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INTRODUCTION

Lycopene is a fat-soluble carotenoid and gives rét color to tomatoes, tomato products, watermelon,
grapefruit and papaya. It has been reported togsssseveral health benefits. In the last decadmusgastudies,
demonstrated that consumption of lycopene and wmasat tomato products is associated with the dsetea
risk of various diseases such as cancer, cardiolasdiseases and chronic inflammation. Howevessiixbe
mechanism and metabolites underlying the biologéfédct of lycopene have not been fully understoad.
possible mechanism is that biological metabolitelygopene may activate nuclear hormone receptors in
mammalian cells. Due to their similar chemical stwe top-carotene, pro-vitamin A (pro-vA) activity has
been questioned. It is well known that metaboldE-carotene like altrans-retinoic acid (ATRA) initiate the
transcriptional activation of retinoic acid recap(RAR) pathways. Even though the biological impade of
lycopene metabolites has been discussed, it isistlear how these metabolites attribute to huimeadth and
certain pathways. The aim of this study was to stigate the potential of orally administered lycope
potential lycopene metabolites, tomato extract &ITRA for the induction of the RAR pathways in a

transgenic retinoic acid response-element (RAREpmer mouse system.



THEORETICAL BACKGROUND

Carotenoids

Carotenoids are known to be responsible for variwight colors in nature and belong to family ofrgmunds
over 600 fat-soluble plant pigments. Carotena@dslipophilic moleculesclassified by structure as carotenes
and xanthophyllsAmong the more than 600 different carotenoids,alae well known carotenoids suchfas
carotene, lycopene, lutein and zeaxanthin. In @ise decade, numerous studies displayed the bealefibe of

lycopene in various chronic diseases, cardiovasdigaases (CVD) and cancer.
Characteristics of lycopene

Lycopene is the red pigment abundantly found inatamrosehip, pink grapefruit, watermelon and pap&%%

of daily lycopene intake is from tomato and tomb#sed products. Lycopene exist in high concentratio
foods like pasta sauce, tomato juice, ketchup,gpigauce. It is an acyclic carotenoid and due tolits
conjugated double bonds it has red color. It hatemainalB-ionic ring therefore lycopene has been accepted as
non pro-vA precursor so far. Due to its apolarnsiwal structure, it is a highly lipophilic compoundhis
lipophilicity makes it easier to be transported law-density lipoproteins (LDL). Therefore lycopeng
suggested to display one of its crucial effectsuigh the protection of LDL from oxidation althoubjltopene

is present in LDL in much lower concentration tldiner lipophilic carotenoids.
Lycopene absorption, transportation and distribution

Carotenoids are absorbed from the diet along wighseame way but distributed, accumulated, metasabind
excreted differently in the body. Process starhulite carotenoid release from the food matrix bgwihg and
initial enzymatic digestion of the food in the miownd followed by the uptake by intestinal mucasals.
Then it continues with absorption, transport arehehge of pro-vA carotenoids within the enterodygtgield

VA. The mechanism proceed with the tissue distrdmytmetabolism and recycling of carotenoids.

Carotenoids are combined in the form of complefoimd matrixes with fibers, lipids and proteins. Whée
food undergoes three types of processes in the; kaimsorption, transportation and distribution, tirsthe
nutrients are digested and released from the foaiixn When they are released, they come togetlitér tive
lipids and bile salts to form micelles. Micellargilization is a prerequisite to their efficierdigsage into the

lipid-rich membrane of intestinal mucosal cells.cklles move to intestinal epithelia thus carotesaidn be
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taken up, incorporated and dissolved in the ligiceoof micelles. Once taken up to the enterocyiavA can
be metabolized, utilized, re-secreted into thesitmel lumen. In the enterocyte they are incorpmtanto
lipoproteins with triacylglycerol, apo-lipoproteiasd they are called cyclomicrons. Cyclomicrons eater the
blood via lymph and transport carotenoids to thwerli The action of lipoprotein lipase of hepatisstie
impoverishes the chylomicron of triacylglycerolsigtycerides). Thus cyclomicrons degraded by lipdein
lipase and carotenoids in cyclomicron remnantsdaievered to the liver or may also be taken up bheo

organs. Carotenoids can be re-secreted as vergidosity lipoproteins (VLDL).

Lycopene is present in different geometrical is@sraard they might contribute to different biologipabcesses.
It is known that in serum and tissges-lycopene is more than dalans-lycopene. In contrast, tomato and
tomato based products contain predominantlytratis-lycopene. It was proposed thes-lycopene is more

bioavailable thatrans-lycopene, most likely because of increased satybil mixed micelles.
Tissue distributions of lycopene

Differences were found in the organ distributionyaopene. It is present in high concentrationtestis when

it is compared with other tissues like liver andegdl glands.
Potential biological effects of lycopene
Antioxidant effect of lycopene

Free radicals are known to be one of the reasorikeirpathogenesis of several chronic diseases. Weil
known that oxidative stress contributes to thedased risk of cancer. Lycopene can function a®xddants
terminate the chain reaction before cellular congmts are damaged due to their ability to quenchsthglet

oxygen. Lycopene has been demonstrated to be thepatent antioxidant among the carotenoids.
Lycopene and cancer

Results of many studies have proposed that cardiemoay evolve biological processes independemdynf
their antioxidant property. Lycopene is able to tdbate modulation of many genes involved in biabad
processes. It has become an attractive topic afetaesearch ever since its antioxidant capacity pvaposed.
Although lycopene has a detrimental effect on nwmertype of cancer incidence, the direct connection
between lycopene and cancer is not well establisBethils of regulatory pathway remain unclear @ligh
observations suggest link between increased cortsumpf lycopene and decreased risk of cancer. & bgist

certain genes regulated by lycopene in cancerencie. Insulin-like growth factof§GFs) have crucial role in
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carcinogenesis, possibly by elevating the riskedfutar transformation by enhancing cell turnovéhas been

previously shown that increased risk of IGF lexasdsociated with incidence of cancer.

Another biological structures influenced by lycopdaneatments is gap junctions (GJ) which are ieterar
channels. GJ are deficient in many human tumors iendestoration or up-regulation is associatedhwit
decreased proliferation. Lycopene can up-regulage dap junctional gene connexin 48x43) thus it
contributes gap junctional intercellular communimat(GJC). Upregulation o€x43 bring about increases in
GJC.

Lycopene, inflammation and cardiovascular diseases

There is an association between high lycopenedesadl reductions in CVD incidence. It was suggettat
decreased oxidative modification of LDL may be afdhe mechanisms by which lycopene may reduce the

risk of CVD and atherosclerotic progression.
Retinoid metabolism

Retinoids are the substances compromising vitamifnefinol) and its natural metabolites, retinaldgdyand
retinoic acid (RA) as well as its synthetic derivas. Those liposoluble vitamins have crucial tasksnany
biological processes including fetal developmengaaogenesis, embryogenesis in addition to thelaggn of
several aspects of cell metabolism. More than &00tenoids have been found in nature and among, tless
than 10% of them have pro-vA activity. The mostIvkelown carotenoid i$-carotene since it serves as the
major vitamin A (vA) precursor. It is known that z#matic cleavage op-carotene can occur either via
excentric or central cleavage pathways due to @lesen presence of antioxidants. It was demonstritat
enzymatic cleavage d¥-carotene byp-carotene oxygenase 1 enzyme result in the formadfotwo retinal
(RAL) molecules as a result of the central cleavd&gtinal molecules can either be reduced to re{ROL)
subsequently by retinal reductase or oxidized ta Eécentric cleavage di-carotene yields various apo-
carotenals and they may be converted subsequenfRAL or oxidized to apo-carotenoic acids. After RO

formation it may be metabolized to retinoic acid.
Lycopene metabolism

In contrast tog3-carotene metabolism, lycopene metabolism has @en lully described in biological systems
therefore very little information is known aboutidative break down products of lycopene. Firstly,65

dihydroxy-5’, 6’-dihydrolycopene was found in humatasma as a lycopene metabolite. Furthermore, 2, 6
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cyclolycopene-1,5-diol A and B were determined agdative metabolites of lycopene present in human

plasma.

Two carotenoid metabolizing enzym@sgarotene oxygenase 1 apittarotene oxygenase 2 (BCO1 and BCO2)
may contribute the lycopene metabolism. Lycopenpandly cleaved by BCO1 with a lower affinity. BCO2
catalyzes the asymmetric cleavage of lycopene. B@@g cloned from mice and expressed-carotene or
lycopene synthesizing.coli. It was reported that BCO2 can significantly ckedycopene.n vitro study
demonstrated that lycopene is an inefficient sabestfor BCOL1. It is known that BCO1 and BCO2 assue
specifically expressed to facilitate the retinoignsling. It has been previously demonstrated B¥atdown-
regulates the BCO1 mRNA level in chickens and ratstudy by Zaripheh et al. showed that lycopenthés
inhibitor of BCO1 as well. It has been found tha tis isomer of lycopene can be metabolized into ape-10’
lycopenal by ferret BCOm vitro. All-trans-lycopene supplementation in ferrets caused thadton of apo-
10’-lycopenol in the lung. They also demonstratiedt tapo-10’-lycopenal can be metabolized into ape-1
lycopenoic acid (apo-10-lycac) or apo-10’-lycopendlpo-8’-lycopenal and apo-12’-lycopenal were itited

in rat liver.

Nuclear hormone receptors

Nuclear hormone receptors (NHRS) are the superyamfitrancriptional regulators including steroidrimmnes,
thyroid hormones, retinoids, vitamin D and orphaceptors. They play crucial roles in several bimal
process including development, proliferation, difgation, inflammation and homeostasis. They foncas
ligand dependent transcriptional factors and atgiggne expression upon binding of respective tigaNHRs
are composed of multiple functional domains inahgdiweekly conserved NH2-terminal region (A/B), a
conserved DNA binding domain (DBD) which is callegjion C, a linker D region and ligand binding doma
called conserved E region. Hormone response elamast DNA sequences in target genes that can bind t
hormone receptor resulting in transcriptional ragjoh. They are present in the regulatory regiot lacated
either close to the core promoter or in the enhraregions several kilobases upstream of the trgysmmal
initiation site. There are different optimal HREs$aractions as palindromes (Pal), inverted palimd® (IPs) or
direct repeats. Most potent HRs for non-steroidepsars are configured ad DRs. DR5 is separated by 5
nucleotides and frequently present in RXR-RAR loataner.



Nuclear hormone receptors for retinoids

On the basis of structural homologies, NHRs hawnlmivided into two subfamilies (One subfamily ubés
receptors for steroid hormones (glucocorticoidegpstins, androgens, estrogens, and mineralociitijcand
the other consists of the 3,3',5-triiodo-L-thyramifT 3) receptor (TR), retinoic acid receptor (RARYjnoid X
receptor (RXR), and vitamin D3 receptor (VDR). Besome prolifetor-activated receptors (PPARS) have
features similar to the second subfamily of nucteamone receptors in that they form heterodimetis RXR.
Nuclear hormone receptors act as transcriptiorofacvith appropriate ligand binding and participatehe
regulation of target gene expression. Impacts tirioels are mediated by nuclear hormone receptmisiding
receptors for thyroid and steroid hormones, retieas well as vitamin D. It is known that retin@icid is
involved in the regulation of gene expression tigtothe nuclear hormone receptor pathways, RAR axid R
with their respective, B, & subtypes coded by separate genes. RXR recepteesahaaffinity for 9eis retinoic
acid, whereas RAR receptors can be activated byramé-retinoic acid. RAR and RXR are able to make
heterodimer and modulate the gene transcriptioar &A. They can also make RAR-RAR or RXR-RXR

homodimers and recognize the DNA response elenrengsinoid target genes.

In contrast to retinoic acids, little is known abdlie impact of lycopene and its metabolites omoét acid
receptor pathways. In last decade lycopene atttaaitention because of its similar chemical stmectike -
carotene and its biological and physicochemicaperties. However, no pro-vA activity has been fodod

lycopene.

Scope of the study

Vitamin A is essential for many physiological preses, for instance cell division, differentiati@yge vision,
embryogenesis and organogenesis. No pro-VA actias/been found for lycopene. The objective of shisly
was to determine whether lycopene and lycopenelmktias might induce nuclear hormone receptor pagisw
activation via RAR-mediated signaling pathwaysransgenic RARE—LUC mice like the known endogenous
B-carotene metabolite and RAR-activator ATRA. We eimto determine whether lycopene, lycopene
metabolites or tomato extract might induce nuckeamone receptor pathways. We also wanted to demad@s
the time and gender dependent effect of lucifeexpeession in RARE-Luc mice upon lycopene admiatiin.
We investigated the gene expression profiles ofwknagenes involved in retinoid metabolism, namely
metabolizing enzymes, retinoid transport proteimd getinoid target genes in lycopene supplementedlssin

comparison to control vehicle supplemented mouse.



MATERIALS AND METHODS

Chemicals

Beads enriched with lycopene contained 10% (w/wjttsstic lycopene (DSM, Kaiseraugst, Switzerland),
control beadlets without lycopene contained modifigod starch (30-60%), corn starch (10-30%), sseid0-
30%), sodium ascorbate (1-5%) anduetlocopherol (0.5-1.5%). The tomato extract (LycoRedC-O-MATO

10 %, Israel) contained 10% lycopene, 1.5% natm@pherols, 1% phytoene, 1% phytofluene, 0.2-0.45%
carotene, 0.5% water and 69-74 % fatty acids aglgjlgcerols and 9-14 % phospholipids.

Experimental diets

Tomato extract and ATRA (BASF, Ludwigshafen, Gerg)amere given to the mice in separate experiments.
Lycopene in beads and control beads (CTRL 2) wesotved in water, whereas ATRA and tomato extract
powder were dissolved in aqueous emulsifier satu(@TRL 1, 25% cremophor EL and 75%@®). Lycopene

metabolites (apo-14-lycac and apo-10-lycac) wessalved in DMSO. Therefore control group for these

experiments were mouse group treated with DMSCOcatidd CTRL 3.
Mice and Treatments

Retinoic acid response element luciferase cons{RARE-LUC) mice with a CD1 background genetically
modified to express firefly luciferase under thenttol of RARE (retinoic acid response element) wiarelly
provided by Cgene AS (Cgene, Oslo, Norway). Valaabf the RARE-LUC system was based on a previous
study. The mice were housed in standard plastiecatroom temperature (20£2°C) and they had fteess

to both food and water. Standard pelleted laboyatapuse diet (Altromin, type VRF 1, Charles River,
Budapest, H) was used with the following diet cosipon: crude nutrients 19 %, crude ash 7%, cradels

%. Both female and male mice of 8-12 wk of age wstuelied. Single dose orghvage of lycopene, tomato
extract, ATRA and control vehicles were applieddbgrilized stainless steel feeding needles 18 bredghe
luciferin injections and the subsequent biolumieese imaging analyses. Since ATRA and lycopene were
dissolved in different vehicle solution two diffetecontrol groups were used. All mouse experimevise
approved and conducted under the guidelines anldl sthical approval for the use and care of laboyato

animals at the University of Debrecen, Hungary.



Experimental design

Bioimaging experiments

An Andor IQ imaging system (Andor, Belfast, Greait&n), consisting of an Andor-ixon cooled charged
coupled device (CCD) camera, housed in Unit-onek@od, Denmark) black box and connected to a coenpu
system, were utilized for data acquisition and ysed. For experiments 1, 2, 4, 5, 6 and 7 the mee
euthanized by cervical dislocation. Subsequengistid, brain, lung, white adipose tissue (WAT)elivkidney,
spleen, small intestine (s. intestine), large tmes(l. intestine), psv (prostate-seminal vesiralemplex were
rapidly excised and placed in tight light chamhbmr dcreening before freezing the organs at -80t@. drgans
collected from the mice in experiment 2 were usgdekperiments 2, 8 and 9. All measurements wene o

the morning between 9.00 - 11.00 h at different tmerof the year. The photon signals were quantifigd
Andor 1Q 1.6. Programme. Luciferase expression wessented as integrated intensity / area. Data are
presented as means + SEM values of 4-6 differanmads per treatment group. In all bioluminescemoaging

experiments, 8-12 wk old mice were used and treaeeé by oragjavage 18 h before luciferin injections.

Organ specific expression based on bioluminescenaeaging upon RAR, RXR activators and CTRL

treatments (Experiment 1):

The rexinoids are the synthetic RXR ligands thatdband activate specifically to the RXRs. The reidn
LG268 (also called LG 100268 or LG268) is a potemd specific ligand that binds solely to the RX&s] not

to the RARs. We tested the ability of LG268 to ioelduciferase in the DR-5 luc mouse. As a contiel,used
CD271 (also called adapalene), a synthetic retimoia@log used in dermatological therapy (Differin@jh a
higher selectivity for RAR andy. Experiments were performed upon CD271 (5 mg/ky, 6268 (5 mg/kg
bw), CD271 (5 mg/kg bw) and LG268 (5 mg/kg bw) antol treatments. Control contains 25% aqueous
cremophor solution. For this experimeex,vivo organ analysis of bioluminescence imaging was gotedl.
Male mice (=6, per treatment group) were treated 15 min befdli@dk and further organ screening with 120
mg/kg D-luciferin (Bioscience, Budapest, H) viaraperitoneal injections. Mice were euthanized byvical
dislocation. After sacrificing the mice, organsreveollected for bioluminescence imaging and aredyander

CCD camera for bioluminescence signal.
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Organ specific expression based on bioluminescenémaging upon lycopene, ATRA CTRL 1 and 2

(Experiment 2):

In the second experiment, we tested organ speeKjaression based on bioluminescence imaging upon
lycopene (100 mg/kg bw), ATRA (50 mg/kg bw), CTRlaad 2. Lycopene-treatments (100 mg/kg bw.) were
compared with control-bead treatments (CTRL 2), ATE0 mg/kg bw in aqueous cremophor solution) with
the corresponding vehicle treatments (25% aqueamaphor solution; CTRL 1). Lycopene was admineder

at 100 mg/kg of lycopene in 10%-lycopene contairbegds resulting in 1000 mg/kg bw given, in congari

to CTRL 2 (1000 mg/kg bw) given by orghvage. For ex vivo organ analysis, male mice=6, per treatment
group) were treated 15 min before killing and fertlorgan screening with 120 mg/kg D-luciferin vidra-
peritoneal. Then the following organs were colldctestis, brain, spleen, lung, WAT, s. intestinentestine

and liver. Bioluminescence imaging was conducted iasdescribed previously.
Time dependent response of RARE-LUC mice to lycopemand ATRA treatments (experiment 3):

For a time dependent response (experiment 3) ymapéne and ATRA treatment in RARE-LUC micevivo

full body bioluminescence analysis was used. Kirgtie abdominal part of transgenic mice was shawed
acquire better bioluminescence signals prior togimg Male mice =3, per treatment group) were treated
with 120 mg/kg D-luciferin via intra-peritoneal @gtions and 5 min later anesthetized by intra-peeal (10
mg/kg) nembutal (Sigma, Budapest, H) injection adnin later screened for whole body biolumineseeht
vivo imaging of RARE-LUC mice was measured at sevenaé tpoints following oralgavage of mice with
lycopene (100 mg/kg bw), ATRA (50 mg/kg bw). Miceene imaged at baseline 0 h (this indicates mouse
kiling and further examination two minutes aftgrcdpene-treatment, set as 0 h), just after lycopene

supplementation and after 6, 12, 18, 24 and 48 tofal body luminescence.
Gender specific response of luciferase gene uporcgpene and bead treatment (experiment 4):

In the fourth experiment, female mice were useds( per treatment group) and the same experimensidjile
was followed as in experiment 1 and 2. Organ spetitiferase gene expression was compared in f=mal
animal groups upon lycopene (100 mg / kg), ATRA (B0 / kg) and CTRL1 (cremophor) treatments. Just
cremophor treated animal group (CTRL 1) was utilizss control group since no differences were oleserv
between luminescence signal of CTRL 1 and CTRLa2igs in previous experiments. 8-12 wk old mice gsou
were treated just one time 18 h before the biolestence imaging by oral gavage administration.ekarvo

organ analysis, female mice=6, per treatment group) were treated 15 min befdlmd and further organ
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screening with 120 mg/kg D-luciferin via intra-geneal injections. We collected organs for bioluesicence

imaging.
Organ specific expression of luciferase signal upaimmato extract treatments (experiment 5):

We treated the two different groups of male mice6, per treatment group) with tomato extract in aqueous
cremophor suspension and vehicle control (CTRLThe amount of tomato extract was adjusted to etj0@l

mg lycopene/kg bw used in the previous mouse expts. The experimental design was comparable as
described in experiment 1, 2, and 4. Egvivo organ analysis, male mice<6, per treatment group) were
treated 15 min before killing and further organesriing with 120 mg/kg D-luciferin via intra-peritea
injections. After dissection, we collected orgaas lfioluminescence imaging. 8-12 wk old male miceugs

were used.
Organ specific expression of luciferase signal upaapo-10- lycac treatments (experiment 6):

In the sixth experiment, we tested organ speckHigression, based on bioluminescence imaging uporl@p
lycac (4 mg/kg bw), ATRA (50 mg/kg bw), CTRL 4 (DN treatments in 8-10 wk old animals. Treatments
were given by oragjavage administration. Male micen€4, per treatment group) were treated 15 min before
killing and further organ screening with 120 mglRguciferin via intra-peritoneal injections. Aftelissection,

we collected the organs for bioluminescence imaging
Organ specific expression of luciferase signal upampo-14-lycac treatments (experiment 7):

In the sixth experiment, we tested organ specifjgression based on bioluminescence imaging uporlédpo
lycac (4.9 mg/kg bw), ATRA (50 mg/kg bw), CTRL 4 M3O) and CTRL 1 (cremophor) treatments.
Treatments were given by orgavage. 8-12 wk old animals were utilized. Male miae=@, per treatment
group) were treated 15 min before killing and fertlorgan screening with 120 mg/kg D-luciferin vidra-

peritoneal injections. After sacrificing the mieeg collected organs for bioluminescence imaging.
Luciferase enzymatic assay

Luciferase Reporter Assay System (Bioscience, Bestaplungary) was utilized for the analysis of fexase
activity. Organs were harvested from RARE-LUC marel stored at -86C for luciferase enzyme activity
assay. Tissue homogenization and luciferase assey @@nducted according to the manufacturer’sunsons.
Luciferase activity was measured and quantifiechgusVictor 1420-Multilabel counter (Wallac, Per-form

Hungaria KFT, H). Bradford assay was conducteddtal protein analysis (experiment 5).
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RNA isolation

Beside the bioimaging experiments, qRT-PCR (quatnté Real Time-Polymerase Chain Reaction) was
conducted for the analysis of MRNA expression obtesoid metabolizing enzymes, carotenoid trangpend
retinoid target genes. The mice organs from expartm were used for gQRT-PCR analysis. RNA isolatias
performed from mouse tissues by means of Tri® Reta@&izol) isolation manual technique. A tissuengde

of ca. 100 mg is homogenized with QIAGEN Tissuedrysr 1 ml of Trizol, using previously autoclaved
QIAGEN metal beads. After 1 minute centrifugat{@h4 °C, 13000 rpm) of the samples, the supertat&e
transferred into 1.5 ml Eppendorf tubes. 200 mtidbroform is added to each sample, the samplestared
thorought and incubated for 3 minutes at room teatpee. After incubation the samples are centatufpr 15
minutes (at 4 °C, 13000 rpm) and the upper aqupbase is transferred into a new Eppendorf tube.nslO6f
isopropanol is added to the samples, stirred acubgted for 20 minutes at room temperature. Aftealbation
the samples are centrifuged for 10 minutes (at 413000 rpm). The supernatant is discarded. 8006fD %
ethanol is added, stirred shortly and centrifuged 3§ minutes (at 4 °C, 13000 rpm). The supernaisint
discarded. RNA pellets are dried for 20-25 minutean Eppendorf concentrator 5301. 40 ml of nuddase
water (NFW) is added to each sample, stirred andbated for 10 minutes at 65°C in a BIOSAN Dry Bloc
Heating Thermostat. Samples are stirred briefly @aed down on ice. The concentrations and parifethe
RNA samples are measured by NanoDrop ND- 1000 8gsuitometer. Samples were kept at -20 °C until

further usage.
Quantitative real-time reverse transcription polymease chain reaction (QRT-PCR)

Two-step Tagman QRT-PCR was performed in ordeuamtify the mRNA expression level of the RARE-Luc
mouse genes involved in the retinoid metabolisnorRo PCR total RNA samples were reverse tranedrib
into cDNA by enzyme according to supplier's protagader the following conditions: 10 min at 25°Q01min

at 42°C, 5 min at 72°C and 10 min at 4°C (Applied$ystems, 2720 Thermal Cycler). Following reaction
mixture has been used. The previously obtained c¥N#mnplified by the TagDNA polymerase enzyme dnd i
is measured quantitatively in order to determire thiRNA expression level of mouse tissue. gRT-PCR wa
performed by ABI PRISM 7900 sequence detectionesysds follows: 1 min at 94°C, followed by 40 cyctds
12 sec at 94°C and 30 sec at 60°C. Primers wererendfrom Applied Biosystems (Applied Biosystem,
Budapest, Hungary) for mouse and probe was from(AB¢ Technologies, Budapest, Hungary). mRNA lsvel
were normalized to the level of cyclophilin expiiess which served as an internal control for theoant of

RNA used in each reaction. Relative mRNA levelsehbgen calculated using the comparative threshalie ¢
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(CT) method. For data analysis, Sequence Detectitw&e was used. Gene targets were as folloviieg:1,
Bco-2, Cytochrome P450 26BLyp26bl), Cellular retinol binding protein-1C¢bpl), Cd36 and Retinoic acid
receptor responder protein-2 (Rarres2). mRNA lewadse normalized to the level of cyclophilin exwies.

Cycle threshold valuesbove 40 were scored as under the limit of dete¢titbL).
Statistical analysis

Statistical tests for comparison of means were operéd using GraphPad Prism version 5. Values are
represented as mean + SEM. For time course exparimepeated measure of 2-way ANOVA was used to
evaluate time dependent changes. Differences battiee points were compared with 2-sided Bonfersoni
post-test. We also checked the time course expetimiéh AUC/time (Area Under Curve/time) analysisfind

the highest peaks. We analyzed differences betwddRA and lycopene treatments with ROC (Receiver
Operating Characteristic) analysis in the time sewgxperiment. For the analysis of QRT-PCR (expstind),
luciferase protein assay (experiment 5) and tonmeattvact treatment (experiment 4) student t-test was
conducted. We used 1-way ANOVA for organ specifipression of male (experiment 1). 1-way ANOVA was
followed by Bonferroni’s post-test. We have checkieel normality and equality distribution beforeests and
ANOVAs. Differences were considered significantp 0.05 and *p < 0.01.

14



RESULTS

RARE response in transgenic RARE-Luc mouse

Organ specific expression of luciferase signal upasynthetic RAR and RXR ligands (experiment 1):

LG268 is a synthetic RXR ligand whereas CD271 syathetic RAR ligand. Mice were administered orally
with CD271 (5mg/kg bw), LG268 (5mg/kg bw) or togethand sacrificed 18h after the treatment. CD271
induced luciferase activity in brain, testis, splepsv, complex s. intestine, thymus, I. intestinag, WAT,
heart, liver, kidney and skin. LG268 did not induaciferase activity in any of the tissues examineshowed
similar expression pattern like control treatmexdtept skin. The organ specific expression resultsynthetic
RAR and RXR ligand treatments demonstrated the etitipty of our transgenic mouse model to our

experimental design.
Organ specific expression of luciferase signal updgcopene and control-bead treatments (experiment)2

Bioluminescence signal was detected in the basal l®r most of the organs. After CTRL 1 and CTRL 2
treatments, highest basal activity was obtaingtientestis and brain. It is followed by the spldang, WAT, s
/ | intestine and liver. We analyzed testis, brapleen, lung, spleen, WAT, s / | intestine aneri.ycopene
treatment resulted in significantly induced imagsignal over liver, lung, WAT and |. intestine coaned to
the control. Mice treated with ATRA induced biolurescence signal in s. intestine, I. intestine,espléung,
WAT and liver (* P<0.05). The organ specific exgg®n was analyzed using bioimaging analysis. Tgaro
specific expression resulted in differential patteupon lycopene and ATRA applications in biolurstence
imaging experiments. Since the basal level of baaid testis was very high, induction was not olegivpon

supplementations.
Time dependent response of RARE-LUC mice to lycopenand ATRA treatments (experiment 3):

We observed that the bioluminescence signal careddily detected in the basal state. The bioluncieiese
signal increased in a time-dependent manner in rtrieated with both lycopene and ATRA. Lycopene
treatment increased the RARE mediated luciferapeession non-significantly at 12amd reached the highest
induction level at 18 h in comparison to 0 h. Itswillowed by bioluminescence decay in total body
luminescence until 48 h. Lycopene and ATRA treatméid not reveal a significant difference with leather

in statistical analysis. During the time coursedgiuhe intensity of light emission gradually inased in the

abdominal region; mainly in testis, small and testine, liver and adipose tissue regions. Howewergcould
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not identify the organ-specific signals usimg/ivo imaging studies. Time course studies of ATRA &danhice
rose significantly after 6 h and 12 h in comparigm@ h. During the time course experiment, mieatied with
ATRA had a higher total body bioluminescence sigtien lycopene. Bioluminescence imaging resultskea

seen as integrated intensity/area upon lycopen@a@/h treatments in certain time points.
Gender specific response of luciferase gene uportdpene and control treatment (experiment 4):

Upon organ specific luciferase gene expressionyaizain male mice, the same experimental design was
applied to female mice after lycopene (100 mg bkg and the corresponding control treatment (CTRUR2
the reproductive organs, same expression profilee vapparent in different genders, uterus in female
showed the highest basal level while testis in make displayed the highest basal signal. In femadese, we

observed comparable expression pattern with malesea@pleen showed the highest luminescence signal.
Organ specific expression of luciferase signal upadimmato extract treatments (experiment 5):

Two different groups of male mice were treated witmato extract in agqueous cremophor suspension and
vehicle control (CTRL 1) for the examination ofstie specifibioluminescence signal. The amount of tomato
extract was adjusted to equal 100 mg lycopenelvkgsed in the previous mouse experiments. Up@tnirent

with tomato extract the bioluminescence in theta@anice was similar to those after lycopene treatmwWe
observed induction of RARE-activity in lung, livapleen, s / | intestine, WAT after tomato extriaeatment.

Spleen displayed higher bioluminescence signhabmparison to lycopene-treatments.
Organ specific expression of luciferase signal upaapo-10-lycac treatment (experiment 4):

Upon lycopene treatment, we have examined potelytapbene metabolites in our transgenic mouse model
Apo-10-lycac was synthesized. According to our dmahescence imaging results, we reported that &po-1
lycac treatments can initiate transactivation offRiA a transgenic reporter animal model in psv demgung
and WAT.

Organ specific expression of luciferase signal upaapo-14-lycac treatment (experiment 4):

The organ specific expression upon apo-14-lycac @i&RL 4 (DMSO) treatment was analyzed using
guantitative bioimaging analysis. The results wesmpared with ATRA and CTRL1 (cremophor) treatments
The organ specific expression resulted in diffaetrgatterns upon apo-14-lycac and ATRA applicatiam
bioluminescence imaging experiments. High basatllevas observed in brain and testis like in presiou
experiments. Therefore, induction was not obsenmeh supplementations of apo-14-lycac as in theigue
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experiments. During the bioimaging experiment AT&&monstrated higher RARE activity than apo-14-tyca
In s. intestine, I. intestine, psv complex, lungAW liver and kidney induction of RARE activity wefound.

Luciferase assay (experiment 8):

In addition to bioimaging results, we focused oe ttwvo important organs liver and testis. Furthey we
conducted protein luciferase assay for these ordantis luciferase assay we determined lucifeaserity
expressed as RLWUg protein in homogenized organs extracts. We cawd find any alteration in testis

luciferase activity, while we observed an up-regiatain the liver after lycopene treatments.

Analysis of lycopene influence on gene expressiori carotenoid metabolizing enzymes, carotenoid-

transporters as well as retinoid target genes in &is and liver (experiment 9):

Firstly, we examined the expression patterns efttbo carotenoid metabolizing enzymé&ed-1 / Bco-2) and
the non-specific carotenoid transport€d86). We observed down-regulation Bfo-2 expression in liveand
testis upon lycopene administration. Additionallye found decrease in tiBzo-1 mMRNA expression in testis
while we did not find alteration for the liver updycopene treatmentCd36 expression remained stable in
testis, but we observed up-regulationColB6 expression after lycopene-administration in liv&@he expression
of the retinoid target genes: cellular retinol bivgdprotein 1 Crbpl), Rarres2 and the retinoid metabolizing
enzymeCyp26bl was additionally examined in testis and liver.the liver and testis we found an increased
expression o€Crbpl as well aLyp26bl after lycopene treatment compared to the conia.could detect the
retinoid target gen®arres2 expression just in liver samples because it wakeudetection limit in the testis

and its expression displayed an increase aftepime treatments in liver as well.
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DISCUSSION

This study demonstrates that lycopene, an acyalictenoid with no previously proven pro-vA actiyity able
to activate RAR-mediated transcriptional activatpaithways in RARE-LUC reporter mice upon agavage in
various organs like . intestine, lung, liver, WAShd spleen. These RARE-response activities appeeary
tissue specifically after lycopene treatments fgslepending on the expressionC@d36 as well as carotenoid

metabolizing enzyme®Bco-1, -2).

RXR, a partner of RAR to form a transcriptionaltuforms various heterodimers with other nucleaeptors.
Therefore cross-talk between VA signalling and otkignalling pathway can also be assesseuivo. The
RARs and RXRs form heterodimers that bind to retimeid receptor response elements (RARE) in reéguja
regions of target genes. Upon ligand binding, af@momational change is brought about in the hetened;
mediating release of its association with co-reswes and recruitment of co-activators, which wilbmote
induction of gene expression. With the aim of depelg anin vivo model that monitor retinoic acid receptor
(RAR) transactivation in real-time in intact aniabur mouse model was generated carrying a lasiéer
(LUC) reporter gene under the control of retinaoaesponse elements (RARE) consisting of thrgeesoof a
direct repeat with 5 spacing nucleotides (DR5)tHis transgenic mouse carrying three RAREs coupted
luciferase reporter gene; luciferase activity waduced by RA. RAR transactivation for luciferasé\aty by
synthetic RAR ligand and RA treatment was previpusbserved in this mouse model. The RXR agonist

LG268 was not able to induce the luciferase signahy of the tissues.

So far, highest un-induced RARE-mediated luciferastvity has been found in the reproductive orgahs
male (testis) and female mice as well as in bratrphysiological plasma concentrations, RA canretdken
up by testis, possibly owing to its inability tooss the blood-testis barrier formed by Sertoli pedtubular
cells; therefore testicular RA might be synthesitechlly. Sertoli cells are indicated as the maite ®f
endogenous RA production in testis for normal spgogenesis through the uptake of retinol from pla&tBP
following oxidation of retinol to RA. These obsetigas suggest that the lack of RA mediated lucgera
induction in testis may stem from inability to taup RA from the circulation. We speculate that Itheod—
testis barriers and the blood-brain barriers aotegtive barrier in order to keep this environm&able and that
may be the reason, why we could not see any inerehtuciferase activity after lycopene treatmeiatour
mice. Our results demonstrate compatibility witleypous studies. In addition, reproductive orgaks lihe
uterus / ovary and the testis as well as the bnglicate the importance of highly controlled RARysaling and

homeostasis and that the nutritional influence &nptenoids should be kept to a minimum. Other asdike
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liver, WAT, spleen and s/ | intestine are easdgessible to nutrients and regulate / balance thanisms due

to the nutritional challenges.

The analysis of bioimaging experiments with timpeledent ordinal response demonstrated that in TRAA
treated mice, RARE-activation showed a significas¢ after 6 h and maintained a high luciferaseviggtat
least 12 h. Lycopene treatment resulted in a mimlves non-significant response after 6 h, there was
difference in total body luminescence speculatingt tycopene needs to be metabolized for elicitnay
activity and further activation of RARE response.olrin vivo experiments, we shave the mouse hair in order
to get better signals but skin still covers theaoigy One drawback of vivo full body screening is that the skin
might disturb detection of internal signals. Lowsegnals induced by lycopene-treatments like obskfrem ex
vivo experiments might be influenced more thanstieng signals induced by ATRA-treatments. Thishhig

also explain the non-significant values from fuddy in vivo screening by lycopene-treatments.

Lycopene treatments induced up-regulation of RABR§ponse in I. intestine, lung, WAT, spleen andrliv&@ng
the bioimaging and this RARE-LUC activity could benfirmed with luciferase protein assays in theiiv
Luciferase assay was conducted for liver and té&stigrther focus on these organs due to theieckfit RARE-

signaling response to lycopene and their importamcarotenoid metabolism.

Tomato is very important dietary compound and |y is the main carotenoid in tomatoes and tomato
preparations. We performed supplementation studise with tomato extract containing high lycopene
concentration. The amount of the tomato extracemiwas adjusted to a comparable lycopene amount for
lycopene bead and tomato preparation treatmentisoddh lycopene was the predominant carotenoidrirato
extract, tomato extract also containdddcarotene, phytoene and phytofluene as well asr dbih@active
compounds such as antioxidant polyphenolic compsundPUFA. In addition to carotenoids, vitamin G@+

240 mg/kg), vitamin E (5—20 mg/kg) and flavonoidsitibute the tomato composition.

The results for RARE-activation were quite compéedbr lycopene and tomato extract except a muadnger
RARE-activation in the spleen with tomato extrdutprevious studies in humans, it was already tepothat
the addition of tomato juice increased variousdecbf the immune response like the T-lymphocytefions.
In comparison, our study with mice used high cotregions of lycopene which have no relevance fa th
human nutrition and mainly focused on the quesdifitycopene or potential novel and non-identifigddpene
metabolites originating from lycopene or tomatoraet might also obtain RAR-activation potential. We
suggest that other carotenoids or phytochemicalseabr in combination in this tomato extract magifpeely

influence RARE-mediated signaling in mouse spleen.
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Further insight into lycopene metabolism has bt new research field on transactivation of rard@rmone
receptors. We also performed bioluminescence ingagiith certain potential lycopene metabolites. Alfb-
lycac and apo-14-lycac were synthesized. The aplgeE® has been shown to be an active metabolite,
especially in cancer cells. Indeed, Lian et al. destrated that treatment of human bronchial epéheklls
with apo-10-lycac resulted in the nuclear accunmabf Nrf2, which is associated with an inducti@inphase
Il detoxifying/antioxidant enzymes. This group pasly reported that apo-10-lycac activated thaot acid
receptory (RARpB) promoter in relatively high concentrations, anduced the expression of RAR bronchial
and lung cancer cells vitro. Our data strongly suggest that apo-10-lycac ghlii active in terms of the
regulation of gene expression in lung, prostate\&d™ that have an optimal environment for furthetential
bioactivation to active metabolites. We have dertrated that apo-10-lycac transactivates RAR in @&bp
tissue in vivo in adipocytes. Such a transactivetieeffect was suspected framvitro data in lung. Therefore,
apo-10-lycac seems to be an activator of RAR imifipeorgans, suggesting that an organ specifiarenment
is needed for apo-10-lycac transactivation of RAdghaling. Consistently we reported that apo-1Gtyc
treatments can initiate transactivation of RAR itmaasgenic reporter animal model, and induce Kpgession

of several RAR target genes.

Apo-14-lycac is another potential lycopene metdbdhat we studied. Apo-14-lycac induced RARE-Sligiga

in male mice. In s. intestine, I. intestine, pswnd, WAT, liver and kidney induction of RARE actyiwere
found. Indeed, apo-14-lycac showed very similaugtmn pattern in RARE-LUC mice. Unknown lycopene
metabolite which might activate the RAR pathway Imige apo-14-lycac. HPLC-MS studies have to be done
for confirmation. In summary, we suggest that ly@op metabolism into apo-lycopenoids is an important

preliminary step toward the expression of lycopeioactivity.

For further analyses we used testis and liver RF-¢¢CR determination of carotenoid metabolizingyemzs
and carotenoid transporter. Using these two tissuesdetermined the regulatory pathways by exprassio
analyses of these enzymes / transporters and &cettriassociate enzyme / transporter gene expnesttio the
observed RARE-luciferase data. The two carotenathbolizing enzymeBco-1 andBco-2 may contribute to
the lycopene metabolism and the non-specific caoatetransporter CD36 may contribute to lycopentakep.
However, little is known about the impact of lycopemetabolism and lycopene metabolite induced &ffeic
retinoic acid receptor activation pathways. Forfecoration of RARE-activation pathways we also penfed
additional gRT-PCR experiments for three retine@dponse target genes: cellular retinol bindingqwnot
(Crbpl), retinoic acid receptor responderRalres2) and cytochrome P450 26BCyp26bl). In the testis and
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the liver, a strong up-regulation was found aftgropene-treatments for all three target geresrés2 was
under detection limit in the testis). We hypothedizat the different responses to lycopene treasrastween
testis and liver may be explained by the fact thate seems to be a relation betwBeo-1 expression (non-
significant up-regulation) and induced RARE-acywthile alternative explanations involving othetimeid-
metabolizing enzymes and retinoid-transporters @ap be relevant but have not been investigatethen
present study. A down-regulation B€o-1 expression in the testis may indicate that prewentf increased
lycopene (or other carotenoid) cleavage may intahitncreased formation of lycopene / or other tesraid-
originating RAR-activators. A down-regulation Bto-2 expression was also found in the two organs after

lycopene-treatment and was significant for lived &estis but seems not to be related to RARE-siggal

Feedback mechanisms have previously been demausfatRA-treatment induced down-regulationBob-1
expression in chickens and rats. In the mousestesstrong down-regulation BEo-1 andBco-2 expression in
response to lycopene treatments suggests feedblaithtion in order to maintain retinoid-homeostagibese
results are consistent with those obtained by Hehpet al. 2006 in rat tissue. The expressioBoofl and-2
seems to be strongly down-regulated in the testistwfits with our observation that lycopene-adsiration
did not induce RARE-activity in this organ. We splkate that the organ specific down-regulation gbtenoid-

metabolism is a regulated mechanism to preventssieeformation of bio-active metabolites.

One remaining question is why we did not see irsgdaRARE-bioluminescence but an increased retinoid
target gene expression in the testis. So far, Bigha-induced RARE-mediated luciferase activity bagn
found in the reproductive organs of male (testig) female mice as well as in brain. At physiologigasma
concentrations, RA can’t be taken up by testissipdg owing to its inability to cross the blood-tissbarrier
formed by sertoli and peritubular cells; thereftesticular RA might be synthesized locally. Sertwlls are
indicated as the main site of endogenous RA proaluat testis for normal spermatogenesis throughugbtake
of retinol from plasma RBP following oxidation aétmol to RA. These observations suggest that dbk of
RA mediated luciferase induction in testis may sfeom inability to take up RA from the circulatiohVe
speculate that the blood—testis barriers and tbedsbrain barriers are protective barrier in orttekeep this
environment stable and that may be the reason,wéhgould not see any increase of luciferase agtafiter
lycopene treatments to our mice. Our results detratescompatibility with previous studies. In adulit,
reproductive organs like the uterus / ovary andtéiséis as well as the brain indicate the imporamichighly

controlled RAR-signaling and homeostasis and thatutritional influence by carotenoids should bptko a
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minimum. Other organs like liver, WAT, spleen andl sntestine are easily accessible to nutrients @egulate

/ balance the organisms due to the nutritional ghan

We suggest that the high basal activity of endogemARE-signaling in the testis might just leaddlatively
small increase of RARE-bioluminescence but seemsetsufficient for induction of specific retinoidrget
gene expression. In addition, retinoid signalind aretabolism is under control of follicle-stimutegi hormone
(FSH) and androgen pathways in the mouse testite VRARE-LUC signaling is exclusively based on the
RARE-LUC construct mediated activation and sigraliAdditionally, post-translational and transcrpial
modifications may cause slightly different resuttprotein and gene expression based studies.

In summary, we observed that lycopene, potent@pggne metabolites and tomato extract have thayatal
strongly up-regulate RAR-mediated transcriptioralvation pathways in the RARE-LUC reporter micéaist
phenomen was described via RARE-mediated bioimadirgferase protein assay and retinoid target gene
expression analysis. The RARE-activation poterdgfalycopene was organ selective and this activati@y
depend on the expression of non-specific carotetraiasporters and carotenoid metabolizing enzyriiés.
postulate that several organs are under tight abtdrmaintain an optimized RAR-mediated signal(bgain

and reproductive organs in male and female), wdtiteer organs like spleen liver, WAT and |. intestimust
respond and adapt to the nutritional stimuli. Thdatg suggest that lycopene and metabolites may gria
important role in the modulation of retinoid methdm. The exact regulation of lycopene metabolispttake

of lycopene and potential novel lycopene metal®litethe mammalian organism is in the focus ofhieirt

examination in our laboratory.
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SUMMARY

Lycopene is an acyclic carotenoid containing elegenjugated double bonds and lacks fa®nine ring
structure present typically in pro-vA carotenoitigrefore it is suggested to be non pro-vA carotenoi
Lycopene is a lipophilic carotenoid which is respibie for the red color of various fruits and veggés and is
commonly found in tomatoes, watermelon, pink-graygefand papaya. Emerging health benefits of lyoepe
have attracted accumulating attention to this esmat. Evidence is increasing that tomatoes / tomat
preparations are able to ameliorate diseases watir@nic inflammatory background like cancer incide for
certain cancer types of the prostate, breast, c@sophagus, stomach, rectum, oral cavity and pRarfhe
mechanism of action of these beneficial effectsuasdl by lycopene / tomato preparations remaing stil
unknown, but it is suggested that nuclear hormageeptor mediated pathway activation via lycopene-

breakdown products might be responsible.

The aim of this study was to investigate the paoa¢of lycopene, lycopene-metabolite or tomato asttversus
control treatments for the induction of the retmacid receptor (RAR) in male mice using a tranggestinoic

acid response-element (RARE)-reporter mouse syskaminvestigation included whole body scanninghef
mice as well as organ specific studies with biogimg, selected luciferase activity and gRT-PCReatinoid

target genes and proteins involved in carotenoithbadism.

Lycopene-treatments induced RARE-mediated celladigg indicated by quantified bio-imaging, incredse
luciferase activity. Lycopene supplementations edube up-regulation of RARE-response in |. intestiung,
WAT, liver and spleen using the bioimaging and RARE-LUC activity could be confirmed with lucifesa
protein assays. The up-regulation of retinoid teggne activation within selected various organshefmice
was observed. Additional experiments focused on R/Rtivation in female mice, tomato extract, ape-10
lycac, apo-14-lycac induced RARE-signaling in maliee, treatments displayed comparable RARE-actwati
like lycopene. In summary, we observed that lycepéytopene metabolites and tomato extract havaltiigy

to strongly up-regulate RAR-mediated transcriptioactivation pathways in the RARE-LUC reporter mice
However, the responsible biologically active poi@ntycopene metabolites in the organs are stilh-no
identified.
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