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Abstract

Anti-inflammatory and skin tumour preventing effects of resveratrol have been extensively studied pre-clinically and
resveratrol has been proposed for clinical investigations. To provide a basis or/and limitations for topical administration to
human skin, molecular mechanisms underlying resveratrol effects towards normal human epidermal keratinocytes (NHEK)
were evaluated. NHEK were challenged by either resveratrol alone or by its combination with TNFalpha or TGFalpha, and
time-dependent molecular events were monitored. Interleukin 8 (IL-8) expression and its mRNA stability, ERK1/2, p65/RelA,
and EGFR phosphorylation were determined. Intracellular distribution of EGFR/P-EGFR was measured in the membrane,
cytoplasmic, and nuclear fractions. Specific DNA binding activity of NFkB (p65/RelA) and AP-1(c-Fos), NHEK proliferation,
and molecular markers of apoptosis/cell cycle were detected. Resveratrol induced delayed, long-lasting and steadily
growing IL-8 gene and protein over-expression as well as enhanced EGFR phosphorylation, both abrogated by the EGFR
kinase inhibitor PD168393. However, resveratrol did not act as a phosphatase inhibitor. ERK phosphorylation was transiently
inhibited at early time-points and activated at 6–24 h. Accordingly, c-Fos-specific DNA binding was increased by resveratrol.
Cellular distribution of EGFR/P-EGFR was shifted to membrane and nucleus while cytosolic levels were reduced concomitant
with enhanced degradation. Notwithstanding high nuclear levels of EGFR/P-EGFR, spontaneous and TGFalpha-triggered cell
proliferation was strongly suppressed by resveratrol mainly through cell cycle arrest.

Conclusions/Significance: Resveratrol synergized with TNFa in the induction of delayed, long-lasting IL-8 expression
through sustained EGFR-ERK axis activation. The time course indicates that resveratrol metabolites could be implicated.
Topical administration of Resv to psoriatic patients over-expressing TNFa, IL-8 and EGFR-ERK in the skin should be
cautiously considered. Since high nuclear levels of EGFR correspond to increased risk of tumorigenesis, chronic resveratrol
application to the skin may be potentially dangerous. Wound healing acceleration by resveratrol could not be envisaged
due to its anti-proliferative effects towards normal keratinocytes.
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Introduction

The plant polyphenol resveratrol (Resv, 3,49,5-trihydroxystil-

bene), naturally occurring in a number of fruits and other food

products, has been extensively studied during the last two decades

for its cancer chemopreventive and anti-cancer properties. Its

chemopreventive potential has first emerged amid inhibition of

experimental carcinogenesis at the stages of initiation, promotion,

and progression [1]. A kind of Resv ‘‘addiction’’ (cit. [2]) results in

a steadily growing number of in vitro and in vivo studies

attempting to provide evidence of numerous health effects of

Resv ranging from anti-inflammatory to cardiovascular disease

preventive, cancer chemopreventive, and to age delaying activities.

On the basis of promising pre-clinical data, Resv was recom-

mended for clinical trials as extensively reviewed in [2,3,4], while

its natural and synthetic analogues have been experimented

in vitro [5,6]. However, recent systematic review of publications

on biological and clinical effects of Resv [4] did not justify its

administration to humans, beyond the dose which can be obtained

from dietary sources. Taking into account that (i) proposed chronic

administration of Resv to the skin as a chemopreventive approach

[2,7,8] could affect different cellular and non-cellular components

of this complex organ [9,10], (ii) topically applied Resv could

interact with numerous environmental factors, such as UV, heavy

metals, and organic toxins [11–13], and (iii) Resv metabolism/

bioavailability through the skin differs from that in the gut,

thorough evaluation of non-dietary ways of Resv use should be

warranted. In the widely discussed cancer chemopreventive

concept, ideal substance(s), being administered chronically, should

prevent, slow down or reverse tumorigenic transformation/tumor

formation. At the same time, deregulating or damaging effects

towards normal cells/tissues should be minimal. While the
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majority of mechanistic studies demonstrate that Resv selectively

affects aberrant molecular pathways in tumor cells, there is

emerging evidence that normal cells such as endotheliocytes,

lymphocytes, smooth muscle cells, chondrocytes, tendocytes

[2,8,14], adipocytes [15,16], neurons [17], osteoblasts, hepatic

cells, and epidermal keratinocytes [18–20] are vulnerable to Resv

as well.

Numerous mechanisms have been proposed as underlying the

modulation of tumor cell proliferation and death-versus-survival

strategy by this polyphenol [2,3,21]. Thus, Resv interaction with

nuclear receptors, such as estrogen, androgen, and aryl hydrocar-

bon receptors is thought to greatly influence cell proliferation and

survival [22–25]. It has also been shown that various survival

factors (e.g. survival proteins, kinases, and transcription factors) are

inhibited by Resv favoring cell death [2] by multiple mechanisms

including apoptosis, autophagy, or mitotic block [21,26]. Since

pro- versus anti-proliferative effects of Resv towards tumor cells

[27] and stem cells [28] depended on its concentration and

duration of cell contact with Resv, a warning has been issued on

the chronic use of Resv as a chemopreventive agent. In a single

publication on strong anti-proliferative effects of Resv to normal

keratinocytes [9], a serious concern has also been expressed about

feasibility of this plant polyphenol for skin cancer chemopreven-

tion. However, mechanisms, by which Resv exerts its effects on

proliferation of normal cells, have never been evaluated.

The EGF receptor (EGFR) and its ligands represent one of the

most powerful and complex signaling networks in the skin of

higher vertebrates. This system exerts a major impact on

keratinocyte proliferation and eventually on the processes of

wound healing and malignant transformation [29–31]. Substantial

evidence implicates EGFR signaling as a leading factor in the

pathogenesis of non-melanoma skin cancers [32,33]. Furthermore,

a vast body of evidence also points to the involvement of EGFR in

the regulation of the immune responses of the epidermis [34].

Thus activation of the EGFR signaling pathway has a major

impact on the expression of chemokines by human keratinocytes,

with a strong enhancement of IL-8, but suppression of MCP-1,

RANTES and IP-10, these last involved in the recruitment of

monocytes and/or T cells into the skin [35]. Apart from its

neutrophil-selective chemoattraction, IL-8 has been considered a

mitogenic factor for keratinocytes, since both the chemokine [36]

and its receptor CXCR2 [37] are highly expressed in the

hyperproliferative epidermis of the psoriatic lesions and psoriatic

keratinocytes. Indeed, evidence of a proliferative effect on human

keratinocytes was provided for this chemokine in the in vitro

experiments [38]. Several recent publications have shown

inhibitory effect of Resv towards IL-8 expression and synthesis

in a variety of cell types, including human gastric and airway

epithelial cells [39–41]. However, our experience with human

keratinocytes invariably showed both time- and dose-dependent

increase of IL-8 expression upon cells exposure to Resv alone, or

its combination with solar simulated UVA+UVB and with 6-

formylindolo[3,2-b]carbazole (FICZ), a product of tryptophan

photo-oxidation [11], or its combination with two pro-inflamma-

tory cytokines, tumor necrosis factor alpha (TNFa) plus interferon

gamma (IFNc) [42].

Regarding the interaction of Resv with the EGFR system, the

great majority of scientific sources available report studies on

tumour cell lines, with Resv inhibiting the spontaneously

increased, cancer-associated EGFR phosphorylation or synergiz-

ing with anti-cancer drugs-inhibitors of EGFR [6,20,33,43,44].

These data prompted to suggest Resv as a coadjuvant in anti-

EGFR therapies. The observation from our group indicated that

Resv did not affect EGFR phosphorylation in NHEK while it

strongly suppressed its downstream partner ERK1/2 within the

initial 15–60 min period of exposure to pro-inflammatory triggers

[18,42].

Recently, emerging controversial experimental evidence on

Resv effects on normal and tumor cells prompted the suggestion

that Resv could exert differential actions in a cell-, dose-, and

situation-dependent way, hence substantially limiting its chemo-

preventive potential [18,27,28,42,45]. On the other hand,

physiologically important time-dependent effects of the polyphenol

were scarcely evaluated. The present study was designed to

elucidate prolonged time-dependent molecular mechanisms by

which Resv enhances IL-8 expression in normal human keratino-

cytes in order to provide a basis for possible clinical applications

or/and limitations of topical preparations containing Resv as

active substance.

Materials and Methods

Ethics Statement
All experiments with human material (skin biopsies) were

carried out in accord with Helsinki Declaration, the protocols were

approved by Ethical Committee of Istituto Dermopatico dell’Im-

macolata, Rome, and the healthy adult donors signed the

informed consent.

Chemicals and Reagents
Resv (Figure 1A) was purchased from (Biomol Research Lab,

Plymouth, MA), and verbascoside (Verb, .99% purity) (Figure 1B)

was a kind gift of Dr. Dal Toso, I.r.b., Altavilla Vicentina, Italy).

This last polyphenol was used as an unrelated internal control in

some experiments. TNFa or TGFa were provided by R&D

Products (Milan, Italy). The small-molecule, cell permeant EGFR

kinase inhibitor PD168393 was from Calbiochem (La Jolla, CA,

USA).

Human Keratinocyte Cultures and Exposures
Primary cultures of keratinocytes were obtained from skin

biopsies of healthy volunteers (n = 4), as previously reported [46].

The protocol of the study was approved by the local Ethical

Committee (IDI IRCCS - San Carlo Hospital) and informed

consent for skin biopsy was signed by all the participants.

Briefly, cells were cultured in the serum-free keratinocyte

growth medium (KGM, Clonetics, Walkersville, MD, USA) for at

least 3–5 days until the cultures reached 60–80% confluence.

Keratinocytes were pre-incubated with 50 mM Resv or Resv

vehicle DMSO for 1 h, then, TNFa or TGFa were added. The

DMSO concentration as vehicle control was 0.1% (v/v). As an

unrelated reference plant polyphenol, Verb was used either alone

or in association with TNFa. Where specified, 30 min incubations

with PD168393 were performed prior to further treatments. At

definite time points, NHEK were washed, and stored at 280uC
prior to RNA and protein extraction. The levels of interleukin 8

(IL-8) protein (ng/106 cells) were determined by ELISA assay in

the supernatant at selected time-points.

Cell Proliferation Assay
To evaluate keratinocyte proliferation, sub-confluent primary

cultures were evaluated by phase contrast microscopy. To confirm

microscopic data, the 3H-thymidine incorporation method was

used. Briefly, NHEK were seeded in a medium deprived of all

supplements into 96-well plates at density of 16104 cells/well and

left for 12 h to adjust. Then, Resv (50 mM) or its vehicle DMSO

were added to each well (final concentration of DMSO was 0.1%

v/v). One mCi of 3H-thymidine (Perkin Elmer Inc., USA) was

Resveratrol and Keratinocytes
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added after 12, 24, or 36 h of co-incubation. After 12 h, cells were

trypsinized and the rate of uptake of 3H-Thymidine was

determined according to a Tri-Carb 2910TR Low Activity Liquid

Scintillation Analyzer Instructions (Perkin Elmer Inc., USA).

Preparation of Subcellular Fractions
Total cell lysis was performed with a buffer composed of 20 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM

EDTA, 1 mM sodium orthovanadate, in the presence of an

antiprotease cocktail. Subcellular fractionation was performed as

described [47] with slight modifications. Briefly, keratinocytes

were lysed in Buffer A (10 mM HEPES, 10 mM KCl, 0.1 mM

EDTA, and 0.1 mM EGTA) supplemented with 1 mM sodium

orthovanadate and an anti-protease cocktail. The cell suspension

was transferred to a 1 mL syringe and sheared by being passed 40

times though 25-gauge needle. The lysate was centrifuged at

2806g for 10 min to precipitate nuclei. The supernatant was

collected and centrifuged at 16,0006g to obtain the plasma

membrane fraction in the pellet and the cytosol fraction as the

supernatant. The pellet containing the plasma membrane fraction

was lysed with Buffer A added of 1% NP40 by 1 h incubation and

thorough vortexing every 5 min. The supernatant representing the

membrane fraction was then recovered by centrifugation at

16,0006g. Finally, nuclear pellet was lysed by Buffer C (20 mM

HEPES, 0.4 MNaCl, 1 mM EDTA, 1 mM EGTA, in the

presence of 1 mM sodium orthovanadate and an antiprotease

cocktail). During all the phases, cell lysates were kept on an ice

bath.

ELISA Assays
Human TNFa ELISA kits were from R&D Systems. IL-8 levels

in cell supernatants were measured with ELISA kits from BD

Biosciences. Samples were assayed in triplicate for each condition.

RNA Purification and Quantitative Real Time Reverse
Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from frozen NHEK using the

GenEluteTM Mammalian Total RNA Kit from Sigma (Milan,

Italy) in accordance to manufacturer’s instructions. The amount of

RNA was determined by absorbance at 260 nm. Total RNA

(1 mg) was reverse transcribed using the iScript cDNA Synthesis

Kit (Bio-Rad, Hercules, CA, USA) at 25uC for 5 min and 42uC for

30 min, followed by 85uC for 5 min in a final reaction volume of

40 ml. cDNA was amplified with iQTM Supermix using the

MiniOpticon Real-Time PCR Detection System (Bio-Rad,

Hercules, CA, USA). All real time assays were carried out under

the following conditions: 35 cycles of denaturation at 95uC for

15 sec, annealing and extension at 60uC for 60 sec. Melt curve

analysis was performed to confirm the specificity of the amplified

products. All samples were run in triplicate, and relative

expression was determined by normalizing samples to b-actin

and 18S rRNA housekeeping genes. Data were analyzed using the

comparative Ct method (DDCt) [48]. The following primer sets

were obtained from Applied Biosystems: IL-8fwd 59-

GTCCTTGTTCCACTGTGCCT-39; IL-8rev 59-GCTTCCA-

CATGTCCTCACAA-39; b-actin fwd 59-AAATCTGGCACCA-

CACCTTCTAC-39; b-actin rev 59-ATAGCACAGCCTGGA-

TAGCAAC-39; 18S rRNAfwd 59- TCCCCCAACTTCTTA-

GAGG-39; 18S rRNA rev 59- GCTTATGACCCGCACTTAC-

39.

Western Blot Analysis
Equal amounts of samples (usually 20 mg) were subjected to

electrophoresis on 12.5% SDS-polyacrylamide gels and trans-

ferred to polyvinylidene difluoride (PVDF) filters (Immobilon-P;

Millipore). Filters were soaked in 5% non fat dry milk/TBS

(20 mM Tris-HCl, pH 7.5, 500 mM NaCl) at 4uC overnight.

Western blot was performed using the following monoclonal or

polyclonal antibodies: anti-EGFR, anti-P-EGFR, anti-p65, anti-

p53, anti-Bax, anti-p16INK4a, anti-p63, anti-PCNA, anti-GAPDH,

anti-actin, anti-cadherin, anti-histone 4 (all from Santa Cruz

Biotechnology, Inc., CA, USA), and anti-ERK, anti-P-ERK, and

anti-P p65 (Cell Signaling Technology, Beverly, MA). Anti-

p21Waf1 and anti-caspase-8 antibodies were purchased from BD

Pharmingen, USA. Filters were incubated for 2 h at room

temperature with the primary antibody, washed three times with

a solution containing 20 mM Tris-HCl, pH 7.5, 500 mM NaCl,

and 0.05% Tween-20, and finally incubated for 1 h with horse

radish peroxidase-labeled immunoglobulin (GE Healthcare, UK).

DNA Binding Activity of Transcription Factors
NFkB (p65/RelA) and AP-1 (c-Fos) specific DNA binding

activity were measured in cell nuclear lysates and quantified using

transcription factor-specific TransAM kits (Active Motif (Carlsbad,

CA, USA) [49].

Statistical Evaluation
All measurements were done in triplicate, and data of at least

three independent experiments were expressed as the mean 6

S.D. and statistically evaluated. To assess the difference between

experimental groups, two-tailed Student’s t-test was applied and P

values ,0.05 were considered significant.

Results

Resveratrol Induced Delayed and Long-lasting IL-8 de
novo Gene Expression

NHEK responded to 50 mM Resv (Figure 1A) or Verb

(Figure 1B) with a strong suppression of IL-8 transcript during

the first 2 h of treatment. This suppression was observed

throughout the time-course of 16 h in cells treated with Verb,

whereas IL-8 transcript underwent a steep rise after 4 hour

treatment with Resv and reached plateau at 12 h (Figure 1C).

Analogously, both Resv and Verb strongly perturbed the response

of human keratinocytes to TNFa. While Verb persistently

suppressed TNFa-induced IL-8 expression, Resv displayed a

biphasic activity, with significant down-regulation during the first

4 h, and then strong (approx. 10-fold) increase in the IL-8

Figure 1. Resveratrol and verbascoside effects on IL-8 expression in normal human keratinocytes. Chemical structure of resveratrol (A)
and verbascoside (B). (C, D) Quantitative real-time RT-PCR time-dependent changes of IL-8 transcript. Cells were treated with 50 mM resveratrol (Resv)
or verbascoside (Verb) for the indicated intervals. Keratinocytes were pre-treated with the polyphenols for 1 h before addition of TNFa (50 ng/ml),
and analyzed at the indicated time-points. (E) Profile of IL-8 protein accumulation in cell supernatants measured by specific ELISA. *P,0.05 and
1P,0.01 versus controls at the same time-point without polyphenol (2). (F) ELISA quantification of IL-8 in the medium of human keratinocytes
treated with escalating concentration of Resv for 24 h. *P,0.05 and 1P,0.01 versus controls without polyphenol (0 mM). (G) Quantitative real-time
RT-PCR measurement of IL-8 mRNA stability. After 12 h treatment with TNFa, the RNA polymerase II inhibitor DRB (75 mM) was added for the
indicated time-points. Data are expressed as the mean 6 S.D. of three consecutive determinations in three independent experiments.
doi:10.1371/journal.pone.0059632.g001
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transcript levels (Figure 1D). These distinct effects by the two

polyphenols could be paralleled also at the protein level, with Verb

associated to strong reduction, and Resv to enhanced accumula-

tion of IL-8 release into the medium, either used alone or in

association with TNFa (Figure 1E). Importantly, induction of IL-8

expression was dependent on the concentration of Resv, either

used alone or in association with TNFa, with increasing levels of

IL-8 protein release in the 24 h supernatant in the range of 5–50

Resv mM (Figure 1F). In keeping with what we previously observed

in human keratinocytes stimulated by a mixture of TNFa and

interferon gamma (IFNc) [42], the decay kinetics of IL-8 transcript

was not perturbed by the presence of Resv (Figure 1G), further

indicating that Resv-dependent enhanced IL-8 expression was not

associated to IL-8 mRNA stabilisation but rather to de novo IL-8

gene expression.

Treatment with Resveratrol Led to Delayed and
Persistent EGFR Phosphorylation

Previously, we reported that, for short exposures (15–60

minutes), Resv did not perturb the EGFR relevantly, whereas it

was an effective inhibitor of ERK phosphorylation [11]. However,

long time-course experiments revealed that Resv, but not Verb,

actually did induce delayed EGFR phosphorylation, with a

progressive increase during the first 6 h and plateau at significantly

higher levels than in untreated controls (Figure 2A and B). In the

same experimental conditions, both Resv and Verb exhibited a

‘‘wave-like’’ perturbation of ERK phosphorylation. Initially, they

both strongly suppressed P-ERK1/2 levels and the effect lasted for

2 h. Later on (6–16 h interval), however, NHEK treated with

Verb regained basal levels of phosphorylated ERK, although a

significant down-regulation was again observed after 24 h

(Figure 2A and C). In the case of Resv, a sharp increase of P-

ERK at 6 h occurred, followed by the return to basal levels at12–

16 h, and a new significant up-regulation at 24 h (Figure 2A and

C). Both Resv and Verb modulated p65 phosphorylation levels

with similar ‘‘wave-like’’ profiles during 24 h period, although

Verb was more effective in its suppression (Figure 2A and D). Of

note, resveratrol-associated upregulation of EGFR and ERK

phosphorylation was dose-dependent with 50 mM significantly

more effective than 10 mM, as shown at 6 h incubation with the

two Resv concentrations (Fig. 2E and F).

When associated to 6 h stimulation with TNFa, the two

polyphenols showed similar effects on EGFR-ERK signal trans-

duction. While TNFa alone did not affect both EGFR and ERK

phosphorylation at 6 h, the co-presence of Resv led to significant

increase in the levels of P-EGFR and P-ERK (Figure 3A and B).

At the same time, the combination Verb+TNFa substantially

inhibited these phosphorylations. As predicted, TNFa induced

p65 phosphorylation. In this case, both Resv and Verb were

effective inhibitors. Accordingly, both the polyphenols down-

regulated TNFa-induced binding activity to the NFkB-specific

consensus sequence (Figure 3C). One of the major downstream

targets of activated ERK is c-fos, an essential component of

transcription factor AP-1 [46]. In keeping with our western blot

results, the nuclear lysates of cells treated with TNFa alone or

TNFa+Resv displayed strongly up-regulated c-fos binding activity

(Figure 3C), while the combination of TNFa and Verb did not

show any increase in DNA binding activity to AP-1-specific

consensus sequences.

Pharmacological Abrogation of EGFR Phosphorylation
Totally Prevented Resveratrol-induced Expression of IL-8

In order to verify whether EGFR phosphorylation is function-

ally implicated in Resv-induced IL-8 up-regulation, we pre-treated

NHEK with the EGFR-specific tyrosine kinase inhibitor

PD168393 [35]. In good agreement with our previous findings,

30 min pre-treatment with 2 mM of this small-molecule inhibitor

stably abrogated both EGFR phosphorylation and consequently

ERK phosphorylation, and this was true both in un-stimulated as

well as in Resv-activated keratinocytes (Figure 4A and B).

Analogously, NHEK pre-treatment with PD168393 abrogated

both EGFR and ERK phosphorylation induced by the combina-

tion of Resv and TNFa at 6 h (Figure 4C and D). More relevant,

we found that PD168393 dramatically impaired IL-8 expression

under all experimental conditions, including treatment with Resv,

both at the transcript and protein level (Figure 5A and B).

Resveratrol Enhanced EGFR Phosphorylation and
Signalling Function by Retaining it in the Membrane and
Perturbing its Cytosolic Degradation

One of the best characterized mechanisms of enhanced EGFR

phosphorylation by xenobiotics [50] or UVB irradiation [51,52] is

associated to inhibition of the intracellular phosphatases that

maintain constant phosphorylation levels of EGFR and hence

control its signalling activity. To test the hypothesis that Resv

might be an inhibitor of NHEK phosphatases, we first pre-treated

cells with Resv for 24 h, then, performed a brief (10 min) EGFR

stimulation with its ligand TGFa to maximize the receptor

phosphorylation, and finally blocked EGFR phosphorylation by

short incubation (10 min) with PD168393. Western blot analysis of

differential fractions of cell lysates showed that PD168393 led to

disappearance of phosphorylated EGFR irrespective of 24 h pre-

treatment with Resv, both in the membrane (Figure 6A and B) and

in the cytosolic fractions (Figure 6C and D), with no evidence of

phosphatase inhibition by this polyphenol. Rather, we observed

that, in the absence of PD168393, both phosphorylated and non-

phosphorylated forms of EGFR were significantly more repre-

sented in the membranes of cells treated with Resv (Figure 6A and

B). In the cytosolic fraction, the levels of P-EGFR were

significantly lower in the cells treated with Resv+TGFa when

compared to TGFa-treated controls (Figure 6C and D). In

addition, a slightly more intense cytoplasmic EGFR degradation

ladder was identified in all the cultures containing Resv (Figure 6C,

arrow). In their whole, these data suggest that Resv might enhance

membrane EGFR localization and activation possibly by perturb-

ing its intracellular internalization and degradation.

Resveratrol Promoted Delayed and Sustained Nuclear
Accumulation of Phosphorylated and Non-
phosphorylated EGFR

NHEK respond to TGFa with a rapid accumulation of EGFR

(nEGFR) and phosphorylated EGFR (nP-EGFR) in the nucleus, as

previously reported [18], reaching the highest levels at 2 h

incubation (Fig. 7). In a similar way, Resv alone induced

significant increase of nP-EGFR at 30 min and maximal

accumulation of nEGFR at 2 h. When associated to TGFa, Resv

induced a remarkable, delayed accumulation of nP-EGFR in the

nucleus, lasting for at least 6 h (Fig. 7A and B), strongly indicating

that this polyphenol actively contributed to nuclear translocation

or/and retention of activated EGFR in NHEK.

Resveratrol and Keratinocytes
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Resveratrol Alone or in Association with TGFa Strongly
Inhibited Proliferation of Normal Human Keratinocytes

Since substantial evidence confirms that nuclear EGFR is

essential to maintain keratinocyte proliferation, migration, and

survival [53–55], the effects of Resv and its combination with

TGFa towards NHEK proliferation were evaluated. As expected,

TGFa induced time-dependent increase of the cell number, as

visualized shown by phase contrast microscopy (data not shown),

which correlated with enhanced 3H-thymidine incorporation

(Fig. 8A). To our great surprise, notwithstanding high nuclear

levels of EGFR/P-EGFR promoted by Resv alone as well as in

association with TGFa, NHEK proliferation in the presence of

Resv up to 36 h was invariably inhibited (Fig. 8A).

Resveratrol Alone or in Association with TGFa Induced
Cell Cycle Arrest While did not Affect Cellular Senescence
and Apoptosis in Normal Human Keratinocytes

In order to further elucidate anti-proliferative effects of Resv in

NHEK, several molecular markers of proliferation, cell cycle,

apoptosis, and cellular senescence were determined following 24 h

of incubation with 50 mM Resv (Fig. 8B and C). The presence of

Resv resulted in pronounced down-regulation of the proliferation

marker PCNA, which corresponds to cell cycle arrest, and of p63,

which reflects a reduced proliferative potential of cultured cells

[56]. Inhibition of NHEK proliferation by Resv was not a

consequence of cellular senescence via p16INK4 or p53/p21Waf1

controlled pathways [57,58] since both p16INK4 and p21Waf1 were

insensitive to Resv, while p53 was substantially down-regulated as

compared to DMSO, a Resv vehicle (Fig. 8B and C). Of note, the

medium containing 0.1% DMSO and intentionally used as

irrelevant vehicle of Resv, also impair p53 and p16 levels. Resv

Figure 2. Effects of resveratrol and verbascoside on the phosphorylation status of EGFR, ERK1/2, and the NFkB subunit p65. (A)
Western blot analysis performed in whole-cell lysates of human keratinocytes treated with 50 mM of the indicated polyphenol. Actin was used as a
loading control. (B, C, D) Quantification of Western blot bands by densitometry. *P,0.05 versus untreated controls (0 h time-point). (E) Western blot
analysis of EGFR and ERK phosphorylation in whole-cell lysates of human keratinocytes treated with 10 and 50 mM Resv for 6 h. (F) Quantification of
Western blot bands by densitometry. *P,0.05 versus controls without Resv (0 mM). 1P,0.05 versus 10 mM Resv (0 mM). Data are representative of
three independent experiments.
doi:10.1371/journal.pone.0059632.g002
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did not induce apoptosis in normal keratinocytes since neither

caspase 8, a primary enzyme involved in caspase-dependent

apoptosis [59], nor Bax, a key factor in p53-dependent apoptosis

[60], were changed. In contrast, p53 levels were significantly

reduced by both TGFa and Resv. Finally, in contrast to what was

observed for EGFR activation and nuclear accumulation, Resv did

not synergize with TGFa towards the above markers. These data

demonstrate that inhibition of NHEK proliferation by Resv is

EGFR independent and rather relies on cell cycle arrest than on its

pro-apoptotic or pro-senescence action.

Discussion

In the present study we attempted to further [18,42] elucidate

the mechanisms by which Resv affects molecular events and

physiological functions of normal human keratinocytes. In this

paper we present unprecedented evidence that Resv has a major

impact on EGFR signalling and on its downstream cellular

readouts.

EGFR is a trans-membrane tyrosine kinase-type receptor,

which has three domains: extracellular ligand-binding domain, a

trans-membrane domain, and an intracellular tyrosine kinase

domain [34,44]. In any epithelial cell, either normal or malignant,

Figure 3. Effects of resveratrol and verbascoside on the
TNFa2induced phosphorylation of EGFR, ERK, and the NFkB
subunit p65. (A) Western blot analysis performed in whole-cell lysates
of human keratinocytes. Following 1 h pre-incubation with 50 mM
polyphenol, cells were treated for further 12 h with TNFa (50 ng/ml).
Actin was used as a loading control. (B) Quantification of Western blot
bands by densitometry. *P,0.05 versus untreated controls (0 h time-
point); 1P,0.05 versus TNFa-treated conditions. (C) Binding activity of
nuclear cell lysates to NFkB-specific or AP-1-specific DNA consensus
sequences. *P,0.05 versus untreated controls; 1P,0.05 versus TNFa-
treated conditions. Data are representative of three independent
experiments.
doi:10.1371/journal.pone.0059632.g003

Figure 4. Abrogation of both constitutive and resveratrol-
dependent EGFR and ERK phosphorylation by specific inhib-
itor of EGFR kinase. (A) Western blot analysis of whole-cell lysates.
Keratinocytes were incubated with 2 mM PD168393 (PD16) for 30
minutes prior to addition of 50 mM resveratrol (Resv) for the indicated
time-points. (B) Quantification of Western blot bands by densitometry.
*P,0.05 and 1P,0.01 versus untreated controls for each time-point. (C)
Western blot analysis of whole-cell lysates. Keratinocytes were
incubated with 2 mM PD16 prior to addition of 50 mM Rv for 1 h.
Subsequently, cells were further treated for 12 h with 50 ng/ml TNFa.
(D) Quantification of Western blot bands by densitometry. *P,0.05
versus controls treated with TNFa only. Data are representative of three
independent experiments.
doi:10.1371/journal.pone.0059632.g004
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EGFR binding by a ligand leads to dimerization of two EGFR

molecules followed by the activation of the EGFR tyrosine kinase.

The cytoplasmic domain of EGFR dimer undergoes auto- or

trans-phosphorylation of distinct tyrosine residues, which serve as

docking sites for cytoplasmic signal transduction proteins

[34,51,61–63]. Several lines of evidence suggest the existence of

two modes of EGFR signalling. The traditional cytoplasmic EGFR

route involves transduction of mitogenic signals through activation

of several signalling cascades, such as phospholipase Cc (PLCc)-

protein kinase C (PKC), Ras-Raf-mitogen activated protein

kinases (MAPKs), phosphatidylinositol-3-kinase (PI3K)-protein

kinase B (Akt), and signal transducer and activator of transcription

(STATs) [43,61,62,64]. In the nuclear pathway, activated EGFR

undergoes fast nuclear translocation, where it physically or

functionally interacts with other transcription factors possessing

DNA-binding activity and STAT3, leading to up-regulation of

distinct genes controlling cell proliferation, DNA repair, iNOS,

and IL-8 [52,55,62]. To complete this cycle, EGFR undergoes

nuclear-cytoplasm export through specific channels in the nuclear

membrane [52]. Normally, these EGFR functions are very

carefully balanced. However, EGFR gene mutations or overex-

pression of the ligands result in deregulation of EGFR activation.

As a consequence, sustained EGFR phosphorylation, continually

activated cytoplasmic signal transduction, and EGFR transloca-

tion and abnormal retention in the nucleus take place. These

deregulated molecular events are characteristic for malignant cells

[31], and aberrant regulation of EGFR activates downstream

signals including ERKs and Akt resulting in increased tumour cell

proliferation, survival, and invasiveness [44]. Our present results

show that Resv in pharmacologically relevant concentration

(50 mM) persistently up-regulated (Fig. 2A and B) EGFR

phosphorylation. This could be observed in cells treated with

Resv alone (Fig. 2A and B) and also in co-presence with the EGFR

ligand TGFa (Fig. 6), or TNFa (Fig. 3 and Fig. 4). In our previous

publications, we reported the absence of Resv effects on EGFR

phosphorylation in human keratinocytes at the early time-points

(15–60 min) [18,42]. The concentration of Resv used in these

experiments was within the published range (1–100 mM) for its

biological activity tested on different cell types, including tumour

cells [65]. Analogously, the biochemical events that we investigat-

ed were dependent on the concentration of Resv in the range of 5–

50 mM, reaching a plateau for higher concentrations (Fig. 2). We

chose 50 mM Resv because it allowed a clear-cut visualization of

all the events under investigation. Numerous studies reported

Resv-associated inhibition of constitutively enhanced EGFR

phosphorylation in prostate [66], colon [67], lung cancer [68],

and breast cancer [22] cell lines. However, like estradiol, Resv was

described to up-regulate EGFR activity in metastatic estrogen-

sensitive human breast cancer cells at early time-point (10 min)

[65]. Finally, in immortalized human keratinocytes (HaCaT), Resv

inhibited arsenic-induced EGFR phosphorylation [13]. These

disparate data suggest that strong, invariable and long-lasting

stimulation of EGFR phosphorylation by Resv may reflect a

biological specificity of human keratinocytes response to Resv.

Resv has shown to directly bind EGFR in cytoplasmic membrane

of tumour cells thus rapidly inhibiting its over-activation [66]. Of

relevance, Resv-associated toxicity towards neurons was attributed

to changes in the cytoplasmic membrane fluidity [17]. Our data

clearly show that Resv alone and in the presence of TGFa retained

EGFR and its phosphorylated form in the membrane compart-

ment (Fig. 6A), while it activated the receptor phosphorylation

(Figs. 3, 4, and 6). This could be interpreted in terms of NHEK

membrane fluidity changes caused by Resv, although more

mechanistic research is needed to sustain the hypothesis. Hence,

the discrepancy between our findings and those reported in the

literature may reflect major differences existing between normal

and tumour epithelial cells in EGFR turnover.

Functionally relevant auto-phosphorylation of EGFR tyrosine

residues 1068 and 1173 is counter-balanced by intracellular

phosphatases, which directly de-phosphorylate it [51,52]. Several

publications indicated that reversible oxidative inactivation of

these phophatases was a consequence of reactive oxygen species

(ROS) generated in response to EGFR and cytokine receptor

activation [51,61]. At the same time, antioxidants were able of

reversing phosphatase inactivation by diminishing intracellular

ROS levels [42,51,52]. Our experiments designed to reveal a

sustained, Resv-driven inhibition of these phosphatases (Fig. 6B)

did not show any restoring effect of Resv towards cytoplasmic

phosphatases. It showed instead re-distribution of EGFR/P-EGFR

between cellular compartments. Lower-than-normal cytoplasmic

levels of EGFR in the presence of Resv could depend on enhanced

EGFR proteolysis revealed by the degradation ladder of the

protein (Fig. 6B, arrows). Peculiar Resv-associated cytoplasmic

deregulation was also observed in the experiments with down-

stream partners of EGFR, such as ERK1/2 and NFkB (Fig. 2C

and D), and both were activated in a cyclic way. While during the

Figure 5. Effects of resveratrol on IL-8 expression are sensible
to specific inhibitor of EGFR kinase. (A) Quantitative real-time RT-
PCR measurement of IL-8 mRNA. Cells were treated with 2 mM
PD168393 (PD16) for 30 min, and then exposed to 50 mM resveratrol
(Resv) for 1 h. Cells were cultivated for further 12 h, with or without
TNFa (50 ng/ml). *P,0.05 versus untreated controls; 1P,0.01 versus
TNFa-treated conditions. (B) ELISA of IL-8 protein accumulation in the
supernatants of human keratinocytes. Cells were treated with 2 mM
PD16 for 30 min, and then, exposed to 50 mM Resv for 1 h. Cells were
cultivated for further 24 h, with or without TNFa (100 ng/ml). Data are
representative of three independent experiments.
doi:10.1371/journal.pone.0059632.g005
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first 2 h Resv invariably and strongly inhibited both these factors,

by 6 h the first peak of activation occurred followed by a second

peak at 24 h. However, these events were much stronger with

respect to ERK activation. Notably, a similar trend was found for

Verb, although both factors were inhibited at 24 h. The wave-like

mode of action of these polyphenols on cytoplasmic phosphory-

lation may reflect reduction-oxidation cycles of their molecules

[69]. In NHEK cytoplasm, redox enzymes and reducing/

oxidizing substances (e.g., glutathione) work as physiological

regulators of ERK1/2 and NFkB phosphorylation [70]. As a

consequence of their exquisite reactivity, these redox substances

and ROS are rhythmically produced and consumed (Fig. 9A).

Polyphenols or their metabolites could interfere with these

processes. Resv sentisitized human keratinocytes to UVA-induced

apoptosis through mitochondrial oxidative stress [12]. Due to

direct Resv interaction with oxidoreductases in NHEK, the use of

routine MTT test for Resv effects on cells vitality was fiercely

critisized [9]. Also, according to our previous data, Resv activates

aryl hydrocarbon receptor (AhR)- CYP1 metabolic axis in NHEK

[11,42,45] that leads to hydroxylation of Resv molecule, and ROS

are formed as by-products [7,70] (Fig. 9B). It has been reported

that hydroxylated derivatives of Resv possess biological activities

different and sometimes opposite to those of the parent molecule

[5,6]. In keeping with this line, we assume that delayed and long-

lasting effects of Resv on EGFR activation and disregulation of

EGFR-controlled cytoplasmic signalling pathways may be at least

partly explained by Resv metabolites and ROS formation.

Resv at 50 mM concentration stimulated delayed spontaneous

(Fig. 1C and E) and TNFa-induced (Fig. 1D and E ) IL-8 de novo

expression while it did not affect the corresponding mRNA

stability (Fig. 1F). Of note, the effects of Resv on IL-8 transcript

were time-dependent with evident inhibition at 1–4 h of Resv

contact with NHEK and steadily growing activation for at least

Figure 6. Resveratrol did not protect phosphorylated EGFR from endogenous phosphatases, led to EGFR accumulation in the
keratinocyte membranes, and induced its cytosolic degradation. Western blot analysis of the plasma membrane fraction, where cadherin
was used as a loading control (A) and of the cytosolic fraction (C). After 24h treatment with resveratrol (Resv), keratinocytes were stimulated with
TGFa (50 ng/ml) for 10 minutes. Then, 2 mM PD168393 (PD16) were added to the medium for further 10 minutes. (B, D) Quantification of Western
blot bands by densitometry. *P,0.05 and 1P,0.01 versus untreated controls.
doi:10.1371/journal.pone.0059632.g006

Figure 7. Resveratrol promoted nuclear accumulation of
phosphorylated and non-phosphorylated EGFR alone and in
association with TGFa. (A) Western blot analysis of nuclear levels of
phosphorylated (nP-EGFR) and non-phosphorylated (nEGFR), and (B) its
densitometric quantification. *P,0.05 and 1P,0.01 versus untreated
controls.
doi:10.1371/journal.pone.0059632.g007
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following 12 h of observation (Fig. 1C and D). In the same

experimental settings, Verb invariably inhibited both transcription

and translation of the chemokine. Among epithelial cell-released

chemokines, IL-8 is involved in the early response to physical,

chemical or immune stresses, and its up-regulation represents a

strong sometimes deleterious danger signal in skin cells. This signal

drives neutrophils into the affected tissue [34]. De novo expression

of IL-8 relies on the functional activation of the transcription

factor NFkB, which synergizes with the transcriptional factor AP-1

for maximal induction. In its turn, the AP-1 activation requires the

co-operative activity of some mitogen-activated protein kinases

(MAPKs), with the prevailing contribution of ERK in human

keratinocytes [35]. All these molecular events took place in a

consistent fashion in our present work. However, previous

experimentations from other groups carried out on cultivated

tumour cells of different origin have shown inhibitory effects of

Resv on NFkB, AP-1, ERK, and IL-8 expression [2,3,7,12,66–

68,71]. Also, Resv exerted IL-8 inhibitory activity on human

gastric cells [39], fibroblasts [72], and airway epithelial cells

[40,41] triggered by TNFa. Again, the discrepancy between our

and previously published data may reflect the existence of

keratinocyte-specific Resv-sensitive molecular pathways. We have

already pointed out this possibility in the interaction of solar UV-

and Resv-responsive mechanisms [11].

An impact of Resv-associated peculiar EGFR retention in the

keratinocyte nucleus (Fig. 7) on IL-8 over-expression could also be

envisaged [51,52,55,62]. Thus, Resv synergized with TGFa, one

of the strongest inducers of EGFR nuclear accumulation known so

far. High nuclear levels of the receptor may correspond either to

its increased cytoplasm-nucleus transport or to its inhibited

nucleus-cytoplasm export [52]. In our recent work [18],

leptomycin B (LB), a specific inhibitor of EGFR re-export to the

cytoplasm, strongly up-regulated TGFa-associated IL-8 expres-

sion, suggesting that enhanced retention of nEGFR/nP-EGFR in

the nucleus might facilitate the IL-8 expression. Taking into

account the similarity of LB and Resv effects on EGFR nuclear

levels and IL-8 expression we assumed that Resv may inhibit

EGFR return to cytoplasm, thus exerting a further EGFR-

dependent promotion of IL-8 transcription by a still unknown

mechanism worthwhile to be elucidated. Another similarity

between LB and Resv, such as strong inhibition of MCP-1

transcription and translation in dormant and TGFa-stimulated

NHEK [18], could add more strength to our assumption of LB-

like mode of action of Resv.

Quite unexpectedly, despite its promoting effects on EGFR

activation and nuclear translocation, and also on the mitogenic IL-

8, Resv alone or in combination with TGFa did not enhance

NHEK proliferation. On contrast, in the presence of the

polyphenol, remarkably suppressed proliferation was observed

Figure 8. Resveratrol effects on 3H-thymidine incorporation and molecular markers of cell proliferation, cell cycle, senescence, and
apoptosis. A. Keratinocyte proliferation was determined by 3H-thymidine incorporation (CPM, counts per minute) 12 h, 24 h, and 36 h after
incubation without any agent (C), with DMSO (DMSO), with 50 mM of resveratrol (Resv), with 10 ng/mL of TGFa (TGF-a), or their combination
(Resv+TGF-a). *P,0.01 versus untreated controls. B. Characteristic Western blots of p63, PCNA, p53, p21Waf1, caspase 8, Bax, and p16INK4 in NHEK
treated with the same agents for 24 h. C. Densitometry of the Western blots obtained in three independent experiments.
doi:10.1371/journal.pone.0059632.g008

Resveratrol and Keratinocytes

PLOS ONE | www.plosone.org 10 March 2013 | Volume 8 | Issue 3 | e59632



(Fig. 8A) while TGFa predictably accelerated NHEK prolifera-

tion. EGFR is one of the most intensely studied and well

understood regulators of epithelial cell proliferation, and EGFR

inhibitors are, probably, the best examples of mechanism-based

anti-cancer drugs [73].

The evident discrepancy between Resv-associated long-lasting

EGFR-ERK stimulating and anti-proliferative effects prompted us

to dissect the impact of this polyphenol on apoptosis, cell cycle

arrest, and cellular senescence markers in NHEK. In their search

for fundamental molecular mechanisms, which regulate prolifer-

ation/differentiation in primary human keratinocytes, intact

epidermis and squamous cell carcinoma, Kolev et al. [73]

identified EGFR as a key negative regulator of Notch 1 gene

expression through transcriptional suppression of p53 by the

EGFR effector c-Jun. Notch signalling is recognized as an essential

promoter of keratinocyte differentiation and suppressor of

keratinocyte-derived tumours. In our hands, both TGFa and

Resv were activators of EGFR-ERK and, concomitantly, strongly

suppressed p53 expression (Fig. 8B and C), hence suggesting their

downstream inhibitory effects on Notch pathway. If in the case of

TGFa, accelerated proliferation followed, Resv was shown to

deregulate this crucial mechanism, evolved to maintain the

proliferation/differentiation balance. Other two molecular mark-

ers of proliferation in NHEK, PCNA and p63 were down-

regulated exclusively by Resv (Figs. 8B and C). Both markers

indicate reduced proliferative potential of NHEK due to a cell

cycle arrest [56]. Of note, p63 can also counteract replicative

senescence: it is down-regulated in aged NHEK [74], whereas its

silencing induced cellular senescence by down-regulation of sirtuin

1 (SIRT1) and accumulation of p16INK4 [75]. Our group has

previously shown that p16INK4 accumulation is a triggering

mechanism of replicative senescence in NHEK [57,58]. In keeping

with this possible ‘‘senescence-inducing’’ line connected to p63

suppression by Resv, we evaluated p16INK4 and p53/p21Waf1

markers, although the former is less involved in NHEK

senescence. Since the senescence markers were insensitive to Resv

treatment, we assumed that it did not trigger senescence despite of

p63 down-regulation. According to a recent publication, Resv

even prevented H2O2-induced premature senescence in primary

human keratinocytes by acute stimulation of AMP-activated

protein kinase [19]. Of interest, at a concentration as low as

0.5 mM, Resv has been shown to improve growth capacity and

delay replicative senescence of human mesothelial cells [27]

through activation of antioxidative and DNA repair mechanisms,

while the increase of its concentration up to 10 mM led to the

opposite effects. The absence of pro-senescence effects of 50 mM

Resv in NHEK could reflect its cell specificity and stimuli-

dependent mechanisms.

In our exploration of a possible pro-apoptotic action of Resv,

several apoptosis markers in NHEK, such as p53, caspase 8, Bax, a

key factor in p53-dependent apoptosis (Figs. 8B and C), Bcl 2 and

Bak (data not shown) were measured. Strongly inhibited p53

expression and insensitivity of the other apoptotic markers to Resv

allowed us to conclude that inhibition of NHEK proliferation by

Resv could be due to cell cycle arrest rather than to cellular

senescence or apoptosis. There is evidence that AP-1 proteins

influence cell proliferation through their ability to regulate the

expression and function of cell cycle regulators such as cyclin D1,

p53, p21, and p16 [76]. Since Resv up-regulated the AP-1

component c-fos binding to DNA (Fig. 3C) whereas inhibited p53

expression (Figs. 8B and C), its crucial interference with

keratinocyte cell cycling could be envisaged. Direct inhibition of

cyclin D1 in tumour cells by Resv has been previously reported

[2]. Also, Resv invariably inhibited proliferation of primary and

transformed rat hepatocytes by cell cycle arrest [20]. It seems that

our data are in contradiction with numerous publications on

apoptosis-inducing effects of Resv in tumour cells [2,3,77,78],

endotheliocytes [8,77], UVA-exposed keratinocytes [12], and

Figure 9. Proposed model of reduction-oxidation reactions of resveratrol in human keratinocytes. A. Redox cycling of resveratrol, which
results in reactive oxygen species scavenging or production. Abbreviations: Resv, parent molecule of resveratrol; Resv-ON, semiquinone of
resveratrol; Resv-Q, quinone of resveratrol; Men+, transition metals; ROS, reactive oxygen species; Resv-NOO, nitrated resveratrol; B. Resveratrol
hydroxylation by cytochrome P450. Resv-(OH)n, hydroxylated resveratrol; CYP1, cytochrome P450 subfamily 1.
doi:10.1371/journal.pone.0059632.g009
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preadipocytes [16]. However, recent reports indicated dose-

dependent [27,28] and cell-dependent [14] pro- versus anti-

apoptotic consequences of exposure to Resv. Even if Resv induces

apoptosis in cancer cells it would not compulsory lead to cancer

chemoprevention, like in the case of capsaicin (8-methyl-N-

vanillyl-6-nonenamide), an apoptosis inducer in a number of

cancer cells, which may act as carcinogen/cocarcinogen. For

example, capsaicin promoted 12-O-tetradecanoylphorbol-13-ace-

tate (TPA)-induced skin carcinogenesis through activation of

EGFR-dependent mechanisms [79].

Collectively, our data suggest a novel mechanism of Resv

interaction with normal human keratinocytes, by which the

polyphenol strongly deregulates EGFR activation, cellular distri-

bution, cytoplasm degradation, and nucleus-cytoplasm export. In

its turn, the EGFR deregulation affects downstream molecular

partners such as the MAPK ERK1/2 and the transcription factors

NFkB and AP-1 resulting in long-lasting EGFR-dependent IL-8

over-expression. The anti-proliferative action of Resv could be the

result of EGFR-connected cell cycle arrest.

With regard to possible preventive/clinical feasibility of Resv for

skin administration, we observed that Resv at pharmacologically

relevant concentration (5–50 mM) caused serious and long lasting

deregulation of adaptive reactions to inflammatory (TNFa) and

growth (TGFa) stimuli in normal human skin keratinocytes. These

Resv-associated effects could bring both beneficial and deleterious

outcomes: from one side, they could aim at the enforcement of

intrinsic skin cell survival mechanisms (IL-8 over-production,

enhanced ERK1/2 and NFkB phosphorylation, and AP-1

transactivation), and from the other side, they could damage

sensitive, ageing or ailing skin, thus enhancing the risk of

tumorigenesis (EGFR activation, its nuclear retention, and AP-1

transactivation), augmenting inflammatory burden (IL-8 overpro-

duction, enhanced EGFR/ERK and NFkB phosphorylation), and

diminishing physiological skin regeneration and wound healing

(decreased keratinocyte proliferation), like it has been shown

previously [8].

In humans, only a small fraction of the nutritional Resv reaches

the body fluids as free Resv, due to its active enterohepatic

metabolism [80]. The amount of Resv ingested from dietary

sources such as wine and fruit juices (containing not more than

5 mg/ml resveratrol) often results in plasma levels that are either

not detectable or several orders of magnitude below the

micromolar concentrations that are typically employed in vitro

(32 nM–100 mM) [81]. Administration of 25 mg Resv results in

plasma concentrations of the free form that range from 1 to 5 ng/

ml [82], and administration of higher doses (up to 5 g) increased

the plasma Resv concentrations to about 500 ng/ml [83].

Reasonably, the concentrations of free Resv in peripheral tissues

such as the epidermis must be much lower, although its

lipophilicity could dramatically affect its distribution. In the last

years, the possibility to introduce free Resv transcutaneously has

been explored. Topical application of Resv as its triphosphate salt

derivative resveratrate was shown to protect human skin from

damage due to repetitive ultraviolet irradiation significantly better

than application of free Resv or an antioxidant preparation used as

a control [84]. Resveratrate is a transient derivative of Resv, since

free Resv is released at the level of stratum corneum where

dephosphorylating enzymes reside. Experiments performed on

biopsies of pig skin demonstrated that treatment with resveratrate

compared to the parent compound led to a more homogeneous

distribution of Resv throughout the stratum corneum and viable

epidermis [85]. However, no data on the concentrations reached

by Resv or its bioactive metabolites in the epidermis in vivo are

available. By using mouse skin, transcutaneous penetration and

accumulation of free Resv in the viable epidermis was shown to be

highly favoured by the use of acqueous, mildly acidic (pH 6)

buffers in the form of topically applied, adherent hydrogels [86].

Finally, the investigation on the possible topical administration of

Resv via nonoparticles is presently very active, although technical

limitations, such as the use of organic solvents, are still to be

overcome [87].

In view of the current limited knowledge of pharmacokintetics

of Resv and its metabolites in the skin in vivo, and of the

technological achievements to increase skin concentrations

through topical application, our results, although obtained at

dosages possibly by far higher than those presently achievable

in vivo in the viable skin layers, strongly advice caution on topical

Resv application in the chronically inflamed or aged skin.
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