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Abstract

Aging in rodents and men is associated with reduced serum levels of testosterone and Leydig cell 

testosterone productions. To further investigate the mechanism by which Leydig cell testosterone 

production declines, the effect of knocking out Nrf2, a master regulator of phase 2 antioxidant 

genes, was examined. In wild-type mice, testosterone production and serum testosterone levels 

remained unchanged through middle age (8 months), but then were reduced significantly by old 

age (21–24 months). In contrast, serum testosterone levels and Leydig cell testosterone production 

were reduced significantly in the Nrf2−/− mice as early as middle age, and were reduced further in 

the aged mice. Reduced steroidogenesis in the knockout mice was associated with reduced 

antioxidant capacity, and increased expression of protein nitrotyrosine residues, a marker of ROS. 

These results support the hypothesis that, over time, increases in oxidative stress contribute to or 

cause the reduced testosterone production that characterizes Leydig cell aging.
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1. INTRODUCTION

Aging in rodents and men is associated with reduced serum testosterone concentrations 

(Araujo et al., 2004; Chen et al., 1994; Harman et al., 2001). In Brown Norway rats, serum 

levels of luteinizing hormone (LH) do not change with age, but there is reduced 

responsiveness of Leydig cells to LH that results in reduced testosterone production and 
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therefore in reduced serum testosterone levels (Chen et al., 2004, 2002, 1994). A number of 

deficits have been identified in the steroidogenic pathway of old Leydig cells that might 

account for the reduced LH-stimulated testosterone production, including reductions in 

cAMP production, steroidogenic acute regulatory protein (STAR), translocator protein 

(TSPO), cholesterol translocation from the cytosol into the mitochondria, cholesterol 

metabolism to pregnenolone in the mitochondria, and downstream steroidogenic enzymes of 

the mitochondria and smooth endoplasmic reticulum (Culty et al., 2002; Leers-Sucheta et 

al., 1999; Liao et al. 1993; Luo et al., 2005, 2001, 1996; Zirkin and Chen, 2000). Although 

the mechanism by which these changes occur remains uncertain, imbalance between the 

production of reactive oxygen species (ROS) and intracellular antioxidant defenses has been 

proposed (Cao et al., 2004; Chen et al., 2001, 2008; Chen and Zirkin, 1999; Lacombe et al., 

2006; Luo et al., 2006).

It is well established that redox imbalance, over time, can cause damage to lipids, proteins, 

RNA, and DNA, and thus contribute to cellular functional changes (Ames et al., 1993; 

Beckman and Ames, 1998; Raha and Robinson, 2000; Rebrin and Sohal, 2008). Consistent 

with this, there is evidence, though largely correlative, that the redox imbalance that occurs 

with the aging of Leydig cells may lead to reductions in steroid formation. The antioxidant 

defense molecules superoxide dismutase-1 and -2, glutathione peroxidase and glutathione 

(GSH) are significantly reduced as Leydig cells age (Cao et al., 2004; Luo et al., 2006), 

while the superoxide content of the mitochondria (Chen et al., 2001) and lipid peroxidation 

(Cao et al., 2004) significantly increase.

In a study designed to ascribe cause-effect relationships between an altered redox 

environment and reduced steroid formation, experimentally induced reduction in glutathione 

(GSH), an important antioxidant defense molecule of the Leydig cells, was shown to result 

in reduced steroidogenic function both in vitro and in vivo (Chen et al., 2010, 2008). As 

with many “aging” studies, these studies examined the acute effects of altering the redox 

environment in young cells, not effects occurring over time. Additionally, the redox 

environment of cells was experimentally altered by depleting an individual antioxidant 

(GSH, in this case), which may be misleading because of compensatory changes that might 

occur when one of many cellular antioxidants is experimentally altered.

Nrf2 (nuclear factor erythroid 2-related factor) is a master transcriptional factor that binds a 

common antioxidant response element in the promoters of various Nrf2 target genes (Cho et 

al., 2006; Giudice and Montella, 2006; Itoh et al., 2004a; Kobayashi and Yamamoto, 2006; 

Li and Kong, 2009; Osburn and Kensler, 2008; Zhang, 2006). Stimulation of Nrf2 activates 

an array of Nrf2-responsive genes and of their protein products, thus eliciting protection 

against a broad range of endogenous and exogenous factors that otherwise might disrupt 

cellular homeostasis through oxidative damage (Cho et al., 2005; Kwak et al., 2003; Lee et 

al., 2003). In the present study, we hypothesized that if alteration of the redox environment 

of aging Leydig cells indeed plays a significant role in age-related reductions in Leydig cell 

steroidogenesis, the experimental depletion (knockout) of Nrf2 should, over time, result in 

increased oxidative stress by inhibiting antioxidant protein synthesis, and this should result 

in decreases in testosterone production.
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2. MATERIALS AND METHODS

2.1. Animals

Nrf2-deficient C57BL/6 mice (Nrf2−/−, Japan SLC, Inc.) were generated as described 

previously (Itoh et al., 1997). Mice were fed an AIN-76A diet and water ad libitum and 

housed under controlled conditions (23 ± 2°C; 12-hour light/dark periods). Experiments 

were conducted in accordance with the standards established by the United States Animal 

Welfare Act, set forth in NIH guidelines and the Policy and Procedures Manual of the Johns 

Hopkins University Animal Care and Use Committee.

2.2. Experimental procedures

Young (3 month-old, N=18), middle aged (8 month-old, N=12), and aged (24 month-old, 

N=12) wild-type (Nrf2+/+ ) and knockout (Nrf2−/−) mice were used in these studies. Blood 

was collected at about the same time each collection day to minimize variations in serum 

testosterone, and immediately placed on ice. Blood serum was prepared by centrifugation at 

1500 g for 10 min (4 °C). The serum was frozen on dry ice and stored at −80 °C for 

subsequent analysis of testosterone and luteinizing hormone LH. One testis from each of 12 

rats was used for the isolation of Leydig cells. The ability of the isolated cells to produce 

testosterone was assessed in vitro. One testis from each of 6 rats was frozen in liquid 

nitrogen for assay of total antioxidant activity (see below). The reminding contralateral 

testes were either fixed in 5% glutaraldehyde and embedded in Epon-Araldite for 

morphological analysis, or fixed in formaldehyde and embedded in paraffin for 

immnohistochemistry.

2.3. Leydig cell isolation and assessment of steroidogenic function

Leydig cells were isolated by a combination of Percoll and BSA density gradient 

centrifugation, as previously described (Salva et al 2001). In brief, the testes were 

decapsulated and digested in dissociation buffer (M-199 medium with 2.2 g/L HEPES, 1.0 

g/L BSA, 2.2 g/L sodium bicarbonate) containing collagenase I (0.5 mg/mL) at 34°C, with 

slow shaking (90 cycles/min, 30 minutes). To separate the interstitial cells from the 

seminiferous tubules, digested testes were placed in a solution containing 1% BSA for one 

minute. The supernatants were collected and the interstitial cells were pelleted by 

centrifugation (1500g, 5 min). Leydig cells were purified by Percoll gradient separation 

(55% Percoll, 27,000g, 1hr) and then BSA gradient centrifugation (0–10% BSA, 450g, 10 

min). The final purity of the Leydig cells, determined by staining the cells for 3β-

hydroxysteroid dehydrogenase (3β-HSD) activity, was consistently about 90%.

Freshly isolated Leydig cells were suspended in M-199 culture media (0.1% BSA), plated in 

96-well culture plates (about 104 cells/well), and incubated for 2h at 34°C with ovine LH 

(10 ng/ml), dibutryl cAMP (dbcAMP, 1mM), 22-hydroxycholesterol (22-HC, 25μM), or 

pregnenolone (P5, 25μM). After incubation, cells plus medium were frozen on dry ice and 

then stored at −80 °C for testosterone assay.
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2.4. Serum testosterone and luteinizing hormone (LH) assay

Serum testosterone concentration and Leydig cell testosterone production was assayed by 

radioimmunoassay (RIA). The sensitivity of the assay was 10 pg/tube. The intra- and inter-

assay coefficients of variation were 8.9% and 13.6%. Serum LH concentrations were 

determined by an enzyme linked immunosorbent assay (ELISA) kit (Biotang Inc., 

Lexington, MA). The minimum detectable dose of mouse LH was 0.08 ng/ml. The detection 

range was 0.08/ml −20 ng/ml. All samples were run in one assay with intra-assay coefficient 

of variation was below 15%.

2.5. Western blot analysis

Isolated Leydig cells were lysed with Tris-sodium dodecyl sulfate (SDS) buffer [62.5 mM 

Tris, 2% SDS, 50 mm dithiothreitol (pH 6.8)] and sonicated on ice. Lysates were mixed with 

3× SDS loading buffer (New England BioLab, Ipswich, MA). Total protein from equal 

numbers of cells (1 × 105) was separated by 10% SDS-PAGE and then transferred onto a 

nitrocellulose membrane. After incubation with primary antibody (1:400) and horseradish 

peroxidase-conjugated secondary antibody (1:5000), signal was detected by use of the 

enhanced chemiluminescence Western blot kit from GE Healthcare Life Sciences 

(Piscataway, NJ). The bound antibodies on the membranes were stripped by Restore 

Western blot stripping buffer (Pierce, Rockford, IL), and the membranes were re-probed 

with new antibodies in the sequence STAR (1:1000, ABR-Affinity BioReagents, Golden, 

CO), CYP11A1 (1:1000, Chemicon International, Temecula, CA), and GAPDH (1:5000, 

Sigma-Aldrich, St. Louis, MO).

2.6. Testis morphology and immunostaining for nitrotyrosine

For morphological studies, testes were fixed with 5% glutaraldehyde in 0.05 M cacodylate 

buffer, postfixed in 1% buffered osmium tetroxide, and embedded in Epon-Araldite. 

Sections of 2 μm were stained with toluidine blue and examined using a Nikon Eclipse 800 

microscope. For immunostaining of nitrotyrosine, testes were fixed in formalin and 

embedded in paraffin. Sections were incubated with nitrotyrosine antibody (rabbit 

polyclonal, Millipore) at a 1:200 dilution for 18 hours at −4 °C. Fluorescent secondary 

antibody (fluorescein anti-rabbit goat IgG; Life Technologies, Grand Island, NY) was used 

at a 1:1000 dilution for one hour. After washes, the nuclei were counter-stained with 

ethidium bromide (1 ug/ml). Images were obtained with a Nikon Eclipse 800 microscope 

equipped with a Princeton Instruments 5-Mhz cooled CCd camera, custom CRI color filter, 

and IP-Lab digital image analysis software (Scanalytics Inc., Fairfax, VA). As a negative 

control, primary antibody was replaced by normal rabbit serum.

2.7. Measurement of antioxidant levels in the testes

The total antioxidant capacity of testes was measured by using the Cayman Antioxidant 

Assay Kit (Cayman Chemical Co., Ann Arbor, MI). In brief, testes were homogenized in 

assay buffer (5 mM potassium phosphate, pH 7.4, containing 0.9% sodium chloride and 

0.1% glucose). The homogenates were centrifuged at 10,000g for 15 min at 4 °C. 

Antioxidant capacity was measured in the supernatants. The Cayman Antioxidant Assay 

measures the capacity of antioxidants in the sample to prevent ABTS (2,2′-azino-di-[3-
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ethylbenzthiazoline sulphonate]) oxidation in comparison to Trolox, a water-soluble 

tocopherol analogue. Results are presented as molar Trolox equivalents (Huang et al., 2005). 

The final reaction was read on a DTX800 Multimode Detector (Beckman, Coulter, Inc., 

Fullterton, CA) at 405 nm wavelength.

2.8. Statistical analysis

Data are expressed as the mean ± SEM. Group means were evaluated by one-way ANOVA. 

If group differences were revealed by ANOVA (P < 0.05), differences between individual 

groups were determined with the Student-Neuman-Kuels test, using SigmaStat software 

(Systat Software Inc., Richmond, CA). Values were considered significant at P < 0.05.

3. RESULTS

3.1. Age-related changes in testis morphology in response to Nrf2 knockout

Knockout of Nrf2 (Nrf2−/−) did not affect the body weights of young (3 mo), middle-aged (8 

mo) or old (24 mo) mice (Fig. 1A). However, testis weights in the middle-aged (8 mo) and 

old (24 mo) Nrf2−/− mice were significantly reduced compared to their wild-type (WT, 

Nrf2+/+) age-matched controls (Fig. 1B). Consistent with testis weights, there was no 

apparent difference in the morphology of the testes in the young knockout (3mo-KO) 

compared to the wild-type (3mo-WT) mice (Fig. 2). However, atrophic tubules were seen in 

the testes of middle-aged knockout mice (8mo-KO), but not in the wild-type controls (8mo-

WT). By old age, atrophic tubules were widespread in the testes of knockout mice (24 mo-

WT vs. 24 mo-KO). These results are consistent with a previous study reporting that Nrf2−/− 

mice of age 6 months had reduced testicular sperm counts compared to wild-type and 

heterozygous littermates (Nakamura et al., 2010).

3.2. Knockout of Nrf2 accelerates age-related reductions in serum testosterone levels and 
in Leydig cell steroid formation

In the wild-type mice, serum testosterone levels did not change through middle age (8 mo), 

but then declined significantly in the old (24 mo) mice (Fig 3A). In knockout mice, decrease 

in serum testosterone at an earlier age was seen. Thus, at 8 months there was no difference 

in the concentration of serum testosterone in wild-type but a significant decrease was seen in 

knockout mice; and by 24 months, an age at which serum testosterone levels had declined 

significantly in the wild-type mice, serum testosterone levels in the knockouts even 

decreased more extensively. To examine whether the changes in serum testosterone were 

caused by reduction in pituitary function, serum LH was measured (Fig. 3B). No significant 

differences were found across all groups; that is, neither age nor genotype affected serum 

LH concentrations significantly.

To determine whether the decreases in serum testosterone levels in the aged wild-type and 

middle-aged and aged knockout mice resulted from changes in Leydig cell steroidogenic 

function, we assessed the ability of Leydig cells isolated from the testes of young, middle-

aged and old wild-type and knockout mice to produce testosterone in response to LH. As 

seen in Figure 3C, testosterone production by the Leydig cells of wild-type mice decreased 

significantly by 24 months. In the knockout mice, significant, age-related reduction in 
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testosterone production was seen in Leydig cells of 8 month-old mice, and there was a 

further decrease at 24 months. In each case, the ability of Leydig cells to produce 

testosterone was consistent with serum testosterone levels (compare Figs. 3A and 3C).

To begin to characterize the cellular changes in the steroidogenic pathway that might 

account for reduced steroid formation by Leydig cells of old wild-type and knockout mice, 

two key steroidogenic proteins, STAR and CYP11A1, were analyzed by Western blot. 

STAR is among the proteins involved in the rate-determining step in steroid formation, 

namely cholesterol translocation to the inner mitochondrial membrane where CYP11A1 

converts it to pregnenolone (Miller 2013). Consistent with serum testosterone levels and 

cellular testosterone production, the levels of STAR and CYP11A1 were comparable in 

Leydig cells isolated from the testes of young wild-type and knockout mice (Fig 4A). By old 

age, the two proteins were reduced in Leydig cells from both wild-type and knockout old 

mouse testes, with the extent of reduction greater in the knockout mice. Differences also 

were seen in the activities of steroidogenic enzymes between the old wild-type and knockout 

mice (Fig 4B). For these studies, testosterone formation by Leydig cells isolated from the 

testes of old wild-type and old knockout mice was assessed after incubating the cells with 

LH, dbcAMP, 22-hydroxycholesterol (22HC) or pregnenolone (P5). In each case, cells from 

the knockout mice were found to produce significantly less testosterone than the wild-type 

cells.

3.3. Effect of knockout of Nrf2 on the testicular antioxidant/prooxidant environment

The antioxidant system of cells includes such enzymes as superoxide dismutase, glutathione 

peroxidase, and catalase, as well as vitamins C and E and glutathione (Finkel and Holbrook, 

2000; Huang et al., 2005). These molecules are among those that function together to protect 

cells from damage by reactive oxygen or nitrogen radicals (Huang et al., 2005; Stadtman, 

2001). We used the Cayman Antioxidant Assay, which measures the overall antioxidant 

activity of cells and tissues (Huang et al., 2005), to determine the effects of age and of 

Nrf2knockout on testicular antioxidant activity. As seen in Figure 5, antioxidant activity in 

wild-type mice did not change significantly through 8 months, but by 24 months there was a 

significant 30% drop from the 3 and 8 month-old values. In contrast to the wild-type mice, 

the knockout of Nrf2 resulted in a significant reduction in antioxidant activity as early as 3 

months, and then a further reduction such that by age 24 months there was a 40% reduction 

in the Nrf2−/− testes compared to the wild-type controls. It was notable that the decrease in 

antioxidant capacity by age 3 months in the knockout mice preceded the decreases in serum 

testosterone and Leydig cell testosterone production, which occurred at 8 months (Fig. 3).

To determine whether the reduction in antioxidant activity in response to the Nrf2 knockout 

was reflected in an altered pro-oxidant testicular environment, the expression of 

nitrotyrosine residues, a marker of ROS, was assessed by immunofluorescence (Fig. 6). For 

these studies, sections were incubated with nitrotyrosine antibody, then with a fluorescent 

secondary antibody, and counterstained with ethidium bromide. As a negative control, the 

primary antibody was replaced by normal rabbit serum. No nitrotyrosine labeling was seen 

in the young (Fig. 6A) or old (Fig. 6B) controls. A modest, age-related increase in 

immunostaining of nitrotyrosine was seen in both the interstitial and seminiferous tubular 
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compartments in the wild-type testes of old (Fig. 6D) as compared to young (Fig. 6C) mice. 

Increased nitrotyrosine concentration was seen in the testes of young Nrf2 knockout mice 

(Fig. 6E) in comparison to the young wild-type testis (Fig. 6C). A striking increase in 

nitrotyrosine immunostaining was seen in the old knockout (Fig. 6F) compared to old wild-

type (Fig. 6D) or young KO (Fig. 6E) testes.

4. DISCUSSION

In rodents and men, serum levels of testosterone typically are reduced with aging, in both 

cases in response to a primary testicular defect (primary hypogonadism) and not in response 

to reduced LH (Chen et al., 1994; Liu et al., 2005; Takahashi et al 2007; Veldhuis et al., 

2012; Zirkin and Chen, 2000). Leydig cells isolated from the testes of old Brown Norway 

rats were found to produce less testosterone in response to LH than cells from young rats 

(Chen et al., 1994). The cause of the relative insensitivity of the Leydig cells to LH, and thus 

reduced testosterone formation, remain uncertain. It is well known that aging cells, in 

general, can undergo deleterious changes in response to exposure to reactive oxygen-

induced free radicals (Ames et al., 1993; Beckman and Ames, 1998; Raha and Robinson, 

2000; Rebrin and Sohal 2008). Superoxide and other reactive oxygen species (ROS) are 

produced by the mitochondrial electron transport chain during oxidative phosphorylation 

(Murphy 2009). As in other cells, ROS are produced from this source in Leydig cells (Chen 

et al., 2001). In addition, the cytochrome P450 enzymes in Leydig and other steroid-forming 

cells catalyze the oxidation of metabolic intermediates in the steroidogenic pathway, thus 

generating additional free radicals (Hanukoglu 2006; Peltola et al., 1996). Mitochondrial 

superoxide production has been shown to increase in aging Leydig cells (Chen et al., 2001), 

and the antioxidant defense molecules superoxide dismutase-1 and -2, glutathione 

peroxidase, and GSH to decrease (Cao et al., 2004; Luo et al., 2006). Lipid peroxidation 

increases with age in Leydig (Cao et al., 2004) and adrenal cells (Azhar et al., 1995), two of 

the major steroidogenically active cells in the body. Such studies, taken together, suggest 

that imbalance in the oxidant/antioxidant environment of aging Leydig cells, presumably 

leading to oxidative damage to proteins, lipids, and/or DNA, may be the cause of reduced 

testosterone formation by these cells. However, cause-effect has yet to be proven.

There have been studies designed to address the effects of an altered redox environment on 

Leydig cell steroidogenic function experimentally. For example, a diet supplemented with 

the antioxidant vitamin E was shown to delay, though not prevent, age-related reductions in 

testosterone formation by Leydig cells of Brown Norway rats (Chen et al., 2005). Consistent 

with this, the acute experimental depletion of GSH in Leydig cells resulted in reduced 

steroidogenic function both in vitro and in vivo (Chen et al., 2010, 2008). In vitro studies 

showed that exposure to agents that increased intracellular ROS inhibited Leydig cell steroid 

production via effects on cholesterol transport proteins (Zhou et al., 2013) and steroidogenic 

enzymes (Georgiou et al., 1987; Quinn and Payne, 1986, 1984). Additionally, we and others 

demonstrated that LH stimulation of steroid formation increased oxidative stress in Leydig 

cells (Aggarwal et al., 2009; Beattie et al., 2013), while the long-term suppression of 

steroidogenesis via the suppression of LH was found to suppress age-related reductions in 

testosterone production (Chen and Zirkin, 1999). The results of these studies are consistent 
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with the conclusion that persistent reactive oxygen exposure may cause reduced testosterone 

production by aging Leydig cells.

However, age-related reductions in steroidogenesis involves changes in a complex 

environment, over time, not the acute effects of changes in single antioxidant molecules. It 

was with this in mind that we turned to Nrf2 knockout mice. Under unstressed conditions, 

Nrf2 is bound to kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm of cells, and 

is degraded by ubiquitination (Itoh et al., 2004b; Zhang, 2006). Under conditions of 

oxidative stress, however, Nrf2 dissociates from Keap1 through modification of cysteine 

residues on the Keap1 protein, translocates to the nucleus, and there activates Nrf2- 

responsive genes involved in antioxidant expression and oxidant inactivation (Cho et al., 

2006; Li and Kong, 2009). As Nrf2 is a master antioxidant regulator, knocking out Nrf2 

reduces many antioxidant molecules, thus altering the redox environment in a manner that is 

reminiscent of physiological aging.

Knocking out Nrf2 had no significant effect on serum testosterone level or on testosterone 

formation by Leydig cells in young (3 month-old) mice, though by 3 months the antioxidant 

capacity of the testis had decreased significantly. By middle age (8 months), significantly 

reduced serum testosterone concentration and testosterone formation by Leydig cells were 

seen in the knockout but not in age-matched, wild-type mice. By old age (24 months), when 

the wild-type mice had reduced serum testosterone and Leydig cell testosterone formation, 

the reductions were more extensive in the knockout mice, with a 4-fold decrease in serum 

testosterone concentration, highly significant decrease in testosterone formation in vitro, 

decreased testosterone formation in response not only to LH but also to dbcAMP, 22-

hydroxycholesterol or pregnenolone, and reduced CYP11A1 and STAR.

A plausible interpretation of these observations was that the knockdown of Nrf2 affected 

testicular cell antioxidant defense capacity, and that in time, doing so had detrimental effects 

on steroid formation that resulted in reduced testosterone formation. We wished to 

determine whether Nrf2 knockout in fact affected the antioxidant environment in the testis. 

Because Nrf2 has the potential to affect hundreds of antioxidant and phase II molecules, we 

measured total antioxidant capacity rather than specific antioxidant genes and proteins. In 

the wild-type mice, the testicular total antioxidant capacity changed in 24 month-old rats, 

but not earlier. Interestingly, there was a decrease in antioxidant capacity by age 3 months in 

the knockout mice, which preceded the decreases in serum testosterone and Leydig cell 

testosterone production seen at 8 months but not earlier. Indeed, antioxidant activities were 

significantly lower in the Nrf2 knockout testes in each of the young, middle-aged and aged 

groups; reductions of 30% were seen in the young and middle-aged knockout mice 

compared to age-matched wild-type mice, and the reduction at 24 months was over 50%. 

Immunocytochemical analyses of a common by-product of oxidative stress, nitrotyrosine, 

was used to determine the effect of decreased antioxidant capacity on peroxynitrite 

formation in vivo (Pacher et al., 2007; Szabo et al., 2007). Knocking out Nrf2 increased the 

expression of nitrotyrosine in both the interstitial and tubular compartments of the testis, 

with the most striking increases seen in old knockout animals.
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These results support the contention that reductions in antioxidant activities and thus 

increased oxidative stress are related to, and may cause, the reduced testosterone formation 

that occurs with aging. It is particularly of interest in this regard that reduced antioxidant 

capacity and increased oxidative stress in the knockout mice preceded reduced testosterone 

formation. This is consistent with the idea that, with advancing time (aging), alterations in 

the redox environment in fact causes reduced testosterone formation.

5. CONCLUSIONS

The results presented herein provide experimental support for the hypothesis that increased 

oxidative stress, perhaps resulting from age-related decreases in antioxidant molecules 

and/or from increased ROS production, is closely associated with, and might cause, age-

related reductions in Leydig cell testosterone formation. In the Nrf2 knockout mice, the 

reduced expression of numerous antioxidant molecules results in reduced antioxidant 

capacity and therefore an increasingly prooxidant environment, reminiscent of aging. 

Exposure of the Leydig cells to higher oxidative stress levels, over time, might be the cause 

of age-related reductions in steroidogenic function without effect on LH (primary 

hypogonadism). The mechanisms by which aging results in losses in antioxidant molecules, 

and how an altered redox environment affects the response of Leydig cells to LH and thus 

leads to reduced testosterone formation, remain uncertain.
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ABBREVIATIONS

ABTS 2,2′-azino-di-[3-ethylbenzthiazoline sulphonate]

CYP11A1 Cytochrome P450, family 11A1; cholesterol side-chain cleavage enzyme

dbcAMP Dibutryl cAMP

GSH Glutathione

22-HC 22-Hydroxycholesterol

ROS Reactive oxygen species

Nrf2 Nuclear factor erythroid 2-related factor

P5 Pregnenolone

STAR Steroidogenic acute regulatory protein

TSPO Translocator protein
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HIGHLIGHTS

• Nrf2 knockout accelerated age-related reductions in Leydig cell steroidogenesis.

• Nrf2 knockout significantly reduced the antioxidant capacity of the testis.

• Nrf2 knockout resulted in significantly increased ROS.

• Increased oxidative stress contributes to reduced testosterone production with 

age.
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Figure 1. 
Effect of age and of Nrf2 knockout (KO) on the body (A) and testis (B) weights of young (3 

month-old), middle-aged (8 month-old) and old (24 month-old) mice. WT signifies wild-

type. Data are expressed as mean ± SEM of 12–18 animals per group. * Significant 

difference from the age-matched WT control, P<0.05.
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Figure 2. 
Effect of age and of Nrf2 knockout (KO) on the morphology of the testes of young (3 

month-old), middle-aged (8 month-old) and old (24 month-old) wild-type (WT) and 

knockout (KO) mice.
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Figure 3. 
Effect of age and of Nrf2 knockout (KO) on serum testosterone (A) and LH (B) 

concentrations in young (3 month-old), middle-aged (8 month-old) and old (24 month-old) 

mice, and on testosterone production by Leydig cells isolated from the testes of these mice 

(C). For serum testosterone and LH measurements, data are expressed as mean ± SEM of 

12–18 mice per group. For testosterone production by isolated cells, data are expressed as 

mean ± SEM of cells from 4–6 mice per group. a, Significant difference from young (3 mo) 

wild-type (WT) of the same genotype, P<0.05. b, Significant difference from age-matched 

WT, P<0.05.
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Figure 4. 
Effect of Nrf2 knockout (KO) on Leydig cell steroidogenic proteins and enzyme activities. 

A) Western blots of CYP11A1, STAR and GAPDH in Leydig cells from young (Y) and old 

(O) wild-type (WT) and knockout (KO). B) Testosterone production after incubating Leydig 

cells from old wild-type (WT) and knockout (KO) mice with LH, dbcAMP, 22-

hydroxycholesterol (22HC) or pregnenolone.
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Figure 5. 
Effect of Nrf2 knockout on testicular antioxidant activities of young (3 month-old), middle-

aged (8 month-old) and old (24 month-old) mice, as analyzed by the Cayman Antioxidant 

Assay. Data are expressed as mean ± SEM of preparations from 6–9 mice per group (n=6–

9). a, Significant difference from young (3 mo) wild-type (WT) of the same genotype, 

P<0.05. b, Significant difference from age-matched WT, P<0.05.
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Figure 6. 
Expression of protein nitrotyrosine residues in the testes of young and old mice, detected by 

immunofluorescence (green) with nuclear co-staining by ethidium bromide (red). A, B) 

Testes of young and old mice, respectively, in which the primary antibody was replaced by 

normal rabbit serum (negative controls). C, D) Testes of young and old wild-type (WT) 

mice, respectively. E, F) Testes of young and old knockout (KO) mice, respectively.
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