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INTRODUCTION

Individual striated muscle fibers communicate in both a paracrine and endocrine fashion and are also involved in the crosstalk with other tissues and organs such as the adipose tissue, immune system, liver, pancreas, bones, and brain (Delezie and Handschin, 2018). The striated muscle, which accounts for ~40% of body mass, presents high biosynthetic activity, and extensive vascularization, features that endorse current thinking that muscle is the largest endocrine system of the body (Benatti and Pedersen, 2015). There are hundreds of muscle secretory products, collectively known as myokines, including proteins, miRNA, and exosomes (Barone et al., 2016). Muscle secretion is significantly affected by muscle contraction (Son et al., 2018) due to the activation of mechanotransduction pathways (Coletti et al., 2016a). It has been suggested that the adipose tissue is also an endocrine organ, producing adipokines- leptin, and other hormones, in addition to cytokines (Galic et al., 2010). The inflammatory infiltrate in fat depots affects the course of several diseases, including cancer (Batista et al., 2012; Sawicka and Krasowska, 2016; Neto et al., 2018; Opatrilova et al., 2018), and an extensive review on the role of adipokines in disease has been published elsewhere (Orzechowski et al., 2014).

Myokines, adipokines, and cytokines are major therapeutic targets in both muscular and non-muscular diseases (Lindegaard et al., 2013; Manole et al., 2018), and understanding of their role in tissue crosstalk represents a subject of great interest in current biology. We have therefore chosen to address this paradigm within this Frontiers special issue on “Myokines, Adipokines, Cytokines in Muscle Pathophysiology.”



PROMOTING MUSCLE REGENERATION IN MUSCLE DISEASES

Inflammation impairs muscle regeneration, by affecting pro-myogenic genes, including NFAT5. In a cellular model of myositis, Herbelet et al. showed that impaired NFAT5 expression and nuclear translocation induced by the inflammatory cytokines IL-1 and INF-gamma. In patients with polymyositis and dermatomyositis, NFAT5 was unaffected, whereas in inclusion body myositis, NFAT5 was not expressed at all. This state is characterized by sub-clinical inflammation and oxidative stress is found in individuals consuming High Fat Diets (HFD) and contributes to the pathogenesis of the metabolic dysfunction observed in obesity. This has been demonstrated by Andrich et al. in rats consuming HFD for 14 days. HFD reduced GSH levels in the musculature, an indicator of altered antioxidant defense, but also, increased IL-6 gene expression. Rossi et al. reviewed the role of inflammation in skeletal muscle remodelling, highlighting that hypoxia and IL-6, upon strength training, augment macrophage and neutrophil recruitment.

HGF/c-met plays an important role in infiltrating macrophages during muscle regeneration (Choi et al.). HGF regulates macrophage transition from the inflammatory to the anti-inflammatory phenotype and acts on various cell types, including muscle progenitors, coordinating muscle regeneration.

It is noteworthy that severe conditions in which the muscle wastes away, such as cachexia, occur in the absence of overt local inflammation, and the atrophic muscle is not enriched in inflammatory cells (Berardi et al., 2008). Therefore, inflammatory cytokines in cachexia lead to protein breakdown and apoptosis, without establishing a chronic degeneration-inflammation cycle related to the detrimental action of local inflammatory cells (de Castro et al., 2019).



STEM CELLS TO THE RESCUE

Stem cell-mediated muscle regeneration is regulated by circulating hormones and growth factors, by signals released by damaged muscle fibers, and by the extracellular matrix (Musarò et al., 2007). Myostatin (MST) and activin bind the activin receptor-2B (AcvR2B), with the effect of negatively regulating muscle growth and myogenesis (Lee and McPherron, 2001). Formicola et al. demonstrated that inhibition of the AcvR2B receptor rescues muscle regenerative potential, in parallel with the downregulation of ectopic fat deposition and fibrosis.

Muscle SC proliferation is affected in vivo by the expression of the histone deacetylase HDAC4, which acts as a transcriptional activator or repressor (Marroncelli et al., 2018). The paper by Renzini et al. demonstrated that the deletion of HDAC4 affects muscle regeneration and suggested that HDAC4 controls muscle regeneration in vivo via soluble factors.

Satellite cells are important, but not unique players in muscle regeneration. In another contribution, Biferali et al. review the role of fibro–adipogenic progenitors (FAPs) in muscle regeneration. After muscle injury, FAPs undergo massive expansion, followed by subsequent macrophage-mediated clearance. During this critical time window, FAPs establish a dynamic network of interactions supporting SC differentiation.



PARACRINE AND ENDOCRINE MEDIATORS IN MUSCLE PATHOLOGIES

A comprehensive review written by Penna et al. discusses the role of several pro-inflammatory cytokines produced by tumors and how they contribute to cachexia in cancer. Pro-cachectic factors also exert direct effects on muscle cells in vitro, as shown by Baccam et al., who demonstrated that tumor-derived-factors induce the activin-mediated atrophy of myotubes. A high level of circulating activin is an adverse prognostic factor in cancer patients (Loumaye et al., 2017), yet, the direct role of activin, beyond that of a marker of cachexia, has not been demonstrated. Follistatin, the physiological activin inhibitor produced by the myotubes upon mechanical stimulation, protects these cells from atrophy. These findings are in agreement with those reported in this same Frontiers special issue by Formicola et al..

The clinical relevance of muscle activity-dependent protective factors is highlighted in inactive patients, submitted to hemodialysis (HD), who show reduced levels of the beta-aminoisobutyric acid (BAIBA), a factor that has beneficial effects on muscle metabolism in an autocrine/paracrine manner. In HD patients, BAIBA levels were reduced in inactive individuals (Molfino et al.), confirming the importance of supplying nutritional support (Garcia et al., 2019) and/or exercise intervention in patients who have had long periods of physical inactivity.

Microgravity induces muscle atrophy in astronauts and Teodori et al. have investigated the role of miRNAs in the immune response to simulated microgravity in silico, revealing that microgravity induced conflicting signals that were responsible for muscle atrophy.



MUSCLE AS AN ENDOCRINE ORGAN

Over 600 myokines are released by the skeletal muscle (Görgens et al., 2015). The already long list of myokines keeps evolving, as new candidates are proposed to be classified into this category. This Frontiers special issue also includes several contributions on the subject, including a comprehensive review of the myokines released as a response to muscle contraction, by Lee and Jun. The potential of myokine to counteract muscle wasting under various conditions is further discussed by Piccirillo et al..

Adamo et al. have suggested that the skeletal muscle produces two hormones classically known as neurohypophyseal factors, i.e., vasopressin and oxytocin. The skeletal muscle may be both a source, as well as a target of these hormones. In a very provocative way, the findings reviewed by Adamo et al. challenge the classical view of endocrine glands as unique, anatomically defined sources of a given factor.

The skeletal muscle is important source of Fibroblast growth factor 21 (FGF21). Whether the action of one such factor is beneficial or detrimental for the muscle is still unclear, especially in humans. By examining the circulating levels of FGF21 in several physiological or pathological conditions we may gather further insight on its relevance and therapeutic value for treating metabolic diseases (Tezze et al.).



HUMORAL MEDIATORS OF THE ORGAN CROSS-TALK

The perspective of white adipose tissue (WAT) has evolved from one in which it is a mere site for fatty acid storage and metabolism, to the current concept that WAT is a major endocrine organ with a specific role in the control of inflammation. Taking this into account, more recent studies have explored how adipocytes and WAT stromavascular components affect the striated muscle and a plethora of other tissues, especially in pathological conditions (Riccardi et al., 2020). Two articles in this issue address and discuss the crosstalk between muscle and adipose tissue: first a review on the myokine regulating both brown and white adipose tissue biology: myostatin, IL-6, IL-15, Irisin, FGF21, Angiopoietin-like protein (ANGPTL) and BAIBA (Leal et al.); second, a report on exercise-induced myokines release, affecting, adipokine release by WAT (Mika et al.).

It is well-established that exercise has beneficial effects on the heart. To highlight novel mechanisms within this context, Bellafiore et al. investigated the signaling molecules that regulate capillary growth in the healthy myocardium as a result of exercise. VEGFR-1/Flt-1, VEGFR-2/Flk-1, HIF-1α, and iNOS, act as myokines regulating angiogenesis in response to endurance training, consistent with the observed stimulation of capillary network development in healthy hearts, following physical exercise (Brown and Hudlicka, 2003).

The existence of organ crosstalk, involving multiple sources of the same molecule, such as of a specific cytokine, and the pleiotropic effects of many of these mediators, generate paradoxical effects and make it difficult to have a holistic view of the physiopathology of muscle, fat, and the immune system. An example of this complexity is IL-6, which is secreted by the muscle upon exercise but also by the immune cells and WAT during inflammation, inducing both hypertrophy and atrophy of the skeletal muscle while, at the same time, being responsive to exercise in the muscle and fat (Rosa Neto et al., 2009). An excellent review by Pedersen and Febbraio (2008) both sheds-light and reconciles different views regarding IL-6 and its role in the metabolism in health and disease. The full characterization of the specific signaling pathways activated in different organs and conditions is of pivotal importance for understanding the effects of cytokine in different tissues. The Janus kinase (JAK) or signal transducer and activator of transcription (STAT) pathway, is a key intracellular mediator of a variety of factors, including the IL-6 family (Moresi et al.). IL-6-mediated activation of the JAK/STAT pathway may have opposing effects, promoting muscle hypertrophy and satellite proliferation, on one hand, and favoring muscle wasting, on the other hand.



EXERCISE ENDOCRINOLOGICAL EFFECTS

It has been established that exercise plays a major role in the prevention of human diseases through endocrinological, metabolic, genetic, and even epigenetic mechanisms (Coletti et al., 2016b; Grazioli et al., 2017). However, not all types of exercise are equal. Hody et al. reviewed the benefits and the risks of eccentric contractions, such as downhill running. For its unique features, eccentric exercise has been proposed for innovative rehabilitative protocols, despite the fact—and actually for the very reason that—it is a muscle-damaging exercise protocol. Isaacs et al. have reported that the exertion caused by rhabdomyolysis induced plyometric exercise is associated with different extents of muscle damage and that it is related to pain in healthy subjects. This heterogeneity correlates with a selective increase of C-reactive protein, which should be considered when prescribing exercise for pathological conditions.

In addition to damage and inflammatory markers, exercise induces the release of extracellular vesicles from the muscle. Trovato et al. unveiled and extensively examined the role of vesicles in myokine delivery. The ways in which exercise-related myokines (exerkines) are involved in tissue crosstalk during physical exercise is a topic of interest and is likely to attract further research attention in the future. Exercise affects vasopressin and oxytocin expression in the neurons of the paraventricular nucleus (Farina et al., 2014) and induces a five-fold increase in the circulating levels of the neurohypophyseal hormone vasopressin (Melin et al., 1980). This increase is associated with the beneficial effects of exercise on muscle homeostasis and suggests a model whereby physical activity stimulates muscle secretion of the neurohypophyseal hormones, which increases muscle responsiveness to the same hormones through the up-regulation of their receptors (Adamo et al.). Taken together, this evidence reveals the molecular bases of the humoral crosstalk between muscles and the brain during exercise, reflecting the Latin motto mens sana in corpore sano, i.e., “a sound mind in a sound body.”

There are age-dependent differences in adaptation to exercise (Harber et al., 2012). Aged mice that are deficient in Nicotinamide Riboside Kinase 2 (NMRK2) have shown a maladaptive metabolic response to exercise in both types of striated muscle (Deloux et al.). These are not the first findings to indicate the age-dependent effects of exercise and training adaptation on muscle metabolism. For instance, young Serum Response Factor KO mice do adapt normally to endurance exercise (Djemai et al., 2019) despite the fact that these mice show muscle functional deficits with aging (Lahoute et al., 2008).

Mika, Macaluso et al. showed that exercise and linoleic acid change hepatic fatty acid composition by increasing n-3 polyunsaturated and branched chain fatty acid incorporation. These findings are particularly interesting in light of the beneficial effects of linoleic supplements in muscle pathology (Macaluso et al., 2012; Carotenuto et al., 2016a,b,c).

Taken together, the articles in this special issue demonstrate that myokines, adipokines, and cytokines are central players in muscle physiopathology. The striated muscle must, therefore, be studied and managed using multidisciplinary approaches to consider organ crosstalk and in order to propose state-to-the-art, tailored therapeutic interventions that encompass the full complexity and unique characteristics of each patient.
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