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Abstract
Melatonin is a recognized antioxidant with high potential as a protective agent in many conditions
related to oxidative stress such as neurodegenerative diseases, ischemia/reperfusion syndromes,
sepsis and aging. These processes may be favorably affected by melatonin through its radical
scavenging properties and/or antiapoptotic activity. Also, there is increasing evidence that these
effects of melatonin could be relevant in keratinocytes, the main cell population of the skin where it
would contribute to protection against damage induced by ultraviolet radiation (UVR). We therefore
investigated the kinetics of UVR-induced apoptosis in cultured keratinocytes characterizing the
morphological and mitochondrial changes, the caspases-dependent apoptotic pathways and
involvement of poly(ADP-ribose) polymerase (PARP) activation as well as the protective effects of
melatonin. When irradiated with UVB radiation (50 mJ/cm2), melatonin treated, cultured
keratinocytes were more confluent, showed less cell blebbing, more uniform shape and less nuclear
condensation as compared to irradiated, nonmelatonin-treated controls. Preincubation with
melatonin also led to normalization of the decreased UVR-induced mitochondrial membrane
potential. These melatonin effects were followed by suppression of the activation of mitochondrial
pathway-related initiator caspase 9 (casp-9), but not of death receptor-dependent casp-8 between 24
and 48 hr after UVR exposure. Melatonin down-regulated effector caspases (casp-3/casp-7) at 24–
48 hr post-UV irradiation and reduced PARP activation at 24 hr. Thus, melatonin is particularly
active in UV-irradiated keratinocytes maintaining the mitochondrial membrane potential, inhibiting
the consecutive activation of the intrinsic apoptotic pathway and reducing PARP activation. In
conclusion, these data provide detailed evidence for specific antiapoptotic mechanisms of melatonin
in UVR-induced damage of human keratinocytes.

Keywords
antioxidant; apoptosis; caspases; keratinocytes; melatonin; mitochondria; poly(ADP-ribose)
polymerase; ultraviolet radiation

Address reprint requests to Andrzej Slominski, Department of Pathology and Laboratory Medicine, University of Tennessee Health
Science Center, 930 Madison Avenue, Memphis, TN 38163, USA. E-mail: aslominski@utmem.edu.

NIH Public Access
Author Manuscript
J Pineal Res. Author manuscript; available in PMC 2009 May 1.

Published in final edited form as:
J Pineal Res. 2008 May ; 44(4): 397–407.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
The human skin is exposed lifelong to ultraviolet radiation (UVR) and its damaging effects are
represented predominantly by skin aging and skin cancer [1–9]. An important strategy for the
protection of the skin against these UVR-induced alterations has been the development of
potent sun damage-preventing substances. However, as UVR is also required for
photosynthesis of vitamin D3, endogenous protective agents would be highly desirable. As
oxidative stress is known to be the key factor in UVR-related damage [3,10–14], substances
with antioxidant activity, such as melatonin, could be effective for the prevention of short- and
long-term UVR damage [2,15–19]. Melatonin was originally identified as the chief secretory
product of the pineal gland [20] and later defined as a substance being also synthesized in a
variety of extrapineal sites with bioactivity in a number of targets in single cells, animals and
humans [21–29]. Thus, melatonin acts as a receptor-independent antioxidant [30–33], as an
antiaging substance [34,35] and as an anticarcinogenic factor [36,37] within a wide range of
concentrations [38].

Melatonin may also play a role in cutaneous biology as a melatoninergic system has been shown
to be fully expressed in rodent and human skin [28,29,39–42]. The human skin is also capable
of producing melatonin and melatonin metabolites, all with strong antioxidant activity [29,
40,43–45]; therefore, this organ represents another site expressing the free radical scavenging
cascade of melatonin as shown in many other biological systems [43]. Melatonin metabolism
is in fact stimulated by UV irradiation, generating a ‘melatoninergic antioxidative
system’ (MAS) in the skin [44]. Functional data suggest that melatonin exerts growth
stimulatory effects in human and rodent keratinocytes, inhibitory effects in melanoma cells
[41,46–48], and also suppresses UVR-induced reactive oxygen species (ROS) formation
[49–52]. Moreover, UV-induced cell damage and cell death in human keratinocytes can be
effectively prevented by melatonin by ensuring short-term cell survival as well as long-term
survival shown by increased cell colony formation [45]. The mechanism underlying these cell
protective effects was identified as prevention of apoptosis represented by reduced apoptotic
DNA-fragmentation [45]. Thus, the melatoninergic system in the skin appears to counteract
the effects of the environmental stressor UVR by preserving the organ's functional integrity
and maintaining its homeostasis [28,29,44].

Apoptosis is a well defined, highly regulated form of programmed cell death that is evident in
normal skin (e.g. during keratinocytes differentiation) as well as in pathological conditions
[53]. Ultraviolet B (UVB)-induced apoptosis is mediated by apoptotic signals, activating two
main pathways: intrinsic (mitochondrial) and extrinsic (death receptor-dependent). The
extrinsic pathway is initiated by activation of cell membrane-bound death receptors (tumor
necrosis factor-alpha [54,55] Fas [56]) followed by generation of Fas-associated death domain
protein and death-inducing signaling complex to activate the key enzyme, casp-8 [57,58].
Activation of the intrinsic pathway is initiated by mitochondrial damage leading to release of
cytochrome c [59], formation of apoptotic protease-activating factor (Apaf-1) and activation
of the initiator casp-9 [53,60,61].

In recent years, the role of mitochondrial damage has been enhanced, being perhaps the most
sensitive detector of apoptotic signals [12,62,63]. Poly(ADP-ribose) polymerase (PARP) is an
enzyme activated by single-strand DNA breaks, ROS or disruption of mitochondrial membrane
potential [64–68] and its detection is an early marker of apoptosis [65].

In the present study, we investigated the effects of UVR and pretreatment with melatonin in
keratinocytes. We evaluated cell morphology and characterized the extrinsic and intrinsic
pathway of apoptosis determining mitochondrial membrane potential, activation of initiator
(casp-8/casp-9) and effector caspases (casp-3/casp-7) as well as PARP activity.
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Materials and methods
Cell culture

HaCaT keratinocytes were cultured in Dulbecco's modified Eagle medium (DMEM)
supplemented with glucose, L-glutamine, pyridoxine hydrochloride (Gibco, Invitrogen Life
Technologies, Carlsbad, CA, USA), 10% fetal bovine serum (FBS) (Mediatech Inc., Herndon,
VA, USA) and 1% penicillin/streptomycin/amphotericin (Sigma Chemical Co., St Louis, MO,
USA). Cells were removed from culture flasks by trypsinization and seeded in Petri dishes of
10 cm diameter at a density of 106 cells/dish (Corning Inc., Corning, NY, USA). Confluence
of 80–90% was reached the next day; media were removed and replaced by melatonin-
containing media or media without melatonin as a control. These pretreated keratinocytes were
then submitted to UV irradiation and further used for morphological analysis and assessment
of caspase activity by immunoblotting and mitochondrial membrane potential by confocal
microscopy.

UV irradiation
Irradiation experiments were performed with a Biorad UV transluminator 2000 (Bio-Rad
Laboratories, Hercules, CA, USA) calibrated as described previously [45]. Before each
experiment, wavelength calibration and gain were established or verified. The light emitted by
the UV source consisted primarily of UVB (wavelengths 280–320 nm; ∼60%), with minor
components in the UVA (320–400 nm) and UVC (120–280 nm) range (∼30% and ∼10%,
respectively). Keratinocytes were irradiated at the UVR-dose of 50 mJ/cm2 or were sham-
irradiated (controls).

Melatonin treatment
Melatonin (Sigma) was dissolved in ethanol, diluted with phosphate-buffered saline (PBS)
(final concentration of ethanol <0.2%) and added to the medium at the concentrations to be
tested. After overnight incubation, cell media were removed and replaced with fresh media
containing melatonin 10−3 M, the maximum effective concentration as determined in previous
studies [50,51] or with fresh media without melatonin (control). After preincubation with
melatonin added at 24 and 12 hr before irradiation, melatonin-containing media were removed,
cells were then washed once with PBS to remove remnants of media and melatonin, and PBS
was added another time in amounts sufficient to keep cells immersed in PBS during UVR
exposure. The Petri dishes containing keratinocytes were irradiated with UVR from below,
and immediately after irradiation PBS was replaced with fresh culture media that was left for
the next 24 or 48 hr. In parallel experiments, cells were incubated with or without melatonin,
and subjected to sham-irradiation (not exposed to UVR) to control for the effects of melatonin
alone.

Morphology analysis
Digital pictures from six to ten randomly chosen fields per each Petri dish from every
experimental condition were acquired after UV exposure (at 0, 24 and 48 hr) with a NIKON
Eclipse TE300 microscope (Melville, NY, USA). At 24 and 48 hr after UV irradiation, pictures
were taken first of detached cells, then the detached cells were removed and another set of
pictures was acquired to assess the degree of confluency of the cells which were still attached
to the bottom of the culture dish. Pictures were recorded and analysed with MetaVue software
(Molecular Devices Corporation, Downingtown, PA, USA). Keratinocytes were then
harvested from Petri dishes by trypsinization, washed three times with ice-cold PBS and frozen
at −80°C until further processing.
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Measurement of mitochondrial membrane potential (Δψ) using JC-1
Mitochondrial inner membrane potential (Δψ) in immortalized HaCaT keratinocytes was
measured using confocal microscopy with 5,5′,6,6′tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazol-carbocyanine iodide (JC-1) (Molecular Probes, Carlsbad, CA, USA) [69]. JC-1
selectively enters the mitochondria where it aggregates when the membrane potential exceeds
80–100 mV, causing a shift in fluorescence from 530 nm (green) to 590 nm (red). For these
experiments, human HaCaT keratinocytes were seeded in Lab-Tek II 8 well-chambered cover
glass (Nalge Nunc Inc., Naperville, IL, USA) and grown until 90–100% of confluence. Culture
media were removed and the cells were washed with PBS, and incubated with melatonin for
30 or 120 min using the concentrations as shown in Fig. 3A,B. After incubation, cells were
washed twice with PBS and subjected to irradiation with UV (50 mJ/cm2) or incubated with
serum-free medium containing H2O2 (1 mM) for 1 hr. After irradiation, the cells were incubated
in DMEM containing 5% FBS and supplemented with JC-1 (2.5 μg/mL) for 30 min at 37°C.
The cells were then washed with serum-containing medium and slides were observed with
laser scanning confocal fluorescent microscope (LSM 510; Carl Zeiss GmbH, Jena, Germany)
equipped with Plan-Neofluor oil immersion 40 × objective with suitable filter setup. Images
were acquired from 6 to 18 randomly chosen fields for each experimental condition showing
nuclear cross-section. Green and red channels were merged and the ratio of red to green
channel, shown in blue, was recorded.

Immunoblot
Cell pellets were mixed with lysis buffer (PBS-containing Triton X 100 0.2% and 1 μL protease
inhibitor per 100 μL buffer) and left on ice for 30 min. After centrifugation for 5 min at 9000
g the supernatant was taken for protein determination with the BCA protein assay kit (Pierce
Biotechnology, Rockford, IL, USA).

Aliquots of cell lysates (four samples per condition) were used for immunoblotting. For each
immunoblot, lysates containing 50 μg protein were mixed with loading buffer, boiled for 5 min
at 95°C and separated on a 12% or 15% SDS-PAGE gel (PAGEr Duramide Precast Gel;
Cambrex BioScience, Rockland, ME, USA). A parallel biotinylated protein ladder (Cell
Signaling Technology Inc., Danvers, MA, USA) was used as marker. The separated proteins
were then blotted onto an Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore
Corp., Bedford, MA, USA). After blotting, membranes were blocked with 5% nonfat dry milk
in TBS-Tween 0.1% for 1 hr with gentle shaking and then washed three times with TBS-Tween
20 alone. The membranes were then incubated overnight at 4°C with the specific primary
antibody dissolved in 5% nonfat dry milk. The antibodies used were as follows: rabbit
anticaspase 3, 7 and 9 antibody (1:1000), rabbit antibody specific against the cleaved forms of
casp-3, -7 and -9 (1:500) and rabbit PARP and cleaved PARP antibody (1:1000). Casp-8 was
detected with a mouse antibody against casp-8 (1:1000) (all antibodies from Cell Signaling
Technology). After incubation with the primary antibodies, membranes were incubated with
secondary goat antirabbit or antimouse horseradish peroxidase (HRP)-linked IgG antibody
(1:2000) in presence of antibiotin HRP-linked antibody for the protein ladder (1:2000) at room
temperature for 1.5 hr. Bands were visualized with SuperSignal West Pico reagents (Pierce
Biotechnology) and chemiluminescence was analysed by Fluor-S Multi-Imager using Quantity
One software (both Bio-Rad Laboratories). The membranes were also applied to
autoradiography film being developed with photodeveloper and fixer (Kodak, Rochester, NY,
USA). Densitometry was performed with Scion Image analysis software (NIH, Bethesda, MN,
USA).

Statistical analysis
Bands of immunoblots were evaluated by measurement of density with Scion Image analysis
software (NIH). Density values from two or three separate experiments were taken for
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calculation of means and standard deviations. Analysis of mitochondrial membrane potential
was performed using images showing nuclear cross-section, acquired from 6 to 18 randomly
chosen fields for each experimental condition. Ratio of red/green emission was calculated with
ImageJ software (NIH). Differences were analysed with the Student's t-test and considered
significant at the P-value < 0.05.

Results
Keratinocytes in the nonirradiated condition were morphologically similar in the melatonin-
treated and untreated groups, and confluency increased continuously over the 48 hr study period
(Fig. 1A). UV irradiation (50 mJ/cm2) resulted in significant decrease in cell confluency when
compared to nonirradiated cells with the occurrence of cell detachment and consequent empty
spaces (ES) (Fig. 1B). At higher magnification (40 × ), the ES became more obvious and cell
blebbing (CB) was observed (Fig. 1C). In melatonin-treated culture dishes, confluency was
more prominent than in nontreated controls and ES were not seen (Fig. 1B,C). The number of
detached cells was higher in nonmelatonin-treated Petri dishes compared with melatonin
treated. The detached cells from nonmelatonin-treated dishes showed dysmorphic cell shape,
more CB and expressed a higher degree of nuclear condensation (NC) indicative for apoptosis
than samples treated with melatonin (Fig. 1D).

Regarding the mitochondrial membrane potential, the JC-1 probe detected intense red
fluorescence, co-localized with mitochondria in nonirradiated, nonmelatonin-treated cells
representing the membrane potential under physiological conditions (control) (Fig. 2A). To
test whether melatonin alone (without exposure to UVR) could influence mitochondrial
membrane potential, cells were incubated with melatonin at the concentration of 10−4 M;
mitochondrial membrane potential remained unchanged (Fig. 2B). Irradiation with 50 mJ/
cm2 of keratinocytes not treated with melatonin showed decrease of the red fluorescence and
development of green fluorescence (mostly cytoplasmatic) indicative for loss of mitochondrial
membrane potential (Fig. 2C). Preincubation with melatonin at the concentration of 10−4 M

preserved the mitochondrial membrane potential, representing reduction of UVR-induced
damage to the mitochondria (Fig. 2D). The decrease in concentration of aggregated form of
JC-1 (red, left panel) was reciprocal to the accumulation of JC-1 monomer (green, middle
panel) and was also expressed as the red/green ratio shown in blue (Fig. 2, right panel).

To confirm the observed microscopic ratio between J-monomer/J-aggregate, fluorescence ratio
(red/green) was also calculated directly. This indicated that UV irradiation induced significant
mitochondrial membrane potential reduction and that this effect was attenuated by pretreatment
with melatonin (10−6, 10−4, 10−3 M) in a dose-dependent manner. Statistical evaluation of J-
monomer/J-aggregate ratios confirmed that the action of melatonin became significant at the
concentrations of 10−4 and 10−3 M. Moreover, the protective effects of melatonin were slightly
stronger when incubation was performed for 120 min compared with 30 min (Fig. 3A). To
control for the direct effect of oxidative stress, we tested the action of H2O2 on mitochondrial
potential (Δψ). H2O2 significantly reduced mitochondrial membrane potential, which was also
counteracted by melatonin at the concentration of 10−4 M (Fig. 3B). Melatonin alone (without
prior UV irradiation) did not influence mitochondrial membrane potential.

Activation of casp-8 was observed already at 24 hr after UV irradiation as shown by appearance
of the 57 kDa product and its cleaved (activated) form of 43 kDa; melatonin treatment was
without any effect on this process (data not shown). Casp-9 was also strongly activated at 24
hr after UV irradiation, while melatonin pretreated samples showed weaker expression of the
corresponding cleaved forms of 35 and 17 kDa (Fig. 4A,E). Notably, at 48 hr post-UVR, the
cleavage products of casp-9 were still present, even though at lower levels. Regarding casp-3,
at 24 hr, the specific antibody detected the 35 kDa product, whereas the specific antibody
against cleaved casp-3 detected the activated form of 17 kDa. At 48 hr after UV-treatment,
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further cleavage of casp-3 was observed that clearly was reduced by pretreatment with
melatonin (Fig. 4B lower panel, 4F). The antibody against the effector caspase (casp-7)
detected the relevant protein at expression levels that were similar at 24 and 48 hr after
irradiation (Fig. 4C,G). The specific antibody against the cleaved form of casp-7 showed
positive staining for the 20 kDa product, which was reduced in melatonin pretreated
keratinocytes. The antibody against PARP detected the protein at 24 hr after UV exposure
while its levels were also reduced by pretreatment with melatonin (Fig. 4D,H). PARP was
detected with PARP antibody as a 89 kDa protein and the specific antibody revealed the cleaved
form of PARP (Fig. 4D, lower panel); pretreatment with melatonin was associated with
inhibition of expression and cleavage of the protein at both time points.

Discussion
This study demonstrated a specific protective effect of melatonin on UVR-induced changes in
keratinocytes. The UVR attenuating effect of melatonin was expressed morphologically and
biochemically by inhibition of UV-induced mitochondrial apoptotic pathway, e.g. attenuation
of mitochondrial membrane potential reduction, reduced activation of initiator casp-9 and
effector caspases (casp-3/casp-7) and reduced PARP activation.

In previous studies, we had demonstrated that UVR at 50 mJ/cm2 causes considerable reduction
of cell viability, clonogenic cell growth and DNA-fragmentation, which was prevented by
melatonin [45]. Recently, melatonin was also reported to reduce apoptosis and cell cycle
regulators as well as antiapoptotic enzymes in UVB-irradiated HaCaT keratinocytes [70]. This
evidence suggests involvement of apoptotic signaling events, influenced by melatonin. Other
studies have shown that the dose of 50 mJ/cm2 but not 15 mJ/cm2 was most constantly
associated with induction of apoptosis and consecutive activation of casp-9, casp-3, casp-7 and
PARP [71,72]. The same UV-dose also led to cytochrome c release [73]. Sitailo et al. [61] used
a UV source emission spectrum (UVB ∼65%; UVA ∼34%) similar to the present study – albeit
at a slightly lower UV-dose of 30 mJ/cm2 – and found greatest activation of casp-3 with
additional activation of casp-9 stronger than casp-8 in normal human keratinocytes and HaCaT
keratinocytes. This indicated that the intrinsic (mitochondrial) pathway would represent a
major contributor to the UV-induced apoptosis in keratinocytes. It must be mentioned that
some authors have instead assumed that casp-8 activation would be a bystander effect of the
mitochondrial apoptotic pathway and that casp-8 is activated downstream of casp-9 and casp-3
activation [53]. However, more recent highly targeted studies have shown that activation of
casp-8 is a UVB-specific event, independent of changes in casp-9 and casp-3.

In the current study, we tested different regulatory circuits of apoptosis and their modification
by treatment with melatonin. Thus, we showed the activation of casp-8 at 24 hr after UV
irradiation that is not affected by melatonin. Most likely, this is related to the insensitivity of
this pathway to activation by ROS, hence, the antioxidant melatonin would be ineffective. In
contrast, the mitochondrial pathway, which is activated by mitochondrial ROS (mROS), was
strongly influenced by melatonin. This mechanism of antiapoptotic action of melatonin is in
accordance with previous studies showing down-regulation of mitochondrial cytochrome c
release and inhibition of activation of casp-9 and casp-3 in homocysteine-induced rat
hippocampus apoptosis [74]. Thus, the present study showed mitochondrial membrane
potential reduction upon exposure to UVR, whereas melatonin prevented the drop in membrane
potential when added at the concentration of 10−3, 10−4, or 10−6 M, consistent with its
antiapoptotic effects in HaCaT keratinocytes as previously described [45]. Moreover, the
mitochondrial pathway initiator casp-9 was also activated, and followed by activation of the
downstream effector caspases (casp-3/casp-7). Of these, casp-3 seems to be the most relevant,
as casp-3 deficient mouse embryonic stem cells do not undergo UV-induced apoptosis [75,
76].
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In our study, UV-induced activation of both effector caspases was significantly suppressed in
keratinocytes preincubated with melatonin, which could be a consequence of reduced
activation of upstream caspases. Support for this hypothesis comes from the apparent earlier
activation of casp-9 compared to casp-3 and casp-7, consistent with the chronologic sequence
of the caspase-related apoptotic activation cascade. Alternatively, melatonin could also inhibit
directly the effector casp-3, as it has been shown that melatonin can prevent neuronal death in
a mouse brain ischemia model by direct inhibition of casp-3 [77]. Also, casp-3 is directly
reduced by melatonin in aflatoxin B1-treated liver cells [78].

In contrast, PARP was activated already at 24 hr post-UVR representing an early event in UV-
induced apoptosis. PARP is a Zn-finger nuclear protein, activated by single-strand DNA
breaks, ROS or disruption of mitochondrial membrane potential [64–68]. PAR, the resulting
product of PARP activation induced by UVR, is an early marker of apoptosis that becomes
positive in HaCaT keratinocytes at 24 hr post-UV irradiation [65]. This is in agreement with
our own results showing stronger expression at 24 hr compared to 48 hr. PARP is needed for
DNA repair upon ROS-induced damage [79], and PARP expression positively correlates with
the number of single-strand DNA breaks [68]. Thus, reduction of PARP activation by
melatonin would result from reduced DNA damage. Saldeen et al. [64] have shown that PARP
cleavage can also be directly induced by disruption of mitochondrial membrane potential.
Moreover, Baydas et al. [74] have already observed that melatonin is indeed able to reduce
PARP activation and subsequent DNA-fragmentation in rat hippocampus neuronal cell
apoptosis. Therefore, the reduction of PARP activation by melatonin in the current study
investigating UV-induced apoptosis may be accounted by the reduced mitochondrial damage
and/or by reduction of ROS generation through intramitochondrial/cytosolic actions of
melatonin, as melatonin is a potent radical scavenger [30,51].

In earlier studies, we found that UV-induced DNA-fragmentation in keratinocytes is indeed
successfully reduced by pretreatment with melatonin [45]. Thus, the combined diminished
mitochondrial membrane potential reduction, followed by reduced activation of casp-3, -7 and
-9 together with reduced degree of DNA damage reflected by attenuated PARP cleavage result
in the survival of a ‘healthy’ cell population (cells which do not undergo mutation and tumour
promotion, but stay ‘benign’) in keratinocytes pretreated with melatonin before UVR exposure.

We also determined the effect of UVR on mitochondrial membrane potential. UVR produces
oxidative stress and concomitant formation of mROS leading to calcium influx into the
mitochondria with consecutive opening of the mitochondrial permeability transition pore
(MPTP) [80] and depolarization of the mitochondrial membrane potential [59] as the end result
of UV-induced mitochondrial damage. Melatonin has been shown to act as antiapoptotic agent
at the mitochondrial level through direct inhibition of MPTP opening, a newly identified
mechanism influenced by melatonin [80]. Melatonin interferes with this pathway by reducing
mROS generation and calcium release as well as inhibiting the opening of the MPTP as shown
in rat brain astrocytes [59], mouse striatal neurons [80] and rat cerebellar granule neurons
[81]. In the current study, we provide the first evidence in keratinocytes – the main cell
population of the skin – that melatonin prevents mitochondrial membrane potential from UVR-
induced reduction. As mitochondrial damage is a very sensitive marker, as well as early event
in UVR-induced apoptosis, this fact underlines – similar to the observed PARP inhibition by
melatonin – the strong and pleiotropic protective effects of melatonin which interferes with
the two main apoptotic pathways in UV-exposed keratinocytes.

To conclude, the present study shows for the first time that keratinocytes, the cutaneous cell
population in which UV radiation is most relevant, are responsive to the UVR protective effects
of melatonin that blocks activation of apoptotic pathways induced by 50 mJ/cm2 UVB (Fig.
5). Thus, melatonin stabilizes mitochondria by maintaining its membrane potential, whose
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reduction is a key-event in early apoptosis development. Melatonin also inhibits the consequent
activation of the caspases-mediated intrinsic apoptotic pathway, and reduces PARP activation,
which is associated with DNA damage.
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Fig. 1.
Protective effect of melatonin on keratinocytes morphology changes induced by ultraviolet
radiation (UVR). Control represented by nonirradiated keratinocytes (either melatonin treated
or untreated) is shown in (A) showing no influence of melatonin on cell morphology and growth
characteristics. Immediately after irradiation with 50 mJ/cm2 (B) no differences between
melatonin-and untreated keratinocytes are visible (0 hr, upper panel), whereas at 24 hr (mid
panel) and 48 hr (lower panel) after UV exposure untreated cultures show empty spaces (ES),
which are absent in melatonin-treated keratinocytes. At higher magnification (40 × ) (C), cell
blebbing (CB) is seen and ES become more obvious. A higher number of detached cells
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showing dysmorphic shape are seen in nonmelatonin-treated cells as compared to less detached
cells with more normomorphic shape in cell cultures pretreated with melatonin (D) at 24 hrs.
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Fig. 2.
UVR-induced changes in mitochondrial potential (Δψ) and its prevention by pretreatment with
melatonin. Representative images of mitochondrial membrane potential of control (A), non-
irradiated HaCaT keratinocytes incubated with melatonin (10−4 M) (B) and keratinocytes,
irradiated with UVB (50 mJ/cm2) without preincubation with melatonin (C) or parallel
pretreatment with melatonin (10−4 M) (D). Nuclear cross-sections were acquired with confocal
microscopy. Mitochondrial membrane potential is indicated by JC-1 red fluorescence (left
panels). Relative changes in mitochondrial membrane potential are expressed as shifts from
red to green fluorescence (middle panels) and presented as the red to green ratio that produces
blue fluorescence (right panel). Bar, 20 μm.
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Fig. 3.
Changes in mitochondrial potential (Δψ) induced by UV (A) or H2O2 (B) are prevented by
pretreatment with melatonin. HaCaT keratinocytes were preincubated with melatonin at the
concentration of 10−3, 10−4 and 10−6 M for 30 or 120 min followed by irradiation with UVB
(50 mJ/cm2) (A) or by treatment with H2O2 (1 mM, 60 min) (B). Mitochondrial potential
(Δψ) is expressed as the ratio of J-monomer/J-aggregate fluorescence (red/green); lower values
represent stronger reduction of membrane potential. *P < 0.05, **P < 0.005, ***P < 0.0005
versus UV-treated cells (no melatonin) (Panel A); **P < 0.005, ***P < 0.0005 versus H2O2-
treated cells (no melatonin) (Panel B); (n = 6–18).
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Fig. 4.
Melatonin attenuates the UV-induced activation of initiator and effector caspases and poly
(ADP-ribose) polymerase (PARP). Decreased activation of caspase 9 (casp-9) in melatonin-
treated samples compared to untreated cultures as represented by lower expression of cleaved
form of casp-9 of 35 and 17 kDa (A,E). UV-induced caspases activation is stronger at 24 hr
than 48 hr after UV exposure. The peak of the cleaved form of effector caspases 3 (17 kDa)
(B,F) and casp-7 (20 kDa) (C,G) is delayed to 48 hr post-UVR and their activation is similarly
reduced by melatonin pretreatment. Activated PARP (89 kDa) is detected as early as 24 hr
after UV irradiation and loss of its activation is induced by pretreatment with melatonin (D,H).
Protein samples were loaded equally as confirmed by protein staining (PS) with Coomassie
Blue.
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Fig. 5.
Putative interaction of melatonin with cellular pathways of apoptosis activated by UVR in
keratinocytes. Added melatonin acts at the mitochondrial level reducing/scavenging ROS,
enhancing reduced mitochondrial membrane potential to normal levels and inhibiting
consecutive activation of early initiator caspases in the mitochondrial (casp-9) pathway. Later
downstream events such as activation of effector caspases (casp-3/casp-7) are also reduced in
melatonin-treated cells, and PARP activation is also attenuated by melatonin. Melatonin's
stabilizing actions at the mitochondrion level may be direct or indirect, secondary to protection
of DNA integrity. The death-receptor-mediated extrinsic pathway through casp-8 is not
affected by melatonin. Mel, melatonin; MPTP, mitochondrial permeability transition pore;
ROS, reactive oxygen species.
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