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Abstract

Sarcopenia, the age-related loss of skeletal muscle mass, is characterized by a 
deterioration of muscle quantity and quality, leading to a gradual slowing of 
movement, a decline in strength and power, increased risk of fall-related injury, 
and often frailty. Chronic kidney disease (CKD) is characterized by the gradual 
loss of renal function over a period of months to years. CKD is a catabolic state, 
leading to renal sarcopenia. This chapter focuses on the recent advances of phar-
macological approaches for attenuating normal and CKD-induced sarcopenia. A 
myostatin-inhibiting antibody is the most important candidate to prevent normal 
sarcopenia in humans, but is needed for time to determine the effect for CKD-
induced sarcopenia. Although treatment with ghrelin seems to be applicable for 
both types of sarcopenia in humans, further validation of this trial is necessary by 
increasing the sample size, varying the range of doses during treatment, and 
observing other outcomes. Supplementation with ursolic acid is also an intrigu-
ing candidate to combat normal and CKD-induced sarcopenia, although further 
systematic and fundamental research is needed for this treatment on humans.
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11.1	 �Introduction

Sarcopenia is widely accepted as causing an age-related decline of muscle mass, 
quality, and strength. In addition, it is often used to describe both the cellular 
processes (denervation, mitochondrial dysfunction, and inflammatory and hor-
monal changes) and the outcomes such as decreased muscle strength, mobility, 
and function; a greater risk of falls; and reduced energy needs. Sarcopenia can be 
considered “primary” (or age related) when no other cause is evident but aging 
itself. Primary sarcopenia is especially associated with overall reduction of the 
physical exercise. Secondary sarcopenia usually occurs when one or more iden-
tifiable causes coexist. This condition is a proxy of chronic or acute diseases 
prevalent in older persons such as diabetes, several types of cachexia (e.g., 
chronic obstructive pulmonary disease [COPD], cancer cachexia, chronic heart 
failure, and CKD), stroke, and hip fracture. Von Haeling et al. [1] estimated its 
prevalence at 5–13% for elderly people aged 60–70 years and 11–50% for those 
aged 80 years or older.

CKD is characterized by the gradual loss of renal function over a period of 
months to years. In addition to renal deficiency, CKD is a major risk multiplier in 
patients with diabetes, hypertension, heart disease, and stroke [2]. The prevalence of 
CKD varies between 7 and 12% in the general population worldwide and increases 
with age, affecting more than 30% of people over 65 years of age [3]. CKD is a cata-
bolic state leading to renal sarcopenia, which is characterized by the loss of skeletal 
muscle strength and physical function [4]. To explain molecular mechanism of 
CKD-induced sarcopenia, there are many candidates such as the ubiquitin-
proteasome system (UPS), caspase-3-mediated apoptosis, autophagy, imbalance 
between the anabolic insulin/IGF-I and catabolic myostatin signaling pathways, and 
IL-6 and TNF-a-mediated inflammatory pathways [5]. In contrast, in normal sarco-
penic mammalian muscles, there is no apparent evidence for enhancement in sev-
eral negative regulators such as UPS, calpain, and inflammatory pathway’s 
downstream mediator, NF-κB (nuclear factor-kappaB) [6, 7]. In addition, many 
recent studies indicated an apparent functional defect of autophagy-dependent sig-
naling in sarcopenic muscle [8–10] different to the activation of this in CKD-
induced sarcopenia.

The progression of normal and CKD-induced sarcopenia is effectively pre-
vented by the exercise, in particular, resistance training [11, 12]. Inhibiting 
myostatin is an important option of attenuating muscle wasting, such as 
cachexia, and sarcopenia [7]. More recent studies indicated the possible appli-
cation of new pharmacologic agents such as ursolic acid and fibroblast growth 
factor 19] to prevent muscle atrophy including CKD model mice [13, 14]. In 
addition, new intriguing candidate for attenuating CKD has recently emerged 
[15, 16]. This chapter summarizes the recent strategies for inhibiting normal and 
CKD-induced sarcopenia.
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11.2	 �Pharmacological Approach

11.2.1	 �Myostatin Inhibition

Myostatin, a novel member of the transforming growth factor-β superfamily, regu-
lates negative muscle growth [17]. Mutations of myostatin in mice can lead to 
marked hypertrophy and/or hyperplasia in developmental stage. In addition, mouse 
skeletal muscles engineered to overexpress the naturally occurring myostatin inhib-
itor follistatin, or a dominant negative form of main myostatin receptor (ActRIIB) 
all display similar, if not greater, increases in size [17].

The increased levels of myostatin are widely accepted to lead to muscle wasting 
including muscle atrophy due to unloading in mice and humans [6] and with severe 
atrophy in HIV patients. Whether myostatin expression levels increase in sarcope-
nic muscles have yielded conflicting results [6, 18, 19]. Sarcopenic muscles of mice 
seem to exhibit the abundant Smad3 (possible myostatin-downstream regulator) but 
not myostatin [18]. In addition, muscle loading induced more abundant myostatin in 
satellite cells in type II fibers in older males than in younger males, although myo-
statin in satellite cells of each muscle fiber is equally expressed regardless of age at 
baseline [19]. Therefore, it seems that myostatin-dependent signaling is locally acti-
vated in sarcopenic mammalian muscles.

Phase 2 humanized mAb against myostatin LY2495655 showed dose-dependent 
and significant increases in appendicular lean mass at weeks 8 and 16 as compared 
with placebo after total hip arthroplasty randomized clinical trial of 400 patients 
[20]. Many researchers have conducted experiments to inhibit myostatin in models 
of muscle disorders such as cancer cachexia, amyotrophic lateral sclerosis, and 
Duchenne muscular dystrophy (DMD) [21, 22]. Although several researchers 
actively try to determine the effect of pharmacological inhibition of myostatin for 
DMD patients, it is much difficult for obtaining positive effects and few possibilities 
of clinical application. Indeed, a randomized clinical trial that used the same com-
pound for DMD patients had a trend toward improved muscle mass and perfor-
mance (6-min walk test) but was stopped early due to nonmuscle side effects (i.e., 
epistaxis and telangiectasias) [23]. In contrast, several investigators basically exam-
ined the effect of inhibiting myostatin to counteract sarcopenia using animals. 
Lebrasseur et al. [24] showed significantly greater muscle mass and increased per-
formance such as distance to exhaustion and treadmill time in aged mice after treat-
ment with a myostatin inhibitor (PF-354, 24 mg/kg) for 4 weeks. They also observed 
the decreased levels of phosphorylated Smad3 and Muscle ring-finger protein 1 
(MuRF1) in aged muscle after pharmacological myostatin inhibition. In addition, 
Murphy et al. [22] showed that a lower dose of PF-354 (10 mg/kg) significantly 
increased the fiber size and in situ force of hindlimb muscle of 21-month-old senes-
cent mice. More recently, Becker et al. [25] conducted a randomized, Phase 2 trial 
of a myostatin antibody (LY2495655: LY, 315 mg) by subcutaneous injection using 
worldwide frail elderly aged 75 years or older (the USA, France, Australia, etc.). 
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At 24 weeks, the LY group significantly increased the least-squares mean change in 
appendicular lean body mass (LBM) than the placebo group. In addition, treatment 
with LY for elderly subjects for 24 weeks improved functional characteristics such 
as stair climbing time and chair rise with arms from the baseline [25]. These lines of 
evidence clearly highlight the therapeutic potential of the antibody-directed inhibi-
tion of myostatin for treating sarcopenia.

In mice and rats with CKD, there is apparent increase in myostatin expression in 
muscle [26, 27]. There is some report for pharmacological inhibition of myostatin for 
CKD mice but not those of humans. Subcutaneous injection of an anti-myostatin pep-
tibody into CKD mice reversed the loss of body weight (5–7% increase) and mass of 
hindlimb muscles such as tibialis anterior, gastrocnemius, extensor digitorum longus, 
and soleus (~10% increase) [26]. In addition, myostatin inhibition suppressed circu-
lating inflammatory cytokines (interferon-γ [IFNγ], interleukin [IL]-6, tumor necrosis 
factor-α [TNF-α], macrophage colony-stimulating factor, etc.) and mRNA expression 
of these cytokines (TNF-α and IL-6) in CKD mice. Furthermore, this treatment 
enhances the rate of protein synthesis, satellite cell function, and improves IGF-I 
intracellular signaling [26]. Although the effect of pharmacological myostatin inhibi-
tion for CKD was clearly obtained using model mice, there is no clear evidence for 
CKD human trial by myostatin inhibition. A pilot randomized controlled trial (RCT) 
study of PINTA 745, an anti-myostatin peptibody, in patients undergoing hemodialy-
sis has completed recruiting, but results are not yet published (www.clinicaltrials.gov 
NCT01958970). The primary outcome is percentage change in lean mass using Dual-
energy X-ray absorptiometry (DXA) after 4 weeks of treatment. To the best of our 
knowledge, this is the only study in patients with kidney disease. Hopefully, myostatin 
antagonism will be tested in patients with predialysis CKD in the future.

11.2.2	 �Anabolic Steroids

In males, levels of testosterone decrease by 1% per year, and those of bioavailable 
testosterone by 2% per year from age 30 [28]. In women, testosterone levels drop 
rapidly between the ages of 20 and 45. There is a significant decrease in testosterone 
level with renal impairment (progressing CKD stage) [29]. The decreased testoster-
one level in CKD patients had a significant correlation with increased level of sperm 
cytoplasmic droplets and for total neutral glucosidase activity [29]. Testosterone 
increases muscle protein synthesis, and its effects on muscle are modulated by sev-
eral factors including the genetic background, nutrition, and exercise. Systemic 
reviews [30] have indicated that supplementation with testosterone attenuates some 
sarcopenic characteristics such as decreases in the grip strength [31] and muscle 
mass [32]. A study of long-term (6 months) supraphysiological treatment with tes-
tosterone in a placebo-controlled study showed increased leg lean body mass and 
leg and arm strength [33]. Although there are significant increases in strength among 
elderly males given high doses of testosterone, the potential risks may outweigh the 
benefits. Thrombotic complication, sleep apnea, and an increased risk of prostate 
cancer are associated risks with testosterone therapy in older men.
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Novel, nonsteroidal compounds, called selective androgen receptor modulators 
(SARMs), have shown tissue-selective activity and improved pharmacokinetic 
properties but lower systemic side effects. SARMs have been tested in the healthy 
elderly patients and in cancer-associated sarcopenia [34, 35]. In fact, improvements 
in physical function (stair climb speed) and LBM were shown in a Phase 2, double-
blind study of enobosarm, a nonsteroidal SARM, in healthy postmenopausal and 
elderly men [35]. This study showed that only 1 mg of enobosarm increased LBM 
in advanced cancer patients. In addition, another type of SARM, GSK2881078, was 
recently investigated in healthy older men and women [36]. Repeated DXA and 
magnetic resonance imaging cross-sectional thigh scan revealed that treatment with 
GSK2881078 once daily for 50 days resulted in significant greater lean mass with 
no serious adverse effects in spite of transient elevations of alanine aminotransfer-
ase. Whether these drugs are effective in treating normal and CKD-induced sarco-
penia should be determined by further studies with more strict clinical trials.

Using 43 hemodialysis patients, Supasyndh et al. [37] tested a supplementation 
of oxymetholone, a more mild anabolic steroid, under RCT for a 24-week duration. 
They observed a significant increase in fat-free mass, subjective scores of physical 
function, and a grip strength for this treatment. During 24 weeks, these hemodialy-
sis patients exhibited the atrophy of both types I and II muscle fibers and decreased 
the IGF-I receptor mRNA level under placebo treatment, but these were blocked by 
treatment with oxymetholone and surprisingly induce hypertrophy of type I fibers. 
More recently, I found very unique study for this field. Kim et al. [38] determined 
the effect of oxymetholone (50 mg/kg) for old mice subjected to chronic forced 
exercise. Chronic annual exercise for 28 days elicited the abundant expression of 
reactive oxygen species, partially due to downregulation of glutathione, superox-
ide dismutase, and catalase activity, but it restored these levels at baseline after 
supplementation with oxymetholone. This treatment elicited the fiber hypertrophy 
of the gastrocnemius and soleus muscles due to attenuation of the expression of 
myostatin, sirtuin1, and muscle-atrophy genes [38]. However, there is little report 
of oxymetholone treatment for sarcopenia or CKD in mice model or humans. 
Collectively, these facts should be elucidated by many studies to assess benefits 
versus risks for normal and CKD-induced sarcopenia by treatment with anabolic 
steroids, androgens, or similar substances.

11.2.3	 �Ghrelin

Ghrelin, a 28-amino acid peptide, is mainly produced by cells in the intestines, 
stomach, and hypothalamus. Ghrelin is a natural ligand for the growth hormone 
(GH)-secretagogue receptor that possesses a unique fatty acid modification. 
Ghrelin can stimulate GH secretion and modulate energy homeostasis by pro-
moting adiposity and enhancing food intake. In contrast, ghrelin suppresses the 
production of anorectic proinflammatory cytokines (IL-1β, IL-6, and TNF-α) on 
T lymphocytes and monocytes [39]. Ghrelin and low-molecular-weight agonists 
of the ghrelin receptor are considered attractive candidates for the treatment of 
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cachexia [40]. Nagaya et al. [41] demonstrated that intravenous human ghrelin 
(2 μg/kg, twice daily, 3 weeks) significantly increased in the lean body mass, 
hand grip strength, and Karnofsky performance score in patients with chronic 
obstructive pulmonary disease. In addition, Nagaya et al. [42] demonstrated that 
similar intravenous treatment with human ghrelin significantly improved several 
parameters (e.g., lean body mass measured by Dual-energy X-ray Absorption 
and left ventricular ejection fraction) in patients with chronic heart failure. Pietra 
et al. [43] demonstrated that oral treatment with anamorelin HCl (ANAM) to rats 
significantly and dose dependently increased food intake and body weight at all 
dose levels (3, 10, and 30 mg/kg) compared with the control and significantly 
increased GH levels at 10 or 30 mg/kg doses. In addition, Phase 3 trials of two 
types of anamorelin (ROMANA1 and ROMANA2) were conducted in patients 
with non-small cell lung cancer and cachexia [44]. Twelve weeks of both anamo-
relin treatments induced significant increases in the LBM but not handgrip 
strength in these cachectic patients with very low levels of adverse effects. 
However, a more recent review pointed out that heterogeneity existed in the clini-
cal effects of anamorelin [45]. Intriguingly, such a treatment with ghrelin was 
tried in elderly people. In a long-term (1 year) placebo-controlled study, an oral 
ghrelin mimetic (MK-677) was observed to increase an appetite in healthy older 
adults (over 60 years old), although this study did not show a significant increase 
in strength or function by the ghrelin mimetic treatment [46]. Anamorelin HCl 
(ONO-7643) is a potent and selective novel ghrelin receptor agonist that mimics 
the N-terminal active core of ghrelin [47].

It is possible that unacylated ghrelin (UnAG) lowers several defective symptoms 
(e.g., oxidative stress), resulting in muscle mass loss. Cappellari et al. [48] deter-
mined the effect of treatment with UnAG for 5/6 nephrectomy (Nx) CKD rat model. 
They demonstrated that UnAG administration (200  μg twice a day) normalizes 
CKD-induced loss of gastrocnemius muscle mass and a cluster of high tissue mito-
chondrial reactive oxygen species generation, high proinflammatory cytokines, and 
low insulin signaling activation. More specifically, UnAG administration ameliorates 
the downregulation of the amount of activated (phosphorylated) Akt, mammalian 
target of rapamycin (mTOR), p70 ribosomal protein S6 kinase (p70S6K), GSK3β, 
and PRAS40 in the muscle of CKD model rats. In addition, 8 weeks’ treatment with 
UnAG (0.1 nmol/g BW) to similar CKD model mice improved all of the declined 
parameters such as exercise endurance, muscle mass, mitochondrial amount, and the 
expression of peroxisome proliferator-activated receptor γ coactivator 1 (PGC-1α) 
[49]. Surprisingly, treatment with ghrelin increased exercise endurance in CKD mice 
more markedly than those of more popular and general treatment with IGF-I [49]. 
Very intriguingly, some trial of ghrelin mimetic was conducted using hemodialysis 
patients. Campbell et al. [50] performed a randomized crossover double-blind study 
in assessing the effect of MK-0677 versus placebo on IGF-I levels, the primary out-
come, in hemodialysis patients (22 subjects, 3-month crossover). Although there is 
no significant change in many blood parameters such as IL-6, TNF-α, adiponectin, 
GH, and insulin by treatment with MK-0677, the geometric mean IGF-I blood levels 
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were 1.76-fold greater following the treatment with ghrelin. Therefore, further vali-
dation of this trial is necessary by increasing the sample size, varying the range of 
doses during treatment, and observing other outcomes.

11.2.4	 �Ursolic Acid

A pentacyclic triterpenoid, ursolic acid, is the major waxy component in apple peel, 
and it is also found in many other edible plants. Ursolic acid exerts beneficial effects 
in animal models of diabetes and hyperlipidemia [51]. Kunkel et al. [52] showed 
that ursolic acid reduced two skeletal atrophy-inducing models, such as muscle 
denervation and fasting, by predictive analysis, using connectivity mapping. Under 
fasting, ursolic acid might increase muscle mass by inhibiting atrophy-promoting 
muscle gene (atrogin-1 and MuRF1) expression [52]. Chronic administration of 
ursolic acid for unstressed normal mice with appears to elicit muscle hypertrophy, 
probably due to the decrease in mRNA expression of atrogin-1 and MuRF1. Ursolic 
acid may increase skeletal muscle Akt phosphorylation in vivo. Intriguingly, ursolic 
acid alone was not sufficient to activate the receptor of insulin and IGF-I but done 
rapidly only by combining with insulin and IGF-I [52]. Thus, ursolic acid’s hyper-
trophy-promoting effect seems to be indirect. Some reports have determined 
whether the treatment with ursolic acid attenuates sarcopenia in mice. Using 
22-month-old mice, Ebert et al. [53] investigated the effect of 0.27% addition of 
ursolic acid for standard diet to the weight of the body, muscle, or several organs. 
Although treatment with ursolic acid did not modulate the weight of the body, heart, 
liver, or epididymal and retroperitoneal fat, this improved the weight of quadriceps, 
the fiber size of type IIB but not type IIX, grip strength, and specific force. 
Intriguingly, a subset of the mRNAs repressesd by ursolic acid in aged muscle are 
positively regulated by activating transcription factor 4 (ATF4) [53]. Thus, it is pos-
sible that the attenuating effect of ursolic acid for aged muscle atrophy is modulated 
via ATF4-dependent signaling. In contrast, using a mouse model of CKD, a long-
term (21 days) effect with ursolic acid was verified (oral gavage, 100 mg/kg) [14]. 
Treatment with ursolic acid has been demonstrated to markedly attenuate CKD-
induced muscle atrophy by inhibiting the expression of inflammatory cytokines, 
such as IL-6 and TNF-α and myostatin, which elicit several muscle-specific ubiqui-
tin ligases (MUSA1, MuRF1, and atrogin-1). In addition, they demonstrated that 
ursolic acid significantly attenuated the levels of phosphorylation of p38, signal 
transducer and activator of transcription 3, and NF-κB (p65) in the muscle affected 
by CKD. However, its hypertrophic effects in humans are less clear. Supplementation 
with ursolic acid (50 mg/day for loquat leaf extract) did not improve physical per-
formance (balance, 4 m gait speed, and chair-rise ability), muscle mass, and strength 
(knee extension and handgrip strength) in healthy adults (aged between 19 and 
65 years and body mass index ranging from 18.5 to 30.0 kg/m2) than those who took 
placebo [54]. In addition, supplementation with ursolic acid (3 g) for resistance-
trained men did not modify serum level of insulin and IGF-I and muscle 
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IGF-I-dependent pathways (IGF-I receptor, Akt, mTOR, and p70S6K) than those 
adapted to a single bout of resistance training [55]. Further research is needed to 
elucidate the effect of supplementation with ursolic acid on human skeletal muscle 
and the attenuation of sarcopenia and CKD.

11.2.5	 �The Other Candidates

AST-120, a charcoal absorbent, is used in indoxyl sulfate (IS)-targeted therapeutics 
because it absorbs indole, a precursor of IS, in the gut flora, resulting in a reduced 
level of IS synthesis in the liver [56]. In CKD mice, the weights of body and several 
skeletal muscles (tibialis anterior, soleus, and gastrocnemius) were markedly 
decreased. Compared with sham mice, IL-6 and atrophy-accelerating factors (myo-
statin and atrogin-1) were significantly enhanced in the skeletal muscle of CKD 
mice, whereas muscular Akt phosphorylation was decreased [15]. In addition, a 
reduced exercise capacity was observed for the CKD mice, which was accompanied 
by an increased muscular autophagy and the decreased expression of muscular 
PGC-1α and mitochondrial oxidative capacity. An AST-120 treatment (charcoal 
oral absorbent, 8 w/w% in powder diet) significantly restored these degraded symp-
toms, including muscle atrophy observed in CKD mice to the sham levels as well as 
a decrease in IS levels. An L-carnitine (560 mg/kg) or teneligliptin (60 mg/kg) treat-
ment by drinking water also restored them to the sham levels without changing IS 
levels [15]. There are other reports of AST-120 amelioration for chronic kidney 
disease in mice model [57, 58]. Intriguingly, treatment with AST-120 for mice sub-
jected to renal failure (RF) significantly downregulated urinary albumin excretion 
and mRNA expression levels of plasminogen activator inhibitor 1. IS binds to aryl 
hydrocarbon receptor (AhR), activates cytochrome P450 family 1 subfamily A 
member 1 (Cyp1a1), and induces vascular inflammation [59]. The skeletal muscle 
of RF mice, which contained elevated levels of IS, displayed significantly higher 
Cyp1a1 expression than that of control mice, suggesting that accumulated IS 
induced Cyp1a1 expression. AST-120 restored Cyp1a1 expression levels in the RF 
mice to control levels [58].

5-aminolevulinic acid (ALA) is a mitochondria-activating substance, which is 
synthesized from glycine and succinyl-CoA by the action of ALA synthase in mito-
chondria. ALA supplementation with sodium ferrous citrate (SFC) has been shown 
to promote mitochondrial electron transport and increased ATP production [60]. 
Fujii et al. [16] investigated the effect of supplementation with low- and normal-dose 
ALA for normal and CKD-induced sarcopenia in mice. Normal dose of ALA (0.03%) 
significantly increased the grip power and muscle weight in both aged (100 weeks of 
age) and CKD model 5/6 Nx mice. Surprisingly, low dose of ALA (0.003%) also 
significantly improved the extent of decrease in running distance in both symptoms 
probably due to modulation of mitochondrial amount and those of normal dose [16]. 
The efficacy of ALA on physical performance of elderly women has also been 
recently reported by Masuki et al. [61]. Since low dose of ALA supplementation is 
effective for muscle endurance in mice, ALA would be an intriguing candidate for 

K. Sakuma and A. Yamaguchi



173

improving normal and CKD-induced sarcopenia in humans. Figure 11.1 represents 
an overview of pharmacological interventions for sarcopenia in CKD.

11.3	 �Conclusion

The recent advances in muscle biology have led to new hopes for hormonal, phar-
macological, and nutritional treatment of muscle wasting. In the case of CKD-
induced sarcopenia, there are many candidates such as UPS, apoptosis, autophagy, 
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imbalance between anabolic and catabolic pathway, or inflammatory signaling [5]. 
In normal sarcopenic mammalian muscles, there is no demonstration for enhance-
ment in UPS, calpain, and inflammatory pathway [6, 7], in spite of an apparent 
functional defect of autophagy-dependent signaling [8–10]. Although there are sev-
eral differences in the molecular mechanism between normal and CKD-induced 
sarcopenia, several candidates (myostatin inhibitor, ghrelin, and ursolic acid) seem 
to exhibit similar positive effect for both symptoms. Further research is needed to 
elucidate the effect of these supplementations on these two sarcopenias in humans.
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