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Abstract

:

Efficacy of obesity treatments varies between individuals, highlighting the presence of responders and non-responders. Whilst exercise alone or exercise combined with diet leads to underwhelming weight loss for most, there exist super responders losing significant weight. Furthermore, in response to weight loss, the majority but not all patients tend to regain weight. Within the biopsychosocial model, biology as a determinant of response has been underappreciated. The understanding of the role that organs beyond adipose tissue and the gastrointestinal tract play in appetite control and body weight regulation has developed in recent years. The aim of this review is to highlight potential myokines that may be important in appetite physiology and overall energy balance. A number of attractive targets are described that warrant further investigation. A deeper understanding of how these myokines may drive feeding behaviours has the potential to improve measures to prevent and treat obesity through a precision medicine approach.
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1. Introduction


Excess weight (overweight and obesity) is associated with negative health outcomes and places significant economical strain on healthcare systems [1]. Despite that obesity is declared a disease, people living with obesity experience stigma which leads to further negative health outcomes [2]. Typically, body mass index is used to diagnose overweight and obesity, yet this is a poor indicator of health status. A simplistic description leads to a simplistic understanding and given suggestions that body weight can be easily controlled, narratives of personal responsibility related to excess weight are commonplace [3]. The two-stage naturalistic approach to conceptualizing disease begins with the identification of a biological malfunction followed by a normative judgement [4]. The malfunction is a deviation from normal physiology, and the normative judgement is a means of examining the effect of this malfunction on suffering. Excess weight commonly seen in overweight, monogenetic and common obesity typically involves malfunction of normal physiology and suffering in the short or long term [5]. A central feature of the disease is thought to be dysfunction of normal appetite control which can occur in the gut [6], adipose tissue [7] and brain [8]. With appetite control central to our understanding of body weight regulation, there is a need to develop our understanding of basic physiology related to this system. Development of this understanding can improve how excess weight is prevented and treated.



Within traditional models of energy balance and appetite control, adipose tissue has been positioned as the primary peripheral organ directing feeding behaviours through its actions on sub-cortical regions of the brain, including the hypothalamus and brainstem. Here, the hormone leptin is an indicator of long-term energy stores and as a result facilitates the appropriate regulation of energy intake and expenditure [9]. With circulating leptin reflective of an individual’s fat mass (FM), feeding behaviours are influenced by fluctuations in FM. In response to FM loss, reductions in leptin are detected by the central nervous system, leading to a decrease in energy expenditure [10] and an increase in hunger [11]. In response to an increase in FM and thus leptin, satiety is amplified along with energy expenditure [12]. However, the effects of leptin appear primarily unidirectional, as adaptive responses to weight gain appear transient or ineffective as reflected in the global obesity epidemic, whereas weight loss appears to elicit strong persistent adaptive responses. Collectively, the traditional model of appetite control suggests that leptin is the strongest determinant in the drive to eat, acting in a tonic manner, with gastrointestinal peptides concurrently acting to episodically start and stop feeding [13]. Recent evidence suggests that this model of appetite control may be incomplete, as overall energy expenditure, skeletal muscle and additional organs within the fat-free mass (FFM) compartment also appear to signal to the brain a drive to eat.



Cross-sectional research accumulating since 2012 has shown that in non-dieting individuals, FFM is positively associated with both energy intake and hunger across a range of body mass indexes (BMI) [13,14]. Data from these studies reveal that for lean individuals, FM is negatively associated with energy intake whilst at higher BMIs, no association is present. This drive to eat, associated with FFM, appears to be a result of energy expenditure [15,16] and in particular the utilisation of adenosine triphosphate (ATP) [17]. In light of these findings, the model of energy balance and appetite control has shifted from an adipostat construct to an all-encompassing framework with respect to body composition and energy utilisation. Here, energetic demands associated with basal metabolism, physical activity and non-physical activity behaviours stimulate hunger, whilst leptin informs the brain of long-term energy stores within adipocytes, directing behaviours accordingly. With gastrointestinal peptides starting and stopping feeding in conjunction with energy expenditure, including FFM and FM signals, a more complete model of appetite has recently been developed. This model now places the spotlight on the role that skeletal muscle plays in appetite regulation and overall energy balance in non-dieting individuals and in response to weight loss. Given that muscle, as an organ, has typically not been considered to play a role in the physiology of feeding behaviours, there may be unexplored opportunities for the treatment of obesity.



The aim of this narrative review is to examine the role that myokines may play in appetite control and overall energy balance via their interaction with the brain as it pertains to the promotion and suppression of food intake and energy expenditure. As developments are still in their early stages, some aspects of this discussion will be speculative, with the objective of stimulating novel hypotheses. The search strategy included the terms: appetite, overweight, obesity, bariatric, exercise, weight loss, arcuate nucleus, hypothalamus, muscle, myokine. The search was completed in Medline, SPORTDiscus, CENTRAL and EMBASE. Both animal and human studies were included and appropriately discussed in the manuscript. Reference lists from key studies were further examined to highlight literature pertinent to the aims of this paper.




2. Exercise and Body Weight Regulation


Whilst the potential involvement of skeletal muscle in body weight regulation is a relatively novel concept, earlier research supports this hypothesis. In 1956, Jean Mayer and colleagues examined the association between physical activity, calorie intake and body weight in factory workers [18]. In those with moderate to high levels of physical activity, energy intake was coupled with energy expenditure, indicating weight stability. In contrast, this coupling was not present where individuals had sedentary jobs. Instead, these individuals were heavier and tended to consume energy beyond daily metabolic requirements, indicating a vulnerability to weight gain. This early finding pointed towards potential physical activity and thus muscle-related factors which might influence feeding behaviours and thus body weight regulation.



Beaulieu et al. conducted a systematic review of the literature to examine the role of physical activity on appetite regulation [19]. A similar finding to the Jean Mayer study emerged in that a coupling between energy expenditure and energy intake was apparent, where individuals had medium, high and very high levels of physical activity. At low levels of physical activity, energy intake appeared uncoupled from energy expenditure. Furthermore, evidence from this systematic review showed that in response to a covert high energy preload, active individuals appear better able to compensate at a follow-up test meal. That is, sedentary individuals may have diminished appetite sensitivity with a vulnerability to weight gain, highlighting that exercise potentially plays a key role in appetite control.



Exercise is a contentious topic in obesity research, which is not surprising considering it is typically perceived as a strong determinant of weight loss [3,20]. This belief persists despite empirical evidence revealing that isolated high volume aerobic exercise leads to only 1.6 kg weight loss on average [21]. This limited response may be explained by the fact that energy expenditure and thus ATP utilisation drives energy intake such that any increase in physical activity may stimulate compensatory subtle adjustments in caloric intake [22]. In addition, total daily energy expenditure may be physiologically constrained [23]. What merits consideration however is the examination of individual changes to these interventions as opposed to the group average. Gibbons et al. found that in response to isolated aerobic exercise, responders on average lost −3.6 kg in comparison to non-responders. Here, baseline GLP-1 and ghrelin appeared to be determinants of a favourable response [24]. This inter-individual response was captured by King et al., who showed aerobic exercise response ranged from −14.7 to +1.7 kg [25]. Clearly, a heterogenous physiological response to exercise may be causal.



For individuals who have lost a substantial amount of weight, exercise is associated with weight loss maintenance [26]. A strong association exists between exercise and weight stability, whilst some individuals respond to exercise with significant weight loss. However, the group average suggests that for most, this is an ineffective tool to elicit substantial weight changes. There is ultimately a need to pinpoint which muscle and exercise related factors known as myokines may be responsible for determining both weight stability and weight loss. A deeper understanding may enhance the prevention and treatment of deleterious excess FM.




3. Skeletal Muscle Loss and Weight Regain


For people living with excess adipose tissue which negatively impacts wellbeing, successful treatment of the disease is typically characterised by a percentage reduction in body weight [27]. Examination of the group average response suggests that the magnitude of weight loss is greatest with bariatric surgery, followed by treatment with medications such as GLP-1 analogues and then lifestyle changes [5,28]. Whilst responses differ between treatments, a common theme in response to these interventions is the occurrence of partial weight regain. The weight regain phenomenon remains incompletely understood. Patients typically perceive their weight regain as their own fault and do not cite physiological factors as determinants [20]. Research suggests that changes in gastrointestinal peptides promote an increase in hunger and a reduction in fullness [11], with a reduction in circulating leptin simultaneously amplifying hunger and reducing energy expenditure [12]. This reduction in energy expenditure has been coined adaptive thermogenesis, as the change is beyond what is expected based on the change in lean mass (LM). However, as shown in an analysis of participants within The Biggest Loser competition, weight-stable individuals presented with adaptive thermogenesis after 6 years [29]. Recent reanalysis of these data showed that their adaptive thermogenesis may be as a result of these individuals still remaining involved in high-volume exercise [30]. The reduction in energy expenditure observed was thought to be reflective of constrained daily energy expenditure, suggesting that the presence of adaptive thermogenesis in this context is a benign by-product of exercise. This is suggestive of potential hormonal factors related to exercise being important for weight stability.



Weight loss results in changes in both FM and LM [31]. The change in LM is determined by the magnitude of weight loss [32]. Importantly, LM, as measured by dual energy X-ray absorptiometry, bioelectrical impedance or air displacement plethysmography, considers organs with high metabolic activity such as the liver, heart, kidneys and skeletal muscle. Utilising magnetic resonance imaging, weight loss has been shown to cause most organs within this lean compartment to reduce in size [33]. The effect of changes in the LM compartment and individual high metabolic organs on weight regain has not received much research interest until recently, despite intriguing experimental data gathered during the Second World War.



The Minnesota Starvation Study led by Dr Ancel Keys took place between 1944 and 1945 [34]. This study provided insights into fundamental physiological mechanisms upregulated by severe weight loss [35]. The purpose of this experiment was to gain insight into the optimal management of victims of conflict-related famine conditions. Lean volunteers lost on average −24% of their weight with significant reductions in both FM and LM. Reanalysis of this data by Dulloo et al. showed a preferential restoration of FM as when this tissue returned to baseline levels, LM remained only partially restored [36]. A key observation was that subjects remained hyperphagic in ad libitum conditions until LM was restored, highlighting that LM may interact with the appetite-regulating centres of the brain or may orchestrate feeding behaviour.



Sixty years after the Minnesota study, similar findings regarding the role of LM changes on weight regain have been observed in humans and rodents. Vink et al. found that the percentage of weight loss comprising FFM correlated with regain after an 8–9 kg weight loss [37]. Turicchi et al. conducted a meta-regression to examine the effects of body composition changes when weight loss was ≥5% and weight regain ≥2% [38]. They found that both FFM and FM predicted weight regain. Examination of the Diogenes data by the same group showed a similar effect [39]. Here, weight loss was on average 11 kg, and changes in FFM predicted weight regain, although gender-specific effects appeared present, with a greater effect for men. Providing deeper insight into potential central mechanisms, Flack et al. examined the effects of 12 weeks of aerobic exercise for weight loss on food reinforcement (wanting for food) via the operate responding task [40]. They found that a reduction in FFM predicted an increase in operate responding for food. Hao et al. examined the effects of bariatric surgery on body composition changes in diet-induced obese rats that were calorie restricted prior to surgery [41]. The body weight of the rats pre-surgery was that of chow controls. Post-surgery, the rats lost additional FM. However, LM was regained to pre-surgical levels, indicating a defence of this tissue.



Whilst the early starvation study suggests a role of LM loss in the weight regain phenomenon, the recent human studies indicate a small effect. Turicchi et al. found that in men, FFM loss accounted for only 4.8% of the total variance regarding weight regain [39]. However, an important difference between the human studies described above and that of Ancel Keys is that participants were living with obesity, and thus relative to lean individuals, would lose less LM during weight loss [42]. In addition, the magnitude of weight loss in the Minnesota study was almost three times that seen in contemporary observations. Nonetheless, it is important to consider potential physiological signals that may interact with the appetite regulation centres of the brain to restore LM. Whilst the LM compartment as a whole considers several organs which may be important in the regain phenomena, the focus of this review is on skeletal muscle mass.




4. Myokines, Appetite and Energy Expenditure


As described above, muscle-related factors known as myokines may play a key role in weight loss, weight loss maintenance and weight regain. Myokines are hormones produced by myocytes, primarily in response to increased energetic demands and during cell proliferation and differentiation. These hormones can act in an autocrine, paracrine and endocrine manner, thus rendering the muscle–brain axis of particular interest to obesity researchers and clinicians. Readers can refer to recent work highlighting the effects of myokines on system-wide health gains [43]. In non-dieting individuals, exercised skeletal muscle can interact with the brain [44]. With both potential direct and indirect effects on feeding behaviours and energy expenditure, this is a field of research that may contribute significantly to the prevention and treatment of obesity.



4.1. Myokines as Potential Appetite Suppressing Factors


The interindividual response to exercise from a weight loss and weight loss maintenance perspective is poorly understood. The belief that exercise is a strong weight loss tool is widespread [3,20]. As a typical response is characterised by minimal weight loss, this can leave patients with a diminished sense of self-efficacy. Therefore, care is needed when framing the value of exercise to patients. Nonetheless, future precision medicine approaches may have the potential to highlight people who will or will not respond to exercise for weight management. The myokines described standout as potential key determinants of weight management in response to exercise leading to either weight loss or weight loss maintenance (Figure 1).



4.1.1. Interleukin-6


Interleukin-6 (IL-6) is well understood as a pro-inflammatory cytokine. In response to prolonged exercise, changes in the energy sensor AMP-activated protein kinase is associated with IL-6 production by the muscle cell, with up to 100-fold increases in this myokine during an exercise bout [45]. The indirect effect of muscle on the brain from an appetite perspective is driven by the interaction of IL-6 with the gastrointestinal tract. IL-6 increases glucagon-like peptide-1 (GLP-1) production, thus favourably impacting satiety and glycaemic control [46]. Muscle derived IL-6 may directly interact with the brain, as IL-6 receptors are present within the hypothalamus [47]. This is unsurprising, as medications that inhibit IL-6 such as tocilizumab are obesogenic [48]. With IL-6 deletion causing weight gain in mice via increased energy intake [49,50], overexpression of IL-6 in mice imparts an anorectic effect [51] and peripheral and central administration leading to satiety in mice with obesity [52,53]. It is clear that IL-6 plays an important role in appetite. These findings from animal studies are of relevance to humans as IL-6 is negatively associated with hunger post exercise [54]. Overall, IL-6 is potentially an important hormone in the regulation of body weight and the pathogenesis of obesity.




4.1.2. Peptide YY


Peptide YY (PYY), similar to GLP-1, is a gastrointestinal peptide that can act on the brain to increase satiety. Exercise has been shown to increase circulating PYY [55,56]. Whilst the mechanism responsible for the increase in PYY after exercise is poorly understood, it has been suggested that IL-6 may act on the L-cells to increase the production of PYY [46,57]. This may be an indirect effect that muscle may have on the brain from an appetite standpoint. Both PYY and its Y receptors are expressed by human skeletal muscle [58]. Whilst the effects of muscle-derived PYY from autocrine, paracrine and endocrine perspective are incompletely understood, basal PYY gene expression may predict the hypertrophic response to resistance training [59].



In people with obesity, PYY is lower than controls and improves in response to bariatric surgery [6,60]. Intraperitoneal injection of PYY in rats reduces energy intake, resulting in weight loss. In lean humans, infusions of PYY acutely suppressed energy intake [61]. Exogenous PYY administration improves appetite control in people with obesity with pre-existing attenuated endogenous production [6]. It is therefore important to examine potential inter-individual responses to exercise with regard to PYY production both directly from the myocyte or indirectly via myocyte-derived IL-6. Given the abundance of evidence regarding the effects of PYY on the appetite regulating centres of the brain, it is plausible that muscle may contribute directly or indirectly to circulating concentrations post exercise.




4.1.3. Brain-Derived Neurotropic Factor


Brain-derived neurotropic factor (BDNF) is an important biomolecule in appetite control and thus body weight regulation. The receptor for BDNF is widespread within the hypothalamus and within other regions responsible for appetite control [62]. BDNF also acts on the mesolimbic dopamine system to influence hedonic elements of feeding behaviour [63]. Central administration of BDNF promotes weight loss by reducing food intake in animals [64]. Peripheral levels of BDNF are thought to mirror central levels [65]. Knock out of BDNF in animal models leads to hyperphagia and obesity [66]. Mutations of the BDNF receptor in humans have also been linked to rare cases of monogenic obesity [67]. Furthermore, genome-wide association studies show that a single nucleotide polymorphism of BDNF is associated with increased risk of obesity [68].



BDNF mRNA is expressed by skeletal muscle in response to contraction [69] and fasting [70]. However, whether muscle-derived BDNF is released into circulation is not well understood [71]. Meta-analyses has shown that concentrations of BDNF in serum and plasma do not differ between people with obesity and lean individuals [72]. BDNF increases in response to bariatric surgery [73] and aerobic exercise [74], indicating the potential for a muscle–brain link which could shed light on the anorectic effect of bariatric surgery and exercise. With weight loss associated with a reduction in BDNF [75], examining the potential correlation of changes in BDNF with both muscle loss and weight regain is of interest.




4.1.4. Interleukin-7


Interleukin-7 (IL-7) is a cytokine that acts in a pro- and anti-inflammatory manner. IL-7 appears elevated in people with obesity and diabetes, potentially through over secretion by visceral adipose tissue [76]. This is perhaps unsurprising, given that obesity as a disease is characterised by unfavourably high levels of proinflammatory cytokines. The role of IL-7 extends to energy balance and body weight regulation, as exogenous administration suppresses energy intake [77]. IL-7 receptors were found expressed within the arcuate nucleus, with IL-7 administration stimulating the expression of POMC and inhibiting AgRP, thus reducing EI after fasting [77]. Adding further complexity, Lucas et al. found that administration of IL-7 protected against high-fat-diet-associated gains in adipose tissue in rodents [78]. This effect occurred without changes in food intake and likely as a result of changes in adipogenesis, lipogenesis and/or lipolysis.



Germain et al. examined circadian levels of IL-7 in people with anorexia nervosa, constitutional thinness, obesity without metabolic syndrome and controls [79]. Importantly, and in contrast with other studies, IL-7 was reduced in healthy obesity potentially due to an absence of immunological derangements and was higher in constitutional thinness. It is in constitutional thinness that anorectic hormones such as PYY are elevated and that the weight fat setpoint is regulated at a low BMI [80]. This highlights a potential role of IL-7 as a biological determinant of these differing states of body weight seen in obesity and constitutional thinness.



In vitro and in vivo skeletal muscle produces IL-7, which may act on the muscle itself to regulate cell development [81]. After exercise in the form of 90 min of football, IL-7 is elevated [82] and after 2 weeks of strength training, IL-7 mRNA in skeletal muscle is increased [81]. There is a need to establish the role of IL-7 in acute appetite control in humans and to untangle the changes in IL-7 that occur in response to weight gain that may reflect an adaptive appetitive response and/or changes in immune function. In response to exercise, both acutely and chronically, there is a need to examine how changes in skeletal muscle-derived IL-7 may impact on feeding behaviours. Whilst IL-7 appears to act in a similar manner to IL-6, the literature thus far is confusing.




4.1.5. Leukaemia Inhibitory Factor


Leukaemia inhibitory factor (LIF) is a cytokine involved in the proliferation, differentiation and survival of multiple cell types. High fat diet (HFD)-induced obesity in rodents is associated with hypothalamic inflammation, a pathological state that is a key characteristic of the disease. In rodents, LIF is downregulated in both the nucleus tractus solitarus of the brainstem and hypothalamus in response to HFD [83,84]. Importantly, LIF can act upon LIF receptors on POMC neurons in an anorexigenic manner by stimulating the release of alpha MSH [85]. Both central and peripheral administration of LIF in rodents reduces body weight [84,86,87].



LIF as a myokine is thought to play a key role in satellite cell proliferation [88]. mRNA expression of LIF increases after both aerobic and resistance exercise [89,90]. Plasma LIF also increases in response to exercise [91]. Given than LIF can pass through the blood–brain barrier [92], this myokine may play a yet to be appreciated role in appetite control and body weight regulation.




4.1.6. Angiopoietin-Like Protein 4


Angiopoietin-like Protein 4 (ANGPL4) is produced by most tissues and in particular plays a role in angiogenesis, metabolism and differentiation [93]. ANGPL4 has also been implicated in lipid metabolism [94]. Kim et al. found that ANGPL4 is expressed within the hypothalamus and increases after food intake [95]. Furthermore, administration of leptin, insulin and nutrients amplified this effect, suggesting that ANGPL4 mediates the effect of these peripheral factors on appetite control. Central administration of ANGPL4 suppressed food intake, leading to reduced body weight and increased energy expenditure with this effect mediated by the suppression of AMPK. In ANGPL4 null mice, hypothalamic AMPK activity was increased along with body weight as a result of increased food intake and reduced energy expenditure, which was reversed by central administration of ANGPL4.



As a myokine, ANGLP4 is produced by myotubes as a result of stimulation by fatty acids and PPAR-Alpha [96]. Norheim et al. demonstrated that aerobic exercise increased skeletal muscle ANGPL4 mRNA and serum levels [97]. Whilst ANGPL4 is increased in obesity, a finding which may reflect impaired lipid metabolism, it is of interest that postprandially ANGPL4 is secreted by skeletal muscle and adipose tissue [98,99]. It is therefore important to unravel the role that ANGPL4 may play in the regulation of body weight and if skeletal muscle contributes to this effect.




4.1.7. Bone Morphogenic Protein 7


Bone morphogenic proteins (BMPs) are growth factors with multiple functions at the cellular, tissue and organ level that appear to play a role in the central regulation of energy balance [100]. BMP7 is produced by skeletal muscle and may directly influence muscle protein synthesis [101]. In mice, ICV administration of BMP-7 and treatment with BMP-7 decreases appetite, leading to weight loss in both models of diet-induced obesity and ob/ob mice, indicating a leptin-independent pathway [102]. The BMP receptor BMPR1A was shown to be colocalised with POMC neurons [103]. Subsequent knock out of BMPR1A in the POMC neurons led to hyperphagia. This is perhaps an unsurprising finding given that polymorphisms of both BMP ligands and receptors, including BMPR1A, have been associated with human obesity [104,105]. There is a need to examine in humans the effects of exercise on BMP7, as thus far, only animal studies have highlighted that aerobic exercise increases both BMP7 mRNA and protein in skeletal muscle [106,107].




4.1.8. Growth Differentiating Factor 15


Growth differentiating factor 15 (GDF15) is expressed by many tissues, and in healthy individuals, circulates in the bloodstream and appears to play a role in appetite control [108]. In disease states such as cancer, heart failure, chronic kidney disease, obesity and infection, GDF15 increases significantly [109]. This overexpression is associated with a reduction in energy intake in all conditions, with the exception of obesity. GDF15 receptors can be found in the brainstem, specifically the area postrema and nucleus tractus solitarius, which are well established as important regions involved in appetite control [110]. Given that overexpression of GDF15 has been shown in numerous studies to reduce energy intake leading to weight loss, this cytokine may play a key role in appetite control and body weight regulation. Whilst GDF15 is elevated in obesity, knock out of GDF15 has been shown to result in obesity [111]. The weight loss effect of metformin accounts for a significant proportion of its ability to drive health gain, and recently, this was shown to be due to GDF15 (96). With GDF15 being produced by muscle in response to exercise (97), there is a need to further establish a potential anorectic effect that this protein may drive in response to exercise.




4.1.9. Implications for Obesity as a Disease along with Prevention and Management


The potential role of the myokines described above in appetite regulation is of particular importance with regard to weight stability, weight loss maintenance and thus obesity prevention and treatment. Exercise and in particular aerobic training is associated with weight stability and weight loss maintenance [26]. For sedentary individuals, exercise alone, on average, has a small effect on body weight [21]. However, when examining individual changes to interventions with increased exercise volume without changes in diet, there are some super responders [25]. From the perspective of precision and personalised medicine, it will be important to predict who will respond favourably to this form of intervention. There is a need to examine the role that appetite-supressing myokines may play in the phenomenon of exercise-induced weight loss and weight stability and identify responders prior to interventions. Overall, this is an area that warrants further investigation to enable a better understanding of obesity as a disease and optimization of prevention and treatment strategies.





4.2. Myokines as Drivers of Energy Expenditure


Whilst appetite regulating factors are important with regard to energy balance and thus body weight regulation, myokines impacting energy expenditure may also play a key role in body weight regulation (Figure 2). Significant weight loss is not common in response to increased exercise, although some individuals favourably respond to this intervention [25]. In the case of these super responders, myokines that promote energy expenditure may be upregulated. Here, weight loss could occur without changes in feeding behaviours. In addition, with regard to weight stability, both in the context of no prior weight loss and in response to weight loss, some myokines may play a key role and may partly explain the variance seen in the well-established relationships between exercise and body weight maintenance [26].



4.2.1. Irisin


The transcriptional co-activator PGC1-alpha is produced by muscle in response to exercise and leads to mitochondrial biogenesis along with additional effects directly on the muscle. In 2012, Bostrom et al. found that PGC1-alpha stimulated the expression of the FDNC5 gene that encodes for the novel hormone Irisin [112]. The authors found that increasing plasma irisin levels 3–4 fold led to browning of subcutaneous adipose tissue and weight loss in obese mice. This effect has been captured by several other authors [113]. The findings regarding exercise mode and irisin are mixed. Kim et al. showed that irisin is increased with resistance training but not aerobic training in people with obesity [114]. Timmons et al. revealed no change in irisin after aerobic training [115]. Norheim et al. found no change in irisin with combined aerobic training and resistance training [116]. Both interval and continuous aerobic training were found to increase irisin [117]. The mixed findings likely reflect differences in study design, differences in participants (lean vs. with obesity) and inter-individual responses.



Within the brain, Ferrante et al. showed that central administration of irisin reduced energy intake [118]. This effect may emerge due to the co-localisation of irisin and NPY in the paraventricular nucleus. The authors presented evidence to suggest that reduced energy intake was a result of stimulation of CART and POMC neurons. Importantly, most studies show no effect of irisin on feeding behaviours. In addition to reduced energy intake, Ferrante et al. also found that plasma norepinephrine was increased, indicating that irisin may act centrally to increase sympathetic nervous system activity [118]. Thus, a central mode of action may also be responsible for the effect of irisin on increased oxygen consumption. In people with obesity, irisin is reduced [119]. In contrast, Pardo et al. found it to be increased in people with obesity [120]. Given that in these subjects irisin was correlated with resting energy expenditure, it may be that increased muscle in these subjects relative to controls is causal in determining this finding. With bariatric surgery also being shown to increase irisin in one study [121] and with no change found by Demirpence et al. [119], this protein remains important in our understanding of the role of muscle in body weight regulation, which is far from complete.




4.2.2. Interleukin-15


Interleukin-15 (IL-15) is a pleiotropic cytokine that plays a key immunological role [122]. Circulating levels of IL-15 increase acutely in response to aerobic and resistance training [123]. Whilst IL-15 is expressed by skeletal muscle, the contribution to circulating levels appears unclear [124]. Treatment of young and elderly myotubes with recombinant IL-15 leads to myogenesis [125]. Anabolic effects of IL-15 on skeletal muscle have also been demonstrated in vivo, as this myokine appears to increase muscle protein synthesis whilst decreasing muscle protein breakdown [126].



In people with obesity, IL-15 is reduced relative to lean individuals [127,128]. A negative association of both muscle IL-15 mRNA and circulating IL-15 vs. both BMI and FM has been observed in humans [129]. In contrast, weight loss decreases IL-15 in people with obesity [130]. This latter finding may reflect an increased proinflammatory state in some individuals living with obesity. Administration of IL-15 for 7 days to rats reduces white adipose tissue [131]. Barra et al. found that overexpression of IL-15 led to a lean phenotype, whilst IL-15 knock-out mice gained weight [127]. The same authors showed that treatment of both IL-15 knock-out mice and diet-induced obesity mice with IL-15 led to weight loss without changes in energy intake. The weight loss effect may be as a result of inhibited lipid deposition in the adipocyte [132]. Almendro et al. found that treatment of rats with IL-15 led to increased fatty acid oxidation in muscle, potentially as a result of the detected increases in the transcription factor PPAR-Delta, which is important in lipid catabolism [133]. Treatment of rats with IL-15 led to a reduction in white and brown adipose tissue with the effect potentially due to upregulation of thermogenic protein mRNA content such as UCP1 and UCP3 [134].



Whilst IL-15 appears to play a key role in body weight regulation, central effects have yet to be determined. IL-15 receptors are expressed in the brain and the biomolecule can cross the blood–brain barrier. Therefore, central effects regarding changes in energy expenditure are possible. In the context of muscle and body weight regulation, the evidence thus far strongly suggests that IL-15 plays a key role in the maintenance of healthy weight in response to exercise and may explain some of the variance with regard to responders to exercise interventions. Specific IL-15 genotypes are associated with favourable training response to aerobic exercise from the perspective of changes in body fat percentage and FFM [135].




4.2.3. Myonectin


Whilst the majority of proteins discussed thus far are produced by several cell types in the body beyond muscle, myonectin stands in contrast. As a result of nutrient flux in the form of glucose and lipid through muscle cells, myocytes express and secrete myonectin into the circulation as demonstrated by Seldin et al. [136]. In this same study, aerobic exercise in mice led to an increase in myonectin mRNA expression by muscle and an increase in circulating levels. The authors observed myonectin to be reduced in mice with DIO. Investigating the effects of recombinant myonectin on metabolism, it was shown that circulating free fatty acid levels were reduced via promotion of free fatty acid uptake into adipocytes and hepatocytes.



The seminal findings described above highlight a potentially important role of myonectin in body weight control and metabolic function. Li et al. found myonectin to be elevated in older adults with impaired glucose tolerance or type 2 diabetes [137]. The same authors found that exercise did not change circulating myonectin. In contrast, Pourranjbar et al. found that 8 weeks of aerobic exercise in women with obesity increased myonectin and reduced insulin resistance [138]. The mixed findings are likely a result of sampling methods, populations examined, and timing of exercise-related measurements (acute vs. chronic). Recently, Li et al. demonstrated that serum myonectin is lower in people with obesity but increases 6 months post sleeve gastrectomy [139].



Wang found that myonectin-deficient and knock-out mice were heavier than wild-type mice which was not accounted for as a result of changes in food intake [140]. Instead, there was reduced basal energy expenditure. Whilst there is a paucity of data regarding how myonectin influences body weight, it may be due to changes in energy expenditure as demonstrated by Wang [140]. Thus, central changes of myonectin need to be explored. Given the homology of myonectin with adiponectin and the effect of adiponectin on appetite control via interaction with the arcuate nucleus [141], this is a logical target of investigation.





4.3. Myokines as Potential Appetite Promoting Factors


Weight regain is a ubiquitous phenomenon of varying magnitude in response to weight loss. The determinants of weight regain are not fully understood. However, biological factors are important, with changes in leptin influencing central appetite control and energy expenditure. In addition, a shift in gastrointestinal tract-derived appetite hormones towards a predominantly orexigenic tone has been observed [11]. Changes in LM are also predictive of weight regain [35]. The changes in LM in response to weight loss reflect a reduced size of various organs, including the heart, liver, kidney and skeletal muscle [33]. The liver has been shown to regenerate after resection [142], highlighting that these organs may have independent mechanisms of regrowth. This review focuses primarily on myokines that may be produced by skeletal muscle in response to weight loss-induced changes that may act on the brain to simulate appetite and thus facilitate restoration of muscle size. Whilst any purported signalling event associated with muscle loss and weight regain until now remains unknown, these myokines present as attractive targets in future investigations (Figure 3). Within the brain, the melanocortin 4 receptor (MC4R) is well understood to regulate the drive to seek and consume energy from the environment. It was recently discovered that MC3R within the hypothalamus plays a key role in growth, sexual maturation and lean mass accretion [143]. It is hypothetically plausible that both MC3R and MC4R coordinate weight regain after intentional weight loss and in doing so orchestrate the return of lean mass to its previous set point through the action of myokines, anabolic factors and appetite hormones.



4.3.1. Insulin-Like Growth Factor 1


Insulin-like growth factor 1 (IGF-1) is an anabolic hormone primarily produced by the liver as a result of growth hormone interaction. IGF-1 particularly plays a key role in bone and tissue growth such as skeletal muscle hypertrophy [144]. IGF-1 receptors are found within the arcuate nucleus of the hypothalamus. Both overexpression and ICV administration of IGF-1 leads to an increase in appetite and energy intake [145]. Importantly, IGF-1 is produced by muscle [146]. In people with obesity, despite GH tending to be reduced, IGF-1 remains unchanged due to enhanced hepatic GH sensitivity [147]. The interaction of IGF-1 with IGF binding proteins determines its biological activity. The effects of weight loss in humans on IGF-1 vary across studies, making it difficult to draw definitive conclusions [148]. However, it is of interest to examine in particular the effect of body composition changes in serum and skeletal muscle expression of IGF-1 and its binding proteins along with association of these changes with weight regain.




4.3.2. Myostatin


Myostatin is a negative regulator of skeletal muscle mass [149]. Knock out of myostatin or genetic mutations are associated with increased muscularity due to the effects of the biomolecule on muscle proteostasis [150]. Skeletal muscle myostatin mRNA expression has been shown to decrease substantially after bariatric surgery [151]. Fat-free mass loss and myostatin mRNA are correlated after bilio-pancreatic diversion with 45% weight loss [152]. This likely represents a mechanism attempting to prevent or reverse further muscle loss. Whilst myostatin has yet to be found to interact with the brain, myostatin regulates hepatic IGF-1 [153,154], suggesting a potential signalling system intended to restore muscle loss. Furthermore, in a mouse model of lipodystrophy, the inhibition of myostatin reduces hyperphagia, suggesting a yet to be appreciated role in appetite [155]. Inactivation of myostatin appears to be protective against development of obesity in rodents [156]. Therefore, this myokine warrants significant investigations into the prevention of weight gain and as a potential driver of regain after weight loss from the perspective of appetite control.




4.3.3. Apelin


Apelin is an adipokine with pleiotropic effects [157]. Apelin is a prepropeptide that can form several active fragments with varying numbers of amino acids. As a myokine, apelin mRNA increases two-fold in response to aerobic exercise in humans, whilst circulating levels do not change in the resting state post intervention [158]. Investigation of muscle biopsies taken from these same participants revealed that apelin was secreted by myotubes with changes in energy status appearing responsible for apelin expression. In people with obesity, apelin is elevated and decreases in response to both aerobic and resistance training in people with obesity [159]. There is a lack of evidence regarding the effects of exercise on apelin in lean individuals.



In the hypothalamus, apelin mRNA and its receptor have been found in the paraventricular and arcuate nucleus. In the context of appetite control, chronic central administration of apelin-13 increased food intake and body weight in rodents [160,161]. In fish, apelin mRNA increased in response to food deprivation, while intraperitoneal injection of apelin increased food intake [162]. In people with obesity and diabetes, apelin is increased, suggesting a potential link to the metabolic syndrome [163,164]. Considering the evidence showing an orexigenic effect of apelin, this could also indicate appetite dysfunction. In response to weight loss via exercise, caloric restriction, and bariatric surgery, circulating apelin as measured via RT-PCR was reduced [165]. Prior to bariatric surgery, Soriguer et al. found that in people with severe obesity and diabetes, apelin was higher than controls, whilst this difference was not observed if the patient was not diabetic [166]. After surgery, it was found that apelin was reduced only in these patients with diabetes or impaired fasting glucose.



Apelin is produced by skeletal muscle and appears to act in an orexigenic manner on the brain. As a result, there is a need to elucidate what specific active forms are increased or decreased in response to exercise. In addition, it is of interest to examine the effect of muscle loss as a result of intentional weight loss on apelin expression and on the production of specific active forms. Non-responders to exercise from a weight loss perspective may produce more apelin than responders. Furthermore, apelin may signal muscle loss and act directly on the brain to drive hunger and facilitate muscle regain. Apelin also reduces energy expenditure when centrally administered. Thus, this peptide may provide important insights into obesity pathogenesis [167].




4.3.4. CXCL-12


Stromal-derived factor-1 or CXCL-12 is a chemokine that plays an important role in satellite cell activation and thus muscle homeostasis [168]. Obesity is characterised by low grade inflammation. Within the appetite-regulating centres of the brain, this inflammatory milieu is thought to be a distinguishing feature of the disease. CXCL-12 is expressed throughout various regions of the brain, including the hypothalamus [169]. In mice, CXCL-12 is elevated in adipose tissue where it may facilitate inflammation within the adipocyte leading to insulin resistance [170]. Poon et al. examined the effect of HFD on the expression of CXCL-12 and its receptor. Relative to chow, 5 days of HFD led to increased expression and protein level of CXCL-12 and its receptor in the paraventricular nucleus and perifornical lateral hypothalamus [171]. Circulating protein levels of CXCL-12 were also increased. When CXCL-12 was centrally administered, food intake increased, and locomotor activity decreased. This finding highlights how consumption of HFD may lead to pathology in the hypothalamus and may increase the drive to eat.



Given that acute aerobic exercise increased CXCL-12 expression in skeletal muscle of mice [172], there is potential for muscle–brain cross talk from an appetite perspective. In humans, plasma CXCL-12 is increased after cycling [173]. Whilst CXCL-12 has been documented as elevated in an obese state likely as a result of adipose tissue expression, Wolf et al. found CXCL-12 to be lower in people with obesity [174]. Therefore, the metabolic health of the individual may be a determinant in obesity. In response to bariatric surgery, sleeve gastrectomy but not after Roux-en y gastric bypass increases CXCL-12 [174]. There is a need to examine if muscle-derived CXCL-12 in response to exercise impacts on feeding behaviours. Given the role of CXCL-12 in satellite cell activity, there is also a need to examine the expression and secretion of CXCL-12 from muscle in response to weight loss, as this may be a link between muscle loss and weight regain.






5. Relevance for Obesity Prevention and Obesity Management


The aim of this review was to highlight the over-3000 discovered myokines as potential key targets of interest for appetite control and body weight regulation. Efforts have been made to identify myokines that may be potential therapeutic targets for muscle wasting [175]. In the theme of precision medicine, bimagrumab (BYM338; Novartis) was initially developed as a potential therapeutic for myositis. Mechanistically, bimagrumab is a fully human monoclonal antibody that can bind to activin type II receptors. As a result, endogenous ligands such as Activin A, Activin B and GDF-11 are blocked. Of significant interest is the consequence of blocking the action of the negative regulator of muscle size, myostatin. In individuals with insulin resistance, a single dose of bimagrumab increased LM and decreased FM due to blocking of the action of myostatin [176]. In the RESILIENT phase II clinical trial of people living with inclusion body myositis, whilst the safety profile was satisfactory, the primary endpoint, a 6 min walk test, did not change after bimagrumab treatment [177].



Recently, the evidence regarding bimagrumab and body composition changes has been further explored in a Phase 2 clinical trial of people with obesity and type 2 diabetes [178]. Seventy-five individuals were randomised to diet and exercise vs. diet and exercise plus bimagrumab for 48 weeks. Patients met a dietician monthly who prescribed a 500 kcal deficit diet combined with basic instructions with regard to achieving the guidelines for moderate intensity walking. The primary end point was a change in FM measured via dual energy X-ray absorptiometry. Bimagrumab reduced FM by 20.5% vs. −0.5% with placebo, while LM increased by 3.6% vs. −0.5% with placebo. Total weight loss with bimagrumab was 6.5% with a significant improvement in HBA1c. Given that weight loss with increasing magnitude increases risk of LM loss [32], these findings are unique compared to other anti-obesity medications.



Whilst the mechanism responsible for muscle gain is likely related to inhibition of myostatin, the mechanism for weight loss remains unknown. In animals, bimagrumab appears to have a thermogenic effect on BAT and increased energy expenditure [179]. Given the fact that activin II receptors are present in white adipose tissue, a direct effect on this tissue may explain the weight loss effect. Importantly, the effect of bimagrumab on energy intake and energy expenditure remains to be examined in detail. The potential effect on the brain and thus feeding behaviours and centrally controlled energy expenditure must be elucidated. Previously, myostatin inhibition in patients with lipodystrophy reduced food intake [155].



This breakthrough finding of Heymsfield et al. increases the need to understand how muscle regulates body composition and talks to the brain [178]. As described in this review, several myokines are hypothetically important in driving weight loss and weight loss maintenance in response to exercise. In addition, some myokines may be important in potentially driving weight regain after weight loss, where interventions cause reductions in LM. By understanding organ cross-talk, there is a scope to improve our understanding of obesity as a disease and any disease negatively impacting body composition and body weight. Whilst exercise for most drives health gain independent of weight changes, having the ability to predict who will respond to specific exercise types with favourable body composition changes has the potential to transform the care of patients.




6. Conclusions


Obesity as a disease remains a global epidemic. In the absence of large-scale structural changes to the environment which currently promote a higher body weight, this disease will negatively impact on peoples’ lived experience. Furthermore, the strain on healthcare and economic resources will not abate. There is a need to understand the biology of this disease to enhance prevention and treatment methods via cost-effective approaches. Given that skeletal muscle appears to play an underappreciated role in appetite control and body weight regulation, efforts should be placed on examining myokines as determinants of outcomes. Expanding our understanding may unlock novel approaches that greatly enhance our clinical care. Furthermore, in response to weight loss, factors from muscle that may drive food intake in an attempt to restore muscle to its set point can potentially be exploited pharmacologically. The developments of safe and effective medications to treat muscle-wasting diseases, cachexia and sarcopenia are desperately needed.
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Figure 1. Myokines as potential suppressors of appetite. 
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Figure 2. Myokines potentially involved in energy expenditure. 
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Figure 3. Myokines as potential promoters of appetite. 
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