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Abstract 

 
 
 
The androgen receptor (AR) is critical for the growth and development of secondary 

sexual organs, muscle, bone and other tissues, making it an excellent therapeutic target.  

Ubiquitous expression of AR impedes the ability of endogenous steroids to function tissue 

selectively.  In addition to the lack of tissue selectivity, clinical use of testosterone is limited due 

to poor bioavailability and pharmacokinetic problems.  Our lab, in the last decade, discovered and 

developed tissue selective AR modulators (SARMs) that spare androgenic effects in secondary 

sexual organs, but demonstrate potential to treat muscle wasting diseases.  This work reveals the 

discovery of next generation SARMs to treat prostate cancer and mechanistically characterize a 

prospective SARM in muscle and central nervous system (CNS). 

Prostate cancer relies on the AR for its growth, making it the primary therapeutic target in 

this disease.  However, prolonged inhibition, with commercially available AR antagonists, leads 

to the development of mutations in its ligand binding domain resulting in resistance.  Utilizing the 

crystal structure of AR-wild-type and AR-W741L mutant, we synthesized a series of AR pan-

antagonists (that inhibit both wild-type and mutant ARs).  Structure activity relationship studies 

indicate that sulfonyl and amine linkages of the aryl propionamide pharmacophore are important 

for the antagonist activity. 

From a series of potent anabolic SARMs, S-23 was chosen to understand the mechanism 

for the prevention of glucocorticoid- and hypogonadism-induced myopathy.  Muscle mass is 

maintained by a balance in protein synthesis and degradation pathways.  Any alteration in this 

balance, in favor of the degradation pathway, results in muscle atrophy.  Glucocorticoid- and 

castration-dependent dephosphorylation of Akt and up-regulation of ubiquitin ligases were 

inhibited by S-23.  Interestingly, these results also discovered that hypogonadism inactivates the 

IGF-1/Akt pathway and glucocorticoids up-regulate ubiquitin ligases to induce muscle atrophy.   

In addition to full anabolic activity, S-23 functioned as an agonist in the CNS, at a dose 

above its muscle ED50, to suppress the hypothalamus-pituitary-gonadal axis.  S-23 effectively and 

reversibly suppressed spermatogenesis in rats with concomitant beneficial effects on muscle, 
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bone mineral density, and lean mass.  Although the therapeutic window was narrow, 

coadministration with a progestin to rapidly suppress LH and FSH may broaden the therapeutic 

window and provide an oral agent for hormonal male contraception.  Despite these changes in the 

HPG axis, S-23 enhanced female motivation in ovariectomized rats utilizing the partner 

preference paradigm. The effectiveness of SARMs in this study provides definitive proof of the 

importance of androgen receptor function to female sexual motivation.   

Collectively, these studies demonstrate the development of pan-AR antagonists and a 

novel mechanism for androgen function in muscle and CNS.
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Chapter 1 

Introduction

 
 
 
1.1.       Testosterone Biosynthesis and the Androgen Receptor 

Testosterone is the major circulating androgen in men and is essential for development 

and maintenance of reproductive tissues, muscle and bone mass, hair growth, libido, and 

spermatogenesis (1, 2).  Testosterone is primarily synthesized by the Leydig cells of the testis and 

is under the control of the hypothalamic-pituitary-gonadal (HPG) axis.  Gonadotropin-releasing 

hormone (GnRH) is secreted by the hypothalamus, which in turn stimulates secretion of 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the anterior pituitary 

gland (Figure 1.1).  Testosterone is synthesized in response to both LH and FSH.  High levels of 

endogenous testosterone or exogenous androgens bind the androgen recepetor (AR) in the central 

nervous system (CNS) and exert negative feedback by inhibiting secretion of GnRH (3).  Sertoli 

cells of the testis also respond to FSH by releasing inhibin and activin, important factors in sperm 

maturation and HPG regulation.  

The AR is activated directly by testosterone or dihydrotestosterone (DHT), the reduced 

metabolite of testosterone that is produced in male accessory sex organs, skin, and hair follicles 

(Figure 1.2).  The AR is a member of the nuclear hormone receptor superfamily of ligand 

activated transcription factors.  The AR gene, located on the X chromosome, is more than 90 kb 

long and encodes a protein of 919 amino acids (Figure 1.3)  The AR protein follows the 

consensus nuclear hormone receptor structure with an N-terminal domain (NTD), whose function 

is still not clear, a DNA binding domain (DBD), responsible for binding to androgen response 

elements (ARE), a hinge region containing a nuclear localization signal (NLS), and a ligand 

binding domain (LBD), to which androgens bind and activate the receptor.  The activation 

function 1 (AF-1), located in the NTD, is functionally independent of ligand binding and critical 

for full transactivation (4).  The LBD contains the AF-2 domain that functions in a ligand-

dependent manner and takes on a conformation that facilitates the recruitment of co-activators or 

co-repressors (5). 
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Unbound, inactive AR is localized in the cytosol in association with heat shock proteins 

(HSPs) in a high affinity conformation (6).  Steroids diffuse through the cell membrane and bind 

to the AR.  Ligand binding causes dissociation of HSPs and alters AR conformation leading to a 

sequence of events initiated by AR homodimerization and followed by post-translational 

modification and translocation to the nucleus (7).  The translocated receptor-ligand complex 

binds to the ARE located in the promoter or enhancer regions of AR gene targets.  Recruitment of 

co-activators or co-repressors (8) and other transcriptional machinery (9) regulates the 

transcription and translation of target genes. 

The crystal structure of the AR reveals that the LBD forms 11 α-helices (H1-H12; H2 is 

absent in AR) and two β-turns, arranged in a three layer, α-helical sandwich (10).  Upon agonist 

binding, H12 repositions to form a “lid” for the ligand binding pocket (LBP) and stabilize the 

ligand.  This conformation positions the functional AF2 region on the surface of the LBD, a 

prerequisite for co-regulator recruitment.  However, binding of an antagonist puts a strain on 

H12, leaving the LBP open.   

In addition to the classical genomic pathway of AR-mediated transcriptional activation, 

non-genomic pathways, independent of direct DNA binding (11), have also been reported in 

osteoblasts (12), oocytes (11), prostate cancer cells (13), and skeletal muscle cells (14).  The non-

genomic actions of AR are characterized by rapidly activating signaling cascades leading to 

subsequent physiological response within a few seconds to minutes after ligand sensitization (15).  

The mechanism underlying the nongenomic actions remain unclear although conflicting evidence 

supports the role of intracellular AR or an obscure G protein-coupled receptor (GPCRs) (11, 14, 

16). 

 

1.2.       Steroidal Androgens 

Traditionally, testosterone has been used to treat androgen insufficiency related disorders 

such as hypogonadism, cachexia due to cancer, burns and disuse, improve sexual function, 

cognitive function and even used as a male contraceptive.  In women, the physiological role of 

testosterone is controversial, but theoretically testosterone could be used to improve bone mass, 

muscle mass, and libido (1, 17). 

Originally, an oral preparation of unmodified testosterone was introduced for the 

treatment of hypogonadism, only to discover its ineffectiveness due to rapid hepatic elimination 

((18) Figure 1.4).  Addition of a 17α-methyl group to the testosterone backbone (17α –

methyltestosterone) delayed metabolism and provided an orally effective preparation.  However, 

use of preparations with this alkyl modification has been discontinued due to apparent 
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hepatotoxicity (19).  Esterification of the 17β-position with a long fatty acid side chain 

(testosterone undecanoate or TU) improved oral absorption but the serum concentration-time 

profiles exhibit high inter-individual variability, thus limiting its use (20).  To prolong the 

pharmacologic effects of testosterone, various esters were developed including testosterone 

enanthate (TE), testosterone buciclate (TB), testosterone decanoate (TD) and testosterone 

propionate (TP).  Administration of these esters is limited to intramuscular (i.m.) injection, 

transdermal patches or gels, or surgical installation of implants and pellets.  However, analogous 

to the parent steroidal testosterone preparations, these long-acting esters also have limitations 

including highly fluctuating serum testosterone levels between injections and skin irritations 

associated with patch use (19).  Although some enhancement of the pharmacologic effects were 

obtained relative to testosterone, it was never possible to adequately dissociate the anabolic (i.e. 

muscle and bone) and androgenic (i.e. prostate) activities of these compounds.  As such, potential 

long-term use of steroidal testosterone in men and women is negligible because of significant 

pharmacokinetic (PK) and pharmacodynamic (PD) problems as well as possible risks to 

reproductive tissues associated with their use. 

 

1.3.       Discovery and Development of Selective Androgen Receptor Modulators (SARMs) 

Nonsteroidal AR ligands were first identified as antagonists for the treatment of prostate 

cancer (21-23).  Several pharmacophores with high AR binding affinities were discovered.  This 

included the monoarylpropionamide flutamide (a prodrug of hydroxyflutamide (21-23)), the 

hydantoin nilutamide (24-26), and the diarylpropionamide bicalutamide ((27-29) Figure 1.5).  In 

pursuit of irreversible AR inhibitors, certain thioether derivatives of bicalutamide with 

considerable agonist activity in vitro were discovered (30).  However, extensive hepatic 

metabolism led to negligible tissue exposure resulting in lack of activity in vivo (31).  Structural 

modifications by dehalogenating the B-ring were performed to minimize B-ring reactivity (e.g. 

replace p-chloroacetamide with p-acetamide).  The resulting compound, acetothiolutamide, 

possessed potent agonist activity only in vitro ((31) Figure 1.5).  Metabolite studies revealed that 

the lack of agonist activity in vivo was due to conversion of the thioether to sulfoxides and 

sulfones, which are present in bicalutamide (31).  Further structural modifications were made to 

the diarylpropionamide backbone, namely converting the thioether to an ether linkage, and the 

resulting compound (S-4) was identified as a potent AR agonist both in vitro and in vivo ((32, 33) 

Figure 1.5). 

En route to develop an AR ligand that demonstrates greater anabolic activity than 

androgenic activity in vivo, the successful crystallization of R-bicalutamide and 
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arylpropionamides in the AR LBD allowed for efficient structure-based design of nonsteroidal 

AR ligands.  Important in vitro structure-activity-relationships (SARs) were identified to optimize 

AR binding affinity and functional activity, including electron-withdrawing groups at the para 

position of the A-ring (e.g. cyano or nitro), an ether bridge, and electron-withdrawing groups at 

the ortho, meta and/or para positions of the B-ring (e.g. halogens, cyano or nitro).  These 

modifications significantly altered in vitro AR binding affinity and functional activity.  In vivo, 

these minor modifications led to a spectrum of SARMs that possess antagonist activity 

(bicalutamide in Table 1.1), anabolic agonist activity with full or partial efficacy in muscle/bone 

(S-4 and S-1, respectively in Table 1.1), and potent CNS activity that retain peripheral anabolic 

agonism (S-23 in Table 1.1), thus expanding the gamut of potential clinical applications of 

SARMs.  

 The ideal SARM has been described as an orally available, minimally hepatotoxic 

compound displaying antagonist or weak agonist activity in the prostate, partial to full agonist 

activity in the pituitary, muscle and bone (34).  These characteristics, present in the aryl 

propionamide SARMs, provide a superior clinical alternative to steroidal androgen preparations.  

Collectively, SARMs display AR activities comparable to testosterone therapy (osteo- and 

myoanabolism) but without the major concern of increasing the risk of benign prostate 

hyperplasia (BPH), prostate cancer, or virilization in women.   

The mechanisms by which SARMs dissociate anabolic and androgenic actions, while 

testosterone cannot, remains unclear.  Studies have shown that the conformational change of the 

AR upon SARM binding is distinct from DHT, thus recruiting different coregulator complexes 

(35, 36).  Additionally, studies from our laboratories indicate that SARMs recruit both co-

activators and co-repressors to the PSA promoter in LNCaP prostate cancer cells, raising the 

possibility that SARMs and DHT recruit similar co-activator complexes in anabolic tissues but 

distinct complexes in androgenic tissues (37).  Secondly, SARMs and DHT may nongenomically 

mediate intracellular signaling differently.  The conformational changes of the AR in the presence 

of SARMs versus DHT activate distinct combinations of intracellular signaling pathways, leading 

to different biological responses in AR target tissues (i.e. prostate (37)).  Finally, testosterone is 

converted to a more active metabolite (DHT) in the prostate via 5α-reductase, resulting in an 

amplified effect, rendering testosterone extremely potent in both androgenic and anabolic tissues.  

SARMs are not substrates for 5α-reductase and may compete with DHT for the AR in androgenic 

tissues, possibly contributing to their tissue selectivity.   

Regardless of the mechanism, the fact remains that SARMs possess important 

pharmacokinetic and pharmacodynamic advantages over steroidal testosterone preparations.  The 

 4



well established evidence supporting their in vivo tissue selectivity and successful proof-of-

concept animal studies has stimulated massive interest in the therapeutic potential of SARMs in 

humans. 

 

1.4.       Therapeutic Potential of SARMs and Nonsteroidal AR Antagonists 

1.4.1     Hormonal Male Contraception 

The discovery of oral contraceptives for women was a major medical breakthrough of the 

twentieth century.  It provided a relatively safe and reversible method to separate sex and 

reproduction.  Male contraception, however, is limited to unreliable condoms and virtually 

irreversible vasectomies.  The physiologic target for hormonal-based methods for men lies in the 

HPG axis.  Suppression of gonadotropin secretion (LH and FSH), and consequently testosterone, 

can be achieved by exogenous androgens, GnRH ligands or progestins (38, 39).  Sufficient 

suppression results in a reduction of spermatogenesis, leading to azoospermia, or absence of 

sperm in the ejaculate.  This, however, leads to a state of hypogonadism and therefore requires 

supplemental androgens to fulfill peripheral needs.   

In the 1990’s, the World Health Organization (WHO) sponsored two large international 

studies using TE (200 mg/wk, i.m.).  In the first study, azoospermia was achieved in 64% of men 

(n=271) after 6 months (40).  The second study concluded when severe oligozoospermia (<3x106 

sperm/mL) was achieved and proved to be not as effective as azoospermia but better than that of 

condoms (41).  However, injection intervals were too short for complete suppression of 

spermatogenesis resulting in supraphysiologic levels of serum testosterone.  In a study in China 

utilizing the longer acting TU, 97% of men (n=308) achieved azoospermia or severe 

oligozoospermia after receiving a loading dose of 1000 mg followed by monthly injections of 500 

mg for 6 months (42).  However, suppression was achieved in only 67% of Caucasian men (43).   

A tissue selective steroidal androgen, 7α-methyl-19-nortestosterone (MENT) was later 

investigated for use as a hormonal male contraceptive agent (44).  MENT is not a substrate for 

5α-reductase and thus displays tissue selectivity compared to traditional steroidal preparations.  In 

a clinical trial of 12 eugonadal men, 9 men that received 4 implants delivering a dose of 400 

µg/day for 12 months achieved oligozoospermia or azoospermia while 2 did not respond to 

treatment.  However, typical steroid-related side effects, including changes in hematocrit, 

erythrocyte, hemoglobin, lipid profiles and liver enzymes, were observed. 

To increase the success rate of hormonal male contraception and lower the dose of 

testosterone, especially in Caucasian men, testosterone-based regimens combined with progestins 

or GnRH antagonists were employed.  The GnRH antagonist-testosterone combination provided a 

 5



rapid onset of spermatogenic suppression, achieving azoospermia, but the expense of these 

antagonists limit its feasibility for worldwide use (38).  Progestins, on the other hand, are more 

reasonably priced and commonly used in female contraceptives.  When administered as 

monotherapy in men, rapid and potent gonadotropin suppression was achieved (39).  However, as 

spermatogenesis was suppressed, so was testosterone and therefore libido.  The most effective 

progestins used in combination with testosterone injection include cyproterone acetate (CPA), 

depot medroxyprogesterone acetate, norethisterone, levonorgestrel (LNG), desogestrel, and 

etonorgestrel (45).  Although the synergy of progestin/testosterone combinations to suppress 

spermatogenesis is promising, the lack of an orally available regimen prevents widespread 

acceptance for a hormonal based regimen for male contraception (46, 47).   

A novel SARM, C-6, was the first aryl propionamide derivative to be identified as a 

potent regulator of gonadotropins and testosterone in castrated and intact rats, respectively (48).  

C-6 displayed 4.5 fold greater anabolic than androgenic activity.  In castrated rats, the levator ani 

muscle was maintained at levels similar to that of intact controls at 1.2 mg/kg/day, whereas the 

prostate was maintained at 50% of intact control with concomitant suppression of LH and FSH.  

A follow-up study revealed that C-6, when administered at 4 mg/kg/d, significantly inhibited 

spermatogenesis while maintaining its tissue selective properties.  Collectively, tissue selective 

SARMs represent a promising candidate for an orally available hormonal male contraception. 

 

1.4.2     Female Sexual Dysfunction 

Androgens are involved in a number of physiological roles in women, including 

maintenance of bone mineral density, muscle mass and strength, libido and sexual response (1, 

17, 49).  Hypoactive sexual desire disorder (HSDD) is a widespread disorder that afflicts 

naturally postmenopausal women (50-52) and to a greater extent, those who have undergone 

bilateral oophorectomy (53-55).  It is believed that HSDD is associated with a decline in free 

testosterone levels following surgically-induced or natural menopause.   

Clinical trials in premenopausal women revealed that sexual desire and arousal may be 

enhanced when administered a once daily spray of a 90 μg metered-dose transdermal testosterone 

preparation for 16 weeks compared with placebo (56).  Likewise, when postmenopausal women 

received a biweekly 300 μg/day testosterone patch for 24 weeks, the frequency of satisfying 

sexual events, including desire, arousal, orgasm, pleasure and responsiveness, as well as body 

image, increased compared to placebo (52).  Additionally, clinical trials of a 300 µg/day 

testosterone patch improved sexual functioning, desire, fantasies and well-being in bilaterally 
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oophorectomized women receiving concomitant estrogen therapy after 12 (57) or 16 weeks of 

treatment (58).   

Use of anabolic steroids in women is limited due to virilization, which is characterized by 

the development of male sex phenotypes such as deepening of the voice, hirsutism, male pattern 

baldness, clitoral enlargement, increased muscle strength and acne (59).  With reduced 

androgenic liability and therefore virilizing potential, SARMs offer hope of androgen therapy in 

women. 

 

1.4.3     Prostate Cancer 

Not only normal prostate growth, but also its transformation into cancer depends on 

androgens.  The most commonly used antiandrogens for the treatment of prostate cancer are 

flutamide and bicalutamide.  Clinical studies have shown the effectiveness of bicalutamide in 

androgen-dependent prostate cancers, frequently administered in combination with leuprolide or 

other gonadotropin-releasing hormone agonists to achieve maximum androgen blockade (60, 61).  

However, after initially responding to treatment, many patients relapse subsequent to developing 

castration-resistant prostate cancer (antiandrogen withdrawal syndrome) (62).  This phenomenon 

is believed to arise from point mutations in the AR LBD causing some antiandrogens to exhibit 

androgenic activity (63, 64).  Commonly observed mutations include Thr 877→Ala 

(AR(T877A)), Trp 741→Leu (AR(W741L)), and Trp 741→Cys (AR(W741C).  

Hydroxyflutamide displays agonist activity in AR(T877A) (65) while bicalutamide is a potent 

agonist in both AR(W741L) and AR(W741C) (66).  The resolved crystal structure of 

bicalutamide bound to AR(W741L) in the agonist conformation (67) confirms the importance of 

the antagonistic action of antiandrogens by pushing helix 12 of the AR away from the binding 

pocket (68).  Development of a compound that would prevent closure of helix 12 over the LBP 

(i.e. agonist conformation) and exhibit antagonist activity across all mutations of the AR (pan-

antagonism) would be a major breakthrough in the treatment of androgen-dependent prostate 

cancer. 

 

1.4.4     Muscle Atrophy 

Muscle atrophy is a debilitating condition that may result from burns (69), sepsis (70), 

aging (71), disuse (72), cancer (73), AIDS (74), as well as long-term glucocorticoid 

administration for the treatment of rheumatoid arthritis (75) and asthma (76).  The anabolic 

effects of the steroids, testosterone and nandrolone, have been demonstrated under conditions 

related to aging men (71), long-term glucocorticoid treatment (77, 78), HIV (79), and severe 
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burns (80).  Testosterone administration is associated with a dose-dependent increase in lean 

muscle mass and maximal voluntary strength and a decrease in fat mass.   

S-4, a full efficacy anabolic SARM, not only increases the size of the levator ani muscle 

but also improves skeletal muscle strength (81).  Despite only partial recovery in soleus muscle 

size, S-4 restored the peak tetanic tension (P0) of the soleus muscle, a measure of contractile 

force, to intact levels or better.  Castration decreased the P0 to 0.57N; however, S-4 increased P0 

to 0.86N.  At 10 mg/kg, S-4 further increased P0 to 1.02 N, significantly greater than that 

observed for intact animals (0.85 N) (81). 

The effect of S-4 on bone was also investigated in castrated male rats (81).  S-4 reduced 

osteocalcin levels by 70% suggesting SARMs may exert an antiresorptive mechanism on bone 

turnover.  S-4 also partially restored bone mass density (BMD) and bone mineral content (BMC) 

as well as prevented loss of whole body and lumbar (L5-L6) vertebrae BMD in female rats (82).  

With reduced prostate and virilizing liability in men and women, SARMs offer novel treatment 

options in disease states requiring long-term androgen administration, including muscle wasting 

disorders and osteoporosis. 

 

1.5.       Scope and Objectives of Dissertation 

Previous work in our laboratory examined in vitro SARs and identified various novel 

arylpropionamide SARMs that are full agonists in anabolic tissues but at the same time are 

prostate sparing, SARMs that exhibit partial agonist activity in anabolic tissues, and SARMs that 

are CNS agonists, resulting in HPG suppression.  This research project utilized several 

arylpropionamide SARMs in proof-of-concept animal studies, extending the therapeutic potential 

of SARMs.  Specifically, its objectives were the following: 

I. To determine if a SARM (S-23) is an effective and reversible agent for hormonal male 

contraception.  We hypothesized that S-23, a SARM with potent CNS agonist activity, will 

mimic the ability of testosterone to regulate gonadotropin secretion and testosterone 

biosynthesis and effectively suppress spermatogenesis in male rats while maintaining the 

peripheral needs of androgens in muscle and bone.  We also hypothesized that upon cessation 

of SARM administration, gonadotropin secretion and testosterone synthesis will return to 

normal and spermatogenesis will ensue. 

II. To determine if a series of arylpropionamide SARMs are effective in maintaining sexual 

motivation in ovariectomized female rats.  Transdermal testosterone preparations have 

enhanced sexual desire in women.  However, this desired outcome is accompanied with 

unwanted steroid-related side effects.  We hypothesized that SARMs will mimic the effects 
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of transdermal testosterone administration in female sexual motivation and that it is at least 

partially mediated via the AR.  This will be determined utilizing the partner preference 

paradigm.   

III. To determine if AR pan-antagonists can be developed by adding bulk to the B-ring.  

Mutations in the AR often change the binding conformation of antiandrogens to adopt that of 

an agonist binding, thus conferring agonist activity.  Combining knowledge of the R-

bicalutamide W741L mutant AR complex with DHT bound wild-type AR, we hypothesized 

that adding bulky substituents to the B-ring may result in pan-antagonism of the various 

mutations of the AR. 

IV. To determine the mechanism by which SARMs inhibit glucocorticoid-induced and castration-

induced muscle atrophy.  The tissue selective properties of SARMs are well established; 

however, the mechanism by which SARMs inhibit muscle catabolism and promote muscle 

protein synthesis remains largely unknown.  We hypothesized that SARMs will inhibit 

muscle catabolism by reducing the up-regulation of muscle-specific ubiquitin ligases. 
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Figure 1.1.  Hypothalamus-Pituitary-Gonadal Axis  

 

Production of gonadal steroid hormones is regulated by hormones produced in the hypothalamus 
(gonadotropin releasing hormone: GnRH) and pituitary (luteinizing hormone: LH; and follicle 
stimulating hormone: FSH).  (+) represents positive feedback and (-) negative feedback.  Figure 
adapted from Goodman and Gilman’s Pharmacological Basis of Therapeutics (83). 
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Figure 1.2.  Physiological Actions of Testosterone and its Metabolites 

 

Schematic representation of metabolism sites of testosterone and physiological actions of 
testosterone and its active metabolites.  Figure adapted from Neischlag et al (84) and Gao et al 
(85). 
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Figure 1.3.  Structural Organization of the Human Androgen Receptor 

 

Schematic representation of the 110 kD hAR.  NTD: N-terminal domain; DBD: DNA binding 
domain; LBD: ligand binding domain.  Figure adapted from Gao et al (85). 
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Figure 1.4.  Chemical Structures of Steroidal Androgens 
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Name Chemical Structure RBA 
(%) 

In vitro 
Activity 

(%) 
Emax (LA) ED50 (LA) Emax (VP) ED50 (VP) F (%) 

R-Bicalutamide 
  

N
H

S

O

H3C OH

NC

F3C

F

O

O

A B

 

0.69 NA NA NA NA NA NA 

Acetothiolutamide 
 

N
H

S

O

H3C OH

NC

F3C

H
N

O

 

4.1* 
(31) 50 NA NA NA NA NA 

S-4 
  

N
H

O

O

H3C OH

O2N

F3C

H
N

O

 

3.3* 
(32) 93 101  

(TP: 104) 
0.14  

(TP: 0.13) 
35.2  

(TP: 121) 
0.43  

(TP: 0.13) 100 

S-1 
  

N
H

O

O

H3C OH

O2N

F3C

F

 

5* 
(32) 43 74.9 0.44 14.5 0.42 55-60 

96 S-23 
  

N
H

O

O

H3C OH

NC

F3C

Cl

F

 

26.5 96 139 0.079 138 0.43 

Binding affinities (RBAs) are expressed relative to DHT.  In vitro functional activity is the percentage induced by 10 nM of the respective AR 
ligand, compared to 1 nM DHT.  In vivo activity was determined in a 14 day PD study in castrated male rats.  LA: levator ani; VP: ventral 
prostate. 

 

Table 1.1.  Activity of Steroidal and Nonsteroidal Ligands 

* RBA calculated assuming the Ki of DHT was 0.2 nM. 
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Chapter 2 

An Effective and Reversible SARM for Hormonal Male Contraception 

 
 
 
2.1. Introduction 

The ultimate goal of hormonal male contraception is to suppress LH and FSH, via the 

HPG axis, resulting in depletion of intratesticular testosterone and suppression of 

spermatogenesis, while replacing the physiological need for androgens using an androgen 

preparation (84).  Although 90-100% of Asian men receiving testosterone-alone regimens 

achieved azoospermia, this regimen was not highly effective in non-Asian men (~ 60% 

azoopermia) (40, 41).  As such, clinical trials using testosterone in combination with progestins or 

GnRH analogs are widely viewed as the most promising approach to hormonal male 

contraception (86, 87).  Identification of orally available androgens with the ability to mimic the 

beneficial anabolic effects of testosterone at doses that do not support spermatogenesis would be 

a significant step toward achieving this goal. 

We previously synthesized a novel SARM (C-6), which bears a para-nitro substituent on 

the A-ring, a para-chloro group and a meta-fluoro group on the B-ring (Figure 2.1), that was 

identified as the first arylpropionamide SARM that exhibited potent ability to regulate 

gonadotropin and testosterone levels in castrated and intact male rats, respectively (48).  

Pharmacokinetic studies showed that C-6 is orally bioavailable (76%) with a moderate terminal 

half-life (6.3 h) at a dose of 10 mg/kg in male rats.  Additional pharmacologic studies of C-6 

demonstrated its profound effects on spermatogenesis in intact male rats after 70-days of 

treatment at 1 mg/day (48).  However, in vivo metabolism studies revealed that the major 

metabolites arose from step-wise reduction of the nitro group on the A-ring of the 

arylpropionamide SARM backbone (Figure 2.1).  Although structure-activity relationship studies 

showed that changing the para-nitro group on the A-ring to a cyano group (S-23) slightly 

decreased the AR binding affinity and in vitro functional activity (33), this modification 

significantly improved in vivo pharmacokinetic properties and efficacy of closely related 

arylpropionamide SARMs (88). 
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In the current studies, we examined the in vitro and in vivo characteristics of S-23, 

including in vitro AR binding affinity, AR-mediated transcriptional activation, and 

pharmacologic activity in castrated and intact male rats.  Although such an agent is most likely to 

be used in combination with a progestin for oral male contraception in humans, we first examined 

the effects of S-23 in male rats when co-administered with a low dose of estradiol benzoate (EB), 

previously shown to be sufficient to support sexual behavior when administered with DHT (89-

91) .  Male rats require estrogen to maintain normal sexual behavior, while androgen alone 

appears to be the major determinant of human male sexual behavior (90, 92-94).  As such, we 

assessed the endocrine, pharmacologic, and reproductive effects of S-23 at doses ranging from 

0.05 to 0.75 mg/day when combined with EB (5 µg/day) by daily subcutaneous (sc) injection for 

70 days.  The anti-reproductive activity of S-23 was evaluated by its ability to suppress 

spermatogenesis and prevent pregnancy in mating trials.  The effects of S-23 on body weight, 

androgen-dependent organ weights, body composition, and endocrine hormones were also 

determined.  In addition, the reversibility of the contraceptive regimen was determined by 

maintaining the rats for more than a full spermatogenic cycle following treatment with a 

subsequent mating trial.  These studies are the first to demonstrate that an arylpropionamide 

SARM can be used as a component of an effective and reversible oral male contraceptive 

regimen. 

 

2.2. Materials and Methods 

2.2.1 Experimental Animals 

All male and female Sprague-Dawley rats were purchased from Harlan Bioproducts for 

Science (Indianapolis, IN).  Animals were maintained on a 12hour light/dark cycle with food and 

water available ad libitum.  The animal protocols were reviewed and approved by the Institutional 

Laboratory Animal Care and Use Committee of The Ohio State University. 

 

2.2.2 In Vitro AR Binding Affinity  

Cytosolic AR was prepared from the ventral prostates of male Sprague-Dawley rats 24 

hours after castration.  The AR binding affinity of S-23 was determined using a radio-labeled 

competitive binding assay.  Briefly, an aliquot of AR cytosol was incubated with 1 nM 

[3H]mibolerone (MIB; PerkinElmer, Waltham, MA) and 1 mM triamcinolone acetonide at 4° C 

for 18 hours in the absence or presence of 10 increasing concentrations of the compound of 

interest (10-1 to 104 nM).  Nonspecific binding of [3H]MIB was determined by adding excess 

unlabeled MIB (1000 nM) to the incubate in separate tubes.  After incubation, the AR-bound 
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radioactivity was isolated using the HAP method (95).  The bound radioactivity was then 

extracted from HAP and counted.  The specific binding of [3H]MIB at each concentration of the 

compound of interest was calculated by subtracting the nonspecific binding of [3H]MIB  and 

expressed as the percentage of the specific binding in the absence of the compound of interest 

(B0).  The concentration of the compound that reduced B0 by 50% (i.e. IC50) was determined 

using WinNonlin (Pharsight Corp., Mountain View, CA).  The equilibrium binding constant (Ki) 

of the compound of interest was calculated by Ki = Kd x IC50/(Kd + L), where Kd is the 

dissociation constant of [3H]MIB  (0.19 ± 0.01 nM) and L is the concentration of [3H]MIB  used 

in the experiment (1 nM).  The Ki value of each compound of interest was further compared.  

Relative binding affinities (RBA) are expressed relative to DHT (100%). 

 

2.2.3 In Vitro Transcriptional Activity 

The in vitro functional activities of nonsteroidal ligands were determined by the ability of 

each ligand to induce AR-mediated transcriptional activation in a co-transfection system.  On day 

1, CV-1 cells at 90% confluency were transiently transfected in T-125 flasks.  The transfection 

was carried out in serum-free DMEM (Hyclone, Logan, UT) using LipofectAMINE (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instruction.  Cells in each flask were transfected 

with 0.8 µg of a human AR expression construct (pCMVhAR), 4 µg of an androgen-dependent 

luciferase reporter construct (pMMTV-Luc), and 4 µg of a β-galactosidase expression construct 

(pSV- β- galactosidase; Promega Corp.) for 10 hours.  Cells were allowed to recover for 12 hours 

and were then seeded into 24-well plates at a density of 8 x 104 cells/well and allowed to recover 

for an additional 10 hours before drug treatment.   

Activity of each compound of interest (final concentrations ranging from 1-1000 nM) 

was determined by incubating cells in the absence of 1 nM DHT.  In each experiment, vehicle 

control and positive control (activity induced by 1 nM DHT) were included.  Previous 

experiments in our laboratory determined that the lowest concentration of DHT (Sigma Aldrich, 

St. Louis, MO) that produced maximal AR-mediated transcriptional activation was 1 nM (30).  

Therefore, in the present study, the transcriptional activation induced by this concentration of 

DHT was set as 100% and used as the reference for quantifying agonist activity of C-6 and S-23.  

After drug treatment (24 hours), cells were washed with ice-cold PBS twice and lysed with 110 

µL/well of passive lysis buffer for 30 minutes at room temperature.  An aliquot (50 µL) of cell 

lysate from each well was used for luciferase assays.  Transcriptional activity in each well was 

calculated as the ratio of luciferase activity to β-galactosidase activity to avoid variations caused 
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by cell number and transfection efficiency.  Transcriptional activity induced by each compound 

of interest was expressed as the percentage of transcriptional activity induced by 1 nM DHT. 

 

2.2.4 In Vivo Pharmacologic Activity of S-23 in Castrated Rats 

The in vivo pharmacologic activity of S-23 was examined in thirty (n = 5/group) male 

Sprague-Dawley rats weighing approximately 200 grams.  Animals were castrated via scrotal 

incision under anesthesia (87 mg/kg ketamine and 13 mg/kg xylazine in saline, ip) 24 hours prior 

to drug treatment and received daily subcutaneous (sc) injections of S-23 at dose rates of 0.01, 

0.05, 0.1, 0.5, 1, and 3 mg/day for 14 days.  S-23 was freshly dissolved in vehicle containing 

dimethylsulfoxide (DMSO; 5%, v/v; Sigma Aldrich) in polyethylene glycol 300 (PEG 300; 

Sigma Aldrich) before daily administration.  An additional two groups of animals with or without 

castration received vehicle only and served as castrated or intact control groups, respectively.  

Animals were sacrificed at the end of treatment.  Plasma samples were collected and stored at -

80° C until use.  The ventral prostate, seminal vesicles, and levator ani muscle were removed, 

cleared of extraneous tissue, and weighed.  All organ weights were normalized to body weight 

and compared.  The weights of prostate and seminal vesicles were used to evaluate androgenic 

activity, while the levator ani muscle weight was used as a measure of anabolic activity. Non-

linear regression analysis was performed to obtain the maximal response (Emax) induced by S-23 

and the dose of S-23 that induced 50% of the maximal response (ED50), using the sigmoid Emax 

model with a baseline effect parameter and WinNonlin software.  No upper or lower boundary 

was used for this modeling. 

 

2.2.5 Pharmacokinetics of S-23 in Rats 

The pharmacokinetics of S-23 was examined in male Sprague-Dawley rats weighing 

approximately 250 grams after a dose of 10 mg/kg by intravenous injection or oral gavage.  A 

catheter was implanted into the right external jugular vein of each animal 24 hours prior to drug 

administration.  S-23 was dissolved in a vehicle containing DMSO (10%, v/v) in PEG 300 and 

administered to animals through the jugular vein catheter (iv group) or oral gavage (po group) at a 

volume of 100 µL per dose.  For animals in the iv group, the catheter was flushed three times 

with saline (3× the volume of the dosing solution) before blood sampling.  Blood samples (~ 200 

μL) were then withdrawn through the jugular vein catheter at 5, 10, 20, 30, 60, 120, 240, 360, 

480, 720, 1440, 1800, 2160, and 2880 minutes after the iv dose and at 20, 30, 60, 90, 120, 180, 

240, 360, 480, 720, 1440, 1800, 2160, and 2880 minutes after the po dose.  An aliquot of saline 

equal to the volume of blood withdrawn was administered to each animal after each sample 
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collection.  Blood samples were immediately centrifuged at 1,000 g, 4° C for 10 minutes.  Plasma 

samples were prepared and stored at -20° C until HPLC analysis.  Stability of S-23 in plasma at 

room temperature for 48 hours and at -20° C for 30 days was determined to be within 10% of a 

fresh analytical sample. 

An aliquot (90 μL) of each plasma sample from the pharmacokinetic study was spiked 

with 10 μL of an internal standard (C-3, a structural analog of S-23), and mixed well with 1 mL 

of acetonitrile (Sigma Aldrich).  After centrifugation at 16,000 g, 4° C for 10 minutes, the 

supernatant was collected and evaporated.  The residues were reconstituted in 200 μL of mobile 

phase.  An aliquot of each sample was injected into a Nova-pak C18 column (3.9 × 150 mm, 4 μm 

particle size; Waters Corporation, Milford, MA).  The HPLC system consisted of a solvent pump, 

a degasser, an autosampler, and a UV detector (model 1100, Agilent Technologies, Palo Alto, 

CA).  HPLC separation was performed using an isocratic mobile phase (water/acetonitrile: 50/50, 

v/v) at a flow rate of 1 mL/min.  The UV absorbance of eluents was monitored at 296 nm.  

Calibration standards were prepared in blank rat plasma with S-23 concentrations ranging from 

0.1 ~ 50 μg/mL with the limit of quantitation at 0.1 μg/mL.  

The plasma concentration-time data were analyzed using noncompartmental methods in 

the WinNonlin software.  The terminal half-life (t1/2) was calculated as t1/2 = 0.693/λ, where λ was 

the terminal elimination constant.  The area under the plasma concentration-time curve (AUC0-∞) 

was calculated using the trapezoidal method with extrapolation to time infinity.  The plasma 

clearance (CL) was calculated as CL = Doseiv/AUC0-∞, iv, where the Doseiv and AUC0-∞, iv were the 

iv dose and the corresponding area under the plasma concentration-time curve from time 0 to 

infinity, respectively.  The apparent volume of distribution at equilibrium (Vdss) was calculated as 

Vdss = CL·MRT, where the MRT was the mean residence time following the iv bolus dose.  The 

peak plasma concentration (Cmax) and time to reach the peak concentration (Tmax) after a po dose 

were obtained directly from the plasma concentration-time curves.  Oral bioavailability (Fpo) was 

defined as Fpo = AUC0-∞, po/AUC0-∞, iv where the AUC0- ∞, po is the corresponding area under the 

plasma concentration-time curve from time 0 to infinity after oral administration. 

 

2.2.6 Effects of S-23 on Spermatogenesis and Endocrine Physiology in Intact Rats 

Forty-two male Sprague-Dawley rats (90 days old) were randomly assigned to seven 

groups (n = 6/group).  All doses were administered via sc injection (100 µL/day).  Group 1 was 

the intact control group and received vehicle alone (5% DMSO + 95% PEG 300). Group 2 was 

the EB control group and received EB alone at a dose of 5 μg/day.  In addition to EB (5 μg/day), 
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animals in groups 3 through 7 were treated with S-23 at dose rates of 0.05, 0.1, 0.3, 0.5, and 0.75 

mg/day, respectively.  A pilot study with a structurally similar analog (C-6) alone was tested for 

hormonal male contraception at a single dose of 1 mg/day.  In that study, partial but marked 

suppression of spermatogenesis was observed after 10 weeks of treatment in intact male rats (48).  

However, the effects of C-6 alone on fertility could not be evaluated due to the fact that the 

presence of estrogen is essential to maintain normal sexual behavior in rats.  Thus, S-23 was co-

administered with a low dose of EB in order to evaluate its contraceptive efficacy and avoid 

potential confounding effects related to libido. 

Compounds were freshly prepared immediately before dosing and delivered to animals 

daily for 70 days.  Although S-23 shows high oral bioavailability, sc dosing was used for these 

studies to lessen animal handling, stress, and morbidity during long-term treatment.  Mating trials 

were conducted during the last week of treatment for animals in groups 1, 2, 4, and 5 to assure 

that the animals in each group demonstrated appropriate mounting and copulatory behavior.  

During the last week of treatment, individual male rats from groups 1, 2, 4, and 5 were 

cohabitated with two sexually active female rats.  The number of mounts, mount latency, and 

intromissions were recorded.  Female rats were individually housed after mating trials with free 

access to water and standard food chow.  The female rats were allowed to bring the pregnancy to 

term.  Upon delivery, the number of successful pregnancies was counted.  A male rat was defined 

as fertile if it impregnated either one or two female partners.  Total body composition of each 

animal was determined using dual energy x-ray absorptiometry (DEXA; GE, Lunar Prodigy™) 

one day prior to the end of treatment.  Body weight (BW), total body BMD, percent fat mass 

(FM), and fat free mass (FFM) were determined using the small animal software (Lunar 

enCORE, version 6.60.041).  For scanning, animals were anesthetized with ketamine:xylazine 

(87:13 mg/kg) and positioned in a prone position.  The total body data was obtained by selecting 

an area encompassing the entire animal as the region of interest during data processing.  

At the end of treatment, animals were sacrificed under anesthesia.  Body weight was 

recorded at autopsy.  Prostate, seminal vesicles, right testis, and right epididymides (divided in 

the middle of corpus epididymis to caput and cauda epididymis) were collected and weighed.  All 

organ weights were normalized to body weight and compared.  Blood samples were collected in 

Falcon tubes, maintained at room temperature for 40 minutes, and centrifuged at 3,000 g for 10 

minutes to prepare serum samples.  Serum samples were aliquoted and stored at -80° C until 

analysis.  One testis from each rat was removed and weighed.  After decapsulation, testicular 

parenchyma was homogenized in a volume of phosphate-buffered saline that was equivalent to its 

weight (assuming a density of 1 g/mL).  An aliquot of each testicular homogenate was used to 
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count advanced spermatids (step 17-19) in each testis using a hemacytometer.  Results are 

expressed as million sperm per testis.  The remaining testicular homogenates were centrifuged at 

3,000 g for 10 minutes.  The supernatant of each sample was collected and used to determine the 

intratesticular testosterone concentrations.  

An additional study was conducted in separate animals to determine the reversibility of 

S-23.  Forty-two male rats were treated identically as that stated above.  Every rat was 

cohabitated with two sexually active females.  However, following the mating trial, the rats were 

maintained for an additional 70 days without treatment, after which a second (day 140) mating 

trial was performed to establish fertility rates.  A third and final mating trial was performed on 

day 168 for seven animals that were deemed infertile on day 140. 

 

2.2.7 Hormone Assays 

Serum levels of LH and FSH and intratesticular testosterone concentrations were 

measured by the University of Virginia, Center for Research in Reproduction (Charlottesville, 

VA) using radioimmunoassay (RIA) kits validated for use in rodent samples. The lower limit of 

quantitation for LH, FSH, and intratesticular testosterone RIA kits were 0.040, 1.0, and 0.025 

ng/mL, respectively.  Testosterone concentrations in serum were measured with a commercially 

available enzyme immunoassay (EIA) kit (DSL, Webster, TX) in one study only (i.e. the 

spermatogenesis and fertility study described in Section 2.2.5 above and serum testosterone data 

in Table 2.3).  The detection limit of the EIA kit is 7.5 pg/mL.  Although the EIA was not 

validated for use with rodent serum samples, serum concentrations of testosterone in this study 

(Table 2.3) were within expected ranges based on LH and intratesticular concentrations of 

testosterone measured using the validated RIA method.  Testosterone concentrations in serum for 

the reversibility study (data in Table 2.6) were determined using the validated RIA method. 

 

2.2.8 Statistical Analyses 

All statistical analyses were performed using single-factor analysis of the variance 

(ANOVA) followed by Dunnett’s multiple comparison test.  Tests in which p < 0.05 were 

considered as statistically significant differences.  

 

2.3. Results 

2.3.1 In Vitro AR Binding Affinity and Transcriptional Activity of S-23 

AR binding affinity was determined using a competitive binding assay with DHT as the 

positive control.  The Ki of DHT was 0.45 ± 0.2.  S-23 had a RBA of 26.5% (Figure 2.1).  S-23 
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was structurally modified from C-6 by changing the para-nitro group of the A-ring to a cyano 

group, resulting in about 2-fold lower binding affinity than that of C-6 (RBA of 9.2%).  This 

result was inconsistent with previous structure-activity relationships for the aryl propionamide 

SARMs, in which five pairs of compounds with cyano-substituents at the para-position of the A-

ring exhibited lower AR binding affinity than their corresponding nitro-substituted counterparts 

(96), but suggested that S-23 would demonstrate promising in vivo pharmacologic activity.  

The ability of S-23 to induce AR-mediated transcriptional activation was determined 

using a co-transfection assay in CV-1 cells.  Upon binding to the AR, S-23 induced a 

concentration-dependent increase in AR-mediated transcriptional activation (data not shown).  

Data listed in Figure 2.1 represents the transcriptional activity induced by each compound at 10 

nM and reported as the percentage of activity observed for 1 nM of DHT.  Both C-6 and S-23 

were identified as full AR agonists in vitro.  Although the transcriptional activation induced by C-

6 was higher than that of S-23, the difference was not statistically significant.  

 

2.3.2 In Vivo Pharmacologic Activity of S-23 in Castrated Rats 

The in vivo pharmacologic activity of S-23 was initially evaluated in castrated male rats 

after 14-days of treatment.  Figure 2.2 shows the androgenic activity (prostate and seminal 

vesicles) and anabolic activity (levator ani muscle) of S-23 in castrated male rats at doses ranging 

from 0.01 mg/day to 3 mg/day.  After castration, the weight of prostate, seminal vesicles, and 

levator ani muscle decreased significantly to 5.7%, 6.5%, and 35% of control values in intact 

animals, respectively.  Administration of S-23 to castrated animals caused a dose-dependent 

increase in androgen-dependent organ weights.  At a dose rate of 1.0 mg/day, S-23 was able to 

maintain the prostate and seminal vesicles at weights equal to or greater than that observed in 

intact animals.  Notably, at a dose rate as low as 0.1 mg/day, S-23 was able to selectively 

maintain the weight of the levator ani muscle at the intact control level, while its effects on the 

prostate and seminal vesicles were lower than 30% of that observed in intact controls.  The Emax 

of S-23 in the prostate, seminal vesicles, and levator ani muscle was 138 ± 21%, 144 ± 1%, and 

139 ± 4% of those observed in intact controls, respectively (Figure 2.3).  Accordingly, the ED50 

of S-23, calculated by non-linear regression of the dose-response relationship in the prostate, 

seminal vesicles, and levator ani muscle was 0.43 ± 0.18, 0.41 ± 0.0070, and 0.079 ± 0.010 

mg/day, respectively.  In comparison to C-6 (48), S-23 demonstrated a 2-fold higher potency 

(ED50) in all three organs without significantly increasing the efficacy (Emax) or changing the 

androgenic/anabolic activity in vivo.  The increase in potency of S-23 in vivo was possibly due to 

its higher AR binding affinity as compared to C-6.  Another possibility was the improved in vivo 
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drug exposure after administration, which would be verified by results of pharmacokinetic 

studies. 

 

2.3.3 Pharmacokinetics of S-23 in Rats 

Following iv administration, S-23 concentrations were high initially, then declined and 

remained detectable until 48 hours after the dose (Figure 2.5).  The mean terminal t1/2 of S-23 in 

male rats was 10.9 hours (Table 2.1). The systemic clearance (CL) and steady state volume of 

distribution (Vdss) were 0.87 mL/min/kg and 655 mL/kg, respectively.  S-23 appeared rapidly in 

the systemic circulation after oral administration.  Oral absorption was prolonged with maximum 

plasma concentrations forming a plateau 6 to 10 hours post-dose.  Plasma concentrations of S-23 

diminished with a mean terminal t1/2 of 11.9 hours.  Statistical analyses revealed no significant 

difference between the two t1/2 values observed after iv and po administration.  The oral 

bioavailability of S-23 following administration was 96 %, indicating near to complete absorption 

after oral dose.  

 

2.3.4 Effects of Treatment on Spermatogenesis and Hormonal Regulation 

After identification of S-23 as a more potent SARM than C-6, the in vivo contraceptive 

activity of this compound was investigated in intact male rats.  To examine the efficacy of male 

contraception, mating trials were designed at the end of treatment.  Previous studies of the effects 

of C-6 on masculine mating behavior showed that it maintains mating behavior in sexually 

experienced rats, but failed to stimulate any mating behavior in sexually naïve male rats after 

long-term castration when administered alone (data not provided).  A small amount of EB in 

combination with a SARM is effective and sufficient to fully restore mating behavior in long-

term castrated male rats.  Animals in group 1 served as vehicle control.  Animals in groups 2 

through 7 were treated with EB at a dose of 5 μg/day in combination with S-23 at doses of 0, 

0.05, 0.1, 0.3, 0.5, and 0.75 mg/day, respectively.  Maintenance of libido plays a key role in the 

success of mating.  EB was included to assure that any differences in reproductive ability of rats 

were not due to deficiencies in sexual libido.  The doses of S-23 were chosen based on the 

pharmacological activity of this compound (administered alone) in castrated male rats, which 

covered the whole range of the therapeutic window (Table 2.2).  

Spermatogenesis was evaluated by counting the number of homogenization-resistant 

advanced (step 17-19) spermatids in the testis from control and drug-treated rats (expressed as the 

number of spermatids per testis).  No differences in the mean sperm counts were observed 

between EB-treated and vehicle control animals (Figure 2.6).  Co-administration of S-23 with EB 
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caused a biphasic effect on sperm counts in the testis, which was consistent with the androgenic 

activity of drug treatment in the peripheral tissues and sexual organs.  The greatest inhibition of 

spermatogenesis was observed in animals that received 0.1 mg/day S-23 plus 5 μg/day EB.  Four 

out of six animals in this group showed no sperm in the testis with barely detectable sperm counts 

in the remaining two animals.  Higher doses of S-23 actually supported spermatogenesis in a 

dose-dependent manner, with 0.75 mg resulting in similar mean sperm counts as those in the EB 

alone and vehicle control groups.  

Intratesticular testosterone levels and serum concentrations of LH, FSH, and testosterone 

were determined using RIA and ELISA assays (Table 2.3).  The average serum concentration of 

LH in the vehicle control group was 0.21 ± 0.050 ng/mL.  Drug treatment caused marked 

suppression of serum LH levels that were below the limit of quantitation (0.04 ng/mL).  The 

average serum concentration of FSH in the vehicle control group was 5.6 ± 1.2 ng/mL.  FSH 

levels were significantly suppressed at the higher doses of S-23 (i.e. groups 6 and 7).  The 

average serum concentration of testosterone in the vehicle control group was 2.2 ± 1.1 ng/mL.  

EB alone caused a significant reduction in the average serum testosterone concentrations, 

reducing it to 0.35 ± 0.37 ng/mL.  In the presence of S-23, serum testosterone levels were further 

suppressed in a dose-dependent manner and were below the detection limit of the assay when 

doses of 0.1 mg/day or higher of S-23 was combined with EB.  Accordingly, drug treatment 

induced a similar trend in the intratesticular testosterone levels (Table 2.3).  The mean 

intratesticular testosterone concentration of animals in the vehicle, EB, and EB plus 0.05 mg of S-

23 groups was 91.4 ± 50.3, 22.8 ± 29.9, and 11.7 ± 14.5 ng/mL, respectively.  Although the 

minimum dose of S-23 to completely suppress intratesticular testosterone was 0.3 mg/day, the 

most remarkable suppression of spermatogenesis was observed in animals treated with 0.1 

mg/day of S-23 plus EB.  Sixty-seven percent of animals in this group achieved no sperm in the 

testis (4/6) while the remaining animals achieved very low sperm counts in the testis (2/6) with an 

average intratesticular testosterone concentration of 4.4 ± 6.6 ng/mL.  Higher doses of S-23 (i.e. 

groups 5, 6 and 7) completely suppressed intratesticular testosterone concentrations.  However, 

spermatogenesis was either partially or completely maintained due to the androgenic activity of 

S-23 at doses of 0.3 mg/day and greater. 

 

2.3.5 Effects of Treatment on Body Composition and Androgen-Dependent Organ Weights 

All EB-treated groups displayed a significant reduction in total body and prostate 

weights, while the total body BMD was slightly greater than that observed in the vehicle control 

group, indicative of the effects of estrogen in the male body (Table 2.4).  Although a statistically 
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significant but small difference was noted at one dose level in each case, co-administration of S-

23 did not result in dose-dependent effects on body weight or BMD, similar to previous results 

when a structurally-related SARM (S-4) was administered alone (i.e., without EB) to rats (82).  

Of note, weights of the testis were significantly less in all of the animals that received S-23, while 

the weight of the levator ani muscle was unaffected.  For direct comparison, all parameters of 

body composition and organ weights were normalized to body weight in the current studies.  

Body composition, as analyzed by DEXA, revealed that treatment with EB alone did not 

significantly alter FM compared to vehicle control (Figure 2.6).  Co-administration of S-23 with 

EB decreased FM in a dose-dependent manner.  FM was significantly less than that of EB control 

at doses of S-23 equal to or greater than 0.3 mg/day and was significantly less than that of vehicle 

control at the highest dose (0.75 mg/day) tested.  In addition, FM linearly correlated with the dose 

of S-23, with R2 = 0.9825.  Correspondingly, the FFM also exhibited a dose-dependent increase 

after administration of S-23 and EB (Figure 2.7).  

 

2.3.6 Mating Trials 

Our pharmacology study showed that the levator ani muscle in castrated rats was 

maintained at the intact control level for animals that received S-23 at a dose between 0.1 to 0.5 

mg/day for 14 days.  As such, we conducted mating studies using doses of 0.1, 0.3, and 0.5 

mg/day of S-23 (i.e., the lowest doses of S-23 that were capable of fully maintaining levator ani 

muscle mass).  Mating and behavior trials were performed during the last week of treatment for 

animals in groups 1, 2, 4, and 5, receiving vehicle, EB alone, EB plus 0.1 mg/day S-23, and EB 

plus 0.3 mg/day S-23, respectively.  There were no differences in the number of mounts, mount 

latency, number of intromissions, or intromission latency between males in groups 1, 2, 4, and 5, 

indicating that the combination of EB and S-23 or EB alone maintained normal sexual behavior.  

The efficacy of hormonal male contraception was evaluated by the fertility rate of male rats in 

these mating trials.  One hundred percent of the animals in the vehicle control group were fertile 

(Table 2.3).  Four out of five (80%) male rats were fertile after treatment with EB alone.  All male 

rats treated with EB plus 0.1 mg/day S-23 were infertile, while only one of the six male rats 

treated with EB plus 0.3 mg/day S-23 was fertile.  

 

2.3.7 Reversibility 

The ability of the rats to restore normal spermatogenesis was determined by maintaining 

the rats for an additional 70 days following treatment.  The body weights and weights of the 

seminal vesicles and testis were restored to that of control (Table 2.5).  In addition, muscle 
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weights were maintained; however, prostate weights remained below that of control.  

Additionally, serum hormone levels as well as mean intratesticular sperm counts returned to that 

of control (Table 2.6).  As a result, an 83% fertility rate was achieved 70 days after termination of 

treatment; however, infertility was fully reversible after 100 days, with a 100% pregnancy rate. 

 

2.4. Discussion 

Among the current experimental methods for male contraception, the most promising 

approach is the hormonal method.  Spermatogenesis is tightly regulated by hormones through the 

hypothalamus-pituitary-testis axis.  The rationale of hormonal male contraception is to suppress 

spermatogenesis by interrupting the action of one or more hormones involved in the 

hypothalamus-pituitary-testis axis, including GnRH, LH, FSH, and testosterone.  Testosterone is 

a logical choice for hormonal contraception since it not only inhibits LH, FSH, and intratesticular 

testosterone levels via its negative feedback mechanism, but it also provides androgens for 

peripheral, extra-genital tissues.  Although testosterone-alone regimens showed an overall high 

efficacy in the Asian population, the rate of azoospermia in the Caucasian population was only 

two thirds of that observed in Asians (40-42).  Other anti-gonadotropin substances, such as 

progestins and GnRH analogs were used in combination with testosterone to achieve more rapid 

and complete suppression of spermatogenesis (97).  For hormonal male contraception, the 

disadvantages of using testosterone include inconvenient routes of administration (e.g., im 

injection or implantation) and untoward effects on the prostate, hematologic system, and lipid 

metabolism.  

In our current studies, multiple in vitro and in vivo assays were used to characterize the 

feasibility of S-23 for hormonal male contraception.  First, S-23 was identified as a potent AR 

agonist with high AR binding affinity and specificity in vitro. In the following in vivo study using 

castrated male rats, S-23 revealed the most potent and efficacious anabolic activity that we have 

observed among the arylpropionamide SARMs with multiple substituents on the B-ring (96).  The 

levator ani muscle weight was maintained at intact control levels by S-23 at doses as low as 0.1 to 

0.3 mg/day in castrated male rats.  Previous masculine behavior studies showed that C-6 alone 

could not fully maintain or induce mating behavior in castrated rats, but that inclusion of 5 μg/day 

of EB in the dosing regimen with C-6 fully restored mating behavior in long-term castrated rats to 

the same extent as that observed in intact control animals (data not provided).  Baum et al. 

previously showed that male rats are dependent on estrogen for normal sexual behavior (90), 

while it appears that estrogens are not essential for human male sexual behavior (98, 99).  

Likewise, Miner et al. recently reported an orally bioavailable SARM that was efficacious in a 
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sexual behavior model using rats concurrently treated with estrogen (100).  In our current 

contraception studies, S-23 and EB combination regimens were used in intact male rats to 

maintain the libido of animals during and after treatment.  The pharmacologic endpoints included 

androgen-dependent organ weights, body composition, total body bone mineral density, 

spermatogenesis, serum levels of LH, FSH, and testosterone, and intratesticular testosterone 

concentrations.  Consistent with previous literature (101, 102), EB alone significantly decreased 

serum LH and testosterone levels.  Consequently, EB alone caused a significant decrease in the 

body weight, reproductive organs, and lean muscle weights, which was due mainly to the 

suppressed circulating levels of testosterone.  In animals that received EB and SARM 

combination regimens, their physiologic needs for androgen were replaced by S-23 as evidenced 

by the fully maintained levator ani muscle and partially maintained prostate and seminal vesicles.  

Furthermore, animals treated with EB and S-23 were leaner than intact controls with lower 

average body weight and significantly less percentage of fat mass.  A high inverse correlation 

existed between the dose rate of S-23 and percentage of fat mass in rats.  Androgen levels were 

negatively associated with leptin concentrations in both man (103) and animals (104, 105).  

Previous reports of another SARM showed that administration significantly decreased leptin 

levels in castrated male rats (106).  The findings from our current studies and previous studies 

(107) support the hypothesis that SARMs may mimic the effects of testosterone on body weight 

and body composition. 

In adult species, testicular size is mainly determined by the intratesticular testosterone 

concentration, which is approximately 30-fold and 100-fold higher than its serum level in rats and 

men, respectively (108, 109).  It is unclear why such a high local concentration of testosterone is 

physiologically needed.  Nevertheless, Zirkin et al showed experimentally that an 80% reduction 

of intratesticular testosterone (20 ng/mL), only 10-fold higher than its serum level (~ 2 ng/mL), 

was sufficient to quantitatively maintain spermatogenesis in adult rats (110).  In the current 

studies, EB alone remarkably suppressed intratesticular testosterone levels to 25% of those in 

intact animals.  However, no significant inhibition in the weights of the testis was observed after 

administration of EB alone, presumably implying that the suppressed intratesticular concentration 

of testosterone was still sufficient to maintain normal spermatogenesis and testicular size.  

Indeed, sperm counts of animals treated with EB alone were similar to those of intact animals.  In 

combination with S-23, testosterone levels were further suppressed in a dose-dependent manner.  

However, the overall effects of such combination regimens on spermatogenesis and testis weight 

were biphasic.  In the absence of testosterone, EB plus higher doses of S-23 fully maintained 

spermatogenesis, suggesting that S-23 achieved sufficiently high intratesticular concentrations to 
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support spermatogenesis at these higher doses.  However, similar biphasic phenomena in 

spermatogenesis observed using testosterone-based hormonal male contraception corroborate this 

conclusion (111).  At the highest dose we studied herein (0.75 mg/day), S-23 demonstrated 

quantitative maintenance of spermatogenesis with an average subnormal testicular weight of 75 ± 

7% of that observed in vehicle-treated animals.  This finding is consistent with a number of 

studies using testosterone to restore spermatogenesis in rats made azoospermic either by 

hypophysectomy or gonadotropin withdrawal (110, 112-114).  A possible explanation is that 

measurement of homogenization resistant sperm heads overestimates the true sperm counts 

caused by abnormal retention or failed release of step 19 spermatids beyond stage VIII, the most 

subtle abnormal changes of spermatogenesis associated with various experimental conditions 

(115, 116).  Decreases in testis size are commonly observed during treatment with exogenous 

androgens, and appear to be directly related to decreases in sperm count (117).  Animals that 

received EB plus 0.1 mg/day S-23 were infertile as hoped, and testis weights in these animals 

indeed decreased to 34% of that observed in vehicle control males.  Doses of EB plus 0.05 or 0.3 

mg/day S-23 resulted in very low sperm counts in the testis and unacceptable rates of infertility, 

demonstrating that a very narrow therapeutic dose range to achieve no sperm in the testis and 

infertility exists when using a hormonal contraceptive based on androgen alone.  Drug 

development issues with regard to targeting this narrow therapeutic window (i.e., high enough to 

stop LH production, but not high enough to support spermatogenesis) in men of differing age, 

weight, medication compliance, and ethnicity represent a significant challenge toward 

development of an androgen-only male pill.  Our studies suggest that use of an androgen alone 

(orally or parenterally) for male contraception may be problematic, but that combination of an 

orally available SARM (i.e. S-23) with an orally available progestin (to suppress LH and thus 

widen the therapeutic window for SARM action) represents a logical and likely feasible way to 

achieve oral male contraception. 

Furthermore, treatment with EB plus 0.75 mg/day S-23 (group 7) not only suppressed LH 

levels, but also significantly suppressed FSH concentrations.  FSH plays a key role in 

spermatogenesis by maintaining the amount of sperm produced in adult male rats (118).  It is 

likely that suppression of FSH contributes to the reduction of sperm counts as evidenced by S-23 

alone or in combination with EB.  Additionally, synergistic effects of testosterone and estradiol 

on suppression of spermatogenesis were reported both in the rat (119) and man (120).  It remains 

unknown whether a SARM and estradiol have similar synergistic and inhibitory effects on 

spermatogenesis.  
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The effect of S-23 on androgen-dependent tissue weights and suppression of 

spermatogenesis was reversible as evidenced by the ability of these tissues to return to that of 

control in the absence of exogenous androgen administration. Restoring serum hormones and 

therefore mean sperm counts to that of control indicates that normal spermatogenesis ensued. 

Therefore, as expected, all male rats were fertile after termination of treatment with S-23 plus EB. 

In summary, S-23 was identified as a potent and efficacious SARM in castrated male rats 

with significantly higher anabolic activity than androgenic activity.  In intact male rats, S-23 plus 

EB demonstrated potential use for hormonal male contraception.  Either no sperm in the testis or 

very low sperm in the testis was successfully achieved in animals that received combination 

treatment of EB plus 0.1 mg/day S-23.  A 100% infertility rate was observed in the efficacy 

study.  Unlike testosterone, which showed biphasic effects in the testis and eipdidymides and 

nonselective increases in peripheral reproductive tracts (e.g., prostate and seminal vesicles), S-23 

only displayed biphasic effects in the organs mentioned above.  Additionally, S-23 selectively 

increased levator ani muscle weight and decreased the percentage of fat mass. After termination 

of treatment, serum hormones and mean sperm counts returned to that of control, resulting in 

100% pregnancy rates in all treatment groups.  These results indicate that the effect of S-23 plus 

EB on spermatogenesis is completely reversible.  In conclusion, this is the first study to show that 

no sperm in the testis can be induced using an EB-SARM combination therapy in which EB was 

used to maintain libido without affecting quantitative spermatogenesis.  This effective therapy 

selectively decreased weights of the prostate, seminal vesicles, testis, and epdidymides, retained 

muscle weight, percent of fat and fat-free mass, and increased BMD.  S-23 also demonstrated 

high oral bioavailability (96%).  The identification of a SARM with these promising 

pharmacologic and pharmacokinetic characteristics represents an important step toward the male 

pill, but much remains to be done. 
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Compound R RBA (%) In vitro Activity (% 
of DHT) 

C-6 NO2 9.2 118 ± 19 
S-23 CN 26.5 96 ± 23 

 

Figure 2.1.  Chemical Structures, AR Binding Affinity, and In Vitro Transcriptional Activity of 
C-6 and S-23

 

AR binding affinity was determined using a radioligand competitive assay.  The ability of the 
compound of interest to induce AR-mediated transcriptional activation was determined using a 
co-transfection assay.  The transcriptional activity induced by each compound at a concentration 
of 10 nM was reported as the percentage of that observed for 1 nM DHT.  Data presented as mean 
± SD (n = 3).   
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Prostate Seminal Vesicles Levator Ani  
Figure 2.2.  Pharmacologic Activity of S-23 in Castrated Male Rats 

 

S-23 was administrated to animals via daily sc injections for 14 days with doses ranging from 
0.01 mg/day to 3 mg/day.  All organ weights were normalized to body weight and presented as 
the percentage of intact control.  Data presented as mean ± SD (n = 5/group).  
* Indicates a significant difference from vehicle-treated, intact control group, with p < 0.05.

 31



Dose rate of S-23 (mg/d)

0.0 0.5 1.0 2.5 3.0

%
 o

f i
nt

ac
t c

on
tro

l

0

20

40

60

80

100

120

140

160

180

Prostate 
Seminal Vesicles 
Levator Ani 

 Prostate Seminal Vesicles Levator ani 
Emax 138 ± 21% 144 ± 1% 139 ± 4% 
ED50 0.43 ± 0.18 0.41 ± .007 0.08 ± 0.01  

Figure 2.3.  Dose-response Curves of S-23 in Castrated Rats 

 

Emax and ED50 were obtained by nonlinear least-square regression analysis.  Data presented as 
mean ± SD (n = 5).
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Figure 2.4.  Pharmacologic Activity of S-23 in Intact Male Rats 

 

S-23 was administrated to animals via daily sc injections for 14 days with doses ranging from 
0.01 mg/day to 1 mg/day.  All organ weights were normalized to body weight and presented as 
the percentage of intact control.  Each bar represents the mean ± SD (n = 5).  * Indicates a 
significant difference from vehicle-treated, intact control group, with p < 0.05. 
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Figure 2.5.  Mean Plasma Concentration-Time Profile of S-23 in Rats 

 

Closed and open diamonds represent iv and po routes, respectively.  Data presented as mean ± SD 
(n = 4 or 5/group).
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Parameter 10 mg/kg, iv 10 mg/kg, po 

AUC0→∞ (min, µg/L) 11.3 ± 0.33 10.8 ± 0.66 
λz (min-1) 0.00153 ± 0.00017 0.0014 ± 0.000156 

MRT (min) 751 ± 67 879 ± 61 
CL (mL/min·kg) 0.87 ± 0.02  

Vss (mL/kg) 655 ± 78  
F po (%)  95.9 

Tmax (min)  252 ± 137 
Cmax (µg/mL)  9.4 ± 0.7 

CL/F (mL/min·kg)  0.90 ± 0.06 
Vss/F (mL/kg)  649 ± 68 

 

Table 2.1.  Pharmacokinetic Parameters of S-23 in Male Rats 

 

AUC0-∞
: area under the plasma concentration-time curve from time 0 to infinity; λ: terminal 

elimination constant; CL: plasma clearance; Vss: apparent volume of distribution at equilibrium; 
Fp.o.: oral bioavailability; Tmax: time to reach the peak concentration (Cmax).  Data presented as 
mean ± SD (n = 4 or 5/group). 
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Dose LH (ng/mL)  FSH (ng/mL) 
(mg/d) Intact Castrated  Intact Castrated 

 0.58 ± 0.14C 11.0 ± 1.71I  5.6 ± 1.1C 43.4 ± 8.6I

0.01 0.58 ± 0.15C 10.9 ± 2.28I  5.5 ± 1.9C 42.0 ± 4.7I

0.03 0.37 ± 0.13I,C 11.45 ± 2.46I  6.0 ± 1.1C 52.0 ± 17.9I

0.1 0.25 ± 0.16I,C 2.29 ± 2.06C  4.8 ± 0.8C 24.3 ± 14.5I,C

0.3 0.08 ± 0.04I,C 0.06 ± 0.04I,C  4.0 ± 0.6I,C 6.1 ± 1.4C

0.75 <0.04I,C <0.04I,C  4.2 ± 1.1C 6.0 ± 0.3C

1 <0.04 I,C <0.04I,C 3.3 ± 0.5I,C 6.6 ± 1.1C 
 

Table 2.2.  Effects of S-23 on LH and FSH in Intact and Castrated Rats 

 

Rats were treated for 14 days via sc injection and serum LH and FSH concentrations were 
measured.  Data presented as mean ± SE (n = 5/group).  I and C Indicates a significant difference 
between the group and intact control group or castrated control group, respectively, with p < 0.05. 
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Figure 2.6.  Testicular Sperm Concentrations 

 

Rats were treated for 70 days via sc injection.  Testicular parenchyma was homogenized and 
advanced spermatids counted.  Data presented as mean ± SD (n = 5 or 6/group). I and E Indicates a 
significant difference between the group and vehicle-treated, intact control group and estrogen-
treated group, respectively, with p < 0.05. 
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Group EB 
(µg/day) 

S-23 
(mg/day) Animals LH (ng/mL) FSH 

(ng/mL) 

Serum 
Testosterone 

(ng/mL) 

Intratesticular 
Testosterone 

(ng/mL) 

Number of 
Pregnancies 

1 -- -- 6 0.21 ± 0.050 5.6 ± 1.2 2.2 ± 1.1 91 ± 50 12/12 
2 5 -- 5 < 0.04 I 5.2 ± 0.43 0.35 ± 0.37 I 23 ± 30 I 8/10 
3 5 0.05 6 < 0.04 I 4.8 ± 1.4 0.092 ± 0.12 I, E 12 ± 15 I, E ND 
4 5 0.1 6 < 0.04 I 4.8 ± 0.90 < 0.0075 I 4.4 ± 6.6 I, E 0/12 
5 5 0.3 6 < 0.04 I 4.3 ± 1.5 < 0.0075 I < 2.5 I 2/12 
6 5 0.5 6 < 0.04 I 3.4 ± 0.30 I, E < 0.0075 I < 2.5 I ND 
7 5 0.75 6 < 0.04 I 3.6 ± 0.46 I, E < 0.0075 I < 2.5 I ND 

 

Table 2.3.  Effects of S-23 on Hormones and Fertility 

 

Rats were treated for 70 days via sc injection.  Data presented as mean ± SD.  ND: not determined.  I and E Indicates a significant difference 
between the group and intact control group or EB control group, respectively, with p < 0.05.38 
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Group EB 
(µg/day) 

S-23 
(mg/day) Animals Body 

Weight (g) BMD (g/cm2) 
Prostate (% 

of intact 
control) 

Seminal 
Vesicles (% of 
intact control) 

Testis (% of 
intact control) 

Levator Ani 
Muscle (% of 
intact control) 

1 -- -- 6 423 ± 29 0.17 ± 0.006 100 ± 20 100 ± 7.5 100 ± 10 100 ± 15 
2 5 -- 5 351 ± 8 I 0.18 ± 0.004 I 46.9 ± 15 I 28.1 ± 12 I 94 ± 10 62 ± 5.6 I
3 5 0.05 6 379 ± 20 I 0.19 ± 0.004 I, E 34.4 ± 7.6 I 23.9 ± 7.6 I 69 ± 14 I, E 90 ± 11 E
4 5 0.1 6 376 ± 26 I 0.18 ± 0.004 I 31.1 ± 6.6 I 21.8 ± 5.3 I 34± 3.8 I, E 97 ± 15 E
5 5 0.3 6 387 ± 25 I, E 0.19 ± 0.009 I 45.1 ± 5.3 I 52 ± 8.7 I, E 45 ± 3.9 I, E 100 ± 3.8 E
6 5 0.5 6 351 ± 9 I 0.18 ± 0.004 I 78.2 ± 5.6 I, E 89 ± 4.8 E 63 ± 6.3 I, E 123 ± 8.5 I, E
7 5 0.75 6 344 ± 11 I 0.18 ± 0.004 I 131 ± 8.1 I, E94.7 ± 89.2 E 113 ± 12 I, E 75 ± 7.2 I, E

Rats were treated for 70 days via sc injection.  Data presented as mean ± SD.  I and E Indicates a significant difference between the group and 
intact control group or EB control group, respectively, with p < 0.05.

 
Table 2.4.  Effects of Treatment on Body Weight, BMD and Androgen-Dependent Tissue Weights 
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Figure 2.7.  Linear Correlation Between the Dose Rate of S-23 and Body Composition 
(percentage of fat mass and percentage of fat-free mass)

 

Rats were treated for 70 days via sc injection and DEXA scanned.  Data presented as the mean ± 
S.D. (n = 5 or 6/group). * Indicates a significant difference between the group and EB control 
group, respectively, with p < 0.05.
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Group EB 
(µg/day) 

S-23 
(mg/day) Animals Body Weight 

(g) 
Prostate (% of 
intact control) 

Seminal Vesicles 
(% of intact 

control) 

Testis (% of 
intact control) 

Levator Ani 
(% of intact 

control) 
1 -- -- 6 511 ± 24 100 ± 12.4 100 ± 8.9 100 ± 8.4 100 ± 8.2 
2 5 -- 5 488 ± 29 99.2 ± 4.1 95.6 ± 18.7 104.8 ± 6.6 102.6 ± 3.3 
3 5 0.05 6 504 ± 44 88.2 ± 12.3 95.4 ± 8.4 106.5 ± 5.2 96.5 ± 8.7 
4 5 0.1 6 500 ± 35 79.4 ± 12.3 I, E 87.7 ± 11.6 99.8 ± 8.6 103.9 ± 14.3 
5 5 0.3 6 507 ± 19 68.5 ± 7.7 I, E 92.8 ± 9.5 100.3 ± 6.0 85.8 ± 8.3 I, E

6 5 0.5 6 491 ± 20 73.7 ± 9.1 I, E 96.0 ± 10.3 100.4 ± 7.9 95.6 ± 8.3 
7 5 0.75 6  478 ± 16 I 86.3 ± 9.4 E 105.2 ±10.9 100.5 ± 6.0 98.7 ± 11.0 

 
Table 2.5.  Reversible Effects on Body Weight and Androgen-Dependent Tissue Weights 

 

Rats were treated for 70 days via sc injection and maintained without treatment for an additional 100 days.  Data presented as mean ± SD.  I and 

E Indicates a significant difference between the group and intact control group or EB control group, respectively, with p < 0.05.41 
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Group EB 
(µg/day) 

S-23 
(mg/day) Animals LH 

(ng/mL) 
FSH 

(ng/mL) 

Serum 
Testosterone 

(ng/mL) 

Sperm 
(million 

sperm/testis) 

Number of 
Pregnancies 
at 70 days 

Number of 
Pregnancies 
at 140 days 

1 -- -- 6 0.64 ± 0.47 4.5 ± 1.2 2.7 ± 2.0 72.4 ± 7.7 12/12 12/12 
2 5 -- 6a 0.39 ± 0.16 3.8 ± 0.62 1.1 ± 0.36 65.9 ± 9.5 12/12 10/12 
3 5 0.05 6b 0.44 ± 0.24 3.9 ± 0.34 1.6 ± 0.92 69.1 ± 8.4 2/12 8/12 
4 5 0.1 6b 0.41 ± 0.15 3.5 ± 0.84 1.6 ± 1.2 67.6 ± 5.7 0/12 10/12 
5 5 0.3 6 0.41 ± 0.10 3.4 ± 0.65 1.6 ± 0.31 65.8 ± 5.7 2/12 10/12 
6 5 0.5 6 0.42 ± 0.18 3.2 ± 0.80 1.4 ± 1.1 65.4 ± 4.9 2/12 10/12 
7 5 0.75 6 0.39 ± 0.22 3.5 ± 1.0 6/12 10/12 0.94 ± 0.23 65.4 ± 4.2 

 

Table 2.6.  Reversible Effects on Serum Hormones, Testicular Sperm Counts and Fertility 

 

42 Rats were treated for 70 days via sc injection and maintained without treatment for an additional 100 days.  Data presented as mean ± SD.  I and 

E Indicates a significant difference between the group and intact control group or EB control group, respectively, with p < 0.05. 
a Serum was not available for analyses for two animals in this group (n = 4 for hormone values) 
b Serum was not available for analyses for one animal in this group (n = 5 for hormone values)
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Chapter 3 

SARMs Enhance Female Sexual Motivation 

 
 
 
3.1. Introduction 

 Androgens are involved in a number of physiological roles in women, including bone 

mineral density, muscle mass and strength, libido and sexual response (1, 17, 49).  

Hypoactive sexual desire disorder (HSDD) is characterized by chronic or recurrent loss or 

decrease in interest in sexual activity, causing interpersonal distress (121) and severely 

impacting a female’s quality of life.  It is believed that the decrease in libido, sexual 

receptivity, and responsiveness is associated with free testosterone levels that decline 

following surgically-induced or natural menopause.   

Clinical trials in premenopausal women revealed that sexual desire and arousal may 

be enhanced when administered a transdermal testosterone preparation.  The most common 

side effects associated with transdermal testosterone treatment in women include hirsutism 

and acne, and some rare occurrences of alopecia, breast pain, weight gain and voice 

deepening.  However, clinical use of transdermal testosterone administration for HSDD has 

been problematic due to lack of long-term safety data on breast cancer and cardiovascular 

risks (i.e. increased blood triglycerides) associated with exogenous androgen administration.   

Female sexual behavior in rats is characterized by consummatory and appetitive 

components.  Consummatory aspects describe the receptive behavior, including the lordosis 

reflex to allow copulation by a male.  The appetitive components include the soliciting or 

proceptive behaviors to attract and arouse sexual interest.  Henderson et al reported that non-

aromatizable anabolic steroids inhibits sexual receptivity in hormonally-primed 

ovariectomized rats; however, the effects of anabolic steroids on proceptive behaviors have 

not been determined (122).   

The development and potential clinical use of tissue selective SARMs may open the 

door for an androgen-based treatment option in women.  In the current studies, we examined 

the effect of different of B-ring substitutions of arylpropionamide SARMs on AR binding 

affinity, androgen receptor (AR)- and estrogen receptor (ER)-mediated transcriptional 
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activation, virilizing potential and pharmacologic activity in orchidectomized male and 

ovariectomized female rats.  Furthermore, we examined the effects of these SARMs on the 

sexual motivation of progesterone-primed ovariectomized female rats in a partner preference 

model to evaluate the preference of the female for a sexually active intact male or a sexually 

inactive orchidectomized male and help clarify if the androgen receptor plays a role in the 

sexual behavior of females.  In unpublished data, a SARM structurally similar to S-23 is able 

to maintain mating behavior in sexually experienced male rats after long-term castration 

(123).  The dose-dependent effect of S-23 on female sexual motivation as well as a series of 

SARMs with structural modifications on the B-ring was evaluated at a single, high dose in 

the partner preference paradigm.  The results of these studies provide the first evidence of 

structurally diverse SARMs in this animal model and provide definitive proof of the 

importance of AR function to female sexual behavior.   

 

3.2. Materials and Methods 

3.2.1 Experimental Animals 

Male and female Sprague-Dawley rats were purchased from Harlan Bioproducts for 

Science (Indianapolis, IN).  The animals were maintained on a 12-hour light/dark cycle with 

food and water available ad libitum.  All animal studies were conducted under the auspices of 

animal protocols approved by the Institutional Laboratory Animal Care and Use Committee 

at the University of Tennessee (male pharmacologic studies, LH/FSH serum concentrations 

and uterine effects) or The Ohio State University (female behavior studies). 

 

3.2.2 In Vitro AR Binding Affinity 

The LBD of the AR fused with glutathione-S-transferase (GST) was expressed as a 

recombinant protein (AR GST-LBD).  Basically, an AR-LBD (663-919) was obtained by 

PCR amplification from a full-length AR expression construct (pCMVhAR) with primers 

containing flanking restriction sites and inserted into the pGEX6P-1 plasmid vector 

(Amersham Biosciences).  The AR LBD was expressed as a GST fusion protein in E coli 

BL21 (DE3) at 15 °C for 16 h by induction with 30 µM isopropyl 1-thio-β-D-

galactopyranoside.  Cells were lysed in buffer containing 150 mM NaCl, 50 mM Tris, pH 8.0, 

5 mM EDTA, 10% glycerol, 1 mg/mL lysozyme, 10 units/mL DNase I, 10 mM MgCL2, 10 

mM DTT, 0.5% CHAPS, and 100 µM phenylmethylsulfonyl fluoride by 3 freeze/thaw 

cycles.   
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The Ki of the compounds of interest was determined in a radiolabeled competitive 

binding assay (124).  All SARMs were synthesized in our laboratories using reported 

methods (125).  Chemical purities were confirmed by MS and NMR and determined to be 

greater than 99%.  Increasing concentrations (3 to 104 nM) of each compound of interest were 

incubated with 10 nM [3H]MIB (PerkinElmer, Waltham, MA) and AR GST-LBD at 4 ºC for 

18h.  Protein was also incubated with and without a high concentration (10-6 M) of unlabeled 

MIB (PerkinElmer Life Sciences) in order to determine total and non-specific binding, 

respectively.  The plates were harvested with GF/B filters on the Unifilter-96 Harvester 

(PerkinElmer) and washed three times with ice-cold buffer.  The filter plates were dried at 

room temperature, Microscint-O cocktail (PerkinElmer) was added to each well, sealed and 

radioactivity was counted in a TopCount® NXT Microplate Scintillation Counter 

(PerkinElmer).  The specific binding of [3H]MIB at each concentration of the compound of 

interest was determined by subtracting the nonspecific binding of [3H]MIB, and expressed as 

a percentage of the specific binding in the absence of competitor.  The concentration of the 

compound of interest that reduced the specific binding of [3H]MIB by 50% (IC50) was 

determined by non-linear regression with SigmaPlot using the standard four parameter 

logistic curve.  The Ki was calculated by: Ki = Kd × IC50/(Kd + L), where Kd is the equilibrium 

dissociation constant of [3H]MIB, and L is the concentration of [3H]MIB (10 nM).  The 

binding affinities of the compounds of interest are expressed relative to DHT (Sigma Aldrich, 

St. Louis, MO). 

 

3.2.3 In Vitro AR- and ER-Mediated Transcriptional Activity 

The in vitro functional activity of the compounds of interest was determined by the 

ability of each ligand to induce AR- or ER-mediated transcriptional activation in a 

cotransfection system (31).  At ~ 90% confluency, CV-1 (AR) or HEK 293 cells (ERα and 

ERβ) were transiently transfected in 15 cm dishes in serum-free DMEM (Hyclone, Logan, 

UT) using LipofectAMINE (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions.  Cells in each dish were transfected with 45 μg GRE-Luc, 1 μg CMV-Luc 

(renilla luciferase), and 2.5 μg of a CMVhAR, CMVhERα, or CMVhERβ expression vector.  

Cells were allowed to recover for 12 hours and were then seeded into 24-well plates (8 x 104 

per well) in DMEM containing 2% charcoal-stripped fetal bovine serum (csFBS; Hyclone) 

and allowed to recover for an additional 8 hours before drug treatment.  Previous experiments 

in our laboratories determined that the lowest concentration of DHT that maximally induced 

AR-mediated transcriptional activation was 1 nM (30).  Likewise, 1 nM estradiol (E2; Sigma 
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Aldrich) was required to maximally induce ERα- and ERβ-mediated transcriptional activation 

(data not shown).  Therefore, in the present study, the transcriptional activation induced by 1 

nM DHT or E2 was set as 100% and used as the reference for quantifying the agonist activity 

of each test compound.  Twenty-four h after drug treatment, cells were washed with 

Dulbecco’s Phosphate Buffered Saline (DPBS; Hyclone) and lysed with 50 μL/well of 

passive lysis buffer for 30 minutes at room temperature.  An aliquot (25 μL) of cell lysate 

was used for luciferase assays (Dual-Luciferase Reporter Assay System, Promega, Madison, 

WI).  Transcriptional activity in each well was calculated as the ratio of luciferase activity to 

renilla luciferase activity to avoid variations in transfection efficiency and cell number.  

Transcriptional activity induced by each compound of interest was expressed as the 

percentage of that induced by 1 nM DHT (AR) or E2 (ERα and ERβ). 

 

3.2.4 In Vitro N-C Interaction 

The amino terminus-carboxy terminus (N-C) interaction of the AR can be identified 

by a mammalian two hybrid assay.  CV-1 cells were maintained and transfected as stated 

above.  Cells in each dish were transfected with 45 µg pG5Luc, 2.5 µg pACT AR-NTD, 2.5 

µg pBind AR-LBD and 1 µg CMVLuc.  Cells were subsequently plated and treated as 

described above.  Experiments in our laboratories determined that 10 nM DHT was the 

lowest concentration that maximally induced the N-C interaction (data not shown).  

Therefore, in the present study, the interaction induced by 10 nM DHT was set as 100% and 

used as the reference for quantifying the activity of the test compounds.  Luciferase assays 

were performed as described above and the N-C interaction induced by each compound of 

interest was expressed as the percentage of that induced by 10 nM DHT.  If the 

ligand:receptor complex facilitates interaction between the NTD and the LBD, the close 

proximity of the activating domain to the DBD results in an increase in luciferase activity. 

 

3.2.5 In Vivo Pharmacologic Activity in Castrated Male Rats 

The in vivo pharmacologic activity of each AR ligand was first determined in 

castrated male rats.  Animals weighing approximately 200 grams were randomly distributed 

into groups (n = 5/group).  Animals were orchidectomized via scrotal incision under 

ketamine/xylazine anesthesia 24 hours before drug treatment and received daily sc injections 

of the test compound, at a dose rate of 1 mg/day for 14 days.  Each AR ligand was freshly 

dissolved in vehicle containing DMSO (Sigma Aldrich) / PEG300 (Sigma Aldrich) [10/90 

(vol/vol)] before daily administration.  An additional two groups of animals (n = 5/group) 
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with or without castration received vehicle only and served as castrate or intact control 

groups, respectively.  Animals were weighed, anesthetized, and sacrificed within 24 hours 

after the last dose.  The ventral prostate, seminal vesicles and levator ani muscle were 

removed, cleared of extraneous tissue, and weighed.  All organ weights were normalized to 

total body weight and compared.  The weights of the prostate and seminal vesicles were used 

to evaluate androgenic activity while the levator ani muscle weight was used as a measure of 

anabolic activity.  Percent changes were determined by comparison to intact animals.       

 

3.2.6 Effects of SARMs on Sexual Motivation in Female Rats 

The effects of SARMs on female sexual motivation were determined in 

ovariectomized female rats.  Female animals weighing approximately 150 grama were 

randomly distributed into groups (n = 6).  Animals were ovariectomized via dorsal incision 

under ketamine/xylazine anesthesia 24 hours before drug treatment and received daily sc 

injections of the test compound.  An additional two groups of animals (n = 6/group) with or 

without ovariectomization received vehicle only and served as gonadectomized or intact 

control groups, respectively.  Compounds of interest were freshly dissolved in vehicle 

containing DMSO/PEG300 [5/95 (vol/vol)] and administered at a daily dose of 3 mg/kg/day 

for 14 days.  Doses ranging from 0.05 to 0.75 mg/day were also administered for S-23.  TP 

(Sigma Aldrich) was used as a positive control, while TP co-administered with R-

bicalutamide (an antiandrogen) was used to confirm the importance of AR activation to the 

observed effects. 

Behavioral testing was performed in a three compartment chamber with wood 

shavings covering the floor, and conducted during the early portion of the dark cycle under 

dim red light within 12 hours after the last dose.  Sexually experienced female rats were 

acclimated to the chamber during three separate 15 minute periods; two the week before 

behavioral testing and another immediately prior to testing.  During this time, the female rats 

explored the testing chamber in the absence of stimulus male rats.  Four hours prior to 

behavioral testing, female rats received a sc injection of 0.1 mg progesterone (5% DMSO in 

PEG300; Sigma Aldrich) to facilitate sexual behavior.  Following the final 15 minute 

acclimation period, individual females were restricted to the central compartment while the 

stimulus male rats, one intact and one castrated (castrated via scrotal incision under 

ketamine/xylazine anesthesia 14 days prior to behavioral testing), weighing greater than 400 

grams, were sequestered individually in the lateral compartments.  Six different pairs of 

males (one intact and one castrated) were used for each treatment group, with differing intact 
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and castrated males being used for each individual female.  The rats underwent a 5 minute 

habituation period with opaque partitions in place.  After this period, the opaque partitions 

were removed and the female rat was able to move freely throughout the three chambers for 

the 30 minute behavioral testing period.  The larger size of the male rats prevented movement 

between compartments.  The duration of time spent in each compartment by the OVX female 

was recorded.  Compartment entries (intact, central, or castrated compartment) were scored 

when all four paws of the female rat passed through the tube into the compartment.  The 

amount of time (minutes) the female spent with the intact male and castrate are reported.  

Animals were weighed, anesthetized, and sacrificed within 24 hours after the last dose.  The 

uteri were removed, cleared of extraneous tissue, and weighed.  Uterine weights were 

normalized to body weight and compared.  Percent changes were determined by comparison 

to intact animals.  In a separate study, uteri from animals treated with 3 mg/kg/day (14 days) 

of TP and the most active (S-23 and S-26) and least active (S-25) SARMs were fixed in 4% 

paraformaldehyde in PBS for histology.  The uteri were dehydrated and stained with 

hematoxalylin and eosin and analyzed. 

 

3.2.7 Effect of SARMs on Serum Hormones 

To determine the effect of SARMs (S-23, S-25 and S-26) and TP on serum hormones 

and uterine growth, a separate animal study was carried out.  Female animals weighing 

approximately 150 grams were randomly distributed into groups (n = 5) and ovariecomized 

and treated as described above.  Serum LH and FSH concentration were determined using the 

MILLIPLEX™ MAP Rat Pituitary Kit (Millipore, Billerica, MA) according to the 

manufacturer’s instructions.  The plate was read on the Luminex 200™ and concentrations 

were determined using a weighted 5-parameter logistic curve-fitting method using the median 

fluorescent intensity (MFI) in the xPONENT software.  The mimimum detectable 

concentration in the assay for FSH and LH were 0.0477 and 0.0049 ng/mL, respectively. 

 

3.2.8 Statistical Analyses 

All statistical analyses were performed using single-factor ANOVA followed by 

Dunnett’s multiple comparison test.  Differences in which p < 0.05 were considered 

statistically significant. 
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3.3. Results 

3.3.1 In Vitro Binding Affinity and Functional Activity 

An in vitro radiolabeled competitive binding assay was used to determine the relative 

AR binding affinity of each SARM, and expressed as a percentage relative to DHT (RBA).  

The series of arylpropionamide analogues showed RBAs ranging from 3-27 % (Table 3.1).  

The R-isomer of compound S-23 (R-23), bound the AR very weakly with a RBA of 0.1% of 

DHT, confirming the enantioselective binding of this series of compounds.  The para mono-

substituted halogen derivatives bound the AR with affinity directly varying with the 

electronegativity of the substituent.  The di-substituted derivatives (S-28 and S-29) bound 

with slightly less affinity than their mono-substituted counterparts (S-24 and S-25).  S-22, 

bearing the cyano group at the para-position, bound the AR with a RBA of 16.8%.  However, 

the meta-fluoro, para-chloro derivative (S-23) displayed the highest binding affinity with a 

RBA of 26.5%. 

The ability of these SARMs to induce AR-, ERα- and ERβ-mediated transcriptional 

activation was determined in an in vitro cotransfection assay.  At 100 nM, S-23 displayed the 

most activity by stimulating AR-mediated transcriptional activation to 101% of that observed 

for 1 nM DHT (Table 3.1).  The cyano-containing compound, S-22, and di-chloro compound, 

S-29, stimulated the AR similarly, to 94 and 92% of DHT, respectively.  The remaining 

SARMs stimulated AR-mediated transcription to a lesser extent, ranging from 64.8 to 87.6%.  

The ability of the SARMs to induce ERα-mediated transcriptional activation was also 

determined.  S-23, S-24 and S-25 displayed weak ERα partial agonist activity, by stimulating 

ERα-mediated transcription to 25, 19 and 24% of that observed for 1 nM E2, respectively 

(Table 3.1).  S-23 was the only SARM tested that exhibited minimal ERβ-mediated 

transcription (28.1%), compared to that of the vehicle control (19.3%; Table 1).  

The ability of these SARMs to induce interaction between the amino terminus and 

the carboxy terminus of the AR was determined in a two-hybrid assay.  The SARMs 

displayed a dose-dependent increase in interaction, with S-22 and S-23 maximally inducing 

the interaction to 115 and 90% of 10 nM DHT, respectively (Figure 3.1).  The remaining 

SARMs only partially induced the N-C interaction, with minimal activity observed up to 100 

nM.  However, S-22, S-23, S-25 and S-28 induced activity to 32, 27, 16 and 36% of DHT at 

10 nM, respectively. 
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3.3.2 Pharmacologic Activity in Gonadectomized Rats 

The in vivo androgenic and anabolic activity of these SARMs was first determined in 

castrated male rats after 14 days of drug administration.  Following castration and subsequent 

depletion of endogenous testosterone, the prostate and levator ani muscle significantly 

decreased in size to 9 and 39.7% of that observed for intact control, respectively.  Previous 

studies in our laboratories displayed the nonselective nature of TP in castrated male rats, 

producing an equipotent and equi-efficacious dose-dependent increase in both androgenic and 

anabolic tissues.  The weights of the prostate and levator ani muscle were restored to 121 and 

70% of intact control at 0.75 mg/day, respectively (32).  Likewise, S-23 displayed only 

moderate tissue selectivity at 1 mg/day, maximally maintaining the size of the prostate at 

110% and the levator ani muscle at 136% of intact control (Table 3.2).  S-22 and S-30 

displayed the greatest selectivity for anabolic tissues, increasing the size of the levator ani 

muscle to 136 and 128%, while only maintaining the prostate at 51.1 and 41.4% of that 

observed in intact control, respectively.  S-24 was the least active SARM in this series, 

maintaining the prostate at only 8% and the levator ani muscle at 70% of intact control.  The 

remaining SARMs displayed tissue selectivity for anabolic tissues, maintaining the levator 

ani muscle close to that of intact control (ranging from 82% for S-29 to 111% for S-25) and 

the prostate around 50% (ranging from 33% for S-29 to 60% for S-25).  Additionally, the 

inactive isomer of S-23 (R-23), displayed no in vivo activity with tissue weights similar to 

castrate control, with the prostate and levator ani muscle reducing to 7 and 34% of that 

observed for intact control, respectively.   

The in vivo pharmacologic activity of these SARMs in OVX female rats was assessed 

by uterine weight.  Upon excision of ovaries, the uterus reduced to approximately 16% of that 

observed in intact control.  Administration of 3 mg/kg/day TP maintains the uterus at 79%; 

however, the ability of TP to maintain the size of the uterus was inhibited by co-treatment 

with bicalutamide, which caused the uterus to reduce to 28% of intact control (Figure 3.2).  

As S-23 displayed the most androgenic activity in ORX males, it also showed the greatest 

uterine activity in OVX females, maintaining the uterus at 98.9% of intact control at 3 

mg/kg/day.  Additionally, the uterus responded in a dose dependent manner to S-23, 

increasing in size from 37.8% at 0.05 mg/day to 79.5% at 0.75 mg/day, compared to intact 

control (Figure 3.3).  With the exception of S-23, all of the SARMs demonstrated weaker 

partial agonist activity in the uterus than TP, with the uteri ranging in size from 21% for S-30 

to 47% for S-22 at 3 mg/kg/day.  R-23 maintained the size of the uterus at 27% of that 

observed in intact control. 
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The effects of TP and SARMs on endometrial and myometrial thickness were 

determined by histological analysis.  Average thickness of the endometrium and myometrium 

in the intact control group was 1.23 and 1.08 mm, respectively (Figures 3.5 and 3.6).  

Ovariectomy reduced these layers of the uterine wall to 0.78 and 0.67 mm, respectively.  TP 

and SARMs selectively increased the myometrial layer, increasing the thickness to greater 

than that observed for intact control, ranging from 1.34 (S-26) to 1.53 mm (S-23).  TP and 

SARMs maintained the thickness of the endometrium slightly below that of intact control. 

 

3.3.3 Effects of SARMs on Sexual Motivation in Ovariectomized Rats 

The influence of SARMs on female sexual motivation in OVX female rats was 

analyzed in a partner preference paradigm.  As expected in this model, the progesterone-

primed, vehicle-treated female rats displayed no preference for the sexually active intact male 

or sexually inactive castrated male, spending on average only 2% more time with the 

castrated male (Figure 3.7).  On the contrary, a significant increase in sexual motivation was 

observed in progesterone-primed, TP-treated females, displaying a preference for the intact 

male of 22.6%.  When TP was co-administered with bicalutamide, sexual preference was 

reduced.  Six of the nine SARMs caused a significant increase in female sexual motivation, 

displaying a preference for the intact male over castrate.  Although S-26 was the most active 

of the SARMs tested, the other mono-substituted, para-halogen derivatives (i.e., S-24, S-25 

and S-27) showed lesser or no ability to stimulate female sexual motivation.  With the 

unexplained exception of the 0.3 mg/day dose group, all females that received S-23, primed 

with progesterone, demonstrated a significant increase in female sexual motivation, with 

similar increases seen at doses ranging from 0.05 mg/day to 3 mg/kg/day (Figure 3.8).  It 

should be noted that although S-30 displayed a significant increase in sexual motivation, it 

showed the least pharmacologic activity in the uterus.  Importantly, treatment with R-23 

failed to elicit a significant increase in sexual preference, indicating the stereoselective and 

AR-dependent nature of these pharmacologic effects. 

 

3.3.4 Effect of SARMs on Serum Hormones 

 To determine if the inability of S-25 to maintain female sexual motivation is due to 

lack of CNS penetration, the ability of S-23 and S-26 (both maintain sexual motivation) to 

suppress LH and FSH was compared to S-25.  As expected, ovariectomy significantly 

increased serum FSH and LH to 158.4 (from 8.2 for intact) and 16.9 (from 0.8) ng/mL, 

respectively (Table 3.3).  TP and all SARMs tested significantly inhibited the ovariectomy-
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induced rise in LH and FSH, with TP and S-23 displaying the greatest inhibition.  Serum FSH 

measured 27.8 and 24.7 ng/mL for TP and S-23, respectively while LH was below the 

detectable limit of the assay (0.0049 ng/mL) for both treatments. 

 

3.4. Discussion 

Several clinical trials have displayed the beneficial effects of transdermal testosterone 

formulations for female sexual dysfunction in women with low serum testosterone levels.  

Women in these trials reported improvements in sexual desire, pleasure, and orgasms (52, 56-

58).  However, untoward effects associated with steroidal preparations plague the widespread 

use of testosterone for many indications, including HSDD.  The recent developmental 

breakthroughs of nonsteroidal SARMs provide an alternative to testosterone for clinical use.  

SARMs have favorable pharmacokinetic profiles as well as tissue selectivity thereby 

maintaining the anabolic actions of endogenous androgens without the virilizing 

consequences associated with traditional steroidal androgen therapies.  

The structure activity relationships that define the interaction between novel 

nonsteroidal ligands and the AR have been extensively studied in our laboratories (30, 33, 88, 

96, 125-129) and  many others (129-145).  In our quest to develop novel SARMs, 

innumerable structural modifications were made to the arylpropionamide backbone to 

optimize in vitro and in vivo activity.  Key structural elements include an electron-deficient 

aromatic A-ring, a methyl group linked to the chiral carbon (S-isomer), an ether linkage, and 

electronegative substituents in the meta- and/or para- positions of the aromatic B-ring (Table 

1).  A series of nonsteroidal AR ligands was developed to study the influence of multiple B-

ring substitutions on binding affinity and pharmacologic activity.   

 In the current study, in vitro and in vivo assays were used to assess the potential 

efficacy of SARMs for female sexual dysfunction (FSD).  Previous studies revealed the 

importance of hydrogen bond acceptor groups in the meta- and para-positions of the A-ring 

(33, 146).  Additionally, previous reports of structure activity relationships demonstrated 

hydrophilic electron withdrawing groups were favorable on the para position of the B-ring, 

while halogens could be placed at any position (96, 146).  Therefore, in the current study, 

structural modifications were made only to the B-ring since it is critical for AR agonist 

activity.  The inactive isomer of S-23 (R-23) did not bind the AR or induce AR- or ER-

mediated transcriptional activity, revealing the stereoselective nature of the AR for these 

ligands.  The para mono-substituted halogen derivatives bound the AR with RBAs ranging 

from 3.2% for the para-iodo derivative to 12.1% for the para-fluoro derivative, 
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demonstrating that affinity increases with electronegativity (F > Cl > Br > I).  Affinity was 

hindered when the same halogen was added to the meta-position of the B-ring (compare S-24 

to S-28 and S-25 to S-29).  Binding affinity was also negatively influenced by adding extra 

bulk at the para- position, as evidenced by the acetamide on S-30 and the decreasing affinity 

as bulk increases on the mono-substituted halogen derivatives (I > Br > Cl > F).  Modifying 

the meta- and para-substituents had a small influence on the ability of each SARM to 

stimulate AR-mediated transcriptional activation, with maximal transactivation abilities 

ranging between 80 and 101% for all but one SARM (S-27).  Additionally, the SARMs 

displayed miminal cross-reactivity with the ERα and ERβ, and this was only observed at high 

concentrations (i.e.1 µM).  As a whole, in vitro measures of binding affinity and 

transactivation ability did little to distinguish one compound from another. 

 The potency of each SARM in androgenic and anabolic tissues is dramatically 

influenced by modifying B-ring substituents.  With the exception of S-23, a halogen-

substituted SARM, the nonsteroidal SARMs demonstrated partial agonist activity in 

androgenic tissues and partial (S-24 and S-29) to full agonist activity in anabolic tissues, in 

castrated male rats.  S-23 bound the AR with the highest affinity and was the least tissue 

selective SARM, displaying full agonist activity in androgenic and anabolic tissues in 

castrated rats with the dose-response curve in the prostate shifted slightly towards higher 

doses.  The electronegative cyano group of S-22 also displayed high AR binding affinity; 

however, the mono-substitution offered more tissue selectivity than the di-substituted S-23.  

The bulky para-acetamide of A-30 significantly reduced AR binding affinity, but was highly 

tissue selective and exhibited potent anabolic activity.   

A separate study showed that a SARM structurally similar to S-23 when combined 

with EB is able to restore mating behavior in long-term castrated rats (123).  Likewise, Miner 

et al reported a bicyclic quinolinone derivative that is able to prevent loss of sexual behavior 

that occurs after castration (100).  The ability of the non-aromatizable SARMs to support 

male sexual function speaks to the importance of the AR in this gender.  However, the role of 

androgens in female sexual behavior remains questionable. 

 The partner preference paradigm is frequently used to evaluate the proceptive 

behavior of female rats.  The test animal is given the opportunity to choose between a 

sexually active intact male and either a receptive female or a sexually inactive ORX male 

(stimulus animals).  Edwards showed that when OVX rats were primed with EB and 

progesterone, they displayed high levels of proceptive behavior in the presence of sexually 

active males, but this activity significantly decreased when a sexually inactive male or female 
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was present (147).  Estrogen was administered to elicit sexual behavior, however 

progesterone is required to facilitate both proceptive and receptive behaviors (148).  Allan et 

al were the first to report the effectiveness of SARMs in female rats (149), showing that a 

pyrazoline derived SARM was able to enhance a female’s preference for sexually active 

males. 

 As women age, androgen production declines, as does sexual desire and activity.  

Suppressed circulating free testosterone levels may also result from oral estrogen therapy 

(150), glucocorticosteroid administration (151), chemotherapy, or irradiation.  The most 

accepted indication for transdermal testosterone therapy in women with low circulating 

testosterone is FSD.  The current study was designed to investigate the effects of TP and 

SARMs on female sexual motivation in the partner preference paradigm.  Reduction of 

endogenous estrogen and testosterone levels following ovariectomy decreased the female’s 

sexual activity, showing no preference for the intact or castrated male.  However, 

progesterone-primed, SARM-treated female rats preferred the company of the intact male, 

with S-22, S-23 (dose-response), and S-26 being comparable to TP-treated rats, without 

adversely affecting uterine growth.  Females administered low doses of S-23 (0.05 and 0.1 

mg/d) displayed a preference for the intact male while maintaining the uterus at less than 40% 

of intact control.  The extent of N-C interaction induced by a ligand appeared to be a reliable 

predictor of the pharmacologic activity of the ligand in the uterus and the prostate.  S-22, S-

23, S-25, S-26 and S-27 were the most efficacious in vitro by inducing the N-C interaction at 

10 and 100 nM.  The same SARMs increased the weight of the uterus and prostate to the 

greatest extent.  Importantly, growth observed following TP and SARM administration 

appears to be due to growth of the myometrium, the smooth muscle of the uterus, and not the 

endometrium.  Additionally, in vivo pharmacologic activity in male and female rats is highly 

correlated, with a correlation coefficient of 0.94 (p = 0.0002) for uterine and prostatic 

activity.   

 S-25 and S-26 similarly maintained the weight of the uterus in females and prostate 

and levator ani muscle in male rats.  However, S-26 maintained female sexual motivation 

while S-25 did not.  Serum LH and FSH levels were measured to determine if this 

discrepancy could be due to their ability (or inability) to penetrate the CNS.  However, S-25 

and S-26 inhibited OVX-induced elevations in LH and FSH to a similar extent and therefore 

lack of CNS penetration does not explain the inability of S-25 to maintain female sexual 

motivation. 
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There does not appear to be a correlation between B-ring substitutions and the ability 

of the SARMs to support female sexual motivation.  The cyano-substituted (S-22) and the 

mixed halogen-substituted SARMs (S-23) bind the AR with high affinity, possess potent 

anabolic activty, and support sexual motivation in female rats.  Additionally, mono-

substituted halogen containing SARMs bind the AR with varying affinities and display a 

wide range of in vivo activites.  However, the ability of S-23 and the inability of S-24 to 

support female sexual motivation, coupled with their activity in castrated male rats, suggest 

that the ability of SARMs to support sexual motivation may be associated with their 

androgenic and anabolic pharmacologic properties.  Most SARMs improved sexual 

motivation of OVX female rats, with potency and efficacy comparable to that of TP.  

Estrogen is an active metabolite of testosterone, but it is not clear whether the actions of 

testosterone in women are predominantly mediated via the AR, or after aromatization, via the 

ER.  However, SARMs are non-aromatizable and do not cross-react with the ER, indicating 

that the AR plays an important role in female libido.  Co-administration of TP with an anti-

androgen reduced sexual preference of the female for an intact male also implies that the AR 

is involved in female sexual behavior.  These results suggest that SARMs could be an 

effective therapy for FSD in women. 

 In conclusion, the current studies examined binding affinity and activity of a series of 

nonsteroidal SARMs.  Structural modifications to the meta- and para- positions of the B-ring 

resulted in a range of in vitro AR binding affinities and functional activities.  With the 

exception of S-23, all of the SARMs tested were prostate sparing, selectively maintaining the 

size of the levator ani muscle in castrated male rats.  Most nonsteroidal SARMs improved 

sexual motivation of OVX female rats in a partner preference paradigm, comparable to TP, 

while maintaining uterine weights at less than 50% of intact control.  These studies indicate 

that it is possible to develop a SARM that maintains sexual motivation and is selective that 

does not adversely affect proliferation of the endometrium (e.g. S-30).  SARMs, with many 

advantages over traditional steroidal androgen preparations, could be beneficial in the clinical 

treatment of hypoactive sexual desire disorder. 
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Compound R1 R2 RBA (%) AR in vitro 
activity 

ERα in 
vitro 

activity 

ERβ in 
vitro 

activity 

S-22 CN H 16.8 ± 1.3a 94 ± 27a 11.4 ± 1.6 17.7 ± 0.9 
S-23 Cl F 26.5 ± 2.3b 101.2 ± 11.3 25.6 ± 3.5 28.1 ± 0.7 
S-24 F H 12.1 ± 0.3c 82.4 ± 9.4 19.6 ± 2.4 18.5 ± 0.6 
S-25 Cl H 11.8 ± 0.3c 82.5 ± 4.6 24.1 ± 5.5 21.3 ± 0.4 
S-26 Br H 4.6 ± 3.3d 87.6 ± 24.0 8.4 ± 0.5 18.9 ± 0.3 
S-27 I H 3.2 ± 0.3d 64.8 ±14.9 11.0 ± 2.3 20.1 ± 0.6 
S-28 F F 9.7 ± 1.4e 86 ± 7e 8.9 ± 0.9 20.0 ± 0.3 
S-29 Cl Cl 8 ± 2e 92 ± 2e 8.8 ± 4.9 24.9 ± 0.3 
S-30 NHC(O)CH3 H 4.8 ± 5.1 80.5 ± 9.6 4.7 ± 1.9 21.0 ± 0.5 
R-23f Cl F 20.8 ± 0.5 0.1 ± 0.06 0.19 ± 0.06 6.1 ± 0.7 

 

Table 3.1.  Chemical Structures, AR Binding Affinities, and In Vitro Activities of 
Nonsteroidal SARMs 

 

AR relative binding affinities were determined using a radiolabeled competitive assay.  The 
ability of the compound of interest to induce AR- or ER-mediated transcription was 
determined using a cotransfection assay.  The transcriptional activity induced by each 
compound at a concentration of 100 or 1000 nM was reported as the percentage of that 
observed for 1 nM DHT or E2 for the AR and ER, respectively.  Vehicle control for ERα and 
ERβ was 7.9 and 19.3%, respectively.  Data presented as mean ± SD (n = 3).  a Reported by 
Kim et al (88); b Reported by Jones et al (123), Reported by Fisher (152); c Reported by Kim 
(153); d Reported by Chen et al (96), e Opposite stereo-chemical conformation to structure 
shown above.
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Figure 3.1.  In Vitro N-C Interaction  

 

The ability of each SARM to induce an interaction between the amino terminus and the 
carboxy terminus of the AR was determined in a two-hybrid assay.  The activity induced by 
each compound at 1, 10, 100 or 1000 nM was reported as a percentage of that observed for 10 
nM DHT.  Data presented as mean ± SD (n = 3).
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Emax (% of intact control) Compound 
Prostate Levator Ani 

S-22 51.1 ± 4.2a 136 ± 3.5a

S-23 110 ± 25.6b 136 ± 8.8 
S-24 7.7 ± 1.7c 69.9 ± 9.0c

S-25 60.3 ± 1.0c 111 ± 1.8c

S-26 45.4 ± 7.2 97.1 ± 9.8 
S-27 41.8 ± 8.9 94.2 ± 8.1 
S-28 39.2 ± 6.3 98.7 ± 4.4 
S-29 33.4 ± 7.0 82.2 ± 6.2 
S-30 41.4 ± 8.8 128 ± 12.7 
R-23 6.7 ± 0.3 34.4 ± 4.5 

 

Table 3.2.  Pharmacologic Activity of SARMs in Castrated Male Rats 

 

Castrated male rats were treated with SARMs (1 mg/day) for 14 days via sc injection.  
Vehicle-treated intact and castrate groups were also included as controls.  Prostate and levator 
ani muscle weights were normalized to body weight and presented as a percentage of the 
vehicle-treated, intact control group.  Data presented as mean ± SD (n = 5).  a Reported by 
Kim et al (88); b Reported by Jones et al (123), c Reported by Fisher (152).
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Figure 3.2.  Pharmacologic Activity of a Series of SARMs in OVX Female Rats   

 

OVX female rats were treated with TP, TP/Bicalutamide, or a SARM (3 mg/kg/day) for 14 
days.  Vehicle-treated intact and OVX groups were also included as controls.  Uterine 
weights were measured at the end of the treatment period, normalized to body weight, and 
presented as a percentage of the vehicle-treated, intact control group.  Data presented as mean 
± SD (n = 6).  * Indicates a significant difference compared with the vehicle-treated, intact 
control group, with p < 0.05.
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Figure 3.3.  Pharmacologic Activity of S-23 in OVX Female Rats 

 

OVX female rats were treated with TP (3 mg/kg/day) or S-23 (0.05, 0.1, 0.3, 0.5, 0.75 
mg/day) for 14 days.  Vehicle-treated intact and OVX groups were also included as controls.  
Uterine weights were measured at the end of the treatment period, normalized to body 
weight, and presented as a percentage of the vehicle-treated, intact control group.  Data 
presented as mean ± SD (n = 6).  * Indicates a significant difference compared with the 
vehicle-treated, intact control group, with p < 0.05.
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Figure 3.4.  Linear Correlation of Male and Female Pharmacologic Activity 

 

OVX female rats and ORX male rats were treated with a SARM at a dose rate of 3 mg/kg/day 
or 1 mg/day, respectively, for 14 days.  Uterine and prostate weights were measured at the 
end of the treatment period, normalized to body weight, and presented as a percentage of the 
vehicle-treated, intact control group.  Uterine and prostatic activity of each SARM was 
compared and nonlinear regression performed.  Correlation coefficient = 0.94 (p = 0.0002).
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Figure 3.5.  Effects of SARMs on Uterine Growth 

 

OVX female rats were treated with TP or a SARM (3 mg/kg/day) for 14 days.  Vehicle-
treated intact and OVX groups were also included as controls.  Data are presented as mean ± 
SD (n = 5).  * Indicates a significant difference compared with the vehicle-treated, intact 
control group, with p < 0.05.  
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Figure 3.6.  Effects of SARMs on Uterine Histology 

 

Rats were treated for 14 days via sc injection.  Uteri were fixed in 4% paraformaldehyde in 
PBS for histology.  The uteri were dehydrated and stained with hematoxalylin and eosin and 
analyzed.  A-F, Magnified views (2.5x) of the endometrial and myometrial layers in intact, 
OVX, TP, S-23, S-25 and S-26-treated animals, respectively. 
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Figure 3.7.  Effects of SARMs on Sexual Motivation in OVX Female Rats 

 

OVX female rats were treated with TP, TP/Bicalutamide, or a SARM (3 mg/kg/dat) for 14 
dats.  A vehicle-treated OVX group was also included as control.  Behavioral testing was 
performed in a three compartment chamber for 30 minutes.  The duration of time spent in 
each compartment by the female was recorded.  The total time spent with the castrate and 
intact males are reported.  Data are presented as mean ± SD.  * Indicates a significant 
difference between the time spent with the intact animal compared to the castrate for each 
group, with p < 0.05.. 
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Figure 3.8.  Effects of S-23 on Sexual Motivation in OVX Female Rats 

 

OVX female rats were treated with TP (3 mg/kg/day) or S-23 (0.05, 0.1, 0.3, 0.5, 0.75 
mg/day) for 14 days.  A vehicle-treated OVX group was also included as control.  Behavioral 
testing was performed in a three compartment chamber for 30 minutes.  The duration of time 
spent in each compartment by the female was recorded.  The duration of time spent in each 
compartment by the female was recorded.  The total time spent with the castrate and intact 
males are reported.  Data are presented as mean ± SD.  * Indicates a significant difference 
between the time spent with the intact animal compared to the castrate for each group, with p 
< 0.05.
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Group FSH (ng/mL) LH (ng/mL) 
Intact 8.2 ± 2.7O 0.8 ± 0.2O

OVX 158.4 ± 34.2I 16.9 ± 2.4I

TP 27.8 ± 7.2I, O < 0.0049 I, O

S-23 24.7 ± 5.1 I, O < 0.0049 I, O

S-25 34.9 ± 9.9 I, O 0.38 ± 0.2 I, O

40.2 ± 10.4 I, O 0.43 ± 0.08 I, OS-26 
 

Table 3.3.  Effects of TP and SARMs on FSH and LH in OVX Female Rats 

 

OVX female rats were treated with TP, S-23, S-25 or S-26 (3 mg/day) for 14 days via sc 
injection.  Vehicle-treated intact and ovariectomized groups were also included as controls.  
Serum LH and FSH were measured.  Data presented as mean ± SD (n = 5/group).  I and O 
Indicates a significant difference between the group and intact control group or 
ovariectomized control group, respectively, with p < 0.05.
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Chapter 4 

In Vitro Structure Activity Relationships of Nonsteroidal Antiandrogens 

 
 
 
4.1. Introduction 

Androgens are involved in the normal growth, development and neoplastic 

transformation of the prostate.  Androgen deprivation therapy (ADT) remains to be the 

foundation of intervention in the treatment of advanced-stage prostate cancer.  Flutamide 

(Eulexin™) and bicalutamide (Casodex™) are nonsteroidal antiandrogens that bind AR and 

recruit co-repressors to inhibit prostate cancer.  Recently, two antiandrogens of the 

diarylthiohydantoin class, RD162 and MDV3100, were demonstrated to bind the AR with 

greater affinity than bicalutamide, reduce AR nuclear translocation, and impair binding of AR 

to androgen response elements (ARE) (154).  These orally available AR antagonists are in 

Phase III clinical trials.   

Patients treated with antiandrogens often develop drug resistance due to mutations 

that develop in the AR-LBD.  These mutations allow the AR-LBD to adopt an agonistic 

conformation, thus conferring agonist activity of antiandrogens (67, 155, 156).  However, at 

this point, termination of treatment may result in antiandrogen withdrawal syndrome, in 

which patients’ tumors regress (66, 157).  It is believed that the receptor compensates for the 

structural perturbations of the antagonist, relative to agonist, by developing these mutations.   

Common mutations include Thr 877→Ala (AR(T877A)), Trp 741→Leu 

(AR(W741L)), and Trp 741→Cys (AR(W741C).  While the AR(T877A) mutation adopts an 

agonist conformation upon binding to hydroxyflutamide (65), AR(W741L) and AR(W741C) 

convert bicalutamide into a potent agonist (66).  Our laboratory solved the x-ray crystal 

structure of SARMs bound to AR(WT) (129, 156) and R-bicalutamide bound to AR(W741L) 

(67) providing insight for structure-based drug design.   

The three-dimensional crystal structure of R-bicalutamide bound to the AR(W741L) 

mutant reveals that the B-ring of R-bicalutamide occupies the same position that the indole 

ring of Trp 741 does when the AR(WT) is bound to DHT (67).  In the AR(WT), the presence 

of the Trp 741 indole ring sterically hinders the binding of bicalutamide such that the B-ring 
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of R-bicalutamide cannot be accommodated.  For the most part, when R-bicalutamide is 

bound to the W741L mutant AR, residues are positioned similar to that observed for the 

complexed DHT AR(WT) LBD (Figure 4.1).  Additionally, at the position of the chiral 

hydroxyl group of R-bicalutamide, R-bicalutamide bends and orients itself such that it makes 

direct contacts with residues of helix 12, a region not occupied by DHT in the AR(WT) ((67) 

Figure 4.2).  Met 895 on helix 12 is considerably shifted by bulk from the sulfonyl linkage 

group of R-bicalutamide and is accommodated near Leu 741 in the mutant, compared to the 

complexes of DHT or nonsteroidal AR agonists (ether linkage) bound in the AR(WT) (67).  

Loss of bulk in this mutation provides room for the larger R-bicalutamide molecule and 

allows for the same fold seen with other agonist bound steroidal ligands in the AR(WT).  

Conversely, R-bicalutamide maintains its antagonistic properties in the AR(T877A) due to 

the bulky structure by sterically inhibiting folding of the receptor (156).  Encroachment of the 

space occupied by helix 12 and partial unfolding of the receptor due to the large molecule 

likely causes antagonism of R-bicalutamide in AR(WT) (67).   

To overcome the widespread problem of antiandrogen resistance, our laboratory 

sought to develop pan-antagonists that exhibit antagonist activity across all AR mutations.  

Combining knowledge of the crystal structures of agonist-bound AR(WT) and R-

bicalutamide-bound AR(W741L), we investigated the possibility of increasing bulk on the B-

ring that would sterically disrupt formation of the AF2.  This strategy could be used to inhibit 

all mutations of the AR and subsequently prostate cancer.   

 

4.2. Materials and Methods 

4.2.1 In Vitro AR Binding Affinity 

In vitro AR binding affinity was determined in a radioligand competitive assay.  

Preparation of the AR GST-LBD and the method of performing the competitive binding 

assay were described in Section 3.2.2.  Binding affinities are expressed relative to DHT 

(RBA; 100%). 

 

4.2.2 In Vitro AR-Mediated Transcriptional Activity 

The agonist and antagonist activities of the compounds in the wild-type AR 

(AR(WT)), AR(W741L) and AR(T877A) were determined using cell-based transient 

transactivation assays, as described in Section 3.2.3 (31).  Cells were transfected with 45 μg 

GRELuc, 1 μg CMVLuc (renilla luciferase), and 2.5 μg of a CMVhAR, CMVhAR-W741L or 

CMVhAR-T877A expression vector.  Previous experiments in our laboratory identified that 1 
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(30), 100 and 1 nM (156) are the lowest concentrations of DHT to induce AR(WT), 

AR(W741L) and AR(T877A) transactivations, respectively.  The in vitro functional activity 

of each compound of interest (final concentrations ranging from 1-1000 nM) was determined 

by incubating cells in the absence (agonist assays) or presence (antagonist assays) of the 

indicated concentrations of DHT.  Transcriptional activity induced or suppressed by each 

compound is expressed as the percentage of activity induced by DHT. 

 

4.2.3 Cloning, Expression and Purification of AR-LBD 

AR LBD was prepared as described in Section 3.2.2.  Mutations were created in 

pGEX6P-AR (663-919) and pCMVhAR via the Stratagene QuikChange mutagenesis kit 

according to the manufacturer’s instructions.  Cells were lysed in the buffer containing 150 

mM NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 10% glycerol, 1 mg/mL lysozyme, 10 

units/mL DNase I, 10 mM MgCL2, 10 mM DTT, 0.5% CHAPS, 100 µM 

phenylmethylsulfonyl fluoride, and 100 µM ligand by 3 freeze/thaw cycles.  The supernatant 

from ultracentrifugation was incubated for 1 h at 4 °C with glutathione-Sepharose 

(Amersham Biosciences) and washed with 150 mM NaCl, 50 mM Tris, pH 8.0, 5 mM 

EDTA, 10% glycerol, 10 µM ligand, 0.1% n-octyl-β-glucoside and 1 mM DTT.  The GST-

LBD fusion protein was cleaved in a buffer containing 150 mM NaCl, 50 mM Tris, pH 7.0, 5 

mM EDTA, 10% glycerol, 100 µM ligand, 0.1% n-octyl-β-glucoside, 1 mM DTT and 5 units 

of PreScission Protease (Amersham Biosciences) at 4 °C overnight releasing the AR LBD 

from the glutathione-Sepharose resin.  The supernatant was then diluted 3-fold in 10 mM 

Hepes, pH 7.2, 10% glycerol, 10 µM ligand, 0.1% n-octyl-β-glucoside and 1 mM DTT and 

loaded onto an HP SP cation exchange-column (Amersham Biosciences).  Protein was eluted 

with a gradient of 50 to 500 mM NaCl in the same dilution buffer.  The buffer was exchanged 

in a Millipore 10 kDa cut-off concentrator to a buffer containing 150 mM Li2SO4, 50 mM 

Hepes, pH 7.2, 10% glycerol, 10 µM ligand, 0.1% n-octyl-β-glucoside and 10 mM DTT.  

Protein was concentrated to 8 mg/mL. 

 

4.2.4     Crystallization, Data Collection and Structure Determination 

The sitting drop vapor diffusion method was used to obtain AR LBD crystals in 

reservoirs containing 0.1 M Hepes, pH 7.5, and 0.75 M Li2SO4 and was transferred to a 

solution consisting of 0.1 M Hepes, pH 7.5, 0.75 M Li2SO4 and 25% ethylene glycol before 

being flash frozen in liquid nitrogen.  Diffraction data were collected using a Rigaku RU300 

rotating anode generator and an R-axis IV++ image plate (Rigaku, The Woodlands, TX) and 
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processed with Crystal Clear software (Molecular Structure Corp., The Woodlands, TX).  

The x-ray crystal structure of the AR(T877A) LBD in complex with A-12 (PDB code 2AXA) 

was used as a starting structure for refinement using the Crystallography & NMR System 

(158).  Subsequently, electron density maps allowed for accurate fitting of the ligand.  Model 

building and water molecules were added using the program O (159) and further rounds of 

refinement were performed using rigid body, torsion angle simulated annealing, and 

individual temperature factor modules of the Crystallography & NMR System.  The figures 

were prepared with PyMOL3. 

 

4.2. Results 

4.2.1 In Vitro AR Binding Affinity 

S-22, a lead SARM, bearing an ether linkage and a B-ring para-cyano group exhibits 

high AR binding affinity, with a RBA of 5.5%, while R-bicalutamide binds approximately 

10-fold less (RBA of 0.62%; Table 4.1).  Maintaining the sulfonyl linkage of R-bicalutamide 

but replacing the para-fluoro with a cyano group did not alter binding affinity (A-1).  

However, introducing an amine linkage significantly decreased the binding affinity and 

appeared to decrease regiospecificity for the cyano substituent in the B-ring (A-2 – A-4).  

When an ether linkage is present, the position of the B-ring cyano substituent has a greater 

effect on AR binding (compare S-22 and A-7 to A-5 and A-6) and replacing the cyano group 

with a trifluoromethyl resulted in high AR binding affinity (3.0%; A-8).  Conversely, 

introduction of more bulk to the B-ring by adding a naphthyl group decreased the binding 

affinity of ether-linked (compare A-12 to S-22) and sulfonyl-linked derivatives (compare A-9 

to A-1).  Presence of an amine linkage, however, increased the binding affinity from 0.16% 

for A-2 to 1.5% for A-11 when incorporated with a naphthyl B-ring.  Adding a more flexible, 

bulky bi-phenyl substituent, while still maintaining the B-ring para-cyano group, decreased 

the binding affinity approximately 3-fold (A-13 and A-14) compared to the naphthyl 

substituted compound.  However, the RBA of these compounds was still higher than that of 

the monosubstituted derivative (para-cyano), A-2.  When the ether linkage was present, 

adding the bulk and flexibility of a phenyl, benzyl, or phenoxy substituent at any position (A-

15 – A-20) did not alter binding affinity compared to the ether-linked derivative lacking a 

para-cyano group (A-10).  However, binding affinities were significantly lower compared to 

ether-linked derivatives bearing a B-ring para-cyano group.  Both the amine-linked and 

ether-linked meta-phenyl substituted compounds (A-13 and A-16) displayed similar binding 

affinities, while the amine-linked ortho-substituted compound (A-14) bound with greater 
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affinity than the ether-linked derivative (A-17).  Finally, addition of a propyl group off the 

amine linkage (A-22) increased binding affinity compared to its amine-linked counterpart (A-

2), but was substantially decreased by addition of a methyl group (A-23). 

 

4.2.2 In Vitro AR(WT) Activity 

S-22 is a very potent and efficacious SARM in the AR(WT), with maximum agonist 

activity of 140 ± 15.1% (Emax) and potency of 1.4 nM (EC50; Table 4.1).  On the other hand, 

presence of a sulfonyl linkage and para-fluoro substituent on the B-ring in R-bicalutamide 

results in antiandrogenic activity, with an IC50 of 22.4 nM and 90% inhibition of DHT-

dependent activity.  Replacing the para-fluoro of R-bicalutamide with a cyano group (A-1) 

significantly reduced the antagonist activity in the AR(WT).  Incorporation of an amine 

linkage (A-2) introduced partial agonist activity and improved antagonist activity, although 

still 5-fold less potent than R-bicalutamide.  However, the potency significantly improved 

(IC50 of 6.7 nM) and was better than that of R-bicalutamide when the B-ring para-cyano 

group was shifted to the meta-position (A-3).  Meta- and ortho-cyano groups on molecules 

possessing ether linkages displayed weak AR(WT) agonist and antagonist activity (A-5 and 

A-6).  Only partial agonist activity was observed in the presence of a para-cyano group (like 

S-22) in combination with a meta-cyano group (A-7).  In addition to very weak antagonist 

activity, potent partial agonist activity was also observed with a para-trifluoromethyl group 

(A-8).   

Introduction of bulk to the B-ring (naphthyl group) of A-1, which also bears a B-ring 

para-cyano group, compromised the IC50 and displayed antagonist activity only at high 

concentrations (A-9).  Comparing A-10 and A-12, ether-linked compounds without and with 

a para-cyano group, respectively, demonstrated that though addition of a para-cyano group 

reduced the antagonistic potential, it increased the partial agonist activity.  Presence of an 

amine linkage produced weak agonist and antagonist activity (A-11).  Adding flexibility to 

the B-ring bulk by addition of a phenyl ring at the meta-position, as seen in A-13, greatly 

improved the antagonist activity of the amine-linked compounds, with comparable potency 

(20.5 nM) and efficacy (88.2%) as R-bicalutamide.  Weak antagonist activity was observed in 

the ether-linked compounds with an aromatic ring off the para-, meta- and ortho-positions of 

the B-ring (A-16 to A-20).  Incorporation of a substitution to the amine linkage exhibited 

similar efficacy (83.3% inhibition for A-21 to 92.7% for A-22) as that of R-bicalutamide 

(90.9%).  However, potency reduced 5 to 6-fold for the benzyl-substituted (A-21) and propyl-
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substituted amine-linked compounds, and 10-fold for the methyl-substituted amine-linked 

compound (A-23). 

 

4.2.3 In Vitro AR(W741L) Activity of Nonsteroidal AR(WT) Antagonists 

R-bicalutamide is a very potent agonist in the AR(W741L) mutant, with an EC50 and 

Emax of 1.1 nM and 273%, respectively (Table 4.2).  Replacing the para-fluoro with a cyano 

group, as seen in A-1, significantly reduced agonist activity but still did not exhibit any 

antagonist activity.  Replacing the sulfonyl linkage with an amine maintained similar agonist 

activity but introduced very weak antagonist activity, although only at high concentrations 

(A-2).  Shifting the para-cyano group to the meta-position slightly improved the antagonist 

activity (A-3); however, full agonist activity returned with an ortho-cyano group on the B-

ring (A-4).  Ether-linked compounds A-5, A-6 and A-7, bearing meta-cyano, ortho-cyano, or 

para-trifluoromethyl group on the B-ring, respectively, exhibited very weak to no antagonist 

activity.  These derivatives did however display varying agonist activity, with the greatest 

potency observed with A-7 bearing the para-trifluoromethyl group.  Of the naphthyl-

containing compounds, the sulfonyl-linked derivative, A-9, displayed minimal antagonist 

activity, the ether-linked derivatives A-10 and A-12, exhibited partial and full agonist 

activity, respectively, as did the amine-linked derivative, A-11.  Phenyl-substituted B-ring 

derivatives, A-13, A-14 and A-15 displayed weak to partial agonist activity, and A-14 alone, 

which bears an amine linkage and an ortho-phenyl substituted B-ring, exhibited weak 

antagonist activity (305 nM).  A-21, the benzyl-subtstituted amine, displayed weak agonist 

and antagonist activity.  Reducing the bulk to a propyl group improved antagonist activity, 

with the most potent and effective antagonist, A-22, bearing a B-ring para-cyano group and a 

propyl-substituted amine.  The IC50 and percent inhibition of DHT-dependent activity for A-

22 was 151 nM and 81.8%, respectively. 

 

4.2.5. In Vitro AR(T877A) Activity of Nonsteroidal AR(WT) Antagonists 

In the AR(T877A) mutant, R-bicalutamide maintained antagonist properties with an 

IC50 of 228.8 nM and inhibited DHT-dependent activity by 73.7% (Table 4.2).  Replacing the 

para-fluoro with a cyano group (A-1) weakened antagonist activity and also displayed very 

weak partial agonist activity.  However, changing the linkage group of A-1 to an amine 

abolished antagonist activity and resulted in full agonist activity, with an EC50 and Emax of 

47.0 nM and 121.9%, respectively (A-2).  Moving the para-cyano group of the B-ring to the 

meta- and ortho-positions (A-3 and A-4, respectively), weakened agonist activity yet gained 
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weak antagonist activity.  A-5, bearing an ether linkage with a B-ring meta-cyano group 

exhibited weak agonist and antagonist activity.  However, potent agonist activity resulted 

from an ortho-cyano group as in A-6, or a para-trifluoromethyl group as in A-7.  All of the 

naphthyl-containing compounds exhibited weak to partial agonist activity, with the greatest 

antagonist activity observed with the sulfonyl-linked A-9, with an IC50 and inhibition of 

DHT-induced activity of 604 nM and 74.2%, respectively.  The amine-linked molecule, A-

11, also displayed weak antagonist activity.  Very weak partial agonist activity was observed 

by adding bulk with flexibility, as observed with B-ring phenyl substituents (A-13, A-14, and 

A-15).  However, the amine-linked ortho-phenyl substituted B-ring (A-14) exhibited potent 

antagonist activity, with an IC50 of 34.3 nM and 94.0% inhibition of DHT-dependent activity.  

The amine-linked substituted compounds all displayed very weak agonist as well as 

antagonist activity.  The larger the substitution on the linker, the less antagonist activity it 

possesses.  The benzyl-substituted amine-linked derivative, A-21, displayed the weakest 

antagonist activity, with an IC50 of 470 nM and 74.8% inhibition of DHT-dependent activity 

followed by the propyl-substituted amine-linked derivative, A-23.  The greatest activity was 

observed with the methyl-substituted amine-linked derivative (A-22) that had an IC50 and 

percent inhibition of 80.6 nM and 70.9%, respectively. 

  

4.2.5. Binding of A-12 to AR(T877A) 

Of the naphthyl-containing compounds, A-12 bound AR(WT) with the greatest 

affinity and was a potent and efficacious agonist in the mutants.  Therefore, a crystal structure 

was obtained for the complex of A-12 bound in the AR(T877A) mutant (Figures 4.3 and 4.4).  

The overlay of A-12 in the AR(T877A) and S-22 in the AR(WT) are very similar (Figure 

4.3).  Interestingly, the A-12/AR(T877A) crystal structure revealed that the distal ring of the 

naphthyl group is opposite helix 12, between Trp 741 and Met 745, experiencing an edge-to-

face π-π interaction with the A-ring.  Additionally, Met 745 shifts compared to the S-

22/AR(WT) complex to accommodate the bulk of A-12 in the agonist conformation (Figure 

4.4), setting off a cascade of effects; Met 742 reorients as a result of the distal naphthyl ring, 

which pushes Met 745 towards the A-ring.  This causes a steric interaction of the 5-position 

of the A-ring with the amide oxygen of Gln 711 on helix 3.  

 

4.3. Discussion 

Through numerous SAR studies of nonsteroidal AR ligands (30, 88, 96, 125), we 

identified the cyano- or nitro groups at the para-position (hydrogen bond acceptor groups) 
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and hydrophobic substituents at the meta-position (trifluoromethyl) as key structural features 

on the A-ring of the arylpropionamide backbone to be beneficial for in vitro AR(WT) 

binding.  Additionally, hydrophilic, electron-withdrawing substituents at the para-position of 

the B-ring, such as halogens or a cyano group, are also important for high in vitro AR binding 

affinity.  These important structural features were therefore preserved in the current study.   

The present study demonstrates that novel AR antagonists with a wide range of in 

vitro activities in the AR(WT), AR(W741L) and AR(T877A) can be designed through 

structural modifications of R-bicalutamide (R-bicalutamide has a 30-fold greater AR binding 

affinity than the S enantiomer).  Increased bulk of the para-cyano group in A-1 increased 

binding affinity but decreased antagonist activity (Table 4.1).  Activity was, however, 

superior to R-bicalutamide by changing the linker to an amine (instead of a sulfonyl) and 

shifting the cyano group to the meta-position of the B-ring.  Mono- or di-substituted ether-

linked arylpropionamide derivatives were not potent or effective in antagonizing the effects 

of the AR(WT). 

We investigated the possibility of increasing bulk on the B-ring to inhibit receptor 

folding following ligand binding, a mechanism of AR antagonism.  The amine-linked 

naphthyl derivative displayed the greatest potency when incorporating this substitution, 

although its potency (IC50) was weak at 193 nM, approximately 10-fold less than R-

bicalutamide.  However, when bulk was introduced with flexibility through a phenyl ring, the 

result was a molecule that exhibited potency and efficacy comparable to R-bicalutamide (A-

13).   

The crystal structure of agonist bound A-12 in the AR(T877A) showed that the 

naphthyl ring does not appear to interact with the T877/T877A space.  Therefore, the 

antagonist properties of A-12 in the AR(WT) were not due to the added bulk on the B-ring.  

However, it does suggest that the antagonist conformation of these compounds containing 

naphthyl groups would be conserved in the AR(WT) and the linker must therefore explain the 

differences in agonist and antagonist activity of these nonsteroidal ligands.  Upon binding of 

A-12 in the mutant AR, a series of conformational changes occur to accommodate the bulk of 

the naphthyl ring.  Met 742 reorients, which pushes Met 745 towards the A-ring, causing a 

steric interaction, which explains the weaker binding affinity of A-12 compared to S-22. 

Since adding bulk to the B-ring via naphthyl or phenyl substituents did not result in 

an antiandrogen with greater potency than R-bicalutamide and the crystal structure of A-12 

showed that the linker is likely the determinant of antagonist activity, we attempted to 

displace helix 12 by adding a substitution to the amine linkage.  However, antagonist activity 
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of the amine-linked molecules in the AR(WT) was weak.  The benzyl-substituted amine 

displayed the greatest potency, but was still approximately 6-fold lower than that of R-

bicalutamide.   

In the AR(W741L) mutant, R-bicalutamide displayed full agonist activity due to its 

ability to allow the receptor to adopt the agonist conformation resulting from lack of bulk in 

the mutation at the location of the indole ring of Trp 741 in the AR(WT) (67).  A-13 and A-

14 displayed potent antagonist activity in the AR(WT).  The B-ring phenyl-substitution of 

these molecules may rotate and orient such that it pushes on Trp 741 and result in partial 

unfolding of the receptor.  Additionally, none of the B-ring-substituted derivatives displayed 

any substantial AR(W741L) antagonist activity.  Only when bulk extended from the amine 

linkage was there any significant activity (IC50 of 151 nM with 82% inhibition).  In the 

AR(T877A) mutant, however, R-bicalutamide displays antagonist activity in the 200 nM 

range.  Antiandrogenic activity in this mutant appears to be greatest with a B-ring para-cyano 

group and either a meta- or ortho-phenyl group (A-13 and A-14) or a methyl-substituted 

amine derivative (A-22).  These three molecules possess AR(T877A) antagonist activity 

below 100 nM.   

Crystal structures of nonsteroidal AR ligands in different receptors have provided 

major insight into structure-based drug design.  The most effective R-bicalutamide derived 

pan-antagonist possessed a substitution off the amine linkage. These studies suggest that 

replacing the sulfonyl linkage of bicalutamide with a substituted amine may provide feasible 

template for the development of pan-antagonists for the AR.  With further knowledge of how 

these molecules bind in the AR(WT), AR(W741L) and AR(T877A), more potent and 

efficacious AR pan-antagonists could be developed and would be a major breakthrough in the 

treatment of prostate cancer.   
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Figure 4.1.  Overlay of the R-bicalutamide-W741L Complex (green) and DHT-WT Complex 
(magenta) – Overview of the Steroidal Plane (67).
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Figure 4.2.  Overlay of the R-bicalutamide-W741L Complex (green) and DHT-WT Complex 
(magenta) – Side View of the Steroidal Plane (67). 
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 NC

F3C N
H

X

R1

R2

R3

O

H3C OH
 

WT Agonist WT Antagonist 
Compound X R1 R2 R3 RBA (%) 

EC50 (nM) Emax (%) IC50 (nM) % inhibition at 
1 µM 

S-22 O CN H H 5.5 ± 1.8 1.4 140 ± 15.1 NA NA 
R-

Bicalutamide SO2 F H H 0.62 ± 0.06 NA NA 22.4 ± 6.7 90.9 ± 0.83 

A-1 SO2 CN H H 0.62 ± 0.07 NA NA 743 61.9 ± 10.4 
A-2 NH CN H H 0.16 ± 0.01 626 156 ± 213. 119 89.9 ± 0.4 
A-3 NH H CN H 0.27 ± 0.01 NA NA 6.7 93.7 ± 3.1 
A-4 NH H H CN 0.20 ± 0.06 >1000 47.6 ± 10.4 151 56.4 ± 3.2 
A-5 O H CN H 0.49 ± 0.02 

78 >1000 22.3 ± 1.3 178 60.8 ± 2.6 
A-6 O H H CN 0.58 ± 0.07 >1000 43.7 ± 5.8 >1000 37.3 ± 1.9 
A-7 O CN CN H 2.4 ± 0.4 104 72.9 ± 8.9 NA NA 
A-8 O CF3 H H 3.0 ± 0.6 6.4 67.0 ± 8.6 >1000 45.6 ± 9.4 
A-9 SO2 CN -(CH)4- 0.25 ± 0.01 NA NA >1000 42.6 ± 8.9 

A-10 O H -(CH)4- 0.68 ± 0.01 NA NA 583 71.4 ± 4.1 
A-11 NH CN -(CH)4- 1.5 ± 0.05 >1000 48.3 ± 7.4 193 63.0 ± 1.2 
A-12 O CN -(CH)4- 1.9 ± 0.7 340 113 ± 61.3 >1000 43.7 ± 5.7 
A-13 NH CN Phenyl H 0.56 ± 0.03 NA NA 20.5 88.2 ± 1.1 
A-14 NH CN H Phenyl 0.65 ± 0.06 >1000 22.6 ± 6.4 81.3 92.2 ± 1.0 
A-15 O Phenyl H H 0.62 ± 0.02 >1000 20.4 ± 0.7 239 62.8 ± 3.2 
A-16 O H Phenyl H 0.53 ± 0.01 NA NA >1000 24.0 ± 4.4 
A-17 O H H Phenyl 0.38 ± 0.02 NA NA 898 55.9 ± 2.4 
A-18 O CH2(C6H5) H H 0.68 ± 0.1 NA NA 667 78.2 ± 5.9 
A-19 O H Phenoxy H 0.36 ± 0.1 NA NA >1000 23.4 ± 4.5 
A-20 O H H CH2(C6H5) 0.52 ± 0.02 NA NA >1000 44.8 ± 7.5 

 Table continued on next page 
Table 4.1.  AR(WT) Binding Affinities and Functional Activity of Nonsteroidal AR Ligands 
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Table 4.1 continued 
A-21 NCH2(C6H5) CN H H ND* NA NA 119 92.7 ± 1.8 
A-22 N(CH2)2CH CN H H 1.1 ± 0.1 NA NA 151 83.3 ± 13.8 3
A-23 NCH CN H H 0.39 ± 0.07 NA NA 209 77.6 ± 4.1 3

 

Binding affinities (RBAs) were determined in a radiolabeled competitive assay and expressed relative to DHT (100%).  The functional activity 
of each compound was determined by the ability of each ligand to induce (agonist) or suppress (antagonist) AR(WT)-mediated transcriptional 
activation in a co-transfection system and expressed as a percentage of that induced by DHT.  * The RBA was not able to be determined.  NA: 
Not applicable
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 NC

F3C N
H

X

R1

R2

R3

O

H3C OH
 

W741L Agonist W741L Antagonist T877A Agonist T877A Antagonist 
% 

inhibition 
at  1 µM 

% 
inhibition 
at 1 µM 

Compound X R R R ECIC ICEC1 2 3 50 50 50 50 E E(nM) max (%) max (%) (nM) (nM) (nM) 

R-
Bicalutamide SO2 F H H 1.1 ± 

3.4 273 ± 37.9 NA NA NA NA 229 73.7 ±7.4 

A-1 SO CN H H >1000 26.8 ± 1.6 NA NA >1000 28.8 ± 1.5 >1000 47.2 ± 9.7 2
A-2 NH CN H H >1000 24.8 ± 7.2 >1000 20.9 ± 9.1 47.0 122 ± 26.4 NA NA 
A-3 NH H CN H >1000 29.8 ± 3.9 828 55.5 ± 11.1 >1000 49.3 ± 6.1 204 64.3 ± 4.5 
A-4 NH H H CN 72.3 145 ± 166 NA NA 34.3 63.6 ± 6.8 >1000 28.9 ± 22.9 

A-5 O H CN H 667 76.1 ± 
22.7 >1000 15.9 ± 5.3 340 96.8 ± 63.9 >1000 49.6 ± 16.4 

80 

A-6 O H H CN >1000 140 ± 427 NA NA 3.4 102 ± 3.2 NA NA 
A-8 O CF H H 2.6 85.1 ± 8.0 NA NA 1.0 80.7 ± 5.1 NA NA 3
A-9 SO CN -(CH)2 4- NA NA >1000 14.5 ± 4.3 >1000 45.6 ± 31.6 604 74.2 ± 0.9 

A-10 O H -(CH)4- 209 58.9 ± 1.3 NA NA >1000 36.2 ± 4.0 NA NA 

A-11 NH CN -(CH)4- 2.4 93.1 ± 
10.8 NA NA 3.4 56.1 ± 9.9 784.4 60.5 ± 7.8 

A-12 O CN -(CH)4- 15.3 110 ± 6.2 NA NA 18.9 85.0 ± 12.6 NA NA 
A-13 NH CN Phenyl H >1000 26.8 ± 1.6 >1000 48.3 ± 4.7 >1000 20.6 ± 3.6 79.1 85.6 ± 2.0 

A-14 NH CN H Phenyl 1.9 76.7 ± 
15.1 305 63.8 ± 13.8 >1000 18.6 ± 0.1 34.3 94.0 ± 0.7 

A-15 O Phenyl H H >1000 33.1 ± 2.2 851 54.2 ± 6.5 >1000 40.7 ± 6.0 221 72.4 ± 6.1 
 Table continued on next page 

Table 4.2.  Functional Activity of Nonsteroidal AR(WT) Antagonists in AR(W741L) and AR(T877A) 
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Table 4.2 continued 
A-21 NCH2(C6H5) CN H H >1000 26.1 ± 1.7 >1000 47.6 ± 10.0 >1000 17.4  ± 5.4 470 74.8 ± 8.7 

70.9 ± 6.0 A-22 N(CH2)2CH3 CN H H NA NA 151 81.8 ± 10.1 >1000 20.0 ± 2.3 80.6 
64.3 ± 12.9 A-23 NCH3 CN H H NA NA 260 69.6 ± 4.5 1000 52.5 ± 6.3 245.8 

The functional activity of each compound was determined by the ability of each ligand to induce (agonist) or suppress (antagonist) AR(W741L)- 
and AR(T877A) mediated transcriptional activation in a co-transfection system and expressed as a percentage of that induced by DHT.  NA: Not 
applicable.
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M745 

Q711 

Figure 4.3.  Overlaid X-ray Structures of S-22/AR(WT) Complex (green) and A-12 ( orange) 
Co-crystallized with AR(T877A). 

 

The orientation of A-12 is closely overlaid with S-22 and the distal naphthyl ring extends 
directly away from helix 12 towards M745.
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Figure 4.4.  X-ray Structure of A-12 Co-crystallized with AR(T877A) 

 

There is an intermolecular π-π interaction between the naphthyl ring of A-12 and the Trp 741 
indole ring. 
 

 83



Chapter 5 

Effects of SARMs on Dexamethasone-Induced and Hypogonadism-Induced Muscle

Atrophy 

 
 
 
5.1. Introduction 

Muscle atrophy is a debilitating condition that may result from burns (69), sepsis 

(70), aging (71), disuse (72), cancer (73), AIDS (74), as well as long-term glucocorticoid 

administration for the treatment of rheumatoid arthritis (75) and asthma (76).  Muscle atrophy 

often reduces quality of life and prolongs the recovery of these patients.  Skeletal muscle 

catabolism in all of these disparate conditions is the consequence of decreased rates of protein 

synthesis and accelerated rates of protein degradation.  The muscle specific ubiquitin ligases 

muscle atrophy F-box (MAFbx or atrogin-1) and muscle ring finger1 (MuRF1; (160-165)) 

that target muscle specific proteins for degradation by the proteasome are upregulated and 

represent two of the most sensitive genes affected by muscle atrophy (165, 166). 

 Hypertrophy is in part mediated by insulin-like growth factor 1 (IGF-1) via 

stimulation of the phosphatidylinositol-3 kinase (PI3K)/Akt pathway.  In vivo, load-induced 

hypertrophy increases the expression of IGF-1 and stimulates this pathway (167).  In 

transgenic mice, over-expression of IGF-1 and a constitutively active form of Akt are both 

sufficient to induce hypertrophy in skeletal muscle (168-170).  Likewise, addition of IGF-1 to 

myotubes promotes hypertrophy in vitro (171). 

 Downstream targets of Akt include glycogen synthase kinase 3β (GSK3β), the 

mammalian target of rapamycin (mTOR), p70 ribosomal protein S6 kinase (p70S6K), as well 

as the forkhead family transcription factor Forkhead box O (FoxO; (172)).  FoxO, when 

phosphorylated by Akt, is inactive and excluded from the nucleus (173).  In myotubes, 

treatment with dexamethasone (DEX) causes dephosphorylation of FoxO and leads to its 

subsequent translocation to the nucleus resulting in increased expression of MAFbx and 

MuRF1 (173, 174).  Co-treatment with IGF-1 antagonizes the up-regulation, implicating that 

the PI3K/Akt pathway induces skeletal muscle hypertrophy not only through increased 

protein synthesis but also through anti-catabolic effects (173-175).  Studies confirm that two 
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forms of FoxO are involved in muscle atrophy; activation of FoxO3 induces atrophy in 

myotubes (173) and transgenic mice over-expressing FoxO1 have reduced skeletal muscle 

mass compared to wild-type control (176). 

The anabolic effects of the steroids testosterone and nandrolone have been 

demonstrated under conditions related to aging men (71), long-term glucocorticoid treatment 

(77, 78), HIV (79), and severe burns (80).  Testosterone administration is associated with a 

dose-dependent increase in lean muscle mass and maximal voluntary strength and a decrease 

in fat mass.  The increase in lean muscle mass results from decreased rates of protein 

catabolism, re-establishing a balance between protein synthesis and degradation (71, 80).  

Under conditions of DEX or denervation-induced atrophy, testosterone and nandrolone, 

respectively, prevented the up-regulation of muscle specific ubiquitin ligases (177, 178).  

Similar results were reproduced in myotubes (177).  These results indicate that anabolic 

steroids may inhibit muscle atrophy by reducing the rates of protein catabolism by 

suppressing muscle specific ubiquitin ligases.  However, poor pharmacokinetic profiles and 

lack of tissue selectivity preclude the frequent use of these steroidal androgens. 

In castrated male rats, S-23 maximally maintained the levator ani muscle weight at 

129% of intact control and showed significant improvements in BMD, lean mass and fat mass 

in intact animals (123).  These are the first studies to examine the effects of a SARM on 

signaling involved in protein synthesis and degradation in the levator ani muscle that occurs 

during DEX-induced and castration-dependent atrophy.  The effectiveness of S-23, compared 

to TP, at inhibiting DEX-induced muscle atrophy and regulating genes and proteins involved 

in the PI3K/Akt pathway (i.e. MAFbx, MuRF1, FoxO, IGF-1) indicate that SARMs may 

provide a unique and more selective pharmacologic approach to prevent or treat 

corticosteroid-induced muscle atrophy. 

 

5.2. Materials and Methods 

5.2.1 Animals and Treatment 

Male Sprague-Dawley rats were purchased from Harlan Bioproducts for Science 

(Indianapolis, IN).  The animals were maintained on a 12 hour light/dark cycle with food and 

water available ad libitum.  All animal studies were conducted under the auspices of an 

animal protocol approved by the Institutional Laboratory Animal Care and Use Committee at 

the University of Tennessee.  Prior to and at the end of treatment, body fat, lean body mass 

(LBM), fluids and total water were determined by MRI (EchoMRI 4-in-1 Composition 

Analyzer, Houston, TX).  The animals were 5-6 weeks old and weighed 229-238 grams.  
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Male rats were randomized according to LBM and assigned to one of four groups (n = 

5/group).  Animals received daily sc injections (200 μL/d) of the compound of interest for 8 

days.  Each compound was dispersed in vehicle containing 80% Tween 80 (Sigma-Aldrich, 

St. Louis, MO) and 20% Captex 200 (Abitec, Columbus, OH).  Group 1 was the control 

group and received vehicle alone.  Groups 2-4 received 600 μg/kg/day DEX (Sigma-Aldrich).  

In addition to receiving DEX, groups 3 and 4 were administered 25 mg/kg/day of TP (Sigma-

Aldrich) or S-23, respectively.  S-23 (123) was synthesized in our laboratories using 

described methods (125).  Chemical purities were confirmed by MS and NMR and 

determined to be greater than 99%.     

Animals were weighed, anesthetized and sacrificed within 24 hours after the last 

dose.  The ventral prostate and seminal vesicles were removed, cleared of extraneous tissue, 

and weighed.  The levator ani, gastrocnemius (gastroc), extensor digitorum longus (EDL) and 

soleus muscles were removed (gastroc, EDL and soleus from the left hind limb), weighed, 

and a segment preserved in RNAlater (Ambion, Austin, TX) for gene expression analysis, 

and the other portion immediately frozen in dry ice/ethanol (Sigma-Aldrich) for protein 

expression analysis.  All tissue weights were normalized to total body weight and compared.  

All muscle samples in RNAlater and those that were immediately frozen were stored at 4° or 

-80° C, respectively, until further analysis. 

An additional group of male Sprague-Dawley rats was ordered from Harlan 

Bioproducts for Science for the time-course study.  Animals in this study were 5-6 weeks old 

and ranged from 219-234 grams.  Rats were randomized according to weight and assigned to 

appropriate groups (n = 5/group).  Animals were orchidectomized via scrotal incision under 

ketamine/xylazine anesthesia 24 hours before drug treatment and received daily sc injections 

of S-23 (200 μL/day) at a dose rate of 1 mg/day.  S-23 was dissolved in vehicle containing 

DMSO (Sigma Aldrich) /PEG300 (Sigma Aldrich) [10/90 (vol/vol)].  Additional groups of 

rats (n = 5/group) with or without castration received vehicle only and served as castrate or 

intact control groups, respectively.  Animals were treated for 3, 7, 10, 14, 21 or 28 days.  

Animals were weighed, anesthetized, and sacrificed within 24 hours after the last dose.  The 

ventral prostate, seminal vesicles, levator ani, gastroc, EDL and soleus muscles were 

removed (gastroc, EDL and soleus from the left hind limb), cleared of extraneous tissue, 

weighed, and preserved in RNAlater for gene expression analysis.  All organ weights were 

normalized to total body weight and compared.  Percent changes were determined by 

comparison to intact animals. 
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Lastly, a separate group of animals was randomized according to weight (n = 

5/group) to compare DEX treatment versus castration on prostate, levator ani and serum 

testosterone levels.  Animals were 5-6 weeks old and weighed 219-231 grams.  Animals were 

either castrated as described above (ORX group) or left intact (intact and DEX groups).  

Animals then received daily sc injections of vehicle (intact and ORX groups) or 600 

ug/kg/day DEX for 8 days.  Animals were weighed, anesthetized and serum collected and 

stored at -20° C until further analysis.  The ventral prostate and levator ani muscles were 

removed, weighed and normalized to total body weight and compared to the vehicle-treated, 

intact control group.  

 

5.2.2 Serum Testosterone Analysis 

Serum testosterone was quantified using a LC/MS/MS method, using deuterium 

labeled testosterone as an internal standard.  The analyses were performed using a quadrupole 

ion-trap mass spectrometer coupled with an HPLC system and an electrospray ionization 

source.  The samples were prepared by liquid-liquid extraction, using a 3:2 ratio (v:v) of ethyl 

acetate:hexane.  An aliquot of sample (10 μL) was injected into a C18 column (100 x 2.1 

mm, 3 μm; Grace Davison Discovery Sciences Alltima HP) at a flow rate of 0.4 mL/min 

using a gradient mobile phase.  Mobile phase A comprised of 90% water, 10% acetonitrile 

and 0.1% formic acid.  Mobile phase B consisted of 90% acetonitrile, 10% water and 0.1% 

formic acid.  The gradient initiated with 30% B at a flow of 0.4 mL/min and the first three 

minutes was diverted to waste.  After eight minutes, the gradient changed to 90% B, then 

back to 30% six seconds later, and remained there until the end of the total run time of 13 

minutes.  The lower limit of quantitation for the method was 0.200 ng/mL. 

 

5.2.3 Cell Culture 

Myoblasts from the C2C12 mouse skeletal muscle cell line (ATCC, Manassas, VA) 

were cultured in growth medium consisting of DMEM supplemented with 10% FBS, 100 

units/mL penicillin and 100 μg/mL streptomycin (all purchased from Hyclone, Logan, UT) in 

a humidified atmosphere containing 5% CO2 at 37° C.  Two, independent experiments were 

performed for both qPCR and Western blotting, and each were performed in triplicate.   

 

5.2.4 Quantitative Real-Time PCR 

C2C12 cells were seeded into 6-well plates in growth medium at a density of 1 

million cells/well and allowed to recover for 8 hours.  Medium was then replaced with 
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differentiation medium consisting of DMEM supplemented with 2% horse serum (Hyclone).  

After 24 hours, cells were transduced with 250 virus particles/cell of an androgen receptor 

adenovirus (Ad-AR; generated by Welgen, Inc., Worcester, MA) and incubated another 24 

hours.  Cells were treated with the compound of interest and RNA was isolated 24 hours 

later, using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions.  For muscle sample analysis, 50 mg of tissue was removed from RNAlater, 

homogenized using Lysing Matrix D (MP Biomedicals, Solon, OH) and RNA isolated using 

TRIzol Reagent.  Total RNA was determined by absorbance at 260 nm.  RNA (1 μg) was 

reverse transcribed to produce cDNA (High Capacity cDNA Reverse Transcription Kit with 

RNase Inhibitor; Applied Biosystems, Foster City, CA).  Rat and mouse Fbxo32, Trim63, and 

IGF-1TaqMan® probes and rat AR and GR probes were used (Applied Biosystems).  qPCR 

was performed (TaqMan® Fast Universal PCR Master Mix; Applied Biosystems) according 

to the manufacturer’s instructions.  To control for any variation in reverse transcription or 

PCR efficiency, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an 

internal control.  The cycle number at which the reaction crossed an arbitrary threshold (CT) 

was determined for each gene and analyzed using the 2-ΔΔCT method (179).  All PCR runs 

were performed in duplicate.  

 

5.2.5 Western Blotting 

C2C12 cells were seeded into 10 cm dishes in growth medium at a density of 2.5 

million cells/dish.  Differentiation was induced, cells were transduced, and treated as 

described above.  Cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS; 

Hyclone) and protein was extracted in buffer containing 1 M potassium phosphate, 10 mM 

sodium molybdate, 50 mM sodium fluoride, 2 mM EDTA, 2 mM ethylene glycol tetraacetic 

acid (EGTA), 0.05% monothioglycerol, 1 mg/mL leupeptin, 1 mg/mL antipain 

dihydrochloride, 1 mg/mL aprotinin, 1 mg/mL benzamidine hydrochloride, 1 mg/mL 

chymostatin, 1 mg/mL pepstatin, 4 M sodium chloride, and 100 mM 

phenylmethanesulphonylfluoride (PMSF).  The samples were subjected to a freeze/thaw 

cycle and centrifuged.  The supernatant was removed and stored at -80° C until analysis.  For 

muscle sample analysis, 50 mg of tissue was homogenized in 750 μL of homogenization 

buffer using Lysing Matrix D.  The samples were subjected to a freeze/thaw cycle, 

centrifuged, and the supernatant stored at -80° C.  Protein concentrations of the supernatant 

were determined by the Bio-Rad protein assay (Hercules, CA) using bovine serum albumin 

(BSA; Sigma-Aldrich) as the standard.  The protein samples (50 μg per lane) were mixed 
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with loading buffer, heated for 5 minutes and resolved by SDS-PAGE on 4-20% tris-glycine 

gradient gels (Invitrogen) then transferred to polyvinylidene difluoride (PVDF) membranes.  

Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline with Tween 20 

(TBST; 50 mM Tris, 150 mM NaCl and 0.1% Tween 20).  The primary antibodies were 

diluted 1:1000 in 5% BSA (phospho-Akt Ser 473, phospho-mTOR Ser 2488, phospho-GSK-

3β Ser 9, phospho-p70 S6 Kinase Thr 389, total Akt, and total FoxO3a all from Cell 

Signaling Technology, Danvers, MA; phospho-FoxO3a S 253 from Abcam Inc, Cambridge, 

MA; AR PG21 and anti-actin from Upstate, Billerica, MA; GR from Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) and the secondary antibodies 1:2000 in 5% nonfat dry 

milk (horse-radish peroxidase-conjugated antirabbit IgG and antimouse IgG, Cell Signaling 

Technology).  Immunostaining was visualized by enhanced chemiluminenscence (Amersham 

ECL Plus™ Western Blotting Detection Reagents, Piscataway, NJ) and captured on 

photographic film.  The protein band densities were quantified using TotalLab TL100 

(Nonlinear Dynamics, Durham, NC).  β-actin was included for loading control. 

 

5.2.6 Statistical Analyses 

All statistical analyses were performed using single-factor ANOVA followed by 

Dunnett’s multiple comparison test.  Differences in which p < 0.05 were considered 

statistically significant. 

 

5.3.1 Results 

5.3.1 Expression of Muscle Hypertrophy and Atrophy Markers in C2C12 Myotubes 

The effects of S-23 and TP on DEX-induced atrophy were examined in differentiated 

C2C12 myotubes expressing the AR.  In the absence of AR in untransfected C2C12 cells, 

androgens failed to regulate the expression of MAFbx or IGF-1 (data not shown).  However, 

in AR transduced C2C12 cells, overnight incubation with DEX induced a 6.5-fold increase in 

the expression of MAFbx mRNA (Figure 5.1).  Co-treatment with TP and S-23 partially but 

significantly inhibited the up-regulation, with near maximal effect observed at 1 nM.  DEX 

treatment also caused a 13-fold decrease in expression of IGF-1 mRNA, which was 

significantly inhibited by TP and S-23 at all concentrations ≥ 1 nM (Figure 5.2).   

 Addition of DEX to C2C12 myotubes significantly reduced phosphorylation of many 

proteins involved in the PI3K/Akt pathway (Figure 5.3).  Co-treatment with androgens 

significantly attenuated the effects of DEX on phosphorylation of Akt, GSK3-β, p70S6K, 

mTOR, FoxO3a and FoxO1.  Quantification of band densities revealed significant differences 
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observed in the phosphorylation of Akt at 0.1 and 1 nM for S-23 and TP, respectively (Figure 

5.4).  Additionally, TP and S-23 increased phosphorylation of FoxO3a above that observed 

for vehicle control at all concentrations (Figure 5.5). 

 

5.3.2 Dexamethasone-Induced Muscle Atrophy 

DEX administration (600 μg/kg/day) significantly reduced the total BW of intact 

male rats (Figure 5.6A).  Co-treatment with 25 mg/kg/day TP or S-23 partially attenuated the 

effects of DEX on BW.  However, the weights were still significantly different from vehicle 

control.  DEX treatment also caused a 5% reduction in LBM after 8 days (Figure 5.6B).  S-23 

significantly inhibited the loss of LBM with no significant differences observed versus 

vehicle control, while TP only partially attenuated this loss.  DEX also significantly reduced 

the size of the prostate and seminal vesicles (Figure 5.5.7A and B).  Co-administration with 

TP or S-23 increased the weights of these tissues above that observed for vehicle control 

(Figure 5.7A and B), with TP significantly increasing the seminal vesicles compared to S-23 

(p < 0.01).  A variety of muscles were also excised to evaluate their response to 

glucocorticoid and androgen treatment.  The levator ani, a highly androgen responsive fast-

twitch muscle, decreased by 52% upon DEX administration (Figure 5.8A).  TP and S-23 

completely inhibited this reduction, maintaining the weight similar to that observed for intact 

control.  The gastrocnemius, a muscle comprised mostly of fast-twitch fibers (94%; (180)), 

decreased by 37% in response to DEX administration.  However, contrary to previously 

reported data (177), TP and S-23 did not attenuate the effects of DEX on this muscle (Figure 

5.8B).  The EDL, another fast-twitch muscle, also diminished in size by 34% upon exposure 

to DEX, with no inhibition observed upon TP or S-23 administration (Figure 5.8C).  DEX 

also caused a reduction in the size of the soleus muscle, a slow-twitch muscle, which was 

attenuated by S-23, but not TP (Figure 5.8D).  

 

5.3.3 Expression of AR and GR in Muscle 

The soleus muscle expresses more GR than the other muscles, followed by the 

gastrocnemius, EDL and the levator ani expressing GR the least (Figure 5.9A).  A similar 

trend was observed in protein with the soleus expressing 1.1, 1.5 and 2.6-fold more than the 

gastrocnemius, EDL, and levator ani muscles, respectively (Figure 5.9B and C).  Conversely, 

the levator ani muscle expresses 5.5, 7.2 and 2.9-fold more AR mRNA than the 

gastrocnemius, EDL and soleus muscles, respectively (Figure 5.10A).  A similar trend was 

also observed with protein levels (Figure 5.10B) and when quantified, the levator ani 
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expresses 1.9, 1.6 and 6.6-fold more AR than the gastrocnemius, soleus, and EDL muscles, 

respectively (Fig. 5.10C).  

 

5.3.4 Effects of S-23 and TP on Gene and Protein Expression in Muscle of Intact Rats 

Administration of DEX to intact animals resulted in up-regulation of MAFbx mRNA 

in the levator ani, gastrocnemius, EDL and soleus, with the greatest effect observed in the 

levator ani muscle (60-fold change; Figure 5.11).  Co-administration with androgens 

completely inhibited this up-regulation in the levator ani.  In the gastrocnemius, EDL and 

soleus, the up-regulation of MAFbx was slightly attenuated by TP, but S-23 was more 

effective at inhibiting the up-regulation of MAFbx in the gastrocnemius and soleus muscles (p 

< 0.05).  A similar trend was observed for MuRF1, with a 25-fold increase in mRNA 

expression in the levator ani, which was completely blocked by TP and S-23 administration.  

S-23 was statistically more effective than TP at inhibiting MuRF1 in the soleus (p < 0.05, 

Figure 5.12).  DEX treatment decreased the levels of IGF-1 in the gastrocnemius, EDL, and 

soleus by 3, 6.5 and 5.5-fold, respectively (Figure 5.13).  Although IGF-1 expression did not 

decrease in the levator ani, TP and S-23 caused a small but significant increase in expression 

of IGF-1 in this tissue.  The same trend was observed in other muscles.   

 Proteins upstream of MAFbx and MuRF1 in the PI3K/Akt pathway, phosphorylated 

Akt, GSK3β, p70S6K and FoxO3a, decreased in the levator ani muscle upon DEX exposure 

(Figure 5.14).  As was observed in C2C12 myotubes, co-treatment with TP and S-23 

maintained phosphorylated levels of GSK3β, p70S6K and Akt (Figures 5.15A).  Down-

regulation of phosphorylated FoxO3a was attenuated by TP and S-23 (Figure 5.15B). 

 

5.3.5 Hypogonadism-Induced Muscle Atrophy    

Castration resulted in an immediate reduction in size of androgen dependent tissues.  

After just 3 days, the prostate and levator ani muscle reduce to 67 and 79% of intact control, 

respectively (Figures 5.16B and C).  Both tissues continue to decrease in size and reach nadir 

by 14 days, with sizes of the prostate and levator ani leveling off around 15 and 45% of that 

observed in intact control, respectively.  Conversely, when S-23 is administered to ORX 

animals, the prostate and levator ani are both maintained, and significant increases are 

observed through day 28 (Figures 5.16B and C).  Castration induces a 40-fold increase in 

MAFbx mRNA expression at 3 days, but drops off 14 days post castration (Figure 5.17A).  

Administration of S-23 inhibits this up-regulation at 3, 7 and 10 days, but no change is 
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observed after 14 days (Figure 5.17B).  Additionally, castration induces a down-regulation in 

expression of IGF-1 (Figure 5.18A), which is also attenuated by S-23 (Figure 5.18B). 

 

5.3.6 Comparison of DEX and ORX on BW, Androgen-Dependent Tissues and Serum 

Testosterone 

Significant reductions in body, prostate and levator ani weights were observed after 8 

days of DEX administration or castration (Table 5.1).  Serum testosterone concentrations 

measured 3.6 ng/mL in vehicle-treated, intact animals.  DEX administration induced no 

significant change in serum testosterone levels.  However, castration reduced serum 

testosterone levels to below the limit of quantitation (0.20 ng/mL; Table 5.1). 

 

5.4. Discussion 

Corticosteroid-induced protein catabolism predominantly strikes fast-twitch muscle 

fibers, including the gastrocnemius and levator ani muscles.  Atrophy in fast-twitch muscle 

fibers is highly responsive to androgen administration (81, 181, 182).  The Hershberger assay 

is the method-of-choice for identifying AR-dependent myoanabolic tissue selectivity (183).  

Our laboratory and many others have shown that the levator ani muscle of rats rapidly 

atrophies following castration and quickly hypertrophies upon exogenous administration of 

an anabolic agent (32, 183, 184).  Exogenously administered testosterone promotes the 

growth of anabolic (i.e. muscle) and androgenic (i.e. prostate and seminal vesicles) tissues 

while SARMs are selectively anabolic.  Studies have demonstrated the beneficial effects of 

testosterone in the DEX-induced animal model of muscle atrophy and signaling effects in the 

PI3K/Akt pathway (177, 185, 186).  In this model, most studies have reported the effects of 

testosterone on the gastrocnemius muscle (177, 185, 186).  The present study provides 

information regarding the comparative effects of testosterone and a SARM on muscle atrophy 

and hypertrophy signaling pathways after corticosteroid administration or castration for not 

only the gastrocnemius, but also the levator ani, extensor digitorum longus, and soleus 

muscles. 

 IGF-1 mRNA expression decreased in response to DEX treatment, both in vitro and 

in vivo (Figures 5.2 and 5.14), as well as castration (Figure 5.19), corroborating the previous 

reports that the atrophic effects of glucocorticoids are mediated at least partially via 

suppression of IGF-1 signaling (167-169).  This suppression was partially or completely 

inhibited by TP and S-23.  IGF-1 activates the PI3K/Akt pathway and downstream targets 

associated with protein synthesis include Akt, mTOR, GSK3β, and p70S6K.  TP and S-23 
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completely blocked the DEX-dependent dephosphorylation of Akt and downstream proteins, 

both in skeletal muscle cells and in vivo in the levator ani muscle (Figure 5.3 and 5.15).  

These results confirm the anabolic effects of TP and S-23 on protein synthesis downstream of 

IGF-1.   

 Akt signaling is also involved in inhibiting protein degradation by phosphorylating 

FoxO and therefore preventing transcription of MAFbx and MuRF1, muscle specific ubiquitin 

ligases.  Stitt et al demonstrated that phosphorylation of FoxO1 is required for inhibition of 

muscle atrophy via the PI3K/Akt pathway (174).  Likewise, Sandri et al demonstrated that 

dephosphorylation of FoxO3 is required to activate MAFbx (173).  In the present study, 

administration of DEX resulted in dephosphorylation of FoxO1 and FoxO3 in skeletal muscle 

cells and in the levator ani muscle (Figures 5.3 and 5.15).  However, TP and S-23 

significantly promoted phosphorylation of FoxO, thereby inhibiting muscle atrophy.  Gene 

expression analysis revealed that dephosphorylation of FoxO by DEX is likely what caused 

an increase in expression of MAFbx and MuRF1 mRNA, but is attenuated by co-

administration with TP or S-23 (Figures 5.1, 5.12 and 5.13).  A co-immunoprecipitation assay 

was performed to determine if there is a direct interaction between the AR and FoxO3a to 

explain the ability of TP to maintain protein expression of FoxO3a above that of vehicle 

control (Figure 5.5).  However, the results show that the AR and FoxO3a do not directly 

interact (data not shown). 

Interestingly, the AR ligands did not maintain IGF-1 or MAFbx levels at that of 

control.  However, they did bring the proteins downstream of IGF-1 back to the control 

levels.  This indicates that the final effectors of anabolism, such as Akt, FoxO3A and other 

downstream proteins, are effectively regulated by TP and S-23.  Though earlier studies have 

revealed that there was no change in the proliferation and differentiation rate of C2C12 cells 

stably transfected with AR in response to DHT (187), myotube diameter and size should have 

increased in the present study due to the extent of regulation observed with the downstream 

proteins.  

 Administration of DEX significantly decreased body weight, which was partially 

inhibited by androgen administration (Figure 5.6A).  There was a significant loss of lean 

body mass observed in DEX-treated animals, which was only partially inhibited by TP 

(Figure 5.6B).  However, animals co-treated with S-23 maintained lean body mass similar to 

that observed in vehicle control.  The levator ani, gastrocnemius, EDL and soleus muscles all 

atrophied in response to DEX administration (Figure 5.8).  Addition of S-23 completely 

prevented reduction in weight of the levator ani and soleus muscles.  TP only protected 
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against loss of levator ani muscle weight.  Minimal effects were observed in the other 

muscles.  Inconsistent with our results, Zhao et al reported that testosterone (28 mg/kg/day) 

completely protected against loss of gastrocnemius muscle weight at both 1 and 7 days with 

significant inhibition of MAFbx expression (177).  In the present study, MAFbx expression in 

the gastrocnemius was only slightly down-regulated by S-23 at 8 days (Figure 5.11).  Protein 

expression data revealed that the levator ani expresses significantly more AR than the soleus 

muscle (Figure 5.10), and may explain why this muscle responded to TP and S-23 

administration more than the others in the present study.  Interestingly, the levator ani muscle 

expresses the least amount of GR (Figure 5.9), but atrophied the most in response to 

glucocorticoid administration.  The gastrocnemius and soleus muscles express comparable 

GR and AR, however, the slow-twitch muscle fibers of the soleus muscle responded to 

SARM treatment, whereas the gastrocnemius did not.  Analysis of AR expression in the 

levator ani, gastrocnemius, EDL and soleus muscles at the end of the study revealed that there 

was no significant change in AR expression in DEX-treated animals or castrated animals 

treated with S-23.  However, castration alone significantly increased AR expression in the 

levator ani, gastrocnemius, and soleus muscles (data not shown).  Additionally, previous 

studies have shown that DEX administration to rats reduces food consumption  (188, 189).  

The animals in the present study were not pair-fed to account for differences in food intake 

and therefore this may have an indirect effect on muscle mass and gene expression of animals 

administered DEX, compared to the other groups. 

 The levator ani muscle starts atrophying immediately after surgical removal of 

testosterone and plateaus around 14 days (Figure 5.16C).  The greatest up-regulation of 

MAFbx expression in castrated, vehicle treated animals occurs between days 3 and 10 (Figure 

17A).  S-23 showed the most regulation of this gene through 10 days, with no down-

regulation observed days 14-28 (Figure 5.17B).  This lack of regulation at the later time 

points is likely related to the muscle no longer atrophying, with minimal up-regulation of 

MAFbx observed in the ORX animals.  Conversely, IGF-1 declines in ORX animals 

throughout the 4 weeks, but is up-regulated by S-23 with the greatest regulation observed at 

28 days (Figure 5.18). 

 The levator ani muscle atrophies in response to both castration and DEX 

administration.  Stress-induced elevations in plasma glucocorticoid concentrations inhibit 

secretion of luteinizing hormone (LH) and therefore reduces testosterone concentrations in 

vivo (190).  Studies have also shown that glucocorticoids have a direct inhibitory effect on 

testicular steroidogenesis (191-193).  In humans, significant reductions in circulating 
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testosterone result from DEX administration, as well as IGF-1 mRNA (194).  Yin et al 

reported serum testosterone concentrations that were statistically significant between animals 

administered testosterone and testosterone combined with DEX, compared to both control 

and DEX-treated animals (186).  In the present study, serum testosterone concentrations 

reduced by > 95% and the levator ani muscle weight decreased by 28%, 5 days post-

castration (Table 1).  Due to variability of the data, there was no reduction in serum 

testosterone induced by DEX in the present study; however, the weight of the levator ani 

muscle decreased by 17%.  The highly androgen responsive levator ani muscle decreased in 

size in response to both DEX administration and castration possibly due to the reduction in 

circulating testosterone.  This effect may contribute to the myopathy that occurs with 

glucocorticoid administration.   

The mechanisms underlying DEX-induced atrophy appear to be different than 

castration-induced atrophy.  Loss of IGF-1 in glucocorticoid-induced muscle atrophy does 

not appear to be as important in levator ani muscle as in the other muscles (Figure 5.13).  In 

glucocorticoid-induced muscle atrophy, expression of IGF-1 in the levator ani did not 

decline; however, there was a significant reduction observed in the other muscles.  

Additionally, the levator ani muscle atrophied the most and displayed the greatest up-

regulation of MAFbx and MuRF1 compared to the other muscles (Figures 5.11 and 5.12).  

The inability of the gastrocnemius, EDL and soleus muscles to maintain IGF-1 might account 

for lack of changes in size since the levator ani was able to maintain both IGF-1 levels and 

size.  In castration-induced atrophy, IGF-1 mRNA expression declined throughout the 28 day 

period in the levator ani muscle (Figure 5.18A) and was up-regulated following SARM 

administration (Figure 5.18B).  However, the levator ani muscle also displayed the greatest 

up-regulation of MAFbx compared to the other muscles (data not shown).  Our studies 

suggest that levator ani atrophy caused by hypogonadism (i.e., castration) may be the result of 

loss of IGF-1 stimulation, while that caused by glucocorticoid treatment relies almost solely 

on up-regulation of MAFbx and MuRF1.  Though, the gene expression analyses establish this 

possibility, the direct correlation that the alteration in these pathways result in muscle loss is 

lacking.  This could be established only using the knockout or transgenic animal models.  

Studies are ongoing in our laboratories to elucidate the differences in these two mechanisms 

of muscle atrophy and their response to TP and SARM treatment. 

Previous studies have demonstrated that testosterone administration inhibits muscle 

atrophy by increasing net protein synthesis and reutilizing intracellular amino acids in 

skeletal muscle (80, 195, 196).  Though we have demonstrated that AR ligands induce the 
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anabolic- and degrade the catabolic- pathway proteins, studies employing radiolabeled amino 

acids are needed to demonstrate that S-23 has a direct effect on nascent protein synthesis.  

Importantly, previous publications positively correlate the IGF-1/Akt pathway to protein 

synthesis in muscle.  Recent publications are bringing clarity on the role of ubiquitination and 

proteasomal degradation of these anabolic proteins (197, 198).  Future experiments with 

radiolabeled amino acids, cyclohexamide or MG-132 will be helpful to determine the direct 

effects of AR ligands on the biosynthetic pathways.  

The doses of S-23 and TP were chosen to result in equal increases in levator ani 

weight in the DEX-induced model of muscle atrophy (i.e. a dose that would return the levator 

ani to the same size as observed in intact control).  Although a high dose of S-23 was used in 

this study to determine its mechanistic effects on muscle atrophy, S-23 maintains the levator 

ani muscle around intact levels at a dose of 0.1 mg/day in castrated animals, whereas the 

prostate was maintained at less than 30% of that observed in intact control (123).  

Conversely, at the same dose, TP is non-selective and maintains the weights of both the 

levator ani and prostate at 70% of intact control (32).  Thus, the tissue-selectivity of S-23, like 

other SARMs, is dose-dependent. 

 In summary, S-23 and TP maintained the weight of the levator ani muscle in the 

dexamethasone model of muscle atrophy.  S-23 and TP blocked the DEX-induced 

dephosphorylation of Akt and other proteins involved in protein synthesis, including FoxO.  

DEX caused a significant up-regulation in the expression of MAFbx and MuRF1 but TP and 

S-23 administration blocked this effect by phosphorylating FoxO.  S-23 also attenuated the 

up-regulation of MAFbx and MuRF1 in the gastrocnemius, EDL and soleus muscles.  

Castration induced rapid myopathy of the levator ani muscle, accompanied by up-regulation 

of ubiquitin ligases and down-regulation of IGF-1.  S-23 maintained the levator ani muscle at 

or above intact levels and significantly decreased expression of MAFbx and increased 

expression of IGF-1 on days 3-10, with minimal regulation observed 14 days post-castration.  

Given the observed effects on IGF-1, MAFbx and Murf1, these studies suggest that SARMs 

and TP may stimulate protein synthesis and inhibit protein degradation via the IGF-

1/PI3K/Akt signaling pathway.  SARMs provide the peripheral stimulus necessary to 

maintain muscle mass with minimal effects on androgenic tissues and represent a viable 

treatment option for a variety of clinical conditions including glucocorticoid-induced muscle 

loss and sarcopenia.
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Figure 5.1.  In Vitro Gene Expression of MAFbx 

 

C2C12 cells were transduced with AR, differentiated and myotubes treated as indicated for 
24 hours.  RNA was isolated, reverse transcribed, and qRT-PCR performed.  GAPDH was 
included as internal control.  Data was analyzed using the 2-ΔΔCT method.  Data presented as 
mean ± SE (n = 3).  * Indicates a significant difference compared to the dexamethasone-
treated group, with p < 0.05. 
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C2C12 cells were transduced with AR, differentiated and myotubes treated as indicated for 
24 hours.  RNA was isolated, reverse transcribed, and qRT-PCR performed.  GAPDH was 
included as internal control.  Data was analyzed using the 2

 

Figure 5.2.  In Vitro Gene Expression of IGF-1 
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-ΔΔCT method.  Data presented as 
mean ± SE (n = 3).  * Indicates a significant difference compared to the dexamethasone-
treated group, with p < 0.05. 



C2C12 cells were differentiated and myotubes treated as indicated for 24 hours.  Protein was extracted, resolved by SDS-PAGE and blotted for the 
indicated protein.  Immunostaining was visualized by enhanced chemiluminenscence, captured on photographic film and band densities quantified.  
β-actin, total Akt and total FoxO3a included for loading control.
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Figure 5.3.  In Vitro Protein Expression 
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Figure 5.4.  Graphical Representation of the Change in Expression of pAkt Compared to 
Total Akt 

 

C2C12 cells were transduced with the AR, differentiated and myotubes treated as indicated 
for 24 hours.  Protein was extracted, resolved by SDS-PAGE and blotted for pAkt. 
Immunostaining was visualized by enhanced chemiluminenscence, captured on photographic 
film and band densities quantified.  Total Akt was included for loading control.  Data 
presented as mean ± SE (n = 3).  * Indicates a significant difference compared to the 
dexamethasone-treated group, with p < 0.05. 
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Figure 5.5.  Graphical Representation of the Change in Expression of pFoxO3a Compared to 
Total FoxO3a 

 

C2C12 cells were transduced with the AR, differentiated and myotubes treated as indicated 
for 24 hours.  Protein was extracted, resolved by SDS-PAGE and blotted for pFoxO3a. 
Immunostaining was visualized by enhanced chemiluminenscence, captured on photographic 
film and band densities quantified.  Total FoxO3a was included for loading control.  Data 
presented as mean ± SE (n = 3).  * Indicates a significant difference compared to the 
dexamethasone-treated group, with p < 0.05. 
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Figure 5.6.  Effects of Treatment on Body Weight and Lean Body Mass 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  Data presented as 
mean ± SE (n = 5).  # Indicates a significant difference compared with the vehicle-treated 
control group, with p < 0.05; * Indicates a significant difference compared to the 
dexamethasone-treated group, with p < 0.05.  A.  Average body weight.  B.  Absolute change 
in lean body mass.   
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Figure 5.7.  Effects of Treatment on Androgenic Tissues 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were weighed, anesthetized 
and sacrificed within 24 hours after the last dose.  Tissues were normalized to total body 
weight and compared.  Data presented as mean ± SE (n = 5).  # Indicates a significant 
difference compared with the vehicle-treated control group, with p < 0.05; * Indicates a 
significant difference compared to the dexamethasone-treated group, with p < 0.05.  A.  
Normalized prostate weights.  B.  Normalized seminal vesicle weights.  
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Figure 5.8.  Effects of Treatment on Anabolic Tissues 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  All tissues were 
normalized to total body weight and compared.  Data presented as mean ± SE (n = 5).  # 
Indicates a significant difference compared with the vehicle-treated control group, with p < 
0.05; * Indicates a significant difference compared to the dexamethasone-treated group, with 
p < 0.05.  Normalized levator ani weights (A), gastrocnemius, (B), extensor digitorum longus 
(C), and soleus muscle (D). 
 

 

 104



Levator Ani

Gastro
cnemius

EDL
Soleus

G
R

/G
A

PD
H

0.00

0.02

0.04

0.06

0.08

0.10

A. 

 

B. 

 

Levator Ani

Gastro
cnemius

EDL
Soleus

G
R

/A
ct

in

0.0

0.2

0.4

0.6

0.8
C.

 
Figure 5.9.  Expression of GR in Anabolic Tissues 

 

Male rats were treated with vehicle for 8 days via sc injection.  A segment of each muscle 
was preserved in RNAlater and another portion frozen in dry ice/ethanol.  RNA was isolated, 
reverse transcribed, and qRT-PCR performed.  GAPDH included as internal control.  Data 
was analyzed using the 2-ΔΔCT method.  From the portion of the muscle that was flash 
frozen, protein was extracted, resolved by SDS-PAGE and blotted for the AR or GR.  
Immunostaining was visualized by enhanced chemiluminenscence, captured on photographic 
film and band densities quantified.  β-actin included for loading control.  Data presented as 
mean ± SE (n = 3).  A. mRNA GR expression from the levator ani, gastroc, EDL and soleus 
muscles.  B.  GR immunoblot in muscle tissues.  C.  Graphical representation of the 
expression of GR present in muscles normalized to β-actin.  
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Figure 5.10.  Expression AR in Anabolic Tissues 

 

Male rats were treated with vehicle for 8 days via sc injection.  A segment of each muscle 
was preserved in RNAlater and another portion frozen in dry ice/ethanol.  RNA was isolated, 
reverse transcribed, and qRT-PCR performed.  GAPDH included as internal control.  Data 
was analyzed using the 2-ΔΔCT method.  From the portion of the muscle that was flash 
frozen, protein was extracted, resolved by SDS-PAGE and blotted for the AR and GR. 
Immunostaining was visualized by enhanced chemiluminenscence, captured on photographic 
film and band densities quantified.  β-actin included for loading control.  Data presented as 
mean ± SE (n = 3).  A. mRNA AR expression from the levator ani, gastroc, EDL and soleus 
muscles.  B.  AR immunoblot in muscle tissues.  C.  Graphical representation of the 
expression of AR present in muscles normalized to β-actin.  
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Figure 5.11.  Effects of Treatment on MAFbx Expression in the Levator Ani, Gastrocnemius, 
EDL and Soleus Muscles in Intact Male Rats 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  The levator ani 
muscles were removed and weighed.  RNA was isolated, reverse transcribed, and qRT-PCR 
performed.  GAPDH included as internal control.  Data was analyzed using the 2-ΔΔCT method 
and presented as mean ± SE (n = 5).  # Indicates a significant difference compared with the 
vehicle-treated control group, with p < 0.05; * Indicates a significant difference compared to 
the dexamethasone-treated group, with p < 0.05.  S, T Indicates a significant difference 
compared to the SARM- or TP-treated group, respectively, with p < 0.05.
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Figure 5.12.  Effects of Treatment on MuRF1 Expression in the Levator Ani, Gastrocnemius, 
EDL and Soleus Muscles in Intact Male Rats 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  The levator ani 
muscles were removed and weighed.  RNA was isolated, reverse transcribed, and qRT-PCR 
performed.  GAPDH included as internal control.  Data was analyzed using the 2-ΔΔCT method 
and presented as mean ± SE (n = 5).  # Indicates a significant difference compared with the 
vehicle-treated control group, with p < 0.05; * Indicates a significant difference compared to 
the dexamethasone-treated group, with p < 0.05.  S, T Indicates a significant difference 
compared to the SARM- or TP-treated group, respectively, with p < 0.05. 
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Figure 5.13.  Effects of Treatment on IGF-1 Expression in the Levator Ani, Gastrocnemius, 
EDL and Soleus Muscles in Intact Male Rats 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  The levator ani 
muscles were removed and weighed.  RNA was isolated, reverse transcribed, and qRT-PCR 
performed.  GAPDH included as internal control.  Data was analyzed using the 2-ΔΔCT method 
and presented as mean ± SE (n = 5).  # Indicates a significant difference compared with the 
vehicle-treated control group, with p < 0.05; * Indicates a significant difference compared to 
the dexamethasone-treated group, with p < 0.05.  S, T Indicates a significant difference 
compared to the SARM- or TP-treated group, respectively, with p < 0.05. 

 109



 
Figure 5.14.  Expression of Hypertrophy and Atrophy Proteins in the Levator Ani of Intact 
Male Rats 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  The levator ani 
muscles were removed and weighed.  Protein was extracted, resolved by SDS-PAGE and 
blotted for the indicated protein.  Immunostaining was visualized by enhanced 
chemiluminenscence and captured on photographic film. 
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Figure 5.15.  Expression of pAkt and pFoxO3a in the Levator Ani of Intact Male Rats 

 

Male rats were treated with vehicle, 600 μg/kg/day DEX, DEX plus 25 mg/kg/day TP, or 
DEX plus 25 mg/kg/day S-23 for 8 days via sc injection.  Rats were scanned by MRI, 
weighed, anesthetized and sacrificed within 24 hours after the last dose.  The levator ani 
muscles were removed and weighed.  Protein was extracted, resolved by SDS-PAGE and 
blotted for pAkt and pFoxO3a.  Immunostaining was visualized by enhanced 
chemiluminenscence, captured on photographic film and band densities quantified.  β-actin, 
total Akt and total FoxO3 included for loading control.  Data presented as mean ± SE (n = 3).  
# Indicates a significant difference compared with the vehicle-treated control group, with p < 
0.05; * Indicates a significant difference compared to the dexamethasone-treated group, with 
p < 0.05.  Graphical representation of the change in expression of pAkt compared to total Akt 
(A) and pFoxO3a compared to total FoxO3 (B).   

 111



Days
3 7 10 14 21 28

BW
 (g

)

0

100

200

300

400
ORX BW 
End of Study ORX BW
S-23 BW
End of Study S-23 BW

3 7 10 14 21 28

%
 o

f i
nt

ac
t c

on
tro

l

0

50

100

150

200

250

300

ORX 
S-23 

#

# # # # #

#

# #

#
#

Days

Prostate

3 7 10 14 21 28

%
 o

f i
nt

ac
t c

on
tro

l

0

20

40

60

80

100

120

140

160

ORX 
S-23 

#

#

#

#

#

#

#

#

#

#

#Levator Ani

Days

C.

B.

A.

 
Figure 5.16.  Effects of Time and S-23 on Androgenic and Anabolic Tissues in Castrated 
Male Rats Figure continued on next page 
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Figure 5.16 continued 
Male rats were orchidectomized (ORX) via scrotal incision under ketamine/xylazine 
anesthesia 24 hours before drug treatment and received daily sc injections of S-23 at a dose 
rate of 1 mg/day for 3, 7, 10, 14, 21 or 28 days.  Additional groups of animals with or without 
castration received vehicle only and served as castrate or intact control groups, respectively.  
Animals were weighed, anesthetized, and sacrificed within 24 hours after the last dose.  The 
ventral prostate, levator ani, gastrocnemius, EDL and soleus were removed and weighed.  All 
tissues were normalized to total body weight and compared.  Percent changes were 
determined by comparison to intact animals.  Data presented as mean ± SE (n = 5).  # 
Indicates a significant difference compared with the vehicle-treated, intact control group, with 
p < 0.05.  A, Body weights of all animal groups before and after treatment.  B, Normalized 
prostate weights of ORX control and S-23-treated animals.  C, Normalized levator ani 
weights of ORX control and S-23-treated animals.   
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Figure 5.17.  Effects of Time and S-23 on MAFbx Expression in Castrated Male Rats 

 

Male rats were orchidectomized (ORX) via scrotal incision under ketamine/xylazine 
anesthesia 24 hours before drug treatment and received daily sc injections of S-23 at a dose 
rate of 1 mg/day for 3, 7, 10, 14, 21 or 28 days.  Additional groups of animals with or without 
castration received vehicle only and served as castrate or intact control groups, respectively.  
Animals were weighed, anesthetized, and sacrificed within 24 hours after the last dose.  The 
ventral prostate, levator ani, gastrocnemius, EDL and soleus were removed and weighed.  A 
segment of each muscle was preserved in RNAlater.  RNA was isolated, reverse transcribed,  
and qRT-PCR performed.  GAPDH was included as internal control.  Data was analyzed 
using the 2-ΔΔCT method and presented as mean ± SE (n = 5).  Graph A; # Indicates a 
significant difference compared with the vehicle-treated, intact control group, with p < 0.05.  
Graph B; # Indicates a significant difference compared with the vehicle-treated, ORX control 
group on the respective day, with p < 0.05.   A, Fold expression change of muscle atrophy 
marker MAFbx in ORX animals compared to intact control animals.  B, Fold expression 
change of MAFbx in S-23 treated animals compared to ORX at each day. 
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Figure 5.18.  Effects of Time and S-23 on IGF-1 Expression in Castrated Male Rats 

 

Male rats were orchidectomized via scrotal incision under ketamine/xylazine anesthesia 24 
hours before drug treatment and received daily sc injections of S-23 at a dose rate of 1 
mg/day for 3, 7, 10, 14, 21 or 28 days.  Additional groups of animals with or without 
castration received vehicle only and served as castrate or intact control groups, respectively.  
Animals were weighed, anesthetized, and sacrificed within 24 hours after the last dose.  The 
ventral prostate, levator ani, gastrocnemius, EDL and soleus were removed and weighed.  A 
segment of each muscle was preserved in RNAlater.  RNA was isolated, reverse transcribed, 
and qRT-PCR performed.  GAPDH included as internal control.  Data was analyzed using the 
2-ΔΔCT method and presented as mean ± SE (n = 5).  Graph A, # Indicates a significant 
difference compared with the vehicle-treated, intact control group, with p < 0.05.  Graph B; # 
Indicates a significant difference compared with the vehicle-treated, ORX control group on 
the respective day, with p < 0.05.   A, Fold expression change of muscle hypertrophy marker 
IGF-1 in ORX animals compared to intact control animals.  B, Fold expression change of 
IGF-1 in S-23 treated animals compared to ORX at each day. 
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Prostate Levator ani Serum testosterone Group BW (g) (mg/g BW) (mg/g BW) (ng/mL) 

Intact 251 ± 2.7 0.72 ± 0.1 0.76 ± 0.04 3.6 ± 0.3 
DEX 198 ± 2.2* 0.56 ± 0.04 0.63 ± 0.02* 2.6 ± 0.7 
ORX 232 ± 4.9* 0.18 ± 0.05* 0.55 ± 0.04* < 0.20* 

 

Table 5.1.  Effects of DEX and Castration on BW, Prostate, Levator Ani and Serum 
Testosterone 

 

Animals in the ORX group were castrated on day 0.  On days 1-8, animals in the intact and 
ORX groups received daily sc injections of vehicle and the DEX group received 600 
µg/kg/day dexamethasone.  Prostate and levator ani muscle weights were measured and 
normalized to BW.  Serum testosterone concentrations were determined by LC/MS.  Data are 
presented as mean ± SE (n=5).  * Indicates a significant difference compared with the vehicle-
treated, intact control group, with p < 0.05.

 116



Chapter 6 

Summary and Conclusions 

 
 
 
The objectives and conclusions of this dissertation are as follows: 

 

I.  To determine if a SARM (S-23) is an effective and reversible hormonal male 

contraceptive agent.   

S-23 was identified as a potent and efficacious SARM in castrated male rats with 

significantly higher anabolic activity than androgenic activity.  S-23 also demonstrated high 

oral bioavailability (96%).  In intact male rats, the combination of S-23 and estradiol 

benzoate (EB) functioned efficiently as a hormonal male contraceptive agent.  S-23 in 

combination with EB effectively suppressed the HPG axis achieving a complete or maximal 

inhibition of sperm in the testis.  A 100% infertility rate was observed at 0.1 mg/day.  This 

effective therapy selectively decreased weights of the prostate, seminal vesicles, testis, and 

epdidymides, retained muscle weight, percentage of fat and fat-free mass, and increased bone 

mineral density (BMD).  After termination of treatment, serum hormones and mean sperm 

counts returned to that of control, resulting in 100% pregnancy rates in all treatment groups.  

These results indicate that the effect of the S-23 and EB combination on spermatogenesis is 

completely reversible.  This is the first study to show that sperm synthesis can be completely 

inhibited by EB-SARM combination therapy, in which, EB was used to maintain libido 

without affecting quantitative spermatogenesis.  However, given the narrow therapeutic 

window observed with SARM administration, use of an androgen alone for male 

contraception may be problematic.  However, combination of an orally available SARM (S-

23) with an orally available progestin (to suppress LH and thus widen the therapeutic window 

for SARM action) represents a logical and likely feasible way to achieve oral male 

contraception. 

 

II. To determine if a series of arylpropionamide SARMs are effective in maintaining 

sexual motivation in ovariectomized female rats.   
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Structural modifications to the meta- and para- positions of the B-ring of the SARM 

pharmacophore resulted in a wide range of in vitro AR binding affinities (RBAs range from 

3.2 to 27%) and functional activities (65-101% of DHT).  With the exception of S-23, all of 

the SARMs tested were prostate sparing and selectively maintained the size of the levator ani 

muscle in castrated male rats.  Most nonsteroidal SARMs improved sexual motivation of 

OVX female rats in a partner preference paradigm, comparable to testosterone propionate 

(TP), while maintaining uterine weights at less than 50% of intact control.  The observed 

increase in uterine size following TP and SARM administration is due to growth of the 

myometrium, the smooth muscle of the uterus, but not the endometrium.  SARMs do not 

significantly cross-react with the estrogen receptor and are non-aromatizable, indicating that 

androgens play an important role in female libido.  Co-administration of an anti-androgen 

with TP reduced the sexual preference of the female for an intact male, also implying that the 

AR is involved in female sexual behavior.  These studies indicate that it is possible to develop 

a SARM that selectively maintains sexual motivation without any adverse effects on the 

endometrium (e.g. S-30).  SARMs, with many advantages over traditional steroidal androgen 

preparations, could be beneficial in the clinical treatment of hypoactive sexual desire 

disorder.   

 

III.  To determine if AR pan-antagonists can be developed by adding bulk to the B-ring.   

A variety of structural modifications were made to the arylpropionamide backbone 

that resulted in relative binding affinities ranging from 0.25 to 3% and AR(WT) antagonist 

potency and inhibition peaking at 7 nM and 94%, respectively.  We investigated the 

possibility of increasing bulk on the B-ring to inhibit receptor folding following ligand 

binding.  The amine-linked naphthyl derivative displayed the greatest potency of this 

substitution although its IC50 was only 193 nM, approximately 10-fold less potent than R-

bicalutamide.  However, potency and efficacy comparable to R-bicalutamide (A-13) was 

achieved when bulk was introduced through a phenyl ring, which exhibited considerably 

more flexibility than the naphthyl-substituted compounds.  Unfortunately, these molecules 

did not display any significant antagonist properties in the two mutated ARs.  The crystal 

structure of A-12 in the AR(T877A) mutation showed that the antagonist properties of A-12 

in the AR(WT) were not the result of added bulk on the B-ring and the linker must therefore 

explain the differences in agonist and antagonist activity of these nonsteroidal ligands.  

Amine-linked molecules were 6-fold less potent in the AR(WT) than R-bicalutamide.  This 

linkage, however, added pan-antagonist activity in the 100 nM range. 
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These studies suggest that replacing the sulfonyl linkage of bicalutamide with a 

substituted amine may provide feasible template for the development of pan-antagonists for 

the AR.  Designing molecules that combine the wild-type AR activity of the B-ring meta-

phenyl group with the mutant AR antagonist activity of the amine-substitution may be a more 

potent approach to antagonize the wild-type AR and its mutations.  With further knowledge 

of how these molecules bind in the AR(WT), AR(W741L) and AR(T877A), more potent and 

efficacious AR pan-antagonists could be developed and would be a major breakthrough in the 

treatment of prostate cancer.   

 

IV.  To determine the mechanism by which SARMs inhibit glucocorticoid- and 

castration-induced muscle atrophy.   

S-23 maintained the weight of the levator ani muscle in the dexamethasone model of 

muscle atrophy.  It also blocked the DEX-induced dephosphorylation of Akt and other 

proteins involved in protein synthesis, including FoxO.  While DEX caused a significant up-

regulation in the expression of MAFbx and MuRF1, administration of S-23 blocked this effect 

likely by phosphorylating FoxO.  S-23 also attenuated the up-regulation of MAFbx and 

MuRF1 in the gastrocnemius, EDL and soleus muscles.  Castration induced rapid myopathy 

of the levator ani muscle, accompanied by up-regulation of ubiquitin ligases and down-

regulation of IGF-1.  S-23 maintained the levator ani muscle at or above intact levels and 

significantly decreased expression of MAFbx and increased expression of IGF-1 between 

days 3 and 10, with minimal regulation observed 14 days post-castration.  Our studies suggest 

that levator ani atrophy caused by hypogonadism (i.e. castration) may be the result of loss of 

IGF-1 stimulation, while the atrophy caused by glucocorticoid treatment relies almost solely 

on up-regulation of MAFbx and MuRF1.  Given the observed effects on IGF-1, MAFbx and 

MuRF1, these studies suggest that SARMs and TP may stimulate protein synthesis and 

inhibit protein degradation via the IGF-1/PI3K/Akt signaling pathway.  However, this 

observation would be further supported with knowledge of the direct effect of SARMs on 

protein synthetic and degradation rates.  SARMs provide the peripheral stimulus necessary to 

maintain muscle mass with minimal effects on androgenic tissues and represent a viable 

treatment option for a variety of clinical conditions including glucocorticoid-induced muscle 

loss and sarcopenia. 
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