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ABBREVIATIONS

ATRA - all{rans-retinoic acid

AF-1 - activation function 1

AF-2 - activation function 2

AUC - area under curve

ANOVA - analysis of variance
Apo-10-lycac - apo-10’-lycopenoic acid
Apo-14-lycac - apo-14’-lycopenoic acid

BCO1 -B-carotene oxygenase 1

BCO2 -B-carotene oxygenase 2

B/W - black and white

Bw - body weight

CCD - cooled charged coupled

CD36 - Cluster of Differentiation 36
CHD - coronary hearth diseases
CRBP1 - cellular retinol binding protein 1
CRABP1 - cellular retinoic acid binding protein 1
CRABP2 - cellular retinoic acid binding protein 2
CT - comparative threshold

CTRL - control

cyclo - cyclophilin A

CYP26A1 - cytochrome P450 26A1
CYP26B1 - cytochrome P450 26B1

Cx43 - connexin 43

CVvD - cardiovascular disease

DBD - DNA-binding domain

DMSO - di-methyl-sulfoxide

DR - direct repeat

FSH - follicle-stimulating hormone



GJ - gap junctions

GJC - gap junctional communication

HRE - hormone response element

HR - hormone response

IGF - insulin-like growth factor

IGFBPs - insulin-like growth factor binding prots
IL-6 - inhibit interleukin 6

IP - inverted palindromes

LBD - ligand-binding domain

LDL - low-density lipoproteins

l. intestine - Large intestine

LRAT - lecithin retinol acyltransferase

LYC - lycopene

LUC - luciferase

NHR - nuclear hormone receptor

gRT-PCR - quantitative real time polymerase cheaaction
PAL - palindromes

PPAR - peroxisome prokfer-activated receptor
Pro-v - pro-vitamin

Pro-vA - pro-vitamin A

Psv - prostate/semuedicules

PUFA - polyunsaturated fatty acid

RA - retinoic acid

RAL - retinal

RALDH - retinaldehyde dehydrogenase

RARRES - retinoic acid receptor responder

RARE - retinoic acid response element
RARE-LUC - retinoic acid response element / le@kse complex
RBP - retinol binding protein

RDH - retinol dehydrogenase

RE - retinyl ester



ROC - receiver operating characteristic

ROL - retinol

ROS - reactive oxygen species
RAR - retinoic acid receptor

RARE - retinoic acid response element
RXR - retinoid X receptor

SEM - standard error of mean

S. intestine - small intestine

TR - thyroid receptor

UDL - under detection limit

VA - vitamin A

VDR - vitamin D receptor

VLDL - very low density lipoproteins
WAT - white adipose tissue

5-LOX - 5-lipoxygenase
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1. INTRODUCTION

Lycopene is a fat-soluble carotenoid and gives rgm 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 tmesat tomato products is associated with the deetea
risk of various diseases such as cancer, cardiolasdiseases and chronic inflammation. Howevessiixe
mechanism and metabolites underlying the biologeftdct of lycopene have not been fully understoad.
possible mechanism is that biological metabolitelyaopene 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 metaboliE-carotene like altrans-retinoic acid (ATRA) initiate the
transcriptional activation of retinoic acid recaeppathways. Even though the biological importantclyapene
metabolites has been discussed, it is still undeav these metabolites attribute to human health cmtain
pathways. The aim of this study was to investigae potential of orally administered lycopene, pttd
lycopene metabolites, tomato extract and ATRA for induction of the RAR in a transgenic retinoiedac

response-element (RARE)-reporter mouse system.



2. THEORETICAL BACKGROUND

2.1. Carotenoids

Carotenoids are known to be responsible for variwight colors in nature and belong to family ofrgmunds
over 600 fat-soluble plant pigments. Carotenadslipophilic moleculesclassified by structure as carotenes
and xanthophyllsAmong the more than 600 different carotenoids,alae well known carotenoids suchfas
carotene, lycopene, lutein and zeaxanthin. Thepuod-carotene and lycopene is called as carotene ayd th
possess very lipophilic structure. Therefore, @res are prone to be localized in the low-dengigproteins
(LDL) in the circulation (Clevidence and Bieri, 139%Krinsky and Johnson, 2009-carotene possess a pro-
vitamin (pro-v) activity and it is widely used asethry carotenoid in the industry and as food
colorants/additives. Of the ~600 naturally occugraarotenoids, ~50 have pro-vitamin A (pro-vA) waityi and
can be cleaved to ultimately yield retinol (ROL)ef, et al., 1999). In the last decade, numerousiestu

displayed the beneficial role of lycopene in vasahronic diseases, cardiovascular diseases (Chigancer.

2.2. Characteristics of lycopene

Lycopene is the red pigment abundantly found inatmmmrosehip, pink grapefruit, watermelon and papay
(Stahl and Sies, 1996). 85% of daily lycopene iatizkfrom tomato and tomato based products. Lyoe@ist
in high concentrations in foods like pasta sauseato juice, ketchup, pizza sauce (Tonucci, etl@05). It is
an acyclic carotenoid and due to its 11 conjugdtable bonds it has red color (Kong, et al., 201thas no
terminalf-ionic ring therefore lycopene has been acceptetbagro vitamin A precursor so far. The chemical

structure of lycopene is shownfhingure 1.

N NN NN NN NN O \

Figure 1. Chemical structure of lycopene



Due to its apolar chemical structure, it is a hygipophilic compound. Its hydrophobic charactedstmake it
more soluble in petroleum ether, acetone, methytdneride, hexane, benzene and chlorofrom (Roldah a
Luque de Castro, 2007). This lipophilicity makesdésier to be transported in LDL. Therefore lycapén
suggested to display one of its crucial effectsulgh the protection of LDL from oxidation althoulytopene
is present in LDL in much lower concentration ttodher lipophilic carotenoids (Esterbauer and Rarh@386).

Further physio-chemical characteristics of lycopsndisplayed infable 1 (Shi, et al., 2002).

Characteristics of lycopene

Molecular formula GoHss

Molecular weight 536.85 Da

Melting point 172-175°C

Crystal form Long red needle

Powder form Dark reddish brown

Solubility Soluble in chloroform, hexane, benzeaegetone, petroleum ether and oil

Insoluble in water, ethanol and methanol

Stability Sensitive to light, oxygen, high temperat, acids and metal ions.

Table 1. Characteristics of lycopene

2.3. Lycopene absorption, transportation and disttbution

Carotenoids are absorbed from the diet along wighseame way but distributed, accumulated, metaablnd
excreted differently in the body (Stahl and Sie392). Process start with the carotenoid release fte food
matrix by chewing and initial enzymatic digestiohtbe food in the mouth and followed by the uptdke
intestinal mucosal cells. Then it continues witls@iption, transport and cleavage of pro-vA carashwithin
the enterocyte to yield VA. The mechanism procedt the tissue distribution, metabolism and recyglof
carotenoids. All those processes have not beep Knbbwn (Boileau, et al., 1999, Castenmiller andstv&998,
Stahl, et al., 1992).



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, trsthe
nutrients are digested and released from the foatdixn When they are released, they come togetthitér tive
lipids and bile salts to form micelles. Micelladghilization is a prerequisite to their efficienagsage into the
lipid-rich membrane of intestinal mucosal cells.clies move to intestinal epithelia thus carotesaidn be
taken up, incorporated and dissolved in the ligiceoof micelles. Once taken up to the enterocyia;vA 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 thverli The action of lipoprotein lipase of hepatisstie
impoverishes the chylomicron of triacylglycerolsiglycerides). Thus cyclomicrons degraded by liftein
lipase and carotenoids in cyclomicron remnantsdaievered to the liver or may also be taken up byepo
organs. Carotenoids can be re-secreted as verylémsity lipoproteins (VLDL) (Lee, et al., 1999). dopene
absorbtion, transportation and distribution cars&en inFigure 2 (Schweigert, 1998)
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Figure 2. Carotenoid absorbtion, transportation and distigouSchweigert, 1998).
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Lycopene is present in different geometrical issraard they might contribute to different biologipabcesses.

It is known that in serum and tissges-lycopene is more than dlans-lycopene. In contrast, tomato and
tomato based products contain predominantlyralis-lycopene. Therefore it was suggested tisdycopene

is more bioavailable than allans-lycopene (Stahl, et al., 1992). It was proposedt tis-lycopene is more
bioavailable tharrans-lycopene, most likely because of increased satybii mixed micellesCis-lycopenes
are more absorbed than aléns-lycopene therefore cis-lycopene is present irtigseies more due to enhanced
solubility in bile acid (Boileau, et al., 1999).y¢opene bioavailability can be influenced by otfaetors. Fiber,

oil or protein amount of food matrix affects thelstity of all-trans-lycopene bioavailability (Riedl, et al.,
1999). Heat may induce the rupture of the cell svaltcompanied by release of lycopene from the.cells
Additionally, corn oil supplementation increases tcopene availability. Interindividual differerecéke LDL

assembly may have an impact on plasma lycopeneentation (Bohm and Bitsch, 1999, Stahl, et al92)9

2.4. 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 andesdl glands (Kaplan, et al., 1990gble 2 shows the tissue

distribution of lycopene in various human organs.

Tissue Lycopene tissue levels (nmol/g wet wt)
Liver 1.28
Kidney 0.15
Adrenal gland 1.90
Testes 4.34
Ovary 0.25
Adipose 0.20
Lung 0.22
Colon 0.31
Breast 0.78
Skin 0.42

Table 2. Tissue distribution of lycopene (Stahl, et al.92p
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2.5. Potential biological effects of lycopene

Even though lycopene possess non pro-vA activitypbtains several roles in biological processes Likll
differentiation and proliferation, carcinogenesiggjanogenesis and mutagenesis. Therefore, potémilabical
effects of lycopene have been extensively studigdopene has wide range of biological functionshsae
anticarcinogenic effect and antioxidant effect. e mechanisms underlying the disease preveetieet of

lycopene can be categorized as below.

2.5.1. Antioxidant effect of lycopene

Antioxidants are involved in prevention of celluld@mage induced by free radicals. Cellular protigand and
DNA can be oxidatively damaged by reactive oxygeecges (ROS), react with very important cellular
components, thus carcinogenesis, mutagenesis dhdeeath occurs in mammalian cells. That's why,efre
radicals are known to be one of the reason in #tbqgenesis of several chronic diseases (Frei,)1994s

well known that oxidative stress contributes to thereased risk of cancer. Lycopene can function as
antioxidants, terminate the chain reaction befetkitar components are damaged due to their albdiguench

the singlet oxygen (Agarwal and Rao, 2000, Matbsl.e 2000). Lycopene has been demonstrated tidoe
most potent antioxidant among the carotenoids (Bsdib, et al., 1989). This potential antioxidangarty

depends on its 11 conjugated double bonds inergasipability to quench singlet oxygen (Miller a&t 1996).

2.5.2. Lycopene and cancer

Results of many studies have proposed that canotemoay evolve biological processes independemtynf
their antioxidant property. Lycopene is able to tabate modulation of many genes involved in biabad
processes. It has become an attractive topic aferaesearch ever since its antioxidant capacity pvaposed
(Sies and Stahl, 1998).

Although lycopene has a detrimental effect on nwmertype of cancer incidence, the direct connection
between lycopene and cancer is not well establisbDethils of regulatory pathways remain uncleanalgh

observations suggest link between increased cortsampf lycopene and decreased risk of cancer. & bgist
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certain genes regulated by lycopene in canceréncie. Insulin-like growth factof§GFs) have crucial role in
carcinogenesis, possibly by elevating the riskafutar transformation by enhancing cell turnovBeren, et
al., 2008). It has been previously shown that iasee risk of IGF levels associated with incidenteamcer

(Khandwala, et al., 2000). Lycopene modulates tislin-like growth factor (IGF)-1/IGF binding prate

(BP)-3. Lycopene can diminish the cell proliferatisia up-regulating the IGF-1. There is a strongpamtion

between the IGF-1 level and colorectal (Renehaal.e2004), lung (Yu, et al., 1999), prostate (tzanos, et
al., 1997) breast (Hankinson, et al., 1998) andiamaLukanova, et al., 2002) cancers. It was adubthat

lycopene is able to interfere with the Igf signglipathways by increasing the amount of IGF-bingngteins

(IGFBPs). By binding IGFs, IGFBPs can enhance ttwity of IGFs in a tissue specific manner (Drep.al.,

1992).

Another biological structures influenced by lycopdaneatments is gap junctions (GJ) which are ieterar
channels that links the cytoplasm of two cells, @ndvide a means of ions, second messengers anil sma
metabolites (Mese, et al., 2007). GJ are defidembany human tumors and its restoration or up{egmun is
associated with decreased proliferation. Lycopeae uap-regulate the gap junctional gene connexin 43
(Chalabi, et al., 2007) thus it contributes gapcfional intercellular communication. Upregulatioh @x43
bring about increases in gap junctional commurocafGJC). It was reported that in human tumors, the
expression of connexin43 decreased. Another gegetttor cancer formation is 5-lipoxygenase (5-LOXhis
enzyme directly stimulates prostate cancer celliferation. It is demonstrated that, lycopene cahibit
interleukin (IL-6) and 5-lipoxygenase (Ghosh and ey 2002, Hazai, et al., 2006, Siler, et al., 2004
Additionally, activity of m-reductase which is responsible for the conversidbnandrostenedione and
testesteron into the most potent natural androgedwilfydrotestesteron has been reduced by lycopene
supplementation. It was suggested that lycopenees r@mvbeneficial effect on prostate cancer since it

downregulates the androgen targets (Herzog, €2G05).

2.5.3. Lycopene, inflammation and cardiovascular deases

In addition, lycopene can decrease inflammatorparses by downregulating inflammatory markers sagh
interleukin B, CXC chemokines MIP-2 and LIX. Therefore it waoprsed that lycopene has an anti-

inflammatory action in prostate (Herzog, et al.Q2p0
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There is an association between high lycopenedesadl reductions in CVD incidence. It was suggettat
decreased oxidative modification of LDL may be afdghe mechanisms by which lycopene may reduce the
risk of CVD and atherosclerotic progression (Safmpnet al., 1997). The oxidative modification of LDL
particles may play a role in the formation of foeells, atherosclerotic lesions, and CVD (Salonéa).e1992)
Antioxidants can inhibit the oxidative modificatioof LDL, may decline atherosclerotic formations and
consequently, may stop clinical complications dfeabsclerosis such as myocardial infarction (Salpeéal.,
1997). There are also suggested processes abaudritréoution of lycopene in the inhibition of atbsclerosis
such as intracellular cap junction communicatiod Barmonal and immune system modulation (Lorena].et
2012, Rao and Agarwal, 2000).
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2.6. Retinoid metabolism

Retinoids are the substances compromising vitamifnefinol) and its natural metabolites, retinaldgdyand
retinoic acid as well as its synthetic derivativd$iose liposoluble vitamins have crucial tasks iangn
biological processes including fetal developmentgaoogenesis and embryogenesis in addition to the
regulation of several aspects of cell metabolisms@R 1993, von Lintig and Vogt, 2000). More thar® 60

carotenoids have been found in nature and amomg, fless than 10% of them have pro-vA activity.

The most well-known carotenoid fiscarotene since it serves as the major vitaminegegsor. It is known that
enzymatic cleavage @¥carotene can occur either via excentric or cemiedvage pathways due to absence or
presence of antioxidants (Yeum, et al., 2000).ds wWiemonstrated that enzymatic cleavagé cdrotene bys-
carotene oxygenase 1 enzyme result in the formatidwo retinal (RAL) molecules as a result of tdentral
cleavage (Lindqvist, et al., 2005). Retinal molesutan either be reduced to retinol (ROL) subsetyueg
retinal reductase or oxidized to retinoic acid (RA&ccentric cleavage df-carotene yields various apo-
carotenals and they may be converted subsequen®AL or oxidized to apo-carotenoic acids (Silvednad
Moreno, 1998). Conversion @tcarotene into ROL occurs in along the enterocgted subsequently, vitamin
A (retinol) esterified with long-chain fatty acidgspecially palmitic or stearic acid. Lecithin nefi
acyltransferase (LRAT) enzyme catalyzes the estatibn of CRBP-II bound allrans-retinol to allirans-
retinyl esters (RE), inside the enterocytes (Blofhhad Blomhoff, 2006, Napoli, 1996, Napoli, 1993)ter
retinol (ROL) formation, it may be converted toimgt esters (RE) to be stored in the liver, it mag
metabolized to retinoic acid. In addition to thasetabolic pathways it may be recycled into the esyst
circulation due to the RBP amount. Additionallytimeic acid is also found in plasma in low concatitms and
is taken up by the cells by diffusion (Ross, 19%3tinoid signaling is shown fRigure 3.
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Figure 3. Retinoid signaling pathway. retinoid-metabolizieigzymes: RA - retinoic acid, RDH — retinol dehygi#nase, RALDH - retinaldehyde
dehydrogenase, BCO1 B-carotene oxygenase 1, BCO2B-carotene oxygenase 2, CRBP - cellular retinol iniggbrotein, CRABP — cellular
retinoic acid binding-protein, LRAT — lecithin:ratl acyltransferase, RBP4 — retinol binding protéinRAR — retinoic acid receptor, RXR —
retinoid X receptor,

2.7. Lycopene metabolism

In contrast tg3-carotene metabolism, lycopene metabolism has een lbully described in biological systems
therefore very little information is known aboutidative break down products of lycopene. Firstly-5
dihydroxy-5’,6’-dihydrolycopene was found in humplasma as a lycopene metabolite (Khachik, et 8051
Khachik, et al., 1997). Furthermore, 2,6-cyclolyenp-1,5-diol A and B were determined as oxidative

metabolites of lycopene present in human plasmagjket al., 1997).

Two carotenoid metabolizing enzym@scarotene oxygenase 1 afigtarotene oxygenase 2 (Lindqvist, et al.,
2005) may contribute the lycopene metabolism. Lgoepis partly cleaved by BCO1 with lower affinity
(Redmond, et al., 2001). On the other hand, BC@&\yzes the asymmetric cleavage of lycopene. BC@2 w
cloned from mice and expressedphtarotene or lycopene synthesizigoli. It was reported that BCO2 can

significantly cleave lycopene (Kiefer, et al., 200 vitro study demonstrated that lycopene is an inefficient

16



substrate for BCO1 (Ershov Yu, et al., 1994). Itkisown that BCO1 and BCO2 are tissue specifically
expressed to facilitate the retinoid signalinghds been previously demonstrated that RA downlagss the
BCO1 mRNA level in chickens and rats (Bachmannalet2002). A study by Zaripheh et al. showed that
lycopene is the inhibitor of BCO1 as well (Zariphehal., 2006).

It has been found thatds isomer of lycopene can be metabolized into agdyb@penal by ferret BCO2n
vitro (Hu, et al., 2006). Altrans-lycopene supplementation in ferrets caused thendton of apo-10'-
lycopenol in the lung. They also demonstrated #yab-10’-lycopenal can be metabolized into apo-10'-
lycopenoic acid (apo-10-lycac) or apo-10’-lycopenBpo-8’-lycopenal and apo-12’-lycopenal werentieed

in rat liver (Gajic, et al., 2006Figure 4 shows the tomato carotenoid metabolism.

Tomato carotenoids

hytoene
B-carotene lycopene phytofluene
W
lBCO i BCO 2 BCO 2 BCO 2
retinal - ] sl
M apo-10dycopenal ;
apo-8-carotenal I L I
I apo-12-lycopenal l
9-cis- rehnowc acid ? ? ?
refinol al-trans-retincic acid

Figure 4. Metabolism of tomato carotenoids. Two caroteno&taholizing enzymeg-carotene oxygenase 1 apitarotene oxygenase 2 contribute
the lycopene metabolism. Lycopene is partly cleavedBCO1 with a lower affinity. BCO2 catalyzes theymmetric cleavage of lycoperfe.
carotene was cleaved by BCO1 and BCO2, at the ftie @rocess retinol and retinoic acid forms. BC@®tarotene oxygenase , BCQRcarotene

oxygenase 2.

2.8. Nuclear hormone receptors

Nuclear hormone receptors (NHRS) are the superyaohitrancriptional regulators including steroidrimmnes,

thyroid hormones, retinoids, vitamin D and orphaceptors. They play crucial roles in several bimaly
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process including development, proliferation, diéfgation, inflammation and homeostasis. They foncas
ligand dependent transcriptional factors and atgigene expression upon binding of respective igahigand
binding cause conformational change in the recept@nce these receptors can interact to the specifi
sequences of DNA in the promoter region of targehegresulting in trancriptional regulation of gene
expression. NHRs are composed of multiple functi@mmains including weakly conserved NH2-terminal
region (A/B), a conserved DNA binding domain (DB®hich is called region C, a linker D region anchhg
binding domain called conserved E region. NH2 teahiA/B region has a variable length and possess an
autonomous activation function (AF-1). AF-1 is Ighindependent transcriptional domain. The consewe
domain is the DNA-binding domain composed of twghitly conserved zinc-finger-like motifs. It is ressible

for the recognition of specific DNA sequences. Dioe links the DBD to conserved E/F region. LBDicggis

at the C terminal half of the receptor containsarig binding domain, dimerization surface and second
activation function (AF-2). Unlike AF-1, AF-2 is kwn to be ligand dependent and conserved among the
nuclear hormone receptor superfamily (Aranda argtirad, 2001, Danielian, et al., 1992, Nagy and Sdieay
2004).Figure 5 displays the molecular architecture of nucleantare receptors (Aranda and Pascual, 2001).

AF-2
NH,— A/B C D E F |— COOH
LTJ Lﬁ_J |
AF-1 DNA binding Ligand binding

Dimerization

Figure 5. The structure of nuclear hormone recept&/& domain; ligand independent transcriptional activation Augmous activation function
(AF-1), C domain; DNA binding domain,D domain; Linker, E domain; Ligand binding domain, dimerization surface, Aworus activation

function (AF-2),F domain; ligand dependent transactivation domain

Hormone response (HR) elements are DNA sequencearget genes that can bind to hormone receptor
resulting in transcriptional regulation. They aregent in the regulatory region and located eithese to the
core promoter or in the enhancer regions sevetab&ses upstream of the transcriptional initiatgte.
Sequences of 6 bp constitutes core recognition fmotiere are different optimal HREs interactions as
palindromes (Pal), inverted palindromes (IPs) oedtirepeats (Werner, et al., 2002). Most potens iR non-
steroid receptors are configured as DR$0-5 rule describes binding of different receptors to dinegieats
with a spacing of one to five nucleotides (RRe. DR-5). DR5 is separated by 5 nucleotides aaduently
present in RXR-RAR heterodimer (Aranda and Pas@@dl], Mangelsdorf, 1994).
18



2.9. Nuclear hormone receptors for retinoids

On the basis of structural homologies, NHRs hawnl#vided into two subfamilies; one subfamily unbés
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 participatethe
regulation of target gene expression. Impacts triggls are mediated by nuclear hormone receptmisiding
receptors for thyroid and steroid hormones, retisas well as vitamin D. It is known that retinaicid is
involved in the regulation of gene expression tigtothe nuclear hormone receptor pathways, RAR axid R
with their respective, B, 6 subtypes coded by seperate genes (Evans, 1998, dtail., 1992). RXR receptors
have an affinity for Qs retinoic acid, whereas RAR receptors can be detivdy alltrans-retinoic acid
(Chambon, 1996, Giguere, et al., 1987, Petkovithgl.e 1987). RAR and RXR receptors are distributed
distinct tissues thus it is demonstrated that thaye different tasks and functions in the regutataf

transcriptional gene expression (Mangelsdorf, 1994)

RAR and RXR are able to make heterodimer and meeltitee gene trancription after RA. They can als&ema
RAR-RAR or RXR-RXR homodimers and recognize the DK&sponse elements in retinoid target genes
(Altucci and Gronemeyer, 2001). These elementsluavthree or more repetitions of the AGGTCA segeenc
The sequences of the retinoic acid response elefR&RE), i.e., for the RXR-RAR heterodimer, are agped

by two or five nucleotides (DR2 and DR5), with BR5 spacing being actually the most frequent. @natiher
hand, the RXR-RXR homodimer response element (RXiREQgnizes these same sequences when they are
separated by only one nucleotide (Aranda and Pasd@l, Chambon, 1996, Molnar, et al., 2004).

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. pro-vA activity has been demonstrated-bgndp-
carotene in addition t@-cryptoxanthin. However, no pro-vA activity has hetund for lycopene. The
possibility that a metabolite of lycopene can mediaanscriptional regulation of nuclear hormoneepors
caused new theories.
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2.10. Scope of the study

Vitamin A is essential for many physiological preses, for instance cell division, differentiati@ye vision,
embryogenesis and organogenesis. Vitamin A deviwattinoic acid (RA) plays crucial roles in conlirg
vitamin A signalling via nuclear hormone receptdRetinoic acid receptors (RAR) and Retinoid X reoep
(RXR) are activated by RA (Chambon, 1996, Giguetel., 1987, Petkovich, et al., 1987). RAR and RXR

able to form heterodimers and modulate the gemetigaion after RA binding.

No pro-VA activity has been found for lycopene.f8q the evidences have not been found to demaeadtia
transcriptional regulation of nuclear hormone récepby lycopene metabolites. The objective of #tisdy
was to determine whether lycopene and lycopenehuktias might induce nuclear hormone receptor pagfsv
activation via RAR-mediated signaling pathwaysransgenic RARE—LUC mice like the known endogenous

B-carotene metabolite and RAR-activator ATRA.
We aimed,

v' to determine whether lycopene or lycopene metamlinight induce nuclear hormone receptor
pathways activation via RAR-mediated signaling patys in transgenic RARE—LUC mice like the

known 3-carotene metabolite and endogenous RAR-activaiét A

v to demonstrate the time and gender dependent effdatiferase expression in RARE-Luc mice upon

lycopene administration.
v’ to investigate organ specific luciferase expressipon tomato extract treatment.

v to investigate the gene expression profiles of km@e&nes involved in retinoid metabolism, namely
metabolizing enzymes, retinoid transport proteind eetinoid target genes in lycopene supplemented

mouse in comparison to control vehicle supplementedse.
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3. MATERIALS AND METHODS

Chemicals

Beads enriched with lycopene contained 10% (w/wjtlsstic lycopene (DSM, Kaiseraugst, Switzerland),
control beads without lycopene contained modifieddf starch (30-60%), corn starch (10-30%), suc(t6e
30%), sodium ascorbate (1-5%) andaetbcopherol (0.5-1.5%). The values are based oornmdtion from
DSM, Switzerland. The tomato extract (LycoRed, LOGMATO 10 %, Israel) contained 10% lycopene, 1.5%
natural tocopherols, 1% phytoene, 1% phytofluen2,0045%-carotene, 0.5% water and 69-74 % fatty acids
and acylglycerols and 9-14 % phospholipids.

Experimental diets

Tomato extract and ATRA (BASF, Ludwigshafen, Gergamere given to the mice in separate experiments.
Lycopene in beads and control beads (CTRL 2) wessotved in water, whereas ATRA and tomato extract
powder were dissolved in aqueous emulsifier satu(@TRL 1, 25% cremophor EL and 75%@®)j. Lycopene
metabolites (apo-14-lycac and apo-10-lycac) wessalved in DMSO. Therefore control group for these
experiments were mouse group treated with DMSOcafidd CTRL 3.

Mice and Treatments

Retinoic acid response element luciferase cons{RARE-LUC) mice with a CD1 background (Jaensson-
Gyllenbéack, et al., 2011, Svensson, et al., 2088, de Pavert, et al., 2009) genetically modifiecexpress
firefly luciferase under the control of RARE (retdin acid response element) (Carlsen, et al., 20@2¢ kindly
provided by Cgene AS (Cgene AS, Oslo, Norway). d&tlon of the RARE-LUC system was based on a
previous study (Carlsen, et al., 2002). Transgesporter mice containing three copies of RARE, cécal
DR5 sites derived from RAR2 promoter, coupled to luciferase gene to moniail-time RAR activation in
living mice (DR5-LUC mice).In a variety of differeiDR5- luciferase constructs in P19 embryonic cangia
cells (DR5 derived from either RAR2 promoter or the CYP26 promoter, one or multipbpies of the
response elements, different directions, etc) tr@pison induction was checked withydM. The construct for
generating transgenic mice consists of three RABRgeats derived from RAB2 promoter, coupled to a
minimal TATA-box from the herpes simplex virus thigime kinase (TK) promoter and the luciferase régor

gene, flanked with insulator sequence. It is welbwn that the expression of transgenes driven bgkwe
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promoters may be heavily influenced by enhancéesistrs nearby sequences of the integration sitieof
transgene. In addition, methylation may extingulsfir promoter activity gradually in used long tegnowth.
To overcome these concerns, two copies of a 25fblgfragment from “insulatoi-globin hypersensitive site
4 (HS4), flanked the transgene after ligation ibtah ends of the construct. P19 embryonic carcinogiis
transfected with the construct showed a 20—foldfdugse induction in UM RA for 24h treatment, either with
or without insulator (data not shown). Using thsulated and non-insulated DR5-luc constructs, abaurof
PCR based genotyping-positive mice were obtainedei@l RA inducible strains were obtained when aedu

the constructs flanked with the insulator sequence.

The mice were housed in standard plastic cagesoat temperature (20+2°C) and they had free acoelssth
food and water. Standard pelleted laboratory malise (Altromin, type VRF 1, Charles River, Budapest
Hungary) was used with the following diet compasiti crude nutrients 19 %, crude ash 7%, crude.fagd
Both female and male mice of 8-12 wk of age wetalisd. Single dose oral gavage of lycopene, tomato
extract, ATRA and control vehicles were applieddbgrilized stainless steel feeding needles 18 bredghe
luciferin injections and the subsequent biolumieese imaging analyses (Table 3). Since ATRA anddgoe
were dissolved in different vehicle solution twdfelient control groups were used. All mouse expents
were approved and conducted under the guidelinésvéth ethical approval for the use and care obtatory

animals at the University of Debrecen, Hungary.
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Number Experiments Mice, Gender Age Treatment Treatment types
n/treatment way,
group frequency

1 Analysis of organ specific localization of 6 Male 8-12wk Oral gavage, CD271, LG 268,
RARE signal by bioimaging for positive one time CD271+LG268,
controls CTRL!?

2 Analysis of organ specific localization of 6 Male 8-12wk Oral gavage, Lycopene, CTRL %
RARE signal by bioimaging one time ATRA, CTRL 1®

3 Analysis of time dependent response by 3 Male 8-12wk Oral gavage, Lycopene, ATRA
bioimaging one time

4 Analysis of gender dependent response 6 Female 8-12 wk Oral gavage, Lycopene, CTRL 2,
bioimaging one time ATRA, CTRL 1

5 Analysis of tomato extract treatmentby 6 Male 8-12wk Oral gavage, Tomato extract
bioimaging one time CTRL1

6 Analysis of apo-10-lycac 4 Male 8-10 wk  Oral gavage, apo-10-lycac,
treatment by bioimaging one time CTRL

7 Analysis of apo-14-lycac 4 Male 8-12wk Oral gavage, apo-14-lycac,
treatment by bioimaging one time CTRL 4

8 Analysis of luciferase enzymatic activity 6 Male 8-12wk Oral gavage, Lycopene, CTRL 2,

one time ATRA, CTRL 1
9 Analysis of MRNA expression 6 Male 8-12wk Oral gavage, Lycopene, CTRL2
one time

Table 3. Summary of different experiments including bioluesoence imaging analysis of time dependent coargan specific activity, gender

dependent response, tomato extract treatment aasvelciferase enzymatic activity and gRT-PCR wsialfor RARE-LUC micé®

1 . . )
CTRL indicates control treatment for CD271 and LB82nd contains 25% aqueous cremophor solution

2
CTRL 2 (1000 mg / kg bw) indicates control treatirfem lycopene with lycopene-free beadlets

3 - ) .
CTRL 1 indicates control treatment for ATRA and t@ns 25% aqueous cremophor solution

4
ATRA was given 50 mg / kg bw in aqueous cremoplotutfn.; lycopene was given 100 mg / kg bw

5 . R .
Tomato extract equalized to 100 mg / kg bw lycopém@5% aqueous cremophor suspension.

6
CTRL 4 indicates control treatment for apo-10-lyead apo-14-lycac and contains DMSO.

Treatment schedule fex vivo experiment (experiment 1, 2, 4, 5, 6, 7): 0 hal treatment; 15 h 45 min - luciferin injectior b - killing of the mice and organ withdraw; imniest

bioimaging; and following storage of the organs86°C for luciferase assay and gRT-PCR analysis.

In the case oifn vivo experiment (experiment 3), mice were anesthetizenelmbutal 5 min after the luciferin injection amite were not killed during the experiment.
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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@Bod, Denmark) black box and connected to a coenpu

system, were utilized for data acquisition and yse&s.

For experiments 1, 2, 4, 5, 6 andTalfle 3) the mice were euthanized by cervical dislocat®ubsequently,
testis, brain, lung, WAT, liver, kidney, spleen, ahintestine (s. intestine), large intestine (lteistine) were
rapidly excised and placed in tight light chamhbmrdcreening before freezing the organs at -80t@. drgans
collected from the mice in experiment 2 were uswdekperiments 2, 8 and 9. Bioluminescence imagae w
taken with 5 min integration time. Normalization svdone by dividing photon signals into region derest
and the result was defined as integrated inteasdg. All measurements were done in the morningde
9.00 - 11.00 h at different months of the yearfiSigint mice in sufficient age and gender could betprovided
at the same time for the experiment 5, therefoeedirect inter-comparison of results for the expents 2 and

4 was not performed. photon signals has been cada heat map.

For bioluminescence experiments gray-scale anddosgnages of organs were acquired by cooled CCD
camera (-8%C) and the photon signals were quantified by Ar@of.6. Programme. Luciferase expression was
presented as integrated intensity / area. Datagrasented as means + SEM values of 4-6 differantads per

treatment group. Details were showrTable 3.

Ex vivo bioluminescence imaging experimental sehap been summarized for experiment 1, 2, 4, Bd67an
Figure 6.A whereasin vivo bioluminescence imaging experimental design fopeexment 3 has been
summarized irFigure 6.B.
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A Oral gavage treatment B Oral gavage treatment

18 h later
18 h later
D-luciferin injection (ip) D-luciferin injection (ip)
15 min later
10 min later
Animal sacrificing by cervical Nembutal injection (ip)
dislocation
5 min later
Dissection and organ
collecting in 5 min
Ex vivo bioluminescence imaging In vivo bioluminescence imaging by
by CCD camera CCD camera
5 min later
Storage of organs in -80° C for RNA Animals were returned to their cages

isolation

Figure 6.A) Summary ofexperimental design @ vivo imaging in bioluminescence imaging experimentseiqoeriment 1, 2, 4, 5, 6 andBj In

vivo bioluminescence imaging setup for experiment 3.

In all bioluminescence imaging experiments, 8-12olkkmice were used and treated once by gaedge 18 h

before luciferin injections and bioimaging anaty@éDetailed information was displayedTiable 3).
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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
LDG268 (also called LG 100268 or LG268) is a potamil specific ligand that binds solely to the RX&sd
not to the RARs (Suh, et al., 2002). We testedathibty of LG268 to induce luciferase in the DR Imouse.
As a control, we used CD271 (also called adapalengynthetic retinoid analog used in dermatolddloarapy
(Differin®) with a higher selectivity for RARandy (Ruhl, et al., 2001).

Experiments were performed upon CD271 (5 mg/kg Bg268 (5 mg/kg bw), CD271 (5 mg/kg bw) and
LG268 (5 mg/kg bw) or control treatments. Controhtains 25% aqueous cremophor solutidable 3). For
this experimentex vivo organ analysis of bioluminescence imaging was gotedl. Male micen=6, per
treatment group) were treated 15 min before killamgl further organ screening with 120 mg/kg D-lkedif
(Bioscience, Budapest, Hungary) via intra-peritbmei@ctions. Mice were euthanized by cervical desition.
Experimental set up is shown Ifgure 6.A. After sacrificing the mice, we collected testisain, spleen, psv
complex, lung, WAT, s. intestine, |. intestine, itinys, heart, kidney, liver and skin for bioluminesoe

imaging. Organs were analyzed under CCD cameraidtuminescence signal.

Organ specific expression based on bioluminescenémaging upon lycopene, ATRA CTRL 1 and 2

(Experiment 2):

In the second experiment, we tested organ speeKression 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-beadlet treatments (CTRLAZRA (50 mg/kg bw in agueous cremophor solutionghwi
the corresponding vehicle treatments (25% aquemmaphor 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 orgdvage (Table 3).

For ex vivo organ analysis, male mice=6, per treatment group) were treated 15 min befdliedkand further
organ screening with 120 mg/kg D-luciferin via axperitoneal injections. We used cervical dislanafor the
killing animals. Experimental set up is shownHigure 6.A. Then the following organs were collected; testis,
brain, spleen, lung, WAT, s. intestine, |. intestiand liver. Bioluminescence imaging was conduetedt is

described previously.
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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 shdwed
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, Hungary) injectiand 10 min later screened for whole body
bioluminescence. Experimental set up is showrFigure 6.A. In vivo imaging of RARE-LUC mice was
measured at several time points following agavage of mice with lycopene (100 mg/kg bw), ATRA (50
mg/kg bw). Mice were imaged at baseline 0 h (thdidates mouse killing and further examination tnioutes
after lycopene-treatment, set as 0 h), just afteopene supplementation and after 6, 12, 18, 244&nk for

total body luminescence.

Gender specific response of luciferase gene uportdpene and beadlet treatment (experiment 4):

In the fourth experiment, female mice were useds( per treatment group) and the same experimensadjiie
was followed as in experiment 1 and 2. Organ sjetitiferase gene expression was compared in fmal
animal groups upon lycopene (100 mg / kg), ATRA &/ kg) and CTRL1 (cremophor) treatmeriiaife 3).
Just cremophor treated animal group (CTRL 1) wéized as control group since no differences wdrgeoved
between luminescence signal of CTRL 1 and CTRLAQugs in previous experiments. (data not shown)2 8-
wk old mice groups were treated just one time 1Before the bioluminescence imaging by oral gavage
administration. Foex vivo organ analysis, female mice=6, per treatment group) were treated 15 min before
killing and further organ screening with 120 mg/Rgluciferin via intra-peritoneal injections. Miceene
euthanized by cervical dislocation Experimental @getis shown inFigure 6.A. We collected uterus-ovary

complex, brain, spleen, lung, WAT, s. intestinéntestine and liver for bioluminescence imaging.

Organ specific expression of luciferase signal updimmato 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 expeis. The experimental design was comparable as
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described in experiment 1, 2, and 4. E®wivo organ analysis, male mice<6, per treatment group) were
treated 15 min before killing and further organestring with 120 mg/kg D-luciferin. via intra-peimtoal
injections. Experimental set up is showrFigure 6.A. After dissection, we collected testis, brainggpl, lung,
WAT, s. intestine, I. intestine and liver for bialinescence imaging. 8-12 wk old male mice groupsewsed
(Table 3).

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 (DNI§ treatments in 8-10 wk old animal&able 3).
Treatments were given by orghvage administration. Male miceng4, per treatment group) were treated 15
min before killing and further organ screening wi?0 mg/kg D-luciferin via intra-peritoneal injeatis. Mice
were killed by cervical dislocation. Experimentat sip is shown irFigure 6.A. After dissecting the mice, we

collected testis, brain, spleen, lung, WAT, s.stitee, |. intestine and liver for bioluminescenc&ging.

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 utilize(Table 3). Male mice (=4, per
treatment group) were treated 15 min before killamgl further organ screening with 120 mg/kg D-leigif via
intra-peritoneal injections. Mice were euthanized dervical dislocation. Experimental set up is showw
Figure 6.A. After sacrificing the mice, we collected testisain, spleen, prostate/seminal vesicule complex,

lung, WAT, s. intestine, |. intestine, liver andikey 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 maredl stored at -8BC for luciferase enzyme activity

assay. Tissue homogenization and luciferase assey a@nducted according to the manufacturer’suonsons.
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Luciferase activity was measured and quantifiechgisVictor 1420-Multilabel counter (Wallac, Per-form

Hungaria KFT, Hungary). Bradford assay was condliftie total protein analysis (experiment 5).

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 expErtm were used for qRT-PCR analysis. RNA isolatias

performed from mouse tissues by means of Tri® Rea@eizol) isolation manual technique.

v' A tissue sample of ca. 100 mg is homogenized withGEN Tissue Lyser in 1 ml of Trizol, using

v

previously autoclaved QIAGEN metal beads.

After 1 minute centrifugation (at 4 °C, 13000 rpaf)the samples, the supernatants are transferted in
1.5 ml Eppendorf tubes.

200 ml of chloroform is added to each sample, ténames are stirred thorought and incubated for 3
minutes at room temperature.

After incubation the samples are centrifuged fonfiButes (at 4 °C, 13000 rpm) and the upper aqueous
phase is transferred into a new Eppendorf tube.

500 ml of isopropanol is added to the samplegestiand incubated for 20 minutes at room tempegatur
After incubation the samples are centrifuged forndi@utes (at 4 °C, 13000 rpm). The supernatant is
discarded.

800 ml of 70 % ethanol is added, stirred shortlg eentrifuged for 5 minutes (at 4 °C, 13000 rpnheT
supernatant is discarded.

RNA pellets are dried for 20-25 minutes in an Egmehconcentrator 5301.

40 ml of nuclease free water (NFW) is added to esahple, stirred and incubated for 10 minutes at
65°C in a BIOSAN Dry Block Heating Thermostat. Sdaspare stirred briefly and cooled down on ice.
The concentrations and purities of the RNA sampes measured by NanoDrop ND- 1000

Spectrophotometer. Samples were kept at -20 °Cfurther usage.

29



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

Two-step Tagman QRT-PCR was performed in ordeuamtfy 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 protagwer the following conditions: 10 min at 25°Q01min
at 42°C, 5 min at 72°C and 10 min at 4°C (Appliedgystems, 2720 Thermal Cycler). Following reaction

mixture has been used.

compound concentration volume in pl
Amount 1 reaction

5xSSilI buffer 8,00

DTT 0.1M | 4,0C

dNTF 25mM | 8,0C

random hexamer primer 3 g/l 0,20

SSlIMnlv 200U/ul| 0,20

volume of Mastermix + 20,40

RNA 3puc | 19,60

total volume 40,00

Table 4. Protocol for reverse transcriptase PCR for moisse¢

The previously obtained cDNA is amplified by the gDINA polymerase enzyme and it is measured

guantitatively in order to determine the mRNA exgsien level of mouse tissue.

gRT-PCR was performed by ABI PRISM 7900 sequentectien system (Gundersen, et al., 2007) as follows
1 min at 94°C, followed by 40 cycles of 12 sec4t®and 30 sec at 60°C. Primers were ordered fropliad
Biosystems (Applied Biosystem, Budapest, Hungaoy)niouse and probe was from ABI (Life Technologies,

Budapest, Hungary). The following reaction mixtigeitilized for FAM-TAMRA assaysTable5).
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Compound Concentration volume in pl (1 ries)t
Watel 2,1C
MgClI2 0.1M 1,20
Tag-buffer 10 x 1,00
dNTP 2.5mM 0,50
Tagpo 5 U/l 0,0¢
primer - 100 puNv 0,04
primer + 100 pNv 0,04
probe 20 uM 0,06
volume of Mastermix + 5,00
cDNA (1:10 dilution 5,0C
total volume 10,0C

Table 5. Protocol for FAM-TAMRA assays in mouse tissue

In case of TagMan ROX-MGB assays, the reactionuméxis modified (5 ml cDNA is added to 5 ml masterm

(Table 6).
Compoun Concentratio volume in pl (1 reactiol
Watel 1,9¢
MgClI2 25mM 1,2C
Taq-buffer 10 x 1,00
dNTP 2.5 mM 0,50
Tagpol 5U 0,06
50 x ROX 0,2(
20 x oligo mix (ABI 0,1t
volume of Mastermix + 5,01
cDNA (1:10 dilution) 5,00
total volume 10,01

Table 6. Protocol forTagMan ROX-MGB assays, in mouse tissue

MRNA levels were normalized to the level of cycldiphexpression, which served as an internal cdritmothe

amount of RNA used in each reaction. Cycle threshaluesabove 40 were scored as under the limit of
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detection (UDL). Relative mRNA levels have beencuokited using the comparative threshold cycle (CT)
method. For data analysis, Sequence Detector Seftiuandqvist, et al., 2005) was used.

Gene targets were as followinBco-1, Bco-2, Cytochrome P450 26B1 (Cyp26bl), Cdlular retinol binding
protein-1 (Crbpl), Cd36 and Retinoic acid receptor responder protein-2 (Rarres2). mRNA levels were
normalized to the level of cyclophilin expressiavhich served as an internal control for the amafriRNA

used in each reaction. Cycle threshold vahles/e 40 were scored as under the limit of detegtitbL).

TagMan ROX-MGB assay was utilized for gRT-PCR. Aslais of genes are as below.

Gene symbol  Gene names Assay ID

Bcol B-carotene oxygenase 1 MmO01251350_m1
Bco2 B-carotene oxygenase 2 MmO00460051_m1
Crbpl Cellular retinol binding protein-1 Mm00441119 _m1
Cyp26bl cytochrome P450 subfamily 26A polypeptide 1 MmOO&36 m1
Cd36 Cluster of Differentiation 36 MmO01208559_m1l
Rarres2 Retinoic acid receptor responder protein-2 MmO00503579_m1

Table 7. Assay ID’s of the genes of TagMan ROX-MGB assay.

Gene name Sequences

Probe for cyclophilin 5-/56-FAM/CGC GTC TCC TTT @GACTG TTT GCA/ 36-TAMSp/-3'
Cyclophilin primer + 5-CGA TGA CGA GCC CTT GG-3'

(forward primer)

Cyclophilin primer - 5-TCT GCT GTC TTT GGAACT TTG TC-3'

(reverse primer)

Table 8. Sequences of probes and primers in FAM-TAMRA assay.

32



Statistical analysis

Statistical tests for comparison of means were operéd using GraphPad Prism version 5. Values are
represented as mean + SEM. For time course expetimepeated measure of 2-way ANOVA was used to
evaluate time dependent changes. Differences bettiee 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 sewxperiment. For the analysis of QRT-PCR (expating),
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.
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4. RESULTS

Induction of luciferase gene expression followitygtemic administrations was demonstrated; timegamndier
dependent effect of luciferase expression wereyaadl in RARE-Luc mice. Additionally, organ specific
luciferase expression upon lycopene, tomato extraxt-lycopene containing beads and ATRA treatmene
investigated. Besides the bioimaging experimen®T-§CR was conducted for the analysis of mRNA
expression of RAR target genes and the genes wdrelpossibly involved in metabolism of lycopeneeTh

latter was done in order to get an insight abossitde pathways of lycopene bioactivation.

4.1. RARE response in transgenic RARE-Luc mouse

4.1.1. Organ specific expression of luciferase sigilhupon synthetic RAR and RXR ligands (experiment }t

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 treatméngure 7
presents bioimaging results for luciferase actiuityarious tissues. CD271 induced luciferase dgtin brain,

testis, spleen, psv complex, s. intestine, thymustestine, lung, WAT, heart, liver, kidney.

LG268 did not induce luciferase activity in anytbé tissues examined. It showed similar expresgaitern

like control treatment except skin. Combined treatta resulted in activities similar to the treatin@ith only
CD271. The organ specific expression results oftgtic RAR and RXR ligand treatments demonstralted t
compatibility of our transgenic mouse model to euperimental design. We confirmed the dependency of
RAR transactivation for luciferase activity CD2&Yyiithetic RAR ligand) treatment.
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Figure 7. Quantification was based on intensity of light ssion calculated by the Andor 1Q imaging systenfsasoe displayed as integrated
intensity / area. The order of the graphs is stgrfiom the highest to the lowest integrated intgrisarea in CD271. Control contains 25% aqueous
cremophor solution. Experiments were conducted @bg71 (5 mg / kg bw), LG268 (5 mg/kg bw), CD271n(g/kg bw) + LG268 (5 mg/kg bw)
or control treatments. psv; prostate / seminaloudsicomplex, wat; white adipose tissue. Valueseaipressed as mean + SHM; 6. (*p<0.05).
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4.1.2. Organ specific expression of luciferase sigihupon lycopene and control-beadlet treatments (@eriment 2):

Bioluminescence signal was detected in the basal i®r most of the organs. After CTRL 1 and CTRL 2
treatments, highest basal activity was obtainetthéntestis and brain (S&egure 8 for further definition). It is
followed by the spleen, lung, WAT, s. intestinejntestine and liverKigure 8). We analyzed testis, brain,
spleen, lung, spleen, WAT, s. intestine, |. intestand liver. Lycopene treatment resulted in sigguiitly

induced imaging signal over liver, lung, WAT andhkestine compared to the control. Mice treatethwWwTRA

induced bioluminescence signal in s. intestinmtéstine, spleen, lung, WAT and liveétigure 8) (* P<0.05).

w
z
:
%

TESTIS

BRAIN

SPLEEN

LUNG

WAT

S. INTESTINE

L. INTESTINE

LIVER

MIN

Figure 8. Representative bioimaging pictures nfvivo bioluminescence imaging of male RARE-LUC mice dagpig black and white (B/W)
photograph for orientation in addition to corresgiog bioluminescence images of organ specific esgiom based on bioluminescence imaging in
RARE-LUC male mice upon a single oral gavage treatrwith lycopene (100 mg / kg bw), ATRA (50 mgg bw) and corresponding CTRL 1 and
2 treatments (experiment 1). The color patterrhatright side of the figure shows the maximum (max)l the minimum (min) bioluminescence

signal based on integrated intensity / area. WARitevadipose tissue, s. intestine; small intestiriatestine; large intestine

The organ specific expression was analyzed usirantgative bioimaging analysig=igure 9). The organ

specific expression resulted in differential patteupon lycopene and ATRA applications in biolurstence
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imaging experiments. Since the basal level of baaid testis was very high, induction was not olesgvpon

supplementations. During the bioimaging experimehl,RA demonstrated higher RARE activity than

lycopene. The results after plotting graphs cardsm inFigure 9.
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Figure 9. Quantification was based on intensity of light esiua calculated by the Andor IQ imaging systemsvemfe displayed as integrated

intensity / area. The order of the graphs is stgrfrom the highest to the lowest integrated intgn'sarea data after ATRA-treatment. Values are

expressed as mean + SEM= 6. (* p<0.05; ** p<0.01). CTRL 1 indicates control treatment for ATRAd contains 25% aqueous cremophor

solution whereas CTRL 2 (1000 mg / kg bw) indicatestrol treatment for lycopene with lycopene-foeads.
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4.1.3. Time dependent response of RARE-LUC mice tgcopene and ATRA treatments (experiment 3):

We observedhat the bioluminescence signal can be readilgdet in the basal state. The bioluminescence
signal increased in a time-dependent manner in tnga¢ed with both lycopene and ATRRigure 10.A and
B). Lycopene treatment increased the RARE mediatedetase expression non-significantly at 12aind
reached the highest induction level at 18 h (Yokagaet al., 2000) in comparison to 0 h. It wasoiekd by
bioluminescence decay in total body luminescendié 48 h. Lycopene and ATRA treatments did not edvee
significant difference with each other in statiatianalysis. During the time course study, thensity of light
emission gradually increased in the abdominal regieainly in testis, s. intestine, I. intestin@gli and adipose
tissue regions. However, we could not identify tingan-specific signals using vivo imaging studies except
for testis. Time course studies of ATRA treatedamase significantly after 6 h and 12 h in compariso 0 h.
During the time course experiment, mice treated WTRA had a higher total body bioluminescence aign
which peaked after 6 h, than after treatment wytopene. Bioluminescence imaging results can be ase

integrated intensity/area upon lycopene and ATRAtments in certain time pointsigure 10.B)

- LYCOPENE
o -= ATRA
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(integrated intensity / area)
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Figure 10.A) In vivo bioluminescence imaging of male RARE-LUC mice digpig black and white (B/W) photograph for orieigatin addition to
corresponding bioluminescence images of selectgdnar of male RARE-LUC mice upon lycopene (100 nig /bw) and ATRA (50 mg/kg)
(experiment 3) treatments. The color pattern atrtpht side of the figure shows the maximum andimim bioluminescence signal based on
integrated intensity / are®) Time dependent RARE-LUC signaling in mice uponoolyene and ATRA treatments (experiment 2). Miceewer
imaged at baseline (0 h) and after 6, 12, 18, 244énh for total body luminescence. Statisticalleon was made using repeated measures of 2-
way ANOVA test in comparison to the baseline leieh). Values are expressed as mean + SN, * shows statistically significant upregulation
upon treatment. CTRL 1 indicates control treatnientATRA and contains 25% aqueous cremophor salutibereas CTRL 2 (1000 mg / kg bw)

indicates control treatment for lycopene with lyeop-free beads.
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4.1.4. Gender specific response of luciferase gamgon lycopene and control treatment (experiment 4):

Uponorgan specific luciferase gene expression anailysizale mice, the same experimental design wasezppl
to female mice after lycopene (100 mg / kg bw) Hredcorresponding control treatment (CTRLRgure 11.A
andB shows the bioluminescence imaging of RARE-LUC flenrmaice upon lycopene and CTRL 2 treatments.
In the reproductive organs, same expression psofilere apparent in different genders, uterus inrafermice
showed the highest basal levEidure 11.B) while testis in male mice displayed the highesta signal. In
female mouse, we observed comparable expressitermpatith male mouse. Among the organs spleen stiowe

the highest luminescence signal.
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Figure 11.A) Heat map generated from bioluminescence datactefy integrated intensity / area upon lycoper@d(ing / kg bw) and CTRL 2
treatments in female RARE-LUC mice=(6) (experiment 3)B) Representative pictures of uterus as black anidlewB/W) for orientation and

corresponding bioluminescence images. WAT; whiip@gk tissue, s. intestine; small intestine, kstibe; large intestine.
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4.1.5. Organ specific expression of luciferase sigihupon tomato extract treatments (experiment 5):

Two different groups of male mice were treated witmato extract in aqueous cremophor suspension and
vehicle control (CTRL 1) for the examination ofstie specific bioluminescence signal. The amoumnbmfto

extract was adjusted to equal 100 mg lycopenebWkgsed in the previous mouse experimenéble 3).

Upon treatment with tomato extract the biolumineseein the treated mice was similar to those dytpene
treatment Figure 12). We observed induction of RARE-activity in luryer, spleen, s. intestine, |. intestine,

WAT after tomato extract treatmenEiQure 12). After tomato extract treatment, spleen displayeégher

bioluminescence signal (6 x up-regulation, baSkggre 12) in comparison to lycopene-treatments.
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Figure 12. Bioluminescence data reflecting integrated intgr/sitrea upon CTRL 1 and tomato extract treatmentsale RARE-LUC mice

(experiment 5). Shows statistically significant upregulation upcgatment. (<0.05; ** p<0.01).
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4.1.6. Organ specific expression of luciferase sigihupon apo-10-lycac treatment (experiment 4):

Upon lycopene treatment, we have examined potelytapene metabolites in our transgenic mouse model
Apo-10-lycac was synthesized (Reynaud, et al., POAdcording to our bioluminescence imaging resukie
reported that apo-10-lycac treatments can initi@esactivation of RAR in a transgenic reportemalimodel

in psv complex, lung and WAT (Gouranton, et al120
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Figure 13. Quantification was based on intensity of light esiua calculated by the Andor IQ imaging systemdveafe displayed as integrated
intensity / area. The order of the graphs is stgrfrom the highest to the lowest integrated intgr/sarea data after ATRA-treatment. CTRL 4
represents DMSO. psv; prostate and seminal vesiadenplex, WAT; white adipose tissue. Values arpressed as mean + SEM,= 6. (

p<0.05:" p<0.01) Bioluminescence imaging results of DMSO anemophor showed similarity (data not shown). Tfoeee cremophore results

were used as control for both treatments.

4.1.7. Organ specific expression of luciferase signapon apo-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 wemmpared with ATRA and CTRL1 (cremophor) treatments
The organ specific expression resulted in diffeeérgatterns upon apo-14-lycac and ATRA applicatiam

bioluminescence imaging experiments. High basatllevas observed in brain and testis like in presiou
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experiments. Therefore, induction was not obsenyash supplementations of apo-14-lycac as in theigue
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 weifound.

The results after plotting graphs can be sedtigare 14.
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Figure 14. Quantification was based on intensity of light esiua calculated by the Andor 1Q imaging systemdvearfe displayed as integrated
intensity / area. The order of the graphs is stgrfiom the highest to the lowest integrated intgnsarea data after ATRA-treatment. DMSO was

used as CTRL 4. psv; prostate and seminal vesicolaplex, WAT; white adipose tissue. Values areesged as mean + SENz= 6. (* p<0.05;**

p<0.01)
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4.1.8. Luciferase assay (experiment 8):

In addition to bioimaging results, we focused oge ttwvo important organs liver and testis. Further we
conductedprotein luciferase assay for these organs. Inltiigerase assay we determined luciferase activity
expressed as RLWg protein in homogenized organs extracts. We cawtl find any alteration in testis

luciferase activity, while we observed an up-regiatain the liver after lycopene treatmenisdure 15).
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Figure 15. Luciferaseprotein expression / total proteiRL(U/ug) analysis for liver and testis upon lycopene aidRC 2 treatments in male RARE-
LUC mice (experiment 5). Values are expressed asmmeSEM,n = 6. (* p<0.05;** p<0.01)

4.2. Analysis of lycopene influence on gene exprassof 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. Additionalle found decrease in tlBzo-1 mMRNA expression in testis
while we did not find alteration for the liver (cle to significance, P=0.085) upon lycopene treatr{fégure
16). Cd36 expression remained stable in testis, but we w@bdeup-regulation ofCd36 expression after
lycopene-administration in liver. The expressidnhe retinoid target genes: cellular retinol bimgliprotein 1

(Crbpl), Rarres2 and the retinoid metabolizing enzy@gp26bl was additionally examined in testis and liver.
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In the liver and testis we found an increased esgpo@ ofCrbpl as well aCyp26bl after lycopene treatment
compared to the control. We could detect the rétitarget geneRarres2 expression just in liver samples
because it was under detection limit in the teansl its expression displayed an increase afterphe

treatments in liver as welF{gure 16).
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Figure 16.A-B. qRT-P CR analysis of testis and liver tissuesBoo-1, Bco-2, Cd36, Cyp26bl, Rarres2, Crbpl upon lycopene and CTRL 2

treatments in male RARE-LUC mice (experimertt ®rlues are expressed as mean + SEMSB. (* p<0.05;** p<0.01).

® Cyclophilin was used as endogenous housekeepirg gen
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5. DISCUSSION

This study demonstrates that lycopene, an acyalietenoid with no previously proven pro-vA activity able
to activate RAR-mediated transcriptional activatgathways 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 gmgsdepending on the expression of non-specifiotegoid-

transporter €Cd36) as well as carotenoid metabolizing enzynigo{1, -2).

RXR, a partner of RAR to form a transcriptionaltuforms various heterodimers with other nucleaeptors.
Therefore cross-talk between vitamin A signallingl ather signalling pathway can also be assessegno.
The RARs and RXRs form heterodimers that bind tcho& acid receptor response elements (RARE) in
regulatory regions of target genes. Upon liganddinig, a conformational change is brought abouthi& t
heterodimer, mediating release of its associatiith @o-repressors and recruitment of co-activatetgch will
promote induction of gene expression (Chambon, 1B86tner, et al., 1995). With the aim of develgpamin
vivo model that monitor retinoic acid receptor (RAR)Bactivation in real-time in intact animals, ouruse
model was generated carrying a luciferase (LUCpntep gene under the control of retinoic acid reseo
elements (RARE) consisting of three copies of adirepeat with 5 spacing nucleotides (DR5) (unghbkt
data) In this transgenic mouse carrying three RARESs ceaipd luciferase reporter gene; luciferase actiwitg
induced by RA. RAR transactivation for luciferasaivdty by synthetic RAR ligand and RA treatmentsva
previously observed in this mouse model. The RX&heg LG268 was not able to induce the luciferagead

in any of the tissues (unpublished data).

So far, highest un-induced RARE-mediated luciferasivity has been found in the reproductive orgahs
male (testis) and female mice (Zhuang, et al., 1@84well as in brain (unpublished data). At phiygiecal
plasma concentrations, RA cannot be taken up hig tg®ssibly owing to its inability to cross thiobd-testis
barrier formed by Sertoli and peritubular cellserdgfore testicular RA might be synthesized locally
(Kurlandsky, et al., 1995). Sertoli cells are irded as the main site of endogenous RA productidastis for
normal spermatogenesis through the uptake of detiom plasma retinol binding protein (RBP) follavg
oxidation of retinol to RA (Cavazzini, et al., 1998 hese observations suggest that the lack of RAiated
luciferase induction in testis may stem from inigpilo take up RA from the circulation. We specalétat the

blood—testis barriers and the blood-brain barréeesprotective barrier in order to keep this enwinent stable
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(unpublished data) and that may be the reason,weéhgould not see any increase of luciferase agtaiter
lycopene treatments to our mice. Our results detramtescompatibility with previous studies. In adulit
reproductive organs like the uterus / ovary andtéiséis as well as the brain indicate the impo®asichighly
controlled RAR-signaling and homeostasis and thatutritional influence by carotenoids should bptko a
minimum (Lufkin, et al., 1993, van Pelt and de Rob991). Other organs like liver, WAT, spleen and |

intestine are easily accessible to nutrients agdlate / balance the organisms due to the nutatiohallenges.

The analysis of bioimaging experiments with tim@eledent ordinal response demonstrated that in TRAA
treated mice, RARE-activation showed a significase after 6 h and maintained a high luciferaseviggtat
least 12 h. Lycopene treatment resulted in a mimives non-significant response after 6 h, there was
difference in total body luminescence speculatingt tycopene needs to be metabolized for elicitnmy
activity and further activation of RARE responge.olrin vivo experiments, we shave the mouse hair in order
to get better signals but skin still covers theaoigy One drawback af vivo full body screening is that the skin
might disturb detection of internal signals. Lowegnals induced by lycopene-treatments like obskfrem ex
vivo experimentsKigure 9) might be influenced more than the strong sigivadsiced by ATRA-treatments.

This might also explain the non-significant valéiesn full body in vivo screening by lycopene-treatmts.

Lycopene treatments induced up-regulation of RAB&ponse in |. intestine, lung, WAT, spleen andrlisng
the bioimaging and this RARE-LUC activity could benfirmed with luciferase protein assays in thediv
(Figure 15). Luciferase assay was conducted for liver antstés further focus on these organs due to their

different RARE-signaling response to lycopene dmirtimportance in carotenoid 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 beadlet and tomato preparation treatm€rdable 3). Although lycopene was the predominant
carotenoid in tomato extract, tomato extract alsotained,3-carotene, phytoene and phytofluene as well as
other bioactive compounds such as antioxidant gagplic compounds or PUFA (Clinton, 1998, Khacleik,

al., 1992). In addition to carotenoids, vitamin T6¢-240 mg/kg), vitamin E (5-20 mg/kg) and flavaloi

contribute the tomato composition (Davies and Hab4881).

The results for RARE-activation were quite compladbr lycopene and tomato extract except a muanger
RARE-activation in the spleen with tomato extrdtprevious studies in humans, it was already tepothat

the addition of tomato juice increased variousdexbf the immune response like the T-lymphocytecfions
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(Bessler, et al., 2008, Watzl, et al., 1999). Imparison, our study with mice used high concermnatiof
lycopene which have no relevance for the humantimrirand mainly focused on the question if lycopen
potential novel and non-identified lycopene metéabsloriginating from lycopene or tomato-extracghtialso
obtain RAR-activation potential. We suggest thdteotcarotenoids or phytochemicals alone or in coatimn

in this tomato extract may positively influence RE#hediated signaling in mouse spleen.

Further insight into lycopene metabolism has itetianew research field on transactivation of nudeamone
receptors. We also performed bioluminescence ingagiith certain potential lycopene metabolites. Alfl-
lycac and apo-14-lycac were synthesized (Reynaudl.,e2011). The apo-10-lycac has been shown tarbe
active metabolite, especially in cancer cells. gdjd_ian et al. demonstrated that treatment of lmubranchial
epithelial cells with apo-10-lycac resulted in theclear accumulation of Nrf2, which is associatathvan
induction of phase Il detoxifying/antioxidant enzgsn(Lian and Wang, 2008). This group previouslyoregd
that apo-10-lycac activated the retinoic acid rémef) (RARB) promoter in relatively high concentrations, and
induced the expression of RARn bronchial and lung cancer cells vitro (Lian, et al., 2007). Our data
strongly suggest that apo-10-lycac is highly activéerms of the regulation of gene expressionuimg| psv
complex and white adipose tissue (WAT) that havegtimal environment for further potential bioaetion to
active metabolites. We have demonstrated that 8pgehc transactivates RAR in adipose tissue iroviv
adipocytes. Such a transactivational effect wagpexted from in vitro data in lung (Lian, et al.,0Z0.
Therefore, apo-10-lycac seems to be an activat®®AR in specific organs, suggesting that an orgsectidic
environment is needed for apo-10-lycac transadtimabf RAR-signaling. Consistently we reportedtthpo-
10-lycac treatments can initiate transactivatiorR&R in a transgenic reporter animal model, andigedthe

expression 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, |. intestine, psmpbex, lung, WAT, liver and kidney induction of RARactivity
were found. Indeed, apo-14-lycac showed very smimauction pattern in RARE-LUC mice. Unknown
lycopene metabolite which might activate the RARhpay might be apo-14-lycac. HPLC-MS studies have t
be done for confirmation. In summary, we suggesit tlgcopene metabolism into apo-lycopenoids is an
important preliminary step toward the expressiotyobpene bioactivity (Gouranton, et al., 2011, Rayd, et
al., 2011).
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For further analyses we used testis and liver RT-6¢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 carotena@thbolizing enzymeBco-1 andBco-2 may contribute to
the lycopene metabolism and the non-specific caoatietransporter CD36 may contribute to lycopentakp
(Moussa, et al., 2011). However, little is knownoabthe impact of lycopene metabolism and lycopene
metabolite induced effects on retinoic acid receptiivation pathways. For confirmation of RAREaation
pathways we also performed additional gRT-PCR enyants for three retinoid response target gendkilae
retinol binding protein 1@rbpl), retinoic acid receptor responder Rafres2) and cytochrome P450 26B1
(Cyp26bl). In the testis and the liver, a strong up-regoiatvas found after lycopene-treatments for ale¢hr
target genesRarres2 was under detection limit in the testis). We hyyesize that the different responses to
lycopene treatments between testis and liver magxXpdained by the fact that there seems to be aioal
betweenBco-1 expression (non-significant up-regulatiof=0.085, seeFigure 16.A) and induced RARE-
activity while alternative explanations involvingher retinoid-metabolizing enzymes and retinoidwgzorters
may also be relevant but have not been investigatethe present study. A down-regulation Bfo-1
expression in the testis may indicate that preeentif increased lycopene (or other carotenoid)velga may
inhibit an increased formation of lycopene / orestbarotenoid-originating RAR-activators. A dowguéation

of Bco-2 expression was also found in the two organs aftapene-treatment and was significant for lived an

testis but seems not to be related to RARE-siggdkigure 10).

Feedback mechanisms have previously been demausfat RA-treatment induced down-regulationBob-1
expression in chickens and rats (Bachmann, e2@02). In the mouse testis, a strong down-reguiatiddco-1
and Bco-2 expression in response to lycopene treatmentsestsgydeedback inhibition in order to maintain
retinoid-homeostasis (Reynaud, et al., 2011). Thesealts are consistent with those obtained bypheh et al.
2006 in rat tissue (Zaripheh, et al., 2006). Theression oBco-1 and-2 seems to be strongly down-regulated
in the testis which fits with our observation tihatopene-administration did not induce RARE-acyivit this
organ. We speculate that the organ specific dowolation of carotenoid-metabolism is a regulated

mechanism to prevent excessive formation of biosachetabolites.

We can summarize the results of bioluminescencagiimga protein assay and gRT-PCR results as a color

diagram inFigure 17.
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Experiments TESTIS LIVER
Experiment 2 RARE-bioimaging
Experiment 6 Protein assay
Experiment 9 Bco-2
Bco-1

Figure 17. Summary of gRT-PCR of carotene metabolizing enzy(Beo-1 and 2), luciferase protein assay, organ specific bioluniease
imaging based RARE activity after lycopene treattrempared to the CTRL2 in RARE-LUC male mice. Degll indicates up-regulation (>2),
light red indicates up-regulation (>1,2 - <2), wehihdicates under detection limit, grey indicateschange, dark blue indicates down-regulation,

(>1,2->2).

One remaining question is why we did not see irsgdaRARE-bioluminescence but an increased retinoid
target gene expression in the testis. So far, Bighe-induced RARE-mediated luciferase activity bagn
found in the reproductive organs of male (testig) ®emale mice (Zhuang, et al., 1994) as well agrain. At
physiological plasma concentrations, RA can’t detaup by testis, possibly owing to its inabilitydross the
blood-testis barrier formed by sertoli and peritiabweells; therefore testicular RA might be sysiked locally
(Kurlandsky, et al., 1995). Sertoli cells are irded as the main site of endogenous RA productidastis for
normal spermatogenesis through the uptake of fefiam plasma RBP following oxidation of retinol A
(Cavazzini, et al., 1996). These observations sstgpat the lack of RA mediated luciferase induttio testis
may stem from inability to take up RA from the cil@tion. We speculate that the blood—testis bar@ed the
blood-brain barriers are protective barrier in orttekeep this environment stable (unpublished)data that
may be the reason, why we could not see any inerehtuciferase activity after lycopene treatmeiatour
mice. Our results demonstrate compatibility witeypous studies. In addition, reproductive orgake lihe
uterus / ovaryKigure 11.B) and the testisHigure 8) as well as the brain indicates the importancéighly
controlled RAR-signaling and homeostasis and thatutritional influence by carotenoids should bptko a
minimum (Lufkin, et al., 1993, van Pelt and de Rob991). Other organs like liver, WAT, spleen and |

intestine are easily accessible to nutrients agdlage / balance the organisms due to the nutatiohanges.

Though testis has high lycopene content, lycopepplementation does not influence the luciferaseviac
There exist specific pathways and receptors instékei, et al., 1997, Zechel, 2005). For instageem cell

nuclear factor is a receptor with unknown functiand has been just found in testis. It takes place i
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differentiation process in testis. Additionally TRédceptor is also specific to testis. It is knovinatt TR4
competes to RAR to its higher binding affinity ampresses the RA induced transactivation (Leel,,e1308).
Such receptors can prevent the activation of RARRvpays in testis. Thus, we may not observe incit&%R

activity by bioimaging in testis.

We suggest that the high basal activity of endogemARE-signaling in the testis might just leaddtatively
small increase of RARE-bioluminescence but seemisetsufficient 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 testeu(Bret al., 2000, Guo, et al., 2001, O'Shaughness}.,
2007) while RARE-LUC signaling is exclusively basad the RARE-LUC construct mediated activation and
signaling (Jaensson-Gyllenback, et al., 2011, Ss@nset al., 2008, van de Pavert, et al., 2009ylithahally,
post-translational and transcriptional modificaiomay cause slightly different results in proteird ggene

expression based studies.

In summary, we observed that lycopene, potent@pgne metabolites and tomato extract have thayatul
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 poterdfalycopene was organ selective and this activati@ay
depend on the expression of non-specific carotetraigsporters and carotenoid metabolizing enzyrés.
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 metakm. The exact regulation of lycopene metaboligpttake

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

examination in our laboratories.
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6. SUMMARY

Lycopene is an acyclic carotenoid containing elegenjugated double bonds and lacks fa®nine ring
structure present typically in pro-vA carotenoidiserefore it is suggested to be non pro-vA carateno
Lycopene is a lipophilic carotenoid which is respibie for the red color of various fruits and vegggés 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 pRarjhe
mechanism of action of these beneficial effectsuaedl by lycopene / tomato preparations remaing stil
unknown, but it is suggested that nuclear hormaeeeptor 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 edubke 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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