Evidence to Suggest Nitric Oxide Is an Interstitial Regulator of Leydig
Cell Steroidogenesis
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Recent studies have suggested that nitric oxide {(NO) may function as both an intracellular and intercellular signal that affects
neural and immunological activity, vascular tone, platelet adhesion, and production of some hormones. Arginine analogs such
as NC-monomethyi-L-arginine (L-NMMA) and Nw-nitro-L-arginine methyl ester (L-NAME) act to inhibit the intracellular
formation of NO and have been used to study the effects of decreased NO formation on physiological systems. A single in vivo
study has suggested that a similar analog, NS.nitro-L-arginine, increases serum testosterone (T), but the organ site and
mechanism of action were not investigated. The present study was performed to investigate the effects of NO synthase
inhibitors on Leydig cell function. L-NMMA and L-NAME, but not the inactive enantiomer (-NMMA}, increased both basal and
human chorionic gonadotropin (hCG)-stimulated T production while decreasing guanosine 3':5'-cyclic monophosphate
(cGMP). There was no effect on either adenosine 3':5'-cyclic monophosphate (cAMP) accumulation or specific hCG binding.
These results suggest that NO formation, which is inhibited by L-NMMA and L-NAME, is important in the regulation of Leydig

cell T production by interstitial cells of the testis, and that changes in cGMP levels might be involved in this process.
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ECENT STUDIES have suggested that nitric oxide
([NOJ synthesized from the precursor arginine) may
function as both an intercellular and intracellular signal in
many physiological systems. Increased NO directly affects
neural and immunological activity, vascular tone, platelet
adhesion, and the production of at least one hormone,
insulin.'7
The formation of NO is decreased by arginine analogs
such as N%-monomethyl-L-arginine (L-NMMA) and Nw-
nitro-L-arginine methyl ester (L-NAME), which are competi-
tive inhibitors of the enzyme NO synthase. These com-
pounds have been used to study the effects of decreased
NO formation on many cellular systems.*7
A single in vivo study has suggested that a similar
arginine analog, N G-nitro-L-arginine, increases serum tes-
tosterone (T) in the rat, but the organ site and mechanism
of action were not investigated.” Based on these observa-
tions, we hypothesized that NO might be produced by the
interstitial cells of the testis, either by Leydig cells them-
selves, macrophages, or perhaps other cells as well. If so,
this basal NO formation could be important in regulating
the T response to gonadotropin stimulation, and blocking
NO synthesis with arginine analogs would be expected to
stimulate T production. The present study was performed
to investigate the effect and mechanism of action of the
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arginine analogs, L-NMMA and L-NAME on Leydig cell
steroidogenesis.

MATERIALS AND METHODS
Animal Care and Procedures

This study was performed in accordance with Army regulation
no. 70-18 and the guide for the use and care of laboratory animals
from the National Institutes of Health, and was approved by the
animal research committee and institutional review board of
Walter Reed Army Medical Center, Washington, DC.

Leydig Cell-Enriched Cultures

Based on the method of Dufau and Catt,® testes were aseptically
removed from Sprague-Dawley male rats (either 20 to 40 days of
age [immature] or 60 to 75 days of age [mature]) and placed into
iced medium 199 containing bovine serum albumin (1 mg/mL),
penicillin (50 U/mL), and streptomycin (0.05 g/mL). This medium
was used for all incubations and is simply referred to as medium.
Testes were decapsulated and digested in collagenase (0.25 mg/
mlL, 37°C, 10 minutes). The interstitial cell preparation was
separated from tubular elements by filtration through a 60-mesh
cell sieve. We chose not to use percoll gradient separation because
we wished to retain other interstitial cells, particularly macro-
phages, in our preparation. We believed this might be important
because macrophages are a potential source of NO formation in
the testis.? This Leydig cell-enriched preparation was centrifuged,
washed, and diluted to a concentration of 1 X 107 cells/mL before
characterization. Leydig cells were quantified by staining for the
presence of 3-B-hydroxysteroid dehydrogenase,'’ and macro-
phages were quantified by staining for the presence of nonspecific
esterase activity.!! In the immature preparation, Leydig cells
comprised 33% to 45% of the total cell number and macrophages
comprised 10% to 15%. In mature preparations, Leydig cells
comprised 10% to 25% and macrophages 10% to 15% of the total
cell number.

T Production

Leydig cell-enriched preparations (1 x 108 cells) were incu-
bated 4 hours (2 mL, 37°C, 5% COQ,) in control media or media
containing L-NMMA (0.1 to 1.0 mmol/L), p-NMMA (1.0 mmol/
L), or L-NAME (1.0 mmol/L). After 4 hours, human chorionic
gonadotropin ([hCG] 0.1 U/mL unless otherwise specified) was
added to stimulate T production. After 16 hours, media were
removed and analyzed for T content by direct radioimmunoassay.
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Cell viability, as determined by Trypan Blue exclusion performed
in normal saline, was greater than 95% in all experiments.

Cyclic Nucleotide Formation

To determine the effect on adenosine 3':5'-cyclic monophos-
phate (cAMP) formation, cells (1 x 10%) were incubated 4 hours in
control media containing isobutyl-methylxanthine (0.1 mg/mL) or
media containing isobutyl-methylxanthine and L-NMMA. After 4
hours, hCG (0.1 U/mL, where indicated) was added for 15
minutes. Following incubation, cells were centrifuged (1,000 x g,
10 minutes, 4°C) and extracted with ethyl alcohol (95%, 2 mL, 0°C,
15 minutes). The extracts were evaporated and reconstituted for
determination of cAMP levels by direct radioimmunoassay.

The production of guanosine 3':5'-cyclic monophosphate (cGMP)
was similarly studied except that 3 X 10 cells were incubated for 1
to 24 hours in control media or media containing L-NMMA,
D-NMMA, or L-NAME. Where indicated, hCG (0.1 U/mL) was
then added for 15 minutes. Cells were similarly extracted, and
cGMP levels were determined by radioimmunoassay.

Specific hCG Binding

Specific hCG binding was determined using intact Leydig cell
cultures.!? Cells (1 x 10%) were incubated 4 hours in control media
(n = 20) or media containing L-NMMA (1.0 mmol/L, n = 20).
After 4 hours, cultures in each treatment group were divided into
two sets of 10 each. Total binding was determined using the first
set. Cells were incubated with 121-hCG (2 ng/mL, 87.1 Ci/g) at
37°C for 1 hour. Nonspecific binding was determined using the
second set. Cells were incubated with 1I-hCG plus unlabeled
hCG (0.1 wmol/L). After incubation, cells were extensively washed
with Hanks balanced salt solution (0°C) and the radioactivity in
each cell pellet was determined. Specific binding was calculated as
the difference between total and nonspecific binding.

Nitrite Determinations

For the determination of nitrite production, either Leydig
cell-enriched preparations (0.1 to 1 x 107 cells) or whole decapsu-
lated testes were incubated 4 hours in contro} media or media
containing 1.0 mmol/L L-NMMA. At the end of incubation, media
were removed and analyzed for nitrite content using the Greiss
reagent.!?

Radioactive Materials

The '»I-hCG (87.1 Ci/g) used for binding experiments was
obtained from New England Nuclear (Boston, MA) and used
within 15 days of receipt. Radioimmunoassay materials for the
determination of T levels were obtained from ICN Biomedicals
(Costa Mesa, CA), and those for cAMP and cGMP assays were
obtained from Amersham (Arlington Heights, TL).

Chemicals and Reagents

The hCG used for cell stimulation and L-NAME were obtained
from Sigma Chemical (St Louis, MO). L-NMMA and D-NMMA
were obtained from Calbiochem (La Jolla, CA). Unless otherwise
stated, all chemicals and reagents were of reagent quality and
obtained from standard vendors.

Statistical Analyses

Statistical significance for the difference between group means
was determined using one-way ANOVA. The P values are as
indicated.
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RESULTS

Studies using immature rat Leydig cell cultures were
performed first. Figure 1 shows that L-NMMA at all three
concentrations tested significantly increased basal T produc-
tion by approximately 50% (P < .005 v control) and hCG-
stimulated T production by approximately 35% (P < .05 v
hCG alone).

Figure 2 shows that L-NMMA significantly increased T
production by Leydig cells, which were stimulated with
lower concentrations of hCG as well (0.00025 to 0.1 U/mL).

Figure 3 shows that D-NMMA (the inactive enantiomer
of NMMA) had no effect on either basal or hCG-stimulated
T production. In contrast, L-NAME (another active NO
synthase inhibitor) also increased basal (P < .05) and
hCG-stimulated (P = .06) T production.

Figure 4 shows the effects of L-NMMA, D-NMMA, and
L-NAME on ¢cGMP formation during 4-hour incubations.
As shown in Fig 4A, basal cGMP production was signifi-
cantly decreased when either L-NMMA or L-NAME (1.0
mmol/L} but not D-NMMA was added (P < .005 v con-
trol). As shown in Fig 4B, cGMP levels were reduced with
the addition of hCG, and when either L-NMMA or L-
NAME (1.0 mmol/L), but not D-NMMA was added to-
gether with hCG, the levels of ¢cGMP were further de-
creased (P < .005 v hCG alone). To better understand the
temporal significance of this effect, cells were incubated
with L-NMMA (1.0 mmol/L) for up to 24 hours. cGMP
levels were reduced by L-NMMA at all time points between
2 and 24 hours (control 8.5 = 1.0 v L-NMMA 0.7 £ 0.05
pmol/10¢ cells at 24 hours, P < .005).

Figure 5 shows the effect of L-NMMA on cAMP forma-
tion. L-NMMA (0.1 to 1.0 mmol/L) had no effect on the
formation of either basal or hCG-stimulated cAMP.

The effect of L-NMMA on hCG binding was also studied.
L-NMMA (1.0 mmol/L) had no effect on specific hCG
binding (control 7.8 = 0.2 v L-NMMA 7.0 = 0.5 pg/10°
cells).

The amount of nitrite produced by cultures of immature
Leydig cells was directly measured, but it was less than 1
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Fig 1. Effect of L-NMMA on {A) basal and (B} hCG-stimulated T
production by immature rat Leydig cells. Cells were incubated 4 hours
with L-NMMA (0.1 to 1.0 mmol/L), after which hCG, 0.1 U/mL was
added (B} for 16 hours. Results are the mean + SEM of five replicate
cultures. *P < .05; **P < .005.
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Fig 2. Effect of L-NMMA on T production by immature rat Leydig
cells stimulated with different concentrations of hCG. Cells were
incubated 4 hours with t-NMMA (1.0 mmol/L), after which hCG at
specified concentrations was added for 16 hours. (A) Basal T produc-
tion; {B) hCG, 0.00025 U/mL; (C) hCG, 0.005 U/mL; (D) hCG, 0.1
U/mL. Results are the mean = SEM of five replicate cultures. *P = .07;
*P < .05; **P < .005.

nmol (lower level of sensitivity) for both control and
L-NMMA (1.0 mmol/L) cultures even though up to 1 x 107
cells were used in each incubation. Whole decapsulated
testes were then studied in which nitrite levels were
measurable (control 2.9 + 0.1 v LLNMMA 2.7 = 0.4 nmol/
testis) but similar in control and L-NMMA cultures.

To determine if the effects of L-NMMA and :-NAME
were specific to immature Leydig cells, similar studies were
repeated using Leydig cells obtained from mature rats.
Figure 6 shows the effects of L-NMMA and L-NAME on T
production by cultures of mature Leydig cells. As expected,
the amount of T produced by mature Leydig cells was
greater than that previously shown using immature cells.
L-NMMA significantly increased both basal (P < .005 v
control) and hCG-stimulated T production (P < .005 v
hCG alone). L-NAME increased basal T (but this only
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Fig 3. Effect of D-NMMA and L-NAME on (A) basal and {B) hCG-
stimulated T production by immature rat Leydig cells. Cells were
incubated 4 hours in media containing either b-NMMA (1.0 mmol/L)
or L-NAME (1.0 mmol/L), after which hCG (0.1 U/mL} was added (B)
for 16 hours. Results are the mean + SEM of five replicate cultures.
#*P = .06; *P < .05.
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Fig 4. Effect of L-NMMA, bD-NMMA, and L-NAME on ¢cGMP forma-
tion by immature rat Leydig cells. {A} Cells were incubated 4 hours
with either L-NMMA (1.0 mmol/L), b-NMMA (1.0 mmol /L), or L-NAME
(1.0 mmol/L), after which hCG 0.1 U/mL was added (B} for 15
minutes. Results are the mean + SEM of five replicate cultures. **P <
.005.

approached statistical significance: P < .07 v control) and
had no effect on hCG-stimulated T production.

Figure 7 shows the effects of L-NMMA and L-NAME on
c¢GMP formation in cultures of mature Leydig cells. There
was a significant decrease in both basal (P < .005 v control)
and hCG-stimulated cGMP (P < .005 v hCG alone) when
either L-NMMA or L-NAME (1.0 mmol/L) was added.

DISCUSSION

Previous studies have shown that increased formation of
NO may decrease hormone production by some endocrine
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Fig5. Effect of L-NMMA on (A) basal and (B) hCG-stimulated cAMP
formation by immature rat Leydig cells. Cells were incubated 4 hours
with L-NMMA (0.1 to 1.0 mmol/L), after which hCG 0.1 U/mL was
added (B) for 15 minutes. Results are the mean + SEM of five replicate
cultures.
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Fig 6. Effect of L-NMMA and L-NAME on (A) basal and (B) hCG-
stimulated T production by mature Leydig cells. Cells were incubated
4 hours with either L-NMMA {1.0 mmol/L} or L-NAME (1.0 mmol/L),
after which hCG 0.1 U/mL was added (B} for 16 hours. Results are the
mean + SEM of five replicate cultures. #P = .07; **P < .005.

tissues. In the pancreas, NO decreases islet cell insulin
production®S perhaps by binding to and inhibiting the
activity of Krebs cycle enzymes.

Other studies have shown that NO, acting as either an
intracellular or intercellular signal, affects many cell types
and can change neural and immunological activity, vascular
tone, and platelet adhesion.!* These studies have suggested
a different mechanism for NO action, which is to increase
the activity of soluble guanyl cyclase and the generation of
intracellular cGMP.?
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Fig 7. Effect of L-NMMA and L-NAME on basal (A) and {B} hCG-
stimulated ¢cGMP accumulation by mature rat Leydig cell cultures.
Cells were incubated 4 hours with either L-NMMA {1.0 mmol/L) or
L-NAME (1.0 mmol /L), after which hCG 0.1 U/ mL was added (B) for 15
minutes. Results are the mean + SEM of five replicate cultures. *P <
.05; **P < .005.

237

To our knowledge, only one previous study has suggested
that NO may affect testicular function. In that study, in vivo
administration of an inhibitor of NO formation increased
serum T levels in the rat.” However, the organ site and
mechanism of action were not defined. These observations
suggest that NO might be involved in the regulation of T
production, but there could be several mechanisms by
which this might occur. NO could control testicular vascular
tone, neural activity, or Leydig cell steroidogenesis itself in
addition to having effects at the level of the hypothalamus
or pituitary. The present study was performed to evaluate
whether, and if so, how, these inhibitors of NO formation
affect Leydig cell T production.

The results of this study show that at least two different
inhibitors of NO formation, L-NMMA and L-NAME, but
not D-NMMA, the inactive enantiomer, increase rat Leydig
cell T synthesis and decrease cGMP accumulation in Leydig
cell-enriched cultures. This is not associated with a change
in specific hCG binding or cAMP generation.

L-NMMA and L-NAME affect both immature and ma-
ture Leydig cell cultures. Cells from animals of both ages
were studied because the activity of S-a-reductase is re-
duced in adult as compared with immature Leydig cells.!4
Since L-NMMA and L-NAME affect both cell preparations,
it is unlikely that these compounds act by changing the
activity of S-a-reductase.

In addition to increasing T, L-NMMA and L-NAME
decreased ¢cGMP production. This is consistent with a
mechanism of action that involves the inhibition of NO
formation, decreased guanyl cyclase activity, and decreased
production of cGMP. However, to our knowledge, there is
no direct evidence that cGMP is a regulator of Leydig cell T
production. In addition, we were unable to show any effect
of up to 0.5 mg/mL dibutryl-cGMP on either basal
(0.24 £ 0.02 v 0.21 = 0.01 ng/106 cells) or hCG-stimulated
(0.96 £ 0.11 v 1.09 = 0.09 ng/10° cells) T production.
L-NMMA and L-NAME could have decreased cGMP
production in Leydig cells themselves or perhaps in macro-
phages, an important cellular component of the intersti-
tium. Macrophages comprised approximately 10% to 15%
of our cell preparation and are a potential source of
NO 291522

However, there is evidence that concomitant changes in
T and cGMP do occur in Leydig cells and that these
changes may be functionally related. Atrial natriuretic
peptide has been shown to stimulate mouse Leydig cell T
production and ¢cGMP accumulation.?® It was postulated
that these changes might be linked through the calcium/
calmodulin system. We did not investigate a role for
calcium or compounds such as atrial natriuretic peptide in
our system, and it is possible such factors could be impor-
tant in understanding a possible link between ¢cGMP and
the regulation of T production.

One of the end products of NO metabolism, nitrite, was
analyzed to determine whether and if so in which cells NO
was being produced. Nitrite levels were undetectable, even
using 1 x 107 cells. Whole testes were used in similar
incubations with which nitrite production was measureable
(suggesting that NO formation can occur in the interstitial
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cells of the testis), but levels were similar in control and
L-NMMA cultures. Although we are unable to provide
direct evidence that NO formation in our cultures is
affected by L-NMMA or L-NAME, our data do not exclude
this possibility. It is well accepted that NO can act as an
intracellular messenger and change cellular metabolism at
concentrations (picomolar) below the sensitivity of our
assay system.??> In addition, it is possible that NO could
have been further metabolized to compounds other than
nitrite and thereby escaped detection.13

In conclusion, the present study has shown that L-
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NMMA and L-NAME, two inhibitors of NO formation,
increase T and decrease ¢cGMP production by Leydig
cell-enriched cultures. These observations suggest that NO
is an interstitial regulator of Leydig cell T production.
Further investigation is necessary to define the individual
roles and cell of origin of NO and ¢cGMP, and to determine
whether calcium or other factors are also involved.
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