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Abstract

:

Myostatin (growth differentiation factor 8) is a member of the transforming growth factor-β superfamily. It is secreted mostly by skeletal muscles, although small amounts of myostatin are produced by the myocardium and the adipose tissue as well. Myostatin binds to activin IIB membrane receptors to activate the downstream intracellular canonical Smad2/Smad3 pathway, and additionally acts on non-Smad (non-canonical) pathways. Studies on transgenic animals have shown that overexpression of myostatin reduces the heart mass, whereas removal of myostatin has an opposite effect. In this review, we summarize the potential diagnostic and prognostic value of this protein in heart-related conditions. First, in myostatin-null mice the left ventricular internal diameters along with the diastolic and systolic volumes are larger than the respective values in wild-type mice. Myostatin is potentially secreted as part of a negative feedback loop that reduces the effects of the release of growth-promoting factors and energy reprogramming in response to hypertrophic stimuli. On the other hand, both human and animal data indicate that myostatin is involved in the development of the cardiac cachexia and heart fibrosis in the course of chronic heart failure. The understanding of the role of myostatin in such conditions might initiate a development of targeted therapies based on myostatin signaling inhibition.
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1. Background


Skeletal muscle is now considered an endocrine organ based on its secretion of a number of bioactive factors collectively called myokines [1,2]. Profiling the composition of the muscle secretome has identified the presence of myostatin (growth differentiation factor-8, GDF-8), a member of the transforming growth factor β superfamily (TGF-β), among the secreted growth factors. In 1997, myostatin was discovered to be expressed in the skeletal muscles during both embryonic development and in adult mice [3]. In addition, small amounts of this protein are produced and released by the adipose tissue [3] and myocardium [4,5]. Myostatin is secreted as promyostatin, which is biologically inactive; thus, it becomes sequestrated in the extracellular matrix, where it undergoes two-step proteolytic cleavage. First, promyostatin is converted to latent complex by the enzyme furin protein convertase; this complex is inactive as well. It is then converted to a biologically active form by BMP-1/tolloid proteinases. In plasma, myostatin is present as a latent complex; and thus, it is activated in one step only by BMP-1 [6,7,8]. In addition to the propeptide that controls myostatin activity, circulating myostatin is regulated mostly by other inhibitory binding proteins, mostly propeptide, follistatin, and follistatin-related gene (Figure 1) [9,10,11,12].



Myostatin present in the interstitial fluid acts locally in the autocrine/paracrine way, while upon release into the blood stream reaches different remote tissues to exert systemic effects. The effects of myostatin depend on complex signal transduction mechanisms involving the activation of several downstream pathways and their precise integration. The C-terminal dimer of mature myostatin binds to activin type II B receptors (ActRIIB). This leads to the activation of the Smad 2 and 3 transcription factors (the canonical Smad pathway), which inhibits protein synthesis and activates protein degradation [6,7,8]. Myostatin additionally activates other intracellular pathways (noncanonical pathways), including, for instance, the suppression of Akt signaling cascade [7,8,10]. Myostatin can act on skeletal myocytes indirectly, namely through the satellite cells. These cells reside between the sarcolemma and basal lamina of a myocyte in a dormant state. When the myocyte is damaged (e.g., during eccentric exercise), the cells “wake up” and proliferate. They then fuse with the damaged myocytes and give them nuclei, leading to the enlargement of the myocytes (hypertrophy). The activated satellite cells can merge and form new myoblasts (hyperplasia). Part of these newly proliferated cells become dormant, replenishing the cells used for proliferation [13,14,15,16,17]. Myostatin inhibits proliferation of the satellite cells, thereby inhibiting muscle enlargement during strength training [7,8,18]. One report shows that myostatin may act prior to the activation of the satellite cells [19].



Myostatin’s function in skeletal muscle has become identified with inhibiting growth, while its expression in the heart indicates that it has additional non-atrophy stimulating functions. The evidence suggests that cardiac-derived myostatin is important for cardiogenesis, although controversies exist with respect to its role in the adult heart. During pathological loading of the heart, increased cardiac production of myostatin may be maladaptive, considering that it has systemic effects associated with cachexia. We have yet to fully determine myostatin disease-specific functions, which may have both systemic and local implications. The current knowledge on such interplay is discussed in this review, with points requiring further clarification, such as sex-specific alterations, being particularly stressed.




2. Myostatin and Skeletal Muscles


As indicated above, the serum myostatin level in healthy individuals depends mostly on its secretion by skeletal muscles. Therefore, it seems reasonable to outline the regulation of production and secretion of myostatin by skeletal muscles before discussing the role of the protein in the functioning of the heart.



Skeletal muscles are composed of different types of fibers classified based on the characteristics of energy metabolism and properties of myosin heavy chain. In rats, three types of fibers are distinguished: slow twitch-oxidative (type I, red), fast-twitch oxidative-glycolytic (type IIA, red), and fast-twitch glycolytic (type IIX, white) [20,21]. Each type of fiber shows the expression of myostatin. However, the mRNA expression in the white fibers is about three times higher than in the red fibers [5]. In line with this, studies on C2C12 cells showed that myostatin mRNA was present mainly in differentiated myotubes containing myosin heavy chain II isoform, and was not expressed in myoblasts. Cellular localization was almost totally restricted to the nucleus, with only small amounts detectable in the cytoplasm, which suggests that myostatin may play a role in transcriptional regulation [22].



Genetic evidence conclusively demonstrates a role for myostatin as a potent negative regulator of muscle mass. Knockout of myostatin gene or inhibition of its action by antibodies results in a spectacular visible enlargement of skeletal muscle (so-called ‘double muscling’). It has been shown in animals including mice, rats, and different farm animals [3,23]. A report from 2004 described a case of skeletal muscle enlargement in a human newborn child that resulted from a mutation in the myostatin gene [24]. On the contrary, overexpression of myostatin in skeletal muscles reduces skeletal muscle mass while decreasing fiber size and number of nuclei in transgenic male mice, though not female mice [25]. Similarly, injection with myostatin-producing cells reduces skeletal muscle mass in mice, leading to wasting syndrome in the long run [26].



Experimental evidence shows that in addition to myostatin affecting muscle fiber-type composition, it is involved in the control of muscle function. It has been shown in mice that removal of myostatin results in a reduction in the number of type I fibers and elevation in the number of type IIX fibers in the soleus and the extensor digitorum longus (EDL) muscle [27]. Denervation has been shown to increase myostatin mRNA and protein expression in the gastrocnemius, which can contribute to their atrophy [28]. Loss of myostatin impacts the contractile properties of muscle fibers, although the magnitude of this modification depends on the fiber type. Its removal reduced maximal tetanic force in soleus (red muscle) and EDL (white muscle), with the reduction in the EDL muscle being more pronounced than in the soleus. This is explained by the two times higher number of ActRIIB in EDL as compared to the soleus [29], indicating that white muscle can be more susceptible to myostatin expression modulation.



Even one session of resistance exercise reduces the plasma myostatin level and its expression in human skeletal muscles [29,30,31]. Additionally, submaximal exercise reduces myostatin expression in the muscles; however, this decrease was two times weaker as compared to the resistance exercise protocol [32,33]. In rat models, an acute bout of swimming resulted in a marked, though insignificant, reduction in myostatin expression in the white fibers present in the gastrocnemius muscle while having no effect in the red fibers present in the same muscle [5]. Four-week swimming training significantly reduced the myostatin mRNA level in both fiber types present in the gastrocnemius [5]. Data obtained in humans showed reduced expression of myostatin mRNA in skeletal muscle and plasma after resistance strength training [34,35,36]. However, an elevation in the myostatin concentration in serum and muscle after 12 weeks of very heavy training has been reported as well. The difference was ascribed to the severity of training, although inhibitors of myostatin can be involved to overcome its suppressing effect on muscle hypertrophy [37]. Contrary to exercise, hypokinesia increased expression of myostatin in human muscle after 25 days of bed rest [38] or 28 days of ankle joint disuse [39]. It was additionally elevated in different rat skeletal muscles after unloading [40] and after 17 days of stay in the microgravity environment of the NeuroLab space shuttle flight [41].



Glucocorticoids and androgens exert opposite effects on skeletal muscle protein metabolism. The former activate proteolysis and reduce protein synthesis, thereby reducing the protein mass [42]. Androgens activate protein synthesis, increasing muscle mass [43]. Glucocorticoids increase myostatin mRNA expression in skeletal muscles, while knockout of the myostatin gene prevents muscles atrophy after dexamethasone treatment [44]. This would suggest that myostatin facilitates (at least partly) the proteolytic action of the hormone. Androgens stimulate myostatin production in the muscles [45], which may indicate that androgens inhibit excessive skeletal muscle enlargement stimulated by themselves.



Another factor that influences myostatin levels in the body is obesity, along with other metabolic diseases. Both muscle and circulating myostatin expression have been shown to increase in obese human subjects, and higher protein release was noticed in myotubes derived from myoblasts obtained from muscle biopsies of obese compared to non-obese women [46]. This upregulation is reversed by gastric bypass surgery and resultant weight loss [47]. Furthermore, streptozotocin-induced diabetes elevated the mRNA expression of myostatin, follistatin, and ActIIB receptor in the white section of the gastrocnemius muscle [48].



It remains an open question why skeletal muscles secrete myostatin, the compound which inhibits their own enlargement. Bullough [49] formulated a theory saying that each organ produces a factor limiting its own growth, and called this putative factor a “chalone”. In support, Lee et al. [50] analysed the role of myostatin in skeletal muscles in detail and came to the conclusion that because myostatin acts as a negative feedback regulator of muscle mass, it can be regarded as a skeletal muscle chalone.



The most recent completed phase 2 clinical trials (www.ClinicalTrials.gov accessed on 30 November 2023) have tested myostatin inhibitors such as RO7239361 (BMS-986089), PF-06252616 (domagrozumab), and SRK-015 to verify their potential to treat different neuromuscular conditions, including muscle dystrophy and spinal muscular atrophy. Nonetheless, these effects did not reproduce the promising results from animal models. Additionally, clinical studies have focused on the associations between myostatin and levels of molecules related to the paresis and progression of cancers and associated cachexia.




3. Myostatin and Heart Physiology


3.1. Myostatin and Heart Morphology


The results on a relationship between myostatin expression and heart weight are not uniform. Myostatin overexpression decreased the whole heart and left ventricular size in mice, whereas its removal had an opposite effect [51]. Interestingly, myostatin overexpression, specifically in skeletal muscles, decreased the heart mass only in male mice [25]. According to Rodgers et al. [52], hearts from adult male and female myostatin-null mice are larger than in wild-type mice. Both the heart and body weight of the neonates were heavier in the wild-type mice than in the myostatin-null mice, making the heart/body weight ratios similar in both groups. In myostatin-null mice, the left ventricular mass, internal diameters, and diastolic and systolic volume were larger than the respective values in the wild-type mice. These data would seem to indicate that lack of myostatin produces eccentric cardiac hypertrophy. In opposition to the above results, Cohn et al. [53] did not find any differences in body and heart weight or heart/body ratio between myostatin-deprived and wild-type mice. Thus, the question arises whether distinct compensatory mechanisms can account for the variations in results seen across studies. Gaining a deeper comprehension of myostatin biology is essential in order to characterize its physiological importance in the heart.




3.2. Regulation of Heart Myostatin Expression


The available data clearly indicate that myostatin is involved in the regulation of cardiomyocyte growth, proliferation, and functioning (Table 1). The presence of myostatin mRNA and protein have been shown for the first time in cardiomyocytes and Purkinje fibers of foetal and adult sheep, being significantly higher in the former [4]. Similar observations were noticed in rat myocardium, wherein myostatin expression depended on the age of development. The mRNA and protein myostatin expression in foetal cardiomyocytes was low, subsequently increased markedly up to the tenth day of life, and then decreased in the adults to the control level. More specifically, myostatin mRNA expression in the adults was fifteen-fold lower and myostatin protein expression was two-fold lower as compared to the expression on the tenth day [54]. Additionally, differences in myostatin expression between the heart ventricles were reported in growing piglets, which may reflect chamber-specific alterations in myocardium in response to workload. The expression in the left ventricle of 20-day-old piglets was three times higher than in newborn ones, whereas the expression in the right ventricle remained stable. The myostatin expression in the left ventricle of the newborn piglets was two times higher, and in the 20-day-old piglets was six times higher than in the right ventricle [55]. These latter data are in opposition to the data obtained in sheep [4]. It is difficult to say whether the difference in the direction of changes between sheep and the piglets should be ascribed to differences in the species or the time of sampling (i.e., adult sheep in [4] and 20 day old piglets in [55]). It seems likely that the growing level of myostatin in the left ventricle inhibits excessive activity of the genes responsible for the ventricle enlargement. To address the role of myostatin at early levels of cardiac development, exogenous myostatin was administered to cultured embryonic and early neonate cardiomyocytes. The inhibition of proliferation occurred in both cell lines, mainly via blockade in the G1-S phase of the cell cycle. The same study showed that myostatin inhibits protein synthesis in isolated cardiomyocytes [54]. Several underlying pathways through which myostatin interferes with cardiac growth have already been described. These involve the inhibition of phenylephrine (α1 adrenergic receptor activator)-dependent protein synthesis and heart growth as well as phenylephrine-induced growth of cultured cardiomyocytes [56] through the depression of p38 and the serine-threonine kinase Akt activity [57]. In accordance with the above, in myostatin knockout mice this phenylephrine-induced heart growth was potentiated as compared to the wild-type mice [56]. It was further proved that phenylephrine stimulates production of myostatin by cardiomyocytes [56]. Exogenous myostatin inhibited the action of IGF-1 and its analogue LR3 on proliferation of the cultured cells [52]. Altogether, these results clearly indicate that myostatin is responsible for inhibition of the hyperplastic growth, cardiomyocyte proliferation, and reduction in the rate of protein synthesis in growing heart.



Cyclic stretch. Cyclic stretching resulted in several-fold elevation in mRNA and protein expression of myostatin in neonatal rat cultured cardiomyocytes, with a concurrent increase in IGF-1 secretion. In the next step, the stretch-induced secretion of myostatin was prevented by the inhibition of IGF-1. Therefore, it was concluded that IGF-1 was responsible for induction of myostatin expression in the cardiomyocytes by cyclic stress [58].



Exercise. Eight weeks of either resistance or moderate intensity aerobic training did not affect the heart myostatin mRNA expression in rats. However, it markedly elevated heart mRNA follistatin expression. As a result, the ratio of follistatin mRNA/myostatin mRNA increased considerably [59]. Because follistatin is an inhibitor of myostatin, such a shift in follistatin/myostatin balance would facilitate the heart hypertrophy in the course of training. On the other hand, four weeks of swimming training was shown to increase mRNA myostatin expression in the heart by 74% [5]. Such an elevation in the myocardial level of myostatin could exert a direct inhibitory effect on development of heart hypertrophy during training. However, it is difficult to explain the reasons for the difference between the two reports.



Angiotensin II. Angiotensin II exerts powerful effects on the cardiovascular system, for instance by promoting the development of cardiac hypertrophy. Initially, it serves as a compensatory mechanism to maintain hemodynamic homeostasis, although long-term angiotensin II upregulation becomes maladaptive and results in pathological cardiac hypertrophy [72]. It has been shown that angiotensin II promotes expression of myostatin in isolated rat neonatal cardiomyocytes. The process was mediated by the activation of the p38 MAP kinase and MF-2 pathways. This would suggest that myostatin is a negative feedback regulator of angiotensin II-induced heart hypertrophy [60].



Insulin-like growth factor 1 (IGF-1). IGF-1 increases the expression of myostatin in cultured cardiomyocytes [58]. Gaussin and Depre [73] suggested that because IGF-1 stimulates both cardiac growth and cardiac myostatin production, myostatin is a cardiac chalone of IGF-1.



miRNA-208a. miRNA-208a is present in the heart and is involved in the pathogenesis of multiple cardiovascular diseases. Its overexpression in mouse heart reduces the expression of myocardial myostatin protein. Deletion of miRNA-208a leads to the elevation of myostatin expression [61]. This would seem to indicate that myostatin is likely to be involved in the action of miRNA-208a. On the other hand, removal of myostatin increases the expression of miRNA-208a both in vivo and in vitro. Myostatin treatment reduces the expression of miR-128 induced by the aorta coarctation and by angiotensin II in isolated cardiomyocytes [74].




3.3. Myostatin and Heart Function


The available data provide convincing proof that myostatin is needed for normal heart function. In experiments by Rodgers et al. [52], stroke volume, fractional shortening, and ejection fraction were all lower in myostatin-null mice than in wild-type animals. Reduction in end systolic volume, elevation in fractional shortening, and ejection fraction after treatment with isoproterenol (β-adrenergic agonist) were much greater in the myostatin-null mice than in their wild-type counterparts. These differences would be due to increased calcium release from sarcoplasmic reticulum in the myostatin-null mice. This establishes a mechanism for a myostatin-related maintenance in cardiac output, which otherwise could be expected to decline with high heart rate. On the contrary, Butcher et al. [75] did not find a difference in terms of the response of fractional shortening and ejection fraction after stimulation with isoproterenol or blockade of β-adrenergic receptors (with propranolol) between control and myostatin knockout mice.



Selective deletion of myostatin in cardiomyocytes of adult mice increases lethality, and leads to heart failure and ventricular hypertrophy. However, in this model the skeletal muscle mass, myocyte area, and myostatin expression remained intact [76]. Long-term overexpression of myostatin in mouse heart reduces the ejection fraction and stroke volume, elevates the end systolic volume and end diastolic volume, and induces development of fibrosis [77]. Further studies of this group revealed that myostatin activates the TAK1-MKK3/p38 signaling pathway. Activation of this pathway increases production of collagen 1. A very important observation of the two studies was that within 6 weeks after the removal of myostatin from cardiomyocytes, its level in the heart and serum returned to normal. It was further shown that this adaptive mechanism resulted from the increased production of myostatin by non-cardiomyocyte cells present in the heart [76,77]. Other models of adaptation to prevent undesirable consequences of myostatin loss can be noticed in germ-line mutants unable to synthesize myostatin via non-cardiomyocytes. One possible mechanism could be a rise in GDF11 due to functional overlap between the two proteins (myostatin and GDF11) [78], meaning that only limited effects on cardiac function were observed. There are data indicating that removal of myostatin does not result in heart hypertrophy or affect cardiomyocyte size. Furthermore, it does not attenuate cardiac fibrosis in the dystrophin-deficient mdx mouse model of Duchenne muscular dystrophy. The major conclusion of the latter study was that myostatin does not function as a crucial regulator of myocardial growth and regeneration in cardiac muscle in vivo. It was claimed that the difference in the results with other reports was due to the use of better equipment to evaluate heart function, specifically, a high-resolution echocardiography apparatus [53].




3.4. Myostatin and Heart Metabolism


The foetal heart mostly uses carbohydrates as an energy fuel, whereas adult hearts preferably use free fatty acids. Hypertrophied adult hearts are overly reliant on glucose as an energy source. This manifests in acceleration of glycolysis, increased uptake of glucose, and increased production of lactate [79]. APMK (AMP-activated protein kinase) is the key regulator of energy homeostasis in the heart [80]. Myostatin has been shown to modulate cardiac energy substrate reliance and limit the risk of heart failure. Inactivation of myostatin in adult mouse cardiomyocytes resulted in a nearly two-fold elevation of phosphorylation and activation of AMPK. As a consequence, an elevation in glucose uptake and glycolysis in the myocytes was noted. On the contrary, myostatin overexpression resulted in strong inhibition of AMPK phosphorylation and ultimately prevented a metabolic switch in the direction of glycolysis and glycogen accumulation [76]. Based on the above, a potential cardioprotective role of myostatin can be ascribed to the suppression of metabolic reprograming towards the fetal metabolic pattern that occurs during cardiac hypertrophy and maintenance of a mature aerobic energy metabolism.



Myostatin can counteract the pathological hypertrophic effects through the modulation of protein turnover in the myocardium. Exogenous myostatin increases proteolysis and reduces protein synthesis in cultured cardiomyocytes. A closer look at the mechanism of myostatin-activated proteolysis revealed that it phosphorylates Smad2 and Smad3 proteins, leading to the activation of proteolysis and the process of autophagy. Decreased protein synthesis was mediated by inhibition of Akt, Foxo3a, and P70S6K phosphorylation [81]. These data clearly indicate that myostatin is involved in regulation of the myocardial metabolism.




3.5. Myostatin and Heart Pathology


There are data available from animal and human studies indicating changes in the myocardial metabolism of myostatin in heart pathology as well effects of these changes on distant tissues, mainly skeletal muscle. The most investigated heart disorders are myocardial infarction, myocardial hypertrophy, and chronic heart failure.




3.6. Myocardial Infarction


Experiments on animals. Coronary circulation is very poorly equipped in anastomoses; thus, collateral circulation does not play a protective role against cardiac ischemia. As a result, occlusion of a coronary artery results in acute ischemia and necrosis of the area fed by the occluded artery. In light of the data on the role of myostatin in heart physiology, it could be expected that myostatin might affect different parameters of the heart function after myocardial infarction. Indeed, the data obtained thus far both in animal experiments and from human beings confirms this assumption. In the reports cited below, the experimental myocardial infarction was produced by ligation of the left anterior descending coronary artery (LADA). Shrama was the first to show that the expression of myostatin protein in sheep was upregulated in the myocardium around the infarcted area [4]. In rats, 8 weeks after LADA ligation [62] myocardial myostatin mRNA expression increased only insignificantly; however, the expression of myostatin protein increased more than four times compared to the respective control values. Interestingly, four weeks of training prevented this elevation in the protein expression. Thus, the suppression of myostatin can be one of the factors of anti-catabolic effects of exercise training in chronic heart failure. Another protocol was employed by Rodgers et al. [52]. They studied myostatin expression in different parts of left ventricle 4 weeks after ischemia/reperfusion procedure. The ischemia lasted for 30 min, and afterwards the samples were harvested from infarcted, border-infarcted, and healthy regions of the myocardium. The expression of myostatin in different locations was similar, and was not affected by ischemia. However, the expression of follistatin was elevated only in the infarcted area. Such a shift in the myostatin/follistatin balance might indicate a reduction in the role of myostatin during recovery from the post-ischemia/reperfusion injury. Furthermore, a role of myostatin in post-infarction recovery was studied in myostatin-null mice 1 and 28 days after the infarction [82]. The infarct size in myostatin-null mice was similar to the infarct size in wild-type mice. However, deletion of myostatin reduced the post-infarct mortality rate by 20%. The heart rate in the myostatin-null group 28 days after the infarct was higher than in the wild-type mice. Among the parameters characterizing left ventricular function, fractional shortening and ejection fraction were reduced to a similar degree in both groups in one day after the infarct. However, 28 days after the infarction, both parameters normalized in the myostatin-deprived group only. Moreover, lack of myostatin partially prevented deposition of collagen and scarring, and preserved a greater viable area of the myocardium than in the wild-type mice. These results indicate that lack of myostatin is beneficial, as it partially reduced the consequences of myocardial infarction.



A large amount of data on the level of myostatin and other compounds functionally related to myostatin in rat hearts and serum after myocardial infarction were presented by Castillero et al. [63]. These are the only data examining expression of these factors at several time points beginning from 10 min up to 2 months after myocardial infarction. As these data are unique, more details are presented here. It was found that the myostatin level in the heart increased as early as 10 min after the infarction, and partially normalized over the next hours. It markedly increased again 24 h after the infarction and remained elevated thereafter. The heart level of follistatin remained stable. Cardiac IGF-1 was elevated in the examined period of time, though this elevation was significant only one month after the infarct. Cardiac pAkt/Akt ratio increased after 24 h, remained elevated for 1 month, and then returned to the level in the sham-operated mice. Collectively, the upregulation of cardiac myostatin expression would counteract the pro-hypertrophic action of IGF-1 and pAkt/Akt ratio after infarction. Moreover, MAP kinase and P-p38/p38 ratio were elevated at 10 min and one hour, and then from one week onwards. The cardiac pSmad2,3/Smad2,3 ratio fluctuated, being significantly elevated at 2, 6, and 12 h as well as at one month after the infarct, indicative of the activation of muscle atrophy. Therefore, this study showed that infarction changes the balance between pro- and anti-hypertrophic factors in the myocardium. Interestingly, these alterations are not confined to the heart, as an elevation in the serum myostatin level was observed as well. Most likely, this was a consequence of activation of its production in the myocardium. Serum levels of myostatin increased already only ten minutes after the infarct, and remained elevated until the end of observation. The serum follistatin level was elevated from 24 h onwards, while the circulating IGF-1 concentration was not affected by the infarction. These data clearly indicate that changes in the levels of the examined parameters, and as such their effects on the heart’s post-infarct recovery, appear very early and are long-lasting.



Human data. Data on the myostatin serum concentration after myocardial infarction are available in humans as well. In a study by Oliveira et al. [64], 102 patients with STEMI were included. STEMI was defined as ischemic chest pain with elevation of the ST segment of the electrocardiogram. Myocardial infarction reduced serum myostatin concentration as compared to the healthy control group. The mortality rate among patients with lower serum myostatin concentration was higher than among those with less reduced levels. No association between serum myostatin and creatine phosphokinase (CK-MB) peak concentration or ejection fraction was shown. The reason for the difference in the direction of the change in the post-infarct serum myostatin concentration between rats (increase) and humans (reduction) remains an open question.



The serum troponin I peak is regarded as a reliable indicator of infarction size. Meloux et al. [83] examined an association between serum myostatin and troponin I peak concentration in 296 patients with acute myocardial infarction. The serum myostatin data were positively correlated with troponin I peak data. We are not aware of any other results comparing the serum myostatin level and troponin I peak as markers of the infarct size. The data presented by this study are encouraging. Undoubtedly, further studies are needed to confirm the usefulness of serum myostatin levels in evaluating infarct size. In the same study [83], the serum myostatin concentrations were higher in patients with ventricular tachycardia or fibrillation acquired in the hospital. This would seem to indicate involvement of myostatin in cardiac pathologies. Obviously, more data are needed on the relationship between myostatin and myocardial infarction in humans.




3.7. Myocardial Hypertrophy


Usually, two models of heart hypertrophy are used in experimental animals. In one model, the abdominal aorta is transversely constricted. This forces the left ventricle muscle to exert more work to pump blood through the narrowed vessel. As a result, left ventricle hypertrophy develops. In another model, an aortal–caval shunt is made. It increases the blood volume moving to the heart, which finally reaches the left ventricle. In turn, more work on the part of the left ventricle is required to pump the blood out to the aorta. As such conditions last for longer periods of time, the left ventricle muscle mass increases gradually, i.e., hypertrophy develops. Persistent increased workload finally leads to chronic cardiac failure. Shyu at al. [66] produced cardiac hypertrophy in rats using the volume-overload model for 4 weeks. The shunt increased heart weight and heart rate, left ventricular end-diastolic pressure, left ventricular end-diastolic dimension, and end-systolic dimension. At the same time, myostatin protein and mRNA expression in the myocardium increased more than twofold. Treatment with carvedilol (a nonselective blocker of β-adrenergic receptors and α1-adrenergic receptors) blocked the elevation of myostatin mRNA expression in the heart and skeletal muscle produced by the shunt. These latter data suggest that the adrenergic system is involved in the activation of myostatin expression in the muscles. No further data on this topic are available.



Hypertension. Hypertension is another cause of the heart hypertrophy. Hypertension requires more work by the left ventricular muscle to pump blood out to the aorta against the increased blood pressure in the vessel, leading to hypertrophy of the muscle. Spontaneously hypertensive rats with heart failure showed a hypertrophied and dilated left atrium and left ventricle chamber, increased myocyte diameter, and increased myocardial interstitial collagen content. Left ventricular dysfunction manifested with decreased midwall fractional shortening. Concomitantly, a reduction in myocardial protein myostatin and follistatin expression in the left ventricle was demonstrated. The expression of both myostatin and follistatin was correlated with the functional parameters of the left ventricle [65]. These results are at odds with data reporting elevated myostatin expression in hypertrophied hearts [66]. The only cause for the difference between the two reports would different pathomechanisms of spontaneous hypertension compared to the experimental hypertrophy. It is likely that other factors accompanying spontaneous hypertension/hypertrophy could reverse the direction of the myostatin expression.



As indicated above, experimentally hypertrophied myocardium produces more myostatin. This raises the question of how prolonged exposure to elevated endogenous myostatin levels influences the myocardium itself as well as the skeletal muscles. An extensive study on this topic was performed by Qi et al. [74]. Cardiac hypertrophy was produced in rats by a reduction in the abdominal aorta diameter. The function of the heart was evaluated ten weeks later. Myostatin deletion augmented hypertrophy and autophagy produced by aorta coarctation or angiotensin II. This was accompanied by a reduction in the parameters of the heart function. Mechanistic studies on isolated cardiomyocytes revealed that myostatin silencing augmented the hypertrophic effect of angiotensin II. On the contrary, treatment with myostatin dramatically reduced both hypertrophy and autophagy of the cells, partially via inactivation of the AMP-activated kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway and activation of the peroxisome proliferator activated receptor gamma (PPARγ)/nuclear factor κB (NF-κB) pathway. Myostatin treatment reduced expression of miR-128 induced by aorta coarctation and angiotensin II in isolated cardiomyocytes. The final conclusion was that increased production of myostatin is a self-defence mechanism in the hypertrophic heart that leads to the attenuation of hypertrophy, heart dysfunction, and autophagy.




3.8. Chronic Heart Failure in Humans


Chronic heart failure (CHF) is an incurable disease and leads eventually to death. Chronic heart failure may lead to cachexia. The most frequent causes of chronic heart failure are myocardial infarction, long-term hypertension, cardiomyopathy, and valvular heart disease.



There are contrasting data on serum myostatin level in patients with CHF. Furihata [67] examined 31 men with CHF and showed that myostatin serum levels were reduced, whereas the level of follistatin was elevated compared to the control group. The reduction in serum myostatin concentration was associated with muscle wasting in the lower extremities. Chen et al. [68] examined 288 patients with CHF treated in hospital. They observed a gradual elevation in serum myostatin concentration with advancing gravity of the disease, being highest in the class IV patients (according to criteria of the New York Heart Association-NYHA). During 51 months of follow-up, elevated mortality and hospitalization rates were recorded among those patients with high serum levels of myostatin. This was interpreted as being due to serum myostatin concentration being an independent predictive factor of survival in patients with CHF. The difference between the two reports was ascribed to differences in the condition of the patients in the two studies. Furihata et al. [67] examined CHF patients with compensated heart failure, 70% of whom were subjected to exercise training, whereas the patients studied by Chen et al. [68] were admitted to the hospital in a decompensated state. Gruson et al. [69] reported elevated serum myostatin levels in 76 patients with stable congestive heart failure. No significant differences were observed between patients with CHF of ischemic origin and those with dilated cardiomyopathy. Elevated serum myostatin levels in patients with heart failure was reported by Chiang et al. [70]. The myostatin serum level was correlated with myocardial scarring. It was suggested that the plasma myostatin concentration could be a predictor of the level of scarring of the myocardium. Elevation myostatin expression in the blood in both animal and human heart pathology puts forward the question of its source, with the available data indicating that it comes from the heart itself. If this is the case, however, then why does pathologically changed myocardium produce more myostatin? One likely reason could be similar to that observed in cyclic stretching [58], that is, the heart changes its dimensions cyclically during the contraction/relaxation cycle. Changed heart muscle mass in hypertrophy or chronic heart failure creates new conditions for mechanical work, and could result in increased production of myostatin. Moreover, increased heart mass could secrete more myostatin. Increased production of myostatin would be expected to result in elevation of the concentration of the compound in the myocardial extracellular space. Thus, more myostatin would be available to bind to the ActRIIB present on the cardiomyocyte plasma membrane. This would increase the inhibitory action of myostatin, preventing/slowing down the myocardial enlargement. Therefore, the increased secretion of myostatin in heart pathologies would be a self-defence mechanism protecting against excessive cardiac enlargement. Obviously, accumulation of myostatin in the heart intracellular space would result in increased release of the compound in the blood and subsequent elevation in the blood myostatin concentration, which would in turn contribute to skeletal muscle wasting (Figure 2).



There is only a small amount of data on myostatin behaviour in the myocardium of patients with CHF. To clarify the problem, and because of the uniqueness of the samples, additional clinical data and results are included in our discussion of this issue. The human heart samples were harvested during heart transplantation. In a study by Fernández-Solà et al. [84], heart samples were collected from 66 heart donors with cardiomyopathy. The control group included people who had died suddenly, who were otherwise healthy, and whose hearts were not suitable for transplantation. Cardiomyocyte and nuclei size in patients with hypertrophy were enlarged. The expression of myostatin in the myocardium in hypertensive donors with cardiomyopathy was significantly higher than in non-hypertensive healthy donors. Further data [71] showed differences in myostatin levels between female and male patients with advanced heart failure. The myocardial samples were taken from the hearts after their removal to make room for the transplanted donor’s heart. Heart samples from healthy donors were taken after brain damage and confirmation that they were unsuitable for transplantation. It was found that the expression of mature forms of myostatin (25 kDa) and pSmad2 protein in females with heart failure were elevated by 1.9- and 2.5-fold, respectively, as compared to healthy female donors, and were higher compared to the respective data in male patients. In males with heart failure, only the level of pSmad2 was elevated (2.8-fold). The latent form of myostatin (50 kD) was reduced with heart failure in both sexes. Finally, the expression of ActRIIB was not affected by heart failure in either sex. Based on the above, the elevated expression of myostatin in females with chronic heart failure could predispose them to earlier development of cardiac cachexia. The difference in myostatin expression between female and male patients requires comment. It was previously found in mice that removal of the myostatin gene resulted in increase in the body mass by about 30% in both sexes [3]. As indicated above [25], overexpression of myostatin specifically in skeletal muscles reduces the examined skeletal muscle mass and heart mass only in male mice, not females. Hearts from adult male and female myostatin-null mice are larger than in wild-type mice; however, no difference in gain of heart mass between sexes was seen [52]. In the discussed study [71], myostatin expression in the myocardium of patients with heavy chronic heart failure was elevated only in females, not males. This is the first report on the heart myostatin expression in different sexes. As the female patients were at the postmenopausal age, a role of female hormones can be excluded. Certainly, it should be expected that the blood concentration of androgens in the female patients be lower than in male ones. One available study showed increased myostatin content in skeletal muscles after treatment with androgens [45]. Therefore, an elevation in the myocardial content of myostatin it could be expected in males rather than females. However, the results indicate the opposite. No reliable explanation of these phenomena can be offered at presence.



Thus far, only one report has been published on myostatin (and IGF-1) signaling at the end stage of heart failure (class III-IV according to NYHA classification) in humans with ischemic or dilated cardiomyopathy [85]. The control group consisted of healthy donors whose hearts had unsuitable clinical status. The heart samples were taken from the left and right ventricle and the septum from two groups of patients: organ donor patients and patients’ explanted hearts. The expression of myostatin mRNA, myostatin ActRIIB, IGF-1 and its receptor, and miR-208 were measured. In the healthy control group, there were no significant differences between the expression of myostatin, ActRIIB, and myostatin signaling index (myostatin x ActRIIB) between the examined samples from different heart parts. However, the control group combined three female and two male participants, which may have impacted the findings. Nevertheless, expression of IGF-1 mRNA and its receptor in the right ventricle were insignificantly higher than in the other parts of the myocardium. Calculation of the ratio of myostatin to IGF-1 and the ratio of their respective receptors’ expressions showed higher values for the left ventricle than for the right. Thus, myostatin overexpression may compensate for increased IGF-1-induced cardiac growth to mitigate excessive hypertrophy. Surprisingly, the effect of heart failure on the studied parameters depended on the aetiology of the failure. In dilated cardiomyopathy [85], the myostatin mRNA expression increased about two-fold in each part of the myocardium, whereas the expression of ActRIIB remained unchanged. IGF-1 expression was elevated only in the right ventricle. In patients with ischemic heart failure, the level of these parameters did not differ from the appropriate values in the control group. It is likely that the reduced supply of oxygen in ischemic cardiomyopathy prevents the activation of myostatin expression seen in dilated cardiomyopathy. The meaning of these intra-cardiac differences is not clear. It is possible that the high expression of myostatin mRNA in the left ventricle leads to an elevation of the myostatin protein level, which in turn would lead to a reduction in the rate of growth of the muscle. At the present state of knowledge, it is difficult to find a reliable explanation of the difference between the ventricles. We assume that if myostatin activation in ICM patients occurs at different levels in both ventricles (mRNA or protein), then this response would be missed by only measuring gene expression. The regional asymmetry could be associated with the differences in pressure load in both ventricles. Subsequently, molecular make-up might predispose patients to either concentric or eccentric remodeling in the left and right chambers, respectively. It may be worth mentioning that our previous studies in adult rats have shown differences in the level of the lipolytic complex between the left and right ventricles in response to exercise [86] and tachycardia [87].



In another study, human left ventricle samples were collected before and after left ventricular assist device (LVAD) support in patients with advanced ischaemic and non-ischaemic dilated cardiomyopathy heart failure (ICM and DCM, respectively) [88]. Control samples were obtained from hearts disqualified for transplantation. Blood was collected from healthy people and from patients with stable DCM. Several differences were observed between the two groups of patients regarding both pre- and post-LVAD support. In the serum, myostatin latent complex expression in patients with DCM was over two times higher than in the healthy group. The content of circulating myostatin propeptide (a marker of myostatin activation) was low, however, and no difference between the groups was seen. However, these results in the blood did not mirror those for myocardial tissue. In the heart, the expression of myostatin propeptide was elevated in both the ICM and DCM groups before and after LVAD as compared to the control. This was probably triggered by myocyte stretching and higher myocardial stress. Because there were no concomitant changes in full-length myostatin content, this suggests a mechanism of self-renewal of myostatin to compensate for the cleavage of its portion in the muscle. Furthermore, myostatin activation in all the groups was supported by the rise in BMP-I expression and pSmad/Smad ratio. Among the DCM groups, myostatin propeptide and pErk/Erk ratio were higher in the post-LVAD group as compared to the pre-LVAD group. Importantly, the levels of myostatin propeptide in DCM patients was correlated with the changes in myocyte size. It was observed that myocyte diameters in patients with DCM were higher than in the control group, while the cell size was reduced after LVAD. Therefore, increased myostatin activity may contribute to this reduction in cardiomyocyte size in the DCM group after unloading. Such changes were not seen in ICM patients. While LVAD removed the pressure–volume overloading stimulus in both the studied groups, large scarring in ICM can lead to a lower rate of myocardial recovery after LVAD support.




3.9. Cardiac Cachexia


According to Fearon et al. [89] cachexia is “a multifactorial syndrome defined by an ongoing loss of skeletal muscle mass (with or without of fat loss) that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment”. Heart cachexia develops in about 15% patients suffering from chronic heart failure in the terminal stage of the disease [90]. The mechanisms leading to the development of heart cachexia are not fully recognized [91,92]. Discovery of a role of myostatin in reduction in skeletal muscle mass called attention to its role in the development of cachexia. There are data indicating that increased production of myostatin in the myocardium may be at least partially responsible for cachexia developing during heart failure. In a study by Lima et al. [93], expression of myostatin and follistatin mRNA and protein in rat soleus and gastrocnemius were measured six months after myocardial infarction, when the rats developed chronic heart failure. The cross-sectional fiber area and follistatin were reduced only in the soleus. Myostatin. expression was not reduced. These results show differences in the susceptibility of particular muscle types in response to chronic heart failure. Castillero et al. [63] observed higher expression of atrophy markers in the gastrocnemius after myocardial infarction. The level of myostatin in the muscle was stable, while the level of plasma myostatin was elevated. Their conclusion was that the plasma, instead of local myostatin, triggered activation of the muscle atrophy. This conclusion is in line with reasoning by Breibart et al. [94]. Very strong support for a role of myostatin in the development of heart cachexia in rats and mice was provided by Heineke et al. [95] through the use of two models with either skeletal muscle-restricted or heart-restricted myostatin deprivation Deletion of myostatin from skeletal muscles resulted only in pronounced hypertrophy of the muscles. This indicates that the myostatin present in the muscles inhibited their growth. Removal of myostatin specifically from the heart did not affect the size of either the heart or skeletal muscles. This in turn suggests that under normal conditions extra-muscle myostatin does not control either skeletal muscle or heart mass. In the next step, aortic constriction pressure overload was introduced in mice and heart failure was diagnosed by echocardiogram. Afterwards, plasma myostatin expression increased 2–3-fold in the wild-type mice but not in the myostatin-null mice. This indicates that the increased plasma myostatin in the pressure-overloaded mice originated from the heart. Myostatin expression in the gastrocnemius muscle was not affected. The skeletal muscle mass (quadriceps, gastrocnemius, and soleus) was reduced in the heart failure group as compared to the control group. However, the muscle mass remained unchanged in mice whose hearts were deprived of myostatin. In another group of mice, myostatin was overexpressed in cardiomyocytes, resulting in a 3–4-fold elevation in plasma myostatin expression and reduced skeletal muscle and heart mass. Finally, the control and high-pressure groups were treated with myostatin antibodies (JA-16) beginning 8 weeks after the surgery; 6 weeks of treatment with antibodies did not affect either the mortality rate or heart performance while preventing skeletal muscle weight loss. The results presented above unanimously support the hypothesis that increased production of myostatin in the failing heart is at least partially responsible for the development of heart cachexia.



The results obtained in animal-based experiments clearly indicate a likely role of myostatin in the development of cardiac cachexia. However, these experiments were all performed on otherwise healthy animals. The results in human patients may be affected by a number of other factors involved in the development of cardiac cachexia that could be activated during diseases and treatments accompanying chronic heart failure. Moreover, for obvious reasons chronic heart failure is much shorter in rats than in humans. Therefore, the animal data must be interpreted with great caution in relation to human data. The human data are mostly descriptive. Undoubtedly, they have broadened our knowledge on the mechanism of cardiac cachexia, and thereby facilitated the development of specifics which might be useful in treatment of this disease. It is known that pre-clinical and clinical tests employing anti-myostatin antibodies and other anti-myostatin compounds are currently underway [6,8,96].





4. Conclusions


The temporal- and regional-specific control of myostatin and the expression of its associated proteins in both the healthy and infarcted heart contribute to the discrepant outcomes on its role in the heart. Despite this, most data show that removal of myostatin results in myocardial hypertrophy, whereas its overexpression reduces the heart mass. The expression of myostatin in the heart increases with progression of hypertrophy, and may inhibit its excessive growth. The available results clearly indicate that myostatin is responsible for the inhibition of hyperplastic growth, cardiomyocyte proliferation, and reduction in the rate of protein synthesis in the growing heart. Expression/activity of myostatin in the heart/cardiomyocytes is regulated by factors such as follistatin, angiotensin II, IGF-1, deletion of miRNA-208a, and cyclic stretching. This suggests the high flexibility of cardiac tissue with regard to monitoring and adjusting myostatin activity, although it can be disrupted by heart failure. Removal of myostatin results in eccentric cardiac growth and increases the susceptibility of the heart to stimulation by β-adrenergic receptors, which resembles the physiological hypertrophy found in endurance-trained athletes. These outcomes would be clinically beneficial in patients with severe ventricular dysfunction. On the other hand, heart pathologies such as infarction, hypertrophy, and chronic heart failure increase myocardial expression of myostatin. Genetic elimination of myostatin-mitigated cardiomyocyte death and myocardial interstitial fibrosis as well as preserved left ventricle function have been shown in mice. There is good evidence showing that increased prolonged production of myostatin by the myocardium in the context of chronic heart failure may ultimately lead to the development of cardiac cachexia. Many attempts, including pre-clinical and clinical trials, have been made to develop anti-myostatin procedures in treatment of skeletal muscle wasting in different diseases; however, as was recently stated by Nielsen et al. [97], these have met with “limited success”. Evidently, new approaches have to be used to continue the efforts in this very promising area. It appears that it is necessary to compare the efficacy of different myostatin-focused strategies (e.g., myostatin-blocking antibodies versus receptor inhibitors) and establish the currently omitted co-players. Increasing evidence proves that myostatin function depends on the concentration of its binding partners, e.g., activin, follistatin, and follistatin-like-3; however, they are seldom investigated in synchrony.







Author Contributions


Conceptualization: M.K. and J.G.; Draft writing: M.K., J.G. and E.S.; writing review, and editing: M.K., E.S. and J.G.; Figures: E.S. and M.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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

	



Iizuka, K.; Machida, T.; Hirafuji, M. Skeletal muscle is an endocrine organ. J. Pharmacol. Sci. 2014, 125, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-β superfamily member. Nature 1997, 387, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, M.; Kambadur, R.; Matthews, K.G.; Somers, W.G.; Devlin, G.P.; Conaglen, J.V.; Fowke, P.J.; Bass, J.J. Myostatin, a transforming growth factor-β superfamily member, is expressed in heart muscle and is upregulated in cardiomyocytes after infarct. J. Cell. Physiol. 1999, 180, 1–9. [Google Scholar] [CrossRef]

	



Matsakas, A.; Bozzo, C.; Cacciani, N.; Caliaro, F.; Reggiani, C.; Mascarello, F.; Patruno, M. Effect of swimming on myostatin expression in white and red gastrocnemius muscle and in cardiac muscle of rats. Exp. Physiol. 2006, 91, 983–994. [Google Scholar] [CrossRef] [PubMed]

	



Baig, M.H.; Ahmad, K.; Moon, J.S.; Park, S.-Y.; Ho Lim, J.; Chun, H.J.; Qadri, A.F.; Hwang, Y.C.; Jan, A.T.; Ahmad, S.S.; et al. Myostatin and its Regulation: A Comprehensive Review of Myostatin Inhibiting Strategies. Front. Physiol. 2022, 13, 876078. [Google Scholar] [CrossRef] [PubMed]

	



Kostyunina, D.S.; Ivanova, A.D.; Smirnova, O.V. Myostatin: Twenty Years Later. Hum. Physiol. 2018, 44, 88–101. [Google Scholar] [CrossRef]

	



Esposito, P.; Picciotto, D.; Battaglia, Y.; Costigliolo, F.; Viazzi, F.; Verzola, D. Myostatin: Basic biology to clinical application. In Advances in Clinical Chemistry; Elsevier Inc.: Amsterdam, Netherlands, 2022; Volume 106, pp. 181–234. ISBN 9780323988377. [Google Scholar]

	



Hill, J.J.; Davies, M.V.; Pearson, A.A.; Wang, J.H.; Hewick, R.M.; Wolfman, N.M.; Qiu, Y. The myostatin propeptide and the follistatin-related gene are inhibitory binding proteins of myostatin in normal serum. J. Biol. Chem. 2002, 277, 40735–40741. [Google Scholar] [CrossRef]

	



Lee, S.J.; Lee, Y.S.; Zimmers, T.A.; Soleimani, A.; Matzuk, M.M.; Tsuchida, K.; Cohn, R.D.; Barton, E.R. Regulation of muscle mass by follistatin and activins. Mol. Endocrinol. 2010, 24, 1998–2008. [Google Scholar] [CrossRef]

	



Amthor, H.; Nicholas, G.; McKinnell, I.; Kemp, C.F.; Sharma, M.; Kambadur, R.; Patel, K. Follistatin complexes Myostatin and antagonises Myostatin-mediated inhibition of myogenesis. Dev. Biol. 2004, 270, 19–30. [Google Scholar] [CrossRef]

	



Dasarathy, S.; McCullough, A.J.; Muc, S.; Schneyer, A.; Bennett, C.D.; Dodig, M.; Kalhan, S.C. Sarcopenia associated with portosystemic shunting is reversed by follistatin. J. Hepatol. 2011, 54, 915–921. [Google Scholar] [CrossRef] [PubMed]

	



Massagué, J. TGFβ signalling in context. Nat. Rev. Mol. Cell Biol. 2012, 13, 616–630. [Google Scholar] [CrossRef] [PubMed]

	



Mauro, A. Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 1961, 9, 493–495. [Google Scholar] [CrossRef] [PubMed]

	



Shadrach, J.L.; Wagers, A.J. Stem cells for skeletal muscle repair. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 2297–2306. [Google Scholar] [CrossRef] [PubMed]

	



Fukada, S.; Higashimoto, T.; Kaneshige, A. Differences in muscle satellite cell dynamics during muscle hypertrophy and regeneration. Skelet. Muscle 2022, 12, 17. [Google Scholar] [CrossRef] [PubMed]

	



Yeh, C.J.; Sattler, K.M.; Lepper, C. Molecular regulation of satellite cells via intercellular signaling. Gene 2023, 858, 147172. [Google Scholar] [CrossRef] [PubMed]

	



McCroskery, S.; Thomas, M.; Maxwell, L.; Sharma, M.; Kambadur, R. Myostatin negatively regulates satellite cell activation and self-renewal. J. Cell Biol. 2003, 162, 1135–1147. [Google Scholar] [CrossRef]

	



Wang, Q.; McPherron, A.C. Myostatin inhibition induces muscle fibre hypertrophy prior to satellite cell activation. J. Physiol. 2012, 590, 2151–2165. [Google Scholar] [CrossRef]

	



Ariano, M.A.; Armstrong, R.B.; Edgerton, V.R. Hindlimb muscle fiber populations of five mammals. J. Histochem. Cytochem. 1973, 21, 51–55. [Google Scholar] [CrossRef]

	



Sullivan, T.E.; Armstrong, R.B. Rat locomotory muscle fiber activity during trotting and galloping. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1978, 44, 358–363. [Google Scholar] [CrossRef]

	



Artaza, J.N.; Bhasin, S.; Mallidis, C.; Taylor, W.; Ma, K.; Gonzalez-Cadavid, N.F. Endogenous expression and localization of myostatin and its relation to myosin heavy chain distribution in C2C12 skeletal muscle cells. J. Cell. Physiol. 2002, 190, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Kalds, P.; Zhou, S.; Huang, S.; Gao, Y.; Wang, X.; Chen, Y. When Less Is More: Targeting the Myostatin Gene in Livestock for Augmenting Meat Production. J. Agric. Food Chem. 2023, 71, 4216–4227. [Google Scholar] [CrossRef] [PubMed]

	



Schuelke, M.; Wagner, K.R.; Stolz, L.E.; Hübner, C.; Riebel, T.; Kömen, W.; Braun, T.; Tobin, J.F.; Lee, S.-J. Myostatin Mutation Associated with Gross Muscle Hypertrophy in a Child. N. Engl. J. Med. 2004, 350, 2682–2688. [Google Scholar] [CrossRef] [PubMed]

	



Reisz-Porszasz, S.; Bhasin, S.; Artaza, J.N.; Shen, R.; Sinha-Hikim, I.; Hogue, A.; Fielder, T.J.; Gonzalez-Cadavid, N.F. Lower skeletal muscle mass in male transgenic mice with muscle-specific overexpression of myostatin. Am. J. Physiol.-Endocrinol. Metab. 2003, 285, E876–E888. [Google Scholar] [CrossRef]

	



Zimmers, T.A.; Davies, M.V.; Koniaris, L.G.; Haynes, P.; Esquela, A.F.; Tomkinson, K.N.; McPherron, A.C.; Wolfman, N.M.; Lee, S.J. Induction of cachexia in mice by systemically administered myostatin. Science 2002, 296, 1486–1488. [Google Scholar] [CrossRef] [PubMed]

	



Girgenrath, S.; Song, K.; Whittemore, L.A. Loss of myostatin expression alters fiber-type distribution and expression of myosin heavy chain isoforms in slow- and fast-type skeletal muscle. Muscle Nerve 2005, 31, 34–40. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Liu, M.; Ding, F.; Gu, X. Expression of myostatin RNA transcript and protein in gastrocnemius muscle of rats after sciatic nerve resection. J. Muscle Res. Cell Motil. 2006, 27, 37–44. [Google Scholar] [CrossRef]

	



Kazemi, F. The correlation of resistance exercise-induced myostatin with insulin resistance and plasma cytokines in healthy young men. J. Endocrinol. Investig. 2016, 39, 383–388. [Google Scholar] [CrossRef]

	



Raue, U.; Slivka, D.; Jemiolo, B.; Hollon, C.; Trappe, S. Myogenic gene expression at rest and after a bout of resistance exercise in young (18–30 yr) and old (80–89 yr) women. J. Appl. Physiol. 2006, 101, 53–59. [Google Scholar] [CrossRef]

	



Louis, E.; Raue, U.; Yang, Y.; Jemiolo, B.; Trappe, S. Time course of proteolytic, cytokine, and myostatin gene expression after acute exercise in human skeletal muscle. J. Appl. Physiol. 2007, 103, 1744–1751. [Google Scholar] [CrossRef]

	



Harber, M.P.; Crane, J.D.; Dickinson, J.M.; Jemiolo, B.; Raue, U.; Trappe, T.A.; Trappe, S.W. Protein synthesis and the expression of growth-related genes are altered by running in human vastus lateralis and soleus muscles. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2009, 296, R708–R714. [Google Scholar] [CrossRef] [PubMed]

	



Kollias, H.D.; McDermott, J.C. Transforming growth factor-β and myostatin signaling in skeletal muscle. J. Appl. Physiol. 2008, 104, 579–587. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.S.; Cross, J.M.; Bamman, M.M. Impact of resistance loading on myostatin expression and cell cycle regulation in young and older men and women. Am. J. Physiol.-Endocrinol. Metab. 2005, 288, E1110–E1119. [Google Scholar] [CrossRef] [PubMed]

	



Roth, S.M.; Martel, G.F.; Ferrell, R.E.; Metter, E.J.; Hurley, B.F.; Rogers, M.A. Myostatin gene expression is reduced in humans with heavy-resistance strength training: A brief communication. Exp. Biol. Med. 2003, 228, 706–709. [Google Scholar] [CrossRef] [PubMed]

	



Walker, K.S.; Kambadur, R.; Sharma, M.; Smith, H.K. Resistance Training Alters Plasma Myostatin but not IGF-1 in Healthy Men. Med. Sci. Sports Exerc. 2004, 36, 787–793. [Google Scholar] [CrossRef] [PubMed]

	



Willoughby, D.S. Effects of Heavy Resistance Training on Myostatin mRNA and Protein Expression. Med. Sci. Sports Exerc. 2004, 36, 574–582. [Google Scholar] [CrossRef] [PubMed]

	



Zachwieja, J.J.; Smith, S.R.; Sinha-Hikim, I.; Gonzalez-Cadavid, N.; Bhasin, S. Plasma myostatin-immunoreactive protein is increased after prolonged bed rest with low-dose T3 administration. J. Gravit. Physiol. 1999, 6, 11–15. [Google Scholar]

	



Willoughby, D.S.; Sultemeire, S.; Brown, M. Human muscle disuse atrophy after 28 days of immobilization in alower-limbwalking boot: A case study. J. Exerc. Physiol. Online 2003, 6, 88–95. [Google Scholar]

	



Carlson, C.J.; Booth, F.W.; Gordon, S.E. Skeletal muscle myostatin mRNA expression is fiber-type specific and increases during hindlimb unloading. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 1999, 277, R601–R606. [Google Scholar] [CrossRef]

	



Lalani, R.; Bhasin, S.; Byhower, F.; Tarnuzzer, R.; Grant, M.; Shen, R.; Asa, S.; Ezzat, S.; Gonzalez-Cadavid, N.F. Myostatin and insulin-like growth factor-I and -II expression in the muscle of rats exposed to the microgravity environment of the neurolab space shuttle flight. J. Endocrinol. 2000, 167, 417–428. [Google Scholar] [CrossRef]

	



Ma, K.; Mallidis, C.; Bhasin, S.; Mahabadi, V.; Artaza, J.; Gonzalez-Cadavid, N.; Arias, J.; Salehian, B. Glucocorticoid-induced skeletal muscle atrophy is associated with upregulation of myostatin gene expression. Am. J. Physiol.-Endocrinol. Metab. 2003, 285, E363–E371. [Google Scholar] [CrossRef] [PubMed]

	



Vingren, J.L.; Kraemer, W.J.; Ratamess, N.A.; Anderson, J.M.; Volek, J.S.; Maresh, C.M. Testosterone Physiology in Resistance Exercise and Training. Sports Med. 2010, 40, 1037–1053. [Google Scholar] [CrossRef] [PubMed]

	



Gilson, H.; Schakman, O.; Combaret, L.; Lause, P.; Grobet, L.; Attaix, D.; Ketelslegers, J.M.; Thissen, J.P. Myostatin gene deletion prevents glucocorticoid-induced muscle atrophy. Endocrinology 2007, 148, 452–460. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, V.; Laurent, M.R.; Sinnesael, M.; Cielen, N.; Helsen, C.; Clinckemalie, L.; Spans, L.; Gayan-Ramirez, G.; Deldicque, L.; Hespel, P.; et al. A satellite cell-specific knockout of the androgen receptor reveals myostatin as a direct androgen target in skeletal muscle. FASEB J. 2014, 28, 2979–2994. [Google Scholar] [CrossRef] [PubMed]

	



Hittel, D.S.; Berggren, J.R.; Shearer, J.; Boyle, K.; Houmard, J.A. Increased secretion and expression of myostatin in skeletal muscle from extremely obese women. Diabetes 2009, 58, 30–38. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.J.; Berggren, J.R.; Hulver, M.W.; Houmard, J.A.; Hoffman, E.P. GRB14, GPD1, and GDF8 as potential network collaborators in weight loss-induced improvements in insulin action in human skeletal muscle. Physiol. Genom. 2006, 27, 114–121. [Google Scholar] [CrossRef] [PubMed]

	



Dutra, D.B.; Bueno, P.G.; Silva, R.N.; Nakahara, N.H.; Selistre-Araújo, H.S.; Nonaka, K.O.; Leal, A.M.O. Expression of myostatin, myostatin receptors and follistatin in diabetic rats submitted to exercise. Clin. Exp. Pharmacol. Physiol. 2012, 39, 417–422. [Google Scholar] [CrossRef] [PubMed]

	



Bullough, W.S. The control of mitotic activity in adult mammalian tissues. Biol. Rev. Camb. Philos. Soc. 1962, 37, 307–342. [Google Scholar] [CrossRef]

	



Lee, S.-J. Myostatin: A Skeletal Muscle Chalone. Annu. Rev. Physiol. 2023, 85, 269–291. [Google Scholar] [CrossRef]

	



Artaza, J.N.; Reisz-Porszasz, S.; Dow, J.S.; Kloner, R.A.; Tsao, J.; Bhasin, S.; Gonzalez-Cadavid, N.F. Alterations in myostatin expression are associated with changes in cardiac left ventricular mass but not ejection fraction in the mouse. J. Endocrinol. 2007, 194, 63–76. [Google Scholar] [CrossRef]

	



Rodgers, B.D.; Interlichia, J.P.; Garikipati, D.K.; Mamidi, R.; Chandra, M.; Nelson, O.L.; Murry, C.E.; Santana, L.F. Myostatin represses physiological hypertrophy of the heart and excitation-contraction coupling. J. Physiol. 2009, 587, 4873–4886. [Google Scholar] [CrossRef] [PubMed]

	



Cohn, R.D.; Liang, H.Y.; Shetty, R.; Abraham, T.; Wagner, K.R. Myostatin does not regulate cardiac hypertrophy or fibrosis. Neuromuscul. Disord. 2007, 17, 290–296. [Google Scholar] [CrossRef] [PubMed]

	



McKoy, G.; Bicknell, K.A.; Patel, K.; Brooks, G. Developmental expression of myostatin in cardiomyocytes and its effect on foetal and neonatal rat cardiomyocyte proliferation. Cardiovasc. Res. 2007, 74, 304–312. [Google Scholar] [CrossRef] [PubMed]

	



Mikhailov, A.T.; Torrado, M.; Iglesias, R.; Nespereira, B. Identification of candidate genes potentially relevant to chamber-specific remodeling in postnatal ventricular myocardium. J. Biomed. Biotechnol. 2010, 2010, 603159. [Google Scholar] [CrossRef]

	



Bish, L.T.; Morine, K.J.; Sleeper, M.M.; Sweeney, H.L. Myostatin is upregulated following stress in an Erk-dependent manner and negatively regulates cardiomyocyte growth in culture and in a mouse model. PLoS ONE 2010, 5, e10230. [Google Scholar] [CrossRef] [PubMed]

	



Morissette, M.R.; Cook, S.A.; Foo, S.; McKoy, G.; Ashida, N.; Novikov, M.; Scherrer-Crosbie, M.; Li, L.; Matsui, T.; Brooks, G.; et al. Myostatin regulates cardiomyocyte growth through modulation of Akt signaling. Circ. Res. 2006, 99, 15–24. [Google Scholar] [CrossRef] [PubMed]

	



Shyu, K.G.; Ko, W.H.; Yang, W.S.; Wang, B.W.; Kuan, P. Insulin-like growth factor-1 mediates stretch-induced upregulation of myostatin expression in neonatal rat cardiomyocytes. Cardiovasc. Res. 2005, 68, 405–414. [Google Scholar] [CrossRef]

	



Rashidlamir, A.; Attarzadeh Hosseini, S.R.; Hejazi, K.; Motevalli Anberani, S.M. The effect of eight weeks resistance and aerobic training on myostatin and follistatin expression in cardiac muscle of rats. J. Cardiovasc. Thorac. Res. 2016, 8, 164–169. [Google Scholar] [CrossRef]

	



Wang, B.W.; Chang, H.; Kuan, P.; Shyu, K.G. Angiotensin II activates myostatin expression in cultured rat neonatal cardiomyocytes via p38 MAP kinase and myocyte enhance factor 2 pathway. J. Endocrinol. 2008, 197, 85–93. [Google Scholar] [CrossRef]

	



Callis, T.E.; Pandya, K.; Hee, Y.S.; Tang, R.H.; Tatsuguchi, M.; Huang, Z.P.; Chen, J.F.; Deng, Z.; Gunn, B.; Shumate, J.; et al. MicroRNA-208a is a regulator of cardiac hypertrophy and conduction in mice. J. Clin. Investig. 2009, 119, 2772–2786. [Google Scholar] [CrossRef]

	



Lenk, K.; Schur, R.; Linke, A.; Erbs, S.; Matsumoto, Y.; Adams, V.; Schuler, G. Impact of exercise training on myostatin expression in the myocardium and skeletal muscle in a chronic heart failure model. Eur. J. Heart Fail. 2009, 11, 342–348. [Google Scholar] [CrossRef] [PubMed]

	



Castillero, E.; Akashi, H.; Wang, C.; Najjar, M.; Ji, R.; Kennel, P.J.; Sweeney, H.L.; Schulze, P.C.; George, I. Cardiac myostatin upregulation occurs immediately after myocardial ischemia and is involved in skeletal muscle activation of atrophy. Biochem. Biophys. Res. Commun. 2015, 457, 106–111. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, P.G.S.; Schwed, J.F.; Chiuso-Minicucci, F.; Duarte, S.R.S.; Nascimento, L.M.; Dorna, M.S.; Costa, N.A.; Okoshi, K.; Okoshi, M.P.; Azevedo, P.S.; et al. Association Between Serum Myostatin Levels, Hospital Mortality, and Muscle Mass and Strength Following ST-Elevation Myocardial Infarction. Heart Lung Circ. 2022, 31, 365–371. [Google Scholar] [CrossRef] [PubMed]

	



Damatto, R.L.; Lima, A.R.R.; Martinez, P.F.; Cezar, M.D.M.; Okoshi, K.; Okoshi, M.P. Myocardial myostatin in spontaneously hypertensive rats with heart failure. Int. J. Cardiol. 2016, 215, 384–387. [Google Scholar] [CrossRef] [PubMed]

	



Shyu, K.G.; Lu, M.J.; Wang, B.W.; Sun, H.Y.; Chang, H. Myostatin expression in ventricular myocardium in a rat model of volume-overload heart failure. Eur. J. Clin. Investig. 2006, 36, 713–719. [Google Scholar] [CrossRef] [PubMed]

	



Furihata, T.; Kinugawa, S.; Fukushima, A.; Takada, S.; Homma, T.; Masaki, Y.; Abe, T.; Yokota, T.; Oba, K.; Okita, K.; et al. Serum myostatin levels are independently associated with skeletal muscle wasting in patients with heart failure. Int. J. Cardiol. 2016, 220, 483–487. [Google Scholar] [CrossRef]

	



Chen, P.; Liu, Z.; Luo, Y.; Chen, L.; Li, S.; Pan, Y.; Lei, X.; Wu, D.; Xu, D. Predictive value of serum myostatin for the severity and clinical outcome of heart failure. Eur. J. Intern. Med. 2019, 64, 33–40. [Google Scholar] [CrossRef]

	



Gruson, D.; Ahn, S.A.; Ketelslegers, J.M.; Rousseau, M.F. Increased plasma myostatin in heart failure. Eur. J. Heart Fail. 2011, 13, 734–736. [Google Scholar] [CrossRef]

	



Chiang, J.Y.; Lin, L.; Wu, C.C.; Hwang, J.J.; Yang, W.S.; Wu, Y.W. Serum myostatin level is associated with myocardial scar burden by SPECT myocardial perfusion imaging. Clin. Chim. Acta 2022, 537, 9–15. [Google Scholar] [CrossRef]

	



Ishida, J.; Konishi, M.; Saitoh, M.; Anker, M.; Anker, S.D.; Springer, J. Myostatin signaling is up-regulated in female patients with advanced heart failure. Int. J. Cardiol. 2017, 238, 37–42. [Google Scholar] [CrossRef]

	



Schnee, J. Angiotensin II, adhesion, and cardiac fibrosis. Cardiovasc. Res. 2000, 46, 264–268. [Google Scholar] [CrossRef] [PubMed]

	



Gaussin, V.; Depre, C. Myostatin, the cardiac chalone of insulin-like growth factor-1. Cardiovasc. Res. 2005, 68, 347–349. [Google Scholar] [CrossRef] [PubMed]

	



Qi, H.; Ren, J.; Ba, L.; Song, C.; Zhang, Q.; Cao, Y.; Shi, P.; Fu, B.; Liu, Y.; Sun, H. MSTN Attenuates Cardiac Hypertrophy through Inhibition of Excessive Cardiac Autophagy by Blocking AMPK/mTOR and miR-128/PPARγ/NF-κB. Mol. Ther.-Nucleic Acids 2020, 19, 507–522. [Google Scholar] [CrossRef] [PubMed]

	



Butcher, J.T.; Ali, M.I.; Ma, M.W.; McCarthy, C.G.; Islam, B.N.; Fox, L.G.; Mintz, J.D.; Larion, S.; Fulton, D.J.; Stepp, D.W. Effect of myostatin deletion on cardiac and microvascular function. Physiol. Rep. 2017, 5, e13525. [Google Scholar] [CrossRef] [PubMed]

	



Biesemann, N.; Mendler, L.; Wietelmann, A.; Hermann, S.; Schäfers, M.; Krüger, M.; Boettger, T.; Borchardt, T.; Braun, T. Myostatin regulates energy homeostasis in the heart and prevents heart failure. Circ. Res. 2014, 115, 296–310. [Google Scholar] [CrossRef] [PubMed]

	



Biesemann, N.; Mendler, L.; Kostin, S.; Wietelmann, A.; Borchardt, T.; Braun, T. Myostatin induces interstitial fibrosis in the heart via TAK1 and p38. Cell Tissue Res. 2015, 361, 779–787. [Google Scholar] [CrossRef] [PubMed]

	



McPherron, A.C.; Huynh, T.V.; Lee, S.J. Redundancy of myostatin and growth/differentiation factor 11 function. BMC Dev. Biol. 2009, 9, 24. [Google Scholar] [CrossRef] [PubMed]

	



Kolwicz, S.C.; Tian, R. Glucose metabolism and cardiac hypertrophy. Cardiovasc. Res. 2011, 90, 194–201. [Google Scholar] [CrossRef]

	



Arad, M.; Seidman, C.E.; Seidman, J.G. AMP-Activated Protein Kinase in the Heart. Circ. Res. 2007, 100, 474–488. [Google Scholar] [CrossRef]

	



Manfredi, L.H.; Paula-Gomes, S.; Zanon, N.M.; Kettelhut, I.C. Myostatin promotes distinct responses on protein metabolism of skeletal and cardiac muscle fibers of rodents. Braz. J. Med. Biol. Res. 2017, 50, e6733. [Google Scholar] [CrossRef]

	



Lim, S.; McMahon, C.D.; Matthews, K.G.; Devlin, G.P.; Elston, M.S.; Conaglen, J.V. Absence of Myostatin Improves Cardiac Function Following Myocardial Infarction. Heart Lung Circ. 2018, 27, 693–701. [Google Scholar] [CrossRef] [PubMed]

	



Meloux, A.; Rochette, L.; Maza, M.; Bichat, F.; Tribouillard, L.; Cottin, Y.; Zeller, M.; Vergely, C. Growth differentiation factor-8 (GDF8)/myostatin is a predictor of troponin i peak and a marker of clinical severity after acute myocardial infarction. J. Clin. Med. 2020, 9, 116. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Solà, J.; Borrisser-Pairó, F.; Antúnez, E.; Tobías, E. Myostatin and insulin-like growth factor-1 in hypertensive heart disease. J. Hypertens. 2015, 33, 851–859. [Google Scholar] [CrossRef] [PubMed]

	



Baán, J.A.; Varga, Z.V.; Leszek, P.; Kuśmierczyk, M.; Baranyai, T.; Dux, L.; Ferdinandy, P.; Braun, T.; Mendler, L. Myostatin and IGF-I signaling in end-stage human heart failure: A qRT-PCR study. J. Transl. Med. 2015, 13, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Mikłosz, A.; Łukaszuk, B.; Baranowski, M.; Chabowski, A.; Górski, J. Assessment of the main compounds of the lipolytic system in treadmill running rats: Different response patterns between the right and left ventricle. Int. J. Mol. Sci. 2019, 20, 2556. [Google Scholar] [CrossRef] [PubMed]

	



Wojcik, B.; Miklosz, A.; Zabielski, P.; Chabowski, A.; Gorski, J. Effect of tachycardia on mRNA and protein expression of the principal components of the lipolytic system in the rat’s heart ventricles. J. Physiol. Pharmacol. 2017, 68, 731–736. [Google Scholar] [PubMed]

	



George, I.; Bish, L.T.; Kamalakkannan, G.; Petrilli, C.M.; Oz, M.C.; Naka, Y.; Sweeney, H.L.; Maybaum, S. Myostatin activation in patients with advanced heart failure and after mechanical unloading. Eur. J. Heart Fail. 2010, 12, 444–453. [Google Scholar] [CrossRef]

	



Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.; et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [Google Scholar] [CrossRef]

	



Anker, S.D.; Ponikowski, P.; Varney, S.; Chua, T.P.; Clark, A.L.; Webb-Peploe, K.M.; Harrington, D.; Kox, W.J.; Poole-Wilson, P.A.; Coats, A.J.S. Wasting as independent risk factor for mortality in chronic heart failure. Lancet 1997, 349, 1050–1053. [Google Scholar] [CrossRef]

	



von Haehling, S. The wasting continuum in heart failure: From sarcopenia to cachexia. Proc. Nutr. Soc. 2015, 74, 367–377. [Google Scholar] [CrossRef]

	



Suzuki, T.; Palus, S.; Springer, J. Skeletal muscle wasting in chronic heart failure. ESC Heart Fail. 2018, 5, 1099–1107. [Google Scholar] [CrossRef]

	



Lima, A.R.R.; Martinez, P.F.; Okoshi, K.; Guizoni, D.M.; Zornoff, L.A.M.; Campos, D.H.S.; Oliveira, S.A.; Bonomo, C.; Pai-Silva, M.D.; Okoshi, M.P. Myostatin and follistatin expression in skeletal muscles of rats with chronic heart failure. Int. J. Exp. Pathol. 2010, 91, 54–62. [Google Scholar] [CrossRef]

	



Breitbart, A.; Auger-Messier, M.; Molkentin, J.D.; Heineke, J. Myostatin from the heart: Local and systemic actions in cardiac failure and muscle wasting. Am. J. Physiol.-Heart Circ. Physiol. 2011, 300, H1973. [Google Scholar] [CrossRef]

	



Heineke, J.; Auger-Messier, M.; Xu, J.; Sargent, M.; York, A.; Welle, S.; Molkentin, J.D. Genetic deletion of myostatin from the heart prevents skeletal muscle atrophy in heart failure. Circulation 2010, 121, 419–425. [Google Scholar] [CrossRef]

	



Lee, S.J. Targeting the myostatin signaling pathway to treat muscle loss and metabolic dysfunction. J. Clin. Investig. 2021, 131, e148372. [Google Scholar] [CrossRef]

	



Nielsen, T.L.; Vissing, J.; Krag, T.O. Antimyostatin treatment in health and disease: The story of great expectations and limited success. Cells 2021, 10, 533. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 13 01777 g001] 





Figure 1. The pathway of free myostatin formation. The myostatin gene is located on chromosome 2 in humans and is composed of three exons and two introns. Prepromyostatin exists as a disulfide-linked homodimer composed of a signal peptide (SP), N-terminal prodomain, and C-terminal ligand. It is later processed by signal peptidase, furin protein convertase, and BMP-1/tolloid proteinases. In the blood, myostatin is present in the form of latent complex; thus, only one step is needed to release free myostatin. In skeletal muscles, promyostatin is secreted mostly in the interstitial fluid; thus, two steps are needed to release free myostatin. Blood myostatin is inhibited by follistatin, follistatin-related gene, propeptide, GASP 1 (growth and differentiation factor-associated serum protein 1), and LTBP3 (latent TGF-β binding protein 3). Blue arrows indicate the direction of myostatin synthesis, while red arrows show the place of enzyme action. 
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