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Abstract

:

Glucocorticoid excess is a critical factor contributing to muscle atrophy. Both endogenous and exogenous glucocorticoids negatively affect the preservation of muscle mass and function. To date, the most effective intervention to prevent muscle atrophy is to apply a mechanical load in the form of resistance exercise. However, glucocorticoid-induced skeletal muscle atrophy easily causes fatigue in daily physical activities, such as climbing stairs and walking at a brisk pace, and reduces body movements to cause a decreased ability to perform physical activity. Therefore, providing adequate nutrients in these circumstances is a key factor in limiting muscle wasting and improving muscle mass recovery. The present review will provide an up-to-date review of the effects of various nutrients, including amino acids such as branched-chain amino acids (BCAAs) and β–hydroxy β–methylbutyrate (HMB), fatty acids such as omega-3, and vitamins and their derivates on the prevention and improvement of glucocorticoid-induced muscle atrophy.
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1. Introduction


Skeletal muscle is the largest metabolic organ (40~50% of the body mass) and protein reservoir (50~75% of all body proteins) in the human body [1]. It is involved not only in controlling body movement but also in energy expenditure, respiration, and glucose, lipid, and amino acid homeostasis [1]. Skeletal muscle mass is an important determinant of muscular strength, muscular endurance, and the ability to perform physically. Muscle atrophy is the physiological result of aging, defined as the presence of both a decrease in skeletal muscle mass and muscle function (strength or performance), but it may also be caused by prolonged fasting, a sedentary lifestyle, diabetes, cachexia, sepsis, burns, and glucocorticoid excess [2,3]. Regardless of the cause, skeletal muscle atrophy contributes to a loss of independence and increases the risk of falls, ultimately resulting in a reduced quality of life [4,5,6]. In addition, muscle atrophy is one of the most important diseases to be solved to lead a healthy life in an aging society because it causes various socio-economic problems such as increased physical disability and mortality and increased medical and nursing care expenses [7].



Natural and synthetic glucocorticoid is one of the widely prescribed therapeutic compounds for treating and controlling inflammatory, lymphoproliferative, autoimmune, and neuromuscular diseases [8]. Synthetic glucocorticoids used in therapy include hydrocortisone, prednisone, and dexamethasone [9]. The efficacy criterion for synthetic glucocorticoids is expressed as a hydrocortisone equivalent potency, which is useful in determining the dosage of each glucocorticoid [10]. Currently, the generally recommended glucocorticoid dose for adults is 15–25 mg hydrocortisone per day in 2 to 3 divided doses [9,10]. However, higher doses than recommended are used in diseases such as asthma or brain tumors [11,12]. According to a previous study, when a manual strength test was performed on asthma patients taking 40 mg or more of prednisone per day, hip flexor weakness was observed in 64% of patients. However, in the group of patients taking less than 30 mg per day, only one patient developed muscle weakness [12]. These results indicate that the high-dose administration of glucocorticoids may cause side effects in the muscular system [3,12,13,14,15]. Although few long-term clinical trials are available to reveal the relationship between chronic synthetic glucocorticoid intake as a therapeutic purpose and muscle atrophy as a side effect, some clinical conditions may induce muscle atrophy by endogenously produced glucocorticoids [16,17,18,19,20]. Insulin deficiency-mediated acute diabetes has been reported to stimulate glucocorticoid-induced muscle atrophy. In support of this, adrenalectomized mice are resistant to muscle atrophy in a streptozotocin-mediated diabetic mouse model [17]. A metabolic acidosis because of disrupted renal acid excretion derived from chronic kidney disease is also closely related to glucocorticoid-induced muscle protein degradation [21]. In addition, tumor growth is closely related to systemic inflammation and an increase in blood glucocorticoids [20]. Thus, during abnormal conditions, such as infection, cancers, diabetes, and chronic kidney disease, multiple factors including inflammatory mediators stimulate the production of the hypothalamic corticotropin-releasing hormone followed by the release of an adrenocorticotrophic hormone by the anterior pituitary into blood [20]. Then, the adrenocorticotrophic hormone stimulates the release of cortisol by the adrenal gland. Cortisol induces the loss of skeletal muscle by the breakdown of contractile proteins and the mobilization of amino acids [20].



Glucocorticoid-induced muscle atrophy occurs when myofibrillar proteolysis exceeds protein synthesis and is characterized by a decrease in muscle fiber area or density [22]. In general, glucocorticoid-induced skeletal muscle atrophy has little or no effect on slow-twitch type I muscle fibers but is known to induce selective loss of fast-twitch type II muscle fibers [14]. This glucocorticoid-induced muscle proteolysis is mainly mediated by the activation of catabolic pathways, including the ubiquitin-proteasome and autophagy-lysosomal system [23]. Activation of these two proteolytic systems by glucocorticoid is mediated through the upregulated expression of muscle-specific E3 ubiquitin ligases, muscle atrophy F-box (MAFbx)/atrogin-1 and muscle RING finger-1 (MuRF1), and several autophagy genes, including microtubule-associated protein 1A/1B-light chain 3 (LC3), Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (Bnip-3), and GABA A receptor-associated protein-like 1 (Gabarapl1) [13,24,25]. Glucocorticoids can also cause muscle atrophy by locally affecting the expression of insulin-like growth factor-I (IGF-I), a positive regulator of muscle development, and Myostatin, a negative regulator of muscle development [26,27]. Glucocorticoids limit muscle protein synthesis by inhibiting the phosphorylation of the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase beta-1 (S6K1), which play essential roles in the protein synthesis machinery involved in the initiation of mRNA translation through the inhibition of the IGF-I/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway [28]. On the other hand, myostatin, a potent inhibitor of muscle growth, is released by glucocorticoids to stimulate phosphorylation of Smad2/3 and dephosphorylate Akt to increase ubiquitin-proteasome activity, leading to muscle atrophy [29]. These pathways are generally known to be regulated by specific transcription factors, such as forkhead box O (FoxO), which are phosphorylated and inactivated by Akt in the cytoplasm [29] (Figure 1).



Studies have shown that muscle atrophy may be caused by a sedentary lifestyle and an improper diet, such as low protein/high fat/low fiber, after approximately 30 years of age [30,31]. Fast-twitch skeletal muscle fiber atrophy by glucocorticoids easily causes fatigue from the activities of daily living, such as climbing stairs, walking at a brisk pace, and riding a bicycle, and this phenomenon becomes an obstacle to the patient’s rehabilitation treatment [32,33]. Additionally, the coronavirus disease 2019, which has persisted worldwide to date, has extended time at home by enforcing measures such as continued isolation and social distancing, resulting in decreased physical activity and altered dietary intakes that can accelerate body fat gain, deterioration of muscle mass and function, and sarcopenia [34]. Therefore, the importance of nutritional strategies to limit muscle wasting and improve muscle mass recovery is emerging in these circumstances [35,36,37,38]. The present review focuses on the current knowledge of nutrition-based therapies to counteract glucocorticoid-induced muscle atrophy based on cell and animal studies. However, very limited human studies were available about nutrients and glucocorticoid-induced muscle function. Thus, the general benefit of nutrients for muscle function in humans will be summarized in this review. Various articles have been obtained from Google Scholar and PubMed databases to provide a comprehensive analysis of the literature investigating the effects of nutrients on glucocorticoid-induced muscle atrophy. Literature searches were limited to English, and reference lists of all relevant studies and review articles were manually searched. Relevant keywords for the term glucocorticoid, muscle atrophy, and sarcopenia were analyzed in association with other terms such as “nutrition”, “amino acid”, “fatty acid”, “vitamin”, and “mineral”.




2. The Role of Nutrients


Nutrients in foods play a diverse role in maintaining energy homeostasis and tissue metabolism. They are also important for controlling myogenic differentiation and the functions of skeletal muscle. Various nutrients including amino acids, fatty acids, and vitamins and their derivates have been studied to investigate their effects on glucocorticoid-induced muscle atrophy.



2.1. Amino Acids


Various amino acids have been highlighted as a therapeutic factor for skeletal muscle diseases associated with muscle wasting (Table 1) [39,40]. A study investigated the utility of branched-chain amino acids (BCAA) in dexamethasone-related muscle atrophy using Sprague-Dawley rats. Intraperitoneal injection of dexamethasone reduced total protein levels and the mean cross-sectional area of soleus muscles and elevated the gene expression levels of atrogin-1/MAFbx, an essential factor to induce muscle atrophy, whereas the oral administration of BCAA reversed these characteristics [40]. In addition, dexamethasone-mediated conversion from LC3-I to LC3-II, a marker of autophagy, was inhibited through BCAA administration [40], indicating that BCAA reduced dexamethasone-induced protein disruption to suppress muscle atrophy.



Other studies investigated the effects of BCAA leucine supplementation or resistance exercise on dexamethasone-mediated muscle atrophy or insulin resistance using in vivo and in vitro models [39]. In vitro study using C2C12 myotubes showed that dexamethasone treatment notably inhibited protein synthesis and also decreased key signaling for protein metabolism as evidenced by a decrease in mTOR phosphorylation, ribosomal protein S6 protein kinase 1 (p70s6k1), and eukaryotic initiation factor 4E-BP1 [41]. However, leucine supplementation ameliorated protein synthesis and elevated mTOR phosphorylation possibly due to deactivating AMP-activated protein kinase (AMPK) signaling [41], a suppressor of protein synthesis in rat skeletal muscle [42], suggesting that leucine treatment may be beneficial for dexamethasone-induced disruption of protein synthesis in myotubes. An in vivo study using Sprague Dawley rats tested the effects of leucine and β–hydroxy β–methylbutyrate (HMB; a metabolite of leucine) in dexamethasone-induced muscle wasting [43]. The data showed that the oral administration of leucine or HMB significantly suppressed dexamethasone-mediated decreases in grip strength, muscle mass, and protein concentration in the soleus muscle [43]. It is assumed that the mechanisms underlying leucine or HMB-mediated protection of muscle wasting against dexamethasone involve the inactivation of FoxO1 transcription factor and subsequent down-regulation of MuRF1 expression [43].



However, controversial data were also reported in an animal study using dexamethasone-fed male Wistar rats that underwent resistance exercise and/or leucine supplementation through gavage [39]. Although resistance exercise ameliorated glucose tolerance in rats and elevated the phosphorylation of essential protein kinases (mTOR and p70S6k phospho/total ratio) and the transcription factors (FoxO3a phospho/total ratio) in skeletal muscle which are associated with resistance exercise-mediated muscle remodeling, leucine supplementation showed no therapeutic effects and worsened glucose homeostasis after dexamethasone administration [39]. Therefore, BCAA may have different therapeutic effects depending on the experimental conditions and BCAA dose, and further clinical trials are needed to conclude the consequence of BCAA supplementation for steroid-mediated muscle atrophy.
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Table 1. The role of amino acids in glucocorticoid-induced muscle atrophy.
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Name

	
Chemical Structures

	
Model

	
Effects

	
References






	
Branched-chain amino acids (BCAA leucine, valine, and isoleucine)
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Sprague-Dawley rats

	
↑ total protein levels and mean cross-sectional area of soleus muscles

↓ atrogin-1/MAFbx

↓ conversion from LC3-I to LC3-II

	
[40]




	
Leucine
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C2C12 myotubes

	
↓ AMPK signaling

↑ protein synthesis

↑ mTOR phosphorylation

	
[41]




	
Sprague-Dawley rats

	
↑ grip strength, muscle mass, and protein concentration in soleus muscle

(↓ FoxO1 transcriptional activity and

↓ MuRF1)

	
[43]




	
β–hydroxy β–methylbutyrate (HMB)
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Sprague-Dawley rats

	
↑ grip strength, muscle mass, and protein concentration in soleus muscle

(↓ FoxO1 transcriptional activity and

↓ MuRF1)

	
[43]










2.2. Clinical Relevance of Amino Acids in Muscle Atrophy


Few clinical trials have investigated the effects of amino acids on glucocorticoid-mediated muscle atrophy. Instead, many studies focused on the general effects of amino acid supplementation in healthy and elderly humans on muscle atrophy. Abnormal nutrition including underfeeding and obesity contributes to muscle atrophy. On the other hand, nutritional balance based on adequate exercise is a useful strategy to combat the muscle atrophy derived from various clinical muscle wasting conditions [44]. Various studies suggested that amino acid supplementation, especially essential amino acids, contributes to muscle protein synthesis in humans [45,46,47]. In particular, BCAA leucine supplementation improves muscle protein synthesis in the elderly by stimulating anabolic processes [48,49]. Additionally, when dietary protein intake was measured by a food-frequency questionnaire in the elderly (age 70–79), relatively high protein intake (1.1 g/kg/day) prevented the loss of lean mass compared to lower protein intake (0.7 g/kg/day) [50]. Further clinical trials are necessary to assess whether a protein intake higher than the recommended dietary allowance (0.8 g/kg/day) is beneficial for the elderly.



It appears that the total calorie intake may also be an important factor to elevate muscle mass in individuals with muscle-wasting conditions [44]. A study demonstrated that calorie-restricted individuals on bed rest showed excessive muscle loss [51], indicating the significance of energy availability to maintain muscle homeostasis. Moreover, an increase in protein intake without reducing other macronutrients contributes to increasing fat mass due to a positive energy balance, especially when physical activity was decreased [52]. These data indicate that the number of other nutrients and total calories needs to be considered when recommending extra protein intake to maintain or elevate muscle mass.




2.3. Fatty Acids


Polyunsaturated fatty acids (PUFAs) are used as health-promoting food supplements and are well-known to be particularly effective for the cardiovascular and central nervous systems [53]. The most consumed PUFAs are the omega-3 and omega-6 fatty acids that are widely studied and discussed in the scientific literature due to their beneficial functions in health [54]. Particularly, omega-3 fatty acids are commercialized worldwide as a food supplement with free access to the population in capsules. The omega-3 fatty acids such as docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and α-linolenic acid (ALA) are incorporated into the cell membrane and regulate diverse cellular functions, such as protein signaling networks and gene expression (Table 2) [55].



A study demonstrated that DHA induces reactive oxygen species (ROS) production in C2C12 myotubes, leading to oxidative imbalance and the formation of protein aggregates [56]. In this study, DHA alone could not inhibit proteasome activity, but DHA-mediated protein aggregates could inhibit proteasome activity and delay protein degradation by blocking proteasome core particles [56]. Therefore, an in vitro study using C2C12 myotubes was conducted to confirm how these results affect muscle atrophy. In an in vitro model of dexamethasone (10 µM, 24 h)-induced muscle atrophy, DHA (25 µM) treatment increased the protein expression level of MyoD, a factor involved in the regulation of myotube formation. In addition, protein expression levels of atrogin-1 and LC3 factors related to myofibrillation were decreased. Consequently, DHA treatment was shown to prevent muscle wasting by inhibiting proteasome activity and delaying muscle protein degradation [56]. On the other hand, the effects of omega-6-fatty acids on glucocorticoid-induced muscle atrophy have not been extensively studied.



Although the beneficial effects of omega-3 fatty acids are documented in the skeletal muscle, its negative effects on dexamethasone-induced muscle wasting are also reported [54,57]. When the effects of the oral supplementation of omega-3 fatty acids on glucocorticoid-induced muscle atrophy were studied using Wistar rats [54], dexamethasone stimulated a notable decrease in body and muscle weight, atrophy in type 2B fibers, and reduced expression of p-Akt, p-GSK3β, and p-FoxO3a. Omega-3 fatty acid supplementation did not ameliorate the unfavorable effects of dexamethasone on skeletal muscle; actually, it induced atrophy in type 1, 2A, decreased the expression of myogenin, and elevated the expression of atrogin-1 [54]. Another study using Wistar rats investigated the effects of omega-3 on glucocorticoid-mediated muscle atrophy by considering the AMPK pathway beside the ubiquitin-proteasome and autophagy-lysosomal systems [57]. The supplementation of omega-3 fatty acid with dexamethasone treatment further elevated atrophy (fibers 1 and 2A), the mRNA expression of atrophy-associated genes such as FoxO3a, p-SMAD2/3, atrogin-1/MAFbx, and the protein markers of autophagy including LC3II, LC3II/LC3I, LAMP-1, and acid phosphatase [57]. Furthermore, omega-3 fatty acid administration alone reduced type 1 muscle fiber areas and the expression of PGC1-alpha and p-FoxO3a, indicating that omega-3 fatty acid worsens dexamethasone-mediated muscle atrophy partly by regulating AMPK signaling and an autophagic process [57]. Thus, the outcomes of omega 3 fatty acid supplementation in skeletal muscle may be different depending on the causal factors of muscle wasting such as biological aging, steroid hormones, etc. In addition, the unfavorable outcomes of omega-3 fatty acid supplementation have been reported in animal model studies in which muscle wasting occurred by dexamethasone treatment. Further clinical trials are necessary to conclude the consequence of omega-3 fatty acid supplementation on steroid-induced muscle wasting.




2.4. Clinical Relevance of Fatty Acids in Muscle Atrophy


When clinical studies were performed in younger [58] and older [59] human adults to investigate the effects of omega-3 fatty acid administration (8 weeks supplementation of 1.86 g/d of EPA and 1.50 g/d DHA) on the rates of mixed skeletal muscle protein synthesis in the fasted state and in response to a hyper-aminoacidemic-hyperinsulinemic infusion [58,59], DHA and EPA administration followed by subsequent incorporation into membrane phospholipids showed no effects on fasted rates of mixed muscle protein synthesis in response to the hyper-aminoacidemic-hyperinsulinemic infusion, whereas there was an enhancement of mixed muscle protein synthesis compared to before administration [58,59]. In addition, the enhancement of mixed muscle protein synthesis by omega-3 fatty acids was related to the elevation of mTORSer2448 and p70S6K1Thr389 phosphorylation in skeletal muscle [58,59]. Another human study in older adults exhibited that 1.86 g/d of EPA and 1.50 g/d DHA supplementation for 6 months significantly elevated muscle volume and strength in a free-living environment [60]. It appears that human studies suggest that the supplementation of omega-3 fatty acids elevates the rates of mixed muscle protein synthesis and skeletal muscle mass and size [58,59,60].




2.5. Vitamins


Vitamins play multi-functional roles in skeletal muscle metabolism. It has been reported that the vitamin-mediated antioxidative capacity and regulation of target genes associated with the functions of skeletal muscle play beneficial roles in steroid-induced muscle dysfunctions (Table 3) [61,62].



A recent study revealed that de novo expression of connexin43 and connexin45 hemichannels were involved in dexamethasone-induced muscle atrophy. When the outcomes of vitamin E supplementation on dexamethasone-mediated myotube atrophy were studied, dexamethasone increased the expression of connexin43 and connexin45, atrogin-1 immunoreactivity, oxidative stress, mitochondrial dysfunction, and atrophy in the skeletal muscle, whereas vitamin E supplementation reversed these characteristics [62]. Similarly, vitamin E suppressed connexin43/45 hemichannel activity in freshly isolated myofibers of dexamethasone-treated mice, suggesting that vitamin E is effective in relieving steroid-induced muscle atrophy at least partly by reducing connexin hemichannel activity [62]. The beneficial effects of vitamin E on muscle are also shown in broiler chickens [61]. Whilst dexamethasone inhibits the growth of chickens and elevates the formation of lipid peroxidation and the saturation level of fatty acids in the skeletal muscle, vitamin E (α-tocopherol)-fortified alleviated these phenomena, indicating that vitamin E is beneficial for the performance of broiler chickens at least partially by relieving the oxidative stress induced by dexamethasone [61].



Vitamin D is a fat-soluble vitamin and acts as a hormone via a nuclear receptor [63]. Previtamin D can be synthesized from 7-dehydrocholesterol by ultraviolet B irradiation in the skin and in turn be non-enzymatically converted to vitamin D through the transfer of double bonds. Vitamin D can be hydroxylated in the liver, producing 25-hydroxyvitamin D [25(OH)D]. Blood 25(OH)D concentration is used for measuring vitamin D insufficiency. The 25(OH)D is hydroxylated in the kidney, leading to the production of 1α,25-dihydroxy vitamin D [1,25(OH)2D] [63].



Several studies have demonstrated that vitamin D is beneficial in preventing sarcopenia [64] or inhibiting muscle atrophy [65], in part by suppression of FoxO1 transcriptional activity [66]. On the other hand, some studies also showed that there were little or no effects of vitamin D supplementation on muscle mass [67]. Furthermore, very limited research was performed to evaluate the effects of vitamin D on glucocorticoid-induced muscle atrophy. A study tested whether the abdominal injection of vitamin D3 for 4 weeks affects dexamethasone-mediated muscle atrophy using male Wistar rats [68]. Dexamethasone treatment decreased body weight compared to the control group throughout the experiment. Although vitamin D3 supplementation inhibited dexamethasone-induced body weight reduction, it significantly elevated soleus muscle mass despite no effect on extensor digitorum longus mass, indicating that vitamin D3 supplementation prevents dexamethasone-induced muscle loss, but only in red, not white, muscle [68]. Although further studies are necessary to reveal the mechanisms underlying vitamin D-mediated specific recovery of soleus muscle mass against dexamethasone, the authors speculate that vitamin D receptors in mitochondria are associated with this phenomenon. It has been well-known that vitamin D3 acts primarily through binding to intracellular vitamin D receptors, interacting with specific nucleotide sequences of over 60 target genes [68]. Furthermore, vitamin D receptors can be localized in the mitochondria and affect a decrease in mitochondrial respiration and serve in reprogramming cell metabolism toward the biosynthetic pathways [68,69,70], indicating the significance of mitochondria as a potential regulator linking the processes including cell development and the suppression of atrophy in skeletal muscles [68]. Thus, it is likely that vitamin D may be working more powerfully in soleus muscle consisting of mainly slow-oxidative fibers with a bigger pool of mitochondria compared to extensor digitorum longus consisting of primarily fast-glycolytic muscle fibers [68,71]. Another mechanism underlying beneficial effects of vitamin D on muscle atrophy include reduction in the expression of FoxO1 target atrophy genes including atrogin-1 and cathepsin L in C2C12 myoblasts [66].



Retinoic acids (RA) are biologically active metabolites of vitamin A, and their biological effects are mediated through the nuclear receptors retinoic acid receptor (RAR) and retinoid x receptor (RXR). A study found that RA, the carboxyl form of vitamin A, reduces glucocorticoid sensitivity in C2C12 myotubes [72]. RA treatment in C2C12 myotubes significantly reduced the mRNA expression level of 11β-HSD1 in a time-dependent manner (2, 4, 10, and 24 h) and also inhibited GR transactivation in dexamethasone-treated C2C12 myotubes. These effects of RA may induce suppression of 11β-HSD1 mRNA expression and activity, thereby inhibiting GR transcriptional activation and reducing glucocorticoid sensitivity in skeletal muscle cells.



The roles of vitamin C in glucocorticoid-mediated muscle atrophy have not been extensively tested. Nevertheless, the general beneficial effects of vitamin C on muscle atrophy have been reported in an in vivo study using vitamin C-deficient senescence marker protein-30 (SMP30)-knockout (KO) mice [73]. Vitamin C-deficient mice had a markedly reduced muscle mass in the gastrocnemius, soleus, tibialis anterior, plantaris, and extensor digitorum longus muscles compared to mice supplemented with vitamin C at 12 and 18 weeks. Consistently, the cross-sectional area of the soleus muscle and physical performance measured by grip strength, treadmill, and home cage activity was significantly reduced in vitamin C-deficient SMP30 KO mice compared to SMP30 KO mice supplemented with vitamin C [73], indicating that vitamin C is pivotal to maintain skeletal muscle mass and physical activity performance. In the molecular signaling, the mRNA expression levels of ubiquitin ligases, such as atrogin-1/MAFbx and MuRF1, were elevated in SMP30 KO mice. On the other hand, all the effects reduced by vitamin C deficiency were restored by vitamin C supplementation in SMP30 KO mice, suggesting that vitamin C deficiency is closely related to muscle wasting and can be reversed by sufficient vitamin C supplementation [73].
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Table 3. The role of vitamins in glucocorticoid-induced muscle atrophy.
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Name

	
Chemical Structures

	
Model

	
Effects

	
References






	
Vitamin E
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HeLa cells stably transfected with mouse Cx43 (HeLa-Cx43), or Cx45 (HeLa-Cx45)

	
↓ connexin43 and connexin45

↓ atrogin-1 immunoreactivity

↓ oxidative stress

↓ mitochondrial dysfunction

↓ atrophy in the skeletal muscle

	
[62]




	
Adult male mice

(skeletal myofibers-deficient for Cx43 and Cx45 expression)

	
↓ connexin43/45 hemichannel activity

	
[62]




	
Broiler Chicken

	
↑ growth of chickens

↓ lipid peroxidation

↓ saturation level of fatty acids in the skeletal muscle

	
[61]




	
Vitamin D
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Wister rats

	
↓ FoxO1 transcriptional activity

↑ soleus muscle mass

	
[68]




	
C2C12 myoblasts

	
↓ FoxO1 target atrophy genes

(atrogin-1, cathepsin L)

	
[66]




	
Retinoic acid
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C2C12 myotubes

	
↓ 11beta-HSD1

↓ GR transactivation

	
[72]




	
Vitamin C
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SMP30-KO mice

	
↑ muscle mass (gastrocnemius, soleus, tibialis anterior, plantaris, and extensor digitorum longus muscles)

↑ cross-sectional area of the soleus muscle

↑ physical performance (grip strength, treadmill, and home cage activity)

↓ ubiquitin ligases (atrogin-1/MAFbx, MuRF1)

	
[73]










2.6. Clinical Relevance of Vitamins in Muscle Atrophy


Although few studies were found about the effects of vitamin D on glucocorticoid-induced muscle atrophy, vitamin D supplementation considering 25(OH)D levels may be helpful to maintain muscle health in general. Based on the vitamin D recommendation (the Central European Recommendation) for healthy individuals and healthy individuals with a high risk of vitamin D deficiency, it is suggested to take vitamin D to achieve 25(OH)D levels in a range of 30–50 ng/mL [74,75]. There is a positive correlation between serum 25(OH)D levels and muscle function [76]. Additionally, vitamin D supplementation considering 25(OH)D levels has been reported to elevate muscle strength. A systemic review of 29 studies showed that vitamin D supplementation elevated muscle strength more in individuals with serum 25(OH)D levels at <30 ng/mL compared to those with >30 ng/mL, indicating that vitamin D supplementation may be more effective in individuals with low serum 25(OH)D levels [63,67].



Other clinical trials in older adults have found a positive correlation between vitamin status and muscle mass. One study investigated the effects of 6 months of cholecalciferol supplementation on muscle mass and strength in older adults after randomly assigning 128 vitamin D-deficient (25(OH)D = 12.92 ± 4.3 ng/mL) older adults (62 men and 66 women) to either a cholecalciferol-treated group (n = 64) or a placebo tablet-treated group (n = 64) [77]. One hundred fifteen participants completed the study, and the group taking 10,000 IU of cholecalciferol 3 times a week for 6 months significantly improved limb skeletal muscle mass, but not grip strength, compared to the placebo group [77]. The same study found that vitamin D-induced increases in appendicular skeletal muscle mass were higher in normal-weight subjects than in obese subjects [77]. In a study in postmenopausal women aged 50 to 65 years with vitamin D deficiency and a history of falls, daily administration of 1000 IU cholecalciferol for 9 months significantly increased lower extremity muscle strength compared to the placebo group [78]. In a trial of early postmenopausal women with vitamin D deficiency, 4000 IU ergocalciferol administered once a week for 12 weeks did not show notable differences in strength, muscle mass, or muscle CSA compared to the placebo group [79]. However, the group supplemented with ergocalciferol for 12 weeks had notable increases in muscle strength and muscle CSA compared to the baseline [79].



Overall, when thinking about vitamin D supplementation for muscle health, multiple factors should be considered to achieve better beneficial effects. Because vitamin D can be synthesized by ultraviolet B irradiation and further converted to 25(OH)D and 1α,25-dihydroxy vitamin D in the liver and kidney, respectively, the degree of UV exposure and the presence of renal or hepatic dysfunction should be considered to set up the proper dose of vitamin D. Moreover, vitamin D supplementation considering serum 25(OH)D levels has to be taken into account to maximize the beneficial effects of vitamin D for muscle function.



Oxidative stress is known as one of the major factors potentially implicated in the pathogenesis of sarcopenia [80]. ROS produced by oxidative stress are directly involved in muscle atrophy and the loss of skeletal muscle function and induce the expression of inflammatory cytokines such as TNF-α, IL-1, and IL-6 [80]. Therefore, well-known antioxidants, namely vitamins A, C, and E, can be an effective countermeasure to inhibit the development of sarcopenia by suppressing the production of ROS. A recent study evaluated the effect of vitamin E on muscle damage and inflammation induced by exercise performed under hypoxic conditions [81]. Nine healthy male volunteers were randomly assigned to perform three sessions of 60 min of exercise for 1 week in (i) normoxia, (ii) hypoxia, and (ii) hypoxia after acute administration of vitamin E (250 mg) 1 h before exercise [81]. The exercise in hypoxic conditions reduced hemoglobin oxygen saturation and increased blood concentrations of creatine kinase, lactate dehydrogenase, TNF-α, IL-1Rα, IL-6, and IL-10, but supplementation with vitamin E reversed these properties [81]. These results suggest that vitamin E supplementation may prevent muscle damage by attenuating oxidative stress and inflammation after exercise under hypoxia. Another study investigated the effects of 6 months of antioxidant vitamins (600 mg/day of vitamin E and 1000 mg/day of vitamin C) supplementation combined with resistance exercise on fat free-mass (FFM) and muscle mass index (MMI) in the elderly after randomly assigning 61 healthy older adults to a placebo-treated group, placebo-treated and resistance training group, antioxidant vitamins-treated group, and antioxidant vitamins-treated and resistance training group [82]. The researchers confirmed that the total FFM and MMI were markedly increased compared to the baseline in the group combining antioxidant vitamins with resistance training compared to the resistance training alone group [82]. Another study has demonstrated that intake of vitamin E at 600 mg/day and vitamin C at 1000 mg/day favorably altered the oxidation profile of athletes performing habitual training activities [83]. Taken together, these data suggest that vitamins C and E may enhance the effects of exercise on muscle mass gain through improved oxidation profiles. However, despite the fact that vitamins probably affect muscle atrophy, further research is needed to establish the extent to which vitamins can affect muscle.




2.7. Minerals


Minerals are metals and inorganic compounds, mostly supplied from the soil through plants to animals and humans [84]. They form most of the human skeleton such as bones and teeth, act as cofactors or activators of enzymes, and enable various essential activities of the body, such as the maintenance and function of cell membranes and secretion of hormones [84].



The roles of various minerals in glucocorticoid-mediated muscle atrophy have not yet been extensively tested. Nevertheless, it has recently been confirmed that sulforaphane, a sulfur compound, can inhibit dexamethasone-induced muscle atrophy through the Akt/FoxO pathway [85] (Table 4). An in vitro study using C2C12 myotubes indicated that dexamethasone treatment markedly activated proteolysis and up-regulated the mRNA expression of muscle-specific ubiquitin E3 ligases markers, such as atrogin-1/MAFbx and myostatin [85]. In addition, dexamethasone treatment inhibited protein synthesis, myotube diameter, and mRNA expression of MyoD, a factor regulating myogenesis, whereas supplementation with sulforaphane reversed these characteristics [85]. Furthermore, an anti-atrophic process that stimulates protein synthesis and reduces proteolysis in dexamethasone-induced C2C12 myotubes involves suppression of the transcriptional activity of FoxO1 by activation of Akt phosphorylation [85]. These results suggest that sulforaphane exhibits anti-muscle atrophy efficacy by promoting protein synthesis and inhibiting proteolysis through the Akt/FoxO1 pathway. However, further studies are needed to clarify the possible molecular mechanisms involved in sulforaphane-mediated anti-muscle atrophy action. Additionally, more research on the induction of muscle atrophy improvement by sulforaphane is needed using in vivo models of muscle atrophy.




2.8. Clinical Relevance of Minerals in Muscle Atrophy


To date, no clinical trials have been conducted to confirm the effect of minerals on glucocorticoid-induced muscle atrophy. An intervention study in some older adults found that selenium and magnesium supplementation positively affected muscle mass [86,87]. A study investigated the effects of 12 weeks of oral magnesium supplementation on physical performance in healthy older women after randomly assigning 124 healthy older women (71.5 ± 5.2 years) to either a magnesium-treated group (300 mg magnesium/day; n = 53) or a control group (no treatment; n = 71) [86]. The treatment group supplemented with magnesium for 12 weeks was markedly better than the control group in Short Physical Performance Battery (SPPB) scores, chair stand times, and four-minute walking speeds. Another study investigated the effect of magnesium supplementation of 250 mg for 8 weeks on muscle mass and strength in middle-aged, overweight women after randomly assigning 64 healthy middle-aged, overweight women to either a magnesium treated group or a placebo tablet treated group [88]. The group administered with 250 mg of magnesium daily for 8 weeks showed a notable decrease in fat mass with a notable increase in lean body mass compared to the baseline but did not show a significant change compared to the placebo tablet-treated group [88]. Grip strength and Time Get Up and Go Test (TGUG) were also improved in the magnesium-treated group compared to the baseline, but there were no notable changes compared to the placebo tablet-treated group, indicating that magnesium administration for 8 weeks did not markedly improve muscle mass and strength compared to placebo administration [88]. These findings suggest that magnesium supplementation may be beneficial for preventing or delaying aging-related decline in bodily functions.



Clinical trials of the elderly living in communities have shown that selenium supplementation may help improve health-related quality of life [87]. In a double-blind, randomized placebo-controlled trial, a combination of 200 µg/day organic selenium yeast and 200 mg/day CoQ10 or placebo was administered to 443 elderly subjects for four years [87]. A total of 206 older adults were evaluated after 4 years, and the selenium and CoQ10 combination group had fewer hospital days and significantly fewer decreases in physical role performance, vitality, and physical component scores compared to the placebo group [87].



Some studies have also shown associations between other minerals and muscle atrophy. Cross-sectional analysis from the UK Biobank found that higher potassium and calcium intakes were associated with a lower incidence of muscle atrophy [89]. Another case-control study that compared older adults with and without sarcopenia in a 1:1 ratio found that the older group with sarcopenia consumed markedly less phosphorus [90]. As noted earlier, although some studies have shown a significant association between muscle atrophy and dietary calcium and phosphorus intake, this is not the case for all. In a cross-sectional study of older adults, there was no significant difference in daily calcium intake between sarcopenic and non-sarcopenic older adults [91]. Another cross-sectional analysis of subjects 65 years of age and older found a significant inverse correlation between phosphate and muscle strength [92]. Therefore, the effect of the intake of minerals such as calcium and phosphorus on muscle mass preservation is unclear overall, and additional studies are required in the future to consolidate their link.





3. Conclusions


Nutrients in food maintain energy homeostasis and tissue metabolism and play a critical role in regulating muscle differentiation and skeletal muscle function. Accumulated evidence supports that nutrients may help improve glucocorticoid-induced muscle atrophy through various mechanisms regulating the balance between protein synthesis and protein degradation, i.e., protein turnover. Figure 2 presents an overview of the targets of the signaling pathways of various nutrients that control glucocorticoid-induced muscular atrophy.



Various nutrients such as proteins, fatty acids, vitamins, and minerals are involved in the muscle protein metabolism by regulating the activity of IGF-I and myostatin, which are growth factors that play an essential role in controlling skeletal muscle mass. The studies covered in this review suggest that proteins, fatty acids, vitamins, and minerals may have the potential to modulate protein synthesis and degradation, mitochondrial metabolism, and energy production, which has the potential to affect muscle mass, strength, performance, and function. These results show the potential for nutrients to ameliorate glucocorticoid-induced muscle atrophy, but more extensive studies are still needed to support these results. Most studies have used cellular and animal models to evaluate the efficacy of nutrients in glucocorticoid-induced muscle atrophy. To the best of our knowledge, studies using humans as the main model do not exist. Therefore, there is a need to elucidate the underlying mechanisms of nutrient action on human muscle tissue and clarify how these changes translate into clinical effects. Additionally, clinical trials are required to define optimal dose-effect conditions for nutrients to improve skeletal muscle function.
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Figure 1. Molecular mechanisms of glucocorticoid-induced muscle atrophy. Glucocorticoid-induced skeletal muscle atrophy is associated with the altered expression of IGF-I and myostatin, two regulators that play important roles in skeletal muscle growth and development, resulting in decreased protein synthesis and increased proteolysis. 
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Figure 2. Anti-muscle atrophy signaling pathway regulated by multiple nutrients in a glucocorticoid-induced muscle atrophy model. The figure shows the major pathways that help maintain muscle protein turnover rate by inducing protein synthesis and inhibiting protein degradation. 
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Table 2. The role of fatty acids in glucocorticoid-induced muscle atrophy.
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Name

	
Model

	
Beneficial or

Negative Effects

	
Effects

	
References






	
DHA

	
Dexamethasone-treated C2C12 myotubes

	
Beneficial effects

	
↑ protein expression level of MyoD

↓ protein expression levels of atrogin-1 and LC3

↓ proteasome activity

↓ muscle protein degradation

	
[56]




	
Omega-3

	
Dexamethasone-treated Wistar rats

	
Negative effects

	
↑ type 1, 2A atrophy

↓ myogenin

↑atrogin-1/MAFbx

	
[54]




	
Dexamethasone-treated Wistar rats

	
Negative effects

	
↑ atrophy associated genes

(FoxO3a, p-SMAD2/3, atrogin-1/MAFbx)

↑ protein markers of autophagy

(LC3II, LC3II/LC3I, LAMP-1, acid phosphatase)

↓ type 1 muscle fiber area

↓ PCG-1α, p-FoxO3a

	
[57]
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Table 4. The role of minerals in glucocorticoid-induced muscle atrophy.
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	Name
	Chemical Structures
	Model
	Effects
	References





	Sulforaphane
	 [image: Foods 11 00687 i010]
	C2C12 myotubes
	↑ protein synthesis

↓ protein degradation

↑ Akt phosphorylation activity

↓ FoxO1 transcriptional activity

↓ ubiquitin E3 ligases

(atrogin-1/MAFbx, MuRF1)

↑ MyoD
	[85]
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