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Abstract

Cellular and physiological responses to the androgens are mediated 
by the Androgen Receptor (AR) - a member of the steroid nuclear receptor 
superfamily. The AR is a ligand-dependent transcription factor that modulates 
the expression of androgen target genes. The AR and androgens are mainly 
thought of as being ‘male’ hormones involved in the regulation of development 
of male reproductive tissues, anabolic effects and the development of male 
secondary sexual characteristics at puberty.

However, recent development of mouse reporter models for androgen 
activity has confirmed that androgens not only have a wide variety of target 
tissues in the body but also have a variety of targets in both sexes. In males the 
testes secrete testosterone from metabolic adrenal sourced androgens, and are 
relatively high. In the female the ovaries and some peripheral tissues secrete 
androgens at a low level but may fluctuate with the estrous cycle. 

The androgen receptor is found to be expressed in many different tissues 
where its functions are relatively unknown. Given the fact that many domestic 
and agricultural animals are surgically gonadectomised they appear to be 
relatively healthy. However, the effects of androgens on non-reproductive organs 
are subtle and long lasting and may be hidden due to their complexity. Often 
the effects of androgen loss can only be seen in those undergoing hormone 
ablations e.g. for cancer therapies, or in the elderly where steroid hormone 
levels fall. This review reprises, re-evaluates and reminds us of the varied 
targets of androgens in the body, and how both sexes may be predisposed to 
certain diseases as a result.

fusions, novel reporter models are engineered utilising artificially 
constructed gene promoters- using pure hormone response elements 
coupled to a TATA box (or similar) for RNA polII binding [1,6]. 
Such simplified promoters exclude transcription factor cross-talk 
and confounding influences of enhancers. These promoters are pure 
assays for liganded activated transcription factors and have resulted 
in unanticipated results revealing tissues responding in a previously 
unknown manner. 

In mammals the synthesis of sex steroids takes place in the 
gonads as well as in peripheral tissues such as adipose, prostate and 
breast tissues. This local synthesis (intracrine synthesis), occurs from 
adrenal gland derived pro-hormones - dehydroepiandrosterone 
(DHEA) and androstenedione - by steroidogenic enzymes leading to 
local synthesis of androgens or estrogens.

AR expression and function in tissues
Outside the realms of the gonadal tissues, many tissue-specific 

effects of androgens, are very subtle and overlooked. Androgens 
have strong effects on bone, immune system, CNS, adipose tissue, 
muscle mass, behavioural/brain, and the gut, but a complete loss 
of the AR pathway as seen in AR-knock out (ARKO) or testicular 
feminisation (Tfm) mouse, or indeed commonly found in surgically 
castrated agricultural and domestic animals leads to a relatively 

Introduction
The Androgen Receptor (AR) is a member of the steroid nuclear 

receptor super family-ligand-dependent transcription factors that 
modulate the expression of their target genes. The AR is mainly 
involved in the regulation of development of male reproductive 
tissues, but has diverse functions within the female. The AR mediates 
the generation of sexually dimorphic characteristics in a wide variety 
of other body tissues, outside the obvious differences between the 
reproductive tissues.

The androgen receptor may function in two discrete pathways. 
The classical genomic response involves ligand binding, nuclear 
translocation and DNA binding with resultant recruitment of gene 
transcription machinery (see Figure 1). The second is a non-classical 
pathway in which the actions of androgens bound to Sex Hormone 
Binding Globulin (SHBG) leads to G-protein complex activation and 
intracellular signalling mediated via second messenger molecules (see 
Figure 2). 

Recent development of steroid receptor reporter mice, e.g. 
estrogen receptor (ER) [1,2], AR [3,4] and Farnesoid Receptor 
(FXR) [5] showed that several tissues are unexpectedly hormonally 
responsive. To overcome tissue specificity of gene promoter-reporter 
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healthy organism with minimal side effects, albeit not reproducibly 
viable. This makes androgenic effects on the body difficult to study, 
as their systemic effects are not as profound as their gonadal effects. 
Only through long term, in depth, clinical studies that sex-linked 
differences in disease relative risk become clear (see Table 1). This 
reviewwill highlight these non-gonadal androgen-dependent tissues, 
and the role androgens have within them.

Non gonadal tissues
The Brain: Brain development due to its extreme complexity 

is the least well understood organ generally and in terms of steroid 
signalling. The brain shows sexual dimorphism, with differentiation 
influenced, during sensitive perinatal periods, by gonadal steroids. 

In mammals, the default pattern is female. During gestation, 
testicular-derived androgens cause an irreversible differentiation 
of developing neuronal tissues to the ‘male pattern’ with specific 
neuronal morphology and defeminisation. A large proportion of male 
specific development is actually ER-mediated. Estrogens are formed 
locally in the prenatal and early postnatal rat brain, from testicular 
derived androgens, via cytochrome P-450 [7]. However, certain brain 
regions show AR expression, and therefore testosterone has effects, 
independent of its conversion to estrogen. 

Androgens exposure early in development masculinises the 
brain, causing permanent physiological changes.  Prenatal and 
neonatal testosterone surges masculinize neural circuitries leading 
to a sexually dimorphic behavioural pattern in males e.g. sex, 
aggression, and mating behaviour.  According to the aromatisation 
theory, testosterone is converted to E2 which then acts via the ER 
to masculinise and defeminise the brain. Some brain areas are more 
susceptible to aromatisation and these areas adhere well to the 
theory e.g. the sexually dimorphic nucleus of the preoptic area and 
the anteroventral periventricular nucleus. Aromatisation does not 
account for all sexual differentiation in brain morphology and animal 
behaviour. Complete Androgen Insensitivity Syndrome (CAIS) in 

humans presents with dysfunctional AR and a feminine appearance, 
however, internalised testes secrete normal levels of testosterone [8]. 
Additionally, the brain in human CAIS develops along the female 
pattern. Human males with aromatase mutations present as male 
with a masculinised brain pattern, indicating a limited role for ER [9]. 

Androgens are believed to provoke an aggressive response or 
behaviour in males, however, little evidence supports this theory.
Aggressive behaviour does not correlate with circulating androgen 
levels. Androgen removal from certain species, does lower aggressive 
tendencies and behaviour associated with mating, which is also 
diminished. The acute neural sensitivity to androgens governs this 
behaviour and not the actual level of circulating androgens, which 
is governed by intracellular levels of receptors and cofactors. Mice 
with tissue specific AR knock-out within the hippocampus, medial 
amygdala, striaterminalis, preoptic area and the hypothalamus show 
a virtually complete absence of sexual behaviour even when relative 
levels of testosterone may be higher  [10].

Although controversial, females are more risk averse and less 
competitive than males, and may have a solid evolutionary basis. 
Males have a lower obligate investment in reproduction, therefore, if a 
male out competes another male, he can achieve maximum offspring, 
potentially with more than one female. Whilst the female brain may 
be programmed for protective and less risk taking, the male brain 
may be programmed to be more aggressive, territorial, dominant, 
and status seeking. Supplementing women (post-menopausal) with 
testosterone does not increase risk taking, indicative of male brains 
’differential ‘wiring’ earlier in life.  Steroid receptors are strongly 
implicated in psychosexual differentiation and dimorphism of the 
brain, involving gender identity and gender-specific behaviour. 

Steroids can affect mood, mental state, and cognition in humans. 

Figure 1: The classical genomic androgen receptor signalling pathway.  
Testosterone secreted from the testes circulates in the blood where it diffuses 
into androgen responsive cells. Testosterone may be converted to the more 
potent Dihydrotestosterone (DHT) by the actions of 5a-reductase enzymes. 
Testosterone then binds AR causing a dimerisation and translocation into the 
nucleus where it binds Androgen Response Elements (ARE) on the DNA. 
The AR then recruits cofactors and gene transcription machinery to activate 
androgen responsive genes.

Disease Male Female References

Brain Autism 4-5 1 [106]

Parkinson’s 1.5 1 [107]

Alzheimer’s 1 1.6 [108]

Depression 1 2 [109]

Schizophrenia 1.42 1 [110]

Autoimmune Sjogren syndrome 1 10 [111]

Glomerulonephritis 1 1.78 [112]

Rheumatoid arthritis 1 2-4 [113]

Scleroderma 1 3 [114]

Lupus 1 9 [115]

Cardiovascular Asthma 3 1 [116]

Pulmonary fibrosis 1.7 1 [117]

Heart disease 1.5-2.5 1 [118]

Bone related Osteoporosis 1 3 [119]

Craniosynostosis 3.3 1 [120]

Other diseases Multiple scerlosis 1 3 [121]

Colon cancer 1.3 1 [122]

Keratoconus 1.7 1 [123]

Table 1: A simplified list of some human disease with an apparent gender risk 
bias, which may be linked to androgen levels or androgen receptor activity.
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In hypogonadal men, testosterone replacement can greatly improve 
mood, as it can increase the expression of serotonin 2A receptor in 
the frontal cortex. However, the more potent (non-aromatisable) 
androgen (DHT) cannot, indicating that this particular event is 
mediated via conversion to estrogen [10].

Neurones containing AR and ER are distributed throughout the 
vomeronasal projection pathway, which is important for male sexual 
behaviour in mice and processing of pheromones cues. AR expression 
in this area is highly sexually dimorphic, with males having more 
receptors in the amygdala, striaterminalis, periventicular nucleus 
and the medial preoptic area (MPOA). In castrated males, where 
their consomatory, copulatory and sexual motivation is inhibited, 
testosterone replacement is sufficient to restore behaviour, [11]. 
Naturally occurring non-copulating male mice, are not restored 
by testosterone, and these mice have much higher AR levels in the 
MPOA and the posterior dorsal amygdala (MePD) [12]. Tfmmice 
also have reduced male sexual behaviour [13].

The Cerebral cortex
The cerebral cortex is a sheet of neuronal tissue that surrounds 

the cerebrum of the brain, with a large area due to a high degree of 
folding. The cortex is vital for higher brain functions e.g. thought, 
memory, awareness, perception, consciousness and specifically for 
humans - language, abstract thought and self-awareness. It receives 
sensory, motor and associated inputs and is heavily involved in 
processing these signals and communicates with other regions of the 
brain.  

Dopamine modulates neuronal activity within the cortex, and 
the dopamine-D2 receptor is alternatively spliced in the brain and 
pituitary gland in response to steroid hormones such as testosterone 
and estrogen [14]. The protein isoforms produced differentially 
interact with G-protein coupled receptors, modulating the neuronal 
response and implies a “fine tuning” response of steroid receptors.

Aging is the commonest risk factor for Alzheimers disease (AD), 
and decreased levels of steroid hormones (Tes & E2) also increase 
risk, whose contributions cannot be separated as steroid levels drop 
in the elderly. AR is found at high levels in those brain areas that 
mediate cognition e.g. cortex, hippocampus and amygdala, and the 
gradual reduction of testosterone in men is correlated with cognitive 
impairment and increased risk of AD [15].

The Hypothalamus
The Hypothalamo-Pituitary-Adrenal (HPA) axis functions to 

maintain the homeostatic state and help to return to equilibrium 
following a disturbance. Several neuro-signalling factors, including 
steroid hormones, can regulate this pathway. Sex differences in the 
HPA axis response to a variety of stress signals have been demonstrated 
e.g. female rats’ respond to physical stress with a greater endocrine 
response than males, and not just due to differences in the adrenal 
hormone synthesis, but due to sex difference in the HPA neurones 
themselves [16]. Castration of male rats increases the adrenal response 
to physical stress, which can be reversed by testosterone injections 
[17], indicating that testosterone may normally act to inhibit the HPA 
response. Additionally non-aromatisable DHT could reverse this 
effect indicating that it is not ER-mediated. 

The circadian timing system is coordinated by a master clock 

located in the hypothalamic Suprachiasmatic Nucleus (SCN), which 
is synchronised by the light cycles of day and night. The circadian 
rhythm coordinates several pathways within the body, including 
sleep-wake cycle, hormone secretion, glucose metabolism, memory 
formation and changes in body temperature, and several oscillations 
in many bodily tissues. Endocrine cues can modulate the phase, period 
and amplitude, but the integration site between these two systems 
is unknown. One potential locus is the population of AR positive 
neurones in the SCN, which in mice, are restricted to the region that 
receives photic cues from the retina [18]. Interestingly, a strong link 
exists between Alzheimers risk and sleep pattern disruption due to 
deterioration of the SCN, and may be a contributory factor with 
diminishing circulating testosterone in the elderly.

Gonadectomy dramatically lengthens the free-running period 
and increases day to day variability in the start of the active phase. 
Gonadectomy alters synaptic connectivity by increasing glial fibrillary 
acidic protein and synaptophys in expression as well as influencing the 
function and circuitry of the SCN by affecting astrocyte morphology 
and expression of the “clock” genes Per 1,2. This effect is rescued by 
both testosterone and DHT, indicating that ER is not responsible 
for this effect [19,20]. In some mammals day length is important in 
indicating the time of year and suitability for breeding. In Siberian 
hamsters, day length regulates gonadotropin levels via control of 
gonadotropin-releasing hormone release from the hypothalamus 
[21], with short photoperiod also reducing AR expression in these 
areas [22]. Short photoperiod can reduce LH and FSH levels, and 
subsequently reduce gonadal function and steroidogenesis, reducing 
reproductive function to permissive seasons. 

The Amygdala
The amygdala is a highly conserved brain region, associated with 

two major behavior types: fear/anxiety and social/mating behaviors. 
The amygdala is implicated in several diseases/disorders related to 
these behaviors, including autism, depression, schizophrenia, and 
anxiety. Interestingly, all of these disorders exhibit sex biases in 
prevalence rates. The posterodorsal division of the amygdala shows 
marked plasticity in response to gonadal hormones. The volume and 
size of the neuronal somata are normally greater in adult males than 
in females. Castration of male mice results in a reduction of dendritic 
branching in the posterior medial amygdala leading to deficits in 
social and sexual behavior, a phenomenon reversed by androgen 
treatment. 

Astrocytes in the amygdala default to a “female” pattern in 
individuals with AR dysfunction e.g. testicular feminization syndrome. 
Their number and growth complexity depends on androgens and 
these cells show plasticity even in the adult, however, androgen exert 
more effects in the males indicating a prior requirement earlier in life 
[23].

Chemosensory signals (odors) are important in social 
communication, especially in rodents. They determine and control 
reproductive behaviors in response to pheromones and airborne 
odorants. Sensory signals are detected by the accessory olfactory 
bulb and processed via the medial amygdala, and conveyed to the 
medial preoptic area, a highly sexually dimorphic region of the brain, 
sensitive to steroids. 

In humans uniquely, neural pathways exist in the amygdala 
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that govern the sense of interpersonal trust. These pathways are 
responsive to oxytocin, and that the pathway is antagonized by 
vasopressin, a testosterone-induced peptide hormone [24,25]. One 
mechanism involves testosterone reducing functional connectivity 
between the amygdala and the frontal cortex leading to increase social 
vigilance and promoting untrustworthiness, especially towards facial 
recognition.

The Brain Stem
AR is expressed in the posterior brain, which connects to the 

spinal chord, through which the sensory motor neurons pass. It also 
controls cardiac and respiration functions. The neurodegenerative 
Kennedy disease (spinal and bulbar muscular atrophy) affects the 
lower motor neurons, characterised by progressive muscle atrophy, 
weakness and tremor [26,27]. The abnormality consists of an X-linked 
recessive mutation of the AR and mainly affects males. The mutation 
consists of an expansion of the AR gene CAG repeat, producing a 
toxicpolyglutamine expansion in the protein [28].

The Pituitary gland
The pituitary is an endocrine gland, functionally connected to the 

hypothalamus via a small tube called the pituitary stalk. The anterior 
pituitary regulates several physiological processes and secretes up 
to nine hormones that regulate homeostasis. Follicle stimulating 
hormone drives stimulates the ovaries to produce eggs, and stimulates 
the testes to produce sperm. Luteinising hormone triggers ovulation, 
and stimulates the testes to produce testosterone. Negative feedback 
by circulating androgens (and estrogens) then regulates this pathway. 
Disorders of the pituitary gonadal axis results in androgen deficiency 
in men, or androgen excess or deficiency in women.

Olfactory sense
In mice, the olfactory sense is very important. Chemical 

signatures in rodents are detected primarily by two separate neural 

pathways. The first is the olfactory epithelium which projects directly 
into the main olfactory bulb – which detects a very wide range of 
volatile compounds. The Olfactory Mucosa (OM), located in the 
dorsal, posterior part of the nasal cavity, is a known target tissue for 
sex steroid hormone action. The second is the Vomeronasal Organ 
(VNO), which projects directly to the accessory olfactory bulb with 
distinct separate neuronal pathways. Sex steroids modulate the 
responsiveness of VNO neurons to biologically relevant odours. The 
VNO detects compounds that provide cues to the social and sexual 
status of other mice, and includes pheromone constituents. 

The olfactory bulb itself is a sexually dimorphic brain 
region, similarly to the nuclei of the preoptic area in the anterior 
hypothalamus. Masculinisation of this area is controlled by high local 
estrogen concentrations, via local conversion from testosterone - 
reduced in females due to the binding capacity of locally expressed 
α-fetoprotein.

The Eye
Androgens influence the structural and functional characteristics 

of many occular tissues, with AR expression in the meibomian 
and lacrimal glands, conjunctiva and the cornea. Androgens are 
important in the glandular architecture and control of secretions 
such as meibum, mucus and tear output, and function in the 
pathophysiology regulating several immunological disorders.

AR expression is found in the nuclei of epithelial, stromal and 
endothelial cells of the cornea of both male and female mice [29]. 
AR is found in the lacrimal gland of MRI/lpr mice [30,31]. In a 
spontaneous keratoconus mouse model, the effects were seen solely 
in male mice, and only seen in testosterone treated female mice. 

Cardiovascular tissue
Sex differences existsin cardiovascular disease, with two-fold 

higher incidence in males [32], with estrogens exerting a favourable 
effect lowering incidence in females [33]. However the exact role of 
testosterone and the AR remains complex. Androgens are a major 
risk factor, with testosterone replacement increasing risk [34], but 
conversely androgen deprivation therapy in patients undergoing 
treatment for prostate cancer also show increased risk [35].

Cardiac myocytes weakly express AR [36], as do endothelial cells 
and vascular smooth muscle [37], however the role of AR remains 
unclear, with androgens exerting hypertrophic effects on cardiac 
myocytes [38], with androgens also regulating the expression of Ca2+ 
channels [39].

Clues to the role of AR come from the ARKO mouse. AR 
regulates physiological cardiac growth and modulates cardiac 
adaptive hypertrophy and fibrosis during angiotensin II induced 
cardiac remodelling [40].

The effects of testosterone on vasculature are controversial. 
Androgens may increase atherosclerosis [41], but other studies have 
shown lowered testosterone also to be associated with risk [42]. The 
ARKO mouse shows exaggerated angiotensin II-induced medial 
thickening in the coronary artery and aorta, and in Apo-E deficient 
mice AR loss accelerates atherosclerosis [43]. The AR also promotes 
angiogenesis via VEGF-related mechanisms [44]. Hypertension also 
shows sex differences, with reduced testosterone levels associated 

Figure 2: Androgen signalling via the non-classical pathway. Sex Hormone 
Binding Globulin (SHBG) may carry testosterone and bind to extracellular 
receptors leading to G-protein complex formation of indeed may bind directly 
to G-protein coupled receptors. This leads to stimulated intracellular signalling 
pathways involving second messenger molecules e.g. Ca2+, cAMP and the 
triggering of the MAP kinase cascade. Transcription factors, including AR, 
may be phosphorylated in response and trigger gene expression responses.
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with high blood pressure and with testosterone improving vascular 
stiffness [45].

Immune system and Bone Marrow
Sexual dimorphism exists in the immune system and its associated 

diseases. Females havedisproportional predisposition to autoimmune 
diseases [46] e.g. autoimmuno glomerulonephritis [47], rheumatoid 
arthritis [48], lupus [49], scleroderma [50], Sjogrens syndrome [51], 
and Grave’s disease [50]. Estrogens tend to promote a heightened risk 
of autoimmunity whilst androgens exert a more suppressive effect. 

The Bone marrow
Historically, androgens were the main agents used for stimulating 

erythropoiesis, and used for improving granulocyte and platelet 
counts in anaemic patients [52]. The bone marrow itself is a strongly 
AR-expressing tissue, in the stromal cells, megakaryocytes, and bone 
marrow endothelial cells, as well as several immunological precursor 
cell types [53].

The Thymus
The thymus “educates” and matures the T-lymphocytes, creating 

an environment where thymocytes develop and is important in 
selecting and eliminating “self” responding thymocytes. The full 
repertoire of T-cells are built up quickly in neonatal and pre-
adolescence, and soon after puberty it begins to atrophy and involution 
follows sexual maturity, which can be reversed by castration [54]. 
Androgen treatment to suppress autoimmune disease requires the 
presence of a thymus. As well as thymus size, androgens modulate 
the cell cycle composition. AR expression is reported in the thymus 
but the exact cell type is debated, as thymocytes express AR at certain 
developmental stages. High AR levels have been found in immature 
thymocytes (CD4/8) [55], but other studies in hypogonadal men 
treated with androgens show an increased level of peripheral CD8+ 
cells [56].

The Spleen
Multiple Sclerosis (MS) is a chronic demyelinating disease of the 

CNS, which has an unknown pathology. Sex hormones are thought to 
be critical modulators in susceptibility and prognosis, with the disease 
being more prominent in women, but being more common in men 
with increasing age with a tendancy to be more severe in older men, 
as a consequence of reducing testosterone levels [57]. Mouse models 
of autoimmune encephalomyelitis (EAE) show increasing severity in 
castrated males and a reduced severity in testosterone treated females 
[58,59]. Interestingly, the administration of testosterone to castrated 
males only benefitted the younger males, whereas the older males 
developed acute and severe EAE and an impaired T cell function. 
One hypothesis, includes the possibility that Tes>DHT conversion 
may be a more active in younger males, whereas in later life the 
Tes>E2 becomes more prominent, reducing the effects. Testosterone 
has been shown to diminish the secretion of TNF, IFN, and to 
reduce anti-inflammatory responses, and to supress the activity of 
regulatory CD4+CD25+ T cells in the spleen, a pathway blocked by 
anti-androgens [60].

Bone
Historically, androgens are considered as bone anabolic agents - 

important for growth, maintenance, and maintaining bone mineral 

density, with osteoporosis being more prevalent in women than men. 
In the 1940s, Albright and Reifenstein were among the first to refer to 
the antiosteoporotic and anabolic properties of androgens. 

Skeleton
Steroid effects on the pubertal growth spurt are well known, as 

are the effects on bone during this time. The cartilaginous epiphyseal 
plate in the metaphysis at each end of a long bone is found in children 
and adolescents. In adults, who have stopped growing, the plate 
is replaced by an epiphyseal line. In puberty increasing levels of 
estrogen, in both females and males, leads to increased apoptosis of 
chondrocytes in the epiphyseal plate. Depletion of chondrocytes due 
to apoptosis leads to less ossification and growth slows down and later 
stops when the entire cartilage has become replaced by bone.

ERα levels elevate during matrix maturation but decline during 
mineralization. ERβ levels remain low but constant. AR levels appear 
low during the proliferation stage and then increases throughout 
differentiation, peaking at the mineralization stage [61]. Osteoblasts 
are mononucleate cells that are responsible for bone formation. 
Osteoblasts arise from pluripotent osteoprogenitor cells located in 
the deeper layer of periosteum and the bone marrow – a strongly 
androgen responsive tissue. 

In contrast to other tissues where the AR is downregulated 
by androgens, the bone osteoblasts show an upregulation of AR 
with androgen [62]. Additionally, the moderate expression of a 
5α-reductase isoform in the bone aids in the conversion of testosterone 
to the more potent DHT, and amplifies the androgenic signal [63].

Craniofacial bones
Facial masculinity is a marker for pubertal testosterone exposure. 

Sexual dimorphisms may develop prenatally, but become exaggerated 
as male testosterone levels rise during puberty and act on pre-existing 
differences, e.g. jaw width, cheekbone prominence, eyebrow ridges, 
chin, nose, remodelling and lengthening of facial bone contours. 
Epidemiological studies show predominance in certain forms of 
craniosynostosis (78% male) [64]. Levels of AR RNA and protein in 
facial bones are relatively similar between the sexes, with the higher 
levels of circulating testosterone responsible for the growth in males. 
Androgens are important in the craniofacial development of several 
mammals e.g. primates, mice and rats. In primates, the face plays an 
important role in social cognition, choosing a mate and in behaviour. 
Primate brains have structures specializing in perceiving facial 
expressions of emotions and intentions. Features that contribute 
to perceived facial dominance, such as strong jaws or broad cheek 
bones may indicate superior physical strength, increased fecundity, 
and fitness of the male. However, interestingly, several studies have 
indicated that females do not show an absolute preference for these 
facial features, as several of these physical attributes also correlated 
with lack of warmth, lack of trust, too dominant and anti-social 
behaviour. This may explain why, in humans, strong testosterone 
driven facial features have not been evolutionary over-selected.

Finger length
Manning [65] recently showed that testosterone before birth 

stimulates prenatal growth of the 4th finger (4D) while oestrogen 
promotes the growth of the 2nd finger (2D). The 2D:4D ratio may 
then be a reliable method of evaluating testosterone exposure during 
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sexually dimorphic development, but is not a reliable method of 
evaluating or predicting male health, fertility and performance.

Muscle
Skeletal muscle

Androgens have an anabolic activity towards skeletal muscles, 
playing an important role during development, adaptation, and 
homeostasis. ARKO mice have a reduced muscle mass and contractile 
strength [66]. Anti-androgenic treatment for prostate cancer or 
hyperplasia causes reduction in muscle size and strength [67]. 
Treating female laboratory animals or elderly men with low serum 
testosterone with testosterone increases lean body weight, although 
via poorly understood mechanisms. Although, therapeutically used 
for muscle wasting diseases, anabolic (androgenic) steroids are widely 
abused for “body building” and sports.  Muscle increase can arise from 
either myoblast proliferation or net increase of protein content, and 
androgens can affect muscle by these two pathways. Androgens also 
promote the differentiation of mesenchymal multipotent cells down 
the myogenic lineage. Ornithine decarboxylase, the rate limiting 
enzyme in polyamine biosynthesis, is upregulated by the androgen 
receptor in skeletal muscle and regulates myoblast proliferation and 
differentiation [68].

AR ablation within myocytes not only reduces lean body mass but 
also muscle strength and fibrilar organisation [69], and conversely 
AR overexpression increases body mass [70], albeit with profound 
disruptions in myofibrilar ultrastructure [71]. It is further complicated 
by the fact that androgen can exert a genomic (transcriptional) and 
non-genomic (via EGFR/G-coupled receptor) action upon target 
cells.  

Smooth muscle
Smooth muscle is found in many tissues e.g. male and female 

reproductive tracts, uterus, gastrointestinal tract, vascular and 
lymphatic system, respiratory tract and the eye. Their physiological 
structure and function are very similar between tissues, although 
their stimulatory signals differ enormously. 

Airway smooth muscle cells express various steroid receptors, 
including the AR. Airway diseases such as asthma, chronic obstructive 
pulmonary disease and pulmonary fibrosis exhibit sex differences 
in their distribution and severity. Testosterone and estradiol have a 
mitogenic effect on airway smooth muscle  cells through a pathway 
involving non-genomic MAPK and PI3K pathways [72].

Skin, Hair follicles, Mammary Glands and 
Adipose Tissues
Skin

In the skin, hair growth and sebum production are highly androgen 
regulated. The AR is expressed in both genital and non-genital skin 
regions, within the stratum basale cells including fibroblasts, sweat 
glands, smooth muscle, endothelial, sebaceous, and hair follicle 
root cells [73]. In genital skin, AR is expressed within spinous and 
granular cell layers and in genital and areolar melanocytes [74,75], 
where androgens affect regional skin pigmentation at puberty.

Oil produced by the sebaceous glands (sebum) in the skin, 
lubricates and water proofs the skin and hair. In humans, the 

glands are predominantly found in the scalp and on the face, but 
are ubiquitously found in most mammals. Although sebaceous 
gland development is not governed by androgen action, sebum 
production itself is androgen controlled. Humans with androgen 
insensitivity syndrome show no sebum production, whilst patients 
with 5-reductase deficiency showed normal sebum production [8], 
indicating an androgen requirement but not necessarily DHT. 

Circulating androgens affect several cutaneous structures. 
Skin may be regarded as a peripheral organ that locally synthesises 
significant amounts of androgens. For example, sebocytes and dermal 
papilla cells have the capacity to convert the adrenal precursor 
androgens DHEA-S and androstenedione into more potent 
androgens such as testosterone (& DHT) [76,77], with skin-specific 
5α-reductase isoforms [78]. Both androstenedione and testosterone 
have the capacity to stimulate sebum secretion in humans. 

The hair follicles
Human hair follicles are strongly hormonally influenced. Hair 

forms part of the secondary sexual characteristics e.g. pubic hair in 
both sexes and beard and body hair in men. Beard hairs, arise from 
fine uncoloured vellus hairs devoid of a medulla, which become 
increasingly coarse, strongly pigmented and medullated during 
puberty in response to the androgen surge [79]. In both sexes, pubic 
hair follicles also undergo this transition [80]. AR is expressed in 
many medulla hair follicles cells and dermal papilla cells. The human 
hair keratin-7 gene, expressed in hair follicle trichocytes, contains 
strong AREs in its gene promoter, and is expressed strongly in beard 
and sexual hair follicles, but not expressed in terminal scalp follicles 
[81]. The dermal papilla is considered to be the main site of androgen 
action, with circulating androgens from the blood activating the 
production of paracrine factors for target cells e.g. keratinocytes. In 
culture, hair follicle cells from androgen sensitive areas all contain AR 
and are responsive to androgens, however, only the cells from scalp or 
beard hair actively convert testosterone to DHT [82-84].  

Treatment of women with idiopathic hirsutism with 
antiandrogens drastically reduces abnormal facial and body hair 
growth [79]. AR null humans do not develop sexual hairs [80], whilst 
5α-reductase deficient males develop a female-like distribution 
pattern of body hair [85].

Human hair follicles cannot be regarded as uniformly androgen 
dependent, e.g. the eyelashes are unresponsive, whereas in human 
males, the scalp follicles may show regression of terminal hairs back 
to vellus fine hairs, leading to male pattern baldness. This represents 
the apparent paradoxical nature of the hair follicle, in terms of 
two follicles inches away from each other e.g. on the scalp may 
respond differently to the same circulating androgens via unknown 
mechanisms [85].

Mammary glands
The mammary gland represents a sexually dimorphic tissue. In 

females the mammary gland fully develops to maturation under the 
dominant control of E2, but in males there is little or no growth, due 
to the apparent dominance of testosterone. AR has been observed 
to be expressed strongly in certain mammary gland cell types, and 
AR expression is frequently expressed in breast cancer, and can be 
exploited as a therapeutic avenue. In females, androgenic precursors 
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are as high as in males, but testosterone levels are lower and fluctuate 
with the estrous cycle where testosterone is produced in the ovaries. 

Adipose tissue
Androgens are important regulators of fat mass and distribution 

in mammals. Male and female body fat patterns are very different, 
and the adipose tissue itself may be a strong source of peripheral 
conversion of adrenal metabolites and produce androgens and 
estrogens. Men accumulate fat around the abdomen and women 
accumulate fat around the gluteofemoral regions. Testosterone 
inhibits fat deposition in both sexes and low plasma testosterone may 
be associated with increased fat deposits [102].

Gastrointestinal Tract (and auxiliary 
organs)
Salivary glands

The salivary glands in mammals consist of three major glands, 
the parotid gland, mandibular ramus, the submandibular glands 
located beneath the lower jaws, and the sublingual glands located 
beneath the tongue. Sexual dimorphism exists in the salivary gland, 
and the glandular epithelial cells are known to express high levels of 
steroid hormone receptors, including AR [86], ERβ [87], and PR [88] 
to a lesser extent. In rodents the male submandibular gland is larger 
and has a more complex morphology, with the granular convoluted 

tubules being much more developed. Masculinization is caused by 
circulating androgens [89]. The watery saliva produced, contains 
mucins, proteins, salts and various steroid hormones, at higher 
concentrations in the male gland. In an androgen independent state 
the development of the gland is feminine by default, castration of 
male mice leads to a female-like salivary glandphenotype, that may 
be reversed by androgen treatment [90] and the treatment of female 
mice with testosterone induces a male-like salivary gland pattern 
[91]. Testosterone extensively influences gene expression in the male 
submandibular gland influencing over 1300 genes [92].  

Sjögren’s Syndrome (SS) is a chronic autoimmune disease, 
occurring commonly in women (9-1 ratio at 40-50 years) and is 
characterized by focal adenitis, serum antibodies, dysfunction and 
atrophy of the acinar cells of the salivary and lacrimal glands, leading 
to diminished secretory capacity and oral and lacrimal dryness [93]. 
SS patients are often affected by dental caries and oral candidosis 
[94]. Androgen replacement therapy can reduce the inflammation in 
salivary (and lacrimal) glands of female SS mice [95].

The Small intestine
The AR mRNA is expressed at relatively high levels in the rumen, 

reticulum, omasum and duodenum, but AR protein expression is low. 
The small intestine epithelium is influenced by androgens [96,97], 
and may alter the intestinal electrolyte fluid balance and modulate 

Figure 3: Diagrammatic representation of the major androgen responsive tissues in the human body (outside the reproductive tissue which are not included).
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glucose transport.  Androgens promote growth in the small intestine 
and stimulate Ca2+ absorption.  Androgens act on the basolateral 
membrane of the enterocytes and activate second messenger 
molecules to modulate ion channel function. Gender differences 
have been reported in the absorption of ions e.g. testosterone and 
E2 increase Ca2+ transport in the duodenum, and testosterone can 
control the expression and activity of the vasoactive intestinal peptide 
[98], which functions within the intestine, controlling e.g. glucose 
uptake, electrolyte balance, smooth muscle relaxation and pancreatic 
secretions. 

Reproductive and maturational nutritive needs are examples 
for situations in which the changes in circulatory concentrations of 
steroid hormones would need to affect GI tract functions, for example 
changes in hormone levels during pregnancy would lead to increased 
uptake of Ca2+ from the gut for foetal bone development.

The Large intestine
The AR promotes β-catenin nuclear import, in an APC 

independent manner [99-101]. Additionally the reduction in the AR 
CAG repeat sequence is correlated with a higher incidence of colon 
carcinoma and colon neoplasia occurs more commonly in men [90].

Vocal Chord/ Fold
The effect of hormones on the human larynx is a well-known 

phenomenon, especially for human males. The physiological change 
during puberty affects male vocal chords, leading to deepening of 
the voice. However, the larynx also undergoes hormonally-induced 
changes during maturation, for example the change in voice pattern 
in both sexes occurs in the elderly [103], but also during the menstrual 
cycle and pregnancy in females [104]. In primates and monkeys, 
males respond strongly to the pitch changes in the female voice at the 
time of peak fertility. 

A direct testosterone effect on the vocal chords has long been 
assumed, but steroid receptor expression and activity within the 
tissue has proven difficult to demonstrate. Recently, Voelter et al, have 
shown androgen receptor expression in the basal and intermediate 
layer of the stratified epithelium [105].

Conclusion
Androgens are regarded as being the male hormone, involved in 

virilisation, and estrogens as being the female involved in the estrous 
cycle. Physiological evidence from mouse model systems have shown 
that this is too simplistic. Testosterone conversion to estrogen is 
vitally important in the development of the male, and androgens 
have an important role in the females. Steroid hormones have more 
far-reaching effects on the whole body, than merely the reproductive 
organs (see Figure 3). An apparent increased risk of male neurological 
disorders and increased female risk of autoimmune disorders are 
evident from the literature (see Table 1). Although, possibly linked to 
reproduction via complex evolutionary pathways, the target organs 
for androgens are multiple and widespread. 
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