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Abstract
Exogenous melatonin is widely used for sleep disorders and has potential value in neuroprotection,
cardioprotection and as an antioxidant. Here, a novel method is described for the determination of
melatonin and six metabolites in mouse urine by use of LC/MS/MS and GC/MS. LC/MS/MS is used
for the measurement of melatonin, N1- acetyl-5-methoxykynuramine (AMK), N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK) and 6-hydroxymelatonin (6-HMEL), while GC/MS is used
for the determination of N-[2-(5-methoxy-2-oxo-2,3-dihydro-1H-indol-3-yl)-ethyl]-acetamide (2-
OMEL) and cyclic 3-hydroxymelatonin (3-HMEL) with detection limits on column of 0.02 to 0.5
pmol, depending on the metabolite. Following oral administration of melatonin to mice, a 0–24 h
urine collection revealed the presence of melatonin (0.2% dose), 6-HMEL (37.1%), and NAS (3.1%)
comprising >90% of the total metabolites; AMK and AFMK were also detected at 0.01% each; 2-
OMEL was found at 2.2% of the dose, which is >100 times more than the AMK/AFMK pathway,
and comprises >5% of the melatonin-related material detected in mouse urine. 3-HMEL was largely
found as a sulfate conjugate. These studies establish sensitive assays for determination of six
melatonin metabolites in mouse urine and confirm the potential for antioxidant activity of melatonin
through the identification in vivo of AMK and AFMK, ring opened metabolites with a high capacity
for scavenging reactive oxygen species.
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Introduction
Exogenous melatonin is widely used in for sleep disturbances associated with jet lag and shift
work, for example [1,2]. In the recent years, the use of exogenous melatonin has been enlarged
with the identification of its potential roles in neuroprotection [3], cardioprotection [4], and as
an antioxidant [5]. As an antioxidant, protection by melatonin against oxidative damage has
been reported in multiple studies using different chemical oxidative stress inducers, such as
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acetaminophen [6], carbon tetrachloride [7], methotrexate [8], streptozocin [9], amikacin
[10], and gentamicin [11]. The efficacy of melatonin against oxidative damage has also been
reported using different pathologic animal models, such as hepatic ischemia and reperfusion
[12], renal ischemia and reperfusion [13], brain ischemia and reperfusion [14], brain trauma
[15], extra-hepatic bile duct ligation [16], and infection with Schistosoma mansoni [17].

Chemical reaction with oxygen free radicals is thought to be one of the mechanisms of the anti-
oxidant effects of melatonin [18]. Indeed, melatonin was reported to scavenge the reactive
oxygen species, hydroxyl radical (HO·), nitric oxide (NO·), peroxynitrite anion (ONOO−),
hypochlorous acid (HOCl), singlet oxygen (1O2), superoxide anion (O2

−) and peroxyl radicals
(LOO·) [19]. The reaction of melatonin with oxygen free radicals is thought to yield various
products of melatonin, including N1-acetyl-5-methoxykynuramine (AMK), N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK), N-[2-(5-methoxy-2-oxo- 2,3-dihydro-1H-indol-3-
yl)-ethyl]-acetamide (2-OMEL) and cyclic 3-hydroxymelatonin (3-HMEL) [18]. AFMK and
AMK were first noted as metabolites of melatonin in the central nervous system [20]. It was
not until later that AFMK was reported to be a product of the reaction between melatonin and
oxygen free radicals [21]. AFMK was identified as reaction product of melatonin with both
H2O2 and 1O2 [18,22]. Formation of AFMK from exogenous melatonin has been reported in
serum, retina and brain lateral ventricle after detection by HPLC with fluorescence detection
[23]. However, AFMK has never been reported in urine.

2-OMEL was recently identified as a product of the reaction between melatonin and Fenton
reagents, as well as with both HOCl and oxoferryl hemoglobin. Analysis of the reaction
products by mass spectroscopy (MS), 1H nuclear magnetic resonance (NMR), 13C NMR,
correlated spectroscopy (COSY) and heterocorrelated spectroscopy (HETCOR) 2D NMR
revealed the formation of a single mono-oxygenated derivative of melatonin under all
conditions that was unequivocally identified as 2-OMEL [24]. 2-OMEL had not been reported
in vivo and thus it is unknown whether or not this 2-oxidation pathway exists in vivo. 3-HMEL
is the product of the reaction of melatonin with HO·, generated in the Fenton reaction and an
ultraviolet photolysis system, which was identified using MS, 1H NMR, and COSY 1H NMR,
and calculations on the relative thermodynamic stability. Interestingly, 3-HMEL has been
reported in the urine of both rats and humans [25].

Metabolism of melatonin has been extensively studied. Melatonin is metabolized principally
to 6-hydroxymelatonin (6-HMEL) by the cytochromes P450 CYP1A1, CYP1A2, and
CYP1B1, and to the minor metabolite N-acetyl-5-hydroxytryptamine (NAS) by CYP2C19
[26,27]. In the present study, we focused on the pathways of conversion of melatonin to AFMK,
AMK, 2-OMEL and 3-HMEL (see Fig. 1), which are thought to arise from nonenzymic
reactions with reactive oxygen species. The urinary excretion of the classical metabolites 6-
HMEL and NAS were also determined. However, we are unaware of any report of AFMK in
urine, of 2-OMEL formation in vivo, and of any published comparison of the different possible
antioxidant reactions of melatonin in vivo. In the present study, the urinary concentrations of
AMK, AFMK, 6-HMEL and NAS by LC/MS/MS, and of 2-OMEL and 3-HMEL by GC/MS,
were determined after administration of melatonin to the mouse. The potential antioxidant
products of exogenous melatonin in mouse urine were monitored to confirm the existence of
these antioxidant pathways and to evaluate which of the various pathways dominated.

Material and methods
Chemicals and reagents

Melatonin, 6-chloromelatonin, 6-hydroxymelatonin, pentafluoropropionic anhydride (PFPA),
β-glucuronidase (EC 3.2.1.31) and arylsulfatase (EC 3.1.6.1) were purchased from Sigma-
Aldrich (St. Louis, MO). AMK, AFMK, and 3-HMEL were made available by the San Antonio
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laboratory. 3-HMEL has been described elsewhere [25]. 2-OMEL was made available by the
Palermo laboratory and has been described elsewhere [24]. All solvents for LC-MS/MS and
GC/MS, and other chemicals were of the highest grade commercially available.

Animals and treatment
Mice (wild-type, 129B6 background) were maintained under a standard 12 h light/12 h dark
cycle with water and chow provided ad libitum. Handling was in accordance with animal study
protocols approved by the National Cancer Institute Animal Care and Use Committee. Six
male mice were used, age 5–6 months. Melatonin (20 mg/kg) was administered by oral gavage
and two groups of three mice were immediately housed in separate metabolic chambers
(Jencons, Leighton Buzzard, UK). The two pooled urines were collected over a 24 h period
following melatonin administration. Urine samples were centrifuged (3000 g, 5 min, 4°C) to
discard farragoes and stored at −20°C for further analysis.

Urine sample preparation for analysis
Urine samples were prepared for the detection of both free and potentially conjugated
melatonin, AMK, AFMK, 2-OMEL, 3-HMEL, 6-HMEL and NAS. For the unconjugated
analytes, 50 μl urine was diluted in 450 μl phosphate buffered saline (PBS), and then extracted
with 2 ml ethyl acetate/tert-butyl methyl ether (1:1 v:v). For total (free and conjugated)
analytes, 50 μl urine was diluted in 450 μl PBS containing 40 U/ml β- glucuronidase and/or
40 U/ml arylsulfatase, and incubated at 37°C for 18 h with shaking, under a blanket of N2 to
prevent oxidation of labile metabolites. The incubation was terminated by the addition of 2 ml
ethyl acetate/tert-butyl methyl ether (1:1). 6-CMEL was added as internal standard, which was
100 pmol 6-CMEL for melatonin, AMK, AFMK and 6-HMEL analysis by LC/MS/MS, and 1
nmol for 2-OMEL and 3-HMEL analysis by GC/MS. The samples were extracted by vortexing
for 20 sec and then briefly at 4°C. The organic layers were transferred to clean tubes and blown
to dryness under N2. The extracted urine samples were reconstituted in 100 μl 70% methanol
and 30% H2O containing 0.1% formic acid, and 6 μl was injected to LC/MS/MS for AMK and
AFMK analysis. For 2-OMEL and 3-HMEL analysis by GC/MS, the extracted urine samples
were reconstituted in 100 μl acetonitrile together with 100 μl PFPA, incubated at 50°C for 20
min, and then blown to dryness under N2. The derivatized samples were reconstituted in 100
μl acetonitrile and 2 μl was injected to GC/MS for 2-OMEL and 3-HMEL determination.

LC/MS/MS method for melatonin, AMK, AFMK, NAS and 6-HMEL
LC/MS/MS analysis was performed using an API 2000 ESI triple quadrupole mass
spectrometer (Foster City, CA). A Phenomenex Luna 3 μm C18 50 × 4.6 mm column (Torrance,
CA) was used to separate the AMK, AFMK and 6-CMEL. The flow rate through the column
at ambient temperature was 0.25 ml/min with 70% methanol and 30% H2O containing 0.1%
formic acid. The mass spectrometer was equipped with a turbo ion spray source and run in the
positive ion mode. The turbo ion spray temperature was maintained at 350°C and a voltage of
5.0 kV was applied to the sprayer needle. Nitrogen was used as both turbo ion spray and
nebulizer gas. The detection and quantification of AMK, AFMK and 6-CMEL were
accomplished by multiple reaction monitoring with the transitions m/z 237.0/114.1 for AMK,
265.1/178.3 for AFMK, and 267.0/208.4 for 6-CMEL. Concentrations of melatonin and 6-
HMEL were also determined by LC/MS/MS by a method described elsewhere [27], and by
monitoring the transitions m/z 232.9/174.0 for melatonin, 249.1/190.0 for 6-HMEL and
219.0/160.1 for NAS. MS/MS conditions were optimized automatically for each analyte and
the raw data were processed using Analyst Software.
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GC/MS method for 2-OMEL and 3-HMEL
The instrument comprised an Agilent 6890N gas chromatograph and a 5973N mass
spectrometry equipped with a 0.25 mm × 30 m, 0.25 μm film thickness HP-5MS (Agilent)
capillary column. Helium was used as carrier gas and the constant flow rate was 1 ml/min. The
oven temperature was maintained at 90°C for 2 min, then ramped at 15°C/min to 270°C, and
held for 10 min. All standards and samples were derivatized with PFPA. The detection and
quantification of 2-OMEL and 3-HMEL were accomplished by selected ion monitoring with
the ions m/z 376 for 2-OMEL, m/z 540 for 3-HMEL, and m/z 394 for 6-CMEL.

Results
The detection and quantitation of AMK and AFMK were accomplished by multiple reactions
monitoring. The retention times were for AMK (m/z 237.0/114.1) and AFMK (m/z
265.1/178.3) were 2.46 and 2.53 min, respectively (Fig 2). The recoveries of AMK and AFMK
from urine extracted with ethyl acetate/tert-butyl methyl ether (1:1) were 70–90%. Intra-day
and inter-day coefficients of variation were less than 10%. Correlation curves for AMK (0–2
μM) versus peak area ratio (AMK to 6-CMEL) and AFMK (0–2 μM) versus peak area ratio
(AFMK to 6-CMEL) were linear (r2=0.996 and 0.999, respectively). The detection limit on
column was 0.02 pmol for AMK and 0.04 pmol for AFMK.

The detection and quantitation of 2-OMEL and 3-HMEL were accomplished by selected ion
monitoring after derivatization by PFPA (Fig. 3). The retention times for 2-OMEL, 3-HMEL
and 6-CMEL (internal standard) were 14.36, 16.13 and 15.09 min, respectively. The recoveries
of 2-OMEL and 3-HMEL from urine extracted with ethyl acetate/tert-butyl methyl ether were
60–80%. Intra-day and inter-day coefficients of variation were less than 10%. Correlation
curves for 2-OMEL (0–200 μM) versus peak area ratio (2- OMEL to 6-CMEL) and 3-HMEL
(0–20 μM) versus peak area ratio (3-HMEL to 6- CMEL) were linear (r2=0.974 and 0.975,
respectively). The detection limit on column was 0.25 pmol for 2-OMEL and 0.5 pmol for 3-
HMEL.

Following melatonin (20 mg/kg p.o.) administration to male 129B6 mice, 0–24 h urines were
analyzed for melatonin, AMK, AFMK, 2-OMEL, 3-HMEL, 6-HMEL and NAS. The total
recovery of melatonin and these six metabolites was 43.1% of the administered dose.
Unchanged melatonin (0.2% dose), 6-HMEL (37.1%), and NAS (3.1%) comprised >90% of
the melatonin-related materials detected (Fig. 4). All four products of melatonin antioxidant
activity were also detected (Fig. 4), and total (free and conjugated) amount of each product
was determined. The percent of dose recovered as AMK and AFMK was the same, at 0.01%
each. To our knowledge, this is the first report of the detection of AFMK in the urine.
Additionally, the percent dose recovered as 3- OHMEL was 0.5%, which was ~25 times greater
than AMK/AFMK pathway. Finally, the percent dose recovered as 2-OMEL was 2.2%, which
is >100 times more than the AMK/AFMK pathway, and comprises >5% of the melatonin-
related material detected in urine.

To identify potential Phase II (sulfate or glucuronide) conjugation, urine samples were
incubated with 40 U/ml β-glucuronidase and/or 40 U/ml arylsulfatase (Fig. 5). After incubation
with β-glucuronidase, 3-HMEL increased 75%, when compared with incubation with buffer
alone. However, after incubation with arylsulfatase, 3-HMEL increased about 420% when
compared with incubation with buffer alone. For the total 3- HMEL (free and conjugated), the
urine sample was incubated both with β-glucuronidase and arylsulfatase, which elicited a 5-
fold increase in 3-HMEL concentration. Sulfate or glucuronide conjugation for AMK, AFMK
and 2-OMEL was not noted.
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Discussion
When melatonin is administered orally to mice, it is not only 6-hydroxylated to 6-HMEL and
O-demethylated to NAS, but also undergoes additional oxidations to yield 2-OMEL and 3-
HMEL, together with some oxidative ring opening to yield AMK and AFMK. The total
recovery of melatonin and these six metabolites in the urine was 43.1% of the administered
dose. Melatonin and its metabolites in the feces were not monitored in this study. The urinary
excretion of only 0.2% unchanged melatonin agrees well with previous work. For example,
oral administration to dogs of 10–80 mg/kg melatonin resulted in the urinary excretion of 0.25%
unchanged melatonin [28]. The excretion of 37.1% of the dose as 6-HMEL (free and
conjugated) is also acceptable. Studies in humans given 3 mg melatonin p.o. yielded urinary
concentrations of 6-HMEL (based upon the sulfate conjugate) that were ~600-times greater
that the melatonin concentrations [29]. In the present study, this ratio was a little lower.
However, the mg/kg dose given to mice was 500-times greater than the human dose. Moreover,
humans appear to excrete relatively little unchanged melatonin (0.01%), even after doses as
large as 100 mg [30]. Regarding NAS, this has been reported in humans to be a significant
metabolite of endogenous melatonin, representing ~15% of the urinary melatonin metabolites
[26]. In this study, the excretion of NAS in the mouse comprised 7.2% of the administered
melatonin dose.

A number of novel findings are reported here. Firstly, AMK and AFMK were found excreted
in mouse urine after melatonin administration. Taken together, these ring-opened compounds
represent ~0.04% of the melatonin-related materials detected. It is possible that they have
escaped detection hitherto because their concentration in urine is very low (0.15 μM), even
after a large exogenous dose. However, it was possible to detect and quantitate these
compounds by LC/MS/MS with multiple reaction monitoring. These compounds have also
been reported to possess potent antioxidant activity [31,32], and may thus be labile to further
biological oxidations by reactive oxygen species. This alone might explain their low abundance
in the urine. However, it should be noted that different exposure pathways may also affect
melatonin metabolism. By intravenous injection of [14C]melatonin, 15% of urinary
radioactivity was attributed to AMK, and by intracisternal injection, 35% of urinary
radioactivity was attributed to AMK [20]. The formation of 3-HMEL in vivo and its excretion
in the urine of humans and rats has been documented, and proposed as a biomarker of
endogenous HO· generation [25]. In the present study, it was found excreted in mouse urine
after administration of melatonin, where it comprises 0.5% dose administered. This compound
is presumably formed by the reaction of melatonin with hydroxyl radicals, as proposed [25],
rather than by a P450-mediated reaction, as is the case for melatonin 6-hydroxylation [27].
Finally, the excretion of 2-OMEL represented 2.2% of the administered dose. The available
evidence suggests that this compound is formed from melatonin by the reaction either with
various oxygen free radical generating systems or other oxidant species in vitro [24]. To our
knowledge, it has never been reported to occur in vivo,.

One of the principal aims of this study was to compare, in an in vivo setting, the various non-
enzymic oxidation products that occur when melatonin acts as an antioxidant with various
reactive oxygen species. It is possible that the ring-opened metabolites AMK and AFMK are
formed in abundance but do not survive to be excreted into the urine, due to their intrinsic
antioxidant activity. Over half the administered melatonin dose is unaccounted for and so the
0.01% dose of each excreted in urine may represent a major underestimate of their formation.
The excretion of both 2- and 3-oxidized melatonin derivatives demonstrates that these are
formed in vivo, almost certainly by non-enzymic processes and are the dominant urinary
products of melatonin’s antioxidant activity. Taken together, AMK, AFMK, 2-OMEL and 3-
HMEL represent a cluster of biomarkers of in vivo exposure to reactive oxygen species. Their
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evaluation in various clinical circumstances, such as chronic inflammatory diseases, would be
of great interest.

Historically, the use of exogenous melatonin has been restricted to the treatment of sleep
disorders associated with jet lag, shift work, etc. [1,2]. It is becoming increasingly recognized
that melatonin may have utility as an anti-inflammatory agent [33] and as an antioxidant
[34]. The evidence that reported here confirms that orally administered melatonin does indeed
act as an in vivo antioxidant and that biomarkers of this activity are readily discernible in the
urine.
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Fig. 1.
Metabolites derived from melatonin. In humans, melatonin (I) is converted by CYP2C19 to
NAS (III) and by CYP1A1, CYP1A2 and CYP1B1 to 6-HMEL (II). Melatonin also undergoes
conversion to the ring opened metabolites AFMK (VI), AMK (VII), and to the oxidation
products 3-HMEL (V) and 2-OMEL (IV).
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Fig. 2.
The determination of AMK and AFMK contents by LC/MS/MS. Typical chromatogram of
AMK and AFMK eluting at 2.46 and 2.53 min, detected by multiple reaction monitoring. 6-
CMEL was used as an internal standard.

Ma et al. Page 9

J Pineal Res. Author manuscript; available in PMC 2006 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
The determination of 2-OMEL and 3-HMEL by GC/MS. Typical chromatogram of 2-OMEL
and 3-HMEL eluting at 14.4 and 16.1 min (panel A). 6-CMEL eluting at 15.1 min was used
as an internal standard. The fragmentation patterns of the conjugated derivatives 2-OMEL, 3-
HMEL and 6-CMEL are shown in panels B, C and D, respectively.
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Fig. 4.
Quantitation of the concentrations of melatonin (MEL) and six metabolites in mouse urine by
GC/MS and LC/MS/MS analysis. The inset is an expanded scale showing AMK, AFMK and
3-HMEL. The results represent the mean ± SD (n=6).
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Fig. 5.
Determination of the conjugated metabolites of 3-HMEL in mouse urine by enzyme treatment.
The relative concentrations of 3-HMEL were determined after treatment with arylsulfatase (S)
and β-glucuronidase (G) and a mixture of S and G. The results represent the mean ± SD (n=6).
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