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Studies investigating the proteome of skeletal muscle present clear evidence that protein metabolism is altered in muscle of humans with obesity. Moreover, muscle quality (i.e., strength per unit of muscle mass) appears lower in humans with obesity. However, relevant evidence to date describing the protein turnover, a process that determines content and quality of protein, in muscle of humans with obesity is quite inconsistent. This is due, at least in part, to heterogeneity in protein turnover in skeletal muscle of humans with obesity. Although not always evident at the mixed-muscle protein level, the rate of synthesis is generally lower in myofibrillar and mitochondrial proteins in muscle of humans with obesity. Moreover, alterations in the synthesis of protein in muscle of humans with obesity are manifested more readily under conditions that stimulate protein synthesis in muscle, including the fed state, increased plasma amino acid availability to muscle, and exercise. Current evidence supports various biological mechanisms explaining impairments in protein synthesis in muscle of humans with obesity, but this evidence is rather limited and needs to be reproduced under more defined experimental conditions. Expanding our current knowledge with direct measurements of protein breakdown in muscle, and more importantly of protein turnover on a protein by protein basis, will enhance our understanding of how obesity modifies the proteome (content and quality) in muscle of humans with obesity.
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INTRODUCTION

Obesity is a widespread and fast growing health concern (Hales et al., 2020). Thus, comorbidities (i.e., diabetes and heart disease) occurring as consequence of obesity carry relevant social impact and economic burden. Obesity affects function of tissues across the body, including the skeletal muscle, and current evidence shows poor quality of muscle in humans with obesity (Valenzuela et al., 2020). Muscle quality is evaluated as strength output per unit of muscle mass and has greater implications for physical function and performance of activities of daily living when compared to absolute muscle mass. Interestingly, muscle quality is reduced even in muscles of lower extremities, despite these muscles being exposed to a “training effect” due to increased body weight in obesity (Tomlinson et al., 2016). Effects of obesity on muscle mass and function become generally more evident at older age, at which time are revealed in the clinical setting as “sarcopenic obesity” (Stenholm et al., 2008).

Altered muscle fiber phenotype is a hallmark of morphological changes observed in skeletal muscle of humans with obesity (Wade et al., 1990; Hickey et al., 1995; Tanner et al., 2002; Stuart et al., 2013). This is associated with altered content in the isoforms of the protein myosin heavy chain, as well as overall distortions in the proteome of skeletal muscle in humans with obesity (Hwang et al., 2010). As such, protein metabolism in skeletal muscle of humans with obesity induces a discrete muscle phenotype that is of particular importance for overall/whole-body metabolism. Specifically, and because it is the largest insulin-sensitive tissue in the body, skeletal muscle has the primary role for whole-body glucose utilization (Stump et al., 2006), a process that is, however, impaired in humans with obesity and in the presence of distorted muscle proteome (Hwang et al., 2010). Furthermore, evidence accumulated over the last few years shows that disruptions in cellular proteome homeostasis accelerates the effects of aging (Basisty et al., 2018; Santra et al., 2019).

Until recently, there was very little evidence on protein metabolism in skeletal muscle of humans with obesity, despite original evidence collected in rodents decades ago showing that obesity is linked to adverse effects on protein metabolism in muscle (Durschlag and Layman, 1983; Lanza-Jacoby and Kaplan, 1984; Friedman et al., 1990; Herrero et al., 1997). Early efforts to understand protein metabolism in humans with obesity focused on whole-body protein turnover, but subsequent studies provided original evidence for impaired protein turnover occurring specifically in muscle of these individuals (Guillet et al., 2011; Katsanos and Mandarino, 2011). Over the last ~10 years, various studies have generated considerable amount of evidence describing the effects of obesity on protein content and turnover in skeletal muscle. Effects on skeletal muscle protein turnover are reported at the levels of whole-/mixed-muscle protein, functionally related groups of proteins, or individual proteins within muscle. Findings from these studies do not always support the same conclusions, prolonging the controversy about the effects of obesity on muscle protein metabolism. It is important to note that the role of plasma insulin on muscle protein metabolism (Abdulla et al., 2016) and the associated insulin resistance in obesity, the effects of fasting on muscle protein metabolism (Bak et al., 2016), and whether protein metabolism is assessed under a fasting or fed state, as well as the interactions between feeding and physical activity on muscle protein metabolism (Miller, 2007), are all important factors that need to be considered when interpreting data from studies investigating the regulation of muscle protein metabolism in obesity.

Goals of this review are to summarize the body of evidence describing the protein metabolism in muscle of humans with obesity, provide possible insights into discrepant findings, describe mechanisms implicated in altered protein metabolism in muscle of these individuals, and emphasize areas in need of more research. By discussing a framework to guide this research, we expect to achieve a more complete understanding of how obesity affects protein metabolism in skeletal muscle of humans. We have placed particular focus on studies conducted with young and middle-aged humans to avoid the concurrent effects of aging on impairing protein metabolism in muscle of older adults with obesity.



FASTED-STATE MIXED-MUSCLE PROTEIN SYNTHESIS AND BREAKDOWN

Total protein in skeletal muscle is under constant turnover determined by the processes of breakdown of old and/or damaged proteins and synthesis of new ones. Together, the biological processes of protein synthesis and breakdown maintain protein mass in skeletal muscle, and the rate of synthesis is of particular physiological importance because it also determines the rate of renewal of the proteins in muscle. That is, the rate by which malfunctional, damaged, and/or old proteins in muscle are replaced with newly synthesized ones, thus maintaining proper mechanical and metabolic function in skeletal muscle. Table 1 summarizes the evidence from available studies that have evaluated synthesis and breakdown of muscle protein in skeletal muscle of humans with obesity and relative to those of non-obese humans.



TABLE 1. Summary of studies evaluating protein synthesis and/or breakdown in skeletal muscle of humans with obesity in the fasted state.
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Studies assessing the effects of human obesity on the metabolism of mixed-muscle (i.e., overall) protein differ in their conclusions. To illustrate, Guillet et al. (2009) were one of the first showing that after an overnight fast the rate of synthesis of mixed-muscle protein, measured by isotope tracers of amino acids, is lower in humans with obesity compared to controls. On the other hand, Hulston et al. (2018) reported no differences in mixed-muscle protein synthesis between humans with obesity and lean humans. However, other studies performed under comparable experimental conditions, are in agreement with the findings from Guillet et al. (2009). These studies have reported lower synthesis of mixed-muscle protein in humans with obesity by using amino acid tracers and either the precursor-product approach (Tran et al., 2016, 2018) or the arteriovenous balance approach (i.e., rate of tracer disappearance into muscle; Bak et al., 2016). Interestingly, and based on findings from the latter report (Bak et al., 2016), extended fasting up to 72 h does not reduce further the overall protein synthesis in muscle of humans with obesity when compared to a 12-h fasting (i.e., typical duration of an overnight fasting period in most studies investigating muscle protein metabolism in humans). However, such extended fasting decreases protein synthesis in non-obese subjects (Bak et al., 2016), indicating possibly an earlier effect of the absence of dietary intake on modifying the time course of the decrease in fasted-state muscle protein synthesis in obesity. Contrary to these findings, however, other lines of evidence show no differences in the synthesis of mixed-muscle protein in the fasted state between humans with obesity and lean controls (Hulston et al., 2018; Serrano et al., 2021), suggesting that obesity, per se, may not always affect the synthesis rate of overall protein in muscle in the fasted state.

Breakdown rate of protein within muscle is important in determining the total content of protein in muscle. However, and although lower muscle protein breakdown may increase the content of protein within a given muscle protein pool, it results in accumulation of older, possibly damaged proteins (Jaleel et al., 2010). When compared to that of protein synthesis, data describing protein breakdown in muscle of humans with obesity are rather limited. Evidence using amino acid tracers in conjunction with the arteriovenous balance approach, shows that forearm amino acid release, which is experimentally employed to describe muscle protein breakdown, is lower in women with obesity compared to lean women (Patterson et al., 2002). A separate study using a comparable experimental approach found lower muscle protein breakdown also in men with obesity when compared to lean men (Bak et al., 2016). Therefore, although limited, current evidence shows rather consistently that overall protein breakdown in muscle is lower in humans with obesity. However, and despite lower muscle protein breakdown in obesity, overall protein balance in muscle is not different between subjects with obesity and lean subjects, because the synthesis of protein is also lower in the subjects with obesity (Bak et al., 2016).

Lower rate of synthesis concurrently with lower rate of breakdown of overall protein in skeletal muscle of humans with obesity (Bak et al., 2016) suggests lower rate of renewal of the overall protein pool in muscle of these individuals. Collectively, these responses may explain the lower muscle quality observed in humans with obesity (Valenzuela et al., 2020), and secondary to the existence of older/more metabolically damaged, less functional proteins (Jaleel et al., 2010). Reductions in the processes of protein synthesis and breakdown in skeletal muscle in humans with obesity could result from mechanisms that independently regulate these processes in skeletal muscle and induced in response to the specific metabolic environment of obesity. Alternatively, lower muscle protein synthesis observed concurrently with lower muscle protein breakdown in humans with obesity (Bak et al., 2016) may imply that reduction in one of the processes mediates reduction in the other process in muscle in order to maintain a given protein content within muscle in obesity.

Because almost all evidence to date describing effects of obesity on muscle protein turnover in humans comes from studies measuring only the synthesis rate of muscle protein, we currently have incomplete understanding of the breakdown of protein in muscle in obesity, and as such of the dynamic regulation of overall protein content and quality in muscle of humans with obesity. Further limitation of current studies is that measurements performed at the mixed-muscle protein level alone mask effects of obesity on protein turnover of given proteins, considering that synthesis rates differ greatly between individual proteins within skeletal muscle (Jaleel et al., 2008).



FASTED-STATE SYNTHESIS AND BREAKDOWN OF DISTINCT PROTEIN POOLS IN MUSCLE

Proteomics analyses show differences in the content of total protein of functionally linked groups of proteins in skeletal muscle between subjects with obesity and non-obese controls (Hwang et al., 2010; Kras et al., 2018). Moreover, obesity alters the content of functionally linked proteins, such as the mitochondrial proteins, on an individual protein basis within muscle (Kras et al., 2018). These lines of evidence underline that, unless the content of total protein in muscle is the main outcome (i.e., accumulation of muscle mass), it is important to evaluate synthesis and breakdown of protein in muscle at the levels of functionally linked groups of proteins and/or in a protein by protein basis. Such knowledge is summarized next, but it is very limited because measuring currently breakdown of groups of proteins or individual proteins in muscle of humans is technically challenging. However, such determinations are essential in evaluating effects of obesity on either content or the rate of renewal and degradation/removal of protein(s) that have functional and metabolic implications in skeletal muscle in obesity.


Myofibrillar Proteins

Myofibrillar proteins constitute approximately half of the total protein in skeletal muscle. In addition to their quantitative importance within the overall muscle proteome, myofibrillar proteins support myofiber structure and form the contractile apparatus of skeletal muscle. Thus, maintenance of the myofibrillar protein pool is undoubtedly critical for overall musculoskeletal health and function. Chevalier et al. (2015) found that the synthesis rate of myofibrillar protein is not different between subjects with obesity and normal-weight controls. This agrees with subsequent studies reporting effects of obesity on myofibrillar protein synthesis (Beals et al., 2016, 2018; Kouw et al., 2019). However, relevant evidence about the rate of breakdown of myofibrillar protein in the fasted state in muscle of humans with obesity is currently lacking.



Sarcoplasmic Proteins

Sarcoplasmic proteins comprise about a third of the overall protein pool in skeletal muscle, and because of that, the sarcoplasmic protein content is quantitatively important in the context of overall protein metabolism in muscle. Although limited, current evidence consistently shows that obesity does not alter the rate of synthesis of the overall sarcoplasmic protein pool in skeletal muscle of humans (Chevalier et al., 2015; Beals et al., 2018).



Mitochondria

Mitochondrial proteins constitute a small portion of the overall muscle proteome. However, they regulate energy metabolism, as well as other biological processes (i.e., production of reactive oxygen species), of great metabolic importance in skeletal muscle. Because such biological processes are altered in muscle of humans with obesity, with implications for developing insulin resistance and Type 2 Diabetes (Abdul-Ghani et al., 2009), regulation of mitochondrial protein metabolism in humans with obesity has received particular attention.

Some studies have found lower mitochondrial protein synthesis in muscle of subjects with obesity (Guillet et al., 2009; Tran et al., 2018). Contrary to these findings, other studies have reported no differences in muscle mitochondrial protein synthesis between humans with obesity and non-obese controls (Beals et al., 2017; Serrano et al., 2021). However, lower content of mitochondrial proteins in muscle of humans with obesity (Hwang et al., 2010; Lefort et al., 2010; Kras et al., 2018) implies that mitochondrial protein turnover is altered in obesity. This may be a consequence of lower rate of synthesis of mitochondrial proteins, and as reported in some studies (Guillet et al., 2009; Tran et al., 2018), or higher rate of breakdown of mitochondrial proteins in muscle of humans with obesity, but evidence with respect to the latter is currently lacking. It is import to note that findings discussed in the paragraph above relate specifically to the mitochondrial sub-fraction found under the sarcolemma in skeletal muscle. This is because isolation of mitochondria from the intermyofibrillar region to determine synthesis rates of this mitochondrial sub-fraction using standard precursor-product isotopically labeled tracers is technically difficult (i.e., requires the use of a digestive enzyme for the isolation of the intermyofibrillar mitochondria that dilutes the stable isotope enrichment of the protein synthesized in vivo). However, lower content of total and individual mitochondrial proteins isolated from the intermyofibrillar region in subjects with obesity (Chomentowski et al., 2011; Kras et al., 2018) suggests that turnover of mitochondrial proteins within the intermyofibrillar region is also affected in muscle of humans with obesity.

Evidence for impaired mitochondrial protein synthesis in skeletal muscle of humans with obesity (Guillet et al., 2009; Tran et al., 2018) is not supported by all studies (Beals et al., 2017; Serrano et al., 2021). There is possibly heterogeneity in the response of synthesis of mitochondrial protein in muscle of humans with obesity. There is clear need to understand the conditions under which mitochondrial protein synthesis and content are adversely affected in skeletal muscle of humans with obesity. This is important given that mitochondria in muscle are implicated not only in developing obesity-associated insulin resistance (Pileggi et al., 2021), but also in impairing muscle proteostasis itself and maintenance of muscle mass (Coen et al., 2018). A limitation when evaluating protein turnover at the overall mitochondrial proteome is that this approach does not provide any information about synthesis rates of either individual mitochondrial proteins or functionally linked mitochondrial protein complexes. While content of some mitochondrial protein complexes is higher, that of others is actually lower in muscle of humans with obesity (Kras et al., 2018), effects likely mediated by same-direction responses in the synthesis rate of their respective proteins. Therefore, effects of obesity on impairing the synthesis rates of specific mitochondrial proteins are not readily evident at the overall mitochondrial proteome level.



Individual Proteins

Almost all studies investigating skeletal muscle protein turnover in obesity have focused on either mixed-muscle protein or protein pools restricted to certain cellular compartments that include the myofibrillar, sarcoplasmic, or mitochondrial proteins. However, individual proteins in muscle display quite wide variation in their synthesis rates (Jaleel et al., 2008; Camera et al., 2017), and obesity may alter the synthesis rate of proteins in skeletal muscle on a protein by protein basis. In this regard, although measuring rates of synthesis and breakdown on a protein by protein basis in vivo using stable isotope tracers are technically challenging, it is of great importance in deepening our understanding of protein turnover in muscle of humans with obesity. In addition to describing mechanisms (i.e., synthesis vs. breakdown) that determine the content of proteins in muscle, understanding of protein turnover on a protein by protein basis is more informative with respect to linking protein metabolism to function in skeletal muscle.

Limited evidence to date on protein turnover at the level of individual proteins shows that subjects with obesity have lower synthesis rate of the beta subunit of the ATP synthase (β-F1-ATPase; Tran et al., 2019), a protein of the mitochondrial Complex V that serves as the catalytic site for ATP production. Lower synthesis rate of β-F1-ATPase may explain lower abundance of this protein in muscle of humans with obesity (Hojlund et al., 2010; Hwang et al., 2010; Tran et al., 2016). Notably, expression of the β-F1-ATPase in muscle of humans with obesity is not affected at the transcription level (Tran et al., 2019), suggesting impaired translation of this protein in muscle in obesity. Moreover, lower synthesis rate of β-F1-ATPase in muscle of humans with obesity is observed concomitant with impaired function of the ATP synthase (Tran et al., 2019) and lower concentration of ATP in muscle of humans with obesity (Lennmarken et al., 1986). Collectively, these lines of evidence link impaired synthesis rate of a protein to impaired function in skeletal muscle in obesity.

Unfortunately, there is a dearth of information about protein turnover on a protein by protein basis in muscle of humans with obesity. Rates of synthesis and breakdown are affected differently among the numerous individual proteins in skeletal muscle in response to consumption of a high-fat diet, which, to some extent, may reflect a metabolic state resembling obesity (Camera et al., 2017). Describing turnover rate of individual proteins is key to enhance our understanding of the mechanisms that determine the proteome and metabolic function in muscle of humans with obesity. In this regard, the specific functional and metabolic characteristics of muscle in obesity result largely from differences observed in muscle fiber phenotype in these individuals (Wade et al., 1990; Hickey et al., 1995; Tanner et al., 2002; Stuart et al., 2013) and which are secondary to differences in the expression of the isoforms of the myosin heavy chain protein in muscle (Campbell et al., 2016).




REGULATION OF MUSCLE PROTEIN TURNOVER BY ACUTE EXERCISE

It is well established that acute exercise stimulates both protein synthesis (reviewed in Miller, 2007; Atherton and Smith, 2012) and protein breakdown in skeletal muscle. However, the increase in muscle protein breakdown after exercise is comparatively lower than that of protein synthesis (Tipton et al., 2018), in a way that exercise results in an overall accretion of protein in muscle. Thus, increase in protein synthesis by exercise not only remodels/renews the muscle proteome, but it also provides for increase in the overall protein in skeletal muscle. In non-obese humans, both resistance and aerobic exercise stimulate protein synthesis in muscle, with resistance exercise favoring the synthesis of myofibrillar protein and aerobic exercise favoring the synthesis of mitochondrial protein (Wilkinson et al., 2008).

Evidence first obtained in animal models of obesity shows that obesity impairs protein metabolism in skeletal muscle in response to exercise. Specifically, diet-induced obesity in mice attenuates the growth of skeletal muscle in response to mechanical overload (Sitnick et al., 2009). Also, Zucker rats with obesity show impaired mitochondrial biogenesis in response to resistance exercise (Nilsson et al., 2010). Recent evidence using rodent models of obesity shows that impaired response in protein synthesis in muscle to resistance exercise occurs specifically in Type I and IIa muscle fibers (Ato et al., 2021). Understanding on whether impairments in muscle protein metabolism observed in rodent models of obesity occurs also in humans with obesity has only recently gained attention. To date, only few studies relative to the studies in the overall field of muscle protein metabolism in humans have investigated protein turnover in muscle of humans with obesity in response to resistance and/or aerobic exercise. The findings from these studies are summarized in Table 2.



TABLE 2. Summary of studies evaluating protein synthesis in skeletal muscle of humans with obesity after acute exercise.
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With respect to resistance exercise, evidence obtained more than two decades ago, shows that increased adiposity impairs strength adaptations in muscle of young individuals performing resistance exercise training (Falk et al., 2002). More recent evidence at the molecular level shows that the increase in mixed-muscle protein synthesis following resistance exercise [i.e., four sets of knee-extension to volitional fatigue at 70% of one-repetition maximum (1-RM)] in humans with obesity is comparable to that observed in lean humans (Hulston et al., 2018). However, under a rather comparable resistance exercise protocol (i.e., 4 × 10–12 repetitions of knee-extension at 65% of 1-RM), the post-exercise increase in myofibrillar protein synthesis was lower in humans with obesity (Beals et al., 2018). On the other hand, in the latter report, the corresponding synthesis rate response within the sarcoplasmic protein pool was not different from that in lean subjects (Beals et al., 2018). Collectively, these lines of evidence show that impaired protein synthesis in muscle of humans with obesity in response to resistance exercise occurs in certain protein pools that include the contractile proteins.

Concerning acute aerobic exercise, only few studies have investigated the effects of this type of exercise modality on protein metabolism in muscle of humans with obesity. In lean subjects, acute aerobic exercise performed in a fasted state appears to provide adequate stimulus to upregulate synthesis of mixed-muscle (Carraro et al., 1990; Harber et al., 2010) as well as myofibrillar (Di Donato et al., 2014) proteins. However, there is also evidence indicating that acute aerobic exercise does not increase either mixed-muscle (Serrano et al., 2021) or mitochondrial (Di Donato et al., 2014; Serrano et al., 2021) protein synthesis in lean subjects. It is possible that this discrepancy in the findings between studies is the result of the specific experimental protocols employed in each study. Therefore, it is critical to use experimental approaches (i.e., type of acute exercise and timing of protein turnover measurements) that show upregulation in protein synthesis in muscle of non-obese subjects if defects in protein synthesis in muscle of subjects with obesity are to be detected. Important consideration when studying the effects of acute aerobic exercise on muscle protein synthesis is that this type of exercise decreases the concentration of amino acids in plasma (Struder et al., 1999; Serrano et al., 2021). Decrease in the concentration of amino acids in plasma at levels below those found in the fasted state inhibits protein synthesis in skeletal muscle (Kobayashi et al., 2003). On the other hand, aerobic exercise performed in association with a fed state increases mitochondrial protein synthesis (Wilkinson et al., 2008; Donges et al., 2012), which underlines the important role of increased amino acids in plasma in stimulating protein synthesis in muscle in response to aerobic exercise. Therefore, effects of obesity on impairing the response of protein synthesis in muscle to acute aerobic exercise are likely to become evident under experimental protocols that increase, or at least prevent decrease, in the concentration of plasma amino acids post-exercise, but such evidence is currently lacking.

Although not necessarily an identical metabolic state, increasing the concentration of free fatty acids in plasma induces a metabolic environment that resembles that of obesity (Boden, 2008). This metabolic environment impairs glucose metabolism in muscle of lean humans, a metabolic effect that is comparable to that observed in muscle of humans with obesity. Likewise, increasing free fatty acids in plasma of lean humans impairs synthesis of mixed-muscle protein induced by increase in plasma amino acids (Stephens et al., 2015). However, acute aerobic exercise overcomes the negative effects of increased plasma free fatty acids on protein synthesis (Smiles et al., 2019), suggesting that acute aerobic exercise may counteract impairments on muscle protein metabolism induced by lipotoxicity, a metabolic state present in obesity (Ye et al., 2019). However, there is a critical need for studies to address this gap in the literature regarding the effects of obesity-associated lipotoxicity in modifying the response of protein synthesis to acute aerobic exercise. Such evidence is particularly important with respect to specific protein pools as well as individual proteins within skeletal muscle that have metabolic and functional implications for health.

In summary, current evidence shows that obesity impairs synthesis in the myofibrillar protein pool in response to acute resistance exercise. It is important to note that defects in protein synthesis in muscle of humans with obesity after exercise are evident in association with increased availability of nutrients in plasma, making it difficult to attribute observed defects in protein synthesis in muscle in obesity specifically to impaired response to the exercise stimulus, per se. Along such experimental limitations, it is also worth noting that humans with obesity are generally physically inactive (Petersen et al., 2004) and that physical inactivity exacerbates anabolic resistance to protein synthesis in skeletal muscle (Smeuninx et al., 2017). Moreover, protein synthesis in muscle in response to resistance exercise in subjects with obesity is lower than that of lean controls when both subject groups are reported to be inactive (Beals et al., 2018), but it is not different between groups when both groups are physically active (Hulston et al., 2018). Therefore, properly designed studies are key to determine whether obesity directly impairs protein metabolism in response to acute exercise in muscle of humans.



REGULATION BY FED STATE/AMINO ACIDS

Feeding induces overall protein accrual in skeletal muscle by increasing the rate of protein synthesis and concomitantly decreasing, although to lower extent, that of protein breakdown in muscle (Burd et al., 2009). Among nutrients, amino acids are the most powerful stimuli for increasing protein synthesis in muscle (Wolfe, 2002). Therefore, several investigators have turned their attention to the effects of obesity on muscle protein synthesis in the fed state, namely, following protein ingestion or intravenous supply of amino acids. These findings to date are summarized in Table 3. Overall, some studies reveal comparable responses in protein synthesis in muscle to increase in plasma amino acids between humans with obesity and lean controls, whereas other studies show that this response is impaired in humans with obesity. Some evidence shows that obesity impairs protein synthesis in muscle in the fed state (Beals et al., 2016), whereas other evidence shows that the response of protein synthesis in muscle of humans with obesity is comparable to that of lean humans both in the fed state (Kouw et al., 2019) and under conditions that resemble a fed state (Chevalier et al., 2015; Tran et al., 2018). In fact, hyperaminoacidemia induces acute increase in protein synthesis in muscle of humans with obesity that is quantitatively greater (Tran et al., 2018), although not always significant (Chevalier et al., 2015), than that in lean subjects.



TABLE 3. Summary of studies evaluating protein synthesis and/or breakdown in skeletal muscle of humans with obesity in the fed state.
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Investigations focused on given protein pools within skeletal muscle have concluded that the response of myofibrillar protein synthesis is not different between humans with obesity and lean humans under circumstances associated with a fed state (Chevalier et al., 2015). However, others have reported lower response in myofibrillar protein synthesis in humans with obesity under comparable conditions (Beals et al., 2016). Also, the response of mitochondrial protein synthesis in humans with obesity under conditions that stimulate protein synthesis in muscle (i.e., provision of nutrients, including amino acids) is reported as both impaired (Guillet et al., 2009) and responsive (Beals et al., 2017; Tran et al., 2018) when compared to that in lean humans. Such discrepant findings between studies investigating the effects of obesity on the response of protein synthesis in a given muscle protein pool may result from the unique experimental conditions employed in each study, as well as on whether the fed state is induced by meal ingestion (Beals et al., 2016) as opposed to experimental infusion of nutrients/hormones in order to mechanistically enhance the experimental design (Chevalier et al., 2015). However, it is also possible that discrepant findings in the response of muscle protein synthesis in obesity are the result of a metabolic heterogeneity associated with the (patho)physiological state of obesity. There is indeed heterogeneity in metabolic responses in humans with obesity, and not every individual with obesity is characterized by metabolic impairments (Kloting et al., 2010; Ahima and Lazar, 2013). It is reasonable to speculate that this is also true about protein metabolism in skeletal muscle of humans with obesity, and in a way that it contributes to the differences in the responses in muscle protein synthesis among the subject populations with obesity examined in the aforementioned studies.

It is technically challenging using current methodologies to directly measure protein breakdown in muscle under the non-steady state plasma amino acid concentrations of a fed state. A study employing experimental conditions that resemble a postprandial state, shows that subjects with obesity, albeit older adults, have lower rate of leg, and presumably muscle, protein breakdown during concurrent hyperinsulinemia, hyperaminoacidemia, and euglycemia (Murton et al., 2015). Although limited, this evidence suggests that muscle protein breakdown is suppressed to a greater extent in humans with obesity than non-obese humans in a fed state. Lower protein breakdown in muscle under these conditions, and in the presence of comparable response in protein breakdown in the fasted stated (Murton et al., 2015), indicates that the overall rate of renewal of the muscle proteome is reduced in humans with obesity. This response is expected to result in accumulation of less functional proteins in muscle of humans with obesity (and as discussed in the sections above), and which is in line with lower metabolic quality of muscle observed in these subjects (Murton et al., 2015).

In summary, evaluating protein turnover in a non-steady state, as in the postprandial state, is technically complex. Therefore, findings to date likely reflect the specific experimental conditions employed in each study. All these limit our ability to draw conclusions about protein metabolism in the fed state that are applicable to the general population with obesity. Factors such as meal size, timing of meal ingestion, composition of the meal, duration of metabolic measurements, along with concurrent changes in plasma hormones that may differ among humans with obesity, mediate different responses and, thus, are key factors to consider when evaluating protein turnover in the fed state in muscle of humans with obesity.



POTENTIAL MECHANISMS IMPAIRING PROTEIN SYNTHESIS IN MUSCLE OF HUMANS WITH OBESITY


Intracellular Signaling

The importance of intracellular signaling for protein synthesis in muscle is most evident under the fed state, which induces acute stimulation of the overall translational machinery in muscle (Liu et al., 2002). This process is initiated by muscle signaling pathways that respond to amino acids and insulin, and signaling through the mammalian target of rapamycin (mTOR), which has central role in this process (Balage et al., 2001). Hence, disruption of mTOR signaling can be potential factor contributing to dysregulated protein metabolism in skeletal muscle of humans, including those with obesity. However, studies to date have consistently demonstrated lack of impaired mTOR signaling, and its downstream target ribosomal protein S6 kinase-1 (S6K1), in humans with obesity in the fasted state (Bak et al., 2016; Beals et al., 2016; Tran et al., 2018). In fact, activation of mTOR in the fasted-state is higher in muscle of humans with obesity (Beals et al., 2016; Tran et al., 2018). Increased mTOR activation in skeletal muscle of humans with obesity in the fasted state may result from effects of an obesity-associated insulin resistance on increasing the plasma amino acids (Felig et al., 1969; Adams, 2011), and given the role of increased concentrations of plasma amino acids (and insulin) in activating mTOR (Tremblay et al., 2005). In agreement with this evidence obtained in studies investigating protein metabolism, the metabolic state of obesity is often linked to prolonged activation of mTOR, a condition that induces tissue insulin resistance (Tremblay and Marette, 2001; Khamzina et al., 2005). Moreover, during nutrient oversupply, phosphorylation of mTOR remains elevated, while that of S6K1 increases more in subjects with obesity compared to lean subjects (Beals et al., 2016; Tran et al., 2018). These findings argue against impaired activation of mTOR or mTOR to S6K1 signaling in impairing protein synthesis in skeletal muscle of humans with obesity, either in the fasted state (Bak et al., 2016; Tran et al., 2016) or in the presence of nutrients that stimulate protein synthesis in muscle (Beals et al., 2016).

In regards to protein breakdown, there is currently lack of evidence about the mechanisms that may mediate the observed lower rate of protein breakdown in muscle of humans with obesity (Patterson et al., 2002; Bak et al., 2016). Current evidence suggests decreased expression of autophagy-related genes in skeletal muscle from severely insulin-resistant patients with Type 2 Diabetes (Moller et al., 2017), and these same mechanisms may play role in attenuating muscle protein breakdown in obesity, and where insulin resistance is a common manifestation. Because activation of mTOR inhibits autophagy in skeletal muscle (Castets et al., 2013), obesity-induced chronic activation of mTOR may explain the lower protein breakdown observed in muscle of humans with obesity (Patterson et al., 2002; Bak et al., 2016). Increased concentrations of plasma insulin in the basal state in humans with insulin resistance suppresses skeletal muscle protein breakdown (Denne et al., 1995). However, currently, we cannot conclusively attribute a role of mTOR activation by insulin on reducing protein breakdown in muscle of humans with obesity. This is because physiological insulin concentrations, although decrease markers of autophagy in muscle, this effect does not necessarily involve activation of the mTOR-S6K1 signaling pathway (Kruse et al., 2015).

Although acute activation of mTOR is physiologically important to induce protein synthesis and skeletal muscle growth, chronic elevation of mTOR and/or S6K1 phosphorylation may be one of the culprits hindering muscle anabolism in obesity. Specifically, increased S6K1 signaling may act as negative regulator impairing protein synthesis in humans with obesity. Support for this notion comes from studies in animal models, and where experimentally reducing overactivated S6K1 in mice improves muscle weight and muscle fiber area, which are reduced because of obesity (Drake et al., 2010). Although impaired muscle anabolism in the latter studies could not be explained by impaired signaling through S6K1, muscle from mice with obesity were characterized by low formation of the active translation initiation eukaryotic initiation factor 4F (eIF4F; Drake et al., 2010), which signals upregulation of protein synthesis in muscle (Pain, 1996).

Relevant to the regulation of muscle protein synthesis by the formation of the active eIF4F complex in skeletal muscle is the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1). Phosphorylation status of 4E-BP1 controls, in part, the formation of the active eIF4F complex, and where phosphorylation of 4E-BP1 enhances assembly of the eIF4F complex (Hara et al., 1998). Phosphorylation of 4E-BP1 in response to resistance exercise is lower in humans with obesity along with lower stimulation of protein synthesis in muscle of these individuals (Beals et al., 2018). Moreover, lipid oversupply to skeletal muscle, a condition that resembles the metabolic context of obesity, impairs phosphorylation of 4E-BP1 in the presence of plasma amino acids and results in lower stimulation of protein synthesis in muscle (Stephens et al., 2015). Therefore, formation of the active eIF4F complex, and in this regard the regulation of 4E-BP1 in muscle, may be key to our understanding of intracellular signaling mechanisms that impair protein synthesis in muscle of humans with obesity.



Protein Transcription/Translation

Although heavily investigated, mechanisms regulating global protein synthesis in skeletal muscle (i.e., mTOR signaling and eIF4F complex formation) may not necessarily alone explain impaired protein metabolism that may occur in a more compartmentalized manner in muscle of humans with obesity. Therefore, investigating synthesis of proteins in muscle of humans with obesity at the level of functionally related group of proteins and/or on a protein by protein basis can provide more specific information to understand metabolism of protein in skeletal muscle in obesity. Support for this notion comes from evidence showing altered content of individual proteins in muscle of humans with obesity (Hwang et al., 2010; Kras et al., 2018), and in parallel with changes at the levels of certain transcription factors in muscle (Zapata-Bustos et al., 2021).

Reduction in type I fibers in skeletal muscle of humans with obesity (Wade et al., 1990; Hickey et al., 1995; Tanner et al., 2002; Stuart et al., 2013) can be linked specifically to lower content of the isoform of the myosin heavy chain that identifies type I fibers (i.e., MHC-I), and which is reduced in muscle of humans with obesity (Campbell et al., 2016). In this regard, non-coding RNA molecules that differentially regulate isoforms of the myosin heavy chain protein in skeletal muscle (van Rooij et al., 2009) become of particular importance for our understanding of how metabolism of protein is altered in muscle of humans with obesity. The mRNA response of the peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1 α, a transcription factor upregulating mitochondrial biogenesis (Miller and Hamilton, 2012), to aerobic exercise is lower in humans with obesity (Serrano et al., 2021), possibly restricting the capacity of these individuals to upregulate protein synthesis within the mitochondrial protein pool in response to an exercise stimulus. Supporting this notion, a rat model characterized by obesity shows impaired mitochondrial protein synthesis in response to resistance exercise (Nilsson et al., 2010). Finally, upregulation of the expression of certain microRNAs in muscle of humans with obesity impairs expression of muscle mitochondrial proteins (Tran et al., 2016), as well as that of muscle insulin-like growth factor-1 (IGF-1) that regulates protein anabolism in muscle (Sullivan et al., 2020). All these lines of evidence argue for the need for investigation of mechanisms that alter protein metabolism in skeletal muscle of humans with obesity at the levels of transcription and translation of functionally related groups proteins or, most importantly, individual proteins in muscle.



Insulin and Insulin-Like Growth Factor-1

Insulin is an anabolic hormone, and resistance to the action of insulin in skeletal muscle is a typical consequence of obesity. Lower protein synthesis in muscle of humans with obesity is observed concomitantly with lower insulin sensitivity (Guillet et al., 2009; Tran et al., 2018) and higher HbA1c values (Bak et al., 2016; Tran et al., 2018). Moreover, experimental induction of insulin resistance by intravenous infusion of lipids attenuates the increase in protein synthesis in muscle in response to plasma amino acids (Stephens et al., 2015). All these lines of evidence suggest that insulin resistance may causally be linked to impaired protein synthesis in muscle of humans with obesity. Although insulin resistance has not always been measured in the studies evaluating effects of human obesity on muscle protein turnover, it is likely that subjects with obesity in these studies have had some degree of insulin resistance. Because muscle insulin resistance differs considerably among humans with obesity (Kloting et al., 2010), differences in insulin resistance among subjects with obesity may explain discrepant finding in muscle protein synthesis in obesity reported across studies to date.

A role of insulin resistance in impairing protein metabolism in muscle of humans with obesity in a way analogous to that of glucose metabolism, however, remains to be described. In healthy subjects, insulin does not increase protein synthesis in muscle (Chow et al., 2006), but it appears to have some permissive effect with respect to stimulation of muscle protein synthesis by plasma amino acids (Abdulla et al., 2016). On the other hand, insulin does inhibit muscle protein breakdown (Chow et al., 2006; Abdulla et al., 2016). In this regard, and in the presence of resistance to the action of insulin in muscle, the expectation is that humans with obesity/insulin resistance have increased rate of muscle protein breakdown. However, humans with obesity appear to have lower muscle protein breakdown in either the fasted state (Patterson et al., 2002; Bak et al., 2016) or in the presence of hyperinsulinemia (Murton et al., 2015). Therefore, evidence to date does not describe clear role of resistance to the action of insulin in muscle in modifying protein turnover in skeletal muscle of humans with obesity.

IGF-1 controls signaling pathways in skeletal muscle largely comparable to those of insulin, and its effects are evident on both protein synthesis and breakdown (Yoshida and Delafontaine, 2020). Either acute elevation of plasma IGF-1 concentrations or chronic administration of IGF-1 increases protein synthesis in muscle of healthy subjects (Fryburg, 1994; Butterfield et al., 1997). Although plasma IGF-1 concentrations vary among individuals, including humans with obesity, overall, plasma IGF-1 concentrations are associated inversely with body mass index (Juul, 2003). No differences in muscle protein synthesis are evident between humans with obesity and lean controls in the absence of differences in plasma IGF-1 concentrations (Glynn et al., 2015; Serrano et al., 2021). However, humans with obesity that also have lower levels of plasma IGF-1 have lower muscle protein synthesis compared to lean controls (Tran et al., 2018). Moreover, expression of IGF-1 is lower in humans with obesity specifically within skeletal muscle (Sullivan et al., 2020), and which could more directly, when compared to plasma IGF-1, contribute to attenuating muscle protein synthesis in humans with obesity. Also, lower response of muscle IGF-1 expression to resistance exercise in humans with obesity (Sullivan et al., 2020) may explain blunted response of muscle protein synthesis observed in humans with obesity after resistance exercise (Beals et al., 2018). Therefore, presence of lower IGF-1 in plasma, or more importantly within skeletal muscle, in obesity may have key role in mediating lower protein synthesis in muscle of humans with obesity.



Lipids

Lower protein synthesis in muscle in obesity is observed concurrently with increased concentrations of plasma triglycerides (Tran et al., 2018) or free fatty acids (Bak et al., 2016). Moreover, accumulation of lipids in skeletal muscle is a key feature of the metabolic state of obesity (Goodpaster et al., 2000; Sinha et al., 2002). Because lipids accumulate in muscle in response to increase in the concentrations of circulating free fatty acids (Lee et al., 2013), increase in plasma free fatty acids has been experimentally employed to investigate effects of muscle lipids on impairing protein metabolism in muscle.

Early evidence in rodents by Lang (2006) shows ~25% reduction in basal state skeletal muscle protein synthesis in response to short-term elevation in plasma lipids. This decrease in muscle protein synthesis is observed together with lower eIF4F complex formation (Lang, 2006). Formation of the eIF4F complex is also lower in muscle of rodents characterized by obesity and concomitant lipid accumulation in muscle (Drake et al., 2010). Moreover, lipid infusion in rodents completely prevents eIF4F complex formation induced by IGF-1 administration (Lang, 2006), providing evidence that lipids impair protein synthesis not only in the basal state, but also in the presence of stimuli that upregulate protein synthesis in muscle.

Initial evidence in humans showed that basal state protein synthesis in muscle, although not significantly different, was reduced by ~17% in the presence of elevated plasma free fatty acids (Katsanos et al., 2009). On the other hand, and in response to an oral amino acid anabolic stimulus, muscle protein synthesis increased normally, and despite elevated plasma free fatty acids (Katsanos et al., 2009), an effect also observed in the rodent studies discussed above (Lang, 2006). However, stimulation of muscle protein synthesis by plasma amino acids in humans is impaired by elevated plasma free fatty acids and in the presence of concomitant infusion of insulin (Stephens et al., 2015). These apparently conflicting findings between the human studies (Katsanos et al., 2009; Stephens et al., 2015) describing effects of plasma lipids on the regulation of muscle protein synthesis by amino acids are not easy to reconcile. However, are likely due to the unique experimental conditions of each study, including the plasma insulin concentrations. An ~3.5 times greater endogenous insulin response in plasma to the amino acid stimulus (Katsanos et al., 2009) may have potentially overcome impaired protein metabolism in muscle induced by the elevated plasma lipids, an effect that is less likely to occur at comparable plasma insulin concentrations (Stephens et al., 2015). Therefore, and under comparable metabolic conditions, acute increase in lipids in plasma (and muscle) appears to impair muscle protein synthesis.

Increase in skeletal muscle ceramide, a major intercellular lipid, following fat overfeeding in humans does not appear to impair the response of muscle protein synthesis to protein ingestion (Tsintzas et al., 2020). However, this evidence was obtained in overweight and obese subjects that may already present increased concentrations of ceramide in muscle. From a more mechanistic perspective, protein synthesis is reduced in myotubes in response to ceramide accumulation (Hyde et al., 2005), and lower protein synthesis under these conditions occurs together with reduced amino acid transport and intracellular amino acid availability (Hyde et al., 2005). Along these lines of evidence, rodents with obesity display lower skeletal muscle amino acid transport and uptake (Le Marchand-Brustel et al., 1982; Friedman et al., 1990). Collectively, evidence discussed in this section shows that muscle lipid accumulation may reduce protein synthesis in muscle. However, more studies are necessary to determine a causal link between muscle lipid accumulation and impaired muscle protein turnover in humans, and unravel the potential mechanisms that may sustain this response.



Delivery of Amino Acids

Sufficient availability of amino acids in muscle is essential for protein synthesis. Availability of amino acids in muscle is regulated in part by muscle blood flow, which determines the rate of delivery of amino acids to muscle. Lower protein synthesis in muscle of subjects with obesity compared to lean subjects in the basal state is observed concurrently with lower limb blood flow in the subjects with obesity (Bak et al., 2016). Thus, reduced blood flow in muscle of humans with obesity can reduce protein synthesis secondary to reduced amino acid delivery and subsequent uptake of these amino acids by the muscle, and as seen in rodents with obesity displaying lower muscle amino acid transport and uptake (Le Marchand-Brustel et al., 1982; Friedman et al., 1990). Supporting this evidence in humans, subjects with obesity have lower concentrations of amino acids in skeletal muscle, including essential amino acids (i.e., histidine and methionine; Baker et al., 2015), which are key for regulating protein synthesis in muscle. Therefore, reductions in muscle blood flow in humans with obesity leading to reduced availability and uptake of amino acids in muscle may present a possible mechanism explaining lower protein synthesis in the muscle of humans with obesity.

Under conditions that increase blood flow to muscle, delivery and availability of amino acids to muscle also increases along with an upregulation of muscle protein synthesis (Fujita et al., 2006). The postprandial period represents a physiological circumstance that protein synthesis in muscle increases because of increase in the delivery of amino acids. Amino acid delivery to muscle increases during the postprandial period not only because of increase in plasma amino acid concentrations, but also because of an insulin-stimulated increase in muscle blood flow and muscle perfusion. Insulin increases muscle perfusion (Vincent et al., 2003), a process that increases availability of amino acids for protein synthesis in muscle (Timmerman et al., 2010). However, humans with obesity have impaired insulin-stimulated muscle perfusion (Clerk et al., 2006), which can compromise amino acid availability for protein synthesis in the muscle of these individuals.

The extent to which obesity impairs protein synthesis in muscle secondary to reduced insulin-stimulated muscle blood flow requires further investigation. However, experimental elevation in plasma lipids impairs insulin-stimulated blood flow within the muscle microvasculature (Liu et al., 2009), a process expected to also compromise delivery of plasma amino acids to muscle and, thus, muscle protein synthesis. Indeed, stimulation of muscle protein synthesis in the presence of insulin is lower under experimental conditions associated with elevated plasma lipids (Stephens et al., 2015). However, hyperinsulinemia concurrent with hyperaminoacidemia in subjects with obesity results in normal stimulation of protein synthesis in muscle (Guillet et al., 2009), and although subjects with obesity are expected to have impaired insulin-stimulated blood flow in muscle (Clerk et al., 2006). It appears that the interplay between plasma amino acid concentrations and insulin-stimulated blood flow in muscle in regulating the delivery of plasma amino acids to muscle has key role in our efforts to unravel possible defects associated with insulin-stimulated regulation of protein synthesis in muscle of humans with obesity. This is because increased delivery of amino acids to muscle results not only from increased blood flow but also increased concentrations of amino acids in plasma. Therefore, large increases in the concentrations of amino acids in plasma can mask possible impairments in insulin-stimulated blood flow in muscle that directly impair amino acid delivery and, thus, protein synthesis in muscle of humans with obesity. Clearly, there is a need for more research on how the process of amino acid delivery in obesity may impact protein synthesis in the muscle of these individuals.




CONCLUSION AND FUTURE DIRECTIONS

Lower protein synthesis in skeletal muscle in either the basal/fasted state and/or in response to physiological stimuli (i.e., exercise and amino acids) is a manifestation of the metabolic state of obesity, but it is not always present in humans with obesity. Because obesity is associated with heterogeneity in metabolic responses among humans (Kloting et al., 2010; Ahima and Lazar, 2013), it is only reasonable to speculate that analogous heterogeneity exists in terms of protein metabolism in skeletal muscle. Also, investigations contrasting turnover of different protein pools in muscle (i.e., myofibrillar, mitochondrial, and sarcoplasmic proteins) reveal that defects in protein turnover in humans with obesity do not occur across the entire skeletal muscle proteome. Moreover, there is time course in the development of obesity-associated impairments in muscle protein turnover, as revealed in animal models of obesity (Masgrau et al., 2012). Therefore, measurements performed in the presence of evolving vs. established obesity may contribute to the discrepant findings in the responses of protein synthesis in muscle of humans with obesity. It is likely that being on the extreme end of the spectrum of obesity-associated metabolic impairments impairs protein synthesis in muscle of humans with obesity. Current evidence supports various biological mechanisms that explain impairments in protein synthesis in skeletal muscle of humans with obesity, and which are summarized in Figure 1.

[image: Figure 1]

FIGURE 1. A summary of potential major mechanisms impairing synthesis of overall protein in skeletal muscle of humans with obesity. AA, amino acids; mTOR, mammalian target of rapamycin; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; eIF4F, translation initiation eukaryotic initiation factor 4F; IGF-1, insulin-like growth factor-1; ↑, upregulation; ↓, downregulation.


There is currently very limited data describing protein breakdown in muscle of humans with obesity. By evaluating simultaneously protein synthesis and breakdown at the individual protein level, we will be able to obtain more precise insights into defects in protein metabolism in muscle of humans with obesity. There is critical need for more studies describing intracellular signaling, transcription/translation, insulin/IGF-1 signaling, as well as the roles of plasma and muscle lipids, and amino acid delivery/blood flow in regulating protein synthesis and breakdown in muscle of humans with obesity. Future studies exploring the relative importance of different mechanisms of protein dysregulation in muscle of humans with obesity need to clearly and extensively define the metabolic characteristics of their subject populations. Also, studies need to be conducted under clearly defined, and relatively consistent, experimental conditions to allow for meaningful comparisons between study findings.
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