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5 Abstract

6 Introduction:  Sarcopenia, the age-related loss of skeletal muscle mass and function, is a global health 

7 problem that contributes to the development of physical disability, morbidity and mortality in the 

8 ageing population. Sarcopenia is now recognised in many countries as a muscle disease with an ICD-

9 10-CM Diagnosis Code for billing care related to this condition, despite no FDA-approved treatments 

10 being currently available.

11 Areas covered: This review highlights the current state of knowledge regarding the biological 

12 mechanisms contributing to the age-related loss of muscle mass and function and provides a summary 

13 of existing and emerging pharmacotherapies in clinical trials for sarcopenia.

14 Expert opinion: While understanding of the pathophysiology of sarcopenia has progressed, rigorous 

15 preclinical studies that better inform clinical trials are needed to accelerate drug discovery and identify 

16 safe and effective treatments. Few drugs have been developed specifically for sarcopenia and many 

17 have failed to meet clinically relevant outcomes related to strength and physical performance. The 

18 multifactorial complexity of sarcopenia means that different, personalised treatments are more likely 

19 to be required than just a single intervention.

20

21 Keywords: aging, exercise, myostatin, sarcopenia, selective androgen receptor modulators, 

22 testosterone

23
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25 Article highlights 

26  Sarcopenia was originally described as an age-related loss of muscle mass, but recent consensus 

27 statements indicate sarcopenia being probable when low muscle strength is detected, and a 

28 diagnosis confirmed by the presence of low muscle quantity or quality.

29  The International Classification of Disease, Tenth Revision, Clinical Modification (ICD-10-CM) 

30 (M62.84) code for sarcopenia should improve physician awareness for diagnosing sarcopenia and 

31 the development of drug pipelines for treating the condition.

32  Sarcopenia is a multifactorial condition, with alterations in neuromuscular structure and function, 

33 systemic hormone and inflammatory cytokine concentrations, physical activity levels, and 

34 nutritional status, all being contributing factors.

35  Growth promoting agents (including myostatin inhibitors, testosterone, and selective androgen 

36 receptor modulators) can enhance lean mass, but whether this translates to improved muscular 

37 strength and physical performance in older adults with sarcopenia remains to be determined.

38  Repurposing drugs that exert beneficial effects across a range of age-related biological processes, 

39 is one strategy to maximise effects of pharmacotherapies for sarcopenia.

40  Given that lifestyle modifications such as resistance exercise training and nutritional formulations 

41 are the most widely recognised nonpharmacological approaches for tackling sarcopenia, future 

42 clinical trials examining drug-exercise and/or drug-nutrition interactions are warranted.

43

44
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45 1. Introduction

46 Sarcopenia is an important geriatric condition, originally characterised by progressive and 

47 generalised age-related loss of skeletal muscle mass [1], and also a loss of muscle strength and physical 

48 function. In 2010 the European Working Group on Sarcopenia in Older People (EWGSOP) provided 

49 a working definition of sarcopenia based on the presence of both low muscle mass and function [2]. 

50 In 2014 the Foundation for the National Institutes of Health (FNIH) Sarcopenia Project (initiated in 

51 2009) reported cut-off points for low muscle mass and weakness using data from nine existing sources 

52 of community-dwelling older adults [3]. This evidence-based approach included recommendations for 

53 maximal grip strength (<26 kg in men; < 16 kg in women) and appendicular lean mass adjusted for 

54 body mass index (<0.789 in men; <0.512 in men) and provided among the first clinically relevant 

55 criteria based on a large and diverse population.

56 The EWGSOP reconvened in 2018 to assess the knowledge gained in the decade since 

57 establishing the working definition and provide an updated operational definition of sarcopenia, based 

58 on it being a progressive skeletal muscle disorder associated with increased likelihood of adverse 

59 outcomes, including falls, fractures, physical disability and mortality. In their revised guidelines, 

60 muscle strength as a criterion became more prominent since it better predicted adverse outcomes than 

61 muscle mass [4]. The 2018 definition indicated sarcopenia is probable when low muscle strength is 

62 detected, and a diagnosis of sarcopenia confirmed by the presence of low muscle quantity or quality. 

63 Low physical performance is used to identify the severity of sarcopenia, with the condition considered 

64 severe when low muscle strength, low muscle quantity/quality and low physical performance are all 

65 detected. These criteria and cut-off points for diagnosis in men and women have been described to 

66 facilitate early detection and better treatment [4].

67 From a public health perspective, sarcopenia has widespread clinical implications and the 

68 increasing proportion of older adults in the population means it will impact the lives of the elderly and 

69 place increasing demands on healthcare systems [5]. Economic assessments of the impact of 
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70 sarcopenia are difficult given that sarcopenia contributes to, or is implicated in, the incidence of many 

71 comorbidities, requiring different levels of health care, but health care costs attributed to sarcopenia 

72 were estimated to range between USD $11.8 billion and USD$26.2 billion, even two decades ago. 

73 Therefore, strategies to reduce the prevalence of sarcopenia or treat it effectively, could lead to billions 

74 of dollars in savings [6,7] related to healthcare, in addition to alleviating patient suffering by promoting 

75 quality of life through the preservation of functional independence. Sarcopenia is now recognised in 

76 many countries as a muscle disease with an ICD-10-CM Diagnosis Code for billing care related to this 

77 condition [8]. This was expected to increase physician awareness for diagnosing sarcopenia and for 

78 pharma companies to develop compound pipelines for treating the condition.

79

80 2. Pathophysiology of sarcopenia

81 There is extensive literature describing the pathophysiology of sarcopenia, including the 

82 cellular and molecular mechanisms responsible for age-related muscle wasting and functional 

83 impairment (for a recent comprehensive review on this topic, see [9]). Sarcopenia is a neuromuscular 

84 condition with potentially multiple underlying mechanisms and specific and relative contributions that 

85 likely differ between individuals. The pathophysiology of sarcopenia is complex given that underlying 

86 mechanisms may include multiple (often interrelated) factors responsible for the loss of motor unit 

87 patency (i.e. preservation of motor neurons and recruitment of all muscle fibres under their control); 

88 motor unit remodelling associated with preferential losses of some motor unit types and reinnervation 

89 of previously denervated muscle fibres [10]; neuromuscular junctional (NMJ) integrity affecting 

90 neurotransmission but also the signalling pathways implicated in the maintenance of cell size [11]; 

91 defects in excitation-contraction coupling, specifically associated with the release and reuptake of Ca2+ 

92 from the sarcoplasmic reticulum [12-14]; events associated with cross-bridge cycling and the dynamics 

93 of force generation [15-17]; and the many signalling and metabolic factors responsible for regulating 

94 muscle protein synthesis and degradation that affect the rate and magnitude of muscle atrophy and 
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95 potential alterations in metabolism [18]. Such factors could include perturbations in nutritional status, 

96 anabolic hormones, genetics, local and/or systemic inflammation, oxidative stress [19,20], existing (or 

97 future) diseases and conditions, and physical activity/exercise patterns (Figure 1). Sarcopenia differs 

98 mechanistically from other conditions leading to muscle atrophy such as disuse, cachexia, and 

99 denervation, and the literature is replete with studies that have examined the contributing mechanisms 

100 regulating muscle mass and how different interventions might counteract sarcopenia and preserve 

101 muscular function, independence and quality of life [21]. In addition to the studies investigating 

102 biological mechanisms, research is ongoing to develop predictive risk models for sarcopenia 

103 considering age, sex, and race, and comorbidities [22].

104

105 3. Emerging pharmacotherapies for sarcopenia

106 It is generally accepted that the progressive loss of muscle mass and function with advanced 

107 ageing is inevitable and some individuals may be at an increased risk for accelerated sarcopenia 

108 development due to genetic, lifestyle and environmental factors. Yet despite this knowledge 

109 pharmacotherapies specifically for sarcopenia have not been widely pursued. Non-pharmacological 

110 approaches such as resistance exercise and nutritional (protein) supplementation remain the most 

111 widely accepted strategies to tackle the symptoms of sarcopenia [23]. However, within the last decade 

112 clinical trials have examined whether pharmacotherapies developed for other wasting conditions (like 

113 cancer cachexia or muscular dystrophy) may also prevent, attenuate or reverse age-related losses of 

114 muscle mass and function. The following section provides an update on emerging pharmacotherapies 

115 designed specifically for the treatment of sarcopenia with a focus on clinical trials in phase 2 or higher.

116

117 3.1. Growth differentiation factors – Myostatin

118 Myostatin (growth differentiation factor-8, GDF-8), a member of the transforming growth 

119 factor-beta (TGF-β) superfamily, is a secreted protein which functions as a potent negative regulator 
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120 of skeletal muscle growth. Myostatin attracted much attention after the discovery that naturally 

121 occurring mutations and experimental knockout of the myostatin gene, increases the size and number 

122 of skeletal muscle fibres [24,25]. Myostatin binding to activin type II receptors (ActRIIB) on the 

123 muscle fibre membrane results in activation of transmembrane activin type I receptor-like kinases, 

124 ALK4 or ALK5, which promotes phosphorylation of Smad2 and Smad3, to form a heterotrimeric 

125 complex with Smad4 that mediates changes intracellular signalling and gene expression [26]. Smad2/3 

126 signalling can also reduce Akt signalling [27], with implications for the regulation of proteostasis 

127 through downstream effectors mTORC1 and FoxO [28]. Myostatin may also potentially regulate 

128 skeletal muscle mass through inhibition of myoblast proliferation and myogenic differentiation 

129 [29,30]. Blocking myostatin signalling through genetic and pharmacological approaches induces 

130 skeletal muscle hypertrophy [31], whereas overexpression or systemic administration causes muscle 

131 atrophy [27]. The responsiveness of adult skeletal muscle to myostatin makes it an attractive 

132 therapeutic target for stimulating muscle growth and/or preventing muscle wasting with sarcopenia.

133 Several pharmacotherapies have been developed to disrupt myostatin signalling in skeletal 

134 muscle, including neutralising antibodies to myostatin [32,33], a modified myostatin propeptide to 

135 block myostatin [34], and a soluble ActRIIB receptor Fc fusion protein [35-38]. Several studies have 

136 shown promising results for muscle mass and function through direct inhibition of myostatin in older 

137 adults. Eli Lilly and Company examined the effect of landogrozumab (LY2495655), a fully humanised 

138 monoclonal antibody which binds and neutralises myostatin, on lean body mass and physical 

139 performance in fall-prone older individuals with muscle weakness (NCT01604408; Completed 2013). 

140 In this randomised, phase 2 clinical trial, LY2495655 treatment increased appendicular lean mass and 

141 trended to improve some performance-based measures dependent on the generation of muscle power 

142 (e.g., stair climbing) [39]. However, functional measures of strength (hand-grip, isometric leg strength) 

143 and endurance (6-minute walking distance) were not affected by LY2495655 treatment. While further 

144 studies are required to determine the overall functional implications, the initial findings of an 
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145 accumulation of lean mass independent of exercise in older frail elders is important for other patient 

146 populations where exercise is not feasible.

147 Regeneron Pharmaceuticals/Sanofi completed recruitment for a randomised, phase 2 study 

148 examining the safety and efficacy of a 3-month subcutaneous treatment of trevogrumab 

149 (REGN1033/SAR391786) for patients with sarcopenia (NCT01963598; Completed 2015). 

150 REGN1033 is a fully human monoclonal antibody that is a specific and potent myostatin antagonist 

151 which can increase muscle mass and function in aged mice [40]. Regeneron reported on the efficacy 

152 of different REGN1033 doses in 253 patients with sarcopenia at the 8th Cachexia Conference (Society 

153 of Sarcopenia, Cachexia and Wasting Disorders) [41]. REGN1033 treatment increased total lean body 

154 mass but only tended to improve measures of strength and function. Regeneron also has a phase 1 

155 clinical trial assessing the safety and tolerability of garetosmab (REGN2477) alone and when 

156 combined with REGN1033 in healthy postmenopausal women and healthy adult men (NCT02943239; 

157 Active, not recruiting). REGN2477 is a fully human monoclonal antibody that inhibits activin A but 

158 does not bind other TGF-β family members. While no results of this trial have been published so far, 

159 Regeneron have previously found that combined activin A and myostatin inhibition enhanced muscle 

160 growth and force production in mice and monkeys [42]. Interestingly, the hypertrophic effects on 

161 muscle were similar to those achieved with the soluble form of ActRIIB which blocks numerous TGF-

162 β ligands, but specific blockade of myostatin and activin A avoided adverse effects associated with 

163 broad inhibition [42]. 

164 Novartis Pharmaceuticals completed a phase 2 study to assess effects of bimagrumab 

165 (BYM338) on skeletal muscle mass and function in sarcopenic adults with mobility limitations 

166 (NCT01601600; Completed 2013). BYM338 is a human monoclonal antibody that binds to type II 

167 activin receptors and prevents ligand-receptor binding to inhibit downstream signalling. The 

168 investigators found 16 weeks of treatment increased muscle mass and strength in older adults with 

169 sarcopenia and improved mobility in those with slow walking speed [43]. Subsequently, Novartis 
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170 completed recruitment for two phase 2 clinical trials to determine the efficacy of repeat dosing with 

171 multiple dose levels of BYM338 on patient physical function, skeletal muscle mass and strength 

172 (NCT02333331; Completed 2018) and to assess the durability of beneficial effects on physical 

173 function in older adults with sarcopenia (NCT02468674; Completed 2018). The results have not yet 

174 been reported or published but should provide valuable insight into the therapeutic potential of 

175 targeting TGF-β ligands to maintain skeletal muscle mass and function in older adults.

176

177 3.2. Testosterone

178 Sex steroids influence the growth and maintenance of skeletal muscle and a decline in their 

179 circulating levels can impact on the maintenance of muscle mass and function. Testosterone has been 

180 examined extensively for the prevention of muscle wasting associated with ageing and chronic disease 

181 [44,45]. While the anabolic properties of androgens on skeletal muscle mass and morphology have 

182 been well documented, the mechanisms by which androgens regulate skeletal muscle metabolism and 

183 function have only recently been understood [46]. Classically, the cellular actions of testosterone result 

184 from binding to the androgen receptor (AR) within the cytoplasm. This stimulates nuclear translocation 

185 and transcription of target genes through direct interactions between ligand-receptor proteins with 

186 DNA or with other transcription factors. Non-genomic actions of sex steroids include the activation of 

187 signal transduction pathways through perturbations in cyclic nucleotide production, Ca2+ fluxes and 

188 kinase activation [47]. These genomic and non-genomic actions can have profound effects on 

189 myogenic gene expression and skeletal muscle structure and function. 

190 Circulating testosterone levels decrease with advanced age [48-50] and are associated with the 

191 loss of muscle mass and strength [51]. Testosterone increases muscle mass through the enlargement 

192 of both type I and type II muscle fibres [52], and can interact with mechanical loading to potentiate 

193 this growth response [47]. Short-term testosterone treatment increases fractional protein synthesis rate 

194 and muscle IGF-1 expression in elderly men [53]. Studies in rodents and cell culture models have 
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195 shown that testosterone regulates muscle proteostasis through stimulation of Akt/mTORC1 signalling 

196 and suppression of FoxO transcriptional target gene expression after androgen withdrawal [54]. 

197 Testosterone may also facilitate muscle growth through decreased myostatin expression, improved 

198 regenerative potential of muscle stem cells (satellite cells) and suppressed skeletal muscle oxidative 

199 stress and apoptosis [55]. Importantly, testosterone has positive effects on bone mineral density and 

200 bone strength [47,56], making it an attractive treatment since sarcopenia and osteoporosis are often 

201 evident in older adults.

202 There is strong evidence that androgens increase muscle mass and strength under physiological 

203 and pathological conditions. The Testosterone in Older Men (TOM) Trial determined whether 

204 testosterone (administered once daily for 6 months) in older men with low testosterone levels and 

205 mobility limitations would increase maximal voluntary muscle strength (NCT00240981; Terminated 

206 2009) [57]. While the trial was stopped before enrolment had completed due to a higher rate of adverse 

207 cardiovascular events, testosterone treatment improved muscular strength [58]. Follow-up analysis 

208 revealed a significantly greater proportion of men receiving testosterone improved their performance 

209 in leg press and chest press movements and stair-climbing power [59]. These benefits were 

210 independent of changes in serum concentrations of C-terminal agrin fragment (CAF), a potential 

211 biomarker for sarcopenia, indicating testosterone-mediated functional improvements may not have 

212 been related to neuromuscular junction stabilisation [60]. More recent data from the Testosterone 

213 Trials (TTrials; NCT00799617; Completed 2014) reported that testosterone treatment improved self-

214 reported walking ability and six-minute walk test distance, which was related to baseline gait speed 

215 and self-reported mobility limitation [61]. Testosterone treatment did not affect the rate of falls, 

216 suggesting that exercise training may be needed to translate testosterone-induced muscle mass and 

217 strength gains into functional improvements. 

218 Given the potential adverse effects of testosterone in the elderly [58,62], a question that remains 

219 is whether the risk-to-benefit ratio is favourable to recommend high-dose testosterone treatment for 
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220 older men. Testosterone treatment has been associated with increased risk of benign prostate 

221 hyperplasia, prostate cancer, and adverse cardiovascular events [63]. The conversion of testosterone 

222 to dihydrotestosterone by 5α-reductase is primarily responsible for driving prostate growth and the 

223 development of benign prostatic hyperplasia [64]. Therefore, a phase 2 randomised clinical trial 

224 (NCT00475501; Completed 2012) determined whether a higher-than-replacement dose of testosterone 

225 and finasteride, a type II 5α-reductase inhibitor, could safely increase muscle strength in hypogonadal 

226 older men [65]. Testosterone enanthate (125 mg/wk.) combined with finasteride (5 mg/d) for 52 weeks 

227 significantly increased muscle strength and bone mineral density without causing prostate enlargement 

228 [65]. Improvements in muscle strength, fat free mass, and haematocrit with testosterone treatment were 

229 not affected by finasteride. These results, and that of others [66-68], demonstrate that testosterone and 

230 5α-reductase inhibitor co-treatment can improve muscle mass, physical performance, and bone mineral 

231 density without prostate enlargement in older men. 

232 Another important question that remains is whether the beneficial effects of testosterone on 

233 muscle mass and strength can be maintained after treatment withdrawal. A phase 4 clinical trial 

234 (NCT00190060; Completed 2008) examined the potential beneficial effects of testosterone treatment 

235 on muscle strength and functional capacity in frail elderly men [69]. The authors found testosterone 

236 treatment for 6 months increased several clinically relevant outcomes (including lean mass, isometric 

237 knee extension torque, and quality of life measures), but these effects were not maintained at 6 months 

238 after discontinuation of treatment [69]. While these initials findings suggest short-term improvements 

239 may not persist upon androgen withdrawal, studies investigating longer duration and varying dosing 

240 strategies are required to determine whether continual treatment is needed to maintain clinically-

241 relevant outcomes in sarcopenic individuals.

242 Aerobic capacity, measured by peak oxygen uptake (V̇O2peak) during a graded exercise test, 

243 is strong predictor of all-cause mortality in men and women [70]. Age-related changes in aerobic 

244 capacity may be due in part to reductions in capillary density, mitochondrial content and function, 
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245 and/or haemoglobin levels [71]. A recent study from the Testosterone’s Effects on Atherosclerosis 

246 progression in Aging Men (TEAAM) trial examined effects of long-term testosterone treatment (daily 

247 1% transdermal testosterone gel for 3 years) on aerobic capacity in older men [72]. The authors 

248 reported that the mean 3-year decrease in VO2peak was significantly less in testosterone treated men 

249 and was associated with increased haemoglobin concentration [72]. Similar observations have been 

250 observed in a subset analysis of the TOM trial (NCT00240981; Completed 2009), examining effects 

251 of 6 months testosterone treatment on VO2peak on aerobic performance in mobility-limited older men 

252 [73]. The authors found that testosterone treatment attenuated the age-related decline in VO2peak and 

253 lactate threshold [73]. Collectively, these findings suggest testosterone treatment may be a viable 

254 pharmacotherapy to improve both muscle strength and aerobic performance in older individuals, which 

255 could have profound effects on overall morbidity and mortality. However, long-term effects of 

256 testosterone treatment on disease susceptibility need to be considered.

257

258 3.3. Selective Androgen Receptor Modulators (SARMs)

259 Given the potential adverse effects of long-term testosterone treatment, alternative approaches 

260 with potent anabolic properties specifically in muscle, are attractive strategies to combat muscle 

261 wasting conditions. Selective AR modulators (SARMs) are a class of nonsteroidal AR ligands that 

262 bind AR and display tissue-selectivity of androgenic signalling [74,75]. The first SARMs were 

263 described in 1998 [75,76], and initial preclinical studies in rodents found some SARMs had significant 

264 anabolic activity, with only moderate to minimal androgenic activity [77,78]. Importantly, these 

265 SARMs demonstrated anabolic activity in muscle and bone, but unlike testosterone and other 

266 androgens, these nonsteroidal agents minimised growth of the prostate and other secondary sexual 

267 organs [77]. Not surprisingly, there has been significant interest in the clinical development of SARMs 

268 for treating muscle wasting conditions, including sarcopenia and frailty.
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269 Only a few studies thus far examined the effects of SARMs in sarcopenic individuals. Merck 

270 Sharp & Dohme Corporation completed a phase 2 clinical trial (NCT00529659: Completed 2009) 

271 which evaluated the safety, tolerability, and efficacy of MK-0773 (also known as PF-05314882) in 

272 women with mobility disability. MK-0773 treatment (50 mg orally twice daily; 6 months) increased 

273 lean body mass but did not improve muscular strength or physical performance [79]. MK-0773 was 

274 generally safe and well-tolerated, with no evidence of androgenisation. GTx has also completed a 

275 phase 2 clinical trial to evaluate enobosarm (GTx-024) in 120 healthy elderly men (>60 years of age) 

276 and postmenopausal women. GTx-024 treatment resulted in a dose-dependent increase in total lean 

277 body mass and physical function [80]. The treatment was well tolerated, with the incidence of adverse 

278 events similar between treatment groups. While not specifically targeted for sarcopenia, a recently 

279 completed phase 2 trial (NCT03241342; Completed 2018) evaluated GTx-024 as a potential treatment 

280 for stress urinary incontinence in postmenopausal women. Given there are no treatments available for 

281 this condition, SARMs may be a strategy to selectively enhancing pelvic floor muscle function without 

282 unwanted side-effects of androgen therapies. Preclinical studies have shown that treatment of 

283 ovariectomized mice with SARMs improved pelvic muscle mass [81]. The data from this clinical trial 

284 should provide insight into the clinical relevance of SARM treatment for other muscle atrophy 

285 conditions associated with ageing. The potential for long-term SARM treatment to prevent sarcopenia 

286 remains to be studied.

287

288 3.4. Anti-inflammatory agents

289 Ageing is accompanied by chronic low-grade inflammation, which has given rise to the term 

290 “inflammageing” [82]. Systemic levels of inflammatory cytokines such as tumour necrosis factor α 

291 (TNFα), interleukin 6 (IL-6) and C-reactive protein (CRP) have been associated with the loss of muscle 

292 mass, strength and function [83]. Classically, systemic cytokines alter cellular homeostasis by binding 

293 to their respective α-receptors which homo- or hetero-dimerize with β-receptors to initiate intracellular 
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294 signal transduction. Alternatively, soluble receptors present in circulation may also bind specific 

295 cytokines and transduce intracellular signalling through interaction with membrane bound β-receptors 

296 in cells that do not express α-receptors. Growing evidence suggest this alternative, non-canonical 

297 receptor signalling may mediate the proinflammatory functions of cytokines. Chronically elevated 

298 systemic cytokines and muscle inflammatory signalling has been linked to disrupted muscle 

299 proteostasis [84,85], muscle stem cell dysfunction [86], apoptosis [87,88], oxidative stress [87], and 

300 contractile and mitochondrial function [88,89]. Inflammation may also affect non-muscle cells (e.g., 

301 fibroblasts and endothelial cells) within the muscle microenvironment. Therefore, systemic cytokines 

302 and muscle inflammatory signalling may be attractive therapeutic targets for sarcopenia.

303 Considerable progress has been made in the development of pharmacotherapies to counteract 

304 chronically elevated cytokines in many inflammatory and disease conditions. These strategies target 

305 either the specific cytokine, its receptor, or the downstream intracellular signalling axis. For example, 

306 inhibitors targeting IL-6 signalling include monoclonal antibodies directed against IL-6 and IL-6 

307 receptor (e.g., anti-IL-6 monoclonal antibodies), soluble receptors linked to human immunoglobulin 

308 IgG1-Fc (e.g., sgp130Fc), and small molecule inhibitors of JAK (e.g., ruxolitinib) [90]. While many 

309 of these pharmacotherapies have been evaluated in clinical trials for other chronic diseases (e.g., 

310 cancers, inflammatory diseases, obesity), little is known about their potential application for age-

311 related muscle wasting. However, given that many cytokine-related signalling pathways have 

312 established roles in myogenesis [91], metabolism [92], and muscle growth and remodelling [93], it is 

313 likely that long-term inhibition could negatively affect skeletal muscle mass and function. 

314 Furthermore, blocking receptor and downstream intracellular signalling events may also interfere with 

315 other cytokines or non-inflammatory pathways, to limit their therapeutic potential.

316 Another strategy to combat chronic low-grade inflammation is to use non-steroidal anti-

317 inflammatory drugs (NSAIDs); commonly used for the management of inflammation and pain. These 

318 drugs exert their actions by blocking the activity of cyclooxygenase (COX), which subsequently 
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319 suppresses prostaglandin biosynthesis and inflammatory processes. NSAIDs may delay the onset of 

320 sarcopenia and slow the progression of muscle loss [94]. In a randomised double-blind controlled trial 

321 short-term NSAID treatment with piroxicam (10 mg daily), a nonselective COX inhibitor, decreased 

322 serum IL-6 and chemokine concentrations and improved muscle performance and mobility in geriatric 

323 patients hospitalised with acute infection-induced inflammation (ISRCTN58517443; Completed 2006) 

324 [95,96]. This group also showed that short-term treatment with the selective COX-2 inhibitor celecoxib 

325 improved muscle fatigue resistance elderly patients hospitalised with acute infection-induced 

326 inflammation [97]. Despite the overall improvements in muscle function, the therapeutic merit of 

327 NSAIDs in these individuals is questionable due to the adverse effects and associated risks. Whether 

328 these benefits can be achieved in older individuals without comorbidities remains to be determined. 

329 Preclinical studies have provided evidence that long-term NSAID treatment (Ibuprofen, 5 months, 30 

330 mg/kg/d) can decrease plasma IL-6 levels and improve muscle mass in old Wistar rats [98]. These 

331 benefits were accompanied by enhanced muscle protein synthesis and decreased proteolytic responses 

332 to refeeding [98]. While these initial studies highlight the potential therapeutic merit of NSAID 

333 treatment, whether similar benefits can be achieved in sarcopenic individuals remains to be 

334 determined. Although anti-inflammatory agents have been used successfully in a variety of conditions, 

335 clinical trials are needed to investigate whether short-term cycles of cytokine inhibition can prevent 

336 sarcopenia or enhance other therapies such as resistance exercise and nutritional interventions.

337

338 3.5. Other potential drug candidates

339 Drug repurposing may be an alternative approach to prevent sarcopenia. Repurposing drugs 

340 that demonstrate multiple benefits across a range of disease states is one potential way to maximise 

341 the effects of pharmacotherapies in older, individuals while avoiding potential drug–drug interactions 

342 and adverse events. As it relates to sarcopenia, these drugs would may possess pro-anabolic or anti-

343 inflammatory properties that could serve to enhance skeletal muscle mass and function with ageing. 
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344 The following section will briefly highlight pharmacotherapies that are being repositioned as potential 

345 therapeutics for age-related atrophy and dysfunction.

346

347 3.5.1. Angiotensin converting enzyme (ACE) inhibitors

348 Angiotensin-converting enzyme (ACE) is a core component of the renin-angiotensin system 

349 (RAS) where it converts the hormone angiotensin I to angiotensin II. The potent vasoconstrictor 

350 angiotensin II can also stimulate the secretion of aldosterone, thereby exerting robust regulatory effects 

351 on blood pressure, electrolyte balance, and fluid retention [99]. In addition to blood pressure 

352 regulation, emerging evidence suggests these molecules exert pro-inflammatory and pro-fibrotic 

353 activities that disrupt cellular homeostasis and function [99,100]. While ACE inhibitors largely 

354 promote vasodilation and lower blood pressure, they can also reduce inflammation by suppressing NF-

355 κB activity and ROS-mediate inflammatory processes (reviewed in [101]). Therefore, the secondary 

356 effects of ACE inhibitors may be a valuable therapeutic tool for sarcopenia.

357 ACE inhibitors are mainly prescribed for treating hypertension and congestive heart failure 

358 where they reduce hospitalisation and mortality [102]. However, the ACE inhibitor perindopril can 

359 improve physical function (six-minute walk) in functionally impaired older adults [103]. Greater 

360 muscle strength and larger lower extremity mass has been reported in older people taking ACE 

361 inhibitors [104,105]. A phase 4 (NCT01650402; Active, not recruiting) is examining the effects of 

362 INtensive versus standard blood pressure lowering to prevent Functional declINe In The Elderly 

363 (INFINITY) [106]. This prospective randomized, open-label trial will examine if multiple 

364 antihypertensive therapies, ACE inhibitor (lisinopril) and calcium channel blocker (amlodipine), can 

365 improve mobility parameters (self-pace walk and stance times) and cognitive function (executive 

366 function, processing times) in older patients with elevated 24-hr systolic blood pressure. The trial 

367 should improve understanding of intensive blood pressure treatment strategies on functional outcomes 
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368 in older persons with hypertension and cerebrovascular disease, which elevated their risk of functional 

369 impairment.

370 The Leucine and ACE inhibitors in sarcopenia (LACE trial) is a multicentre, randomised 

371 controlled trial (EudraCT# 2014-003455-61; Active) that will evaluate the efficacy of leucine and 

372 perindopril (ACE inhibitor) on physical function (Short Physical Performance Battery score) in male 

373 and female patients aged 70 years and older with sarcopenia [107]. The trial will measure an array of 

374 clinically-relevant and functionally important parameters (e.g., blood pressure, physical activity/diet, 

375 blood biomarkers) to better understand mechanisms of disease progression and responses to 

376 treatments. This clinical trial represents a comprehensive assessment of ACE inhibition on muscle 

377 mass and function specifically in people with sarcopenia and should improve understanding of the 

378 therapeutic potential in this target population.

379 The ACE inhibitors Combined with Exercise for Seniors - Pilot study (ACES-P) 

380 (NCT01891513; Completed 2017) will compare the efficacy of first-line antihypertensive drugs 

381 (perindopril, losartan, and hydrochlorothiazide) to improve functional status in hypertensive seniors 

382 when combined with chronic exercise. Initial findings on the feasibility, safety and protocol integrity 

383 have been published [108]. The authors reported that the 24-week multimodal intervention to improve 

384 physical function in functionally impaired older adults was feasible and safe [108]. Unfortunately, due 

385 to the low number of participants enrolled, changes in physical performance, clinical metabolic 

386 profiles, and systemic biomarkers (e.g., inflammation, oxidative stress) cannot be determined at this 

387 time.

388

389 3.5.2. Angiotensin II receptor antagonists

390 Angiotensin II receptor antagonists are commonly used for treating hypertension and heart 

391 failure in older adults and are generally well-tolerated. Like ACE inhibitors, these drugs may reduce 

392 inflammation, oxidative stress and muscle dysfunction [109,110]. A phase 2 trial (NCT02676466; 
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393 Completed 2018), the ENabling Reduction of low-Grade Inflammation in SEniors (ENRGISE) Pilot 

394 study, examined the efficacy of two potential anti-inflammatory interventions, angiotensin II receptor 

395 antagonist (50-100 mg/d) and omega-3 supplementation (1400-2800 mg/d), to preserve walking ability 

396 in older adults with mobility impairment. However, neither losartan nor fish oil supplementation for 

397 12 months altered plasma IL-6 or 400-meter walking speed in older adults with low-grade 

398 inflammation and mobility limitations [111]. These findings contrast with previous observations in 

399 patients undergoing cardiac surgery [112] and older mice [113]. Another phase 2 (NCT01989793; 

400 Completed 2016) will determine whether losartan treatment (25-100 mg, 24 weeks) can prevent 

401 reductions in strength associated with ageing.  While no results have been published yet, beneficial 

402 effects of losartan treatment have been reported in a preclinical model of sarcopenia, with improved 

403 muscle remodelling and function after injury in old mice [114]. While not discussed in the clinical trial 

404 design or measured in the preclinical study, it will be of interest to determine whether potential changes 

405 in function are related to an improved inflammatory profile. Interestingly, angiotensin II receptor 

406 blockade did not enhance the hypertrophic growth response or improvements in strength after 

407 resistance training in elderly men [115]. The therapeutic potential of angiotensin II receptor antagonists 

408 alone and in combination with nonpharmacological approaches for sarcopenia remain to be studied.

409

410 3.5.3. Angiotensin-(1-7) receptor agonists

411 In addition to the “classical” RAS axis, the “alternative” axis involves the conversion of 

412 angiotensin I to angiotensin-(1-7) (Ang-(1-7)) by ACE-2, by which Ang-(1-7) activates the G protein-

413 coupled receptor Mas receptor (MasR) to initiate intracellular signalling. This alternative axis is 

414 involved in many physiologic and pathophysiological processes across various cell types and disease 

415 conditions, however most notably for counteracting the detrimental effects of the classical RAS formed 

416 by ACE/Ang II/Ang II type 1 (AT1) receptor [116]. We have recently shown that AVE 0991, a 

417 nonpeptide MasR agonist, improved locomotor activity and attenuated muscle wasting in tumour 
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418 bearing mice [117]. A randomised, phase 2 trial (NCT03452488; Recruiting) will determine the safety 

419 and efficacy of BIO101 administered orally (6 months, 350 and 700 mg/d) in older men and women 

420 suffering from age-related sarcopenia (including sarcopenic obesity) aged ≥65 years and at risk of 

421 mobility disability (SARA-INT trial). While no results have been published at this time, the sponsoring 

422 company Biophytis has presented preliminary data at several international conferences demonstrating 

423 anabolic and metabolic properties of BIO101 in skeletal muscle cells in vitro and in vivo [118,119]. 

424 This clinical trial provide insight into the therapeutic potential of ACE-2/Ang-(1-7)/MasR axis in 

425 sarcopenia development. 

426

427 3.5.4. Metformin

428 The biguanide metformin is the most widely prescribed antihyperglycemic agent for type 2 

429 diabetes but can also modulate a number of biological processes involved in the pathophysiology of 

430 sarcopenia [120]. Metformin primarily exerts beneficial metabolic effects in skeletal muscle through 

431 the activation of adenosine monophosphate activated protein kinase (AMPK) [121], which has 

432 established roles in the regulation of glucose uptake and fatty acid oxidation, protein metabolism, 

433 autophagy and mitochondrial function [122]. Metformin also demonstrates anti-inflammatory, 

434 antioxidant, anticancer, cardio-protective properties [123], which makes it an attractive therapeutic to 

435 combat ageing, sarcopenia and frailty. A randomised, double-blind, placebo-controlled trial 

436 (NCT02308228; Active, not recruiting) is currently evaluating the effects of metformin on muscle size, 

437 strength, and physical function when combined with a progressive resistance training program in men 

438 and women 65 years and older. Preliminary analyses reported in the study design protocol demonstrate 

439 that 10-weeks metformin treatment increased M2 macrophage abundance and decreased IL-1β gene 

440 expression in muscle of insulin resistance individuals [124]. The authors hypothesis that metformin 

441 treatment will improve the resistance training response in healthy older adults by modifying the muscle 

442 microenvironment (e.g., lower inflammation, increase AMPK activity). Interestingly, a randomised 
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443 phase 2 trial (NCT02552355; Completed 2017) found that metformin treatment impaired metabolic 

444 and mitochondrial adaptations to 12-weeks of aerobic exercise training in older adults free of chronic 

445 disease [125]. Similar observations have been reported in prediabetic men and women. Metformin and 

446 exercise (aerobic and resistance) training independently improved whole-body insulin sensitivity, 

447 however there was no additive effect [126]. Future clinical trials are warranted to determine if these 

448 initial findings translate across all metabolic agents and exercise modalities in older adults with and 

449 without disease.

450

451 4. Conclusion

452 To date, few pharmacotherapies for sarcopenia have been pursued beyond phase 2 trials (Table 

453 1). Growth promoting agents (including myostatin inhibitors, testosterone, and SARMs) have potential 

454 to enhance lean mass in older individuals, but the translation of these benefits to clinically relevant 

455 improvements in muscular strength and physical performance requires further evaluation. It is likely 

456 that enhancing neuromuscular performance through neural stimulation or exercise may be needed to 

457 realise functional adaptations. Systemic inflammatory cytokines have been implicated in muscle 

458 wasting, poor physical performance, and metabolic dysfunction across multiple diseases and 

459 conditions. While ageing is often linked with chronic low-grade systemic inflammation, clinical trials 

460 are needed to investigate whether inhibiting broad or specific inflammatory cytokines has therapeutic 

461 potential for sarcopenia. Given the paradoxical role of inflammatory cytokines in health and disease it 

462 is likely that intermittent cycles of inhibition/activation may be needed to maintain muscle mass and 

463 function during ageing. There is growing interest for the repurposing of drugs to combat sarcopenia. 

464 Several drug candidates (e.g., BIO101, Metformin) have demonstrated positive effects on anabolic and 

465 metabolic processes within skeletal muscle. These pharmacotherapies should not only improve muscle 

466 mass and function but possibly delay key hallmarks of ageing across multiple tissues and biological 
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467 processes. Studies are warranted to determine whether these benefits can be achieved throughout all 

468 of life’s stages where comorbidities may exist.

469

470 5. Expert Opinion

471 According to the 2018 consensus statement, sarcopenia is described as probable when low 

472 muscle strength is detected, and a diagnosis confirmed by the presence of low muscle quantity or 

473 quality. Low physical performance identifies the severity of sarcopenia, and the condition considered 

474 severe when low muscle strength, low muscle quantity/quality and low physical performance are all 

475 detected. Debate and many (not-so-helpful) publications regarding nuances around specific definitions 

476 and sub-classifications have restricted progress in accepting, understanding and treating sarcopenia. 

477 These discussions have arisen since it has been difficult to establish effective diagnostic criteria for 

478 low muscle mass and weakness. While significant progress has been made in our understanding of the 

479 pathophysiology of sarcopenia, better understanding the biological processes of sarcopenia is critical 

480 for identify objective measures that are feasible, sensitive to change, and can demonstrate clinically 

481 relevant improvements. It will be imperative that future clinical trials utilise primary outcome 

482 measurements that governmental agencies such as the FDA and/or the European Medicines Agency 

483 (EMA) will favour.

484 A major milestone was achieved in 2016 with the recognition of sarcopenia as a disease entity. 

485 The ICD-10-CM (M62.84) code for sarcopenia should ideally improve awareness for diagnosing 

486 sarcopenia and assist drug development specifically for this condition. Sarcopenia and frailty are major 

487 global health problems likely to escalate as the number and proportion of older adults continues to 

488 increase worldwide. Therapeutic strategies to address age-related changes in skeletal muscle mass and 

489 strength will help frail elders maintain and/or improve their health and quality of life. This is not a 

490 trivial problem since sarcopenia is multifactorial in its aetiology, with potential contributions from 
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491 alterations in neuromuscular parameters, hormones and inflammatory markers, lifestyle choices and 

492 nutritional status. These biological processes serve as therapeutic targets to treat sarcopenia.

493 Investment in rigorous preclinical evaluations of safe and effective drugs for muscle wasting 

494 and weakness is essential before recommending strategies for clinical testing and application to 

495 sarcopenia. The use of comprehensive functional and metabolic assessments will enhance the 

496 translation of findings to more accurately identify effective treatments for sarcopenia. There is 

497 accumulating evidence that a direct relationship between muscle mass, strength and function is not as 

498 clear in older individuals as originally assumed [3]. This may be partially explained by age-related 

499 changes in muscle metabolism. Therefore, combining whole-body and muscle metabolic measures 

500 with performance-based outcomes may identify pharmacotherapies that improve contractile and 

501 metabolic independent of mass, which could favourably improve systemic health. Selecting treatments 

502 that only improve mass and function may ignore potential co-therapies that could elicit numerous 

503 health benefits related to the biology of ageing.

504 Physical activity and nutritional status are potent regulators of muscle metabolism and 

505 phenotype. It is generally accepted that maintaining adequate physical activity levels and caloric intake 

506 positively influence healthy ageing. Given the inter-individual variability and the potential 

507 contribution of these factors to sarcopenia development, the use of reliable and direct objective 

508 measures is critical to assessing the impact of pharmacotherapies on overall quantity and quality of 

509 life. Gold standard methods such as doubly labelled water to measure free energy expenditure in free-

510 living conditions should be preferred over self-reported estimates of physical activity and energy 

511 intake. Moreover, measures that encompass a combination of movement activities (e.g., sedentary, 

512 active, sleep) will provide valuable feedback on how treatments influence behaviour change and 

513 whether they ultimately impact health outcomes. Wearable devices and mobile applications are 

514 technologies that could provide more robust data acquisition for these parameters. While there have 

515 been significant advances in this area from a public health standpoint, standardised procedures for the 
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516 use and reporting will be required to reduce variability between trials and provide clinically meaningful 

517 data. Currently, lifestyle modifications such as resistance exercise training and nutritional interventions 

518 (e.g., protein and amino acids) remain the most widely recognised nonpharmacological approaches for 

519 sarcopenia. Clinical trials examining drug-exercise and/or drug-nutrition interactions are warranted, 

520 since multiple strategies will be needed to effectively treat age-related muscle wasting and weakness.

521
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Table 1. Emerging pharmacotherapies for sarcopenia: age-related muscle wasting.

Drug Company / 
Sponsor Target Phase Study Purpose Status NCT / Ref

REGN1033 
(SAR391786)

Regeneron 
Pharmaceuticals Myostatin 2 Examine the safety and efficacy of 3 months 

subcutaneous REGN1033 (SAR391786) treatment Completed; no results reported. NCT01963598

Bimagrumab 
(BYM338)

Novartis 
Pharmaceuticals ActRIIB 2

Determine effects of BYM338 on skeletal muscle 
volume, mass, and strength and patient function 
(gait speed) in non-demented elderly adults with 

sarcopenia and mobility limitations

Completed; 
Increased muscle mass and strength.

NCT01601600

Ref: [43]

Bimagrumab 
(BYM338)

Novartis 
Pharmaceuticals ActRIIB 2

Determine the efficacy of repeat dosing with 
multiple dose levels of bimagrumab on patient 

physical function, skeletal muscle mass and 
strength in older adults with sarcopenia.

Recruiting. NCT02333331

Bimagrumab 
(BYM338)

Novartis 
Pharmaceuticals ActRIIB 2

A 24-week off drug extension parallel group study 
assessing durability of effect on skeletal muscle 

strength and function after a 6-month double-blind 
placebo-controlled study evaluating bimagrumab 

in older adults with sarcopenia.

Recruiting. NCT02468674

MK-0773 Merck Sharp & 
Dohme Corp.

Androgen 
receptor 2 Evaluate the safety, tolerability, and efficacy of 

MK-0773 in women with sarcopenia.

Completed;
Increase lean body mass but did not 

improve strength or function. 
Improved strength and physical 

function in placebo group, attributed 
in part, to protein and vitamin D 

supplementation.

NCT00529659

Ref: [79]

Testosterone 
enanthate, 

Androgel 1%, 
Medrol

The University 
of Texas 

Medical Branch, 
Galveston

Androgen 
Receptor 4

Assess the ability of short-term testosterone 
injection and gel application to alter anabolic and 

inflammatory responses in older men.
Completed; no results reported. NCT00957801
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Testosterone 
enanthate, 
Finasteride

Endo 
Pharmaceuticals

,
Merck Sharp & 
Dohme Corp.

Androgen 
Receptor 2

Determine if a higher-than-replacement dose of 
testosterone and finasteride can be combined to 

safely increase muscle strength in older men with 
low blood concentration of testosterone.

Completed; 
Testosterone combined with 
finasteride increased muscle 

strength and bone mineral density 
and reduces body fat without 

prostate enlargement.

NCT00475501

Ref: [65]

Transdermal 
Testosterone 

and/or Monthly 
Vitamin D

Besins 
Healthcare

Androgen 
Receptor 3

Examine the individual and combined effect of 
transdermal testosterone and/or Vitamin D in 

reducing falls risk and improve function in pre-
frail hypogonadal senior men.

Recruiting. NCT02419105

Androgel, 
Anastrozole 

National 
Institute on 

Aging (NIA)

Androgen 
Receptor; 
Aromatase 
inhibitor

2

Determine if anastrozole is as effective as 
testosterone gel in improving bone and muscle 
strength, hormone levels, and brain function in 

men over 65 years of age.

Completed; 
Gait/balance assessment not 

reported

NCT00104572

Sustanon 250, 
Zoladex 

(Gonadotropin 
releasing 
hormone 
analogue)

University of 
Nottingham

Androgen 
Receptor; 

LHRH 
receptor

3
Evaluate the effect of increased testosterone levels 
in older males and decreased testosterone levels in 

young males on muscle protein synthesis.
Recruiting. NCT03054168

Metformin
Albert Einstein 

College of 
Medicine, Inc.

Glucose 
metabolism 4 Examine effects of metformin on the biology of 

aging in humans. Completed; no results reported. NCT02432287
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Metformin University of 
New Mexico

Glucose 
metabolism 3

Investigate the effects of short duration metformin 
treatment on a surrogate marker of cellular 

senescence and autophagy among adult patients 
with prediabetes.

Recruiting. NCT03309007

Metformin

The University 
of Texas Health 
Science Center 
at San Antonio

Glucose 
metabolism 2 Test metformin as a novel intervention for 

prevention of frailty. Recruiting. NCT02570672

Metformin

VA Office of 
Research and 
Development, 
Oregon Health 

and Science 
University

Glucose 
metabolism 2

Determine if metformin can prevent the loss in 
muscle mass and physical performance and to 

examine changes in muscle histologic 
characteristics associated with metformin treatment 

in older adults with prediabetes.

Active; not recruiting. NCT01804049

Allopurinol University of 
Dundee

Xanthine 
oxidase 
inhibitor

4
Determine if allopurinol improves physical 

function and muscle energetics in patients with 
primary sarcopenia.

Completed; no results reported. NCT01550107

BIO101
(Sarconeos) Biophytis Mas 

Receptor 2

Evaluate the clinical benefits, safety and 
tolerability of BIO101 administered orally for 6 

months to older patients, and community dwelling 
men and women aged ≥65 years, suffering from 

age-related sarcopenia (including sarcopenic 
obesity), and at risk of mobility disability.

Recruiting. NCT03452488
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Losartan

Johns Hopkins 
University, 

National 
Institute on 

Aging (NIA)

AT1 
receptor 
blocker

2 Determine if losartan can prevent the decrease in 
strength associated with ageing. Completed; no results reported. NCT01989793

Losartan
Abbott, National 

Institute on 
Aging (NIA)

AT1 
receptor 
blocker

2
Test the ability of anti-inflammatory interventions 
to prevent major mobility disability by improving 

or preserving walking ability.
Completed; no results reported

NCT02676466

Losartan, 
Perindopril, 

HCTZ

University of 
Alabama at 

Birmingham, 
University of 

Colorado, 
Denver

AT1 
receptor 
blocker

2

Determine if choice of antihypertensive medication 
influences changes in functional status and other 
cardiovascular risk factors among older persons 
with hypertension when combined with physical 

exercise.

Recruiting. NCT03295734

Lisinopril, 
Amlodipine

UConn Health, 
National 

Institute on 
Aging (NIA)

ACE 
inhibitor, 
Calcium 

antagonist

4
Evaluate different high blood pressure treatments 

for controlling decline in mobility and cognition in 
an ageing population.

Active; not recruiting NCT01650402

Alfacalcidol Indonesia 
University

Vitamin D 
analogue 3

Determine the effect of alfacalcidol on the upper-
body muscle strength in Indonesian elderly women 
aged 60 years or older with low handgrip strength.

Completed; no results reported NCT02327091
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Data are presented for clinical trials in phase 2 development and higher, as available from Clinicaltrials.gov.  Abbreviations: NCT, National Clinical Trial; Ref, 

Reference; AR, androgen receptor; LHRH, luteinizing-hormone releasing hormone; AMPK, AMP-activated protein kinase; GR, glucocorticoid receptor; AT1, 

angiotensin II type 1; HCTZ, Hydrochlorothiazide; ACE, Angiotensin converting enzyme.
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Figure Legends

Figure 1. Pathophysiology of sarcopenia.  The underlying pathophysiology of sarcopenia is 

complex and multifactorial and addressing its different symptoms will likely require more than 

a single treatment. Sarcopenia is often described as a neuromuscular syndrome since age-

related changes occur to both the neural aspects of innervation and the preservation of motor 

units, as well as effects directly on muscle fibres. Skeletal muscle mass is maintained by a 

coordinated balance between protein synthesis and protein degradation, termed protein 

turnover. Muscle mass and phenotype are responsive to both systemic factors and the local 

environment. Factors described in the outer ring are those that can directly influence 

mechanisms outlined in the inner ring that are ultimately responsible for muscle atrophy and 

dysfunction. Perturbations in systemic factors such as inflammatory cytokines and hormones 

can disrupt skeletal muscle energy metabolism and proteostasis. Nutritional status can have 

profound effects on mass regulation. Older adults are at an increased risk for nutritional 

insufficiency and are recommended to consume more protein than the current Recommended 

Dietary Allowance, perhaps confounded by an age-related decreased response to feeding 

and/or nutrients, termed anabolic resistance. Ageing is associated with reduced vascular 

function and blood flow, which can affect delivery and uptake of oxygen, hormones, nutrients 

and amino acids to muscle. Circulating levels of (anabolic) hormones and growth factors 

decrease with age. Muscle phenotype can be influenced by genetic and lifestyle factors, and 

the interactions between them. Physical activity levels influence whole-body and muscle health 

during ageing, with regular resistance exercise training being an effective intervention to help 

attenuate age-related changes in muscle mass and strength. The inner ring describes some of 

the mechanisms responsible for structural, metabolic and functional consequences of 

sarcopenia. These include: 1) the preferential loss and atrophy of type II (fast) muscle fibres 

and the remodelling of motor units that can shift overall fibre proportions towards a slower 
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phenotype; 2) alterations in muscle proteostasis leading to fibre atrophy and possible 

degeneration induced by oxidative stress and mitochondrial dysfunction leading to metabolic 

impairments; 3) alterations at the neuromuscular junction (NMJ) that potentially compromises 

neurotransmission; 4) changes in excitation-contraction coupling including mechanisms 

regulating the release and reuptake of Ca2+ by the sarcoplasmic reticulum, alterations in the 

number of participating cross-bridges, the force generated per cross-bridge, altered rates of 

cross-bridge attachment and detachment; and 5) an anabolic resistance to nutritional intake, 

particularly protein. These contributing mechanisms can also compromise muscle function 

without the loss of muscle mass; a condition described as ‘dynapenia’. Figure was made with 

Servier Medical Art (https://smart.servier.com/).
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