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The world is facing the new challenges of an aging population, and understanding the process of aging has therefore become one of 
the most important global concerns. Sarcopenia is a condition which is defined by the gradual loss of skeletal muscle mass and func-
tion with age. In research and clinical practice, sarcopenia is recognized as a component of geriatric disease and is a current target for 
drug development. In this review we define this condition and provide an overview of current therapeutic approaches. We further 
highlight recent findings that describe key pathophysiological phenotypes of this condition, including alterations in muscle fiber 
types, mitochondrial function, nicotinamide adenine dinucleotide (NAD+) metabolism, myokines, and gut microbiota, in aged mus-
cle compared to young muscle or healthy aged muscle. The last part of this review examines new therapeutic avenues for promising 
treatment targets. There is still no accepted therapy for sarcopenia in humans. Here we provide a brief review of the current state of 
research derived from various mouse models or human samples that provide novel routes for the development of effective therapeu-
tics to maintain muscle health during aging.
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INTRODUCTION

Worldwide advances in applied science and health care technol-
ogy, along with socioeconomic development, has increased 
lifespan. In 2019, it was estimated that globally 703 million 
people were older than 65 years old and that this number would 
reach 1.5 billion by 2050 [1]. All nations have seen an increase 
in life expectancy with a disproportionately greater increase in 
elderly populations [1]. Consequently, healthcare services are 
strained under the additional burden of increasing elderly popu-
lations. A better understanding of age-related chronic diseases 
and new modalities are required to address aging-related diseas-
es and alleviate pressure on healthcare systems.

One such disease is sarcopenia. Sarcopenia is the progressive 
and generalized loss of muscle mass and function (i.e., strength) 
that occurs with age [2] and is strongly associated with frailty. 
Frailty is defined by the vulnerability of the elderly to possible 
stressors that increase risk for poor health outcomes, incident 
disability, and mortality [3]. Recent studies have revealed that 
sarcopenia is not a simple condition caused by nutrient defi-
ciency or a sedentary lifestyle, but a result of an elaborate multi-
pathway pathogenesis [4,5]. This article presents a brief over-
view of the current knowledge of the underlying mechanisms of 
sarcopenia along with novel therapies being explored to prevent 
and treat this condition. 

SARCOPENIA 

Sarcopenia
The Aging in Motion (AIM) Coalition describes sarcopenia as a 
type of persistent muscle atrophy characterized by gradual loss 

of skeletal muscle mass and function (strength) with a risk of 
negative outcomes such as physical disability, poor quality of 
life and death. Additionally, in 2016, sarcopenia became offi-
cially classified as a disease state under the International Classi-
fication of Diseases, Clinical Modification (ICD-10-CM) code 
(M62.84) [6], thus emphasizing the need for improved diagnos-
tic methods and drug development to treat sarcopenia. For in-
stance, in 1998 using dual X-ray absorptiometry, Baumgartner 
et al. [7] proposed sarcopenia as any appendicular skeletal mus-
cle mass (kg)/height (m2) that was >2 standard deviations (SDs) 
beneath that of a young reference population’s mean. Similarly, 
in 2003, using computed tomography scans of calf muscle, 
Lauretani et al. [8] defined sarcopenia as a muscle cross-sec-
tional area that was >2 SDs below the population mean. In 
2010, the European Working Group on Sarcopenia in Older 
People (EWGSOP) suggested that sarcopenia should be clini-
cally defined by both reduced muscle quantity and degraded 
muscle quality (i.e., strength or performance) [9]. Eight years 
later, based on more laboratory and clinical evidence, EWGSOP 
updated their consensus. They determined that low muscle 
strength was the primary defining attribute of sarcopenia, and 
that low muscle mass and quality are confirmatory markers of 
sarcopenia diagnosis, with severe sarcopenia defined by addi-
tional impaired physical performance [10].

Currently, many regional and international organizations, such 
as the EWGSOP, the Asian Working Group for Sarcopenia (AWGS), 
the International Working Group on Sarcopenia (IWGS), and the 
Foundation for the National Institutes of Health (FNIH), have 
proposed various diagnostic criteria and screening stratgeis for 
sarcopenia, which are summarized in Table 1 [10-13]. In gener-
al, these groups agree on diagnosing sarcopenia using both mus-

Table 1. Summary of Recommendations in the Diagnostic Criteria for Sarcopenia

Organization Highlight Reference

European Working Group on 
Sarcopenia in Older People 
(EWGSOP)

EWGSOP2 utilizes low muscle quality as the primary criterion of sarcopenia; muscle quality is directly 
the most solid proportion of muscle function. The diagnosis is made based on appendicular skeletal  
muscle mass calculated from dual-energy X-ray absorptiometry scan, skeletal muscle index, handgrip 
strength, and gait speed.

[10]

Asian Working Group for  
Sarcopenia (AWGS)

Estimating both muscle quality (handgrip quality) and physical execution (common walk speed) as the 
screening test, specifying cutoff points of a similar index with EWGSOP2 based on Asian population 
characteristics.

[11]

International Working Group on 
Sarcopenia (IWGS)

Emphasizes consideration of sarcopenia in bedridden and low gait speed patients, and uses a combination 
of gait speed and a measurement of low muscle mass to give the sarcopenia diagnosis.

[12]

Foundation for the National  
Institutes of Health (FNIH)

Focuses on how physicians make differential diagnosis among older people with physical restrictions. 
Their recommendation contains cutoffs for both sexes, using similar indexes to EWGSOP2 and AWGS, 
but considers them in relationship with body mass index.

[13]
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cle mass and muscle function together; however, they use differ-
ent measurement tools and thresholds. Despite these differences, 
sarcopenia is generally diagnosed in about 20% of elderly re-
search subjects with similar proportions for Caucasian and Asian 
populations [14,15]. Additionally, sarcopenia is exceptionally 
common in people with cardiovascular disease, dementia, dia-
betes mellitus, and respiratory disorders [16].

AGING OF SKELETAL MUSCLE 

Anabolic resistance 
Normally, muscle contraction, dietary amino acids, and anabolic 
hormones, such as insulin like growth factor-1 (IGF-1), are po-
tent stimulators of muscle growth. However, when muscle be-
comes resistant to these stimuli this is termed anabolic resis-
tance (AR). AR is a phenomenon defined by the diminished 
ability to increase the rate of protein synthesis and adapt to ana-
bolic stimulation [17,18]. AR is often observed in aged muscle 
and is probably a crucial driver of sarcopenia and physical frail-
ty [19,20]. It may underlie the greater requirement for dietary 
protein in older adults [21]. Although the underlying mecha-
nisms remain to be fully elucidated, it is primarily thought to be 
due to reduced sensitivity of AKT (also known as protein kinase 
B [PKB])-mammalian target of rapamycin (mTOR) kinase cas-
cade [17,19,21,22]. AR is likely one of many contributing fac-
tors to sarcopenia.

Muscle fiber-type 
Muscle consists of force-generating contractile muscle fibers 
bundled together by connective tissue. The sarcomere is the 
functional unit of muscle fiber, containing thin filaments (in-
cluding actin, tropomyosin, and troponin) and thick filaments 
(primarily comprised of myosin), along with other structural 
proteins. ATP-dependent crawling of myosin filaments along 
actin chains generates muscle contraction. Mature myosin pro-
tein contains six polypeptides, four light chains, and two heavy 
chains [23]. The expression of different myosin heavy chain 
(MHC) isoforms determines muscle fiber types. Classically, 
adult human skeletal myofibers have been classified as either 
slow-twitch (type I) or fast-twitch (type II) fiber types, accord-
ing to their contractile speed in response to neural excitement. 
Presently, myofibers are classified as type I, type IIA, IIB, or 
IIX, in parallel with the MHC isoform expressed. Type I and 
IIA fibers predominantly depend on mitochondrial oxidative 
phosphorylation for energy production, whereas type IIB and 
IIX rely on glycolysis [23].

Several reports show that aging causes muscle fiber-type tran-
sition that is characterized by a gradual decrease of both type II 
fiber number and size with age [24,25] suggesting a fast to slow 
fiber-type shift. This is further supported by a study that found 
that expression of IIA and IIX MHC mRNA decreased by 14% 
and 10%, respectively, per decade while type I mRNA remained 
constant with age [26]. Additionally, by analyzing single myofi-
ber expression of MHC proteins, Klitgaard et al. [27] found that 
with age there is an increase in fibers co-expressing multiple 
MHC isoforms. Increased clustering of myofibers of similar 
types has been shown to be associated with both samples from 
patients with spinal muscular atrophy and in subjects over the 
age of 50 [28]. This muscle fiber-type shift from fast to slow 
may also suggest that with aging skeletal muscle transitions 
from relying primarily on cytosolic glycolytic metabolism to 
oxidative metabolism and thus has a greater requirement for 
functional mitochondria.

Mitochondrial dysfunction 
Although, classically, mitochondria are considered the cellular 
power plants of eukaryotic cells, recent evidence describes mi-
tochondria as multifunctional signaling hubs, linking various 
cellular functions to metabolic and age-associated diseases [29]. 
Mitochondria play pivotal roles in cellular homeostasis respond-
ing to intracellular and extracellular stresses, cell death, inflam-
mation, epigenetics, and senescence [30]. Mitochondrial dys-
function describes the functional decline of mitochondrial qual-
ity and activity due to destruction of mitochondrial structure, re-
duction of mitochondrial content, malfunction of mitochondrial 
metabolism and oxidative phosphorylation, accumulation of 
mitochondrial DNA damage, and dysregulation of mitochondri-
al dynamics (fusion and fission) [31] and is a well-recognized 
“hallmark of aging” [29,32]. 

Many reports have demonstrated that sarcopenia is tightly as-
sociated with mitochondrial dysfunction in skeletal muscles as 
well as motor neurons [33,34]. For instance, recently, using 
muscle biopsies from 119 human elderly subjects drawn from 
Caucasian, African, and Asian cohorts, Migliavacca et al. [35] 
found reduced mitochondrial oxidative capacity and nicotin-
amide adenine dinucleotide (NAD+) biosynthesis in sarcopenic 
individuals. Furthermore, several studies have proposed that 
mitochondrial dysfunction in motor neurons drives sarcopenia 
[36,37]. In addition, studies using muscle transcriptomes re-
vealed reduced expression of many mitochondrial genes, in-
cluding peroxisome proliferator-activated receptor-γ coactivator 
1-α (PGC-1α) and estrogen related receptors (ERRs), both key 
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regulatory factors of mitochondrial biogenesis and homeostasis 
[38]. In our unpublished work analyzing publicly available 
Genotype-Tissue Expression (GTEx) data and National Center 
for Biotechnology Information (NCBI) Gene Expression Omni-
bus (GEO) data, the expression of the majority of both nuclear 
and mitochondrial DNA-encoded mitochondrial genes is re-
duced in muscle from aged rodents and humans. 

Interestingly, mitophagy, which selectively eliminates dam-
aged or dysfunctional mitochondria via autophagy, is also re-
duced during normal aging [39]. The requirement of autophagy 
for muscle maintenance was demonstrated with the observation 
that mice lacking Atg7 in muscle, a key enzyme required for 
muscle autophagy, experience premature muscle dysfunction 
and sarcopenia [40]. Similarly, overexpression of Atg5 in mice 
increases autophagic protein expression and prevents age-in-
duced decreases in muscle function [41]. This finding suggests 
that autophagy may be required to maintain muscle function 
with age. Several recent studies demonstrated that the enhance-
ment of mitophagy by the administration of single compounds, 
such as urolithins [42-44] and spermidine [45], led to beneficial 
effects in aged skeletal muscle, heart, and neurons. These data 
suggest that mitophagy enhancers could provide new therapeu-
tic options to treat sarcopenia. In summary, mitochondrial dys-
function is associated with sarcopenia with many contributing 
factors. These include but are not limited to reduced PGC-1α 
and ERR signaling, insufficient autophagy/mitophagy, and re-
duced muscular NAD+ levels with age.

NAD+ metabolism
NAD+ is a well-known essential biomolecule. It is a substrate 
for many enzymes, including poly(ADP-ribose) polymerase 1 
(PARP1) and sirtuin 1 (SIRT1), and essential for metabolic pro-
cesses where it accepts and donates electrons for glycolysis, 
β-oxidation, the tricarboxylic acid cycle, and the electron trans-
port chain [46]. Numerous independent studies have found that 
cellular NAD+ levels decline in the majority of tissues, includ-
ing skeletal muscle, liver, adipose tissue, and adult stem cells, 
with aging and pathological conditions [47-49]. This suggests 
that NAD+ is associated with aging and presumably diseases 
such as sarcopenia. As aforementioned, NAD+ biosynthesis is 
reduced in skeletal muscle from Caucasian, African, and Asian 
sarcopenic cohorts [35]. In support of a causative role of NAD+ 
deficiency in muscular atrophy, mice with impaired NAD+ sal-
vage pathways in muscle, i.e., skeletal muscle-specific NAMPT 
knockout (KO) mice, Frederick et al. [49] observed increased 
mitochondrial dysfunction, decreased muscle mass and func-

tion, that was exacerbated with age. Subsequently, researchers 
investigated the therapeutic potential of NAD+ boosting mole-
cules [50]. NAD+ replenishment using NAD+ boosters, includ-
ing nicotinamide riboside (NR), nicotinamide mononucleotide 
(NMN), nicotinamide (NAM), CD38 inhibitors and PARP in-
hibitors, protects from age- or congenital disease-related muscle 
phenotypes [51-55]. NR supplementation alone improves mus-
cle satellite cell regenerative capacity and rescues the muscular 
atrophy phenotype of mice lacking skeletal muscle NAMPT 
[49]. Similarly, overexpression of a constitutively active NAMPT 
maintains muscle NAD+ levels and exercise performance in old 
mice, demonstrating the essential role of tissue-autonomous 
NAD+ homeostasis [55,56].

MYOKINES AND MUSCLE AGING

Myostatin and follistatin
Myostatin (encoded by the MSTN gene, also known as growth 
differentiation factor 8 [GDF-8]) is a myokine that negatively 
regulates myogenesis [57]. It belongs to the transforming growth 
factor-β (TGFβ) family, is secreted from muscle, and has local 
(autocrine) or systemic (endocrine) effects by acting on activin 
type II A and B (ActRIIA/B) receptors. Animal models lacking 
myostatin and humans with congenital myostatin loss experi-
ence pronounced muscle loss and indicated the negative rela-
tionship between myostatin expression and muscle size [58-60]. 
In contrast, follistatin, also a member of the TGFβ family, is a 
competitive antagonist for myostatin binding to the ActRIIB re-
ceptor [57,58]. Follistatin was first found in ovarian follicular 
fluid and later in skeletal muscle, testis, liver and many different 
tissues [57,58]. Reciprocal to ablation of myostatin, overexpres-
sion or administration of recombinant follistatin causes muscle 
hypertrophy [57,58,61]. Thus, myostatin and follistatin are both 
known regulators of muscle mass.

However, the role of myostatin and follistatin in sarcopenia is 
unclear. In C2C12 myoblasts, myostatin was elevated in late pas-
sage (>30 passages) versus early passage (<12 passages) [62]. 
These findings have been confirmed by some studies in older 
humans and animal subjects where with increasing age and sar-
copenia there is also increased expression of myostatin [63,64]. 
However, not all studies come to the same conclusion. Bergen et 
al. [63] observed this to be true only in female but not male par-
ticipants, supporting the increased incidence of sarcopenia in fe-
males. Furthermore, Ratkevicius et al. [65] observed no differ-
ences in serum myostatin between young and sarcopenic elderly 
men. Similarly, follistatin does not appear to change with age 
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[63,66]. These conflicting findings suggest that despite their clear 
potential for regulation of muscle mass myostatin and follistatin 
may not directly contribute to sarcopenia or muscle aging.

GDF11 and GDF15
Growth differentiation factors (GDFs), including GDF11 and 
GDF15, belong to the TGFβ protein superfamily. They share 
homeostatic and metabolic regulation functions with TGFβ-
family members (such as myostatin) and bone morphogenic 
proteins (BMPs). Furthermore, they are both associated with 
regulation of skeletal muscle function and aging.

GDF11 has an analogical molecular structure and similar sig-
naling pathways to myostatin [67]. However, GDF11 has differ-
ent tissue distribution and biological effects. According to the 
GTEx database [68], GDF11 is broadly expressed in various tis-
sues, including the brain, spleen, female reproductive organs, 
and digestive tract, while myostatin is predominantly expressed 
in the cervix, cerebellum, adrenal gland, skeletal muscle, aorta, 
and pituitary. Whereas myostatin’s effects on skeletal muscle are 
well established, the perinatal lethality of GDF11 KO mice has 
restricted our knowledge of GDF11’s role in skeletal muscle ag-
ing.

The current literature presents conflicting findings for the role 
of GDF11 in aging-related skeletal muscle phenotypes. GDF11 
protein levels are higher in muscles from young mice compared 
to aged mice [69]. Further, Sinha et al. [69] found that adminis-
tering recombinant GDF11 to aged mice reduced aging-associ-
ated DNA damage, improved mitochondrial and myofibrillar 
morphology, increased neuromuscular junction (NMJ) forma-
tion, improved endurance and grip strength, and improved mus-
cle regeneration. However, Egerman et al. [70] reported con-
flicting results. After finding that the previously used reagents 
for GDF11 measurement were not specific and in contrast to the 
previous work, they found a trend for elevated circulating 
GDF11 in aged rats and older humans. Additionally, they found 
that GDF11 induced similar gene changes, signaling and inhibi-
tion of myoblast differentiation as myostatin. Finally, they dem-
onstrated that GDF11 inhibits rather than helps muscle regener-
ation [71,70]. This has been further confirmed by other labora-
tories that have shown skeletal muscle atrophy [72] and im-
paired skeletal muscle regeneration [73] following recombinant 
GDF11 administration. Furthermore, administration of a 
GDF11/myostatin inhibitory peptide (GDF11PRO-Fc) induces 
skeletal muscle hypertrophy [74]. 

GDF15, also known as macrophage inhibitory cytokine 1 
(MIC-1), traditionally has been categorized as a member of the 

TGFβ superfamily and has also been investigated for its effects 
on skeletal muscle. Recent studies have identified glial cell line-
derived neurotrophic factor (GDNF) family receptor alpha like 
(GFRAL) as a receptor for GDF15 and thus raised the possibili-
ty that GDF15 shares similar actions to the GDNF-like growth 
factor family [75,76]. The Shong group proposed that GDF15 is 
a myomitokine, released in response to activation of the mito-
chondrial unfolded protein response, that beneficially regulates 
systemic energy expenditure [77,78]. Moon et al. [79] recently 
reported that Mendelian randomization analysis showed a caus-
al effect of reduced GDF15 levels in human blood samples re-
sulting in increased body weight and inflammation. The admin-
istration of recombinant GDF15 protein has an anti-obesity ef-
fect in mice [80,81]. In contrast to studies proposing beneficial 
effects of GDF15 on body mass, Lerner et al. [82] reported that 
GDF15 is a cytokine secreted from tumors that drives cancer 
cachexia. Furthermore, administration of GDF15 neutralizing 
antibodies prevents cancer and GDF-11-induced cachexia [83]. 
Consistent with this, Suriben et al. [84] found an inhibitory anti-
body raised against the GFRAL extracellular domain also pre-
vented tumor-induced weight loss. However, most of these 
studies show the weight loss to be primarily driven by a loss in 
adipose tissue, consistent with the low expression of GFRAL in 
skeletal muscle (as measured in the GTEx database). Although 
GDF15 has been shown to be released from muscle and gener-
ates a negative caloric balance, more studies are required to test 
if it plays a causative role in muscular atrophy or sarcopenia.

GUT MICROBIOTA AND MUSCLE AGING

Recent studies reported that the diversity and composition of 
gut microbiome—the entire set of microorganisms residing in 
the digestive system of the host—could be altered significantly 
with aging [85,86]. Age-associated alterations of the gut micro-
biome might be related to decreased anabolic stimuli-induced 
muscle protein synthesis (i.e., AR) and chronic inflammation, 
which affects all aspects of skeletal muscle, including metabo-
lism and physical performance [87-89]. The concept of an ag-
ing-related “leaky gut,” whereby elderly hosts have abnormally 
increased gut mucosa permeability, suggests that the pro-in-
flammatory signals from the gut microbiome can enter the 
bloodstream and cause chronic low grade inflammation in the 
elderly [90]. If true, this may also be an avenue by which the 
age-associated changes in the gut microbiome may affect skele-
tal muscle. 

Another possible candidate linking the gut-muscle axis to 
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skeletal muscle homeostasis is gut microbiota-produced metab-
olites. Gut microbiota produce many metabolites, including 
short-chain fatty acids, that regulate host metabolism and in-
flammation [87]; imidazole propionate, which triggers insulin 
resistance [91]; indoxyl sulfate, which may be a cause of muscle 
atrophy [92]; and urolithin A (UA), which enhances mitophagy 
in skeletal muscle [42]. Thus, these findings suggest that metab-
olites affecting pathways thought to influence skeletal muscle 
homeostasis are produced by microbiota and are able to conse-
quently influence host homeostasis independent of microbiota 
penetration of the intestinal lining and subsequent inflammation.

Specific studies have investigated the effect of manipulations 
of the gut microbiome on skeletal muscle. For example, Lahiri 
et al. [93] reported that germ-free mice harbor a muscular atro-
phy phenotype in comparison with pathogen-free mice. Germ-
free mice have increased expression of muscular atrophy pro-
teins (e.g., atrogin-1 and muscle RING finger 1 [MuRF-1]), re-
duced expression of IGF-1, and reduced expression of serum 
choline, the precursor for acetylcholine, an essential neurotrans-
mitter in the NMJ. Administration of gut microbiota from 
pathogen-free mice to germ-free mice and short-chain fatty ac-
ids could improve atrophy status, including muscle mass, as 
well as gene expression and biomarkers [93], thus implicating 
the bacterial and bacterially-derived metabolites in muscular at-
rophy. In agreement with Lahiri et al. [93], treatment with the 
antibiotic metronidazole, which alters the gut microbiota by fa-
voring recolonization with Proteobacteria and Erysipelot-
richales, induced muscle atrophy in mice [94]. Interestingly, 
Blacher et al. [95] recently demonstrated that antibiotics elimi-
nating gut microbiota impaired muscular function in a murine 
model of amyotrophic lateral sclerosis (Sod1-G93A mice) and 
further that gut microbiota could be a chemical factory produc-
ing favorable NAD+ precursors for host de novo NAD+ synthe-
sis. In their study, the administration of an engineered Esche-
richia coli, defective in NAD+ generation, decreased grip endur-
ance versus wild-type E. coli, whereas recolonization of antibi-
otic-treated mice with Akkermansia muciniphila increased lev-
els of the NAD+ precursor, NAM, increased neuromuscular 
function, and extended the lifespan of Sod1-G93A mice. Addi-
tionally, two recent review articles discussed the potential con-
nections and mechanisms between the gut microbiome and 
muscle aging [87,96] in more detail. In summary, the gut micro-
biome is a potential target for sarcopenia.

Hereby, we have covered issues related to muscle aging and 
sarcopenia. In summary, during the aging process, there are 
transitions of muscle fiber-type (a gradual decrease of both type 

II fiber number and size), mitochondrial dysfunction, perturbed 
NAD+ metabolism, and altered expressions of myokines such as 
myostatin, GDF11, and GDF15. Also, the composition of gut 
microflora and their derived metabolites, mediating the gut-
muscle axis, are remodeled with age (Fig. 1).

THERAPEUTIC STRATEGIES FOR MUSCLE 
AGING

Anabolic resistance and amino acids
AR, as described above, is defined by a diminished muscle pro-
tein synthetic rate following anabolic stimulation such as amino 
acids, muscle contraction, or anabolic hormones and is often 
observed with aging [17,18,20,97,98]. Thus theoretically, over-
coming AR by supplementing with anabolic stimulants like es-
sential amino acids (EAA) and resistance exercise are recom-
mended avenues to combat sarcopenia [99,100]. However, de-
spite efforts, they have yet to yield highly effective outcomes 
that correct all the effects of sarcopenia [101,102]. These find-
ings indicate that sarcopenia could be composed of several sub-
classes of diseases originated by distinct internal (intramuscular) 
or external (systemic) triggers. To overcome AR and to develop 
novel therapeutics for sarcopenia, multi-omics analyses includ-
ing not only genome, transcriptome and proteome but also me-
tabolome and floxome (complete set of metabolic fluxes) have 
to be explored [18,103].

Fig. 1. Potential factors underlying muscle aging. NAD+, nicotin-
amide adenine dinucleotide; GDF, growth differentiation factor.
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Exercise mimetics
As mentioned above, the best therapeutic option for sarcopenia 
is the combination of a regular exercise program and EAA sup-
plementation. However, some patients cannot conduct regular 
exercise to maintain muscle protein synthesis and mass. For in-
stance, patients with severe sarcopenia, severe frailty, hip frac-
ture, congenital neuromuscular diseases, and those in intensive 
care are not able to reap the benefits of regular exercise. To help 
those patients who cannot perform enough physical activity to 
maintain muscle mass, so-nicknamed “exercise mimetics” or 
“exercise in a pill” pharmaceuticals are the only available thera-
peutic strategy to receive some of the effects of exercise in these 
populations.

Although a single pharmaceutical has not been identified that 
can replicate all the benefits of exercise, studies have examined 
the benefits of activating one or multiple signaling pathways as-
sociated with exercise. One molecular target that mediates the 
effect of exercise is the nuclear receptor peroxisome prolifera-
tor-activated receptor delta (PPARδ, also known as PPARβ). 
Narkar et al. [104] demonstrated that overexpression of PPARδ 
and administration of the PPARδ agonist GW501516 increased 
expression of genes associated with mitochondrial content in-
cluding Ucp3, Cpt1b, and Pdk4. When used in combination 
with exercise, GW50156 increased oxidative myofibers and 
running endurance in adult mice. However, overexpression of 
PPARδ alone does not reduce muscle wasting in mice in re-
sponse to spinal cord transection [105]. Other reports suggest 
that GW501516 improves skeletal muscle mass in mouse mod-
els of muscular dystrophy [106] but has no effect on muscle 
mass in rats [107]. Furthermore, trials with GW501516 were 
discontinued due to preclinical data showing rapid induction of 
cancer in multiple organs [108]. Mitobridge (Boston, MA, 
USA) and Astellas (Tokyo, Japan) announced that their PPARδ 
agonist ASP0367 (also known as MA-0211), which is being de-
veloped for the treatment of primary mitochondrial myopathies, 
has recently been granted fast track designation by the U.S. 
Food and Drug Administration (FDA) (Table 2). Therefore, 
PPARδ agonists may prove beneficial in individuals suffering 
from sarcopenia through improved mitochondrial function and 
maintenance of oxidative type I myofibers, but may not prevent 
atrophy. 

Another potential therapeutic avenue for attenuating sarcope-
nia is pharmacological activation of the exercise activatable 
[109,110] and cellular energy sensor 5´-AMP-activated protein 
kinase (AMPK). This has been reviewed in detail elsewhere 
[111]. Briefly, mice with germline elimination of the AMPK 

structural subunit β2 and muscle-specific ablation of the struc-
tural (β1 and β2) and catalytic subunits (ɑ1 and ɑ2) of AMPK 
have decreased exercise capacity, decreased muscle function, 
and atrophied/damaged myofibers [112,113] that is exacerbated 
with age [114]. However, other studies have found contrasting 
evidence whereby expression of a dominant-negative AMPK 
and loss of AMPK ɑ1 and ɑ2 subunits elicited larger extensor 
digitorum longus muscle and larger myotubes in vitro [115,116], 
respectively. This may partially be explained by differences in 
tissue specificity of AMPK-KO models (i.e., skeletal only or 
heart and skeletal muscle elimination) and the conflicting regu-
lation of skeletal myogenesis via AMPK’s known positive regu-
lation of mitochondrial function and autophagy versus the nega-
tive regulation of protein synthesis via direct inhibition of 
mTOR signaling [117]. 5-Aminoimidazole-4-carboxamide ri-
bonucleotide (AICAR), which is a cell-permeable precursor to 
5-amino-4-imidazole carboxamide ribonucleoside 5´-phosphate 
(ZMP), an allosteric activator of AMPK, increases mitochondri-
al content in wild-type mice [104,118] but does not increase 
muscle mass in wild-type or MSTN-KO mice [119]. Interest-
ingly, it does attenuate deficits in muscle in mouse models of 
muscular dystrophy without affecting myofiber size [120,121] 
and prevents muscle loss in mouse models of cancer cachexia 
[122]. Furthermore, A-769662—a direct allosteric activator of 
AMPK β2—and AICAR synergistically attenuated interferon 
gamma (IFNɣ) and tumor necrosis factor-α (TNFɑ)-induced 
myotube atrophy in vitro. Evidence to date suggests that AMPK 
activators are effective at improving mitochondrial and muscle 
function while only maintaining skeletal muscle size in models 
of muscular dystrophy and cancer cachexia. New AMPK acti-
vators are continually being produced that have increased iso-
form specificity [123,124] and may provide further insights into 
tissue-specific effects of AMPK activation and their effects on 
maintenance or improvement of skeletal muscle. SIRT1 activa-
tors, including NAD+ boosters and resveratrol, which we de-
scribe separately, also induce exercise signaling. Absence of 
skeletal muscle SIRT1 reduces mitochondrial content in skeletal 
muscle [125]. The Auwerx group and others have demonstrated 
that resveratrol supplementation increases mitochondrial bio-
genesis, energy expenditure, and endurance exercise in mice 
[126]. Furthermore, it improves mitochondrial function and lip-
id and glucose homeostasis in obese men [127]. These results 
suggest that SIRT1 activation may stimulate mitochondrial con-
tent and presumably age-related decreases in skeletal muscle 
mitochondrial function.

In addition to the above pathways, transcription factors such 
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Table 2. Summary of Drug Candidates Undergoing Preclinical and Clinical Trials in Muscle Wasting Diseases

Drug Type/MoA Indication and clinical trial (NCT no.) Developer/Sponsor Note

Bimagrumab 
(BYM338)

Human monoclonal antibody
Activin receptor type 2B  

antagonist

Sporadic inclusion body myositis 
(sIBM) [NCT02573467]

Muscle wasting (atrophy) after hip 
fracture surgery [NCT02152761]

Chronic obstructive pulmonary disease 
(COPD) patients with cachexia 
[NCT01669174]

Novartis AG
MorphoSys AG

Bimagrumab withdrawn from Phase 2 
trials for sIBM

PMID: 25381300

Trevogrumab 
(REGN1033)

Human monoclonal antibody
Myostatin or activin blocker

Sarcopenia [NCT01963598]
sIBM [NCT03710941]

Regeneron  
Pharmaceuticals 
Inc./Sanofi SA

Regeneron canceled clinical trial of 
REGN2477 and REGN1033 for  
inclusion body myositis

Garetosmab 
(REGN2477)

Human monoclonal antibody
Myostatin or activin blocker

sIBM [NCT03710941]
Fibrodysplasia ossificans progressiva 

(FOP) [NCT03188666]

Regeneron  
Pharmaceuticals 
Inc./Sanofi SA

Nearly 90% reduction in formation of 
new lesions in patients with FOP

ACE-083 Follistatin-based fusion  
protein

Myostatin or activin blocker

Facioscapulohumeral muscular  
dystrophy

Charcot-Marie-Tooth (CMT) disease 
[NCT03943290]

Acceleron ACE-083 in patients with CMT did not 
show functional improvement in the 
Phase 2 trial.

ACE-2494 GDF ligand trapping peptide
Myostatin or activin blocker

Healthy volunteers (for safety) 
[NCT03478319]

Acceleron In April 2019, Acceleron discontinued 
ACE-2494, which was in Phase I  
development.

Domagrozumab 
(PF06252616)

Monoclonal anti-myostatin  
antibody

Myostatin or activin blocker

DMD [NCT02310763] Pfizer Pfizer announced, in August 2018, that 
the study did not meet the primary  
efficacy endpoint

Reldesemtiv  
(CK-212710)

Small molecule 
Slowing the rate of calcium  

release from the regulatory 
troponin complex

Mobility limitation in old age 
[NCT03065959]

Amyotrophic lateral sclerosis (ALS) 
[NCT03160898], spinal muscular  
atrophy [NCT02644668]

Cytokinetics/Astella European Medicines Agency (EMA) 
granted orphan drug status to  
Cytokinetics’ Reldesemtiv for the 
treatment of ALS.

ARM210 
(S48168)

Small molecule
Binding to leaky RyR channels 

and repairs the leak

RYR-1 myopathy [NCT04141670] ARMGO Pharma 
Inc.

In 2018, the FDA granted orphan drug 
designation to ARMGO for ARM210 
as a potential treatment for patients 
with RYR1-RM.

AVGN7 rAAV6 (gene therapy)
rAAV6:Smad7 contains a gene 

called SMAD7

IBM, cancer cachexia, etc. AAVogen Inc. In preclinical development

Ligandrol 
(VK5211,  
LGD-4033)

Small molecule
Nonsteroidal oral selective  

androgen receptor modulator 
(SARM)

Acute hip fracture study in patients 65 
years or greater [NCT02578095]

Viking Therapeutics Phase 2 study of VK5211 in patients 
recovering from hip fracture reported 
(1) dose-dependent increases in lean 
body mass and (2) 20-meter increase 
in 6MWD over placebo

GSK2881078 Small molecule
SARM

Healthy older men and postmenopausal 
women [NCT02567773] 

Male subjects and postmenopausal  
female subjects with COPD and 
muscle weakness [NCT03359473]

Glaxo-Smith-Kline GSK2881078 promotes a dose- 
dependent increase in lean body mass 
in healthy older men and women

Enobosarm 
(MK-2866,  
ostarine)

Small molecule
SARM

Subjects with non-small cell lung  
cancer [NCT01355497 & 
NCT01355484]

GTx Inc. Clinical trials failed to meet the overall 
criteria for the co-primary responder 
endpoints of lean body mass and 
physical function

(Continued to the next page)
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Table 2. Continued

as PPARα/δ, ERRα/γ, and nuclear respiratory factor-1/-2 (NRF-
1/-2) contribute to the control of nuclear DNA-encoded mito-
chondrial gene expression [38,128], and thus any agonist or ac-
tivator targeting those transcription factors may induce exercise-
like effects. Although the potential of ERRγ agonists has not yet 
been validated in vivo, GSK4716, an ERRγ agonist, robustly 
upregulates genes involved in mitochondrial biogenesis and 
metabolism [129]. Interestingly, a recent human study adminis-
tered UA for 4 weeks and showed that the muscle transcriptome 
of UA-given elderly individuals demonstrated a positively en-
riched mitochondrial gene-set profile compared to the placebo 
control that is similar to transcriptome profiles of muscle from 
active versus sedentary individuals [43]. Although exercise mi-
metics cannot produce all the beneficial effects of regular exer-
cise and there is also a risk of their abuse by athletes, mimetics 
may prove beneficial in certain patient populations, for whom 
they may be the only option, but additional studies are required.

Myokines and monoclonal antibodies
One of most intensively studied therapeutic targets of muscle 
atrophy is myostatin, a well-known myokine having negative 
effects on muscle regeneration and mass [130]. Although many 

candidates (mostly monoclonal antibodies or soluble receptors) 
blocking myostatin-activin receptor signaling pathway have 
failed or been withdrawn from clinical trials, it is still one of the 
most promising and pursued pipelines. For instance, bimagrum-
ab (BYM338), a human monoclonal antibody antagonizing the 
activin receptor type 2B, was developed by MorphoSys AG 
(Munich, Germany) and Novartis (Basel, Switzerland) and im-
proved lean body mass, muscle volume, and 6-minute walk test 
results, but was withdrawn from phase 2 clinical trials for spo-
radic inclusion body myositis (sIBM) (Table 2, Fig. 2) [131]. 
Unfortunately, other monoclonal antibodies or peptides target-
ing myostatin-activin receptor signaling pathways, such as trev-
ogrumab (REGN1033, Regeneron Pharmaceuticals Inc. and 
Sanofi SA), garetosmab (REGN2477, Regeneron Pharmaceuti-
cals Inc. and Sanofi SA), ACE-083 (Acceleron), ACE-2494 
(Acceleron), RG6206 (RO7239361, Roche and Genentech), 
domagrozumab (PF06252616, Pfizer), and sarconeos (BIO101, 
Biophytis) have not yet reached the primary endpoint (Table 2). 

As aforementioned, recent studies have discovered several 
potential candidates associated with muscle atrophy or aging, 
such as GDF11 and GDF15. Recently, several biotechnology 
and pharmaceutical companies have adopted new strategies to 

Drug Type/MoA Indication and clinical trial (NCT no.) Developer/Sponsor Note

Nicotinamide  
riboside

Small molecule
NAD+ booster

Aging male subjects [NCT02950441]
Sarcopenia/frailty in chronic kidney 

disease [NCT03579693]

University of  
Birmingham

University of  
Washington

Phase 2, no results posted
Phase 2, recruiting

Nicotinic acid  
(Niacin) 

Small molecule
NAD+ booster

Myopathy patients [NCT03973203]
Early-stage mitochondrial myopathy 

patients [NCT04538521]
Older adults [NCT03325491]

University of  
Helsinki

Muscle strength and mitochondrial 
biogenesis increased in all subjects

Active, not recruiting
Failed to recruit enough participants

ASP0367  
(MA-0211) 

Small molecule
PPARδ agonist

Pediatric male patients with DMD 
[NCT04184882]

Mitobridge/Astellas FDA grants fast track designation for 
development for the treatment of  
primary mitochondrial myopathies

Urolithin A Small molecule
Mitophagy enhancer

Healthy adults, older adults 
[NCT04160312]

Amazentis SA Urolithin A is safe and improves  
mitochondrial and cellular health in 
humans.

Elamipretide Peptide
Mitochondrial enhancer

Primary mitochondrial myopathy sub-
jects [NCT03323749]

Stealth  
BioTherapeutics

The study did not record its essential 
endpoints of changes in the 6MWD 
and primary mitochondrial myopathy 
symptom assessment total fatigue 
score.

MoA, mode-of-action; NCT, National Clinical Trial; GDF, growth differentiation factor; MAS, mitochondrial assembly; SARA-INT, Sarcopenia, A 
Double-blind Placebo Controlled Randomized INTerventional Clinical Trial; RyR, ryanodine receptor; FDA, U.S. Food and Drug Administration; 
RYR1-RM, ryanodine receptor type 1-related myopathies; 6MWD, 6-minute walk distance; PPARδ, peroxisome proliferator-activated receptor delta.
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develop novel therapeutics such as a dual agonist, a triple ago-
nist, dual antagonists, and so forth [132,133]. Those kinds of 
concepts must also be explored in the field of muscle aging.

NAD+ boosters 
Herein, we define NAD+ boosters as any therapeutic preserving 
subcellular NAD+ content through increasing/maintaining the 
NAD+ de novo biosynthesis pathway and salvage cycles, or the 
inhibition of NAD+ consumption enzymes. NAM, NMN, NR, 
and nicotinic acid (NA, also known as niacin) are the most in-
tensively studied NAD+ boosters and are integral to the NAD+ 
biosynthesis pathways [52]. We have reported that oral supple-
mentation of NR restored the NAD+ pool, improved the muscle 
stem cell pool, and improved muscle function in aged mice and 
a murine model of Duchenne muscular dystrophy (DMD; i.e., 
mdx mice) [51,55]. Consistent with these findings, Elhassan et 

al. [53] reported that NR supplementation (1,000 mg/day) in-
creased NAD+ in skeletal muscle of older adults without obesity 
(median 75 years old; body mass index <30 kg/m2) and de-
creased circulating levels of pro-inflammatory cytokines. In 
contrast, Dollerup et al. [134], administered 2,000 mg/day of 
NR to obese men and did not observe any alterations in NAD+ 
levels or mitochondrial gene expression in men. Mills et al. 
[135] demonstrated that 12-month administration of NMN in-
creased skeletal muscle NAD+ levels, elevated physical activity, 
increased energy expenditure, improved mitochondrial respira-
tion, decreased age-associated weight gain, improved eye func-
tion and increased bone mineral density. Guo et al. [136] found 
that NAM protected streptozotocin-induced diabetic mice from 
muscle atrophy. More than 50 trials of NAD+ boosters are listed 
on the U.S. National Library of Medicine Clinical Trials website 
(https://clinicaltrials.gov/). The outcomes of ongoing and planned 

Fig. 1. Potential factors underlying muscle aging. AR, anabolic resistance; NAD+, nicotinamide adenine dinucleotide; GDF, growth differ-
entiation factor.

Muscle atrophy genes

Myogenic genes

Mitochondrial genes
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human trials will be critical to confirming or refuting the thera-
peutic potential of NAD+ boosters for sarcopenia.

Sarcopenia pipeline
We have described several potential therapeutics for sarcopenia 
from recent publications. Nineteen drug candidates in develop-
ment for treating sarcopenia are summarized in Table 2. Their 
modes-of-action are also included in Table 2, Fig. 2. Eight of the 
19 drug candidates are monoclonal antibodies or peptides tar-
geting myostatin or the activin receptor, eight are small mole-
cules targeting the androgen receptor, ryanodine receptors 
(RyRs), fast skeletal muscle troponin complex (TnT/TnI/TnC), 
PPARδ, or mitophagy activation, and one is a peptide targeting 
mitochondria function.

CONCLUSIONS 

Nowadays, in the context of increasing average life expectancy, 
sarcopenia and frailty deserve more attention from researchers. 
Although many international and regional organizations have 
provided guidelines for assessing sarcopenia, countries still 
need to develop their own diagnostic toolkits following the an-
thropometric characteristics and medical capabilities of each 
country.

Although many recent studies have expanded our understand-
ing of sarcopenia, these findings were primarily from animal 
models or correlative biomarkers in the human blood and feces, 
indicating the limitation of our knowledge on sarcopenia. Per-
forming randomized control trials in humans to test these thera-
peutics and modalities are critical and the lack thereof could be 
a reason for the inconsistent results between studies. However, 
the difficulty in obtaining muscle biopsies from those suffering 
from muscle atrophy may mean we must develop non-invasive 
or minimally invasive methods. For instance, fluxomics which 
can measure markers of muscle protein synthetic rate from sali-
va, urine, or blood of human patients and magnetic resonance 
spectroscopy, which monitors mitochondrial oxidative capacity, 
may be suitable methods for patients suffering from sarcopenia 
[137-140]. In addition, longitudinal monitoring studies span-
ning age, gender, and race have to be done to find early predic-
tive biomarkers for the risk of sarcopenia. 

In addition to non-invasive human studies, animal model-
based studies also have to be performed using modern multi-
omics technology combined with computational analyses to ad-
dress underlying cellular and molecular mechanisms, categorize 
sarcopenia into subclass based on revealed hidden signatures, 

validate biomarkers, and apply precision medicine for the pre-
vention and treatment of sarcopenia. 
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