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ABSTRACT 
UVA is the major portion (90-99%) of solar radiation 
reaching the surface of the earth and has been described to 
lead to formation of benign and malignant tumors. UVA- 
mediated cellular damage occurs primarily through the 
release of reactive oxygen species and is responsible for im- 
munosuppression, photodermatoses, photoaging and photocar- 
cinogenesis. Pomegranate fruit extract (PFE) possesses strong 
antioxidant and anti-inflammatory properties. Our recent studies 
have shown that PFE treatment of normal human epidermal 
keratinocytes (NHEK) inhibits UVB-mediated activation of 
MAPK and NF-KB pathways. Signal transducers and activa- 
tors of transcription 3 (STATJ), Protein Kinase BlAKT and 
Map Kinases (MAPKs), which are activated by a variety of 
factors, modulate cell proliferation, apoptosis and other 
biological activities. The goal of this study was to determine 
whether PFE affords protection against UVA-mediated 
activation of STAT3, AKT and extracellular signal-regulated 
kinase (ERKU2). Immunoblot analysis demonstrated that 4 J/ 
cm2 of UVA exposure to NHEK led to an increase in 
phosphorylation of STAT3 at Tyr”’, AKT at Ser473 and 
ERK1/2. Pretreatment of NHEK with PFE (60-100 pg/mL) for 
24 h before exposure to UVA resulted in a dose-dependent 
inhibition of UVA-mediated phosphorylation of STAT3 at 
Tyr705, AKT at Ser4’3 and ERK1/2. mTOR, structurally re- 
lated to PDK, is involved in the regulation of p70S6K, which 
in turn phosphorylates the S6 protein of the 40s ribosomal sub- 
unit. We found that UVA radiation of NHEK resulted in the 
phosphorylation of mTOR at ThrN4’ and p70S6K at Thr4’l/ 
Ser424. PFE pretreatment resulted in a dose-dependent inhibi- 
tion in the phosphorylation of mTOR at Thrm8 and p70S6K 
at Thr42’/Ser424. Our data further demonstrate that PFE pre- 
treatment of NHEK resulted in significant inhibition of UVA 
exposure-mediated increases in Ki-67 and PCNA. PFE 
pretreatment of NHEK was found to increase the cell-cycle 
arrest induced by UVA in the G1 phase of the cell cycle and 
the expression of Bax and Bad (proapoptotic proteins), with 
downregulation of Bcl-XL expression (antiapoptotic protein). 
Our data suggest that PFE is an effective agent for 
ameliorating UVA-mediated damages by modulating cellular 
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pathways and merits further evaluation as a photochemopre- 
ventive agent. 

INTRODUCTION 
UV radiation (UVR) causes many adverse events in human, 
including erythema, hyperplasia, hyperpigmentation, immunosup- 
pression and photoaging (1,2). UVR from the solar spectrum is 
divided into different energy levels, ranging from short to long 
wavelengths. UVA is the major component and extends from 320 
to 400 nm, UVB from 280 to 320 nm and UVC from 185 nm to 
280 nm. UVA comprises the largest portion (90-99%) of the solar 
radiation reaching the surface of the earth and has been described 
to lead to benign and malignant skin cancers (3). It is not absorbed 
by the ozone layer, unlike UVC, and has a deeper penetration in 
the skin, increasing the potential risk from UVA exposure. The 
carcinogenic properties of UVB result from direct damage to DNA. 
In contrast, UVA-induced effects are thought to be indirect results 
of oxidative damage caused primarily through the release of singlet 
oxygen, resulting in genomic alterations varying from point muta- 
tions to crude chromosomal dislocations (3-5). Various signal- 
transduction pathways, transcription factors and changes in gene 
expression are involved in UV-mediated proliferation, differenti- 
ation and apoptosis of skin cells (1,6). 

The oxidative damage caused by UV results in inflammation, 
gene mutation and immunosuppression, all of which are critical 
components of tumor progression. A number of inflammatory path- 
ways may be induced, further contributing to skin carcinogenesis. 
Signal transducers and activators of transcription 3 (STAT3), latent 
cytoplasmic proteins activated via tyrosine phosphorylation in re- 
sponse to UV, cytokines and growth factors regulate the expression 
of many genes (7-9). STAT3 has been shown to be constitutively 
activated in a number of human malignancies and abrogation of 
its function leads to apoptosis or inhibition of cell proliferation 
in various cell lines (10). AKT protein kinase, activated by growth 
factors, is primarily involved in cell survival. It has been shown 
that apoptosis induced by W A  is suppressed by activation of insulin- 
like growth factors, which in turn activate the PI3K/AKT pathway 
(I  1). Extracellular signal-regulated kinases (ERKs) of the super- 
family MAPK are involved in regulating cellular functions, such as 
development, growth, differentiation, proliferation and programmed 
cell death (i.e. apoptosis) (12). It has been reported that PKC- 
mediated ERK activation by UVA provides a signal for the kera- 
tinocytes to escape apoptosis (13). Mammalian target of rapamycin 
(mTOR) is a serine-threonine kinase involved in the regulation of 
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cell growth through initiation of  gene translation. Rapamycin, an 
mTOR inhibitor, has emerged as  an immunosuppressive and anti- 
proliferative drug, and is considered a novel antitumor agent. 
mTOR has been shown to be required for p70S6K activation and 
phosphorylation induced by UVA exposure (14). mTOR initiates 
translation by activating p7OS6K, which in tum phosphorylates 
the S6 protein of the 40s ribosomal subunit (15) directing the 
cell toward increased production of ribosomal proteins and elonga- 
tion factors. 

Members of the Bcl-2 family of proteins include both anti- 
apoptotic molecules such a s  Bcl-2 and Bci-XL, and proapoptotic 
molecules such a s  Bax, Bak, Bid and Bad; crucial regulators of 
programmed cell death or apoptosis. The majority of human 
cancers are associated with overexpression of Bcl-2, Bcl-XL or 
both. The complex process of apoptosis involves a balance 
between proapoptotic and antiapoptotic proteins. Studies in the 
mouse model have shown that short-term UV exposure results in 
an apoptotic response through induction of the Bax protein, with 
a concomitant decrease in Bcl-2 proteins (16). Bax (-/-) mice 
showed a significant increase in tumor incidence when exposed to 
UV-induced stress in two-step chemical carcinogenesis studies, 
compared with control mice (17). Bcl-XL expressed abundantly in 
the epidermis prevents cell death induced by UV radiation and 
other mutagens (18) and its overexpression in transgenic mice 
dramatically increases the rate of conversion of benign tumors to 
malignant tumors (19). 

Development of effective photochemopreventive agents capable 
of ameliorating the effects of UV-induced damage is an area of 
ongoing research. One such agent is pomegranate derived from the 
tree Punica granaturn, a fruit recognized since antiquity for its 
healing properties. Recent studies are showing that pomegranate 
juice has beneficial effects in humans. The antioxidant and antiviral 
properties of pomegranate juice are noteworthy (20,21). Also 
documented are its antiprofferative, antiinvasive and proapoptotic 
actions in cancer cell lines, as  well as  its antiangiogenic activities, 
both in vitro and in vivo (22). We have recently used the mouse 
skin two-step carcinogenesis protocol (23) to  show that pomegran- 
ate fruit extract (PFE) is an effective antitumor-promoting agent 
and inhibits UVB-mediated phosphorylation of MAPK and activa- 
tion of NF-KB in normal human epidermal keratinocytes (NHEK) 
(24). In the present study w e  determined the effect of PFE treat- 
ment of NHEK on UVA-induced changes in markers of cell pro- 
liferation, such  a s  STAT3,  AKT1,  ERK1/2,  PCNA, Ki-67 and  
regulators of translational machinery, such a s  mTOR and its 
downstream target p70S6K. We also studied the effect of PFE on 
UVA-mediated modulations in members of the Bcl-2 family of 
proteins, namely the proapoptotic molecules Bad and Bax and the 
antiapoptotic molecule Bc1-x~. 

MATERIALS AND METHODS 
Materials. ERKID (phospho-p44/42, Th?02~y?04), STAT3 (phospho- 
STAT3 T r705), mTOR (pho~pho-Se?~~*) and p70S6 kinase (phospho- 
Thr4Z’/$erY?4) antibodies were purchased from Cell Signaling Technology 
(Beverly, MA). AKTI (ph~spho-Ser~’~), Bad, Bax and BcI-XL antibodies 
were obtained from Upstate Biotechnology (Lake Placid, NY). PCNA and 
Ki-67 antibodies were purchased from Santa CNZ Biotechnology (Santa 
Cruz, CA). Anti-mouse or anti-rabbit secondary antibody horse-radish per- 
oxidase conjugate was obtained from Amersham Life Science Inc. (Arlington 
Height, IL). The DC Bio-Rad Protein assay kit was purchased from Bio- 
Rad Laboratories (Hercules, CA). Novex precast Tris-Glycine gels were 
obtained from Invitrogen (Carlsbad, CA). 

Preparation of pomegranate fruit extract. Fresh pomegranate procured 
from the local supermarket was peeled and its edible portion (seed coat and 
juice) was squeezed in 70% acetone-30% distilled water (1 :20 w/v). The red 
extract was filtered through filter paper No. 1 (Whatman Limited, England). 
The filtrate was condensed and freeze-dried. The freeze-dried extract was 
stored at 4°C to be used for treatment of NHEK. On the basis of matrix- 
assisted laser desorption ionization time of flight mass spectrometry 
analysis, PFE was found to contain anthocyanins and hydrolyzable and 
oligomeric tannins in which two to five glucose units are crosslinked by 
dehydrodigalloyl units (23). 

Cell culture. The NHEK were obtained from Invitrogen Corporation 
(Carlsbad, CA) and the primary cultures were maintained in keratinocyte- 
SFM medium (Life Technologies, Grand Island, NY) supplemented with 
0.1 mM calcium, 0.2% v/v bovine pituitary extract, EGF (I0 ng/mL), 
insulin (5 pg/mL), hydrocortisone (5 X lo-’ M ) ,  ethanolamine (1 X lo4 
M), phosphoethanolamine (1 X 10“ M) and L-glutamine. The cells were 
maintained at 95% humidity in a 5% C02 environment at 37°C. Cells 
obtained between the third and fifth pass were used in the present study. 

Trearment of cells. PFE dissolved in dimethyl sulfoxide (DMSO) was 
used for the treatment of cells. The final concentration of DMSO used was 
0.1 % v/v for each treatment. For dose-dependent studies, the cells (7040% 
confluent) were treated with PFE (60, 80 and 100 pg/mL) for 24 h in 
keratinocyte-SFM medium, after which the medium was removed and cells 
were washed with PBS; fresh PBS was added and these PFF-pretreated 
cells were irradiated with 4 J cm-’ of UVA with a custom-designed research 
irradiation unit (Daavlin, Bryan, OH) that consists of a fixture mounted 
on fixed legs. Mounted within the exposure unit are four UVA lamps and 
the exposure system is controlled using Daavlin Flex Control Integrating 
Dosimeters. In this system dose units can be calculated in Joules per square 
centimeter for UVA; variations in energy output are automatically 
compensated to deliver the desired dose. With this system, the cells were 
exposed to accurate dosimetery of UVA radiation. On the hasis of pre- 
liminary experiments cells were exposed to 4 J i m 2  of UVA and harvested 
after 30 min (for ERK, STAT3, AKTI, mTOR, p70S6K, PCNA and Ki-67) 
or 24 h (for Bax, Bad, Bcl-X, and DNA cell cycle), after which further 
studies were performed. 

Preparation ofroral cell lysate. After treatment of cells with PFE or UVA 
(or both), the medium was aspirated and the cells were washed twice in PBS 
(10 mM, pH 7.4). The cells were incubated in 0.4 mL ice-cold lysis buffer 
(50 mM Tris-HCI, 150 mM NaCI, 1 mM ethyleneglycol-bis(aminoethy- 
lether)-tetraacetic acid [EGTA], 1 mM ethylene diaminetetraacetic acid 
[EDTA], 20 mM NaF, 100 mM Na3V04, 0.5% Nonidet P-40 [NP-401, I %  
Triton X-100 and 1 mM phenylmethylsulfonyl fluoride [pH 7.41) with 
freshly added protease-inhibitor cocktail (Protease Inhibitor Cocktail Set III; 
Calbiochem, La Jolla, CA). The cells were then centrifuged at 13 000 g for 
25 rnin at 4°C and the supernatant (total cell lysate) was collected, aliquoted 
and stored at -80°C. 

Western blot analysis. For Westem blot analysis, 25-30 pg of protein 
was resolved over 8-12% polyacrylamide gels and transferred to a nitro- 
cellulose membrane. The blot containing the transferred protein was 
blocked in blocking buffer (5% nonfat dry milk, 1% Tween 20 in 20 mM 
Tris-buffered saline [pH 7.61) for 1 h at room temperature followed by 
incubation with appropriate monoclonal primary antibody in blocking 
buffer for a duration ranging from 1 h to overnight at 4°C. This was fol- 
lowed by incubation with anti-mouse or anti-rabbit secondary antibody 
horseradish peroxidase for I h, several washings and detection by chemi- 
luminescence (ECL kit, Amersham Life Sciences) and autoradiography 
using XAR-5 film obtained from Eastman Kodak Co. (Rochester, NY). 
Densitometric measurements of the band in Western blot analysis were 
performed using the digitalized scientific software program UN-SCAN-IT 
(Silk Scientific Corporation, Orem, UT). 

Immunocytochemistry. NHEK were grown in two-chamber tissue-culture 
glass slides. At 7 6 8 0 %  confluence, cells were pretreated with PFE (as 
detailed earlier) and exposed to UVA (4 J cm-’) and 30 min later cells were 
fixed in cold methanol (-20°C) for 10 min. Briefly, cells were incubated 
with TBST (50 mM Tris HCI, 150 mM NaCl and 0.1% Triton X-I00 [pH 
7.41) for 10 min and then washed with TBS. Five percent goat serum in 
TBS (50 mM Tris HCI and 150 mM NaCl [pH 7.41) was added to prevent 
nonspecific antibody binding. The cells were incubated with anti-human Ki- 
67 antibody (diluted to 1:50 in 10% goat serum) overnight at 4°C followed 
by application of secondary anti-rabbit IgG antibody horseradish peroxidase 
conjugate for 1 h. Immunoreactions were visualized with DAB as substrate 
after counterstaining with eosin. Simultaneously, each slide was incubated 
with isotype control (IgG,) as an internal negative control. Slides were 
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Figure 1. PFE treatment of NHEK inhibits UVA-mediated phosphoryla- 
tion of ERKI/2. For dose-dependent studies NHEK were pretreated with 
PFE (60, 80 and 100 pg/mL) for 24 h after which the media was removed 
and cells were washed with PBS. Fresh PBS was added and cells were 
exposed to UVA (4 J cm-’). Thirty minutes after the UVA dose, cells were 
harvested and total cell lysates were prepared for Westem blot analysis, 
as detailed in Materials and Methods. (A) Protein levels of phosporlyated 
ERKl/2, determined by Western blot analysis. Equal loading was 
confirmed by stripping the blot and reprobing it for p-actin. The data 
shown here are from one representative experiment repeated three times 
with similar results. (B) Histogram representing the relative density of the 
Western blot bands normalized to P-actin. The quantification of protein was 
performed by densitometry analysis with UN-SCAN-IT software. 

visualized on a Zeiss-Axiophot DM HT microscope. Images were captured 
with an attached camera linked to a computer. Images and figures were 
created by using ADOBE PHOTOSHOP 7.0 (Adobe Systems, Mountain 
View, CA). 

DNA cell cycle analysis. NHEK (70-80% confluent) were treated with 
PFE (as detailed earlier) and after exposure to UVA (4 J cm-2) cells were 
harvested in complete medium for 24 h. The cells were then trypsinized, 
washed with PBS and processed for labeling with fluorescein-tagged dUTP 
nucleotide and propidium iodide with the Apo-direct apoptosis kit (Phoenix 
Flow Systems) in accordance with the manufacturer’s protocol. Labeled 
cells were analyzed by flow cytomehy. 

RESULTS 
PFE treatment of NHEK inhibits UVA-mediated 
phosphorylation of ERKlI2 

It has been shown that UVA exposure of keratinocytes results in 
the phosphorylation of ERK1/2 (13). To determine the effect of 
PFE on UVA-mediated phosphorylation of ERK1/2 in NHEK, 
Western blot analysis was performed using phosphospecific ERK1/ 
2 antibodies. NHEK pretreated with PFE (60-100 pg/mL) were 
irradiated with 4 J cm-2 UVA, and 30 min after UVA irradiation 
cell lysate was prepared and Western blot analysis was performed. 
UVA exposure of NHEK resulted in marked phosphorylation of 
ERKl/2 (Fig. 1A). Western blot analysis and the relative density of 

Figure 2. PFE treatment of NHEK inhibits UVA-mediated phosphoryla- 
tion of AKTl at Ser473. For dose-dependent studies NHEK were pretreated 
with PFE and exposed to UVA (4 J cnY2). Thirty minutes after the UVA 
dose, total cell lysates were prepared for Western blot analysis, as detailed 
in Materials and Methods. (A) Protein levels of phosphorylated AKTI, 
revealed by Western blot analysis. Equal loading was confirmed by 
stripping the blot and reprobing it for total AKTl. The data shown here 
are from one representative experiment repeated three times with similar 
results. (B) Histogram representing the relative density of the Western 
blot bands normalized to total AKTl. The quantification of protein was 
performed by densitometry analysis with UN-SCAN-IT software. 

bands revealed that, in PFE-pretreated cells, the extent of phos- 
phorylation of ERKl/2 was found to decrease in a dose-dependent 
manner (Fig. lA,B). A decrease in the phosphorylation of ERK1/2 
was seen at 60 pg/mL with progressive inhibition at 100 pg/mL 
(Fig. lA,B). These data demonstrate that ERK1/2 is phosphory- 
lated by UVA exposure to NHEK and that PFE inhibits its 
phosphorylation in a dose-dependent manner. 

PFE treatment of NHEK inhibits UVA-mediated 
phosphorylation of AKTl 

Phosphorylation of AKTl has recently been suggested as an ad- 
ditional step in the cascade of events leading to AKTl activation. 
In this study, using an antibody that specifically recognizes AKTl 
phosphorylated at Ser473, we demonstrated that irradiation of 
NHEK with UVA (4 J cm-*) resulted in phosphorylation of AKTl 
at Ser473 30 min after exposure (Fig. 2). As evident from Western 
blot analysis and the relative density of each band, we found that 
pretreatment of NHEK with PFE (60-100 pg/mL) for 24 h resulted 
in a dose-dependent inhibition of UVA-mediated phosphorylation 
of AKTl at Ser473 (Fig. 2A,B). 

PFE treatment of NHEK inhibits UVA-mediated 
phosphorylation of STAT3 

Studies have shown that phosphorylation of STAT3 at Tyr7” is 
a prerequisite for its dimerization, DNA binding and transac- 
tivation, whereas phosphorylation at Ser727 alone does not 
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Figure 3. PFE treatment of NHEK inhibits UVA-mediated phosphoryla- 
tion of STAT3 at Tyr705. For dose-dependent studies NHEK were 
pretreated with PFE and exposed to UVA (4 J cm-’). Thirty minutes after 
the UVA dose, total cell lysates were prepared for Western blot analysis, as 
detailed in Materials and Methods. (A) Protein levels of phosphorylated 
STAT3, revealed by Westem blot analysis. Equal loading was confirmed 
by stripping the blot and reprobing it for total STAT3. The data shown here 
are from one representative experiment repeated three times with similar 
results. (B) Histogram representing the relative density of the Western blot 
bands normalized to total STAT3. The quantification of protein was 
performed by densitometry analysis with UN-SCAN-IT software. 

stimulate STAT3 DNA binding and transcriptional activities (25). 
In our studies UVA exposure of NHEK was found to result in 
phosphorylation of STAT3 at Tyr705 (Fig. 3), whereas no 
phosphorylation was evident at Ser727 at the dose selected (data 
not shown). Next we determined whether pretreatment of NHEK 
with PFE inhibited UVA-induced phosphorylation of STAT3 at 
Tyr705. Western blot analysis and the relative density of bands 
revealed that pretreatment of NHEK with PFE resulted in 
a significant decrease in UVA-mediated activation of STAT3 in 
a dose-dependent manner (Fig. 3A,B). 

PFE treatment of NHEK inhibits UVA-mediated 
phosphorylation of mTOR and its downstream 
target p70S6K 

Studies have shown mTOR to be a direct upstream mediator of 
p70S6K, which is responsible for the phosphorylation 40s 
ribosomal protein S6 due to a number of extracellular stimuli (26). 
mTOR activity in turn may be affected by AKTl through direct 
phosphorylation of the tuberous sclerosis tumor suppressor complex 
(27). The aim of this study was to investigate whether pretreatment 
of NHEK with PFE inhibits UVA-mediated phosphorylation of 
mTOR and its downstream target p70S6K. As evident from 
Westem blot analysis, we found that UVA exposure to NHEK 
resulted in the phosphorylation of mTOR at ThSaR and its down- 
stream target p70S6K at Thr42’/Ser424 (Fig. 4A). Interestingly, we 
found that pretreatment of NHEK with PFE resulted in a significant 
downregulation of UVA-mediated phosphorylation of mTOR and 

Figure 4. PFE treatment of NHEK inhibits UVA-mediated phosphoryla- 
tion of mTOR and p70S6K. For dose-dependent studies NHEK were 
pretreated with PFE and cells were exposed to UVA (4 J cm-’). Thirty 
minutes after the UVA dose, total cell lysates were prepared for Westem 
blot analysis, as detailed in Materials and Methods. (A) Protein levels of 
phosphorylated mTOR and p70S6K. revealed by Western blot analysis. 
Equal loading was confirmed by stripping the Western blot and reprobing it 
for p-actin. The data shown here are from one representative experiment 
repeated three times with similar results. (B) Histogram representing the 
relative density of the Western blot bands normalized to a-actin. The 
quantification of protein was performed by densitometry analysis with 
UN-SCAN-IT software. 

its downstream target p70S6K (Fig. 4A,B). These data suggest that 
PFE restores cell growth to a controlled state by repressing the rate 
of protein synthesis. 

PFE treatment of NHEK inhibits UVA-mediated increase 
in PCNA and Ki-67 protein expression 

The proliferating cells that sustain UV-induced damage may con- 
tinue cell division by using a damaged DNA template. PCNA is 
integral to nucleic acid synthesis and metabolism and its expression 
is notably increased in dividing cells. Immunoblot analysis revealed 
that UVA exposure to NHEK resulted in upregulation of PCNA, 
a marker of cell proliferation, and PFE pretreatment of these cells 
resulted in a dose-dependent decrease in the expression of the 
protein (Fig. 5A). Next we assessed the effect of PFE OR UVA- 
mediated modulation of Ki-67, another marker of cell proliferation. 
As shown by immunocytochemical analysis, there was weak nu- 
clear staining of Ki-67 in control and PFE-treated cells (Fig. 5B). 
In contrast, stronger Ki-67 staining was evident in NHEK 30 min 
after UVA exposure. Pretreatment with PFE resulted in marked 
reduction in the UVA-mediated increase of Ki-67 protein expres- 
sion. Because Ki-67 is known to be expressed in the cells at all 
proliferative stages of the cell cycle (except the Go phase), our data 
demonstrate the antiproliferative potential of PFE. 
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Figure 5. PFE treatment of NHEK inhibits UVA-mediated increase in 
markers of cell proliferation, as measured by PCNA and Ki-67 expression. 
(A) For dose-dependent studies NHEK were pretreated with PFE and 
exposed to UVA (4 3 cm-’). Thirty minutes after the UVA dose, total cell 
lysates were prepared as detailed in Materials and Methods, and Western 
blot analysis was performed to measure PCNA protein expression. Equal 
loading was confirmed by stripping the Western blot and reprobing it for p- 
actin. The data shown here are from one representative experiment repeated 
three times with similar results. (B) To determine Ki-67 staining patterns, 
NHEK were grown in tissue-culture slides, treated with PFE (100 pg/mL) 
for 24 h and exposed to UVA (4 J cm-*). Thirty minutes after the UVA 
dose. the cells were stained for Ki-67. as detailed in Materials and Methods. 

Figure 6. Effect of PFE treatment on cell-cycle distribution. For cell cycle 
studies NHEK were pretreated with PFE and exposed to UVA (4 J crK2). A 
total of 24 h after the UVA dose, cells were analyzed by flow cytometry as 
detailed in Materials and Methods. The percentage of cells in different 
phases of cell cycle was calculated using Modfit computer software. The 
data shown here are from a representative experiment repeated three times 
with similar results. 

is well established that UV exposure results in the formation of 
apoptotic cells. Using Western blot analysis, we found that UVA 
exposure to NHEK resulted in upregulation of Bax and Bad, with 
a concomitant decrease in Bcl-XL protein expression (Fig. 5A). We 
found that PFE treatment (60-100 pg/mL) further augmented 
UVA-induced decrease in BcI-XL, with a concomitant increase in 

A brown color indicates the presence’of Ki-67 protein in the nuclei of cells. Bax and Bad orotein exmession in a dose-dependent manner, as 
Counterstaining was performed with eosin (original magnification, X400). 
The data shown here are from one representative experiment repeated two 
times with similar results. 

determined by Western blot analysis and the relative density of 
bands (Fig. 7A,B). 

PFE treatment of NHEK results in augmentation of 
UVA-mediated cell cycle arrest 

Studies have shown that the induction of apoptosis is cell-cycle 
dependent. Therefore, we performed DNA cell-cycle analysis to 
assess the effect of PFE treatment on UVA-mediated distribution of 
cells in the cell cycle. As shown in Fig. 6, there was an increase 
(57%) in the number of cells in GI phase of the cell cycle 24 h after 
UVA exposure, compared with the control cells (48%) and cells 
treated with PFE alone (49%). This effect was augmented by PFE 
treatment, with a 59% increase in the number of cells in GI phase. 

Effect of PFE on UVA-mediated modulations in 
protein levels of Bcl-2 family 

DISCUSSION 
Although numerous studies have been conducted on the impact of 
UV radiation on skin cells, the beneficial effect of photochemo- 
preventive agents on UVA-induced damage on human skin is less 
well-defined. UVA has been shown to be a potent inducer of var- 
ious reactive oxygen species (primarily singlet oxygen), as well as 
a cause of lipid peroxidation in cell membranes (3). Antioxidant 
defense mechanisms may be overwhelmed by excessive free-radical 
generation, with resultant damage to the cells and increased chances 
of photocarcinogenesis. Studies in a mouse model have shown UVA 
to be a relatively weak initiator of carcinogenesis but a relatively 
potent tumor promoter (1). Development of new antioxidant strat- 
egies by supplementing the natural defense mechanism operating 

The expression of the antiapoptotic protein Bcl-XL has been shown 
to be positively regulated by the transcription factor STAT3 in 
various cell lines (28). Because PFE treatment resulted in inhibition 
of phosphorylation of STAT3 at Tyr705, we next assessed the effect 
of PFE on UVA-mediated modulations in Bc12 family members. It 

in the skin may be an important strategy in inhibiting UV-induced 
effects in the skin. Consistent with this hypothesis, there is an in- 
creasing trend of regular intake of dietary antioxidants or treatment 
of the skin with products containing antioxidant ingredients. 
Studies by us and others have shown that PFE and other naturally 
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Figure 7. Effect of PFE on UVA-mediated modulations in levels of protein 
from the Bcl-2 family. For dose-dependent studies NHEK were pretreated 
with PFE and cells were exposed to UVA (4 J cnY2). A total of 24 h after 
UVA, total cell lysates were prepared for Western blot analysis, as detailed 
in Materials and Methods. (A) Protein levels of Bax, Bad and Bcl-XL, 
determined by Western blot analysis. Equal loading was confirmed by 
stripping the blot and reprobing it for p-actin. The data shown here are from 
one representative experiment repeated three times with similar results. (B) 
Histogram representing the relative density of the Western blot bands 
normalized to 0-actin. The quantification of protein was performed by 
densitometry analysis with UN-SCAN-IT software. 

occumng antioxidants, such as green tea, are effective in reducing 
the adverse effects of UVB-mediated cutaneous damage (1,6,29). 

Pomegranate fruit extract (PFE), derived from the tree of P. 
granaturn, is a rich source of two types of polyphenolic 
compounds-anthocyanins and hydrolyzable tannins-and pos- 
sesses potent antioxidant and anti-inflammatory properties (21,22). 
Recently we have shown that topical application of PFE inhibited 
tumor development in a mouse skin model involving two-stage 
carcinogenesis (23). PFE inhibited gastric mucosal injury in animal 
models through its antioxidant activity (30), and in another study 
methanolic extract of dried pomegranate peel was shown to in- 
crease the rate of wound healing in rat skin (31). 

The relevance of using UVA as a genotoxic agent and skin as the 
organ system of choice is based on the fact that UVA is a naturally 
occumng carcinogen for epidermal cells, the primary target of solar 
radiation. In our study NHEK were exposed to a UVA dose of 4 J 
cm-2; this dose was selected on the basis of the observation that 
individuals with sensitive skin develop polymorphous light 
eruptions after a UV dose of as little as 5 J ern-'. Interestingly, 
the same dose is known to cause rashes in patients who have 
chronic actinic dermatitis (32). 

In this study we provide evidence of the photochemopreventive 
role of PFE by inhibition of UVA-mediated phosphorylation of 
ERK1/2, STAT3 and AKT1, with downregulation of PCNA and 
Ki-67 and a concomitant decrease of mTOR and p70S6K in 
NHEK. MAPK cascade, a three-kinase module conserved in all 
eukaryotes, has been shown to be activated in response to UVA in 
various cell lines (33). MAPK activation may result in proliferation 
by promoting AP-1 activation and subsequent upregulation of proto- 
oncogenes, such as cyclin D1 (34). Another study suggests that 
UVR-activated Ras-family proteins initially promote transient cell 
proliferation via ERK signaling, followed by cell cycle arrest via 
p38 (35). In the present study we found that UVA exposure to 
NHEK resulted in phosphorylation of ERK1/2 and that pre- 
treatment of NHEK with PFE (60-100 pg/mL) for 24 h resulted in 
a dose-dependent inhibition of UVA-mediated phosphorylation of 
ERKl/2 (Fig. 1). 

AKTl activation may result in increased proliferation of the 
epidermal keratinocytes and the ability to resist terminal differen- 
tiation during multistage skin carcinogenesis. Also, mast cells with 
activated AKTl may persist within the stroma of papillomas during 
skin tumor development, contributing to a pro-oxidant and 
proangiogenic microenvironment (36). Loss of PTEN function 
has been associated with AKT phosphorylation, cell growth and 
proliferation. Activation of AKTl in response to UV-induced 
oxidant injury can influence cell survival by contributing to 
carcinogenesis. In this study we showed that NHEK exposure to 
UVA resulted in increased phosphorylation of AKTl at Ser473 and 
that PFE treatment inhibits the phosphorylation in a dose-de- 
pendent manner (Fig. 2). 

Abrogation of STAT3 function leads to apoptosis or inhibition 
of cell proliferation in various cancerous cell lines, including kera- 
tinocytes and papilloma cells, all of which harbor an activated gene 
encoding Ha-ras (37). Requirement of STAT3 in the development 
of skin tumors and maintenance of their autonomous growth has 
been shown and, more importantly, it was found that mice deficient 
in STAT3 were resistant to skin tumor development (38). It is well 
documented that STAT3 requires phosphorylation at tyrosine to 
undergo activation and translocation to the nucleus (39). Our data 
suggest that, following integration of signals from signaling mole- 
cules, including ERK and AKTl induced concurrently by UVA 
stimulation, STAT3 was phosphorylated at Tyr”’ whereas PFE 
pretreatment (60-100 pg/mL) of the cells resulted in a significant 
decrease in this phosphorylation in a dose-dependent manner (Fig. 3). 

Because PFE has antiproliferative properties, we next investi- 
gated whether PFE can modulate UVA-induced mTOR and p7OS6K 
expression. MAPK shares a consensus motif with the proline-directed 
S e r m r  sites (Ser411, Ser418, Thr421 and Ser424) for p70S6K and 
has been shown to be involved in the phosphorylation and acti- 
vation of p70S6K in response to UVA irradiation through H202 
generation (40). UVA-mediated phosphorylation of mTOR and 
p70S6K may be responsible for an accelerated rate of protein syn- 
thesis and activation of tumor-cell proliferation. Rapamycin and its 
derivatives have been used to block mTOR functions and to yield 
antiproliferative activity in a variety of malignancies. Inhibition of 
mTOR with resultant G1-S cell-cycle delay and eventual apoptosis, 
as well as decreased phosphorylation of p70S6K. may be beneficial 
in the targeting of tumor cells. Immunoblot analysis showed that 
PFE (60-100 pg/mL) decreased the UVA-mediated phosphoryla- 
tion of mTOR at Thr2448, with concomitant downregulation of 
p70S6K at Thr42’/Ser424 (Fig. 4). The mTOR/p70S6K signaling 
cascade has been recognized to regulate UVB-induced DNA dam- 
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age and repair responsible for the enhanced synthesis of metallo- 
proteinases, contributing to connective-tissue degradation in photoaging 
and to tumor progression (41). The current study provides evidence 
that this pathway is induced by UVA in NHEK and that PFE can 
be an effective agent in modulating this pathway, which may have 
implications for treatment of UVA-mediated damages. 

If DNA damage induced by UV is not repaired, it may result in 
cell transformation, uncontrolled proliferation and, eventually, tu- 
mor formation on the skin (42). PCNA is synthesized in variable 
amounts by proliferating cells of both normal and transformed 
origin. There is considerable evidence that this ubiquitous and 
tightly regulated DNA-replication protein plays a major role in 
regulating the pathway(s) leading to DNA replication and cell 
division (43) and its expression has been used as a prognostic 
marker for tumor progression and metastasis. Insights into UV- 
induced proliferative pathways could help in modulating the 
propensity of cells to undergo apoptosis, either by enhancing the 
efficiency of cancer treatments or averting the unwanted death of 
normal cells. Ki-67, another important indicator of cell pro- 
liferation, contributes to the development of skin cancer through 
stimulation of cell division. Our data show that UV exposure to 
NHEK resulted in increased expression of PCNA and Ki-67 (Fig. 
5A,B). Pretreatment with PFE resulted in decreased expression of 
these proliferative markers, suggesting that PFE is capable of 
providing protection against UVA-induced damage in epidermal 
keratinocytes by inhibiting cell proliferation. 

AKT and other proliferative pathways deliver a survival signal in 
UV-treated cells. However, this appears to delay but not completely 
block UV-induced apoptosis in human keratinocytes. DNA damage 
caused by UV radiation initiates cellular-recovery mechanisms, 
which involve activation of DNA damage-response pathways. To 
assess the effect of PFE on cell division, we performed DNA cell- 
cycle analysis. A decrease in proliferation and an increased 
frequency of apoptosis are seen 24 h after doses of UVA irradiation 
(44). In accordance with these findings, our data show that NHEK 
exposure to UVA resulted in an increase in cell population in the GI 
phase of the cell cycle. PFE treatment was found to further augment 
this increase in cell population in the GI phase in NHEK (Fig. 6). 

The processes of apoptosis and proliferation in response to UVR 
are closely linked and any dysregulation may lead to the 
development of skin cancer (45). Bcl-XL exerts its antiapoptotic 
effect, at least in part, by binding to Bax and related proapoptotic 
proteins and also by preventing these proteins from inducing the 
release of cytochrome c and activating caspase-9. A direct link to 
the apoptosis-regulating proteins has been established through 
AKT phosphorylation of Bad (4344). Inactivation of AKT 
prevents it from phosphorylating Bad at As a result, Bad 
becomes bound to Bcl-2, increasing its proapoptotic activity. Our 
results demonstrate that PFE treatment of NHEK resulted in 
increased expression of Bax and Bad with a corresponding 
decrease in Bcl-XL expression, shifting the balance in favor of 
apoptosis (Fig. 7). 

In conclusion, our data suggest that PFE has the potential to 
attenuate UVA-induced stress-mediated pathways associated with 
a high risk of carcinogenesis. This provides a molecular basis to 
conduct in-depth studies to determine the active components present 
in PFE that are responsible for its photochemopreventive effects. 
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