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Abstract

:

Skeletal muscle mass plays a critical role in a healthy lifespan by helping to regulate glucose homeostasis. As seen in sarcopenia, decreased skeletal muscle mass impairs glucose homeostasis, but it may also be caused by glucose dysregulation. Gut microbiota modulates lipopolysaccharide (LPS) production, short-chain fatty acids (SCFA), and various metabolites that affect the host metabolism, including skeletal muscle tissues, and may have a role in the sarcopenia etiology. Here, we aimed to review the relationship between skeletal muscle mass, glucose homeostasis, and gut microbiota, and the effect of consuming probiotics and prebiotics on the development and pathological consequences of sarcopenia in the aging human population. This review includes discussions about the effects of glucose metabolism and gut microbiota on skeletal muscle mass and sarcopenia and the interaction of dietary intake, physical activity, and gut microbiome to influence sarcopenia through modulating the gut–muscle axis. Emerging evidence suggests that the microbiome can regulate both skeletal muscle mass and function, in part through modulating the metabolisms of short-chain fatty acids and branch-chain amino acids that might act directly on muscle in humans or indirectly through the brain and liver. Dietary factors such as fats, proteins, and indigestible carbohydrates and lifestyle interventions such as exercise, smoking, and alcohol intake can both help and hinder the putative gut–muscle axis. The evidence presented in this review suggests that loss of muscle mass and function are not an inevitable consequence of the aging process, and that dietary and lifestyle interventions may prevent or delay sarcopenia.
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1. Introduction


Sarcopenia is a progressive loss of muscle mass and function associated with aging or immobility [1]. More specifically, sarcopenia is defined as low muscle strength, reduced quantity and quality of muscle mass, and decreased physical performance [2]. Stated another way, “Sarcopenia is a progressive, generalized skeletal muscle disorder involving the combination of loss of muscle mass and loss of muscle function and/or muscle strength, as well as loss of muscle performance” [3]. Age-related muscle wasting diseases can be categorized as either sarcopenia or cachexia. Cachexia is muscle wasting that is associated with disease processes such as cancer. Sarcopenia is muscle loss due to the aging process and is perhaps classified as lean or obese sarcopenia depending on the fat mass of the sarcopenic individual [4]. Sarcopenia appears to be inextricably intertwined with glucose metabolism, and the maintenance of muscle mass in addition to the balance of insulin sensitivity and insulin secretion plays a critical role in maintaining glucose homeostasis [1]. However, insulin resistance is modulated by complex interactions with various factors, including body composition, gut microbiota, and various nutrient intakes. Increasing insulin resistance due to aging, obesity, inflammation, and oxidative stress elevates insulin secretion, eventually leading to chronic hyperglycemia and decreased lifespan [5].



Many scientists have investigated which tissues are primarily responsible for insulin resistance. Skeletal muscle has been identified as one of the responsible target tissues. Skeletal muscle tissues are insulin-dependent, and they are the most significant contributor to insulin-dependent glucose disposal [5]. Consequently, decreased skeletal muscle mass and impaired muscle glucose metabolism are possible contributors to type 2 diabetes and vice versa [5,6]. Skeletal muscle is believed to begin during the third decade of life and gradually decreases the capacity for muscle glucose utilization, increasing susceptibility to type 2 diabetes [7]. Type 2 diabetes increases sarcopenia risk and has a bidirectional relationship [5]. The balance between anabolism and catabolism regulates skeletal muscle mass. Anabolism is stimulated by growth factors, including androgens, insulin-like growth factor-I (IGF-I), insulin, and some myokines such as irisin, myonectin, decorin, and fibroblast growth factor (FGF)-21 [8]. Catabolism-related signaling pathways counterbalance anabolism in response to stimuli such as glucocorticoids and proinflammatory cytokines (Figure 1) [9]. These endogenous factors influence the Akt/mammalian target of rapamycin (mTOR), SMAD, autophagy, and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathways to modulate mitochondriogenesis, myogenesis, and muscle atrophy [10]. Among those pathways, IGF-1/insulin signaling is directly involved in insulin sensitivity, and it indirectly affects the NF-κB signaling pathways to modulate skeletal muscle mass [11]. Therefore, the IGF-1/insulin and NF-κB signaling pathways are closely associated with maintaining skeletal muscle mass.



Many human studies have explored possible interventions to prevent the loss of skeletal muscle mass and insulin sensitivity during aging [12,13]. Sedentary lifestyles are a primary factor responsible for decreases in skeletal muscle mass and insulin sensitivity, and physical exercise is strongly linked to lower sarcopenia risk, especially in older adults [14]. The causal relationship between other lifestyle-related factors and skeletal muscle mass remains controversial because most research has been conducted using observational studies [14,15]. However, smoking and excessive alcohol drinking may have inverse associations with skeletal muscle mass [14,15]. Adequate energy and protein intake helps protect against declines in muscle mass and other specific nutrient intakes, including ω-3 fatty acid, nicotinamide adenine dinucleotide (NAD+) precursors, vitamin D, anti-inflammatory and antioxidant containing foods, and dietary fiber, are also involved in maintaining muscle mass by modifying insulin sensitivity, oxidative stress, and inflammation [14,15]. Although the exact mechanisms have not been identified, they modulate biogenesis and degradation of muscle tissues [16].



Recent studies have shown that the gut microbiota can impact various organs to influence the initiation and progression of sarcopenia [17,18,19]. The gut microbiota compositions may impact glucose and fat metabolism in skeletal muscle tissues [17]. Gut microbiota modulates lipopolysaccharide (LPS) production, short-chain fatty acids (SCFA), and various metabolites that affect host metabolism, including skeletal muscle tissues and their function through the gut–muscle axis [18,19]. Although there is no direct evidence of the association between sarcopenia and distinct gut microbiota composition in the elderly, the potential relationship between skeletal muscle mass and gut microbiota has been reported [20]. Increasing evidence has demonstrated that the intake of probiotics and prebiotics modulates skeletal muscle mass and function through modulating gut permeability and the gut–muscle axis [21]. This review examines how skeletal muscle, glucose regulation, and the gut microbiota may interact with each other and with diet and lifestyle to promote healthy aging and prevent sarcopenia.




2. Overall View of Muscle Metabolism and the Factors That Control Muscle Growth


As the population ages, there is an increasing burden of frailty characterized by bone loss, often resulting in osteoarthritis and fractures and muscle loss, sometimes progressing to a clinical diagnosis of sarcopenia [22]. The mechanical loads imposed on bone due to muscle contraction are critical for stimulating bone growth and maybe a propounding factor in developing degenerative bone diseases of aging as people become more sedentary [22]. The decreased physical activity is also believed to be an essential factor in the lifestyle changes that lead to sarcopenia [23]. Furthermore, it has been recently observed that low numbers of circulating osteoprogenitor cells, an indicator of mesenchymal stem cells in bone marrow, are associated with frailty and sarcopenia [24]. Therefore, it is likely that both muscle loss and bone loss exacerbate each other and are crucial factors in developing frailty during aging.



Skeletal muscle plays a critical role not only in glucose and lipid metabolism but also in endocrine and paracrine activities [25]. Genetic and environmental factors and disease status are involved in maintaining skeletal muscle mass, which interacts with various organs, including bone, adipose tissue, liver, heart, and brain [25,26]. Skeletal muscle mass is a net result of both catabolic and anabolic metabolisms of myocytes. Muscle loss is related to reduced satellite cell recruitment and anabolic hormonal signaling, protein oxidation, inflammation, and developmental factors [27]. Muscle breakdown is involved in elevated oxidative stress, degenerative neuromuscular junction, and hyperglycemia, in addition to muscle mass loss [27,28]. However, the molecular mechanisms have not been clearly characterized [26].



Skeletal muscles and bone metabolisms are closely related during development and growth, and their loss is a major clinical problem for the elderly population and a cause of falls and fragility fractures [29]. Their interactions are related to the endocrinological and metabolic interconnection of muscle and bone and adiposity in the bone marrow and muscles [30]. Muscle atrophy, osteoporosis, and fatty infiltration into bone marrow and skeletal muscle should be managed to prevent sarcopenia-induced falls and bone fractures [30]. Skeletal muscles comprise a metabolic network linked to other organs by myokines produced and released by muscle fibers [29]. Myokines are classified as myostatin, myostatin-binding proteins, including follistatin and decorin, interleukins (IL) including IL-6, IL-7, and IL-15, insulin-like growth factor 1, and other myokines, including irisin and osteoglycin. Myostatin acts as a negative regulator of myogenesis; follistatin promotes muscle growth by inhibiting the binding of myostatin to its receptor, irisin, and IL-6 promote oxidative metabolism in myofibers. IGF-1 promotes muscle growth, and osteoglycin enhances cell–cell contact during myogenesis. They are involved in not only muscle differentiation and growth but also bone resorption and formation. Follistatin, IGF-1, decorin, irisin, and osteoglycin are involved in bone formation, whereas IL-15 regulates bone resorption [31]. Thus, muscle–bone communication plays an essential role in sarcopenia.



Sarcopenia sometimes accompanies body fat increase and vice versa. Muscle loss and fat accumulation can create a vicious cycle to increase metabolic dysfunction via complicated interaction of proinflammatory cytokines, oxidative stress, mitochondrial dysfunction, insulin resistance, and mitochondrial dysfunction [32]. Increased insulin resistance elevates ectopic fat accumulation, and it promotes the production of proinflammatory cytokines that inhibit muscle production and increase muscle catabolism [33]. Increased adipocyte mass and dysfunction result in elevated fatty acid flux from adipose tissues, contributing to fat accumulation in the liver and skeletal muscles. The fat accumulation elevates adipokine secretion and low-grade inflammation in the body, which develops insulin signaling impairment and mitochondrial dysfunction in the skeletal muscles, resulting in muscle atrophy [34]. Therefore, fat and glucose metabolism are closely associated with maintaining skeletal muscle mass.




3. Age-Related Interactive Effects of Impaired Glucose Metabolism and Sarcopenia


3.1. Skeletal Muscle Mass Loss during Aging


Skeletal muscle mass has been reported to be positively associated with a metabolically healthy phenotype in a large population study [35]. The benefits were valid for both skeletal muscle mass and muscle quality and were associated with having less than two components of metabolic syndrome [35,36]. Unfortunately, one of the most consistent physiological features of the aging process is a gradual but progressive loss of skeletal muscle mass and function [23]. Age-related loss of skeletal muscle mass begins at around age 30 and is a consistent feature of the aging process [37]. However, the rapidity and severity of the progression of muscle are highly variable and may be modulated by dietary and lifestyle factors. It is often difficult to precisely define the degree of muscle loss and compare the differences among people due to how muscle loss presents among individuals and differences in assessment methods [38]. However, the most severe muscle loss is termed sarcopenia and has become officially recognized as a disease state in recent years, and was assigned an International Diagnostic Classification Code (ICD-10-CM code M62.84) [39].



The progression of muscle loss is usually accompanied by various metabolic changes that manifest during different stages of the aging process and may be involved in changes in body composition. Sarcopenia is strongly linked to metabolic diseases and frailty [40]. Although muscle loss is associated with metabolic diseases such as type 2 diabetes, the mechanisms involved are not fully understood. The lack of clarity is partly due to the complex interactions between muscle and glucose regulation. However, it is known that insulin released to lower blood glucose concentrations also stimulates muscle growth. Muscle, in turn, is the primary site of insulin-stimulated glucose uptake. Decreased skeletal muscle quantity and quality can be devastating for glucose management since muscle is responsible for more than 80% of insulin-stimulated glucose disposal [41]. In addition to age-related loss of muscle mass, the function of the remaining muscle also declines with age, resulting in losses of muscular strength and endurance that surpasses that which can be attributed to loss of muscle mass alone [42].




3.2. Sarcopenia and Glucose Metabolism


The factors responsible for age-related declines in muscle mass and function are not fully understood, but anabolic resistance seems to be one of the significant contributors to sarcopenia [43]. However, the nature of anabolic resistance is somewhat obscure, and there are profound differences of opinion about its causes and effects. Many investigators believe that the anabolic signals from the two major anabolic stimuli, resistance exercise, and amino acid (especially leucine) consumption, are suppressed [44] due to a lessened activation of phosphoinositide 3-kinase (PI3K) activation, in turn, decreased AKT signaling as well as mTOR. PI3K/AKT/mTOR signaling is a primary stimulatory regulator of anabolic signals for muscle growth and inhibitor of muscle anabolism (Figure 1) [44]. The impairment of anabolic signaling pathways is a commonly held paradigm of anabolic resistance in skeletal muscle. However, other researchers have demonstrated that older people do not have a blunted anabolic response to amino acids and resistance exercise [45,46]. Instead, they have demonstrated that the elderly have an equal anabolic response as determined by muscle protein synthesis rate as well as an equal mammalian target of rapamycin complex 1 (mTORC1) response to stimuli such as leucine. This model suggests that a diminished availability of amino acids is responsible for anabolic resistance in the elderly, possibly due to poor absorption of amino acids from the diet. It would suggest that anabolic resistance can be overcome with higher protein intake, especially the amino acid leucine [47], and resistance exercise training. Both of the two explanations for anabolic resistance are supported by convincing evidence. Whichever explanation is correct, the fact remains that age is associated with a progressive loss of skeletal muscle mass and function.



In addition to the age-related loss of muscle mass, the functional impairment of existing muscle may also have critical consequences. The loss of muscle function is partly due to a shift in muscle fiber type to a greater percentage of type 1 (slow-twitch) fibers at the expense of type 2 (fast-twitch) fibers [48]. A study in men and women 21–87 years of age measured gene expression of muscle types in biopsy samples before and after exercise [49]. They found no age-related changes in myosin heavy chain (MHC) type 1 muscle proteins, but that respective expression levels of type IIa and type IIx declined by 14% and 10% per decade [33]. It was also observed that knee extensor strength declined with age, even when strength was normalized for muscle mass, demonstrating a decline in functionality of the remaining muscle [33]. A rather profound decrease in type 2 muscle fiber expression leads to a diminished reliance on glycolysis and glucose utilization in the cytosol of the cells and a high reliance on oxidative phosphorylation, contributing to increasing fat utilization in the mitochondria for energy metabolism [48]. This may be an unfortunate development, since simultaneous changes in skeletal muscle cells may make oxidative metabolism more difficult as the transitions to a greater reliance on oxidative metabolism occurs, as explained below. Furthermore, this diminished use of glucose for energy may exacerbate glucose dysregulation and accelerate the progression towards type 2 diabetes [50].



Oxidative metabolism occurs exclusively in the mitochondria of cells, and substantial research supports mitochondrial dysfunction as a central feature of aging skeletal muscle [51]. With aging, mitochondrial bioenergetics progressively decline, resulting in a simultaneous decline in the capacity to utilize oxygen. Analogous to the muscle itself, these changes in mitochondrial function appear to be due to both decreases in mitochondrial content and function [52]. Peroxisome proliferator-activated receptor γ coactivator (PGC)-1α is probably the most important, though not the exclusive, regulator of mitochondrial biogenesis, and its expression decreases in aged skeletal muscle at both the protein and mRNA level [53]. PGC1α is encoded by the peroxisome proliferator-activated receptor-gamma (PPARG; PPAR-γ) coactivator 1 alpha (PPARGC1A) gene. PGC-1α is downstream of several essential energy sensor genes that are important for the regulation of metabolic systems in humans, including AMP-activated protein kinase (AMPK), sirtuin 1 (SIRT1), and mitogen-associated protein kinase (p38 MAPK) [54]. The SIRT1 gene is often thought of as the longevity gene responsible for the anti-aging “French Paradox” effects of resveratrol from red wine [54]. SIRT1 is a deacetylase that is NAD+ dependent and appears to play a central role in regulating energy metabolism through its targets, which include PGC1-α and PPAR-γ [55]. Furthermore, NAD+ precursor supplementation has been demonstrated to increase mitochondrial biogenesis in the muscles of mice [56] and may work similarly in humans. Suppression of SIRT1 and, by extension, PGC-1α, can limit oxidative capacity and energy utilization, resulting in the elevation of circulating lipids, which can have a critical consequence on glucose metabolism [57].



Diabetes is associated with elevated blood glucose and elevated circulating lipids [57]. Furthermore, infusion of lipids into circulation can cause insulin resistance in both humans and experimental animals [58,59]. It notedly remains uncertain whether the loss of skeletal muscle mass and function are a cause or a consequence of diabetes. However, abundant evidence suggests both can cause and exacerbate the other. Furthermore, other factors may lead to impairments of both skeletal muscle and glucose regulation. Among the other factors, the influence of the gut microbiota may also greatly influence the regulation of glucose metabolism and skeletal muscle health, which could, in turn, affect glucose metabolism.





4. Glucose Metabolism and Gut Microbiota


Genetic and environmental factors influence glucose metabolism, affecting both insulin secretion and insulin sensitivity [60,61]. Carbohydrate digestion and absorption, inflammation, nutrient intakes, and lifestyle factors such as alcohol consumption and exercise influence glucose homeostasis. The gut microbiome is an emerging factor that influences glucose metabolism by interacting with various factors and shows bidirectional symbiosis (Figure 2) [62]. Gut microbiota produces SCFA that may influence the host’s glucose metabolism by promoting the gut–liver, gut–skeletal muscle, gut–islet, and gut–brain axes [63]. These effects modulate insulin sensitivity, insulin secretion, and glucose disposal.



Bacteria use glucose as an energy source, and glucose supply is a significant factor for commensalism with the host and bacteria colonization. Gut bacteria can be categorized as having mutualism, commensalism, and parasitism, all of which can affect the host’s glucose metabolism [64]. Hyperglycemia of the host impairs tight junction expressions of the intestinal cells that increase pathogen-associated molecular patterns, including LPS and toll-like receptor ligands and bacteria translocation into the host cells [64]. As a result, diabetic patients are susceptible to infection and inflammation when exposed to pathogenic bacteria, and their infections cannot be easily cured since diabetic patients have defects in innate and adaptive immunity [65,66]. Furthermore, uncontrolled diabetes elevates the inflammatory response and oxidative stress, exacerbating infection [67].




5. Effects of the Microbiome on Muscle Mass and the Development of Sarcopenia


5.1. Physical Activity, Sarcopenia, and Gut–Muscle Axis


The gut microbiome is a menagerie of bacteria, archaea, fungi, viruses, and eukaryotic microbes that live as independent life forms in humans and other mammalian hosts [68]. The microbiota making up the microbiome can profoundly affect the host, potentially affecting almost all physiological systems [69]. It seems counter-intuitive that the microorganisms living in the intestinal tract can regulate such seemingly disconnected systems as skeletal muscle mass and function. However, in a 2017 review article, Ticinesi et al. [70], outlined the current animal and human research supporting a bidirectional gut–muscle axis associated with sarcopenia. First of all, it had been well established that after age 65, there is a decline in the abundance and diversity of the gut microbiota, especially taxa believed to contribute health benefits [71]. Several studies have confirmed a strong association between exercise and fitness and a healthy robust microbiome, suggesting that exercise may stimulate the growth of healthy gut microbes in addition to muscle increment [72,73]. Additionally, aerobic exercise has been shown to reduce age-induced reactive oxygen species (ROS) production to inhibit mitochondrial dysfunction and mitophagy, thereby preventing sarcopenia [74]. However, there has been limited direct evidence to show that gut microbiota can improve muscle mass or function [75]. Indirect evidence supporting gut microbiota benefits for skeletal muscle health includes a study that took stool samples from older adults (ages 70–85) with high physical function and samples from age-matched low physical function adults and fed the feces to germ-free mice [76]. The mice fed fecal materials from high-functioning elderly adults had significantly greater grip strength but not muscle mass and endurance. The increment of grip strength was associated with higher bacterial counts of Prevotella and Barnesiella bacteria in the intestines of mice fed the fecal samples [60]. Another mouse study saved mice feces before treating the mice with antibiotics to make them primarily germ-free and found that muscle fatigue increased and endurance decreased after the antibiotic treatment, but both were normalized in mice in which their own microbiomes were restored [77]. Therefore, mouse studies have shown that the absence of gut bacteria can cause impairment of skeletal muscle and that restoration of both mouse and healthy human bacteria can be used to restore muscle function in mice.



After the aforementioned review article, more studies have investigated the reciprocal effects of the microbiome on muscle mass. One such study compared elderly (ages 60–70) high-endurance athletes with same-aged subjects who met usual physical activity standards [78]. The most notable differences in gut bacteria between the groups were a much higher Prevotella and modestly lower Bacteroides counts in the high-endurance athletes, although the authors pointed out that the effect on Bacteroides is not consistent with some previous studies [78]. The differences in body composition included significantly lower BMI and total body fat and higher, but not significantly, muscle mass. The lack of a significant difference in muscle mass may not be surprising since they were high-endurance athletes, and endurance exercise is not known to stimulate muscle growth. However, it has been demonstrated that butyric acid-producing bacteria in the gut are beneficial for preserving muscle mass [79].




5.2. Gut Microbiota, Sarcopenia, and Gut–Muscle Axis


The changes in gut microbiota are involved with skeletal muscle mass by changing SCFA and inflammatory cytokines to modulate the gut–muscle axis. Qui et al. used an antibiotic cocktail to mostly eliminate the gut microbiota of 10-week-old C57BL/6 mice and determine the effects on body composition [80]. The antibiotic-treated mice experienced skeletal muscle atrophy linked to decreased ileal farnesoid X receptor (FXR)-FGF15 signaling and subsequently impaired skeletal muscle protein synthesis. Okamoto et al. investigated the effects of short-chain fatty acids produced by gut bacteria in mice [81]. They demonstrated that SCFA (acetate, butyrate, and propionate) were almost completely eliminated from fecal samples of antibiotic-treated mice, which had significantly decreased exercise endurance, but an infusion with acetate restored the exercise endurance in the mice. This study demonstrated that gut-produced short-chain fatty acids, primarily acetate, may be essential energy sources for muscle function. Nay et al. [17], also found that eliminating the gut bacteria using antibiotics impairs muscle function and endurance, partly due to muscle glycogen depletion [17]. It has also been shown that elite athletes increase both microbial diversity and abundance during extreme exercise [81] but mainly increase bacteria-produced SCFA [81,82,83,84]. This was demonstrated by a metagenomic (16S DNA) analysis of stool samples from elite athletes before and after running a marathon. After running, the most remarkable difference was a substantial increase in species of the Veillonella genus, which metabolize lactate into acetate and propionate [84]. A similar study in Olympic rowers found that the relative abundance of butyrate-producing bacteria increased, and insulin sensitivity was improved after prolonged rowing [82].



In 728 female twins, sarcopenia was inversely correlated with gut microbiota α-diversity and the relative abundance of Faecalibacterium prausnitzii, a well-known SCFA producer, whereas the relative abundances of Eubacterium dolichum and Eggerthella lenta had a positive correlation [85]. The evidence suggests that increasing the amount of SCFA producing bacteria may be an adaptation to increase SCFA for muscle fuel and perhaps decrease lactate accumulation [73]. Whereas the microbiome can improve muscle performance and endurance, the evidence that it can increase muscle mass is intriguing but not as strong. Furthermore, if the gut microbiome can regulate muscle mass, it is also unclear whether it is directly affected or mediated by interactions of the microbiome with other organs such as the gut–brain, gut–liver, gut–immune, and gut–organ axis. In a recent review, Zhao et al. suggested several ways that the gut microbiota could influence the development of sarcopenia [84], including impaired insulin signaling and mitochondrial disruption. However, inflammation was considered a significant cause of muscle degradation, known as “inflammaging”. Gut inflammation may result in the malabsorption of nutrients, such as amino acids, that are important for stimulating muscle biogenesis [84,86]. The concept of a gut–muscle axis is relatively new, and there is much to be learned. However, it does seem plausible that a healthy gut microbiome can be protective against age-related loss of muscle mass and function. Therefore, skeletal muscle mass may be related to gut microbiota composition, but gut microbiota associated with skeletal muscle mass remains unclear. However, convincing evidence does support that a gut microbiota–skeletal muscle axis functions by modulating SCFA, proinflammatory cytokines, and the autonomous nervous system involved in skeletal muscle mass regulation [75,87].




5.3. Myokines, Sarcopenia, and Gut–Liver–Muscle Axis


Myokines are released from myocytes in response to muscle contraction, and they are involved in muscle metabolism and other tissues, including adipocytes, liver, and brain, through their receptors [8]. Several known myokines, including myostatin, irisin, myonectin, FGF-21, decorin, IL-6, IL-15, and others, and their biological functions have not been well characterized. Some known characteristics involve myocyte proliferation, differentiation, growth, and atrophy. Irisin, myonectin, decorin, FGF-21, secreted protein acidic and cysteine-rich (SPARC), and brain-derived neurotrophic factor have a positive activity to increase muscle mass, but myostatin, IL-6, and IL-15 are involved in muscle atrophy [7]. Thus, the regulation of myokine activity can protect against sarcopenia. Gut microbiota is involved in regulating myokine function through changing SCFA, secondary bile acids, branched-chain amino acids (BCAA), endocannabinoids, and inflammatory cytokines [88].



Ponziani et al. [89], have investigated the relationship of the microbiome with sarcopenia in patients with cirrhosis of the liver. In that study, the sarcopenic patients were low in Methanobrevibacter, Prevotella, and Akkermansia, which are generally considered health-promoting, while they were rich in Eggerthella, which is considered to be indicative of frailty, and pathogenic bacteria such as Klebsiella [65]. The study concluded that “alterations in the gut–liver–muscle axis is associated with sarcopenia” in patients with cirrhosis of the liver. Furthermore, myokines are associated with liver function to influence muscle mass [90]. Among the liver cirrhosis patients, those having higher serum myostatin concentrations exhibit a poor survival rate, and high serum myostatin concentrations are associated with muscle loss with hyperammonemia to suppress protein synthesis [90]. Thus, myokines can act as one of the modulators of the gut–liver–muscle axis to change muscle mass.



Although Prevotella proportions are inversely associated with the feces of sarcopenic adults, Prevotella is also reported to be associated with increased inflammation and insulin resistance in previous studies [91,92], and its increase may not be directly related to skeletal muscle mass. Prevotella may grow faster in the gut under the host’s low energy intake and high energy expenditure conditions, regardless of dietary fiber intake. Overall, however, the evidence is suggestive but not conclusive that the gut microbiota can regulate skeletal muscle growth and function during normal human aging. Animal studies provide additional mechanistic evidence to support a role for the microbiome in optimizing muscle mass and function during aging.





6. BCAA Effects on Metabolism and Sarcopenia Host through the Gut–Muscle Axis


Supplementing older adults with loss of muscle mass and function with BCAA and vitamin D for 8 weeks has improved muscle mass and function [93]. A Japanese study has found that supplementing BCAA to liver cirrhosis patients prevents sarcopenia and fat accumulation in skeletal muscle [94]. The apparent inconsistency between BCAA, insulin resistance, and type 2 diabetes may be related to BCAA utilization due to the attenuation of insulin resistance in the body. High serum BCAA concentrations are linked to insulin resistance, obesity, and type 2 diabetes, although BCAA supplementation is beneficial for increasing energy expenditure and skeletal muscle synthesis by activating mTOC1 [95,96,97]. Brown adipose tissues utilize BCAA catabolism in the mitochondria for thermogenesis, increasing energy expenditure [96]. However, a defect in the BCAA clearance mediated by SLC25A44 attenuates BCAA clearance to increase serum BACC concentration, suggesting inducing insulin resistance [96].



Gut microbiota is closely related to BCAA metabolism and is involved in their synthesis and degradation; however, their imbalance by gut microbiota raises serum BCAA concentrations, contributing to increased insulin resistance [95]. One study has demonstrated that insulin-resistant participants have elevated serum BCAA concentrations, which correlated to elevated gut microbiota involved in BCAA biosynthesis and a lower expression of BCAA transporters [98]. Prevotella copri is a primary species associated with elevated biosynthesis of BCAAs [95]. Prevotella copri activates epithelial cells to generate IL-6, IL-8, and CCL20 and stimulates toll-like receptor-2, leading to Th17 immune responses and neutrophil recruitment to induce mucosal and systemic inflammation such as seen in autoimmune diseases [99]. Prevotella copri is also associated with insulin resistance and inflammation to exacerbate glucose intolerance [99].



Bacteroides vulgatus is also reported to promote BCAA biosynthesis and increase insulin resistance [95], but reports about its involvement in insulin resistance and inflammation are inconsistent [100]. Japanese cardiovascular patients have a lower abundance of B. vulgatus and LPS contents in the feces [100]. Furthermore, B. vulgatus intake is associated with reducing atherosclerotic lesions in atherosclerosis-prone mice with decreasing LPS production by gut microbiota [100]. Consuming a BCAA depleted diet for 4 weeks reduced postprandial insulin secretion, promoted insulin signaling in white adipose tissues, and modulated fecal microbiota composition by reducing relative abundance of Firmicutes and increasing relative abundance of Bacteroides [101]. Therefore, gut microbiota generates and utilizes the BCAA, SCFA, inflammatory cytokines, and neurotransmitters to influence insulin sensitivity of the host by promoting gut–liver, gut–skeletal muscles, and gut–brain axis [87,102]. Different individuals have different gut microbiota, and they need to consume optimal diets to modulate the gut microbiota to promote insulin sensitivity.




7. The Modulation of Dietary Intake and Lifestyles and Gut Microbiome to Promote Skeletal Muscle Mass and Prevent Sarcopenia


7.1. Calorie and Fat Intake, Gut Microbiota, and Skeletal Muscle Mass


Research associating dietary intake with specific changes in the gut microbiota often produces inconsistent results. However, current research suggests that a dietary program that increases microbial diversity in the gut, particularly when rich in species that produce SCFA, is highly beneficial for healthy skeletal muscle aging [103]. Various dietary factors, including intakes of prebiotics, fermented foods, fat, protein, and carbohydrates, can modulate gut microbiota composition [104]. The changes in gut microbiota are associated with not only the availability of energy sources but also intestinal permeability, digestion capacity of carbohydrates and proteins, gastric acid, and bile acid secretion [105]. Muscle loss is linked to insulin resistance and inflammation associated with gut microbiota dysbiosis, contributing to increased intestinal barrier permeability, serum inflammatory cytokines, and insulin resistance [75].



Calorie restriction has been reported to lower the risk of metabolic diseases and increase health-span by initiating mitophagy in various tissues [106]. It can potentiate AMPK-SIRT1, cAMP response element-binding protein, brain-derived neurotrophic factor, and FGF2 and inhibit inflammation and ROS-related pathways [107]. However, it remains unclear for maintaining skeletal muscle mass. A calorie restricted diet for 8 weeks has been shown to modulate intestinal microbiota to increase Lactobacillus in rats [106]. Calorie restriction with high protein promotes the α-diversity of gut microbiota, but calorie restriction with high protein and typical protein diets enriches Akkermansia and Bifidobacterium and depletes Prevotella [108]. However, calorie restriction does not maintain or increase skeletal muscle mass, although it does maintain muscle strength [109]. Nevertheless, intermittent fasting has been reported to reduce fat mass and maintain or increase skeletal muscle mass by ameliorating oxidative stress and decreasing proinflammatory cytokines in human and animal studies [110,111,112,113]. Intermittent fasting reduces body fat mass, insulin resistance, and proinflammatory cytokines in adults; it also induces significant changes in gut microbiota communities, increases the production of short-chain fatty acids, and decreases the circulating levels of LPS in adults [110]. After intermittent fasting, the relative abundances of Ruminococcus gnavus, Chitinophagaceae bacterium, Roseburia faecis, Paraburkholderia caribensis, Verrucomicrobiae bacterium Ellin516, Neisseria dentiae, and Streptococcus ferus increase [110]. Intermittent fasting modulates gut microbiota to increase Lactobacillales and decrease Clostridales in Alzheimer’s disease-induced rats [111]. Therefore, intermittent fasting with a high protein diet may help maintain or increase skeletal muscle mass while modulating gut microbiota. Skeletal muscle mass can be maintained or increased by modulating gut microbiota with an optimal weight loss regimen.




7.2. Probiotic and Prebiotic Intakes, Gut Microbiota, and Skeletal Muscle Mass


Skeletal muscle mass and strength decrease from middle age to the elderly, and it is difficult to prevent the decrement of muscle mass and strength only with dietary intake. The effects of protein and amino acids, especially leucine, vitamin D, ω-3 fatty acids, antioxidants, magnesium, and probiotics, have been studied as nutritional interventions to prevent sarcopenia in the elderly [114]. However, their preventive activities are minimal, but supplementation with exercise may be beneficial [114]. In an animal study, long-term supplementation of Lactobacillus plantarum TWK10 (1.03 × 109/kg/day) significantly increased the number of slow-twitch muscles in gastrocnemius muscle and grip strength [115]. In young adults, the 6-week TWK10 intake also improves endurance performance in a maximal treadmill running test [116]. Furthermore, heat-killed Bifidobacterium breve B-3 intake significantly promoted skeletal muscle mass and function with mitochondrial biogenesis by increasing phosphorylation of AMPK and activation of PGC-1α and cytochrome c oxidase in the rat soleus [117]. Administering the probiotic, Lactobacillus reuteri modulates the forkhead box N1 transcriptional factor, delays cachexia in a mouse model of cancer, and is positively associated with muscle mass [70,118]. Finally, a study supplementing with Lactobacillus plantarum showed that the probiotic improved exercise performance and endurance as well as body composition, with fat mass being decreased and muscle mass increased [119]. These results suggested that specific probiotic intakes may maintain and increase skeletal muscle mass, strength, and function in humans and experimental animals through altering the gut microbiota. However, these studies did not determine the changes in gut microbiota. After probiotics supplementation, the probiotic bacteria are often eliminated in the stool not colonized in the large intestines within 2 months, and they are colonized in the large intestines in less than 10% of persons [120]. However, probiotic intakes partially alter gut microbiota composition to influence host metabolism [120]. The changes in skeletal muscle mass with probiotic supplementation may be related to changes in gut microbiota.



Prebiotics play a critical role in the diversity and composition of gut microbiota. A few studies have been conducted to examine the effects of prebiotics on skeletal muscle mass and muscle strength through changing gut microbiota [121]. A study in elderly human subjects evaluated the effects of consuming a prebiotic supplement consisting of inulin and fructooligosaccharide, which would be expected to promote a healthy microbiome [122,123]. They reported that the subjects having the prebiotic had greater hand strength and endurance than control subjects, although they did not report the effects on the microbiome [122,123]. Vegan diets rich in dietary fibers are associated with rich Prevotella and high microbial diversity, and Prevotella has been associated with high-carbohydrate and high-fiber diets [70]. However, Korean adults with Prevotella enterotype have a rice-based diet with lower energy intake than other diet types [92]. Prevotella may grow faster in the gut under the condition of low energy intake and high energy expenditure for the host’s requirement regardless of dietary fiber intake. Prevotella is also associated with increased inflammation and insulin resistance in the previous studies [91,92]. Further studies need to determine the association between Prevotella, dietary fiber, and skeletal muscle mass.



Prebiotic intake modulates bacteria-producing SCFA to alter skeletal muscle mass and muscle function. SCFA promotes IGF-1 release from the host to act as an anabolic hormone to make skeletal muscle and reduce inflammation [70,73]. In experimental animals, prebiotics, mostly fructans, modulate the gut microbiota to influence body weight and fat mass by releasing gut hormone hormones [124]. SCFA, especially propionate and butyrate, stimulates intestinal gluconeogenesis to activate neural signaling that inhibits satiety and improves insulin sensitivity [124]. They act as ligands of G-protein coupled receptors and release satiety hormone production, including peptide YY (PYY) and glucagon-like peptide-1 and activate PPAR-γ dependent mechanisms. Propionate is a modulator of β-cell function. These activities of SCFA reduce body weight and adiposity, which may maintain or stimulate skeletal muscle mass. However, no study has shown that prebiotic intake increases skeletal muscle mass, but polyphenols and their secondary metabolites promote muscle mitochondrial function to activate protein synthesis in experimental animals and older adults.





8. Summary and Conclusions


Age-associated physiological changes commonly include losses of muscle mass and function, declines in microbiome quality and diversity, and disruption of glucose regulation. The simultaneous occurrence of these changes is probably not coincidental since interactions among them can cause many of the underlying defects associated with each, and dietary and lifestyle changes that occur with aging can also contribute to each condition. Muscle mass and function can be improved by physiological stimuli such as load-bearing exercise, protein consumption, especially the amino acid leucine, and improving anabolic hormone signaling, including insulin and SIRT-1. Insulin resistance and inflammation are linked to muscle mass loss, but it is not yet known if loss of muscle mass is a consequence or cause of insulin resistance and/or inflammation. However, increased circulating lipids due to decreased uptake in muscle could lead to insulin resistance, and insulin resistance in muscle could decrease anabolic signaling by insulin/IGF-1. Increased proinflammatory cytokines reduce PGC-1α activation, increasing oxidative stress and NF-κB activation to elevate further inflammation linked to muscle degradation. The gut microbiome is also associated with increasing and maintaining muscle mass through modulating the gut microbiome-muscle axis by producing SCFAs and proinflammatory cytokines. Gut dysbiosis induces a leaky intestinal wall that allows toxic bacterial metabolites to enter the host metabolism. SCFA, especially propionate and butyrate, may act as AMPK activator to stimulate PGC-1α and insulin/IGF-1 signaling to promote muscle biogenesis.



Human aging is associated with impaired glucose utilization, decreased muscle mass and function, and lessened gut microbial diversity. There is increasing evidence that muscle mass decrement is accelerated by its interactions with dietary and lifestyle changes that impact it. It has been demonstrated that muscle mass and function remain near youthful levels with both load-bearing and endurance exercise as well as adequate intakes of protein and specific amino acids. Optimal muscle function improves glucose disposal in the muscle, which assists glucose management, as do signals from the gut microbiome. Finally, non-digestible carbohydrate intake results in SCFA production that stimulates muscle growth and improves glucose regulation. Therefore, this review provides convincing evidence that a concerted program of specific dietary and lifestyle interventions can have synergistic effects on multiple mutually supportive physiological systems that may delay age-related physical deterioration and prevent sarcopenia in aging adults.







Author Contributions


J.W.D. and S.P. participated in the design, interpretation of the studies, data analysis, writing, and manuscript review. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea (2019R1A2C1007203).




Institutional Review Board Statement


Non-applicable.




Informed Consent Statement


Non-applicable.




Conflicts of Interest


The authors declared no potential conflict of interest with respect to the research, authorship, and/or publication of this article.




References


	



Peterson, S.J.; Mozer, M. Differentiating Sarcopenia and Cachexia Among Patients With Cancer. Nutr. Clin. Pract. 2017, 32, 30–39. [Google Scholar] [CrossRef]

	



Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [Google Scholar] [CrossRef]

	



Lampignano, L.; Bortone, I.; Castellana, F.; Donghia, R.; Guerra, V.; Zupo, R.; De Pergola, G.; Di Masi, M.; Giannelli, G.; Lozupone, M.; et al. Impact of Different Operational Definitions of Sarcopenia on Prevalence in a Population-Based Sample: The Salus in Apulia Study. Int. J. Environ. Res. Public Health 2021, 18, 12979. [Google Scholar] [CrossRef]

	



Molino, S.; Dossena, M.; Buonocore, D.; Verri, M. Sarcopenic Obesity: An Appraisal of the Current Status of Knowledge and Management in Elderly People. J. Nutr. Health Aging 2016, 20, 780–788. [Google Scholar] [CrossRef] [PubMed]

	



Yaribeygi, H.; Farrokhi, F.R.; Butler, A.E.; Sahebkar, A. Insulin resistance: Review of the underlying molecular mechanisms. J. Cell. Physiol. 2019, 234, 8152–8161. [Google Scholar] [CrossRef]

	



Mesinovic, J.; Zengin, A.; De Courten, B.; Ebeling, P.R.; Scott, D. Sarcopenia and type 2 diabetes mellitus: A bidirectional relationship. Diab. Metab. Syndr. Obes. 2019, 12, 1057–1072. [Google Scholar] [CrossRef]

	



Mitchell, W.K.; Williams, J.; Atherton, P.; Larvin, M.; Lund, J.; Narici, M. Sarcopenia, dynapenia, and the impact of advancing age on human skeletal muscle size and strength; a quantitative review. Front. Physiol. 2012, 3, 260. [Google Scholar] [CrossRef]

	



Lee, J.H.; Jun, H.-S. Role of Myokines in Regulating Skeletal Muscle Mass and Function. Front. Physiol. 2019, 10, 42. [Google Scholar] [CrossRef] [PubMed]

	



Klein, G.L. The effect of glucocorticoids on bone and muscle. Osteoporos. Sarcopenia 2015, 1, 39–45. [Google Scholar] [CrossRef] [PubMed]

	



Ji, L.L.; Yeo, D. Mitochondrial dysregulation and muscle disuse atrophy. F1000Research 2019, 8, F1000. [Google Scholar] [CrossRef] [PubMed]

	



Schakman, O.; Dehoux, M.; Bouchuari, S.; Delaere, S.; Lause, P.; Decroly, N.; Shoelson, S.E.; Thissen, J.P. Role of IGF-I and the TNFα/NF-κB pathway in the induction of muscle atrogenes by acute inflammation. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E729–E739. [Google Scholar] [CrossRef]

	



Varma, K.; Amalraj, A.; Divya, C.; Gopi, S. The Efficacy of the Novel Bioavailable Curcumin (Cureit) in the Management of Sarcopenia in Healthy Elderly Subjects: A Randomized, Placebo-Controlled, Double-Blind Clinical Study. J. Med. Food 2021, 24, 40–49. [Google Scholar] [CrossRef]

	



Li, J.; Bai, L.; Wei, F.; Zhao, J.; Wang, D.; Xiao, Y.; Yan, W.; Wei, J. Therapeutic Mechanisms of Herbal Medicines Against Insulin Resistance: A Review. Front. Pharmacol. 2019, 10, 661. [Google Scholar] [CrossRef] [PubMed]

	



Meier, N.F.; Lee, D.C. Physical activity and sarcopenia in older adults. Aging Clin. Exp. Res. 2020, 32, 1675–1687. [Google Scholar] [CrossRef] [PubMed]

	



Scott, D. Chapter 2—Reduced Skeletal Muscle Mass and Lifestyle. In Nutrition and Skeletal Muscle; Walrand, S., Ed.; Academic Press: London, UK, 2019; pp. 17–33. [Google Scholar] [CrossRef]

	



Landi, F.; Calvani, R.; Tosato, M.; Martone, A.M.; Ortolani, E.; Savera, G.; Sisto, A.; Marzetti, E. Anorexia of Aging: Risk Factors, Consequences, and Potential Treatments. Nutrients 2016, 8, 69. [Google Scholar] [CrossRef]

	



Nay, K.; Jollet, M.; Goustard, B.; Baati, N.; Vernus, B.; Pontones, M.; Lefeuvre-Orfila, L.; Bendavid, C.; Rué, O.; Mariadassou, M.; et al. Gut bacteria are critical for optimal muscle function: A potential link with glucose homeostasis. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E158–E171. [Google Scholar] [CrossRef] [PubMed]

	



Strasser, B.; Wolters, M.; Weyh, C.; Krüger, K.; Ticinesi, A. The Effects of Lifestyle and Diet on Gut Microbiota Composition, Inflammation and Muscle Performance in Our Aging Society. Nutrients 2021, 13, 2045. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.; Yuan, H.; Zhang, T.; Wu, X.; Huang, S.K.; Cho, S.M. Long-term silk peptide intake promotes skeletal muscle mass, reduces inflammation, and modulates gut microbiota in middle-aged female rats. Biomed. Pharmacother. 2021, 137, 111415. [Google Scholar] [CrossRef]

	



Lustgarten, M.S. The Role of the Gut Microbiome on Skeletal Muscle Mass and Physical Function: 2019 Update. Front. Physiol. 2019, 10, 1435. [Google Scholar] [CrossRef]

	



Van Krimpen, S.J.; Jansen, F.A.C.; Ottenheim, V.L.; Belzer, C.; van der Ende, M.; van Norren, K. The Effects of Pro-, Pre-, and Synbiotics on Muscle Wasting, a Systematic Review-Gut Permeability as Potential Treatment Target. Nutrients 2021, 13, 115. [Google Scholar] [CrossRef]

	



Novotny, S.A.; Warren, G.L.; Hamrick, M.W. Aging and the muscle-bone relationship. Physiology 2015, 30, 8–16. [Google Scholar] [CrossRef]

	



Nair, K.S. Aging muscle. Am. J. Clin. Nutr. 2005, 81, 953–963. [Google Scholar] [CrossRef]

	



Al Saedi, A.; Phu, S.; Vogrin, S.; Gunawardene, P.; Duque, G. Association between Circulating Osteoprogenitor Cells and Sarcopenia. Gerontology 2021, 1–6. [Google Scholar] [CrossRef]

	



Kim, G.; Kim, J.H. Impact of Skeletal Muscle Mass on Metabolic Health. Endocrinol. Metab. 2020, 35, 1–6. [Google Scholar] [CrossRef]

	



Park, S. Association between polygenetic risk scores related to sarcopenia risk and their interactions with regular exercise in a large cohort of Korean adults. Clin. Nutr. 2021, 40, 5355–5364. [Google Scholar] [CrossRef]

	



Tournadre, A.; Vial, G.; Capel, F.; Soubrier, M.; Boirie, Y. Sarcopenia. Jt. Bone Spine 2019, 86, 309–314. [Google Scholar] [CrossRef]

	



Romanello, V.; Sandri, M. Mitochondrial qaulity control and muscle mass maintenance. Front. Physiol. 2016, 6, 422. [Google Scholar] [CrossRef]

	



Guo, B.; Zhang, Z.K.; Liang, C.; Li, J.; Liu, J.; Lu, A.; Zhang, B.T.; Zhang, G. Molecular Communication from Skeletal Muscle to Bone: A Review for Muscle-Derived Myokines Regulating Bone Metabolism. Calcif. Tissue Int. 2017, 100, 184–192. [Google Scholar] [CrossRef]

	



Sato, C.; Miyakoshi, N.; Kasukawa, Y.; Nozaka, K.; Tsuchie, H.; Nagahata, I.; Yuasa, Y.; Abe, K.; Saito, H.; Shoji, R.; et al. Teriparatide and exercise improve bone, skeletal muscle, and fat parameters in ovariectomized and tail-suspended rats. J. Bone Min. Metab. 2021, 39, 385–395. [Google Scholar] [CrossRef]

	



Severinsen, M.C.K.; Pedersen, B.K. Muscle-Organ Crosstalk: The Emerging Roles of Myokines. Endocr. Rev. 2020, 41, 594–609. [Google Scholar] [CrossRef]

	



Kim, T.N.; Choi, K.M. The implications of sarcopenia and sarcopenic obesity on cardiometabolic disease. J. Cell Biochem. 2015, 116, 1171–1178. [Google Scholar] [CrossRef]

	



Buch, A.; Carmeli, E.; Boker, L.K.; Marcus, Y.; Shefer, G.; Kis, O.; Berner, Y.; Stern, N. Muscle function and fat content in relation to sarcopenia, obesity and frailty of old age—An overview. Exp. Gerontol. 2016, 76, 25–32. [Google Scholar] [CrossRef]

	



Meex, R.C.R.; Blaak, E.E.; van Loon, L.J.C. Lipotoxicity plays a key role in the development of both insulin resistance and muscle atrophy in patients with type 2 diabetes. Obes. Rev. 2019, 20, 1205–1217. [Google Scholar] [CrossRef]

	



Lee, M.J.; Kim, E.-H.; Bae, S.-J.; Choe, J.; Jung, C.H.; Lee, W.J.; Kim, H.-K. Protective role of skeletal muscle mass against progression from metabolically healthy to unhealthy phenotype. Clin. Endocrinol. 2019, 90, 102–113. [Google Scholar] [CrossRef]

	



Kim, H.K.; Lee, M.J.; Kim, E.H.; Bae, S.J.; Kim, K.W.; Kim, C.H. Comparison of muscle mass and quality between metabolically healthy and unhealthy phenotypes. Obesity 2021, 29, 1375–1386. [Google Scholar] [CrossRef]

	



Volpi, E.; Nazemi, R.; Fujita, S. Muscle tissue changes with aging. Curr. Opin. Clin. Nutr. Metab. Care 2004, 7, 405–410. [Google Scholar] [CrossRef]

	



Bosy-Westphal, A.; Müller, M.J. Identification of skeletal muscle mass depletion across age and BMI groups in health and disease--there is need for a unified definition. Int. J. Obes. 2015, 39, 379–386. [Google Scholar] [CrossRef]

	



Anker, S.D.; Morley, J.E.; von Haehling, S. Welcome to the ICD-10 code for sarcopenia. J. Cachexia Sarcopenia Muscle 2016, 7, 512–514. [Google Scholar] [CrossRef]

	



Buscemi, C.; Ferro, Y.; Pujia, R.; Mazza, E.; Boragina, G.; Sciacqua, A.; Piro, S.; Pujia, A.; Sesti, G.; Buscemi, S.; et al. Sarcopenia and Appendicular Muscle Mass as Predictors of Impaired Fasting Glucose/Type 2 Diabetes in Elderly Women. Nutrients 2021, 13, 1909. [Google Scholar] [CrossRef]

	



Phielix, E.; Mensink, M. Type 2 diabetes mellitus and skeletal muscle metabolic function. Physiol. Behav. 2008, 94, 252–258. [Google Scholar] [CrossRef]

	



Charlier, R.; Knaeps, S.; Mertens, E.; Van Roie, E.; Delecluse, C.; Lefevre, J.; Thomis, M. Age-related decline in muscle mass and muscle function in Flemish Caucasians: A 10-year follow-up. Age 2016, 38, 36. [Google Scholar] [CrossRef]

	



Haran, P.H.; Rivas, D.A.; Fielding, R.A. Role and potential mechanisms of anabolic resistance in sarcopenia. J. Cachexia Sarcopenia Muscle 2012, 3, 157–162. [Google Scholar] [CrossRef]

	



Lee, E.J.; Neppl, R.L. Influence of Age on Skeletal Muscle Hypertrophy and Atrophy Signaling: Established Paradigms and Unexpected Links. Genes 2021, 12, 688. [Google Scholar] [CrossRef] [PubMed]

	



Moro, T.; Brightwell, C.R.; Deer, R.R.; Graber, T.G.; Galvan, E.; Fry, C.S.; Volpi, E.; Rasmussen, B.B. Muscle Protein Anabolic Resistance to Essential Amino Acids Does Not Occur in Healthy Older Adults Before or After Resistance Exercise Training. J. Nutr. 2018, 148, 900–909. [Google Scholar] [CrossRef] [PubMed]

	



Paulussen, K.J.M.; McKenna, C.F.; Beals, J.W.; Wilund, K.R.; Salvador, A.F.; Burd, N.A. Anabolic Resistance of Muscle Protein Turnover Comes in Various Shapes and Sizes. Front. Nutr. 2021, 8, 615849. [Google Scholar] [CrossRef] [PubMed]

	



Mai, K.; Cando, P.; Trasino, S.E. mTOR1c Activation with the Leucine “Trigger” for Prevention of Sarcopenia in Older Adults during Lockdown. J. Med. Food 2021. [Google Scholar] [CrossRef]

	



Dao, T.; Green, A.E.; Kim, Y.A.; Bae, S.J.; Ha, K.T.; Gariani, K.; Lee, M.R.; Menzies, K.J.; Ryu, D. Sarcopenia and Muscle Aging: A Brief Overview. Endocrinol. Metab. 2020, 35, 716–732. [Google Scholar] [CrossRef]

	



Short, K.R.; Vittone, J.L.; Bigelow, M.L.; Proctor, D.N.; Coenen-Schimke, J.M.; Rys, P.; Nair, K.S. Changes in myosin heavy chain mRNA and protein expression in human skeletal muscle with age and endurance exercise training. J. Appl. Physiol. 2005, 99, 95–102. [Google Scholar] [CrossRef]

	



Zhang, D.; Li, Y.; Yao, X.; Wang, H.; Zhao, L.; Jiang, H.; Yao, X.; Zhang, S.; Ye, C.; Liu, W.; et al. miR-182 Regulates Metabolic Homeostasis by Modulating Glucose Utilization in Muscle. Cell Rep. 2016, 16, 757–768. [Google Scholar] [CrossRef]

	



Ferri, E.; Marzetti, E.; Calvani, R.; Picca, A.; Cesari, M.; Arosio, B. Role of Age-Related Mitochondrial Dysfunction in Sarcopenia. Int. J. Mol. Sci. 2020, 21, 5236. [Google Scholar] [CrossRef]

	



Krako Jakovljevic, N.; Pavlovic, K.; Jotic, A.; Lalic, K.; Stoiljkovic, M.; Lukic, L.; Milicic, T.; Macesic, M.; Stanarcic Gajovic, J.; Lalic, N.M. Targeting Mitochondria in Diabetes. Int. J. Mol. Sci. 2021, 22, 6642. [Google Scholar] [CrossRef] [PubMed]

	



Rygiel, K.A.; Picard, M.; Turnbull, D.M. The ageing neuromuscular system and sarcopenia: A mitochondrial perspective. J. Physiol. 2016, 594, 4499–4512. [Google Scholar] [CrossRef] [PubMed]

	



Yun, J.M.; Chien, A.; Jialal, I.; Devaraj, S. Resveratrol up-regulates SIRT1 and inhibits cellular oxidative stress in the diabetic milieu: Mechanistic insights. J. Nutr. Biochem. 2012, 23, 699–705. [Google Scholar] [CrossRef] [PubMed]

	



Kosgei, V.J.; Coelho, D.; Guéant-Rodriguez, R.M.; Guéant, J.L. Sirt1-PPARS Cross-Talk in Complex Metabolic Diseases and Inherited Disorders of the One Carbon Metabolism. Cells 2020, 9, 1882. [Google Scholar] [CrossRef]

	



Cantó, C.; Houtkooper, R.H.; Pirinen, E.; Youn, D.Y.; Oosterveer, M.H.; Cen, Y.; Fernandez-Marcos, P.J.; Yamamoto, H.; Andreux, P.A.; Cettour-Rose, P.; et al. The NAD(+) precursor nicotinamide riboside enhances oxidative metabolism and protects against high-fat diet-induced obesity. Cell Metab. 2012, 15, 838–847. [Google Scholar] [CrossRef]

	



López-Otín, C.; Galluzzi, L.; Freije, J.M.P.; Madeo, F.; Kroemer, G. Metabolic Control of Longevity. Cell 2016, 166, 802–821. [Google Scholar] [CrossRef]

	



Liang, H.; Lum, H.; Alvarez, A.; Garduno-Garcia, J.d.J.; Daniel, B.J.; Musi, N. A low dose lipid infusion is sufficient to induce insulin resistance and a pro-inflammatory response in human subjects. PLoS ONE 2018, 13, e0195810. [Google Scholar] [CrossRef]

	



Hoy, A.J.; Brandon, A.E.; Turner, N.; Watt, M.J.; Bruce, C.R.; Cooney, G.J.; Kraegen, E.W. Lipid and insulin infusion-induced skeletal muscle insulin resistance is likely due to metabolic feedback and not changes in IRS-1, Akt, or AS160 phosphorylation. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E67–E75. [Google Scholar] [CrossRef]

	



Dendup, T.; Feng, X.; Clingan, S.; Astell-Burt, T. Environmental Risk Factors for Developing Type 2 Diabetes Mellitus: A Systematic Review. Int. J. Environ. Res. Public Health 2018, 15, 78. [Google Scholar] [CrossRef]

	



Khodaeian, M.; Enayati, S.; Tabatabaei-Malazy, O.; Amoli, M.M. Association between Genetic Variants and Diabetes Mellitus in Iranian Populations: A Systematic Review of Observational Studies. J. Diabetes Res. 2015, 2015, 585917. [Google Scholar] [CrossRef]

	



Yu, L.; Zhou, X.; Duan, H.; Chen, Y.; Cui, S.; Guo, R.; Xue, Y.; Tian, F.; Zhao, J.; Zhang, H.; et al. Synergistic Protective Effects of Different Dietary Supplements Against Type 2 Diabetes via Regulating Gut Microbiota. J. Med. Food 2021, 24, 319–330. [Google Scholar] [CrossRef]

	



Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.J. Role of Gut Microbiota-Generated Short-Chain Fatty Acids in Metabolic and Cardiovascular Health. Curr. Nutr. Rep. 2018, 7, 198–206. [Google Scholar] [CrossRef]

	



Anhê, F.F.; Barra, N.G.; Schertzer, J.D. Glucose alters the symbiotic relationships between gut microbiota and host physiology. Am. J. Physiol. Endocrinol. Metab. 2020, 318, E111–E116. [Google Scholar] [CrossRef]

	



Khazaal, S.S.; Talha, M.H.; Raheem, A.A. Pathogenic bacteria of diabetic-associated infections and their pathogenesis. Rev. Res. Med. Microbiol. 2021, 32, 22–27. [Google Scholar] [CrossRef]

	



Peleg, A.Y.; Weerarathna, T.; McCarthy, J.S.; Davis, T.M.E. Common infections in diabetes: Pathogenesis, management and relationship to glycaemic control. Diabetes Metab. Res. Rev. 2007, 23, 3–13. [Google Scholar] [CrossRef] [PubMed]

	



Chávez-Reyes, J.; Escárcega-González, C.E.; Chavira-Suárez, E.; León-Buitimea, A.; Vázquez-León, P.; Morones-Ramírez, J.R.; Villalón, C.M.; Quintanar-Stephano, A.; Marichal-Cancino, B.A. Susceptibility for Some Infectious Diseases in Patients With Diabetes: The Key Role of Glycemia. Front. Public Health 2021, 9, 559595. [Google Scholar] [CrossRef] [PubMed]

	



Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Vergès, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al. Microbiome definition re-visited: Old concepts and new challenges. Microbiome 2020, 8, 103. [Google Scholar] [CrossRef] [PubMed]

	



Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut Microbiota at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017, 9, 1303. [Google Scholar] [CrossRef]

	



Ragonnaud, E.; Biragyn, A. Gut microbiota as the key controllers of “healthy” aging of elderly people. Immun. Ageing 2021, 18, 2. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, S.F.; Murphy, E.F.; O’Sullivan, O.; Lucey, A.J.; Humphreys, M.; Hogan, A.; Hayes, P.; O’Reilly, M.; Jeffery, I.B.; Wood-Martin, R.; et al. Exercise and associated dietary extremes impact on gut microbial diversity. Gut 2014, 63, 1913–1920. [Google Scholar] [CrossRef]

	



Schroeder, B.O.; Bäckhed, F. Signals from the gut microbiota to distant organs in physiology and disease. Nat. Med. 2016, 22, 1079–1089. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, S.-Z.; No, M.-H.; Heo, J.-W.; Park, D.-H.; Kang, J.-H.; Kim, S.H.; Kwak, H.-B. Role of exercise in age-related sarcopenia. J. Exer. Rehabil. 2018, 14, 551–558. [Google Scholar] [CrossRef]

	



Ticinesi, A.; Nouvenne, A.; Cerundolo, N.; Catania, P.; Prati, B.; Tana, C.; Meschi, T. Gut Microbiota, Muscle Mass and Function in Aging: A Focus on Physical Frailty and Sarcopenia. Nutrients 2019, 11, 1633. [Google Scholar] [CrossRef] [PubMed]

	



Fielding, R.A.; Reeves, A.R.; Jasuja, R.; Liu, C.; Barrett, B.B.; Lustgarten, M.S. Muscle strength is increased in mice that are colonized with microbiota from high-functioning older adults. Exp. Gerontol. 2019, 127, 110722. [Google Scholar] [CrossRef] [PubMed]

	



Loef, M.; Schoones, J.W.; Kloppenburg, M.; Ioan-Facsinay, A. Fatty acids and osteoarthritis: Different types, different effects. Jt. Bone Spine 2019, 86, 451–458. [Google Scholar] [CrossRef] [PubMed]

	



Šoltys, K.; Lendvorský, L.; Hric, I.; Baranovičová, E.; Penesová, A.; Mikula, I.; Bohmer, M.; Budiš, J.; Vávrová, S.; Grones, J.; et al. Strenuous Physical Training, Physical Fitness, Body Composition and Bacteroides to Prevotella Ratio in the Gut of Elderly Athletes. Front. Physiol. 2021, 12, 670989. [Google Scholar] [CrossRef]

	



Davis, J.A.; Collier, F.; Mohebbi, M.; Pasco, J.A.; Shivappa, N.; Hébert, J.R.; Jacka, F.N.; Loughman, A. The associations of butyrate-producing bacteria of the gut microbiome with diet quality and muscle health. Gut Microbiome 2021, 2, e2. [Google Scholar] [CrossRef]

	



Qiu, Y.; Yu, J.; Li, Y.; Yang, F.; Yu, H.; Xue, M.; Zhang, F.; Jiang, X.; Ji, X.; Bao, Z. Depletion of gut microbiota induces skeletal muscle atrophy by FXR-FGF15/19 signalling. Ann. Med. 2021, 53, 508–522. [Google Scholar] [CrossRef]

	



Okamoto, T.; Morino, K.; Ugi, S.; Nakagawa, F.; Lemecha, M.; Ida, S.; Ohashi, N.; Sato, D.; Fujita, Y.; Maegawa, H. Microbiome potentiates endurance exercise through intestinal acetate production. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E956–E966. [Google Scholar] [CrossRef]

	



Keohane, D.M.; Woods, T.; O’Connor, P.; Underwood, S.; Cronin, O.; Whiston, R.; O’Sullivan, O.; Cotter, P.; Shanahan, F.; Molloy, M.G.M. Four men in a boat: Ultra-endurance exercise alters the gut microbiome. J. Sci. Med. Sport 2019, 22, 1059–1064. [Google Scholar] [CrossRef] [PubMed]

	



Scheiman, J.; Luber, J.M.; Chavkin, T.A.; MacDonald, T.; Tung, A.; Pham, L.D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.; Tierney, B.T.; et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate metabolism. Nat. Med. 2019, 25, 1104–1109. [Google Scholar] [CrossRef]

	



Zhao, J.; Huang, Y.; Yu, X. A Narrative Review of Gut-Muscle Axis and Sarcopenia: The Potential Role of Gut Microbiota. Int. J. Gen. Med. 2021, 14, 1263–1273. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, M.A.; Jeffery, I.B.; Beaumont, M.; Bell, J.T.; Clark, A.G.; Ley, R.E.; O’Toole, P.W.; Spector, T.D.; Steves, C.J. Signatures of early frailty in the gut microbiota. Genome Med. 2016, 8, 8. [Google Scholar] [CrossRef]

	



Nardone, O.M.; de Sire, R.; Petito, V.; Testa, A.; Villani, G.; Scaldaferri, F.; Castiglione, F. Inflammatory Bowel Diseases and Sarcopenia: The Role of Inflammation and Gut Microbiota in the Development of Muscle Failure. Front. Immunol. 2021, 12, 694217. [Google Scholar] [CrossRef] [PubMed]

	



Przewłócka, K.; Folwarski, M.; Kaźmierczak-Siedlecka, K.; Skonieczna-Żydecka, K.; Kaczor, J.J. Gut-Muscle AxisExists and May Affect Skeletal Muscle Adaptation to Training. Nutrients 2020, 12, 1451. [Google Scholar] [CrossRef] [PubMed]

	



Suriano, F.; Van Hul, M.; Cani, P.D. Gut microbiota and regulation of myokine-adipokine function. Curr. Opin. Pharmacol. 2020, 52, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Ponziani, F.R.; Picca, A.; Marzetti, E.; Calvani, R.; Conta, G.; Del Chierico, F.; Capuani, G.; Faccia, M.; Fianchi, F.; Funaro, B.; et al. Characterization of the gut-liver-muscle axis in cirrhotic patients with sarcopenia. Liver Int. 2021, 41, 1320–1334. [Google Scholar] [CrossRef]

	



Nishikawa, H.; Enomoto, H.; Ishii, A.; Iwata, Y.; Miyamoto, Y.; Ishii, N.; Yuri, Y.; Hasegawa, K.; Nakano, C.; Nishimura, T.; et al. Elevated serum myostatin level is associated with worse survival in patients with liver cirrhosis. J. Cachexia Sarcopenia Muscle 2017, 8, 915–925. [Google Scholar] [CrossRef]

	



Zou, H.; Wang, D.; Ren, H.; Cai, K.; Chen, P.; Fang, C.; Shi, Z.; Zhang, P.; Wang, J.; Yang, H.; et al. Effect of Caloric Restriction on BMI, Gut Microbiota, and Blood Amino Acid Levels in Non-Obese Adults. Nutrients 2020, 12, 631. [Google Scholar] [CrossRef]

	



Wu, X.; Unno, T.; Kang, S.; Park, S. A Korean-Style Balanced Diet Has a Potential Connection with Ruminococcaceae Enterotype and Reduction of Metabolic Syndrome Incidence in Korean Adults. Nutrients 2021, 13, 495. [Google Scholar] [CrossRef] [PubMed]

	



Gkekas, N.K.; Anagnostis, P.; Paraschou, V.; Stamiris, D.; Dellis, S.; Kenanidis, E.; Potoupnis, M.; Tsiridis, E.; Goulis, D.G. The effect of vitamin D plus protein supplementation on sarcopenia: A systematic review and meta-analysis of randomized controlled trials. Maturitas 2021, 145, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Tajiri, K.; Shimizu, Y. Branched-chain amino acids in liver diseases. Transl. Gastroenterol. Hepatol. 2018, 3, 47. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, H.K.; Gudmundsdottir, V.; Nielsen, H.B.; Hyotylainen, T.; Nielsen, T.; Jensen, B.A.; Forslund, K.; Hildebrand, F.; Prifti, E.; Falony, G.; et al. Human gut microbes impact host serum metabolome and insulin sensitivity. Nature 2016, 535, 376–381. [Google Scholar] [CrossRef]

	



Yoneshiro, T.; Wang, Q.; Tajima, K.; Matsushita, M.; Maki, H.; Igarashi, K.; Dai, Z.; White, P.J.; McGarrah, R.W.; Ilkayeva, O.R.; et al. BCAA catabolism in brown fat controls energy homeostasis through SLC25A44. Nature 2019, 572, 614–619. [Google Scholar] [CrossRef]

	



Kamei, Y.; Hatazawa, Y.; Uchitomi, R.; Yoshimura, R.; Miura, S. Regulation of Skeletal Muscle Function by Amino Acids. Nutrients 2020, 12, 261. [Google Scholar] [CrossRef]

	



Park, S.; Park, J.Y.; Lee, J.H.; Kim, S.H. Plasma levels of lysine, tyrosine, and valine during pregnancy are independent risk factors of insulin resistance and gestational diabetes. Metab. Syndr. Relat. Disord. 2015, 13, 64–70. [Google Scholar] [CrossRef]

	



Larsen, J.M. The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology 2017, 151, 363–374. [Google Scholar] [CrossRef]

	



Yoshida, N.; Emoto, T.; Yamashita, T.; Watanabe, H.; Hayashi, T.; Tabata, T.; Hoshi, N.; Hatano, N.; Ozawa, G.; Sasaki, N.; et al. Bacteroides vulgatus and Bacteroides dorei Reduce Gut Microbial Lipopolysaccharide Production and Inhibit Atherosclerosis. Circulation 2018, 138, 2486–2498. [Google Scholar] [CrossRef]

	



Karusheva, Y.; Koessler, T.; Strassburger, K.; Markgraf, D.; Mastrototaro, L.; Jelenik, T.; Simon, M.-C.; Pesta, D.; Zaharia, O.-P.; Bódis, K.; et al. Short-term dietary reduction of branched-chain amino acids reduces meal-induced insulin secretion and modifies microbiome composition in type 2 diabetes: A randomized controlled crossover trial. Am. J. Clin. Nutr. 2019, 110, 1098–1107. [Google Scholar] [CrossRef] [PubMed]

	



Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication. Front. Endocrinol. 2020, 11, 25. [Google Scholar] [CrossRef]

	



Ticinesi, A.; Mancabelli, L.; Tagliaferri, S.; Nouvenne, A.; Milani, C.; Del Rio, D.; Lauretani, F.; Maggio, M.G.; Ventura, M.; Meschi, T. The Gut-Muscle Axis in Older Subjects with Low Muscle Mass and Performance: A Proof of Concept Study Exploring Fecal Microbiota Composition and Function with Shotgun Metagenomics Sequencing. Int. J. Mol. Sci. 2020, 21, 8946. [Google Scholar] [CrossRef]

	



Jeong, D.Y.; Ryu, M.S.; Yang, H.J.; Park, S. γ-PGA-Rich Chungkookjang, Short-Term Fermented Soybeans: Prevents Memory Impairment by Modulating Brain Insulin Sensitivity, Neuro-Inflammation, and the Gut-Microbiome-Brain Axis. Foods 2021, 10, 221. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhou, J.; Wang, L. Role and Mechanism of Gut Microbiota in Human Disease. Front. Cell. Infect. Microbiol. 2021, 11, 625913. [Google Scholar] [CrossRef]

	



Fraumene, C.; Manghina, V.; Cadoni, E.; Marongiu, F.; Abbondio, M.; Serra, M.; Palomba, A.; Tanca, A.; Laconi, E.; Uzzau, S. Caloric restriction promotes rapid expansion and long-lasting increase of Lactobacillus in the rat fecal microbiota. Gut Microbes 2018, 9, 104–114. [Google Scholar] [CrossRef] [PubMed]

	



Mehrabani, S.; Bagherniya, M.; Askari, G.; Read, M.I.; Sahebkar, A. The effect of fasting or calorie restriction on mitophagy induction: A literature review. J. Cachexia Sarcopenia Muscle 2020, 11, 1447–1458. [Google Scholar] [CrossRef] [PubMed]

	



Dong, T.S.; Luu, K.; Lagishetty, V.; Sedighian, F.; Woo, S.L.; Dreskin, B.W.; Katzka, W.; Chang, C.; Zhou, Y.; Arias-Jayo, N.; et al. A High Protein Calorie Restriction Diet Alters the Gut Microbiome in Obesity. Nutrients 2020, 12, 3221. [Google Scholar] [CrossRef]

	



Perry, C.A.; Van Guilder, G.P.; Kauffman, A.; Hossain, M. A Calorie-Restricted DASH Diet Reduces Body Fat and Maintains Muscle Strength in Obese Older Adults. Nutrients 2019, 12, 102. [Google Scholar] [CrossRef]

	



Guo, Y.; Luo, S.; Ye, Y.; Yin, S.; Fan, J.; Xia, M. Intermittent Fasting Improves Cardiometabolic Risk Factors and Alters Gut Microbiota in Metabolic Syndrome Patients. J. Clin. Endocrinol. Metab. 2021, 106, 64–79. [Google Scholar] [CrossRef]

	



Park, S.; Shin, B.K. Intermittent fasting with a high-protein diet mitigated osteoarthritis symptoms by increasing lean body mass and reducing inflammation in osteoarthritic rats with Alzheimer’s disease-like dementia. Br. J. Nutr. 2021, 1–13. [Google Scholar] [CrossRef]

	



Park, S.; Yoo, K.M.; Hyun, J.S.; Kang, S. Intermittent fasting reduces body fat but exacerbates hepatic insulin resistance in young rats regardless of high protein and fat diets. J. Nutr. Biochem. 2017, 40, 14–22. [Google Scholar] [CrossRef]

	



Shin, B.K.; Kang, S.; Kim, D.S.; Park, S. Intermittent fasting protects against the deterioration of cognitive function, energy metabolism and dyslipidemia in Alzheimer’s disease-induced estrogen deficient rats. Exp. Biol. Med. 2018, 243, 334–343. [Google Scholar] [CrossRef]

	



Cruz-Jentoft, A.J.; Dawson Hughes, B.; Scott, D.; Sanders, K.M.; Rizzoli, R. Nutritional strategies for maintaining muscle mass and strength from middle age to later life: A narrative review. Maturitas 2020, 132, 57–64. [Google Scholar] [CrossRef]

	



Chen, Y.M.; Wei, L.; Chiu, Y.S.; Hsu, Y.J.; Tsai, T.Y.; Wang, M.F.; Huang, C.C. Lactobacillus plantarum TWK10 Supplementation Improves Exercise Performance and Increases Muscle Mass in Mice. Nutrients 2016, 8, 205. [Google Scholar] [CrossRef]

	



Huang, W.C.; Hsu, Y.J.; Li, H.; Kan, N.W.; Chen, Y.M.; Lin, J.S.; Hsu, T.K.; Tsai, T.Y.; Chiu, Y.S.; Huang, C.C. Effect of Lactobacillus Plantarum TWK10 on Improving Endurance Performance in Humans. Chin. J. Physiol. 2018, 61, 163–170. [Google Scholar] [CrossRef] [PubMed]

	



Toda, K.; Yamauchi, Y.; Tanaka, A.; Kuhara, T.; Odamaki, T.; Yoshimoto, S.; Xiao, J.Z. Heat-Killed Bifidobacterium breve B-3 Enhances Muscle Functions: Possible Involvement of Increases in Muscle Mass and Mitochondrial Biogenesis. Nutrients 2020, 12, 219. [Google Scholar] [CrossRef] [PubMed]

	



Varian, B.J.; Gourishetti, S.; Poutahidis, T.; Lakritz, J.R.; Levkovich, T.; Kwok, C.; Teliousis, K.; Ibrahim, Y.M.; Mirabal, S.; Erdman, S.E. Beneficial bacteria inhibit cachexia. Oncotarget 2016, 7, 11803–11816. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.C.; Lee, M.C.; Lee, C.C.; Ng, K.S.; Hsu, Y.J.; Tsai, T.Y.; Young, S.L.; Lin, J.S.; Huang, C.C. Effect of Lactobacillus plantarum TWK10 on Exercise Physiological Adaptation, Performance, and Body Composition in Healthy Humans. Nutrients 2019, 11, 2836. [Google Scholar] [CrossRef] [PubMed]

	



Wieërs, G.; Belkhir, L.; Enaud, R.; Leclercq, S.; Philippart de Foy, J.-M.; Dequenne, I.; de Timary, P.; Cani, P.D. How Probiotics Affect the Microbiota. Front. Cell. Infect. Microb. 2020, 9, 454. [Google Scholar] [CrossRef]

	



Bindels, L.B.; Delzenne, N.M. Muscle wasting: The gut microbiota as a new therapeutic target? Int. J. Biochem. Cell Biol. 2013, 45, 2186–2190. [Google Scholar] [CrossRef]

	



Liu, Y.; Gibson, G.R.; Walton, G.E. An In Vitro Approach to Study Effects of Prebiotics and Probiotics on the Faecal Microbiota and Selected Immune Parameters Relevant to the Elderly. PLoS ONE 2016, 11, e0162604. [Google Scholar] [CrossRef]

	



Ni Lochlainn, M.; Nessa, A.; Sheedy, A.; Horsfall, R.; García, M.P.; Hart, D.; Akdag, G.; Yarand, D.; Wadge, S.; Baleanu, A.-F.; et al. The PROMOTe study: Targeting the gut microbiome with prebiotics to overcome age-related anabolic resistance: Protocol for a double-blinded, randomised, placebo-controlled trial. BMC Geriatr. 2021, 21, 407. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, J.; Delzenne, N.M. Modulation of the gut microbiota-adipose tissue-muscle interactions by prebiotics. J. Endocrinol. 2021, 249, R1–R23. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 00338 g001 550] 





Figure 1. Proposed interactions of diet and lifestyle with skeletal muscle and glucose metabolism. Effects of diet and lifestyle on skeletal muscle mass and function and the impact on blood glucose regulation are explained; diet and lifestyle are shown to exert effects on muscle mass and function, which have interactive effects on glucose metabolism. Sirt 1, NAD-dependent deacetylase sirtuin-1; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator 1α; mTORC1, mechanistic target of rapamycin C1; S6K1, ribosomal protein S6 kinase beta-1; MAPK, mitogen-activated protein kinase; ERK1/2, extracellular signal-regulated kinases; AMPK, AMP-activated protein kinase; PI3K, phosphoinositide 3-kinase; AKT; NAD+, nicotinamide adenine dinucleotide. 
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Figure 2. Proposed interaction of gut bacteria with glucose metabolism. Effects of gut microbiota and their products on the liver, gut cell wall, adipocytes, and inflammation as regulators of glucose metabolism are explained; gut bacteria can increase and decrease inflammation, either improving or exacerbating insulin resistance and muscle loss. LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6. 
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