
Inhibition of Melatonin-Induced Ascorbic
Acid and LHRH Release by a Nitric Oxide

Synthase and Cyclic GMP Inhibitor

SHARADA KARANTH,t WEN H. Yu, CLAUDIO A. MASTRONARDI, AND SAMUEL M. MCCANN

Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana 70808

Melatonin (MEL), the principle secretory product of the pineal
gland, has been shown to function as an antioxidant and free-
radical scavenger. We previously showed that the release of
ascorbic acid (AA) and luteinizing hormone releasing hormone
(lHRH) from medial basal hypothalamus (MBH) was mediated
by nitric oxide (NO) that released cyclic guanosine 3'5'-mono-
phosphate (cGMP). Therefore, it was of interest to evaluate the
effect of MEL on AA and lHRH release and study the effect of a
nitric oxide synthase (NOS) inhibitor, 6-anilino-5,8-quinoline-
dione (lV 83583), and a guanylyl cyclase (GC) inhibitor, 1H-
[1,2,4] oxadiazolo [4,3-a] qulnoxalin-1-one (O.D.a.), on the
release process. Because NO has been shown to activate
soluble guanylyl cyclase that elicited an elevation of cGMP in
target cells, In the current investigation lV 83583,O.D.a., or ,.p-
monomethyl-L-arglnine (NMMA), a competitive inhibitor of NOS,
were used to evaluate their effects on MEL-Induced AA and
lHRH release. Medial basal hypothalami were Incubated In 0.5
ml of Krebs-Ringer bicarbonate (KRB) buffer for 1 hr. Sub-
sequently, the tissues were incubated with graded concentra-
tions of MEL (10-8 to 10-4 M), MEL + NMMA (3 x 10-4 M), MEL +
l V 83583 (10-8 M), or MEL + O.D.a. (10-5 M) for 1 hr. Ascorbic
acid and lHRH released Into the medium were measured by
high-performance liquid chromatography (HPlC) and radio-
immunoassay (RIA), respectively. Melatonin (10-8 and 10-5 M)
significantly stimulated both AA and lHRH release, but the
iower and the highest concentrations were ineffective. A
comblnati0Q of MEL + NMMA completely blocked both AA and
lHRH release. supporting a role for NO in the releasing action.
Both l V 83583 and O.D.a. significantly suppressed MEL-
Induced AA and lHRH release. emphasizing the role of NOS,
GC, and cGMP in mediating the action of MEL.The data of these
In vitro experiments support a role for MEL In the hypothalamic
control of AA and lHRH release. Exp Bioi Med229:650-656,2004
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M
elatonin (N-acetyl-5-methoxytryptamine; MEL).
the principal secretory product of the pineal gland,
is produced during the dark phase of the circadian

cycle (1-3). In addition to the pineal gland, MEL is
synthesized in other tissues such as the retina, Harderian
gland, and gastrointestinal tract, but their contribution to the
circulating plasma concentration is negligible (4-6). It is a
highly conserved molecule and plays an important role in
bio-rhythmicity of all living beings (1). Its secretion is
photosensitive, exhibits circadian rhythmicity with the
highest levels of the hormone occurring at night in darkness,
and shows an age-related decrease in its secretion (7-9). It is
a lipophilic hormone and easily passes through cell
membranes and barriers (10-12). It accumulates in cell
nuclei and protects DNA from oxidative damage and
prevents lipid peroxidation both in vivo and in vitro (13-
16). It is rapidly taken up by the brain and stimulates the
main antioxidant enzyme of the brain, glutathione perox-
idase (12, 17). Recently, MEL has been shown to function
as an antioxidant and an effective free-radical scavenger
(16-18). It is believed to scavenge the highly toxic hydroxyl
radical, the peroxynitrite anion, superoxide, and singlet
oxygen (18-21).

Melatonin plays a crucial role in several physiological
functions such as the control of sexual maturation, the
immune response, temperature regulation, aging, and
senesence (22-26). Receptor binding sites have been
detected in the brain and gonadal tissues of birds and
mammals, suggesting that MEL exerts a direct effect on the
vertebrate reproductive organs, seasonal reproduction of
animals, and pubertal development in humans (22, 27-33).
In addition, the existence of specific binding sites for MEL
in lymphoid cells, thymus, and spleen emphasize its role in
immunomodulation (34, 35). The development of a high-
affinity high-specific-activity ligand, [125I]iodomelatonin,

has enabled the identification of MEL binding sites within
the brain (29, 30). The highest concentrations of MEL
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receptors were shown to occur in the pars tuberalis of
mammals (36, 37). The cells of this structure showed
ultrastructural characteristics considered necessary for
endocrine secretion (38). Our laboratory reported that
MEL stimulated luteinizing hormone releasing hormone
(LHRH) release from median eminence pars tuberalis
explant (39).

Ascorbic acid has been shown to regenerate MEL from
MEL radical, illustrating a close association between the
two antioxidants (40). Previously, we reported that ascorbic
acid (AA) acts as an inhibitory transmitter in the
hypothalamus (41). Therefore, it was of interest to study
the effect of MEL on AA and LHRH release. The role of
NO in MEL-induced AA and LHRH release was assessed
by studying the effects of ~-monomethyl-L-arginine
(NMMA), a competitive inhibitor of nitric oxide synthase
('NOS), 6-anilino-5,8-quinolinedione (LY 83583), a nitric
oxide synthase (NOS) inhibitor (42), and IH-[ I ,2,4]
oxadiazolo [4,3-a] quinoxalin-I-one (O.D.Q.), a selective
inhibitor of the soluble guanylyl cyclase (GC; Ref. 43). The
results support a role for NO and cGMP in the AA and
LHRH-releasing action of MEL.

Materials and Methods
Animals. Adult male rats of the Sprague-Dawley

strain (Holtzman, Madison, WI; 200-250 g) were housed
two per cage under controlled conditions of temperature
(23°-25°C) and lighting (on 0500-1700 hrs), The animals
had free access to a pellet diet and tap water.

Chemicals. Sodium ascorbate, NMMA, LY 83583,
and O.D.Q. were purchased from Sigma (St. Louis, MO).

In Vitro Studies. Incubation of Medial Basal
Hypothalamus. Animals were sacrificed by decapitation,
and the brain was exposed by a dorsal incision. Medial basal
hypothalami were dissected by vertical cuts along the lateral
hyPothalamic sulci, posterior edge of the optic chiasma, and
the anterior edge of the mammillary bodies. A horizontal cut
1 rnm from the base separated the island. Medial basal
hypothalami (8-12 mg) were incubated in vitro as
preViously reported (41). In brief, one medial basal
hypothalamus (MBH)/tube was placed in 0.5 ml of Krebs-
Ringer bicarbonate (KRB) (pH 7.4) buffer supplemented
With 20 l-IA1 bacitracin (Sigma) in an atmosphere of 95% O 2
and 5% CO2 in a Dubnoff shaker (50 cycles/min) for a
period of 60 mins. After this preincubation, the tissues were
incubated in 0.5 ml KRB or KRB containing various
Concentrations of MEL (10-8 to 10-4 M) for 1 hr. In order to
assess the role of NO, the tissues were incubated with MEL
Or a combination of MEL + NMMA. Then, experiments
were performed to study the effect of NOS and GC
inhibitors. In these experiments, the tissues were incubated
With MEL, LY 83583, or O.D.Q. or combinations of MEL +
Ly 83583 or MEL + O.D.Q. for I hr. At the end of this
time, the medium was aspirated, and the medium and tissues
Were stored at -80°C. Ascorbic acid and LHRH released

into the incubation medium were analyzed by HPLC and
RIA, respectively.

Chromatography. Isocratic analysis were carried out
with the Beckman system gold HPLC equipped with 126
module and diode array detector 168 operating at 254 nm
(Beckman Instruments Incorporation, Fullerton, CA). The
separation was carried out on a ~l Bondapack Beckman
ultrasphere CI8 column (average particle size 5 urn, 25 cm X

4.6 mm). The mobile phase is a buffer consisting of 0.1 M
sodium dihydrogen phosphate (NaH2P04) and 0.2 mM Na,
EDT A adjusted to pH 3.1 with orthophosphoric acid. The
buffer was filtered through an 0,45-llm membrane filter
(Gelman Sciences, Ann Arbor, MI) and degassed prior to use.
The column was maintained at room temperature, and the
mobile phase was used at a constant flow rate of 1.0 ml/min,

Preparation ofStandard. A sample buffer consisting of
5 roM each of metaphosphoric acid and Na2EDTA was
prepared in HPLC grade water (V.W.R Scientific Products,
Dallas, TX) and was used for preparing AA standards and
MBH homogenates. The sample buffer had previously been
shown to stabilize an AA solution for 3-4 hI'S, and all the
estimations were completed within this time (44). A
standard curve for AA was prepared from a stock solution
of I mg/ml and was found to be linear from 487.5 to 7800
ng. A standard curve was constructed with every batch of
unknown samples. Ascorbic acid in standards, incubation
medium, and homogenates were measured using 507 ASE
auto sampler (Beckman), and samples were used at a
volume of 30 ul, Each sample (unknown) was passed
through syringe filters (Gelman Sciences) before being
placed in the vial for counting. A standard calibration plot
was obtained for AA concentrations (ug/ml) versus peak
area (numerical units on thel26 module).

LHRH Assay. LHRH was assayed as described (45)
using highly specific antibody to LHRH kindly provided by
Dr. A. Barnea (University of Texas, South Western Medical
Center, Dallas, TX). The minimal detectable LHRH was 0.2
pg/tube, and the curve was linear up to 100 ng/tube. The
inter- and intra-assay variations were 5% and 4%,
respectively.

Statistics. Results were analyzed by one-way analy-
sis of variance (ANOVA) or unpaired t tests wherever
applicable, and P < 0.05 was considered significant.

Results
Effect of Graded Concentrations of MEL on

LHRH Release. Incubation of MBH with different
concentrations of MEL (10-8 to 10-4 M) for I hr
significantly stimulated LHRH release (Fig. I). The lowest
effective concentration was 10-6 M and a similar increase
was observed at 10-5 M. An increase observed for MEL
(10.4 M) was not statistically significant.

Influence of NMMA on MEL-Induced LHRH
Release. In order to assess the role of NO in MEL-
induced LHRH release, the tissues were incubated with
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Figure 1. Effect of graded concentrations of MEL on LHRH release
from MBH after 1 hr of incubation. In this and subsequent figures, the
results are the mean :!: SEM and the number of tissues for each
group is 8.••P < 0.01 versus KRB.

either NMMA, a competitive inhibitor of the enzyme, nitric
oxide synthase, or a combination of NMMA (3 X 10 -4 M) +
MEL (I X 10-6 M) for I hr. NMMA alone failed to alter
LHRH release, and addition of MEL and NMMA together
totally blocked MEL-induced LHRH release (Fig. 2).

Effect of MEL or a Combination of MEL + LY
83583 on LHRH Release. Medial basal hypothalami
were incubated with either MEL or a combination of MEL
(I X 10-6 M) + LY 83583 (I X 10-6 M), an inhibitor of
NOS. LY 83583 failed to alter basal LHRH release, and a
combination of MEL + LY 83583 totally blocked MEL-
induced LHRH release (Fig. 3).

Effect of MEL or a Combination of MEL + 0.0.0.
on LHRH Release. In order to assess the role of a specific
GC inhibitor on MEL-induced LHRH release, MBH were
incubated with MEL or a combination of MEL (I X 10-6 M)
+ O.D.Q. (I X 10-5 M). O.D.Q. alone failed to alter basal
LHRH release (Fig. 4). A combination of MEL + O.D.Q.
totally blocked MEL-induced LHRH release.

Effect of Graded Concentrations of MEL on AA
Content in the Tissue and Medium. Incubation of
MBH with graded concentrations of MEL (10-8 and 10-4M)
for I hr failed to alter AA content in the tissue but produced

Figure 2. Influence of MEL or a combination of MEL + NMMA on
LHRH after 1 hr of incubation. "P < 0.01 versus KRB. +P < 0.05
versus the group treated with MEL.

Figure 3. Influence of MEL or a combination of MEL + LY 83583 on
LHRH release after 1 hr of incubation .r:P = 0.05 versus KRB. +P <:

0.05 versus the group treated with MEL.

a significant increase in the medium AA (Fig. 5A and B,
respectively). The lowest effective concentration was 10--6
M, and the level remained high at 10-5 M. Comparison of
AA content in the tissue and the medium revealed that the
tissue AA level was significantly greater (100 times) than
that of the medium, illustrating that a very small fraction of
AA was released into the incubation medium.

Influence of NMMA on MEL-Induced AA
Release. The role of NO in MEL-induced AA release
was assessed by incubating MBH with MEL or a
combination of MEL (I X 10-6 M) + NMMA (3 X 10...4
M) for I hr. NMMA alone failed to modify AA release and a
combination of MEL + NMMA totally blocked MEL-
induced AA release (Fig. 6).

Effect of MEL or a Combination of MEL + LY
83583 on AA Release. Incubation ofMBH with MEL (I
X 10-6 M) for I hr resulted in a significant increase in AA
release and LY 83583 (1 X 10-6 M) alone suppressed basal
AA release significantly (Fig. 7). A combination of MEL +
LY 83583 totally suppressed MEL-induced AA release.

Effect of MEL or a Combination of MEL + 0.0.0.
on AA Release. The role of the soluble GC inhibitor in

Figure 4. Influence of MEL or a combination of MEL + 0.0.0. on
LHRH release after 1 hr of incubation. "P < 0.01 versus KRB. +P<:
0.01 versus the group treated with MEL.
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Figure 5. Effect of graded concentrations of ~EL on .AA content in
the (A) tissue and (B) medium after 1 hr of lncubatton (A and B,
respectively). **P < 0.05 or *P < 0.01 versus KRB.

MEL-induced AA release was assessed by incubating MBH
with MEL or a combination of MEL (1 X 10-6M) + O.D.Q.
(I X 10-5 M) for 1 hr. O.D.Q. alone failed to alter basal AA
release (Fig. 8). A combination of MEL + O.D.Q. totally
blocked MEL-induced AA release (Fig. 8).

Discussion
In the current investigation, we have used varying

concentrations of MEL to evaluate its effect on AA and

~lgure 6. Influence of MEL or a combination of MEL + NMMA on AA
In the medium after 1 hr of incubation. **P < 0.01 versus KRB. ++P <
0001 versus the group treated with MEL.

Figure 7. Effect of MEL or a combination of MEL + LY 83583 on AA
release in the medium after 1 hr of incubation. *P < 0.05 or ***P <
0.001 versus KRB. ++P < 0.01 versus the group incubated with MEL.

LHRH release. Melatonin produced a significant increase in
both AA and LHRH release. Earlier reports have shown that
perifusion of MBH with MEL stimulated LHRH release
(46-49). Previously, our laboratory demonstrated that MEL
stimulated LHRH release from median eminence pars
tuberalis complex (39). A long exposure of hypothalamic
explants from male mink to MEL also stimulated LHRH
release, and this was accompanied by a decrease in the
density of MEL binding sites in the pars tuberalis (PT; Ref.
49). In most mammals, high-affinity MEL receptors were
found in the suprachiasmatic nucleus (SeN) of the anterior
hypothalamus that was believed to mediate the circadian
effects of MEL (50-52).

Luteinizing hormone (LH)-containing cells in the pars
tuberalis were demonstrated previously by immunocyto-
chemistry (53). Melatonin has been shown to exert an
inhibitory effect on LH release by median eminence pars
tuberalis (ME-PT) explants (39). The largest amount of LH
in the ME-PT complex was present in the gonadotrope-like
cells in the pars tuberalis and in hypothalamic neurons (54).

Figure 8. Effect of MEL or a combination of MEL + 0.0.0. on AA
release in the medium after 1 hr of incubation. **P < 0.01 versus
KRB. +P < 0.05 versus the group treated with MEL.
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Melatonin exerted a dose-related suppression of the
forskolin-induced release of cAMP from the pars tuberalis
(37). It was hypothesized that MEL may act on its receptors
on the gonadotropes of the pars tuberalis to lower cAMP,
which may, in tum, inhibit LH release and remove the
LHRH terminals from inhibition by LH, leading to an
increase in LHRH release (39).

The current research suggests that MEL stimulated NO
release that, in tum, stimulated LHRH release. Earlier
studies have shown that NO stimulated LHRH release from
the median eminence or from immortal cells of the
hypothalamus (55-57). The participation of NO in MEL-
induced LHRH and AA release was assessed by combined
incubation with MEL and NMMA, a competitive inhibitor
of NOS. Addition of NMMA resulted in a total blockade of
MEL-induced LHRH and AA release, suggesting that the
release process of both LHRH and AA was mediated by
NO. Nitric oxide is an important neurotransmitter in the
brain (58-60). It is synthesized from the substrate L-

arginine, and the reaction is catalyzed by the enzyme NOS
(61, 62). Three major types of NOS have been identified
(63-65). These are neuronal NOS (n-NOS or type I),
macrophage (m) or inducible (1) NOS (type 2), and
endothelial NOS (e-NOS, or type 3) (63-65). Of these, Il-

NOS and e-NOS, the constitutive isoforms, are calcium- and
calmodulin-dependent, whereas i-NOS, the inducible iso-
form, is calcium- and calmodulin-independent (63-65). The
close proximity of LHRH neurons to the anatomical
localization of NO neurons in the hypothalamus further
supports the important role of NO in the regulation of GnRH
secretion (57, 66).

Earlier studies have shown that MEL (10-9 to 10-3 M)
inhibited the constitutive form of NOS in both the
cerebellum and the hypothalamus, suggesting that it played
a role in the physiology of the hypothalamus-pituitary unit
(67-69). The suppressive action of MEL on hypothalamic
NOS was dependent on the homogenate concentration and
was observed when the homogenate concentration was in
the range of 0.5 to 2 mg/ml (67). However, in the presence
of higher concentration of the homogenate (greater than 2
mg/ml), MEL failed to suppress NOS activity (67). Whether
or not this is the case in the current investigation is not clear
as one MBH/tube was incubated with MEL or other
chemicals. Our results did not show an inhibitory action
of MEL on NOS, and the reason for this discrepancy is not
known.

LY 83583 has been shown to suppress NOS activity
and reduced the levels of NO-dependent cGMP in tissues,
implying that it inhibited NOS directly (42, 70, 71). On the
other hand, O.D.Q. has been shown to act as a selective,
reversible, and competitive inhibitor of the soluble GC
targeted by NO both in vivo and in vitro (43, 72). However,
it was not effective in suppressing particulate guanylyl
cyclase or adenylyl cyclase, illustrating its specific action
(43). In studies involving stimulation of brain slices with
glutamate receptor agonist, NMDA, O.D.Q. neither inter-

fered with any of the steps leading to NO synthesis nor
inhibited NO release, supporting the view that its main
target of action was soluble GC (43). In our experiments,
LY 83583 and O.D.Q. significantly suppressed MEL-
induced AA and LHRH release. This suggests that cGMP
mediates both MEL-induced AA and LHRH release.
However, LY 83583 was effective in lowering basal AA
release, demonstrating that even basal AA release was
mediated by cGMP.

It is most likely that LY 83583 may suppress neuronal
NOS, resulting in lower NO release. This may decrease
activation of soluble GC, resulting in lower cGMP, and
which may, in tum, lower AA and LHRH release. O.D.Q., a
selective inhibitor of the soluble GC, and LY 83583, an
inhibitor of NOS, produced similar results. These observa-
tions suggest that the final effect with both the inhibitors
was suppression of cGMP formation, although their targets
were at different stages of the NO/cGMP signaling pathway.
In our earlier experiment, AA inhibited NMDA-induced
LHRH release but had no effect on the resting release (41).
However, in the current investigation, AA had no effect on
MEL-induced LHRH release. We conclude that MEL
stimulates both AA and LHRH release and that the release
process is mediated by NO and cGMP. MEL may play an
important role in the hypothalamic control of AA and
LHRH release. The antioxidant activity of MEL may be
mediated via AA. We have obtained these results in a static
incubation system, and the results have to be verified in
animals that do not synthesize AA such as guinea pigs.

We would like to thank Judy Scott for her excellent secretarial
assistance.
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