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Abstract

Leydig cell testosterone (T) production is reduced with age, resulting in reduced serum T levels 

(hypogonadism). A number of cellular changes have been identified in the steroidogenic pathway 

of aged Leydig cells that are associated with reduced T formation, including reductions in 

luteinizing hormone (LH)-stimulated cAMP production, the cholesterol transport proteins 

steroidogenic acute regulatory (STAR) protein and translocator protein (TSPO), and downstream 

steroidogenic enzymes of the mitochondria and smooth endoplasmic reticulum. Many of the 

changes in steroid formation that characterize aged Leydig cells can be elicited by the 

experimental alteration of the redox environment of young cells, suggesting that changes in the 

intracellular redox balance may cause reduced T production. Hypogonadism is estimated to affect 

about 5 million American men, including both aged and young. This condition has been linked to 

mood changes, worsening cognition, fatigue, depression, decreased lean body mass, reduced bone 

mineral density, increased visceral fat, metabolic syndrome, decreased libido, and sexual 

dysfunction. Exogenous T administration is now used widely to elevate serum T levels in 

hypogonadal men and thus to treat symptoms of hypogonadism. However, recent evidence 

suggests that men who take exogenous T may face increased risk of stroke, heart attack, and 

prostate tumorigenesis. Moreover, it is well established that administered T can have suppressive 

effects on LH, resulting in lower Leydig cell T production, reduced intratesticular T concentration, 

and reduced spermatogenesis. This makes exogenous T administration inappropriate for men who 

wish to father children. There are promising new approaches to increase serum T by directly 

stimulating Leydig cell T production rather than by exogenous T therapy, thus potentially avoiding 

some of its negative consequences.

Keywords

aging; testosterone; hypogonadism; TSPO

*Author for correspondence. Barry R. Zirkin, Phone: 410-955-7827, Fax: 410-614-2356, brzirkin@jhu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest: The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Exp Gerontol. Author manuscript; available in PMC 2017 October 30.

Published in final edited form as:
Exp Gerontol. 2015 August ; 68: 87–91. doi:10.1016/j.exger.2015.02.014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Leydig Cell Steroidogenic Function

Leydig cells are the testicular cells responsible for testosterone (T) biosynthesis. Adult 

Leydig cells synthesize T in response to luteinizing hormone (LH). LH binds to and 

activates G protein-coupled receptors, resulting in the activation of adenylyl cyclase and thus 

increased cAMP formation. The acute stimulation of Leydig cells by LH results in 

cholesterol transfer from intracellular stores (mainly lipid droplets but also endoplasmic 

reticulum (ER) and plasma membrane) into the mitochondria (Fig. 1). This is the rate-

limiting step in steroid biosynthesis, and is followed by the conversion of cholesterol to 

pregnenolone by the C27 cholesterol side-chain cleavage cytochrome P450 enzyme 

(CYP11A1), located on the matrix side of the inner mitochondrial membrane. Pregnenolone 

then undergoes enzymatic transformation in the smooth endoplasmic reticulum to produce T 

(Miller and Bose, 2011; Rone et al, 2009).

Leydig Cell Aging

In the aging male, serum T levels decline as a consequence of the reduced ability of Leydig 

cells to produce T (Chen et al., 2002). In studies conducted using the aging Brown Norway 

rat, reduced T production without loss of Leydig cells was found to be associated with age-

related reductions in serum T levels (Wang et al, 1993; Chen et al, 1994, 1996). Multiple 

defects have been identified in the steroidogenic pathway of aged Leydig cells, including 

reductions in each of LH-stimulated cAMP production, the cholesterol transport inducing 

protein steroidogenesis acute regulatory protein (STAR) and the outer mitochondrial 

membrane cholesterol-binding translocator protein (18-kDa; TSPO), and downstream 

steroidogenic enzymes of the mitochondria (CYP11A1, HSD3B) and smooth endoplasmic 

reticulum (HSD3B, CYP17A1, HSD17B) (Luo et al, 1996, 2001, 2005; Culty et al, 2002). 

Other agerelated changes have been suggested to indirectly impact steroidogenesis, 

including decreased Leydig cell cholesterol synthesis and mobilization (Liao et al, 1993), 

decreased autophagic activity of the cells (Li et al, 2011), increased nitric oxide (NO) and 

cGMP signaling (Sokanovic et al, 2013), and increased cellular lipofuscin accumulation 

(Wang et al, 2012).

Although the mechanism by which these age-related defects occur remains uncertain, there 

is evidence that changes in the redox balance within the Leydig cells are involved. For 

example, numerous studies have suggested that imbalance of prooxidants and antioxidants 

within cells can lead to DNA, protein and/or lipid damage, and thus to functional changes 

(Finkel and Holbrook, 2000; Drew and Leeuwenburgh, 2002). Cells produce reactive 

oxygen species (ROS) during normal metabolism. In steroidogenic cells, ROS production 

would be expected to be particularly high because in addition to the mitochondrial electron 

transport chain, steroid hydroxylations by the cytochrome P450 enzymes produce ROS 

(Hornsby, 1989; Peltola et al, 1996). This may have significance for Leydig cell function 

because of the detrimental effects that ROS can have on critical components of the 

steroidogenic pathway (Quinn and Payne, 1984, 1985; Georgiou et al, 1987; Diemer et al, 

2003). As Leydig cells age, the antioxidant defense molecules superoxide dismutase-1 and 

-2, glutathione peroxidase, and glutathione (GSH) are significantly reduced (Cao et al, 2004; 

Luo et al, 2006). Additionally, the superoxide content of aging Leydig cells is significantly 
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increased compared to young Leydig cells (Chen et al, 2001). Lipid peroxidation also 

increases, perhaps as a consequence of changes in the redox environment (Cao et al, 2004). 

Increased lipid peroxidation also occurs in aged adrenal cells (Azhar et al, 1995). These 

results, though correlative, suggest that alteration in the redox environment of aged Leydig 

cells may be involved in the reduced T formation that characterizes these cells.

Does alteration of the redox environment cause age-related reductions in Leydig cell 

steroidogenesis? This has been addressed in part by manipulating the intracellular 

antioxidant environment in young Leydig cells so as to create the intracellular environment 

that is characteristic of old cells, and then determining whether, acutely or over time, doing 

so results in decreased T production (Chen et al., 2008). Reduced glutathione, the most 

abundant intracellular small molecule thiol present in mammalian cells, serves as a potent 

intracellular antioxidant (Fang et al, 2002) and is particularly abundant in Leydig cells. The 

intracellular biosynthesis of GSH is mediated by two ATP-dependent enzymes, γ-

glutamylcysteine synthetase (the rate-limiting enzyme) and glutathione synthetase 

(Anderson, 1998; Griffith, 1999). GSH decreases significantly as Leydig cells age (Cao et al, 

2004; Luo et al, 2006;). The Leydig cell is not novel in this regard; age-related reductions in 

GSH occur in a number of systems, including human serum (Jones et al, 2002), rat liver, and 

rat brain (Liu, 2002; Sandhu and Kaur, 2002; Liu et al, 2004;).

Given the abundance of GSH in Leydig cells, we hypothesized that the experimental 

depletion of GSH would result in reduced steroidogenesis. Buthionine sulfoximine (BSO), a 

specific γ-glutamylcysteine synthetase inhibitor, can block the rate-limiting step of GSH 

biosynthesis, and by doing so deplete the intracellular GSH pool in both cultured cells and 

whole animals (Griffith et al, 1979; Anderson, 1998). Experimental depletion of GSH in 

isolated Leydig cells was found to reduce T production to levels reminiscent of T production 

by Leydig cells of aged rats (Chen et al, 2008). The antioxidants vitamin E, N-tert-butyl-α-

phenylnitrone and Trolox countered BSO’s effect on steroidogenesis. In vivo studies also 

were conducted. Young (4 month-old) rats were injected with BSO twice a day for 7 days, 

after which Leydig cells were isolated and analyzed in vitro (Chen et al, 2008). As with cells 

treated in vitro, BSO treatment in vivo resulted in significant reductions in Leydig cell GSH 

content and the ability of the Leydig cells to produce T. Reminiscent of aging, decreases 

were seen in LH-stimulated cAMP production, STAR, CYP11A1, HSD3B and CYP17A1. 

The results of these studies support the conclusion that alteration in the oxidant/antioxidant 

environment plays a causative role in the reduced ability of aging Leydig cells to produce T. 

Although the molecular mechanisms by which an altered redox environment acts to reduce 

Leydig cell function remain unclear, there is evidence to suggest that changes in membrane 

fluidity in response to oxidative damage of membrane lipids may be involved (Kolena et al, 

1986; Wu et al, 1993; Kodaman et al, 1994; Vega et al, 1995).

The regulatory mechanisms involved in the generation of superoxide and other ROS in 

Leydig cells are unclear. T is produced in response to stimulation by LH. However, the long-

term in vivo suppression of LH, from middle age through old age, was found to prevent the 

reductions in T formation that characterize aged rat Leydig cells (Chen and Zirkin, 1999), 

suggesting that LH stimulation of steroid formation, over long periods of time, may play a 

role in the diminished steroid production that characterizes aging. These observations led us 
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to ask whether and how LH might exert negative effects on Leydig cell function. Using 

microarray analysis, significant increases were seen in the expression of genes related to 

stress response in aged cells, including genes whose protein products are involved in the 

induction or activation of Nrf2, a master regulator of the cellular antioxidant response 

(Beattie et al, 2013). Additionally, incubation of Leydig cells with LH was found to result in 

significantly increased generation of ROS and also in increased DNA damage, and these 

effects were suppressed by incubating the cells with an antioxidant (Beattie et al., 2013).

T replacement therapy for the hypogonadal male

Reduced serum T, or hypogonadism, is estimated to affect about 5 million American men, 

including both aging and young (Araujo et al., 2007). Hypogonadism is common in aging 

men, with 20–50% of men over age 60 reported to have serum T levels significantly below 

those of young men (Harman et al, 2001; Mohr et al, 2005; Araujo et al, 2007; Bhasin and 

Basaria, 2011; Surampudi et al, 2012). Primary hypogonadism also occurs in many infertile 

younger men. With regard to the latter, approximately 15% of couples seek infertility-related 

medical appointments, with male factor effects contributing to 40%–50% of these cases 

(Kim and Schlegel, 2008; Hwang et al, 2011). About 30% of infertile men are diagnosed as 

idiopathic, among whom about 50% have primary hypogonadism (Schlegel, 2009; Belchetz 

et al, 2010). Whether in aging or in young men, reduced serum T is associated with a 

number of metabolic and quality-of-life changes, including decreased lean body mass, bone 

mineral density, muscle mass and strength, adiposity, cardiovascular disorders, decreased 

libido and sexual function, altered mood and fatigue (Matsumoto, 2002; Araujo et al, 2007; 

Surampudi et al, 2012; Wu et al, 2010).

Although age-related changes in the amplitude of LH pulses have been reported, decline in 

serum T levels in aging men typically is not a consequence of changes in LH, the levels of 

which remain unchanged or increased in most men, but rather to decreased responsiveness 

of the Leydig cells to LH (Bonavera et al, 1997; 1998). Consequently, attempts to increase 

Leydig cell T production, and thus serum T levels, through LH stimulation typically are not 

effective in aging men unless the men have clearly identifiable deficiencies in central 

stimulation, such as is the case of men with hypogonadotropic hypogonadism (Bobjer et al, 

2012) or Kallman’s syndrome (Hamada et al, 2012). Similarly, although in some aging men 

T production can be affected through inhibiting negative feedback effects on the 

hypothalamic-pituitary-gonadal (HPG) axis by the administration of selective estrogen 

receptor modulators (SERMS) such as clomiphene or tamoxifen, or aromatase inhibitors 

(Page, 2011), these approach typically do not increase T production in hypogonadal men 

with normal or high LH levels. Thus, methods to increase T production through LH 

stimulation often are not effective clinically in the aging population.

Increasingly, T is prescribed to men diagnosed with low circulating T levels. The primary 

objective of T replacement therapy is to raise serum T levels into the eugonadal range so as 

to reduce symptoms of hypogonadism and improve quality of life (Sih et al, 1997; 

Gruenewald and Matsumoto, 2003). The T preparations in use are injections, scrotal and 

nonscrotal transdermal patches, and oral, buccal and gel preparations (Dobs et al, 1999; 

Gooren and Bunck, 2003; Bhasin and Basaria, 2011; Wang et al, 2011; Surampudi et al, 
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2012; Abadilla and Dobs, 2012). The availability of these methods has made T replacement 

increasingly accessible and palatable to men. However, exogenous T replacement has 

drawbacks. With injections, serum T levels initially are supraphysiologic and then reduced 

(Bhasin and Basaria, 2011), requiring T levels to be measured and sometimes adjusted 

between injections. T administered by gels and other transdermal methods are easier to use 

and produce more constant T concentrations, but have the potential for T transfer via skin 

contact (Bhasin and Basaria, 2011; Surampudi et al, 2012; Abadilla and Dobs, 2012). More 

seriously, there are recent studies indicating increased risk of cardiovascular disease in men 

using T replacement (Vigen et al, 2013; Finkle et al, 2014; Xu et al, 2013). Indeed, the FDA 

recently (September, 2014) expressed concern that men who take exogenous T may face 

increased risk of stroke and heart attack. There also are reports in rats suggesting that 

exogenous T treatment might increase the risk of prostate cancer (Bosland, 2014).

Although the administration of exogenous T will elevate serum T levels into the normal 

range, exogenous T in most men will suppress LH, resulting in reduced Leydig cell T 

formation and reduced intratesticular T concentrations. Consequently, the administration of 

T can result in the suppression of spermatogenesis, making this an inadvisable approach to 

ameliorate hypogonadism in men wishing to father children (Pavlovich et al, 2001; Kim and 

Schlegel, 2008; Hwang et al, 2011; Ramasamy et al, 2011).

TSPO-mediated induction of endogenous T production

Knowledge of the steps in testosterone formation, and the mechanisms involved, have made 

it possible to apply pharmacological means to increase serum (and intratesticular) T by 

stimulating the Leydig cells themselves. Culture of young and aged Leydig cells with 

dbcAMP was found to increase steroid formation significantly (Chen et al, 2004), indicating 

that the LH signaling step in steroid formation can be bypassed. Analyses of steroid 

formation in aged as compared to young cells revealed downstream deficiency in TSPO 

(Culty et al, 2002; Chung et al, 2013), a protein that is integrally involved in cholesterol 

translocation from the cytosol to the inner mitochondrial membrane. As cholesterol 

translocation represents the rate-determining step in steroid formation, we tested the 

hypothesis that the direct pharmacological activation of TSPO would increase T production 

by aged cells (Fig. 2). To this end, we examined the effects of the high-affinity TSPO drug 

ligand FGIN-1-27 (N,N-dihexyl-2-(4-fluorophenyl)indole-3-acetamide) on T formation by 

Leydig cells isolated from aged (21 month-old) Brown Norway rats, and of administering 

FGIN-1-27 to these rats in vivo (Chung et al, 2013). LH-stimulated T formation was reduced 

in aged as compared to young cells. However, when aged cells were incubated with LH plus 

FGIN-1-27, T production was equivalent to that of LH-stimulated young cells. The 

stimulatory effect of FGIN-1-27 was abolished by the TSPO cholesterol recognition/

interaction amino acid consensus (CRAC) domain inhibitor 3,17,19-androsten-5-triol (19-

Atriol). In vivo, administering FGIN-1-27 to aged rats elevated serum T to the level of 

young rats (Fig. 3). Although the long-term safety of TSPO drug ligands remains unknown, 

such ligands have been used in clinical studies to increase neurosteroids in men with 

neurological and psychiatric disease symptoms (Taliani et al, 2009; Rupprecht et al, 2009; 

Nothdurfter et al, 2012).
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Administering TSPO drug ligands to increase Leydig cell T production is independent of LH 

and thus of STAR induction. This approach could result in the regulation of LH release by 

the T formed, and therefore T production should be pulsatile as under normal physiological 

circumstances. The fact that TSPO drug ligands act in an LH-independent manner suggest 

that they can be also used to treat secondary hypogonadism, where there is a defect in LH 

release from the pituitary, or mixed primary and secondary hypogonadism. Fertility should 

be preserved, not suppressed, with this approach because the Leydig cells produce relatively 

high levels of T. Indeed, the local stimulation of Leydig cell T production might actually 

enhance spermatogenesis because intratesticular T levels should increase, not decrease. 

Whether or not this approach will affect the heart and prostate differently than exogenous T 

administration is uncertain at present.
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HIGHLIGHTS

• Reviews changes in the steroidogenic enzymes of aging Leydig cells

• Discusses effects of the redox environment on Leydig cell testosterone 

production

• Discusses ways to increase serum testosterone by stimulating the Leydig cells
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Figure 1. Leydig cell steroid biosynthesis
In response to LH, cAMP stimulates the transport of cholesterol into mitochondria. 

Cholesterol is delivered by STAR and TSPO to the inner mitochondrial membrane where it 

is cleaved into pregnenolone, used for the biosynthesis of testosterone.
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Figure 2. Effect of TSPO ligands on Leydig cell steroid biosynthesis
In response to TSPO ligands, cholesterol is transported into mitochondria even in the 

absence of LH, where it is cleaved into pregnenolone, used for the biosynthesis of 

testosterone.
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Figure 3. TSPO drug ligand FGIN-1-27 induction of testosterone formation in hypogonadal 
aging Brown Norway rats
Young and aged rats were treated with either low (L; 0.1 mg/kg/day) or high (H, 1 mg/kg/

day) doses of FGIN-1-27 by ip for 10 days. Serum testosterone was measured by RIA. 

From: Chung et al, 2013 Endocrinology 154: 2156-2154.
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