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Abstract

Background: Excess reactive oxygen species and reactive nitrogen species are implicated in 

male infertility and impaired spermatogenesis.

Aim: To investigate the effect of excess reactive nitrogen species and nitrosative stress on 

testicular function and the hypothalamic-pituitary-gonadal axis using the S-nitrosoglutathione 

reductase-null (Gsnor−/−) mouse model.

Methods: Testis size, pup number, and epididymal sperm concentration and motility of Gsnor−/− 

mice were compared with those of age-matched wild-type (WT) mice. Reproductive hormones 

testosterone (T), luteinizing hormone (LH), and follicle-stimulating hormone were compared in 

Gsnor−/− and WT mice. Immunofluorescence for Gsnor−/− and WT testis was performed for 

3β-hydroxysteroid dehydrogenase and luteinizing hormone receptor (LHR) and compared. Human 

chorionic gonadotropin and gonadotropin-releasing hormone stimulation tests were performed to 

assess and compare testicular and pituitary functions of Gsnor−/− and WT mice.

Outcomes: Evaluation of fertility and reproductive hormones in Gsnor−/− vs WT mice. 

Response of Gsnor−/− and WT mice to human chorionic gonadotropin and gonadotropin-releasing 

hormone to evaluate LH and T production.

Results: Gsnor−/− mice had smaller litters (4.2 vs 8.0 pups per litter; P < .01), smaller testes 

(0.08 vs 0.09 g; P < .01), and decreased epididymal sperm concentration (69 vs 98 × 106; P < .05) 
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and motility (39% vs 65%; P < .05) compared with WT mice. Serum T (44.8 vs 292.2 ng/dL; P 
< .05) and LH (0.03 vs 0.74 ng/mL; P = .04) were lower in Gsnor−/− than in WT mice despite 

similar follicle-stimulating hormone levels (63.98 vs 77.93 ng/mL; P = .20). Immunofluorescence 

of Gsnor−/− and WT testes showed similar staining of 3β-hydroxysteroid dehydrogenase and LHR. 

Human chorionic gonadotropin stimulation of Gsnor−/− mice increased serum T (>1,680 vs >1,680 

ng/dL) and gonadotropin-releasing hormone stimulation increased serum LH (6.3 vs 8.9 ng/mL; P 
= .20) similar to WT mice.

Clinical Translation: These findings provide novel insight to a possible mechanism of 

secondary hypogonadism from increased reactive nitrogen species and excess nitrosative stress.

Strengths and Limitations: Limitations of this study are its small samples and variability in 

hormone levels.

Conclusion: Deficiency of S-nitrosoglutathione reductase results in secondary hypogonadism, 

suggesting that excess nitrosative stress can affect LH production from the pituitary gland.
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INTRODUCTION

Male hypogonadism is defined as a combination of low serum testosterone level and 

associated symptoms, such decreased energy, low libido, weight gain, and loss of muscle 

mass.1 The diagnosis of male hypogonadism affects up to 24% of men older than 

40 years.2 Hypogonadism is divided into 3 distinct classifications: primary (testicular 

failure), secondary (hypothalamic-pituitary failure), and compensated (eugonadism with 

compensatory increased pituitary hormone secretion). Secondary hypogonadism, the most 

common form with an estimated prevalence of 11.8%,3 results from decreased pituitary 

secretion of luteinizing hormone (LH) and/or follicle-stimulating hormone (FSH) or 

deficiencies in gonadotropin-releasing hormone (GnRH) production from the hypothalamus. 

Most etiologies of secondary hypogonadism remain idiopathic and associated with comorbid 

conditions such as excess opioid use, arthritis, diabetes, and obesity.4,5 Despite the high 

prevalence and association with common comorbidities, few studies have identified an 

etiology for secondary hypogonadism.

The current standard of care for hypogonadism, regardless of the cause, is testosterone 

replacement therapy. Unfortunately, testosterone replacement has side effects such as 

infertility, polycythemia, gynecomastia, hypertension, and possibly atherosclerosis.6 This 

treatment is undesirable for many men, especially those who are concerned about fertility. 

Identifying mechanisms of secondary hypogonadism could enable recognition of strategies 

to increase testosterone without administering exogenous testosterone therapy.

Reactive nitrogen species (RNS) are similar to free oxygen radicals called reactive oxygen 

species (ROS).7 Like ROS, RNS regulate normal cellular function at physiologic levels, 

but in excessive amounts can cause nitrosative stress and affect semen parameters and 

reproductive hormone signaling.7,8 Emerging data suggest that the nitroso-redox balance 
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also can play a critical role in the regulation of LH signaling and therefore an imbalance can 

lead to secondary hypogonadism.9,10

Mice lacking S-nitrosoglutathione reductase (GSNOR), a denitrosylase that regulates S-

nitrosylation, have increased levels of S-nitrosoglutathione (GSNO) and exhibit nitrosative 

stress.11 GSNO is in equilibrium with protein S-nitrosylation in cells, and GSNOR controls 

the cellular concentration of protein S-nitrosylation. GSNOR is a ubiquitous protein found 

in tissues such as the liver, thymus, spleen, and heart.12 Loss of GSNOR leads to increased 

levels of GSNO and subsequent modification of cysteine residues by S-nitrosylation, thereby 

affecting cellular signaling. We hypothesized that nitrosative stress in Gsnor−/− mice would 

affect hypothalamic-pituitary-gonadal axis function and spermatogenesis. We characterized 

testicular and pituitary functions of Gsnor−/− mice. We evaluated fertility, sperm parameters, 

testis histology, and reproductive hormone levels in Gsnor−/− mice and compared them with 

adult wild-type (WT) control mice.

METHODS

Mice

Male mice lacking GSNOR (Gsnor−/−) were generated as described previously and 

compared with age- and sex-matched WT littermates C57BL/6 mice (Jackson Laboratories, 

Bar Harbor, ME, USA).12 Pups were genotyped and sacrificed at the indicated ages. Mice 

were kept in a barrier-protected animal facility with 12-hour light-dark cycles. Unless 

otherwise stated, all experiments were carried out after 42 days of age to ensure 1 cycle 

of spermatogenesis was completed. All methods were performed in accordance with the 

approved institutional animal care and use committee protocol from the University of Miami 

(Miami, FL, USA).

Male Fertility Test

All mice used for breeding were at least 3 months of age. Male Gsnor−/− mice were bred 

with female WT mice and male WT mice were bred with female WT mice for comparison. 

Female mice were checked for plugs every morning. Litter size was evaluated and recorded 

the day after birth or at 17.5 days of gestation. Average litter sizes are presented as the 

number of total pups born divided by the number of litters.

Epididymal Sperm Evaluation

After weighing the testis, the epididymides were collected and used for semen analysis. 

Fresh epididymis was cut into small pieces and dispersed in F12 medium 200 μL 

(Invitrogen, Waltham, MA, USA) containing 0.1% bovine serum albumin (Invitrogen) pre-

warmed to 37° C and incubated for 15 minutes to facilitate the transmigration of sperm from 

the epididymis. Each epididymal sperm suspension was subjected to sperm counting and 

sperm motility analyses by a computer-aided semen analysis (CASA) system (Microptic SL, 

Barcelona, Spain).
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Tissue Collection

For RNA and protein isolation, WT and Gsnor−/− mice were anesthetized with isoflurane 

and blood was collected transcardially. Blood was allowed to clot at room temperature for 

15 minutes and was centrifuged at 2,000g for 10 minutes at 4°C and the serum was stored 

at −80°C for future use. Tissues were removed, flash frozen in liquid nitrogen, and stored at 

−80°C for future use. For histology, organs from WT and Gsnor−/− mice were weighed and 

fixed overnight in Bouin solution at 4°C.

GSNOR Activity Assay

Gsnor−/− testis and WT liver, testis, and brain tissues were obtained for analysis. The 

protein concentrations of these samples were determined using a standard Bradford 

assay. Tissue homogenate (100 μg/mL) was incubated with Tris-HCI (2 mmol/L, pH = 

8.0), ethylenediaminetetra-acetic acid (0.5 mmol/L), and reduced nicotinamide adenine 

dinucleotide (NADH; 200 μmol/L). The reaction was started by adding GSNO (400 

μmol/L), and activity was measured as GSNO-dependent NADH consumption at absorbance 

of 340 nm for 10 minutes.11 All samples were maintained at 4°C. Protein samples were 

treated with protease inhibitor.

Testosterone, LH, and FSH Assay

Total testosterone, LH, and FSH levels were measured using the Ligand Assay & 

Analysis Core of the Center for Research in Reproduction at the University of Virginia 

(Charlottesville, VA, USA). Techniques for measurements of each hormone are described in 

detail at https://med.virginia.edu/research-in-reproduction/ligand-assay-analysis-core/assay-

methods/. For serum testosterone, the mean intra-assay variation was 12.8% and the 

interassay variation was 9.3%. LH was measured using an ultrasensitive enzyme-linked 

immunosorbent assay. In brief, whole blood 6 μL was collected in assay buffer 54 μL for 

analysis. Interassay coefficients of variation were 7.3% (low quality control [QC]; 0.13 

ng/mL), 5.0% (medium QC; 0.8 ng/mL), and 6.5% (high QC; 2.3 ng/mL). Functional 

sensitivity was 0.016 ng/mL. FSH was measured using a multiplex assay from serum. All 

experiments were performed during the same time of the day.

GnRH and Human Chorionic Gonadotropin Stimulation Test

GnRH was purchased from Sigma (St Louis, MO, USA) and stored at −80°C. Mice were 

injected intraperitoneally with GnRH at a concentration of 1.25 ng/g body weight diluted 

in 0.9% NaCl.13 15 minutes after injection, mice were humanely euthanized and blood was 

collected by cardiac puncture for analysis.

Human chorionic gonadotropin (hCG) is an LH analogue and acts on Leydig cells within 

the testes to stimulate testosterone production. hCG was administered intraperitoneally at a 

dose of 10 IU once daily for 7 days (treatment of male mice with gonadotropins to improve 

fertility and reproduction). After 7 days, mice were humanely sacrificed and blood was 

collected by cardiac puncture for analysis.
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Immunofluorescence

3-μm formalin-fixed paraffin-embedded brain and hypothalamus sections from WT mice 

and testis cross-sections from WT and Gsnor−/− mice were deparaffinized in xylene 

and rehydrated with distilled water. Sections were subjected to antigen retrieval for 

30 minutes at 95°C in antigen retrieval buffer (sodium citrate 10 mmol/L, 0.05% 

Tween-20, pH = 6.0). Then, sections were incubated in 0.3% hydrogen peroxide for 30 

minutes to block endogenous peroxidase activity. Immunostaining was performed using 

the VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) according 

to the manufacturer’s protocol. The primary antibodies for testis immunofluorescence, 3β-

hydroxysteroid dehydrogenase (3β-HSD; Santa Cruz Biotechnologies, Dallas, TX, USA) 

and LH receptor (LHR; Santa Cruz Biotechnologies), were diluted 1:1,000 and incubated 

with sections for 90 minutes at room temperature. For WT brain and hypothalamus staining, 

the antibody to GSNOR (Santa Cruz Biotechnologies) was diluted to 1:200 and incubated 

with sections for 90 minutes at room temperature. Detection was performed using the 

ImmPACT 3,3′-diaminobenzidine substrate (Vector Laboratories). Slides were subsequently 

stained with modified Mayer hematoxylin, dehydrated in an ethanol gradient, cover-slipped 

with Permount, and imaged.

Statistical Analysis

Data were analyzed for significance using 1-way analysis of variance with the post hoc 

Tukey-Kramer multiple comparisons test or the Student t-test, as indicated. All analyses 

were performed using GraphPad Prism 4.03 (GraphPad, South San Francisco, CA, USA), 

and a P value less than 0.05 was considered significant. All data are presented as mean ± 

standard error.

RESULTS

GSNOR Activity Is Decreased in Gsnor−/− Mice

GSNOR uses NADH as a cofactor for GSNO reduction. GSNOR activity was measured by 

GSNO-dependent NADH consumption in testis, liver, and brain tissues. Tissue homogenate 

from WT mice testis and brain showed decreased levels of NADH over time, whereas 

NADH levels remained constant in testis tissue homogenate from Gsnor−/− mice, indicating 

the absence of GSNOR activity (Figure 1).

Gsnor−/− Mice Have Impaired Fertility

Testis weights of Gsnor−/− mice (n = 7) were decreased compared with testis weights from 

WT mice (n = 13; 0.08 ± 0.001 vs 0.09 ± 0.001 g; P < .01). Epididymal total sperm count 

and motility were significantly decreased in Gsnor−/− mice (total count = 69 ± 5 × 106, 

motility = 39 ± 13%) compared with WT mice (total count = 98 ± 2 × 106, motility = 65 

± 9%), indicating impaired spermatogenesis (Figure 2). We observed that the male Gsnor−/− 

mice were subfertile. Although 5 WT male mice bred to WT female mice over 3 months 

produced an average litter size of 8 ± 1 pups per litter, Gsnor−/− littermate male mice bred to 

WT female mice over a 1-month period showed decreased fertility and produced an average 

litter size of 4.2 ± 0.8 pups per litter (P < .01).14
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Circulating Reproductive Hormones Are Altered in Gsnor−/− Mice

We compared levels of FSH, LH, and testosterone in Gsnor−/− mice (n = 6) and WT mice 

(n = 4). Unexpectedly, serum testosterone level was 6-fold lower in Gsnor−/− mice compared 

with WT mice (44.8 ± 5.91 vs 292.2 ± 63.3 ng/dL; P < .05). LH levels were 20-fold 

lower in Gsnor−/− mice (n = 11) compared with WT mice (n = 5; 0.03 ± 0.01 vs 0.74 ± 

0.30 ng/mL; P = .04), whereas FSH levels were similar between Gsnor−/− and WT mice 

(63.98 ± 8.20 vs 77.93 ± 6.18 ng/mL; P = .20; Figure 3A). Immunofluorescence of the 

testis demonstrated similar expression of 3β-HSD and LHR in Gsnor−/− mice compared with 

WT testis, suggesting that nitrosative stress appears to affect the hypothalamic-pituitary axis 

without affecting testicular capacity to produce testosterone (Figure 3B).

Exogenous GnRH and hCG Induce Recovery of Testosterone and LH Levels, Respectively, 
in Gsnor−/− Mice

To determine whether nitrosative stress affected the pituitary gland and/or testis, we 

performed 2 experiments. We administered hCG 10 U or phosphate buffered saline 100 

μL intraperitoneally to WT and Gsnor−/− mice (n = 3 for each condition) daily for 7 days 

and then measured testosterone on the 8th day. Serum testosterone levels in Gsnor−/− mice 

increased markedly to levels similar to those in WT mice administered hCG (>1,680 vs 

>1,680 ng/dL; Figure 4).

We performed a GnRH stimulation test to determine whether the pituitary would retain the 

capacity to produce LH in Gsnor−/− mice. 15 minutes after intraperitoneal administration of 

GnRH, LH levels increased in Gsnor−/− and WT mice to similar levels (Gsnor−/− = 6.3 ± 

0.9 ng/mL vs WT = 8.9 ± 0.9 ng/mL; P = .20), indicating that pituitary function in Gsnor−/− 

mice was intact (Figure 4). Together, this suggests a defect at the level of the hypothalamus.

To confirm the presence of GSNOR in the hypothalamus, we preformed 

immunofluorescence staining of WT brain in the location of the hypothalamus. 

Immunostaining of the WT brain cross-section showed the presence of GSNOR and 

localization to the hypothalamus (Figure 5).

DISCUSSION

Gsnor−/− mice have smaller testes, subfertility, and decreased levels of testosterone and 

LH, with preserved FSH. Gsnor−/− mice have intact testicular function, as demonstrated 

by hCG stimulation leading to increased testosterone levels, and similar patterns of 

immunofluorescent staining for LHR and 3β-HSD in the testes. Stimulation with GnRH led 

to increased LH levels in Gsnor−/− mice, suggesting inducible pituitary function. Therefore, 

the Gsnor−/− mouse is a model of secondary hypogonadism with likely impairment of 

hypothalamic function from nitrosative stress.

We investigated Gsnor−/− mice because of observed subfertility. Our initial investigation 

began with an evaluation of reproductive hormones. Surprisingly, the Gsnor−/− mice had 

nearly undetectable testosterone and LH levels with nearly normal FSH levels. Despite 

nearly castrate levels of testosterone and undetectable LH, the mice remained fertile, albeit 

less fertile than WT mice. This can be explained by the similar FSH levels between Gsnor−/− 
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mice and WT mice. Previously published studies of differential LH and FSH expression 

attribute this to changes in GnRH pulse frequency.15 LH release is highly dependent on 

GnRH pulse frequency, with higher frequencies of pulsatile GnRH release favoring LH 

secretion, whereas slower frequencies of GnRH pulses favor FSH release.15,16 Furthermore, 

FSH expression can be constitutive and influenced by other stimulatory and inhibitory inputs 

such as activin and inhibin.17 The exact mechanism of how Gsnor−/− mice have very low 

levels of LH with normal levels of FSH will be important to evaluate mechanisms of GnRH 

release.

Excess nitrosative stress possibly resulting in secondary hypogonadism is an important 

hypothesis because of its possible implications in reproductive toxicology. Endocrine 

disrupting compounds, such as bisphenol A and phthalates, are found ubiquitously in 

food and water and are of toxicologic human health concern, especially in developing 

children. Mothers exposed to higher bisphenol A levels during early pregnancy and their 

matching term cord samples displayed increased nitrosative stress.18 Prenatal and lactational 

exposure to endosulfan, a compound that increases nitrosative stress, decreases LH levels 

and therefore has been implicated in delayed puberty.19 Therefore, Gsnor−/− mice can 

be used as a model to study the effects of endocrine disruptors on hypothalamic-pituitary-

gonadal axis and fertility.

Gsnor−/− mice have impaired fertility and a disrupted hypothalamic-pituitary-gonadal axis 

likely due to nitroso-redox imbalance. RNS are generated through myriad normal cellular 

process and tissues.7 The largest generator of RNS is nitric oxide synthase, which is located 

throughout the body, including the brain. Pathologic states, such as arthritis, diabetes, 

cancer, and liver damage, lead to pathologic levels of RNS.7,20,21 Exogenous sources of 

ROS and RNS include smoking, air pollution, heavy metals, alcohol, solvents, paracetamol, 

radiation, and bisphenol A.17,22 Previous literature has linked RNS and ROS to impaired 

semen parameters. Currently, antioxidant therapy is used empirically and can improve semen 

parameters and pregnancy rate.22,23 Antioxidant therapy such as ascorbate can be targeted at 

decreasing nitrosative stress and nitroso-redox imbalance and could be used in the treatment 

of secondary hypogonadism.

Our study has strengths and limitations. We believe we are the 1st to report a novel model 

of secondary hypogonadism. Several animal models for hypogonadotropic hypogonadism 

(kisspeptin and the kisspeptin receptor knockout) exist but we are unaware of animal 

models of secondary hypogonadism with differential FSH and LH expression. Nitroso-redox 

imbalance in the Gsnor−/− animal model likely causes decreased LH and testosterone owing 

to nitrosylation of proteins involved in GnRH synthesis. Identifying the mechanism for 

impaired LH synthesis will enable us to identify causes for secondary hypogonadism 

and potentially identify therapeutic strategies for treatment of low testosterone other than 

exogenous testosterone therapy. Some limitations of the study include the small sample 

(limited by the breeding capabilities of Gsnor−/− mice) and variability in serum LH and 

testosterone levels in mice. Because of the lack of circulating sex hormone binding globulin, 

mice have highly fluctuating total testosterone serum concentrations and therefore LH levels 

are extremely variable.24 We accounted for this variability using an adequate sample size 

and drawing the blood in the morning (before 10 AM). In addition, we did not investigate 
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whether other pituitary hormones were altered in the Gsnor−/− mice. Moreover, we showed 

that administration of GnRH and hCG restores testosterone levels, although we did not 

assess for restored fertility. Future studies will include identifying markers of nitroso-redox 

imbalance in the hypothalamus such as 3-nitrotyrosine in Gsnor−/− mice. We also will 

evaluate whether exogenous agents such as GSNO when administered to WT mice can 

recapitulate the reproductive neuroendocrine phenotype of Gsnor−/− mice.

CONCLUSION

GSNOR deficiency results in secondary hypogonadism and impaired fertility, and this 

might be mediated in part by increased nitrosative stress. Our results further suggest that 

nitrosative stress might be affecting the hypothalamic-pituitary-gonadal axis at the level of 

the hypothalamus because the function of the testis and pituitary remains intact in Gsnor−/− 

mice.
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Figure 1. 
Reduced nicotinamide adenine dinucleotide consumption over time of wild-type liver, testis, 

and brain and Gsnor−/− testis. Decreased OD of reduced nicotinamide adenine dinucleotide 

in wild-type liver, testis, and brain indicates the presence of GSNOR in these tissues. 

Reduced nicotinamide adenine dinucleotide does not decrease in Gsnor−/− mice, indicating 

GSNOR is not active. GSNOR = S-nitrosoglutathione reductase; KO = knockout; OD = 

optical density. Figure 1 is available online at www.jsm.jsexmed.org.
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Figure 2. 
Left panel shows that Gsnor−/− mice have decreased testis weights compared with wild-

type mice. Middle panel shows that Gsnor−/− mice have smaller epididymal sperm counts 

compared with wild-type mice. Right panel shows that Gsnor−/− mice have decreased 

percentage of sperm motility compared with wild-type mice. KO = knockout.
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Figure 3. 
Panel A shows a comparison of reproductive hormone levels of Gsnor−/− mice with 

those of wild-type mice. Gsnor−/− mice have decreased testosterone and LH levels but 

similar FSH levels. Panel B shows immunofluorescence of similar 3BHSD and LHR 

immunostaining patterns in the testis of Gsnor−/− and wild-type mice. 3BHSD = 3β-

hydroxysteroid dehydrogenase; DAPI = 4′,6-diamidino-2-phenylindole; FSH = follicle-

stimulating hormone; GSNOR = S-nitrosoglutathione reductase; KO = knockout; LH = 

luteinizing hormone; LHR = luteinizing hormone receptor. Figure 3 is available online at 

www.jsm.jsexmed.org.
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Figure 4. 
Left panel shows that 15 minutes after IP injection of hCG, testosterone levels were 

similarly increased in Gsnor−/− and wild-type mice. Right panel shows that 15 minutes after 

IP administration of GnRH, LH levels were similarly increased in Gsnor−/− and wild-type 

mice. Ctl = control; DI = deciliter; GnRH = gonadotropin-releasing hormone; HCG = human 

chorionic gonadotropin; IP = intraperitoneal; KO = knockout; LH = luteinizing hormone; 

PBS = phosphate buffered saline.
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Figure 5. 
Immunofluorescence staining of WT brains in the region of the hypothalamus shows 

the presence of GSNOR (red). DAPI = 4′,6-diamidino-2-phenylindole; GSNOR = 

S-nitrosoglutathione reductase; WT = wild-type. Figure 5 is available online at 

www.jsm.jsexmed.org.
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