

  ijms-25-04889




ijms-25-04889







Int. J. Mol. Sci. 2024, 25(9), 4889; doi:10.3390/ijms25094889




Article



Myokine Secretion following an Aerobic Exercise Intervention in Individuals with Type 2 Diabetes with or without Exercise Resistance



Léa Garneau 1,2, Erin E. Mulvihill 1,3, Steven R. Smith 4, Lauren M. Sparks 4 and Céline Aguer 1,2,5,6,*





1



Faculty of Medicine, Department of Biochemistry, Microbiology and Immunology, University of Ottawa, Ottawa, ON K1H 8M5, Canada






2



Institut du Savoir Montfort, Ottawa, ON K1K 0T2, Canada






3



University of Ottawa Heart Institute, Ottawa, ON K1Y 4W7, Canada






4



Translational Research Institute for Metabolism and Diabetes, AdventHealth Orlando, Orlando, FL 32804, USA






5



Faculty of Medicine and Health Sciences, Department of Physiology, McGill University–Campus Outaouais, Gatineau, QC J8V 3T4, Canada






6



Faculty of Health Sciences, School of Human Kinetics, University of Ottawa, Ottawa, ON K1N 6N5, Canada









*



Correspondence: celine.aguer@mcgill.ca







Citation: Garneau, L.; Mulvihill, E.E.; Smith, S.R.; Sparks, L.M.; Aguer, C. Myokine Secretion following an Aerobic Exercise Intervention in Individuals with Type 2 Diabetes with or without Exercise Resistance. Int. J. Mol. Sci. 2024, 25, 4889. https://doi.org/10.3390/ijms25094889



Academic Editors: María José Cuevas-González and Brisamar Estébanez



Received: 22 March 2024 / Revised: 19 April 2024 / Accepted: 25 April 2024 / Published: 30 April 2024



Abstract

:

Type 2 diabetes (T2D) is characterized by muscle metabolic dysfunction that exercise can minimize, but some patients do not respond to an exercise intervention. Myokine secretion is intrinsically altered in patients with T2D, but the role of myokines in exercise resistance in this patient population has never been studied. We sought to determine if changes in myokine secretion were linked to the response to an exercise intervention in patients with T2D. The participants followed a 10-week aerobic exercise training intervention, and patients with T2D were grouped based on muscle mitochondrial function improvement (responders versus non-responders). We measured myokines in serum and cell-culture medium of myotubes derived from participants pre- and post-intervention and in response to an in vitro model of muscle contraction. We also quantified the expression of genes related to inflammation in the myotubes pre- and post-intervention. No significant differences were detected depending on T2D status or response to exercise in the biological markers measured, with the exception of modest differences in expression patterns for certain myokines (IL-1β, IL-8, IL-10, and IL-15). Further investigation into the molecular mechanisms involving myokines may explain exercise resistance with T2D; however, the role in metabolic adaptations to exercise in T2D requires further investigation.
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1. Introduction


Type 2 diabetes (T2D) is a chronic, non-communicable disease associated with poor nutritional habits, reduced physical activity, and increased sedentary behavior [1,2,3]. In patients with T2D, some of the earliest metabolic manifestations of the disease are the development of skeletal muscle insulin resistance and mitochondrial dysfunction [4,5]. Exercise interventions are a popular addition and alternative to traditional pharmacological treatments for the management of T2D, as they have been shown to increase skeletal muscle mitochondrial oxidative capacity and improve insulin sensitivity [6,7]. The AMP-activated protein kinase (AMPK) pathway is central to muscle signaling during exercise, since it serves as an energy sensor responding to the rise in the AMP/ATP ratio that occurs during muscle contraction [8]. Muscle contraction causes AMPK phosphorylation and the consequent downstream activation of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α), an important modulator of mitochondrial dynamics that enhances mitochondrial oxidative capacity (OXPHOS) [9]. PGC1α can also be activated by sirtuins in response to exercise, causing remodeling of the electron-transport chain complexes to enhance OXPHOS efficiency [10,11]. In addition to these intracellular signaling events, the metabolism of skeletal muscle cells is regulated by extracellular signaling mechanisms during exercise.



Indeed, the skeletal muscle is an important secretory organ, releasing peptides called myokines in the muscle interstitium during muscle contraction [12]. Myokines can be regulated both at the transcript and protein levels by acute and chronic exercise, and they have been shown to greatly impact the regulation of insulin sensitivity and mitochondrial function in skeletal muscle [13]. For example, interleukin (IL)-6, IL-10, IL-13, IL-15, IL-18, brain derived neurotrophic factor (BDNF), fibroblast growth factor 21 (FGF21), and secreted protein acidic and rich in cysteine (SPARC) act locally in muscle cells by improving mitochondrial function, insulin-independent glucose uptake, and/or insulin sensitivity [14,15,16,17,18,19,20,21,22,23,24,25,26,27]. Many of these myokines modify skeletal muscle metabolism through the AMPK pathway following exercise [20,24,27,28]. As such, exposing L6 rat skeletal muscle cells to IL-15 at physiological concentrations enhances mitochondrial function in parallel to the activation of the AMPK pathway and increased glucose uptake [29]. Some myokines are thought to play an endocrine role in regulating metabolic adaptations to exercise. IL-6 has been shown to influence insulin secretion [30,31,32,33], and IL-13 can positively modulate insulin secretion by improving β-cells function and/or limiting cytokine-induced β-cell apoptosis [34]. Conversely, FGF21 treatment improved hepatic and whole-body insulin sensitivity in a mouse model of diet-induced obesity [35]. FGF21 has also been shown to regulate lipolysis in adipose tissue [36]. IL-15 treatment in adipocytes results in an increased secretion of adiponectin [37], an adipokine known to promote insulin sensitivity, as well as increased mobilization and catabolism of circulating lipids [38]. Therefore, myokines are important modulators of both skeletal muscle and whole-body metabolism in response to an exercise intervention.



Some subjects with T2D experience no improvements in glucose homeostasis in response to exercise interventions, a phenomenon termed ‘exercise resistance’. For example, after an exercise intervention protocol of 12–16 weeks of aerobic moderate-intensity continuous training in a cohort of around one hundred subjects with pre-diabetes or T2D, roughly one-third of participants showed no improvements in glucose control [39]. Similar results were found in women with impaired glucose tolerance after a 12-week high-intensity interval training or resistance training intervention [40]. This supports the notion of non-responders to glucose-control improvements with different types of interventions. Moreover, in vivo and ex vivo assessment of mitochondrial function via the measurement of the phospho-creatine (PCr) recovery rate in patients with T2D following a 10-week exercise intervention established that the lack of improvement in insulin sensitivity correlates with the absence of changes in mitochondrial function [41]. The primary outcome of the RESIST study (NCT01911104) showed that participants who qualified as non-responders had higher expression patterns of genes linked to antioxidants, mitochondrial metabolism, and insulin signaling at baseline compared to responders [42]. These epigenetic molecular regulatory mechanisms were maintained in biopsy-derived primary muscle cells cultured in vitro, suggesting a cell-autonomous process.



Many other factors, such as duration of T2D, age, genetics, and epigenetics, contribute to the exercise response in patients with T2D, regardless of exogenous factors, such as the type and duration of the exercise intervention [43]. Although myokine secretion is intrinsically altered in patients with T2D [44], the myokine profiles of responders and non-responders to the beneficial effects of exercise have not yet been compared after a training intervention. Altered myokine secretion in response to acute and chronic exercise could, therefore, contribute to the impaired improvements in glucose homeostasis and mitochondrial function in patients with T2D who are non-responsive to an exercise intervention.



As myokines are mainly cytokines that can be secreted by other tissues, the measurement of their levels in plasma or serum does not adequately represent the secretion of myokines by skeletal muscle. That said, when isolated from the muscle biopsies of patients with T2D and cultured in vitro, human primary skeletal muscle cells maintain their insulin resistance, mitochondrial dysfunction, and altered myokine secretion [44,45,46,47,48]. Isolated muscle cells can be differentiated into myotubes that resemble mature muscle cells. This model, using samples obtained directly from clinical participants, is ideal for the study of myokines secreted specifically by skeletal muscle cells during T2D without the interference of surrounding tissues [49]. In addition, myotubes can be subjected to electrical pulse stimulations (EPS), which mimic muscle contraction in vitro [50]. EPS has been shown to induce metabolic adaptations similar to those observed in muscle after exercise, while also increasing myokine secretion [51,52]. Most studies using EPS with human primary muscle cells employed long durations of stimulations (4–48 h) at low frequencies (≤2 Hz), resulting in improved oxidative functions, mitochondrial biogenesis, glucose uptake, insulin sensitivity, and increased release of myokines in the cell-culture supernatant [51,52,53,54,55,56]. That being said, these stimulation conditions do not translate into muscle contraction in vivo, as the stimulus is considerably longer than an average bout of exercise would last. To mimic acute muscle contraction, Li et al. treated C2C12 mouse muscle cells with 1 h of EPS at 20 V, 1 Hz frequency with 24 ms impulses every 976 ms (24 ms on the second), resulting in increased cell-surface glucose transporter GLUT4 localization through AMPK and downstream TBC1D1 and Akt Substrate 160 (AS160 also named TBC1 Domain Family Member 4, TBC1D4) signaling [57]. C2C12 myotubes have a greater EPS contractile activity than human primary muscle cells because of their more rounded morphology [58]. This characteristic of human myotubes warrants validation of these stimulation conditions prior to any inference between in vivo exercise and in vitro myotube contraction in clinically derived cell lines.



This study is a secondary analysis of the randomized controlled trial NCT01911104, which focused on the epigenetic mechanisms occurring in skeletal muscle and contributing to exercise resistance in patients with T2D. We sought to determine if myokine signaling adaptations to exercise and muscle contraction differed according to T2D status, and/or as a function of the ability to respond to an exercise intervention in the case of participants living with T2D as assessed by their rate of muscle PCr recovery. To this end, we measured myokines in the serum samples of participants pre- and post-intervention, in the cell-culture supernatant of biopsy-derived human primary muscle cells collected pre- or post-intervention and stimulated or not with an in vitro model of muscle contraction (EPS). We also measured the expression of myokines in the isolated muscle cells pre- and post-intervention. We hypothesized that local myokine secretion (measurements in cell-culture supernatant samples) might be dysregulated in the group of patients with T2D who do not manifest metabolic improvements with exercise training in comparison to those who benefit from the intervention.




2. Results


2.1. Patient Characteristics


The anthropometric and metabolic characteristics of the participants in this sub-study can be found in Table 1; full cohort characteristics have been previously published [41]. No differences were found between groups for age, BMI, fat mass, lean mass, VO2max, and adherence to the program (No T2D 79.0%; T2D responders 76.3%; T2D non-responders 76.8%). The apparent higher mean age in the T2D responders group and mean BMI in the No T2D group are due to a single high value in each group, and the p-values were not significant (p = 0.1016 and p = 0.5109, respectively). There were no significant differences amongst the groups pre- compared to post-intervention for BMI, fat mass, and VO2max. Glycated hemoglobin (HbA1c) levels were higher in the two groups of participants with T2D compared to the no T2D group independently of the intervention status (p = 0.0007). The effect of the intervention was significant on HbA1c values (p = 0.0342), and a significant interaction was detected between the groups and the effect of the intervention (p = 0.0131). In the group of patients with T2D classified as non-responders to the exercise intervention, HbA1c levels were significantly higher post-intervention compared to pre-intervention (p = 0.0012). This effect on HbA1c levels is associated with the interruption of glucose-lowering treatment in participants with T2D. An effect of the intervention was found for changes in lean mass across all groups (p = 0.0013), and the increase reached significance in the T2D non-responders group in the post hoc test (p = 0.0075). Although M-values during the hyperinsulinemic-euglycemic clamp did not vary significantly pre- compared to post-intervention, they were significantly different between groups (p = 0.0060). Pre-intervention, the M-value was lower only in the T2D responders group compared to the no T2D (p = 0.0309), while post-intervention, the M-value was lower in both the T2D responders (p = 0.0120) and the T2D non-responders (p = 0.0016) groups compared to the participants with no T2D. A significant interaction was found between the effects of the group and the intervention, with the intervention showing no significant effect on PCr recovery rate in the group of participants with no T2D and the T2D responders group, while a decrease occurred in the T2D non-responders group (p = 0.0089). These results are in alignment with the findings from the primary outcome study, which showed a positive correlation between insulin sensitivity (M-value) and PCr recovery rate at the pre-intervention stage in the two groups of participants with T2D [41]. Both measures of energy metabolism were increased in the group of participants with T2D who qualified as non-responders in comparison to responders before the start of the intervention. These results were accompanied by a favorable epigenetic and transcriptional profile of muscle metabolic function in the non-responders group compared to patients with T2D who qualified as responders.




2.2. Serum Cytokine Concentrations following the Aerobic Exercise Intervention


The training intervention did not affect the serum concentration of the cytokines measured in this participant population (Figure 1A–G). There were no significant differences between groups for SPARC, FGF21, IL-10, IL-15, and IL-18 serum concentrations, irrespective of the intervention status, but there was a trend towards lower circulating IL-6 levels in the T2D non-responders, although the post hoc test was not significant (p = 0.0982). Serum IL-8 concentrations were different across groups, irrespective of intervention status (p = 0.0074), with a trend towards an increase in the T2D responders group in comparison to the no T2D group (p = 0.0673), and a significantly higher concentration of serum IL-8 in the T2D non-responders group compared to the no T2D group (p = 0.0067). IL-13 was mostly undetected in the serum samples across all groups and independently of intervention, preventing the possibility of further data analysis.




2.3. Myokine Secretion by Primary Human Muscle Cells in Response to the Intervention


As the cytokines measured in the serum samples (Figure 1) could originate from numerous different tissues, we also measured those secreted by the primary muscle cells derived from skeletal muscle biopsies of the vastus lateralis collected pre- and post-intervention in a subset of the study participants to infer muscle-specific secretion of the myokines. We measured myokines in the cell-culture supernatant of the biopsy-derived muscle cells exposed to the myotubes for 1 h and found no differences in myokine concentrations between pre- and post-intervention (Figure 2A–F). Most of the candidate myokines measured were detected in the cell-culture supernatant (SPARC, IL-6, IL-8, IL-10, IL-15, and IL-18), but FGF21, BDNF, and IL-13 were mostly undetected independently of the group or intervention status of the participants from which the cells originated.




2.4. Correlation between Myotube Secretion and Serum Myokine Concentrations


Serum samples collected from participants for which human primary muscle cells were available were used to assess any potential correlation between myokine secretion in the circulation (peripheral) and primary muscle cells in culture (local). Data from participants across all groups pre- and post-intervention were pooled for the analyses. No significant correlations were found between serum and cell-culture supernatant concentrations for any of the cytokines/myokines assessed (SPARC, IL-6, IL-8, IL-10, IL-15, and IL-18; Figure 3A–F).




2.5. Effects of EPS Treatment on Primary Muscle Cell Molecular Signaling Events


To mimic acute muscle contraction, the primary myotubes derived from muscle biopsies obtained from the participants pre- and post-intervention were subjected to an EPS treatment (S). Non-stimulated (NS) and electrode exposure without current (E) were used as control conditions to determine the effects of muscle cell contraction per se as opposed to the potentially pro-inflammatory effect of the carbon electrode on the myotubes [59].



2.5.1. AMPK-Pathway Activation


As mentioned previously, the AMPK signaling pathway is central to metabolic adaptations during acute muscle contraction. Upon muscle contraction and phosphorylation of AMPK, downstream phosphorylation of Acetyl-CoA Carboxylase (ACC) activates fatty acid oxidation, while phosphorylation of AS160 contributes to GLUT4 translocation to the plasma membrane. In the cell lines from the no T2D group collected post-intervention, the EPS condition (S) showed significantly higher p-AMPK compared to the NS condition (Figure 4A,B, p = 0.0179). In the cell lines from the T2D non-responders group collected pre-intervention, the electrode treatment (E) resulted in more p-AMPK than the NS condition (Figure 4A,B, p = 0.0332). In the myotubes from the participants in the no T2D group pre-intervention, and in the myotubes from the T2D responders group post-intervention, the EPS condition (S) caused significantly more p-AS160 compared to the NS condition (Figure 4A and Figure 4C, p = 0.0035 and p = 0.0220, respectively). Both the EPS treatments and the study group from which the myotubes were derived (effect of group) had a significant effect on the regulation of pACC levels (Figure 4A and Figure 4D, p = 0.0057 and p = 0.0205, respectively). The EPS condition (S) significantly increased p-ACC in the myotubes from the participants of the no T2D group at both pre- and post-intervention (Figure 4A and Figure 4D, p = 0.0047 and p = 0.0032, respectively).




2.5.2. Myokine Secretion


To determine the potential effects of EPS treatments on myokine secretion, the biopsy-derived primary cell cultures collected pre- and post-intervention were submitted to the three different conditions (NS, E, and S), and the myokine concentrations in the cell-culture supernatant of each cell line were assessed. Myokine secretion in vitro was compared between the EPS treatments for each cell line relative to the NS condition.



No effect of electrode exposure (E) was observed on the myokine secretion by the primary human muscle cells obtained from the participants in comparison to the NS condition (Figure 5A–F). There was a significant effect of groups on SPARC secretion by the myotubes (p = 0.0322), but no significant differences were detected in the post hoc tests (Figure 5A).



Treatment of the myotubes derived from the participants in all groups with the 1 h EPS protocol (stimulated; S) did not significantly alter myokine secretion in comparison to the non-stimulated (NS) condition (Figure 6A–F). Most targeted myokines were detected in the cell-culture supernatant (SPARC, IL-6, IL-8, IL-10, IL-15, and IL-18), but some were mostly undetected, and their secretion pattern could not be analyzed (BDNF, FGF21, and IL-13).





2.6. Regulation of Gene Expression in Human Primary Myotubes following the Intervention


Gene-expression analyses of the NS condition of myotubes from the participant groups revealed a regulatory effect of both the exercise intervention and the groups on the expression of genes related to inflammation (Figure 7A–H). The level of mRNA expression increased between pre- and post-intervention in the T2D responders group for IL-1β (Figure 7B, p = 0.0116) and IL-8 (Figure 7D, p = 0.0114), as well as in the no T2D and T2D non-responders groups for IL-15 (Figure 7G, p = 0.0023 and p = 0.0007, respectively). An interaction between the effect of the intervention and the group was detected for IL-10 (p = 0.0270) and IL-15 (p = 0.0084) (Figure 7E,G). Levels of IL-10 mRNA were significantly decreased post- compared to pre-intervention in the T2D non-responders group (p = 0.0459), while IL-10 expression trended towards an increase post-intervention in the two other groups with no significance observed (Figure 7E). Although IL-15 mRNA levels significantly increased in the no T2D (p = 0.0023) and T2D non-responders groups (p = 0.0007), there was no change in the T2D responders group (Figure 7G).





3. Discussion


Aerobic exercise training is a key non-pharmacological method for the management of impaired glucose homeostasis in patients with T2D. Unfortunately, some patients living with diabetes do not benefit from the metabolic improvements associated with increased aerobic exercise. We sought to determine whether myokine signaling was a contributing factor to the mechanisms of exercise resistance in patients with T2D. We found no effect of either T2D or the capacity to respond to an exercise intervention on peripheral or local signaling adaptations at the protein level of target cytokines/myokines using serum samples and biopsy-derived primary muscle cells collected from the study participants pre- and post-exercise intervention. However, the expression-pattern variations in response to the training intervention of some of the candidate myokines quantified at the mRNA level differed according to T2D and responder or non-responder status. To our knowledge, this is the first study to examine and compare local and peripheral regulation of myokine signaling in participants with obesity with or without T2D in response to an aerobic exercise intervention protocol while accounting for the ability of the patients with T2D to benefit from the intervention at the mitochondrial metabolic level. An important consideration to take into account regarding our study before discussing the results is the absence of a group of participants not undergoing the exercise training intervention. Therefore, all analyses pertaining to pre- and post-intervention states cannot be controlled for the variations in all factors assessed as a function of the natural evolution of the parameters over the 10-week time course of the observations. Moreover, the original study design did not include a group of sedentary participants with a BMI in the “healthy” range, but with characteristics similar to the groups of participants with obesity. This limitation eliminates the potential of detecting any effects of obesity on muscle signaling adaptions. Finally, another important caveat of this study is the small number of participants per group, which causes a reduction in the power of the analyses performed on the data. This limitation is a consequence of the nature of the study, which serves as a secondary analysis of samples from a previously published broader clinical trial, for which we did not have access to the entire study sample pool.



We assessed the levels of circulating cytokines that are also known to be secreted by skeletal muscles in serum samples collected from the participants at rest. The only significant difference we found in the participant population was an increase in serum IL-8 levels in the two groups of patients with T2D in comparison to those without, irrespective of their response to exercise-induced metabolic adaptations. This aligns with the previous characterization of circulating IL-8 levels in patients with T2D found in the literature [13,60]. That being said, others have shown that some of the cytokines (i.e., SPARC, IL-6, IL-10, IL-13, IL-15, and IL-18) we quantified in our cohort can be altered in the circulation of patients with T2D, as we reviewed in 2019 [13]. Since we measured circulating cytokines in serum and most of these other studies quantified cytokines in plasma, the medium assessed could explain the inconsistencies in our findings compared to others. A recent meta-analysis examining the correlation between variations in circulating levels of certain so-called exerkines found that FGF21, IL-6, and IL-10, among others, could serve as potential biomarkers to assess the effectiveness of an exercise protocol on improvements in glucose homeostasis in patients with T2D [61]. For most cytokines, variations in response to either acute or chronic exercise can be better detected in plasma samples [62], which could explain why we saw no effect of the training intervention on the circulating levels of the cytokines.



The analysis of cell-culture supernatant from primary muscle cells derived from the participants pre- and post-intervention revealed no differences associated with either intervention status or group. This finding contradicts those of others, who found that primary human muscle cells from patients with obesity and T2D secreted myokines differently than participants without T2D [44]. Indeed, they found a higher secretion of IL-6, IL-8, and IL-15 in the muscle cells of patients with T2D in comparison to the no-T2D group. This discrepancy could be explained by the fact that our study groups included participants with similar anthropometric values, whereas the group of patients with T2D in the Ciaraldi et al. study had a significantly higher BMI than their insulin-sensitive counterparts. Another important factor is that the conditioned medium containing the myokines was collected after only one hour of exposure to the cells, while the other team measured the myokines after 24 h and 48 h of exposure. Perhaps a longer time elapsing before collection would have allowed for better quantification of the secreted myokines. Moreover, we were unable to normalize the protein concentration of myokines in the cell-culture medium to the total protein content of their respective lysates, as the samples were used for RNA isolation. The resulting protein precipitate was insoluble after processing.



To explore the potential relationship between muscle secretion of myokines and the levels of these peptides released in the circulation, we performed correlation analyses between serum and human primary muscle cell-culture supernatant concentrations. There were no significant correlations between the levels of the candidate myokines in serum and their secretion by the myotubes, suggesting that the peptides quantified in the circulation of the participants are not predominantly originating from muscle tissue. As mentioned previously, serum is not the preferential medium to quantify myokine variations in response to exercise interventions, as differences in their circulatory secretion are better detected in plasma samples [62]. Consequently, there is a possibility that changes in plasma concentrations could have better correlated with myotube secretion of the myokines in response to the exercise intervention. These correlation analyses further highlight the importance of measuring myokine secretion from muscle cells or tissue directly, rather than relying on the assumption that circulating levels of these peptides represent their release from muscle and not other tissues.



The acute muscle contraction in vitro model we employed was validated in a mouse muscle cell line (C2C12 cells) [57] with a very different morphology in comparison to primary human muscle cells. Indeed, C2C12 muscle cells have better contractile activity than human primary muscle cells, as they form more tubular myotubes that better resemble muscle fibers mechanically than the flatter human myotubes [58,59]. Nonetheless, we saw an increase in the phosphorylation of proteins involved in signal transduction of the AMPK pathway in response to the EPS treatment (AMPK, AS160, and ACC). This molecular signaling adaptation was not paralleled by increased myokine secretion by the myotubes as we expected. Others found EPS to significantly increase myokine secretion in human primary muscle cells, but their stimulation protocols were of longer durations [51,52]. Another important consideration in the interpretation of our results is the discrepancy that was observed by others in the response to EPS treatment as a function of BMI and insulin resistance [56]. Indeed, Park et al. showed that myotubes derived from participants with severe obesity (BMI > 40 kg/m2) and with whole-body insulin resistance showed reduced activation of the AMPK pathway and downstream GLUT4 translocation to the plasma membrane in response to a 24 h EPS treatment compared to myotubes derived from lean and insulin-sensitive participants. Since participants in our study lived with obesity, and some qualified as having severe obesity, there is a possibility that the participants’ characteristics impacted the ability of the myotubes derived from their skeletal muscle biopsy to respond to EPS similarly to myotubes isolated from participants not living with obesity. As this study did not include a group of participants without obesity, we cannot determine whether this factor played a role in the observed response to EPS treatment in the assessed myotubes. Also, it is possible that the EPS protocol we employed is sufficient to activate some of the pathways induced during muscle contraction but that some other metabolic or mechanical adaptations, such as Ca2+ dynamics, are not induced sufficiently to lead to the release of myokines occurring in vivo during muscle contraction. That being said, we did observe mechanical contraction of the myotubes at a varying proportion in the majority of the cell lines during EPS exposure.



Our analysis of the mRNA expression of myokines in the myotubes obtained from biopsies collected from the participants pre- and post-intervention revealed interesting patterns in their regulation. For example, the expression of pro-inflammatory myokines IL-1β and IL-8 were both upregulated in myotubes from the T2D responders group following the aerobic exercise intervention, whereas IL-15 mRNA was increased post-intervention in the myotubes from the no-T2D and T2D non-responders groups. This finding is counterintuitive, as IL-8 and IL-15 are both found to be increasingly secreted by muscle cells derived from patients with T2D [63,64]. One hypothesis for increased myokine secretion in human primary myotubes from patients with T2D is that this dysregulation contributes to the low-grade chronic inflammation state observed in this patient population. Therefore, we would expect that increased exercise in patients with T2D would reduce inflammation and downregulate myokine secretion in their muscles. It is possible that we could have observed a downregulation of the expression of these myokines in the patients with T2D at a time-point of collection of the muscle biopsies later than 10 weeks after the start of the exercise intervention or after a longer exercise intervention. Some metabolic and/or signaling changes require a longer period of adaptation, and a 10-week intervention is a relatively short snapshot of a chronic metabolic condition ongoing for years prior to the lifestyle intervention. It is also possible that alterations in muscle expression of the myokines are not reflective of protein levels measured in the cell-culture supernatant because other post-transcriptional mechanisms affect their accumulation in the medium, such as mRNA translation and autocrine/paracrine myokine uptake by the muscle cells.



The most interesting comparison between the response to the aerobic exercise protocol across all groups was the change in the expression of IL-10 mRNA. In both the myotubes from the no T2D and T2D responders groups, IL-10 mRNA was increased post- compared to pre-intervention, while the opposite could be observed in the myotubes from participants in the T2D non-responders group. IL-10 is an anti-inflammatory myokine that positively modulates glucose metabolism [13], and to our knowledge, this is the first exploration of its regulation at the mRNA level in myotubes from patients with obesity with or without T2D accounting for the ability of patients with T2D to respond to exercise training. Although the statistical analysis of IL-10 secretion in the cell-culture supernatant of the myotubes showed no significant change in response to the exercise intervention, in all study participants irrespective of group, post-intervention concentrations were higher than pre-intervention. Others also found an increase in IL-10 in the plasma of patients with T2D after an aerobic exercise intervention, but their experimental plan did not include the measurement of muscle secretion or expression [65]. Interestingly, Barry et al. found what they described as a hyporesponsiveness to the anti-inflammatory effect of IL-10 in patients with T2D [66]. This altered response to IL-10 in the context of T2D might explain the increase in its secretion from muscle cells in patients with this chronic condition to compensate for reduced sensitivity to the anti-inflammatory effect of this myokine. To determine whether the observed increase in IL-10 secretion from the myotubes was similar amongst the groups, we compared the percentage increase in IL-10 concentrations post- compared to pre-intervention and found no significant differences.



In summary, contrary to our research hypothesis, we found no definitive implications of myokine secretion in the mechanisms of exercise resistance in patients with T2D. However, we did find novel regulatory patterns of mRNA expression in myotubes derived from participants as a function of the exercise intervention and the ability of patients with T2D to respond to exercise training. We also showed that the EPS conditions developed in C2C12 cells to reproduce acute muscle contraction showed great potential as an exercise mimetic in primary human muscle cells, as it activated the AMPK pathway and resulted in visible contraction of the myotubes. Further analyses and observations of the resulting metabolic adaptations in the myotubes must be performed to establish whether this model fully reproduces in vivo muscle contraction. This study highlights that the regulation of local myokine signaling in the muscles of patients with T2D warrants further investigation to better understand the role of these important signaling molecules in the development of muscle metabolic defects in patients with T2D.




4. Materials and Methods


4.1. Study Design


The participant population in this study was included in a larger clinical trial previously published (NCT01911104). Participants had to be sedentary, which corresponds to not being physically active ≥ 3 days per week for a period of 6 months. Samples from 7 participants with obesity (BMI > 30 kg/m2) and 13 participants with obesity and T2D (self-reported or with a fasting glucose ≥ 7 mmol/L) were used for this secondary analysis. The recruited participants underwent an aerobic exercise training intervention for 10 weeks. Participants living with T2D ceased glucose-lowering treatment 15–17 days prior to the start and for the duration of the exercise intervention. Fasting blood samples were collected 72 h before the start of the intervention (day −3) and seven days after the last exercise session (day 77). In vivo muscle mitochondrial function was assessed via phosphorus (31P) magnetic resonance spectroscopy with a 3-T Achieva magnet (Philips Healthcare, Andover, MA, USA) in the patients with T2D at day −3 and 77 to differentiate the responders (increase in PCr recovery rate) from the non-responders (decrease in PCr recovery rate) to the exercise intervention as described previously [42]. Insulin sensitivity (hyperinsulinemic–euglycemic clamp), maximal aerobic capacity (VO2peak; incremental treadmill test on a Trackmaster TMX 425c (Full Vision, Inc., Newton, KS, USA)) and body composition (dual X-ray absorbsiometry (Lunar iDXA Whole-body Scanner, GE Healthcare Lunar, Madison, WI, USA) were also assessed at day −3 and 77. A skeletal muscle biopsy was performed with a Bergström needle in the vastus lateralis at day −3 and 77 of the exercise intervention for a sub-group of participants (3 no T2D, 6 T2D responders, and 3 T2D non-responders).




4.2. Exercise Intervention Protocol


The intervention consisted of 4 sessions per week of supervised aerobic exercise on a treadmill following a ramped protocol over 10 weeks [41]. The intensity was monitored as a function of the achieved target heart rate (HR). During weeks 1–4, participants exercised for at least 20 min at an intensity corresponding to 50–70% of their VO2peak, increasing to 45 min at the same intensity for weeks 5–8, and for weeks 9–10, participants exercised 45 min at 75% of their VO2peak. The adherence to the exercise intervention protocol was measured as the time spent at their target HR during the exercise sessions as a function of the total duration of the sessions.




4.3. Cell Culture, Electrical Pulse Stimulation, and Preparation of Cell Lysates


Primary human muscle cells were isolated from a fraction of the muscle biopsy and cultured in vitro, then purified using the mouse monoclonal 5.1H11 anti-CD56 antibody as previously described [67]. Purified myocytes were grown in Ham-F10 supplemented with 10% fetal bovine serum (FBS), 1 µM dexamethasone, 10 ng/mL epidermal growth factor, 25 pmol/L insulin (from bovine pancreas, MilliporeSigma, Oakville, ON, Canada), 1X antibiotic/antimycotic, and 5 µg/mL gentamycin (all cell-culture reagents were from Wisent, Saint-Jean-Baptiste, QC, Canada unless otherwise stated) in matrigel-coated (Corning, New-York, NY, USA) T-75 flasks. At passages 4–5, cells were plated in matrigel-coated 6-well plates (Corning, New-York, NY, USA) suitable to fit with the carbon electrode of the Ion-Optix C-Pace electrical pulse stimulation (EPS) apparatus and grown to confluency before the start of differentiation into myotubes in DMEM low glucose (5 mmol/L; Wisent, Saint-Jean-Baptiste, QC, Canada) supplemented with 2% FBS, 1X antibiotic/antimycotic and 5 µg/mL gentamycin for seven days. During the last 24 h of differentiation, cells were changed to a phenol-red-free differentiation medium (Wisent, Saint-Jean-Baptiste, QC, Canada). Myotubes were then treated with three different stimulation conditions for 1 h in fresh serum-free phenol-red-free DMEM low glucose supplemented with 1X antibiotic/antimycotic and 5 µg/mL gentamycin: non-stimulated (NS), electrode exposure (E) (6-well carbon electrode on the cells with no current), and stimulated (S) with 20 V 24 ms/s impulses at 1 Hz as in [57]. The cell-culture supernatants were collected, centrifuged at 2000× g for 10 min to remove cell debris, and kept at −80 °C for myokine quantification. The cells were harvested in Trizol® (Invitrogen, Waltham, MA, USA) and kept at −80 °C for mRNA isolation. The same EPS protocol was repeated in all cell lines using phenol-red-free differentiation medium (DMEM low glucose with 2% FBS) for immunoblot analyses, with cells lysed in a buffer containing 50 mM Tris (pH 8.0), 0.1% Nonidet P-40 (NP-40), 0.5 mM dithiothreitol (DTT), 10 mM sodium fluoride (NaF), 1 mM sodium orthovanadate (Na3VO4) (all from MilliporeSigma, Oakville, ON, Canada), and Pierce proteinase inhibitors tablet (A32963, Thermofisher, West Etobicoke, ON, Canada). The lysates were sonicated and centrifuged at 12,000 rpm for 10 min at 4 °C, and the supernatants were stored at −80 °C.




4.4. Immunoblotting


AMP-activated protein kinase (AMPK) pathway activation was assessed in all cell lines pre- and post-intervention in response to the EPS treatments by polyacrylamide gel electrophoresis. Clarified lysates were prepared from myotubes submitted to EPS treatments in the presence of 2% FBS, as described above, to prevent the confounding effects of serum starvation on AMPK-pathway activation. Cell lysates were separated in Laemmli buffer on 8% SDS-polyacrylamide gels by electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes for immunoblotting. The primary antibodies used were P-AMPKα (Thr172) (#2535), AMPKα (#5831), P-ACC (Ser79) (#11818), ACC (#3676), P-AS160 (#4288), AS160 (#2447), diluted 1:500, and α-tubulin (#2144) (Cell Signaling Technologies, Waltham, MA, USA) diluted 1:1000 all in TBS-Tween 0.1%–BSA 5%. The secondary antibodies used were anti-rabbit or anti-mouse coupled to horseradish peroxidase diluted 1:5000 in TBS-Tween 0.1%–milk 5% (Santa Cruz Biotechnology, Dallas, TX, USA). Proteins were visualized using chemiluminescent substrates on the chemiSOLO (Azure Biosystems, Dublin, CA, USA), and protein bands were quantified by integrated density analysis in ImageJ2 software version 2.14.0 (National Institutes of Health, Bethesda, MD, USA).




4.5. Quantification of Myokine Secretion


Myokines were measured in serum samples collected from the participants at baseline and follow-up of the exercise intervention, as well as in the cell-culture supernatants of myotubes derived from biopsy samples obtained at baseline and follow-up timepoints. Myokine quantifications were performed using a single-plex assay (R-plex; SPARC) and a multiplex assay (U-plex; BDNF, FGF21, IL-6, IL-8, IL-10, IL-13, IL-15, and IL-18) from Meso Scale Discovery (Rockville, MD, USA) following the manufacturer’s instructions and as previously published [68,69]. All antibodies with the exception of SPARC were validated for target specificity. More information about specificity tests can be found in the datasheet of the U-plex kits (https://www.mesoscale.com/ (accessed on 21 March 2024)).




4.6. Quantification of mRNA Expression


Cell lysates harvested in Trizol® (Invitrogen, Waltham, MA, USA) were processed following the Trizol mRNA isolation protocol. Briefly, chloroform was added to the lysates in a 1:5 (v:v) ratio and the samples were vortexed, incubated on ice, and centrifuged at 12,000 rpm for 15 min at 4 °C. The upper (aqueous) phase was then collected and mixed with ice-cold isopropanol before centrifuging at 12,000 rpm for 10 min at 4 °C to precipitate the RNA. The pellet was dried and washed in 70% ethanol before storage at −20 °C until the day of the assay. On the day of the NanoString assay, the samples were thawed on ice, centrifuged at 12,000 rpm for 10 min at 4 °C, and dried completely before resuspending the pellet in RNase-free water. RNA samples were measured with the Nanodrop, and the concentrations were adjusted for downstream analyses. Expression patterns of myokines and other genes of interest were assessed with the nCounter® Human Inflammation V2 Panel from NanoString Technologies (Seattle, WA, USA). The samples were processed according to the manufacturer’s instructions, and data were analyzed using the n-Solver Analysis Software V4.0 (NanoString Technologies, Seattle, WA, USA).




4.7. Statistical Analyses


All patient characteristics were first assessed for normality or lognormality using the D’Agostino and Pearson test. Datasets that followed a lognormal distribution were transformed before further analyses. The age and adherence data were analyzed using an ordinary ANOVA with Šidák’s multiple comparison as a post hoc test. The rest of the patient characteristics pre- (day −3) and post-intervention (day 77) (BMI, HbA1c (%), fasted blood glucose (mg/dL), fat mass (kg), lean mass (kg), M-value (mg/kg/min), and VO2max (mL/kg/min)). The mRNA quantification assays were analyzed by two-way ANOVA with repeated measures or mixed-model analysis when some values were missing with Šidák’s multiple comparison as a post hoc test. The quantification data of the immunoblots were analyzed by regular two-way ANOVA with Šidák’s multiple comparison as a post hoc test. Data relating to myokine quantification were first analyzed to identify potential outliers by the ROUT method using a Q = 1%. The ‘cleaned’ data were then analyzed by two-way ANOVA with repeated measures or mixed-model analysis when some values were missing with Šidák’s multiple comparison as a post hoc test. Correlation analyses of myokines measured in the cell-culture supernatant and the serum samples were performed by pooling pre- and post-intervention values from participants across all groups. Data were first assessed for normality using the D’Agostino and Pearson test. Data sets that did not follow a normal distribution were analyzed using the nonparametric Spearman correlation test, whereas those following a normal distribution were assessed using Pearson correlation coefficients. A p-value ≤ 0.05 was considered as significant. Statistical analyses were performed using Prism 10.2.1 Software (Graphpad, Boston, MA, USA).








Author Contributions


Conceptualization, S.R.S., L.M.S. and C.A.; methodology, L.G., E.E.M., L.M.S. and C.A.; formal analysis, L.G.; resources, E.E.M., S.R.S., L.M.S. and C.A.; writing—original draft preparation, L.G.; writing—review and editing, L.G., E.E.M., L.M.S. and C.A.; visualization, L.G.; supervision, C.A.; project administration, L.M.S. and C.A.; funding acquisition, L.M.S. and C.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Société Francophone du Diabète (Allocation Jeune Chercheur) to CA and a Heart and Stroke New Investigator Award and Diabetes Canada EndDiabetes Award to EEM. This study was supported by a grant to LMS from the American Diabetes Association (#7-13-JF-53). LG received PhD scholarships from Fonds de Recherche du Québec—Santé (FRQS) and from the Institut du Savoir Montfort.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Florida Hospital Institutional Review Board (TRIMDFH 471035, 30 July 2013).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patient(s) to publish this paper.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors on request.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Ritter, O.; Jelenik, T.; Roden, M. Lipid-mediated muscle insulin resistance: Different fat, different pathways? J. Mol. Med. 2015, 93, 831–843. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, M.T.; Hamilton, D.G.; Zderic, T.W. Sedentary Behavior as a Mediator of Type 2 Diabetes. Med. Sport Sci. 2014, 60, 11–26. [Google Scholar] [CrossRef] [PubMed]

	



Hu, F.B.; Li, T.Y.; Colditz, G.A.; Willett, W.C.; Manson, J.E. Television watching and other sedentary behaviors in relation to risk of obesity and type 2 diabetes mellitus in women. J. Am. Med. Assoc. 2003, 289, 1785–1791. [Google Scholar] [CrossRef] [PubMed]

	



DeFronzo, R.A.; Tripathy, D. Skeletal Muscle Insulin Resistance Is the Primary Defect in Type 2 Diabetes. Diabetes Care 2009, 32, S157–S163. [Google Scholar] [CrossRef] [PubMed]

	



Kelley, D.E.; He, J.; Menshikova, E.V.; Ritov, V.B. Dysfunction of mitochondria in human skeletal muscle in type 2 diabetes. Diabetes 2002, 51, 2944–2950. [Google Scholar] [CrossRef] [PubMed]

	



Lumini, J.A.; Magalhaes, J.; Oliveira, P.J.; Ascensao, A. Beneficial effects of exercise on muscle mitochondrial function in diabetes mellitus. Sports Med. 2008, 38, 735–750. [Google Scholar] [CrossRef] [PubMed]

	



Meex, R.C.R.; Schrauwen-Hinderling, V.B.; Moonen-Kornips, E.; Schaart, G.; Mensink, M.; Phielix, E.; van de Weijer, T.; Sels, J.P.; Schrauwen, P.; Hesselink, M.K.C. Restoration of Muscle Mitochondrial Function and Metabolic Flexibility in Type 2 Diabetes by Exercise Training Is Paralleled by Increased Myocellular Fat Storage and Improved Insulin Sensitivity. Diabetes 2010, 59, 572–579. [Google Scholar] [CrossRef] [PubMed]

	



Hardie, D.G. Minireview: The AMP-activated protein kinase cascade: The key sensor of cellular energy status. Endocrinology 2003, 144, 5179–5183. [Google Scholar] [CrossRef] [PubMed]

	



Puigserver, P.; Spiegelman, B.M. Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): Transcriptional coactivator and metabolic regulator. Endocr. Rev. 2003, 24, 78–90. [Google Scholar] [CrossRef]

	



Morris, B.J. Seven sirtuins for seven deadly diseases of aging. Free Radic. Biol. Med. 2013, 56, 133–171. [Google Scholar] [CrossRef]

	



Brandauer, J.; Andersen, M.A.; Kellezi, H.; Risis, S.; Frosig, C.; Vienberg, S.G.; Treebak, J.T. AMP-activated protein kinase controls exercise training- and AICAR-induced increases in SIRT3 and MnSOD. Front. Physiol. 2015, 6, 16. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, B.K.; Steensberg, A.; Fischer, C.; Keller, C.; Keller, P.; Plomgaard, P.; Febbraio, M.; Saltin, B. Searching for the exercise factor: Is IL-6 a candidate? J. Muscle Res. Cell Motil. 2003, 24, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Garneau, L.; Aguer, C. Role of myokines in the development of skeletal muscle insulin resistance and related metabolic defects in type 2 diabetes. Diabetes Metab. 2019, 45, 505–516. [Google Scholar] [CrossRef] [PubMed]

	



Carey, A.L.; Steinberg, G.R.; Macaulay, S.L.; Thomas, W.G.; Holmes, A.G.; Ramm, G.; Prelovsek, O.; Hohnen-Behrens, C.; Watt, M.J.; James, D.E.; et al. Interleukin-6 increases insulin-stimulated glucose disposal in humans and glucose uptake and fatty acid oxidation in vitro via AMP-activated protein kinase. Diabetes 2006, 55, 2688–2697. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, E.W.; Carey, A.L.; Sacchetti, M.; Steinberg, G.R.; Macaulay, S.L.; Febbraio, M.A.; Pedersen, B.K. Acute IL-6 treatment increases fatty acid turnover in elderly humans in vivo and in tissue culture in vitro. Am. J. Physiol.-Endocrinol. Metab. 2005, 288, E155–E162. [Google Scholar] [CrossRef] [PubMed]

	



Wolsk, E.; Mygind, H.; Grondahl, T.S.; Pedersen, B.K.; van Hall, G. IL-6 selectively stimulates fat metabolism in human skeletal muscle. Am. J. Physiol.-Endocrinol. Metab. 2010, 299, E832–E840. [Google Scholar] [CrossRef] [PubMed]

	



Almendro, V.; Busquets, S.; Arrieffler, E.; Carbo, N.; Figueras, M.; Fuster, G.; Argiles, J.M.; Lopez-Soriano, F.J. Effects of interleukin-15 on lipid oxidation Disposal of an oral C-14 -triolein load. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2006, 1761, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Busquets, S.; Figueras, M.; Almendro, V.; Lopez-Soriano, F.J.; Argiles, J.M. Interleukin-15 increases glucose uptake in skeletal muscle—An antidiabetogenic effect of the cytokine. Biochim. Biophys. Acta-Gen. Subj. 2006, 1760, 1613–1617. [Google Scholar] [CrossRef]

	



Yamanaka, M.; Tsuchida, A.; Nakagawa, T.; Nonomura, T.; Ono-Kishino, M.; Sugaru, E.; Noguchi, H.; Taiji, M. Brain-derived neurotrophic factor enhances glucose utilization in peripheral tissues of diabetic mice. Diabetes Obes. Metab. 2007, 9, 59–64. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, V.B.; Astrom, M.B.; Chan, M.H.S.; Bruce, C.R.; Krabbe, K.S.; Prelovsek, O.; Akerstrom, T.; Yfanti, C.; Broholm, C.; Mortensen, O.H.; et al. Brain-derived neurotrophic factor is produced by skeletal muscle cells in response to contraction and enhances fat oxidation via activation of AMP-activated protein kinase. Diabetologia 2009, 52, 1409–1418. [Google Scholar] [CrossRef]

	



Jiang, L.Q.; Franck, N.; Egan, B.; Sjogren, R.J.O.; Katayama, M.; Duque-Guimaraes, D.; Arner, P.; Zierath, J.R.; Krook, A. Autocrine role of interleukin-13 on skeletal muscle glucose metabolism in type 2 diabetic patients involves microRNA let-7. Am. J. Physiol.-Endocrinol. Metab. 2013, 305, E1359–E1366. [Google Scholar] [CrossRef] [PubMed]

	



Camporez, J.P.G.; Jornayvaz, F.R.; Petersen, M.C.; Pesta, D.; Guigni, B.A.; Serr, J.; Zhang, D.Y.; Kahn, M.; Samuel, V.T.; Jurczak, M.J.; et al. Cellular Mechanisms by Which FGF21 Improves Insulin Sensitivity in Male Mice. Endocrinology 2013, 154, 3099–3109. [Google Scholar] [CrossRef] [PubMed]

	



Mashili, F.L.; Austin, R.L.; Deshmukh, A.S.; Fritz, T.; Caidahl, K.; Bergdahl, K.; Zierath, J.R.; Chibalin, A.V.; Moller, D.E.; Kharitonenkov, A.; et al. Direct effects of FGF21 on glucose uptake in human skeletal muscle: Implications for type 2 diabetes and obesity. Diabetes-Metab. Res. Rev. 2011, 27, 286–297. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.Y.; Guan, Y.Y.; Zhang, L.P.; Li, K.; Dong, C.L. SPARC interacts with AMPK and regulates GLUT4 expression. Biochem. Biophys. Res. Commun. 2010, 396, 961–966. [Google Scholar] [CrossRef] [PubMed]

	



Dagdeviren, S.; Jung, D.Y.; Lee, E.; Friedline, R.H.; Noh, H.L.; Kim, J.H.; Patel, P.R.; Tsitsilianos, N.; Tsitsilianos, A.V.; Tran, D.A.; et al. Altered Interleukin-10 Signaling in Skeletal Muscle Regulates Obesity-Mediated Inflammation and Insulin Resistance. Mol. Cell. Biol. 2016, 36, 2956–2966. [Google Scholar] [CrossRef] [PubMed]

	



Darkhal, P.; Gao, M.; Ma, Y.; Liu, D. Blocking high-fat diet-induced obesity, insulin resistance and fatty liver by overexpression of Il-13 gene in mice. Int. J. Obes. 2015, 39, 1292–1299. [Google Scholar] [CrossRef] [PubMed]

	



Lindegaard, B.; Matthews, V.B.; Brandt, C.; Hojman, P.; Allen, T.L.; Estevez, E.; Watt, M.J.; Bruce, C.R.; Mortensen, O.H.; Syberg, S.; et al. Interleukin-18 Activates Skeletal Muscle AMPK and Reduces Weight Gain and Insulin Resistance in Mice. Diabetes 2013, 62, 3064–3074. [Google Scholar] [CrossRef] [PubMed]

	



Ahsan, M.; Garneau, L.; Aguer, C. The bidirectional relationship between AMPK pathway activation and myokine secretion in skeletal muscle: How it affects energy metabolism. Front. Physiol. 2022, 13, 23. [Google Scholar] [CrossRef] [PubMed]

	



Nadeau, L.; Patten, D.A.; Caron, A.; Garneau, L.; Pinault-Masson, E.; Foretz, M.; Haddad, P.; Anderson, B.G.; Quinn, L.S.; Jardine, K.; et al. IL-15 improves skeletal muscle oxidative metabolism and glucose uptake in association with increased respiratory chain supercomplex formation and AMPK pathway activation. Biochim. Biophys. Acta-Gen. Subj. 2019, 1863, 395–407. [Google Scholar] [CrossRef]

	



Ellingsgaard, H.; Hauselmann, I.; Schuler, B.; Habib, A.M.; Baggio, L.L.; Meier, D.T.; Eppler, E.; Bouzakri, K.; Wueest, S.; Muller, Y.D.; et al. Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-1 secretion from L cells and alpha cells. Nat. Med. 2011, 17, 1481–1489. [Google Scholar] [CrossRef]

	



Handschin, C.; Choi, C.S.; Chin, S.; Kim, S.; Kawamori, D.; Kurpad, A.J.; Neubauer, N.; Hu, J.; Mootha, V.K.; Kim, Y.B.; et al. Abnormal glucose homeostasis in skeletal muscle-specific PGC-1 alpha knockout mice reveals skeletal muscle-pancreatic beta cell crosstalk. J. Clin. Investig. 2007, 117, 3463–3474. [Google Scholar] [CrossRef] [PubMed]

	



Paula, F.M.M.; Leite, N.C.; Vanzela, E.C.; Kurauti, M.A.; Freitas-Dias, R.; Carneiro, E.M.; Boschero, A.C.; Zoppi, C.C. Exercise increases pancreatic beta-cell viability in a model of type 1 diabetes through IL-6 signaling. FASEB J. 2015, 29, 1805–1816. [Google Scholar] [CrossRef]

	



Paula, F.M.M.; Leite, N.C.; Borck, P.C.; Freitas-Dias, R.; Cnop, M.; Chacon-Mikahil, M.P.T.; Cavaglieri, C.R.; Marchetti, P.; Boschero, A.C.; Zoppi, C.C.; et al. Exercise training protects human and rodent beta cells against endoplasmic reticulum stress and apoptosis. FASEB J. 2018, 32, 1524–1536. [Google Scholar] [CrossRef] [PubMed]

	



Rutti, S.; Howald, C.; Arous, C.; Dermitzakis, E.; Halban, P.A.; Bouzakri, K. IL-13 improves beta-cell survival and protects against IL-1beta-induced beta-cell death. Mol. Metab. 2016, 5, 122–131. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Lloyd, D.J.; Hale, C.; Stanislaus, S.; Chen, M.; Sivits, G.; Vonderfecht, S.; Hecht, R.; Li, Y.S.; Lindberg, R.A.; et al. Fibroblast growth factor 21 reverses hepatic steatosis, increases energy expenditure, and improves insulin sensitivity in diet-induced obese mice. Diabetes 2009, 58, 250–259. [Google Scholar] [CrossRef]

	



Hotta, Y.; Nakamura, H.; Konishi, M.; Murata, Y.; Takagi, H.; Matsumura, S.; Inoue, K.; Fushiki, T.; Itoh, N. Fibroblast growth factor 21 regulates lipolysis in white adipose tissue but is not required for ketogenesis and triglyceride clearance in liver. Endocrinology 2009, 150, 4625–4633. [Google Scholar] [CrossRef]

	



Quinn, L.S.; Strait-Bodey, L.; Anderson, B.G.; Argilés, J.M.; Havel, P.J. Interleukin-15 stimulates adiponectin secretion by 3T3-L1 adipocytes: Evidence for a skeletal muscle-to-fat signaling pathway. Cell Biol. Int. 2005, 29, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.M.D. Adiponectin: Role in Physiology and Pathophysiology. Int. J. Prev. Med. 2020, 11, 136. [Google Scholar] [CrossRef]

	



Solomon, T.P.J.; Malin, S.K.; Karstoft, K.; Kashyap, S.R.; Haus, J.M.; Kirwan, J.P. Pancreatic beta-cell Function Is a Stronger Predictor of Changes in Glycemic Control After an Aerobic Exercise Intervention Than Insulin Sensitivity. J. Clin. Endocrinol. Metab. 2013, 98, 4176–4186. [Google Scholar] [CrossRef]

	



Alvarez, C.; Ramirez-Campillo, R.; Ramirez-Velez, R.; Izquierdo, M. Effects and prevalence of nonresponders after 12 weeks of high-intensity interval or resistance training in women with insulin resistance: A randomized trial. J. Appl. Physiol. 2017, 122, 985–996. [Google Scholar] [CrossRef]

	



Stephens, N.A.; Brouwers, B.; Eroshkin, A.M.; Yi, F.C.; Cornnell, H.H.; Meyer, C.; Goodpaster, B.H.; Pratley, R.E.; Smith, S.R.; Sparks, L.M. Exercise Response Variations in Skeletal Muscle PCr Recovery Rate and Insulin Sensitivity Relate to Muscle Epigenomic Profiles in Individuals With Type 2 Diabetes. Diabetes Care 2018, 41, 2245–2254. [Google Scholar] [CrossRef] [PubMed]

	



Stephens, N.A.; Xie, H.; Johannsen, N.M.; Church, T.S.; Smith, S.R.; Sparks, L.M. A transcriptional signature of “exercise resistance” in skeletal muscle of individuals with type 2 diabetes mellitus. Metab.-Clin. Exp. 2015, 64, 999–1004. [Google Scholar] [CrossRef] [PubMed]

	



Sparks, L.M. Exercise training response heterogeneity: Physiological and molecular insights. Diabetologia 2017, 60, 2329–2336. [Google Scholar] [CrossRef] [PubMed]

	



Ciaraldi, T.P.; Ryan, A.J.; Mudaliar, S.R.; Henry, R.R. Altered Myokine Secretion Is an Intrinsic Property of Skeletal Muscle in Type 2 Diabetes. PLoS ONE 2016, 11, e0158209. [Google Scholar] [CrossRef] [PubMed]

	



Aguer, C.; Foretz, M.; Lantier, L.; Hebrard, S.; Viollet, B.; Mercier, J.; Kitzmann, M. Increased FAT/CD36 Cycling and Lipid Accumulation in Myotubes Derived from Obese Type 2 Diabetic Patients. PLoS ONE 2011, 6, e28981. [Google Scholar] [CrossRef] [PubMed]

	



Henry, R.R.; Ciaraldi, T.P.; AbramsCarter, L.; Mudaliar, S.; Park, K.S.; Nikoulina, S.E. Glycogen synthase activity is reduced in cultured skeletal muscle cells of non-insulin-dependent diabetes mellitus subjects—Biochemical and molecular mechanisms. J. Clin. Investig. 1996, 98, 1231–1236. [Google Scholar] [CrossRef] [PubMed]

	



Gaster, M.; Petersen, I.; Hojlund, K.; Poulsen, P.; Beck-Nielsen, H. The diabetic phenotype is conserved in myotubes established from diabetic subjects—Evidence for primary defects in glucose transport and glycogen synthase activity. Diabetes 2002, 51, 921–927. [Google Scholar] [CrossRef] [PubMed]

	



Kase, E.T.; Feng, Y.Z.; Badin, P.M.; Bakke, S.S.; Laurens, C.; Coue, M.; Langin, D.; Gaster, M.; Thoresen, G.H.; Rustan, A.C.; et al. Primary defects in lipolysis and insulin action in skeletal muscle cells from type 2 diabetic individuals. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2015, 1851, 1194–1201. [Google Scholar] [CrossRef] [PubMed]

	



Manabe, Y.; Fujii, N.L. Experimental research models for skeletal muscle contraction. J. Physiol. Fit. Sports Med. 2016, 5, 373–377. [Google Scholar] [CrossRef]

	



Nikolic, N.; Bakke, S.S.; Kase, E.T.; Rudberg, I.; Halle, I.F.; Rustan, A.C.; Thoresen, G.H.; Aas, V. Electrical Pulse Stimulation of Cultured Human Skeletal Muscle Cells as an In Vitro Model of Exercise. PLoS ONE 2012, 7, e33203. [Google Scholar] [CrossRef]

	



Scheler, M.; Irmler, M.; Lehr, S.; Hartwig, S.; Staiger, H.; Al-Hasani, H.; Beckers, J.; de Angelis, M.H.; Haring, H.U.; Weigert, C. Cytokine response of primary human myotubes in an in vitro exercise model. Am. J. Physiol.-Cell Physiol. 2013, 305, C877–C886. [Google Scholar] [CrossRef] [PubMed]

	



Raschke, S.; Eckardt, K.; Holven, K.B.; Jensen, J.; Eckel, J. Identification and Validation of Novel Contraction-Regulated Myokines Released from Primary Human Skeletal Muscle Cells. PLoS ONE 2013, 8, e62008. [Google Scholar] [CrossRef] [PubMed]

	



Brown, A.E.; Jones, D.E.; Walker, M.; Newton, J.L. Abnormalities of AMPK Activation and Glucose Uptake in Cultured Skeletal Muscle Cells from Individuals with Chronic Fatigue Syndrome. PLoS ONE 2015, 10, e0122982. [Google Scholar] [CrossRef]

	



Feng, Y.Z.; Nikolic, N.; Bakke, S.S.; Kase, E.T.; Guderud, K.; Hjelmesaeth, J.; Aas, V.; Rustan, A.C.; Thoresen, G.H. Myotubes from lean and severely obese subjects with and without type 2 diabetes respond differently to an in vitro model of exercise. Am. J. Physiol.-Cell Physiol. 2015, 308, C548–C556. [Google Scholar] [CrossRef]

	



Nieuwoudt, S.; Mulya, A.; Fealy, C.E.; Martelli, E.; Dasarathy, S.; Prasad, S.V.N.; Kirwan, J.P. In vitro contraction protects against palmitate-induced insulin resistance in C2C12 myotubes. Am. J. Physiol.-Cell Physiol. 2017, 313, C575–C583. [Google Scholar] [CrossRef]

	



Park, S.; Turner, K.D.; Zheng, D.H.; Brault, J.J.; Zou, K.; Chaves, A.B.; Nielsen, T.S.; Tanner, C.J.; Treebak, J.T.; Houmard, J.A. Electrical pulse stimulation induces differential responses in insulin action in myotubes from severely obese individuals. J. Physiol. 2019, 597, 449–466. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Yue, Y.Y.; Hu, F.; Zhang, C.; Ma, X.F.; Li, N.; Qiu, L.H.; Fu, M.L.; Chen, L.M.; Yao, Z.; et al. Electrical pulse stimulation induces GLUT4 translocation in C2C12 myotubes that depends on Rab8A, Rab13, and Rab14. Am. J. Physiol.-Endocrinol. Metab. 2018, 314, E478–E493. [Google Scholar] [CrossRef]

	



Chen, W.J.; Nyasha, M.R.; Koide, M.; Tsuchiya, M.; Suzuki, N.; Hagiwara, Y.; Aoki, M.; Kanzaki, M. In vitro exercise model using contractile human and mouse hybrid myotubes. Sci. Rep. 2019, 9, 11914. [Google Scholar] [CrossRef]

	



Nikolic, N.; Gorgens, S.W.; Thoresen, G.H.; Aas, V.; Eckel, J.; Eckardt, K. Electrical pulse stimulation of cultured skeletal muscle cells as a model for in vitro exercise—Possibilities and limitations. Acta Physiol. 2017, 220, 310–331. [Google Scholar] [CrossRef]

	



Zozulinska, D.; Majchrzak, A.; Sobieska, M.; Wiktorowicz, K.; Wierusz-Wysocka, B. Serum interleukin-8 level is increased in diabetic patients. Diabetologia 1999, 42, 117–118. [Google Scholar]

	



García-Hermoso, A.; Ramírez-Vélez, R.; Díez, J.; González, A.; Izquierdo, M. Exercise training-induced changes in exerkine concentrations may be relevant to the metabolic control of type 2 diabetes mellitus patients: A systematic review and meta-analysis of randomized controlled trials. J. Sport Health Sci. 2023, 12, 147–157. [Google Scholar] [CrossRef] [PubMed]

	



Lombardi, G.; Sansoni, V.; Banfi, G. Measuring myokines with cardiovascular functions: Pre-analytical variables affecting the analytical output. Ann. Transl. Med. 2017, 5, 299. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, B.K.; Febbraio, M.A. Muscles, exercise and obesity: Skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 2012, 8, 457–465. [Google Scholar] [CrossRef] [PubMed]

	



Covington, J.D.; Tam, C.S.; Bajpeyi, S.; Galgani, J.E.; Noland, R.C.; Smith, S.R.; Redman, L.M.; Ravussin, E. Myokine Expression in Muscle and Myotubes in Response to Exercise Stimulation. Med. Sci. Sports Exerc. 2016, 48, 384–390. [Google Scholar] [CrossRef] [PubMed]

	



Korb, A.; Bertoldi, K.; Lovatel, G.A.; Delevatti, R.S.; Elsner, V.R.; Meireles, L.C.F.; Kruel, L.F.M.; Siqueira, I.R. Acute exercise and periodized training in different environments affect histone deacetylase activity and interleukin-10 levels in peripheral blood of patients with type 2 diabetes. Diabetes Res. Clin. Pract. 2018, 141, 132–139. [Google Scholar] [CrossRef] [PubMed]

	



Barry, J.C.; Shakibakho, S.; Durrer, C.; Simtchouk, S.; Jawanda, K.K.; Cheung, S.T.; Mui, A.L.; Little, J.P. Hyporesponsiveness to the anti-inflammatory action of interleukin-10 in type 2 diabetes. Sci. Rep. 2016, 6, 9. [Google Scholar] [CrossRef] [PubMed]

	



Sparks, L.M.; Moro, C.; Ukropcova, B.; Bajpeyi, S.; Civitarese, A.E.; Hulver, M.W.; Thoresen, G.H.; Rustan, A.C.; Smith, S.R. Remodeling Lipid Metabolism and Improving Insulin Responsiveness in Human Primary Myotubes. PLoS ONE 2011, 6, e21068. [Google Scholar] [CrossRef] [PubMed]

	



Garneau, L.; Parsons, S.A.; Smith, S.R.; Mulvihill, E.E.; Sparks, L.M.; Aguer, C. Plasma Myokine Concentrations After Acute Exercise in Non-obese and Obese Sedentary Women. Front. Physiol. 2020, 11, 8. [Google Scholar] [CrossRef] [PubMed]

	



Garneau, L.; Terada, T.; Mistura, M.; Mulvihill, E.E.; Reed, J.L.; Aguer, C. Exercise training reduces circulating cytokines in male patients with coronary artery disease and type 2 diabetes: A pilot study. Physiol. Rep. 2023, 11, e15634. [Google Scholar] [CrossRef]








[image: Ijms 25 04889 g001] 





Figure 1. Variations in resting cytokine serum concentrations following the 10-week aerobic exercise intervention. (A) SPARC, (B) FGF21, (C) IL-6, (D), IL-8, (E) IL-10, (F) IL-15, and (G) IL-18 levels are presented before (pre) and after (post) the exercise intervention. IL-13 was undetected in almost all serum samples. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. N = 4–7. Data are represented as individual values and mean ± SD. ** p < 0.01. 
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Figure 2. Variations in myokine secretion in cell-culture supernatant of human primary myotubes in response to the 10-week aerobic exercise intervention. Myokines were measured by R-plex and U-plex assays (MSD, Maryland, USA). (A) SPARC, (B) IL-6, (C) IL-8, (D) IL-10, (E) IL-15, and (F) IL-18 levels are presented before (pre) and after (post) the exercise intervention. BDNF, FGF21, and IL-13 were mostly undetected. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. N = 2–6. Data are presented as individual data points with mean ± SD and line graphs when applicable. 
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Figure 3. Correlation analysis between myokine secretion in cell-culture supernatant of human primary myotubes and serum concentrations of cytokines from the participants. Myokines were measured by R-plex and U-plex assays (MSD, Maryland, USA). (A) SPARC, (B) IL-6, (C) IL-8, (D) IL-10, (E) IL-15, and (F) IL-18 levels. N = 16–18. Data are presented as individual data points including pre- and post-intervention values per participant. 
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Figure 4. Effect of EPS on the phosphorylation of proteins involved in the AMPK pathway in human primary myotubes quantified by immunoblotting. NS = non-stimulated, E = electrode exposure, S = EPS treatment, Pre = pre-intervention, Post = post-intervention. (A) Representative blot, (B) quantification of p-AMPK relative to total AMPK, (C) quantification of p-AS160 relative to tubulin, and (D) quantification of p-ACC relative to total ACC. Blots were analyzed with ImageJ (NIH). No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. N = 3–6. Data are shown as mean ± SD with individual data points. * p < 0.05, ** p < 0.01. 
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Figure 5. Effect of electrode-exposure control condition of human primary myotubes collected pre- and post-intervention on myokine secretion. Myokines were measured in the cell-culture supernatant by R-plex and U-plex assays (MSD, Maryland, USA). (A) SPARC, (B) IL-6, (C) IL-8, (D) IL-10, (E) IL-15, and (F) IL-18. BDNF, FGF21, and IL-13 were mostly undetected. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. Non-stimulated = NS, exposed to the electrode apparatus for 1 h = E. N = 6–12. Data are shown individually with lines connecting the NS and E conditions for one cell line. 
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Figure 6. Effect of EPS treatment of human primary myotubes collected pre- and post-intervention on myokine secretion. Myokines were measured in the cell-culture supernatant by R-plex and U-plex assays (MSD, Maryland, USA). (A) SPARC, (B) IL-6, (C) IL-8, (D) IL-10, (E) IL-15, and (F) IL-18. BDNF, FGF21, and IL-13 were mostly undetected. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. N = 6–12. Data are shown individually with lines connecting the non-stimulated (NS) and EPS-stimulated (S) conditions for one cell line. 
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Figure 7. Effect of the 10-week aerobic exercise intervention on the mRNA expression of the mRNA expression of myokines in human primary myotubes as assessed by NanoString multiplex assay. Data analysis was performed with nSolver Analysis Software v4.0 and individual quantification (counts) of mRNA molecules were extracted for targets thought to be candidate myokines. Relative counts of (A) TNF-α, (B) IL-1β, (C) IL-6, (D) IL-8, (E) IL-10, (F) IL-13, (G) IL-15, and (H) IL-18 quantified by multiplex assay before (pre) and after (post) exercise intervention. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. N = 3–6. Data are shown as mean ± SD with individual data points. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Table 1. Participant characteristics pre- and post-10-week aerobic exercise intervention.
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Group

	
n (m/f)

	
Age (Years)

	
BMI

(kg/m2)

	
HbA1c (%)

	
Fat Mass (kg)

	
Lean Mass (kg)

	
M-Value (mg/kg/min)

	
VO2max (mL/kg/min)

	
PCr Recovery Rate (1/s)




	
Pre

	
Post

	
Pre

	
Post

	
Pre

	
Post

	
Pre

	
Post

	
Pre

	
Post

	
Pre

	
Post

	
Pre

	
Post






	
No T2D

	
7 (2/5)

	
45.3 ± 6.3

	
37.2 ± 6.7

	
37.4 ± 5.9

	
5.5 ± 0.5

	
5.7 ± 0.4

	
44.1 ± 12.0

	
44.5 ± 11.3

	
51.2 ± 12.8

	
51.9 ± 12.2

	
168.0 ± 95.3

	
231.4 ± 116.5

	
22.1 ± 6.1

	
23.6 ± 5.4

	
0.025 ± 0.014

	
0.022 ± 0.008




	
T2D

responders

	
9 (6/3)

	
53.4 ± 7.1

	
34.8 ± 3.6

	
34.6 ± 3.9

	
7.6 ± 0.8 †††

	
7.9 ± 0.9 †††

	
40.2 ± 8.9

	
39.7 ± 9.4

	
58.7 ± 10.0

	
59.1 ± 9.7

	
59.8 ± 51.5 †

	
78.6 ± 43.1 ††

	
23.2 ± 4.1

	
25.1 ± 5.1

	
0.015 ± 0.003 ‡‡

	
0.020 ± 0.004




	
T2D non-responders

	
6 (3/3)

	
47.2 ± 9.5

	
34.4 ± 4.5

	
34.8 ± 4.7

	
7.4 ± 0.9 †

	
7.9 ± 1.5 **†††

	
39.5 ± 9.3

	
40.6 ± 9.8

	
54.4 ± 13.9

	
56.0 ± 14.2 **

	
114.2 ± 54.5

	
99.7 ± 71.9 ††

	
24.1 ± 7.5

	
22.7 ± 4.2

	
0.026 ± 0.005

	
0.020 ± 0.004 **








Data are shown as mean ± SD. ** p < 0.01 in comparison to pre-intervention. † p < 0.05, †† p < 0.01, and ††† p < 0.001 in comparison to no T2D group at the same time point of intervention. ‡‡ p < 0.01 compared to the non-responders group at the same time point of intervention. No T2D = participants with obesity without T2D, T2D responders = patients with T2D who respond to training, and T2D non-resp. = patients with T2D who do not respond to training. m = males. f = females. BMI = body mass index. HbA1c = percentage glycated hemoglobin. M-value = whole-body insulin sensitivity. VO2max = maximal oxygen consumption rate. PCr = phosphocreatine.
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