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Abstract

Non-melanoma skin cancer (NMSC) has a high and increasing incidence all over the world.
Solar radiation is the main aetiology for humans. Although most research into photocarcino-
genesis uses UVB as a source of radiation, UVA is also carcinogenic in long term. Pome-
granate (PGE) and cocoa (CE) extracts have been used for medicinal purposes for time
immemorial. Recently, it has been claimed that some of their properties may be an effective
preventative measure against photocarcinogenesis and photoaging, but to date in vivo mod-
els have not been tested using RUVA, the objective of the present work. A lower incidence
of lesions was observed in SKH-1 mice treated with PGE (p<0.001), and lower incidence of
invasive squamous carcinoma in both treatment groups (p<0.001 for PGE and p<0.05 for
CE); the PGE group also showed a lower level of cell proliferation than the control group
(p<0.001). Significantly greater p53 alteration was observed in the control group than the
treatment groups (p<0.001 for PGE and p = 0.05 for CE). No significant differences were
found in relation to TIMP-1 and MMP-9. Taken together, the results suggest that oral feeding
of PGE and CE to SKH-1 mice affords substantial protection against the adverse effects of
RUVA, especially PGE.

Introduction

The incidence of skin cancers exceeds all other malignant neoplasias together. Among these,
the most aggressive is melanoma. Although it only represents 5% of all skin cancers, melanoma
causes 80% of all deaths from skin cancer (Weinstock 2008) [1]. Non-melanoma skin cancer
(NMSC) has a high incidence all over the world, with the number of cases increasing annually,
see [2]. Although most are basal cell carcinomas (80%), which have an excellent prognosis,
between 15 and 25% are squamous cell carcinomas (SCC), with worse prognosis, whereby
they are associated with not inconsiderable rates of morbidity and mortality (Eisemann et al.
2014) [3]. In the U.S.A. incidence varies between 5 and 499 cases per 100.000 inhabitants
depending on latitude. Its annual increase has been estimated at between 50 and 200% over
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the last three decades, and these figures continue to increase due to aging populations in the
developed world (Waldman and Schmults, 2019) [4]. Although the rate of hospitalization due
to melanoma is higher, the incidence of NMSC makes health care costs higher for this type of
skin cancer in absolute terms (Duarte et al. 2018) [5]. Exposure to sunlight, pale skin, and
immunosupression are risk factors for NMSC. Solar radiation is the main cause of this type of
cancer in humans, particularly those with white skin. Ultraviolet A (UVA) radiation (320-400
nm) is the main component of solar radiation arriving on the Earth’s surface (90-99%) and is
associated with both benign and malignant skin cancers. While UVB provokes more direct
damage to cellular DNA, the effects of UVA radiation are indirect, derived from oxidative
damage caused by singlet oxygen release, which provokes diverse genetic alterations which
vary from point mutations to crude chromosomal dislocations (Bachelor and Bowden, 2004)
(6].

Punica granatum L. (pomegranate) is a deciduous shrub which has been extensively used in
traditional medicine in many regions of the world, including the Mediterranean area, Middle
East, and central Asia (Shaygannia et al., 2015) [7]. Pomegranate fruit has biological effects
including anti-inflammatory and antibacterial activities. It also contains flavonoids (kaemp-
ferol, luteolin and naringenin) and alkaloids (caffeic, gallic and ferulic acids, punicalagin, quer-
cetin or catechin), which can prevent carcinogenesis both in vitro (Singh et al., 2002) [8] and
in vivo (Justin et al., 2003) [9]. The seeds of the plant Theobroma cacao L. (Sterculiaceae) are
the raw material from which one of the most widely consumed functional foods in the world is
made-cocoa. The Mayas and the Aztecs used cocoa for both nutritional and curative purposes
(Scapagnini et al., 2014) [10]. Cocoa extract is rich in polyphenols, mainly catechins and
proanthocyanidin flavanols, but also gallocatechin and epicagallocatechin or methylxanthine
compounds (theobromine and caffeine) among other components with reactive oxygen spe-
cies (ROS) scavenging properties (Bosch et al., 2015) [11]. The quantity and proportion of
these components is highly variable due to differences in processing and manufacturing.
Although an increasing number of published papers have presented evidence that cocoa
extract contributes to endogenous photoprotection and has anti-aging and anti-wrinkle
effects, little research has investigated its role in photocarcinogenesis (Kim et al., 2016) [12].

SKH1/CRL mice are an excellent animal model for use in photodamage studies. Their skin
is very sensitive to ultraviolet radiation; they are euthymic, immunocompetent, and easy to
look after. Oral feeding of both pomegranate fruit and cocoa extracts to SKH-1/CRL mice has
demonstrated substantial protection from the adverse effects of UVB radiation derived from
modulation of early biomarkers of photocarcinogenesis (Afaq et al., 2010) [13], but this has
not been proved using UV A radiation in vivo. In this context, the main objective of the present
study was to evaluate the protective effects of pomegranate and cocoa extracts during UVA-
induced skin cancer in SKH-1 hairless mice. See for other approaches [14, 15] or [16].

Materials and methods
Chemicals

The extracts were supplied by Naturex S.A. (Avignon, France). Pomegranate extract (reference
EA140914, batch no D047/002/A11) was obtained from Punica granatum L. rinds (plant
extract ratio between 5:1 and 7:1). The extraction solvent contains 70% ethanol, 30% water.
The nutritional composition of the extract was as follows: energy 367 kcal/100 g; carbohydrates
84% (w/v); fat 1.4% (w/v); fiber 3.8% (w/v); proteins 2.4% (w/v), and total specific phenolic
12.62% (w/v)with, respectively, 2.77%; 7.92%, and 1.93% (w/v) ofpunicalagin A, punicaligin B,
and ellagic acid. Cocoa extract (batch no TCP 19013) was obtained from Theobroma cacao L.
complete seeds with the method patented by the company (EP2071961A1). The resulting
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product is a powdered semi-purified extract with a total polyphenol content of 20-45% and an
organic fraction, from which, after concentration and drying thereof, a powdered purified
extract is obtained with a total polyphenol content of 60-90%. The content of flavonols flava-
nol monomers catechin (24.2) and epicatechin (115) and 226.6 of total oligomeric procyani-
dins, flavonols (quercetin-3-O-glucoside 1.0; quercetin-3-O-arabinoside 1.0), anthocyanins
and alkaloids (10.3 theobromine and 1.1 caffeine).

The extracts were supplied by Naturex S.A. (Avignon, France).

Animals and treatment

The study used 27 SKH-1/CRL female mice, four weeks old at the beginning of the experiment.
The animals (euthymic and immunocompetent) were obtained from Charles River Laborato-
ries (Wilmington, MA, U.S.A.) and acclimatized for 10 days at the Animal Laboratory Service
of the University of Murcia (Spain) before the start of the experiment. They were randomly
distributed into three groups. Group I (n = 9) were exposed to UVA radiation. Group II

(n =9) animals were also treated with PG, which was orally administered in the diet. Group III
(n =9) was treated with UVR and cocoa extract with ad libitum access. Complete experimental
groups (9 animals) were housed in methacrylate cages transparent of 40 x 30 cm, covered with
metal right and with space for food and water.

The standard chow (PanLab, Barcelona) had 14.3% protein, 4.0% fat, 48.0% carbohydrate,
4.1% crude fiber, 18.0% neutral detergent fiber and 4.7% ash; energy density, 2.9 kcal/g). The
doses corresponded to 520 and 228 mg of extract per kg body weight per day of pomegranate
and cocoa extract respectively, approximately 41.9 and 18.37 mg per kg body weight HED.
The doses of the agents were selected in order to provide equivalent concentrations with other
anticancer researches where has been previously tested the positive effect of these compounds
(Vlachojannis et al., 2015) [17]) and Urpi-Sarda et al., 2009) [18].Dietary intervention lasted
for 29 weeks (including 2 weeks of pretreatment). Body weight, food and water intake were
recorded throughout the study. The animals were housed in climate controlled rooms (24°C at
50% humidity) with 12-hour light/dark cycles and free access to food and water, and treated in
accordance to the rules of the European Union for the protection of animals used for experi-
mentation (2010/63/EU). All experimental protocols comply with the ARRIVE guidelines and
were approved by the Bioethics Committee of the University of Murcia.

UV irradiation

The mice were subjected to UV irradiation using a Philips lamp (Type HB 554/01/A) with 8
Philips Performance S 100W tubes. The lamp has an emission spectrum of 220-425 nm with a
maximum peak of 364 nm (98.6% UVA and 1.4% UVB). The animals were exposed to radia-
tion three times a week for a total of 80 sessions, each lasting 60 minutes (always at the same
hour in the morning). For this purpose, the animals were placed in PVC cages, with individual
separators and a metallic lattice ceiling, which were placed under the ultraviolet lamp with a
distance of 20 cm between the light source and the skin. The energy received in each session
was 21.1 J/cm2, so that at the end of the experiment the total energy received by each mouse
was 1688 J/cm?2.

Macroscopic study

A detailed macroscopic study of the dorsal skin was made after each session and digital photo-
graphs were taken on millimeter paper to measure the lesional areas at the end of the experi-
ment (80 sessions). An application of the image processing and analysis software platform
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Leica Qwin was used to obtain a binary mask of the lesional areas, which were measured
individually.

Microscopic study

At the end of the experiment, animals were sacrificed by CO2 overdose. A necropsy was per-
formed on the dorsal skin and viscera. The samples collected were embedded in paraffin and
stained with haematoxylin and eosin for microscopic analysis. The presence of normal skin,
actinic keratoses, dysplasia, carcinoma in situ and invasive carcinoma was examined under
light microscopy (Leica DM 6000B). Immunohistochemical study of tumors was conducted by
the Pathology Department at the Reina Sofia University Hospital (Murcia, Spain) using the fol-
lowing antibodies: proliferating cellular nuclear antigen (PCNA); p53; anti-metaloproteinase-9
(MMP-9); and anti-metallopeptidase inhibitor 1 (TIMP-1) (Dako, S.A, Barcelona, Spain).
Immunohistochemical staining was performed using the labeled streptavidin-biotin method.
The sections were incubated overnight at 4°C with antibodies to PCNA (PC-10; Dako Corpo-
ration, Glostrup, Denmark); MMP; and TIMP-1 at a 1:200 dilution. Negative controls were
treated with all reagents except the primary antibody. PCNA expression was quantified by
means of image analysis. Firstly, the prepared specimens were digitalized by high resolution
microscopy scanning with the Leica SCN400F. Then using an image analysis module from the
Slidepath Digital Image Hub, three 100 um?2 areas were traced on each image. The areas
selected were the tumor invasion front (in the case of tumors) and the epidermis basal layer
when no carcinoma was present. The software produced a count of the number of positive
nuclei and the total number of cells, using the Nuclear Algorythm 3.0, which detects PCNA
marking by means of a previously defined color pattern. Inmunohistochemical quantification
(PCNA and P53) was expressed as the mean percentage of PCNA and P53 immunohistochem-
ical positive cells, in relation to the total number of cells (Ibrahim and Elwan, 2017) [19]. In
semi-quantitative immunohistochemical analysis (TIMP, and MMP-9), scores were calculated
by multiplying the graded intensity of stained stroma (grade 0-3) by the percentage of stained
stroma surface (grade 0: no stained stroma, grade 1: less than 10% stained stroma, grade 2: 10-
50% stained stroma, and grade 3: 51-100% stained stroma) (Preidl et al., 2019) [20]. All micro-
scopic analyses were carried out by two pathologists blinded to the results of the study.

Statistical analysis

For the statistical analysis, we have used the SPSS software, version 20.0 (SPSS ®Inc., Chicago,
IL, USA). A descriptive study of each involved variable was performed. The associations
between qualitative variables were determined by Pearson’s Chi-square test. For the quantita-
tive variables, the ANOVA and Tuckey tests were performed, determining in each case if the
variances were homogeneous. Differences were regarded as significant if p<0.05 and highly
significant if p<0.01.

Results and discussion

Skin cancer is more common among the white races and has undergone a dramatic increase
during the last 40 years, due to social changes with regard to exposure to sunlight and UV radi-
ation (UVR) (Weinstock, 2008) [1]. As a result, UVR has come to be regarded as the most
important environmental carcinogen, and has driven the health-care sector on a quest for bet-
ter information and management regarding the effects of solar radiation (Duarte et al., 2018)
[5]. The UV spectrum can be divided into three wavelength ranges, UVA (320-400 nm), UVB
(280-320) and UVC (200-280 nm). Of the solar radiation that reaches the surface of the earth,
more than 90% is comprised of UVA and 1-10% is comprised of UVB. A large portion of UVB
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and all of the UVC wavelengths are absorbed by the ozone layer. So the biological effects of
solar radiation are attributed to UV A and B radiations. For many years, it has been known
that UVB is a complete carcinogen that can generate squamous-type carcinomas in animals.
Its main biological target is DNA, where it produces CC to TT or C to T point mutations
(Bosch et al., 2015) [11]. So, as far as most authors have been concerned, the spectrum in
which skin carcinomas are produced has been the UVB region, attributing less carcinogenic
activity to the UVA region (Forbes, 1981) [21]. Forbes considered that while UVB played a key
role in initiating tumors, UVA energy intervened in promoting it. The current understanding
is that although UVB is approximately 1,000-10,000 times more carcinogenic per J/m2 than
UVA, chronic UVA radiation alone is also carcinogenic as shown in diverse in vivo experi-
ments since the nineteen nineties (De Laat et al., 1997) [22]; (de Gruijl, 2004) [23]. Neverthe-
less, as tumor genesis is faster with UVB, most research into UV-related pathogenesis and
particularly those works investigating preventative or palliative treatment have used UVB radi-
ation sources (Kim et al., 2016) [12]; (Rigby et al.,, 2017) [24]; (Afaq et al., 2010) [13]; (Park
etal, 2010) [25]. The equipment employed in the present study was a cosmetic tanning lamp
that emitted 98.6% UVA and 1.45% UVB radiation. UVA radiation acts directly by generating
ROS, which act on light-sensitive molecules such as porphyrins and nicotinamide adenine
dinucleotide hydrate (NADH). One important aspect is that, while UVB radiation is almost

Study groups Normal skin  Actinic Keratoses Dysplasia  Carcinoma in situ  Invasive
cancer
n (%) n (%) n (%) n (%) n (%)
Control 0 (0)s 0 (0)+ 0(0) 0(0) 9 (100)s,t
Punica granatum 7 (77.78)#,+ 1(11.11) 0(0) 0 (0) 1 (A1.11)#
p<0.001 p<0.001
Cocoa cathechin 0 (0)s 4 (44.45)# 1 (11.11) 2(22.22) 2 (22.22)#
p<0.05 p=0.001
# Significant difference compared with Control group; s Significant difference compared with Punica
granatum group; + Significant difference compared with Cocoa cathechin group

Fig 1. Table of comparison of incidence of skin lesions between study groups (Pearson’s 1 test).

https://doi.org/10.1371/journal.pone.0232009.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0232009  April 30, 2020

5/13


https://doi.org/10.1371/journal.pone.0232009.g001
https://doi.org/10.1371/journal.pone.0232009

PLOS ONE

Chemopreventive effect of pomegranate and cocoa extracts on photocarcinogenesis in SKH-1 mice

Control

PE

Fig 2. Skins of animals at the end of the irradiation period (80 sessions). Control, PE (pomegranate extract) and CE (cocoa
extract).

https://doi.org/10.1371/journal.pone.0232009.9002

completely absorbed by the epidermis (Seebode et al., 2016 [26]), UV A radiation is able to
reach the dermis layers and even affects circulating blood cells (Méller et al., 2002) [27].
Among other effects, UVA radiation can inhibit DNA repair and induce metalloproteinase
synthesis of the cell matrix (MMP), which can boost the skin cancer’s biological aggression
(Fisher et al., 2001) [28]. The present study saw a 100% incidence of spinocellular carcinomas
in the Control Group (Fig 1), which highlights the fact that UVA radiation is capable of pro-
voking the entire spectrum of photoaging lesions. After their first exposure to UVA, all animals

Comparison of skin area with lesions (mm?)
between study groups
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Fig 3. Comparison of macroscopic morphometric analysis of skin area with lesions (mm?) between study groups
(Tukey test). Significant difference (*p<0.050; **p<0.010).

https://doi.org/10.1371/journal.pone.0232009.9003
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in the Control Group presented temporary diffuse erythema on their back, which disappeared
or diminished 2 or 3 hours after exposure to radiation. After the tenth to twelfth session, the
erythema became permanent accompanied by a markedly geometric skin pattern character-
ized by a reticular appearance, which became more evident over time. The appearance of
prominent longitudinal wrinkles along the whole surface of the back was remarkable, present-
ing skin laxity and loss of elasticity, which progressively increased in length and thickness
alternating with more local areas that were slightly raised and of irregular aspect, generally
accompanied by a squamous surface. These areas were irregularly located between the wrin-
kles and from that time until the end of the UVA sessions the skin presented increasingly
extensive areas of telangiectatic appearance. After the fortieth session, the skin took on a dif-
fuse granular appearance, and around the fiftieth session, suffered extensive irregular surface
ulceration. In control specimens, neoplastic lesions started to appear after the fiftieth session,
while in the treatment groups, macroscopic lesions were not detected until after the sixtieth
session. These lesions were of nodular type and attached to deep tissue planes. Some of them
had irregular edges, were raised, with congestive borders and a verrucous appearance, while
others were depressed in the center, of squamous appearance, with surface ulceration. These
were dirty-based ulcers, which in some cases presented spontaneous bleeding. By the end of
the 75 sessions of the study, all the control group animals developed lesions of neoplastic
appearance, with similar lesions appearing in the group treated with cocoa extract (Fig 2).
Numerous studies have backed the hypothesis that the use of plant-derived antioxidant sub-
stances has a favorable effect in the treatment or prevention of photoaging and photocarcino-
genesis. Diverse studies have demonstrated reductions in inflammatory response, oxidative
stress, DNA damage, the early appearance of erythema, premature wrinkling, or skin cancer
after prolonged exposure to UVR as a result of treatment with natural compounds (Bosch
etal., 2015) [11]. In the present study, we used purified extracts of cocoa and pomegranate,
observing significant reductions in the incidence of skin carcinoma in both groups, but espe-
cially in the PGE group. In the latter group, hardly any of the animals presented lesions, their

Comparison of P53 between study groups
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Fig 4. Comparison of percentage of P53 immunohistochemical positive cells in relation to the total number of
cells between study groups (Tukey test). Significant difference (*p < 0.050; **p<0.010).

https://doi.org/10.1371/journal.pone.0232009.g004
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skins being classified as normal in histopathological analysis (Fig 1). No previous in vivo trials
of cocoa extract have been conducted, although (Kim et al. 2016) [12] published an article in
which it was shown that oral cocoa supplements protected against the formation of wrinkles
provoked by UVB radiation by regulating the genes that intervene in the formation and degra-
dation of the extracellular collagen matrix (cathepsin G and serpin B6c) (Kim et al., 2016) [12].
The pomegranate has been studied more often, although mainly in relation to UVB radiation.
Pomegranate extract is a high source of ellagitannins, anthocyanins, and tannins and possesses
a powerful antioxidant action (Bassiri-Jahromi, 2018) [29]; (Afaq et al., 2010) [13] carried out
a trial using SKH-1 hairless mice treated with PGE in drinking water (0.2%, wt/vol) for 14 days
before irradiation and then exposed to UVB radiation only once (180 mJ cm2). The results
showed inhibition of: skin edema, hyperplasia, infiltration of leukocytes, lipid peroxidation,

Control Pomegranate extract Cocoa extract

Fig 5. Spinocellular carcinomas in the different study groups (Haematoxilin-eosin) (a,b,c); MMP and TIMP-1
expression in surrounding tumour stroma (d, e, f and g, h, i respectively); p53 (j, k, 1) and PCNA (m, n, o)
immunostaining.

https://doi.org/10.1371/journal.pone.0232009.g005
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hydrogen peroxide generation, ornithine decarboxylase and cyclooxygenase-2 activity (Afaq
etal., 2010) [13]. In particular, following UV A radiation, PGE inhibits UVA-mediated phos-
phorylation of STAT3, AKT, ERK1/2, mTOR and p70S6K, decreases up-regulation of PCNA
and Ki-67 expression, and up-regulates Bax and Bad expression in human keratinocytes (Syed
etal., 2005) [30], inhibiting the effects of photoaging (Silva et al., 2019) [31]. But its effects
against UVA radiation have not been investigated in vivo. In the present study, we observed a
clear decrease in macroscopic lesions, particularly in the PGE group, with statistically signifi-
cant differences in comparison with the control and cocoa groups, which did not show signifi-
cant differences between them (Fig 3). In microscopy analysis with hematoxylin and eosin
staining, the incidence of squamous cell carcinoma was 100% in the control group, while ani-
mals treated with PGE only developed one carcinoma (11.11%) and those treated with CE
developed four (22.22%). Statistically significant differences were found between both the
treatment groups and the control. The very slight skin affection in seven of the nine animals
treated with PGE was remarkable, their skin remaining normal (Fig 1).

The protein p53 has diverse and complex functions, including cell cycle regulation. Its alter-
ation is directly related to cancer development, as it mutates in 50% of human cancers, includ-
ing NMSC (Benjamin and Ananthaswamy, 2007) [32]. In SKH-1 mice chronically exposed to
UVB radiation, inactivation of p53 mutations has been reported to occur in 50-70% of tumors,
this being an early event, detected as early as 1 week post-UVB exposure (Rigby et al. 2017)
[24]. The present study found lower mutated p53 expression in the treatment groups than in
the control, with statistically significant differences, but without any significant difference
between PGE and CE (Figs 4 and 5). After UVB exposure, oral treatment with PGE, has also
shown a positive effect on the expression of tumor suppressor p53 and cyclin kinase inhibitor
p21(Afaq et al., 2010) [13].

Proliferating cell nuclear antigen (PCNA) is an auxiliary protein necessary for DNA synthe-
sis and repair. PCNA quantification is used as a marker of cell proliferation in tissues to assess
the efficacy of chemopreventative drugs in cancer research (Smolarek et al., 2014) [33], and is

Comparison of PCNA between study groups
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Fig 6. Comparison of percentage of proliferating cell nuclear antigen (PCNA) immunohistochemical positive
cells in relation to the total number of cells between study groups (Tukey test). Significant difference (*p<0.050;
**p<0.010).

https://doi.org/10.1371/journal.pone.0232009.g006
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considered an independent factor in the prognosis of survival, as its expression is seen to
increase in lesions with high malignancy in both NMSC and melanoma (Ruksha et al., 2007)
[34]. In the present study, PCNA expression was similar in the control and CE groups but
lower cell proliferation was observed in the PGE group with significant difference in compari-
son with the other two groups (Figs 5 and 6). These results concur with other studies of
human keratinocytes irradiated with UVA (Syed et al., 2005) [30], and of SKH-1 mice irradi-
ated with UVB (Afaq et al., 2010) [13].

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes capable of degrad-
ing different components of the extracellular matrix (ECM). Their role in healthy tissue is
their physiological remodeling through both formation and repair. In cancer, they are related
to important processes such as angiogenesis, cell proliferation, cellular invasion, and metasta-
sis. MMP-9 belongs to a subgroup of gelatinases, and its function is the degradation of

Study groups TIMP MMP-9
mean + SD mean = SD
Control 0.77 £0.43 1.00 £ 0.00
Punica granatum 1.44 +£0.72 1.33 £0.50
Cocoa cathechin 1.67 £0.71 1.44 +£0.72
+* SD = standard deviation. # Significant difference compared with Control
group; s Significant difference compared with Punica granatum group; +
Significant difference compared with Cocoa cathechin group

Fig 7. Table of comparison of degree of intensity (0-3) of stained stroma with TIMP and MMP-9 between study groups
(Tukey test).

https://doi.org/10.1371/journal.pone.0232009.g007
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basement membrane components such as type IV collagen and laminin, as well as other ECM
components (Andisheh-Tadbir et al., 2016) [35]. This process is regulated by tissue inhibitors
of MMPs (TIMPS). Although there are four types, one of the most employed in NMSC is
TIMP-1, which is usually inhibited in patients with skin cancer (Fu et al., 2012) [36]. In the
present study, MMP-9 expression was higher in the treatment groups than the control group,
even though tumors were more frequent in the latter group. But TIMP-1 showed bigger value
in the treatment groups, and so it would appear that inhibition of ECM degradation tended to
be more active in these groups, although without reaching statistical significance differences
(Figs 5 and 7).

Although in many studies, MMP-9 expression is higher in precancerous tumors and lesions
than healthy tissue (Gupta et al., 2014) [37] (Fu et al., 2012) [36] (Andisheh-Tadbir et al., 2016)
[35], others such as (Poswar et al., 2013) [38] have found greater expression in microinvasive
carcinomas than in those that invade in depth, concluding that MMP-9’s proteolytic activity
takes place during the initial stages of carcinogenesis and decreases afterwards (Poswar et al.
2013) [38]. This could explain the present study’s observations, whereby control group tumors
were more evolved than in the treatment groups.

While much research has focused upon the effects of UVB radiation, little is known about
UVA-induced photocarcinogenesis in vivo. This lack was the motivation for the present study,
which also set out to treat animals with extracts whose efficacy in UVB-induced skin cancer
chemoprevention appears to have been demonstrated. Taken together, our results suggest that
oral feeding of PGE and CE to SKH-1 mice affords substantial protection from the adverse
effects of UVA radiation, especially PGE. Obviously further research is needed to investigate
in detail the mechanisms of action of these substances, which could play an important role in
NMSC prevention in the future.

Supporting information

S1 File.
(PDF)

Author Contributions

Investigation: Francisco José Gomez-Garcia, Antonia Lopez Lopez, Yolanda Guerrero-San-
chez, Mariano Sanchez Siles, Francisco Martinez Diaz, Fabio Camacho Alonso.

References

1. Weinstock M.A. The Struggle for Primary Prevention of Skin Cancer Am. J. Prev. Med. 2008; 34(2):
171-2. https://doi.org/10.1016/j.amepre.2007.11.002 PMID: 18201649

2. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLO-
BOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries CA Cancer J
Clin. 2018; Nov; 68(6):394—424. https://doi.org/10.3322/caac.21492 PMID: 30207593

3. Eisemann N., Waldmann A., Geller A.C., Weinstock M.A., Volkmer B., Greinert R. et al. Non-Melanoma
Skin Cancer Incidence and Impact of Skin Cancer Screening on Incidence J. Invest. Dermatol. 2014;
134(1): 43-50. https://doi.org/10.1038/jid.2013.304 PMID: 23877569

4. Waldman A, Schmults C. Cutaneous Squamous Cell Carcinoma Hematol. Oncol. Clin. North. Am.
2019; 33(1): 1-12. https://doi.org/10.1016/j.hoc.2018.08.001

5. Duarte A.F., Sousa-Pinto B., Freitas A., Delgado L., Costa-Pereira A., Correia O. Skin Cancer Health-
care Impact: A Nation-Wide Assessment of an Administrative Database Cancer Epidemiol. 2018; 56:
154-60.

6. Bachelor M.A., Bowden G.T. UVA-Mediated Activation of Signaling Pathways Involved in Skin Tumor
Promotion and Progression Semin. Cancer Biol. 2004; 14(2): 131-8. https://doi.org/10.1016/].
semcancer.2003.09.017

PLOS ONE | https://doi.org/10.1371/journal.pone.0232009  April 30, 2020 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232009.s001
https://doi.org/10.1016/j.amepre.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18201649
https://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1038/jid.2013.304
http://www.ncbi.nlm.nih.gov/pubmed/23877569
https://doi.org/10.1016/j.hoc.2018.08.001
https://doi.org/10.1016/j.semcancer.2003.09.017
https://doi.org/10.1016/j.semcancer.2003.09.017
https://doi.org/10.1371/journal.pone.0232009

PLOS ONE

Chemopreventive effect of pomegranate and cocoa extracts on photocarcinogenesis in SKH-1 mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Shaygannia E., Bahmani M., Zamanzad B., Rafieian-Kopaei M. A Review Study on Punica Granatum
L. J. Evid-Based Complementary Altern. Med. 2015; 21(3): 221-27.

Singh R.P.,Tyagi A.K.,Zhao J., Agarwal R. Silymarin inhibits growth and causes regression of estab-
lished skin tumors in SENCAR mice via modulation of mitogen-activated protein kinases and induction
of apoptosis Carcinogenesis, Volume 23, Issue 3, March 2002, 499-510. https://doi.org/10.1093/
carcin/23.3.499

Justin J.H., Emily R.M., Ephraim P.L., Chandradhar D. Chemopreventive Effects of Pomegranate Seed
Oil on Skin Tumor Development in CD1 Mice Journal of Medicinal Food, 2004, VOL. 6, No. 3, 157-161.

Scapagnini G., Davinelli S., Di Renzo L., De Lorenzo A., Olarte N.H., Micali G. et al. Cocoa Bioactive
Compounds: Significance and Potential for the Maintenance of Skin Health Nutrients 2014; 6(8): 3202—
13. https://doi.org/10.3390/nu6083202 PMID: 25116848

Bosch R., Philips N., Suarez-Pérez J.A., Juarranz A., Devmurari A., Chalensouk-Khaosaat J., et al.
Mechanisms of Photoaging and Cutaneous Photocarcinogenesis, and Photoprotective Strategies with
Phytochemicals Antioxidants 2015; 4(2): 248-68. https://doi.org/10.3390/antiox4020248 PMID:
26783703

Kim J.E., Song D., Kim J., Choi J., Kim J.R., Yoon H.S. et al. Oral Supplementation with Cocoa Extract
Reduces UVB-Induced Wrinkles in Hairless Mouse Skin J. Invest. Dermatol 2016; 136(5): 1012-21.
https://doi.org/10.1016/}.jid.2015.11.032 PMID: 26854493

Afaq F., Khan N., Syed D.N., Mukhtar H. Oral Feeding of Pomegranate Fruit Extract Inhibits Early Bio-
markers of UVB Radiation-Induced Carcinogenesis in SKH-1 Hairless Mouse Epidermis Photochem.
Photobiol. 2010; 86(6): 1318—26. https://doi.org/10.1111/j.1751-1097.2010.00815.x

Lopez A.G.,Seoane J.M., Sanjuan M.A. Decay Dynamics of Tumors PLoS ONE 11(6): e0157689.
https://doi.org/10.1371/journal.pone.0157689 PMID: 27310010

Anda-Jauregui G., Fresno C., Garcia-Cortés D., Espinal-Enriquez J., Hernandez-Lemus Intrachromo-
somal regulation decay in breast cancery Applied Mathematics and Nonlinear Sciences 2019; 4(1):
223-230.

Rojas C., Belmonte-Beitia J. Optimal control problems for differential equations applied to tumor growth:
state of the art Applied Mathematics and Nonlinear Sciences 2018; 3(2): 375-402.

Vlachojannis C., Zimmermann B.F. and Chrubasik-Hausmann S. The Safety of Herbal Medicine: From
Prejudice to Evidence Evidence-Based Complementary and Alternative Medicine, Article ID 258598, 15
pages.

Urpi-Sarda M., Monagas M., Khan N., Lamuela-Raventos R.M., Santos-Buelga C., Sacanella E., et al.
Epicatechin, procyanidins, and phenolic microbial metabolites after cocoa intake in humans and rats
Analytical and Bioanalytical Chemistry 2009, 394, 1545—1556. https://doi.org/10.1007/s00216-009-
2676-1 PMID: 19333587

Ibrahim M.A.A., Elwan W.M. Role of Topical Dehydroepiandrosterone in Ameliorating Isotretinoin-
Induced Meibomian Gland Dysfunction in Adult Male Albino Rat Ann. of Anat. 2017; 211: 78-87.
https://doi.org/10.1016/j.aanat.2017.01.007

Preidl R.H.M., Mébius P., Weber M., Amann K., Neudam F.W., Kesting M. et al. Long-Term Endothelial
Dysfunction in Irradiated Vessels: An Immunohistochemical Analysis Strahlenther Onkol 2019; 195(1):
52-61. https://doi.org/10.1007/s00066-018-1382-3 PMID: 30324290

Forbes P.D.Photocarcinogenesis: An Overviewd. Invest Dermatol1981; 77(1): 139—43. https://doi.org/
10.1111/1523-1747.ep12479351 PMID: 7252247

de Laat A., Van Der Leun J.C., de Gruijl Carcinogenesis Induced by UVA (365-Nm) Radiation: The
Dose-Time Dependence of Tumor Formation in Hairless Mice Carcinogenesis 1997; 18(5): 1013—-20.
https://doi.org/10.1093/carcin/18.5.1013 PMID: 9163689

de Gruijl F.R.Photocarcinogenesis: UVA vs UVBMethods Enzymol2000; 319: 359-66. https://doi.org/
10.1016/s0076-6879(00)19035-4 PMID: 10907526

Rigby C.M., Roy S., Deep G., Guillermo-Lagae R., Jain A.K., Dhar D. et al. Role of P53 in Silibinin-Medi-
ated Inhibition of Ultraviolet B Radiation-Induced DNA Damage, Inflammation and Skin Carcinogenesis
Carcinogenesis 2017; 38(1): 40-50. https://doi.org/10.1093/carcin/bgw106 PMID: 27729375

Park H.M., Moon E., Kim A.J., Kim M.H., Lee S., Lee J.B. et al. Extract of Punica Granatum Inhibits
Skin Photoaging Induced by UVB Irradiation Int. J. Dermatol. 2010; 49(3): 276—82. https://doi.org/10.
1111/.1365-4632.2009.04269.x PMID: 20465664

Seebode C., Lehmann J., Emmert S. Photocarcinogenesis and Skin Cancer Prevention Strategies Anti-
cancer Res. 2016; 36(3): 1371-78. PMID: 26977038

Moller P., Wallin H., Holst E., Knudsen L.E. Sunlight-Induced DNA Damage in Human Mononuclear
Cells FASEB J 2002; 16(1): 45-53. https://doi.org/10.1096/fj.01-0386com PMID: 11772935

PLOS ONE | https://doi.org/10.1371/journal.pone.0232009  April 30, 2020 12/13


https://doi.org/10.1093/carcin/23.3.499
https://doi.org/10.1093/carcin/23.3.499
https://doi.org/10.3390/nu6083202
http://www.ncbi.nlm.nih.gov/pubmed/25116848
https://doi.org/10.3390/antiox4020248
http://www.ncbi.nlm.nih.gov/pubmed/26783703
https://doi.org/10.1016/j.jid.2015.11.032
http://www.ncbi.nlm.nih.gov/pubmed/26854493
https://doi.org/10.1111/j.1751-1097.2010.00815.x
https://doi.org/10.1371/journal.pone.0157689
http://www.ncbi.nlm.nih.gov/pubmed/27310010
https://doi.org/10.1007/s00216-009-2676-1
https://doi.org/10.1007/s00216-009-2676-1
http://www.ncbi.nlm.nih.gov/pubmed/19333587
https://doi.org/10.1016/j.aanat.2017.01.007
https://doi.org/10.1007/s00066-018-1382-3
http://www.ncbi.nlm.nih.gov/pubmed/30324290
https://doi.org/10.1111/1523-1747.ep12479351
https://doi.org/10.1111/1523-1747.ep12479351
http://www.ncbi.nlm.nih.gov/pubmed/7252247
https://doi.org/10.1093/carcin/18.5.1013
http://www.ncbi.nlm.nih.gov/pubmed/9163689
https://doi.org/10.1016/s0076-6879(00)19035-4
https://doi.org/10.1016/s0076-6879(00)19035-4
http://www.ncbi.nlm.nih.gov/pubmed/10907526
https://doi.org/10.1093/carcin/bgw106
http://www.ncbi.nlm.nih.gov/pubmed/27729375
https://doi.org/10.1111/j.1365-4632.2009.04269.x
https://doi.org/10.1111/j.1365-4632.2009.04269.x
http://www.ncbi.nlm.nih.gov/pubmed/20465664
http://www.ncbi.nlm.nih.gov/pubmed/26977038
https://doi.org/10.1096/fj.01-0386com
http://www.ncbi.nlm.nih.gov/pubmed/11772935
https://doi.org/10.1371/journal.pone.0232009

PLOS ONE

Chemopreventive effect of pomegranate and cocoa extracts on photocarcinogenesis in SKH-1 mice

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fisher G.J., Choi H.C., Bata-Csorgo Z., Shao Y., Datta S., Wang Z.Q. et al. Ultraviolet Irradiation
Increases Matrix Metalloproteinase-8 Protein in Human Skin in Vivo J. Invest. Dermatol. 2001; 117(2):
219-26. https://doi.org/10.1046/j.0022-202x.2001.01432.x PMID: 11511297

Bassiri-dJahromi S. Punica Granaturn (Pomegranate) Activity in Health Promotion and Cancer Preven-
tion Oncol. Rev. 2018; 12(1): 1-7.

Syed D.N., Malik A., Hadi N., Sarfaraz S., Afaq F., Mukhtar H. Photochemopreventive Effect of Pome-
granate Fruit Extract on UVA-Mediated Activation of Cellular Pathways in Normal Human Epidermal
Keratinocytes Photochem. Photobiol. 2005; 82(2): 398. https://doi.org/10.1562/2005-06-23-RA-589

Silva E.S., Machado G.B., Lino-dos-Santos-Franco A., Pavani C. Combination of Natural Extracts and
Photobiomodulation in Keratinocytes Subjected to UVA Radiation Photochem. Photobiol. 2019; 95(2):
644—-49. https://doi.org/10.1111/php.13026

Benjamin C.L., Ananthaswamy H.M. P53 and the Pathogenesis of Skin Cancer Toxicol. Appl. Pharma-
col. 2007; 224(3): 241-48. https://doi.org/10.1016/j.taap.2006.12.006

Smolarek A.K., So J.Y., Thomas P.E., Lee H.J., Paul S., Dombrowski A. et al. Dietary tocopherols
inhibit cell proliferation, regulate expression of ERa, PPARYy, and Nrf2, and decrease serum inflamma-
tory markers during the development of mammary hyperplasia Mol. Carcinog. 2013; 52(7): 514-25.
https://doi.org/10.1002/mc.21886

Ruksha T.G., Salmina A.B., Sokolov V.D., Maksimova T.V., Anisimov Y.A. Expression of Peripheral
Benzodiazepine Receptor, PCNA, and Caspase-3 in Cells of Skin Melanoma and Squamous Cell Carci-
noma Bull Exp Biol Med 2007; 1(144): 77-79. https://doi.org/10.1007/s10517-007-0259-8

Andisheh-Tadbir A., Mardani M., Pourshahidi S., Nezarati K., Bahadori P. Prognostic Value of Matrix
Metalloproteinase-9 Expression in Oral Squamous Cell Carcinoma and lts Association with Angiogene-
sis J. Clin. Exp Dent. 2016; 8(2): 130-35.

Fu X.R., Zhang C., Chen C.Y., Zhang L., Wang L.X., Wang B.H. et al. Expression and Significance of
Matrix Metalloproteinase and Tissue Inhibitor of Matrix Metalloproteinase in Non-Melanoma Skin Can-
cer CMAJ 34(5): 369-73.

Gupta A., Kaur C.D., Jangdey M., Saraf S. Matrix Metalloproteinase Enzymes and Their Naturally
Derived Inhibitors: Novel Targets in Photocarcinoma Therapy Ageing Res Rev 2014; 13(1): 65-74.
https://doi.org/10.1016/j.arr.2013.12.001 PMID: 24355347

Poswar F.O., Fraga C.A., Farias L.C., Feltenberger J.C., Cruz V.P., Santos S.H. et al. Inmunohisto-
chemical Analysis of TIMP-3 and MMP-9 in Actinic Keratosis, Squamous Cell Carcinoma of the Skin,
and Basal Cell Carcinoma Pathol. Res. Pract. 2013; 209(11): 705-9. https://doi.org/10.1016/j.prp.
2013.08.002 PMID: 24011615

PLOS ONE | https://doi.org/10.1371/journal.pone.0232009  April 30, 2020 13/13


https://doi.org/10.1046/j.0022-202x.2001.01432.x
http://www.ncbi.nlm.nih.gov/pubmed/11511297
https://doi.org/10.1562/2005-06-23-RA-589
https://doi.org/10.1111/php.13026
https://doi.org/10.1016/j.taap.2006.12.006
https://doi.org/10.1002/mc.21886
https://doi.org/10.1007/s10517-007-0259-8
https://doi.org/10.1016/j.arr.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24355347
https://doi.org/10.1016/j.prp.2013.08.002
https://doi.org/10.1016/j.prp.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24011615
https://doi.org/10.1371/journal.pone.0232009

