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    Aging has serious consequences on skeletal muscle. ‘Sarcopenia’, the progressive loss of muscle mass and associated muscle weakness during elderly, affects radically the functional capacity and general health of adult people and renders frail elders susceptible to serious injury from sudden falls and fractures and at risk for losing their functional independence. There is a vital need to recognise the molecular mechanisms and regulatory factors, underlying age-related muscle wasting and to develop therapeutic strategies that can attenuate, prevent, or finally reverse sarcopenia. In this context, sexual hormones play a key role.




    The book, SEX STEROIDS AND APOPTOSIS IN SKELETAL MUSCLE: MOLECULAR MECHANISMS, written by Dr. Andrea Vasconsuelo aims to provide a new way to perceive the role of sex hormones in skeletal muscle. The book presents, in integrated form, the latest information on sarcopenia and its relation with apoptosis, by leading researchers, studying the cellular and molecular mechanisms underlying age-linked changes in the skeletal muscles emphasising on the role of satellite cells. The authors succeed to explain, how the hormones are involved in muscle homeostasis and in the regulation of apoptosis process, and how these two muscles functions connect to maintain a healthy muscle or to trigger pathologies, Therefore, the goal of this work is to highlight the combination of that information focusing on the molecular level and resulting in to highlight the clarification of molecular mechanisms implicated in skeletal muscle aging, showing that when apoptosis is more intense, sex hormones levels decline. Very interesting, the book, showing that contains a chapter describing molecular structure of phytoestrogens and their action on sex steroids receptors. In addition, it is also important to emphasize the drafting and writing promoting easy and pleasant reading, with careful documentation and high quality images of the ebook experiments and comprehensive and updated bibliography. This ebook is of interest to graduates and postgraduates in the fields of medicine and biochemistry, to researchers of different fields of ageing biology and people of the pharmaceutical, to health-care industry fields.
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    There are few ebooks available contains details on the integration of cellular apoptosis and sex steroids at the molecular level. Here, our intention is to show how hormonal signals activate cellular responses that have been discovered individually but, in reality when a signal reaches a cell those signaling cascades interact with all cellular components to different degrees. Therefore, with this work, we want to present in an integrated way the concepts of hormonal regulation and apoptosis. Moreover, it is important to know how these processes are at the molecular level since mistakes in them lead to pathologies. The present work centers on the role of 17b-Estradiol (E2) and Testosterone (T) in most animal tissues, in addition to the reproductive system. Highlighting the role of both hormones in the lifespan of the skeletal muscle cell.




    First, we describe the role of E2 and T affecting growth and cell functions in mammals. Accordingly, the nuclear estrogen (ER) and androgen (AR) receptors are ubiquitously expressed. Moreover, ER and AR may have non-classical intracellular localizations, e.g. plasma membrane, mitochondria, and endoplasmic reticulum, raising complexity to the actions of E2 and T. As well as genomic actions, sex steroids can fast regulate signaling pathways by non-genomic mechanisms through ER and AR, too.




    We continue describing basic concepts of programmed cell death and how both sex hormones can regulate apoptosis through those signaling pathways. In mitochondria, the existence of ER and AR and actions of estrogen and androgen have been demonstrated, in keeping with the organelle being the main switch point of programmed cell death. The recurrent action for each steroid hormone is the safeguard of mitochondria against diverse insults, resulting in cellular survival. Then we explain the role of sex hormones in mitochondrial physiology (ROS production, regulation of mitochondrial enzymes and oxidative system pathway). In addition, we describe the action of sex hormones on muscle stem cells at the molecular level. The book shows how the integration of all the processes described (the effects of sex hormones, mitochondrial dysfunction, increased apoptosis, depletion in muscle stem cells, augmented production of cellular toxins as ROS, and anomalous regulation of stress pathways) results in sarcopenia. Sarcopenia is a predominant disorder among the elderly, which implies the loss of muscle mass and strength. Although the basis of sarcopenia is unclear, evidence suggests that the putative molecular mechanism associated with this condition could be apoptosis. Remarkably, sarcopenia has been linked to a deficit of sex hormones, which decrease upon aging. The skeletal muscle capability to repair and regenerate itself would not be possible without satellite cells, a subpopulation of cells that remain quiescent throughout life. In response to stress, this muscle stem cells are activated directing skeletal muscle regeneration. Of relevance, satellite cells are E2 and T target. To end, the last chapter is devoted to natural compounds that have similarity with sex hormones and that could, therefore, have therapeutic potential. Finally, I thank the people who collaborated in this work and I hope that it fulfills the objective of presenting an integrated vision of the cellular mechanisms that are activated in response to hormones, regulating apoptosis specifically in the skeletal muscle.
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      Abstract




      Androgens, such as testosterone and Dihydrotestosterone (DHT), exert their actions through the Androgen Receptor (AR), a ligand-dependent nuclear transcription factor that belongs to the steroid hormone nuclear receptor superfamily. The actions of androgens can be mediated through the AR in a DNA binding-dependent manner to modulate the transcription of target genes, or in a manner independent of DNA binding, to trigger rapid cellular events such as the activation of the second messenger signaling pathway. The AR is expressed ubiquitously and it has a wide variety of biological actions comprising significant roles in the development and maintenance of the reproductive, skeletal muscle, cardiovascular, immune, neural and haemopoietic systems, exerting a diversity of roles in many physiological and pathological processes. Studies with AR Knockout (ARKO) mouse models, specifically the cell type- or tissue-specific ARKO models, have revealed many cell type- or tissue-specific pathophysiological roles of AR in mice. Because of the huge amount of information about androgens and the AR, this chapter is not presented as an extensive review of all of it, but rather as an overview of the expression and biological function of AR as well as its significant role in clinical medicine.
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      INTRODUCTION




      Adequate regulation of androgens action is essential for a variety of developmental and physiological processes, mainly male sexual development and maturation, male reproductive organs maintenance and spermatogenesis [1-4]. Similarly, androgens are central in the functioning of several other organs and tissues. The major physiological androgens, Testosterone (T) and its metabolite




      5α-dihydrotestosterone (DHT), mainly mediate their biological actions through binding to the androgen receptor (AR).




      AR is a member of the nuclear receptors (NR) superfamily, a group of transcription factors that trigger the transcription of their target genes in response to specific ligands [5, 6]. They are implicated in a biological process such as development, differentiation, reproduction and homeostasis of eukaryotic organisms. NRs have been preserved during evolution [7], and can be divided into three classes: type I receptors are steroid receptors that include the AR, estrogen receptor (ER), progesterone receptor (PR), mineralocorticoids receptor (MR) and glucocorticoids receptor (GR), classically defined as ligand-dependent, that homodimerize to exert their function. The type II nuclear receptors are known as the retinoid-thyroid family, and consist of the receptors for vitamin D (VDR), thyroid hormone (TR), retinoic acid (RAR), and the peroxisome proliferator-activated receptors (PPAR); they are ligand-independent with potential to both homodimerize and heterodimerize [8]. Finally, the receptors of the third class, named Orfan, comprise a group of proteins that share sequences with significant homologies, whose ligands have not been characterized [9, 10]. The comparative functional and structural analyzes of the NRs revealed that they contain a similar structural organization and can be divided into four functional domains: the carboxyl-terminal ligand binding domain (LBD) is connected by a hinge region (H) to a highly conserved DNA-binding domain (DBD). The LBD includes a hormone-dependent coactivator interface named activation function 2 (AF2). The amino-terminal domain (NTD) contains a hormone-independent coactivator interface, AF1. It is the least conserved domain and has little intrinsic structure. The binding to the DNA or the interaction with other proteins leads to a more ordered structure [11, 12]. The NTD encloses the majority of phosphorylation sites, many of which have serine-proline motifs (Ser-Pro) which can be recognized by the peptidyl-prolyl isomerase, Pin1 [13]. Therefore, phosphorylation of these sites can lead to the isomerization and thus, alteration of the structure of the receptor.




      

        



        Structural Organization of the AR Gene




        The gene that encodes for AR is found on the long arm of chromosome X (Xq11.2-12), and was discovered in 1981, when it was genetically studying humans and mice that showed androgen insensitivity [14-16]. In 1988, the AR cDNA was cloned for the first time, in spite of the difficulties to obtain enough quantities of the purified protein, to produce antibodies or partial amino acid sequences to design synthetic oligonucleotide probes [5, 17]. The AR gene size is around 90 Kb and contains 8 exons, and its structural organization is almost identical to the genes that encode for the other members of steroid hormone receptors, suggesting a common ancestral past [18, 19]. The possibility of the existence of additional AR genes, which encode for an AR with unclassical localization in the plasma membrane, has been suggested. This idea firstly arose from the observation of effects triggered by testosterone, at short times of hormonal treatment (responses within few minutes or seconds) that could not be a consequence of the transcriptional activity of the classical AR, in brain and osteoblasts [20, 21]. Although only one gene for AR has been detected in humans, two isoforms of AR mRNA were found in the male larynx of Xenopus laevis [22]. Since a second gene encoding for the estrogen receptor has been found, it is possible that other members of the steroid receptor superfamily have also multiple isoforms of the encoding gene.


      




      

        



        Protein Structure of AR




        The AR protein consists of approximately 919 amino acids and a molecular weight of 98 kDa, which are structured in 4 functional domains [23]. The N-terminal regulatory domain, encoded mainly by exon 1 (1-555 bp), mediates transcriptional activity. This domain contains the activation region of the ligand-independent transcription (AF-1), being this place a site of interaction with certain co-regulators. The DBD, encoded by exons 2 and 3 (556-623 bp), contains two zinc fingers capable of interacting specifically with small sequences named androgen response elements (AREs). The hinge region, encoded by exon 4 between 624-665 bp, is important for the receptor movement. Finally, the LBD encoded by the last exons 5, 6, 7 and 8 between 666-918 bp, is the place where the androgens bind to the receptor, and contains the activation region of the ligand-dependent transcription (AF-2) [24, 25]. The DBD and the LBD share a high grade of homology with the other steroid receptors.
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Schematic representation of the human AR gene and protein. The AR gene is localized on the long arm of the X chromosome. It is encoded by 8 exons (919 amino acids) and the protein contains different structural domains: the N-terminal domain (NTD) that includes the activation function 1 (AF1) domain, the DNA binding domain (DBD), the ligand binding domain (LBD) that contains the activation function 2 (AF2) domain and the hinge region containing the KLKK motif.

      




      

        Classical Mechanism of Action of AR




        In the absence of ligand, AR is found in a monomeric form, making a complex with heat shock proteins (Hsp), such as Hsp90, Hsp70 and Hsp56 [26] that act as chaperones. An essential function of the Hsp heterocomplex is to enable folding of the LBD into a high-affinity steroid-binding conformation. Hsp90 modulates hormone binding affinity in vivo [27], and Hsp90s are necessary for the acquirement of active conformation in agonist-bound AR to modulate nuclear transfer, nuclear matrix binding, and transcriptional activity [28]. This complex is dynamic and can translocate between the cytoplasm and the cell nucleus, although the relative subcellular distribution in absence of ligand is mainly cytoplasmic. LBD contains ligand-dependent activation function AF-2. Agonist binding provokes a conformational modification particularly in the C-terminal AF-2, which exposes an amphipathic α-helix to interact with coactivator proteins. Several coactivators bind to a surface formed by helices 3, 4, and 12, and the relocation of helix 12 is central for this interaction. AR is unique among steroid receptors, since its N-terminal AF-1 is crucial in the transcriptional activation, and an LBD-deficient AR is constitutively active [29, 30].




        Given that androgens are lipid hormones derived from cholesterol, they are able to diffuse freely through the plasma membrane. The hormone (T or DHT) binding to the AR LBD produces a series of conformational changes in the receptor (activated state) that causes the release of the heat shock proteins and allows a coactivator binding pocket presentation, letting the docking of coactivator proteins [31, 32].




        The binding of the hormone, provokes modifications that result in the receptors transportation from the cytosol to the nucleus [33, 34]. In the nucleus, receptors are further compartmentalized to subnuclear domains associating and dissociating with chromatin and the nuclear matrix [35, 36]. Steroid receptors (SRs) shuttle between the cytosol and the nucleus and the balance between export and import defines their location [37]. Nuclear localization signal (NLS) is necessary for nuclear targeting of proteins. After hormone removal, the export of steroid receptors from the nucleus usually occurs in several hours, despite the release of hormone from receptor takes place very quickly [38].




        Members of the NRs superfamily directly activate or repress target genes by binding to hormone response elements (HREs) in the promoter or enhancer areas of the genes [39, 40]. Steroid receptors bind as ligand-induced receptor dimers to HREs consisting in numerous cases of two inverted 6bp half-sites separated by three nucleotides. HREs confer specificity to receptor dimer binding [41], and the spacer nucleotides and the areas flanking the half sites, exert a central role in the establishment of receptor binding specificity [42]. When the receptor is not bound to the ligand, it is weakly associated with DNA. Once the ligand binding, the AR interacts in a stable way with DNA sequences named androgen response elements (AREs), which are characterized by a repeated consensus sequence 5'-TGTTCT-'3 that localizes in the promoter and enhancer of genes that respond to androgens region [16]. This association provoked the recruitment of other proteins named coregulators (coactivators or corepressors), that are required to activate or repress the transcription of target genes [40]. The interaction of AR with specific AREs is necessary for androgen-dependent transcriptional activation, while DNA binding is not generally needed for transrepression by AR [43, 44]. Next level of steroid receptor selectivity is provided by the highly variable N-terminal areas of the steroid receptors that are responsible for steroid-specific modulation of specific genes [45]. Also areas near the AR DBD is crucial for the DNA-binding specificity [46].


      




      

        



        Non-Classical Mechanisms of Action of AR




        Additionally to the classical genomic mechanism of action of steroids, which involves the activation of intracellular NRs, there is wide evidence that steroids also activate receptors on the cell surface to induce quick intracellular signaling and biological responses, that are frequently non-genomic.




        As described above, the steroid hormones bind to receptors present in the nucleus or cytoplasm, and then, the receptor-ligand complex translocates to the nucleus where it modulates the gene transcription and protein synthesis. This is a slow process that requires at least 30 or 40 minutes to modify the genes expression at the transcriptional level, and several hours to produce significant changes in the levels of the newly synthesized proteins [47]. However, non-genomic actions exerted by hormones through their receptors, have been described [48-50]. These actions occur in a few seconds or minutes, after the addition of the agonist.




        Numerous studies suggest that androgens modulate cellular processes through a non-classical mechanism [51-59]. These non-classical actions involve the rapid stimulation of signaling cascades inducing the increase of intracellular Ca2+ levels, cAMP, activation of MAPK, PKA, PKC and the 3-phosphoinositol protein kinase pathway (PI3K/Akt). Different from the classical genomic mechanism of action of androgens, these events are not suppressed by the inhibition of transcription and can be induced in some cells or tissue types employing macromolecular derivatives of the hormone, that are not permeable to the plasma membrane, which would point to the existence of membrane entities, which are able to bind the hormone [60]. These quick effects are thought to be non-genomic, given that they take place in cells that do not have functional ARs or they are considered to
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Classical mechanism of action of androgens. Testosterone (T) circulates in the blood associated to sex-hormone-binding globulin (SHBG) as well as to albumin, and exchanges with free testosterone. Free T enters androgen-responsive cells and can be converted to dihydrotestosterone (DHT) by the 5α-reductase enzyme or exerts its action as T. The T/DHT binding to the androgen receptor (AR) leads to dissociation from heat-shock proteins (HSPs) and the phosphorylation of the AR. The receptor forms dimers and can bind to androgen-response elements (ARE) in the promoter areas of target genes. Co-activators (ARA70) and co-repressors (not shown) also bind the AR complex, allowing or avoiding, respectively, its association with the general transcription apparatus (GTA). Activation or repression of specific genes conduces to biological responses including growth, developing, survival and proliferation.



        be mediated through an AR functioning on cell surface or in the cytosol to activate the mitogen-activated protein kinase (MAPK) signal cascade [61]. It has been suggested that cytoplasmic AR may interact with the protein tyrosine kinase c-Src and cause the rapid activation of MAPKs and the PI3K/Akt pathway, regulating thus, the intracellular signaling cascades of these kinases [51, 62]. Moreover, androgens could act through the SHBG receptor and possibly a different G protein-coupled receptor to activate second messenger signaling mechanisms [63]. These second messenger cascades may finally attend to regulate the transcriptional activity of the androgen receptor or other transcription factors. AR, PR and the ER are capable of activating the MAPK through a non-genomic mechanism independent of their transcriptional activity [51, 64, 65].




        Additionally to the classic androgen receptor, androgens can also induce second messenger cascades through at least one plasma membrane receptor. Membrane receptor-mediated effects are characteristically not suppressed by antagonists of the classical androgen receptor, and they can be detected in cells devoid of AR [66, 67]. The scientific evidence accumulated, talks about the presence of membrane androgen receptors (mAR), activating fast non-transcriptional signals. Although the precise molecular identity of mAR is still not known, evidence has suggested the existence of androgen-binding sites in the plasma membrane of various cell types and tissues, like T lymphocytes, prostate cells, skeletal muscle, Sertoli cells and oocytes [54, 67-70]. Studies in the last years have involved key pro-survival and pro-apoptotic genes like Akt, NF-kB, Bad, Fas and caspase-3 in the modulation of the apoptotic response triggered by the mAR activation in prostate cancer cells [71]. AR, PR, and ER have been found to interact with the intracellular tyrosine kinase c-Src, inducing c-Src activation [51, 64, 65]. In LNCaP cells, inhibition of c-Src kinase or MAPK activity avoids androgen-induced cell cycle progression [51]. In spite of this emergent information, the molecular mechanisms that mediate these non-genomic actions are still poorly understood.


      


    




    

      



      TISSUE DISTRIBUTION OF AR




      

        Muscle




        A positive reaction for AR has been detected in almost every nucleus of skeletal muscle. In cardiac muscle, greatest amount of nuclei of the ventricular and atrial myocardial cells express the receptor. Nuclear staining has been slightly weaker in female than in male tissues [72]. Although the presence of AR in skeletal muscles was once questioned [73, 74], skeletal muscle and levator ani muscle in the rat have AR with binding characteristics similar to the receptors in other androgen targets [75-79]. The higher level of cytosolic ARs in the levator ani muscle compared to other skeletal muscle in the rat could explain the greater sensitivity of this muscle to alterations in serum androgen concentrations [77].




        Scientific evidence collected in the last years points to the presence of non-classical membrane androgen receptors (mAR), activating quick, non-genomic signals. While the precise molecular identity of mAR still remains unidentified, non-genomic androgen actions exhibited within minutes have been showed in numerous cell types including skeletal muscle [80]. Furthermore, extranuclear organelles have been proposed as containing sex steroid receptors. The existence of ER and AR in mitochondria of mammalian cells including skeletal muscle has been reported [80-86]. Thus, non-classical localization of AR from where it can exert non-genomic actions could be possible.




        C2C12 murine skeletal muscle cells are myoblasts derived from satellite cells, which behave as parent lineage, and are subclones of the C2 myoblasts [87]. C2C12 myoblasts are similar to the activated satellite cells that surround the mature myofibers and proliferate and differentiate, contributing to the reparation of the tissue when a cellular injury exists [88]. It has been proved that androgens protects skeletal muscle C2C12 cells against apoptosis through a mechanism involving intermediates of the apoptotic intrinsic pathway and the androgen receptor [89]. Biochemical and immunological data has supported mitochondrial and microsomal localization of the androgen receptor in the C2C12 skeletal muscle cells. Western blot assays of subcellular fractions made possible the immunodetection of a band of a 110 kDa, probably corresponding to the classical AR, in total muscle cell homogenates and fractions derived therefrom, including mitochondria and microsomes. The androgen receptor is mainly a nuclear receptor. Nevertheless, accumulated evidence points to the existence of extranuclear AR entities, structurally and functionally similar to the well-known AR [90]. Remarkably, extra immunoreactive bands have been detected in all the subcellular fractions evaluated. The immunoreactive proteins obtained could be the result of alternative usage of different inframe initiations codons or splice variants of the full-length AR transcript, as described in other research [86, 91]. Likewise, these studies suggest the existence of functional androgen binding sites in classical and non-classical compartments. The identification and characterization of these androgen binding entities in total homogenate and subcellular fractions of the C2C12 cells were done by competitive radioligand binding assays with [3H] T, which revealed specific binding activity in all the subcellular fractions, principally localized in the nuclear pool. Furthermore, the specific binding in mitochondrial and microsomal fractions isolated from C2C12 cells was saturable process with respect to the ligand concentration. Scatchard linearization of the saturation binding data was consistent with a single set of affinity binding sites. Therefore, the AR specific binding sites, detected in total homogenates, are present not only in cytoplasm and nucleus but also in other particulate subfractions [90]. This is in accordance to studies where an considera-




        ble content of ARs was detected in mitochondrial and microsomal preparations in different cell types [71, 86, 92-100].




        Displacement studies using the classical androgens T and DHT and the steroid hormones 17β-estradiol (E2) and progesterone confirmed the specificity of the muscle intracellular AR binding sites. The androgen binding sites detected in total homogenates of C2C12 cells revealed affinity and specificity for androgen steroid competitors, as indicated by the displacement of [3H] T by T and DHT, but not by E2 and progesterone. In accordance with the observed non classical subcellular location of AR binding entities, immunocytochemical assays with confocal microscopy by staining the cells with anti-AR antibody and Mitotracker red (MTT) or anti-Caveolin-1 antibody, confirmed the presence of immunoreactive AR entities in mitochondria and microsomes, respectively (Fig. 1). Furthermore, the discontinuous sucrose density gradient fractionation revealed the presence of the androgen receptor in the low-density plasma membrane fragments, corresponding to lipid rafts and caveolae. Moreover, the non-classical localization of the androgen receptor in caveolae infer a physical interaction with Caveolin-1, an association that is lost after testosterone treatment, suggesting the androgen receptor translocation after T binding, from the membrane to some intracellular compartment. Thus, researchers provide evidence of the existence of extranuclear AR in the C2C12 cells [90]. The biochemical and immunological similarity between the reactive entities detected in mitochondria and membrane with the androgen receptor support the general idea of the presence of a subpopulation of AR with a non-classical localization, in skeletal muscle. The results presented in this work show an active role of the AR during the anti-apoptotic effect of testosterone in C2C12 skeletal muscle cells that might be performed at different levels: nuclear (in the genomic response), mitochondrial (in the intrinsic pathway) and microsomal (in the response mediated by membrane proteins).


      




      

        



        Reproductive Tissues




        The performance of immunoassays to detect the AR in human samples have demonstrated a strong staining reaction in all male reproductive tissues, producing basically the same pattern of staining in mouse, rat and human tissues. In general, the exclusive nuclear staining reaction corresponding to AR is detected in the secretory epithelial cells of the prostate, the seminal vesicle, and the epididymis [101, 102].




        In prostatic alveoli, androgen receptor is located predominantly in the nuclei of epithelial cells. Tall columnar cells tended to exhibit intense positive nuclear staining whereas cuboidal cells showed less. Little stromal cells also show positive staining.
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Fig. (1))


        Immunofluorescence location of the androgen receptor in mitochondria and membrane of C2C12 muscle cells. (A) Mitochondria of C2C12 cells were stained with Mitotracker (red fluorescence), and immunocytochemical assays were performed by confocal microscopy using anti-AR antibody (green fluorescence). Merge of both images is shown. Magnification: 63X. Fluorescence intensities were analyzed along the cells (white arrows in merge image), showing that the green fluorescence intensity profile matches up with the red intensity profile in many points of the graph, in agreement with the yellow signal observed. (B) C2C12 cells were double labeled using polyclonal antibodies anti-AR (green fluorescence) and anti-Caveolin-1 (red fluorescence). Magnification: 63X. Fluorescence intensity profile and merge of images are presented. Even though the yellow signal resulted from the merge of the images was weaker than that obtained for mitochondrial AR and the visualization of color yellow was hard to see, the intensity profiles recoded in green and red channels exposed the colocalization of both signals in some points of the graph (indicated with white arrows). Although the intensity profiles do not follow exactly each other and sometimes oscillate in contraphase, it was able to detect various points where green and red signals matched up. The difficulty to see the yellow signal in membranes, was possibly due to the huge amounts of Caveolin-1, the main component of caveolae membranes, respect to the androgen receptor, so that the green signal is dimmer than the red one and the overlap of colors still being seen as red.



        In seminal vesicle, the pseudostratified secretory epithelium, which forms a highly convoluted gland, presents nuclear AR, some stromal cells contain the receptor too.




        Glandular epithelial and stromal cells show little positive AR staining. The intensity is weaker than prostate and seminal vesicle.




        In epididymis, the expression of AR in epithelial is highest in the proximal part, gradually decreases in the middle part, and increases again in the distal part. In stromal tissue, positive cells are observed in all parts of the epididymis. Besides, a




        considerable proportion of smooth muscle cells of these male accessory sex organs express the AR [101, 102].




        In the testis, excepting spermatogenic cells, all other cells (Sertoli, peritubular and Leydig cells) show nuclear AR. However, the expression is weaker than in other male reproductive organs. Spermatogonia, spermatids, and spermatozoa do not seem to express the AR [72, 101].




        In the stratified squamous epithelium of the penile prepuce of humans, the maximum expression of AR is in the basal cell layers, which gradually diminish in the more superficial layers.




        Female reproductive organs also express the AR. The AR is located in the nuclei of stromal and stratified squamous cells in the basal and parabasal epithelial cell layers of the vagina. Nevertheless, intermediate and keratinized epithelial cell layers do not express the receptor. The smooth muscle layers show AR too, but the intensity is weaker than that in male reproductive organs. Myometrium and stromal cells of the uterus express the AR, but AR staining is absent or very weak in the endometrium and uterine glands. Except for the corpus luteum, major components of the ovarian parenchyma (follicles, stroma, interstitial tissue) do not express the AR [72].


      




      

        



        Other Tissues




        Even though in non-genital skin the epidermis and the hair follicles do not express the AR, human sebaceous glands, sweat glands, and ducts contain the receptor. Remarkably, the myoepithelial cells do not exhibit detectable AR expression, neither do dermal or subcutaneous mesenchymal cells. In mammary skin and associated sebaceous glands, the extend expression of AR in mammary acinar cells and inner ductal epithelial lining cells is variable and moderate, whereas myoepithelial do not express the AR [101].




        In tissue constituents of the salivary glands, esophagus, stomach, colon, pancreas, bronchi, alveoli, and bladder, no presence of AR has been found. However, the nuclei of hepatic parenchymal cells (hepatocytes) in the liver have showed the expression of AR, whereas female tissue express AR to in a lesser extent. In the kidney, positive staining for AR is detected in the epithelial cells of convoluted tubules and in some of the parietal cells of Bowman's capsule.




        Lymph nodes, thymus, thyroid gland, and parathyroid gland, have not revealed AR expression. The adrenal medulla is negative for AR staining, whereas the adrenal cortex contains positive cells. No difference between male and females in adrenal staining has been detected. The anterior pituitary gland also expresses the AR No difference has been observed between the male and female glands.




        In peripheral neural tissue, including ganglion cells has not been found the AR [101]. Studies with rat cerebellum have revealed AR-positive cells in the Purkinje cell and granule cell layers [72].


      


    




    

      



      BIOLOGICAL ACTIONS OF ANDROGEN RECEPTOR




      Androgens are indispensable for the proliferation of the species and for establishment and maintenance of the quality-of-life of males by supporting sexual function and behaviour, muscle mass, strength and sense of well-being. Moreover, androgens orchestrate the development of male phenotype and function as important physiological regulators in many non-reproductive tissues of both genders. Many developmental events in males need androgens during a defined time window, whereas reproductive and non-reproductive functions are androgen-dependent during the course of the life. Testosterone, the main androgen, and its metabolite, DHT, are known to mediate their effects through binding to the androgen receptor. The classic function of testosterone includes androgenic and anabolic effects.




      The AR is almost ubiquitously expressed and exerts a variety of roles in an enormous number of physiological and pathological processes. The comprehension of AR cell type- or tissue-specific physiological and pathophysiological roles employing in vivo mouse models offers valuable information in revealing AR roles in humans and ultimately helps to develop better therapies via targeting the androgen receptor or its downstream signaling molecules to battle androgens/AR-related diseases.




      

        



        Reproductive Tissues




        Reproductive tissues undergo enormous prenatal and pubertal developmental changes under androgenic control. Androgens are also required for their maintenance so that castration in adulthood results in regression of the male secondary sex tissues.




        

          



          Prostate




          The prostate gland is subjected to androgens for developing and maintaining its integrity. Congenital AR dysfunction or deficiency of 5α-reductase in genetic males causes slight or absent development of the prostate gland [103].




          In animals as well, androgens are crucial for the integrity of the prostate gland. Within a week of castration, a rat prostate will involute resulting from epithelial cell apoptosis [104]. The growth of prostate in rat and dog is stimulated by DHT which appears to be the principal androgen in this tissue. In humans, evidence for the importance of DHT in prostatic growth may be derived from the absence of significant prostatic development in people with a 5α-reductase deficiency despite their high levels of T. The employment of a 5α-reductase inhibitor with exogenous testosterone inhibited prostate DHT development and caused regression of prostate size indicating that intraglandular DHT formation is essential for the anabolic effects of androgens on the prostate. Castration prevents prostatic development also in dogs and humans [1].




          Testosterone is also a physiologic prostate cancer promoter. Research of eunuchoid persons suggested that prostates persist small and hypertrophy or prostate does not develop cancer [105]. Furthermore, animal models of prostate carcinogenesis need the existence of functional testes or exogenous T supplementation to support the development of prostatic cancer [106, 107]. Transgenic mice engineered for androgen receptor overexpression in the prostate, have a great turnover of prostatic epithelial cells and development prostatic intraepithelial neoplasia later in life [108]. Even though it is clear that androgens are indispensable for the development of prostate cancer, it has been hard to correlate relative levels of serum androgens with prostate cancer risk. This may be because the activity of the ligand-receptor may vary and play an equally important role in prostate cancer promotion.




          Global ARKO mice models show no prostate development [109, 110] however, the prostate does actually develop in cell-specific prostate ARKO models. Prostrate epithelial ARKO (PEARKO) mice, in which the genomic activity of the androgen receptor is blocked in the epithelium of prostate, epididymis and vas deferens, shows decreased anterior and dorsolateral lobe weight, as well as augmented epithelial proliferation and abnormal epithelial clustering, mainly in the anterior lobe [111]. There is clear evidence in the PEARKO model of augmented sensitivity to estradiol, due to an increase of ERα expression in the dorsolateral prostate epithelial cells, suggesting that this receptor expression in prostate epithelial cells is modulated by local epithelial AR-dependent mechanisms [112]. Pes-ARKO mice, resulting in AR deletion in the ventral prostate and the dorsolateral prostate, show a phenotype of augmented ventral prostate size with increased epithelial proliferation in the ventral prostate and dorsolateral prostate [113]. The authors postulate that this model supports the hypothesis that androgen receptor modulates growth by suppressing epithelial proliferation. The peritubular myoid-specific ARKO (PTM-ARKO), resulting in AR deletion in smooth muscle cells in all prostate lobes, shows reduced prostate weight, hyperplasia, inflammation and increased estradiol sensitivity [114]. In contrast, the smooth muscle-ARKO, which has highest expression in the anterior prostate, has no change in gross appearance of the prostate but has loss of in folding structures into the lumen (mainly in the anterior prostate), reduced epithelial proliferation and decreased levels of insulin-like growth factor-1 (IGF1) expression [115]. A double stromal fibromuscular-specific ARKO (dARKO) mice which delete the AR in both stromal and smooth muscle cells demonstrated reduced prostate size due to reduced anterior prostate size and abnormal branching morphogenesis, with partial loss of glandular infolding structure, decreased proliferation and augmented apoptosis of the epithelium in the anterior prostate [116].




          Role of the AR in Prostate Cancer




          Prostate cancer (PC) is the most frequent solid organ cancer in men and the main cause of cancer death. Since Huggins and Hodges firstly demonstrated the sensitivity of PC to androgen deprivation, it has been clear that PC is dependent on AR activation for growth and survival [117]. Androgen deprivation therapy (ADT) is the mainstay of therapy in advanced PC, and also improves prognosis in appropriately-selected men with high-risk localized prostate cancer [118]. ADT is not curative, and after 1–2 years of ADT, clinical progression takes place [119]. Of significance, in most cases ADT-resistant prostate cancer remains androgen-dependent [119]. In spite of the very low levels of circulating T in serum, AR signaling is maintained by multiple mechanisms including activating AR mutations or truncations, AR amplification or overexpression that result in increased protein expression, changes in AR cofactor balance and extragonadal androgen production, including in the tumor tissue itself [120].




          Generally, the AR gene is normal and expressed in primary PC. Nevertheless, after ADT, some AR gene alterations are found. These alterations conduce to an augmented responsiveness of the AR to low levels of circulating androgens and also to the ability of the AR to recognize a widened spectrum of ligands as effective agonists of the androgen receptor action. It might be possible thus, that AR signaling pathway is preserved in advanced PC that progresses after first-line androgen ablative therapy. Prostate cancer cells also respond to ADT by the amplification of AR gene copy number in patients who experience disease recurrence, which could reflect an adaptation of the cancer cells to castrate levels of circulating androgens. Remarkably, amplification of the AR gene is an adaptive response to high-dose antiandrogen monotherapy too, supporting the importance of augmented AR signaling for PC cells [121].




          Hormonal deprivation also seems to conduct to selective mutations in the AR gene that modify its response to antiandrogens and extend the spectrum of ligand agonists. Some investigators have detected very rare AR mutations in PC tissue [122-125] in patients with primary PC, with higher frequency in patients with advanced disease, suggesting that mutations in the androgen receptor take place before hormonal ablative therapy and play a role in the progression of prostate tumor. AR mutations in PC are grouped in three areas of the receptor. In the LBD, mutations alter the ligand-binding pocket and open the spectrum of AR agonists to an extensive range of steroid hormones and pharmaceutical antiandrogens [126, 127]. AR mutations that alter the ligand-binding pocket do not, except for a single site, overlap at all with binding pocket mutations that cause androgen insensitivity [128]. Since AR mutations in PC are selected to increase AR activity and androgen insensitivity mutations reduce activity, this mutual exclusion is not unexpected. A second group is the area that alters binding of p160 coactivator molecules and the AR NTD [129]. AR activity is altered in PC, as well, by variations in AR coactivators. Hormone-resistant PC cells usually show AR overexpression and overexpression of coactivator molecules essential for androgen receptor signaling [130]. Mutations are also detected in the hinge region that borders the DBD and the LBD [128, 131]. The hinge region seems to be targeted because it alters AR interactions with corepressors and thus reduces the efficiency of antiandrogens and may explain the sensitization of AR to ligand interactions in late-stage PC [131]. Just as steroid hormone receptors initiate transcriptional signals that have to be amplified by coactivators, the signals can be silenced by corepressors. The hinge area of the androgen receptor between the DBD and LBD is often altered by mutations in PC that possibly mediates interactions with other proteins, perhaps corepressors. Besides, deletion of the hinge area amino acids 628 to 646 leads in noteworthy activation of the androgen receptor and marked enhancement of LXXLL-dependent ligand-dependent coactivation [132]. Remarkably, this area is basically never affected by mutations related to androgen insensitivity. This is in accordance with the idea that it is principally a site for corepressor binding and thus an important target for mutations in PC.


        




        

          



          Epididymis




          Androgen dependency of the other accessory sex organs such as epididymis, vas deferens, and seminal vesicles is also well known. Castration conduces in rapid regression of the secretory epithelium of the epididymis along with depletion of specific androgen receptors and reduction in 5α-reductase activity being reversed most of these alterations by an adequate androgen replacement. Exogenous androgen treatment does not completely restore epididymal secretory function [1]. It is possible that some androgen-dependent functions are regulated via seminiferous tubular fluid, which delivers large amounts of T and DHT to the initial segment of epididymis. Such high tubular androgen concentrations may be difficult to achieve by exogenous administration. The process of sperm maturation in the rat epididymis is dependent, at least in part, on specific secretory epididymal proteins, glycoprotein C and glycoprotein DE. The regulation of these specific proteins by androgens appears to occur both at synthesis level and at N-glycosylation [1].


        




        

          



          Seminal Vesicle




          The structural and functional integrity of the seminal vesicles, particularly the epithelial component, is dependent on androgens. Testosterone promotes the synthesis of the major secretory proteins by regulating their mRNAs. It has been demonstrated that administration of T but not DHT, to adult castrated male guinea pigs returned in vitro protein synthesis, cytoplasmic protein content, and wet weight to control levels in isolated seminal vesicle epithelium. Injection of diethylstilbestrol had an inhibitory effect on these parameters, indicating an antiandrogenic effect of estrogens in this tissue. The smooth muscle of seminal vesicle in guinea pig is sensitive to both androgens and estrogens, and the androgens appear to have a permissive role in estrogenic action on seminal vesicles. Thus, estrogens and androgens have a synergistic role in the maintenance or restoration of the smooth muscle component of seminal vesicles, whereas in the epithelium estrogens appear to be antiandrogenic [1].




          The inhibition of prostaglandin synthesis suppresses the proliferative response of the seminal vesicle to T but not to DHT suggesting the involvement of prostaglandins in the mitogenic effect of T on the seminal vesicles as well as that T and DHT may have different mechanisms of action in this gland [1].


        




        

          



          Penis




          Androgens are essential for normal organogenesis of the penis, and castration causes mild involution. In rats, the penile spines, cornified structures projecting from the surface of the glans penis, are androgen dependent. Castration causes a decrease in their number and size while androgen treatment restores normal morphology. These structures function as tactile sense organs and influence sexual behavior. In addition to the central nervous system (CNS) effects, androgenic stimulation of sexual behavior in rats is in part due to peripheral effects. This peripheral component must be a minor one because DHT, a potent peripheral androgen that is presumably devoid of any CNS effect on libido, does not restore sexual activity in castrated male rats [1].


        




        

          



          Testes




          The effect of androgens on the testes is of special interest because of its dual function as the major source of androgens, and of gametogenesis. The identification of specific AR in rat Leydig cells suggests an autocrine function of androgens in these cells. Testosterone is required for normal spermatogenesis in mammals. Testosterone alone can stimulate spermatogenesis in hypophysectomized rats, monkeys, and in stalk sectioned rhesus monkeys in the absence of gonadotropins and in the face of high prolactin and estradiol levels. In hypogonadal men, similar findings have been reported but the interpretation of these reports is complicated by the fact that measurable endogenous gonadotropins were found in these patients. It has been suggested that the androgenic action on spermatogenesis is mediated by the Sertoli cells, which possess androgen receptors and show an appropriate temporal relationship between nuclear accumulation of androgen and stimulation of RNA polymerase II activity [1].


        


      




      

        



        Central Nervous System




        Since antiquity, humans have linked testosterone levels with behavior. Now, it is within the CNS that the relative roles of T, DHT, and estrogens in producing the varying effects of testosterone administration have been characterized. In 1959 it was shown that androgens acted directly on the brain. It was suggested that androgens, during early development, act to organize neural pathways responsible for male behaviors, whereas in adults, androgens act on differentiated pathways to activate previously organized behaviors [1].




        AR in the brain shows similar physicochemical properties to prostate AR, recognizing both testosterone and DHT. In primates and rodents, AR is concentrated in the pituitary, hypothalamus, preoptic area, septum, and amygdala, with the lowest concentrations being in the cerebellum. Aromatization of testosterone to E2 varies from region to region also with the enzymatic activity being absent from the pituitary and cerebral cortex and present in the hippocampus, amygdala, and preoptic area. The 5α-reductase is distributed all over the CNS and, thus, does not appear to be a limiting factor in androgen occupancy of receptors [133]. However, 5α-reductase activity is higher perinatally than in the adulthood, suggesting a role for DHT in the neuronal organization [1].




        Perhaps the best-studied aspects of sex steroid effects on the brain have been the reports of large anatomical sex dimorphisms. In 1973, Raisman and Field [134] showed that dendritic synapses in the rat preoptic area differed between sexes and could be manipulated by alterations in neonatal androgen levels. In 1976, Toran- Allerand [135] demonstrated that both androgens and estrogens enhance neurite outgrowth from hypothalamic explants in neonatal mice. Since then, five androgen-dependent anatomical areas have been clearly identified:




        

          	Greater size of brain regions involved in vocalization in male passerine birds than in females [136].




          	The sexually dimorphic nucleus of the preoptic area which is much larger in male rats [137].




          	Increased size in the middle portion of the medial amygdaloid nucleus in male rats [138].




          	Male/female differences in the neuronal number of motor neurons innervating the bulbocavernosus [139].




          	The smaller size of the superior cervical ganglion in females compared to male rats [133].


        




        In many songbird species, the male sings whereas the female does not. Song has been shown to be a learned, complex, steroid-dependent behavior. The anatomical substrate of birdsong has been elucidated and consists of five forebrain nuclei as well as single nuclei in the thalamus, midbrain, and hindbrain. Several of these areas selectively take up androgens, and in where the female fails to sing even after administration of exogenous T, there are marked differences in the size of the brain nuclei involved in generating song [1].




        Within the preoptic area, a cluster of intensely staining neurons, which has 3 to 7 times greater volume in the male rat, has been identified. This area has been named the sexually dimorphic nucleus of the preoptic area (SDN-POA). Castration of the newborn rat markedly decreases the volume of this nucleus, and the castration effects can be reversed by T administration [137]. Estrogens ad- ministered postnatally to females increase the volume of this nucleus, suggesting that it is the aromatization of testosterone to estrogen, that produces the masculinizing effects on the SDN-POA [139]. The amygdala is one of the main components of the extra hypothalamic gonadotropin-regulating system and plays a role in the modulation of a number of male behaviors. Electrophysiological studies have suggested that male rats have more synaptic connections projecting from the medial amygdala to the POA than do female rats or neonatally castrated rats. Nishizuka and Arai [138] have shown that the middle part of the medial amygdaloid nucleus of male rats has a significant increase in shaft synapses made on dendritic spines compared to female. Neonatal administration of T to females increases the number of synapses to male levels, and neonatal orchiectomy decreases the number to female levels. Thus, the medial portion of the amygdala appears to be another sexually dimorphic area of the brain [1].




        The lumbar spinal cord nucleus of the bulbocavernosus (SNB) provides motor neurons to the bulbocavernosus and the levator ani which are attached to the penis in the male and are absent in the female rat. The female has only one-third the number of neurons in the SNB that the male has. Castration in adult male rats decreases both soma size and dendritic length of these neurons. These effects are reversed by testosterone treatment. Testosterone appears to control the neuronal number whereas DHT has a more potent effect on neuronal size [1].




        Aromatase blockers inhibit testosterone-induced sexual behavior in castrated male rats, suggesting that aromatization of testosterone to estrogen plays an important role in the facilitation of male sexual behavior. DHT given alone has minimal effects on restoring sexual behavior in castrated animals. On the other hand, 17β-estradiol does not produce the complete pattern of male sexual behavior, whereas combinations of estradiol and DHT do fully restore sexual behavior [1].




        The regulation of food intake and body weight is a complex process involving the integrative effects of multiple neurotransmitters and hormones. Adult male rats eat more and exercise less than adult females. Castration of adult male rats decreases food intake and locomotor activity. Low replacement doses of T restore food intake, whereas pharmacological doses further reduce food intake. DHT increases food intake. The decrease in food intake by high doses of T is blocked by progesterone, like the inhibitory effect of estradiol on feeding, suggesting that this effect is due to testosterone aromatization. On the other hand, estradiol stimulates physical activity in castrated males, while DHT does not. Antiestrogens attenuate T-induced activity, while the antiandrogen, cyproterone acetate, failed to inhibit androgen-induced running [1]. Thus, T and DHT appear to be the main hormones enhancing feeding in males, while aromatization to estrogens is necessary for the enhancement of physical activity in male rats.




        In male N-ARKO mice, the androgen receptor is selectively knocked out in the brain, including important areas in the regulation of reproduction associated with neuroendocrine and behavioral functions, such as mating and aggression. Sexual motivation and performance, in N-ARKO mice, are fewer vigorous as well as aggressive behaviors, with only a little percentage of these mice which exhibit complete sexual behavior and offensive attacks. The erectile activity during copulating is also affected, while olfactory and neuronal activity are normal in N-ARKO mice in comparison with wild type. Therefore, central AR signaling is implicated in the regulation of male behaviors and modulation of neuroendocrine functions of gonadotropic and somatotropic axes [140]. Juntti et al. analyzed the AR expression in the brain of developing mice, and observed that during testosterone surges in prenatal and neonatal stages, very little androgen receptor was expressed in the medial amygdala, bed nucleus of stria terminalis, and the hypothalamic medial preoptic region [141] which are central in the regulation of reproduction related neuroendocrine and behavioral functions, such as copulating and aggression. These investigators postulated that the androgen receptor is not implicated in the regulation of the organization and differentiation of neural circuits by controlling sexual and masculine behavior in mice. Instead, the AR is involved only in regulating the execution of these behaviors.




        

          



          Human Sexual Behavior




          The relevance of androgens to sexual function is controversial. In men, androgens appear to be necessary but not sufficient for usual libido. In healthy older men, high testosterone levels are related to greater sexual activity whereas, in younger men, such a relationship cannot be discerned. Lange et al. [142] suggested that latency to erection stimulated by erotic material correlates with testosterone levels [1].




          Withdrawal of androgens in hypogonadal males conduces to a decline of libido 3-4 weeks later. Testosterone replacement restores sexual interest in a dose-dependent manner. Spontaneous erections are impaired in hypogonadal men, and Testosterone replacement improves the latency, frequency, and magnitude of the nocturnal penile tumescence response as well as the frequency of early morning erections [1].


        




        

          



          Loss of AR in Central Nervous System Conduces to Hypothalamic Insulin and Leptin Resistance




          The brain is an insulin target organ that exerts an important role in the modulation of energy balance and glucose homeostasis [143, 144]. Several studies have demonstrated that there is greater insulin sensitivity in the male than female CNS [145]. Higher levels of the AR are expressed in the hypothalamus of male than female mice and the AR was found to colocalize with the insulin receptor, suggesting that the AR of brain might be involved in the modulation of central insulin sensitivity in males [146].
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