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Abstract

Scope—UVB exposure, a major factor in the development of skin cancer, has differential sex
effects. Tomato product consumption reduces the intensity of UVB-induced erythema in humans,
but the mechanisms are unknown.

Methods and results—Four week old SKH-1 hairless mice (40 females, 40 males) were
divided into two feeding groups (control or with 10% tangerine tomatoes naturally rich in UV-
absorbing phytoene and phytofluene) and two UV exposure groups (with or without UV). After 10
weeks of feeding, the UV group was exposed to a single UV dose and sacrificed 48 hours later.
Blood and dorsal skin samples were taken for carotenoid analysis. Dorsal skin was harvested to
assess sex and UV effects on carotenoid deposition, inflammation (skinfold thickness,
myeloperoxidase levels) and DNA damage (cyclobutane pyrimidine dimers, p53). Females had
significantly higher levels of both skin and blood carotenoids relative to males. UV exposure
significantly reduced skin carotenoid levels in females but not males. Tomato consumption
attenuated acute UV-induced increases in CPD in both sexes, and reduced myeloperoxidase
activity and % p53 positive epidermal cells in males.

Conclusion—Tangerine tomatoes mediate acute UV-induced skin damage in SKH-1 mice via
reduced DNA damage in both sexes, and through reduced inflammation in males.
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1. INTRODUCTION

As highlighted by the recent Surgeon General’s Call to Action, skin cancer is the most
common form of cancer in humans, with over 3.5 million new cases identified in the United
States each year[1, 2]. In fact each year there are more new cases of skin cancer diagnosed
than the combined incidence of cancers of the breast, prostate, lung and colon[3]. Ultraviolet
light B (UVB; 290-320 nm) is a major environmental carcinogen that has been implicated in
the development of both basal cell carcinoma (BCC) and squamous cell carcinoma (SCC),
collectively known as keratinocyte cancers [3]. Since most Americans do not undergo
regular skin cancer screening, the incidence of skin cancer continues to increase annually.
However, there is a distinct sex imbalance in risk. Men are twice as likely to be diagnosed
with BCC and 3 times as likely to be diagnosed with SCC as compared to women[4, 5].
While traditionally attributed to lifestyle differences [6, 7], recent data published by our
group and others now suggests that this sex disparity in skin cancer incidence may have
biological origin[8-10].

The solar ultraviolet (UV) rays which reach the earth’s surface are sub-divided into two
categories: higher energy UVB radiation (electromagnetic waves emitted from 280-315 nm)
and lower energy UVA radiation (320-400 nm). UVA causes DNA damage[11] and
produces singlet oxygen[12] in human skin cells. UVB is considered to be the major cause
of sunburn and sun-induced damage to DNA and proteins in skin tissue [13]. Furthermore,
UVB exposure has been implicated as a major factor in the development of both BCC and
SCC. Surprisingly little is known about sex differences in response to acute UV exposure. In
humans, sex-specific differences in skin barrier function have been demonstrated after
exposure to varying doses of sunlight[14]. Studies in the SKH-1 mouse model have shown
that acute UVB exposure induces higher levels of inflammation and lower levels of DNA
damage in females relative to males[10], male SKH-1 mice have a reduced capacity to
eliminate reactive oxygen species produced after UVB exposure [15], and a reduction of the
immunoprotective response after UVA exposure[16] relative to females. Likewise,
natural[17] or artificial[18] reduction in estrogen receptor expression in SKH-1 females
results in a reduced immunoprotective response after UVA exposure.

Consumption of dietary compounds that may inhibit acute UV-induced skin damage
presents a novel approach to reducing skin cancer risk. Carotenoids are a class of lipophilic
dietary compounds which impart the yellow, orange, and red hue associated with many
fruits and vegetables and have been shown to deposit in human skin. Carotenoids have been
proposed to 1) act as antioxidants in vivo by scavenging free-radicals (reviewed by Cantrell
etal., [19]), and 2) be metabolized into nuclear receptor agonists/antagonists to influence
gene expression[20-22]. Carotenoids may further confer photoprotection against UV-
induced damage via direct absorption of high-energy UV light[23], or by physical quenching
of singlet oxygen generated from the donation of energy from a photosensitized species[24,
25].
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Previous studies in animals and humans support the effectiveness of the tomato carotenoid
lycopene in skin protection from ultraviolet light exposure. Female SKH-1 mice treated
topically with lycopene and exposed to a single UVB dose had a step-wise reduction in
markers of inflammation with increasing lycopene dosel?7]. Furthermore, multiple human
studies feeding lycopene alone[26] or in a tomato product[26, 27] for = 10 weeks have
found a significant reduction in UV-induced erythema (i.e. redness)[26, 27][27, 28].
However, a more pronounced decrease in UV-induced erythema has been observed for
tomato products or tomato extracts as compared to lycopene alone[26]. The authors
suggested that the carotenoids phytoene and phytofluene found in tomato products and
extracts may be responsible for this greater decrease in erythema formation. Phytoene and
phytofluene, most abundant in apricots, tomatoes and tomato products[28], absorb light
from 255-315 nm and 285-385 nm, respectively, making them ideal candidates for
photoprotection. Although evidence is sparse, the skin protective effect of phytoene is
further supported by a previous animal study. Hairless mice injected intraperitoneally with
phytoene developed no skin tumors after UV exposure, while 64% of animals injected with
vehicle alone developed tumors during 24 weeks of follow-up[29].

Red tomatoes contain all-trans lycopene, which confers the red color. In contrast, tangerine
tomatoes are a unique varietal of tomato which contain tetra-cis lycopene, a geometrical
isomer of all-trans lycopene, which imparts the “tangerine” hue from whence the name is
derived[30]. These varieties contain one of several mutations that disrupt the isomerase
which converts cis-lycopene into all-trans lycopene[31]. The cis-isomers are not accessible
to conversion into f-carotene, and thus biochemical precursors accumulate. As a result,
tangerine tomatoes contain 2 % to 3 times more phytoene and phytofluene than red tomatoes
and high levels of the carotenoids {-carotene, and neurosporene in addition to to tetra-cis
lycopene.

The objective of this study was to determine if SKH-1 mice would serve as a viable model
to evaluate the effects of dietary tomato consumption on UVB-induced skin damage. We
expected tangerine tomato carotenoids to be deposited in the dorsal skin, and we expected
there to be a reduction in skin carotenoid levels in animals exposed to UV light. We also
hypothesized that mice consuming the phytoene and phytofluene-rich tangerine tomato diet
would have a reduction in skin inflammation and DNA damage as compared to control diet
animals. Finally, we explored the effect of sex on both carotenoid accumulation and
biological markers of skin damage.

2. MATERIALS AND METHODS

Materials

HPLC grade methyl tert-butyl ether (MTBE), dichloromethane, ethanol, and Optima grade
hexane, water, and methanol were purchased from Fisher Scientific (Pittsburg, PA, USA).
High purity formic acid (=95%) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ammonium acetate was obtained from J.T. Baker (Phillipsburg, NJ, USA). All-trans-
lycopene was purified and crystallized as described previously[32]. Phytoene, phytofluene,
{-carotene, and neurosporene were isolated from a tangerine tomato extract using a C18
preparatory HPLC method, adapted from an analytical HPLC method by Isaacson et al.,
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[33]. {-Carotene and neurosporene required further purification with a C30 preparatory
column and a MeOH/MTBE gradient. The isolated carotenoids were individually tested for
purity with an analytical C30 HPLC-PDA method which separates all of the carotenoids,
and were found to be = 95% pure.

Tangerine tomato (S. lycopersicum, L.) variety FG04-169 was developed at The Ohio State
University to facilitate nutritional and medical trials. FG04-169 has a compact plant habit,
determinate vine, and firm “roma” type fruit, a combination of traits that favors high density
cultivation, mechanical harvest, and processing into juice and sauce. Plants were grown and
harvested at the OSU North Central Agricultural Research Station in Fremont, Ohio
following conventional practices[34]. Following harvest, the tomatoes were diced into cubes
and frozen. Frozen samples were then lyophilized in a Virtis Ultra 35LE lyophilizer (SP
Industries/SP Scientific, Warminster, PA) in the Food Industries Center at the Ohio State
University, and powdered in a food processor (Cuisinart, East Windsor, NJ). The powder
was stored frozen until it was sent by express delivery to Research Diets, Inc. (New
Brunswick, NJ) to be incorporated into an AIN-93G based diet at a 10% level and pelleted.
The breakdown of the control diet and the 10% tangerine tomato powder diet is detailed in
Table 1. The diets were stored at 4°C throughout the duration of the study. Carotenoids were
extracted from the finished 10% tomato diet pellets using the method previously published
[35], and analyzed as described below in the HPLC-MSMS Analysis of Carotenoids

Animal Treatment

Animals were housed in a facility approved by the American Association for the
Accreditation of Laboratory Animal Care, and the Ohio State University Institutional
Animal Care and Use Committee approved all procedures under protocol number
2007A0099. SKH-1 hairless mice (n = 40 females, 40 males) were purchased from Charles
River Laboratories (Wilmington, MA) and were received at 4 weeks of age. Animals of the
same sex were randomized into different cages, with 5 animals housed per cage. Each cage
was assigned to a specific feeding group, and each group was maintained on their respective
diet (either control diet or 10% tomato powder diet) for 10 weeks during which time they
were allowed to consume both food and water ad libidum. Ten weeks of feeding was chosen
as previous studies in humans have suggested that at least 10 weeks of daily carotenoid
consumption is required to reduce erythema induced by UVB exposure [26, 36]. Within a
sex, 20 animals received the control diet, and 20 animals received the 10% tomato powder
diet. Animals were weighed weekly. The feed was changed every 2—3 days to minimize
carotenoid degradation.

UV Irradiation

At week 10, a subset of each sex-feeding group (n=15) was irradiated once with Phillips
FS40 UVB bulbs (American Ultraviolet Company, Murray Hill, NJ) covered by Kodacel
filters (Eastman Kodak, Rochester, NY) to filter out UVC and some very high energy UVB
light[37]. UVB intensity was determined by a UVR meter equipped with a UVB sensor
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(UVP Inc., Upland, CA), and exposure time was calculated to deliver 2240 J/m2 UVB. The
remaining 5 animals in each sex-feeding group received no UV exposure.

Sacrifice and Sample Collection

All animals were sacrificed 48 hrs post-a single UV exposure. Animals were sacrificed by
lethal inhalation of carbon dioxide. Blood and skin samples for carotenoid analysis,
myeloperoxidaise (MPO) assay, cyclobutane pyrimidine dimer (CPD) dot blot analysis, and
p53 immunohistochemical analysis were taken immediately afterward as described below.

Skinfold Thickness

Just before sacrifice, i.e. 48 hrs post-UV exposure, skinfold thickness was determined using
metric calipers with submillimeter measurement capacity (Bel-Art Products, Pequannock,
NJ).

p53, MPO, and CPD assays

Dorsal skin samples for p53 analysis were fixed in 10% neutral buffered formalin for
immunohistochemical analysis as previously described [38]. Dorsal skin samples for the
myeloperoxidase and cyclobutane pyrimidine dimer assays were snap frozen in liquid
nitrogen and analyzed following previously developed methods [10, 39].

Blood Carotenoid Levels

Blood samples were taken via cardiac puncture and placed into a microcentrifuge tube. The
tubes were stored on ice, and then centrifuged at 11,000 rcf at 4 °C for 20 minutes. The
supernatant was collected and centrifuged for an additional10 minutes, to ensure removal of
all red blood cells. The upper serum layer was collected and stored at —80 °C for analysis of
carotenoids.

Skin Carotenoid Levels

All remaining dorsal skin not allocated for the assays listed above was snap frozen in liquid
nitrogen and stored at —80°C for carotenoid analysis. Carotenoids were extracted from blood
serum following the method previously published [40] scaled to a 300 pL sample.
Carotenoids from dorsal skin were extracted by first grinding the frozen skin tissue into a
powder with liquid nitrogen in a mortar and pestle. Next, 400 mg of tissue was weighed into
a glass vial and 1 mL of ethanol containing 0.1% BHT (w/v), 1 mL of water, and 5 mL of
5:1 hexane/dichloromethane (the extraction solvent previously used by Stahl et al., [41]) was
added to the vial. The sample was probe sonicated for 30 seconds using a medium intensity
setting. Next, the sample was centrifuged at 300 x g for 2 minutes to induce phase
separation. The upper layer of solvent was removed with a glass pipette, and placed into a
clean glass vial. The extraction procedure with hexane/dichloromethane was repeated, and
the extracts were pooled together. Extracts were dried under nitrogen gas, and stored at
-80°C until analysis.
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HPLC-MS/MS Analysis of Carotenoids

Extracts were reconstituted in 100 pL of 1:1 MTBE/MeOH and a 10uL injection volume
was used. Carotenoids in the sample were separated using reverse phase chromatography
with a Zorbax C18 column, 4.6 mm x 50 mm, 1.8 um particle size (Agilent Technologies,
Santa Clara, CA, USA) on a 1200 series system HPLC with an HP 1200 series diode array
detector (Agilent Technologies, Santa Clara, CA, USA). The column heater was set at 30
°C. Total run time was 8.5 min at a flow rate of 2.33 mL/min. The following gradient was
employed to separate the compounds in the sample: 0% B with a linear gradient to 25% B
over 3 minutes, holding at 25% B for 2 minute, increasing to 100% B over one minute and
holding for 0.5 minutes, then returning to 0% B over 0.1 minutes and holding for 1.9
minutes. Solvent A = 20:80 water/MeOH (v/v) and solvent B = 2:20:78 water/MeOH/
MTBE (v/VIv).

Mass spectrometry was necessary for quantitation as the carotenoid level in the skin tissue
of some animals was below the photodiode array detection limit. The eluent from the HPLC
was interfaced with a QTrap 5500 mass spectrometer (AB Sciex, Foster City, CA, USA) via
an atmospheric pressure chemical ionization (APCI) probe operated in positive ion mode.
Additional parameters were as follows: curtain gas = 10 psi, source temperature = 550 °C,
ion source gas 1 = 60 psi, declustering potential = 100 V, entrance potential = 10 V,
collision cell exit potential = 7 V. Parent > daughter ions for each analyte, which were
selective for the compounds of interest and for which background interference did not co-
elute, were chosen for carotenoid quantitation (Table 2), and a summation of the transitions
for each carotenoid was used for quantitation. Molar extinction coefficients were used to
determine phytoene, phytofluene, and total lycopene concentration, and external calibration
curves for quantitation were generated using MS/MS peak area. Identity of {-carotene and
neurosporene were confirmed with isolated standards. The MS/MS response of {-carotene,
neurosporene, and lycopene standard was normalized to the PDA peak area adjusted to their
respective Amax. The slope of the lycopene standard curve was then adjusted using the
relative response factors calculated for {-carotene and neurosporene to quantitate the levels
of these two carotenoids in the samples. Data acquisition was carried out using multiple
reaction monitoring windows with dwell times of 15 msec for each channel, and 3 msec
pauses between channels. Analyst 1.5.1 software (AB Sciex, Foster City, CA, USA) was
used for data acquisition and analysis.

Statistical Analysis

Statistical analysis was performed using SAS (SAS Institute, Inc., Cary, NC, USA). Final
body weights for each diet were assessed by sex using a 2-sample t-test, and p < 0.05 was
considered statistically significant. Blood carotenoid levels, differences in skinfold
thickness, and % p53 immunoreactivity were analyzed directly, while skin carotenoid levels,
MPO, and CPD levels were log-transformed to meet the assumptions of normality. For
differences in % p53 immunoreactivity, only UV-treated animals were considered. For
difference in skinfold thickness, MPO, CPD, and skin carotenoid levels, a linear model was
fit with sex, feed, and UV exposure as well as considering all interactions of the three.
Differences in blood carotenoid levels were performed as just described but excluding UV
exposure.
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3. RESULTS

Animals

Animals consumed both diets well, and normal weight gain was observed. There was no
significant difference between final body weights for female mice consuming the control
diet as compared to the tangerine tomato diet (24.0 + 1.95 vs. 25.1 + 2.02). In contrast, the
average body weight of a male mouse consuming the tangerine tomato diet was 8% heavier
than a male mouse consuming the control diet (33.4 £ 2.15 vs. 30.7 + 2.23, respectively, p =
0.001).

Skin Carotenoid Levels

Figure 1 is a representative HPLC-MS/MS chromatogram of carotenoids extracted from
dorsal skin. All carotenoids observed in the tangerine tomato diet were also present in the
dorsal skin of mice fed the tomato diet. A significant number of geometrical isomers of each
carotenoid were observed in the tomato diet, consistent with expectations for the tangerine
tomato. Thus, carotenoid profiles of the tomato diet were used to assist in identification of
all carotenoids present in the skin samples. Furthermore, dorsal tissue from control animals
was used to identify tissue matrix present in the extract which produced the same parent >
daughter ion combination(s) as the carotenoid of interest, but which also appeared in some
or all of the control animal tissue.

Figure 2A displays the mean dorsal skin level of carotenoids. The amount of carotenoid
deposited in the tissue increased from phytofluene < phytoene < {-carotene < neurosporene
< total lycopene (left to right, Figure 2A). There was a significant sex difference between
skin carotenoid deposition in non-irradiated animals. Non UV exposed females had
significantly higher levels of phytoene (10.7 fold, p = 0.0001), phytofluene (4.1 fold, p =
0.0156), C-carotene (3.6 fold, p = 0.0006), neurosporene (4.3 fold, p<0.001), and total
lycopene (10.9 fold, p = 0.0089) as compared to no UV males. UV irradiation resulted in
significantly reduced dorsal skin levels of of phytoene (80% decrease, p = 0.0012),
phytofluene (68% decrease, p = 0.0166), {-carotene (49% decrease, p = 0.0182),
neurosporene (60% decrease, p = 0.0013), and total lycopene (84% decrease, p < 0.0001) in
females. In contrast, UV exposure did not significantly decrease dorsal skin carotenoid
levels in males. The impact of UV exposure on lycopene levels was significantly different
for females as compared to males (interaction p=0.0079), but not for the other carotenoids.

Blood Carotenoid Levels

Blood serum levels of carotenoids in mice consuming the tangerine tomato diet are shown

in Figure 2B. Comparing blood levels between the sexes, females had significantly higher
levels of phytoene (3.8 fold, p<0.0001), phytofluene (1.5 fold, p = 0.0002), {-carotene (1.6
fold, p = 0.0001), and neurosporene (1.4 fold, p = 0.0072) as compared to males. No
significant difference was observed for total lycopene. It should be noted that one male UV
mouse had blood lycopene levels 10x higher than the other animals in the same group (while
blood levels of all other carotenoids were within the range of the other animals), and the data
from this animal is likely responsible for not finding any significant differences for
lycopene. Indeed, when we performed the same statistical analysis omitting this animal, a
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significant difference in blood lycopene was observed by sex (p = 0.0027, data not shown).
UV exposure did not have a significant impact on blood carotenoid levels. Likewise, no
significant sex x UV interaction effects were observed.

Skinfold Thickness

Exposure to UV increased skinfold thickness in all animals regardless of diet or sex (Figure
3A). Dietary tomato consumption did not impact UV-induced changes in skinfold thickness.

MPO Assay

Results of the myeloperoxidase assay are shown in Figure 3B. The tomato diet increased
baseline levels of MPO activity by 66% in female skin as compared to the control diet (p =
0.002). No difference in MPO activity was observed in male tomato vs. male control mice.
UV irradiation induced a significant increase in MPO activity in control animals compared
to no UV in both sexes (p<0.0001 for both). Male tomato + UV mice had a 39% decrease in
MPO activity as compared to male control + UV mice (p < 0.0001). In contrast, there was
no significant difference in MPO activity in female tomato + UV mice as compared to
female control + UV mice. There was a differential effect of sex between the diets (p <
0.0001) and effect of UV between the diets (p = 0.0153), but no differential effect of UV
between the sexes. The three-way interaction of diet x sex x UV exposure was not
significant.

Dot blot analysis of CPD adducts in epidermal DNA

Results of the CPD dot blot assay are shown in Figure 3C. Control males had a 177% higher
base level of CPD as compared to control females (p = 0.0297, without UV exposure). In
contrast, males fed the tangerine tomato diet had a 56% lower baseline level of CPD as
compared to females fed the tangerine tomato diet (p = 0.0020). UV exposed females fed
the tangerine tomato diet had 36% lower CPD levels than UV exposed females fed the
control diet (p = 0.004). Likewise, males fed the tangerine tomato diet and exposed to UV
had 33% lower CPD levels than males fed the control diet and exposed to UV (p = 0.0075).
There was a significant 3-way interaction between sex x diet x UV (p = 0.0011).

Immunohistochemical localization of p53 in the epidermis

Only UV-treated animals were considered as p53 positive epidermal cells were not visible in
most non-treated animals. A statistically significant difference was observed between
control diet + UV males as compared to tangerine tomato diet + UV males (p = 0.0122).
The decrease in females was not statistically significant, though there was no evidence of a
differential effect between sexes (interaction p = 0.27) suggesting the same trend was
present in the females despite a lack of statistical significance.

4. DISCUSSION

To the best of our knowledge, we are the first group to demonstrate the deposition of
carotenoids in mouse skin. Furthermore, the immunocompetent, hairless SKH-1 model we
have chosen is commonly used to study UV-induced skin damage and skin cancer. Based
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upon the results presented herein, SKH-1 mice appear to be a viable model to study various
mechanisms of dietary tomato carotenoid photoprotection.

Lycopene was clearly the most abundant carotenoid in the dorsal tissue of our animals, with
levels comparable to those reported previously in humans[42, 43], and with a significantly
greater level than that reported in Mongolian gerbils [44]. We hypothesize that this
difference between our study and that of the Mongolian gerbils was due to the higher
bioavailability of tetra-cis and other-cis isomers of lycopene found in tangerine tomatoes
[45, 46] as compared to the all-trans lycopene found in red tomatoes[44]. Likewise,
phytoene, phytofluene, and Ccarotene levels were approximately 10-fold higher than levels
previously reported in free-living humans[47]. The 10-week feeding of the tangerine
tomato, which contains higher levels of these carotenoids than a free-living diet[28], is likely
responsible for this effect. These carotenoids have also been detected in Mongolian gerbil
skin but were below the PDA limit of quantitation[44]. Skin levels of neurosporene have not
previously been reported in rodents or humans.

Females had dramatically higher levels of skin and blood carotenoids as compared to males.
This intriguing sex difference further supports a previous observational study where
significantly higher levels of total skin carotenoids, as measured by resonance Raman
spectroscopy (RSS), were observed in free-living women as compared to men[48].
Similarly, some epidemiological [49, 50] and prospective feeding studies[51, 52][52], have
reported higher levels of plasma carotenoids in women as compared to men, although sex
differences have not been well investigated. Furthermore, we observed that UV exposure
significantly reduced skin carotenoid levels in females. Our results lend evidence to support
recent observations in human skin where UV exposure was inversely correlated with skin
carotenoid status as measured by RRS[53].

Comparing circulating blood levels of a carotenoid (Figure 2B) to dorsal tissue levels of the
same carotenoid (Figure 2A) reveals some surprising observations. Dorsal tissue phytoene
levels are approximately 10x lower than dorsal tissue lycopene levels. In contrast, blood
phytoene levels are only 1.5x lower than blood lycopene levels. What is perhaps most
remarkable is that 3.6x more phytoene was fed than lycopene. Taken together, this data
demonstrates that there must be inequality in 1) the uptake of these carotenoids from the diet
into the body, 2) the uptake from the circulation system into the dorsal skin tissue, and/or 3)
the rate of metabolism and excretion. Overall, our data suggests that the more unsaturated
carotenoids are taken up more efficiently and/or excreted less rapidly. Furthermore, relative
levels of circulating blood carotenoids may not directly reflect the distribution of
carotenoids in skin, and careful consideration should be taken with regards to both UV
exposure and gender before extrapolating skin carotenoid values to carotenoid consumption
and/or carotenoid status.

Levels of carotenoid in the UV exposed female skin, as well as both non-exposed and UV
exposed male skin, were below PDA levels of detection, requiring the use of the MS for
quantitation. C30 carotenoid columns are traditionally used to separate and identify various
carotenoid isomers[54]. However, dorsal skin tissue matrix suppression was observed in the
MS during preliminary testing with tomato and control skin extracts. Thus, a C18 column
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was necessary for proper quantitation of phytoene and phytofluene in these samples.
Carotenoid isomers typically collapse into fewer peaks with a C18 column, so the exact
isomer profile is not known, although some partial separation of isomers is observed in our
method (as indicated in Table 2). It should also be noted that we did not remove
subcutaneous fat from the dorsal skin tissue before pulverizing the samples for carotenoid
analysis. Previous reports assessing skin carotenoid levels have not reported removal of this
layer before extraction[41, 43, 44, 55], thus, levels measured in our study and others reflect
carotenoid in both tissues.

In contrast to previous studies of carotenoids in SKH-1 mice[56, 57], we observed no
difference in UV-induced edema (i.e. skinfold thickness) in mice consuming the tangerine
tomato diet regardless of sex or feeding group. Besides differences in mode of carotenoid
administration, type of carotenoid, dose, and chow diets, these studies assessed skinfold
changes at 24h post-UV dose while we measured skinfold thickness at 48h. Thus, it is
possible that we would have observed greater changes if we had assessed skinfold thickness
earlier.

UVB-induced inflammation also results in the recruitment of neutrophils to the site of
damage. Active neutrophils release MPO, and thus MPO activity is assessed as a surrogate
marker of neutrophil infiltration. In our study, UV-induced MPO activity was mitigated with
tomato consumption in males. Similarly, a dose-wise reduction in UV-induced MPO activity
was previously reported in female SKH-1 mice treated with topical lycopene [58].

Surprisingly, female mice fed the tomato diet had increased MPO activity relative to female
controls, and no difference in MPO activity was observed between female control diet + UV
vs. female tomato diet + UV. Thus, the tomato diet appeared to increase baseline levels of
inflammation in females, but did not impact inflammation after UV exposure. It is not clear
why this result was observed. Previous in vitro work demonstrated that mixtures of -
carotene oxidation products (COP) decreased the lag time of phorbol myristate acetate-
induced neutrophil activation, and increased the velocity of superoxide formation when
administered at a 0.1-10 pM COP dose[59]. Thus, we could speculate that the higher levels
of skin carotenoids in non-UV treated female mice consuming the tomato diet were
sufficient to produce oxidative metabolites which increased baseline MPO activity, but
clearly more experiments would need to be done to test this hypothesis. Furthermore, it
remains to be determined if increased levels of baseline inflammation cause harm in
females, or if they might serve a protective role[10].

Decreases in levels of epidermal p53 (as markers of DNA damage) in both male and female
skin were also observed, however the only statistically significant difference was between
males consuming the control diet + UV vs. the tomato diet + UV. The greatest difference
between % p53 positive cells is usually observed at 24 hours post-UV exposure [38] while
we sacrificed our animals at 48 hours to optimally measure other biological outcomes. We
speculate that if we had sacrificed the animals at 24 hours, we would have also seen a
statistically significant protective effect of the tomato diet in females.
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CPDs are the result of direct DNA interaction with UV light[60]. Thus, the decreases in both
male and female tomato diet + UV as compared to control diet + UV suggests that the
tangerine tomato diet may be providing “sunscreen” like protection against UVB damage.
This hypothesis is further supported by the significant decrease in dorsal skin tissue
carotenoid in female tomato diet + UV animals as compared to females consuming the
tomato diet in the absence of UV exposure, suggesting that the high energy UV is being
absorbed by and destroying carotenoids preferentially over DNA. Alternatively, tomato
consumption may increase the rate of CPD excision and repair. In conclusion, SKH-1 mice
absorb tangerine tomato carotenoids, but demonstrate selective uptake and dorsal skin tissue
deposition of the various carotenoid species. Females had significantly higher levels of both
skin and blood carotenoids relative to males. Furthermore, exposure to UV significantly
reduced skin carotenoid levels in females. Based upon the results presented herein, SKH-1
mice appear to be a viable model to study various mechanisms of dietary tomato carotenoid
photoprotection. Our data support the hypothesis that tangerine tomatoes attenuate UV-
induced DNA damage in both males and females, and through reduced inflammation in
males. Future studies investigating the effects of tangerine tomato consumption on chronic
UV exposure will reveal whether attenuation of acute UV response ultimately results in a
reduction in SCC incidence and severity in this model.
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Figure 1.
HPLC-MS/MS Chromatograms of Carotenoids in Mouse Skin. A = lycopene, B =

neurosporene, C = -carotene, D = phytofluene, E = phytoene. Each trace represents the sum
of the MRM’s listed in Table 2 for each individual carotenoid. Carotenoids are denoted with
the corresponding number listed in Table 2, and non-denoted peaks in the traces represent
background matrix.
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Figure 2.
Mean level of carotenoid + standard deviation in A) dorsal skin tissue and B) serum of

animals consuming the tomato-containing diet. Different letters indicate statistically
significant differences (p < 0.05). An asterisk indicates a statistically significant difference
in dorsal tissue carotenoid levels between sexes without UV irradiation (p < 0.05).
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Biomarkers by diet, sex, and UV exposure. A) Skinfold thickness changes before and 48

hours after (control and tomato groups) or 48 hours after UV exposure (control + UV and
tomato + UV groups) B) Mean units of myeloperoxidase activity (+ standard deviation) and
C) ratio of cyclobutanepyrimidine dimer to 4’,6-diamidino-2-phenylindole (DAPI) stain.
Different letters denote statistically significant differences (p < 0.05).

Mol Nutr Food Res. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kopec et al. Page 18

=
[

7 ®Female *
] OMale r

=
L o

N

% p53 immunoreactivity in
epidermis
[=;]

Control + UV Tomato + UV

B Control Tomato
2 y
] e X e
€ » N m R @ |
E '} \:v.— "iid g b
) % b {
xS W] B kg e |
. ST B o Y s {
~ ) b - |
B ad | BN 8
e
2@ Pefas
S Y o A < - - e, -
2! TR 2 Uk “ &
St S B
~ N i s
Vi SN e '6. A . am -

Figure4.
Influence of diet and sex on UV-induced epidermal p53 expression. A) Bars represent

average % p53 immunoreactivity + standard deviation. The asterisk represents a statistically
significant difference. B) Formalin-fixed, paraffin-embedded tissue sections were
immunohistochemically stained for p53 in UV exposed epidermis. Original magnification x
100.
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Table 1

Composition of AIN-93G based diets (in g per kg diet).

Control Diet  10% Tomato Powder Diet?
Casein 200 186
L-Cystine 3 3
Corn Starch 397 348
Maltodextrin 102 88
Sucrose 100 100
Cellulose 50 32
Soybean Oil 100 95
t-butylhydroquinone  0.014 0.014
Mineral MixP 35 35
Vitamin Mix¢ 10 10
Choline Bitartrate 3 3
Tomato Powder 0 100

aEach kg of diet contained 27.0 mg phytoene, 15.3 mg phytofluene, 12.1 mg {-carotene, 6.5 mg neurosporene, and 7.6 mg lycopene

Page 19

bAIN—93G—MX[61] with only 1.56 g phosphorus (casein contributes 1.44 g phosphorus to meet the total requirement of 3 g phosphorus/kg diet)

CAIN-93-VX[61]
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