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Skeletal muscle is the primary site of insulin-mediated glucose uptake through the body and, therefore, an essential contributor to glucose homeostasis maintenance. We have recently provided evidence that chronic elevated intracellular Ca2+ concentration at rest [(Ca2+)i] compromises glucose homeostasis in malignant hyperthermia muscle cells. To further investigate how chronic elevated muscle [Ca2+]i modifies insulin-mediated glucose homeostasis, we measured [Ca2+]i and glucose uptake in vivo and in vitro in intact polarized muscle cells from glucose-intolerant RYR1-p.R163C and db/db mice. Glucose-intolerant RYR1-p.R163C and db/db mice have significantly elevated muscle [Ca2+]i and reduced muscle glucose uptake compared to WT muscle cells. Dantrolene treatment (1.5 mg/kg IP injection for 2 weeks) caused a significant reduction in fasting blood glucose levels and muscle [Ca2+]i and increased muscle glucose uptake compared to untreated RYR1-p.R163C and db/db mice. Furthermore, RYR1-p.R163C and db/db mice had abnormal basal insulin levels and response to glucose-stimulated insulin secretion. In vitro experiments conducted on single muscle fibers, dantrolene improved insulin-mediated glucose uptake in RYR1-p.R163C and db/db muscle fibers without affecting WT muscle fibers. In muscle cells with chronic elevated [Ca2+]i, GLUT4 expression was significantly lower, and the subcellular fraction (plasma membrane/cytoplasmic) was abnormal compared to WT. The results of this study suggest that i) Chronic elevated muscle [Ca2+]i decreases insulin-stimulated glucose uptake and consequently causes hyperglycemia; ii) Reduced muscle [Ca2+]i by dantrolene improves muscle glucose uptake and subsequent hyperglycemia; iii) The mechanism by which chronic high levels of [Ca2+]i interfere with insulin action appears to involve the expression of GLUT4 and its subcellular fractionation.
Keywords: diabetes, calcium, dantrolene, GLUT4, skeletal muscle
INTRODUCTION
Diabetes Mellitus (DM) is a severe chronic disease listed among the top 10 causes of death in adults. The global prevalence is estimated to be 578 million by 2030 and 700 million by 2045 (Saeedi et al., 2019). DM is characterized by chronic hyperglycemia resulting from muscle tissue’s inability to transport glucose, leading to eventual insulin resistance (Jia et al., 2016). Chronic hyperglycemia produced long-term and severe complications such as kidney failure, neuropathy, and cardiac dysfunction (Jia et al., 2018). More recently, diabetes has been reported to be a major contributor to mortality in patients with COVID-19 (Caballero et al., 2020).
Type 2 diabetes (T2D), by far the most common form of DM, affects people’s functional abilities and quality of life, leading to significant morbidity and premature mortality (Ramtahal et al., 2015). Despite significant advances and extensive research on the molecular basis of T2D, glycemic control remains suboptimal, and morbidity and mortality in diabetic patients remain high. Currently, treatment for patients with T2D includes reducing liver glucose metabolism (Wu et al., 2005), improving endogenous insulin secretion (Kaneko et al., 2019), limiting kidney glucose re-absorption (Vallon and Thomson, 2017), and lifestyle modification (diet and exercise) (Kolb and Martin, 2017). However, all of these therapies, except lifestyle changes, have limitations and drawbacks, and changing human behavior has proven to be very difficult. No pharmacologic treatment has been developed to target the pathogenic disturbances observed in skeletal muscle (muscle insulin resistance), although it is responsible for most of the glucose uptake of the entire body under insulin stimulation (Stump et al., 2006; Gogoi et al., 2014), and it is considered to be the hallmark of T2D (Lillioja et al., 1988; Shepherd and Kahn, 1999; DeFronzo, 2004).
Muscle insulin resistance reveals a suboptimal muscle glucose uptake response to normal insulin levels. Insights into the mechanisms that induce muscle insulin resistance are critical, but unfortunately, they are not fully understood. Among several possible alterations that contribute to insulin resistance in insulin target tissues is a chronic elevation of resting intracellular free Ca2+ concentration [(Ca2+)i] (Draznin et al., 1987; Draznin et al., 1989; Altamirano et al., 2019). An abnormal relationship between [Ca2+]i and insulin resistance has been reported in skeletal muscle cells from patients susceptible to malignant hyperthermia (Altamirano et al., 2019), in adipocytes isolated from patients with T2D (Draznin et al., 1987; Byyny et al., 1992), and in muscle cells from patients with Duchenne muscular dystrophy (unpublished observations Lopez et al.). Furthermore, Park et al. (2009) and Lee et al. (1995) have shown that the expression of GLUT4 is inhibited by chronic elevation of [Ca2+]i. More recently, Tammineni et al. (2020) presented evidence that there are significant alterations in glucose metabolism in microsomal extracts of malignant hyperthermia muscle with elevated [Ca2+]i, evidenced by an increase in phosphorylated glycogen phosphorylase, glycogen synthase, and their Ca2+ dependent kinase.
We hypothesized that chronic elevated muscle [Ca2+]i plays a critical role in muscle glucose intolerance observed in subjects with hyperglycemia. We support our postulate based on the fact that muscle cells of RYR1-p.163C (model of malignant hyperthermia) and db/db (T2D model) with chronic elevated [Ca2+]i show reduced glucose uptake and hyperglycemia independent of genetic background. Reducing [Ca2+]i with dantrolene, a muscle relaxant that lowers [Ca2+]i in muscle and excitable cells (Lopez et al., 1987a; Lopez et al., 1992; Robin et al., 2017) improves skeletal muscle glucose uptake and hyperglycemia. Furthermore, muscle with impaired regulation of [Ca2+]i and reduced glucose transport also shows alterations in the expression and subcellular distribution of the insulin-dependent glucose transporter GLUT4.
MATERIALS AND METHODS
Experimental Models
Experiments were carried out in mice 3–4 months of age of both sexes and the same weight of i) C57BL/6, WT control; ii) RYR1-p.R163C, a mouse model of malignant hyperthermia (MH) that carried a mutation in the N-terminal domain of the isoform one of the ryanodine receptor (RyR1); iii) db/db mice, which have a deficiency in the leptin receptor that recapitulates most aspects of human diabetes disease. Experiments were conducted: i) In vivo, by measuring intracellular [Ca2+] in surgically exposed gastrocnemius fibers of anesthetized mice (100 mg/kg and xylazine 5 mg/kg) (Eltit et al., 2013); or (ii) in vitro using single muscle fibers obtained by enzymatic digestion of Flexor digitorum brevis muscle (FDB) muscles from anesthetized WT, RYR1-p.R163C and db/db mice, euthanized by cervical dislocation (Altamirano et al., 2014a). All animals were housed with the same number of mice per cage, under standard pathogen-free conditions at 23°C, with a regular 12:1-h light-dark cycle, provided standard mouse food and water ad libitum and kept in the Mount Sinai Medical Center vivarium.
Glucose Determinations
Blood samples (5 µl) for glucose analysis were obtained from WT, RYR1-p.R163C, and db/db tail vein mice by direct flow or gently massaging; the glucose measurements were carried out using a handheld glucometer (AlphaTRAK® glucose meter, Abbott Animal Health, Abbott Park, IL United States). For three consecutive tests, fastened mice with blood glucose levels >250 mg/dL were considered diabetic.
Pharmacological Treatment With Dantrolene
WT, RYR1-p.R163C, and db/db mice were randomly assigned to control or dantrolene treatment. We studied six groups of mice: Group 1: WT mice were injected intraperitoneally (IP) with saline solution for 2 weeks. Group 2: WT mice were injected IP with dantrolene (1.5 mg/kg) for 2 weeks. We used a concentration of 1.5 mg/kg of dantrolene instead of the 2.5 mg/kg dose of MH treatment (Flewellen et al., 1983) because the former produces the desired effect on [Ca2+]i without causing muscle weakness (Uryash et al., 2020). Group 3: RYR1-p.R163C mice were injected IP with saline solution for 2 weeks. Group 4: RYR1-p.R163C mice were injected IP with dantrolene (1.5 mg/kg) for 2 weeks; Group 5: db/db mice were injected IP with saline solution for 2 weeks. Group 6: db/db mice were injected intraperitoneally with dantrolene (1.5 mg/kg) for 2 weeks.
Calcium Ion-Selective Microelectrodes
Double-barreled, Ca2+ selective microelectrodes were prepared from thin-walled 1.2 and 1.5 mm outside diameter (OD) borosilicate HCl-washed glass capillaries (PB150F-4, World Precision Instruments, FL, United States). The tip of the ion-selective barrel (1.5 mm OD) was silanized with dimethyldichlorosilane vapor and then filled with Ca2+ ionophore II (ETH 129, Sigma-Aldrich, MO, United States); the remainder of the barrel was filled with pCa7 (Eltit et al., 2013). The membrane potential barrel (1.2 mm OD) was filled with 3 M KCl. The double-barreled Ca2+ microelectrode was mounted on a modified plastic holder containing Ag/AgCl wires, which was attached to a head stage (input impedance >1011Ω), connected to a Duo 773 electrometer (World Precision Instruments, FL, United States). The Vm and Ca2+ specific potentials were acquired at a frequency of 1,000 Hz with the AxoGraph software (version 4.6; Axon Instruments, CA, United States) and stored on a computer for further analysis. Each Ca2+ selective microelectrode was individually calibrated before and after measurements, as previously described, and if the two calibration curves did not agree within 3 mV, the data from that microelectrode were discarded (Lopez et al., 1983; Eltit et al., 2013).
Recording of [Ca2+]i and Glucose Uptake in Muscle Fibers (in Vivo)
Anesthetized (100 mg/kg ketamine and 5 mg/kg xylazine) WT, RYR1-p.R163C, and db/db mice were placed on a heating plate (ATC1000, World Precision Instruments, FL, United States) to keep them euthermic (37°C). Hair was removed from the leg, and a small incision was made in the gastrocnemius muscle. The muscle fascia was partially removed, and the superficial muscle fibers were perfused at a rate of 3–5 ml/min with a warm Ringer to preserve moisture (37°C). Gastrocnemius muscle glucose uptake was evaluated by measuring the increase in fluorescence rate of the glucose analog {2- [N- (7-Nitrobenz-2oxa-1,3-diazol-4yl) amino] -2-deoxyglucose} (2-NBDG) (Osorio-Fuentealba et al., 2013), 30 min after IP injection of insulin 0.75 IU/kg body weight (Novo Nordisk Inc. NJ, United States). Muscle cells were incubated with 2-NBDG (100 µM) in a glucose-free Ringer for 30 min, washed several times, and then exposed to Ringer containing glucose. Muscle cells were excited at 467 nm, and the fluorescence emission was collected at 540 nm. Gastrocnemius 2-NBDG-loaded muscle cells were impaled with the double-barreled Ca2+selective microelectrode (Eltit et al., 2013), and measurements of muscle [Ca2+]i and glucose uptake were carried out for each condition.
Recording of Glucose Uptake in Single Muscle Fibers (in Vitro)
Experiments were conducted on FDB single muscle fibers from WT, RYR1-p.R163C, and db/db mice obtained by enzymatic digestion as described previously (Altamirano et al., 2014a). The following experiments were carried out 1) FDB single fibers were incubated with glucose-free Ringer-containing insulin (100 nM), exposed to 2-NBDG (100 µM) for 30 min, and then washed with glucose-free Ringer containing insulin for 15 min. The loaded 2-NBDG single fibers were exposed to normal Ringer-containing glucose, and fluorescence was recorded as previously described; 2) Single FDB fibers were incubated with glucose-free Ringer containing insulin (100 nM), supplemented with dantrolene (30 µM), exposed to 2-NBDG (100 µM) for 15 min, and washed for 15 min with glucose-free Ringer supplemented with dantrolene and insulin. The loaded 2-NBDG single fibers were exposed to Ringer-containing glucose plus dantrolene (30 µM), and fluorescence signals were recorded as previously described. Isolated muscles fibers were used for experimentation 4–6 h after isolation, and they were included in the study only if, at the end of the experiments, they responded vigorously to electrical stimulation (1 msec square pulse, 2.5 times threshold). All experiments were carried out in mammalian Ringer solution bubbled with 95% O2/5% CO2 at 37°C.
Glucose Tolerance Test in Mice
To characterize muscle glucose impairment and hyperglycemia in RYR1-p.R163C and db/db mice, we carried out a glucose tolerance test (GTT) in the three overnight fasting experimental models described above. A glucose bolus (2 g/kg body weight) was delivered into the stomach by gavage stainless still needle -gauge 18- (Kent Scientific, CT, United States) between 8 and 10 a.m. to coincide with the hours of the normal physiological peak for glucose tolerance (Kalsbeek et al., 2010). Blood samples (5 µl) were taken from the tail vein immediately before (0 min) and 30-, 60-, 90-, and 120-min after glucose administration, and blood glucose concentration was measured using a handheld glucometer (AlphaTRAK® glucose meter, Abbott Animal Health, Abbott Park, IL United States). The basal glucose value, the peak amplitude (30 min), and the glucose clearance were determined at 60-, 90-, and 120-min. The area under the curve (AUC) during the 120-min test duration was calculated using the trapezoid rule (GraphPad Prism 9.3.1 macOS, CA, United States). In a separate cohort of WT, RYR1-p.R163C, and db/db mice were divided into six groups (Pharmacological treatment with dantrolene) and the effect of dantrolene on GTT was discerned after the completion of dantrolene treatment as described above.
Glucose-Stimulated Insulin Secretion in Mice
We examined glucose-stimulated insulin secretion in WT, RYR1-p.R163C, and db/db mice. Plasma insulin concentrations were measured using an insulin radioimmunoassay kit (Linco Research, St. Charles, Mo., USA). Mice fasted for 12 h were IP injected with glucose (2 g/kg body weight) and venous blood was collected at 0-, 30-, 60-, 90-, and 120-min. Glucose-stimulated insulin secretion was expressed as the AUC during the 120-min test duration using the same approach as described in the glucose tolerance test in mice.
Western Blot and Fractionation of Subcellular Proteins
Another cohort of anesthetized mice (100 mg/kg ketamine and 5 mg/kg xylazine) WT, RYR1-p.R163C, db/db mice were injected with IP 0.75 IU/kg of insulin body weight (Novo Nordisk Inc. Novolin, United States) and 30 min later sacrificed by cervical dislocation. The gastrocnemius muscles were dissected, minced, and homogenized in a modified RIPA buffer (Altamirano et al., 2014b). Whole tissue homogenates were processed with a protein extraction kit (Sigma-Millipore, MA, United States), total protein concentrations were determined using the bicinchoninic acid (BCA) method (Thermo-Scientific, MA, United States), and aliquots were separated using PGE. After gel electrophoresis and protein transfer, the nitrocellulose membranes were incubated overnight at 4°C with primary antibodies specific for GLUT4 and actin (Abcam, MA, United States). Secondary fluorescent antibodies were used to produce protein bands for detection and quantification with a Storm 860 imaging system (GE Bio-Sciences, NJ, United States) and MyImageAnalysis software (Thermo-Fisher Scientific, MA, United States). The resulting signal data for the proteins of interest were normalized to actin values.
For subcellular protein fractionation, tissue samples were fractionated by detergent solubility with the Pierce subcellular protein fractionation kit (Thermo Fisher Scientific, MA, United States). 50 mg of tissue was washed gently with ice-cold phosphate-buffered saline and wiped to remove excess liquid. The remaining tissue was cut into small pieces and homogenized at 4°C with a protease inhibitor mix from the cytosol extraction buffer. Homogenized tissue was transferred to the Pierce tissue strainer with a 15 ml conical tube on ice. The strainers were centrifuged at 500 × g for 5 min and the supernatant (cytoplasmic extract) was transferred into a new tube on ice. The mixture of ice-cold MEB protease inhibitors was added to the pellet, vortexed in the tube for 5 s, incubated at 4°C for 10 min, and centrifuged at 3,000 × g for 5 min. The supernatant (membrane extract) was transferred into a new tube on ice. The fractions were kept on ice for immediate downstream applications and analysis or stored long-term at −80°C.
Solutions
The mammalian Ringer solution had the following composition (in mM): 130 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES, pH 7.4. Dantrolene (Sigma-Aldrich, MO, United States) solution was made by adding the desired concentration to the mammalian Ringer. The glucose-free Ringer solution had the same composition as the mammalian Ringer solution, but glucose was omitted, and mannitol was added to keep the osmolarity. The experimental solutions were changed using an automated perfusion system (Automate Scientific, CA, United States) and delivered through an unsharpened pipette positioned on top of the recorded muscle fiber. This arrangement allows us to make a rapid change with accurate timing.
Statistics
Data are presented as mean ± standard deviation (SD). We excluded all data from muscle fibers that showed a resting membrane potential of less than −80 mV. We used the D’Agostino & Pearson test to determine whether the samples were normally distributed. We compared the experimental values using a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test. A p-value < 0.05 was considered significant. A correlation analysis was performed to establish the relationship between two different variables (muscle [Ca2+]i and muscle glucose uptake or muscle [Ca2+]i and blood glucose levels). All statistical analyzes and the AUC were performed using GraphPad Prism 9.3.1 macOS (GraphPad Software, CA, United States).
RESULTS
Abnormal Glucose Tolerance in RYR1-p.R163C and Db/Db Mice. Effects of Dantrolene
We have reported altered glucose homeostasis in patients and rodents with aberrant skeletal muscle [Ca2+]i (Altamirano et al., 2019). To further characterize glucose impairment in aberrant [Ca2+]i mice, glucose tolerance tests (GTT) were performed in fasted (12 h) WT, RYR1-p.R163C, and db/db mice. Figure 1 shows the summary data of the GTTs and the area under the curve (Figure 1 insert) throughout the study (120-min). There was a significantly higher value for fasting blood glucose levels in RYR1-pR163C (263 ± 48 mg/dL, p < 0.001) and in db/db (356 ± 55 mg/dL, p < 0.001) compared to WT (107 ± 15 mg/dL). Furthermore, there was a robust difference in average peak amplitude at 30-min (1.8 times in RYR1-pR163C and 2.4 times in db/db greater than WT values) (Figure 1). Furthermore, RYR1-pR163C and db/db mice had slower glucose clearance than WT mice at 60-, 90-, and 120-min and showed a significantly greater area under the curve than WT mice (2.3 times and 3 times, respectively, p < 0.001) (Figure 1 insert).
[image: Figure 1]FIGURE 1 | Abnormal glucose tolerance in RYR1-p.R163C and db/db. GTTs were carried out in fasting WT, RYR1-p.R163C, and db/db mice. Basal blood glucose levels were elevated in RYR1-p.R163C and db/db compared to WT mice. A notable difference in average peak amplitude at 30 min was found in RYR1-p.R163C and db/db compared to WT. The glucose tolerance was expressed as the AUC (Insert), which was calculated using the trapezoid rule over the 120-min test duration (GraphPad Prism software 9.0). Values are expressed as mean ± S. D; experiments were conducted in nmice = 6 per genotype. Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons. *** = p < 0.001.
To further elucidate the role of muscle [Ca2+]i in glucose homeostasis, WT, RYR1-pR163C, and db/db mice were treated with dantrolene (1.5 mg/kg IP, for 2 weeks), which significantly reduces [Ca2+]i (Lopez et al. unpublished results). Mice were divided into 6 groups as previously described (Pharmacological treatment with dantrolene), and glucose tolerance tests were performed at the end of the pharmacological treatment. Dantrolene normalized blood glucose levels in RYR1-pR163C (2.2-times, p < 0.001) and db/db mice (2.9-times, p < 0.001), reduced the maximum amplitude 30 min after glucose load by 1.5 times (p < 0.001) in RYR1-pR163C and by 1.7 times (p < 0.001) in db/db mice (Figures 2A,B). Furthermore, dantrolene accelerated glucose clearance at 60-, 90-, and 120-min, significantly reducing the area under the curve in RYR1-pR163C mice by 1.9 times (p < 0.001) and in db/db mice by 2 times (p < 0.001) compared to untreated mice (Figures 2A,B inserts). Dantrolene did not significantly reduce blood glucose levels or the area under the curve in WT (Figures 2A,B and insert).
[image: Figure 2]FIGURE 2 | Dantrolene improves glucose tolerance in RYR1-p.R163C and db/db mice. GTT was carried out before and after dantrolene treatment (1.5 mg/kg intraperitoneally daily for 2 weeks) in WT, RYR1-p.R163C, and db/db mice. Dantrolene significantly reduced fasting glycemia in RYR1-p.R163C (A) and db/db mice (B) and improved response to glucose load at all times studied in RyR1-p.R163C and db/db compared to untreated mice. The insets in Figures (A, B) represent the area under the curve before and after dantrolene treatment for 120 min. The results represent the mean ± S. D from nmice = 5 per genotype. Statistical analysis was performed as described above. ns = non significative; *** = p < 0.001.
Abnormal Glucose-Stimulated Insulin Secretion
Insulin is a hormone essential for the regulation of blood glucose levels, and elevated concentration is a cardinal feature of T2D (Warram et al., 1990). We analyzed plasma insulin levels in response to glucose stimulation in WT, RYR1-p.R163C, and db/db mice. Mice fasted for 12 h were injected IP with glucose (2 g/kg body weight), and tail venous blood was obtained at 0-, 30-, 60-, 90- and 120-min after injection. Fasting insulin levels were 2.7 times (p < 0.001) higher in RYR1-pR163C and 4.7 times (p < 0.001) in db/db than in WT (Figure 3). The average peak amplitude (30 min) after glucose load was 1.4-times higher in RYR1-pR163C (p < 0.001) and 2 times in db/db (p < 0.001) compared to WT mice (Figure 3). Additionally, the decay of blood insulin levels was slower (60-, 90-, and 120-min) in RYR1-pR163C and db/db mice compared to WT. Furthermore, the area under the curve (0–120 min) was 1.5 times greater in RYR1-pR163C (p < 0.001) and 2 times in db/db (p < 0.001) compared to WT (Figure 3 insert).
[image: Figure 3]FIGURE 3 | Abnormal insulin levels in response to glucose challenge. Insulin levels were determined in WT, RYR1-p.R163C, and db/db mice after a glucose load. The basal level of insulin was higher in RyR1-p.R163C and db/db than in WT mice and during the test duration of 120 min. The insert shows the AUC calculated using the trapezoid rule of the insulin determination (GraphPad Prism software 9.0). Values are expressed as mean ± S.D. Experiments were conducted in nmice = 6 per genotype. Statistical analysis was performed as described above. ** = p < 0.01, *** = p < 0.001.
Effects of Dantrolene on Resting [Ca2+]i in RYR1-p.R163C and Db/Db Skeletal Muscle Fibers
Abnormal [Ca2+]i is a common underlying phenomenon in the pathophysiology of various skeletal muscle diseases (Lopez et al., 1987b; Lopez et al., 1995; Lopez et al., 2005; Lopez et al., 2008). Muscle [Ca2+]i was measured in vivo in superficial gastrocnemius fibers in anesthetized WT, RYR1-p.R163C, and db/db using Ca2+ selective microelectrodes. We confirmed in RYR1-p.R163C and found in db/db that [Ca2+]i in skeletal muscle is higher than in WT. Figures 4A–C show typical records of [Ca2+]i measured in intact, polarized skeletal muscle fibers of WT (A) RYR1-p.R163C (B) and db/db (C), respectively. The average values of [Ca2+]i in WT was 122 ± 3 nM (n = 16), while RYR1-p.R163C was significantly more elevated 297 ± 17 nM (n = 14, p < 0.001 compared to WT) and in db/db 314 ± 25 nM (n = 13, p < 0.001 compared to WT) (Figure 4D).
[image: Figure 4]FIGURE 4 | [Ca2+]i in intact skeletal muscle cells. Effect of dantrolene. The records represent the specific potential of Ca2+ obtained from WT, RYR1-pR163C, and db/db muscle cells. [Ca2+]i was calculated using the corresponding microelectrode calibration curve (Lopez et al., 1983). (A) Shows a representative record of the Ca2+ specific potential obtained from a WT muscle cell, [Ca2+]i was 119 nM. The upper left and right arrows indicate Ca2+ microelectrode impalement and withdrawal, respectively; (B) Ca2+ specific potential recorded from RYR1-pR163C muscle fiber, [Ca2+]i was 284 nM; (C) Ca2+ specific potential recorded from a db/db muscle fiber; [Ca2+]i was 329 nM. (D) [Ca2+]i was significantly higher in RYR1-pR163C and db/db than WT muscle cells. Dantrolene treatment (1.5 mg/kg IP daily for 2 weeks) reduced [Ca2+]i in all genotypes; however, the reduction was greater in RYR1 p. R163C (2.8 times) and db/db (2.9 times) than in WT muscles (1.2 times). Values are expressed as mean ± S. D; experiments were carried out in nmice = 6 per genotype; ncells = 13–16/genotype group. Statistical analysis was performed as described above. *** = p < 0.001. Calibration bar = 1 min.
Pretreatment of WT, RYR1-p.R163Cand db/db mice with dantrolene (1.5 mg/kg intraperitoneally, for 2 weeks), caused a significant reduction in skeletal muscle [Ca2+]i in all mice. In WT [Ca2+]i was reduced by 1.3 times (96 ± 5 nM, n = 13, p < 0.001), in RYR1-p.R163C by 2.8 times (103 ± 4 nM, n = 13, p < 0.001) and db/db by 2.9 times (107 ± 5 nM, n = 14, p < 0.001) (Figure 4D).
Chronic Increases in [Ca2+]i Reduce Glucose Uptake in Skeletal Muscle. Effects of Dantrolene
To establish the direct correlation between resting muscle [Ca2+]i and glucose uptake, in a different set of experiments, we simultaneously measured [Ca2+]i and glucose uptake in vivo in superficial intact gastrocnemius fibers of anesthetized WT, RYR1-p.R163C, and db/db [Ca2+]i was measured using double-barreled Ca2+ selective microelectrodes (Eltit et al., 2013), and glucose uptake was measured with the 2-NBDG fluorescent glucose analog (Zou et al., 2005). [Ca2+]i in RYR1-p.R163C was 2.4 times more elevated (292 ± 22 nM, n = 40, p < 0.001 compared to WT) and in db/db was 2.7-times (332 ± 31 nM, n = 31, p < 0.001 compared to WT) (Figure 5A left y-axis). On the other hand, a significant reduction in insulin-dependent glucose uptake was observed in RYR1-p.R163C (1.5 times, p < 0.001) and in db/db (p < 0.001, 1.8 times) compared to WT (Figure 5A right y-axis). Figure 5B shows a negative linear relationship between muscle [Ca2+]i and glucose uptake (R = 0.63), and Figure 5C shows a positive linear relationship between muscle [Ca2+]i (average per mouse) and the glucose blood level of RYR1-p.R163C and db/db mice (R = 0.68). In summary, mice with impaired muscle [Ca2+]i handling have significantly reduced glucose uptake and subsequent hyperglycemia.
[image: Figure 5]FIGURE 5 | Increased [Ca2+]i impairs glucose uptake in muscle fibers. [Ca2+]i and glucose uptake were recorded simultaneously in vivo in intact gastrocnemius fibers WT and RyR1-p.R163C and db/db using double-barreled selective Ca2+ microelectrodes and the 2-NBDG fluorescent glucose analog. (A) Left panel: Intracellular [Ca2+] was higher in RYR1-p.R163C and db/db than in the WT muscle. Right panel: Glucose uptake was significantly reduced in RYR1-p.R163C and db/db compared to WT muscle. All fluorescence signals were normalized to WT. (B) A positive correlation between muscle glucose uptake and [Ca2+]i was found in RyR1-p.R163C and db/db (R = 0.63). An increase in muscle [Ca2+]i caused a decrease in glucose uptake. (C) Show a positive correlation analysis between mice’s blood glucose (mg/dL) and muscle [Ca2+]i (nM) (R = 0.68). Increased muscle [Ca2+]i caused a more elevated blood glucose concentration. (D) Left panel: [Ca2+]i was elevated in RYR1-p.R163C and db/db compared to WT muscle. Dantrolene treatment significantly reduced [Ca2+]i and all genotypes. Right panel: insulin-dependent glucose uptake was reduced in RYR1-p.R163C and db/db compared to WT muscle. Dantrolene improved glucose uptake in the RYR1-p.R163C and db/db muscles, with no significant effect in WT. All fluorescence signals were normalized to WT. The results represent the mean ± S. D from ncells = 14–52/genotype group, isolated from nmice = 5–6 per genotype; ncells = 14–52/genotype group. Statistical analysis was performed as described above. ** = p < 0.01; *** = p < 0.001.
To determine the impact of muscle reduction [Ca2+]i on insulin-dependent glucose uptake, in another set of experiments, we simultaneously measured [Ca2+]i and 2-NBDG fluorescence in vivo in the superficial fibers of the gastrocnemius muscle from WT, RYR1-p.R163C, and db/db mice treated with dantrolene (1.5 mg/kg intraperitoneally for 2 weeks). Dantrolene significantly reduced [Ca2+]i by 1.2 times in WT (p < 0.01 compared to untreated WT muscles), 2.6 times in RYR1-p.R163C (p < 0.001 compared to untreated RYR1-p.R163C muscles) and 2.9 times in db/db muscle cells (p < 0.001 compared to untreated db/db muscles). Furthermore, dantrolene improved glucose uptake by 1.3 times in RYR1-p.R163C (p < 0.001 compared to untreated RYR1-p.R163C muscles) and 1.5 times in db/db (p < 0.001 compared to untreated db/db muscles) (Figure 5D). Dantrolene did not modify glucose uptake in WT (p = 0.722) (Figure 5D).
Effect of Dantrolene on Glucose Uptake in Single Muscle Fibers
Insulin resistance to the skeletal muscle is one of the first detectable defects in T2D. We evaluated insulin-dependent glucose uptake in single fibers loaded with 2-NBDG from WT, RYR1-p.R163C, and db/db mice. The 2-NBDG fluorescent rate was significantly reduced in RYR1-p.R163C (p < 0.001) and db/db (p < 0.001) compared to WT (Figure 6A, C).
[image: Figure 6]FIGURE 6 | Glucose uptake in WT, RYR1-p.R163C, and db/db single fibers. Effects of dantrolene. (A) Single muscle fiber recordings of 2-NBDG fluorescent signals from WT, RYR1-p.R163C, and db/db muscle. (B) Typical records of NBDG fluorescent signals show the effect of dantrolene on insulin-dependent glucose uptake in single muscle fibers WT, RYR1-p.R163C, and db/db. (C) Shows the summary of abnormal insulin-dependent glucose uptake in RYR1-p.R163C and db/db single muscle fibers and the effects of dantrolene. The florescent rate values were normalized to untreated WT and expressed as mean ± S. D; experiments were carried out in nmice = 5 per genotype; nfibers = 9–14/genotype group. Statistical analysis was performed as described above. *** = p < 0.001. Calibration bar = 5 min.
In another set of experiments, we determined whether a reduction in [Ca2+]i caused by dantrolene was relevant to its ability to improve insulin resistance. Experiments were carried out in 2-NBDG loaded FDB single fibers from WT, RYR1-p.R163C, and db/db mice pretreated with dantrolene (20 μM) for 15 min. We selected dantrolene (20 μM) because such a concentration significantly reduced [Ca2+]i without compromising glucose transport in muscle cells (Lopez et al. unpublished experiments). Pretreatment with dantrolene caused a significant increase in the 2-NBDG rate by 1.4 times in RYR1-p.R163C (p < 0.001) and 1.7 times in db/db (p < 0.001) compared with untreated RYR1-p.R163C and db/db muscle fibers respectively (Figure 6B,C). Dantrolene did not change insulin-dependent glucose uptake in WT (p = 0.877 compared to untreated) (Figures 6B,C).
GLUT4 Expression and Subcellular Proteins Fractionation in Muscle With Abnormal [Ca2+]i
Next, we determine whether elevated [Ca2+]i interferes with the expression and subcellular distribution of GLUT4, an insulin-regulated glucose transporter, in homogenates of the RYR1-p.R163C and db/db muscle compared to WT. Our data show that GLUT4 expression was significantly lower in RYR1-pR163C (1.2-times, p < 0.05) and in the db/db muscle (1.3-times, p < 0.01) compared to the WT muscle (Figure 7A,B). Furthermore, the subcellular fractionation of GLUT4 attached to the plasma membrane was smaller in the muscle RYR1-pR163C (1.8-times, p < 0.001) and db/db (1.9-times, p < 0.001) muscle compared to the WT muscle, while the cytoplasmic fraction was greater in RYR1-pR163C (1.4-times, p < 0.01) and db/db (1.5-times, p < 0.01) muscle compared to the WT muscle (Figures 7A,B).
[image: Figure 7]FIGURE 7 | Expression and subcellular distribution of GLUT4 in skeletal muscle. The total expression of GLUT4 was significantly lower in RYR1-pR163C and db/db gastrocnemius muscle compared to age-matched WT muscle. Furthermore, the GLUT4 subcellular membrane fraction was significantly reduced in RYR1-pR163C and db/db muscles compared to WT; in contrast, the cytoplasmic fraction of GLUT4 was higher in RYR1-pR163C and db/db muscles than in WT. (A) Representative immunoblots collected from WT, RyR1-p.R163C, and the db/db muscle homogenates. (B) Densitometric quantification of the global and subcellular distribution of GLUT4 in WT, RYR1-pR163C, and db/db muscle. Values are expressed as mean ± S.D. Experiments were carried out in nmice = 3 per genotype, nWB = 5. Statistical analysis was performed as described above. ns = non significative, ** = p < 0.01, *** = p < 0.001.
DISCUSSION
This study represents the first report that combines the determination of [Ca2+]i using Ca2+ selective microelectrodes and a fluorescent glucose analog (2-NBDG) in intact skeletal muscle (in vivo), allowing the assessment of whether elevating [Ca2+]i causes insulin resistance in muscle cells in two experimental models with different genetic backgrounds. The more important finding of the present study are:
In Vivo

i) Muscle cells from glucose-intolerant RYR1-p.R163C and db/db mice show a chronic elevated [Ca2+]i and a reduced glucose uptake mediated by insulin. Dantrolene reduces muscle [Ca2+]i and cause an increase in muscle glucose uptake. Furthermore, dantrolene decreases fasting blood glucose levels and improves the glucose tolerance test in RYR1-p.R163C and db/db mice.
ii) RYR1-p.R163C and db/db mice have an abnormal blood insulin level and an anomalous response to glucose-stimulated plasma insulin.
iii) There is an optimal muscle [Ca2+]i (100–130 nM) that facilitates muscle insulin glucose uptake. However, chronic elevation of [Ca2+]i outside of this optimal concentration inhibits insulin-dependent glucose uptake.
In Vitro

i) Dantrolene improves insulin-mediated glucose uptake in RYR1-p.R163C and db/db muscle fibers, with no effect on WT.
ii) The expression and translocation of GLUT4 from intracellular vesicle to the plasma membrane was altered in both experimental models with chronically elevated [Ca2+]i. Muscle GLUT4 expression was significantly lower and subcellular protein fractionation was altered in RYR1-p.R163C and db/db mice. The GLUT4 fractionation attached to the plasma membrane was lower in the muscle RYR1-pR163C and db/db, while the cytoplasmic fraction of RYR1-pR163C and db/db was higher compared to the WT muscle.
Abnormal Muscle [Ca2+]i, Glucose Uptake, and Insulin Resistance
The skeletal muscle is the largest sink site for insulin-dependent glucose uptake. Alterations in glucose homeostasis cause pathophysiological conditions such as T2D, the leading cause of millions of deaths worldwide every year. Alteration in insulin sensitivity, called insulin resistance, is a specific and early characteristic of T2D that results in impaired glucose removal (DeFronzo and Tripathy, 2009; Petersen and Shulman, 2018).
In the present investigation, we have found that increased [Ca2+]i reduce muscle cells’ sensitivity to insulin. [Ca2+]i in skeletal muscle is tightly regulated in terms of spatial and temporal distributions by various intracellular regulatory mechanisms, balancing Ca2+ influx and release from intracellular organelles with intracellular sequestration and extracellular extrusion (Cali et al., 2017). Therefore, muscle [Ca2+]i is preserved at a low level (100–120 nM) in quiescent muscle cells against a bulky extracellular concentration gradient (∼2 mM) (Lopez et al., 1983; Lopez et al., 1988). The abnormalities in [Ca2+]i observed in RYR1-p.163C and db/db are consistent with previous reports in malignant hyperthermia susceptible muscle cells (Lopez et al., 1985; Yang et al., 2006; Eltit et al., 2010; Altamirano et al., 2014a) and from experimental models and patients with diabetes (Draznin et al., 1989; Ohara et al., 1991; Tschope et al., 1991). Alterations in the plasma membrane Ca2+ ATPase, the sarcoplasmic reticulum Ca2+ ATPase, and the Na +-Ca2+ exchange have been reported (Condrescu et al., 1987; Makino et al., 1987; Mickelson and Louis, 1996; Altamirano et al., 2014a; Eshima, 2021) in malignant hyperthermia and diabetic muscles. Furthermore, a leak of Ca2+ from the type 1 ryanodine receptor (RyR1) channels (Yang et al., 2007) and a high influx of transmembrane Ca2+ through TRPC channels have been described (Eltit et al., 2010; Rafael Lopez et al., 2020) malignant hyperthermia muscle. Therefore, alterations in these intracellular Ca2+ regulatory mechanisms can contribute to the impairment of [Ca2+]i observed in RYR1-p.163C and db/db muscle cells.
In the insulin signaling cascade that promotes glucose uptake in skeletal muscle, intracellular Ca2+ seems to play two distinct roles: i) permissive and ii) dynamic role. A permissive role in which [Ca2+]i modulates the muscle response to insulin (facilitating or inhibiting it). A dynamic role where a transient and local subsarcolemmal elevation of intracellular [Ca2+] is required for muscle insulin-dependent glucose uptake (Bruton et al., 1999; Lanner et al., 2006). Insulin-dependent elevation of intracellular [Ca2+] appears to be mediated by the canonical transient receptor potential (TRPC) 3 and 6, as GSK2332255B, a selective TRPC3/6 antagonist (Washburn et al., 2013), prevented the increase in [Ca2+]i associated with insulin effects in human myotubes (Uryash et al. unpublished results).
Under physiological conditions, insulin stimulates glucose uptake in skeletal muscle, cardiac muscle, and adipose tissue to maintain glucose homeostasis (Jaiswal et al., 2019). We have shown that chronic increase in muscle [Ca2+]i caused insulin resistance in two mouse models, RYR1-p.163C, a model of malignant hyperthermia (Yang et al., 2006), and db/db, a model of T2D (Coleman, 1982; Leibel et al., 1997). Similarly, an association between elevated [Ca2+]i and insulin resistance has been reported in human fat cells and rats (Draznin et al., 1988; Draznin et al., 1989; Reusch et al., 1991) and muscle in which [Ca2+]i was elevated pharmacologically (Westfall and Sayeed, 1990). Insulin resistance has also been reported in the aging process (Defronzo, 1979), and various pathologies such as heart failure (Swan et al., 1997), Duchenne muscular dystrophy (Freidenberg and Olefsky, 1985), uremic patients (Siew and Ikizler, 2010), Alzheimer’s disease (Dominguez et al., 2014) and MH (Altamirano et al., 2019). Interestingly, most of these pathologies share a common disorder: intracellular Ca2+ dysfunction reflected in elevated [Ca2+]i (Lopez et al., 1987b; Lopez et al., 2005; Lopez et al., 2008; Altamirano et al., 2019; Uryash et al., 2020).
RYR1-p.163C and db/db mice had elevated circulating insulin levels and abnormal peak amplitude after glucose load compared to WT. Hyperinsulinemia is a compensatory increase in pancreatic insulin production (Petersen and Shulman, 2018) caused by skeletal muscle insulin resistance (DeFronzo and Tripathy, 2009). The hyperinsulinemia observed in db/db is consistent with the previously described db/db mice (Burke et al., 2017) and patients with T2D (Sung et al., 2011) and represents the first report in mice susceptible to malignant hyperthermia. It is worth noting that insulin resistance and hyperinsulinemia are often associated with the development of a specific form of cardiomyopathy, diabetic cardiomyopathy, a condition in which heart failure occurs in the absence of coronary artery disease and represents the leading cause of death in patients with T2D (Dillmann, 2019; Uryash et al., 2021). In the light of our previous and present observations, it is reasonable to conclude that a chronic increase in muscle [Ca2+]i diminishes muscle responsiveness to insulin-glucose uptake and subsequently provokes muscle glucose intolerance.
Effects of Dantrolene on [Ca2+]i, Glucose Uptake and Hyperglycemia
We tested among the numerous potential abnormalities that account for or contribute to muscle insulin resistance, the possibility that sustained elevated levels [Ca2+]i could make these cells resistant to insulin, a specific feature of T2D (DeFronzo and Tripathy, 2009). Dantrolene treatment in RYR1-p.163C and db/db mice causes a significant reduction in fasting blood glucose levels and reduces the maximum amplitude after glucose load in RYR1-p.R163C and db/db mice. Additionally, at the cellular level, dantrolene significantly reduced muscle [Ca2+]i in all three models but improved insulin-induced glucose uptake (in vivo and in vitro) only in RYR1-p.R163C and db/db muscle cells. The effects of dantrolene on [Ca2+]i have been described previously in muscle cells from humans (Lopez et al., 1992), swine (Lopez et al., 1987a), and mice (Yang et al., 2006; Cherednichenko et al., 2008; Eltit et al., 2013). The mechanism by which dantrolene reduced [Ca2+]i in skeletal muscle is unclear. Predominant facts support the view that dantrolene effects appear to be mediated primarily on the RyR1 receptor, inhibiting Ca2+ release from the sarcoplasmic reticulum (Helland et al., 1988; Fruen et al., 1997). However, other mechanisms have been proposed for the pharmacological effects of dantrolene on skeletal muscle, such as reducing Ca2+ leakage from the RyR1 receptor (Yang et al., 2007) and Ca2+ entry into muscle cells (Cherednichenko et al., 2008). Therefore, dantrolene may have more than one mechanism to modify [Ca2+]i in skeletal muscle.
Our data show that a significant reduction in [Ca2+]i induced by dantrolene (20 nM) in the RYR1-p.R163C and db/db muscles transformed them from insulin resistance muscle to noninsulin resistance muscle (glucose tolerance muscle). This finding supports the hypothesis of the existence of a [Ca2+]i window for muscle glucose transport, with an optimal [Ca2+]i in the range of 90–130 nM (Figures 5A,D) while reduction of [Ca2+]i outside of this “ideal window” (<90 nM) or elevation (>150 nM) causes markedly inhibition of insulin-stimulated glucose transport. Therefore, [Ca2+]i modulates insulin-mediated glucose transport in skeletal muscle in two opposite ways: a permissive effect as long as [Ca2+]i remains at optimal concentration and an inhibitory effect, caused by chronic reduction or elevation of muscle [Ca2+]i, which inhibits insulin-mediated glucose uptake causing muscle insulin resistance and hyperinsulinemia, as observed in RYR1-p.R163C and db/db mice.
GLUT-4 Glucose Transporter
Our western blot studies demonstrated that overall GLUT4 expression was significantly lower in RYR1-pR163C and db/db muscle compared to WT. Our finding coincides with Park et al. (2009), who demonstrated that muscle GLUT4 expression is inhibited by chronic elevation of [Ca2+]i induced by the high concentration or prolonged exposure to caffeine. A direct relationship between muscle GLUT4 content and glucose uptake in response to insulin stimulation has been described in muscle cells (Henriksen et al., 1990); therefore, the reduction in GLUT4 expression may explain the abnormal glucose uptake observed in the RYR1-pR163C and db/db muscle.
We observed an interesting difference in the fractionation distribution of the GLUT4 subcellular protein between RYR1-pR163C and the db/db and WT muscles. The fraction of GLUT4 subcellular membrane was reduced in RYR1-pR163C and db/db muscle compared to WT. On the contrary, the cytoplasmic fraction of GLUT4 was more elevated in the RYR1-pR163C and db/db muscles than in WT. The translocation of GLUT4 to the plasma membrane in skeletal muscle after insulin stimulation represents the combination of two intricate systems: i) a signal transduction and ii) a vesicular transport (Stockli et al., 2011). Under basal conditions, GLUT4 glucose transporters are stored in cytoplasmatic insulin-responsive vesicles, and upon binding of insulin to the insulin receptor, GLUT4 is translocated to the cell surface to facilitate glucose transport. A transient elevation of intracellular Ca2+ appears to be essential for the recruitment of GLUT4 to the plasma membrane and T tubule and the subsequent increase in glucose uptake (Mitani et al., 1996; Jensen et al., 2007). However, the link between the insulin-signaling cascade and the events connected with GLUT4 trafficking are not fully understood. Based on the present results, it is appealing to suggest that the difference in the expression and fractionation distribution of GLUT4 observed in the RYR1-pR163C and db/db muscles could also be associated with elevated [Ca2+]i. In this regard, chronic elevation [Ca2+]i caused phosphorylation and reduced GLUT4 intrinsic activity in adipocytes, and treatment with nitrendipine, a Ca2+ blocker, improved the ability of insulin to dephosphorylate GLUT4 and restored insulin-stimulated GLUT4 (Begum et al., 1993; Reusch et al., 1993).
Study Limitations
Despite the impact on the present finding, some limitations should be acknowledged. Muscle resistance to insulin is aggravated with aging, regardless of its association with insufficient insulin secretion. In the current study, we used only 3-4-month-old RYR1-pR163C and db/db mice, not aged mice. We did not explore the dose-response effect of dantrolene on muscle GLUT4 expression and its subcellular fractionation in RYR1-pR163C and db/db muscle. Furthermore, we did not study the mechanism by which [Ca2+]i modulates the global expression and translocation of GLUT4 and the degree of GLUT4 phosphorylation in the RYR1-pR163C and db/db muscle.
CONCLUSION
Collectively, this novel study provides information on the unexplored crosstalk between [Ca2+]i and glucose uptake in skeletal muscle. Using two experimental models, RYR1-p.R163C and db/db mice, we have shown in vivo and in vitro that chronic elevation of [Ca2+]i impair insulin-stimulated muscle glucose uptake, causing whole-body glucose dyshomeostasis. The Ca2+-induced glucose uptake impairment appears to reside in part in the abnormal GLUT4 expression and its subcellular distribution. Consistent with our hypothesis, reducing [Ca2+]i improves glucose uptake and whole-body glucose homeostasis. Furthermore, this study aims to use skeletal muscle as a target to improve glucose dyshomeostasis in patients with T2D, a therapeutic approach that has been overlooked.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by Institutional Animal Care (IACUC) and Use Committee of Mount Sinai Medical Center.
AUTHOR CONTRIBUTIONS
AU: Performed research and analyzed data; AM: Performed research and analyzed data; CL: Performed research and analyzed data; JA: Designed research; JL: Designed research, performed the experiments and analyzed the data. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This work was supported by the Florida Heart Research Foundation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
AUC, area under the curve; DANT, dantrolene; GLU, glucose; GTT, glucose tolerance test; MH, malignant hyperthermia; millisecond, msec; T tubules, transverse tubules; T2D, type 2 diabetes; [Ca2+]i, resting intracellular calcium concentration.
REFERENCES
 Altamirano F., Riazi S., Ibarra Moreno C. A., Kraeva N., Uryash A. Allen P. D., et al. (2019). Is Malignant Hyperthermia Associated with Hyperglycaemia?Br. J. Anaesth. 122, e3–e6. doi:10.1016/j.bja.2018.09.014
 Altamirano F., Eltit J. M., Robin G., Linares N., Ding X. Pessah I. N., et al. (2014a). Ca2+ Influx via the Na+/Ca2+ Exchanger Is Enhanced in Malignant Hyperthermia Skeletal Muscle. J. Biol. Chem. 289, 19180–19190. doi:10.1074/jbc.m114.550764
 Altamirano F., Perez C. F., Liu M., Widrick J., Barton E. R. Allen P. D., et al. (2014b). Whole Body Periodic Acceleration Is an Effective Therapy to Ameliorate Muscular Dystrophy in Mdx Mice. PLoS One 9, e106590. doi:10.1371/journal.pone.0106590
 Begum N., Leitner W., Reusch J. E., Sussman K. E., Draznin B. (1993). GLUT-4 Phosphorylation and its Intrinsic Activity. Mechanism of Ca(2+)-Induced Inhibition of Insulin-Stimulated Glucose Transport. J. Biol. Chem. 268, 3352–3356. doi:10.1016/s0021-9258(18)53701-7
 Bruton J. D., Katz A., Westerblad H. (1999). Insulin Increases Near-Membrane but Not Global Ca 2+ in Isolated Skeletal Muscle. Proc. Natl. Acad. Sci. U.S.A. 96, 3281–3286. doi:10.1073/pnas.96.6.3281
 Burke S. J., Batdorf H. M., Burk D. H., Noland R. C., Eder A. E. Boulos M. S., et al. (2017). Db/Db Mice Exhibit Features of Human Type 2 Diabetes that Are Not Present in Weight-Matched C57BL/6J Mice Fed a Western Diet. J. Diabetes Res. 2017, 8503754. doi:10.1155/2017/8503754
 Byyny R. L., Verde M. L., Lloyd S., Mitchell W., Draznin B. (1992). Cytosolic Calcium and Insulin Resistance in Elderly Patients with Essential Hypertension. Am. J. Hypertens. 5, 459–464. doi:10.1093/ajh/5.7.459
 Caballero A. E., Ceriello A., Misra A., Aschner P., Mcdonnell M. E. Hassanein M., et al. (2020). COVID-19 in People Living with Diabetes: An International Consensus. J. Diabetes its Complications 34, 107671. doi:10.1016/j.jdiacomp.2020.107671
 Calì T., Brini M., Carafoli E. (2017). Regulation of Cell Calcium and Role of Plasma Membrane Calcium ATPases. Int. Rev. Cel Mol Biol 332, 259–296. doi:10.1016/bs.ircmb.2017.01.002
 Cherednichenko G., Ward C. W., Feng W., Cabrales E., Michaelson L. Samso M., et al. (2008). Enhanced Excitation-Coupled Calcium Entry in Myotubes Expressing Malignant Hyperthermia Mutation R163C Is Attenuated by Dantrolene. Mol. Pharmacol. 73, 1203–1212. doi:10.1124/mol.107.043299
 Coleman D. L. (1982). Diabetes-obesity Syndromes in Mice. Diabetes 31, 1–6. doi:10.2337/diab.31.1.s1
 Condrescu M., López J. R., Medina P., Alamo L. (1987). Deficient Function of the Sarcoplasmic Reticulum in Patients Susceptible to Malignant Hyperthermia. Muscle Nerve 10, 238–241. doi:10.1002/mus.880100307
 Defronzo R. A., Tripathy D. (2009). Skeletal Muscle Insulin Resistance Is the Primary Defect in Type 2 Diabetes. Diabetes Care 32 Suppl 2 (Suppl. 2), S157–S163. doi:10.2337/dc09-S302
 Defronzo R. A. (1979). Glucose Intolerance and Aging: Evidence for Tissue Insensitivity to Insulin. Diabetes 28, 1095–1101. doi:10.2337/diab.28.12.1095
 Defronzo R. A. (2004). Pathogenesis of Type 2 Diabetes Mellitus. Med. Clin. North America 88, 787–835. doi:10.1016/j.mcna.2004.04.013
 Dillmann W. H. (2019). Diabetic Cardiomyopathy. Circ. Res. 124, 1160–1162. doi:10.1161/circresaha.118.314665
 Domínguez R. O., Pagano M. A., Marschoff E. R., González S. E., Repetto M. G., Serra J. A. (2014). Alzheimer Disease and Cognitive Impairment Associated with Diabetes Mellitus Type 2: Associations and a Hypothesis. Neurología (English Edition) 29, 567–572. doi:10.1016/j.nrleng.2014.10.001
 Draznin B., Lewis D., Houlder N., Sherman N., Adamo M. Garvey W. T., et al. (1989). Mechanism of Insulin Resistance Induced by Sustained Levels of Cytosolic Free Calcium in Rat Adipocytes*. Endocrinology 125, 2341–2349. doi:10.1210/endo-125-5-2341
 Draznin B., Sussman K. E., Eckel R. H., Kao M., Yost T., Sherman N. A. (1988). Possible Role of Cytosolic Free Calcium Concentrations in Mediating Insulin Resistance of Obesity and Hyperinsulinemia. J. Clin. Invest. 82, 1848–1852. doi:10.1172/jci113801
 Draznin B., Sussman K., Kao M., Lewis D., Sherman N. (1987). The Existence of an Optimal Range of Cytosolic Free Calcium for Insulin-Stimulated Glucose Transport in Rat Adipocytes. J. Biol. Chem. 262, 14385–14388. doi:10.1016/s0021-9258(18)47805-2
 Eltit J. M., Ding X., Pessah I. N., Allen P. D., Lopez J. R. (2013). Nonspecific Sarcolemmal Cation Channels Are Critical for the Pathogenesis of Malignant Hyperthermia. FASEB j. 27, 991–1000. doi:10.1096/fj.12-218354
 Eltit J. M., Yang T., Li H., Molinski T. F., Pessah I. N. Allen P. D., et al. (2010). RyR1-mediated Ca2+ Leak and Ca2+ Entry Determine Resting Intracellular Ca2+ in Skeletal Myotubes. J. Biol. Chem. 285, 13781–13787. doi:10.1074/jbc.m110.107300
 Eshima H. (2021). Influence of Obesity and Type 2 Diabetes on Calcium Handling by Skeletal Muscle: Spotlight on the Sarcoplasmic Reticulum and Mitochondria. Front. Physiol. 12, 758316. doi:10.3389/fphys.2021.758316
 Flewellen E. H., Nelson T. E., Jones W. P., Arens J. F., Wagner D. L. (1983). Dantrolene Dose Response in Awake Man. Anesthesiology 59, 275–280. doi:10.1097/00000542-198310000-00002
 Freidenberg G. R., Olefsky J. M. (1985). Dissociation of Insulin Resistance and Decreased Insulin Receptor Binding in Duchenne Muscular Dystrophy*. J. Clin. Endocrinol. Metab. 60, 320–327. doi:10.1210/jcem-60-2-320
 Fruen B. R., Mickelson J. R., Louis C. F. (1997). Dantrolene Inhibition of Sarcoplasmic Reticulum Ca2+Release by Direct and Specific Action at Skeletal Muscle Ryanodine Receptors. J. Biol. Chem. 272, 26965–26971. doi:10.1074/jbc.272.43.26965
 Gogoi B., Chatterjee P., Mukherjee S., Buragohain A. K., Bhattacharya S., Dasgupta S. (2014). A Polyphenol Rescues Lipid Induced Insulin Resistance in Skeletal Muscle Cells and Adipocytes. Biochem. Biophysical Res. Commun. 452, 382–388. doi:10.1016/j.bbrc.2014.08.079
 Helland L. A., Lopez J. R., Taylor S. R., Trube G., Wanek L. A. (1988). Effects of Calcium "antagonists" on Vertebrate Skeletal Muscle Cells. Ann. NY Acad. Sci. 522, 259–268. doi:10.1111/j.1749-6632.1988.tb33363.x
 Henriksen E. J., Bourey R. E., Rodnick K. J., Koranyi L., Permutt M. A., Holloszy J. O. (1990). Glucose Transporter Protein Content and Glucose Transport Capacity in Rat Skeletal Muscles. Am. J. Physiology-Endocrinology Metab. 259, E593–E598. doi:10.1152/ajpendo.1990.259.4.e593
 Jaiswal N., Gavin M. G., Quinn W. J., Luongo T. S., Gelfer R. G. Baur J. A., et al. (2019). The Role of Skeletal Muscle Akt in the Regulation of Muscle Mass and Glucose Homeostasis. Mol. Metab. 28, 1–13. doi:10.1016/j.molmet.2019.08.001
 Jensen T. E., Rose A. J., Hellsten Y., Wojtaszewski J. F. P., Richter E. A. (2007). Caffeine-induced Ca2+ Release Increases AMPK-dependent Glucose Uptake in Rodent Soleus Muscle. Am. J. Physiology-Endocrinology MetabolismEndocrinology Metab. 293, E286–E292. doi:10.1152/ajpendo.00693.2006
 Jia G., Demarco V. G., Sowers J. R. (2016). Insulin Resistance and Hyperinsulinaemia in Diabetic Cardiomyopathy. Nat. Rev. Endocrinol. 12, 144–153. doi:10.1038/nrendo.2015.216
 Jia G., Hill M. A., Sowers J. R. (2018). Diabetic Cardiomyopathy. Circ. Res. 122, 624–638. doi:10.1161/circresaha.117.311586
 Kalsbeek A., Yi C.-X., La Fleur S. E., Fliers E. (2010). The Hypothalamic Clock and its Control of Glucose Homeostasis. Trends Endocrinol. Metab. 21, 402–410. doi:10.1016/j.tem.2010.02.005
 Kaneko K., Satake C., Izumi T., Tanaka M., Yamamoto J. Asai Y., et al. (2019). Enhancement of Postprandial Endogenous Insulin Secretion rather Than Exogenous Insulin Injection Ameliorated Insulin Antibody-Induced Unstable Diabetes: a Case Report. BMC Endocr. Disord. 19, 5. doi:10.1186/s12902-018-0326-3
 Kolb H., Martin S. (2017). Environmental/lifestyle Factors in the Pathogenesis and Prevention of Type 2 Diabetes. BMC Med. 15, 131. doi:10.1186/s12916-017-0901-x
 Lanner J. T., Katz A., Tavi P., Sandström M. E., Zhang S.-J. Wretman C., et al. (2006). The Role of Ca2+ Influx for Insulin-Mediated Glucose Uptake in Skeletal Muscle. Diabetes 55, 2077–2083. doi:10.2337/db05-1613
 Lee A. D., Gulve E. A., Chen M., Schluter J., Holloszy J. O. (1995). Effects of Ca2+ Ionophore Ionomycin on Insulin-Stimulated and Basal Glucose Transport in Muscle. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 268, R997–R1002. doi:10.1152/ajpregu.1995.268.4.r997
 Leibel R. L., Chung W. K., Chua S. C. (1997). The Molecular Genetics of Rodent Single Gene Obesities. J. Biol. Chem. 272, 31937–31940. doi:10.1074/jbc.272.51.31937
 Lillioja S., Mott D. M., Howard B. V., Bennett P. H., Yki-Järvinen H. Freymond D., et al. (1988). Impaired Glucose Tolerance as a Disorder of Insulin Action. N. Engl. J. Med. 318, 1217–1225. doi:10.1056/nejm198805123181901
 López J. R., Allen P. D., Alamo L., Jones D., Sreter F. A. (1988). Myoplasmic Free [Ca2+] during a Malignant Hyperthermia Episode in Swine. Muscle Nerve 11, 82–88. doi:10.1002/mus.880110113
 López J. R., Briceño L. E., Sánchez V., Horvart D. (1987b). Myoplasmic (Ca2+) in Duchenne Muscular Dystrophy Patients. Acta Cient Venez 38, 503–504. 
 López J. R., Linares N., Cordovez G., Terzic A. (1995). Elevated Myoplasmic Calcium in Exercise-Induced Equine Rhabdomyolysis. Pflugers Arch. 430, 293–295. doi:10.1007/BF00374661
 López J. R., Alamo L., Caputo C., Dipolo R., Vergara S. (1983). Determination of Ionic Calcium in Frog Skeletal Muscle Fibers. Biophysical J. 43, 1–4. doi:10.1016/s0006-3495(83)84316-1
 López J. R., Alamo L., Caputo C., Wikinski J., Ledezma D. (1985). Intracellular Ionized Calcium Concentration in Muscles from Humans with Malignant Hyperthermia. Muscle Nerve 8, 355–358. doi:10.1002/mus.880080502
 Lopez J. R., Allen P., Alamo L., Ryan J. F., Jones D. E., Sreter F. (1987a). Dantrolene Prevents the Malignant Hyperthermic Syndrome by Reducing Free Intracellular Calcium Concentration in Skeletal Muscle of Susceptible Swine. Cell Calcium 8, 385–396. doi:10.1016/0143-4160(87)90013-3
 Lopez J. R., Gerardi A., Lopez M. J., Allen P. D. (1992). Effects of Dantrolene on Myoplasmic Free [Ca2+] Measured In Vivo in Patients Susceptible to Malignant Hyperthermia. Anesthesiology 76, 711–719. doi:10.1097/00000542-199205000-00008
 Lopez J. R., Lyckman A., Oddo S., Laferla F. M., Querfurth H. W., Shtifman A. (2008). Increased Intraneuronal Resting [Ca2+] in Adult Alzheimer's Disease Mice. J. Neurochem. 105, 262–271. doi:10.1111/j.1471-4159.2007.05135.x
 López J. R., Mijares A., Rojas B., Linares N., Allen P. D., Shtifman A. (2005). Altered Ca2+ Homeostasis in Human Uremic Skeletal Muscle: Possible Involvement of cADPR in Elevation of Intracellular Resting [Ca2+]. Nephron Physiol. 100, p51–p60. doi:10.1159/000085444
 Makino N., Dhalla K. S., Elimban V., Dhalla N. S. (1987). Sarcolemmal Ca2+ Transport in Streptozotocin-Induced Diabetic Cardiomyopathy in Rats. Am. J. Physiology-Endocrinology Metab. 253, E202–E207. doi:10.1152/ajpendo.1987.253.2.e202
 Mickelson J. R., Louis C. F. (1996). Malignant Hyperthermia: Excitation-Contraction Coupling, Ca2+ Release Channel, and Cell Ca2+ Regulation Defects. Physiol. Rev. 76, 537–592. doi:10.1152/physrev.1996.76.2.537
 Mitani Y., Dubyak G. R., Ismail-Beigi F. (1996). Induction of GLUT-1 mRNA in Response to Inhibition of Oxidative Phosphorylation: Role of Increased [Ca2+]i. Am. J. Physiology-Cell Physiol. 270, C235–C242. doi:10.1152/ajpcell.1996.270.1.c235
 Ohara T., Sussman K. E., Draznin B. (1991). Effect of Diabetes on Cytosolic Free Ca2+ and Na(+)-K(+)-ATPase in Rat Aorta. Diabetes 40, 1560–1563. doi:10.2337/diabetes.40.11.1560
 Osorio-Fuentealba C., Contreras-Ferrat A. E., Altamirano F., Espinosa A., Li Q. Niu W., et al. (2013). Electrical Stimuli Release ATP to Increase GLUT4 Translocation and Glucose Uptake via PI3Kγ-Akt-AS160 in Skeletal Muscle Cells. Diabetes 62, 1519–1526. doi:10.2337/db12-1066
 Park S., Scheffler T. L., Gunawan A. M., Shi H., Zeng C. Hannon K. M., et al. (2009). Chronic Elevated Calcium Blocks AMPK-Induced GLUT-4 Expression in Skeletal Muscle. Am. J. Physiology-Cell Physiol. 296, C106–C115. doi:10.1152/ajpcell.00114.2008
 Petersen M. C., Shulman G. I. (2018). Mechanisms of Insulin Action and Insulin Resistance. Physiol. Rev. 98, 2133–2223. doi:10.1152/physrev.00063.2017
 Rafael Lopez J., Kaura V., Hopkins P., Liu X., Uryach A. Adams J., et al. (2020). Transient Receptor Potential Cation Channels and Calcium Dyshomeostasis in a Mouse Model Relevant to Malignant Hyperthermia. Anesthesiology 133, 364–376. doi:10.1097/aln.0000000000003387
 Ramtahal R., Khan C., Maharaj-Khan K., Nallamothu S., Hinds A. Dhanoo A., et al. (2015). Prevalence of Self-Reported Sleep Duration and Sleep Habits in Type 2 Diabetes Patients in South Trinidad. Jegh 5, S35–S43. doi:10.1016/j.jegh.2015.05.003
 Reusch J. E.-B., Begum N., Sussman K. E., Draznin B. (1991). Regulation of GLUT-4 Phosphorylation by Intracellular Calcium in Adipocytes*. Endocrinology 129, 3269–3273. doi:10.1210/endo-129-6-3269
 Reusch J. E., Sussman K. E., Draznin B. (1993). Inverse Relationship between GLUT-4 Phosphorylation and its Intrinsic Activity. J. Biol. Chem. 268, 3348–3351. doi:10.1016/s0021-9258(18)53700-5
 Robin G., López J. R., Espinal G. M., Hulsizer S., Hagerman P. J., Pessah I. N. (2017). Calcium Dysregulation and Cdk5-ATM Pathway Involved in a Mouse Model of Fragile X-Associated Tremor/ataxia Syndrome. Hum. Mol. Genet. 26, 2649–2666. doi:10.1093/hmg/ddx148
 Saeedi P., Petersohn I., Salpea P., Malanda B., Karuranga S. Unwin N., et al. (2019). Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res. Clin. Pract. 157, 107843. doi:10.1016/j.diabres.2019.107843
 Shepherd P. R., Kahn B. B. (1999). Glucose Transporters and Insulin Action - Implications for Insulin Resistance and Diabetes Mellitus. N. Engl. J. Med. 341, 248–257. doi:10.1056/nejm199907223410406
 Siew E. D., Ikizler T. A. (2010). Insulin Resistance and Protein Energy Metabolism in Patients with Advanced Chronic Kidney Disease. Semin. Dial. 23, 378–382. doi:10.1111/j.1525-139x.2010.00763.x
 Stöckli J., Fazakerley D. J., James D. E. (2011). GLUT4 Exocytosis. J. Cel Sci 124, 4147–4159. doi:10.1242/jcs.097063
 Stump C. S., Henriksen E. J., Wei Y., Sowers J. R. (2006). The Metabolic Syndrome: Role of Skeletal Muscle Metabolism. Ann. Med. 38, 389–402. doi:10.1080/07853890600888413
 Sung K.-C. C., Seo M.-H. H., Rhee E.-J. J., Wilson A. M. (2011). Elevated Fasting Insulin Predicts the Future Incidence of Metabolic Syndrome: a 5-year Follow-Up Study. Cardiovasc. Diabetol. 10, 108. doi:10.1186/1475-2840-10-108
 Swan J. W., Anker S. D., Walton C., Godsland I. F., Clark A. L. Leyva F., et al. (1997). Insulin Resistance in Chronic Heart Failure: Relation to Severity and Etiology of Heart Failure. J. Am. Coll. Cardiol. 30, 527–532. doi:10.1016/s0735-1097(97)00185-x
 Tammineni E. R., Kraeva N., Figueroa L., Manno C., Ibarra C. A. Klip A., et al. (2020). Intracellular Calcium Leak Lowers Glucose Storage in Human Muscle, Promoting Hyperglycemia and Diabetes. Elife 9, e53999. doi:10.7554/eLife.53999
 Tschöpe D., Rösen P., Gries F. A. (1991). Increase in the Cytosolic Concentration of Calcium in Platelets of Diabetics Type II. Thromb. Res. 62, 421–428. doi:10.1016/0049-3848(91)90015-o
 Uryash A., Flores V., Adams J. A., Allen P. D., Lopez J. R. (2020). Memory and Learning Deficits Are Associated with Ca2+ Dyshomeostasis in Normal Aging. Front. Aging Neurosci. 12, 224. doi:10.3389/fnagi.2020.00224
 Uryash A., Mijares A., Flores V., Adams J. A., Lopez J. R. (2021). Effects of Naringin on Cardiomyocytes from a Rodent Model of Type 2 Diabetes. Front. Pharmacol. 12, 719268. doi:10.3389/fphar.2021.719268
 Vallon V., Thomson S. C. (2017). Targeting Renal Glucose Reabsorption to Treat Hyperglycaemia: the Pleiotropic Effects of SGLT2 Inhibition. Diabetologia 60, 215–225. doi:10.1007/s00125-016-4157-3
 Warram J. H., Martin B. C., Krolewski A. S., Soeldner J. S., Kahn C. R. (1990). Slow Glucose Removal Rate and Hyperinsulinemia Precede the Development of Type II Diabetes in the Offspring of Diabetic Parents. Ann. Intern. Med. 113, 909–915. doi:10.7326/0003-4819-113-12-909
 Washburn D. G., Holt D. A., Dodson J., Mcatee J. J., Terrell L. R. Barton L., et al. (2013). The Discovery of Potent Blockers of the Canonical Transient Receptor Channels, TRPC3 and TRPC6, Based on an Anilino-Thiazole Pharmacophore. Bioorg. Med. Chem. Lett. 23, 4979–4984. doi:10.1016/j.bmcl.2013.06.047
 Westfall M. V., Sayeed M. M. (1990). Effect of Ca2(+)-Channel Agonists and Antagonists on Skeletal Muscle Sugar Transport. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 258, R462–R468. doi:10.1152/ajpregu.1990.258.2.r462
 Wu C., Okar D. A., Kang J., Lange A. J. (2005). Reduction of Hepatic Glucose Production as a Therapeutic Target in the Treatment of Diabetes. Curr. Drug Targets Immune Endocr. Metabol Disord. 5, 51–59. doi:10.2174/1568008053174769
 Yang T., Esteve E., Pessah I. N., Molinski T. F., Allen P. D., López J. R. (2007). Elevated Resting [Ca2+]iin Myotubes Expressing Malignant Hyperthermia RyR1 cDNAs Is Partially Restored by Modulation of Passive Calcium Leak from the SR. Am. J. Physiology-Cell Physiol. 292, C1591–C1598. doi:10.1152/ajpcell.00133.2006
 Yang T., Riehl J., Esteve E., Matthaei K. I., Goth S. Allen P. D., et al. (2006). Pharmacologic and Functional Characterization of Malignant Hyperthermia in the R163C RyR1 Knock-In Mouse. Anesthesiology 105, 1164–1175. doi:10.1097/00000542-200612000-00016
 Zou C., Wang Y., Shen Z. (2005). 2-NBDG as a Fluorescent Indicator for Direct Glucose Uptake Measurement. J. Biochem. Biophysical Methods 64, 207–215. doi:10.1016/j.jbbm.2005.08.001
Conflict of Interest: Author CL was employed by Wellmax Medical Center.
The remaining 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 © 2022 Uryash, Mijares, Lopez, Adams and Lopez. 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-13-872624-g005.gif





OPS/images/fphys-13-872624-g006.gif





OPS/images/fphys-13-872624-g003.gif
BT Tt
“Time (min)

O WT B RIRIDRIEGC & diidb





OPS/images/fphys-13-872624-g004.gif





OPS/images/fphys-13-872624-g007.gif
:WU/!' 2 S0 S






OPS/xhtml/nav.xhtml
Contents

		Cover

		Chronic Elevation of Skeletal Muscle [Ca2+]i Impairs Glucose Uptake. An in Vivo and in Vitro Study		Introduction

		Materials and Methods		Experimental Models

		Glucose Determinations

		Pharmacological Treatment With Dantrolene

		Calcium Ion-Selective Microelectrodes

		Recording of [Ca2+]i and Glucose Uptake in Muscle Fibers (in Vivo)

		Recording of Glucose Uptake in Single Muscle Fibers (in Vitro)

		Glucose Tolerance Test in Mice

		Glucose-Stimulated Insulin Secretion in Mice

		Western Blot and Fractionation of Subcellular Proteins

		Solutions

		Statistics





		Results		Abnormal Glucose Tolerance in RYR1-p.R163C and Db/Db Mice. Effects of Dantrolene

		Abnormal Glucose-Stimulated Insulin Secretion

		Effects of Dantrolene on Resting [Ca2+]i in RYR1-p.R163C and Db/Db Skeletal Muscle Fibers

		Chronic Increases in [Ca2+]i Reduce Glucose Uptake in Skeletal Muscle. Effects of Dantrolene

		Effect of Dantrolene on Glucose Uptake in Single Muscle Fibers

		GLUT4 Expression and Subcellular Proteins Fractionation in Muscle With Abnormal [Ca2+]i





		Discussion		In Vivo

		In Vitro

		Abnormal Muscle [Ca2+]i, Glucose Uptake, and Insulin Resistance

		Effects of Dantrolene on [Ca2+]i, Glucose Uptake and Hyperglycemia

		GLUT-4 Glucose Transporter

		Study Limitations





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-872624-g001.gif
Blood Glucose

|
Time (nin)
OWT BATRIDRIGE B didh





OPS/images/fphys-13-872624-g002.gif
O WI-DANT 3 RIRLSRIGC-DANT









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





