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Short chain fatty acids as potential regulators of skeletal muscle metabolism and function
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Abstract
A key metabolic activity of the gut microbiota is the fermentation of non-digestible carbohydrate, which generates short chain fatty acids (SCFAs) as the principal end products. SCFAs are absorbed from the gut lumen and modulate host metabolic responses at different organ sites. Evidence suggests these organ sites include skeletal muscle, the largest organ in humans, which plays a pivotal role in whole-body energy metabolism. In this Review, we evaluate the evidence that SCFAs mediate metabolic crosstalk between the gut microbiota and skeletal muscle.  We discuss the effects of three primary SCFAs (acetate, propionate and butyrate) on lipid, carbohydrate and protein metabolism in skeletal muscle and consider the potential mechanisms involved. Furthermore, we highlight the emerging role of these gut-derived metabolites in skeletal muscle function and exercise capacity, present limitations of current knowledge and provide suggestions for future work. 
















The gut microbiota constitutes the community of microbes present within the human gastrointestinal tract.  This microbial ecosystem plays an important role in host health, facilitating the metabolism of dietary nutrients, synthesizing micronutrients and co-factors, modulating the mucosal immune system, and influencing energy balance 1. Beyond these roles, the gut microbiota has the capacity to synthesize bioactive compounds from undigested material that can enter the systemic circulation and influence human physiology 2. Of considerable biological interest, the short chain fatty acids (SCFAs) acetate, butyrate and propionate are produced following the bacterial fermentation of non-digestible carbohydrate (Figure 1) 3. These volatile fatty acids contain fewer than six carbons and have well-established effects on whole-body energy homeostasis 4. Research into these metabolites has largely focused on their interaction with organs such as the liver, brain, adipose tissue and pancreas 5–8. Skeletal muscle is considered the largest organ in the body and accounts for approximately 40% of total body mass, 30% of resting energy expenditure and 80% of insulin-stimulated glucose uptake 9,10. It therefore represents an important yet relatively unexplored site of action for SCFAs. 
Perturbations in the gut microbiota can induce substantial modification of skeletal muscle physiology and function. Faecal transplants from obese donor mammals into germ-free mice results in recipients adopting the phenotype of the donor, including muscle fibre characteristics and the metabolic profile of the muscle 11,12. Germ-free mice lacking a gut microbiota exhibit decreased skeletal muscle mass, strength and mitochondrial function 13. Indeed, gut microbiota depletion via broad spectrum antibiotics impairs endurance exercise performance in mice 14. This relationship between the gut microbiota and skeletal muscle is also demonstrated in studies utilising probiotic and prebiotic interventions. Probiotic supplementation in rodents reduces markers of muscular atrophy, increases skeletal muscle mass and strength, and increases the proportion of type I fibres 15,16. Similarly, prebiotic supplementation can increase skeletal muscle mass in obese mice 17 and improve handgrip strength in elderly human participants 18. This growing body of evidence has resulted in the proposal of a ‘gut-muscle axis’ by several authors 19,20 and consequently suggests potential therapeutic strategies for the prevention and treatment of muscle-related diseases and syndromes, such as sarcopenia 21 and cachexia 22.  
SCFAs are widely thought to mediate - at least in part - this relationship between the gut microbiota and skeletal muscle 19. The presence of the SCFA receptors GPR41 (FFAR3) and GPR43 (FFAR2) on skeletal muscle tissue 23,24 supports this role, alongside evidence demonstrating the restorative properties of SCFAs on skeletal muscle impairments inherent to gut microbiota-deficient mice 13.  In this review, we discuss the role of the three major gut-derived SCFAs - acetate, butyrate and propionate - in skeletal muscle metabolism. We also explore the mechanisms by which SCFAs influence skeletal muscle metabolism and consider the potential role these gut-derived metabolites in modulating skeletal muscle function and exercise capacity. 
In the interest of concision and clarity, treatments used in the referenced studies are generically referred to as acetate, butyrate and propionate. This may refer to their salt (e.g. sodium acetate) or undissociated form (e.g. acetic acid). 

Lipid metabolism
SCFAs are capable of modulating several aspects of skeletal muscle lipid metabolism, including uptake, oxidation and storage. In vitro studies have demonstrated that fatty acid oxidation is increased by approximately 30% following butyrate administration (0.5 mM) in L6 myotubes (rat-derived terminally differentiated skeletal muscle cells) 25. Similarly, fatty acid uptake is increased by ~30% following 0.5 mM acetate treatment in this same cell line 26. Congruent with the increase in fatty acid oxidation, L6 myotubes incubated with acetate and 0.6 µM palmitic acid (an agent used to induce an insulin-resistant state) for 24-48 h exhibit a decrease in triglyceride accumulation of ~15-30% relative to palmitic acid alone 26. 
Ex vivo, gastrocnemius muscle isolated from butyrate supplemented (5% w/w) C57BL/6J mice after 13 weeks on a high-fat diet showed a 200% increase in fatty acid oxidation as measured by 14C-labeled CO2 production following 14C-labeled palmitic acid administration 25. Complementary decreases in skeletal muscle lipid accumulation have also been reported in vivo. In C57BL/6J mice fed a high-fat diet, Hong et al. 27 reported a decrease in skeletal muscle triglyceride and cholesterol concentrations following 10 days of alternate-day butyrate supplementation (oral gavage with 80 mg butyrate every other day). Likewise, skeletal muscle triglyceride concentrations were reduced in rabbits following four days of subcutaneous acetate injections (2g·kg-1 bodyweight per day) 28. Long-term supplementation with butyrate (5% w/w) for 10 months also prevented intramuscular lipid accumulation in C57BL/6J mice fed a standard diet 29. 
Changes to skeletal muscle expression of enzymes integral to lipid metabolism tend to support these changes in lipid uptake, oxidation and storage. The expression of lipoprotein lipase, an enzyme that hydrolyses circulating triglycerides to provide free fatty acids to cells, has been reported to increase in rodents and rabbits following SCFA supplementation 27,28, though not all studies find this 30. In contrast, the expression of hormone sensitive lipase, an enzyme responsible for the hydrolysis of intracellular fatty acids, appears to be increased in SCFA-supplemented mice 27,31. Acetyl-CoA carboxylase expression, an enzyme with the primary function of malonyl-CoA synthesis, and which thus promotes fatty acid biosynthesis, has been reported to be downregulated by SCFA administration in C57BL/6J mice and L6 myotubes 26,31. However, this change was not found in C2C12 myotubes 24 hours following SCFA administration 30.  
In summary, the available evidence indicates that SCFAs increase fatty acid uptake and oxidation while preventing lipid accumulation in skeletal muscle. 

Carbohydrate metabolism
Skeletal muscle glucose uptake appears to be enhanced by SCFA administration. Acetate and propionate increase insulin-independent glucose uptake in L6 and C2C12 (mouse-derived terminally differentiated skeletal muscle cells) myotubes respectively 26,32. Furthermore, insulin-stimulated glucose uptake in these myotubes is increased by the co-administration of propionate, an effect that is mediated in part by the SCFA receptor GPR41 32. 
Acetate has also been demonstrated to enhance skeletal muscle glycogen synthesis in various murine models. Acute oral administration of acetate in Sprague-Dawley rats following food deprivation or exhaustive exercise increased the rate of skeletal muscle glycogen synthesis, but did not increase glycogen content above resting levels 33–35. However, feeding the KK-A(y) mice, a model of obesity and type 2 diabetes, a standard diet supplemented with acetate for eight weeks increased skeletal muscle glycogen levels 10-fold relative to mice consuming a standard diet alone 36. Interestingly, SCFAs do not seem to affect glycogen synthase gene expression, protein expression or enzymatic activity 33,37. It is possible that SCFAs upregulate glycogenesis instead via the inhibition of glycolysis and the consequent accumulation of glucose 6-phosphate 33,35. Indeed, rats given acetate display a decrease in the fructose 1,6-bisphosphate/fructose 6-phosphate ratio 33,35, an indicator of phosphofructokinase 1 activity and thus of glycolysis 38.  
The enhancement of glucose uptake and glycogen repletion is likely facilitated by the effect of SCFAs on GLUT4 expression. GLUT4 is the primary glucose transporter protein in skeletal muscle and thus plays a pivotal role in skeletal muscle glucose uptake and metabolism 39. In OLETF rats (a model of non-insulin-dependent diabetes mellitus) injected with 5.2 mg acetate five days a week for six months, skeletal muscle GLUT4 mRNA expression was approximately two-fold greater relative to controls 40. In accord with this, Maruta et al. 26 reported increased GLUT4 mRNA and protein expression in L6 myotubes following acute treatment (10 minutes) with 0.5 mM acetate. The expression of Krüppel-like factor 15 40 and myocyte-specific enhancer factor 2A 26, two proteins involved in GLUT4 transcription, are also upregulated following acetate administration in vivo and in vitro respectively. However, this stimulatory effect on GLUT4 expression may not be exhibited by all SCFAs, as no changes in GLUT4 gene or protein expression were reported in L6 myotubes following a 24 hour incubation with 5 mM butyrate 37.  
Insulin sensitivity
Measures of whole-body insulin sensitivity are improved following SCFA administration in various murine models 25,41. Considering skeletal muscle is the primary site of insulin-stimulated glucose uptake 42, the observed improvements in whole-body insulin sensitivity may partly be attributed to SCFA-induced changes in skeletal muscle physiology. 
Despite the observed impact of SCFAs on GLUT4 expression, few studies have specifically investigated the effect of SCFAs on the skeletal muscle insulin signalling pathway. Butyrate administration has been shown to mitigate the insulin-resistant state induced by palmitate in L6 myotubes 37. This was demonstrated by increased phosphorylation of protein kinase B and mitogen activated protein kinase (the two major branches of intracellular insulin signalling) and an increased expression of insulin receptor substrate 1 37. Insulin signalling appears to also be improved in vivo. C57BL/6J mice fed a high-fat diet exhibit increased phosphorylation of protein kinase B and insulin receptor substrate 1 when the diet was supplemented with butyrate 25.  
These findings, coupled with the previously discussed effects of SCFAs on glucose uptake, GLUT4 expression and intramuscular lipid accumulation, would strongly support an insulin-sensitising role of SCFAs on skeletal muscle. 

Protein metabolism
To our knowledge, there are no studies that have investigated the direct effect of SCFAs on protein metabolism in skeletal muscle. Nonetheless, changes in skeletal muscle mass and phenotype are ultimately brought about by changes in protein metabolism e.g. increased skeletal muscle accretion is the result of skeletal muscle protein synthesis exceeding muscle protein breakdown 43. Changes in mass and phenotype can therefore be used to infer changes in protein metabolism within skeletal muscle. 

Skeletal muscle mass
Several authors have reported data regarding the ability of SCFAs to influence skeletal muscle mass in vivo 25,29,44,45. Initial data would suggest that chronic supplementation with butyrate can preserve skeletal muscle in rodents when incorporated into a high-fat diet at 5% w/w 25. However, this study reported changes in skeletal muscle mass as a percentage of total body mass, a measurement confounded by the large increase in body mass observed in control rodents. Kondo et al. 44 detected no differences in absolute skeletal muscle mass or the skeletal muscle mass/body mass ratio between C57BL/6J mice fed a high-fat diet with or without acetate supplementation. Similarly, Henagan et al. 45 reported no significant difference in absolute skeletal muscle mass values between butyrate-supplemented mice and control mice on a high-fat diet. 
When used to supplement a non-obesogenic diet over a 40-week period, butyrate has been reported to prevent skeletal muscle atrophy during aging in mice 29. Changes in skeletal muscle mass were again expressed as a percentage of total body mass, raising the issue of confounding from differences in body mass between treatments. Nevertheless, body mass did not appear to differ between groups, suggesting that butyrate may be capable of maintaining skeletal muscle mass during the ageing process. Jørgensen et al. 46 also reported that infusion of a SCFA mixture containing acetate, butyrate and propionate into growing pigs increased nitrogen retention when they were fed below the energy requirement for maximum weight gain. Similarly, Imoto & Namioka 47 observed a dose-repose relationship between the amount of acetate incorporated into the diet and nitrogen retention in growing pigs. It is possible that SCFAs do not influence skeletal muscle mass under conditions of energy surplus, but are beneficial under conditions of metabolic stress or increased metabolic demand, such as that experienced during ageing, energy restriction or developmental growth. This notion is supported by the recent in vitro and in vivo work of Lahiri et al. 13, which demonstrated that a SCFA cocktail reduced dexamethasone-induced atrophy in C2C12 myotubes and increased skeletal muscle mass in germ-free mice lacking a gut microbiota. 
Skeletal muscle phenotype
There is growing evidence that SCFA supplementation can promote an oxidative skeletal muscle phenotype (elevated oxidative capacity, higher mitochondrial content and increased proportion of type I fibres) in rodents fed a high-fat diet 25,31,45. This has been demonstrated via increased expression of type I myosin heavy chain proteins following both butyrate 25,45 and acetate supplementation 31, and by an increased expression of key enzymes involved in beta oxidation, including carnitine palmitoyltransferase-1b 25,31, cytochrome c oxidase subunit I 25 and cytochrome c oxidase subunit IV 27. The expression of myoglobin - a marker of oxidative type I fibres - has also been reported to be upregulated in vitro by SCFAs 26 and in vivo 25,40 following SCFA administration.  However, others have reported no change in skeletal muscle fibres in mice fed a standard diet supplemented with butyrate 27,29. The reason for this incongruency is unclear, but may be related to study duration and diets utilised. Hong et al. 27 employed a protocol in which butyrate was incorporated into diets for only 10 days, which may be insufficient to induce a shift in fibre composition. For comparison, studies showing a shift in fibre composition administered SCFAs for 8-16 weeks in the context of a high-fat diet 25,31,45. Walsh et al. 29 did however supplement mice for up to 26 months with butyrate without observing effects on skeletal muscle phenotype, but fed them a standard diet compared to others who used a high-fat diet 25,31,45. The effects of SCFAs on skeletal muscle fibre composition may therefore be context dependent i.e. SCFAs may preserve an oxidative phenotype in rodents consuming a high-fat diet but confer no benefit when consuming a standard diet. 

Skeletal muscle function and exercise capacity
Research has traditionally identified how dietary factors influence the amounts of SCFAs produced by the gut microbiota, however, recent human cross-sectional 48,49 and longitudinal studies 50,51 have also highlighted that exercise can stimulate marked changes to gut microbiota composition and SCFA production. For example, Allen et al. 50 reported that a six-week exercise training program in lean sedentary individuals decreased the relative abundance of Bacteroidetes and enhanced faecal SCFA concentrations, which were reversed upon return to sedentary lifestyle. The influence of SCFAs on skeletal muscle exercise capacity (endurance and strength) has not been extensively studied. Nevertheless, emerging evidence suggests that these bacterial metabolites may act as an important metabolic fuel for skeletal muscle during periods of sustained contraction. 
Continuous subcutaneous acetate infusion has been shown to recover endurance performance in antibiotic-treated C57BL/6J mice (a method commonly used to deplete the gut microbiota) relative to saline infusion 52. Similarly, chronic SCFA supplementation (four weeks) restores muscular strength in C57BL/6J germ-free mice lacking a gut microbiota to levels analogous to mice with a gut microbiota 13. Interestingly, specific bacterial strains may be responsible for mediating this relationship between the gut microbiota, SCFAs and exercise capacity. Scheiman et al. 53 recently identified enrichment of the genus Veillonella in the gut microbiota of marathon runners in postrace samples. Follow-up investigations found that inoculation of Veillonella atypica into CL57BL/6 mice enhanced subsequent exhaustive treadmill run time; an effect that was attributed to changes in lactate metabolism. Tracer studies in mice revealed that serum lactate - which significantly rises with exercise - enters the gut lumen where it is subsequently metabolised by Veillonella atypica into the SCFA propionate. This Veillonella-derived propionate is then absorbed into the portal vein and reasoned to serve as an energy source to other metabolic organs.  The potential of propionate to improve exercise capacity was further substantiated by Scheiman et al. with the observation that rectal infusion of the SCFA produced a comparable improvement in exercise capacity to that observed with Veillonella atypica inoculation. 
A link between SCFA bioavailability and endurance performance could be explained by the energy contribution from these metabolites, as complete oxidation of 1 mol acetate, propionate, and butyrate provides 10, 18, and 27 mol ATP, respectively 54. During prolonged sub-maximal exercise, carbohydrate and lipid are the primary substrates oxidized to fuel energy demands 55 and the impairment of exercise capacity is closely allied to the depletion of the limited stores of endogenous carbohydrate 56. As previously mentioned, SCFAs  have been shown to increase skeletal muscle glycogen content 33–36; an effect likely achieved via the decrease in glycolysis 33,35 and promote fatty acid oxidation 25. This shift in fuel utilization (and consequent preservation of endogenous carbohydrate stores) may therefore contribute to the enhancement in skeletal muscle function and exercise capacity reported in SCFA-treated mice. Nevertheless, further research is warranted to fully-understand the metabolic links between gut-derived SCFAs, systemic metabolism, and the changes to skeletal muscle substrate availability and oxidation that promote skeletal muscle strength and endurance capacity.

Mechanisms of SCFA-induced changes in skeletal muscle metabolism and function
Hepatic uptake and metabolism
Following their generation in the gut lumen, acetate, propionate and butyrate are almost entirely absorbed by colonocytes (only 5–15 mmol/day excreted in faeces) and subsequently metabolised or transported via the portal vein to the liver 3. SCFAs produced in the distal colon may bypass hepatic metabolism and directly enter the systemic circulation via the internal iliac vein 57. Butyrate is key energy source for colonocytes and as result portal vein, hepatic vein and systemic concentrations are relatively low (Table 1). In contrast, acetate and propionate concentrations remain largely unaffected by colonocyte metabolism but are subject to significant hepatic metabolism (Table 1). In mammalian species, all three SCFAs are available as precursors for lipid or carbohydrate synthesis. Acetate and butyrate enter the TCA cycle as acetyl-CoA and used as substrate for hepatic de novo lipogenesis. Propionate enters the TCA cycle as succinyl-CoA and used as a precursor for hepatic gluconeogenesis 58,59. It is therefore important to consider the bioavailability and metabolism of gut-derived SCFAs when assessing their potential regulatory role on skeletal muscle, as they could modulate skeletal muscle metabolism directly or following hepatic assimilation into other biologically relevant metabolites.
Increased phosphorylation of AMP-activated protein kinase 
AMP-activated protein kinase (AMPK) is a fundamental regulator of cellular metabolism that is activated by a decline in intracellular adenosine triphosphate (ATP) production relative to increases in adenosine monophosphate (AMP) or adenosine diphosphate (ADP) generation 60. Following phosphorylation, AMPK promotes catabolic pathways in an effort to generate more ATP while simultaneously curbing anabolic processes 60. 
A number of studies have demonstrated the ability of SCFAs to induce the phosphorylation of AMPK in myotubes 25 and skeletal muscle 25,27,31,40. This is likely due to ability of SCFAs to increase AMP concentrations and the AMP/ATP ratio within skeletal muscle tissue 27,40. Importantly, AMPK activation can produce a metabolic milieu similar to that generated by SCFA administration. This is characterised by an increase in fatty acid uptake and oxidation, glucose uptake, glycogenesis, and an inhibition of lipogenesis and glycolysis 60. AMPK phosphorylation may therefore be a key mechanism by which SCFAs exert changes in skeletal muscle metabolism (Figure 2). 
Downstream targets of AMPK in skeletal muscle are also phosphorylated following SCFA administration, including P38 mitogen-activated protein kinases (p38 MAPK) 25 and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α)  25,26,31. AMPK and p38 MAPK both increase PGC1α phosphorylation in skeletal muscle 61,62, with the AMPK activation of PGC1α perhaps mediated in part by p38 MAPK 25. PGC1α is a master regulator of mitochondrial biogenesis and function 63, and therefore its upregulation may play a crucial role in the promotion of an oxidative skeletal muscle phenotype and the improvement in exercise capacity observed following SCFA administration 64. 
Increased expression of peroxisome proliferator-activated receptors 
Peroxisome proliferator-activated receptors (PPARs) are a family of ligand-dependent nuclear receptors that act as transcription factors. Three PPAR isotypes have been identified: PPAR-alpha, PPAR-delta and PPAR-gamma. All three isoforms are expressed in skeletal muscle and share structural and functional similarities 65. 
Butyrate has been found to increase the expression of PPAR-delta in both L6 myotubes and skeletal muscle in C57BL/6J mice in vivo 25. PPAR-delta is the most abundant isoform in skeletal muscle and has been implicated as a key regulator of lipid and glucose metabolism, as well as skeletal muscle fibre type 65,66. Moreover, it has been recently shown that PPAR-delta activation prolongs running time in mice via the suppression of glycolysis and consequent delay in hypoglycaemia onset 67. These changes in metabolism, exercise capacity and skeletal muscle phenotype observed following SCFA administration may therefore be in part mediated by increased expression of PPAR-delta (Figure 2). A relationship between PPAR-delta and AMPK may also exist, as evidenced by increased AMPK activity following a PPAR-delta agonist, and the dependence of PPAR-delta induced glucose uptake on the presence of AMPK in primary human myotubes 66,68.  
The effect of SCFAs on PPAR-alpha and PPAR-gamma is less clear. These receptors are believed to be involved in skeletal muscle lipid metabolism and insulin sensitivity, respectively 69,70. Henagan et al. 45 reported a significant increase in skeletal muscle PPAR-gamma expression in C57BL/6J mice supplemented with butyrate. However, den Besten et al. 30 reported no effect of acetate, propionate and butyrate on PPAR-gamma expression in vitro or in vivo. Hong et al. 27 reported a significant increase in skeletal muscle PPAR-alpha mRNA expression but no effect on protein expression in mice supplemented with butyrate for 10 days.
Inhibition of histone deacetylases
Histone deacetylases (HDACs) - also known as lysine deacetylases - are a class of enzymes that regulate gene transcription via the removal of acetyl groups from lysine residues on histones (and other proteins), resulting in the closure of chromatin DNA to transcription factors 71. This directly opposes the function of histone acetyltransferases (HATs), enzymes that acetylate lysine residues on histones and thus open chromatin DNA to transcription factors 71. Modulation of these enzymes can therefore influence protein expression via chromatin remodelling. 
HDACs have been associated with numerous aspects of skeletal muscle metabolism and function. For example, HDAC1 and HDAC4 promote skeletal muscle atrophy in response to disuse/nutrient deprivation 72 and denervation 73, respectively. HDAC4 and HDAC5 regulate myoblast differentiation 74 and HDAC3 suppresses mitochondrial biogenesis 75. HDAC4 and HDAC5 may also modulate skeletal muscle glucose and lipid oxidation 76. 
The three primary SCFAs - acetate, propionate and butyrate - have all been identified as HDAC inhibitors in various tissues and cell lines 77–79. The HDAC inhibitory activity of butyrate in skeletal muscle specifically has been confirmed both in vitro 37 and in vivo 25,27,29. Gao et al. 25 reported a decrease of 50% in HDAC activity in nuclear extracts of skeletal muscle samples from mice supplemented with butyrate. This response was associated with an increase in skeletal muscle fatty acid oxidation and the promotion of an oxidative skeletal muscle phenotype. Similarly, butyrate decreased expression of HDAC1 and increased acetylation of histone H3 lysine 9 in mice 27. In contrast, HDAC4 expression in mice does not appear to be affected by butyrate supplementation 29. Butyrate increases H3 acetylation at both lysine 9 (H3K9) and lysine 14 (H3K14) in L6 myotubes throughout the differentiation process, and induces hyperacetylation of histone H3 in fully differentiated L6 myotubes 37. The acetylation of histone H3 following butyrate supplementation is associated with increased mRNA and protein expression of insulin receptor substrate 1 37, suggesting that SCFA-induced improvements in insulin sensitivity may be mediated in part via histone deacetylase inhibition (Figure 2). To our knowledge, no data exists regarding the HDAC inhibitory potential of either acetate or propionate in skeletal muscle tissue. 
Interestingly, SCFA-induced modulation of HDACs may be mediated in part through activation of AMPK. AMPK can influence HDACs and HATs either directly via phosphorylation, or indirectly by the production of acetyl CoA and NAD+, which act as substrates for both these enzyme classes 80. It is therefore possible that changes in skeletal muscle attributed to increased AMPK phosphorylation are achieved via modulation of HDACs. This has already been demonstrated in primary human myotubes, in which AMPK phosphorylation of HDAC5 led to its export from the nuclei, increasing GLUT4 expression 81. 

Indirect effects of SCFAs on skeletal muscle metabolism
Blood flow
Research conducted in anesthetized dogs has reliably demonstrated the vasodilatory properties of acetate in skeletal muscle 82,83. Infusion of acetate decreases vascular resistance and produces vasodilation in a dose-dependent manner; an effect that appears to be partly mediated by an increase in tissue adenosine content 82,83. This increase in blood flow observed with SCFA administration may also augment the rate of nutrient delivery to skeletal muscle tissue and therefore play a role in the SCFA-induced upregulation of glucose and fatty acid uptake. 
Hormonal response to SCFAs
SCFAs can trigger the release of hormones from several organ sites into the systemic circulation. These hormones therefore have access to skeletal muscle tissue. They largely include peptide or protein hormones that are involved in appetite regulation and glucose homeostasis, such as glucagon-like peptide-1 (GLP-1), insulin and leptin 3,84. Importantly, these hormones have well-established effects on skeletal muscle metabolism. GLP-1 can increase the recruitment of skeletal muscle microvasculature, glucose uptake, metabolism, and glycogen synthesis 85–89. Insulin is key regulator of skeletal muscle protein balance, glycogenesis and lipolysis, as well as amino acid, glucose and fatty acid uptake 90,91. Leptin has also been shown to increase skeletal muscle lipid and glucose oxidation, possibly via an AMPK dependent mechanism 92. 
Beyond appetite regulation, SCFA supplementation can restore systemic insulin-like growth factor 1 (IGF-1) levels in antibiotic-treated mice 93. IGF-1 is synthesised by various tissues (including the liver and skeletal muscle) and is widely acknowledged as a major governor of skeletal muscle growth, differentiation and regeneration  94. However, local production of IGF-1 within skeletal muscle - rather than systemic IGF-1 - is believed to be a key regulator of skeletal muscle anabolism 95. Systemic IGF-1 concentrations may instead play a greater role in skeletal muscle metabolism and insulin sensitivity 96.  
Anti-inflammatory properties of SCFAs
SCFAs also regulate systemic inflammation. Acetate, propionate and butyrate all display anti-inflammatory properties, an effect which is likely mediated by activation of GPR42/GPR43 or HDAC inhibition 97,98. Increased production of inflammatory cytokines have been implicated as a key driver of skeletal muscle wasting, insulin resistance and altered lipid metabolism 99,100. Increased production of SCFAs may therefore dampen the inflammatory response, preventing or mitigating its negative effects on skeletal muscle. 

Limitations of current research and future directions
Pitfalls of rodent myoblast models
To date, most in vitro research investigating the effects of SCFAs on skeletal muscle has utilised immortalised cell lines from rodents; largely C2C12 myoblasts from mice 30,32,101 and L6 myoblasts from rats 25,26,37. While these models are useful, they raise the issue of inter-species differences between rodents and humans. For example, inflammatory responses and gene expression in rodent myoblasts are significantly different from those of human myoblasts 102. A human equivalent of these cell lines - LHCN-M2 myoblasts - has been available since 2007 103, and together with primary human skeletal muscle cells obtained from biopsy could be used to investigate the potential translational relevance of the effects observed in rodent models. This is particularly relevant when considering the absence of human data investigating the influence of SCFAs on skeletal muscle. Furthermore, future work exploring the impact of interventions known to modulate SCFAs production (i.e. pre-, pro- and antibiotics) should incorporate measurement of skeletal muscle metabolism and function to elucidate the role of SCFAs in the human ‘gut-muscle axis’.         
Role of GPR41 and GPR43 in skeletal muscle metabolism
Despite the presence of GPR41 and GPR43 being confirmed in human skeletal muscle tissue 23,24, the role of these receptors in skeletal muscle metabolism remains poorly understood. Whole-body rodent knockouts of GPR41 (GPR41-/-) and GPR43 (GPR43-/-) result in divergent effects on skeletal muscle metabolism 104–106. For example, GPR41-/- mice fed a high-fat diet exhibit lower lean mass compared to wild-type controls 105, whereas GPR43-/- mice fed a high-fat diet display an increase in lean mass relative to wild-type controls 104. As in these models receptors were knocked out globally, and such changes may thus reflect the loss of the receptor from tissues or organs, indirectly modifying skeletal muscle metabolism, rather than the loss of the receptor from skeletal muscle itself. For example, altering the SCFA-stimulated release of GLP-1 from the colon would be expected to influence skeletal muscle function. The development of skeletal muscle-specific knockout models for these receptors would allow us to better investigate the role of GPR41 and GPR43 in SCFA-induced changes in skeletal muscle metabolism. 
Absence of in vivo acetate research
Systemic concentrations of acetate are considerably higher than either propionate or butyrate (Table 1). Acetate is thus regarded as the principal SCFA metabolised by skeletal muscle tissue. Despite this observation, there is a clear absence of data investigating the effect of acetate on skeletal muscle metabolism, particularly in vivo. This is likely the result of acetate being a well-known end product of hepatic ethanol metabolism 107, and the association between ethanol ingestion and a skeletal muscle dysregulation 108. However, the negative effects on skeletal muscle associated with ethanol ingestion appear to be mediated by the direct action of ethanol itself 109, or its metabolite acetaldehyde 110. Given the natural bioavailability of acetate to skeletal muscle (Table 1), and the established safety of (sodium) acetate administration 111, future research investigating the effects of acetate on skeletal muscle are therefore a logical next step.
Summary
Changes to the gut microbiota are capable of modifying skeletal muscle metabolism and function, a relationship that appears to be mediated in part by the production of SCFAs. SCFAs have been shown to influence lipid, carbohydrate and protein metabolism in skeletal muscle tissues both in vitro and in vivo. Furthermore, SCFAs have the potential to increase skeletal muscle mass retention, blood flow and insulin sensitivity and preserve an oxidative phenotype. The activation of AMPK, PPAR-delta and PGC1α, and the inhibition of HDACs are likely key mechanisms by which SCFAs induce these changes to skeletal muscle. Evidence for an association between gut-derived SCFAs and skeletal muscle metabolism is further underlined by the emergent role of SCFAs in promoting endurance exercise performance. This metabolic link between SCFAs and skeletal muscle has resulted in the proposition of a ‘gut-muscle axis’, which we have summarised in Figure 3. Future research should look to investigate the effects of gut-derived SCFAs on skeletal muscle in humans to strengthen the proposed mechanisms, as a direct translation of experimental outcomes from cell and rodent models may be limited.
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Figure Legends

Figure 1. Overview of the major metabolic pathways involved in the gut bacterial production of short chain fatty acids. Non-digestible carbohydrate enters the distal gut where it is hydrolysed by the resident microbiota into monosaccharides. These monosaccharides undergo bacterial fermentation via various metabolic pathways to produce the three primary short chain fatty acids; acetate, propionate and butyrate.

Figure 2. The effect of short chain fatty acids on metabolic signalling pathways in skeletal muscle. Short chain fatty acids (SCFAs) influence skeletal muscle glucose and lipid metabolism via increased phosphorylation of AMPK and possibly PGC1a. The activation of AMPK may be achieved via increased AMP concentrations, binding of SCFAs to GPR41/43, or the activation of PPAR-D. The decrease in lipid storage (presumably brought about by the increase in fatty acid oxidation, mitochondrial content and oxidative capacity) and concurrent increase in GLUT4 and glucose uptake likely contribute to an increase in skeletal muscle insulin sensitivity.  Increased glycogen synthesis, decreased glycolysis, upregulated fatty acid oxidation and mitochondrial content may be responsible for the improvements in exercise capacity observed in SCFA supplemented mice. The inhibition of HDAC and consequent reduction in skeletal muscle atrophy may also play a key role in both insulin sensitivity and exercise capacity improvements. Under conditions of increased systemic lipid concentrations (+high-fat diet/palmitate), SCFAs increase insulin receptor substrate 1 expression and protein kinase B phosphorylation, helping to preserve insulin sensitivity in skeletal muscle.   
Abbreviations: AMP, adenosine monophosphate; ATP, adenosine triphosphate; AMPK, AMP-activated protein kinase; FA, fatty acid; HDAC, histone deacetylase; HFD, high-fat diet; IRS1, MCT, monocarboxylate transporter; PGC1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPAR-D, peroxisome proliferator-activated receptor-delta; SCFA, short-chain fatty acid.

Figure 3. The contribution of short chain fatty acids to the gut-muscle axis. Non-digestible carbohydrate is fermented by the gut microbiota to produce short chain fatty acids (SCFAs). SCFAs trigger the release of GLP-1 (colon), leptin (adipose) and insulin (pancreas). These hormones, alongside SCFAs, enter the systemic circulation and subsequently interact with skeletal muscle to influence lipid, carbohydrate and protein metabolism. 
Abbreviations: GLP-1, glucagon-like peptide 1; SCFA, short-chain fatty acid.
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Table 1. Short chain fatty acid concentrations in human plasma. Investigations have measured the hepatic uptake and systemic availability of short chain fatty acids by comparing concentrations between the portal, hepatic, arterial and venous plasma in sudden death victims 112 and patients undergoing abdominal surgery 113–116. The mean (x̄) from the five investigations has been calculated. U, undetectable.
	
	Acetate
	Propionate
	Butyrate

	
	Portal
(µmol·l¯¹)
	Hepatic
(µmol·l¯¹)
	Arterial
(µmol·l¯¹)
	Venous
(µmol·l¯¹)
	Portal
(µmol·l¯¹)
	Hepatic
(µmol·l¯¹)
	Arterial
(µmol·l¯¹)
	Venous
(µmol·l¯¹)
	Portal
(µmol·l¯¹)
	Hepatic
(µmol·l¯¹)
	Arterial
(µmol·l¯¹)
	Venous
(µmol·l¯¹)

	Cummings et al.112
	258
	115
	-
	70
	88
	21
	-
	5
	29
	12
	-
	4

	Peters et al. 113
	128
	-
	-
	67
	34
	-
	-
	4
	18
	-
	-
	U

	Bloemen et al. 114
	263
	220
	173
	-
	30
	7
	4
	-
	30
	12
	8
	-

	van der Beek et al. 115
	182
	71
	126
	-
	30
	1
	2
	-
	15
	1
	1
	-

	Neis et al. 116
	41
	24
	22
	-
	25
	3
	1
	-
	21
	3
	1
	-

	
	174
	108
	107
	69
	41
	8
	2
	5
	23
	7
	3
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