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Abstract

Estrogens and androgens influence the growth and maintenance of bones and muscles and are 

responsible for their sexual dimorphism. A decline in their circulating levels leads to loss of mass 

and functional integrity in both tissues. In the article, we highlight the similarities of the molecular 

and cellular mechanisms of action of sex steroids in the two tissues; the commonality of a critical 

role of mechanical forces on tissue mass and function; emerging evidence for an interplay between 

mechanical forces and hormonal and growth factor signals in both bones and muscles; as well as 

the current state of evidence for or against a cross-talk between muscles and bone. In addition, we 

review evidence for the parallels in the development of osteoporosis and sarcopenia with 

advancing age and the potential common mechanisms responsible for the age-dependent 

involution of these two tissues. Lastly, we discuss the striking difference in the availability of 

several drug therapies for the prevention and treatment of osteoporosis, as compared to none for 

sarcopenia.
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1. Introduction

Bones and muscles are two of the largest tissues in mammals, comprising together 60 and 47 

percent of lean body mass in men and women, respectively; 15 percent bone and 45 percent 

muscle in men, and 12 percent bone and 35 percent muscle in women. Starting as early as 

the third decade of life, both women and men alike experience a slow but progressive loss of 

mass and declining function in both tissues. In a large proportion of individuals, this 

eventually leads to osteoporosis and sarcopenia – the two most common contributors to the 
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loss of independence and poor quality of life in older people. Indeed, musculoskeletal 

diseases are the leading cause of disability in the United States; and together account for 

more than 50 percent of all chronic conditions in people over 50 years of age in developed 

countries. The economic burden of these conditions for the US alone has been estimated (for 

the years 2004-2006) to be $950 billion dollars annually, or 7.4% of the national gross 

domestic product (http://www.boneandjointburden.org/; http://en.wikipedia.org/wiki/

Musculoskeletal_disorder). In 2000, the cost of sarcopenia alone in the United States was 

18.5 billion or 1.5% of total health expenditures [1].

Estrogens and androgens exert potent influences on the post-natal growth of bones and 

muscles and are responsible for their sexual dimorphism. In addition, estrogens and 

androgens are important for the homeostasis of either tissue during adulthood. A decline in 

the circulating levels of sex steroids leads to loss of mass and functional integrity in either 

tissue. The purpose of this article is to review our current state of understanding of the 

effects of sex steroids on bones and muscles, both from a basic science and a clinical 

perspective, and the implications of these effects in physiology and pathophysiology.

In particular, we highlight the similarities in the molecular and cellular mechanisms of 

action of sex steroids in the two tissues; the commonality of the important role of 

mechanical forces on tissue mass and function in bone and muscle; the emerging evidence 

for an interplay between mechanical forces and hormonal and growth factor signals; as well 

as the evidence for and against a cross-talk between muscles and bone. In addition, we 

review evidence for the parallels in the development of osteoporosis and sarcopenia with 

advancing age and the potential common mechanisms responsible for the age-dependent 

involution of these two tissues, including sex steroid deficiency, mitochondria dysfunction, 

and disuse.

2. Effects of estrogens and androgens on bone

Estrogens and androgens influence the shaping of the skeleton during growth and are largely 

responsible for its sexual dimorphism. In addition, estrogens and androgens contribute to the 

maintenance of bone homeostasis and strength during adult life. Deficiency of estrogens in 

females or both estrogens and androgens in males adversely affect skeletal development 

during growth and homeostasis during adulthood and contribute to the development of 

osteoporosis in either sex.

For many years, estrogen deficiency was considered the seminal factor for the involution of 

the skeleton later in life in both sexes. However, the estrogen-centric view of skeletal 

homeostasis has nowadays been revised by the recognition that the syndrome of fractures 

termed osteoporosis is the clinical manifestation of multiple slowly progressing and 

cumulative pathologies [2]. As in all other aging tissues, age-related mechanisms intrinsic to 

bone, including oxidative stress, declining autophagy, cell senescence, inflammation, ER 

stress, compromised unfolded protein response are apparently protagonists in the 

development of osteoporosis [3, 4]. Age-related changes in the ovaries, testicles, and 

adrenals as well as the decline of growth factor levels with age are contributory. The sharp 

decline of estrogen levels at menopause accelerates the age-dependent involution of the 
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female skeleton and contributes to the loss of bone mass, architectural integrity, and 

strength. A slower and smaller decline of androgen levels may also contribute to the 

development of osteoporosis in elderly men as does late-onset hypogonadism. However, 

androgens may be less important than estrogens for the maintenance of bone health in 

elderly men.

3. Effects of estrogens and androgens on muscles

Skeletal muscles are the engines of locomotion and as such play also a major role in energy 

metabolism. Maintenance of an appropriate level of muscle mass (for a given body size) and 

function is critical for health and the quality of life, and a decrease of muscle mass 

contributes to morbidity and mortality in many disease states [5, 6]. Moreover, in a manner 

akin to bone fracture healing and the anabolic response of bone to mechanical strains, 

muscles regenerate following injury and become hypertrophic upon mechanical loading. As 

in the case of bone, systemic hormones, including sex steroids, growth factors, pro- and anti-

inflammatory cytokines, as well as load bearing influence the mass of the muscle tissue and 

its function [7, 8]. In general, sex steroids promote the growth and maintenance of muscle 

mass and strength and exert beneficial effects on the metabolic function of skeletal muscles 

and their repair after injury [9, 10]. Thus, physiologic or pathologic changes in the levels of 

circulating sex steroids have important implications for muscle health in both males and 

females [11]. Nonetheless, there are substantial differences between the effects of androgens 

versus estrogens on skeletal muscles, the effects of either class of sex steroids in males 

versus females, and the sensitivity of one muscle type versus another (or even different cell 

types within the same muscle) to androgens and estrogens.

A decline in the circulating levels of sex steroids is associated with a decrease in lean 

striated muscle mass, muscle size, strength, and impaired muscle glucose homeostasis 

corresponding with an increase in fat mass [11]. Specifically, post-menopausal women or 

hypogonadal men, including patients with prostate cancer receiving androgen deprivation 

therapy, experience a decrease in lean mass, muscle size, and strength and a higher 

incidence of insulin resistance. As in the case of bone, loss of muscle strength in men and 

women with age exceeds the decline in muscle mass [12]. Notably, in men with suppressed 

endogenous testosterone and estradiol, androgen deficiency accounts for the decrease in lean 

mass, muscle size, and strength. On the other hand, a deficiency of estrogens (80% of which 

is derived from the aromatization of testosterone in males) is responsible for the increase in 

body fat; and loss of both estrogens and testosterone contribute to the decline in sexual 

function [13]. Nonetheless, in difference to the evidence for an important role of estrogens 

in skeletal homeostasis in both females and males, the evidence in support of a role of 

estrogens on muscle mass growth and maintenance (and of estrogen deficiency in sarcopenia 

later in life) in either males or females remains weak. Androgens may be the predominant 

sex steroid in the regulation of muscle homeostasis in both males and females. In any event, 

whereas estrogen replacement therapy for post-menopausal women has decreased 

dramatically during the last decade because of the appreciation of serious side effects, 

testosterone therapy is on the rise and prescription sales for testosterone have increased by 

500% in the United States between 1993 and 2000 [14].
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Low testosterone levels cause a decrease in muscle mass and strength in men [15-17]; and 

testosterone replacement therapy is very effective in increasing muscle mass and strength in 

both young and old men with androgen deficiency or castrated rodents [18-22]. Testosterone 

acts synergistically with mechanical loading to increase skeletal muscle mass [20]. 

Furthermore, testosterone as well as other androgenic steroids promote muscle growth in 

normal men [23-25] and also in females [26]. At their extreme, the very potent effects of 

androgens and related anabolic steroids on muscle mass are in plain view in the case of 

professional body builders. Albeit, low bioavailable testosterone may not relate to frailty in 

elderly men over the age of 65 [27]. Estrogens have positive effects on muscle contractile 

function and protection against post-exercise muscle damage and inflammation in the 

ovariectomized rat model, [28-30]. However, the evidence for similar positive effects in 

post-menopausal women receiving estrogen replacement therapy is far less convincing 

[31-34]. This may reflect differences in the sensitivity of muscle mass to estrogens in 

rodents as compared to humans, differences in systemic versus local (myofiber-specific) 

effects of estrogens, as well as the complexity of the interplay between effects of estrogens 

on energy metabolism and skeletal muscle mass.

The differences in the effects of androgens versus estrogens on skeletal muscles 

notwithstanding, there are major differences in the responsiveness to estrogens and 

androgens between muscles associated with copulation and reproduction versus weight 

bearing locomotive muscles [21]. Such differences are clear in the case of androgens and the 

androgen sensitive reproductive muscles, such as the bulbocavernosus or levator ani (LA), 

versus weight bearing hindlimb muscles [21, 35]. Further, weight bearing hindlimb muscles 

can exhibit their own differential responsiveness to both testosterone and estrogens [35, 36]. 

Estrogens exert potent influences on the other two major types of muscle: the cardiac muscle 

(known as myocardium) and smooth muscles. These effects may play an important role in 

the pathogenesis of cardiovascular diseases, including coronary heart disease in post-

menopausal women. However, they are beyond the scope of this article and will not be 

discussed further. An excellent discussion of this topic can be found in the review articles by 

Crandall and Barrett-Connor [37, 38].

4. Cellular and molecular mechanisms of sex steroid action in bone

The actions of estrogens and androgens on bone result from binding of the ligands to 

classical nuclear hormone receptors – the estrogen receptor (ER) α and β and the androgen 

receptor (AR), respectively [39]. Binding of the ligand to the respective receptor stimulates 

transcription of target genes resulting from direct interactions of the ligand-activated 

receptor protein with DNA or with other transcription factors. Estrogen or androgen binding 

to a subpopulation of the ER and perhaps AR, which is localized at the plasma membrane, 

activates signal transduction pathways in the cytoplasm by triggering the production of 

cyclic nucleotides, calcium fluxes and cytoplasmic kinases. Kinase activation, in turn, 

causes the phosphorylation of transcription factors which mediate gene regulatory effects of 

sex steroids. In the case of estrogens, more genes are regulated through this non-genotropic 

mechanism than are regulated via the cis- or trans-interaction of the ERα with DNA [40]. A 

schematic illustration of the different modes of estrogen signaling via the ERα are depicted 

in Figure 1.
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Recent studies with selective deletions of the ER or AR in specific cell types in mice have 

revealed that the effects of sex steroids on bone result from a complex interplay of actions 

on different cell types (Table 1) [39, 41]. Unexpectedly, the cell targets of the effects of sex 

steroids on the skeleton are different in the cancellous (also known as trabecular) and the 

cortical bone compartments. More surprisingly, the cellular targets of sex steroid action on 

bone are also different in females versus males. Briefly, estrogens acting through the ERα in 

chondrocytes of the growth plate influence their proliferation and thereby longitudinal bone 

growth. In particular, direct estrogen actions on proliferating chondrocytes are critical for 

the closure of the growth plate at the end of puberty in either sex. Thus, female or male 

animals or humans lacking ERα in chondrocytes have longer bones. In agreement with their 

well documented anti-remodeling effect, estrogens act directly on osteoclasts via the ERα to 

attenuate osteoclastogenesis and promote apoptosis [42, 43]. These effects, however, are 

responsible for the protective effect of estrogens on the cancellous, but not the cortical, 

bone. On the other hand, direct effects of estrogens on osteoblast progenitors mediated by 

ERα are responsible for the protective effects of estrogens against endocortical bone 

resorption [44]. The ERα of osteoprogenitors promotes bone formaton at the periosteal 

surface of the cortex and is required for optimal cortical bone accrual in mice; this effect, 

nonetheless, is independent of estrogens. Instead, it is due to the potentiation of Wnt/β-

catenin signaling by the unliganded ERα. Be that as it may, the direct effects of estrogens on 

osteoclasts are only relevant to the female skeleton, because male mice lacking ERα in 

osteoclasts have normal cancellous bone mass [45].

Global deletion of the androgen receptor (AR) in male mice causes high bone turnover, 

increased bone resorption, and decreased cortical and cancellous bone mass. Targeted AR 

deletion in mature osteoblasts and osteocytes, however, decreases cancellous bone mass, but 

it has no effect on cortical bone [46-51]. Indeed, in the cancellous bone of male mice, the 

effects of androgens result from the restraining of osteoclast number via AR-signaling in 

mature osteoblasts and osteocytes – but not direct actions in osteoclasts or via aromatization 

to estrogens and ERα signaling [45]. Most surprisingly, in cortical bone, the effects of 

androgens do not require AR or ERα signaling in any cell type along the mesenchymal 

lineage or the myeloid lineage – from which osteoblasts and osteoclasts arise, respectively. 

Therefore, androgens must exert their effects indirectly by actions on some other cell types 

or one or more tissues other than bone, perhaps muscles. However, as it will be discussed 

below, this possibility remains unproven.

During the last ten years extensive evidence has implicated oxidative stress in the increased 

bone resorption associated with estrogen or androgen deficiency [2]. RANKL and MCS-F – 

the two cytokines that are essential for osteoclast generation – stimulate intracellular H2O2 

accumulation, strongly suggesting that this event is a critical and purposeful adaptation for 

the differentiation and survival of osteoclasts [52]. Conversely, mice with osteoclast-

targeted expression of human catalase – an enzyme that prevents H2O2 accumulation – in 

mitochondria, exhibit increased cortical and cancellous bone mass due to a decrease in 

osteoclast numbers. More strikingly, these mice are protected against the cortical, but not 

cancellous, bone loss caused by either ovariectomy or orchidectomy. Taken together with 

the evidence of the cell-specific deletions of the ERα and AR from cells of the mesenchymal 

and myeloid lineages these latest results suggest that estrogens (in both females and males) 
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decrease bone resorption at the endocortical surface via an effect that is exerted on cells of 

the osteoblast lineage and causes the decrease in the production and/or release into the bone 

marrow of one or more heretofore unknown paracrine cytokines. This event, in turn, 

attenuates osteoclast formation, at least in part by decreasing H2O2 production in the 

mitochondria, and perhaps the recruitment of osteoclast precursors to the endocortical 

surface.

Selective activation of non-nuclear initiated actions of the ER dissociates the beneficial 

effects of estrogens on bone from their effects on reproductive organs [53-59]. This 

contention has been recently tested using an estrogen-dendrimer conjugate (EDC) that 

cannot enter the cell nucleus but it is very effective in stimulating non-nuclear signaling 

[60]. The compound prevented the loss of cortical bone mass caused by ovariectomy in mice 

as effectively as estradiol, but unlike estradiol, it did not prevent the loss of cancellous bone 

mass. These findings strongly suggest that the protection of cortical bone mass by estrogens 

results from a non-nuclear initiated mechanism of action of the ERα that is distinct from the 

classical nuclear-initiated actions of the estrogen-activated ERα on reproductive organs. In 

agreement with these conclusions, genetic manipulations of the ERα that prevent its nuclear-

initiated actions abolish the protective effect of estrogens on cancellous bone, but have no 

effect on the cortical compartment [61, 62].

5. Cellular and molecular mechanisms of sex steroid action in muscles

Sex steroid receptor action in skeletal muscles

AR, ERα, and ERβ are expressed in several different cell types of skeletal muscles (Table 

1). AR is expressed in mesenchymal stem cells, satellite cells, myocytes, and fibroblasts [63, 

64]. The level of AR expression (and the sensitivity to androgens) is higher in levator ani 

and bulbocavernosis muscles – muscles associated with reproduction – than in weight 

bearing muscle [21]. The level of muscle AR expression is up-regulated by androgens; and 

intriguingly, it is also increased by resistance training in both rodents and humans [10, 21, 

65-69]. Global deletion of the AR in mice causes a decrease of muscle mass in the males but 

not in the females; and it reproduces the effects of orchidectomy on the gene expression 

patterns of myoblasts [70]. Transgenic over-expression of the AR in rat muscle increases 

total lean body mass [71] and type IIb myofiber size but only in the EDL muscle. It also 

increases oxygen consumption and reduces fat body mass [72]. A better insight on the 

effects of androgens on bone has been obtained by the conditional deletion of the AR. 

Targeted AR deletion in satellite cells has no effect on skeletal muscles [73]. On the other 

hand, ubiquitous or selective deletion of the AR in post-mitotic myocytes in mice causes a 

decrease in body weight, lean body mass, intra-abdominal fat, and the weight of the 

androgen-sensitive musculus levator ani [35]. The weight of other peripheral skeletal 

muscles is either slightly reduced or not at all, and there are no changes in muscle strength 

or fatigue. Furthermore, the myocyte-specific AR deletion converts fast to slow fibers, but it 

has no effect on muscle strength or fatigue [35].

Both ERα and ERβ are expressed in skeletal muscle satellite cells, myofibers and 

endothelial cell of both females and males. Nonetheless, at first look global ERα or ERβ 

deletion in mice had no effect in skeletal muscle development or morphology in females [74, 
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75]. In subsequent studies, ERα, but not ERβ, deletion decreased the mass and contractile 

properties of some muscles, [36]. Similar effects are seen in mice with global loss of 

aromatase [36]. On the other hand, global ERβ deletion increases male skeletal muscle 

fatigue properties, but it has no effect in females [76]. Importantly, cortical or trabecular 

bone is not affected in these mice, indicating that direct actions of androgens in myocytes 

affects male body composition but not skeletal homeostasis.

Protein turnover regulation in skeletal muscles

Muscle growth or atrophy closely correlates with a positive and negative balance between 

protein accretion and degradation, respectively [77, 78]. Protein synthesis in muscles is 

activated by the IGF-1/Akt/mTORC1 pathway and involves glycogen syntheses kinase-3 

beta (GSK3β) phosphorylation. Muscle protein synthesis, degradation, and cell survival are 

all regulated, in part, by Akt activation [79]. Akt signaling regulates muscle protein 

degradation through phosphorylation of the forkhead box O (FoxO) family of transcription 

factors, FoxO1 and 3 [8, 80]. FoxOs increase transcription of genes regulating ubiquitin 

proteasome protein degradation, muscle atrophy F-box (MAFbx; atrogin1) [81] and muscle 

ring Finger-1 (MuRF1) [82]. FoxO signaling in muscles can also induce DNA damage 

response 1 (REDD1, also referred to as Rtp801 and DDIT4) [83] and suppresses protein 

synthesis.

Both testosterone and mechanical loading increase muscle IGF-1 – a potent regulator of 

muscle mass – through the activation of Akt. Selective deletion of the AR in myocytes 

decreased muscle insulin-like growth factor (IGF-IEa) expression [84]. Testosterone 

deficiency in men is associated with a reduction in both circulating IGF-1 [15] and 

intramuscular IGF-1 expression [85]; and similar effects have been observed in castrated 

rodents [86]. Nonetheless, while the induction of muscle IGF-1 synthesis is thought to be a 

critical mechanism for testosterone-induced muscle growth, loss of androgens or androgen 

replacement in castrated animals is associated with either reduced or increased 

phosphorylation of Akt [87, 88]. Similarly, the response of skeletal muscle Akt to 

testosterone replacement in castrated animals is equivocal [89]. Part of the variability of the 

experimental findings may be due to differences in the dose, type, and duration of androgen 

deficiency, as well as the type of muscle examined. Estrogen deficiency decreases muscle 

Akt phosphorylation [90]. And, the recovery of skeletal muscle mass after disuse atrophy is 

impeded by estrogen deficiency. This phenomenon is associated with compromised skeletal 

muscle Akt phosphorylation, as well as decreased expression of the mTOR targets p70 s6k 

and S6 upon reloading [90]. Estrogen replacement therapy in post-menopausal women 

increases skeletal muscle IGF-1 related gene expression [91]. Ovariectomy suppresses 

skeletal muscle AMPK activation, and this effect is reversed by estrogen administration 

[92]. In addition to promoting fatty acid metabolism, AMPK activation can prevent 

mTORC1 induction by anabolic stimuli, including IGF-1, leucine, glucose and electrically-

stimulated muscle contractions [93-95].

Energy metabolism in skeletal muscle

The capacity of skeletal muscles to utilize nutrient substrates is a critical determinant of 

muscle quality and viability and overall systemic health [96]. Determinants of skeletal 
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muscle metabolic capacity include the type of fiber, metabolic enzymes expression level, 

and glycogen and lipid substrates abundance. Central to skeletal muscle metabolic 

homeostasis is mitochondria function, which has a critical role in apoptosis, autophagy, and 

protein turnover processes [97]. Since muscle mitochondria loss is a feature of many 

wasting conditions [98-100], increasing or maintaining muscle oxidative capacity is a 

potential therapeutic target for muscle wasting. Consistent with the anabolic effect of 

androgens on skeletal muscles, transgenic overexpression of the androgen receptor in the rat 

extensor digitorum longus (EDL) muscle increases myoglobin expression and mitochondrial 

enzyme activity [71]. Global deletion of the AR [70] (or ERβ [76]), on the other hand, 

increases muscle fatigue resistance in a muscle- and sex-specific manner. Myofiber specific 

loss of the AR has no effect on gastrocnemius glycogen stores, but it increases the 

percentage of type I myofibers in the soleus, while no changes are found in fiber type 

distribution in the EDL muscle [35]. Estrogen deficiency, on the other hand, adversely 

affects muscle oxidative metabolism or the regulation of protein turnover. Conversely, 

estrogen administration to ovariectomized mice induces the expression of these factors 

[101]. Furthermore, estrogen signaling through the ERα and ERβ regulates mitochondrial 

biogenesis and function [102]; and ovariectomy causes mitochondrial dysfunction, which is 

attenuated by estrogen replacement [103].

Mitochondrial function influences both anabolic and catabolic signal transduction pathways 

in muscles [97], including signaling involving AMP-activated protein kinase (AMPK) – a 

cellular energy sensor and activator of PGC1α – mTOR, and FOXOs [104, 105]. 

Peroxisome proliferator-activated receptors (PPARs) α, β, and δ, and their transcriptional 

co-activators PGC1α and PGC1β also play important roles in the metabolic homeostasis of 

muscles and muscle mass [106, 107]. In addition, PGC1α and PGC1β are involved in 

mitochondria biogenesis and function [97]. Testosterone induces muscle PGC1α and 

cytochrome c oxidase subunit IV (Cox4) expression in mice, while AR deletion suppresses 

them [108]. Intriguingly, both muscle AR and ER signaling is higher in some, but not all, 

resistance-trained humans [109]. Consistent with the role of estrogens on energy 

metabolism, ovariectomy increases the activation of PPARα and lean body mass in rats 

[110, 111] and suppresses the expression of skeletal muscle PPARδ, as well as PDK-4, 

UCP-2, and FOXO1 expression, which are also involved in oxidative metabolism [112].

The regulation of mitochondria dynamics, the balance of fusion and fission processes, is 

disrupted in many disease conditions and during the progression of muscle wasting [113]. 

Decreased muscle mitochondria fusion and increased fission has emerged as a central 

mechanism for skeletal muscle anabolic signaling suppression with the progression of 

wasting. Mitochondrial fusion protein 1 and 2 (Mfn1/Mfn2) and optic atrophy protein 1 

(OPA1) serve as regulators of this process. In healthy individuals, mitochondrial protein 

content of PGC-1α, citrate synthase, and mitochondrial creatine kinase are directly 

correlated with mitochondrial fusion. Fusion is also associated with increased exercise 

capacity [114]. Additionally, mitochondria fission-sensitive regulation of AMPK can 

regulate FOXO3 independently of activation of Akt [99]. When FOXO activity is inhibited 

in the presence of altered mitochondria function, muscle atrophy is prevented. Further work 

is needed to establish a role of sex steroid regulation of mitochondria fission and fusion with 

muscle wasting disease and aging-induced sarcopenia.
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The putative signaling pathways, paracrine mediators, and gene targets of sex steroid action 

in bone and muscle are summarized in Table 2.

6. Interactions among sex steroids, mechanical forces, and growth factors

A. In bone

Bone responds to and adapts to changes in mechanical strains and ERα participates in the 

transduction of mechanical signals in bone. Indeed, mice with global ERα deletion have a 

defective response of bone to mechanical loading [115]; and ERα potentiates the activation 

of the Wnt/β-catenin pathway in response to mechanical stimulation in vitro [116]. In 

addition, ERα or ERβ may be required for the transduction of mechanical forces into pro-

survival signals in osteocytes and osteoblasts, independently of estrogens [117]. Further, 

ERα expressed in osteoblast progenitors potentiates Wnt/β-catenin signaling and periosteal 

cell proliferation without the requirement of activation of the receptor protein by estrogens, 

i.e. in a ligand-independent manner [44]. In line with this evidence, activation of the LDL 

Receptor-Related Protein 5 (LRP5)/Wnt/β-catenin signaling pathway is required for the 

physiologic response of bone to mechanical loading and activation of this pathway enhances 

the sensitivity of osteoblastic cells to mechanical loading [118-120]. In contrast to the case 

with osteoblast progenitors, the actions of ERα on mature osteoblasts and osteocytes may 

not affect trabecular or cortical bone mass in females [121] or males [45]. Taken together, 

the evidence strongly suggests that ERα in osteoblast progenitors is responsible for 

transducing the effects of loading on cortical bone. Identical conclusions for the requirement 

of the ERα for the osteogenic response to mechanical loading in a ligand-independent 

manner have been derived from axial loading experiments of OVX mice [122, 123]. In 

contrast to females, the ERα is not required for the adaptive response to loading in male 

mice suggesting that in males other signals induced by loading override the anabolic actions 

of ERα on the periosteum [124].

The effects of estrogens on the development of reproductive organs, such as breast, are 

greatly influenced by growth factors, such as IGF [125]. An extensive cross-talk between 

growth factors and sex steroids seems also important for bone. Indeed, estradiol potentiates 

the effect of growth hormone in osteoblasts, via a non-nucleus-initiated mechanism of 

estrogen action [126]. Consistent with this in vitro finding, male mice experience greater 

periosteal and endocortical bone formation along with higher serum IGF levels during early 

puberty. Loss of estrogens in the female, on the other hand, increases bone expansion and 

the endocortical bone perimeter. Mice with very low IGF-1 levels (lacking the growth 

hormone receptor/binding protein gene) have limited bone expansion and no skeletal 

dimorphism, indicating that skeletal dimorphism during early puberty depends on the cross-

talk between sex steroids and GH–IGF-1 action. Furthermore in middle-aged and elderly 

men, IGFBP-3 and IGF-I are positively correlated with BMD [127].

B. In muscles

As it is the case of bones, skeletal muscles are highly responsive to mechanical loading. 

Indeed, overloading or disuse dramatically increase and decrease muscle mass, respectively. 

The load response in muscle involves mechanical signaling and a corresponding remodeling 
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response that comprises the regeneration of muscle tissue and the altered expression of 

protein forms related to shifts in the muscle phenotype. Myofiber interaction with the 

microenvironment related to components of the extracellular matrix is critical for both 

mechanical signaling and remodeling. The evidence for a role of IGF-1/AKT signaling in 

the anabolic effects of testosterone and mechanical loading notwithstanding, muscle protein 

synthesis and degradation can be regulated independently of Akt signaling. Indeed, there is 

evidence that IGF-1/AKT signaling is not involved in many loading conditions and disease 

states.

The mammalian target of rapamycin (mTOR) has emerged as a very important integration 

point for hormonal, nutritional, and mechanical signals involved in the regulation of muscle 

protein synthesis [104, 128]. Briefly, mTOR complex 1 (mTORC1) formation increases 

protein translation through phosphorylation of substrates 4EBP-1 and p70S6K. Activation of 

mTORC1 by mechanical stimuli involves activation of phospholipase D (PLD) [129, 130], 

extracellular regulated kinase 1/2 (ERK1/2) [131, 132], and p38 signaling [132-134].

Recently, a transcriptional target of Peroxisome proliferator-activated receptor gamma, 

coactivator 1-alpha 4 (PGC-1alpha4), has been implicated in load induced muscle 

hypertrophy [135]. PGC-1alpha4 is a protein isoform derived by alternative splicing of the 

PGC1alpha mRNA and regulates muscle hypertrophy through the transcriptional induction 

of G protein-coupled receptor 56 (GPR56) [136]. Further work is needed to establish the 

integration estrogen and androgen signaling with muscle mechanical signaling networks that 

activate muscle protein synthesis through mTOR dependent, and possibly mTOR 

independent mechanisms.

Mechanical overload induces muscle growth and involves an orchestrated cross talk between 

several cell types in muscle. All of these cell types are potential targets of androgen and 

estrogen action. Furthermore, a large body of evidence indicates that androgens and loading 

potentiates each other's effect on muscle growth. Load-induced hypertrophy involves edema, 

connective tissue proliferation, myogenic precursor cell proliferation, tissue repair, and 

inflammation [137-140]. These are all critical processes for the remodeling that results in 

overload-induced growth. Anabolic steroid administration simultaneously with mechanical 

overload increases the incidence of large diameter myofibers, and attenuates the increase in 

small fibers (< 500 μm2), which indicate muscle regeneration [141]. These findings suggest 

that anabolic steroids can target the muscle regeneration process, as well as fiber 

enlargement. Satellite cells, resident myogenic stem cells residing outside the sarcolemma of 

the myofiber, are the source of nuclei for growing and regenerating muscle fibers [142]. 

Muscle satellite cells express both the androgen receptor [64], and the estrogen receptors α 

and ß [143]. Estrogen and testosterone can stimulate satellite cell activity [29, 142, 143]. 

Myogenic regulatory factors (MRFs), including MyoD, myogenin, and cell cycle regulatory 

factors (CDK2, CDK4, and p21) regulate satellite cell activity and are induced in 

hypertrophying skeletal muscle [138, 144]. Androgens can induce CDK2, CDK4, and p21 

expression, while repressing the CDK inhibitor p16 in many cell types. Myogenin 

expression is also induced by androgen receptor expression in cultured muscle cells, 

suggesting that androgens may regulate myoblast differentiation. The release of chemokines 
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and growth factors can influence the satellite cell niche within the muscle and regulate the 

replication and differentiation of both satellite and fibroblast cells [145].

Microarray analysis of skeletal muscles from mice with global AR deletion demonstrates 

that genes involved in cell proliferation and differentiation, such as p57Kip2, are regulated, at 

least in part by AR signaling, and such signaling may serve to maintain satellite cells in a 

proliferative state [70]. Fibroblasts are responsible for the formation and maintenance of the 

extracellular matrix, which can feedback to alter myofiber intracellular signaling [146]. 

Additionally, resident and infiltrating immune cells have an important role in the remodeling 

response through the regulation of satellite cell and fibroblast cell activity. Androgens may 

also alter the inflammatory stage of muscle regeneration, as impairment of phagocytosis in 

implanted mouse skeletal muscle grafts and lower myosin heavy chain concentration in 

snake venom injected mouse soleus muscle has been reported in castrated mice [147, 148]. 

Snake venom induced-muscle injury responds favorably to testosterone administration in the 

predominantly slow-oxidative muscle, but not the fast-type glycolytic muscle. And, 

testosterone replacement in both young and old orchidectomized mice promotes 

regeneration after injury [149].

7. Sex steroids and the cross-talk between muscles and bones

It is widely believed that mechanical loads on bone arise, to a large extent, from muscle 

forces and that there exists a close functional relationship between the two tissues. In 

support of this, experimental evidence from animal models (and some, but not all, clinical 

observations in humans) suggest that the growth and maintenance of muscle and bone mass 

are interdependent [150]. Specifically, embryonic muscle paralysis or irregular myogenesis 

in chicken and mice causes poor bone mineralization and abnormal curvature [151]. 

Likewise, botulinum toxin-induced muscle paralysis in adult mice causes bone loss [152] 

and attenuates fracture healing [153]. Conversely, an increase in muscle mass caused by loss 

of function of myostatin – a member of the transforming growth factor-beta (TGF-beta) 

superfamily that is highly expressed in skeletal muscle –leads to an increase in bone 

formation and an increase in cross-sectional bone area in most anatomical regions, including 

the limbs, spine, and jaw in mice [154]; as well as in sites of large muscle attachment to 

bone [155]. Myostatin is also expressed in the early phases of fracture healing, and 

myostatin deficiency leads to increased fracture callus size and strength. Together, these 

lines of evidence suggest that myostatin may affect the proliferation and differentiation of 

osteoprogenitor cells, and that myostatin antagonists and inhibitors may be therapeutically 

useful in enhancing both muscle mass and bone. However, the effects of myostatin on the 

skeleton could be indirect, especially because modulation of this pathway after completion 

of growth has no effect on the adult skeleton. In any case, in agreement with the 

experimental observations in animal models, low bone density and increased incidence of 

bone fractures have been reported in patients with Duchenne muscular dystrophy [156].

As children grow they gain body weight and bone and muscle mass and strength. Body 

composition influences bone and the so-called muscle- bone unit. Acquisition of optimal 

bone mass at this stage is largely dependent on the increase in body size. Unfavorable body 

composition during sexual maturation results in sub-optimal bone mass and strength in both 

Carson and Manolagas Page 11

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



early adulthood and later life. Skeletal loads arising from muscle forces actuate bony levers 

such that limb muscle mass are a reasonable measure of skeletal load. It is, therefore, 

expected that optimizing muscle strength during this time will have a positive impact on 

both current and future risk of fracture. Consistent with this expectation, physical activity 

during childhood augments bone mass and density. Nonetheless, the positive effect of 

weight-bearing exercise on various estimates of bone strength is small and the specific 

contribution of muscle strength (or surrogates) to bone strength in pre-pubertal boys and 

girls has not been convincingly discerned. [157]. Moreover, muscular atrophy in children is 

not always accompanied by osteopenia [158]. A dissociation between muscle mass and bone 

mass is also implied by the dissimilar curves depicting the rate of gain and loss of bone 

mineral density as compared to the gain and loss of muscle mass as a function of age in 

humans [159]. Similarly, in aged mice receiving a myostatin inhibitor increased muscle 

mass and muscle fiber size is not accompanied by increased bone density or bone strength 

[160].

Exercise may promote bone mass acquisition through its direct loading effects on bone as 

well as through its effects on muscle mass and strength [161]. Additionally, exercise may be 

beneficial to bone through hormonal changes, including estrogen signaling through the ER, 

GH/IGF-1 (secondary to changes in serum glucose), and parathyroid hormone. The most 

opportune time for enhancing bone strength through physical activity is probably the pre- 

and peri-pubertal periods [157]. Nonetheless, the interaction of skeletal muscle and normal 

bone health may extend beyond exercise-induced muscle contraction [162-164]. Indeed, 

emerging evidence raises the possibility that the muscle and bone relationship is 

independent of mechanical loading. One mechanistic explanation could be that the positive 

effects of muscles on bone are the result of chemical factors released from muscle or 

myokines that affect bone metabolism [150]. In support of these ideas, muscle flaps can 

improve fracture repair from traumatic orthopaedic injury in animal models and humans 

[165-167]. Additionally, new bone formation can be directly stimulated by muscle implants 

alongside the periosteum [168]. Diminished bone healing is also seen when muscle 

surrounding these bone defects is damaged [169, 170]. In any event, the reduction in muscle 

mass with the loss of androgens does not seem to directly impact bone. Indeed, mice with 

muscle specific deletion of the AR display blunted growth, decreased intra-abdominal fat, 

but show no effect on trabecular and cortical bone parameters [26].

8. Parallels in the development of osteoporosis and sarcopenia

Osteoporosis

Soon after the attainment of peak bone mass– sometime during the third decade of life in 

humans–the balance between bone formation and bone resorption begins to progressively tilt 

in favor of the latter, in both women and men. This change begins long before and 

independently of any changes in sex steroid levels. Nonetheless, at menopause the loss of 

trabecular bone accelerates, causing perforation of entire trabeculae and loss of 

connectedness among trabeculae. The rate of bone loss in women slows within five to ten 

years after the menopause and is followed by a slower phase of bone loss that occurs also in 

men. This later phase affects primarily cortical bone, and a significant portion of it is due to 
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increased endocortical resorption and intracortical porosity. The histologic hallmark of this 

later stage in either sex is a decrease in osteoblast number and/or function, consistent with 

the notion that aging per se causes a decrease in the supply of osteoblasts.

Similar to humans, sex steroid-sufficient female and male mice experience an age-dependent 

progressive decline in bone mass and strength, starting around four months of age; loss of 

bone strength precedes the loss of bone mass [171]. The progressive loss of bone mass and 

strength in mice are temporally associated with increased oxidative stress. Importantly, 

identical changes in oxidative stress are recapitulated in either sex of mice acutely upon loss 

of sex steroids. Furthermore, the adverse effects of the loss of sex steroids on murine bone 

can be prevented by the systemic administration of antioxidants or by genetically decreasing 

H2O2 production in osteoclast mitochondria [52, 171].

The risk of bone fractures in humans increases exponentially with advancing age, and to a 

much greater extent that can be accounted by the loss of bone mass alone. In fact for the 

same BMD, the risk of fracture increases six- fold between the age of 55 and 75 [172]. Age-

related mechanisms intrinsic to bone, including oxidative stress, declining autophagy, cell 

(osteocyte) senescence are protagonists in involutional osteoporosis and age-related changes 

in other organs and tissues, such as ovaries and adrenals, are contributory [2-4]. Indeed, it is 

now well appreciated that apoptosis or dysfunction of osteocytes, defective mesenchymal 

cell differentiation toward the osteoblast phenotype, decreased growth factor production, 

declining physical activity, and perhaps declining muscle mass are all important 

pathogenetic mechanisms for the decline of bone mass and strength with age [39].

Apoptotic or dysfunctional osteocytes increase the release of RANKL – the rate limiting 

factor for osteoclast generation and survival – by healthy neighboring osteocytes [173]. 

Apoptotic osteocytes themselves and their cellular debris can also initiate “danger (or 

damage)-associated molecular events that trigger pro-inflammatory immune responses. In 

addition, osteocyte senescence or apoptosis causes a decrease in bone vascularity and 

hydration – mechanisms likely to reduce bone strength by altering the crystal structure of 

hydroxyapatite. Recent research findings from the mouse model also revealed that 

attenuation of Wnt/β-catenin signaling may be responsible for the decrease in bone 

formation and the increase in bone marrow adiposity associated with old age [2, 174]. 

FoxOs are members of a subclass of the forkhead family of transcription factors that provide 

important defense mechanisms against oxidative stress and growth factor deprivation by 

stimulating the transcription of antioxidant enzymes as well as genes involved in cell cycle, 

DNA repair, and lifespan [175, 176]. Importantly, in the process of stimulating these genes, 

FoxOs divert the limited pool of β-catenin in osteoblast progenitors from Wnt/TCF- to 

FoxO-mediated transcription and attenuated Wnt signaling [177]. Decreased Wnt signaling, 

in turn, causes a decrease in the production of osteoblasts and increases bone marrow 

adiposity [174]. In this way, FoxO activation worsens the effects of old age on bone and 

contributes to skeletal involution [178]. Lastly, a decrease in physical activity and muscle 

mass with old age, combined with a decrease in ERα expression in bone cells, may 

compromise the mechanosensitivity of bone and the ability of the skeleton adapts to meet 

mechanical needs.
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Sarcopenia

Sarcopenia is a condition characterized by age-related loss of muscle mass and function, but 

its definition continues to evolve (Cederholm T, Morley JE. Curr Opin Clin Nutr Metab 

Care. 2015 Jan;18(1):1-4. doi: Sarcopenia: the new definitions.). Several distinct 

pathologies, including myofiber atrophy, motor unit loss, fibrosis, and intramuscular fat 

accumulation are thought to be responsible for the loss of muscle mass in sarcopenia [12, 

179]. Collectively, these pathologic processes lead to deficits in muscle function. Such 

functional deficits are quantified by measuring walking speed or grip strength, and are used 

as criteria for the diagnosis of sarcopenia (Cederholm T, Morley JE. Curr Opin Clin Nutr 

Metab Care. 2015 Jan;18(1):1-4. doi: Sarcopenia: the new definitions.). The underlying 

biochemical culprits for the age-induced myofiber atrophy and disrupted muscle function are 

thought to be disrupted oxidative metabolism [180], resistance to anabolic stimuli [181], and 

a decline of myogenic stem cell (satellite cells) number and function [182]; each one of 

these biochemical changes have been proposed as potential therapeutic targets for the 

management of sarcopenia. At present, the role of other age-related changes in sarcopenia – 

such as the decrease in circulating sex steroid production or altered intracellular signaling 

pathways in muscles – is not well established. It is also remains unclear whether a single 

therapeutic intervention can counter the several pathologic mechanisms responsible for 

sarcopenia and thereby rescue muscle mass and function in old age. Nevertheless, various 

types of exercise and physical activity have been shown to reverse more than one muscle 

pathology associated with advancing age [183].

Inflammatory disease, autoimmune disorders, endocrine dysfunction, and aging cause 

muscle wasting and also can impede the skeletal muscle's robust capacity for regeneration 

[184]. While androgen administration attenuates muscle wasting with many chronic diseases 

[185], the systemic mediators of this wasting response remain elusive. Classical disease 

induced stimuli thought to induce muscle wasting involve circulating inflammatory 

cytokines, suppressed anabolic hormones, anemia, anorexia, and catabolic mediators related 

to systemic disruption of metabolic homeostasis [186]. Additionally, tumor derived factors 

can induce muscle wasting with cancer cachexia. For example, tumor-derived parathyroid-

hormone-related protein (PTHrP) has recently been shown to cause muscle and adipose 

tissue loss in a mouse model of cancer cachexia in combination with an unknown factor 

[187]. Notably, aging related frailty does not usually involve the same systemic disruptions 

as cancer and other cachectic conditions.

Muscle wasting has been long thought as the result of accelerated muscle protein 

degradation though the ubiquitin proteasome system. A more recent network-based 

understanding of muscle protein turnover, however, indicates that abnormal muscle 

mitochondrial function, suppressed anabolic signaling, apoptosis, and autophagy also play 

important pathogenetic roles in cachexia [188, 189]. As mentioned earlier in this review, 

estrogens or androgens influence many of these processes in skeletal muscle. However, 

further work is needed to delineate exactly how the hormonal signals interact with the 

molecular pathways controlling these processes, and whether either of these hormones can 

be useful for the management of muscle wasting. Incomplete or extended muscle 

regeneration can lead to a suppressed growth response, decreased functional capacity, and 
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even wasting. Testosterone supplementation improves early indices of muscle regeneration 

in castrated aged mice [149]. Inflammation and aging can also impede mechanical load-

induced activation of muscle mTORC signaling, which is associated with muscle anabolic 

resistance [104, 190]. The chronic inflammation that is associated with muscle wasting 

induces ERK1/2 and p38 signaling [191-194]. Although PI3K/Akt signaling induces mTOR 

activity, Akt independent suppression of mTOR can occur during cancer cachexia [80]. 

Testosterone loss following castration in and of itself suppresses basal muscle mTOR. Once 

again, further work is needed to understand if decreased androgens levels contribute to this 

state, or whether androgen therapy can improve anabolic resistance in these conditions.

To summarize this section, advancing age leads to a loss of tissue mass and strength in both 

bone and skeletal muscles; and age-related mechanisms are protagonists in the development 

of both osteoporosis and sarcopenia. Specifically, mitochondria dysfunction, oxidative 

stress, decreased autophagy, inflammation, cellular senescence, stem cell exhaustion, as well 

as the age-associated decline in growth factor levels and physical activity are evidently 

shared mechanisms in both osteoporosis and sarcopenia. Like aging, sex steroid deficiency 

decreases mass and strength in either tissue and it may indeed accelerate the effects of aging 

by potentiating age-related pathogenetic mechanisms. Notably, glucocorticoid excess (due to 

endogenous production or pharmacologic administration) is a common secondary cause of 

both conditions [195].

9. Therapeutic modalities for osteoporosis and sarcopenia

As of the writing of this review article, there are seven classes of FDA approved therapeutic 

modalities for the prevention and treatment of osteoporosis; and three more are in late phase 

3 clinical trials (Table 3). Within each class of modalities, there are several drugs. In sharp 

contrast, there is currently not a single approved therapy for the prevention or treatment of 

sarcopenia. Several pharmacologic interventions attempted so far have shown to have very 

limited efficacy. Part of the difficulty in developing anti-sarcopenia drugs could be the lack 

of diagnostic criteria and standardized primary outcomes [196]. As a result of the paucity of 

drug therapies, the only available options for the management of sarcopenia are exercise and 

resistance training and nutritional supplements. The effectiveness of such interventions, 

however, is limited and fraught with shortcomings, including the inability or unwillingness 

of elderly individuals to get involved in strenuous exercise training programs.

Importantly, in contrast to the dramatic decrease of estrogen replacement therapy for post-

menopausal women during the last decade because of the appreciation of serious side 

effects, testosterone therapy for men with the so-called “low T” has increased in the United 

States by 500% between 1993 and 2000. This is a striking trend, but the extent to which it 

reflects “perceived” as opposed to “real” health benefits remains unclear, and of concern 

considering reports of serious side effects associated with such therapies [197].

10. Summary and concluding thoughts

Estrogens and androgens play important roles in the growth and maintenance of tissue mass 

and function in bones and muscles and are responsible for the sexual dimorphism of either 

tissue. The effects of sex steroids in both tissues result from direct actions on several 
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different cell types via the classical sex steroid receptors (Table 1) and similar signaling 

pathways (Table 2); as well as indirectly via actions on other tissues. In both bones and 

muscles, the effects of sex steroids are additive and perhaps synergistic to the anabolic 

effects of mechanical loading and growth factors, such as IGF-1. Sex steroid deficiency 

leads to loss of tissue mass and functional integrity and contributes to the development of 

osteoporosis and sarcopenia – the two most common manifestations of aging in humans. A 

summary of the similarities of the effects of sex steroids on bone and muscles is provided in 

Figure 2.

Estrogens have potent and well documented effects on skeletal growth and maintenance in 

females as well as males. By comparison to bone, the effects of estrogens on muscle mass 

growth and maintenance seem relatively weak; and consistent with a relatively weak effect, 

the contribution of estrogen deficiency to the development of sarcopenia later in life in 

females (or males) is uncertain. This is in contrast to the evidence that androgens have far 

more potent effects than estrogens on the muscle tissue in either sex, especially when 

combined with exercise. This apparent dichotomy raises the possibility that testosterone or 

dihydrotestosterone may be the more important sex steroid in the regulation of muscle 

homeostasis in both males and females. Against this possibility, however, is the evidence 

that global deletion of the androgen receptor in mice decreases muscle mass in the males but 

has no effect in the females. Unexpectedly, cortical or trabecular bone is not affected in male 

mice with global or myocyte-specific deletion of the androgen receptor, arguing against a 

role of androgens in the cross-talk between muscles and bones. More intriguingly, muscle 

mass in animals and humans can increase many-fold with androgenic steroids and exercise, 

but this cannot happen in bone. Why not? Could it be that homeostatic mechanisms, such as 

the so called “bone mechanostat” proposed several decades ago by Harold Frost, are far 

more restrictive against excessive tissue growth in bones than they are in muscles?

In any event, the contribution of a decline in sex steroid levels to the development of disease 

is far better documented in bone than in muscle, but it remains possible that this could well 

be due to the fact that osteoporosis is better defined than sarcopenia, and much easier to 

quantify by widely used and standardized techniques, such as dual energy x-ray 

absorptiometry (DEXA). At present, it is also unclear whether the dramatic difference in the 

availability of several effective drugs for the prevention and treatment of osteoporosis 

(including natural estrogens and SERMs) versus no drug therapy for sarcopenia is due to 

fundamental differences in the biologic causes of these two diseases; or simply to the easier 

diagnosis and quantification of the former versus the latter.

Mechanisms of cellular aging – such as mitochondria dysfunction and decreased autophagy– 

as well as the age-associated decline in growth factor levels and physical activity are 

inexorable culprits and likely the protagonists in the pathogenesis of osteoporosis and 

sarcopenia alike. Therefore, novel drugs that could target such common mechanisms of 

aging have the potential to be simultaneously beneficial for osteoporosis and sarcopenia.
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Highlights

• Estrogens and androgens help to maintain mass and strength in bones and 

muscles.

• Their effects result from direct as well as indirect actions on other tissues.

• In both tissues, the effects of sex steroids are potentiated by mechanical loading.

• Sex steroid deficiency contributes to osteoporosis and sarcopenia alike.

• Cell aging and mitochondria dysfunction are shared seminal culprits in either 

disease.

Carson and Manolagas Page 28

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Molecular mechanisms of action of ERα. a) Classic genomic signalling, in which ligand-

activated ERα dimers attach to EREs on DNA and activate or repress transcription. b) ERE-

independent genomic signalling, in which ligandactivated ERα binds to other transcription 

factors (such as the p50 and p65 subunits of NF-κB), which prevent them from binding to 

their response elements. c,d) Nongenotropic mode of action, in which ligand-activated ERα 

(in the plasma membrane) activates cytoplasmic kinases which, in turn, induce the 

phosphorylation of substrate proteins and transcription factors (such as Elk-1 and AP-1) that 

(c) positively or (d) negatively regulate transcription. Abbreviations: AP-1, transcription 

factor AP-1; CoA, coenzyme A; Elk-1, ETS domain-containing protein Elk-1; ERα, 

estrogen receptor α; ERE, estrogen response element; Shc, Shc-transforming protein; SRE, 

serum response element. Reproduced from: Stavros C. Manolagas, Charles A. O'Brien, and 

Maria Almeida. Nature Reviews Endocrinology. 2013, 9: 699–712.
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Figure 2. Similarities of the effects of sex steroids in bones and muscles
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Table 1
Cell targets of sex steroid action in bone and muscles

Bones Muscles

1. Chondrocytes 1. Mesenchymal stem cells

2. Osteoblast progenitors 2. Satellite cells

3. Osteoclast progenitors 3. Myoblasts

4. Mature osteoblasts 4. Myocytes/myofibers

5. Mature osteoclasts 5. Fibroblasts

6. Osteocytes 6. Resident macrophages

7. B-lymphocytes 7. Cardiomyocytes

8. T-lymphocytes
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Table 2
Putative signaling pathways, paracrine mediators, and gene targets of sex steroid action 
in bone and muscle

Bones Muscles

1. NF-kB 1. NF-kB

2. Kinases (ERK1/2; PI3K/Akt) 2. Kinases (ERK1/2; PI3K/Akt)

3. Cytokines (IL-1; IL-6; TNFα; FasL) 3. Cytokines (IL-6; TNFα)

4. Wnt/ß-catenin signaling 4. Myogenic regulatory factors (MyoD; myogenin; cell cycle regulatory factors; CDK2; CDK4; P21; 
P57kip2)

5. FoxOs

6. mTOR
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Table 3
Therapeutic modalities for osteoporosis and sarcopenia

Osteoporosis Sarcopenia

A: FDA approved A: FDA approved

1. Estrogen replacement (conjugated estrogens +/- progesterone; ethinyl estradiol) None B. Under investigation (Phase 1 or 2 Clinical Trials)

2. Selective estrogen receptor modulators [SERMs] (Raloxifene) 1. Testosterone

3. Combination of conjugated estrogen and the SERM Bazedoxifene 2. Megestrol acetate

4. Salmon calcitonin (injectable; inhalable) 3. Nandrolone

5. Bisphosphonates (alendronate; ibandronate; risedronate; zolindronic acid) 4. Dehydroepiandrosterone (DHEA).

6. Anti-RANKL antibody (Denosumab) 5. SARMs ?

7. PTH 1-34 (teriparatide) 6. Anabolic steroids ?

B. In Phase 3 Clinical Trials 7. Growth hormone

1. Kathepsin K inhibitor (Odanacatib) 8. Angiotensin-converting enzyme inhibitors

2. Sclerostin neutralizing antibodies (Romosozumab; 9. PPAR-δ agonist GW1516

AMG 785) 10. Myostatin inhibitors

3. PTHrP analog (abaloparatide)
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