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Abstract
UV solar radiation is the major environmental risk factor for malignant melanoma. A great effort is currently posed on the
search of new compounds able to prevent or reduce UV-mediated cell damage. Ferulic acid is a natural compound recently
included in the formulation of solar protecting dermatological products. The purpose of the present work was to assess
whether its ethyl ester derivative, FAEE, could protect skin melanocytes from UV-induced oxidative stress and cell damage.
Experiments on human melanocytes irradiated with UVB showed that FAEE treatment reduced the generation of ROS,
with a net decrease of protein oxidation. FAEE treatment was accompanied by an induction of HSP70 and heme oxygenase,
by a marked suppression of PARP activation and a significant suppression of apoptosis. Moreover FAEE prevented iNOS
induction, thus suppressing the secondary generation of NO-derived oxidizing agents. FAEE may represent a potentially
effective pharmacological approach to reduce UV radiation-induced skin damage.

Keywords: UVB, oxidative stress, melanocytes, heme oxygenase-1
Abbreviations: 3-NT, 3-nitrotyrosine; DCF, dichlorodihydrofluorescein; DCFH-DA, 2?,7?-dichloro dihydrofluorescein
diacetate; DNPH, 2,4-dinitrophenylhydrazine; FA, ferulic acid; FAEE, ferulic acid ethyl ester; HNE, 4-hydroxy nonenal;
HO-1, heme oxygenase 1; HSP70, heat shock protein 70; iNOS, inducible nitric oxide synthase; MGM, melanocytes growth
medium; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; NHEM, normal human epidermal
melanocytes; PARP, poly(ADP-ribose) polymerase; RNS, reactive nitrogen species; ROS, reactive oxygen species.

Introduction
The whole body surface is covered by the skin, a
complex organ that acts as a defensive shield with the
primary purpose of protecting the organism against
the outer environment. As a screening barrier, skin is
directly exposed to solar UV light and thus is the
organ most sensitive to UV-induced injury. UV light,
the most described physical attack, is well-known to

cause skin damage, resulting in both pre-cancerous
and cancerous skin lesions and acceleration of skin
ageing [1] and so far is the only identified external
risk factor for the development of malignant melanoma, the most severe tumour of the skin arising
from epidermal melanocytes [2,3]. UV radiation
causes massive production of reactive oxygen species
(ROS), including hydrogen peroxide, superoxide
anion, singlet oxygen and hydroxyl radical, in
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exposed cells. ROS are short-lived molecules that are
capable of causing oxidative damage in DNA, as well
as in cellular protein and lipids, leading to permanent
genetic changes [4] and activating signal transduction
pathways that promote skin carcinogenesis [5].
Although some ROS perform useful functions, the
production of ROS exceeding the ability of the
organism to mount an antioxidant defence results in
oxidative stress and the ensuing tissue damage could
be involved in neoplastic diseases.
The damaging effects of an increased ROS
generation can be attenuated by antioxidants, which
can reverse many of the events that contribute to
epidermal toxicity and disease. During the past
decade there has been an increased research emphasis
about antioxidant molecules able to exert effective
protection against the damage provoked by UVinduced ROS generation. Currently, the UV protective properties of various plant extracts are being
intensively studied.
Ferulic acid (FA) is a hydroxycinnamic acid largely
present in plants and also in vegetable foods, such as
olives and olive oil. Its biological properties and
especially its antioxidant activity are well recognized
[69]. In particular, this compound is employed as a
photoprotective ingredient in many skin lotions and
sunscreens because of its capacity to scavenge free
radicals induced by UV radiation [10,11]. Furthermore, FA was shown to be a strong UV absorber [12].
These findings represent an interesting background
supporting a potentially successful employment of
hydroxycinnamic acids as topical protective agents
against UV radiation-induced skin damage. In
addition, some authors showed that the naturally
occurring ethyl ester of FA, named FAEE (ethyl
4-hydroxy-3-methoxycinnamate) (Figure 1), has a
stronger antioxidant potential when compared to

FA [8]. Recently, we demonstrated the protective
effect of FAEE against oxidative stress induced by
radical producers or amyloid-beta peptide in vitro in
rat primary neuronal cell cultures and in vivo in
synaptosomes isolated from FAEE-treated rodents
[1316].
Taking into account that epithelial cells, being at
the interfaces between the organism and the environment, are heavily exposed to stimuli able to determine
oxidative stress, we assayed whether epidermal
melanocytes could be protected by FAEE treatment
from UV-induced oxidative stress. For this purpose,
human primary epidermal melanocytes were
irradiated with UVB*the UV radiation considered
to be the aetiological wavelength for melanoma*and
the protective capacity of FAEE was evaluated. We
focused on the FAEE effect on UVB-induced cellular
oxidative stress, particularly on ROS generation,
protein oxidation and lipid peroxidation. The possible mechanisms through which this protective effect
is exerted have also been investigated.
Materials and methods
Materials
Ferulic acid (FA); ferulic acid ethyl ester (ethyl
4-hydroxy-3-methoxycinnamate) (FAEE), 2?,7?-dichlorofluorescin diacetate (DCFH-DA), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT), Sigma-Fast Chromogen, alkaline phosphatase-conjugated and peroxidase-conjugated secondary
antibodies were purchased from Sigma Chemical Co.
(St. Louis, MO). Fresh FAEE solutions (50 mM) were
prepared in DMSO. Melanocytes Growth Medium
(MGM) was purchased from PromoCell GmbH
(Heidelberg, Germany). The Oxyblot oxidized protein Kit and primary antibodies for 4-hydroxynonenal
(HNE) and 3-nitrotyrosine (3-NT) were obtained
from Chemicon International (Temecula, CA). Primary antibodies for heat-shock protein 70 (HSP70),
heme oxygenase (HO-1), inducible nitric oxide
synthase (iNOS) and Poly(ADP-ribose) polymerase
(PARP) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). All other reagents were
analytical grade products purchased from current
laboratory suppliers.
Cell lines and culture conditions

Figure 1. Ethyl 4-hydroxy-3-methoxycinnamate or ferulic acid
ethyl ester (FAEE).

Primary normal human epidermal melanocytes
(NHEM) were isolated from infant human foreskin
obtained from patients attending the paediatric section
of the Department of Surgery of Ospedale ‘Sandro
Pertini’, Rome. To be eligible patients were to be aged
below 12, to be free of any chronicle or metabolic
disease and with no reason to seek medical advice apart
from the need for phimosis surgical correction. Among
those matching the above criteria, a total of six boys
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(range 212 years), whose parents had given written
consent, were selected to participate. The study design
and enrolment criteria had been approved by both the
‘Regina Elena’ Cancer Institute and the Ospedale
‘Sandro Pertini’ local Ethical committees. Cells were
cultivated in MGM supplemented with 0.4% bovine
pituitary extract, 1 ng/ml bFGF, 5 mg/ml insuline
(porcine), 0.5 mg/ml hydrocortisone, 10 ng/ml phorbol
myristate acetate, 50 ng/ml amphotericin B and 50 mg/
ml gentamicin. Cells were grown in a 5% CO2
humidified atmosphere with medium renewal every
48 h. At sub-confluence (roughly 50103 cells/cm2)
cell monolayer was dissolved with trypsin/EDTA,
washed with PBS plus soybean trypsin inhibitor and
the cell suspension re-plated at a 104/cm2. To avoid
senescence bias modification of cell metabolism, the
experiments were conducted between the third and
ninth passage.

3

ROS measurement
ROS levels were detected by the DCF method [19]
with minor modifications. Briefly, cells were plated in
6-well plates at 3104 cells/cm2, allowed to attach by
overnight incubation and then treated with FAEE at
the indicated concentration. After a further 1 h
incubation, cells were challenged with 10 mM
DCFH-DA for 30 min and then submitted to UVB
irradiation, as described above. Two hours postirradiation, the medium was discarded, cells washed
twice with PBS and finally gently scraped into 1 ml of
PBS. The cellular suspension was then transferred
into a fluorescence cuvette where the ROS-driven
conversion of the non-fluorescent DCFH into the
highly fluorescent dichlorofluorescein (DCF) [20]
was monitored by fluorescence intensity measured
in a FP 6300 Jasco Spectrofluorometer with excitation wavelength at 502 nm (bandwidth 5 nm) and
emission wavelength at 520 nm (bandwidth 5 nm).

UV treatment
Immediately before irradiation, incubation medium
was removed, attached cells were washed twice with
PBS and then UVB-irradiated in a home-made
irradiation hood in the absence of any medium or
PBS. The UVB source was provided by a bank of
Sankyo Denki G15T8E fluorescent tubes emitting
270320 nm wavelength radiation with a maximum
at 313 nm. The administered dose was calculated
based on the tubes adsorbed power times exposure
length per surface unit and expressed in J/m2 (a 1 s
time exposure corresponding to a 5 J/m2 dose). UVB
dosage was chosen to induce intermediate cell
damage. After UVB exposure, fresh medium was
added and the cultures were further incubated.
Sham irradiated cell cultures were used as negative
control in each study point.
Cell viability determination
Cell viability was measured by the MTT reduction
assay [17], as previously described [18]. Briefly,
NHEM were plated in 96-well microplates at
1.5104/well, eight replicas per condition. After
overnight incubation, the medium was replaced
with fresh medium containing FAEE at concentrations ranging from 150 mM. After 1 h, medium
was removed, the cells were submitted to UVB
irradiation and further incubated in the standard
conditions for 24 h. Then, MTT was added at a
final concentration of 1.25 mg/ml. After 2 h of
incubation at 378C, medium was discarded and the
reduced insoluble dye was extracted with 0.04 N
HCl/isopropanol. Cell viability was evaluated by the
absorbance (A540750) measured in a microplate
reader (Labsystem Multiscan MS).

Sample preparation for Western blot analyses
For Western blot analyses, cells were plated at
3104 cells/cm2 in Petri plates and after overnight
incubation were treated with FAEE at indicated
concentration. The media was removed 1 h later
and the cells were submitted to UVB irradiation. Cell
monolayers of sub-confluent cultures were scraped
with a rubber policeman 5 h after irradiation, washed
twice in PBS and collected as pellets by centrifugation
at 250g for 10 min. Pellets were then lysed by the
addition of 50 ml of Media 1 (0.32 M sucrose, 10 mM
Tris-HCl, pH 8.0, 0.1 mM MgCl2, 0.1 mM EDTA)
containing 1 mM phenylmethylsulphonyl fluoride
(PMSF) and 1 mg/ml aprotinine. After cooling in
ice for 30 min, samples were sonicated (10 s three
times) and then centrifuged at 18 000g for 10 min.
Protein determination was performed on the supernatant using the Coomassie Plus Pierce Protein Assay
(Rockford, IL).

Western blot analysis
The evaluations of protein carbonyls, HNE, 3-NT,
HSP70, HO-1, PARP and iNOS were performed by
Western blot analysis. Aliquots of cell lysates containing 30 mg protein were added to sample buffer,
denaturated for 5 min at 1008C, loaded on 10%
SDS-polyacrylamide gels and separated by electrophoresis at 80 mA for 2 h. Following electrotransfer
to PVDF membranes, the membranes were then
blocked for 2 h in 3% BSA in TBS-T and next
probed for 2 h at room temperature with primary
antibodies of interest: anti-DNPH (1:200) for carbonyl groups, anti-HNE (1:100), anti-3-NT (1:200),
anti-HSP70 (1:500), anti HO-1 (1:500), anti-PARP
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(1:200) and anti-iNOS (1:500). After three washes
with TBS-T, membranes were incubated for 1 h with
horseradish peroxidase-conjugated secondary antibodies (or alkaline phosphatase-conjugated, only for
3-NT detection) and developed using a chemiluminescence kit (Amersham, Piscataway, NJ) (while
3-NT blots were developed with Sigma Fast chromogen). Blots were scanned into Adobe Photoshop
(Adobe Systems, Inc., Mountain View, CA) and
quantized with Scion Image (PC version of Macintosh-compatible NIH Image).
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Apoptosis determination
Apoptosis was evaluated by means of cytoplasmic
nucleosomes determination; the cytoplasmic histonebound DNA fragments (mono- and oligonucleosomes) were measured by the Cell Death Detection
ELISAPLUS Kit (Roche Diagnostics S.p.A, Monza,
Italy), used according to the manufacturer’s instructions. Briefly, aliquots of cell lysates corresponding to
1.0104 cells were incubated with a mixture of
Anti-histone biotin-labelled and Anti-DNA peroxidase-labelled monoclonal antibodies in a streptavidin-coated microplate. After 30 min incubation at
room temperature, unbound components were
washed away and nucleosomes concentration was
revealed by the peroxidase activity measured by the
difference between the absorbance at 490 nm and
that at 450 nm.
Statistical analysis
Results were expressed as means9SD from six
independent samples (six donors). Each experiment
was repeated at least three times to confirm the
reproducibility of findings. Multiple groups were
analysed by one-way analysis of variance (ANOVA)
followed by a post-hoc Student-Newman-Keuls test.
pB0.05 was considered significant
Results
Protective effect of FAEE against UVB-induced damage
to cell viability
In order to evaluate the dose response effect of UVB
irradiation, NHEM cell cultures were exposed to
increasing UVB doses ranging from 20100 J/m2. As
a preliminary step, the UVB sub-toxic dose was
evaluated. As can be seen in Figure 2A, a dose of
50 J/m2 determined a partial decrease of viability and
it was chosen to exploit all the experiments.
Viability determination of UVB-irradiated cells
grown in the presence of various FAEE concentrations (Figure 2B) indicated a FAEE dose-dependent
protective effect. A dose of 25 mM was able to
completely prevent UVB toxicity. Analogous experiments performed using FA as antioxidant molecule
indicated that the most effective non-toxic dose of FA

Figure 2. (A) Effect of UVB dose on cell viability. NHEM were
exposed to UVB irradiation for variable times (from 420 s,
corresponding to radiation doses from 20100 J/m2). After 24 h
incubation, viability was measured by MTT method. (B) Dosedependent protective effect of FAEE on UVB-exposed NHEM.
Cells growing in medium containing FAEE at the indicated
concentrations (150 mM) were submitted to UVB irradiation
(50 J/m2). After 24 h incubation, viability was measured by MTT
method. (C) Comparison between protective effect of FAEE and
FA treatments on UVB-exposed NHEM. Cells growing in medium
containing 25 mM FAEE or 100 mM FA were submitted to
UVB irradiation (50 J/m2). After 24 h incubation, viability was
measured by MTT method. CTR not irradiated cells;
UV irradiated untreated cells. Results are given as percentage
of CTR values (n 6) and represent the mean9SEM of eight
independent replicas of a representative experiment in a set of six.
*p B0.05 vs CTR (A and B); *pB0.05 vs UV (C).

Protective effects of FAEE against UVB irradiation
was 100 mM (data not shown). The comparison
between the protective effects of FAEE and its
corresponding acid FA is shown in Figure 2C.
FAEE was much more active than FA; in fact,
25 mM FAEE completely restored the cell viability
of irradiated samples, while 100 mM FA-treated cells
achieved a viability of 85% of control.

5

to control) was markedly reduced by FAEE treatment.
A further source of oxidative damage of protein
function is provided by lipid peroxidation products.
ROS attack on arachidonic acid produces reactive
alkenals, such as 4-hydroxynonenal (HNE), that bind
to proteins by Michael addition [23,24], altering their
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Protective effect of FAEE against UVB-induced ROS
production and protein oxidation
The levels of ROS generated by UVB were measured
by using the DCF assay. Figure 3 shows that UVB
irradiation determined a marked increase of fluorescence, more than 2-fold compared with control cells.
Conversely, in the samples that received FAEE
treatment the UV-induced increment of fluorescence
was lower (1.3-fold), indicating that FAEE significantly modulated ROS accumulation.
A major feature of protein UVB damage is protein
oxidation. To assess the extent of oxidation and the
potential protection exerted by FAEE, various kinds
of oxidative adducts were evaluated. Protein carbonylation, as reported in Figure 4A, shows a significant
increase (3.5-fold above control) in carbonyl level
induced by UVB irradiation This level was found to
be significantly lower (1.6-fold) in FAEE-treated
cells.
The antioxidant properties of FAEE were further
confirmed by measuring the levels of 3-nitrotyrosine
(3-NT), another marker of protein oxidation formed
by the reaction of tyrosine residues with peroxynitrite,
a strong oxidant compound formed by the reaction of
NO with superoxide anion [21,22]. Figure 4B shows
that the large increase in 3-NT levels in cells
submitted to UVB irradiation (2-fold compared

Figure 3. Protective effect of FAEE treatment against
UVB-induced ROS production. NHEM growing in medium
containing 25 mM FAEE were submitted to UVB irradiation
(50 J/m2). After 2 h incubation, ROS levels were determined by
the DCF fluorescence assay. Results are given as percentage of
CTR values (n 6) and represent the mean9SEM of six independent experiments. *p B0.05. CTR not irradiated untreated cells;
FAEEnot irradiated treated cells; UV irradiated untreated cells;
UVFAEE irradiated treated cells.

Figure 4. Protective effect of FAEE treatment against
UVB-induced protein oxidation, calculated as carbonylation (A),
3-NT formation (B) or HNE-protein bound formation (C).
NHEM growing in medium containing 25 mM FAEE were
submitted to UVB irradiation (50 J/m2). After 5 h incubation,
the levels of carbonyls, 3-NT and protein-bound HNE were
determined by western blot. Results are given as percentage of
CTR values (n 6) and represent the mean9SEM of six independent experiments. *p B0.05 vs CTR; **p B0.02 vs UVB.
CTR not irradiated untreated cells; FAEE not irradiated
treated cells; UV irradiated untreated cells; UVFAEE irradiated treated cells.
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conformation and thereby changing their activity
[25]. To evaluate this pathway, we measured the
protein-bound HNE levels in UVB irradiated melanocytes. As expected (Figure 4C), HNE-protein
adducts were sharply increased following UVB, while,
once again, FAEE treatment almost completely
suppressed their generation, indicating that the lipid
peroxidation pathways were clearly reduced.
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Modulation of HSP70, HO-1 and iNOS expression
by FAEE
Oxidative cell damage occurs whenever oxidative
stresses overcome the cell control capacity. This latter
relies on the concurrent action of two different
activities: (i) the surveillance on the oxidant species
level and (ii) the modulation of mechanisms able to
counteract their effects or repair cells damages. To
evaluate the effect of FAEE on this second line of
action, three different proteins were evaluated:
HSP70, heme oxygenase 1 (HO-1) and inducible
nitric oxide synthase (iNOS).

HSP70 and HO-1 (also called HSP32), originally
identified as ‘heat shock proteins’, are well known
cellular proteins [26] with chaperone activity and
involvement in protein folding and cell response
during stress conditions. Figure 5A shows that both
FAEE treatment or UVB irradiation alone determined an elevation of HSP70 above the levels seen in
control cells. FAEE treatment of irradiated cells
determined an increase of HSP70 level compared to
irradiated cells that did not receive FAEE, indicating
that FAEE treatment provided a cellular phenotype
well suited for standing the UVB-related stress. In
Figure 5B the effects of FAEE and UVB on the
expression of HO-1 are depicted. Also in this case,
NHEM that received FAEE treatment or UVB
irradiation showed protein levels higher than control
cells. No significant difference was observed in cells
pre-treated with FAEE and subsequently exposed to
UVB irradiation when compared with UVB-treated
cells.
UVB irradiation is associated with an increased
expression of iNOS and the following generation of

Figure 5. Induction of HSP70 (A) and HO-1 (B) and depletion of iNOS expression (C) by FAEE. NHEM growing in medium
containing 25 mM FAEE were submitted to UVB irradiation (50 J/m2). After 5 h incubation, HSP70, HO-1 and iNOS levels were
measured by Western blot analysis using specific antibodies. Immunoblots were scanned by densitometry and all values were normalized
to b-actin. Densitometric values are given as percentage of CTR values (n6) and represent the mean9SEM of six independent
experiments. *pB0.05 vs CTR; **pB0.01 vs CTR. CTR not irradiated untreated cells; FAEE not irradiated treated cells;
UV irradiated untreated cells; UVFAEE irradiated treated cells.

Protective effects of FAEE against UVB irradiation
nitric oxide (NO) [27]. The NO level is a crucial
factor in the regulation of many homeostatic mechanisms. However, NO, beside this regulatory function,
through the reaction with superoxide anion and the
production of the strong oxidant species peroxynitrite, may be responsible for severe oxidative damage
to the cell structures. In the current study, we show
that FAEE treatment markedly decreased the basal
level of iNOS expression and that following UVB
irradiation its level was only slightly elevated, remaining largely below the level of control cells (Figure 5).
Conversely, in FAEE untreated NHEM UVB irradiation induced a sharp elevation of iNOS levels.
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Protective effect of FAEE against UVB-induced DNA
damage and apoptosis
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antioxidant agent widely distributed in the plant
kingdom. Biochemical studies have shown that FA
possesses interesting antioxidant and scavenging
activities and because of these properties it has been
included into the formulation of skin protecting
creams. In recent works, we demonstrated the in
vitro and in vivo antioxidant properties and cytoprotective effects exerted by FAEE, the ethyl ester of FA,
on neuronal cells and synaptosomal systems under
chemical and oxidative stresses [1316].
In the present study we evaluated the protective
effects of FAEE against the UVB- induced cell
damage on human melanocytes, the specialized skin
cells whose elective function is radiation shielding.
Our findings showed that FAEE treatment completely prevented the impairment of cell viability

To assess the functional effects of FAEE treatment on
cell survival, the expression level of PARP and the
accumulation of cytoplasmic nucleosomes were measured. PARP is an enzyme involved in DNA repair
whose levels are elevated during the early steps of
apoptosis induction. As can be seen in Figure 6A,
UVB irradiation induced a sharp elevation of PARP
expression, which was completely suppressed in
FAEE-treated cells. The same kind of data is
observed for cytosolic nucleosomes levels, a late stage
marker of apoptosis activation (Figure 6B). A sharp
elevation of apoptosis was seen in UVB-treated cells.
FAEE treatment completely counterbalanced the
UVB stimulus, as indicated by the level of nucleosomes, which consistently remained at the basal level.

Discussion
Recreational exposure to solar radiation is unanimously recognized as the main cause of the increasingly growing incidence of malignant melanoma.
Indeed, the UV component of solar light and mostly
the UVB band has proved to be a powerful carcinogen, with both initiating and promoting activities.
These carcinogenic activities are generated by two
distinct mechanisms of genetic damage: (i) the
induction of structural alteration of DNA (and of
other macromolecules) by direct physical interaction
of incident radiation with hydrogen bonds within the
genetic material and (ii) the generation of the highly
aggressive ROS (O2 ; H2O2; OH ) and reactive
nitrogen species (RNS). These in turn activate a
cascade of reactions that directly and indirectly
generate various alterations and derivatizations of
the genetic material as well as of other macromolecules [29,30]. Accordingly, a variety of antioxidant
agents have been widely used in the formulation of
skin care products and great attention has been posed
on the identification and characterization of new
molecules able to prevent, reduce or repair the
UV-mediated cell damage. Ferulic acid (FA) is an

Figure 6. Protective effect of FAEE against UVB-induced DNA
damage (A) and apoptosis (B). Estimation of DNA damage
was performed by determining PARP expression levels. NHEM
growing in medium containing 25 mM FAEE were submitted
to UVB irradiation (50 J/m2). After 5 h incubation, PARP levels
were measured by Western blot analysis using specific antibodies.
Immunoblots were scanned by densitometry and all values
were normalized to b-actin. Apoptosis was evaluated by means of
cytoplasmic nucleosomes determination. Results are given
as percentage of CTR values (n6) and represent the mean
9SEM of six independent experiments. *p B0.05; **pB0.01.
CTR not irradiated untreated cells; FAEE not irradiated
treated cells; UV irradiated untreated cells; UVFAEE
irradiated treated cells.
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induced by exposure to UVB radiation. This protection was achieved with a concentration much lower
than the one needed to induce a similar effect using
the corresponding free acid. This result confirms the
reports of other authors [8,31] and lends support to
the hypothesis that, because of its increased hydrophobicity and its three dimensional structure, the
ethyl ester (but not the free acid) can establish an
interaction with cell membranes, rendering them less
prone to the structural perturbation of oxidative
stress [14]. Because membranes are particularly
vulnerable to oxidative stress, representing a primary
target of radiation toxicity, this ability to stabilize
membranes represents an important feature of the
FAEE pharmacological profile.
Another immediate effect produced by UVB interaction with the aqueous environment of living systems is the generation of ROS. Through the
interaction with the abundant O2 and e  species
the superoxide ion is generated. This relative mild
radical fuelling the Fenton reaction generates the
much more reactive, non-charged highly diffusible
H2O2 species and the mostly reactive OH .
FAEE treatment markedly suppressed intracellular
ROS generation following UV irradiation. This improved efficiency may be related to the FAEE
structure: through the phenolic moiety and the
extended side chain, free radical species, such as
hydroxyl and peroxyl radicals, are readily trapped,
generating resonance-stabilized phenoxy radicals
[7,16].
One of the mechanisms linking ROS generation to
cell damage is the structural and functional oxidative
modification of macromolecules. Essentially, oxidatively modified proteins are either functionally inactive or deregulated. Accordingly, often they are not
repaired and removed from the cellular pool by
proteolytic degradation. These modified molecules
can be quantitatively measured and their content has
been shown to increase in a number of diseases and
processes [32].
In order to confirm that in FAEE-treated cells the
reported suppression of ROS generation was indeed
associated with a lack of oxidative damage, we
evaluated the extent of cell protein oxidation. Our
results have clearly demonstrated that carbonylated
proteins in melanocytes submitted to UVB irradiation
and FAEE treatment were significantly lower than
those seen in cells that did not receive FAEE
treatment. Superimposable results were also obtained
measuring HNE and 3-nitrotyrosine (3-NT) adducts
on proteins. HNE is a reactive alkenal generated by
the attack of ROS to arachidonic acid that binds to
proteins, altering their conformation [23,25], 3-NT is
formed by reaction of RNS with proteins and is

another index of oxidative damage [22,33]. Both
adducts were found significantly lower in irradiated
melanocytes submitted to FAEE treatment compared
to irradiated control samples.
The generation of oxidizing species is a constant
issue for living systems. Accordingly a wide number
of cellular mechanisms have been evolved to contrast
the generation of oxidizing species and to reduce their
impact. Thus, oxidative stress actually occurs whenever the burden of oxidizing potential overwhelms the
cell total antioxidant capacity. In response to oxidative stress a wide set of response proteins are induced
in the recipient cell, including the heat shock proteins
(HSPs). These proteins, initially characterized in the
context of cellular stress responses [34], were shown
to be induced by oxidative stress [3537].
HSP70 is the major heat-inducible protein [26]
and it has been reported to exert a cytoprotective
effect under a number of conditions [38]. The
inducible isoform of HSP 32, named HO-1, is
considered the most sensitive and reliable indicator
of cellular oxidative stress. The proposed antioxidant
role for HO-1 has been attributed to increased
generation of the antioxidant bilirubin during heme
degradation catalysed by the enzyme [39] and it has
been proposed as an effective system to counteract
oxidant-induced cell injury [4042].
Therefore, to evaluate the effect of FAEE treatment on antioxidant-related cellular mechanisms the
expression of HSP70 and HO-1 were examined.
Interestingly, FAEE treatment was able to induce
an elevation of both protein expression levels, mimicking the effects of naturally occurring stimuli such
as UVB or hyperthermia. This finding suggests that
FAEE can act as an indirect antioxidant by inducing
stress responce proteins, such as HSPs [43]. Dinkova-Kostova et al. [44] demonstrated that, similarly
to curcumin, ferulic acid derivatives also contain
Michael acceptor functionalities and have been
shown to react with sulphydryl groups of Keap 1
that, once inhibited, do not repress transcription
factor Nrf2 which then binds to the antioxidant
response element (ARE) and activates transcription
of stress responce proteins [45].
On the other hand, the cell response mechanisms
elicited by oxidative stress may even contribute to
amplify its pathological effects. Indeed skin UVB
irradiation is associated with an increased expression
of cytosolic inducible nitric oxide synthase (iNOS)
and generation of nitric oxide [26]. This gas can react
with superoxide anion, forming peroxynitrite, a
reactive and strong oxidant substance able to induce
protein nitration and nitrosation, which alters the
function of different key enzymes, therefore inducing
a marked cellular cytotoxicity [46]. Accordingly, it
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has also been reported that iNOS expression is
increased in oxidative stress conditions [27] and
suppressed by antioxidant compounds [14,47].
Consonant with these reports, our results indicate
that UVB irradiation in control untreated cells
resulted in significant iNOS induction, along with a
sustained condition of nitrosative stress, as demonstrated by the formation of 3-NT. FAEE pretreatment prominently suppressed iNOS induction,
indicating that FAEE could reduce the direct generation of RNS-induced secondary damage. However,
FAEE alone was able to modulate the basal levels of
iNOS, as we have previously demonstrated in a
synaptosomal system [14]. We suggest that, besides
the effect of FAEE alone on iNOS, the protective
effect of FAEE relies on its ability to block the
activation of iNOS induced by UVB irradiation,
thus modulating the inflammatory process and the
oxidative burden cascade activated by nitric oxide.
Further studies are needed to elucidate the effects of
FAEE on iNOS protein expression levels by investigating the intracellular pathways possibly responsible
for this molecular response.
Considering the importance of NO in mediating
immune and inflammatory responses, this effect may
contribute to quenching the inflammation component
of UVB-mediated tissue damage. We speculate that
such an effect of FAEE may be related to the reported
induction of HSP70 [15,16] and observed in the
present study. Indeed, an interaction between HSP70
and iNOS has been reported and it has been hypothesized that the complex formed between the two
enzymes might decrease the enzymatic activity of
iNOS and subsequently decrease NO production [48].
At the cellular level, a major consequence of UVB
damage is the induction of apoptosis. This indicates
that the genotoxic damage is too great to be efficiently
repaired and therefore the deeply deregulated cell,
potentially able to originate a neoplastic clone, has to
be suppressed. Therefore, to evaluate at the cellular
level the impact of the reported molecular effects of
FAEE, we measured the level of cellular apoptosis. In
accordance with the bio-molecular results reported
above, in UVB-irradiated, FAEE-treated cells a clear
reduction of apoptosis induction was seen when
compared with that of untreated cells. This protection involved both PARP activation and cytoplasmic
nucleosomes formation, namely early and late steps
in the apoptotic pathway, indicating that FAEE
treatment is associated with a global protection
from UVB damage.
Once again, this anti-apoptotic effect, as far as
PARP activation is concerned, might be mediated by
the HSP70 induction by FAEE. A reduced apoptosis
in cells that expressed HSP70, caused by a decreased
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caspase-3 activity [49,50] has been reported. Further,
cells which contained elevated levels of HSPs were
more resistant to stress conditions and spared from
the apoptotic pathway [51].
In summary, through experiments with UVB*the
most relevant skin oxidative stress*on its elective
cell target*human melanocytes*data have been
obtained indicating the antioxidant and cell protection power of FAEE. This polyphenol proved able to
reduce the generation of ROS and to elevate cell
protective mechanisms (HSPs), resulting in a marked
reduction of oxidative adducts on cell proteins.
Moreover, FAEE treatment was able to suppress the
secondary generation of NO-derivate oxidizing agents
due to iNOS induction. These biochemical activities
integrate at the cellular level in a significant suppression of cell apoptosis, the ultimate effect of oxidative
genotoxic damage. Thus, FAEE is strongly implicated as a potentially valuable pharmacological agent
to reduce UVB-related damage and to potentiate
protective cell responses in human melanocytes.
Acknowledgements
This work was partially supported by grant of the
Italian Ministry of Health. We wish to thank
Dr Daniela Di Sciullo and Mr Vincenzo Peresempio
for their excellent technical work. D. A. B. was
supported by grants from the National Institutes of
Health (USA).
Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible for the content and writing of the paper.

References
[1] Dalle Carbonare M, Pathak MA. Skin photosensitizing agents
and the role of reactive oxygen species in photoaging.
Photochem Photobiol B 1992;14:105124.
[2] Rigel DS. The effect of sunscreen on melanoma risk.
Dermatol Clin 2002;20:601606.
[3] Sander CS, Chang H, Hamm F, Elsner P, Thiele JJ. Role of
oxidative stress and the antioxidant network in cutaneous
carcinogenesis. Int J Dermatol 2004;43:326335.
[4] Zhang X, Rosenstein BS, Wang Y, Lebwohl M, Wei H.
Identification of possible reactive oxygen species involved in
ultraviolet radiation-induced oxidative DNA damage. Free
Radic Biol Med 1997;23:980985.
[5] Bickers DR, Athar M. Oxidative stress in the pathogenesis of
skin disease. J Invest Dermatol 2006;126:25652575.
[6] Hosoda A, Ozaki Y, Kashiwada A, Mutoh M, Wakabayashi K,
Mizuno K, Nomura E, Taniguchi H. Syntheses of ferulic acid
derivatives and their suppressive effects on cyclooxygenase-2
promoter activity. Bioorg Med Chem 2002;10:11891196.
[7] Kanski J, Aksenova M, Stoyanova A, Butterfield DA. Ferulic
acid antioxidant protection against hydroxyl and peroxyl
radical oxidation in synaptosomal and neuronal cell culture

10

[8]

[9]

[10]

[11]

[12]

Downloaded By: [University of Kentucky] At: 14:15 13 March 2009

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

F. Di Domenico et al.
systems in vitro: structure-activity studies. J Nutr Biochem
2002;13:273281.
Kikuzaki H, Hisamoto M, Hirose K, Akiyama K, Taniguchi
H. Antioxidant properties of ferulic acid and its related
compounds. Agric Food Chem 2002;50:21612168.
Masuda T, Yamada K, Maekawa T, Takeda Y, Yamaguchi H.
Antioxidant mechanism studies on ferulic acid: identification
of oxidative coupling products from methyl ferulate and
linoleate. J Agric Food Chem 2006;54:60696074.
Funasaka Y, Komoto M, Ichihashi M. Depigmenting effect of
alpha-tocopheryl ferulate on normal human melanocytes.
Pigment Cell Res 2000;13:170174.
Hsieh CL, Yen GC, Chen HY. Antioxidant activities of
phenolic acids on ultraviolet radiation-induced erythrocyte
and low density lipoprotein oxidation. J Agric Food Chem
2005;53:61516155.
Graf E. Antioxidant potential of ferulic acid. Free Radic Biol
Med 1992;13:435448.
Joshi G, Perluigi M, Sultana R, Agrippino R, Calabrese V,
Butterfield DA. In vivo protection of synaptosomes by ferulic
acid ethyl ester (FAEE) from oxidative stress mediated by 2,2azobis(2-amidino-propane) dihydrochloride (AAPH) or
Fe2 /H2O2: insight into mechanisms of neuroprotection
and relevance to oxidative stress-related neurodegenerative
disorders. Neurochem Int 2006;48:318327.
Perluigi M, Joshi G, Sultana R, Calabrese V, De Marco C,
Coccia R, Cini C, Butterfield DA. In vivo protective effects of
ferulic acid ethyl ester against amyloid-beta peptide
1-42-induced oxidative stress. J Neurosci Res 2006;84:
418426.
Scapagnini G, Butterfield DA, Colombrita C, Sultana R,
Pascale A, Calabrese V. Ethyl ferulate, a lipophilic polyphenol, induces HO-1 and protects rat neurons against oxidative
stress. Antioxid Redox Signal 2004;6:811818.
Sultana R, Ravagna A, Mohmmad-Abdul H, Calabrese V,
Butterfield DA. Ferulic acid ethyl ester protects neurons
against amyloid beta- peptide(1-42)-induced oxidative stress
and neurotoxicity: relationship to antioxidant activity.
J Neurochem 2005;92:749758.
Gerlier D, Thomasset N. Use of MTT colorimetric assay to
measure cell activation. J Immunol Methods 1986;94:5763.
Perluigi M, De Marco F, Foppoli C, Coccia R, Blarzino C,
Marcante ML, Cini C. Tyrosinase protects human melanocytes from ROS-generating compounds. Biochem Biophys
Res Commun 2003;305:250256.
D’Angelo S, Ingrosso D, Migliardi V, Sorrentino A, Donnarumma G, Baroni A, Masella L, Tufano MA, Zappia M,
Galletti P. Hydroxytyrosol, a natural antioxidant from olive
oil, prevents protein damage induced by long-wave ultraviolet
radiation in melanoma cells. Free Radic Biol Med
2005;38:908919.
Wang H, Joseph JA. Quantifying cellular oxidative stress by
dichlorofluorescein assay using microplate reader. Free Radic
Biol Med 1999;27:612616.
Castegna A, Thongboonkerd V, Klein JB, Lynn B, Markesbery WR, Butterfield DA. Proteomic identification of nitrated
proteins in Alzheimer’s disease brain. J Neurochem 2003;85:
13941401.
Stadtman ER, Berlett BS. Reactive oxygen-mediated protein
oxidation in aging and disease. Drug Metab Rev 1998;30:
225243.
Berlett BS, Stadtman ER. Protein oxidation in aging, disease,
and oxidative stress. J Biol Chem 1997;272:2031320316.
Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of 4-hydroxynonenal, malonaldehyde and related
aldehydes. Free Radic Biol Med 1991;11:81128.
Subramaniam R, Roediger F, Jordan B, Mattson MP, Keller
JN, Waeg G, Butterfield DA. The lipid peroxidation product,
4-hydroxy-2-trans-nonenal, alters the conformation of corti-

[26]

[27]

[28]
[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

cal synaptosomal membrane proteins. J Neurochem
1997;69:11611169.
Welch WJ, Feramisco JR. Nuclear and nucleolar localization
of the 72,000 dalton heat shock protein in heat shocked
mammalian cells. J Biol Chem 1984;259:45014513.
Chang HR, Tsao DA, Wang SR, Yu HS. Expression of nitric
oxide synthases in keratinocytes after UVB irradiation. Arch
Dermatol Res 2003;295:293296.
Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and disease. Physiol Rev 2007;87:315424.
Katiyar SK. UV-induced immune suppression and photocarcinogenesis: chemoprevention by dietary botanical agents.
Cancer Lett 2007;255:111.
Verschooten L, Claerhout S, Van Laethem A, Agostinis P,
Garmyn M. New strategies of photoprotection. Photochem
Photobiol 2006;82:10161023.
Anselmi C, Centini M, Andreassi M, Buonocore A, La Rosa
C, Facino RM, Sega A, Tsuno F. Conformational analysis: a
tool for the elucidation of the antioxidant properties of ferulic
acid derivatives in membrane models. J Pharm Biomed Anal
2004;35:12411249.
Levine RL. Carbonyl modified proteins in cellular regulation,
aging, and disease. Free Radic Biol Med 2002;32:790796.
Sultana R, Poon HF, Cai J, Pierce WM, Merchant M, Klein
JB, Markesbery WR, Butterfield DA. Identification of nitrated
hippocampal proteins in Alzheimer’s disease brain using
redox proteomics approach. Neurobiol Dis 2006;22:7687.
Welch WJ, Suhan JP. Cellular and biochemical events in
mammalian cells during and after recovery from physiological
stress. J Cell Biol 1986;103:20352052.
Calabrese V, Stella AM, Butterfield DA, Scapagnini G. Redox
regulation in neurodegeneration and longevity: role of the
heme oxygenase and HSP70 systems in brain stress tolerance.
Antioxid Redox Signal 2004;6:895913.
Polla BS, Kantengwa S, Francois D, Salvioli S, Franceschi C,
Marsac C, Cossarizza A. Mitochondria are selective targets
for the protective effects of heat shock against oxidative injury.
Proc Natl Acad Sci USA 1996;93:64586463.
Poon HF, Calabrese V, Scapagnini G, Butterfield DA. Free
radicals: key to brain aging and heme oxygenase as a cellular
response to oxidative stress. J Gerontol A Biol Sci Med Sci
2004;59:478493.
Park KC, Kim DS, Choi HO, Kim KH, Chung JH, Eun HC,
Lee JS, Seo JS. Overexpression of HSP70 prevents ultraviolet
B-induced apoptosis of a human melanoma cell line. Arch
Dermatol Res 2000;292:482487.
Clark JE, Foresti R, Green CJ, Motterlini R. Dynamics of
heme oxygenase-1 expression and bilirubin production in
cellular protection against oxidative stress. Biochem
J 2000;348:615619.
Allanson M, Reeve VE. Immunoprotective UVA
(320400 nm) irradiation upregulates heme oxygenase-1 in
the dermis and epidermis of hairless mouse skin. J Invest
Dermatol 2004;122:10301036.
Kutty RK, Kutty G, Wiggert B, Chader GJ, Darrow RM,
Organisciak DT. Induction of heme oxygenase 1 in the retina
by intense visible light: suppression by the antioxidant
dimethylthiourea. Proc Natl Acad Sci USA 1995;92:
11771181.
Maines MD, Eke BC, Zhao X. Corticosterone promotes
increased heme oxygenase-2 protein and transcript expression
in the newborn rat brain. Brain Res 1996;722:8394.
Dinkova-Kostova AT, Abeygunawardana C, Talalay P. Chemoprotective properties of phenylpropenoids, bis(benzylidene)cycloalkanones, and related Michael reaction acceptors:
correlation of potencies as phase 2 enzyme inducers and
radical scavengers. J Med Chem 1998;41:52875296.
Dinkova-Kostova AT, Massiah MA, Bozak RE, Hicks RJ,
Talalay P. Potency of Michael reaction acceptors as inducers

Protective effects of FAEE against UVB irradiation

Downloaded By: [University of Kentucky] At: 14:15 13 March 2009

of enzymes that protect against carcinogenesis depends on
their reactivity with sulfhydryl groups. Proc Natl Acad Sci
USA 2001;98:34043409.
[45] Dinkova-Kostova AT, Holtzclaw WD, Kensler TW. The role
of Keap1 in cellular protective responses. Chem Res Toxicol
2005;18:17791791.
[46] Gonzalez Maglio DH, Paz ML, Ferrari A, Weill FS, Czerniczyniec A, Leoni J, Bustamante J. Skin damage
and mitochondrial dysfunction after acute ultraviolet B
irradiation: relationship with nitric oxide production. Photodermatol Photoimmunol Photomed 2005;21:311317.
[47] Ayasolla K, Khan M, Singh AK, Singh I. Inflammatory
mediator and beta-amyloid (2535)-induced ceramide generation and iNOS expression are inhibited by vitamin E. Free
Radic Biol Med 2004;37:325338.

11

[48] Kiang JG. Inducible heat shock protein 70 kD and inducible
nitric oxide synthase in hemorrhage/resuscitation-induced
injury. Cell Res 2004;14:450459.
[49] Kiang JG, Warke VG, Tsokos GC. NaCN-induced chemical
hypoxia is associated with altered gene expression. Mol Cell
Biochem 2003;245:211216.
[50] Sreedhar AS, Csermely P. Heat shock proteins in the
regulation of apoptosis: new strategies in tumor therapy: a
comprehensive review. Pharmacol Ther 2004;101:227257.
[51] Mosser DD, Caron AW, Bourget L, Denis-Larose C, Massie
B. Role of the human heat shock protein hsp70 in protection
against stress-induced apoptosis. Mol Cell Biol 1997;17:
53175327.

