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Advanced glycation end products inhibit testosterone
secretion by rat Leydig cells by inducing oxidative
stress and endoplasmic reticulum stress
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Abstract. Diabetes severely impairs male reproduction. The
present study assessed the effects and mechanisms of action
of advanced glycation end products (AGEs), which play an
important role in the development of diabetes complications, on
testosterone secretion by rat Leydig cells. Primary rat Leydig cells
were cultured and treated with AGEs (25, 50, 100 and 200 pg/
ml). Testosterone production induced by human chorionic
gonadotropin (hCG) was determined by ELISA. The mRNA
and protein expression levels of steroidogenic acute regulatory
protein (StAR), cholesterol side-chain cleavage enzyme (P450scc)
and 3p-hydroxysteroid dehydrogenase (33-HSD), which are
involved in testosterone biosynthesis, were measured by
reverse transcription-quantitative PCR and western blot anal-
yssi, respectively. Reactive oxygen species (ROS) production
in Leydig cells was measured using the dichlorofluorescein
diacetate (DCFH-DA) probe. The expression levels of endo-
plasmic reticulum stress-related proteins [C/EBP homologous
protein (CHOP) and glucose-regulated protein 78 (GRP78)]
in the Leydig cells were measured by western blot analysis.
We found that the AGEs markedly suppressed testosterone
production by rat Leydig cells which was induced by hCG
in a concentration-dependent manner compared with the
control (P<0.01). The mRNA and protein expression levels of
StAR, 3B-HSD and P450scc were downregulated by the AGEs
in a dose-dependent manner compared with the control (P<0.01).
The antioxidant agent, N-acetyl-L-cysteine (NAC), and the
endoplasmic reticulum stress inhibitor, tauroursodeoxycholic
acid (TUDCA), reversed the inhibitory effects of AGEs. In

Correspondence to: Professor You Liu, Modern Biochemistry
Center, Guangdong Ocean University, 1 Hai-Da Road, Zhanjiang,
Guangdong 524088, P.R. China
E-mail: liuy6254282@163.com

*Contributed equally

Key words: advanced glycation end products, Leydig cells, testosterone,
oxidative stress, endoplasmic reticulum stress

addition, the content of ROS in Leydig cells treated with AGEs
increased significantly. The expression levels of CHOP and
GRP78 were markedly upregulated by the AGEs in the Leydig
cells. From these findings, it can be concluded that AGEs inhibit
testosterone production by rat Leydig cells by inducing oxidative
stress and endoplasmic reticulum stress.

Introduction

According to the Diabetes Atlas of the International Diabetes
Federation, 382 million individuals were affected by diabetes
worldwide in 2013 and its prevalence is expected to increase
to 592 million by the year 2035 (1). With the increasing preva-
lence of diabetes in children and adolescents, male reproductive
dysfunction induced by diabetes has attracted worldwide atten-
tion (2-5).

Numerous studies have demonstrated that male reproduc-
tive dysfunction induced by diabetes may be mediated through
hormonal alterations in the hypothalamic-pituitary-gonadal
axis or through direct effects on testes, sperm, epididymis and
Sertoli-blood testis barrier. Diabetes impairs spermatogen-
esis, increases germ cell depletion, alters sperm parameters,
induces morphological alterations in the testes, alters glucose
metabolism in the Sertoli-blood testis barrier, reduces testos-
terone production, leads to ejaculatory dysfunction and reduces
libido (6-15). However, the underlying mechanisms of diabetes-
related male reproductive dysfunction remain largely unknown.

Increasing evidence has indicated that advanced glycation
end products (AGEs) play a causative role in the progression
of diabetes complications (16-18). AGEs are a heterogeneous
class of compounds formed by the non-enzymatic glycation of
proteins, which is accelerated in diabetes as a result of hyper-
glycaemia and oxidative stress. The receptor for AGEs (RAGE)
exists in the testes, epididymides and sperm (19,20).
N'-carboxymethyl-lysine, a prominent AGE, accumulates in
the reproductive tract of patients with diabetes (21), as well
as in animal models of both diabetes (22) and metabolic
syndrome (23). Men suffering from diabetes have poor sperm
quality and functions, coinciding with the increase in AGEs and
RAGE (21,24,25). These studies show that AGEs play important
roles in male reproduction dysfunction induced by diabetes.
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To date,the mechanism underlying the low testosterone levels
associated with diabetes has not been fully elucidated (26,27).
As AGEs are important instigators of diabetes complications, we
hypothesized that these compounds possibly play a contributory
role in testosterone production by affecting Leydig cells directly.
Thus, the aim of this study, was to determine whether AGEs
exert inhibitory effects on testosterone secretion by rat Leydig
cells. In addition, the possible mechanisms responsible for
these effects were investigated.

Materials and methods

Animals. Male Sprague-Dawley rats (7-8 weeks old,
weighing 250-300 g) were purchased from the Guangdong
Medical Laboratory Animal Center of China. The animals
were kept in a temperature-controlled room (20°C) with a
12 h-light/12 h-dark photoperiod and were give access to food
and water ad libitum. All animal experiments were performed
in accordance with the guidelines of the Guangdong Ocean
University Animal Use Committee, and the protocols were
approved by the Animal Ethics and Welfare Committee of
Guangdong Ocean University (Approval No. 2014031903).

Materials. Dulbecco's modified Eagle's medium/nutrient
mixture F-12 (DMEM/F12), fetal bovine serum (FBS),
Hanks and penicillin/streptomycin were purchased from
Gibco Laboratories (Grand Island, NY, USA). Bovine serum
albumin (BSA), tauroursodeoxycholic acid (TUDCA),
N-acetyl-L-cysteine (NAC) and collagenase were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Percoll™ (Sterile)
was obtianed from GE Healthcare (Pittsburgh, PA, USA).
The testosterone ELISA kit was purchased from Cayman
Chemical Co. (Ann Arbor, MI, USA). Anti-steroidogenic acute
regulatory protein (StAR; Cat. no. sc-25806), anti-cholesterol
side-chain cleavage enzyme (P450scc; Cat. no. sc-292456), anti-
3p-hydroxysteroid dehydrogenase (33-HSD; Cat. no. sc-30820),
anti-glucose-regulated protein 78 (GRP78; Cat. no. sc-13968),
and anti-C/EBP homologous protein (CHOP; Cat. no. sc-166682)
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-actin (Cat. no. #4970) and anti-
rabbit IgG (Cat. no. #7074) were obtained from Cell Signaling
Technology, Inc. (Danvers, MA, USA). The endotoxin assay
kit was purchased from Jinruisi Inc. (Nanjing, China). The
bicinchoninic acid (BCA) protein assay kit was obtained from
Shenenergy Inc. (Shanghai, China). TRIzol was purchased from
Invitrogen Life Technologies (Carlsbad, CA, USA). M-MLV
reverse transcriptase was obtained from Promega (Madison, W1,
USA). SYBR Premix Ex Tag™ was obtained from Takara Biot
echnology Co., Ltd. (Dalian, China). ECL chemiluminescent
substrate was obtained from Millipore (Billerica, MA, USA).

Preparation of AGEs. The AGEs were prepared as previously
described (28). Briefly, fatty acid-free BSA was incubated with
50 mM D-glucose in phosphate-buffered saline (PBS) solu-
tion in the dark and under ysterile conditions for 7 weeks at
37°C. Unincorporated glucose was removed by dialysis with
PBS. Control non-glycated BSA was incubated in the absence
of glucose under the same conditions. AGE-BSA solutions
were tested for endotoxin concentrations and confirmed to be
endotoxin free (<2.5 U/ml of endotoxin).
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Culture of primaryrat Leydig cells.Rat Leydig cells were isolated
from the testes of mature rats as previously described (29,30)
with some modifications. Briefly, male Sprague-Dawley rats
were sacrificed by CO, inhalation. The testes were quickly
removed, decapsulated and placed in a 50-ml plastic tube
containing 3 ml of collagenase solution (0.5 mg/ml) and incu-
bated in an oscillating incubator (100 r/min, 34°C) for 30 min.
The cell suspension was transferred to a 50-ml tube and kept
on ice for 2 min to allow the tubules to settle. The supernatant
containing Leydig cells was filtered through a 100-xm nylon
cell strainer (BD Biosciences, San Jose, CA, USA). The cells
were centrifuged at 1,500 rpm for 10 min at 4°C. The pellet
was resuspended in 2 ml DMEM/F12 and loaded onto the top
of the discontinuous Percoll gradient (21, 26, 37 and 60%) and
centrifuged at 3,000 rpm for 30 min at 4°C. The cells in the
interphase between 37 and 60% were collected and maintained
in DMEM/F12 medium containing 10% FBS, 100 U/ml peni-
cillin and 100 mg/ml streptomycin at 34°C with 5% CO,. The
purity of the Leydig cells was examined by 3p-hydroxysteroid
staining and >90% of the cells stained positive (data not shown).

Determination of cell viability. The effects of AGEs on Leydig
cell viability were evaluated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Rat Leydig
cells were plated into 96-well culture plates. Following 48 h of
incubation with various concentrations of AGEs (25, 50, 100
and 200 pg/ml), 100 x1 MTT (5 mg/ml) were added to each well
and the cells were incubated for 2 h at 34°C. The medium was
discarded and 150 ul DMSO was then added to each well. The
absorbance was measured at 490 nm using a microplate reader.
The results were expressed as the percentage of MTT reduction,
assuming that the absorbance of the control cells was 100%.

Measurement of testosterone concentration. The rat Leydig cells
cultured in 6-well plates were pre-incubated with various
concentrations of AGEs or BSA for 12 h and the culture medium
was replaced with fresh medium containing human chorionic
gonadotropin (hCG; 4 ng/ml) with or without the same concen-
trations AGEs or BSA. Following treatment under different
conditions for 12 h, the medium was collected and centrifugated
12,000 rpm for 5 min at 4°C, and the supernatant were collected
and assayed for testosterone using ELISA kit. The sensitivity of
the assay was 32 pg/ml. Intra- and inter-assay variations were
below 6.6 and 7.5%, respectively.

Measurement of intracellular reactive oxygen species (ROS).
Intracellular ROS levels were determined by measuring the
probe, dichlorofluorescein diacetate (DCFH-DA). Briefly,
cells treated with or without AGEs for 12 h were washed and
incubated with fresh medium containing 10 M DCFH-DA
for 30 min in the dark. The medium was then removed and the
cells were washed with PBS. Fluorescence at excitation, 485 nm
and emission, 535 nm was measured using a microplate reader
(TriStar LB941; Berthold Technologies, Oak Ridge, TN, USA).

RNA isolation and reverse transcription-quantitative PCR
(RT-gPCR). The Leydig cells were treated under different
conditions and total RNA was then isolated using TRIzol
reagent following the manufacturer's instructions. cDNA was
synthesized from 1 ug of total RNA using M-MLV reverse
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transcriptase in a total reaction volume of 20 ul. The PCR
reaction mixtures contained 10 zl SYBR® Premix Ex Taq™,
0.4 ul of each primer (10 uM), 2 ul template cDNA and dH,O
up to a final volume of 20 ul. The cycling conditions were 94°C
for 40 sec, followed by 40 cycles of 94°C for 15 sec, 64°C for
15 sec, and 72°C for 15 sec. The following primers were used:
StAR forward, 5'-ACCACATCTACCTGCACGCCAT-3' and
reverse, 5'-CCTCTCGTTGTCCTTGGCTGAA-3'; 33-HSD
forward, 5-AGCAAAAAGATGGCCGAGAA-3' and reverse,
5'-GGCACAAGTATGCAATGTGCC-3"; P450scc forward,
5'-TTCCCATGCTCAACATGCCTC-3' and reverse,
5'-ACTGAAAATCACATCCCAGGCAG-3'; 3-actin forward,
5'-GGAAATCGTGCGTGACATTAAAG-3' and reverse,
5'-CGGCAGTGGCCATCTCTT-3". The relative gene
expression levels were normalized to B-actin using the
AACt method, where Ct was the cycle threshold.

Western blot analysis. After being subjected to the various
treatments, the cells were washed twice with PBS and then
lysed for 20 min in lysis buffer (50 mM Tris-HCI, pH 7.5,
250 mM NaCl, 2 mM EDTA, 10% glycerol, 0.1% NP-40,
0.5 mM PMSF, 10 pg/ml aprotinin, 10 pug/ml leupeptin,
1 mM NaF, 0.1 mM Na;VO, and 1 mM dithiothreitol). The
protein concentration was measured by BCA protein assay.
Protein (30 ug) was separated by SDS-polyacrylamide gel
electrophoresis, and transferred onto PVDF membranes.
The membranes were blocked in 5% non-fat milk powder in
Tris-buffered saline (TBS)/0.1% Tween-20 for 1 h at room
temperature and incubated with specific antibodies (33-HSD,
P450scc, StAR, GRP78, CHOP, -actin) in 5% BSA in TBS
at 4°C overnight. After washing, the membranes were incu-
bated with HRP-conjugated second antibody in TBS for 1 h at
room temperature. Finally, the labeled proteins were detected
using the ECL kit. Densitometric analyses of the bands
were performed using Image]J software (obtained from the
NIH websites, http://rsb.info.nih.gov/nih-image).

Statistical analysis. Statistical comparison was carried out
using one-way analysis of variance (ANOVA). The data repre-
sent the means + SEM. Values of P<0.05 were considered to
indicate statistically significant differences.

Results

Effect of AGEs on the viability of rat primary Leydig cells.
To assess the effect of AGEs on the viability of rat primary
Leydig cells, the cells were treated with AGEs or BSA for
48 h and MTT assay was then performed. The viability of the
cells treated with AGEs is shown in Fig. 1. The viability of
the cells treated with 200 pg/ml BSA, or with 25, 50, 100 and
200 pg/ml AGEs was 101.1£9.2, 99.0+7.7, 96.849.3, 96.0+10.3
and 94.7£8.0% of the control value, respectively. These data
indicated that the viability of the Leydig cells treated with
AGEs (concentrations <200 pg/ml) for 48 h was not signifi-
cantly altered.

AGEs inhibits testosterone secretion by hCG-treated Leydig
cells. The influence of AGEs on hCG-stimulated testosterone
production in Leydig cells is illustrated in Fig. 2. Exposure to
hCG at 4 U/ml induced a significant increase in testosterone
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Figure 1. Effect of advanced glycation end products (AGEs) on the viability of
rat Leydig cells. Rat Leydig cells were incubated with various concentrations
of AGEs (25 pug/ml, 50 ug/ml, 100 pg/ml and 200 pg/ml) or bovine serum
albumin (BSA) (200 pg/ml) for 48 h and cell viability was determined by
MTT assay. Data are expressed as a percentage of the control. Data were
obtained from 3 separate experiments.
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Figure 2. Effects of advanced glycation end products (AGEs) on testosterone
secretion by rat Leydig cells. Leydig cells were incubated with various
concentrations of AGEs for 24 h in the presence of human chorionic gonado-
tropin (hCG) (4 U/ml), and testosterone concentrations were then measured.
Data are expressed as the means = SEM of 3 separate experiments. "P<0.01
vs. control; "P<0.01 vs. 4 U/ml hCG treatment group.

secretion by rat Leydig cells (P<0.01). Following treatment with
AGE:s for 24 h, testosterone secretion by the rat Leydig cells was
reduced in a dose-dependent manner, with significant decreases
being observed from the concentration of 50 ug/ml AGEs.

Effects of AGEs on the expression levels of StAR, P450scc
and 3B-HSD. In order to examine the influence of AGEs on
the transcriptional levels of genes related to the testosterone
synthetic pathway in rat Leydig cells, the mRNA levels of
StAR, P450scc and 33-HSD in rat Leydig cells treated with
AGE:s for 24 h were measured. Generally, treatment with AGEs
led to a significant decrease in the mRNA levels of StAR,
P450scc and 3B-HSD (Fig. 3). Furthermore, the protein levels
of StAR, P450scc and 3B-HSD in the cells treated with AGEs
for 24 h were investigated. The results revealed that AGEs
decreased the StAR, P450scc and 33-HSD protein levels in a
dose-dependent manner (Fig. 4).
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Figure 3. Effects of advanced glycation end products (AGEs) on the mRNA
levels of steroidogenic acute regulatory protein (StAR), cholesterol side-chain
cleavage enzyme (P450scc) and 3B-hydroxysteroid dehydrogenase (3p-HSD).
Rat Leydig cells were exposed to various concentrations of AGEs (50, 100
and 200 pg/ml ) for 24 h and the mRNA levels of StAR, P450scc and 33-HSD
were analyzed by RT-qPCR. Data are expressed as the means + SEM of
3 separate experiments. “P<0.05 vs. control; “P<0.01 vs. control.
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Figure 4. Effects of advanced glycation end products (AGEs) on the protein
expression of cholesterol side-chain cleavage enzyme (P450scc), steroidogenic
acute regulatory protein (StAR) and 3p-hydroxysteroid dehydrogenase (33-
HSD). (A) Rat Leydig cells were exposed to various concentration of AGEs
(50, 100 and 200 pg/ml) for 24 h and the protein levels of P450scc, StAR
and 3B-HSD of cells were measured by western blot analysis. (B) The levels
of P450scc, StAR and 33-HSD were downregulated significantly following
treatment with AGEs. "P<0.05 vs. control, “P<0.01 vs. control.

Oxidative stress is involved in the AGE-induced inhibition of
testosterone secretion. Since oxidative stress plays an important
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Figure 5. Effect of advanced glycation end products (AGEs) on the intensity
of DCF fluorescence in Leydig cells. Rat Leydig cells were incubated with
various concentrations of AGEs for 24 h and then loaded with dichlorofluo-
rescein for 30 min. Fluorescence intensity was measured and the results are
shown as the means = SEM of 3 separate experiments. "P<0.05 vs. control;
“P<0.01 vs. control.
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Figure 6. Effects of N-acetyl-L-cysteine (NAC) and tauroursodeoxycholic
acid (TUDCA) pre-treatment on testosterone secretion by rat Leydig cells
treated with AGEs. Rat Leydig cells were pre-incubated with or without
NAC (10 mM), TUDCA (2 mM), or AGEs (200 pg/ml) for 1 h and then
stimulated with human chorionic gonadotropin (hCG; 4 IU/ml) for 24 h. The
testosterone secreted into the medium was then measured. Data are expressed
as the means = SEM of 3 separate experiments. 'P<0.01 vs. control; “P<0.01
vs. hCG treatment group; *P<0.01 vs. AGEs and hCG treatment group.

role in AGE-induced dysfunction in other tissues or cells, the
role of oxidative stress in the inhibition of testosterone secre-
tion by Leydig cells induced by AGEs was investigated. The
results revealed that the AGEs significantly increased the levels
of ROS in the rat Leydig cells in a concentration-dependent
manner (Fig. 5). Following pre-treatment with NAC, an anti-
oxidant agent, the inhibitory effects on testosterone secretion
induced by AGEs were significantly reversed (Fig. 6).

AGEs inhibit testosterone secretion through ER stress. The
Leydig cells were pre-treated with TUDCA, an endoplasmic
reticulum stress inhibitor, and the levels of testosterone
were measured. As shown in Fig. 6, we found that TUDCA
significantly inhibited the AGE-induced decrease in the
secretion of testosterone (P<0.01). The results of western blot
analysis revealed that the expression levels of endoplasmic
reticulum stress-related proteins (CHOP and GRP78) were
increased (Fig. 7). In particular, following treatment with
200 pg/ml AGEs, the expression levels of CHOP and GRP78
were 2.40- and 2.51-fold of those of the control, respec-
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Figure 7. Effects of advanced glycation end products (AGEs) on the protein expression of C/EBP homologous protein (CHOP) and glucose-regulated pro-
tein 78 (GRP78). (A) Rat Leydig cells were exposed to various concentrations of AGEs (50, 100 and 200 pg/ml) for 24 h and the protein levels of CHOP and
GRP78 of cells were then measured by western blot analysis. (B) The levels of CHOP and GRP78 were significantly upregulated following treatment with AGEs.

“P<0.05 vs. control. “"P<0.01 vs. control.

tively (P<0.01). These results indicated that AGEs inhibited
the synthesis of testosterone partly by inducing endoplasmic
reticulum stress.

Discussion

It has been demonstrated that in diabetic men and animal
models, diabetes causes reduced testosterone synthesis and
secretion (26,27). Several clinical and animal studies have
focused on the molecular mechanisms responsible for the
alterations induced by diabetes in male reproductive potential,
such as endocrine disorders, neuropathy and increased oxida-
tive stress (14). A growing body of evidence has indicated that
AGEs are influential instigators, mediators and/or contributors
to male reproductive dysfunction (19,21,24,25). However, little
is known of the role of AGEs in Leydig cell function.

In this study, we found that AGEs decreased testosterone
synthesis in rat Leydig cells induced by hCG in a dose-depen-
dent manner. Testosterone is synthesized from cholesterol in
Leydig cells. Cholesterol, synthesized de novo in the testes is
transported from the outer to the inner mitochondrial membrane
by StAR. Transport across the mitochondrial membrane is the
rate limiting step of testosterone biosynthesis (31). P450scc
mediates the conversion of cholesterol to pregnenolone on
the inner mitochondrial membrane, while the conversion of
pregnenolone to progesterone is carried out by 33-HSD (32).
In this study,, expression levels of StAR, P450scc and 33-HSD
were investigated. We observed that StAR, P450scc, 33-HSD
expression was significantly downregulated in the Leydig cells
treated with AGEs both at the mRNA and protein level. These
results indicated that the AGE-induced decrease in testosterone
secretion was in part due to the inhibition of StAR, P450scc
and 3B-HSD expression.

Little is known about the mechanisms through which AGEs
inhibit testosterone synthesis and downregulate the expression
of StAR, P450scc and 33-HSD. A growing body of evidence
has incicatd that AGEs exacerbate disease progression through
two general mechanisms, cross-linking intracellular, as well
as extracellular matrix proteins, and through binding to their
cell surface receptor, RAGE (33-35). The extracellular effects

of AGE include the modification of structural proteins, usually
connective tissue components, leading to the alteration of
structure and function. On the other hand, AGEs bind RAGE
and activate multiple signaling pathways, such as ROS, p21ras,
ERK1/2 (p44/p42) mitogen-activated protein kinases, p38 and
SAPK/INK mitogen-activated protein kinases, phosphoino-
sitol-3 kinase and the JAK/STAT pathways, with important
downstream inflammatory consequences, such as the activa-
tion of nuclear factor-xB (NF-xB) (16,33).

The enhancement of oxidative stress via the activation
of RAGE plays a pivotal role in the pathogenesis of diabetes
complications (24,36,37). In this study, the effect of AGEs on
oxidative stress in Leydig cells was examined. We found that
AGEs significantly increased the generation of ROS inrat Leydig
cells in a concentration-dependent manner. Pre-treatment with
the antioxidant agent, NAC, reversed the inhibitory effects of
AGEs on the synthesis of testosterone (P<0.01). These results
demonstrated that AGEs inhibited the generation of testos-
terone partly by inducing oxidative stress.

Furthermore, recent studies have indicated that AGEs can
also adversely affect endoplasmic reticulum function, leading
to pathogenic endoplasmic reticulum stress (38-41). Inhibitors
of advanced glycation acting as potent endoplasmic reticulum
stress modulators with beneficial effects in restoring endo-
plasmic reticulum homeostasis and adjusting the physiological
unfolded protein response level, present an emerging thera-
peutic approach with significant applications, particularly in the
context of metabolic dysfunction (42). In this study, rat Leydig
cells were pre-treated with TUDCA, an endoplasmic reticulum
stress inhibitor, and the levels of testosterone were measured.
The result revealed that TUDCA significantly inhibited the
AGE-induced decrease in testosterone secretion (P<0.01). To
further investigate the role of endoplasmic reticulum stress in
the AGE-induced inhibition of testosterone secretion by Leydig
cells, the expression levels of endoplasmic reticulum stress-
related protein, endoplasmic reticulum chaperone GRP78 and
the transcription factor CHOP were examined by western blot
analysis. The results revealed that the expression of endoplasmic
reticulum stress-related protein CHOP and GRP78 was mark-
edly upregulated following treatmetn with AGEs. It can thus
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be inferred that AGEs inhibited the generation of testosterone
partly by inducing endoplasmic reticulum stress.

In conclusion, the present study demonstrates that AGEs

inhibit testosterone secretion by rat Leydig cells in dose-depen-
dent manner. The decrease in testosterone production induced
by AGEs possibly occurs through the induction of oxidative
stress and endoplasmic reticulum stress, and by a decrease in
the levels of StAR, 33-HSD and P450scc in Leydig cells. This
study reveals the mechanisms underlying the inhibitory effects
of AGEs on testosterone secretion by rat Leydig cells and
provides the basis for further investigation of male reproductive
disorders caused by diabetes.
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