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Abstract
Testosterone deficiency is associated with sickle cell disease (SCD), but its underlying

mechanism is not known. We investigated the possible occurrence and mechanism of tes-

tosterone deficiency in a mouse model of human SCD. Transgenic sickle male mice (Sickle)

exhibited decreased serum and intratesticular testosterone and increased luteinizing hor-

mone (LH) levels compared with wild type (WT) mice, indicating primary hypogonadism in

Sickle mice. LH-, dbcAMP-, and pregnenolone- (but not 22-hydroxycholesterol)- stimulated

testosterone production by Leydig cells isolated from the Sickle mouse testis was de-

creased compared to that of WT mice, implying defective Leydig cell steroidogenesis.

There also was reduced protein expression of steroidogenic acute regulatory protein

(STAR), but not cholesterol side-chain cleavage enzyme (P450scc), in the Sickle mouse

testis. These data suggest that the capacity of P450scc to support testosterone production

may be limited by the supply of cholesterol to the mitochondria in Sickle mice. The sickle

mouse testis exhibited upregulated NADPH oxidase subunit gp91phox and increased oxi-

dative stress, measured as 4-hydroxy-2-nonenal, and unchanged protein expression of an

antioxidant glutathione peroxidase-1. Mice heterozygous for the human sickle globin

(Hemi) exhibited intermediate hypogonadal changes between those of WT and Sickle mice.

These results demonstrate that testosterone deficiency occurs in Sickle mice, mimicking

the human condition. The defects in the Leydig cell steroidogenic pathway in Sickle mice,

mainly due to reduced availability of cholesterol for testosterone production, may be related

to NADPH oxidase-derived oxidative stress. Our findings suggest that targeting testicular

oxidative stress or steroidogenesis mechanisms in SCD offers a potential treatment for im-

proving phenotypic changes associated with testosterone deficiency in this disease.

Introduction
Sickle cell disease (SCD) is a hemoglobinopathy resulting from the expression of abnormal
sickle hemoglobin (HbS) [1, 2]. HbS arises from a mutation in both beta globin genes that
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substitutes a charged amino acid glutamic acid for uncharged valine. This results in aggregation
of HbS molecules under deoxygenated conditions and red blood cell rigidity, leading to poor
blood flow with vaso-occlusion, tissue hypoxia, and ischemia [1, 2]. In addition to hemoglobin-
opathy and red blood cell sickling, SCD features an independent spectrum of vascular dysfunc-
tion that involves such abnormalities as defects in nitric oxide bioavailability, abnormal
interactions between sickled red blood cells, endothelial cells, platelets, and leukocytes, and ele-
vated oxidative stress [3, 4]. SCD leads to multi-organ damage that often results in stroke, reti-
nopathy, pulmonary hypertension, chronic kidney disease, and priapism [5].

Several clinical studies have demonstrated decreased serum testosterone levels in male pa-
tients with SCD [6–12], with rates of testosterone deficiency as high as 25% [13]. Testosterone
deficiency in SCD is associated with retardation of physical development [12], infertility [14],
bone mass loss [7], and possibly priapism [13]. The mechanism underlying testosterone defi-
ciency in SCD is not clear, as both increased and decreased luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH) levels have been measured in SCD patients. Elevated LH and
FSH levels observed in patients with SCD suggests that testicular failure (primary hypogonad-
ism) underlies dysfunctional testosterone production [6, 10, 11]. In contrast, decreased testos-
terone levels in SCD patients with decreased LH and FSH suggest the association of secondary
hypogonadism (hypothalamo–pituitary dysfunction) with SCD [8, 15].

Given the conflicting basis for testosterone deficiency in SCD, herein we used a mouse
model of human SCD to investigate the mechanism for this condition. We evaluated the possi-
ble occurrence of testosterone deficiency and the defect in the steroidogenic pathway at the lev-
els of the whole testis and isolated Leydig cells. We further evaluated whether oxidative stress is
associated with this condition. An improved understanding of the mechanism involved in
SCD-associated testosterone deficiency may offer approaches to address this condition in men
with SCD.

Materials and Methods

Chemicals and Reagents
Dibutyryl cAMP (dbcAMP) and 22-hydroxycholesterol were obtained from Sigma-Aldrich.
Pregnenolone was obtained from Steraloids (purity 99.8%). Testosterone antibody was ob-
tained from Fitzgerald Industries International. Bovine LH (USDA-bLH-B-6) was provided by
the United States Department of Agriculture Animal Hormone Program [16].

Polyclonal rabbit anti-cytochrome P450scc cholesterol side-chain cleavage enzyme
(P450scc) antibody was obtained fromMillipore (#ABS235). Polyclonal rabbit anti-steroido-
genic acute regulatory protein (StAR) antibody was obtained from Santa Cruz Biotechnology
(#25806). Monoclonal mouse anti-gp91phox antibody was obtained from BD Transduction
Laboratories (#611414). Polyclonal rabbit anti-4-hydroxy-2-nonenal (HNE) antibody was ob-
tained from Alpha Diagnostic International (#HNE-11S). Polyclonal rabbit anti-glutathione
peroxidase-1 (GPx-1) antibody was obtained from Abcam (#22604). Monoclonal mouse anti
β-actin antibody was obtained from Sigma Chemical (#A5316). The horseradish peroxidase-
conjugated anti-mouse (#NA931V) or anti-rabbit (#NA934V) donkey second antibodies were
obtained from GE Healthcare Biosciences.

Mouse Model of Human SCD
Transgenic sickle mice (Sickle) with knockout of all mouse hemoglobin genes and insertion of
a transgene that expresses human α- and βHbS were developed at Lawrence Berkeley National
Laboratory [17]. Sickle mice were obtained by interbreeding sickle cell males with hemizygous
(Hemi) females in-house. Breeding pairs for Sickle mice (strain number 3342) and wild type
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(WT) mice were obtained from Jackson Laboratory. Genotyping was performed by Transne-
tyx, Inc. Because C57BL/6 is one of the background strains for the transgenic sickle mice,
C57BL/6 was chosen as WT control. Additional control animals were Hemi littermates, which
have anemia but no sickle deformation [18]. Male mice used in experiments were 7–9 months
old. Mice were pathogen free and received routine NIH rodent chow and water. Testes and
blood were collected between 8 am and 11 am from anesthetized mice. Blood was obtained by
cardiac puncture using 1 ml TB syringe with sterile 26Gx3/8 needle and collected into eppen-
dorf tubes. Although we did not measure fetal Hb or erythrocyte sickling in Sickle mice, we did
confirm their phenotype after euthanasia by their extremely big spleens [17].

Ethics Statement
All animal procedures were approved by the Johns Hopkins University School of Medicine An-
imal Care and Use Committee. Mice were anesthetized with 50 mg/kg Ketamine + 5 mg/kg
Xylazine by intraperitoneal injection. All efforts were made to minimize animal suffering.

Blood Sampling and Hormone Measurements
After collection as above, blood was kept for 1 h at room temperature for LH measurements, or
at 4 C for testosterone measurements. All test tubes were centrifuged at 3,000 x g for 10 min-
utes, and serum was separated. Serum LH was measured at the University of Virginia, Center
for Research in Reproduction, by immunoradiometric assay [19]. Serum and intratesticular
testosterone were measured by radioimmunoassay (RIA) [20].

Leydig Cell Quantification, Isolation and Culture
Leydig cells were isolated by a combination of Percoll and BSA density gradient centrifuga-
tions, as previously described [21]. Briefly, the testes were decapsulated and digested in a disso-
ciation 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 g/l) at 34°C with slow shaking (90 cycles/min, 30 minutes). To
separate the interstitial cells from the seminiferous tubules, digested testes were mixed with
M199 containing 10% BSA so the final concentration of BSA reached 1%. The mixed solution
containing digested cells and tissue was incubated for 1 minute to separate single cells and
small cell clusters from large seminiferous tubules. The supernatant was transferred into 15 ml
centrifuge tubes (Sarstedt Inc, Newton, NC; #62.554.002), and the cells were pelleted by centri-
fugation (250 x g, 5 min). The pellet was resuspended in 5 ml of Percoll separation solution
(55% Percoll in Hank’s Balance salts solution with 1.5 mMHEPES and 0.025% BSA) and trans-
ferred to an Oakridge centrifuge tubes (#05-563-2C). After adding 30 ml Percoll separation so-
lution to the tube and mixing, the tube was centrifuged (27,000 x g, 60 min) at 4 C to generate a
continuous density gradient. A fraction containing Leydig cells (about 10 ml) was collected
from the gradient layer that was heavier than 1.068 g/ml density. The Leydig cell fraction was
transferred into a 50 ml centrifuge tube, diluted with DMEM/F12 medium and pelleted by cen-
trifugation (250 x g, 5 min). The pellet was then dissolved in 1 ml DMEM/F12 medium and
layered on top of a BSA separation gradient formed in a 15-ml tube (containing 3 ml each of,
top to bottom, 2.5%, 5%, 10% BSA in DMEM/F12 medium). The tube was centrifuged at 4 C
(50 x g, 10 min). The pellet was suspended and washed in 5 ml DMEM/F12 medium and cen-
trifuged (250 x g, 5 min). The final cell pellet was resuspended in 0.5 ml M-199 culture medium
and counted. The final purity of the Leydig cells, determined by staining the cells for 3β-hydro-
xysteroid dehydrogenase (3β-HSD) activity, was consistently about 90% [20].

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 steroidogenesis
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effectors bovine LH (0.5 ng/ml and 10 ng/ml), dbcAMP (1 mM), 22-hydroxycholesterol
(25 μM), or pregnenolone (25 μM). After incubation, cells plus medium were frozen on dry ice
and then stored at −80°C for testosterone assay by RIA.

Western Blot Analysis
Testes were homogenized as previously described [22]. Protein concentration was determined
using bicinchonic acid method with BSA as a standard. Homogenates (30–50 μg) were resolved
on 4–20% Tris gels and transferred to polyvinylidene difluoride membranes. Membranes were
blocked for 1 hour at room temperature in PBS (pH 7.4) containing 0.1% Tween-20 and 5%
nonfat dry milk, and then probed overnight with anti-P450scc antibody at 1:6,000 dilution,
anti-StAR antibody at 1:3,000 dilution, anti-gp91phox (a catalytic subunit of reactive oxygen
species-generating enzyme NADPH oxidase, [23]) antibody at 1:1,000 dilution, anti-GPx-1 (an
antioxidant enzyme, [24]) antibody at 1:1,000 dilution, and anti-4-HNE (a marker of oxidative
stress, [25]), antibody at 1:5,000 dilution. Signals were standardized to β-actin (1:7,000 dilu-
tion) [26]. Bands were detected by horseradish peroxidase conjugated anti-mouse or anti-rab-
bit secondary antibodies and quantified using NIH Image 1.29 (National Institutes of Health).
To verify that β-actin expression was not affected by SCD, the density of a set of samples was
standardized per total proteins (Ponceau S staining). Ratios did not differ from those obtained
using β-actin for standardization (data not shown).

Statistical Analysis
Statistical analyses were performed using one-way analysis of variance (ANOVA; SigmaStat
Windows Version 3.00; Systat Software), followed by Newman-Keuls multiple comparison test
(for serum testosterone, LH and for Leydig cell testosterone measurements). Intratesticular tes-
tosterone levels were analyzed by MannWhitney (nonparametric) test due to small sample
size. For Western blots, we used a modified t test to compare the experimental groups with the
normalized control ratio. The data were expressed as the mean ± standard error of the mean
(SEM). A value of P< 0.05 was considered to be statistically significant. The original data of
the article are in S1 Dataset.

Results

Body and Testicular Weights
Body weights did not differ significantly (P>0.05) amongWT (31.5 ± 0.5 g), Hemi (34.3 ± 1.8 g),
and Sickle (29.9 ± 1.0 g) mice. Testis weights (WT, 206.3 ± 4.2 mg; Hemi, 235.2 ± 4.3 mg; Sickle,
209.4 ± 7.3 mg) also did not differ (P>0.05).

Decreased Serum and Intratesticular Testosterone Concentrations in
Sickle Mice
Serum testosterone levels were significantly lower in the Sickle mice as compared to WT and
Hemi mice (P<0.05, Fig 1). Consistent with serum testosterone levels, intratesticular testoster-
one levels, whether expressed per gram testis or per testis, were significantly reduced in Sickle
mice compared to WT mice (P<0.05) (Fig 2). Intratesticular testosterone levels were highly
variable in the Hemi mice and so did not differ significantly (P>0.05) from the Sickle mice.
However, there was a 2-3-fold difference in the means. These findings indicate that testoster-
one deficiency occurs in Sickle mice.
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Fig 1. Serum testosterone levels are decreased in Sickle mice. Testosterone levels in WT, Hemi, and
Sickle mice were measured by RIA. Each bar represents the mean ± SEM. *P < 0.05 vsWT and Hemi.
n = 10–30.

doi:10.1371/journal.pone.0128694.g001

Fig 2. Intratesticular testosterone levels are decreased in Sickle mice. Intratesticular testosterone levels,
expressed per gram testis (A) and per whole testis (B), in WT, Hemi, and Sickle mice, were measured by RIA.
Each bar represents the mean ± SEM. *P < 0.05 vsWT. n = 4–6.

doi:10.1371/journal.pone.0128694.g002
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Increased Serum LH Levels in Sickle Mice
Serum LH levels were significantly higher in Sickle and Hemi mice as compared to WT mice
(P<0.05, Fig 3). These results indicate derangement in the hypothalamic-pituitary axis in
Sickle mice.

Impaired Testosterone Production by Leydig Cells in Sickle Mice
We hypothesized that differences in the activities of enzymes of the steroidogenic pathway like-
ly account for decreased serum and intratesticular testosterone production by Leydig cells of
Sickle mice. To determine whether this is the case, Leydig cells isolated fromWT, Hemi and
Sickle mice were incubated for 2 hours with steroiodogenic effectors LH, dbcAMP, 22-hydro-
xycholesterol, or pregnenolone, and testosterone production was measured (Fig 4). Incubation
of the cells with LH, dbcAMP, 22-hydroxycholesterol, or pregnenolone resulted in each case in
significant (P<0.05) stimulation of testosterone production over baseline. However, with each
of LH, dbcAMP and pregnenolone, testosterone production by Leydig cells isolated from the
Sickle and Hemi mice was significantly (P<0.05) lower than that by WT cells, whereas incuba-
tion of the cells with 22-hydroxycholesterol resulted in equivalent stimulation of the cells.

Decreased Protein Expression of StAR but not P450scc in the Testis of
Sickle Mice
To evaluate whether testosterone deficiency in Sickle mice involves decreased expressions of
major proteins involved in steroid production, we measured protein levels of P450scc and
StAR in testes of Sickle, Hemi, and WTmice by Western blot analysis. Protein expression of
P450scc did not differ (P>0.05) among the Sickle, Hemi, and WT testes (Fig 5A). Protein ex-
pression of StAR was significantly (P<0.05) reduced in the testis of Sickle and Hemi mice com-
pared to that of WT mice (Fig 5B).

Increased Oxidative Stress Markers in the Testis of Sickle Mice
To evaluate whether testosterone deficiency in Sickle mice involves increased oxidative stress
at the testicular level, we measured the protein expression of several markers of oxidative stress
in the testis of Sickle, Hemi, and WT mice by Western blot analysis:

gp91phox (a catalytic subunit of reactive oxygen species-producing enzyme NADPH oxi-
dase) [23]; 4-HNE (a major product of lipid peroxidation of polyunsaturated fatty acids, which
covalently binds to cysteine, lysine, and histidine residues of proteins and is an indicator of pro-
tein peroxidation and a biomarker for oxidative damage) [25]; and GPx-1 (an antioxidant en-
zyme that reduces hydrogen peroxide to water and lipid peroxides to their corresponding
alcohols) [24]. Protein expression of gp91phox was significantly (P<0.05) increased in the testis
of Sickle compared to that of WT mice, but it did not differ from that of Hemi mice (Fig 6A).
The amount of 4-HNE modified proteins was significantly (P<0.05) upregulated in testes of
Sickle and Hemi compared to WT mice (Fig 6B). Protein expression of GPx-1 did not differ
among WT, Hemi and Sickle mouse testes (P>0.05, Fig 6C). These results suggest increased
oxidative stress in the testis of Sickle mice involving upregulated NADPH oxidase. The inter-
mediately increased expression of 4-HNE coupled with basal expression of gp91phox in the tes-
tis of Hemi mice suggest lesser oxidative stress effects that do not involve NADPH oxidase
activation.
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Fig 4. Testosterone production by Sickle and Hemi mouse Leydig cells is impaired. In vitro
testosterone production from Leydig cells isolated fromWT, Hemi, and Sickle mouse testis. Cells were
stimulated, or not, with LH (0.5 ng/ml and 10 ng/ml), dbcAMP (1 mM), 22-hydroxycholesterol (25 μM; 22-HC),
and pregnenolone (25 μM, P5). Each bar represents the mean ± SEM. *P < 0.05 vsWT. n = 7–13.

doi:10.1371/journal.pone.0128694.g004

Fig 3. Serum LH Levels are increased in Sickle and Hemi mice. Serum LH levels in WT, Hemi, and Sickle
mice were measured by immunoradiometric assay. Each bar represents the mean ± SEM. *P < 0.05 vs WT.
n = 18–29.

doi:10.1371/journal.pone.0128694.g003
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Fig 5. Protein expression of StAR, but not P450scc, is decreased in the testis of Sickle and Hemi mice.
Protein expressions of P450scc (A) and StAR (B) in the testis of WT, Hemi, and Sickle mice were measured
byWestern immunoblot. Upper panels are representative Western immunoblots. Lower panels represent
quantitative analyses of the proteins in the same groups. Each bar represents the mean ± SEM. *P < 0.05 vs
WT. n = 7–15. StAR = steroidogenic acute regulatory protein; P450scc = cholesterol side-chain
cleavage enzyme.

doi:10.1371/journal.pone.0128694.g005

Fig 6. Oxidative stress markers are increased in the testis of Sickle and Hemi mice. Protein expressions of NADPH oxidase subunit gp91phox (A),
oxidative stress marker 4-HNE (B), and antioxidant enzyme GPx-1 (C) in the testis of WT, Hemi, and Sickle mice were measured byWestern immunoblot.
The analysis of 4-HNE is a densitometric composite of all proteins in each lane [26, 27]. Upper panels are representative Western immunoblots. Lower
panels represent quantitative analyses of the proteins in the same groups. Each bar represents the mean ± SEM. *P < 0.05 vs WT. n = 8–16.
4-HNE = 4-hydroxy-2-nonenal; Gpx-1 = glutathione peroxidase-1.

doi:10.1371/journal.pone.0128694.g006
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Discussion
The present study was designed to investigate whether testosterone deficiency occurs in SCD,
and what pathophysiology is associated with it, using a transgenic mouse model of human
SCD. We demonstrated that Sickle mice exhibited decreased serum and intratesticular testos-
terone levels, indicating that testosterone deficiency occurs in these mice as is also observed in
patients with SCD [6–12]. We further established that the type of “hypogonadism” is primary
in Sickle mice (based on elevated LH levels) and identified a possible basis for the testicular de-
fect resulting in impaired steroidogenesis (involving reduced StAR protein expression and im-
paired Leydig cell function). Our further discovery that oxidative stress occurs in the Sickle
testis and is related to NADPH oxidase activation offers a possible mechanism for decreased
testosterone production in Sickle mice.

With the goal of determining whether reduced serum and intratesticular testosterone levels
in the Sickle mice result from central changes in the hypothalamic-pituitary axis, LH levels
were measured in the serum of these mice. Increased serum LH levels were seen in Sickle mice,
the likely explanation for which is reduced serum testosterone and therefore reduced negative
feedback on the hypothalamic-pituitary axis [28]. Reduced testosterone and elevated LH are
features of classical primary hypogonadism [28]. Further studies are needed to evaluate wheth-
er age-related changes in LH levels occur in Sickle mice.

It seemed likely that the observed primary hypogonadism in Sickle mice results from defects
in the Leydig cell steroidogenic pathway. To address this, we compared major components of
the steroidogenic pathway in Sickle mice. Leydig cell testosterone production is principally reg-
ulated by LH. Acutely, LH regulates the rate-limiting step in testosterone production, the trans-
fer of cholesterol, the precursor of steroids, into the inner mitochondrial membrane where the
P450scc enzyme (also known as CYP11A1) converts it to pregnenolone [29]. Trophically, LH
maintains the activities of multiple steroidogenic enzymes, including P450scc enzyme and
those involved in converting pregnenolone to testosterone in the endoplasmic reticulum. The
movement of cholesterol across the outer to the inner mitochondrial membrane requires the
involvement of the transduceosome, an ensemble of mitochondrial and cytosolic proteins, in-
cluding translocator protein (TSPO) and StAR, respectively [29, 30]. TSPO functions in the
cholesterol trail from intracellular stores to the inner mitochondrial membrane [31]. Upon
hormonal stimulation, STAR is activated and plays a role in increasing the flow of cholesterol
to mitochondria, functioning at the outer mitochondrial membrane [32]. Our finding of de-
creased StAR protein expression in the Sickle mouse testis is thus consistent with an impaired
steroidogenic function in Sickle mice.

We next localized the defect in steroidogenesis in the Sickle mouse testis. Incubation of Ley-
dig cells isolated from Sickle mice with each of LH, dbcAMP, 22-hydroxycholesterol and preg-
nenolone resulted in increased testosterone formation. However, the increases in response to
LH, dbcAMP and pregnenolone were less substantial in cells of the Sickle mice compared to
that of WT mice, and there was no difference in testosterone production when the cells were
incubated with 22-hydroxycholesterol, which by-passes cholesterol transport into the mito-
chondria. These observations are consistent with reduced protein expression of StAR, but not
P450scc, in the Sickle mouse testis, indicating that the capacity of P450scc enzyme to support
testosterone production may be limited by reduced supply of cholesterol to the mitochondria.
In sum, impaired cholesterol transport in Leydig cells of Sickle mice serves as a mechanism for
reduced testosterone production by these cells. Interestingly, when Leydig cells from Sickle
mouse testes were stimulated with pregnenolone, which by-passes the regulatory processes in
mitochondria, testosterone production also was decreased. This indicates that there also are
post-mitochondrial steps in steroidogenesis that are affected in Leydig cells of Sickle mice. We
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propose, however, that it is the rate-determining step of steroidogenesis, cholesterol transport
into the mitochondria, that is the key deficit in Leydig cells of Sickle mice that accounts for pri-
mary hypogonadism in this mouse model.

We hypothesized that the defects in the steroidogenic pathway may involve oxidative stress
in the testis. Oxidative stress is known to play a significant role in SCD pathophysiology. In-
creased reactive oxygen species production in SCD has been attributed to activation of
NADPH oxidase and xanthine oxidase, eNOS uncoupling, autooxidation of HbS, heme iron re-
lease, and increased asymmetric dimethylarginine [3]. The NADPH oxidases are a family of
enzymes that catalyze electron transfer from cytosolic NADPH or NADH to molecular oxygen
to generate superoxide. The prototype Nox2 (gp91phox)-containing NADPH oxidase possesses
cytosolic subunits (p47phox, p67phox, or homologues) and membrane-bound subunits (gp91phox

and p22phox), which form a functional enzyme complex upon activation [23]. NADPH oxi-
dases are activated by diverse stimuli such as hypoxia, angiotensin II, proinflammatory cyto-
kines, vasoconstrictors, growth factors, metabolic factors, and superoxide itself [23].

We found upregulated NADPH oxidase subunit gp91phox in the testis of Sickle mice, imply-
ing activated NADPH oxidase as a source of oxidative stress. While the mechanism for upregu-
lation of NADPH oxidase in the Sickle mouse testis is not known, it is plausible that the
testicular hypoxic state is involved. In SCD, vasoocclusive events (due to abnormal polymeriza-
tion of HbS), and hemolytic anemia (due to the fragility of red blood cells), contribute to hyp-
oxia in peripheral tissues [33, 34]. Intermittent hypoxia has been shown to induce upregulation
of NADPH oxidase catalytic subunit gp91phox and regulatory subunits p22phox and p47phox in
the testis; the effect of oxidative stress decreases mRNA and protein expressions of StAR and
3β-HSD and results in hypogonadism [35]. It is plausible that NADPH oxidase-derived oxida-
tive stress in the Sickle mouse testis inhibits steroidogenesis by interfering with cholesterol
transport into mitochondria. As further evidence of increased oxidative stress in the testis of
Sickle mice, protein expression of 4-HNE, a major end product of lipid peroxidation [36], was
increased. 4-HNE is a relatively stable end product of lipid peroxidation used as a biomarker
for oxidative damage. It is membrane diffusible and highly reactive, and by covalently binding
to histidine, lysine, and cysteine residues of proteins it forms adducts that alter protein function
and structure [25, 36]. GPx-1 is an antioxidant enzyme abundant in Leydig cells [37] that re-
duces hydrogen peroxide to water and lipid peroxides to their corresponding alcohols. Eight
different isoforms of GPx have been discovered. GPx1 is the ubiquitous isoform expressed in
the cytosol and mitochondria in most cells [24]. In these ways, GPx-1 counteracts oxidative
stress. Surprisingly, GPx-1 was comparable in expression in Leydig cells of Sickle and WT
mice. These results indicate an altered redox environment in Leydig cells of Sickle mice, with
increased production of pro-oxidants and a decreased ability to counter their effects.

Hypoxia may also affect testicular microvasculature blood flow, which delivers oxygen, nu-
trients and hormones into testicular interstitial fluid [38, 39]. Endothelial dysfunction is central
to vascular pathophysiology in SCD, resulting in reduced blood flow, vasoconstriction, activa-
tion of platelets and coagulation, and increased adhesion receptor expression on vascular endo-
thelium [2]. The lack of adequate blood flow in the testis is reported to result in cell necrosis
[40]. Erythrocyte sickling, obstructed blood flow, and hypoxia promote testicular infarction.
Testicular infarction has been reported in patients with SCD, and has been proposed to con-
tribute to testicular failure in this patient group [41–43].

Hemi mice exhibited some of the defects in the testicular steroidogenic pathway, oxidative
stress, and elevated LH levels as did Sickle mice although, in contrast to the Sickle mice, they
did not exhibit testosterone deficiency. The condition of normal testosterone and high LH lev-
els, as we have shown here in Hemi mice, parallels observations in man. Studies of aging men
have revealed a condition referred to as putative “compensated hypogonadism” [44, 45]. In
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these men, as in the Hemi mice, serum testosterone is in the normal range but LH levels are
quite high. In man, it has been speculated that this condition represents subclinical hypogonad-
ism that may eventually develop into overt primary hypogonadism. The condition is described
to be analogous to subclinical hypothyroidism in which there is high thyroid stimulating hor-
mone (TSH) produced by the pituitary, amid normal thyroid hormone levels [46]. Other stud-
ies also reported that pathologic abnormalities in Hemi mice are generally intermediate
between those of control and Sickle mice, or may even be severe [47]. For example, oxidative
stress was shown to be increased in the cremaster muscle of both Sickle and heterozygous mice
compared with WT controls [48]. Similar to Hemi mice, humans with sickle cell trait (carrying
one copy of HbS), while usually healthy, may manifest symptoms of SCD such as pain crises,
hematuria, increased frequency of urinary tract infections, leg ulcers, kidney disease, and renal
dysfunction to a varying degree [49, 50]. More studies are needed to elucidate mechanisms un-
derlying phenomena observed in Hemi mice.

In conclusion, this study provides the first evidence that testosterone deficiency occurs in
Sickle mice, mimicking the human condition. Testosterone deficiency in Sickle mice primarily
involves defects at the testicular level. Defects in the Leydig cell steroidogenic pathway, related
to reduced availability of cholesterol for testosterone production, exist coupled with NADPH
oxidase-derived oxidative stress. Future studies are needed to determine whether providing tes-
tosterone precursors may alleviate some of the pathologies associated with SCD. Additionally,
our findings suggest that targeting testicular oxidative stress mechanisms in SCD may have
therapeutic relevance for conditions ranging from physical underdevelopment to infertility,
bone mass loss, and possibly priapism.
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