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ABSTRACT Melatonin, which can be produced in the
skin, exerts a protective effect against damage induced
by UV radiation (UVR). We have investigated the effect
of UVB, the most damaging component of UVR, on
melatonin metabolism in HaCaT keratinocytes and in a
cell-free system. Four metabolites were identified by
HPLC and LC-MS: 6-hydroxymelatonin, N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK), 2-hydroxymela-
tonin (the main intermediate between melatonin and
AFMK), and 4-hydroxymelatonin. Concentrations of
these photoproducts were directly proportional to
UVR-dose and to melatonin substrate content, and
their accumulation was time-dependent. The UVR-de-
pendent increase of AFMK and 2-hydroxymelatonin
was also detected in keratinocytes, where it was accom-
panied by simultaneous consumption of intracellular
melatonin. Of note, melatonin and its two major me-
tabolites, 2-hydroxymelatonin and AFMK, were also
detected in untreated keratinocytes, neither irradiated
nor preincubated with melatonin. Thus, intracellular
melatonin metabolism is enhanced under exposure to
UVR. The additional biological activity of these indi-
vidual melatonin metabolites increases the spectrum of
potential actions of the recently identified cutaneous
melatoninergic system.—Fischer, T. W., Sweatman, T.
W., Semak, L., Sayre, R. M., Wortsman, J., Slominski, A.
Constitutive and UV-induced metabolism of melatonin
in keratinocytes and cell-free systems. FASEB J. 20,
E897–E907 (2006)
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Melatonin is no longer considered exclusively a pi-
neal hormone (1, 2), but a bioactive substance with
extrapineal sites of synthesis (3–10). Thus, melatonin
can act as a receptor-independent autocrine and para-
crine antioxidant (11, 12), as a direct radical scavenger
(11, 13), as an immunomodulator (14), and as an
antiaging (15, 16) and anticarcinogenic factor (17) in
physiological and pharmacological concentrations (18).

An important peripheral target of melatonin is the
skin where it is organized in a melatoninergic system,

fully expressed in humans (9, 10, 19, 20) and rodents
(21–23). Melatonin biosynthesis in the skin requires
uptake of the essential amino acid l-tryptophan and
enzymatic formation of 5-hydroxytryptophan by trypto-
phan hydroxylase, which is dependent on (6R) 5,6,
7,8-tetrahydrobiopterin (6-BH4) (20, 24–26). Decar-
boxylation and further multistep-synthesis requiring
arylalkylamine-N-acetyltransferase (AANAT) and hy-
droxy-indol-O-methyltransferase (HIOMT) produces
melatonin (10, 19). Functionally, both cultured human
keratinocytes and rodent melanoma cells have been
shown to phenotype properties sensitive to melatonin
(27–30), suggesting that melatonin—endogenous or
exogenous—could play a role in protection of the skin
against environmental stressors such as UV radiation
(UVR) (9). In fact, UVR is the most prominent caus-
ative factor in photoaging and skin cancer and is likely
responsible for the increasing incidence of UV-related
basal cell and squamous cell carcinoma (31, 32), as well
as malignant melanoma (33) over the past decades.
Being a strong protectant against UV-induced damage
both in vitro (9, 10, 34, 35) and in vivo (36, 37),
melatonin could ensure the survival of keratinocytes
and their clonogenic capacity against UV-induced dam-
age (38). Moreover, it has been shown in vivo that
exogenous melatonin applied topically in a cream
preparation can penetrate into the skin and build a
depot in the upper layers of the epidermis (39) to
supplement the protective effects of endogenous mel-
atonin (9, 39).

However, controversy exists concerning the direct
effect of UVR on melatonin; while some have postu-
lated that UVR causes production of phototoxic mela-
tonin products (40), others have identified protective
effects of UV-induced melatonin degradants, classified
as antioxidative or antiinflammatory (41–47). Of note,
these studies were performed in cell-free systems or in
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cells not normally exposed to UVR such as neutrophils
(43, 48) and macrophages (41). Obviously, the cell
population of maximal interest concerning UVR expo-
sure and its effects on melatonin are the skin keratin-
ocytes, however, these have not been previously inves-
tigated. This is particularly important, because a
melatoninergic system is fully expressed in the skin (9, 10).

In the present study we first performed assays of
melatonin photoproducts using varying UV-doses in a
cell-free system. Second, melatonin photoproducts
were investigated in supernatants and cell lysates of
keratinocytes incubated with melatonin and submitted
to UVR exposure and third, the metabolism of endog-
enous melatonin in untreated keratinocytes (without
melatonin preincubation) was analyzed, before and
after exposure to UVR.

MATERIALS AND METHODS

Cell culture

HaCaT keratinocytes were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with glucose, l-
glutamine, pyridoxine hydrochloride (Life Technologies,
Inc., Invitrogen Life Technologies, Carlsbad, CA), 10% FBS
(Mediatech Inc., Herndon, VA), and 1% penicillin/strepto-
mycin/amphotericin antibiotic solution (Sigma Chemical
Co., St. Louis, MO). Cells were trypsinized from culture flasks
and seeded in 10 cm Petri dishes (Corning Inc., Corning, NY)
at a density of 106 cells/dish and incubated overnight. The
next day, after confluence of 80–90% was reached, cells were
washed once with PBS to remove remnants of media, and
incubation with melatonin in PBS was performed for 30 min.
Parallel control dishes were incubated with PBS without
melatonin. After incubation, the Petri dishes were irradiated
from below with UVR. For the investigation of melatonin
uptake and metabolism, keratinocytes were incubated with
melatonin for 30 min or 24 h; endogenous melatonin pro-
duction in keratinocytes was investigated in the absence of
previous melatonin incubation. For cell-free experiments,
melatonin in pure PBS was irradiated with UVR.

Melatonin and HPLC standards

Melatonin was purchased from Sigma and dissolved in abso-
lute ethanol and further diluted with PBS (final concentra-
tion of ethanol�0.2%). Melatonin solution was added to cells
at concentrations of 10–3 and 10–6 M for a 30 min or 24 h
incubation. Internal standards for HPLC were dissolved in
absolute ethanol. These included N1-acetyl-N2-formyl-5-me-
thoxykynuramine (AFMK), 6-hydroxymelatonin (6-OH-Mel),
5-methoxytryptamine (5-MT), 5-methoxy-3-indol acetic acid
(5-MIAA), and 5-methoxytryptophol (5-MTphol). All re-
agents, except for AFMK, were purchased from Sigma. AFMK
was produced as described previously (49). AFMK was then
purified by HPLC and its identity confirmed by UV spectra (at
�max�231, 262, and 342 nm) and verified by the mass
spectrometry (findings of molecular ion [M�H]� at m/z 265
and fragment ions at m/z 237 ([(M–N-acetyl)�H]�) and
m/z 178 ([(M–(N-acetyl�N-formyl))�H]�).

UV irradiation

Irradiation experiments were performed with a Bio-Rad UV
transluminator 2000 (Bio-Rad Laboratories, Hercules, CA),

calibrated as described previously (38). Briefly, a scanning
double monochromator spectroradiometer (Model OL 754,
Optronic Laboratories, Orlando, FL) was used to scan emis-
sion of wavelengths from 250 to 800 nm at 1 nm increments.
The spectroradiometer had been calibrated with an NIST
traceable tungsten-halogen spectral irradiance standard
(Model 752–10E, Optronic) with a precision current source
(Model 65, Optronic). An additional calibration module
(Model 752–150, Optronic) measured both photometric gain
and wavelength accuracy. Wavelength calibration and gain
were established or verified before each experimental use.
The UV source emission (Fig. 1) consisted primarily of UVB
light (wavelength 280–320 nm; �60%), with minor output in
the UVA (320–400 nm) and UVC (120–280 nm) range
(�30% and �10%, respectively). Melatonin photoproducts
generation was performed after irradiation at the UV doses of
25, 50, 75, or 100 mJ/cm2, as indicated in the figures.

Collection and extraction of samples

Samples of melatonin prepared in a cell-free environment
were incubated for 30 min prior to irradiation in parallel to
melatonin-exposed keratinocytes and frozen at –80°C imme-
diately after irradiation. Supernatants from HaCaT keratino-
cytes preincubated with melatonin and submitted to UVR
were collected at 10, 40, 190, and 370 min after UVR
exposure and frozen at –80°C pending analysis. Cell pellets
contained in 100 �l PBS were collected by trypsinization and
centrifugation and were also frozen (–80°C) until further
processing.

Supernatants and cell-free melatonin-PBS samples (25 ml)
were extracted twice with 3 volumes of methylene chloride,
and the pooled sample dried in a vacuum evaporator (Buchi
Labortechnik AG, Flawil, Switzerland). Cell pellets were son-
icated (Vibra Cell; Sonics and Materials, Danbury, CT) in 5 ml
of ice-cold PBS and were subjected to organic extraction from
25 ml PBS, as outlined above. Sample processing was con-
ducted entirely under conditions of low ambient light and
extracts were frozen at –80°C pending HPLC analysis.

Figure 1. Emittance spectrum of the UV transluminator
(Bio-Rad Model 2000) operating in normal (___) and prepar-
ative (. . . . . . ) mode. The maximum emittance is in the UVB
range (280–320 nm).
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HPLC analysis

Cell extracts were briefly sonicated in 50 �l absolute ethanol
in a Branson 5200 waterbath at ambient temperature (Bran-
son Ultrasonics Corporation, Danbury, CT). The resus-
pended contents were transferred to 100 �l borosilicate glass
vials (JP Cobert and Associates, St. Louis, MO) in a refriger-
ated (5°C) automated injector. HPLC analysis (all equip-
ment, Waters Associates, Milford, MA) of 20 �l aliquots was
accomplished with a C18 Nova-pak™ reverse-phase column
(4 �m particle size; 10 cm � 5 mM id) using a gradient
(5–15% over 40 min) of HPLC-grade acetonitrile (Fisher
Scientific, Fairlawn, NJ) in phosphate buffer (0.01 M; pH 7.2)
at 1.0 ml/min. Column eluate was monitored by Model 2487
UV detector (275 nm) and Model 991 photodiode array
detectors, and the data were stored electronically for subse-
quent interpretation. Melatonin and related standards (in
5–20 �l absolute ethanol) were analyzed in an identical
manner and identification of sample peaks made by corre-
spondence to retention time, and where possible, absorption
spectrum.

LC-MS analysis

Aliquots (20 ml) of samples from the cell suspension and
cell-free experiments were separated on an LC–MS QP8000a
(Shimadzu, Japan) equipped with diode array and single
quadrupole mass-spectrometric detectors. The separation sys-
tem consisted of a Restec Allure C18 reverse-phase column
(150�4.6 mM; 5 �m particle size; and 60 A pore size) with
mobile phase consisting of 25% acetonitrile and 0.1% acetic
acid. Elution was performed isocratically at flow rate of 0.75
ml/min and temperature of 40°C. The eluent was routed to
the mass-spectrometric electrospray interface (ESI) set in
positive mode and using nitrogen as the nebulizing gas.
Mass-spectrometry parameters were as follows: nebulizer gas
flow rate, 4.5 l/min; electrospray voltage, 4.5 kV; and curved
desolvation line (CDL) heater temperature, 250°C. The se-
lected ion monitoring (SIM) mode was used to detect ions

with m/z � 249 (monohydroxymelatonin); m/z � 265 (di-
hydroxymelatonin and AFMK); m/z � 237 (AMK); and
m/z � 233 (melatonin). System control and data acquisition
were performed with the LC–MS workstation Class-8000 soft-
ware (Shimadzu, Japan).

RESULTS

Melatonin metabolites induced by UVR in a cell-free
system

Irradiation of melatonin solution in a cell-free system
(melatonin in PBS; UV-doses of 25, 50, and 100 mJ/
cm2) generated four compounds detected by HPLC at
the retention times (RT) of 30 min (product 1), 34 min
(product 2), 35 min (product 3), and 43 min (product
4). Peak areas increased linearly with UV-doses (Fig. 2).
Overall, product 4 showed the largest peak, followed by
products 2, 3, and 1. In addition, peak size was also
dependent on the preincubation concentrations of
melatonin with higher concentrations of melatonin
(10–3 M) producing larger photoproduct peaks as
compared with the peaks from solutions containing
melatonin at lower concentration (10–6 M). In the
condition of lower preincubation concentration, only
the major product 4 was detectable (data not shown).
The UV dose-dependent increase of product 4 was
further confirmed by LC-MS (Fig. 3 A-C).

Product identity was determined by comparison with
known standards of melatonin metabolites. Matches
were found for product 1, 2, 3, and 4. Product 1 was
identified as 6-hydroxymelatonin, product 2 as 2-hy-
droxymelatonin, product 3 as 4-hydroxymelatonin, and
product 4 as AFMK (Figs. 3–6).

Determinants of post-irradiation melatonin
metabolism in keratinocyte supernatants

Supernatants of keratinocytes incubated with melato-
nin at the concentration of 10–3 M produced similar

Figure 2. Detection of melatonin metabolites in a cell-free
system measured by HPLC: 6-hydroxymelatonin (product 1),
2-hydroxymelatonin (product 2), 4-hydroxymelatonin (prod-
uct 3), and AFMK (product 4). Product levels increased after
irradiation of melatonin solution (10–3 M) in direct propor-
tion to UV-doses (25, 50, 100 mJ/cm2).

Figure 3. Baseline concentration (1) of AFMK (product 4)
analyzed by LC-MS in extracts of melatonin solution (10–3 M),
which has been irradiated with increasing UVR doses of 25
(2) and 75 mJ/cm2 (3).
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absorption spectra after irradiation with 25, 50, or 75
mJ/cm2 with a UV-dose dependent effect. The metab-
olites detected in the supernatants corresponded to
2-hydroxymelatonin (product 2), 4-hydroxymelatonin
(product 3), and AFMK (product 4) with the highest
levels seen after irradiation with 75 mJ/cm2. There was
also a time effect, with larger increases in melatonin
photoproducts in supernatants collected at later time
points after UV exposure. Thus, metabolite levels were

lowest immediately after UV irradiation and increased
progressively thereafter. High levels of 2-hydroxymela-
tonin were detected as early as 40 min after UV
exposure and remained elevated at 190 and 370 min
post-UVR exposure (Fig. 7A). Levels of 4-hydroxymela-
tonin were generally lower than those of 2-hy-
droxymelatonin, although 4-hydroxymelatonin in-
creased steadily, similar to 2-hydroxymelatonin, from
40 to 370 min post-UV exposure (Fig. 7B). AFMK also

Figure 4. Detection of 2-hydroxymelatonin and
4-hydroxymelatonin by LC-MS (SIM mode for
m/z�249) after irradiation of melatonin solu-
tion (cell-free system) with 75 mJ/cm2. UV
absorption spectra of the products (identical to
the standards) confirm the structure of the
compounds (see insets).

Figure 5. Identification of products 2 and 4. UV absorption curves of product 2 (RT 34 min) (A) and product 4 (RT 43 min)
(D) are identical to absorption curves of corresponding standards of 2-hydroxymelatonin (inset in A) and AFMK (inset in D)
analyzed by HPLC. LC-MS analysis in SIM mode (m/z�249 and m/z�265) further confirms that products 2 and 4 are
2-hydroxymelatonin (B; arrow) and AFMK (E; arrow), respectively. Mass spectra of the products and their chemical structure are
presented in C and F, respectively.
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showed a time-dependent increase, with highest levels
already reached at 40 min, to remain almost unchanged
through 190 min and decreasing at 370 min (Fig. 7C). As
in previous experiments with PBS (cell-free system), the
overall AFMK levels were considerably higher than those
of 2-hydroxymelatonin and 4-hydroxymelatonin.

Differential partition of melatonin metabolites

Whereas 2-hydroxymelatonin, 4-hydroxymelatonin and
AFMK were identified in keratinocyte supernatants and
cell lysates, 2-hydroxymelatonin was present at higher
levels in the extracellular compartment, where it dis-
played strong increase after irradiation with 50 mJ/cm2

(data not shown).
2-Hydroxymelatonin was nevertheless detectable in-

tracellularly, but at very low levels, while still showing an
increase after UVR exposure, as seen in the previous
cell-free experiments; the post-UVR concentration was
�3-fold greater than the concentration in nonirradi-
ated samples (Fig. 8). 4-hydroxymelatonin was not
detected intracellularly, neither under basal conditions
(without UV irradiation) nor after UVR exposure.
4-Hydroxymelatonin was, however, detected in super-
natants preincubated with melatonin and exposed to
UVR (data not shown).

AFMK was detectable in supernatants as well as in cell
lysates after melatonin preincubation, almost 100-fold
higher in supernatants of irradiated samples (50 mJ/
cm2) compared with those nonirradiated (Fig. 9A, upper
left inset). Cell lysates generally showed lower levels of

Figure 7. Kinetics of extracellular accumulations of 2-hy-
droxymelatonin (A), 4-hydroxymelatonin (B), and AFMK (C).
HaCaT keratinocytes were preincubated with 10�3 M melatonin
and exposed to UVR. Analysis of collected supernatants show
that all products increased as early as 40 min after irradiation
with 2- and 4-hydroxymelatonin remaining at high levels until
370 min post UVR, whereas AFMK showed a decrease after
190 min, indicative of further metabolism to AMK.

Figure 6. AFMK (product 4) detected as photoproduct after
irradiation of melatonin solution at the dose of 25 mJ/cm2,
peaking at the same retention time as synthetic AFMK standard.
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AFMK than supernatants, but the UV-dependent in-
crease was also observed. AFMK levels in lysates of cells
irradiated with UVR were �3.5-fold higher than the
levels in nonirradiated lysates (Fig. 9A, left).

Interestingly, AFMK was still detected in supernatants
of cells that had not been preincubated with melatonin,
albeit at much lower levels. Moreover, the UV-depen-
dent increase resulted in levels almost 13-fold higher
compared with nonirradiated samples (Fig. 9A, upper
right inset). AFMK was also detected in native keratino-
cytes not preincubated with melatonin, although at
levels lower than in supernatants. Similar to the obser-
vations above, a distinct UV-stimulated increase of
1.9-fold was also evident (Fig. 9A, right).

Melatonin, the main substrate for AFMK production,
was predictably detected at high levels in supernatants
of samples preincubated with melatonin (10–3 M).
These levels decreased slightly after UV exposure (to
99.7% of levels in the nonirradiated melatonin solu-
tion) (Fig. 9B, inset). Melatonin was not found in
supernatants without melatonin preincubation. In con-
trast, cell lysates showed detectable levels of melatonin,
even if the cells had not been incubated with melatonin
(Fig. 9B, right). Cell lysates from keratinocytes preincu-
bated with melatonin showed as expected higher mel-
atonin levels than the lysates from cells not preincu-
bated with melatonin (Fig. 9B, left). Nevertheless, with
or without melatonin preincubation, cell lysates showed
a decrease in melatonin levels after UV exposure (to
51.4 and 18.9% of unirradiated control, respectively)
that was reciprocal to the increase of AFMK. Under
basal conditions (without UV exposure), the ratio of
intra- to extracellular melatonin of samples preincu-
bated with melatonin was �1:800 (0.125%).

Kinetics of melatonin metabolism in keratinocytes

Melatonin and its metabolites, AFMK and 2-hy-
droxymelatonin, were detected at low levels in cell
lysates of untreated keratinocytes (not preincubated
with melatonin). The intracellular concentration of
melatonin in untreated keratinocytes was 146.0
pmoles/3�106 cells decreasing to 65.0 pmoles/3�106

cells after cultivation for 24 h (Fig. 10A). Conversely,
AFMK was detected at 17.4 pmoles/3�106 under basal
conditions, increasing to 33.6 pmoles/3�106 cells after
24 h (Fig. 10B). Intracellular 2-hydroxymelatonin in-
creased at 24 h, although to levels generally lower than
those of AFMK and melatonin. The initial concentra-
tion of 2-hydroxymelatonin was 7.8 pmoles/3�106

cells; this increased to 20.4 pmoles/3�106 cells after
24 h (Fig. 10C). The metabolite 6-hydroxymelatonin
was also detected (53.4 pmoles/3�106 cells) but de-
creased after 24 h (16.8 pmoles/3�106 cells; data not
shown).

DISCUSSION

The present study describes melatonin metabolism in
cell-free systems and cultured keratinocytes in vitro.
Additionally, the effect of UVR exposure on this me-
tabolism was studied. We found intense local metabo-
lism with generation of 6-hydroxymelatonin, 2-hy-
droxymelatonin, 4-hydroxymelatonin, and AFMK.
Furthermore, we could detect melatonin production in
keratinocytes incubated in media free of melatonin.
Thus, our studies uncover a novel functional signifi-
cance for the cutaneous melatoninergic system.

In humans, 6-hydroxymelatonin is the chief metabo-
lite of circulating melatonin, which is either endog-
enously produced by the pineal gland or of exogenous
source by oral intake. Circulating melatonin is 6-hy-
droxylated through first-pass hepatic metabolism, fur-
ther conjugated to 6-sulfatoxymelatonin and excreted
in urine (50, 51). We did not find 6-hydroxymelatonin
as a major product of UV-irradiation, although it was
detected in non-UV-exposed keratinocytes and its intra-
cellular levels decreased after 24 h of incubation. Thus,
it is most likely that keratinocytes do metabolize mela-
tonin to 6-hydroxymelatonin and may even have the
capability to conjugate 6-hydroxymelatonin to 6-sulfa-
toxymelatonin, which is further released extracellu-
larly. Indeed, Maharaj et al. (45) identified 6-hy-
droxymelatonin and AFMK after exposing melatonin in
a cell-free system to UV–VIS (visible light wavelength)
in a proportion of 1:2. In contrast, our study revealed
6-hydroxymelatonin to be only a minor product after
UVR, which may be explained by the use of different
UV wavelengths. However, we can confirm AFMK as the
major product of melatonin degradation induced by
selected UVR wavelengths. To date, AFMK has been
detected only in the rat retina (52). In vitro, AFMK is
generated by oxidation of melatonin, for example by
reactive oxygen species (ROS) (53–55), which are
produced at high levels after exposure to UVR. The

Figure 8. Relative levels of 2-hydroxymelatonin in HaCaT
keratinocytes without melatonin preincubation. Irradiation
with UVR (50 mJ/cm2) leads to a 3-fold increase in intracellular
2-hydroxymelatonin concentrations compared to control.
Columns represent means of absolute AUC-values of absor-
bance peaks from two experiments. Values above columns
represent percentage mean 	 sem of unirradiated control.
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major and most damaging ROS, the hydroxyl radical,
results from Fenton/Haber-Weiss reaction with hydro-
gen peroxide (56), and can be scavenged by melatonin,
which is consecutively transformed to an indolyl cation
radical and, in the presence of O2

�, to AFMK (46).
Also, the hydrogen peroxide itself can be directly
scavenged by melatonin, which is then transformed
into melatonin dioxetane and thereafter to AFMK (57).
Both mechanisms appear to be relevant for AFMK
formation in our study. Additionally, melatonin conver-
sion to AFMK can involve oxidization by phorbol
myristate acetate (PMA) and activation by lipopolysa-
charides (LPS) in leukocytes (48). Apart from those
nonenzymatic mechanisms, AFMK production may be
triggeed by cleavage of the melatonin pyrrole ring by
indoleamine 2,3-dioxygenase (46), a major catabolic
pathway of melatonin in tissues (58). Further metabo-
lism of AFMK by arylamine formamidase leads to

formation of N1-acetyl-5-methoxykynuramine (AMK)
(53). In leukocytes, melatonin is oxidized by myeloper-
oxidase and oxyferrylhemoglobin to AFMK (59, 60)
that is further degraded to AMK by catalase (46).
Recent studies have shown that AFMK can be also
produced by oxidation of melatonin through mito-
chondrial cytochrome c (49).

The second major melatonin product detected post
UVR exposure was 2-hydroxymelatonin previously iden-
tified only in Fenton-type OH-generating systems (61)
or in reaction with hypochlorous acid (62). The cyclic
form of 2-hydroxymelatonin has been detected in the
jugular blood in the rat (63) and in human or rat urine
after chloroform extraction (64) accounting for 5% of
the urinary metabolites of melatonin. Since the levels of
6-hydroxymelatonin in the urine as well as in keratino-
cytes are much higher than those of 2-hydroxymelato-
nin, it can be concluded that 6-hydroxymelatonin could

Figure 9. Detection of extra- and intracellular
AFMK (A) and melatonin (B). The levels of
AFMK were higher in keratinocytes preincu-
bated with melatonin than in control cells (no
melatonin added) (A). AFMK was also higher
in supernatants that had been preincubated
with melatonin, than without melatonin prein-
cubation (A, insets). In both conditions and
compartments, levels of AFMK increased after
UV exposure. Melatonin, in contrast, showed
reduced intracellular levels after UV exposure
(B), whereas extracellular melatonin levels in
the condition of melatonin preincubation
showed no reduction (B, inset). Columns repre-
sent means of absolute AUC-values of absor-
bance peaks from two experiments. Values
above columns represent percentage mean 	
sem of unirradiated control.
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be a major product when melatonin undergoes enzy-
matic metabolism, whereas 2-hydroxymelatonin would
predominate during chemical reaction induced by
UVR-related oxygen-based radicals (61) or by the com-

bination of ROS with enzymes such as cytochrome c
(49). In the present study we found 2-hydroxymelato-
nin to be a major intermediate between melatonin and
AFMK following UVR exposure.

Product 3 was identified as 4-hydroxymelatonin. In-
terestingly, this product peaked shortly after 2-hy-
droxymelatonin when detected by HPLC, whereas the
order of peak appearance in LC-MS was vice versa. This
could be explained by use of different mobile phase for
HPLC (neutral medium) and mass spectrometry (acid
medium). Both products are generated after hydroxy-
lation at carbon C2 and C4, and C2 seems to be the
most favorable site for primary hydroxyl radical addi-
tion (65). The lower detection concentration of 2-hy-
droxymelatonin in LC-MS, however, may be explained
by fast transformation of this product to 2,3-hy-
droxymelatonin and AFMK.

Previous studies on UVR-induced degradation of mel-
atonin used light emissions in the UV–VIS range (wave-
length 300–575 nm), with maximum emission in the UVA
range at 365 and at 565 nm in the visible light range (45).
In our study, the UV source emitted primarily in the UVB
wavelength (280–320 nm), while a minor fraction in the
UVA range (320–400 nm). Both wavelengths are impor-
tant in cutaneous biology, since UVB causes the severe
harmful effects in the epidermis, as represented by direct
DNA damage in proliferating keratinocytes (66, 67) and
generation of hydrogen peroxide by direct photochemis-
try, which leads to production of hydroxyl radicals by
Fenton/Haber-Weiss reaction (56). Hydroxyl radicals re-
act with melatonin at the carbon positions 2, 3, 4, and 6
(13) to build hydroxymelatonin molecules of which we
could identify three (2-, 4-, and 6-hydroxymelatonin).
UVA reaches deeper layers in the dermis causing fiber
shrinkage and elastosis associated with skin aging (68).
These processes are the major targets for the protective
effects of melatonin, a strong radical scavenger, especially
for the hydroxyl radical (15). Therefore, the same specific
wavelengths were used to investigate the impact of UVR
on melatonin itself. Of the resulting products, some have
effects potentially protective: AFMK is known to be a
strong radical scavenger, thus protecting against free
radical formation, lipid peroxidation, and oxidative DNA
damage (45, 46) and building an antioxidative cascade
with melatonin and other melatonin metabolites (13).
The increased formation of AFMK under progressively
higher doses of UVR would therefore support the use of
melatonin substrate in topically applied sun protective
preparations, which can penetrate and build a depot in
the upper layers of the skin (39). As a result, the organ
could remain in equilibrium between the damaging ef-
fects of UVR and the protective effects of the UVR-

Figure 10. Relative levels of endogenous melatonin (A),
AFMK (B), and 2-hydroxymelatonin (C) in HaCaT keratino-
cytes. Melatonin was detected in cells from control (no
melatonin added) keratinocytes and its concentration de-
creased at 24 h, indicative of metabolic consumption (A). In
contrast, intracellular levels of AFMK (B) and 2-hydroxymela-
tonin (C) increased after 24 h incubation.
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induced increase of melatonin metabolites. This novel
cutaneous defense mechanism may be defined as a mela-
toninergic antioxidative system (MAS).

Kinetic studies on the generation of photoproducts
of melatonin in supernatants after UV exposure sup-
port their dual origin for cutaneous melatonin; thus,
the progressive increase in 2-hydroxymelatonin and
4-hydroxymelatonin over the 6 h period may be ex-
plained not only by oxidation of melatonin in suspen-
sion but also by metabolization of intracellular melato-
nin stores with metabolite production and subsequent
release into the extracellular compartment. Of further
interest is the late decrease of AFMK at 3 to 6 h after
UVR exposure that may be explained by additional
metabolism of AFMK to AMK by arylamine formamidase.
AMK, however, could not be detected, most likely due
to very low levels. In a study by Silva et al. (48) the levels
of AMK in activated leukocytes were 5 to 10% of AFMK
since AMK, in contrast to AFMK, is easily oxidized.

To confirm the keratinocyte related production of
2-hydroxymelatonin and AFMK induced by UVR, we
assayed for the products in cell lysates of keratinocytes
and indeed found 2-hydroxymelatonin and AFMK. Also
in analogy to the findings in the cell-free environment
and supernatants, AFMK was the predominant metab-
olite. These observations indicate that the source of
AFMK is intracellular melatonin. UVR-induced AFMK
production was detected in both supernatants and cell
lysates of keratinocytes not preincubated with mela-
tonin; detectable intracellular melatonin levels were
also evident. A melatonin source for AFMK produc-
tion was further confirmed by the observation of still
higher AFMK levels in supernatants and lysates of
cells that had been preincubated with high concentra-
tion of melatonin (10–3 M). Since we could definitely
detect melatonin in cell lysates, we could demonstrate
that melatonin is consumed following UV irradiation.
This observation was consistent in supernatants and cell
lysates. Also, as expected, the intracellular melatonin
levels were higher after preincubation with exogenous
melatonin.

Even though melatonin is highly lipophilic and as-
sumed to penetrate easily through lipid membranes (69),

the uptake of melatonin into the cell was only 0.125% of
applied levels. This low percentage is in agreement with
data of Nickel and Wohlrab (70), who found melatonin
uptake within the same range (0.097%) in HaCaT kera-
tinocytes. The slight difference found between the two
studies might be due to measurement of only the added
tracer ([3H]-labeled melatonin) by Nickel and Wohlrab,
while our measurements included the endogenous pool
plus the melatonin taken up from supernatants. Addi-
tional factors influencing melatonin uptake by HaCaT
keratinocytes may be differences in culture conditions. In
our experiments, keratinocytes were cultured in media
containing 10% FBS, which may increase cellular met-
abolic activity and uptake of melatonin as compared to
keratinocytes cultured in media with lower serum con-
tent or serum of different origin. For HaCaT keratino-
cytes grown under the described conditions, we can
therefore safely conclude that addition of melatonin at
10–3 M will lead to intracellular melatonin levels at the
concentration of �10–6 M. These intracellular levels
detected in HaCaT keratinocytes are still considerably
higher than the levels of melatonin in human plasma,
which gives another example confirming that melato-
nin is not in an equilibrium within an organism and
that it can show considerable differences in its levels
dependent on the compartment in which it is mea-
sured. In liquid compartments such as the bile, the
bone marrow or cerebrospinal fluid (CSF), melatonin
concentrations have been shown to be by orders-of-
magnitude higher than in the plasma (5, 71–73). Also
in cells, endogenous melatonin levels can differ signif-
icantly from the plasma when the cell populations have
production rates that meet their requirements, e.g., in
the gastrointestinal tract (3, 74), blood cells (6, 75) and
retina (18, 76). Physiological vs. pharmacological levels
of melatonin had been recently discussed (18), and it
has been suggested that the physiological concentra-
tion of melatonin has to be defined at the local
concentration, dependent on the specific cell, fluid, or
organelle type (77). In this regard, we provide the first
measurements of intracellular melatonin levels in Ha-
CaT keratinocytes. Both, the presence of a functionally
active melatoninergic system in the skin (9, 10, 19, 27,

Figure 11. The melatoninergic antioxidative
system (MAS) of the skin. Parallel to scavenging
UVB-induced ROS, namely hydroxyl radicals,
melatonin is also transformed to 2-hy-
droxymelatonin, 4-hydroxymelatonin, and con-
secutively to AFMK. AFMK is a potent free
radical scavenger and, therefore, by itself can
protect the skin against lipid peroxidation, pro-
tein oxidation, and oxidative DNA damage.
The endogenous melatoninergic system can be
supported by exogenous application of melato-
nin, which penetrates easily through the stra-
tum corneum into deeper layers of the skin. SC,
stratum corneum; SG, stratum granulosum; SS,
stratum spinosum; SB, stratum basale; BM,
basement membrane.
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78) and the detection of melatonin production in
human and murine hair follicles (79) support our
present findings. We also have shown recently, that
melatonin at the same concentration as used in the
present study (10–3 M) protects cultured HaCaT ker-
atinocytes against UVR-induced damage (38).

To conclude, we have shown that, within 24 h,
keratinocytes metabolize melatonin to AFMK and 6-hy-
droxymelatonin as major products, with concomitant
increase of 2-hydroxymelatonin, the intermediate be-
tween melatonin and AFMK, while melatonin con-
sumption is detected. Most importantly, this process
can be directly activated by UVR. Thus, melatonin may
play an important role in cutaneous biology by protect-
ing the skin against solar radiation. Moreover, genera-
tion of the UV-induced melatonin metabolites, which
are strong antioxidants and therefore protective sub-
stances themselves, defines a novel melatoninergic an-
tioxidative system (MAS) of the skin (Fig. 11). Finally,
the combination of endogenous melatonin with exter-
nally applied melatonin may successfully counteract the
multiple processes of skin damage induced by UVR.
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SPECIFIC AIMS

Melatonin is a strong radical scavenger, able to protect
the skin against oxidative damage and cell death in-
duced by UV radiation (UVR). So far, the influence of
UVB, the most damaging wavelength of UVR, on the
molecule melatonin itself has not been investigated. We
studied the formation of melatonin metabolites after
exposure of melatonin to UVB, determined metabolite
identity, and evaluated metabolism determinants in a
pure cell-free system and in HaCaT keratinocytes.

PRINCIPAL FINDINGS

1. Identification of photoproducts of melatonin in a
cell-free system: 6-hydroxymelatonin, 2-hydroxy-
melatonin, 4-hydroxymelatonin, and N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK)

Irradiation of melatonin solution in a cell-free system
with UV-doses at 25, 50, and 100 mJ/cm2 generated
four compounds detected by HPLC with retention
times of 30 min (product 1), 34 min (product 2), 35
min (product 3), and 43 min (product 4). The relative
amount of each product increased directly propor-
tional with UV-doses (Fig. 1). Product yield was also
dependent on the preincubation concentration of mel-
atonin, which was higher with melatonin at 10–3 M
than at 10–6 M. Analysis of UV absorption spectra,
HPLC retention time, and mass spectrometry of mela-
tonin metabolites identified product 1 as 6-hy-
droxymelatonin, product 2 as 2-hydroxymelatonin,
product 3 as 4-hydroxymelatonin, and product 4 as
N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK).

2. Determinants of post irradiation melatonin
metabolism in keratinocyte supernatants

After irradiation with UVR (25, 50, or 75 mJ/cm2),
supernatants of keratinocytes containing melatonin
(10–3 M) produced identical compounds compared
with the cell-free system. The metabolites identified in

supernatants were products 2 (2-hydroxymelatonin), 3
(4-hydroxymelatonin), and 4 (AFMK), whereas product
1 (6-hydroxymelatonin) was not detected. A linear dose
response to increasing UV-doses was observed, as well as
a time-dependent increase in melatonin photoprod-
ucts. High levels of 2-hydroxymelatonin were detected
as early as 40 min after UV exposure and remained
high at 190 and 370 min post UV-exposure. Product 3,
although generally lower than 2-hydroxymelatonin, in-
creased steadily from 40 min to 370 min post-UVR
exposure. AFMK also showed a time-dependent in-
crease with highest levels reached at 40 min, remaining
almost unchanged at the collection time point of 190
min to decrease at 370 min. As in the cell-free system,
the overall levels of AFMK were higher than those of
2-hydroxymelatonin and 4-hydroxymelatonin.

3. Extra- and intracellular partition of melatonin
metabolites

The metabolites 2-hydroxymelatonin, 4-hydroxymelato-
nin, and AFMK were identified at different proportions
in supernatants and lysates of keratinocytes. 2-Hy-
droxymelatonin was present at higher levels in the
extracellular compartment (supernatants) of keratino-
cytes, where it displayed strong increase after irradia-
tion (50 mJ/cm2). Intracellularly, 2-hydroxymelatonin
was detectable at very low levels, while still showing an
increase after UVR exposure. The metabolite 4-hy-
droxymelatonin was not detected intracellularly, nei-
ther under basal condition (without UV irradiation)
nor after UV exposure, but in supernatants preincu-
bated with melatonin and exposed to UVR. AFMK was
clearly detected in supernatants of irradiated samples
(50 mJ/cm2) where it was 100-fold higher than in
nonirradiated samples (Fig. 2A, upper left inset). Lysates
of cells preincubated with melatonin showed that,
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under nonirradiated conditions, AFMK levels were low
but increased after UVR (3.5-fold) (Fig. 2A, left). AFMK
was also detected in supernatants of samples not prein-
cubated with melatonin (Fig. 2A, upper right inset) and
UV-dependend increase was observed (13-fold). AFMK
was also detected intracellularly in samples not prein-
cubated with melatonin and showed again a distinct
UV-induced 1.9-fold increase (Fig. 2A, right).

Melatonin, the main substrate for AFMK production,
was expectedly detected at high levels in supernatants
of samples preincubated with melatonin (10–3 M) with
slight reduction after UV exposure (to 99.7% of levels
in the nonirradiated melatonin solution) (Fig. 2B,
inset). Melatonin was not found in cell supernatants
without melatonin preincubation, while cell lysates
showed detectable levels of melatonin (Fig. 2B, right).
Cell lysates from cells preincubated with melatonin
showed expectedly higher melatonin levels than lysates
from cells not preincubated with melatonin (Fig. 2B,
left). Nevertheless, with or without melatonin preincu-
bation, cell lysates showed a decrease in melatonin
levels after UV exposure (51.4 and 18.9% of unirradi-
ated control, respectively), reciprocal to the increase of
AFMK. Under basal conditions (without UV exposure),
the ratio of intra- to extracellular melatonin levels in
the samples preincubated with melatonin was �1:800
(0.125%).

4. Kinetics of melatonin metabolism in keratinocytes

Studies in keratinocytes not preincubated with melato-
nin showed that melatonin and its metabolites, AFMK
and 2-hydroxymelatonin, were detected dynamically
over 24 h, indicating intense melatonin metabolism.
The absolute concentration of melatonin in
keratinocytes was 146.0 pmoles/1000 cells, which de-
creased to 65.0 pmoles/1000 cells after 24 h. AFMK was

detected at 17.4 pmoles/1000 cells and showed an
increase to 33.6 pmoles/1000 cells after 24 h. The
intracellular concentration of 2-hydroxymelatonin in-
creased at 24 h, although to levels lower than AFMK or
melatonin (7.8 pmoles/1000 cells that increased to
20.4 pmoles/1000 cells after 24 h). The metabolite
6-hydroxymelatonin was also detected (53.4 pmoles/
1000 cells) but showed a decrease after 24 h (16.8
pmoles/1000 cells).

CONCLUSIONS AND SIGNIFICANCE

The present study provides evidence for intense metab-
olism of melatonin under the influence of UVR in skin

Figure 1. Detection of melatonin metabolites: 6-hydroxymela-
tonin (product 1), 2-hydroxymelatonin (product 2), 4-hy-
droxymelatonin (product 3) and AFMK (product 4). Product
levels increased after irradiation of melatonin solution (10–3
M) in direct proportion to UV-doses. Levels are highest for
AFMK followed by 2-hydroxymelatonin.

Figure 2. Detection of extra- and intracellular AFMK (A) and
melatonin (B). Levels of AFMK were higher in keratinocytes
preincubated with melatonin than in control cells (no mela-
tonin added) (A). AFMK was also higher in supernatants that
had been preincubated with melatonin, than without mela-
tonin preincubation (A, insets). In both conditions and
compartments, levels of AFMK increased. Melatonin, in con-
trast, showed reduced intracellular levels after UV exposure
(B), whereas extracellular melatonin levels in the condition
of melatonin preincubation showed no reduction (B, inset).
Columns represent means of absolute AUC-values of absor-
bance peaks from two experiments. Values above columns
represent percentage mean � sem of unirradiated control.
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cells and in cell-free conditions with generation of
6-hydroxymelatonin, 2-hydroxymelatonin, 4-hydroxy-
melatonin and AFMK and also shows that melatonin
can be produced endogenously in untreated keratino-
cytes. 6-hydroxymelatonin is the chief product of circu-
lating (endogenous) melatonin in humans and the
main metabolite of exogenous melatonin (oral intake).
In our study, 6-hydroxymelatonin was detected only in
non UV-exposed keratinocytes, which is a fact most
likely less relevant in cutaneous biology. The second
product, AFMK, is generated by enzymatic and nonen-
zymatic metabolism, both in vitro and in vivo. AFMK
generation has been linked to melatonin oxidization by
reactive oxygen species (ROS), which are produced at
high levels after exposure to UVR. The major and most
damaging ROS, the hydroxyl radical, can be scavenged
by melatonin, which is consecutively transformed to an
indolyl cation radical and, in the presence of O2

�, to
AFMK. We identified AFMK after irradiation of mela-
tonin in a cell-free system and in supernatants and cell
lysates of keratinocytes. The most likely mechanism of
AFMK production following UV-exposure is photoin-
duced cleavage of the pyrrol ring and oxidization by
ROS, namely the hydroxyl radical. The third metabolite
was 2-hydroxymelatonin, previously identified only in
Fenton-type OH-generating systems or in reaction with
hypochloric acid. 2-Hydroxymelatonin is the product of
a chemical reaction induced by UVR-generated oxygen-
based radicals or by the combination of ROS with
enzymes such as cytochrome c. The fourth product was
identified as 4-hydroxymelatonin, a hydroxylated form
of melatonin closely related to 2-hydroxymelatonin.

Kinetic studies on the UVR-induced generation of
photoproducts of melatonin in cell supernatants clearly
showed progressive increase over time (6 h). The
increase of 2-hydroxymelatonin and 4-hydroxymelato-
nin may be explained by oxidation of melatonin sus-
pended in supernatants and simultaneous metabolism
of intracellular melatonin with extracellular release.
AFMK showed a late decrease between 3 and 6 h after
UVR exposure, which may be related to additional
metabolism of AFMK to AMK by arylamine formami-
dase.

The UVR-induced production of 2-hydroxymelato-
nin and AFMK in cell lysates of keratinocytes is re-

ported for the first time, together with reduction of
melatonin, indicative of substrate consumption during
UV irradiation. Over a time period of 24 h, an UVR-
independent consumption of melatonin was observed
and, in turn, an increase of AFMK and 2-hydroxymela-
tonin.

We used an UV source emitting UVB (280–320 nm;
�60%) and UVA (320–400 nm; �30%), wavelengths
that both occur naturally and are, therefore, relevant in
cutaneous biology. UVB causes harmful effects in the
epidermis, represented by lipid peroxidataion, protein
oxidation, and direct DNA damage in proliferating
keratinocytes, whereas UVA induces skin aging in the
dermis. These processes are the major target for the
protective effects of melatonin. AFMK is known to be a
strong radical scavenger that protects against these
processes. The increased formation of AFMK under
progressively higher doses of UVR would, therefore,
support the use of melatonin in topically applied sun
protectants since increase in the damaging effect of
UVR would reciprocably be accompanied by increase of
AFMK production. As a result, the organ could remain
in equilibrium between damaging effects of UVR and
the protective effects of AFMK.

Both the presence of an enzymatic melatoninergic
and functionally active system in the skin and the
detection of melatonin levels in human and murine
hair follicles support the present findings. We have also
shown recently that melatonin, at the same concentra-
tion as used in the present study (10–3 M), prevents
UVR-induced damage in skin cells.

To conclude, metabolism of melatonin is present in
keratinocytes. This metabolism is accompanied by a
parallel increase of 2-hydroxymelatonin and AFMK.
Most importantly, this process can be independently
activated by UVR. Our study supports a novel role of
melatonin as protector for the skin against solar radia-
tion. Moreover, the UV-induced production of melato-
nin metabolites, which are strong antioxidants them-
selves, defines a novel melatoninergic antioxidative
system (MAS) of the skin (Fig. 3). Finally, the combi-
nation of endogenous melatonin with externally ap-
plied melatonin may successfully counteract the multi-
ple processes of skin damage induced by UVR.

Figure 3. The melatoninergic antioxidative sys-
tem (MAS) of the skin. Parallel to scavenging
UVB-induced reactive oxygen species (ROS)
namely hydroxyl radicals, melatonin is also
transformed to 2-hydroxymelatonin, 4-hy-
droxymelatonin, and consecutively to AFMK.
AFMK is a potent free radical scavenger and,
therefore, by itself capable of protecting the
skin against lipid peroxidation, protein oxida-
tion, and oxidative DNA damage. The endoge-
nous melatoninergic system can be supported
by exogenous application of melatonin, which
penetrates easily through the stratum corneum
into deeper layers of the skin. SC, stratum
corneum; SG, stratum granulosum; SS, stratum
spinosum; SB, stratum basale; BM, basement
membrane.
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