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bone, without inducing the undesirable androgenic effects (e.g., prostate enlargement and polycythemia)
associated with testosterone administration. 173-Hydroxyestra-4,9,11-trien-3-one (trenbolone; 17§3-
TBOH), a synthetic analog of testosterone, may be capable of inducing SARM-like effects as it binds

to androgen receptors (ARs) with approximately three times the affinity of testosterone and has been

igév‘r/ggrgi shown to augment skeletal muscle mass and bone growth and reduce adiposity in a variety of mam-
Testosterone malian species. In addition to its direct actions through ARs, 173-TBOH may also exert anabolic effects
SARM by altering the action of endogenous growth factors or inhibiting the action of glucocorticoids. Compared
Muscle to testosterone, 17(3-TBOH appears to induce less growth in androgen-sensitive organs which highly
Bone express the 5a reductase enzyme (e.g., prostate tissue and accessory sex organs). The reduced andro-
Adipose genic effects result from the fact that 173-TBOH is metabolized to less potent androgens in vivo; while
testosterone undergoes tissue-specific biotransformation to more potent steroids, dihydrotestosterone
and 17f3-estradiol, via the 5a-reductase and aromatase enzymes, respectively. Thus the metabolism of
17B-TBOH provides a basis for future research evaluating its safety and efficacy as a means of combat-
ing muscle and bone wasting conditions, obesity, and/or androgen insensitivity syndromes in humans,

similar to that of other SARMs which are currently in development.
Published by Elsevier Inc.
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1. Introduction

Testosterone, and its more potent metabolites, dihydrotestos-
terone (DHT) and estradiol (173-E;), are known to influence the
development and maintenance of numerous tissues, including
skeletal muscle [1], bone [2], adipose tissue [3], and sex-organs
[4]. In males, reduced testosterone (i.e., hypogonadism) induces
losses in skeletal muscle mass and bone mineral density (BMD) and
increases adiposity [5]. However, administration of testosterone at
replacement doses results in only minor improvements in skeletal
muscle mass and strength in hypogonadal older men [6]. In con-
trast, administration of supraphysiological doses of testosterone
results in robust increases in skeletal muscle mass and BMD and
reductionsin adiposity in both humans [7-18] and animals [19-21],
but also results in a variety of adverse events, of which prostate
enlargement and polycythemia appear to be most prevalent [22].
Alternative pharmacological treatments such as selective andro-
gen receptor modulators (SARMs) [23] or combined treatment with
high-dose testosterone plus 5a reductase inhibitors (e.g., finas-
teride or dutasteride) [7,19,20,24] have been proposed as a means
of producing the desired anabolic effects with a lower incidence of
adverse effects. Our main objective is to review current research
related to the potent anabolic steroid 17p3-hydroxyestra-4,9,11-
trien-3-one (trenbolone; 17@3-TBOH), especially its SARM-like
properties that may make it beneficial for the treatment of sev-
eral clinical conditions [25,26]. Additionally, we will offer brief
overviews on androgen signaling and on the recent developments
with SARMs.

2. Androgen receptor signaling

Classical, or genomic, androgen signaling begins with binding
of testosterone or DHT to cytosolic androgen receptors (ARs) and
ultimately results in altered gene expression. Most of the familiar
effects of androgens on muscle, bone, and male sexual develop-
ment are genomic effects which require the synthesis of new
protein; thus, they may take days to months to manifest. More
recently, rapid non-genomic testosterone signaling has been dis-
covered [27] which is mediated by cell-surface, G-protein (GP)
coupled receptors [28]. An example of non-genomic signaling is the
rapid, testosterone-induced release of calcium (Ca%*) from intra-
cellular stores occurring in mouse IC-21 macrophages [28]. The
non-genomic, actions of testosterone are not inhibited by classical
androgen blockers such as cyproterone and flutamide, suggesting
that the genomic and non-genomic effects of androgens may be
quite different. For example, we [29] and others [30] have shown
that long-term administration of testosterone to male rats confers
cardioprotection against ischemia/reperfusion (IR) injury. How-
ever, when testosterone is added in vitro to the working heart
preparation, it worsens IR injury [31].

The genomic effects of androgens occur through two distinct
pathways. In the first pathway, binding of androgens to cytosolic
ARs cause ARs to translocate to the nucleus and bind to chromoso-
mal DNA as homodimers [32] (Fig. 1). The specific regions of DNA

that bind ARs are called hormone response elements (HREs) and
they regulate the transcription of specific genes, producing andro-
genic effects. In the second pathway, the actions of androgens are
mediated by interaction of ARs with the Wnt/3-catenin pathway.
Wnhnts are a family of secreted glycoproteins that regulate differ-
entiation in a wide variety of tissues. Canonical Wnt/(3-catenin
signaling involves binding of Wnt to the cell-surface frizzled recep-
tor (FZ), which through its interactions with Axin, Frat-1 and Dsh,
resultsin the inhibition of glycogen synthase kinase-3 (GSK3). GSK3
phosphorylates 3-catenin, marking it for proteasomal degradation.
As a result, inhibition of GSK3 results in the accumulation of 3-
catenin in the cytosol and increased translocation of 3-catenin into
the nucleus, where it interacts with transcriptional regulators to
alter gene expression [33]. It is hypothesized that androgen sig-
naling bypasses the canonical Wnt pathway by interacting with
downstream Wnt effectors [34] to stimulate the commitment of
mesenchymal pluripotent cells to the myogenic line and to inhibit
their commitment to the adipogenic line [3]. By this mechanism,
androgens increase the number of muscle satellite cells [35]. In
culture, androgens have been shown to induce translocation of [3-
catenin to the nucleus in mouse 3T3 preadipocytes and inhibit their
differentiation into mature adipocytes [34]. Wnt/-catenin signal-
ing has also been implicated in androgen-induced masculinization
of external genitalia [4].

The metabolism of testosterone also plays an important role in
its actions. Testosterone may be converted to DHT by either 5a
reductase isoenzyme [36] and to 173-E, by aromatase [37]. Tis-
sues expressing 5a reductase include the prostate, testes, accessory
sex organs, beard and scalp, sebaceous glands, liver, brain, and skin
[38] and in these tissues the effects of circulating testosterone are
amplified by two known mechanisms. First, DHT has an approxi-
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Fig. 1. Androgen receptor signaling pathways. A=androgen, AR=androgen
receptor, Ca?*=calcium, FZ=frizzled receptor, GP=G protein, GSK-3 =glycogen
synthase kinase 3, HRE=hormone response element, PLC=phospholipaseC,
SR =sarcoplasmic reticulum, TCF=T cell factor, LEF=lymphoid enhancer factor 1,
Wnt=Wingless-Int.
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