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Melatonin (N-acetyl-5-methoxytryptamin), the main
hormone secreted by the pineal gland in mammals, is
nitrosated by nitrite at acidic pH and by NO in the
presence of oxygen under neutral conditions. Mela-
tonin is also partly converted to 1-nitrosomelatonin
by oxoperoxonitrate (ONOO™, peroxynitrite) in phos-
phate-buffered solutions at pH 7-10 [Blanchard, B.,
et al. (2000) Journal of Pineal Research 29, 184-192]. In
the present report, we show that 1-nitrosomelatonin in
turn behaves as an NO-donor regenerating melatonin.
NO-release is evidenced by the formation of nitrite in
phosphate-buffered solutions and oxidation of HbO,.
No peroxynitrite was formed during that decom-
position because serotonin used as a probe was
converted only to 4-nitroso-serotonin as expected for a
true NO-donor [Blanchard, B., et al. (2001) Free Radical
Research, 34, 177-188]. The spontaneous decay of
1-nitrosomelatonin is not affected by GSH and metallic
ions but its decomposition is accelerated in acidic pH
or in the presence of NADH or ascorbate. Further-
more, melatonin is partially or entirely recovered in
the absence or presence of ascorbate, respectively. A
homolytic cleavage of 1-nitrosomelatonin is strongly
suggested and discussed. Formation of 1-nitroso-
melatonin from melatonin and reactive nitrogen
species (RNS) followed by its decay into NO

demonstrates that melatonin could reduce these RNS
to NO.

Keywords: 1-Nitrosomelatonin; NO-donors; reactive nitrogen
species

INTRODUCTION

In the past decade, nitric oxide (NO) has been
discovered to be a major signalling agent of great
importance throughout the animal kingdom.
Endogenous NO is generated from the oxidation
of L-arginine by the catalytic activity of NO-
synthases and also by redox-sensitive release
from multiple forms of storage such as 5-, Fe- and
N-nitrosocompounds. 3-Substituted indoles
occur widely in nature, such as tryptophan
derivatives and plant growth hormones, indole-
3-acetic acid and indole-3-acetonitrile. Melatonin
(N-acetyl-5-methoxytryptamine) is present in
most plants and is endogenously synthesized in
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vertebrates especially in the pineal gland.''~® Its
oral ingestion in large quantities is believed to
promote the action of anti-aging and anti-
infectious drugs or to complement anti-tumor
treatment.¥ However, like other indole-contain-
ing compounds,’® melatonin can be nitrosated on
the pyrrolic nitrogen by various routes. The same
nitrosation reaction seen with nitrous acid was
found to occur with NO in the presence of O,, or
oxoperoxonitrate (currently named peroxynitrite,
ONOQ?) in neutral and slightly basic aqueous
solution.’® Indeed, this transformation can take
place in animal tissues during inflammation or in
areas where superoxide anion and ONOO™ are
produced. Whereas ONOO™ often appears as a
strong oxidant at pH 7 in the presence of CO,,
some evidence suggests that it could also be
oxidized to give rise to a milder oxidant, the
ONOO" radical!”! which is able to nitrosate
phenols, such as propofol or melatonin.®#!

From melatonin, the 1-nitrosoderivative pro-
duced by these various pathways was found to
be unstable in aqueous solutions under physio-
logical conditions and the aim of this work was
to identify the products of this decomposition
and the physicochemical conditions in order to
investigate the mechanism involved. If 1-nitro-
somelatonin decay produces NO as demon-
strated here, whereas its synthesis involves
reactive nitrogen species (RNS), such a cycle
suggests that melatonin could play an antioxi-
dant role by reducing RNS.

MATERIALS AND METHODS

Chemicals

Melatonin, 5-hydroxytryptamin hydrochloride,
glutathione (GSH), ethylenediaminetetraacetic
acid (EDTA), diethylenetriaminepentaacetic
acid (DTPA), chelating resin (iminodiacetic
acid), chelex 100 were from Sigma (St. Louis,
MO). Diethylamine—nitric oxide (DEA /NO) and
dipropylenetriamine/NONOate (DPTA/NO)

with a 2min and 5h, respectively, half-life at
physiological pH and temperature, were from
Research Biochemicals International (San Diego,
CA). Ascorbate was from Fluka Chemie.
Dimethylsulphoxide (DMSO), copper (I) sulfate,
iron (II) sulfate, iron (III) chloride, sodium
phosphates and tris(hydroxymethyl)amino-
methane (TRIS) were from Prolabo (France).
Melatonin was first dissolved in DMSO before
dilution in 0.4M sodium phosphate-buffered
solution (pH 7.4) or in 50 mM TRIS-1 mM EDTA
(pH 7.4) containing less than 1% DMSO.

Preparation of the 1-nitrosomelatonin

1-Nitrosomelatonin was obtained from the
reaction between melatonin (5mM) and NO
(Air Liquide, France) in an aerated melatonin
solution in 0.4 M phosphate buffer (pH 7.4).18
Authentic crystalline 1-nitrosomelatonin was
prepared following the procedure used for the
synthesis of 1-nitrosoindole acetic acid.”™ Yellow
crystals (mp 138°C) were dissolved in DMSO and
diluted in phosphate-buffered solution at pH8 up
to 1% DMSO. Identity was confirmed by spectro-
photometry showing the characteristic absor-
bance at 346nm (£=8300M~'cm™"), HPLC
analysis,"HNMR, mass spectrometry by chemical
ionization and centesimal elementary analysis. L]

HPLC System

The analytical system consisted of a Waters
injector and a gradient pump linked to a
Shandon (C18 Si, 5 um) Hypersyl column (46 X
250 mm). The column was eluted using a 10-50%
gradient of acetonitrile with 0.05% trifluoroacetic
acid (TFA) for 60 min at a flow rate of 1 mlmin~".
Compounds were detected by measuring UV
absorbance at 215 and 350 nm. HPLC analysis of
the products formed in the reaction mixture
showed peaks eluting at 35 and 55min
corresponding to melatonin and 1-nitrosomela-
tonin, respectively. HPLC combined to mass
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spectrometry by electrospray ionization analysis
results in protonated [M + H]* peak correspond-
ing to m/z 233 for melatonin and melatonyl
radical (m/z 232) for 1-nitrosomelatonin.

Decomposition in Aqueous Solutions

Kinetics of 1-nifrosomelatonin decomposition
was followed at 25°C by spectrophotometry at
346nm (¢ =8300M 'cm™") in phosphate (pH
7.4) or in TRIS-EDTA (pH 7.5) containing less
than 1% DMSO. In the presence of NADH or
NADPH, kinetics was followed at 400nm
(6=2000M 'em ™).

Nitrite Measurement

When formed in aerated neutral solutions, NO is
quantitatively converted into nitrite. Nitrite
concentration was measured by the Griess
reaction only after complete decomposition of
1-nitrosomelatonin.

Detection of NO-release from
1-nitrosomelatonin by Oxidation of
Oxyhaemoglobin (oxyHb) and by IsoNO
Electrode

OxyHb (Sigma) was previously reduced by
sodium dithionite treatment and purified on
Sephadex G25.1°! Differential spectra of a solution
containing 0.05 mM oxyHb and 0.01 mM 1-nitro-
somelatonin against 0.05mM oxyHb in phos-
phate-buffered solutions at pH 7.4 were recorded
every 3 min and superimposed in the first 30 min
of decay. An identical assay was performed with
a NONOate, DPTA /NO. DPTA/NO with oxyHb
showed the same peaks and isobestic points as
obtained with 1-nitrosomelatonin.

An NO-output signal was obtained through an
electrode sensor ISO-NO immersed in a freshly
prepared 1l-nitrosomelatonin solution, and was
collected using a Duo 18 data acquisition system
(World Precision Instruments, Sarasota, FL).
Electrodes were calibrated with aliquots of a

saturated NO-solution injected in the neutral
phosphate-buffered solutions or with added
diethylaminodiazenium diolate (DEA /NO) NON-
Qate, which has a shorter half-life time. However,
this method which unambiguously reveals the
formation of NO in solution, cannot give a
quantitative yield of NO released from slow NO-
donors, such as 1-nitrosomelatonin or DPTA /NO.

Measurement of NO-release from
1-nitrosomelatonin by Reaction with Serotonin
in Aqueous Neutral Solution

1-Nitrosomelatonin, first dissolved in DMSO,
was then diluted (25mM) in a 0.4M sodium
phosphate-buffered (pH 7.4) solution containing
serotonin (0.5 mM). The reaction was monitored
by HPLC analysis. Using an elution system with
a gradient of 5-35% acetonitrile in 0.05% TFA in
water for 50 min, serotonin (5-HT), 4-nitroso-
5-HT and 4-nitro-5-HT were eluted at 20, 26 and
33 min, respectively, and were quantified using
external standards.""”

RESULTS

When melatonin was treated with NO in the
presence of oxygen or with peroxynitrite in
neutral aqueous buffered solutions, analysis of
the medium revealed that a part of the melatonin
was converted to 1-nitrosomelatonin, which
slowly disappeared, and the level of melatonin
seemed to rise again. Similar observations were
made using No-solution in methanol (Fig. 1). The
identity of the compound identified by HPLC as
melatonin was checked by mass spectrometry
and spectrophotometry. In the same manner,
synthesized crystallized 1-nitrosomelatonin
decomposed spontaneously when dissolved in
aqueous or organic medium: for instance, 80% of
1mM 1-nitrosomelatonin decomposed for 6h in
phosphate-buffered solutions at pH 7.4 (Fig. 2).
Following the decrease in absorbance at 350 nm,
pseudo-first-order rates of degradation were
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FIGURE 1 Time-course of the formation of
1-nitrosomelatonin (A) from 1 mM melatonin (O) and 5mM
NO in the presence of oxygen and the following
decomposition in methanol.

observed with a pH-dependent kinetic rate
constant: kops = 7.0 £ 0.5X107°s™" at 25°C and
pH 7.4. The decomposition was accelerated with
decreasing pH (Fig. 3) in proportion to a
logarithmic scale of the kinetic rate constant,
suggesting that proton concentration has an
effect in inducing decomposition.

We investigated the nature of the nitroso group
released from 1-nitrosomelatonin and whether
free NO was liberated. First, in aqueous solution
buffered at pH 6, a quantitative yield of nitrite
was measured after complete 1-nitrosomelatonin
decay; this yield dropped to 75% at pH 7.4 and
did not vary in the presence of reducing agents
like ascorbate, NADH, NADPH, GSH or albu-
min. It is noteworthy that transnitrosation
towards free thiols did not occur since GSNO is
stable under these conditions.

During the 1-nitrosomelatonin decomposition
in the presence of oxyhaemoglobin (oxyHb),
oxyHb was converted into methaemoglobin (Fig.
4). Figure 4 shows the 1-nitrosomelatonin
decomposition in terms of decreasing absor-
bance at 250, 270 and 346 nm, in the same time
than the conversion of oxyhaemoglobin (oxyHb)
at 420nm and formation of methaemoglobin at
402nm with a characteristic isobestic point at

411nm. Similar profiles were obtained with
DTPA/NO (known to produce 1mol of NO per
mole in 5h at physiological pH and temperature).

We have previously described a method of
measuring the NO and ONOO™ formed in the
course of NO-donor decay, using setrotonin
(5-HT) as a probe.'” Briefly, this method is
based on the measurement by quantitative HPLC
analysis of the 60uM of 4-nitrososerotonin
(4-NO-5-HT) produced from 1mM NO and
1mM 5-HT in phosphate-buffered solution at
pH 7.4. In the presence of 1 mM serotonin (5-HT),
the 1-nitrosomelatonin decay paralleled the
formation of 4-NO-5-HT (Fig. 5), without detec-
tion of any 4-nitro-serotonin. This result showed
that no ONOO~ was formed during 1-nitro-
somelatonin decay. Since 10% 4-NO-5-HT was
obtained from 2.5mM 1-nitrosomelatonin,
1.5 mM NO has to be released from 1-nitrosome-
latonin, corresponding to 60% release of NO
when 85% 1-nitrosomelatonin has decomposed.
This yield correlates well with the 75% nitrite
yield previously described. All these results
point out a free NO-release.

In terms of the indole ring, 50% of melatonin
was recovered following 1-nitrosomelatonin decay
in phosphate-buffered solutions (Fig. 2). HPLC
analysis with the usual 215nm detection did not
allow us to observe what becomes of the other half
of melatonin but detection at 350nm (Fig. 6)
showed that several compounds were formed
corresponding to oxidized derivatives of melatonin
according to mass spectrometric analysis of each
HPLC peak. If M is the molecular mass of
melatonin, m/z 248, 265 and 280 could correspond
to  M+O+H]", M+20+H]*, [M +30+
H*], respectively. Electrospray MS was able to
detect protonated radicals. However, the 250
mass has not been interpreted yet. Furthermore,
when argon was bubbled through the solution of
1-nitrosomelatonin for 30 min to eliminate oxy-
gen, before the addition of peroxynitrite, the
amounts of all these oxidized derivatives
decreased significantly (data not shown). This
is in agreement with the transient formation
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FIGURE 2 Time-course of the decomposition of 1-nitrosomelatonin in 0.4M phosphate-buffered solutions at pH 7.4. (a)
Degradation of 1 mM 1-nitrosomelatonin (A) and formation of melatonin (O) evaluated by HPLC analysis of aliquots, using
external standards. (b} Spectrophotometric recordings of 0.15mM I-nitrosomelatonin every 10 min.

of a melatoninyl radical able to react easily
with oxygen leading to various oxides and
peroxides.[® !

Effects of Metallic Ion

Degradation of S-nitrosothiols was extensively
studied and some factors were shown to
interfere, such as chelating compounds and
metallic cations. Considering that S-nitrosothiols
bear the same nitroso group as 1-nitrosomelato-

nin, the effect of metallic ions was considered:
chelex treatment of buffered solutions as well as
addition of equimolar concentrations of EDTA,
DTPA or various metallic ions (Fe?*, Fe*, Cu?,
Cu?*, Ni%*, Zn?*, Mn?*, Mg2+, Ca®") were assayed
but did not affect 1-nitrosomelatonin decay.

Effects of Reducing Agents

We considered free thiols such as glutathione
(GSH) and albumin, ascorbate, NADH and
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FIGURE 3 Effects of pH on the observed first-order kinetic
rate constant of l-nitrosomelatonin decay in phosphate-
buffered solutions.
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FIGURE 4 Conversion of oxyhaemoglobin (oxyHb) to
methaemoglobin in the time of 1-nitrosomelatonin
degradation. The difference spectra of a mixture containing
0.05mM oxyHb and 0.01mM 1l-nitrosomelatonin versus
0.05mM oxyHb in phosphate-buffered solutions at pH 7.4
were recorded every 3min and superimposed.

NADPH. Thiols (1-10mM) did not modify the
rate constant of 1-nitrosomelatonin decompo-
sition. Ascorbate, NADH and NADPH, on the
other hand, enhanced the rate of decomposition
of 1-nitrosomelatonin. Thus, at 25°C and pH 7.4
first-order rate constants of 12.7 = 0.5 X 107° and
20 £ 1x107°s™! were measured in the presence

5-HT and derivative (mM)

N
3 T
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FIGURE 5 Time-course of simultaneous conversions of
1-nitrosomelatonin (4) to melatonin (O) and serotonin (5-HT)
() to 4-nitroso-5-HT (A). Mixture of 2.5mM
1-nitrosomelatonin and 1mM 5-HT in 1ml sodium
phosphate-buffered solution (pH 7.4) was left at room
temperature and analyzed by HPLC using external
standards detected at 215nm. No trace of 4-nitro-5-HT was
detected showing no peroxynitrite formation.

of NADH (0.5/0.25 mM 1-nitrosomelatonin) and
ascorbate (2mM ascorbate/0.2 mM 1-nitrosome-
latonin), respectively. These rates were not
affected by the concentrations of NADH,
NADPH and ascorbate. This increase in decay
rate could be due to the rapid reaction with
melatoninyl radical, preventing the reversibility
of the homolytic rupture of 1-nitrosomelatonin
(Fig. 7). Moreover, analysis revealed a decrease of
oxidized melatonin derivatives in the presence of
any one of these reducing agents. In particular,
no oxidized products were formed on addition of
ascorbate (from 1 to 10 equiv. ascorbate/1-nitro-
somelatonin) and recovery of melatonin was
complete.

DISCUSSION

The spontaneous degradation of 1-nitrosomela-
tonin occurred in aqueous solution at pH 7.4,
giving melatonin in 50 or 100% yield in the
absence or presence of ascorbate, respectively.
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FIGURE 6 Typical HPLC analysis of the phosphate-buffered solution at pH 7.4 which contained initially thel-nitrosomelatonin
in an open tube. Only melatonin was detected at 215 nm but other derivatives appeared at 350 nm. Mass spectrometric analysis
was performed on all detected peaks: for the peak corresponding to 1-nitrosomelatonin, electrospray mass spectrometry gave
m/z 232 corresponding to the protonated melatonyl radical. After 1-nitrosomelatonin decay, mass spectrometry gives the masses
of oxygenated derivatives of melatonin (M) m/z 248 [M + O] + H", m/z 265 [M + 20] + H* and m/z 280 which could be
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interpreted to be [M' + 30]+ H*.

The formation of NO from 1-nitrosomelatonin
was experimentally demonstrated directly and
indirectly in aqueous buffered solutions: for-
mation of nitrite and the conversion of oxyHb
into methaemoglobin are in good agreement
with NO-release. Indeed, in aqueous neutral
buffered solutions, NO reacts with O, leading to
N>O3 which could be trapped by either water or

serotonin leading to nitrite and 4-nitrososeroto-
nin, respectively. In both cases, the amounts of
nitrosation products revealed the level of NO-
release. Thus, using serotonin as a probe, we
have previously described a method of NO or
peroxynitrite evaluation from known NO-
donors." In the case of 1-nitrosomelatonin, we
observed that no peroxynitrite was formed in the
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FIGURE 7 Scheme of 1-nitrosomelatonin decay in the presence of ascorbate. Formation of NO and subsequent nitrosation of

serotonin (5-HT) is presented.

course of 1-nitrosomelatonin degradation while
SIN-1 and sodium nitroprusside produced it in
identical aerated solutions.!'?"3!

Furthermore, a typical and significant NO-
signal was detected by the ISO-NO electrode
during the 1-nitrosomelatonin decay (result not
shown). A similar signal was obtained with a
slow donor like DPTA/NO.

The decomposition pathways of N-nitroso-
compounds were compared to those of S-nitro-
sothiols which could serve as sources of
NO. Even if heterolysis of some nitrosothiols
may yield NO* or NO7, there is much evidence
for a homolysis pathway accounting for physio-
logical roles such as vasodilatory effect and
protection against ischaemic myocardium and
angina pectoris.!'¥

The effects of pH and Cu* and/or Cu®* were
compared taking account of the structural
homology of 1-nitrosomelatonin with nitro-
sothiols (RS-NO) among other NO-donors.['®]
1-Nitrosomelatonin did not behave as RS-
NO. Alkaline pH favored RS-NO decomposition
probably because of nucleophilic attack by the
RS™ released, whereas 1-nitrosomelatonin decay

was accelerated under acidic conditions. Thus,
decay must proceed via another pathway
depending on the indole structure. It is known
that protonation of indole in acid medium occurs
on C3 to give an iminium.""® The charge on the
pyrrolic nitrogen induced the rupture of the N-
N bond. Moreover, metallic cations intervene in
the degradation of RS-NO by complexation on
the sulfur: mercuric and cupric cations form
RS(Hg?*)NO and RS(Cu®*)NO complexes which
hydrolyze in water to nitrite, or nitrosate free
thiols to S-nitrosothiols, or serotonin (5-HT) to
4-nitrososerotonin (4-NO-5-HT).'% In the case of
1-nitrosomelatonin, on the other hand, metal
cations probably do not complex the nitrogen
atom linked to NO-group since no effect was
observed.

L-ascorbate (HA-) is known to effect electron
transfer in biological systems. Ascorbate pro-
motes the release of NO from nitrosothiols
and from nitroprusside.!'”'® In the case of
GSNO, the reduction by ascorbate depends on
the concentration of ascorbate suggesting that
the reaction proceeds in one stage involving
the reduction of the S-N bond followed by
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NO-release.™® A 1:1 molar ratio of HA- to
1-nitrosomelatonin is observed as to GSNO.
However, in the case of l-nitrosomelatonin
decay, the reduction by ascorbate through an
outer-sphere electron transfer mechanism as
proposed for GSNO is unlikely. Probably, the
main role of ascorbate is to reduce very rapidly
the melatoninyl radical, which should be pro-
tonated in water to regenerate melatonin.
Ascorbate would therefore be oxidized to give
an ascorbyle radical anion and then dehydro-
ascorbate acid as proposed in the literature. In
the absence of ascorbate, the melatoninyl radical
dismutated to produce 50% melatonin and
various oxidized species. This proposed radical
mechanism is in accordance with a homolytic
rupture of 1-nitrosomelatonin leading to the
melatoninyl and NO-radicals (Fig. 7).

Even if we cannot exclude minor NO* or NO~
formation, the quantitative recovery of melato-
nin in the presence of ascorbate is a good
indication of a homolysis pathway to free NO-
release.

CONCLUSION

1-Nitrosomelatonin which could be formed in
the presence of NO or peroxynitrite may
contribute to the pool of NO-releasing com-
pounds. Formation and decomposition of 1-
nitromelatonin demonstrate that melatonin
could convert the RNS (NO,, N,O3;, ONOO™) to
NO. This raise the hypothesis that 1-nitrosome-
latonin formed may be a detoxifying NO-derived
species. This chemical scenario could explain the
well-known antioxidant properties of melatonin.

On the other hand, 1-nitrosomelatonin is a
model aromatic heterocyclic molecule able to
carry NO and release it, in a suitable environ-
ment. However, nitrosoindoles whose biosyn-
thesis from NO-derived nitrogen oxides has not
yet demonstrated, have been shown to decom-
pose by loss of the NO-group and/or transfer of
the NO-group to a nearby receptor molecule

such as phenol or DNA bases thus terminating a
transnitrosation cycle.['® Such mechanisms have
not yet been described in particular with
tryptophan while peroxynitrite is known to
oxidize tryptophan by a one-electron pathway
to tryptophan-centered radicals which were
detected in plasma proteins.?°~?? Tryptophan
could be nitrated by peroxynitrite with a
184M™'s™! second-order rate constant?®>?4!
and oxidized as shown various identified
derivatives.® But these scarce data indicate
that the mechanisms and reactions of peroxyni-
trite with free tryptophan or with tryptophan as a
protein residue are not yet fully understood.
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