PerkinElmer, #NET549A005MC)] combined with insulin (0.75 U/kg bodyweight; Actrapid, Novo Nordisk, Denmark) or saline dissolved in Gelofusine (B. Braun, Denmark). Total blood glucose levels were determined by spectrophotometric measurements. A reaction mix consisting of 200 mM Tris-HCl, 500 mM MgCl2, 5.2 mM adenosine triphosphate (ATP), 2.8 mM nicotinamide adenine dinucleotide phosphate (NADP) (#14469130, Roche) and 148 μg of a hexokinase and glucose-6-phosphate dehydrogenase mixture (#10737275001, Roche) with a pH of 7.4 was added to each sample. The samples were incubated at room temperature for 15 min and absorbance was measured (Hidex Sense, Hidex). Glucose uptake was determined 15 min after the injection as described (Treebak et al., 2010) by measuring the accumulation of 3H-2-DG in specific tissues. Radioactivity was determined in lysates by liquid scintillation counting (Hidex 300SL, Hidex) and related to tissue weight input.

Glucose Uptake ex vivo in Incubated Skeletal Muscles

Extensor digitorum longus (EDL) and soleus muscles were dissected from sedentary mice and mice that had free access to a running wheel for 4 weeks. Mice were anesthetized by injections with Avertin [2,2,2-Tribromoethanol (Sigma-Aldrich #T48402) and 2-Methyl-2-butanol 99% (Sigma-Aldrich #152463)]. Muscles were incubated at 30°C in oxygenated (95% O2 and 5% CO2) pre-buffer [Krebs-Ringer buffer (KRB); 117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 24.6 mM NaHCO3 supplemented with 0.1% bovine serum albumin, 8 mM mannitol, and 2 mM pyruvate], in a myograph system (820MS, DMT, Denmark). After 10 min pre-incubation, the pre-buffer was changed to a buffer containing 200 μU/mL insulin (Actrapid, Novo Nordisk, Denmark) or vehicle and a tension of 5 mN per muscle was applied. After 20 min, the buffer was changed to a buffer containing: 1 mM of 2-DG and 3H-2-DG (0.0185 MBq/mL, PerkinElmer, #NET549A005MC) together with 7 mM of mannitol and 14C-mannitol (0.0167 MBq/mL, PerkinElmer, #NEC314250UC). Muscles were incubated in this buffer for 10 min. After the end of the protocol, muscles were harvested, snap frozen in liquid nitrogen and kept at -80°C.

Protein extraction from muscles was performed as described (Brandauer et al., 2015). Muscle lysate (250 μL) or tracer media (25 μL) was added to 3 mL Ultima GoldTM scintillation liquid (PerkinElmer, #6013326). The vials were counted in a scintillation counter (Hidex 300SL, Hidex) using the MicroWin 2000 software for counting both 3H and 14C isotopes. Disintegrations per min (DPM) of 14C-labeled mannitol in the media and skeletal muscle was used to calculate the extracellular space, by dividing the true activity of the skeletal muscle with the concentration of the media. The fraction of 3H-labeled 2-DG in the extracellular space was then calculated from the extracellular space and the concentration of 2-DG in the media. The 2-DG in the extracellular space was subtracted from the true activity of 3H-labeled 2-DG in the skeletal muscle to calculate intracellular space. Glucose uptake was assessed by taking into account the concentration of unlabeled 2-DG in the media, the intracellular space, protein concentration of the skeletal muscle, and the incubation time.

Statistical Analysis

Mice were randomized to treatment groups. The exercise trained mice were divided into treatment groups in a balanced manner based on their running distance to obtain equal running distances in each group. The experiments and subsequent analysis were all performed in a balanced but not blinded manner. Statistical analyses were performed using unpaired/paired Student’s t-tests or factorial (i.e., paired/unpaired 2 × 2 or 3 × 3) analysis of variance (ANOVA) as appropriate. When unequal variance was found between groups, the data was transformed to obtain equal variance. The Dunnett post hoc test was used for 1-way ANOVA whereas the Tukey post hoc test was used for 2-way and 3-way ANOVAs. P < 0.05 was considered statistically significant. Data are reported as mean ± standard error of mean (SEM).

RESULTS

Circadian Fluctuations in Blood Glucose and Whole-Body Insulin Tolerance

Given the important role of circadian rhythms for metabolism, we examined the daily fluctuations of four different blood parameters over 24 h; glucose, insulin, lactate, and leptin. In undisturbed and unfasted mice, blood glucose levels were significantly increased at ZT 7 in the middle of the light phase (Figure 1A), whereas insulin levels were increased at ZT 19 in the middle of the dark phase (Figure 1B). Mice generally consume the bulk of their food during the first half of the dark phase (Sasaki et al., 2016), which is in accordance with the increased insulin levels at ZT 19. In the same mice, we did not observe significant differences in lactate or leptin levels at the four different time points (Figures 1C,D).
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FIGURE 1. Circadian measurements of blood parameters and insulin tolerance. Mice were housed under standard conditions with a 12 h light/dark cycle and ad libitum access to food. Blood glucose (A), insulin (B), lactate (C), and leptin (D) levels were measured on tail blood at zeitgeber time (ZT) 1, 7, 13, and 19. (E) Two hours fasting blood glucose measurements in sedentary mice and in mice which have had access to exercise training for 3 weeks (Trained). (F) Insulin tolerance test (ITT) on sedentary and exercise trained mice at ZT 1, 7, 13, and 19. (G) Area over the curve (AOC) for the ITT. Data shown is mean + SEM for n = 11–13 (A–D), n = 8–9 (E), and n = 6–8 (F,G). ∗p < 0.05, 1-way ANOVA (A–D) and 2-way ANOVA with Tukey’s correction (E,G).



Next, we examined whether whole-body insulin tolerance followed a diurnal rhythm. Since exercise training influences insulin tolerance (Bradley et al., 2008), we also investigated the effect of exercise training on the daily pattern of insulin tolerance. Thus, we performed ITTs on cohorts of mice with or without access to running wheels for 3 weeks. Blood glucose levels after a 2 h fast were increased at ZT 7 compared to all other time points (Figure 1E). This increase was independent of training status. During the ITT, a smaller area over the curve (AOC) at ZT 1 was observed compared to ZT 7 and 13 (Figures 1F,G), indicating that insulin tolerance is reduced during the early light phase. Despite the fact that mice were running 4.3 ± 0.8 km on average per day, exercise training did not have a significant effect on insulin tolerance.

Insulin and AMPK Signaling in Skeletal Muscle Follow a Diurnal Rhythm

To investigate whether insulin- and exercise-induced signaling pathways follow a diurnal rhythm in skeletal muscle, we studied gastrocnemius muscle of exercise trained mice (i.e., 3 weeks of voluntary exercise training in running wheels) every third hour for 24 h. Total AKT levels were unaltered over 24 h (Figures 2A,Q). However, AKT phosphorylation at S473 and T308 was increased at ZT 13–19 in skeletal muscle (Figures 2B,C). A similar phosphorylation pattern was observed for the AKT targets, TBC1 domain family member 1 (TBC1D1) and TBC1D4. The change in phosphorylation did not reach significance for TBC1D1 (Figures 2E,F), but TBC1D4 was significantly more phosphorylated on S711 and T642 at ZT 13, 16, and 19 compared to the beginning of the light phase (Figures 2H,I). Total TBC1D1 and TBC1D4 were unaltered over 24 h (Figures 2D,G). TBC1D1/4 are Rab-GTPase activating proteins, regulating translocation of glucose transporter 4 (GLUT4) to the plasma membrane (Sakamoto and Holman, 2008). The increase in TBC1D4 phosphorylation may indicate that glucose uptake is increased during the first half of the dark phase. Hexokinase 2 (Hk2) and Glut4 expression is clock-dependent, with GLUT4 levels undergoing diurnal oscillations in skeletal muscle (Dyar et al., 2014; Harfmann et al., 2016). However, HK2 and GLUT4 protein levels did not oscillate over the time course studied (Figures 2J,K). Glycogen synthase kinase 3β (GSK3β), a direct target of AKT, showed a small but significant increase in phosphorylation on S9 at ZT 13 and 16 (Figure 2L). Thus, these data are consistent with the increased AKT phosphorylation in the early dark phase. p70 S6 kinase, which is phosphorylated by mammalian target of rapamycin complex 1 (mTORC1) downstream of AKT, showed increased phosphorylation levels at ZT 16–22 (Figure 2M). p70 S6 kinase forms a negative feedback loop that inhibits insulin signaling (Tremblay and Marette, 2001). The activation of p70 S6 kinase during the second half of the dark phase indicates insulin sensitivity may be decreased in this period.
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FIGURE 2. Insulin and AMPK signaling in skeletal muscle over 24 h. Mice had access to a running wheel for 3 weeks and were then sacrificed every third hour for 24 h for tissue collection. Activity of signaling pathways regulating insulin- and exercise-induced glucose uptake were analyzed in gastrocnemius muscle by measurement of total protein and the phosphorylation status of proteins involved in metabolic regulation. Protein levels of (A) total AKT, (B) AKT-pT308, (C) AKT-pS473, (D) total TBC1D1, (E) TBC1D1-pT590, (F) TBC1D1-pS231, (G) total TBC1D4, (H) TBC1D4-pS711, (I) TBC1D4-pT642, (J) HK2, (K) GLUT4, (L) GSK3β-pS9, (M) p70-S6 kinase-p, (N) total AMPK, (O) AMPK-pT172, and (P) ACC-p. (Q) Representative Western blots for data shown in A–P. Data shown are means + SEM for n = 6–8. ∗p < 0.05 from ZT 1, 1-way ANOVA with Dunnett’s correction.



Next, we investigated one of the signaling pathways induced by exercise. Total AMPK levels were stable over 24 h (Figure 2N), while AMPK phosphorylation oscillated significantly with increased phosphorylation at ZT 13 (Figure 2O). This was consistent with the increased phosphorylation of TBC1D4-S711 at ZT 10–19 (Figure 2H), since TBC1D4-S711 is a site phosphorylated by both AMPK and insulin (Treebak et al., 2010). However, phosphorylation of another AMPK target, acetyl-CoA carboxylase (ACC) (Figure 2P), and phosphorylation of TBC1D1 at the AMPK site S231 (Figure 2F), were unaltered over 24 h. This suggests AMPK trimer-specific diurnal activity patterns in skeletal muscle. Collectively, our results indicate that insulin- and exercise-induced signaling is augmented in the beginning of the dark period in mice with unlimited access to food and running wheels. The augmented signaling is likely due to increased food intake and activity in this period.

In vivo Glucose Uptake of Skeletal Muscle and Adipose Tissue Follows a Different Diurnal Rhythm Compared to Whole-Body Insulin Tolerance

To investigate whether the rhythmicity of insulin signaling and whole-body insulin tolerance was reflected in basal and insulin-stimulated glucose uptake in skeletal muscle and adipose tissue, we performed in vivo glucose uptake measurements. Similarly to the ITT results, we observed that fasting blood glucose levels were increased at ZT 7 (Figure 3A). However, in contrast to the ITT results, insulin stimulation reduced the blood glucose concentration to the same extent at all time points (Figures 3B,C). This inconsistency might be due to a difference in the time period measured, since blood glucose levels after 15 min in the ITT also did not differ significantly with circadian timing. Basal and insulin-stimulated glucose uptake was measured in four different skeletal muscles and three different adipose tissue depots (Figures 3D–J). We did not observe any oscillation in glucose uptake in either EDL or soleus muscle (Figures 3D,E), or inguinal white adipose tissue (iWAT) (Figure 3H). However, in gastrocnemius muscle, and independent of insulin stimulation, glucose uptake was significantly higher at two time points during the light phase (ZT 1 and 7) compared to the dark phase (Figure 3F). Moreover, in quadriceps muscle, glucose uptake was generally higher at ZT 7 compared to all other time points (Figure 3G), irrespectively of insulin stimulation, and in epididymal WAT (eWAT) glucose uptake was significantly higher at ZT 7 compared to ZT 19 (Figure 3I). In brown adipose tissue (BAT), glucose uptake was higher at ZT 1 compared to ZT 13, and at ZT 7 compared to ZT 13 and 19 (Figure 3J). Our finding that the insulin response did not differ between time points for any of the tissues indicates that insulin responsiveness to glucose uptake of the skeletal muscle and adipose tissue does not follow a diurnal pattern. However, basal and insulin-stimulated glucose uptake of several skeletal muscles and adipose tissues exhibited circadian rhythmicity with the highest uptake in the middle of the light phase.
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FIGURE 3. In vivo circadian measurements of basal and insulin-stimulated glucose uptake in skeletal muscle and adipose tissue. (A) Blood glucose measurements after a 2 h fast. (B) Change in blood glucose in response to saline or insulin (0.75 U/kg) at the four time points studied. (C) Area over the curve (AOC) for the data shown in B. Glucose uptake in skeletal muscle: (D) soleus (SOL), (E) extensor digitorum longus (EDL), (F) gastrocnemius (GAS), and (G) quadriceps (QUAD). Glucose uptake in adipose tissue: (H) inguinal white adipose tissue (iWAT), (I) epididymal WAT (eWAT), and (J) brown adipose tissue (BAT). Data shown are means + SEM for n = 6. ∗p < 0.05 between time points, #p < 0.05 between basal and insulin-stimulated, 1-way ANOVA (A) and 2-way ANOVA with Tukey’s correction (C–J).



Skeletal Muscle Insulin Sensitivity and Signaling Is Increased During the Dark Phase

Given the discrepancies between the diurnal pattern of insulin tolerance and skeletal muscle glucose uptake, we next studied the circadian rhythm of insulin sensitivity in an isolated system. Glucose uptake was measured ex vivo at the same four time points as in the in vivo experiments (i.e., ZT 1, 7, 13, and 19). In contrast to the in vivo studies, a submaximal insulin concentration was used to examine insulin sensitivity. Insulin augmented glucose uptake in both soleus and EDL muscle at all time points (Figures 4A,B). In soleus muscle, both basal and insulin-stimulated glucose uptake was higher at ZT 19 compared to ZT 7 (Figure 4A). In EDL muscle, there was an interaction between insulin stimulation and time-of-day (assessed by a repeated measures 3-way ANOVA), with this interaction being driven by an increased delta glucose uptake at ZT 19 compared to ZT 7 (Figure 4C). These results demonstrate a circadian pattern in skeletal muscle insulin sensitivity with increased insulin sensitivity at ZT 19. Wheel running increased overall glucose uptake in EDL muscle, but had no effect in soleus muscle. The circadian pattern of glucose uptake was not affected by exercise training in either of the two muscles. To confirm the effect of exercise training, protein levels of Hexokinase 2 (HK2) were measured in the incubated skeletal muscles (Figures 4D–F). HK2 levels are known to be increased in response to exercise training (Brandauer et al., 2013; Fentz et al., 2015). As expected wheel running increased HK2 levels in both soleus and EDL muscle.


[image: image]

FIGURE 4. Ex vivo circadian measurements of insulin-stimulated glucose uptake and HK2 levels in skeletal muscle. Mice were either sedentary or had access to a running wheel for 4 weeks (Ex). Soleus and extensor digitorum longus (EDL) muscles were isolated at zeitgeber time (ZT) 1, 7, 13, and 19 and incubated under oxygenated conditions. Glucose uptake was measured under basal and submaximal insulin-stimulation (200 μU/mL) in (A) Soleus (3-way ANOVA; insulin-stimulation effect, F = 344, p < 0.0001, and time-of day effect F = 4.34, p = 0.008), and (B) EDL (3-way ANOVA; training effect, F = 5.31, p = 0.025, and time-of-day and insulin stimulation interaction, F = 3.644, p = 0.018). (C) Delta- (Δ) glucose uptake after insulin stimulation in EDL (insulin-stimulated glucose uptake subtracted basal glucose uptake). Protein levels of HK2 (D) in soleus (3-way ANOVA; insulin-stimulation effect, F = 9.78, p = 0.003) and (E) EDL (3-way ANOVA; insulin-stimulation effect, F = 8.04, p = 0.006). (F) Representative Western blots for HK2 in soleus and EDL. Data shown are means + SEM for n = 8. ∗p < 0.05 between time points, #p < 0.05 between basal and insulin-stimulated, ¤p < 0.05 between sedentary and trained, 3-way ANOVA (A,B,D,E), 2-way ANOVA with Tukey’s correction (C).



To clarify the signal transduction events associated with the observed circadian pattern of skeletal muscle insulin sensitivity, canonical insulin signaling was determined in the incubated soleus and EDL muscle. In soleus muscle, AKT protein levels differed with time-of-day and insulin stimulation (Figure 5A). To take these differences into account, phosphorylation of AKT was normalized to total AKT protein. Insulin stimulation induced AKT phosphorylation at T308 and S473 at all time points as expected (Figures 5B,D). A 3-way repeated measure ANOVA revealed interactions between time-of-day and insulin stimulation for both AKT phosphorylation sites. These interactions were driven by an increased delta phosphorylation at ZT 13 and 19 compared to ZT 1 (Figures 5C,E). In EDL muscle total AKT protein levels differed with time-of-day, training status, and insulin stimulation (Figure 5F). AKT-T308 phosphorylation levels showed an interaction between time-of-day, training status, and insulin stimulation (Figure 5G). This interaction was driven by an increased delta phosphorylation of AKT-T308 after insulin stimulation at ZT 7 compared to ZT 19 in the trained group, and an increased delta phosphorylation of AKT-T308 after insulin stimulation in the sedentary group compared to the trained group at ZT 19 (Figure 5H). In EDL muscle AKT-pS473 phosphorylation was induced by insulin stimulation, but there was no effect of time-of-day (Figures 5I,J). Our results indicate that exercise training induces circadian rhythmicity of insulin signaling in EDL muscle. However, this exercise training-induced rhythm does not follow the rhythm of insulin sensitivity in EDL muscle. Taken together, our results suggest that skeletal muscle cell-autonomous insulin sensitivity follows a circadian pattern with increased levels during the dark period.
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FIGURE 5. Ex vivo circadian measurements of insulin signaling in skeletal muscle. Mice were either sedentary or had access to a running wheel for 4 weeks (Ex). Soleus and extensor digitorum longus (EDL) muscles were isolated at zeitgeber time (ZT) 1, 7, 13, and 19 and incubated under basal and submaximal insulin-stimulation (200 μU/mL). Protein levels in soleus of (A) total AKT (3-way ANOVA; insulin-stimulation effect, F = 21.557, p < 0.0001, and time-of-day effect, F = 2.85, p = 0.046 with the post hoc test no specific difference was found with time-of-day), (B) AKT-pT308 normalized to total AKT (3-way ANOVA; time-of-day, and insulin stimulation interaction, F = 4.53, p = 0.007), and (C) phosphorylation on AKT-T308 after insulin stimulation subtracted unstimulated phosphorylation. Protein levels in soleus of (D) AKT-pS473 normalized to total AKT (3-way ANOVA; time-of-day and insulin stimulation interaction, F = 4.21, p = 0.009), and (E) phosphorylation on AKT-S473 after insulin stimulation subtracted unstimulated phosphorylation. Protein levels in EDL of (F) total AKT (3-way ANOVA; time-of-day, training and insulin-stimulation interaction, F = 2.81, p = 0.048), (G) AKT-pT308 normalized to total AKT (3-way ANOVA; time-of-day, training and insulin stimulation interaction, F = 3.55, p = 0.020), and (H) phosphorylation on AKT-T308 after insulin stimulation subtracted unstimulated phosphorylation. Protein levels in EDL of (I) AKT-pS473 normalized to total AKT (3-way ANOVA; insulin stimulation effect, F = 475, p < 0.0001). (J) Representative Western blots for data shown in A–I. Data shown are means + SEM for n = 8. ∗p < 0.05 between time points, #p < 0.05 between basal and insulin-stimulated, ¤p < 0.05 between sedentary and trained, 3-way ANOVA (A,B,D,F,G,I), 2-way ANOVA with Tukey’s correction (C,E,H).



DISCUSSION

Glucose handling and control differs throughout the day with enhanced glucose tolerance in the morning (Service et al., 1983; Lee et al., 1992; Saad et al., 2012). The deterioration of glucose tolerance during the day appears to result from both impaired insulin secretion and impaired insulin action later in the day (Service et al., 1983; Lee et al., 1992; Saad et al., 2012). However, it is not clear to what extent the diurnal fluctuations of glucose tolerance are reflected in changes in muscle insulin sensitivity. To determine whether skeletal muscle insulin sensitivity and signaling follow a circadian rhythm, diurnal responses were assessed in mice using both in vivo and ex vivo approaches. Our data validate that whole body insulin tolerance in mice follows a diurnal pattern with lowest response to insulin during the early light phase. Similar results have previously been reported (Shi et al., 2013; Zhou et al., 2014). Insulin signaling and sensitivity in isolated skeletal muscle peaked during the dark phase. These results indicate circadian rhythmicity of skeletal muscle insulin sensitivity.

Phosphoproteomic studies have established that a substantial percentage of phosphoproteins in metabolically active tissues, such as the liver, are regulated in a circadian manner (Robles et al., 2017). This circadian control of protein phosphorylation provides a mechanism by which tissues adapt to various environmental cues throughout the day. Here, we observed 24 h oscillations in the phosphorylation level of AKT and TBC1D4 in skeletal muscle in vivo with the highest response noted during the first 7 h of the dark phase. Similar diurnal oscillations in AKT-S473 phosphorylation have previously been reported (Dyar et al., 2014). AKT-S473 oscillation is unchanged in skeletal muscle-specific Bmal1 knockout mice (Dyar et al., 2014), indicating that fluctuations in insulin signaling are mediated by hormonal changes, rather than directly by the clock machinery. We found that AMPK phosphorylation was also increased in the beginning of the dark phase, consistent with locomotor measurements indicating that mice are most active during this period (Sasaki et al., 2016). We detected increased p70 S6 kinase phosphorylation later during the night. p70 S6 kinase is a target of mTORC1. AKT signaling induces activation of mTORC1, whereas AMPK signaling inhibits its activation (Kimura et al., 2003). The increased phosphorylation of p70 S6 kinase therefore indicates that insulin signaling is dominating over AMPK signaling. A circadian phosphoproteome analysis of liver has revealed that phosphorylation and activation of AKT, mTORC1 and p70 S6 kinase is augmented in the dark phase (Robles et al., 2017). Together with our results, this indicates that the in vivo phosphorylation cycle of insulin signaling components follows a similar pattern in several tissues, which would be expected based on its dependency on the endogenous insulin levels. The diurnal rhythm of insulin signaling may affect the circadian clock in peripheral tissues. We observed diurnal oscillations in GSK3β phosphorylation in skeletal muscle. GSK3β has previously been shown to phosphorylate several core clock proteins including BMAL1, and hereby regulate their activity (Yin et al., 2006; Sahar et al., 2010; Besing et al., 2015).

The signaling pathways regulating the circadian changes in skeletal muscle insulin sensitivity are not clear, and neither is the connection to the core clock machinery. In isolated soleus muscle, basal and insulin-stimulated glucose uptake was decreased during the light phase, whereas insulin sensitivity was decreased in EDL muscle during the light phase. Decreased insulin-stimulated glucose uptake in isolated soleus muscle from Bmal1 knockout mice has been ascribed to two pathways: (1) decreased expression of Hk2 and Tbc1d1 and hereby decreased protein levels of HK2, TBC1D1, and GLUT4 and (2) decreased expression of Pdp1 and increased expression of Pdk4, which in turn would lead to decreased phosphorylation of the rate-limiting pyruvate dehydrogense (PDH) subunit PDH-Eα (Dyar et al., 2014). We and others did not observe significant circadian oscillations in HK2 and TBC1D1 levels (Dyar et al., 2014), which exclude the contribution of the first pathway as the explanation for the circadian oscillations in skeletal muscle insulin sensitivity. Regarding the second pathway, PDH activity or PDH-E1α phosphorylation does not show significant circadian oscillations in skeletal muscle (Dyar et al., 2014), rendering this pathway unlikely to be the main regulator. The changes in insulin sensitivity could also not be explained by changes in AKT signaling. In soleus muscle insulin-stimulated AKT phosphorylation at both T308 and S473 followed a similar pattern as the glucose uptake. However, since AKT phosphorylation in isolated EDL muscle did not follow the same rhythmicity as insulin sensitivity the mechanism is likely to be downstream of AKT. We hypothesize that this could be through AMPK-induced changes in TBC1D4 phosphorylation, since phosphorylation of the AMPK site S711 positively correlates with insulin sensitivity (Kjøbsted et al., 2015, 2017). This hypothesis is supported by our discovery of increased phosphorylation of TBC1D4-S711 in skeletal muscle during the dark phase in vivo. Based on our experiments, we cannot conclude to what extent the circadian changes in skeletal muscle insulin sensitivity is dependent on the clock machinery or by signaling pathways induced in vivo, e.g., by changes in physical activity level.

The importance of peripheral tissue insulin sensitivity for the circadian fluctuations in whole-body insulin tolerance is not clear. We observed a different diurnal pattern of insulin-stimulated glucose uptake in skeletal muscle in vivo compared to whole-body insulin tolerance. Furthermore, whole-body insulin tolerance was high when skeletal muscle insulin sensitivity to glucose uptake ex vivo was low. This indicates that even though there are circadian changes in insulin sensitivity, skeletal muscle is probably not the primary organ responsible for the circadian changes in whole-body insulin tolerance. Human adipose tissue explants show circadian rhythmicity in insulin-stimulated AKT phosphorylation, with the highest sensitivity observed in the middle of the day; corresponding to the time-of-day where insulin tolerance is also high (Carrasco-Benso et al., 2016). This finding highlights adipose tissue as a candidate organ responsible for the circadian changes in insulin tolerance. However, we did not observe an increase in glucose uptake in adipose tissues at ZT 13 when insulin tolerance is high, which makes it less likely that adipose tissue is responsible for the circadian changes in whole-body insulin tolerance. Another candidate tissue which could be responsible for the diurnal pattern of insulin tolerance is the liver. The importance of the liver for the circadian changes in insulin tolerance has been demonstrated by use of liver-specific Bmal1 knockout mice. These mice have reduced insulin tolerance and lost circadian rhythmicity in insulin tolerance (Lamia et al., 2008; Zhou et al., 2014). Circadian changes in liver insulin sensitivity can partly explain the discrepancy between whole-body glucose disposal during the ITT and the insulin-stimulated glucose uptake measured in vivo in skeletal muscle and adipose tissue. Enhanced liver insulin sensitivity during the dark phase will lower endogenous glucose production (EGP), which may counter-act the decreased glucose uptake in the peripheral tissues to some extent. Decreased EGP during the active dark period has been described (Coomans et al., 2013). However, decreased EGP is not the sole explanation, since glucose disposal is increased in the middle of the dark period, suggesting a role for peripheral tissues (Coomans et al., 2013). Collectively, our results indicate that neither skeletal muscle nor adipose tissue play a major role for the circadian rhythmicity in whole-body insulin tolerance.

We hypothesized that exercise training would potentiate the circadian rhythm of insulin sensitivity in skeletal muscle. This hypothesis was based on the emerging evidence of a circadian phase shift in response to exercise (Wolff and Esser, 2012; Yasumoto et al., 2015). However, we did not observe an effect of voluntary exercise training on the circadian rhythm of insulin tolerance or insulin sensitivity of incubated soleus and EDL muscles. In general, exercise training appeared to have little effect on insulin sensitivity under the experimental conditions used, which might explain its lack of effect on the rhythmicity. Exercise training, however, increased HK2 levels in soleus and EDL muscle and enhanced glucose disposal independent of insulin in EDL muscle. Moreover, exercise training induced a circadian rhythmicity of insulin signaling in incubated EDL muscle with an increased AKT-T308 phosphorylation at ZT 7 compared to ZT 19. This difference is most likely driven by the reduced response to insulin in the trained group at ZT 19. Neither AKT-S473 phosphorylation nor glucose uptake was affected by the decreased AKT-T308 phosphorylation in the trained group. However, the contribution to other pathways cannot be excluded. As we only studied voluntary exercise training, a condition where mice primarily run in the first half of the dark period (Sasaki et al., 2016), it would be interesting to determine the effect of exercise training performed at other time intervals of the day. Evidence is emerging that exercise at the right time of the day can correct “misalignment” of the clock (Mrosovsky and Salmon, 1987; Schroeder et al., 2012). Thus, forced activity at time intervals where the mice are not normally active may have larger effects on circadian rhythms.

CONCLUSION

We report distinct circadian rhythmicity between whole body insulin tolerance and ex vivo skeletal muscle insulin sensitivity to glucose transport and signaling. Insulin tolerance was increased in the middle of the light phase and in the early dark phase, whereas insulin sensitivity was highest during the dark phase. Furthermore, our results indicate that neither skeletal muscle nor adipose tissue play a major role for the circadian rhythmicity in insulin tolerance, since in vivo glucose uptake of skeletal muscle and adipose tissue follows a different diurnal rhythm compared to whole-body insulin tolerance. Finally, we have demonstrated that both the diurnal rhythm of whole-body insulin tolerance and skeletal muscle-specific insulin sensitivity is independent of voluntary exercise training.

AUTHOR CONTRIBUTIONS

AB and JTT conceived and designed the experiments. AB, ED, and LL performed the experiments. AB, ED, ZG-H, JZ, and JTT analyzed and interpreted the data. AB prepared the figures and drafted the manuscript. All authors read, revised, and approved the final manuscript.

FUNDING

Support for this study was provided by the Novo Nordisk Foundation Center for Basic Metabolic Research. The Novo Nordisk Foundation Center for Basic Metabolic Research is an independent Research Center at the University of Copenhagen that is partially funded by an unrestricted donation from the Novo Nordisk Foundation (http://metabol.ku.dk). This study was funded by the Novo Nordisk Foundation (Challenge Grant; NNF14OC0011493). JTT was supported by the Novo Nordisk Foundation (Excellence Project Award; NNF14OC0009315), by the Danish Council for Independent Research (Research Project Grant; DFF 4004-00235), and by the European Foundation for the Study of Diabetes (EFSD/Lilly Research Fellowship).

ACKNOWLEDGMENTS

We would like to acknowledge Julie Novod Goldenbaum, Steve Risis, and Marianne Møller Andersen at NNF Center for Basic Metabolic Research, Section of Integrative Physiology, University of Copenhagen for excellent technical assistance.

REFERENCES

Besing, R. C., Paul, J. R., Hablitz, L. M., Rogers, C. O., Johnson, R. L., Young, M. E., et al. (2015). Circadian rhythmicity of active GSK3 isoforms modulates molecular clock gene rhythms in the suprachiasmatic nucleus. J. Biol. Rhythms 30, 155–160. doi: 10.1177/0748730415573167

Bradley, R. L., Jeon, J. Y., Liu, F. F., and Maratos-Flier, E. (2008). Voluntary exercise improves insulin sensitivity and adipose tissue inflammation in diet-induced obese mice. Am. J. Physiol. Endocrinol. Metab. 295, E586–E594. doi: 10.1152/ajpendo.00309.2007

Brandauer, J., Andersen, M. A., Kellezi, H., Risis, S., Frosig, C., Vienberg, S. G., et al. (2015). AMP-activated protein kinase controls exercise training- and AICAR-induced increases in SIRT3 and MnSOD. Front. Physiol. 6:85. doi: 10.3389/fphys.2015.00085

Brandauer, J., Vienberg, S. G., Andersen, M. A., Ringholm, S., Risis, S., Larsen, P. S., et al. (2013). AMP-activated protein kinase regulates nicotinamide phosphoribosyl transferase expression in skeletal muscle. J. Physiol. 591, 5207–5220. doi: 10.1113/jphysiol.2013.259515

Carrasco-Benso, M. P., Rivero-Gutierrez, B., Lopez-Minguez, J., Anzola, A., Diez-Noguera, A., Madrid, J. A., et al. (2016). Human adipose tissue expresses intrinsic circadian rhythm in insulin sensitivity. FASEB J. 30, 3117–3123. doi: 10.1096/fj.201600269RR

Coomans, C. P., van den Berg, S. A., Houben, T., van Klinken, J. B., van den Berg, R., Pronk, A. C., et al. (2013). Detrimental effects of constant light exposure and high-fat diet on circadian energy metabolism and insulin sensitivity. FASEB J. 27, 1721–1732. doi: 10.1096/fj.12-210898

Dyar, K. A., Ciciliot, S., Wright, L. E., Bienso, R. S., Tagliazucchi, G. M., Patel, V. R., et al. (2014). Muscle insulin sensitivity and glucose metabolism are controlled by the intrinsic muscle clock. Mol. Metab. 3, 29–41. doi: 10.1016/j.molmet.2013.10.005

Eckel-Mahan, K., and Sassone-Corsi, P. (2013). Metabolism and the circadian clock converge. Physiol. Rev. 93, 107–135. doi: 10.1152/physrev.00016.2012

Eckel-Mahan, K. L., Patel, V. R., de Mateo, S., Orozco-Solis, R., Ceglia, N. J., Sahar, S., et al. (2013). Reprogramming of the circadian clock by nutritional challenge. Cell 155, 1464–1478. doi: 10.1016/j.cell.2013.11.034

Fentz, J., Kjobsted, R., Kristensen, C. M., Hingst, J. R., Birk, J. B., Gudiksen, A., et al. (2015). AMPKalpha is essential for acute exercise-induced gene responses but not for exercise training-induced adaptations in mouse skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 309, E900–E914. doi: 10.1152/ajpendo.00157.2015

Harfmann, B. D., Schroder, E. A., Kachman, M. T., Hodge, B. A., Zhang, X., and Esser, K. A. (2016). Muscle-specific loss of Bmal1 leads to disrupted tissue glucose metabolism and systemic glucose homeostasis. Skelet Muscle 6:12. doi: 10.1186/s13395-016-0082-x

Karlsson, B. H., Knutsson, A. K., Lindahl, B. O., and Alfredsson, L. S. (2003). Metabolic disturbances in male workers with rotating three-shift work. Results of the WOLF study. Int. Arch. Occup. Environ. Health 76, 424–430. doi: 10.1007/s00420-003-0440-y

Kimura, N., Tokunaga, C., Dalal, S., Richardson, C., Yoshino, K., Hara, K., et al. (2003). A possible linkage between AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) signalling pathway. Genes Cells 8, 65–79. doi: 10.1046/j.1365-2443.2003.00615.x

Kjøbsted, R., Munk-Hansen, N., Birk, J. B., Foretz, M., Viollet, B., Bjornholm, M., et al. (2017). Enhanced muscle insulin sensitivity after contraction/exercise is mediated by AMPK. Diabetes 66, 598–612. doi: 10.2337/db16-0530

Kjøbsted, R., Treebak, J. T., Fentz, J., Lantier, L., Viollet, B., Birk, J. B., et al. (2015). Prior AICAR stimulation increases insulin sensitivity in mouse skeletal muscle in an AMPK-dependent manner. Diabetes 64, 2042–2055. doi: 10.2337/db14-1402

Lamia, K. A., Storch, K. F., and Weitz, C. J. (2008). Physiological significance of a peripheral tissue circadian clock. Proc. Natl. Acad. Sci. U.S.A. 105, 15172–15177. doi: 10.1073/pnas.0806717105

Lee, A., Ader, M., Bray, G. A., and Bergman, R. N. (1992). Diurnal variation in glucose tolerance. Cyclic suppression of insulin action and insulin secretion in normal-weight, but not obese, subjects. Diabetes 41, 750–759. doi: 10.2337/diab.41.6.750

Mrosovsky, N., and Salmon, P. A. (1987). A behavioural method for accelerating re-entrainment of rhythms to new light-dark cycles. Nature 330, 372–373. doi: 10.1038/330372a0

Panda, S. (2016). Circadian physiology of metabolism. Science 354, 1008–1015. doi: 10.1126/science.aah4967

Robles, M. S., Humphrey, S. J., and Mann, M. (2017). Phosphorylation is a central mechanism for circadian control of metabolism and physiology. Cell Metab. 25, 118–127. doi: 10.1016/j.cmet.2016.10.004

Rudic, R. D., McNamara, P., Curtis, A. M., Boston, R. C., Panda, S., Hogenesch, J. B., et al. (2004). BMAL1 and CLOCK, two essential components of the circadian clock, are involved in glucose homeostasis. PLoS Biol. 2:e377. doi: 10.1371/journal.pbio.0020377

Saad, A., Dalla Man, C., Nandy, D. K., Levine, J. A., Bharucha, A. E., Rizza, R. A., et al. (2012). Diurnal pattern to insulin secretion and insulin action in healthy individuals. Diabetes Metab. Res. Rev. 61, 2691–2700. doi: 10.2337/db11-1478

Sadacca, L. A., Lamia, K. A., deLemos, A. S., Blum, B., and Weitz, C. J. (2011). An intrinsic circadian clock of the pancreas is required for normal insulin release and glucose homeostasis in mice. Diabetologia 54, 120–124. doi: 10.1007/s00125-010-1920-8

Sahar, S., and Sassone-Corsi, P. (2012). Regulation of metabolism: the circadian clock dictates the time. Trends Endocrinol. Metab. 23, 1–8. doi: 10.1016/j.tem.2011.10.005

Sahar, S., Zocchi, L., Kinoshita, C., Borrelli, E., and Sassone-Corsi, P. (2010). Regulation of BMAL1 protein stability and circadian function by GSK3beta-mediated phosphorylation. PLoS One 5:e8561. doi: 10.1371/journal.pone.0008561

Sakamoto, K., and Holman, G. D. (2008). Emerging role for AS160/TBC1D4 and TBC1D1 in the regulation of GLUT4 traffic. Am. J. Physiol. Endocrinol. Metab. 295, E29–E37. doi: 10.1152/ajpendo.90331.2008

Sasaki, H., Hattori, Y., Ikeda, Y., Kamagata, M., Iwami, S., Yasuda, S., et al. (2016). Phase shifts in circadian peripheral clocks caused by exercise are dependent on the feeding schedule in PER2::LUC mice. Chronobiol. Int. 33, 849–862. doi: 10.3109/07420528.2016.1171775

Schroeder, A. M., Truong, D., Loh, D. H., Jordan, M. C., Roos, K. P., and Colwell, C. S. (2012). Voluntary scheduled exercise alters diurnal rhythms of behaviour, physiology and gene expression in wild-type and vasoactive intestinal peptide-deficient mice. J. Physiol. 590, 6213–6226. doi: 10.1113/jphysiol.2012.233676

Service, F. J., Hall, L. D., Westland, R. E., O’Brien, P. C., Go, V. L., Haymond, M. W., et al. (1983). Effects of size, time of day and sequence of meal ingestion on carbohydrate tolerance in normal subjects. Diabetologia 25, 316–321 doi: 10.1007/BF00253193

Shi, S. Q., Ansari, T. S., McGuinness, O. P., Wasserman, D. H., and Johnson, C. H. (2013). Circadian disruption leads to insulin resistance and obesity. Curr. Biol. 23, 372–381. doi: 10.1016/j.cub.2013.01.048

Treebak, J. T., Taylor, E. B., Witczak, C. A., An, D., Toyoda, T., Koh, H. J., et al. (2010). Identification of a novel phosphorylation site on TBC1D4 regulated by AMP-activated protein kinase in skeletal muscle. Am. J. Physiol. Cell Physiol. 298, C377–C385. doi: 10.1152/ajpcell.00297.2009

Tremblay, F., and Marette, A. (2001). Amino acid and insulin signaling via the mTOR/p70 S6 kinase pathway. A negative feedback mechanism leading to insulin resistance in skeletal muscle cells. J. Biol. Chem. 276, 38052–38060. doi: 10.1074/jbc.M106703200

Turek, F. W., Joshu, C., Kohsaka, A., Lin, E., Ivanova, G., McDearmon, E., et al. (2005). Obesity and metabolic syndrome in circadian clock mutant mice. Science 308, 1043–1045. doi: 10.1126/science.1108750

Wolff, G., and Esser, K. A. (2012). Scheduled exercise phase shifts the circadian clock in skeletal muscle. Med. Sci. Sports Exerc. 44, 1663–1670. doi: 10.1249/MSS.0b013e318255cf4c

Yasumoto, Y., Nakao, R., and Oishi, K. (2015). Free access to a running-wheel advances the phase of behavioral and physiological circadian rhythms and peripheral molecular clocks in mice. PLoS One 10:e0116476. doi: 10.1371/journal.pone.0116476

Yin, L., Wang, J., Klein, P. S., and Lazar, M. A. (2006). Nuclear receptor rev-erbalpha is a critical lithium-sensitive component of the circadian clock. Science 311, 1002–1005. doi: 10.1126/science.1121613

Zhou, B., Zhang, Y., Zhang, F., Xia, Y., Liu, J., Huang, R., et al. (2014). CLOCK/BMAL1 regulates circadian change of mouse hepatic insulin sensitivity by SIRT1. Hepatology 59, 2196–2206. doi: 10.1002/hep.26992

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Basse, Dalbram, Larsson, Gerhart-Hines, Zierath and Treebak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-01198-g003.jpg
9s02n|b poojq bunse

<

[
)
D 2
#* - o
Be
_I- N
Be
- N
3 oo
= -
| N
S -
= -
T_ N
LN mm LN (<} [T2)
b L ol 0 0 0_
(DOov) @soan|b
() poojq ui abueys
= = B B
7] »
82 82 BZ BZ
m = mn = M ™M (o2 B o))
F FFF FF B
NN NN NN NN
|
$¢ ¢ ¢ ¢¢
i
L ©
- 10
o
o o
m (Ww) asoon|b poo|g
(7]
T
N
i
T
¥ N
N
T
N
X
T
N
0 o 0 o
(7 noww)

Time (min)

T [

* b=

(® avno aveidn ssoanig

LLL. SVY9 ayeydn asoon|9

LL

)

8001

600+
400 -

T
o
o
N

[enssiy bw/bu]

H* -

3* b=

1000+

800+
600+

400

2004

[onssiy buwy/bu]

Y B

800~

600 -
400~

200+

[onssi} buw/bu]

a3 ayeydn asoon|9

#T

T —

3t

0-

1500 -

1000+

500 A

[enssi buw/bu]

70S 9yeydn asoon|o

0-

ZT7 ZT13 ZT19

ZT1

ZT7 ZT13 ZT19

ZT1

ZT7 ZT13 ZT19

ZT1

ZT7 ZT13 ZT19

ZT1

T

i1

3000+
2000+
1000+

[enssiy bw/bu]
| 1vg a)eydn asoon|o

| *F

1+ -

-

200+

150

100+
5

[onssi bw/bu]
1YM? ayeidn asoon|o

-
T
#T

1t =
] 1 T T
o o o o
o o o o
o © < N

[onssi; bwy/bu]
T lvm ayeydn asoan|9

ZT7 ZT13 ZT19

ZT1

ZT7 ZT13 ZT19

ZT1

ZT7 ZT13 ZT19

ZT1





OPS/images/fphys-09-01198-g002.jpg
>

AKT-total [A.U.]

O

TBC1D1 [A.U.]

@

TBC1D4-total [A.U.]

HK2 [A.U.]

@

AMPK-pT172 [A.U.]

p70 S6 kinase-P [A.U.]
- N

2.0~
1.5+
1.0- W
0.5+
0-0 | | | | | | | | | |
1 7 13 19 25
ZT
2.0
1.5+
1.0+
0.5+
0-0 | ] | | | | | ] | |
1 7 13 19 25
ZT
2.0
1.5+
1.0+
0.5+
0.0 | | | | | | | |
1 7 13 19 25
ZT
2.0
1.5+
1.0+
0.5+
0-0 | ] | | | | | ] | |
1 7 13 19 25
ZT

3=

0 | | | | | |
1 7 13 19 25
2T
2.5+
*
2.0+
1.5+
1.0+
0.5+
o-c | | ] ] |}
1 7 13 19 25

W

AKT-pT308 [A.U]

m

TBC1D1-pT590 [A.U.]

XL

TBC1D4-pS711 [A.U.]

A

GLUT4[A.U]

GSK3B-pS9 [A.U.]

Z

AMPK-0.2 [A.U.]

ACC-P [A.U]

4-
*
3+ *
2=
14
0 | | | | | | | | |
1 7 13 19 25
ZT
2.5+
2.0+
1.5-
1.0-
0.5+
o-c n | | | | | | |
7 13 19 25
ZT
5-
*
4-
*
3+ * *
2
1-
0 | | | | | | | | | |
7 13 19 25
ZT
2.0~
1.5+
0.5+
0.0 | | | | | | |
1 7 13 19 25
ZT
2.0~
1.5+

0.5+
0.0 1 ] | L}
1 7 13 19 25
T
2.5+
2.0+
1.5+
1.0+
0.5+
0.0 L] | | 1
1 7 13 19 25
2T

(@
5

* *
= *
=2 3
<
™
S 2
(7p]
-
-
X 1-
<
0 | | | | |
1 7 13 19 25
ZT
F
2.0~
=)
<, 1.5-
™
N
A 1.0+
o
o 05'
m
-
0-0 | | | | | | | | |
1 7 13 19 25
ZT
|
3-
r— *
=
< T
o~ 2+
<
0
-
o
<
a  1-
O
m
-
0 | | | | | | | |
1 7 13 19 25
ZT
L
2.0+

0.5+
0-0 | | | | | | | | | |
1 7 13 19 25
2T
AKT B ———— — w— | 060 kDa
AKT-pT308 - - - 60 kDa
AKT-pS473 - — - —— 60 kDa
TBC1D1 . AR 150 kDa
TBCID1-pT590 | g e ™= == ®= &= @8 on .| 150kDa
TBCAD1-pS231 | %= W me = W W m= w we | 150 kDa
TBC1D4 M e W SR e e s e 160 kDa
TBCADA-pSTA1 | v v w W W S o 160 kDa
TBC1D4-pT642 —— 160 kDa
HK2 - W s e s | 100 kDa
- : .

GLUT4 S S W | 45kDa
GSK-3B-pS9 S — |46 kDa
P70 S6 kinase-P | W% s S BN S ) BN W # | 70 kDa
AMPK-a2 e T 00
AMPK-pT172 . e - . e 62 kDa
ACC-P W oome e | 280kDa
. Sesessess

zT 1 4 7 10 13 16 19 22 25





OPS/images/fphys-09-01198-g005.jpg
>

AKT total [A.U.]

O

AKT-pS473/AKT [A.U.]

AKT total [A.U.]

AKT-pS473/AKT [A.U.]

Soleus
1.5- Main effect of
) time-of-day
101 # L #
# #
T #
T T f T f T #
T
0.5+
0.0-
Ex - Ex - Ex - Ex
ZT 1 ZT7 ZT 13 ZT 19
Soleus
4- Interaction
3- T . : T
T 1 "
2-
1 -
0-
Ex - Ex - EXx - Ex
ZT 1 2T 7 ZT 13 ZT 19
EDL
20- Interaction
1.54
T
1.0{;m 1 T
T N P
L T
0.5+

Ex - Ex - Ex - EX
ZT 1 ZT 7 ZT 13 ZT 19
EDL
#
# i I
PR # # g
LI I [ 1
- Ex - Ex - Ex - EX
ZT 1 ZT7 ZT 13 ZT 19

m

A AKT-pS473/AKT after

W

AKT-pT308/AKT [A.U.]

2.5+

2.0+

1.5+

1.0

0.5+

insulin stimulation [A.U.]

Soleus
Interaction

0.0-

@

15+

101

AKT-pT308/AKT [A.U.]

- Ex - Ex - Ex - Ex
ZT 1 ZT7 ZT 13 ZT 19
Soleus
- Ex - Ex - Ex - Ex
ZT1 ZT7 2ZT13 2ZT19
EDL
Interaction
|

AKT-pT308
AKT-pS473
Total AKT

Ponceau

AKT-pT308
AKT-pS473
Total AKT

Ponceau

- Ex - Ex - Ex - Ex
ZT 1 ZT7 ZT 13 ZT 19
[ - - - - -
L R el

CEr e e e T

|--—-||----||_-n-||. -_-\

Eemr T Ee ===
< Ex - Ex - Ex Ex

ZT7

ZT1 ZT 13 ZT 19

Soleus

EDL

(@

A AKT-pT308/AKT after

I

A AKT-pT308/AKT after

insulin stimulation [A.U.]

insulin stimulation [A.U.]

-
N
1

(o)
1

i =Y
1

o
L

Soleus

*

1






OPS/images/fphys-09-01198-g004.jpg
Glucose uptake
[umol/g. protein/hour]

HK2 [A.U.]

40 -

30+

20+

101

0.5-

B
Soleus
1
#

# A A Q
# I | T T =
I ## a
T T S
Q
(7))
o]
(3)
=
O

- Ex - Ex - Ex - Ex

ZT 1 ZT7 ZT 13 ZT 19
E

Soleus
R o
T 5 &'r T
T T T T

- Ex -

Ex

- Ex - Ex

ZT 1 ZT7

ZT 13 ZT 19

[umol/g. protein/hour]

HK2 [A.U.]

EDL
25- . Interaction
— - k-3
20- I ” T I 1
I T T T
154
104
5-
0-
- Ex - Ex - Ex - Ex
ZT 1 ZT7 ZT 13 ZT 19
EDL
2.0
ot ot
1.5- — = —
T T T =
L T I
1.0- I
T
0.5

- Ex - Ex -
ZT 1 ZT7 ZT 13

Ex -

Ex
ZT 19

Hl Saline

ST
£& 0o
©S <
SEs
a:"“-""é'

[ .
8ES

Sa2o
—_c =
o) .=
ax g

(]
%&

Insulin

EDL
154

- Ex

- Ex
ZT1

-Ex - EXx
ZT13 2ZT19

ZT7

Soleus

Hexokinase 2 [ S5 S B8] |55 555 5 o | (55 & B8 S| (& & & & 100 kDa

Ponceau

Hexokinase 2 [ - —

Ponceau

EDL

|100 kDa

| - - |
| | [ |






OPS/images/cross.jpg
3,

i





OPS/images/fphys-09-01198-t001.jpg
Target

ACC-pS79
AKT-total
AKT-pT308
AKT-pS473
AMPKa2-total

AMPKa2-pT172
GLUT4
GSK3B-pS9
Hexokinase ||

Hexokinase |l
(Figure 4 Soleus)

P70 S6
Kinase-pT389

TBC1D1-total

TBC1D1-pS231
TBC1D1-pT590
TBC1D4-total

TBC1D4-pT642
TBC1D4-pS711

Company

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Catalog number

3661
9272
9275L
9271L

Kindly provided by Prof. D. Grahame Hardie
(University of Dundee, United Kingdom)

Cell Signaling

Thermo Fisher Scientific
Cell Signaling

Cell Signaling

Santa Cruz Biotechnology

Cell Signaling

2531s
PA1-1065
9336
2867
130358

9205

Kindly provided by Prof. Carol Mackintosh
(University of Dundee, United Kingdom)

Millipore

Cell Signaling
Millipore

Cell Signaling
Capra Science

07-2268

6927

07-714

8881

Custom made





OPS/images/fphys-09-01198-g001.jpg
>

Glucose (mM)

Fasting blood glucose (mM) M

B C D
15- * 800 - & 5- 4000 -
— I —
T 600+ — T 3000-
E = E
S £ >
= 400- o £ 2000-
= L £
= Z =
? S o
£ 200+ — =1 1000+
0- 0-
ZT1 ZT7 ZT13 ZT19 ZT1 ZT7 ZT13 ZT19 ZT1 ZT7 ZT13 ZT19 ZT1 ZT7 ZT13 ZT19
El Sendenta
F G e
” Trained
12~ 8
" . -~ ZT 1 Sedentary |
= -~ ZT 1 Trained
T = I 11
8- - o -~ ZT 7 Sedentary O 21 T
9 - ZT 7 Trained 2 -
S ~ T
n > -e- ZT 13 Sedentary E e
8 -~ ZT 13 Trained -
O
m -~ ZT 19 Sedentary
0' T & 0' T T T
ZT 1 ZT7  zZT13  ZT19 0 30 60 90 120 % 2719 Trained ZT 1 ZT7  zZT13  ZT19

Time (min)





OPS/images/cover.jpg


OPS/images/logo.jpg
’ frontiers
in Physiology





