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Abstract

ABSTRACT

In the search for new cancer chemo-preventive compounds, hundreds of naturally
occurring molecules have been evaluated. Among these, antioxidants appear to be
very promising. In this contest, over the last decade retinoids, natural and synthetic
substances structurally related to vitamin A, are often used as part of a combined
therapy and have been object of intense investigation. However, clinical trials have
shown that retinoids can aso be deleterious and are associated with the activation of
proto-oncogenes, leading to an increased incidence of neoplasias. In fact, retinoic
acid (RA) partition is regulated by cognate intracellular lipid binding proteins
(iLBPs): cellular retinoic acid binding protein 1| (CRABP-II) delivers RA to RARS,
while fatty acid binding protein 5 (FABP5S) shuttles the RA to PPARp/S. In cells with
high CRABP-II/FABPS5 ratio, RA functions through RAR acting as a pro-apoptotic
agent, while signaling through PPARB/6 promotes survival in those cells highly
expressing FABPS5. So that, in some tissues RA promotes cell survival and
hyperplasia. The apparently conflicting data regarding the pro-oxidant/ anti-oxidant
and proliferative/anti-proliferative potential of different retinoids molecules,
stimulated us to investigate the effect of RA on cell proliferation and its mechanisms
in two different tumor Leydig cell lines (MLTC-1 and R2C) using as normal
phenotype counterpart the Leydig TM-3 cell line. Our previous data demonstrated
how pharmacological doses of RA induce cell death via the apoptotic pathway in
Leydic TM-3 cdll line. Recently dose-response treatment of TM-3, MLTC-1 and R2C
with RA at nutraceutic/physiological doses, promotes cell proliferation accompanied
by stimulation of antioxidant enzymes activity (CAT, GST), decreases p21 levels and
fosters cell cycle progression via activation of the |P3K/Akt pathway in the cancer
cell line, while administration of pharmacological doses of RA still results in
apoptosis. Interestingly treatment with 500 nM of RA resulted in cytosolic
vacuolization, hallmark of the autophagic process. Autophagy is a major cellular
pathway for the degradation of long-lived proteins and organelles in eukaryotic cells.
A large number of intracellular/extracellular stimuli, including amino acid starvation,
testosterone production and invasion of microorganisms are able to induce
autophagic response. In addition, retinoic acid is also implicated in a post-trangation
modification called retinoylation that modify, in vitro, the activity of the
mitochondrial carrier oxo-chetoglutarate (OCG).

Moreover, retinoids are often used as part of a combined therapy, their action is
prevalently mediated by two types of receptor RAR and RXR. This latter, is aso
called master coordinator due to its versatility to heterodimering with several nuclear

receptor. Thus, we have elucidated the molecular mechanism by which combined
1



Abstract

treatment with rosiglitazone (BRL) and 9 cis retinoic acid (9cRA) at nanomolar doses
triggers apoptotic events in breast cancer cells, suggesting potential therapeutic uses
for these compounds, demonstrating an up-regulation of tumor suppressor gene p53
and its activity is due to the NFKB site, giving emphasis to the potential use of the
combined therapy with low doses of both BRL and 9cRA as novel therapeutic tool
particularly for breast cancer patients who develop resistance to anti-estrogen
therapy. Recently, 9cRA was found as endogenous in pancreas highlighted its rule in
both glucose stimulated insulin secretion (GSIS) mechanism and glucose
homeostasis, establishing it as autocoid hormone with a unique physiological
function among retinoids, and broaden insight into mechanisms of GSIS.
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INTRODUCTION

1. atRA: multiple effectsin different biological systems

Current approaches to cancer treatment are maastigdoon cytotoxic and cytostatic
mechanisms to eliminate malignant cells. Thesemaeological strategies, although
efficacious toward the malignant cells, show a nembf toxic side effects which
frequently hamper or drastically reduce their udenewer dimension in cancer
management is the increasing awareness that chewampion, namely the
administration of chemical agents (both natural aydthetic) to prevent the early
events of carcinogenesis, could be the most dinast to counteract malignancy
development and progression (Della Ragione et @0R In the search for new
cancer chemopreventive compounds, hundreds ofallgtoccurring molecules have
been evaluated over the past few years. Amongdbata able to lower the rate of
malignant transformation, antioxidants appear todrg promising. Indeed, diets rich
in antioxidant molecules are clearly associated waitdiminished risk of cancer at
various anatomical sites (Della Ragione et al. 2000e oncoprotective properties of
exogenous antioxidants have been documented inngberuof epidemiological,
intervention andn vitro studies. However, the mechanisms implicated ardrdan
being clarified. Antioxidant effects, steroid retampbinding, direct interaction with
intracellular elements and signaling systems aackntly, aryl hydrocarbon receptor
(AhR) binding and modification of subsequent sigmalpathways (Ciolino et al.
1999:; Jellinck et al. 1993; Le Ferrec et al. 200@e & Safe 2001; Liu et al. 1994;
McDougal et al. 2001) have been proposed as pessibthanisms for the mediation
of the oncoprotective effect of these agents. Eroge antioxidants are exclusively
produced by plants; they are divided into watetisiad antioxidants (e.g. vitamin C)
and lipid-soluble antioxidants (e.g. vitamin A, antin E, B-carotene). Some
intervention studies have questioned the effecégenof specific antioxidants in

tumor prevention. This suggests that the use aetltempounds as chemopreventive
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agents must await more detailed knowledge of thrchanism of action and their
interactions with genetic phenotypes and envirorir(i@alla Ragione et al. 2000).

In this contest, over the last decade retinoidsehbeen the object of intense
investigation. Retinoids are natural and synthstibstances structurally related to
retinol, the vitamin A (ROL). Major sources of nedlretinoids are animal fats, fish
liver oil (retinylesters), and yellow and green g&&bles (carotenoids). Ingested
retinylesters (RE) are hydrolyzed to ROL by entésalrolases in the intestine. ROL
and carotenoids are absorbed by intestinal mucefia. ©f the carotenoids, b-
carotene is the most potent ROL precursor, yes isik-fold less effective than
preformed ROL, which results from incomplete resorpand conversion (One ROL
equivalent is equal to 1 mg of ROL, 6 mg of b-canat, or 12 mg of mixed
carotenoids) (Blomhoff et al. 1991). After integtirabsorption, retinoid production
from carotenoids can occur by two pathways: firstinal (RAL) can be synthesized
by oxidative cleavage of the central double boribfeed by reduction to ROL by a
microsomal retinal reductase (Kakkad & Ong 198&rdsithe cellular retinol binding
protein-Il (CRBP-II) protects RAL from oxidation tm retinoic acid (RA). Second,
apo-carotenoids are formed through excentric clgavallowed by transformation of
the apo-carotenoid acids into RAs (Wang efl@b1). In the intestinal cell, ROL also
forms complexes with CRBP-II. This ROL-CRBP-II cole serves as substrate for
the esterification of ROL to RE by a lecithin:retinacyltransferase (LRAT)
(MacDonald & Ong 1988) with long-chain fatty acidghich are incorporated by
chylomicrons (Blomhoff et al1990). The fatty acids reach the general cirootati
where they undergo several biochemical changeshaalymph RE-chylomicron
complexes. This leads to the formation of sevehglamicron remnants, which in
turn are cleared primarily by the liver, althougtirahepatic chylomicron uptake has
been shown also in bone marrow and spleen, anddssar degree in testes, lungs,
kidneys, fat, and skeletal muscle (Blomhoff 1994orBnoff et al. 1991). In the
parenchymal hepatocytes, chylomicron-RE complexesgdrolyzed and free ROL

binds to retinol binding protein (RBP), its serunansport protein. Excess ROL
4



I ntroduction

undergoes a paracrinic transfer from the hepatectdethe perisinusoidal stellate
cells, calledvitamin A storage or Ito cdlls, for storage (Hirosawa & Yamada 1973).
Approximately 50 to 80% of the total body vitaminiA humans is stored in the
stellate cells in the liver in the form of REs. @eding on their lipophilic character,
exogenous and endogenous RA derivatives accumirlatee human body with
highly variable elimination half-lives. This haslie considered especially for the use
of synthetic RA derivatives in clinical therapy (€h et al. 1992). To maintain
constant physiological ROL concentrations in thaspla of approximately 2
mmol/L, ROL can be released from the stellate cdllee RA concentration in the
plasma and other body fluids is approximately 16l@-flower (7 to 14 nmol/L)
(Napoli et al. 1985; De Leenheer et al. 198ang & Russel 1990; Eckhoff & Nau
1990). ROL-RBP complexes released from the livedlio transthyretin, a serum
protein named for its ability to bind and transpsirhultaneously but independently
from both the thyroid hormone and the ROL-RBP camp(Blomhoff et al
1991).The transfer of retinol to target cells imed a specific membrane-bound
receptors (Sivaprasadarao et al. J9%8has been recently demonstrated that cellular
retinol penetration is based on the interactiomvbeh the RBP-retinol complex and a
membrane receptor STRA6. STRAG6 is a multitransmamdrdomain protein not
homologous to any other proteins with known functidt functions as the high-
affinity receptor for plasma retinol binding prate(RBP) and mediates cellular
uptake of vitamin A from the vitamin A-RBP compleXhe complexity of the
metabolic pathways for retinoids and the likelihdbdt these are altered by diseases
suggest that such novel strategies will be forthogmMultiple studies are underway
to define the steps of retinoid metabolism where ube of modulating drugs might
influence the results of therapy thereby leadinght® most profound effects with

regard to the clinical outcome.

Retinoids are promising agents in the chemopremenand treatment of the
neoplastic disease. They exert antiproliferative differentiation-inducing effects on

cancer cells and are used in the prevention amdment of certain types of human
5



I ntroduction

cancer and precancerous lesions (Gudas et al. 1984n 1996). Their action is
mediated by two types of receptors, the retinoid eeceptors (RARS) and retinoid X
receptors (RXRs) (Chambon 1996) belonging to therogt/thyroid hormone
receptors superfamily. There is substantial evidaencvitro that retinoids exert their
effect through the induction of apoptosis in tummells including hepatoma,
leukemia, breast cancer and embryonal carcinomialioes (Nagy et al. 1995;
Nakamura et al. 1995; Horn et al. 1996; Kim efl@b6;Li et al. 1999). The action of
retinoids in promoting apoptosis may explain thecancinogenic properties of these
compounds. Apoptosis, an active and programmaed tdrcell death, is a multistep
process (Hengartner 2000) that plays an importate i the regulation of
development morphogenesis (Vaux & Korsmeyer 192@)|] homeostasis, and
diseases such as cancer, stroke, and ischemic dmsadse (Thompson 1995).
Apoptosis is characterized by morphological changesduding progressive cell
shrinkage with condensation, fragmentation of rarclehromatin and membrane
blebbing (Kerr et al. 1980). Two apoptotic pathwayswhich cells can initiate and
execute the cell death process, the extrinsic hadrttrinsic, have been identified
(Green 2000; Johnstone et al. 2002). The extripaibway is initiated by ligation of
transmembrane death receptors (CD95, TNF recepiua, TRAIL receptor) to
activate membrane proximal caspases (caspase-8.@nhdThe mammalian caspase
family comprises at least 13 known members, mostlath have been definitively
implicated in apoptosis. In vitro experiments sugjgidat several caspases could
activate by themselves, while others require atibtmaby other caspases, acting as a
proteolytic cascade (Nicholson & Thornberry 199Caspase-3, -6, and -7 are
terminal members of caspase cascade and recogitizal cellular substrates, whose
cleavage contributes to the morphological and fonal changes associated with
apoptosis (Thornberry & Lazebnik 1998). Caspaset®ation also results in DNA
cleavage via inactivation of an inhibitor of the BNragmentation factor, the
endonuclease responsible for internucleosomal abgav of chromatin
(Wickremasinghe & Hoffbrand 1999). Recent findirgf®wed that caspase-3 has a

6
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mitochondrial and cytosolic distribution in non-gpatic cells (Mancini et al. 1998).
The mitochondrial caspase-3, which is located ia itermembrane space, was
shown to be activated by numerous pro-apoptotoustiand this activation could be
blocked by bcl-2 (Mancini et al. 1998). Once thepases are activated, the cell is
irreversibly committed to cell death (Reed et @9@). The intrinsic pathway is
initiated in the cells by the loss of integritytbe outer mitochondrial membrane and
the release of cytochrome c into the cytosol (Hirstal. 1997; Green & Reed 1998;
Joza et al. 2001; Zamzami & Kroemer 2001). Therodytome c, an essential
constituent of the respiratory chain, is releasenfmitochondria into the cytosol
and induces a conformational change in Apaf-1 (ag@pprotease activating factor-
1) that results in the activation of a cascadeagspase proteases with consequent cell
death (Yang & Cortopassi 1998; Susin et al. 1998 release of cytochrome c is
associated with the mitochondrial permeability sisgon (MPT). Indeed, it is
associated with depolarization of the mitochondnaker membrane potential, loss of
the H+ gradient, uncoupling of oxidative phosphatigh, ATP depletion,
mitochondrial swelling and disruption of the outemitochondrial membrane
(Wudarczyk et al. 1996; Bindoli et al. 1997; Koweaiski et al. 1997; Bossy-Wetzel
et al. 1998; Vieira et al. 2000). Among the nontgim effectors, calcium ion is the
most important inducer of MPT (Petronilli et al. 989 Schild et al. 2001).
Mitochondria are vulnerable targets to toxic injuoy a variety of compounds
because of their crucial role in maintaining cetulstructure and function via
oxidative phosphorylation and ATP production. Thenslocation of cytochrome ¢
into the cytosol represents a central point in maoyns of apoptosis, since
cytochrome c is a fundamental component of the tygome, responsible for caspase

activation.

There are a growing number of in vitro experimed&nonstrating that active
retinoids, as well as RA, antagonize cell growthairvariety of non-tumoral and
tumoral cells, characterizing them as potentiahubierapeutic agents (Okuno et al.

2004; Kuratomi et al. 1999; Dragnev et al 2003yeked, this class of agents finds
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clinical application or is proposed also in thetreent of various neoplastic diseases,
among which, acute promyelocytic leukemia (APL}he most prominent example.
The observation that atRA induces remission in Alfitbugh a mechanism of action
that is dinstinct from cytotoxicity, is regarded asmilestone in the history of
medicine (Huanget al. 1988) The retinoid is the first and only example of dilly
succesfull cytodifferentiating agent. Fenretinide,synthetic retinoid, has shown
efficacy in the secondary chemoprevention of breasicer (Veronesi et al. 1999).
Cytodifferentiation is a particularly attractive daity of treatment and
differentiating agents promise to be less toxic amate specific than conventional
chemotherapy. Currently, the promise of differamdgmatherapy is only partially met
and a more general use of atRA and other retinaglglifferentiating agents in
oncology is hampered by a number of problems inefydatural and acquired
resistance as well as local and systemic toxiGiterefore, retinoids are often used as
part of a combined therapy. atRA and derivativeslutate the activity of numerous
genes and intracellular pathways. On the other hedactivity of nuclear RARS is
controlled by various signals, including differéppes of kinase cascades. Often the
cross talk between atRA-dependent and other igittdar pathways modulates the
cytodifferentiating activity of the retinoid. Then&wledge on the molecular
mechanism underlying this cross talk has increasadendously over the course of
the last few years. In cell cultures, the cytoddfdiating activity of retinoids is
almost invariably accompanied by growth inhibitiamd the two processes are
difficult to dissociate (Giannet al. 2000). On the other hand, retinoid-dependent
cytodifferentiation is not necessarily associateth well death or apoptosis. Indeed,
classical retinoids are relatively weak apoptogergs and, in some cases, they even
exert a prosurvival action (Lomeet al. 1998). These aspects of retinoids
pharmacology need to be considered when discugbimguse of such agents in
oncology. An antiproliferative effect superimposted cytodifferentiation is highly
desirable, whereas an  antiapoptotic  action shoulde bavoided.

A generalized use of retinoids in oncology is haregeoy a number of unresolved

8
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problems including natural and induced resistarscavell as toxicity issues are of
particular evidence, given the fact that differattin therapy with retinoids requires
prolonged administration of the agents. Chronicosxpe to retinoids is accompanied
by serious effects at the level of central nervand hepatic systems, as well as the
well-know teratogenic problems associated with theéministration of these
compounds. Clearly these problems call for strategaimed at increasing the
efficacy and the therapeutic index of retinoidseleping novel, more powerful and
less toxic syntethic retinoids and identifing n@tiroid agents capable of

potentiating the pharmacological activity of retol®without affecting their toxicity.

It has been suggested that retinoids act as ad#pis in biological systems,
assuming a role in antioxidant therapies for tremirand prevention of malignant
and neurodegenerative diseases (Okuno et al. 26f@4)ever, clinical trials have
shown that retinoids can also be deleterious aadssociated with the activation of
proto-oncogenes, leading to an increased inciderficeeoplasias (Omenn 2007).
Transcriptional activation of the nuclear recep®AR by RA often leads to
inhibition of cell growth. However, in some tissueé promotes cell survival and
hyperplasia: these activities are unlikely to badiaed by RAR (Henion & Weston
1994; Rodriguez-Tebar & Rohrer 1991). In additiomattivate RARs, RA can also
stimulate the nuclear receptor PAAR (peroxisome proliferator-activated receptor
B/5), and therefore the list of genes and cellulapoases controlled by this hormone
include both RAR and PPAI®-targets. The partition of RA between its two
receptors is regulated by cognate intracellulardlipinding proteins (iLBPS);
moreover, cellular retinoic acid binding proteif@RABP-II) delivers RA to RARSs,
while fatty acid binding protein 5 (FABP5S) shuttlde RA to PPAR/S (Shug et al.
2007). In cells with high CRABP-II/FABPS5 ratio, Riinctions through RAR acting
as a pro-apoptotic agent, while signaling throuBRB/6 promotes survival in those
cells highly expressing FABP5. The opposing effeatsRA on cell growth thus
emanate from alternate activation of two differewiclear receptors (Shug et al.

2007). The apparently conflicting data regarding gro-oxidant/ anti-oxidant and
9
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proliferative/anti-proliferative potential of diffent retinoids molecules, stimulated us
to investigate the effect of RA on cell prolifemti and its mechanisms in two
different tumor Leydig cell lines (MLTC-1 and R2@sing as normal phenotype
counterpart the Leydig TM-3 cell line. Previous aat demonstrated how
pharmacological doses of RA induce cell death h@apoptotic pathway in Leydic
TM-3 cell line (Tucci et al. 2008). Here we reptrat dose—response treatment of
TM-3, MLTC-1 and R2C with RA at nutraceutic/physigical doses, promotes cell
proliferation accompanied by stimulation of antobemt enzymes activity (CAT,
GST), decreases p21 levels and fosters cell cyagression via activation of the
IP3K/Akt pathway in the cancer cell line while admstration of pharmacological
doses of RA results in apoptosis either in TM-3agreement with the literature
(Tucci et al. 2008pnd R2C and MLTC-1 tumoral cell line. Interestingtgatment
with 0.5 uM RA resulted in cytosolic vacuolization, hallmadf the autophagic
process Autophagy is a major cellular pathway for the degteon of long-lived
proteins and organelles in eukaryotic cells(Yoshink904). A large number of
intracellular/extracellular stimuli, including anwnacid starvation and invasion of
microorganisms, are able to induce the autophagipanse in cells. Autophagic cell
death is morphologically characterized by an acdatimn of autophagic vacuoles.
Macroautophagy (which we will refer to as ‘autopfiagivolves the sequestration of
cytosol or cytoplasmic organelles within double rbeames, thus creating
autophagosomes (also called autophagic vacuolagpphagosomes subsequently
fuse with endosomes and eventually with lysosomdisereby creating
autophagolysosomes or autolysosomes. In the lunfethese latter structures,
lysosomal enzymes operating at low pH then catabdlhe autophagic material
(Levine & Klionsky 2004; Shintani & Klionsky 2004 addition to the degradation
of cellular proteins and organelles, autophagy sarve as a temporary survival
strategy to defend against damage caused by emwratal changes through the
sequestration of noxious substance (such as cedgregation-prone proteins or the

expression of aggregating mutant variants of spegrbteins) and injured organelles.
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Furthermore, autophagy may also be a strategy dtfrdestruction through the
induction of programmed cell death (PCD), whicldiféerent from apoptosis (Bursch
et al. 2004). Both apoptosis and autophagy canrammcomitantly in the same cells,
suggesting the involvement of common regulatory macsms (Kondo et al. 2005).
Moreover the redox environment of the cell is cotlge thought to be extremely
important to control either apoptosis or autoph@ipattela 2004; Gurusamy & Das
2009).

It has generally been believed that most of thetfans of vitamin A are mediated by
the nuclear retinoic acid receptors, RAR and RXRdfiker et al. 1994; Mangelsdorf
et al. 1994; Wolf 2000). The activation of retinaicid (RA) in development and cell
differentiation is mediated by these receptors,cwhnteract directly by binding to
specific DNA sequences. In addition to binding eaclretinoid receptors, RA acts
elsewhere in the cells (Bolmer & Wolf, 1982; Smathal. 1989; Varani et al. 1996).
Retinoylation (acylation by RA of protein), a pdsinslational non-genomic
modification, is another mechanism by which RA magt on cells. RA is
incorporated into proteins of cells in culture (Brean and Takahashi, 1996;
Takahashi and Breitman, 1989, 1990, 1994; Touetial. 1996) and into proteins of
rat tissues, both in vivo (Myhre et al. 1996) andvitro (Genchi & Olson, 2001;
Myhre et al. 1998; Renstrom & Deluca, 1989). Theatent linkage between RA
and proteins is probably a thioester or labile @elsond in most cases. Retinoylated
proteins that have been identified so far includ®P binding proteins, vimentin,
the cytokeratins, and some nuclear proteins (Tatah& Breitman 1989, 1990,
1994; Tournier et al. 1996; Myhre et al. 1996, &9Renstrom & DelLuca 1996). In
our current investigation, we have studied OGC iear@activity both from
mitochondria extracted from whole rat testes and-3'Mkells. Previously we have
demonstrated that mitochondria from rat testes ¢Gie&Olson 2001; Cione &
Genchi 2004) and TM-3 cells (Cione et al. 2005) evexxtremely active in
incorporating retinoic acid. Moreover, it was highted how the retinoylation

reaction and testosterone biosynthesis are pdsite@related when Leydig cell
11
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cultures are incubated with atRA at 100 nM (Tudcrle2008). It is well known that
many biosynthetic pathways of testosterone are NARW NADH dependent;
therefore OGC was chosen as the experimental tdogets involvement in the
malate—aspartate shuttle and oxoglutarate—isceifffatittle to provide the necessary
reducing equivalents between cytosol and mitochandnd viceversa. This study
indicates the evidence of a specific interactioriwken atRA and OGC and
establishes a novel mechanism for atRA action, lWwhoould influence the
physiological biosynthesis of testosterone in ¢itues such as retinoic acid

treatment.

2. 9cRA: antitumoral effectsin breast cancer and therapeutic potential for the
treatment of the metabolic syndrome

At nuclear level it is well known that RA functiofyy binding to ligand-inducible
transcription factors (nuclear receptor proteindomging to the steroid/thyroid
hormone receptor superfamily) that activate or espr the transcription of
downstream target genes (Chambon, 1996; SopranopfaBo, 2003). Six nuclear
receptors, termed RAR RARB, RARy, RXRa, RXRB and RXR, encoded by
different genes, have been demonstrated to methatactions of RA. The natural
metabolite allrans RA (atRA) and %is RA are high affinity ligands for RARs,
whereas &is RA, phytanic acid, docosahexanoic acid, and unsted fatty acids,
have been suggested to bind RXRs. These protansetarodimers (RAR/RXR) or
homodimers (RXR/RXR), function to regulate trangttan by binding to DNA
sequences located within the promoter of targeegeamalled retinoic acid response
elements (RARE) or retinoid X response elementsRRX respectively. RAREs
consist of direct repeats of the consensus hafssjuence AGGTCA separated most
commonly by five nucleotides (DR-5) while RXREs aygically direct repeats of
AGGTCA with one nucleotide spacing (DR-1). The RRRR heterodimer binds to
the RARE with RXR occupying the 5’ upstream hateésaand RAR occupying the 3’

12
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downstream half-site. atRA and &3RA bind to and transactivate only RXR/RAR
complexes, while @s RA interacts with both RXR/RAR heterodimers and
RXR/RXR homodimers. RXR/RAR dimers are believed e nonpermissive
complexes, in which RXRs act as silent partnerotimer words, when the cognate
ligand is bound to the RAR moiety, the RXR coundetp loses the ability to bind its
corresponding ligand (Mangelsdorét al. 1993; Mangelsdorf & Evans 1995). In
basal conditions, the RXR/RAR heterodimer is botmthe cognate DNA sequence
(RARE) and interacts with a multiprotein comple)olam as the corepressor (Weston
et al. 2003; Wei 2004). The corepressor (RIP14@px interacting protein 140)
contains protein endowed with the histone deacstyl§HDAC) and DNA-
methylating activity that concur to keep the sunding chromatin structure in a
“closed” state, effectively suppressing the traipsiomal activity of RNA polymerase
[I. On ligand binding the corepressor is releasenfthe RXR/RAR dimer and
substituted by the “coactivator”, which consists afmultiprotein complex with
histone acetylase and demethylase activity (Xuletl@99; Westin et al. 2000)
opening the chromatine structure and favouringstaption. The activity of the
RXR/RAR dimer is also controlled by a number of egsory signals in which
phosphorylation events stand out (Gianni et aD02, 2006). A further layer of
control is represented by the rate of proteoliegmhdation of the RXR/RAR dimer
and the various components of the corepressor @acticator complexes (Gianni et
al. 2006). Little is known about the RXR/RXR patiywvhich is far less studied than
the RXR/RAR counterpart.

This second part of the thesis is based on therexpetal evidence that the nuclear
receptor pathway interacts with numerous otheragaiiular pathways, some of
which are of obvious significance from a therapepint of view. Retinoids have
been proposed in the adjuvant treatment of bremstnroma for their ability to inhibit
growth and induce morphological or phenotypic dédfdiation of breast carcinoma
cell lines (Paiket al. 2003; Yanget al. 2002) and most of the studies have focused

on the antiproliferative activity of retinoids (DBincon et al. 2003). It is generally
13
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accepted that breast cancer cells express -RARARy and RXRu but also
Peroxisome Proliferator-Activated Receptor gammRA[Ry) that can regulate cell
proliferation, differentiation and survival (Lemiger et. al. 1996; Lefebvre et al.
2006). PPAR functions as a transcription factor by heterodimieg with RXR, after
which this complex binds to specific DNA sequentements called Peroxisome
Proliferator Response Elements (PPREs). PPREsi@@ depeats of the consensus
sequence with a spacing of one nucleotide (AGGTCGAGBGTCA) (Palmer et al.
1995). The heterodimer PPAR/RXR activated withrtligands, can bind to PPREs
in promoter regions of target genes recruiting twator or corepressor to this
complex to modulate gene expression (DiRenzo €t1397; Mclerney et al. 1998;
Yuan et al. 1998). Previous data show that PR AlRorly expressed in normal breast
epithelial cells (Elstenr et al. 1998), is presanhigher levels in breast cancer cells
(Tontonoz et al. 1994) and its synthetic ligarsigsh as thiazolidinediones (TZDs),
induce growth arrest and differentiation in breeatcinoma cells in vitro and in
animal models (Mueller et al. 1998; Suh et al. J9%9evious data show that the
combination of PPARg ligand with either &lkns retinoic acid or Sis-retinoic acid
(9RA) can induce apoptosis in some breast canchs (Elstenr et al. 2002).
Furthermore, Elstner et al demonstrated that th@bamation of these drugs at
micromolar concentrations reduced tumor mass witlamy toxic effects in mice
(Elstenr et al. 1998). Thus, in the present stuéyhave elucidated the molecular
mechanism by which combined treatment with BRL 8&RA at nanomolar doses
triggers apoptotic events in breast cancer caliggssting potential therapeutic uses
for these compounds. We demonstrated the moleame@chanism underlying
antitumoral effects induced by combined low dosebath ligands in MCF-7 cells,
when an up-regulation of tumor suppressor genevpas$ concomitantly observed.
Functional assays with delection constructs of gb8 promoter showed that the
NFkB site is required for the transcriptional resgp® to BRL plus 9RA treatment.
NFkB was shown to physically interact with PPARgiabhin some circumstances
binds to DNA cooperatively with NFkB. Only BRL an®RA in combination
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increased the binding and the recruitment of eilff@ARg or RXRa on the NFkB site
located in the p53 promoter sequence. The cruoial of p53 gene in mediating
apoptosis is raised by the evidence that the eaffentthe apoptotic cascade were
abrogated in the presence of AS/p53 in all breaster cell lines tested, including
tamoxifen resistant breast cancer cells. Thesdtsegive emphasis to the potential
use of the combined therapy with low doses of bBRL and 9RA as novel
therapeutic tool particularly for breast canceigrdas who develop resistance to anti-
estrogen therapy. However, high doses of both tlgdmave remarkable side effects
including weight gain due to increased adipositierea, hemodilution, and plasma-
volume expansion, which preclude their clinical laggtion in patients with heart
failure (Arakawa et al. 2004; Rangwala & Lazar 208taels 2005). The undesirable
effects of RXR-specific ligands on hypertriglycesdia and suppression of the
thyroid hormone axis have been also reported (Far&aReifel-Miller 2007).

Chronic over-nutrition and genetic factors can impasIS, leading to glucose
intolerance and hyperglycemia, and ultimately tpdy diabetes (Muoio & Newgard
2008). Impaired GSIS develops through multiple naaedms, including actions of
metabolic hormones and inflammatory cytokines, potsl of metabolic overload,
and endoplasmic reticulum stress (Henquin et &320Glucose sensing and uptake
by the pancreas transporter Glut2 and glucose ploogiation catalyzed by GK
constitute the first and rate-limiting steps, respely, that couple blood glucose
levels to insulin release. Metabolism of glucosgh@sphate increases mitochondrial
metabolites, including ATP. A rise in ATP closée B-cell K'arp channel, which
allows C&" influx to trigger the first phase of GSIS (Jensgral. 2008). Despite
these insights, mechanisms of GSIS and impaireccoghi tolerance remain
incompletely understood. Also uncertain is the gbation of impaired glucose
tolerance to diminished pancreafiecell function and mass associated with type 2
diabetes (Lowell & Shulman 2005). Vitamin A has teedentified as a factor
important to pancreas development, islet forma#iod pancreatic function (Chertow

& Baker 1978; Matthews et al. 2004; McCarroll et 2006).Vitamin A-restriction
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during development impairs islet development amaimmtes glucose intolerance in
adult rodents. atRA regulates pancreas develop(heryt 2007; Germain et al. 2006;
Kadison et al. 2001). On the other hand, restgctitamin A in mature diabetes-
prone rats reduces diabetes and insulitis, possildygh enhanced glucose sensing
and metabolism (Kobayashi et al. 2002). Interestinghe vitamin A-derived
hormone atRA does not reproduce the effects ofmitaA on the incidence of
diabetes in diabetes prone rats. Although the dmrion of vitamin A to pancreas
development through atRA seems clear, mechanisnerelh vitamin A affects
mature pancreas function have not been determmet&pth, nor have the specific
vitamin A-metabolites been identified that conttduo physiological control of
GSIS.

A class of compounds that selectively bind andvatei RXR, are being studied as a
potential option for the treatment of metabolic digime. These compounds have
glucose-lowering, insulin-sensitizing, and antiobegffects in animal models of
insulin resistance and type 2 diabetes (PinaireesfeRMiller 2007). These recent
findings suggest that, with continued research reffoRXR-specific ligands with
improved pharmacological profiles may eventually aeailable as additional
treatment options for the current epidemic of diyesnsulin resistance, type 2
diabetes, and all of the associated metabolic sagu&pecific retinoid X receptor
(RXR) agonists, such as LG100268 (LG268), and tmazoblidinedione (TZD)
PPARg agonists, such as rosiglitazone, producdimsensitization in rodent models
of insulin resistance and type 2 diabetes. In skargrast to the TZDs that produce
significant increases in body weight gain, RXR agmreduce body weight gain and
food consumption. Unfortunately RXRagonists alsppsass the thyroid hormone
axis and generally produce hypertriglyceridemia. teHmlimer-selective RXR
modulators have been identified that, in rodemgin the metabolic benefits of RXR
agonists with reduced side effects. These mod@diomd specifically to RXR with
high affinity and are RXR homodimer partial agosisAlthough RXR agonists

activate many heterodimer partners, these modslateelectively activate
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RXR:PPARa and RXR:PPARg, but not RXR:RARa, RXR: l&ARXR:LXRb, or
RXR:FXRa. Therefore, selective RXR modulators ar@ramising approach for
developing improved therapies for type 2 diabe#dthough additional studies are
needed to understand the strain-specific effectdrighycerides (Leibowitz et al.
2006).

9cRA activation of RXRs has prompted evaluatios\ofthetic analogs (rexinoids) to
treat metabolic disease (McCarroll et al. 2006; 120697). 9cRA and rexinoids have
diverse pharmacological actions that regulate biokl endpoints independent of
atRA (Germain et al.2006). For example, treatindoym day 11 pancreas organ
cultures with 9cRA inhibits stellate cell activationore potently and quickly than
atRA, and inhibits acini differentiation, but protepductal differentiation and
endocrine maturation (Kadison et al. 2001; Kobaiyashl. 2002). atRA, in contrast,
induces acini rather than ductal differentiatiomg &as no apparent endocrine effects.
Longer-term systemic treatment with rexinoids pr&eso insulin sensitization,
presumably through cumulative effects on multigdeeptor distributed throughout
multiple tissues (Cheng et al. 2008). Regardlesthefpharmacological utility of
9cRA, sensitive analytically validated assays havedetected endogenous 9cRA in
serum and many tissues that contribute to glucosgehbstasis, including brain, liver,
kidney, adipose and muscle (Ahuja et al. 2003)s Tésmves unsettled whether 9cRA
in vivo, and if so, whether it has discrete physiologfcalctions. In this study, we
used a sensitive and specific LC/MS/MS assay deeeldo distinguish and quantify
RA isomers in tissue samples, and found that 9cBduis endogenously in pancreas.
Pancreas 9cRA reacts within minutes to blood glecthsctuations, modifies the
impact of glucose in GSIS, and occurs in abnormiailigh concentrations in models
of impaired glucose tolerance. These data estaliishpresence of 9cRA as an
endogenous retinoid, show that it has a physioldgicnction unique among

retinoids, and broaden insight into mechanisms $ISG
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RESULTSAND DISCUSSION

1. AtRA induces apoptosis in Leydig TM-3 cells via activation of the
mitochondrial death pathway and antioxidant enzyme regulation

In order to examine the cytotoxic effect of RA oM-B cells, they were cultured
with RA in a concentration range from 0.1 touR0 for 24h and MTT assay was
carried out with cells cultured in RA-free mediacastrol. No significant change in
viability was observed in TM-3 treated in 0—40M RA concentration range (Fig.
1A). Upon incubation with RA concentration of 1+®0 a significant reduction of
vitality, however, observed. As shown in Fig. 1Ae tcell viability was less than 20%
after exposure to 20M RA for 24h. The effect of RA giM doses on cell viability
was also time-dependent, since the cell survivalimked drastically following an
increase in the treatment time from 3 to 24h itsaekubated with 10 and g RA
(Fig. 1B). The present results show that RA exaitgtotoxic effect on TM-3 cells in
a concentration and time dependent manner (FIg8)1LA,
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Fig.1 The effect of RA on TM-3 cell survival. A Cells wveemcubated with indicated concentrations of RA Hreh the
cell viability was determined by MTT assay as désat in “Materials and methods”. B The cell viatyilivas evaluated
at 3 and 24 h post-exposure with RA (@l doses). The data represent means+SD of four emtgnt experiments

with triplicate well and are presented as the paeage of the control cell number. *P<0.05 compaxethe control.
**P<0.01 compared to the control

18



Results and Discussion

In order to examine whether apoptosis was the catiee loss of cell viability, the
cells were treated wittuM doses of RA and subjected to various biochemical
analyses to detect biomarkers of apoptosis. Mitodha are vulnerable targets for
toxic injury and act as crucial executors of apsdy releasing cytochrome c into
the cytoplasm (Cai et al. 1998}4h post-exposure TM-3 cells were collected ard th
cytosolic protein fraction was assayed for cytoamgoc release. As shown in Fig.
2A,B, cytochrome ¢ was detectable in cytoplasmofelhg exposure to OifM RA
and the protein increased significantly at highex &xposure (10-32M) when
compared to time matched controls. The time-coofseytochrome c release from
the mitochondria into the cytosol was also deteeatimfter 3, 6, 18 and 24h of
incubation in the presence of 2@ RA. As shown in Fig. 2C,D, detectable release of
cytochrome ¢ was, only apparent, after 18h of mtneat. The activation of the
caspase family members is a hallmark of apoptédisr treatment for 24h with RA,
western blot analysis, using a caspase-3 antibbdy rtecognizes the caspase-3
holoenzyme as well as the pl7 cleavage productaspase-3, was performed to
investigate whether enzymatic processes had beénatad. Procaspase-3 is
synthesized as a precursor of 32kDa which is theoteglitically cleaved.
Immunoblotting analysis revealed that procaspake/&s decreased in cells treated
with 5, 10 and 20M RA for 24h in a dose-dependent manner; while adba
corresponding to the activated form of caspase7&d4a), was increased over the
same dose response curve (Fig. 2E). In order to@eathe induction of apoptosis by
RA we measured DNA fragmentation using DNA eledtangesis and fluorescent
staining. The genomic DNA extracted from cellsatesl with 5, 10 and 201 RA

for 24h, was subjected to 1.2% agarose gel eldutr@sis. DNA ladders, which are
typical of apoptosis, were detected only in thdscekated with 10 and 2 RA
(Fig. 2F). LDH activity in the culture media was asered spectrophotometrically as
an index of plasma membrane damage and loss of memntegrity and therefore a
parameter of cytotoxicity. RA treatment for 24h ulesd in a dose-dependent
induction of LDH release (Fig. 3A). To summarizes have demonstrated that RA-
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induced cell death occurred by classical apoptasislst at higher concentrations
there is also evidence of necrotic death.
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Fig.2 Biochemical markers of apoptosis. A TM-3 cells weraubated both in the absence and in the pres&re®, 1,

5, 10 and 2QuM RA for 24 h. After incubation, cells were washeith PBS; equal amounts of cytosolic proteins (2-5
ug) were separated by 15% SDS-PAGE, transferred tutracellulose membrane, and probed as described i
“Materials and methods”. Cytochrome ¢ was detettgdhemiluminescencedi-actin, used as internal control, was
detected at the position corresponding to a modecwiight of 42 kDa. B The cytochrome c protein teoh was
determined densitometrically. Results are prese@®dhe mean+SD of three independent experimems0.95
compared to the control; **P<0.01 compared to thetiol. C TM-3 cells were incubated with 28 RA and release
of cytochrome was evaluated at 0, 3, 6, 18 and pds-exposure. D The cytochrome c protein conterst determined
densitometrically. Results are presented as thena®&fa of three independent experiments. *P<0.05 @egbto the
control; **P<0.01 compared to the control. E Cellsre incubated with 0, 0.5, 1, 5, 10 and; @0 RA. At 24 h post-
exposure, cells were washed with PBS. Equal amoaintgtosolic proteins (2Qug) were separated by 15% SDS-
PAGE, transferred to a nitrocellulose membrane, pradbed as described in “Materials and methodsdc&pase-3
and pl7 fragment were detected by chemiluminescénaetin, used as internal control, was detectedetpbsition
corresponding to a molecular weight of 42 kDa. e Tklls were treated with various concentrationRAffor 24 h;
then the DNA was extracted, separated by electmgsi®won 1.2% agarose gel and visualized by st@inith ethidium
bromide. Lane 1, control; lane 2uM RA, lane 3, 1QuM RA; lane 4, 2QuM RA

Ceramide, as a second messenger, is generated ebyytirolysis of the cell
membrane sphingomyelin or is derived from de noyotlgesis in response to

inducers ofapoptosis (Bose et al. 199%evious studies have shown that ceramide
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induces cell apoptosis by the mechanisms of aativadbf a ceramide-activated
protein phosphatase (CAPP); moreover, ceramideegplates the apoptosis effector,
Bax, or downregulates the apoptosis inhibitor, Bcl-2, leadingcaspase activation
(Pinton et al. 2001; Kolesnick 2002pn Haefen et al. 20027.0 identify the possible

mechanisms mediating RA-induced Leydig cell apdptoge measured the
cytotoxicity of RA in cell cultures in the presence absence of the ceramide
synthase inhibitor, fumonisin B1. As shown in B@, fumonisin B1 treatment alone
had no effect on cell survival. The apoptotic effeE RA was not mediated by
ceramide because Pl of this compound could not prevent the apoptefifect of

various concentrations of RA (541 range). At 2QM RA there was an increase in

ceramide generation providing evidence of neciadiath.
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Fig.3 The effect of RA on LDH release and the effectafamide synthase inhibitor on TM-3 cell survivalTAe TM-
3 cells were treated with various concentrationdRéf as indicated for 24 h, and the amount of LDkased was
determined as described in “Materials and metho@sThe cells were treated with various concentregiof RA (0, 5,
10 and 2QuM) with and without 5QuM fumonisin B1 (FMN-B1), a ceramide synthase intahifor 24 h, and the cell
viability was determined by MTT assay as descrilpetMaterials and methods”. The data represent &b of four
independent experiments with triplicate well and presented as a percentage of viable cells ircah&rol sample.
*P<0.05 compared to the control. **P<0.01 compatethe control. a P<0.05 compared to identical Réug

TM-3 cells were treated with RA and the lipid padation was estimated by TBARS
formation as described in “Materials and methodRA treatment (0—+M
concentration range, for 24h treatment) did nossaerably increase TBARS content
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in cultured TM-3 cells, while RA doses higher tHam increased lipid peroxidation
levels (Fig. 4A). In agreement with this, RA atlmég doses (aiM doses) induced a
decrease in cell viability (Fig. 1A). As higher R¥fses induced lipid peroxidation
and apoptosis, we decided to investigate only fifiects of RA treatment at nM
physiological concentrations in TM-3 cells. In ard® investigate changes in
antioxidant defences we measured the GST, SOD &Idactivities in RA treated
and non treated TM-3 cells. GST activity increasgtd 10, 100 and 200nM RA (Fig.
4B), while SOD and CAT activities increased onlythwi00 and 200nM RA (Fig.
AC,D).
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Fig.4 Determination of TBARS and antioxidant enzymes\dtigis in TM-3 treated with RA for 24 h. A Cells vee
incubated with increasing concentrations of RAraidated and lipid peroxidation was evaluated byARB assay as
described in “Materials and methods”. Cells weeated with the indicated concentrations of RA f&h2and GST (B),
SOD (C) e CAT (D) activities were measured as diesdrin “Materials and methods”. Enzymes activite®
expressed agmol substrate/min/mg protein. Results are preseagethe mean+SD of three individual experiments.
*P<0.05 compared to the control. **P<0.01 compaethe control.

Our data strongly suggest that RA induces apoptssidetermined by cytochrome ¢
release from the mitochondria to bind to Apaf-1,iclkhin turn initiates a caspase
cascade, the executionary machinery of apoptolicleath. Our results showed there
was a measurable release of cytochrome c intoytoplasm following exposure to
RA. This release of cytochrome ¢ may result in dlcgvation of members of the
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caspase family of proteases, another hallmark apiagis. Caspases, and in
particular caspase-3, play a central role in theniteal biochemical events that
ultimately lead to apoptotic cell death. We obsdngedosedependent increase in
caspase-3 activity after incubation for 24h with .R¥s a consequence, DNA was
cleaved by endonucleases, as observed by condensatid fragmentation of
chromatin. Taken together, these observations stighgat RA activates the classic
mitochondrial dependent apoptotic process. Singbkdridoses of RAuM) induced
lipid peroxidation and cell death, we decided teestigate only the effects of RA
treatment at physiological doses in TM-3 cells.older to investigate changes in
antioxidant defences we measured the SOD, CAT &n@ &tivities in TM-3 cells
treated with RA. The SOD, CAT and GST activitiesreased with 100 and 200nM
RA treatment. Interestingly, at these same doses d®A not increase lipid
peroxidation and no effect on cell viability wassebved. These findings suggest that
RA increased the activity of antioxidant enzymesphysiological doses, thereby
preventing oxidative cell damage which is maniggsthigher doses of RA as may be
evidenced by TBARS content and cell viability. locardance with earlier studies
(Livera et al. 2000)we observed no significant effect ol RA on DNA
fragmentation (date not shown). This concentrattbrRA was able, however, to
decrease cell viability by 15-18% and trigger a lewel of cytochrome c release
indicating that 1M RA could represent a threshold limit for non ajogs inducing
RA treatments. RA can also directly increase fradical generations which could
result in increased lipigeroxidation (Davis et al. 1990). It is notewortimat every
antioxidant is in fact a redox agent, protectingaiagt free radicals in some
circumstances and promoting free radicals generaticothers (Herbert 1996). Our
results suggest the importance of keeping vitartatus within the normal range, as a
deficit or administration of greater than the uppbysiological limits could explain
In part the adverse effects found in the literatlilee concentrations of RA used in
this study range from physiological to pharmacatagplasma concentrations. RA is

present constitutively in the plasma at a concéotraof 4-14nM (De Leen Heer et
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al. 1982; Kane et al. 2005). Pharmacological RAedosesult in transient plasma
concentration in the sameM range at which we observed TBARS formation and

decreased cell viability.

2. Proliferative and anti-proliferative effects of atRA in Leydig MLTC-
1/R2C/ITM-3 cells

The pro-oxidant retinoid molecules, the mechanigmderlying their pro-oxidant
effects, and their consequences on cell prolifematr death remain to be better
elucidated. Indeed, despite the important physiolgfunctions of retinoids, the
effects of supra-physiological doses of retinoidsaell as their physiological action
are not well defined. In an interesting work, Hurea et al. (19973howed that low
RA concentrations stimulated growth proliferatibnt high concentrations inhibited
proliferation in human breast cancer cells. In phesent work we show that RA, at
endogenous concentrations (0-250 nM), increaséwiabllity in tumor Leydig cell
lines but not in the normal TM-3 counterpart. Thigygests that slight variations in
the concentrations of RA may trigger changes inciikilar redox state. The ability
to survive the threat posed by endogenous levelstwfoids represents a biological
adaptation, in many cases, to survival (Hayes & #lien 1999).Strategies such as
sequestration, scavenging and binding, and catabydtransformation have evolved
as important biochemical protection mechanisms nsgjaioxic chemical species.
Cells possess an impressive array of enzymes aamdldbio-transforming a wide
range of different chemical structures and fundlities. Since higher doses of RA
induced apoptosis, we decided to investigate omdy dffects of low doses of RA
treatment in TM-3, MLTC-1 and R2C cells showingttphaysiological levels of RA
trigger proliferation and growth of the testicutamoral mass.

As shown in Fig. 1, treatment of MLTC-1 (A) and R2B) with RA resulted in a
significant cell proliferation in a concentratioange of 10—-250 nM with a slight but

not significant decrement at 500 nM RA10%) compared to the control. Although
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the data show dose dependence, no time dependamcdebe addresses as there is no
difference in proliferation between 72 and 48 h. dlange in cell viability was
observed in RA treated TM-3 (C). In order to invgastte a potential modulation of
the antioxidant defenses, cell lines were treatiédd RA (0—200 nM) for 6 h and the
activities of CAT and GST were assayed comparingtiRated TM-3, MLTC-1 and
R2C versus untreated ones (control). No modulatiotinese activities was reported
in TM-3 at any RA concentration while CAT and cyibs GST activities increased
significantly both in MLTC-1 and R2C in a dose degent manner (Fig. 2A and B).
The mitochondrial GST (mGST) activity increasedbioth MLTC-1 and R2C, in
particular at 100 nM (Fig. 2C).
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Fig.1 Cell viability by MTT assayMLTC-1 (A),R2C (B) and M-3 (C) cellswere incubated at the indicated
concentrations of RA. Cell viability was determin®gMTT assay as described inMaterials and methbd8 and 72 h
post-exposurelig.2 Antioxidant enzyme activity Cells were treated ls tndicated concentrations of RA for 6 h and
CAT (A), GST (B) and mitochondrial GST (C) actiei were measured as described in Materials andod®th
Enzyme activity is expressed asnol substrate/min/mg protein. Results are preseatedhe meantSD of three
individual experiments. *P<0.05, **P<0.01 compatedhe control.
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Moreover, activation of the anti-apoptotic factoktAvas assayed by WB using an
antibody raised against its phosphorylated formkprAAs shown in Fig. 3A, 10 nM
RA induced a rapid activation of p-Akt after 15 nohincubation. A strong signal of
p-Akt was reported in MLTC-1 and R2C with no activa of ERK (Fig. 3B).
Furthermore, RA supplementation increased cyclinpdtein levels both in MLTC
1 and R2C cell lines (Fig. 3C) with a concomitaeci@ment of p21 expression
already at 10 nM RA and in both MLTC-1 and R2C a#i8 h treatment (Fig. 3D).
Neither Akt was activated nor p21 levels modifiedhe TM-3.
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Fig.3 Effect of RA on IP3K/Akt signaling pathways and Iceycle progression TM-3, R2C, MLTC-1 cells were
incubated in the presence of 10 nM RA for 48 heAfhcubation, cells were washed with PBS;ug0of protein was
separated by 15% SDS-PAGE, transferred to a nittdose membrane, and blotted as described in Nédseand
methodsf-Actin was used as internal control. Activationpafkt after 15 min (A). No activation of ERK1/2 [ratay
(B). Up-regulation of cyclin D1 (C). Down-regulatiof p21 (D). Protein content was determined densgtrically.
Results are presented as the mean+SD of threedndept experiments. **Pb0.01 compared to the nofiivii3 cell
line (as control).
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As to pharmacological treatment with RA of MLTC-2® 1 uMRA for 24 h
resulted in disruption of mitochondrial membranéeptial evidenced with a change
in the emission of the lipophilic dye JC-1 (Fig. @&d B) turning more towards
green than red. At the same time, cytochrome @sel®ccurred already at (UM
RA (Fig. 4C) followed by no activation of caspageand 9 (data not shown) while
the amount of mitochondrial ATP decreased afteh 2deatment with RA 0.5 and 1

uM in dose-dependent manner (Table 1).

ATP concentration {nM]

MILTC-1 DME0 10204 Q.32
MLTC-1 0.5 pM RA 4.124+ 011
MALTC=1 1 phd BA 2334013
F2C DMS0 1084+ D42
F2C 0.5 pM BA 5414026
F2C 1 pM RS 3784019

Table 1 Mitochondrial ATP determination. Cells were treateith 0.5-1uM RA for 24 h and mitochondrial ATP
amount was determined as described in Materials methods. Data are presented as meanzSD of tiiplica
experiments.
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Fig.4 Mitochondria involvement MLTC-1 and R2C cells wéreated with JuMRA for 24 h and, after washing in ice-
cold PBS, incubated with 10 mMJC-1 at 37 °C forndid in a 5% CQ incubator. The cells were washed twice with
PBS and analyzed by fluorescent microscopy. Inrobnbn-apoptotic cells, the dye stains the mitoxhi@ in red (A).

In treated apoptotic cells, JC-1 remains in thepltsm fluorescing green (B). MLTC-1 and R2C weeated for 24 h
with 0.5-1-5uMRA and cytochrome ¢ was detected ()Actin was used as loading control. Figure is repr¢ative
of three independent experiments.

To identify the potential direct induction of aub@my at 0.5uM RA, after 24 h

treatment, TM-3 cells were Ilabeled with MDC, thelesBve stain for
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autophagosomes (Fig. 5A and B). Moreover it is twprto note that a specific
concentration range of RA (10-200 nM) induces petlliferation and that a clear
threshold value discriminating the proliferativerfr the anti-proliferative effect of
RA does exist in our experimental system. In fattD.5uM RA we observed the
activation of the autophagy process (Fig. 5) whithurns plays a critical role in
removing damaged or surplus organelles in ordenamtain cellular homeostasis.
Autophagy sometimes occurs with apoptosis: thdiogiship between autophagy and
cell death is complex, since autophagy can be wableither in cell death or in
survival depending on the cellular context (Alvaagt 2004). Both apoptosis and
autophagy can occur concomitantly in the same,caliggesting the involvement of

common regulatory mechanisms (Kondo et al 2005).

A B

CTRL RA 0.5 uM

Fig. 5 Autophagy in TM-3 Leydig cells by MDC labeling TMe2lls were treated with 048V RA and were incubated
for 24 h. Cells were stained with MDC as detailettler Materials and methods. Figure is represemtativthree
independent experiments.

It is documented that when the change in mitochahanembranes permeability
entails less than 66% of the mitochondria, the ghagic pathway is activated, while
the apoptotic death is triggered when the percentagses toward higher values
involving most of the mitochondrial population (Alet al. 2004). Besides that, in
both cases, a change of permeability causes sgefimd depolarization of the
mitochondrial membranes, impairing the oxidativeghorylation capability. The

latter leads to reduced ATP production and a caresgigdepletion of ATP levels. It
28



Results and Discussion

Is hypothesized that amino-acidic and insulin ragah (Scorrano 2009) can act in a
synergistic manner in the control of autophagyoun experimental system, treatment
for 24 h with 0.5uM RA triggers disruption of mitochondrial membrapetential

(Fig. 4A and B) with release of cytochrome c folexivby no activation of caspase 3
and 9 (data not shown) with a notable decreasadogenous mitochondrial ATP, as

shown in Table 1, and cytosolic vacuolization, imaltk of autophagy.

A model outlining the dual proliferative/anti-pri@rative effects of RA is described
by Schug et al. (2007). CRABP-II and FABP5 targé&t ® RAR and PPAR/S,
respectively. In cells that express a high CRABHR-ABPS5 ratio, RA is ‘channeled’
to RAR, often resulting in growth inhibition. Comgely, in the presence of a low
CRABP-II/FABP5 expression ratio, RA is targeted RPAR3/S, thereby up-
regulating survival pathways. On these bases thigéyadf nanomolar doses of RA to
modulate FABP5 and CRABPII were investigated in MI-T. A 10 nM RA induced
a significant up-regulation of FABP-5 mRNA levelftea 12 h while the same
treatment does no elicit any effect after 24 h.ddanges in the CRABPII mRNA
were observed in presence of 10 nM RA after 12 2hdh (Fig. 6). These results
provide further strength to the hypothesis of altleretinoid homeostasis/metabolism

In neoplastic diseases.

CTRL 12 24h
FABP3

CRABPII

CAPCH

Fig.6 Influence of RA on FABP5 and CRABP Il mRNA express FABP5 and CRABP Il mRNA expression in
MLTC-1 cells treated with 10 nM RA for 12/24 h.

Upon treatment with LIMRA, we observed a significant induction of cellatle by
apoptosis. Changes in mitochondrial membrane pdifitgaare concomitant with
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collapse of the electrochemical gradient acrosarthechondrial membrane through
the formation of pores leading to the release edadyrome c, followed by cleavage
of procaspase-9 and DNA fragmentation highlightged"ONEL assay. This cascade
of events was caused by pharmacological doses ahRath MLTC-1/R2C cells, as
already documented in TM-3 (Tucci et al. 2008).shewn in Fig. 7A, tumoral cell
lines suffered cell death induction after treatmesth 1 and 5uMRA for 24 h;
treatment with 1Q@MRA for 24 h resulted in almost 80% reduction ofi &bility
with a massive decrement of cell growth both in MI-T and R2C, supported by
activation of caspase 9 already at RAM (Table 2).

Treatrnent Cell line % of Caspase-9 activation D

CTEL MALTC=1 1254 d= 276
RA T M MLTC-1 2387 4056
RA 5 M MLTC-1 2875 4+ 1.86
RA 10 pM MLTC-1 37.13 +2.12
CIRL R2C 15.45 +=185
RA 1M R2C 2782 +1.12
RA 5 M R2C 24.65 +=092
RA 10 pM R2C 3264 +3.17

Table 2 Caspase 9 activation. MLTC-1 and R2C cells weneusated for 24 h by the presence of 1-54MVRA. The
activation of caspase-9 was analyzed by flow cytoyn®ata are presented as mean+SD of triplicapeements.

To further verify the activation of the programmeall death, apoptosis in MLTC-1
and R2C was determined by enzymatic labeling of Détand breaks via TUNEL
assay (Fig. 7B) supporting the already known RA iated apoptosis induction
(Tucci et al. 2008
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Fig.7 Apoptosis in MLTC-1/R2C cell lines induced with B-gMRA after 24 h incubation MLTC-1 and R2C cells
were stimulated for 24 h by the presence of 1, 3®uMRA. Viability was analyzed by MTT assay (A). Datiae
presented as meanzSD of triplicate experimentsb&®1 compared to the control. Apoptosis in MLT@+id R2C
cells was determined by TUNEL assay after treatmétiit 1 uM RA (B). Figure is representative of three indegbemt
experiments.

3. AtRA binds and inhibits 2-oxoglutarate carrier

Previously it has been demonstrated that mitochanfdom rat testes (Genchi &
Olson 2001; Cione & Genchi 2004) and TM-3 cellsofté et al. 2005)were
extremely active in incorporating retinoic acid. Mover, it was highlighted how the
retinoylation reaction and testosterone biosynthese positively correlated when
Leydig cell cultures are incubated with 100nM atlRRucci et al. 2008). As the
biosynthetic steps that lead to testosterone ptaduare mainly NADH/NADPH
dependent, the 2-Oxoglutarate carrier (OGC) agtifidbm mitochondria extracted
both from whole rat testes and Leydig TM-3 cellg@swhosen as the experimental
target for its involvement in the malate-aspartate oxoglutarate—isocitrate shuttle
to provide for the necessary exchange of reduciggivalents between the
mitochondria and the cytosol. The efforts were fmxlion the OGC from rat testes as
the retinoylation process is more efficient in tfissue and testosterone production in
TM-3 positively correlates to atRA supplementatibnaddition, the inhibitory effect
given by 2-Cyano-4-hydroxycinnamate (an inhibitdr @GC) but not by 1,2,3-

benzentricarboxylate (an inhibitor of citrate caryion the retinoylation processes
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(as highlighted in Table 1) was the start pointftother investigation in this work.
Indeed, 2-Cyano-4-hydroxycinnamate shows 45% ifibibi when used at a
concentration of 5mM, while, at the same concéotmal,2,3-benzentricarboxylate
has a very weak effect (12% inhibitiom). proteoliposomes OGC has been shown to
exist as a homodimer and to function according se@uential antiport mechanism,
catalyzing the transport of 2-oxoglutarate in e@otutral exchange for some other
dicarboxylates to which malate is bound with thghleist affinity. These results have
been interpreted by assuming two separate and ioated substrate translocation

pathways, one in each monomer.

Carrier Inhibitors on Retinoylation Reaction pmol/mg ptn x 90 minutes SEM n % Inhibition
Control 21,47 244
Mersalyl 1 mM 1.84 0,09 5 91,43
NEM 5 mM 247 0,28 5 88,49

2-Cyano-4-hydroxycinnamate SmM 11,90 1,23 3 44.58

1,2,3-Benzenetricarboxylate SmM 18,93 1,99 3 11.83

Table 1. Effect of Mitochondrial Carrier Inhibitorson Retinoylation Reaction.

Mitochondria from testes were incubated for 90 resuin a buffer as decribed in Methods withatRA, 100nM final
concentration, at 37 °C. Then the reaction wagped with TCA and the radioactivity detected iigaid scintillation
counter. Results are presented as Mean + SEM ¢ thdipendent experiments. *P< 0.01 comparethéacbntrol.
1,2,3-Benzenetricarboxylate P >0.05

Our results showed that transport activity of OGaht rat testes mitochondria was
strongly influenced by the sulphydryl group reagdrgthyl-maleimmide (NEM) and
atRA. NEM, at 5mM, markedly reduced the OGC attiby 47%. A similar
inhibition of 51% was highlighted at 100nM atRA dawhen the two compounds are
co-incubated the activity was reduced to 49%, etmd&A alone as shown in Fig.
1A. In humans, cows and rats there is only one gaceding OCG; according to the
amino acid sequence the bovine OGC protein contdiree cysteines: Cys184
located in TMS IV and Cys221 and Cys224 in TMS \erBurials and maleimides
interact only with Cys184 of the purified and resttuted OGC, as Cys221 and
Cys224 are linked by a disulphide bridge (Palm20i)4). Therefore we propose that
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atRA, via retinoylation reaction, could bind the O®n the same residue (Cys184),
as the inhibitory effect of atRA is still the sambBen NEM is present concomitantly
as shown in Fig. 1A, leading us to hypothesizeetkistence of a putative amino acid
sequence related to the atRA binding site in OG&.what concerns OGC and its
involvement in testosterone biosynthesis, the feszymatic step is to convert
cholesterol in pregnenolone: the reaction occurshan mitochondrial matrix and
requires reducing equivalents mainly as NADPH. @&osely the role of the OGC is
to carry out reducing equivalents from the mitodirtanto the cytoplasm. Previously
it was demonstrated that there is a positive caticgl between retinoylation reaction
and testosterone biosynthesis (Tucci et al. 200&)action of RA to slow down the
OGC transport activity is in agreement with thetdsterone synthetic process as
reducing equivalents are more necessary to cowheftesterol in the matrix rather
than in the cytoplasm (Stocco 2001). At the samme tihe retinoylation reaction is
tightly dependent on the pH: in fact the inhibitaffect of atRA on OGC is lost
when the pH is higher than 7.5 (Fig. 1B) as predidby the general condition of
retinoylation described by Cione and Genchi (200A9. gain insight into the
interaction of atRA and OGC two separate assayfldoave been performed: the
first through photolabeled testes mitochondrialtgiro with *HatRA, because atRA
binds covalently to proteins under UV light exp@s{Bernstein et al. 1995), and the
second via retinoylation reaction witlHatRA (Takahashi and Breitman, 1990).
Performing the latter we observed how fh&atRA binding to a 31.5 KDa protein
was prevented by 2-oxoglutarate, the specific OGtssate (Fig. 1C). Fluorography
of the electrophoresed proteins revealed the ladpetif very few mitochondrial
proteins. Indeed it was observed that the labebhghe 31.5-kDa protein was
prevented when 2-oxoglutarate was added demomgjrétat OGC was labeled by
*HatRA. It is presumed that the binding is covalentthe basis of the work of
Takahashi & Breitman (1989). Under normal condsicsitRA is present in the testes
at nanomolar concentrations (Kane et al. 2008). f@sults show that, only in

mitochondria derived from the Leydig TM-3 cell lindoes atRA have effects on
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OGC at concentration of 10nM and in a stronger raamrhibit the OGC activity at a
concentration of 100nM: OGC activity decreased #48650f control values with
10nM atRA and 38% of control values when atRA wasduat a concentration of
100nM (Fig. 1D). Interestingly, the concentratiarfsatRA required for producing
this effect in steroidogenic cells are lower thaose required with mitochondria
isolated from the whole organ, supporting the aboeationed view that
steroidogenic cells can be more sensitive to atRa tisolated mitochondria as no
effect was highlighted at 10nM of atRA on OGC ecteal from whole tissue (Fig.
1E). In addition 13is RA has been shown as a competitive inhibitor offatiRthe
retinoylation process (Ki =13.50 nM) (Cione & Gen@004). In this case 18sRA
exerts its effects of reducing OGC transport aigtian mitochondria from whole
tissue at a lower concentration than atRA (Fig: 1BpM 13€is RA was more active
in inhibiting OGC activity than atRA, most likeljadnks to the altered conformation
of this isomer that may allow it to better interagth OGC both in mitochondria
from cultured cells or whole tissue (Fig. 1G). Gtudy, along with others (Rial et al.
1999; Radominska-Pandya et al. 2000), suggestsspetific interactions among
retinoids and non-nuclear receptor proteins, scRKC, ANT and OGC, which are
different from nuclear receptors, take place. Thie extra-nuclear action of
retinoids seems to be a more general and impopghahomena leading to both
physiological and also pharmacological relevance.

It is known that retinoids play an essential rolespermatogenesis in rodents. In fact,
a vitamin A-deficient diet causes the cessatiorspdrmatogenesis, loss of mature
germ cells and a reduction in testosterone levehice and rat testes (Wolbach &
Howe, 1925; Appling & Chytil, 1981). There is argam in favour of biological
action of atRA through OGC binding and inhibitidtRA does not exist in the cell
in free form but is bound to proteins such as talluetinoic acid binding protein
(CRABP). The unexpected discovery of the existesica CRABP associated with
mitochondria that binds and keeps retinoic acidhim organelle has been described
(Ruff & Ong 2000). CRABP had been studied for 2%rgeand has always been
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presented as a soluble, presumably cytosolic, iprcaad mitochondria had not
previously been considered to have any role in &#cfion or metabolism. The only
demonstrated function for CRABP is to bind RA. ®itlis protein is associated with
mitochondria, this implies that mitochondria pagate in RA managementhis

mitochondrial CRABP could explain how retinoic aidould concentrate and
regulate OGC in the mitochondrial compartment wmoviThe influence of atRA on

OGC via retinoylation might therefore be anotheeleof control in steroidogenesis.
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Figure 1.Mitochondria from rat testes were incubated forrBidutes , at 37 °C, in a buffer witfA) ATP, CoA
(control) supplemented with atRA, 100nM final contation and atRA + NEM 5mM an@B) ATP, CoA and atRA
100nM at different pH values. (C) Testes mitochdaaldprotein labeled witt’HatRA by retinoylation process as
described in Materials and Methods. In fluorograptitne lanes 1 and 2 correspond to 20 ug of mitodhaintestes
protein labeled witfHatRA. In lanes 3 and 4, 10mM of 2-oxoglutarate wdded to 20 ug of mitochondrial testes
protein together witfHatRA. OGC presence was verified by immunoblottifi)OGC activity from TM-3 cell line
after atRA supplementatio(E) Effect on OGC activity of different concentrationsatRA in mitochondria from testes
incubated at 37 °C for 90 min. Effect on OGC mafteeatment of mitochondria from TM{®) and teste¢G) with
13<cisRA. OGC was extracted as decribed in MaterialserAéxtraction and reconstitution into liposomes ¢fxchange
activity was assayed by addiftC 2-oxo-glutarate 0.1mM. Results are presented esn\t SEM of three independent
experiments. * P< 0.05 .**P<0.01
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4. Combined low doses of PPARy and RXR ligands trigger an intrinsic
apoptotic pathway in human breast cancer cells

Recently, studies in human cultured breast cancadls chave shown how
thiazolidinediones (TZD), Rosiglitazone (BRL), protas antiproliferative effects
and activates different molecular pathways leadmglistinct apoptotic processes
(Bonofiglio et al 2005, 2006, 2009)Previous data show that the combination of
PPARy ligand with either ATRA or @Gis-retinoic acid (9RA) can induce apoptosis in
some breast cancer cells (Elstner et 2002). Furthermore, Elstneet al.
demonstrated that the combination of these drugsniatomolar concentrations
reduced tumor mass without any toxic effects ineanfElnster et al1998). The
ability of PPAR ligands to induce differentiation and apoptosia wvariety of cancer
cell types, as in human lung (Tsubouchi eabQ, colon (Kitamura et al. 1999) and
breast (Mueller et al. 1998) has been exploitecexperimental cancer therapies
(Roberts-Thomson 2000). PPARagonist administration in liposarcoma patients
resulted in histologic and biochemical differentatmarkersan vivo (Demetri et al.
1999). However, a pilot study of short-term therapgh PPAR ligand Rosiglitazone

in early-stage breast cancer patients does not significant effects on tumor cell
proliferation, although the changes observed in RPé&xpression may be relevant to
breast cancer progression (Yee et al. 2007). Hewév humans PPARagonists at
high doses exert many side effects including weggih due to increased adiposity,
edema, hemodilution, and plasma-volume expansidnchapreclude their clinical
application in patients with heart failure (Arakawhal. 2004;Rangwala & Lazar
2004; Staels 2005). On the other hand, the ndigeald for RXR, 9cRA (Leblanc &
Stunnenberg, 1995) has been effectivevitro against many types of cancer,
including breast tumor (Crouch et al. 1991; Ruleinal. 1994; Sun et al.1997; Wu et
al. 1997). Recently, RXR-selective ligands werealered to inhibit proliferation of
ATRA-resistant breast cancer celisvitro and caused regression of the disease in
animal models (Bishoff et a1998). The undesirable effects of RXR-specifiafigs
on hypertriglyceridemia and suppression of thedildyhormone axis have been also

37



Results and Discussion

reported (Pinaire & Reifel-Miller 2007). The addéi antitumoral effects of PPAR
and RXR agonists, both at elevated doses, have slemmn in human breast cancer
cells (Elstner et al. 2002; Grommes et al. 2004bweler, high doses of both ligands
have remarkable side effects in humans such aghtvegain and plasma volume
expansion for PPARIligands (Arakawa et aP004; Rangwala & Lazar 2004; Staels
2005) and hypertriglyceridemia and suppressiomefthyroid hormone axis for RXR
ligands (Pinaire & Reifel-Miller 2007). Thus, ine&hpresent study it has been
demonstrated that nanomolar concentrations of BRRLIRA in combination do not
induce noticeable influences in cell vitality onrmal breast epithelial cells, whereas
they exert significant antiproliferative effects breast cancer cells. The molecular
mechanism by which combined treatment with BRL 8&RA at nanomolar doses
triggers apoptotic events in breast cancer cebsiehbeen elucidated, suggesting
potential therapeutical uses for these compounds.
To investigate whether low doses of combined agargsable to inhibit cell growth,
the capability of 100nM BRL and 50nM 9cRA to affecrmal and malignant breast
cell lines was first assessed. We observed thatnient with BRL alone does not
elicit any significant effect on cell viability iall breast cell lines tested, while 9RA
alone reduces cell vitality only in T-47D cells dFi4A). In the presence of both
ligands cell viability is strongly reduced in alidast cancer cells: MCF-7, its variant
MCF-7TR1, SKBR-3 and T-47D, while MCF-10 normal dse epithelial cells are
completely unaffected (Fig. 4A). To evaluate thie@fveness of both ligands in the
presence of serum, we performed MTT ([3-(4,5-dimiktinazol-2-yl)-2,5-diphenyl
tetrazolium bromide]) assay in MCF7 cells treatathwow doses of BRL and 9RA
in SFM (serum free media) as well as in 5% CT-FB®).(4B). The molecular
mechanism underlying these effects has been etedda MCF-7 cells in which an
upregulation of tumor suppressor gene p53 has bleserved. A significant increase
in p53 and p2Y*/“" content was observed by Western Blot only upon déoetb
treatment after 24 and 36 h (Fig. 4C). Furthermore,showed an upregulation of
p53 and p2¥*"'“"!mRNA levels induced by BRL plus 9RA after 12 andr2@ig.
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4D). To investigate whether low doses of BRL and\3e able to transactivate the
p53 promoter gene, we transiently transfected MQ@elis with a luciferase reporter
construct (named p53-1) containing the upstreanomegf the p53 gene spanning
from -1800 to +12 (Fig. 4E). Treatment for 24 hhwit00OnM BRL or 50nM 9RA did
not induce luciferase expression, whereas the pcesef both ligands increased in
the transactivation of p53-1 promoter (Fig. 4F).identify the region within the p53
promoter responsible for its transactivation, wedugsonstructs with deletions to
different binding sites such as CTF-1, nucleardadt (NF-Y), NFB and GC sites
(Fig. 4E). In transfection experiments performeshgishe mutants p53-6 and p53-13
encoding the regions from -106 to +12 and from -106-40, respectively, the
responsiveness to BRL plus 9RA was still obsenfag. @F). In contrast, a construct
with a deletion in the NKB domain (p53-14) encoding the sequence from -b06 t
49, the transactivation of p53 by both ligands whsent (Fig. 4F), suggesting that
NFkB site is required for p53 transcriptional activifyo gain further insight into the
involvement of NIB site in the p53 transcriptional response to BRIS®®RA, we
performed electrophoretic mobility shift assay eaxpents using syntethic
oligodeoxyribonucleotides corresponding to the&kBIBequence within p53 promoter.
We observed the formation of a specific DNA bindoc@mplex in nuclear extracts
from MCF-7 cells (Fig. 5A, lane 1), where speciifjcis supported by the abrogation
of the complex by 100-fold molar excess of unlatbgleobe (Fig. 5A, lane 2). BRL
treatment induced a slightly increase in the spebiénd (Fig. 5A, lane 3), while no
changes were observed on 9cRA exposure (Fig. 3&,43% The combined treatment
increased the DNA binding complex (Fig. 5A, lane which was immunodepleted
and supershifted using anti-PPARFig. 5A, lane 6) or anti-RXé& (Fig. 5A, lane 7)
antibodies. These data indicate that heterodimé&RRARXRa binds to NKkB site
located in the promoter of p%8 vitro. The interaction of both nuclear receptors with
the p53 promoter was further elucidated by chramatimunoprecipitation assays.
Using anti-PPAR and anti-RXR antibodies, protein-chromatin complexes were
immunoprecipitated from MCF-7 cells treated with0a® BRL and 50nM 9cRA.
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PCR was used to determine the recruitment of PP&RI RXRx to the p53 region
containing the NKB sequence. The results indicated that either BRARXRo was
constitutively bound to the p53 promoter in unteglatells and this recruitment was
increased on BRL plus 9cRA exposure (Fig. 5B). Birty an augmented RNA-Pol
[l recruitment was obtained by immunoprecipitatoedls with an ANTI-RNA-Pol Il
antibody indicating that a positive regulation dd3ptranscription activity was
induced by combined treatment (Fig. 5B). The rdi@%8 signaling in the intrinsic
apoptotic cascades involves a mitochondria-depéngescess, which results in
cytochrome C release and activation of caspase-9. Because ptmnu of
mitochondrial integrity is one of the early eveldading to apoptosis, we assessed
whether BRL plus 9RA could affect the function oftechondria by analyzing
membrane potential with a mitochondria fluorescdp¢ JC-1 (Cossarizza et. al
1997). In non-apoptotic cells (control) the intactochondrial membrane potential
allows the accumulation of lipophilic dye in aggaegd form in mitochondria which
display red fluorescence. MCF-7 cells treated wi6OnM BRL or 50nM 9cRA
exhibit red fluorescence indicating intact mitoctioal membrane potential (data not
shown). Cells treated with both ligands exhibit egrefluorescence indicating
disrupted mitochondrial membrane potential wherelJ&annot accumulate within
the mitochondria, but instead remains as a monamehe cytoplasm (Fig. 5C).
Changes in mitochondrial membrane permeabilityngvortant step in the induction
of cellular apoptosis, is concomitant with the apBe of the electrochemical gradient
across the mitochondrial membrane through the fobomaof pores in the
mitochondria leading to the release of cytochro@ento the cytoplasm, and
subsequently with cleavage of procaspase-9. Tlssacke of events, featuring the
mitochondria-mediated death pathway, were deteate®RL plus 9RA-treated
MCF-7 cells. Concomitantly, cytochrom€& release from mitochondria into the
cytosol, a critical step in the apoptotic cascadas demonstrated after combined
treatment (Fig. 5D). BRL and 9RA at nanomolar @mration did not induce any

effects on caspase-9 separately, but activationaolasrved in the presence of both
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compounds (Table 7A). No effects were elicited lhex the combined or the
separate treatment on caspase-8 activation, a maflextrinsic apoptotic pathway
(Table 7B). The activation of caspase 9, in thes@gmee of no changes in the
biological activity of caspase 8, support that ur @xperimental model only the
intrinsic apoptotic pathway is the effector of tbembined treatment with the two
ligands. Since inter-nucleosomal DNA degradationcensidered a diagnostic
hallmark of cells undergoing apoptosis, we studi?A fragmentation under BRL
plus 9cRA treatment in MCF-7 cells, observing tlia¢ induced apoptosis was
prevented by either the specific antagonist of PP&R9662 (GW) or by AS/p53,
which is able to abolish p53 expression (Fig. SHpally, we examined in three
additional human breast malignant cell lines: MCFR1, SKBR-3 and T-47D the
capability of low doses of a PPARand an RXR ligand to trigger apoptosis. DNA
fragmentation assay showed that only in the preseficombined treatment did cells
undergo apoptosis in a p53-mediated manner (Fig, bRplicating a general
mechanism in breast carcinoma. The crucial rolp53 gene in mediating apoptosis
supported by the evidence that the effects on ploptatic cascade were abrogated in
the presence of AS/p53 in all breast cancer cedislitested, including tamoxifen
resistant breast cancer cells. In tamoxifen rasidieeast cancer cells, other authors
have observed that EGFR, IGF-1R and c-Src signanegconstitutively activated
and responsible for a more aggressive phenotypesistent with an increased
motility and invasiveness (Knowlden et al. 2003sddix et al.,, 2005). This gives
emphasis to the potential use of the combined plyenath low doses of both BRL
and 9cRA as novel therapeutic tool particularly fieast cancer patients who

develop resistance to antiestrogen therapy.
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Table 7. Activation of caspasesin M CF-7 cells. Cells were stimulated for 48 h in presence of BRDAM, 9RA
50nM alone or in combination. The activation offmase-9 (A) and caspase-8 (B) was analysed by Flgontztry
Assay. Data were presented as me&D. of triplicate experiments. *p<0.05 combinegatedvs untreated cells.

A
Caspase 9 % of Activation sD
control 14,16 +2,565
BRL100nM 17,23 +1,678
9RASONM 18,14 +0,886
BRL+9RA 33,88 5,216
B
Caspase 8 % of Activation sD
control 9,20 41,430
BRL100ORM 8,12 41,583
9RAS50INM 7,90 0,886
BRL+9RA 10,56 +2.160
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Figure4.(A) Breast cells were treated for 48 h in SFM in thes@gnee of BRL 100nM or/and 9RA 50nM. Cell vitality wasasured
by MTT assay. Data were presented as nie8rD. of three independent experiments done ifidsite. (B) MCF7 cells were treated
for 24, 48 and 72 h with BRL 100nM and 9RA 50nM in presence of SFM and 5% CT-FBS. *p<0.05 and **p<@Greated vs
untreated cell{C) Immunoblots of p53 and p#4™/“P1from extracts of MCF-7 cell treated with BRL 100nM &@fRIA 50nM alone
or in combination for 24 and 36 h. GAPDH was usetbading control. The side panels show the quativié representation of data
(mean + S.D.) of three independent experiments aftasitometry(D) p53 and p2¥AF“PL mRNA expression in MCF-7 cells
treated as in A for 12 and 24 h. The side panetsvsihe quantitative representation of data (mea®.D.) of three independent
experiments after densitometry and correction &B48 expression. *p<0.05 and **p<0.01 combined-tréateuntreated cells. N:
RNA sample without the addition of reverse trangasp (negative control}E) Schematic map of the p53 promoter fragments used
in this study.(F) MCF-7 cells were transiently transfected with pEhe promoter-luc reporter constructs (p53-1, p553-13,
p53-14) and treated for 24 h with BRL 100nM and 9RAMGlone or in combination. The luciferase actestwere normalized to
the Renilla luciferase as internal transfection manand data were reported as RLU values. Columnsrezan = S.D. of three
independent experiments performed in triplicates005 combined-treated vs untreated cells. pGL8abactivity measured in cells
transfected with pGL2 basal vector; RLU, Relative htigJnits. CTF-1, CCAAT-binding transcription factor-MNF-Y, nuclear
factor-Y; NFB, nuclear factor kB.
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Figure 5. (A) Nuclear extracts from MCF-7 cells (lane 1) wereulmetted with a double-stranded RB-consensus sequence probe
labeled with 2P] and subjected to electrophoresis in a 6% pojaatide gel. Competition experiments were done, ragigis
competitor a 100-fold molar excess of unlabeledprflane 2). Nuclear extracts from MCF-7 were téatéh 100nM BRL (lane
3), 50nM 9RA (lane 4) and in combination (lane5).tiAPARy (lane 6), anti-RXR (lane 7) and 1gG (lane 8) antibodies were
incubated. Lane 9 contains probe algiB.MCF-7 cells were treated for 1 h with 100nM BRL amdi®nM 9RA as indicated, and
then cross-linked with formaldehyde and lysed. Shkible chromatin was immunoprecipitated with &RiARy, anti-RXRx and
anti-RNA Pol Il antibodies. The immunocomplexes weegerse cross-linked, and DNA was recovered byngliehloroform
extraction and ethanol precipitation. The p53 priamsequence containing KB was detected by PCR with specific primers. To
control input DNA, p53 promoter was amplified froBO pl of initial preparations of soluble chromatin (bef
immunoprecipitations). N: negative control providgdPCR amplification without DNA sampléC) MCF-7 cells were treated with
100nM BRL plus 50nM 9RA for 48 h and then used fluoee$ microscopy to analyze the results of JC-1',@fB-tetrachloro-
1,1’,3,3'- tetraethylbenzimidazolylcarbocyanineia) kit. In control non-apoptotic cells, the dytaiss the mitochondria in red. In
treated apoptotic cells, JC-1 remains in the cg®ipl in a green fluorescent for(@) MCF-7 cells were treated for 48 h with BRL
100nM and/or 9RA50nM. GAPDH was used as loadingrodntE) DNA laddering was performed in MCF-7 cells transéelcand
treated as indicated for 56 h. One of three singilareriments is presented. The side panel showisihenoblot of p53 from MCF-

7 cells transfected with an expression plasmid @imcpfor p53 antisense (AS/p53) or empty vectorafw) treated with 100nM BRL
plus 50nM 9RA for 56 h. GAPDH was used as loadingtrcd. (F) DNA laddering was performed in MCF-7 TR1, SKBR-34TD
cells transfected with AS/p53 or empty vector (W)l &reated as indicated. One of three similar emprts is presented.
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5. 9cRA asa pancreas autacoid that attenuates glucose-stimulated insulin
secretion

We applied a sensitive LC/MS/MS assay to companengas RA isomers to those in
serum and liver, because the endocrine pancreag®ssgs nuclear receptors that
recognize RA isomers and responds to retinoid-iadwgignaling, and liver serves as
the principal storage site of retinoids and coniiéls to retinoid homeostasis (Napoli
1999; Chuang et al. 2008). Consistent with previaosk, prominent physiological
RA isomers in serum and liver included atRA andB9jicis-RA (9,13dcRA), an RA
Isomer without known biological activity, but 9cRA&as not detected (Kane et al.
2005, 2008). In contrast, we identified 9cRA in gaas, along with atRA and
9,13dcRA (Figure 1A). We confirmed that analysid dot generate 9cRA by adding
retinoids to pancreata before homogenization, etitna, and assay (Figure 1B). Only
9cRA increased the 9cRA signal, excluding oxidatadrthe RA precursor retinal
and/or isomerization of atRA during analyses asc@siof 9cRA. Concentrations of
9cRA in pancreas occur within the range of conegioins of other RA isomers in
tissues and serum (Figure 1C). These data providearaalytically rigorous
identification of 9cRA as a naturally occurringineid. If 9cRA occurs in the tissues
assayed other than pancreas, amounts would be <thtl/g, based on the

LC/MS/MS assay'’s limit of detection in biomatrices.
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Fig.1 9cRA occurs in pancreas. (A) Representative LC/MSMiromatograms of RA isomers from analyses of mous
pancreas, liver and serum. (B) Representative L@¥MSchromatograms of pancreatic RA isomers befseoéd lines)

45



Results and Discussion

and after addition (dashed lines) of retinoids iptm homogenization, extraction and analysis. Eeotomatogram
shows one of triplicate analyses. (C) Quantificataf RA isomers in mouse liver, serum, and pancrddd, not
detected; 8 mice/group (s.e.m.)

The fasted to fed transition resulted in a 36% e@se in 9cRA, which accompanied
the increase in blood glucose and serum insulibhchused no changes in pancreas
atRA, 9,13-dcRA (Figure 2A). Consistent with thisservation, challenging fasted 6
mice with a bolus of glucose decreased 9cRA >80%imvil5 min, coinciding with
the rapid rise in blood glucose (Figure 2B). 9cke&avered markedly by 30 min and
continued to rise thereafter. In contrast, gluadsalenge had no impact on pancreas
atRA or 9,13dcRA. During glucose challenge, 9cRAe&ated inversely with serum
insulin, further suggesting a contribution to pa&ay function consistent with
decreasing GSIS (Figure 2C). In addition, exogerfatRA reduced serum insulin

during glucose challenge (Figure 2D).
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Fig.2 9cRA reflects fastings. feeding. (A) Blood glucose, serum insulin, andhgraas RA isomers in fed or 12-hr
fasted mice. Data are means of 3 experiments with ice/group/experimentP=0.03, **P<0.004, ***P<0.003vs.
fed values. (B) 9cRA and atRA responses to a gkicballenge (2 g/kg glucose). Values are meanssoé2periments
with 5-10 mice/point/experiment, except 9,13dcRAefperiment, 10 mice/time):P<0.05 from 0 time. The three
glucose values after 0 min differ from controP<0.05. (C) Inverse relationship between pancre&A%and serum
insulin after a glucose challenge: the slope diffg@gnificantly from 0P=0.02; 10 mice/point. (D) 9cRA hinders insulin
secretion: 9cRA (0.5 mg/kg in 6d DMSO) or vehicle alone were injected i.p. in mit® min before an i.p dose of
glucose (0.5 g/kg). Data are means of 6-7 mi€&0:05. All data s.e.m.
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The inverse relationship between serum insulin @atcreas 9cRA during the GTT,
and ability of 9cRA to reduce serum insulin, proegpttesting whether 9cRA
decreases glucose disposal. Mice were injected Withs-retinol, a potential
precursor of 9cRA, or 9cRA, prior to a GTT. Micgected with 9-cis-retinol
responded with a 2 to 2.7-fold increase in pancge&sA, sustained at least 120 min
(Figure 3A). Mice injected with 9cRA responded with ~30-fold increase in
pancreas 9cRA, which declined by 120 min to ~4-fatdve control. Note that the
decrease in endogenous 9cRA in the control (dosdd with glucose) at 30 min
reflected the same degree of decrease (~40%) auseat’ 30 min in the GTT
experiment of Figure 2B. Increases in pancreas 9c&ssed by both 6is-retinoids
resulted in glucose intolerance, such that 120 after the glucose challenge, blood
glucose was at least 2-fold higher than in vehtdeed mice (Figure 3B). The lowest
concentrations of 9cRA (40 nM) achieved after dgs#ither 9cRA or Eis-retinol
arrested glucose disposal to the same extent akigher concentrations achieved,
indicating a dose-response relationship with a maxn effect near or below 40 nM
9cRA. These data suggest that the physiologicatedse in pancreas 9cRA as
glucose increases permits optimum insulin secreiod reveal that 6is-retinol can

serve as a precursor to 9cRA.
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Fig.3 Exogenous 9cRA induces glucose intolerance. (A)elases in total pancreas 9cRA after dosing witis9etinol
or 9cRA (0.5 mg/kg in 10Qul DMSO). 9<cis-Retinol and 9cRA were injected 60 and 15 min befgfucose,
respectively. Glucose (2 g/kg) was injected at ®:rB-8 mice/group; P=0.01 and *P<0.003vs. vehicle control;
&P<0.005vs. 0 min. (B) GTT in mice dosed with @s-retinol or 9cRA: 5-7 mice/group;P<0.04, **P<0.002,
*** P<0.005vs. control. Mice were dosed with retinoids as desctilbeA. All data s.e.m.
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Glucose uptake by the pancreas rapidly affects Gdiit? and GK activities through
post-translational mechanisms (Thorens et al. 18B6ng et al. 2006). Although GK
activity limits the rate of glucose uptake by fhecell, Glut2 contributes more than
passive glucose transport by signaling glucose enations: phosphorylation
decreases both the transport and signaling fursctodriGlut2 (Thorens et al. 1996;
Ferber et al. 1994). Forskolin, which stimulatesVifAsynthesis and induces protein
kinase A-dependent Glut2 phosphorylationptaells, decreases Glut2 activity. We
repeated the experiment published with forskolid aompared its effect to that of
9cRA in the 832/13-cell line, established as a model of GSIS (Hohmeteal.
2000) (Figure 4A). We duplicated the published ltsswith forskolin, and found that
9cRA decreased glucose-stimulated Glut2 activit9%A4vithin 15 min, similar to the
impact of forskolin. Thirty nM 9cRA was as effeaias 100 nM, consistent with the
results of Figure 3, which indicated a marked effec40 nM 9cRA on glucose
disposal. In 15 min, 9cRA inhibited GK activity 70%hich persisted until 60 min in
832/13pB-cells treated with 23 mM glucose (Figure 4B). BA0Imin, 9cRA inhibition
of GK activity decreased to 34%. Despite the changeGlut2 and GK activities,
9cRA did not affect Glut2 or GK mRNA by 15 min (dahot shown). 9cRA
decreased ATP in 832/38cells 30-40% from 15 through 60 min after introtioic
of 23 mM glucose and ATP recovered by 120 min (FegiC). After 60 min of 9cRA
exposure in cells treated with 23 mM glucose, 9cRAluced 832/133-cell
intracellular Ca2+ 35%; Ca2+ returned to controtels by 2 hr (Figure 4D).
Consistent with its impact on glucose sensing, 9c&Rhiced GSIS 40% in 832/83
cells after 60 min incubation with 23 mM glucosat did not impair baseline insulin
secretion in the presence of 3 mM glucose (FiguEe # pancreatic islets, 9cRA
reduced GSIS 33-43% induced by 15 to 60 min incabatith 23 mM glucose, with
islet sensitivity returning by 120 min (Figure 4R rise in ATP closes thp-cell K+
ATP channel, which allows Ca2+ influx. This processves as a “triggering signal”
to initiate the first phase of GSIS (Jensen eR@08). KCI induces insulin release in

the absence of high glucose by circumventing thé Affect on the K+ channel.
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9cRA had no impact on KCI-stimulated insulin seoretfrom islets (Figure 4G).

After 2 hr, 9cRA decreased expressiorPdk-1 andHNF4a mRNA, 7 and 77- fold,

respectively (Figure 4H). Pdx-1 induces glucokina€dut2 and insulin gene
expression in the mature pancreas (Ashizawa €084 ; Babu et al. 2007). HNE4

regulates insulin release through controlling nmhtmudrial metabolism of glucose
and HNF, Glut2 and insulin gene expression (Bartoov-Shifreaal. 2002; Wang
et al. 2000).
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Fig.4 9cRA attenuates pancreas glucose sensing. 832&8s and islets were pre-incubated 2 hr with 3 gihtose.
At 0 min, the medium was exchanged for medium doimg 23 mM and agents indicated for the duratidn o
experiments. (A) 9cRA reduces Glut2 activity in 83cells after 15 min incubation: 4-8 replicatestgp; *P<0.0003
vs. no addition. (B) 9cRA reduces GK activity in 8B2/cells: 3-7 replicates/groupP%0.02, **P<0.002vs. control.
(C) 9cRA reduces ATP content in 832/13 cells: 2dlicates/group, P<0.008vs. control. (D) 9cRA decreases Ca2+
influx into 832/13 cells: 2 replicates/grou?<0.02. (E) 9cRA decreases GSIS by 832/13 cellst 8eplicates/group;
*P<0.01vs. control. (F) 9cRA decreases GSIS by pancredttsisThe graph shows baseline insulin secretiomg8
mM glucose, and the effect of 9cRA on stimulatidnirsulin secretion by 23 mM glucose: 8-9 replicéggoup;
*P<0.02, *P<0.002vs. control. (G) 9cRA does not affect KCI stimulatedulin secretion from islets:P<0.02vs. 0
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time. (H) 9cRA reduceBdx-1 andHNF4a mRNA after 2 hr in 832/13 cells: 3 replicates/groOme hundred nM 9cRA
was used in all experiments, unless noted otherwiteata s.e.m.

We analyzed pancreata from mice with decreased artsmbf f-cells to identify
sources of 9cRA. A point mutation in the insuligéne of Ins2Akita mice inducés
cell apoptosis, which reduces the numbep-ctlls, indicated by a 46% reduction in
pancreas insulin (Yoshioka et al. 1997). Pancrizata fed heterozygous Akita mice
had 40% lower 9cRA than wild type (WT), consisteith the decrease ifi- cells
(Figures 5A). In contrast, pancreas atRA increamedl retinol did not differ from
WT, demonstrating a unique relationship betweenfaRd 3-cells. To confirm this
insight, we injected mice with Stz, which cauBe=ell necrosis (Lenzen 2008). 9cRA
In pancreas of Stz-treated mice decreased with trmdirect proportion to the
decrease ift-cells, assessed by insulin content (Figures 5B@ndseventy-two hr
after Stz dosingp-cell numbers decreased 67%, accompanied by a s8¥eake in
9cRA, impaired glucose tolerance and elevated ashAg blood glucose (Figure
5C). By 96 hr,p-cells decreased 95% and 9cRA deceased 70%, cmtsigith [3-
cells serving as a major source of pancreas 9cR8ed on the 9cRA remaining after
B-cell destruction, other pancreas cells may couteib-20-25% to the 9cRA pool.
The B-cell line 832/13 generated 9cRA and atRA fromithespective ®is- or all-
trans- retinol and retinal precursors at similar ratdsiggre 5D). Pancreas
microsomes contain both-@s- and alltrans-retinol (33 + 1.4 and 76 = 2 pmol/g
protein, respectively; 3 replicate analyses ofpabcreata pool) (Figure 5E). This,

cells have the capacity and a substrate to biosgté 9cRA.
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Fig.5 Pancreag-cells produce 9cRA. (A) Representative LC/MS/M$ochatograms and quantification of RA isomers
in pancreas of WT and Akita mice: 8 mice/group<6.05vs. WT. (B) Immunohistochemistry showing loss of inguli
in pancreas with time after a Stz dose: scale H@@um. (C) Effect of Stz of-cell numbers (3-6 islets) and pancreas
9cRA (9-18 mice/group). (D) Biosynthesis of RA isenm from retinol and retinal isomers by the parefeeaell line
832/13: 3 replicates/substrate. (E) HPLC of retist@indards and representative analyses of panangassomes.
Arrows denote elution positions of 8-, 9<Cis- and alltransretinol, respectively. All data s.e.m.

To determine whether mouse models of glucose irgnte are accompanied by
9cRA increases, we assayed pancreata fobfob and do/db mice and mice with
diet-induced obesity (DIO) (Leibel et al. 1990h/ob mice lack leptin, are obese and
have high blood glucose and serum insuliiv/ob mice had 2.2-fold higher 9cRA
than WT controls (Figure 6A). Mice with DIO wereugbse intolerant, weighed
~50% more than controls, and had ~2-fold higherAd¢Ran controls (Figures 6B).
Db/db mice, which lack the leptin receptor and have dveblood glucose and
serum insulin, had 34% higher 9cRA than lean cdstfieigure 6C). Although atRA
also increased in pancreasobfob mice, the increase was modest, and atRA did not
increase in pancreas dii/db mice. In DIO pancreata, the atRA increase excetued
9cRA increase. Neither the atRA nor the 9cRA chariggpancreas correlated with
changes in retinol. Thus, 9cRA was the only endogsrretinoid assayed (9cRA,
atRA and retinol) that changed consistently in paas with changes in glucose

tolerance, regardless of the underlying cause phirad glucose tolerance.
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Fig.6 Increased pancreas 9cRA accompanies glucose iamaler (A) representative LC/MS/MS chromatograms and
RA isomers in pancreas of fed WT aoflob mice: 8 mice/group; P<0.008vs. WT. (B) Increased 9cRA in pancreas of
mice with DIO: 8-10 mice/group: P<0.001vs. lean. (C) RA isomers in pancreas of fed WT alwtb mice: 8
mice/group; *P=0.033. All data s.e.m.

The novel, rapid physiological effects of 9cRA dédsed here contrast with its effects
as a pharmacological agent that regulates transeri@nd suggest non genomic
mechanisms (Noy 2007). This is not unprecedented. génomic effects of retinoids
have not been investigated as extensively as ttanscriptional effects, but 9cRA
reportedly stimulates phosphorylation of p38 mitogetivated protein kinase (De
Alvaro et al. 2004). Recent work also has showm &@RA has rapid, non-genomic
action (Sidell et al. 2010) indicating that retit®i like several steroid hormones, do
not solely regulate transcription (Stahn et al.3008ccurrence of 9cRA in pancreas,
along with non-detectable concentrations in serach @ host other tissues, support
the deduction based on genetic evidence that 9c&s dhot serve as a universal
retinoid X receptor-activating ligand vivo (Calleja et al. 2006). Validation of 9cRA
as an autacoid in pancreas provides frameworkJauating whether it functionga
RARs and/or RXRs, and for evaluating potential sreignaling between atRA and
9cRA. The outcome of a potential 9cRA/atRA intei@atiwvith pancreas RAR cannot
be predicted simply because both retinoids bindsdmae receptor. Nuclear receptor

action depends on the ligand bound and the nudeatequence of the gene’s
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response element both influence receptor confoomataffinity for a particular
response element, and function (Meijsing et al.920Pancreas atRA did not change
with an increase in blood glucose after the fastetie fed transition, or after glucose
injection, indicating that short-term modulation GfSIS relies only on 9cRA. In
summary, this work demonstrates that 9cRA occurarasndogenous pancreas
retinoid, establishes a function for 9cRA in GS#d provides novel insight into
retinoid function and glucose homeostasis. Of edeiare the likely non-genomic
effects of 9cRA. These studies provide insight iatoessential element of pancreas
mediated glucose homeostasis, which should prowfulugor understanding
mechanisms of GSIS and diabesity.
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METHODS

Testicular cell cultures. The Leydig (TM-3) cell line was cultured in DMEM/EImedium supplemented with 5%
horse serum (HS) and 5% fetal calf serum (FCS). draimMLTC-1 cell line was cultured in RPMI-1640 niech
supplemented with 10% FCS. The R2C cell line watieed in F-12 Nutrient Mixture (Ham) supplementeith 2.5%
fetal bovin serum (FBS), 15% horse serum (HS). ®eltmedia for all cell lines were supplemented wdathmM
glutamine and 1% of a stock solution containingd@0, IU/ml penicillin and 10,00Qg/ml streptomycin. Cell cultures
were grown on 90 mm plastic tissue culture dishea humidified atmosphere of 5% ¢ air at 37 °C. Cells from
exponentially growing stock cultures were remowvexh the dishes with trypsin (0.05% w/v) and EDTAO@ wi/V).
The trypsin/EDTA action was inhibited with an equalume of DMEM/F12, F-12 Nutrient Mixture (Ham) &PMI-
1640 medium. Cell number was estimated with a Buckenera and cell viability by trypan blue dye ewsibn. For all
cellular lines, the medium was changed twice pezkw@&M-3 and R2C cells were subcultivated when lcemit, while
MLTC-1 cells were subcultured when they formedridlaomes.

Isolation of mitochondria fraction from cells. After trypsinization and centrifugation of cells/BB00 rpm for 5 min
at 4 °C mitochondria were isolated solubilizing thedlet with 200ul RIPA buffer, supplemented with 0.1% digitonin;
the cells were incubated for 15 min at 4 °C andntitechondria were isolated by differential centgétions at 4 °C as
described by Cione et al. (2004).

Oxidative stress parameters. Following sonication of cells in PBS (phosphate ferdd saline, 1.5mM KHPQy,
8.1mM NaHPQ,, 136.9mM NaCl, pH7.2) buffer the crude homogeneds divided into two equal parts. One part was
processed for assay of lipid peroxidation, while tecond part was centrifuged at 10,000rpm for Samd the
supernatant utilized in assays for glutathioneaBdferase, superoxide dismutase and catalaseiastivi

Lipid peroxidation and antioxidant enzymes activity. The level of lipid peroxidation was assayed throubh
formation of thiobarbituric acid reactive speci@BARS) during an acid-heating reaction as previpudscribed
(Esterbauer and Cheeseman 1990). Briefly, the smmpére mixed with 1ml of 10% trichloroacetic a¢idCA) and
1ml of 0.67% thiobarbituric acid (TBA), then heaiada boiling water bath for 15min. TBARS were deimed by the
absorbance at 535nm and were expressed as matiefdide equivalents (nmol/mg protein). The enzymetiivities
in the cell samples of SOD, CAT and GST were deitgethby the methods of Das & Chainy (2001), Ael§74) and
Habig et al. (1974) respectively. Protein concditrain samples was estimated by the Lowry metHaanty et al.
1951).

MTT assay. Cell viability was determined by MTT assay (Mosmak883). Cells (2x10cells/ml) were grown in 12
well plates and exposed to different treatmentdiféérent time points. Control cells were treateihvwehicle alone.
One hundred microlitres of MTT (5mg/ml) was added éach well and the plates incubated for 4h at 37°C
Subsequently 1ml 0.04N HCI in isopropanol was admesblubilize the cells. The absorbance was medswith the
Ultrospec 2100 pro spectrophotometer (Amershamdioses) at a test wavelength of 570nm with a esiez
wavelength of 690nm. The optical density (O.D.) veadculated as the difference between the absoebahdhe
reference wavelength and that at the test wavdier@ercent viability was calculated as (O.D. of gdtreated
sample/control O.D.) x100.

Lactate dehydrogenase assay. The amount of lactate dehydrogenase (LDH) rele@gethe cells was determined as
described by Abe & Matsuki (2000) with little moidéitions. The culture supernatant (RB0vas mixed with 2501 of
the LDH substrate mixture (2.5mg/ml L-lactate litini salt, 2.5mg/ml NAD+, 1M MPMS, 60QuM MTT, and 0.1%
Triton X-100 in 0.2M Tris-HCI buffer, pH 8.2). Theaction was carried out for 5min at 37°C and stappy adding
0.5ml of 0.04N HCI in isopropanol. The absorbaneswneasured with the spectrophotometer at a testlevagth of
570nm, and a reference wavelength of 655nm. Iretlaasay conditions, MTT was converted into MTT fazam in
proportion to LDH activity. LDH release was caldeld as (sample LDHblank)/( total LDH-blank) x100.

Immunoblot analysis of cytochrome c release. Cytochrome ¢ was detected by western blotting itochiondrial and
cytoplasmatic fractions. The cells were harvesteddntrifugation at 1,200 x g for 10min at 4°C. Tpellets were
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suspended in 36 lysis buffer (250mM sucrose, 1.5mM EGTA, 1.5mM ES, 1mM MgCh, 25mM Tris-HCI, pH6.8,
1mM DTT, 1Qug/ml aprotinin, 50mM phenylmethylsulfonylfluoride@ 50mM sodium orthovanadate) and th@haf
0.1% digitonine was added. The cells were incubfded5min at 4°C and centrifuged at 12,000rpm30min at 4°C.
The resulting mitochondrial pellet was resuspentied% Triton X-100, 20mM Ni#SQ;, 10mM PIPES and 1mM
EDTA, pH7.2, and centrifuged at 12,000rpm for 10ratn4°C. Equal amounts of protein (g were resolved by
15% SDS-PAGE and electrotransferred to nitroceflelmembranes. The membranes were incubated initdololaffer
over night at 4°C, followed by incubation with D00 sheep polyclonal antihuman cytochrome ¢ anyif@t, room
temperature) and then with HRP-conjugated (hordisigperoxidaseconjugated) secondary antibodyQ@®,for 2h at
4°C. Peroxidase activity was visualized with the e&sham Pharmacia Biotech ECL system according to
manufacturer’s instructions. The cytochrome ¢ prot®ntent was determined densitometrically. Imnhlotiing for
B-actin was carried out to confirm equal loading.

Western blot determination of caspase-3. Cells were lysed with ice-cold PBS (pH7.4) contanil% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS and proteageitots (1mM phenylmethylsulfonylfluoride, 10mg/raprotinin
and 10mg/ml leupeptin). Lysates were centrifuge8,d@0rpm at 4°C for 30min) and supernatant proteintent
determined. Equal amounts of protein (8P were resolved by 15% SDS-PAGE, electrotransfieteenitrocellulose
membranes and immunoblotted for caspase-3 as pidyidescribed.

Immunoblot analysis of |P;K/Akt pathways and cell cycle signaling. Cultured cells were lysed with 2Q0 ice-cold
PBS containing 1% Triton X-100, 0.5% sodium deoxjate, 0.1% SDS and protease inhibitors (1 mM
phenylmethylsulfonylfluoride, 10 mg/ml aprotinincahd0 mg/ml leupeptin). Lysates were centrifuged,@@8xg at 4
°C for 30 min) and the supernatant protein conteas determined by the Lowry method (Lowry et ab1P Proteins
(50 ug) were resolved by 15% SDSPAGE, and transferred tutrocellulose membrane (Hybond-C; Amersham
Biosciences, Piscataway, NJ). The membrane wakddowith 5% bovine serum albumin and probed withcsfc
primary antibodies such as anti-phospho-Akt1/26r &73)-R (Santa Cruz Biotechnology Inc., SantazC@GA), anti-
Akt (Santa Cruz Biotechnology Inc.), anti-cyclin D{Banta Cruz Biotechnology Inc.), anti-p21 (SanteuzC
Biotechnology Inc.) and anti-cyt ¢ (Santa Cruz Babtnology Inc.), respectively. After washing, meartas were
incubated with HRP-conjugated secondary antibodyo®dase activity was visualized with the AmershRharmacia
Biotech ECL system according to the manufacturéristructions. The protein content was determined
densitometrically. The loading control was detedigdmmunoblot of3-actin protein.

DNA extraction and agarose gel electrophoresis. Agarose gel electrophoresis of extracted DNA wadopeed to
detect damage to nuclear chromatin, a characterdtchemical feature of apoptosis, indicated bgd&xing of
oligonucleosomal fragments (180-200bp) as descrilyet/lu et al. 2001. Briefly, 5xf0cells were grown in petri
dishes, were trypsinized and washed with PBS. Thertells were spin down and resuspended in 0.5igbis buffer
(50mM Tris-HCI, pH 7.8, 10mM EDTA, and 0.5% SDS)N&se A was added to a concentration of 0.5mg/ml and
incubated at 37°C for 60min. The protein contens wagraded with proteinase K (0.5mg/ml) at 50°Céfamin. DNA
was obtained with two extractions. The first extiat was carried out with an equal volume of phenbloroform—
isoamylic alcohol (25:24:1) and the second withoobflorm—isoamylic alcohol (24:1). DNA was precipéd from the
upper aqueous phase with 0.1vol. of 3M sodium é&eea5vol. of ice-cold ethanol and left-s20°C over night. After
centrifugation the DNA pellet was solubilized ing2Sterile water. DNA fragments were separated legtebphoresis
in 1.2% agarose gel and visualized by staining eitfidium bromide.

JC-1 mitochondrial membrane potential detection assay. The loss of mitochondrial membrane potentigl'(m) was
monitored with the 5,%,6tetra-chloro-1,13,3-tetraethylbenzimidazolyl- carbocyanine iodide dy€-1) (Biotium,
Hayward, USA). The negative charge establishedhbyiritactA¥m, allows the lipophilic dye JC-1 to selectivelyten
the mitochondrial matrix, where it aggregates amite a red fluorescence. When th#m is lost the JC-1 cannot
accumulate within these organelles and remainkancytoplasm in the monomeric form emitting greklorescence
(Cossarizza et al. 1993). Cell lines were growdOncm dishes and treated, then the cells wereitigesl, washed in
icecold PBS, and incubated with 10 mM JC-1 at 37rf@ 5% CO2 incubator for 20 min. Subsequentlyisogere
washed twice with PBS and analyzed by fluorescemiceoscopy according to manufacturer's instructions

Mitochondrial ATP determination. The amount of endogenous ATP in isolated mitochiaraind in cytosolic extract
from MLTC-1, R2C and 832/13 cell lines was detemairusing the bioluminescence method described leyv¥
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Leeuwenburgh (2003). With a Molecular Probes kit,PAwas assayed in cells lysed with RIPA buffer aorihg a
proteases inhibitors mixture (Sigma) and clearededifilar debris by centrifugation (10 min, 4 °@hn aliquot of each
sample was mixed with 10d of reaction cocktail (25 mM Tricine buffer, pH8/.5 mM MgS0O4, 10uM EDTA, 1
mM DTT) containing firefly luciferase and 0.5 mMciterin. Emitted light was measured in a luminoméRerthold).

Monodansylcadaverine staining. MDC was used to evaluate autophagic vacuoles ils @ previously reported
(Biederbick et al. 1995). A 10 mM stock solution dDC was prepared in PBS. Following treatmentslscefere
stained with MDC at a final concentration of @lifor 10 min at 37 °C, and fixed using 3% parafordeddyde solution
in PBS for 30 min. Cells were washed and then emacthby fluorescence microscopy (Leica AF2006).

Flow cytometry assay. Cells (1x106 cells/well) were grown in 6 well plat@nd shifted to serum free medium for 24 h
before treatments . Thereafter, cells were trypsithi centrifuged at 3,000 rpm for 3 min and washkid PBS. A 0.5

ul of fluorescein isothiocyanateconjugated antibedamti-caspase-9 (Calbiochem, Milan, Italy) waseaddh all
samples and then incubated for 45 min at 37 °Crdowp to manufacturer's instruction. Samples werayaeed with
the FACScan (Becton Dickinson and Co., FranklindsgkNJ).

TUNEL assay. Apoptosis was determined by enzymatic labeling @RNA strand breaks using terminal
deoxynucleotidyl transferase-mediated deoxyuridighosphate nick end-labeling (TUNEL). TUNEL laipgl was
conducted using APO-BrdUTM. TUNEL Assay Kit (MoldéauProbes) and performed according to the manufacs
instructions. Cells were incubated for 30 min aimotemperature protected from light and photogrdphe using a
fluorescent microscope (Leica AF2006).

FABP5 and CRABPII mRNA expression. MLTC-1 cells were grown in 10 cm dishes from 70/806tfluence and
exposed to RA treatments as indicated in Fig. 4ti@ap Total cellular RNAwas extracted using Trizalagent
(Invitrogen) as suggested by the manufacturer. ity and the integrity of total RNA were checked
spectroscopically before carrying out the analytpracedures. RNA was then reverse transcribed Wigh Capacity
cDNA Reverse Transcription Kit (Applied Biosystemhe cDNA obtained was amplified by PCR usingftiwing
primers: FABP5 (NM 010634) 'ACGGCTTTGAGGAGTACATGA-3 (forward) and 5
TCCTACCCTTCTACTAGCAC- 3 (reverse), CRABP Il (NM 007759)-EGATCGGAAAACTTTGAGGA- 3
(forward) and 5CAACACACGTGGTCCCAGAT- 3 (reverse). The resulting PCR products were segparaly
electrophoresis in a 2% agarose gel in TBE (TrisaBeEDTA) and stained with ethidium bromide.

Isolation of mitochondria from testis. Rats were killed by decapitation, according to gqwelctice procedures
approved by the ethics committee, and testes wemediately removed. Rat testes mitochondria westatisd by
differential centrifugation as described by GenéhiOlson (2001). Mitochondria were suspended in adion®
containing 250 mM sucrose, 10 mM Tris/HCI, pH 7.4nM EDTA at a concentration of 15-18 mg protein/Rriotein
concentration was determined by the Lowry procedlosvry et al. 1951) with BSA as the reference dtad. This
mitochondrial suspension either was used immedgiatelas frozen at 70°C.

Incubation of mitochondria and extraction of the 2-oxoglutarate carrier (OGC). AtRA or ’[H]atRA were dissolved

in ethanol and 3L of the solution was added to the tissue prepama®.5 mg protein), and incubated in the presence
of 10mM ATP,150uMCoA, 27mM MgCh, 50mM sucrose, and 100mM Tris, pH 7.4, in a tetdlme of 0.5 ml at 37

°C for 90 min. The inhibitors were added togeth&hwBHatRA. The mitochondrial suspensions were rifeigeed and
protein extracted in 3% Triton X-114, 20mM J$&,, 1mM EDTA, 10mM Pipes, pH 7.0, and after 10 minica, the
mixture was centrifuged at 13000 rpm for 5 min.

Reconstitution and determination of OGC activity. 20 ug of protein from the Triton X-114 extract of mitmindria
were added to 100L of sonicated phospholipids (10% wi/v), 100 of 10% Triton X-114 in Pipes 10 mM, 44 of
malate 200 mM, 23Q@L Pipes 10 mM pH 7.0 in a final volume of 7QQ and were applied to an Amberlite XAD-2
column in agreement with Palmieri & Klingenberg 793. All the operations were carried out at roomgerature. In
order to determine the OGC transport activity, #wdernal malate was removed by passing &0 of the
proteoliposomal suspension through a Sephadex &titnn pre-equilibrated with 50 mM NaCl and 10 miéd3, pH
7.0. The first 60QuL of the slightly turbid eluate, containing the fmoliposomes, were collected, transferred to 1.5 mL
microcentrifuge tubes (150L each), and used for transport measurements bintikitor stop method (Palmieri &
Klingenberg 1979). Transport was carried out af@5%y adding 0.1 mM [14C] 2-oxoglutarate and stabpéter 10
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min by the addition of 20mM pyridoxal’-phosphate. In control samples, the pyridoxaptosphate was added
together with the labeled substrate at time zeoorémove the external radioactivity, each sample passed through a
Sephadex G-75 column (0.5x8 cm). The liposomese@lwith 50 mM NaCl, were collected in 4 mL of gdlation
cocktail and counted using a Tricarb 2100 TR dtatibn counter with a counting efficiency of abal@ — 73%. The
exchange activity was evaluated as the differeretsvden the experimental and the control values rasiqusly
published by Bisaccia et al. (1988).

Labeling with J[H]atRA and western blot analysis. Direct labeling with]H]atRA was performed according to a
method described previously (Takahashi & Breitm8@Q). Under yellow safe-light, 5Ci/ 5 uL of ][H]atRA (40-60
Ci/mmol) in ethanol (uCi/uL) were added to 1.5 mL glass microcentrifuge tulseseach sample tested. After the
ethanol was removed under nitrogen, @0of Triton extract of testes mitochondrial proteiere added to each tube,
and the final volume was adjusted to gD with incubation buffer, pH 7.4, for a final comteation of 10uM
%H]atRA, while 2-oxo-glutarate was added at a finahcentration of 10 mM. The samples were incubateg7 °C
(Takahashi & Breitman 1990) and shaken for 90 nmiden yellow light, after which 10L of SDS-polyacrylamide gel
electrophoresis sample buffer was added, the sampbre boiled and then loaded to run with standaibds-
polyacrylamide gel electrophoresis techniques. gélewas stained with Coomassie Brilliant Blue, shin Amplify
(Amersham Biosciences) and then used for fluordyrad —80 °C for 30 days. In order to verify thesgnce of the
OGC protein, western blot analysis was performedgusvernight rabbit monoclonal antibody to OGCA&tC (1:500
dilution in TBST). On the next day the membrane vimsubated for 1 h at room temperature with hoidista
peroxidase-conjugate antibodies to rabbit immunmgio G (1:2000 dilution) and the immune complexsveietected
with chemiluminescence reagents (ECL).

Breast cancer cell cultures. Wild-type human breast cancer MCF-7 cells were grawwDMEM-F12 plus glutamax
containing 5% new-born calf serum (Invitrogen, Mildtaly) and 1 mg/ml penicillin-streptomycin. MCFtamoxifen
resistant (MCF-7TR1) breast cancer cells were ggedrin Dr. Fuqua's laboratory maintaining celld&BM with 10%
foetal bovine serum (FBS) (Invitrogen), 6 ng/miuhs, penicillin (100 units/ml), streptomycin (1Q@/ml) and adding
4-hydroxytamoxifen in 10-fold increasing conceritias every weeks (from 0to 10° final). Cells were thereafter
routinely maintained with @M 4-hydroxytamoxifen. SKBR-3 breast cancer cellsavgrown in DMEM without red
phenol, plus glutamax containing 10% FBS and 1 rhghnicillin-streptomycin. T-47D breast cancer seillere grown
in RPMI 1640 with glutamax containing 10% FBS, 1mshdium pyruvate, 10mM HEPES, 2,5¢g/L glucose, 0,&IU/
insulin and 1 mg/ml penicillin-streptomycin. MCF-Tdrmal breast epithelial cells were grown in DME¥2 plus
glutamax containing 5% horse serum (Sigma), 1 mgémicillin-streptomycin, 0,5 pg/ml hydrocortisoaed 10 pg/mi
insulin.

Plasmids. The p53 promoter-luciferase plasmids, kindly preddy Dr. Stephen H. Safe (Texas A&M University,
College Station, TX, USA), were generated fromhhbenan p53 gene promoter as follows: p53-1 (comgitiie -1800
to +12 region), p53-6 (containing the -106 to +&gion), p53-13 (containing the -106 to -40 regiand p53-14
(containing the -106 to -49 region). As an intertrainsfection control, we cotransfected the plaspiRL-CMV
(Promega Corp., Milan, Italy) that expresses Radiltiferase enzymatically distinguishable fronefly luciferase by
the strong cytomegalovirus enhancer promoter. Thie3pvector containing three copies of a PPRE setpiepstream
of the minimal thymidine kinase promoter ligatecathiciferase reporter gene (3XPPRE-TK-pGL3) wagftdrom Dr.

R. Evans (The Salk Institute, San Diego, CA, USHje p53 antisense plasmid (AS/p53) was kindly mtedifrom Dr.
Moshe Oren (Weizmann Institute of Science, Rehdsoael).

Immunoblotting p53 and p21. Cells were grown in 10cm dishes to 70-80% confleeswod exposed to treatments in
SFM as indicated. Cells were then harvested in pblosphate-buffered saline (PBS) and resuspendbaisbuffer
containing 20mM HEPES (pH 8), 0.1mM EGTA, 5mM MgQ).5M NaCl, 20% glycerol, 1% Triton, and inhibior
(0.1mM sodium orthovanadate, 1% phenylmethylsullitunyride (PMSF), 20mg/ml aprotinin). Protein contetion
was determined by Bio-Rad Protein Assay (Bio-Rathdratories, Hercules, CA USA). A 4@ portion of protein
lysates was used for Western blotting (WB), resblor a 10% SDS-polyacrylamide gel, transferred nitracellulose
membrane, and probed with an antibody directednag#e p53, p21**“*! (Santa Cruz Biotechnology, CA USA).
As internal control, all membranes were subsequestitipped (0.2 M glycine, pH 2.6, for 30 min abmo temperature)
of the first antibody and reprobed with anti-GAPDQitibody (Santa Cruz Biotechnology). The antigetibaay
complex was detected by incubation of the membrdoed h at room temperature with peroxidase-cadigieat
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antimouse or antirabbit 1IgG and revealed using éhbanced chemiluminescence system (Amersham Pharmac
Buckinghamshire UK). Blots were then exposed tmf{Kodak film, Sigma). The intensity of bands regmating
relevant proteins was measured by Scion Image tEs®itometry scanning program.

RT-PCR Assay p53 and p21. MCF-7 cells were grown in 10cm dishes to 70-80%floence and exposed to
treatments in SFM as indicated. Total cellular RN&s extracted using TRIZOL reagent (Invitrogenkaggested by
the manufacturer. The purity and integrity wereakeel spectroscopically and by gel electrophoresferk carrying
out the analytical procedures. Two micrograms tdltBNA were reverse transcribed in a final volush0 ul using a
RETROscript kit as suggested by the manufactunemiBga). The cDNAs obtained were amplified by PGkgi the
following primers: 5’-GTGGAAGGAAATTTGCGTGT-3’ (p53orward) and 5-CCAGTGTGATGATGGTGAGG-3’
(p53 reverse), 5'-GCTTCATGCCAGCTACTTCC-3' (p21 faard) and 5-CTGTGCTCACTTCAGGGTCA-3' (p21
reverse), 5-CTCAACATCTCCCCCTTCTC-3' (36B4 forward)nd 5-CAAATCCCATATCCTCGTCC-3' (36B4
reverse) to yield, respectively, products of 190a 18 cycles, 270 bp with 18 cycles, and 408lith 12 cycles. To
check for the presence of DNA contamination, a m&vdranscription PCR was performed on 2 pg ofl tRfdA
without Monoley murine leukemia virus reverse t@ipase (the negative control). The results oletias optical
density arbitrary values were transformed to peegof the control taking the samples from unegaells as 100%.

Transfection Assay. MCF-7 cells were transferred into 24 well platesrmB0Qul of regular growth medium/well the
day before transfection. The medium was replaceald &M on the day of transfection, which was peried using
Fugene 6 reagent as recommended by the manufa¢Roehe Diagnostics, Mannheim, Germany) with a omixt
containing 0.hg of promoter-luc or reporter-luc plasmid and 5higRL-CMV. After transfection for 24 h, treatments
were added in SFM as indicated, and cells werebiamd for an additional 24 h. Firefly and Renillaiferase activities
were measured using the Dual Luciferase Kit (Prapeghe firefly luciferase values of each sampleengrmalized
by Renilla luciferase activity, and data were répdas Relative Light Units. MCF-7 cells platecbidDcm dishes were
transfected with pg of AS/p53 using Fugene 6 reagent as recommengétebmanufacturer (Roche Diagnostics). The
activity of AS/p53 was verified using Western blotdetect changes in p53 protein levels. Emptyorewsias used to
ensure that DNA concentrations were constant ih gansfection.

EMSA. Nuclear extracts from MCF-7 cells were preparegprviously described. Briefly, MCF-7 cells platetta
10cm dishes were grown to 70-80% confluence, shittteSFM for 24 h, and then treated with 100nM BROnM
9RA alone and in combination for 6 h. Thereaftel|scwere scraped into 1.5ml of cold PBS, pelldtad1l0 sec and
resuspended in 4Q0 cold buffer A (10mM HEPES-KOH, pH 7.9, at 4 °C.5(dM MgCh, 10mM KCI, 0.5mM
dithiothreitol, 0.2mM PMSF, 1mM leupeptin) by fliclg the tube. Cells were allowed to swell on ice 6 min and
then vortexed for 10 sec. Samples were then cegéd for 10 sec and the supernatant fraction wesadied. The
pellet was resuspended ing®f cold Buffer B (20mM HEPES-KOH, pH 7.9; 25% ghbrol; 1.5mM MgCJ; 420mM
NaCl; 0.2mM EDTA; 0.5mM dithiothreitol; 0.2mM PMSEmMM leupeptin) and incubated in ice for 20 min lfagh-
salt extraction. Cellular debris was removed bytrefigation for 2 min at 4 °C, and the supernafaattion (containing
DNA-binding proteins) was stored at -70 °C. Thehgravas generated by annealing single-strandedmlaeotides
and labeled with*P]ATP (Amersham Pharmacia) and T4 polynucleotidegé (Promega) and then purified using
Sephadex G50 spin columns (Amersham Pharmacia)DN#e sequence of the NB located within p53 promoter as
probe is 5-AGT TGA GGG GAC TTT CCC AGG C-3' (Signaenosys, Cambridge, UK). The protein-binding
reactions were carried out ind0f buffer [20mM HEPES (pH 8.0), 1ImM EDTA, 50mM KCLOmM dithiothreitol,
10% glycerol, Img/ml BSA, 5@/ml polydeoxyinosinic deoxycytidylic acid] with 30 cpm of labeled probe, 2§
of MCF-7 nuclear protein, andu§ of polydeoxyinosinic deoxycytidylic acid. The rixes were incubated at room
temperature for 20 min in the presence or absefiaenlabeled competitor oligonucleotides. For theexments
involving anti-PPAR and anti-RXR antibodies (Santa Cruz Biotechnology), the reactioxture was incubated with
these antibodies at 4 °C for 30 min before additbtabeled probe. The entire reaction mixture wktrophoresed
through a 6% polyacrylamide gel in 0.25X Tris ber&DTA for 3 h at 150 V. Gel was dried and subjdcte
autoradiography at -70 °C.

ChIP Assay. MCF-7 cells were grown in 10cm dishes to 50-60%laence, shifted to SFM for 24 h, and then treated
for 1 h as indicated. Thereatfter, cells were waghéck with PBS and cross-linked with 1% formaldeayat 37 °C for
10 min. Next, cells were washed twice with PBS a€4collected and resuspended in @208f lysis buffer (1% SDS;
10mM EDTA,; 50 mM Tris-HCI, pH 8.1), and left on iéer 10 min. Then, cells were sonicated four tirfegsl0 sec at
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30% of maximal power (Vibra Cell 500 W; Sonics avidterials, Inc., Newtown, CT) and collected by céngation

at 4 °C for 10 min at 14,000 rpm. The supernataeti®e diluted in 1.3 ml of immunoprecipitation buf{®.01% SDS;
1.1% Triton X-100; 1.2mM EDTA,; 16.7mM Tris-HCI, pBi1; 16.7mM NaCl) followed by immunoclearing wit.6

of sonicated salmon sperm DNA/protein A agarose A0®BI, Milan, Italy) for 1 h at 4 °C. The precledrehromatin
was immunoprecipitated with anti-PPARanti-RXRy. or anti-RNA Pol Il antibodies (Santa Cruz Bioteclugy). At
this point, 6@l salmon sperm DNA/protein A agarose was added,pmadipitation was further continued for 2 h at 4
°C. After pelleting, precipitates were washed sedjaéy for 5 min with the following buffers: Wash [0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI (pH 8.1), 18@M NaCl], Wash B [0.1% SDS, 1% Triton X-100, 2mM
EDTA, 20mM Tris-HCI (pH 8.1), 500mM NacCl], and Wagh[0.25M LiCl, 1% NP-40, 1% sodium deoxycholate,
1mM EDTA, 10mM Tris-HCI (pH 8.1)], and then twiceitv TE buffer (10mM Tris, 1mM EDTA). The
immunocomplexes were eluted with elution buffer (%S, 0.1 M NaHCg). The eluates were reverse cross-linked by
heating at 65 °C and digested with proteinase Bni@/ml) at 45 °C for 1 h. DNA was obtained by pHertdoroform-
isoamyl alcohol extraction. Two microliters of 10imd) yeast tRNA (Sigma) were added to each sampl DINA was
precipitated with 95% ethanol for 24 h at -20 °Q@ @hen washed with 70% ethanol and resuspende@uha? TE
buffer. A 5ul volume of each sample was used for PCR with pisnflanking a sequence present in the p53 promoter:
5-CTGAGAGCAAACGCAAAAG-3’ (forward) and 5'-CAGCCCGACGCAAAGTGTC- 3’ (reverse) containing the
kB site from -254 to -42 region. The PCR conditifmrsthe p53 promoter fragments were, 45 sec al®Q#40 sec at 57
°C, 90 sec at 72 °C. The amplification productsaoted in 30 cycles were analyzed in a 2% agarolsergevisualized

by ethidium bromide staining. The negative contals provided by PCR amplification without a DNA sden The
specificity of reactions was ensured using normalise and rabbit IgG (Santa Cruz Biotechnology).

Animals. Male C57BL/6 mice were used, unless noted otherwis accordance with institutional guidelines. ®ic
were fed ad libitum or fasted 12-16 hr. Seven ten®2k-old WT,ob/obmice, and mice heterozygous for the Akita
spontaneous mutation (Ins2Akita) were purchaseh fite Jackson Lab. To establish DIO, 1-month-oldemiere fed

a high-fat diet (50% of calories as fat) for 5 mentTo deplet@-cells, Stz (170 mg/kg) was dosed i.p. once in M m
sodium citrate, pH 4.5 (45). For glucose-toleratests (GTT), glucose (2 g/kg ) was dosed i.p. imsaThedb/db
mice were 5-months-old and fed ad libitum. Insudimels in thisdb/db colony at this age average 3-fold higher than
controls,P<0.01 (46).

Retinoids and retinoid quantification. Retinoids were purchased from Sigma, except fors9etinol, which was
synthesized and characterized as described (Kaale 2008). Retinoids were used under yellow lightdescribed (16,
17). Samples were harvested under yellow lightszeln immediately in liquid nitrogen, and kept ab <€ until
extraction and retinoid quantification within onaydby LC/MS/MS using selected reaction monitoriRg\(isomers) or
HPLC/UV (retinol isomers) as described in detaia(i¢ et al. 2005, 2008, 2005).

B-cell line function assays. The pancreatif-cell line 832/13 was cultured in RPMI 1640 withoadetal calf serum, 10
mM Hepes, 2 mM L-glutamine, 1 mM sodium pyruvated &0 mM -mercaptoethanol, 100 units/ml penicillin and
100 mg/ml streptomycin at 37 °C and 5% @100 mm Petri dishes as described (Hohmeiel: 2080) The medium
was refreshed every 2-3 days. Cells were subcdltutgen they approachex¥0% confluence. Endogenous 9cRA in
832/13 cells at the time of experiments was <0.@0012 pmol/1®cells(n = 9 plates). To assay Glut2, GK and ATP,
cells were transferred to 12-well plates until leag 85% of confluence. Medium with 5 mM glucosesvaaibstituted
for growth medium (11 mM glucose) for 16 hr. Totigie assays, this medium was substituted with 2 HESS
containing 0.2% fatty-acid free BSA, pH 7.2 (segdiuffer) and 3 mM glucose for 2 hr (except for tihecose uptake
assay). Experiments were initiated by changingstiesing buffer to 0.8 ml/well of either fresh séiore buffer with 3
mM glucose or 23 mM glucose and/or 100 nM 9cRAjweéd in 5-10uL DMSO, or vehicle alone. Incubations were
done at 37C under yellow light. GK activity was measured latathing (0.05% trypsin/0.5 mM EDTA) and pelleting
cells. Cells were resuspended and sonicated inub®BS at 4°C. Sonicates were centrifuged at@ for 15 min at
12,000 rpm. GK activity in the supernatant was aeieed by a coupled enzyme assay with glucose-Gptete
dehydrogenase and NADy monitoring the increase in absorbance at 34@ninmin intervals for 5 min. One unit of
activity represents the amount of enzyme that cdaeavepumol substrate into product per min at 3D. Data were
corrected for blank values, determined in the abmseri glucose. To correct for any Idy, hexokinase contribution,
activity measured with 0.5 mM glucose was subtiétem activity measured with 100 mM glucose. Glse uptake
(Glut2 activity) was measured after 16 hr incubatidth 5 mM glucose. The medium was supplementet wehicle
and isobutylmethylxanthine (1 mM) and/or forskalif®0 uM) and/or 9cRA (30 or 100 nM). After 20 min, the dinem
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was exchanged for secretion buffer containing 23 givtose supplemented with vehicle or 9cRA; incidmatvas
continued 15 min at ambient temperature. (The @dwbation with 3 mM glucose was omitted). Glucog¢ake was
measured over 1 min at ambient temperature by gdzBopl of a [PH]glucose solution (23 mM/1.23Ci). Uptake was
ended after 1 min by adding 1 mM Hg@i ice-cold PBS. Cells were washed 5 times withghme buffer, lysed with
200l 10% SDS, frozen at -88C and thawed.*H]Glucose was recovered with 3p0water and counted in 4 mL of
Ecolite liquid scintillation cocktail. Backgroundas determined in wells treated witl[glucose and 1 mM HgGlat
t,. Transport activity was calculated subtractingalues from samples. Protein was quantified bydnal Assay. C&
was quantified with a kit according to manufactigénstructions (Diagnosticum Rt., Budapest, Hupyam cells that
were lysed in culture dishes by adding 0.1 ml d®Rbuffer, scraping several times and centrifugmgemove cellular
debris.

9cRA biosynthesis. 832/13 cells were cultured in 12- or 6-well platds confluence, the medium was replaced with
serum-free medium and retinoids |{i1) in DMSO (0.1% v/v) or vehicle alone were added ancubated 1 hr. Cells
were lysed using Reporter lysis buffer (Promega) @mbined with their medium for retinoid analyses.

Insulin secretion studies. Islets were isolated by the UCSF Diabetes & Endotogy Research Center (San Francisco,
CA). Fifteen islets of similar size were incubatad37 °C in 12-well plates with 5 mM D-glucose in RPMI1640
supplemented with 10% fetal bovine serum, 100 Uieticillin, 100 ug/ml streptomycin, 10 mM Hepes, 2 mM L-
glutamine, 1 mM sodium pyruvate, 3%M B-mercaptoethanol and 5% GQAfter 16 hr, islets were washed and
transferred to 1.5 ml tubes in secretion medium $8Bnith 20 mM Hepes and 1% bovine serum albumin,7gh
containing 3 mM glucose. After 2 hr, secretion nediwas replaced with fresh secretion medium cointgif8 or 23
mM glucose with 100 nM 9cRA or vehicle alone (DMS@gparate groups of islets were incubated in Seare
medium containing 3 mM glucose with 35 mM KCI ar@idM NaCl. Media were centrifuged for 2 min at 100§ to
remove non-adherent cells and frozen at -80 °Cog@glous 9cRA in islets at the time of the experinfafter isolation
and handling of islets) did not exceed 0.12 + 0.p0®l/plate (n = 5).

Immunofluor escence. Pancreata from adult mice were dissected and fixeld% neutral-buffered formalin (pH 6.8-
7.2) for 24 hr and then embedded in paraffin bytdtiathology Reference Labs (Hercules, CA). Eigimt-slices were
dewaxed with 100% xylene (2 x 3 min) and rehydratéti 100% ethanol (2 x 3 min), 95% ethanol (2 rB8es) and
deionized water. The low-power antigen retrievahtéque was done as follows: a maximum of 8 slidese placed in
a Pyrex beaker with 250 ml 1:100 Vector unmaskingfdr (pH 6.0) according to the manufacturer’s rinstions
(Vector Laboratories, Burlingame, CA). The beakasswneated in a microwave oven with a power setifrd0% for
three 5 min cycles, with 1 min breaks. Slides wadlewed to cool 30 min at ambient temperature. Uskirey buffer
was replaced with Tris-buffered saline containint? Tween-20 (TBST). Nonspecific binding was blatketh 250
pl 10% normal donkey serum blocking solution (JackbBoamunoresearch) in TBST for at least 30 min befadding
primary antibody. Sections were incubated with-argulin antibodies (Ab) (1:200, Dako, Carpinter@4) overnight
at 4°C, followed by three 5-min washes in PBS. DyligBB4econdary Ab (Jackson Immunoresearch) incubatam
done for 1 hr at ambient temperature. Fluorescevae detected with a Zeiss LSM 510 laser scanningocal
microscope in the College of Natural Resource Imgdiacility at UC-Berkeley.

MRNA expression. Total RNA was isolated with Trizol (Invitrogen, @sbad,CA, USA). RNA was reversed
transcribed with IScript cDNA Synthesis Kit (BiojadagMan quantitative real-time PCR (gqT-PCR) wasealusing
pre-designed and optimized primers (Applied Biosyst, Foster City, CA, USA). Gene expression wassoread with
ABI-PRISM 7500 Real-Time PCR systems sequence tiete@pplied Biosystems, Foster City, CA, USA).

Statistical Analysis. Statistical analysis was performed using one wayYOAMA followed by Newman-Keuls testing to
determine differences in means or Dunnett's Muitigomparison test or was assessed by two-tailepainad
Student’st tests for comparison of two groups, or by two-wdyOVA for comparison of two curves. P < 0.05 was
considered as statistically significant. Differepegere considered significant at values of * PG50** P < 0.01 Data
are means SE.
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Abstract Ferulic acid plays a chemopreventive role in
cancer by inducing tumor cells apoptosis. As mitochondria
play a key role in the induction of apoptosis in many cells
types, here we investigate the mitochondrial permeability
transition (MPT) and the release of cytochrome ¢ induced
by ferulic acid and its esters in rat testes mitochondria, in
TM-3 and MLTC-1 cells. While ferulic acid, but not its
esters, induced MPT and cytochrome c¢ release in rat testes
isolated mitochondria, in TM-3 cells we found that both
ferulic acid and its esters induced cytochrome c release
from mitochondria in a dose-dependent manner, suggesting
a potential target of these compounds in the induction of
cell apoptosis. The apoptosis induced by ferulic acid is
therefore associated with the mitochondrial pathway in-
volving cytochrome c release and caspase-3 activation.

Keywords Ferulic acid - Cytochrome ¢ - Apoptosis -
Mitochondria - TM-3 cells - MLTC-1 cells
Introduction

Apoptosis, an active and programmed form of cell death, is
a multistep process (Hengartner 2000) that plays an
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important role in the regulation of development morpho-
genesis (Vaux and Korsmeyer 1999), cell homeostasis, and
diseases such as cancer, stroke, and ischemic heart disease
(Thompson 1995). Two apoptotic pathways by which cells
can initiate and execute the cell death process, the extrinsic
and the intrinsic, have been identified (Green 2000;
Johnstone et al. 2002). The extrinsic pathway is initiated
by ligation of transmembrane death receptors (CD95, TNF
receptor, and TRAIL receptor) to activate membrane
proximal caspases (caspase-8 and -10). The mammalian
caspase family comprises at least 13 known members, most
of which have been definitively implicated in apoptosis. /n
vitro experiments suggest that several caspases could
activate by themselves, while others require activation by
other caspases, acting as a proteolytic cascade (Nicholson
and Thornberry 1997). Caspase-3, -6, and -7 are terminal
members of caspase cascade and recognize critical cellular
substrates, whose cleavage contributes to the morphological
and functional changes associated with apoptosis (Thomberry
and Lazebnik 1998). Caspase-3 activation also results in
DNA cleavage via inactivation of an inhibitor of the DNA
fragmentation factor, the endonuclease responsible for
internucleosomal cleavage of chromatin (Wickremasinghe
and Hoffbrand 1999). Recent findings showed that caspase-3
has a mitochondrial and cytosolic distribution in non-
apoptotic cells (Mancini et al. 1998). The mitochondrial
caspase-3, which is located in the intermembrane space, was
shown to be activated by numerous pro-apoptotic stimuli
and this activation could be blocked by bcl-2 (Mancini et al.
1998). Once the caspases are activated, the cell is irrevers-
ibly committed to cell death (Reed et al. 1997).

The intrinsic pathway is initiated in the cells by the loss
of integrity of the outer mitochondrial membrane and the
release of cytochrome c into the cytosol (Hirsch et al. 1997;
Green and Reed 1998; Joza et al. 2001; Zamzami and
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Kroemer 2001). Then cytochrome ¢, an essential constitu-
ent of the respiratory chain, is released from mitochondria
into the cytosol and induces a conformational change in
Apaf-1 (apoptotic protease activating factor-1) that results
in the activation of a cascade of caspase proteases with
consequent cell death (Yang and Cortopassi 1998; Susin et
al. 1999). The release of cytochrome c¢ is associated with
the mitochondrial permeability transition (MPT). Indeed, it
is associated with depolarization of the mitochondrial inner
membrane potential, loss of the H" gradient, uncoupling of
oxidative phosphorylation, ATP depletion, mitochondrial
swelling and disruption of the outer mitochondrial mem-
brane (Wudarczyk et al. 1996; Bindoli et al. 1997;
Kowaltowski et al. 1997; Bossy-Wetzel et al. 1998; Vicira
et al. 2000). Among the non proteic effectors, calcium ion
is the most important inducer of MPT (Petronilli et al.
1993; Schild et al. 2001).

Ferulic acid is one of the most ubiquitous compounds in
nature, especially rich as an ester form in rice bran pitch,
which is obtained when rice oil is produced (Yagi and
Ohishi 1979). This antioxidant compound is currently
expected not only to prevent lipid oxidation in food but
also to prevent free-radical-induced diseases such as cancer
and atherosclerosis or aging caused by oxidative tissue
degeneration (Niki 1997). In general, the inhibitory effect
of ferulic acid as antioxidant on lipid oxidation is due to its
phenolic nucleus and its conjugated side chain forming a
resonance-stabilized phenoxy radical (Frankel 2001). Al-
though ferulic acid and its esters have been recognized as
antioxidants, there are few reports on systematic evaluation
of the antioxidant properties of ferulic acid and its
derivatives under different conditions.

In this paper we describe the apoptotic activities of
substances obtained by chemical synthesis. Our results
indicate that ferulic acid, but not its synthetic esters, can
induce MPT and promote cytochrome c release from rat
testes mitochondria. In addition, a testes cell-free model of
apoptosis is described consisting of a cytosolic extract from
mouse Leydig cells (TM-3) and tumoral cells (MLTC-1).

Materials and methods
Chemicals

Ferulic acid was obtained from Polichimica (Bologna,
Italia). Butyl alcohol, pentyl alcohol, octyl alcohol, EDTA,
EGTA, SDS, acrylamide and methylenbisacrylamide were
purchased from Sigma-Aldrich (Milano, Italia). DMEM/
F12, horse serum, foetal calf serum, penicillin and
streptomycin was from Gibco (Invitrogen Life Technolo-
gies, Italia). All other chemicals used were of the highest
purity commercially available.

@ Springer

Synthesis of ferulate esters

The ferulate esters were synthesized according to the
procedure described in the literature (EP 0681 825 B1). A
solution of ferulic acid (1.0 g, 5.15 mmol) and p-
toluensulfonic acid (0.07 g, 0.34 mmol), in 10 ml dry
toluene was added to aliphatic alcohols (butyl alcohol
0.40 g, pentyl alcohol 0.48 g, and octyl alcohol 0.7 g,
5.4 mmol) under stirring and N, at room temperature. After
addition was complete, the solution was stirred under N,
for 12 h at 110°C. After cooling at room temperature, the
solvent was evaporated under reduced pressure, and the
residue was treated with 15 ml of water and the aqueous
phase was extracted with chloroform (4x15 ml). The
combined organic phases were collected, dried (Na,SOy,4)
and the solvent was removed by rotary evaporation to give
compounds 2, 3, 4 (Scheme 1) as yellow oils, and purified
by Merck silica gel (60-230 mesh) column chromatography
using chloroform/hexane, 60/40 (v/v), as eluent. The
solvent of eluted esters was evaporated under reduced
pressure. The ferulate esters were obtained with a yield of
80-90%. IR, m/z and 'H-NMR data were assigned
according to the literature.

Isolation of mitochondria and monitoring of the MPT

Rats were killed by decapitation, according to good practice
procedures approved by the ethics committee, and testes
were immediately removed. Rat testes mitochondria were
isolated by differential centrifugation as described by
Genchi and Olson (Genchi and Olson 2001). Mitochondria
were suspended in a medium containing 250 mM sucrose,
10 mM Tris/HCI, pH 7.4, | mM EDTA at a concentration of
15-18 mg protein/ml. Protein concentration was determined
by the Lowry procedure (Lowry et al. 1951) with BSA as the
reference standard. This mitochondrial suspension either was
used immediately or was frozen at —70°C. For swelling
studies, mitochondria (1 mg/ml) were suspended in a
solution of 250 mM sucrose, 10 mM Tris/HCI, pH 7.4,

OH Z OR

Toluene
—_—

+ R—OH
110°C, 12h
OMe OMe

OH OH

2 R=CH,(CH,),
3 R=CH,(CH,),
4 R=CH,(CH,)-

Scheme 1 Reaction conditions to synthesize the compounds 2, 3 and 4
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2 uM rotenone and were preincubated with 5 mM succinate.
After 5 minutes, different concentrations of ferulic acid and
ferulate esters or CaCl, were added and mitochondrial
swelling was followed spectrophotometrically by the de-
crease in absorbance at 540 nm (Rigobello et al. 1999).

Release of cytochrome ¢ from isolated rat testes
mitochondria

1 mg of rat testes mitochondria was incubated in the
presence and in the absence of ferulic acid and its esters for
1 h at 25°C in a final volume of 1 ml of buffer consisting of
250 mM sucrose, 10 mM Tris/HCI, pH 7.4. The mitochon-
dria were separated from the supernatant by centrifugation at
13,000 g for 10 min at 4°C. The supernatant (20-30 pg of
cytosolic proteins) was subjected to SDS-PAGE on 15% gel,
and the proteins were transferred to a nitrocellulose mem-
brane. This membrane was incubated at room temperature for
1 h with 5% non-fat milk in TBST (25 mM Tris—HCIl pH 7.8,
150 mM NacCl, 0.1% Tween 20) and then for 2 h with a mouse
monoclonal antibody to cytochrome ¢ (1:1,000 dilution in
TBST). After three washes with TBST the membrane was
incubated for 1 h with horseradish peroxidase-conjugate
antibodies to mouse immunoglobulin G (1:2,000 dilution).
The membrane was washed three times more with TBST,
after which immune complexes were detected with chemi-
luminescence reagents (ECL Amersham).

Cell cultures

The Leydig (TM-3) cell line, derived from testes of immature
BALB/c mice was obtained from Dr. V. Pezzi (University of
Calabria) and cultured in DMEM/F12 medium supple-
mented with 5% horse serum (HS) and 5% foetal calf serum
(FCS), 2 mM glutamine and 1% of a stock solution
containing 10,000 IU/ml penicillin and 10,000 pg/ml
streptomycin. The MLTC-1 cell line, derived from testes of
C57BL/6 mice, was obtained from Dr. S. Ando (University
of Calabria) and cultured in DMEM/F12 medium supple-
mented with 10% FCS, 2 mM glutamine and 1% of a stock
solution containing 10,000 IU/ml penicillin and 10,000
pg/ml streptomycin.

Cellular cultures were grown on 90 mm plastic tissue
culture dishes in a humidified atmosphere of 5% CO, in air
at 37°C. Cells from exponentially growing stock cultures
were removed from the plate with trypsin (0.05% w/v) and
EDTA (0.02% w/v). The trypsin/EDTA action was
inhibited with an equal volume of DMEM/F12 medium.
Cell number was estimated with a Burker camera and cell
viability by trypan blue dye exclusion. For both cellular
lines, the medium was changed twice weekly. TM-3 were
subcultivated when confluent, while MLTC-1 cells were
subcultured when they formed island domes.

Cytosolic extracts of TM-3 and MLTC-1 cells and detection
of cytochrome ¢

Cytochrome ¢ was detected by western blotting in cytoplas-
matic fractions. TM-3 cells were treated with 5, 25, 50 and
100 uM ferulic acid, while MLTC-1 cells were treated with a
concentration range of ferulic acid between 0.5 and 100 puM;
both cellular lines were incubated for 24 h at 37°C in a
humidified atmosphere of 5% CO, in air. In other experi-
ments, both cells lines were treated with ferulate esters at the
same concentrations and conditions. After above treatments,
TM-3 and MLTC-1 cells were collected by scraping and
harvested by centrifugation at 1,200xg for 10 min at 4°C.
The pellets were solubilized in 36 pl lysis buffer (250 mM
sucrose, 1.5 mM EGTA, 1.5 mM EDTA, 1 mM MgCl,,
25 mM Tris/HCI, pH 6.8, 1 mM DTT, 10 pg/ml aprotinin,
50 mM phenylmethylsulfonylfluoride and 50 mM sodium
orthovanadate). After the addition of 4 pl of 0.1%
digitonine, the cells were incubated for 15 min at 4°C and
centrifuged at 13,000xg for 30 min at 4°C. Proteins of the
cytosolic fractions were determined by the Lowry method
(Lowry et al. 1951). Equal amounts of protein (15-20 pg)
were resolved by 15% SDS-PAGE and electrotransferred to
a nitrocellulose membrane. The membrane was incubated
with 5% non-fat milk in TBST over night at 4°C, followed by
incubation with 1:1,000 sheep polyclonal antihuman cyto-
chrome ¢ antibody (2 h, room temperature) and then with
HRP-conjugated secondary antibody (1:2,000) for 2 h at 4°C.
Peroxidase activity was visualized with the Amersham
Pharmacia Biotech ECL system according to the manufac-
turer instructions. The loading control was detected by
immunoblot of (3-actin protein.

Western blot analysis of caspase-3

TM-3 cells were lysed with 200 pl ice-cold PBS (phosphate
buffered saline, 1.5 mM KH,PO,, 8.1 mM Na,HPO,,
136,9 mM NaCl, pH 7.2) containing 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS and protease
inhibitors (1 mM phenylmethylsulfonylfluoride, 10 mg/ml
aprotinin and 10 mg/ml leupeptin). Lysates were centri-
fuged (13,000xg at 4°C for 30 min) and the supernatant
protein content was determined by the Lowry method
(Lowry et al. 1951). Equal amounts of protein (20 pg)
were resolved by 15% SDS-PAGE and electrotransferred
to a nitrocellulose membranes. After blocking, the mem-
branes were incubated (2 h, room temperature) with
1:2,000 rabbit polyclonal antihuman caspase-3 antibody
and then (1 h, room temperature) with 1:3,000 HRP-
conjugated secondary antibody. Peroxidase activity was
visualized with the Amersham Pharmacia Biotech ECL
system according to the manufacturer instructions. The
caspase-3 protein content was determined densitometri-
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cally. The loading control was detected by immunoblot of
{3 actin protein.

Statistical analyses

Statistical differences were determined by one-way analysis
of variance (ANOVA) followed by Dunnet method, and the
results were expressed as mean+SD from three independent
experiments. Differences were considered statistically sig-
nificant for P<0.05.

Results

Mitochondrial swelling attributable to the MPT was
monitored by measuring the decrease in optical density at
540 nm of a mitochondrial suspension (Rigobello et al.
1999). Isolated rat testes mitochondria were energized with
5 mM succinate for 5 minutes in the presence of 2 uM
rotenone, after which ferulic acid and its esters (10, 50,
100 uM) or 200 uM calcium ion, a well established inducer
of MPT (Petronilli et al. 1993; Schild et al. 2001), were
added. Incubation of testes mitochondria with ferulic acid
caused swelling in a dose-dependent manner (Fig. 1a). The
presence of 200 uM calcium ion in the incubation medium
together with ferulic acid synergistically stimulated the
extent of swelling (Fig. 1b). On the contrary, the incubation
of mitochondria with ferulate esters did not cause any
swelling effect (not shown).

Mitochondria are vulnerable targets to toxic injury by a
variety of compounds because of their crucial role in
maintaining cellular structure and function via oxidative
phosphorylation and ATP production. Mitochondrial mem-
brane damage induces apoptosis by releasing cytochrome ¢
into the cytoplasm (Hirsch et al. 1997; Green and Reed
1998; Joza et al. 2001; Zamzami and Kroemer 2001).
Under normal cellular conditions, cytochrome ¢ is present
in the mitochondrial intermembrane space loosely bound to
the inner membrane. To investigate the role of ferulic acid
and its esters in inducing cytochrome c release, a crude
preparation of rat testes mitochondria was incubated for 1 h
at 25°C with increasing concentrations (5, 25, 50 and
100 uM) of ferulic acid, butyl ferulate, pentyl ferulate and
octyl ferulate. After centrifugation of mitochondria, the
resulting supernatants were subjected to western-blot
analysis with a monoclonal antibody to cytochrome c. As
shown in Fig. 2a, incubation of intact mitochondria with
increasing concentrations of ferulic acid resulted in a
increase of cytochrome c¢ in the supernatants at 25, 50 and
100 uM. On the other hand, in the supernatants from
mitochondria incubated in the presence of butyl ferulate,
pentyl ferulate and octyl ferulate the release of cytochrome
¢ was very low or not detectable (data not shown).

@ Springer

a

Control

Ferulic acid 10uM

0.2

Ferulic acid 50pM

DO 540 nm

Ferulic acid 100puM

0 5 10 15 20 25
Time (minutes)

Control

CaCl, 200uM

Ferulic acid 100uM

DO 540 nm =0.2

Ferulic acid 100puM +
CaCl, 200 uM

0 5 10 15 20 25
Time (minutes)

Fig. 1 Induction of MPT in rat testes mitochondria by ferulic acid and
CaCl,. Mitochondria were suspended in a solution of 250 mM
sucrose, 10 mM TRIS/HCI, pH 7.4, in the presence of 2 uM rotenone
and preincubated with 5 mM succinate for 5 min, after which (a)
ferulic acid (10, 50 and 100 uM) and (b) CaCl, (200 uM), ferulic acid
(100 uM) and ferulic acid (100 uM) plus CaCl, (200 pM) were
added. The mitochondrial swelling was monitored by measuring the
decrease in optical density at 540 nm

To establish a testes cell-free model of apoptosis, we
obtained cytosolic extracts from TM-3 and MLTC-1 cells.
Apoptosis is an orderly cascade of cellular events that
ultimately results in the demise of the cell. Cytochrome c
release from mitochondria has also been shown to be a
central event in the regulation of apoptosis. To examine
whether ferulic acid and its esters induce release of
cytochrome ¢ in TM-3, the cells were treated without (only
vehicle) and with 5, 25, 50 and 100 uM ferulic acid. After
24 h exposure, TM-3 cells were collected, lysed and the
cytosolic protein fractions were assayed for cytochrome c to
determine its presence into the cytoplasm. As shown in
Fig. 2b, the amount of cytochrome c released from the cells
treated with 50 uM ferulic acid was higher than control
(P<0.05). The release of cytochrome ¢ was evident only
after 24 h incubation (data not shown).

During the process of apoptosis, the cytochrome c,
released into the cytosol from the mitochondria, activates
the caspases, a family of killer proteases. In particular, the
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activated caspase-3 has many cellular targets, and produces
the morphological features of apoptosis. Western blot
analyses, using a caspase-3 antibody that recognizes the
caspase-3 holoenzyme as well as the p17 cleavage product
of caspase-3, were performed to investigate whether
enzymatic processing occurred following ferulic acid
exposure. At 24 h post-exposure, 25, 50 and 100 uM
ferulic acid treated cells showed a decrease of the 32 kDa
caspase-3 protein, as well as an increase of the 17 kDa
cleavage product (Fig. 3).

Release of cytochrome ¢ by ferulic acid esters

To compare the efficacy of ferulic acid with pharmaceutically
active compounds, we have evaluated the release of cyto-
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ok *k
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wn

25 50 100 uM

e - 13 KDa

0.50+
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chrome ¢ by esters of ferulic acid obtained by chemical
synthesis. This could be of relevance, offering not only a
different therapeutical efficacy but a distinct tissue distribu-
tion and pharmacokinetics, thus offering different side effects.

Therefore we have treated TM-3 cells with 5, 25, 50 and
100 uM of butyl ferulate, pentyl ferulate and octyl ferulate.
Greater cytochrome c release has been found when treating
TM-3 cells with 50 uM of each ester. Octyl ferulate, among
the esters used, is the most effective in inducing cyto-
chrome c release (Fig. 4).

To verify that ferulic acid and its esters act as apoptotic
inducers, we have treated tumoral Leydig cells at concen-
trations lower in a range among 0.5-100 uM than those
used in TM-3 cells. After 24 h exposure, MLTC-1 cells
were collected, lysed and the cytosolic protein fractions
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Fig. 3 Effect of ferulic acid on caspase-3 and p17 fragment activation
in TM-3 cells. Cells were incubated with ferulic acid at 0, 5, 25, 50
and 100 pM. At 24 h post-exposure, cells were washed with PBS.
Equal amounts of cytosolic proteins were separated by SDS-PAGE,

were assayed for cytochrome ¢ to determine its presence
into the cytoplasm. As shown in Fig. 5a, the amount of
cytochrome c¢ released from the cells treated with ferulic
acid was highly significant (P<0.01) already at 0.5 pM.
However, as regards ferulate esters, the release of cyto-
chrome ¢ into the cytoplasm was significant (P<0.05) at
25 uM for both butyl and octyl ferulate and highly
significant (P<0.01) for pentyl ferulate at the same
concentration (Fig. 5b—d).

Fig. 4 Effect of ferulic acid and
its esters on cytochrome c¢ re-
lease from TM-3 cells. TM-3
cells were incubated in the
presence of free-medium, ferulic
acid, butyl ferulate, pentyl fer-
ulate and octyl ferulate at

50 uM. At 24 h post-exposure,
cells were washed with PBS;
equal amounts of cytosolic pro-
teins were separated by SDS-
PAGE, transferred to a nitrocel-
lulose membrane, and probed as
described in Materials and
methods. Cytochrome ¢ was 0.8+
detected by chemiluminescence.
The cytochrome ¢ protein con-
tent was determined densito-
metrically. 3-Actin, used as
internal control, was detected at
the position corresponding to a
molecular weight of 42 KDa.
Results are presented as the
mean+SD. *P<0.05 compared
to the control; **P<0.01 com-
pared to the control

CTRL

Cyte

p-actin

eyt ¢ cytosolic/B-actin
Arbitrary unit
[=]
.E.
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Ferulic acid

transferred to a nitrocellulose membrane, and probed as described in
Materials and methods. Caspase-3 and p17 fragment were detected by
chemiluminescence. (3-Actin, used as internal control, was detected at
the position corresponding to a molecular weight of 42 KDa

Discussion

Current approaches to cancer treatment are mostly based on
cytotoxic and cytostatic mechanisms to eliminate malignant
cells. These pharmacological strategies, although efficacious
toward the malignant cells, show a number of toxic side
effects which frequently hamper or drastically reduce their
use. A newer dimension in cancer management is the
increasing awareness that chemoprevention, namely the

Butyl ferulate Pentyl ferulate Octyl ferulate
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Fig. 5 Effect of ferulic acid and its esters on cytochrome c release
from MLT-1 cells. Cells were incubated with ferulic acid (a), butyl
ferulate (b), pentyl ferulate (¢) and octyl ferulate (d) at 0, 0.5, 2.5, 25,
50 and 100 uM for 24 h and cytochrome c¢ release was measured by
immunoblotting (representative of three experiments). The cyto-

administration of chemical agents (both natural and synthetic)
to prevent the early events of carcinogenesis, could be the
most direct way to counteract malignancy development and
progression (Della Ragione et al. 2000). In the search for new
cancer chemopreventive compounds, hundreds of naturally
occurring molecules have been evaluated over the past few
years. Among the agents able to lower the rate of malignant
transformation, antioxidants appear to be very promising.
Indeed, diets rich in antioxidant molecules are clearly
associated with a diminished risk of cancer at various
anatomical sites (Della Ragione et al. 2000). However, some
intervention studies have questioned the effectiveness of
specific antioxidants in tumor prevention. This suggests that
the use of these compounds as chemopreventive agents must
await more detailed knowledge of their mechanism of action
and their interactions with genetic phenotypes and environ-
ment (Della Ragione et al. 2000).

Numerous studies have suggested that ferulic acid and
its related compounds exert antioxidants activities (Yagi
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[-actin

B

=
&z
i
e
B

o 05 25 25 50 1
Butyl ferulate [uM]
] 0.5 25 25 50 106 ph
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chrome ¢ protein content was determined densitometrically. (3-Actin,
used as internal control, was detected at the position corresponding to
a molecular weight of 42 KDa. Results are presented as the mean+SD.
*P<0.05 compared to the control; **P<0.01 compared to the control

and Ohishi 1979) and they are currently expected not only
to prevent lipid oxidation in food but also to prevent free-
radical-induced diseases such as cancer and atherosclerosis
or aging caused by oxidative tissue degeneration (Niki
1997). Apoptosis is an active mode of programmed cell death
that is induced by a variety of physiological and pathological
stimuli. However, apoptosis can also be induced by a variety
of toxicants, including many toxic organic compounds,
resulting in loss of cell viability. The translocation of
cytochrome c¢ into the cytosol represents a central point in
many forms of apoptosis, since cytochrome ¢ is a funda-
mental component of the apoptosome, responsible for
caspase activation. In the current report we have described
a novel and unexpected effect of ferulic acid: the induction
of cytochrome c release from rat testes mitochondria.

We have shown that ferulic acid but not its esters induce
MPT opening in isolated rat testes mitochondria and that
calcium added in the incubation buffer increases this
swelling, resulting in release of cytochrome c¢ into the
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cytoplasm. On the other hand, in TM-3 cells we have found
that ferulic acid and its esters induce apoptosis, associated
primarily with the mitochondrial pathway involving release
of cytochrome c. Ferulic acid, in fact, induces release of
cytochrome ¢ after 24 h of incubation. The release of
cytochrome ¢ may result in the activation of members of a
family of serine-proteases such as the caspase, another
hallmark of apoptosis. Caspases play a central role in
terminal biochemical events that ultimately lead to apopto-
tic cell death. Western blot analysis also indicates marginal
appearance of the 32 kDa and 17 kDa caspase-related
proteins in TM-3 cells treated with ferulic acid.

As regards ferulate esters, butyl ferulate and pentyl
ferulate were less effective than octyl ferulate and the release
of cytochrome ¢ was clearly evident when their concen-
trations were 50 uM. The same experimental procedures
were done with tumoral Leydig MLTC-1 cells at concen-
trations lower than those used in TM-3 cells. After 24 h
exposure with ferulic acid cytochrome ¢ was found into the
cytoplasm already at 0.5 uM ferulic acid. The same result is
not obtained with ferulate esters; the release began to be
evident at 25 uM.

Taken together these observations suggest that ferulic acid
activates the mitochondrial pathway of the apoptotic process
inducing cytochrome ¢ release in isolated mitochondria and
in Leydig cells both normal and tumoral, while its esters are
able to produce this results only in TM-3 and in MLTC-1
cells, but not in isolated mitochondria. Probably the MPT
and the release of cytochrome ¢ induced by ferulic acid in
isolated mitochondria is due to its phenolic nucleus and its
conjugated side chain. In case of complex biological system
both ferulic acid and its esters provoked release of
cytochrome ¢ from mitochondria but there was no
significant difference among the release induced by ferulic
acid and its esters both in TM-3 and in MLTC-1 cells. So
the active compound should be ferulic acid and not the long
chain of the esters; in biological systems in fact there are
enzymes (esterases) that can hydrolize ester bonds.
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Abstract In addition to playing a fundamental role in
diverse processes, such as vision, growth and differentia-
tion, vitamin A and its main biologically active derivative,
retinoic acid (RA), are clearly involved in the regulation of
testicular functions. The present study was undertaken to
examine the direct effect of RA treatment on Leydig (TM-3)
cells. TM-3 cells were cultured and treated with varying
concentrations of RA for 24h. High doses of RA (1-20uM)
induced a decrease in cell vitality and an increase in lipid
peroxidation. RA treatment also induced a corresponding
increase in apoptosis in the same cells in a dose-dependent
manner. Apoptosis proceeded via the mitochondrial depen-
dent pathway, as demonstrated by the release of cytochrome
¢, caspase-3 enzymatic activation and DNA fragmentation.
Conversely, at physiological doses (0.1-500nM) RA did not
increase lipid peroxidation or cell death and resulted in an
increase of antioxidant enzyme activity.

Keywords Retinoic acid - Apoptosis - Leydig cells -
Mitochondria - Antioxidant enzymes

Abbreviations

RA All-trans-retinoic acid

CAT Catalase

GST Glutathione S-transferase

SOD Superoxide dismutase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

MPMS  I-methoxyphenazine methosulfate
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HS Horse serum

FCS Foetal calf serum

PBS Phosphate buffered saline

TBARS Thiobarbituric acid reactive species
TBA Thiobarbituric acid

TCA Trichloroacetic acid

Introduction

Retinoids are natural and synthetic substances structurally
related to vitamin A (retinol). They exert antiproliferative
and differentiation-inducing effects on cancer cells and are
used in the prevention and treatment of certain types of
human cancer and precancerous lesions (Gudas et al. 1994;
Lotan 1996). Their action is mediated by two types of
receptors, the retinoic acid receptors (RARs) and retinoid X
receptors (RXRs) (Chambon 1996) belonging to the
steroid/thyroid hormone receptors superfamily. There is
substantial evidence in vitro that retinoids exert their effect
through the induction of apoptosis in tumor cells including
hepatoma, leukemia, breast cancer and embryonal carcino-
ma cell lines (Nagy et al. 1995; Nakamura et al. 1995; Horn
et al. 1996; Kim et al. 1996; Li et al. 1999). The action of
retinoids in promoting apoptosis may explain the anti-
carcinogenic properties of these compounds.

Apoptosis, a specific form of programmed cell death, is
a biological process that plays a crucial role in normal
development and tissue homeostasis (Woodle and Kulkarni
1998). Apoptosis is characterized by morphological
changes including progressive cell shrinkage with conden-
sation, fragmentation of nuclear chromatin and membrane
blebbing (Kerr et al. 1997). The ability of the cell to
undergo or resist apoptosis is modulated by several factors
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including the expression of mitochondrial-associated pro-
and anti-apoptotic Bcl-2 family member proteins. Interest-
ingly the expression of Bcl-2 has been observed to be
decreased in cells treated with retinoids (Delia et al. 1992;
Agarwal and Mehta 1997; Lu et al. 1997; Toma et al. 1997).

Recent observations indicate that mitochondria play an
important role in the induction of apoptosis (Liu et al. 1996;
Li et al. 1997); indeed Bcl-2 is localized in the outer
mitochondrial membrane (Nakai et al. 1993) and, among
other actions, prevents the release of apoptogenic factors
such as cytochrome ¢ (Liu et al. 1996). Cytochrome c, after
its displacement to cytosol, stimulates the formation of a
complex with Apaf-1 and caspase-9 in the presence of
dATP (Liu et al. 1996). This association leads to the
activation of caspase-9 which, in turn, cleaves and activates
caspase-3 and hence triggering DNA fragmentation (Li et
al. 1997). Caspases are known to mediate a crucial stage of
the apoptotic process and are expressed in many mamma-
lian cells (Garcia-Calvo et al. 1999). Of particular interest is
caspase-3, the most widely studied member of the caspases
family and one of the key executors of apoptosis, which is
responsible for several proteolytic cleavage of many
proteins (Cohen 1997; Nagata 1997).

In this work we investigated the effect of RA on Leydig
cells, using the TM-3 cell line. We found that high doses of
RA induce apoptosis in TM-3 cells and that this effect is
primarily associated with the mitochondrial pathway involv-
ing cytochrome c release and caspase-3 activation. As higher
RA doses induced lipid peroxidation whilst decreasing cell
viability we also investigated the effects of physiological RA
treatment (at nM concentration) in TM-3 cells. In order to
detect changes in the antioxidant defences we measured the
glutathione S-transferase (GST), the superoxide dismutase
(SOD) and the catalase (CAT) activities in RA treated and
non-treated TM-3 cells. RA increased the activity of
antioxidant enzymes under physiological doses, thereby
preventing oxidative cell damage as shown by the malon-
dialdehyde (MDA) content and cell viability.

Materials and methods
Chemicals

All-trans-retinoic acid, EGTA, EDTA, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 1-
methoxyphenazine methosulfate (MPMS) were obtained
from Sigma-Aldrich (Milano, Italia). DMEM/F12, foetal calf
serum (FCS), horse serum (HS), penicillin and streptomycin
were obtained from Gibco (Invitrogen Life Technologies,
Italia). GST, SOD and CAT enzymatic activities were
assayed using kit obtained from Sigma-Aldrich (Milan,
Italia). All other chemicals used were of analytical reagent

@ Springer

grade. RA was prepared prior to use by dilution in 100%
ethanol, evaporated under nitrogen, suspended in the same
volume of DMSO and diluted into medium at the indicated
concentrations. All experiments involving RA were per-
formed under yellow light, and the tubes and culture plates
containing RA were covered with aluminium foils.

Cell cultures

The TM-3 cell line, derived from testes of immature BALB/
¢ mice, was originally characterized, based on its morphol-
ogy, hormone responsiveness and metabolism of steroids.
This cell line was kindly provided by Dr. S. Ando
(University of Calabria) and cultured in DMEM/F12
medium supplemented with 2mM glutamine, serum (5%
HS and 5% FCS) and 1% of a stock solution containing
10,000IU/ml penicillin and 10,000pg/ml streptomycin. Cell
cultures were grown on Petri plastic tissue culture dishes at
37°C in a humidified atmosphere of 5% CO, in air. Cells
from exponentially growing stock cultures were removed
from the plate with trypsin (0.05% w/v) and EDTA (0.02%
w/v). The trypsin/EDTA was inhibited adding to the plates
an equal volume of DMEM/F12 medium supplemented
with serum. The medium was changed twice weekly, and
the cells were subcultivated when confluent. Cell number
was estimated using a Burker camera.

MTT cytotoxicity assay

Cell viability was determined by MTT assay (Mosmann
1983). In order to determine the cytotoxicity of RA cells
(2 x 10°cells/ml) were treated with RA at different
concentrations for 3 and 24h. Control cells were treated with
vehicle alone. One hundred microlitres of MTT (5mg/ml) was
added to each well and the plates incubated for 4h at 37°C.
Subsequently 1ml 0.04N HCI in isopropanol was added to
solubilize the cells. The absorbance was measured with
the Ultrospec 2100 pro spectrophotometer (Amersham-
Biosciences) at a test wavelength of 570nm with a
reference wavelength of 690nm. The optical density (O.D.)
was calculated as the difference between the absorbance at
the reference wavelength and that at the test wavelength.
Percent viability was calculated as (O.D. of drug-treated
sample/control O.D.) x100.

Oxidative stress parameters

Following sonication of TM-3 cells in PBS (phosphate-
buffered saline, 1.5mM KH,PO,4, 8.1mM Na,HPO,,
136.9mM NaCl, pH7.2) buffer the crude homogenate was
divided into two equal parts. One part was processed for
assay of lipid peroxidation, while the second part was
centrifuged at 10,000rpm for 5Smin and the supernatant
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utilized in assays for glutathione S-transferase, superoxide
dismutase and catalase activities.

Lipid peroxidation and antioxidant enzymes activity

The level of lipid peroxidation was assayed through the
formation of thiobarbituric acid reactive species (TBARS)
during an acid-heating reaction as previously described
(Esterbauer and Cheeseman 1990). Briefly, the samples
were mixed with 1ml of 10% trichloroacetic acid (TCA)
and 1ml of 0.67% thiobarbituric acid (TBA), then heated in
a boiling water bath for 15min. TBARS were determined
by the absorbance at 535nm and were expressed as
malondialdehyde equivalents (nmol/mg protein).

The enzymatic activities in the cell samples of SOD,
CAT and GST were determined by the methods of Das et al.
(2000), Aebi (1974) and Habig et al. (1973) respectively.
Protein concentration in samples was estimated by the
Lowry method (Lowry et al. 1951).

Immunoblot analysis of cytochrome c release

Cytochrome ¢ was detected by western blotting in
mitochondrial and cytoplasmatic fractions. The cells were
harvested by centrifugation at 1,200 x g for 10min at 4°C.
The pellets were suspended in 36ul lysis buffer (250mM
sucrose, 1.5\mM EGTA, 1.5mM EDTA, ImM MgCl,,
25mM Tris-HCl, pH6.8, ImM DTT, 10ug/ml aprotinin,
50mM phenylmethylsulfonylfluoride and 50mM sodium
orthovanadate) and then 4ul of 0.1% digitonine was added.
The cells were incubated for 15min at 4°C and centrifuged
at 12,000rpm for 30min at 4°C. The resulting mitochondrial
pellet was resuspended in 3% Triton X-100, 20mM
Na,SO4, 10mM PIPES and ImM EDTA, pH7.2, and
centrifuged at 12,000rpm for 10min at 4°C. Equal amounts
of protein (2-5pg) were resolved by 15% SDS-PAGE and
electrotransferred to nitrocellulose membranes. The mem-
branes were incubated in blocking buffer over night at 4°C,
followed by incubation with 1:1,000 sheep polyclonal
antihuman cytochrome c antibody (2h, room temperature)
and then with HRP-conjugated (horse radish peroxidase-
conjugated) secondary antibody (1:2,000) for 2h at 4°C.
Peroxidase activity was visualized with the Amersham
Pharmacia Biotech ECL system according to manufac-
turer’s instructions. The cytochrome ¢ protein content was
determined densitometrically. Immunoblotting for {3-actin
was carried out to confirm equal loading.

Western blot determination of caspase-3
Leydig cells were lysed with ice-cold PBS (pH7.4)

containing 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS and protease inhibitors (1mM phenylmethylsul-

fonylfluoride, 10mg/ml aprotinin and 10mg/ml leupeptin).
Lysates were centrifuged (13,000rpm at 4°C for 30min) and
supernatant protein content determined. Equal amounts of
protein (20pg) were resolved by 15% SDS-PAGE, electro-
transferred to nitrocellulose membranes and immunoblotted
for caspase-3 as previously described.

DNA extraction and agarose gel electrophoresis

Agarose gel electrophoresis of extracted DNA was per-
formed to detect damage to nuclear chromatin, a character-
istic biochemical feature of apoptosis, indicated by
laddering of oligonucleosomal fragments (180-200bp) as
described by Mu et al. (2001).

Briefly, 1 x 10° cells, treated without and with 5, 10 and
20uM of RA for 24h, were trypsinized and washed with
PBS. Then the cells were spun down and resuspended in
0.5ml of lysis buffer (50mM Tris-HCI, pH 7.8, 10mM
EDTA, and 0.5% SDS). RNase A was added to a
concentration of 0.5mg/ml and incubated at 37°C for
60min. The protein content was degraded with proteinase
K (0.5mg/ml) at 50°C for 60min. DNA was obtained with
two extractions. The first extraction was carried out with an
equal volume of phenol-chloroform—isoamylic alcohol
(25:24:1) and the second with chloroform—isoamylic alcohol
(24:1). DNA was precipitated from the upper aqueous phase
with 0.1vol. of 3M sodium acetate, 2.5vol. of ice-cold
ethanol and left at —20°C over night. After centrifugation the
DNA pellet was solubilized in 25ul sterile water. DNA
fragments were separated by electrophoresis in 1.2% agarose
gel and visualized by staining with ethidium bromide.

Lactate dehydrogenase assay

The amount of lactate dehydrogenase (LDH) released by
the cells was determined as described by Abe and Matsuki
(2000) with little modifications. The culture supernatant
(250ul) was mixed with 250ul of the LDH substrate
mixture (2.5mg/ml L-lactate lithium salt, 2.5mg/ml NAD",
100uM MPMS, 600uM MTT, and 0.1% Triton X-100 in
0.2M Tris-HCI buffer, pH 8.2). The reaction was carried out
for Smin at 37°C and stopped by adding 0.5ml of 0.04N
HCI in isopropanol. The absorbance was measured with the
spectrophotometer at a test wavelength of 570nm, and a
reference wavelength of 655nm. In these assay conditions,
MTT was converted into MTT formazan in proportion to
LDH activity. LDH release was calculated as (sample LDH-
blank)/(total LDH-blank) x100.

Statistical analyses

Statistical differences were determined by one-way analysis
of variance (ANOVA) followed by Dunnet’s method, and
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the results were expressed as mean + SD from n
independent experiments. Differences were considered
statistically significant for P < 0.05.

Results
Effect of RA on vitality of TM-3 cells

In order to examine the cytotoxic effect of RA on TM-3
cells, they were cultured with RA in a concentration range
from 0.1 to 20uM for 24h and MTT assay was carried out
with cells cultured in RA-free media as control. No
significant change in viability was observed in TM-3
treated in 0-0.5uM RA concentration range (Fig. 1A).
Upon incubation with RA concentration of 1-20uM a
significant reduction of vitality, however, observed. As
shown in Fig. 1A, the cell viability was less than 20% after
exposure to 20uM RA for 24h. The effect of RA at uM
doses on cell viability was also time-dependent, since the
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cell survival declined drastically following an increase in
the treatment time from 3 to 24h in cells incubated with 10
and 20uM RA (Fig. 1B). The present results show that RA
exerts a cytotoxic effect on TM-3 cells in a concentration
and time dependent manner (Fig. 1A,B).

Biochemical markers of apoptosis

In order to examine whether apoptosis was the cause of the
loss of cell viability, the cells were treated with uM doses
of RA and subjected to various biochemical analyses to
detect biomarkers of apoptosis. Mitochondria are vulnera-
ble targets for toxic injury and act as crucial executors of
apoptosis by releasing cytochrome c into the cytoplasm
(Cai et al. 1998). 24h post-exposure TM-3 cells were
collected and the cytosolic protein fraction was assayed for
cytochrome c release. As shown in Fig. 2A,B, cytochrome
¢ was detectable in cytoplasm following exposure to 0.5uM
RA and the protein increased significantly at higher RA
exposure (10-20uM) when compared to time matched

0.2 0.5 1 5 10 20

RA [uM]

3 hincubation

*%

24 h incubation

*%

v
0 5 10

RA [uM]

Fig. 1 The effect of RA on TM-3 cell survival. A Cells were
incubated with indicated concentrations of RA and then the cell
viability was determined by MTT assay as described in “Materials and
methods”. B The cell viability was evaluated at 3 and 24 h post-
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exposure with RA (at uM doses). The data represent means=SD of
four independent experiments with triplicate well and are presented as
the percentage of the control cell number. *P<0.05 compared to the
control. **P<0.01 compared to the control
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Fig. 2 Biochemical markers of apoptosis. A TM-3 cells were
incubated both in the absence and in the presence of 0.5, 1, 5, 10
and 20 uM RA for 24 h. After incubation, cells were washed with
PBS; equal amounts of cytosolic proteins (2—5 pg) were separated by
15% SDS-PAGE, transferred to a nitrocellulose membrane, and
probed as described in “Materials and methods”. Cytochrome ¢ was
detected by chemiluminescence. [3-actin, used as internal control, was
detected at the position corresponding to a molecular weight of
42 kDa. B The cytochrome c protein content was determined
densitometrically. Results are presented as the mean+SD of three
independent experiments. *P<0.05 compared to the control; **P<
0.01 compared to the control. C TM-3 cells were incubated with
20 uM RA and release of cytochrome was evaluated at 0, 3, 6, 18 and
24 h post-exposure. D The cytochrome c protein content was
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determined densitometrically. Results are presented as the mean+SD
of three independent experiments. *P<0.05 compared to the control;
**P<0.01 compared to the control. E Cells were incubated with 0,
0.5, 1,5, 10 and 20 uM RA. At 24 h post-exposure, cells were washed
with PBS. Equal amounts of cytosolic proteins (20 pg) were separated
by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and
probed as described in “Materials and methods”. Procaspase-3 and
pl7 fragment were detected by chemiluminescence. 3-actin, used as
internal control, was detected at the position corresponding to a
molecular weight of 42 kDa. F The cells were treated with various
concentrations of RA for 24 h; then the DNA was extracted, separated
by electrophoresis on 1.2% agarose gel and visualized by staining
with ethidium bromide. Lane I, control; lane 2, 5 uM RA; lane 3,
10 uM RA; lane 4, 20 uM RA
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Fig. 2 (continued)

controls. The time-course of cytochrome c release from the
mitochondria into the cytosol was also determined after 3,
6, 18 and 24h of incubation in the presence of 20uM RA.
As shown in Fig. 2C,D, detectable release of cytochrome c
was, only apparent, after 18h of treatment.

The activation of the caspase family members is a
hallmark of apoptosis. After treatment for 24h with RA,
western blot analysis, using a caspase-3 antibody that
recognizes the caspase-3 holoenzyme as well as the pl7
cleavage product of caspase-3, was performed to investi-
gate whether enzymatic processes had been activated.
Procaspase-3 is synthesized as a precursor of 32kDa which
is then proteolitically cleaved. Immunoblotting analysis
revealed that procaspase-3 levels decreased in cells treated
with 5, 10 and 20uM RA for 24h in a dose-dependent
manner; while a band, corresponding to the activated form
of caspase-3 (17kDa), was increased over the same dose-
response curve (Fig. 2E).

In order to evaluate the induction of apoptosis by RA we
measured DNA fragmentation using DNA electrophoresis
and fluorescent staining. The genomic DNA extracted from
cells, treated with 5, 10 and 20uM RA for 24h, was
subjected to 1.2% agarose gel electrophoresis. DNA
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ladders, which are typical of apoptosis, were detected only
in the cells treated with 10 and 20uM RA (Fig. 2F).

LDH activity in the culture media was measured
spectrophotometrically as an index of plasma membrane
damage and loss of membrane integrity and therefore a
parameter of cytotoxicity. RA treatment for 24h resulted in
a dose-dependent induction of LDH release (Fig. 3A). To
summarise, we have demonstrated that RA-induced cell
death occurred by classical apoptosis, whilst at higher
concentrations there is also evidence of necrotic death.

RA-induced apoptosis is not mediated by an increase
of ceramide generation

Ceramide, as a second messenger, is generated by the
hydrolysis of the cell membrane sphingomyelin or is
derived from de novo synthesis in response to inducers of
apoptosis (Bose et al. 1995). Previous studies have shown
that ceramide induces cell apoptosis by the mechanisms of
activation of a ceramide-activated protein phosphatase
(CAPP); moreover, ceramide up-regulates the apoptosis
effector, Bax, or down-regulates the apoptosis inhibitor,
Bcl-2, leading to caspase activation (Pinton et al. 2001;
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Fig. 3 The effect of RA on LDH release and the effect of ceramide
synthase inhibitor on TM-3 cell survival. A The TM-3 cells were
treated with various concentrations of RA as indicated for 24 h, and
the amount of LDH released was determined as described in
“Materials and methods”. B The cells were treated with various
concentrations of RA (0, 5, 10 and 20 uM) with and without 50 pM
fumonisin B1 (FMN-B1), a ceramide synthase inhibitor, for 24 h, and
the cell viability was determined by MTT assay as described in
“Materials and methods”. The data represent means+SD of four
independent experiments with triplicate well and are presented as a
percentage of viable cells in the control sample. *P<0.05 compared to
the control. **P<0.01 compared to the control. ¢ P<0.05 compared to
identical RA group

Kolesnick 2002; Von Haefen et al. 2002). To identify the
possible mechanisms mediating RA-induced Leydig cell
apoptosis we measured the cytotoxicity of RA in cell
cultures in the presence or absence of the ceramide synthase
inhibitor, fumonisin B1. As shown in Fig. 3B, fumonisin
B1 treatment alone had no effect on cell survival. The
apoptotic effect of RA was not mediated by ceramide
because S0uM of this compound could not prevent the
apoptotic effect of various concentrations of RA (5-10uM
range). At 20uM RA there was an increase in ceramide
generation providing evidence of necrotic death.

Ocxidative stress

TM-3 cells were treated with RA and the lipid peroxidation
was estimated by TBARS formation as described in

“Materials and methods”. RA treatment (0—1uM concen-
tration range, for 24h treatment) did not considerably
increase TBARS content in cultured TM-3 cells, while
RA doses higher than 1uM increased lipid peroxidation
levels (Fig. 4A). In agreement with this, RA at higher doses
(at uM doses) induced a decrease in cell viability (Fig. 1A).
As higher RA doses induced lipid peroxidation and
apoptosis, we decided to investigate only the effects of
RA treatment at nM physiological concentrations in TM-3
cells. In order to investigate changes in antioxidant
defences we measured the GST, SOD and CAT activities
in RA treated and non treated TM-3 cells. GST activity
increased with 10, 100 and 200nM RA (Fig. 4B), while
SOD and CAT activities increased only with 100 and
200nM RA (Fig. 4C,D).

Discussion

Over the last decade retinoids have been the object of
intense investigation. Vitamin A and carotenoids have
been considered as physiologically important antioxidants.
Despite our understanding on important physiological
functions of retinoids (Livrea and Packer 1993), the
effects of retinoid supplementation at supra-physiological
doses, in addition to their known physiological actions,
are not well defined. Retinoid action is mediated by
specific nuclear retinoic acid receptors (RARs) and
retinoid X receptors (RXRs) belonging to the steroid/
thyroid super-family of transcription factors (Giguere
1994). The wide spectrum of physiological and pharma-
cological retinoids effects is, however, attributed to both
receptor-dependent and receptor-independent mechanisms
(Radominska-Pandya et al. 2000).

In this context, the mechanism of the antioxidant effect
of RA remains unclear. We report here that supplementation
with RA caused lipid peroxidation. This damage seems to
be induced only by supra-physiological doses, since
physiological doses did not induce TBARS. In response, a
decrease in cell viability was observed at the same doses
where TBARS was found to be enhanced.

Our data strongly suggest that RA induces apoptosis as
determined by cytochrome c release from the mitochondria
to bind to Apaf-1, which in turn initiates a caspase cascade,
the executionary machinery of apoptotic cell death. Our
results showed there was a measurable release of cyto-
chrome c into the cytoplasm following exposure to RA.
This release of cytochrome ¢ may result in the activation of
members of the caspase family of proteases, another
hallmark of apoptosis. Caspases, and in particular caspase-
3, play a central role in the terminal biochemical events that
ultimately lead to apoptotic cell death. We observed a dose-
dependent increase in caspase-3 activity after incubation for
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Fig. 4 Determination of TBARS and antioxidant enzymes activities
in TM-3 treated with RA for 24 h. A Cells were incubated with
increasing concentrations of RA as indicated and lipid peroxidation
was evaluated by TBARS assay as described in “Materials and
methods”. Cells were treated with the indicated concentrations of RA

24h with RA. As a consequence, DNA was cleaved by
endonucleases, as observed by condensation and fragmen-
tation of chromatin. Taken together, these observations
suggest that RA activates the classic mitochondrial depen-
dent apoptotic process.

Since higher doses of RA (uM) induced lipid perox-
idation and cell death, we decided to investigate only the
effects of RA treatment at physiological doses in TM-3
cells. In order to investigate changes in antioxidant
defences we measured the SOD, CAT and GST activities
in TM-3 cells treated with RA. The SOD, CAT and GST
activities increased with 100 and 200nM RA treatment.
Interestingly, at these same doses RA did not increase lipid
peroxidation and no effect on cell viability was observed.
These findings suggest that RA increased the activity of
antioxidant enzymes at physiological doses, thereby pre-
venting oxidative cell damage which is manifest at higher
doses of RA as may be evidenced by TBARS content and
cell viability. In accordance with earlier studies (Livera et
al. 2000) we observed no significant effect of 1uM RA on
DNA fragmentation (date not shown). This concentration of
RA was able, however, to decrease cell viability by 15-18%
and trigger a low level of cytochrome ¢ release indicating
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for 24 h and GST (B), SOD (C) e CAT (D) activities were measured
as described in “Materials and methods”. Enzymes activities are
expressed as pwmol substrate/min/mg protein. Results are presented as
the mean+SD of three individual experiments. *P<0.05 compared to
the control. **P<0.01 compared to the control

that 1uM RA could represent a threshold limit for non
apoptosis inducing RA treatments.

Hurnanen et al. (1997) have shown that low RA
concentrations stimulated cell growth and proliferation but
that high concentrations inhibited cell proliferation. More-
over, higher RA concentrations increased lipid peroxida-
tion. There was a significant negative correlation between
lipid peroxidation and cell proliferation, which suggests
that RA may generate free radicals. The mechanism of RA-
mediated lipid peroxidation is not fully understood. There
are, however, at least two possible mechanisms: (i) RA can
stimulate the activity of A-6-desaturase resulting in an
increase of polyunsaturated fatty acids (PUFA), which are
then easily oxidized (Alam et al. 1984). A-6-desaturase is
the enzyme responsible for inserting double bonds during
PUFA synthesis. A loss or decreased activity of this
enzyme has been found in some malignant tumors. (ii)
RA can also directly increase free radical generations which
could result in increased lipid peroxidation (Davis et al.
1990). Moreover, 13-cis-RA was shown to directly increase
levels of superoxide anion, hydrogen peroxide and hydrox-
yl anions in isolated chick neural crest cells (Davis et al.
1990). It is noteworthy that every antioxidant is in fact a
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redox agent, protecting against free radicals in some
circumstances and promoting free radicals generation in
others (Herbert 1996).

Our results suggest the importance of keeping vitamin
status within the normal range, as a deficit or administration
of greater than the upper physiological limits could explain
in part the adverse effects found in the literature. The
concentrations of RA used in this study range from
physiological to pharmacological plasma concentrations.
RA is present constitutively in the plasma at a concentration
of 4-14nM (De Leen Heer et al. 1982; Kane et al. 2005).
Pharmacological RA doses result in transient plasma
concentration in the same uM range at which we observed
TBARS formation and decreased cell viability.

In conclusion, the above findings indicate that retinoic
acid at WM doses raises oxidative stress and induces
apoptosis in Leydig cells through cytochrome c release
and caspase-3 activation. Conversely, at physiological
doses (0.1-500nM) RA modulates antioxidant enzymes
through an increase of GST, SOD and CAT activities. An
understanding of the RA behavior will, therefore, be
necessary to define how it may be used both alone as a
chemopreventive agent and also in combination with
chemotherapeutic agents for cancer treatment.
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ARTICLE INFO ABSTRACT

Background: Vitamin A is suggested to be protective against oxidative stress. However, different authors
observed pro-oxidant effects of retinoids both in experimental works and clinical trials. These discordances
are the bases for the investigation of the proliferative and anti-proliferative properties of retinoic acid (RA) in
biological systems.

Methods: Cell viability is determined with the MTT assay. Oxidative stress parameters are detected
measuring catalase (CAT) and glutathione S-transferase (GST) enzymatic activities. FABP5 mRNA levels are

Article history:

Received 25 February 2010

Received in revised form 8 June 2010
Accepted 11 June 2010

Available online xxxx

K ds: . . .
R?t’ivrigirc S,m d measured by RT-PCR. Autophagy and apoptosis are analyzed by Monodansylcadaverine (MDC) staining and
Leydig cell TUNEL assay, respectively.

Proliferation Results and conclusions: RA, at nutraceutic/endogenous doses (10-200 nM), increases cell viability of testes
Apoptosis tumor Leydig cell lines (MLTC-1 and R2C) and modulates antioxidant enzyme activities, as CAT and GST. RA
Autophagy is able to induce proliferation through non-classical and redox-dependent mechanisms accompanied by

increased levels of FABP5 mRNA. The redox environment of the cell is currently thought to be extremely
important for controlling either apoptosis or autophagy. Apoptosis occurs at pharmacological doses, while
autophagy, which plays a critical role in removing damaged or surplus organelles in order to maintain
cellular homeostasis, is triggered at the critical concentration of 500 nM RA, both in normal and tumoral
cells. Slight variations of RA concentrations are evaluated as a threshold value to distinguish between the
proliferative or anti-proliferative effects.
General significance: Although retinoids have a promising role as antineoplastic agents, physiological levels of
RA play a key role in Leydig cancer progression, fostering proliferation and growth of testicular tumoral
mass.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Oxidative stress is a major factor in the aetiology of male infertility,
able to destroy the steroidogenic capability of the testes Leydig cells
[1], as well as to reduce the capability of the germinal epithelium to
differentiate normal spermatozoa [2]. The poor vascularization of the
testes results in reduced oxygen demand compared with other
tissues, stimulating intense competition for this vital element within
the organ. Since both spermatogenesis [3] and Leydig cell steroido-
genesis [4] are vulnerable to oxidative stress, the low oxygen demand
that characterizes this tissue may be an important component of the
mechanisms by which the testes protect themselves from free radical-
mediated damage. In addition, testes contain an elaborate array of
antioxidant enzymes and free radical scavengers to ensure that both

* Corresponding author. Dipartimento Farmaco-Biologico, Universita della Calabria,
87036 Rende (CS), Italy. Tel.: 4+ 39 0984 493454; fax: +39 0984 493271.
E-mail address: genchi@unical.it (G. Genchi).
1 Equally contributed.

0304-4165/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2010.06.006

spermatogenic and steroidogenic functions are not influenced by
oxidative stress.

Retinoids, vitamin A derivatives, have redox-related properties
and influence the redox status of the cell [5,6]. It has been suggested
that retinoids act as antioxidants in biological systems, assuming a
role in antioxidant therapies for treatment and prevention of
malignant and neurodegenerative diseases [7]. However, clinical
trials have shown that retinoids can also be deleterious and are
associated with the activation of proto-oncogenes, leading to an
increased incidence of neoplasias [8].

Retinoic acid (RA), whose endogenous concentration are now
available to the scientific community [9], regulates multiple biological
processes and plays key roles in embryonic development and in tissue
remodeling of adults. It has been well established that many activities
of RA are mediated by retinoic acid receptors (RARq, 3, and vy), ligand-
inducible transcription factors that are members of the superfamily of
nuclear hormone receptors [10]. Transcriptional activation of the
nuclear receptor RAR by RA often leads to inhibition of cell growth.
However, in some tissues RA promotes cell survival and hyperplasia:
these activities are unlikely to be mediated by RAR [11,12]. In addition
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to activate RARs, RA can also stimulate the nuclear receptor PPARR/d
(peroxisome proliferator-activated receptor 3/6), and therefore the
list of genes and cellular responses controlled by this hormone include
both RAR and PPAR(B/6-targets.

The partition of RA between its two receptors is regulated by
cognate intracellular lipid binding proteins (iLBPs); moreover, cellular
retinoic acid binding protein Il (CRABP-II) delivers RA to RARs, while
fatty acid binding protein 5 (FABP5) shuttles the RA to PPARB/5 [13].
In cells with high CRABP-II/FABP5 ratio, RA functions through RAR
acting as a pro-apoptotic agent, while signaling through PPARR/6
promotes survival in those cells highly expressing FABP5. The
opposing effects of RA on cell growth thus emanate from alternate
activation of two different nuclear receptors [13].

Retinoids are also promising agents in chemoprevention [7,14,15]
therefore the apparently conflicting data regarding the pro-oxidant/
anti-oxidant and proliferative/anti-proliferative potential of different
retinoids molecules, stimulated us to investigate the effect of RA on
cell proliferation and its mechanisms in two different tumor Leydig
cell lines (MLTC-1 and R2C) using as normal phenotype counterpart
the Leydig TM-3 cell line. Previous studies from our group had already
demonstrated how pharmacological doses of RA induce cell death via
the apoptotic pathway in Leydic TM-3 cell line [16]. Here we report
that dose-response treatment of TM-3, MLTC-1 and R2C with RA at
nutraceutic/physiological doses, promotes cell proliferation accom-
panied by stimulaton of antioxidant enzymes activity (CAT, GST),
decreases p21 levels and fosters cell cycle progression via activation of
the IP;K/Akt pathway in the cancer cell line while administration of
pharmacological doses of RA results in apoptosis either in TM-3 in
agreement with the literature [16] and R2C and MLTC-1 tumoral cell
line. Interestingly treatment with 0.5 uM RA resulted in cytosolic
vacuolization, hallmark of the autophagic process.

2. Materials and methods
2.1. Chemicals

Retinoic acid (RA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), monodansylcadaverine (MDC) RIPA buffer,
DMEM/F12, F-12 Nutrient Mixture (Ham) and RPMI-1640, fetal
bovine serum (FBS), horse serum (HS), fetal calf serum (FCS),
glutamine, penicillin/streptomycin, GST and CAT assay kits were
purchased from Sigma-Aldrich (Milano, Italia). ECL system was
obtained by Amersham Pharmacia Biotech. All other chemicals used
were of analytical reagent grade. RA solution was prepared just before
use. All experiments involving RA were performed under safe yellow
light, and the tubes and culture plates containing RA were covered
with aluminium foils.

2.2. Cell cultures

The Leydig (TM-3) cell line was cultured in DMEM/F12 medium
supplemented with 5% horse serum (HS) and 5% fetal calf serum
(FCS). Tumoral MLTC-1 cell line was cultured in RPMI-1640 medium
supplemented with 10% FCS. The R2C cell line was cultured in F-12
Nutrient Mixture (Ham) supplemented with 2.5% fetal bovin serum
(FBS), 15% horse serum (HS). Culture media for all cell lines were
supplemented with 2 mM glutamine and 1% of a stock solution
containing 10,000 IU/ml penicillin and 10,000 pg/ml streptomycin.
Cell cultures were grown on 90 mm plastic tissue culture dishes in a
humidified atmosphere of 5% CO, in air at 37 °C. Cells from
exponentially growing stock cultures were removed from the dishes
with trypsin (0.05% w/v) and EDTA (0.02% w/v). The trypsin/EDTA
action was inhibited with an equal volume of DMEM/F12, F-12
Nutrient Mixture (Ham) or RPMI-1640 medium. Cell number was
estimated with a Burker camera and cell viability by trypan blue dye
exclusion. For all cellular lines, the medium was changed twice per

week. TM-3 and R2C cells were subcultivated when confluent, while
MLTC-1 cells were subcultured when they formed island domes.

2.3. MTT proliferation assay

Cell viability was determined with the MTT assay [17]. In order to
determine the proliferative effect of RA, cells (2 x 10° cells/ml) were
treated with increasing RA concentrations for 48 to 72 h. Control cells
were treated with vehicle alone. A 100 pl of MTT (5 mg/ml) was added
to each well in 1 ml of medium without phenol red, and the plates
were incubated for 4 h at 37 °C. Then, 1 ml 0.04 N HCl in isopropanol
was added to solubilize the cells. The absorbance was measured with
the Ultrospec 2100-pro spectrophotometer (Amersham-Biosciences)
at a test wavelength of 570 nm with a reference wavelength of
690 nm. The optical density (OD) was calculated as the difference
between the absorbance at the reference wavelength and that at the
test wavelength. Percent viability was calculated as (OD of drug-
treated sample/OD of control) x 100.

2.4. Isolation of mitochondrial fraction from MLTC-1 and R2C cells

After trypsinization and centrifugation of cells at 1,800 rpm for
5 min at 4 °C mitochondria were isolated solubilizing the pellet with
200 pl RIPA buffer, supplemented with 0.1% digitonin; the cells were
incubated for 15 min at 4 °C and the mitochondria were isolated by
differential centrifugations at 4 °C as described by Cione et al. [18].

2.5. Oxidative stress parameters

Following sonication of TM-3, R2C and MLTC-1 cells in PBS
(phosphate-buffered saline, 1.5 mM KH,PO,4, 8.1 mM NayHPOy,
136.9 mM NaCl, pH 7.2), the suspension was centrifuged at
10,000 rpm for 5 min and the supernatant was utilized in assays for
glutathione S-transferase (GST) and catalase (CAT). The enzymatic
activities in the cell samples of CAT and GST were determined by Aebi
[19] and Habig et al. [20], respectively. Protein amount was estimated
by Lowry method [21].

2.6. Western blotting

Cultured cells were lysed with 200 pl ice-cold PBS containing 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and protease
inhibitors (1 mM phenylmethylsulfonylfluoride, 10 mg/ml aprotinin
and 10 mg/ml leupeptin). Lysates were centrifuged (13,000 x g at 4 °C
for 30 min) and the supernatant protein content was determined by
the Lowry method [21]. Proteins (50 pg) were resolved by 15% SDS-
PAGE, and transferred to a nitrocellulose membrane (Hybond-C;
Amersham Biosciences, Piscataway, NJ). The membrane was blocked
with 5% bovine serum albumin and probed with specific primary
antibodies such as anti-phospho-Akt1/2/3 (Ser 473)-R (Santa Cruz
Biotechnology Inc., Santa Cruz, CA), anti-Akt (Santa Cruz Biotechnol-
ogy Inc.), anti-cyclin D1 (Santa Cruz Biotechnology Inc.), anti-p21
(Santa Cruz Biotechnology Inc.) and anti-cyt ¢ (Santa Cruz Biotech-
nology Inc.), respectively. After washing, membranes were incubated
with HRP-conjugated secondary antibody. Peroxidase activity was
visualized with the Amersham Pharmacia Biotech ECL system
according to the manufacturer's instructions. The protein content
was determined densitometrically. The loading control was detected
by immunoblot of B-actin protein.

2.7. JC-1 mitochondrial membrane potential detection assay

The loss of mitochondrial membrane potential (A¥m) was
monitored with the 5,5',6,6'tetra-chloro-1,1’,3,3’-tetraethylbenzimi-
dazolyl-carbocyanine iodide dye (JC-1) (Biotium, Hayward, USA). The
negative charge established by the intact AWm, allows the lipophilic
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dye JC-1 to selectively enter the mitochondrial matrix, where it
aggregates and emits a red fluorescence. When the AWm is lost the
JC-1 cannot accumulate within these organelles and remains in the
cytoplasm in the monomeric form emitting green fluorescence [22].
MLTC-1 and R2C cell lines were grown in 10 cm dishes and treated
with 1 uM RA for 24 h, then the cells were trypsinized, washed in ice-
cold PBS, and incubated with 10 mM JC-1 at 37 °C in a 5% CO,
incubator for 20 min. Subsequently, cells were washed twice with PBS
and analyzed by fluorescence microscopy according to manufacturer's
instructions.

2.8. Mitochondrial ATP determination
The amount of endogenous ATP in isolated mitochondria and in

cytosolic extract from MLTC-1 and R2C cell lines was determined
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Fig. 1. Cell viability by MTT assay MLTC-1 (A), R2C (B) and TM-3 (C) cells were incubated at
the indicated concentrations of RA. Cell viability was determined by MTT assay as
described in Materials and methods at 48 and 72 h post-exposure. The data represent the
mean 4 SD of four independent experiments in triplicate and are presented as the
percentage of the control cell number. **P<0.01 compared to the control.

using the bioluminescence method described by Drew and Leeuwen-
burgh [23]. With a Molecular Probes kit, ATP was assayed in cells lysed
with RIPA buffer containing a proteases inhibitors mixture (Sigma)
and cleared of cellular debris by centrifugation (10 min, 4 °C). An
aliquot of each sample was mixed with 100 pl of reaction cocktail
(25 mM Tricine buffer, pH 7.8, 5 mM MgS0O,4, 100 uM EDTA, 1 mM
DTT) containing firefly luciferase and 0.5 mM luciferin. Emitted light
was measured in a luminometer (Berthold).

2.9. Monodansylcadaverine staining

MDC was used to evaluate autophagic vacuoles in cells as
previously reported [24]. A 10 mM stock solution of MDC was
prepared in PBS. Following treatment with 0.5 uM RA for 24 h, cells
were stained with MDC at a final concentration of 10 uM for 10 min at
37°C, and fixed using 3% paraformaldehyde solution in PBS for
30 min. Cells were washed and then examined by fluorescence
microscopy (Leica AF2006).
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Fig. 2. Antioxidant enzyme activity Cells were treated at the indicated concentrations of
RA for 6 h and CAT (A), GST (B) and mitochondrial GST (C) activities were measured as
described in Materials and methods. Enzyme activity is expressed as umol substrate/
min/mg protein. Results are presented as the mean+SD of three individual
experiments. *P<0.05, **P<0.01 compared to the control.
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Fig. 3. Effect of RA on IP;K/Akt signaling pathways and cell cycle progression TM-3, R2C, MLTC-1 cells were incubated in the presence of 10 nM RA for 48 h. After incubation, cells
were washed with PBS; 50 pg of protein was separated by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and blotted as described in Materials and methods. 3-Actin was
used as internal control. Activation of p-Akt after 15 min (A). No activation of ERK1/2 pathway (B). Up-regulation of cyclin D1 (C). Down-regulation of p21 (D). Protein content was
determined densitometrically. Results are presented as the mean =+ SD of three independent experiments. **P<0.01 compared to the normal TM-3 cell line (as control).

2.10. Flow cytometry assay

Cells (1x 10° cells/well) were grown in 6 well plates and shifted to
serum free medium for 24 h before treating for further 48 h.
Thereafter, cells were trypsinized, centrifuged at 3,000 rpm for
3 min and washed with PBS. A 0.5l of fluorescein isothiocyanate-
conjugated antibodies anti-caspase-9 (Calbiochem, Milan, Italy) was
added in all samples and then incubated for 45 min at 37 °C according
to manufacturer's instruction. Samples were analyzed with the
FACScan (Becton Dickinson and Co., Franklin Lakes, NJ).

CTRL 12h 24h

FABPS

CRABPII

GAPDH

Fig. 4. Influence of RA on FABP5 and CRABP Il mRNA expressions FABP5 and CRABP II
mMRNA expression in MLTC-1 cells treated with 10 nM RA for 12/24 h.

2.11. TUNEL assay

Apoptosis was determined by enzymatic labeling of DNA strand
breaks using terminal deoxynucleotidyl transferase-mediated deox-
yuridine triphosphate nick end-labeling (TUNEL). TUNEL labeling was
conducted using APO-BrdU™. TUNEL Assay Kit (Molecular Probes)
and performed according to the manufacturer's instructions. Cells
were incubated for 30 min at room temperature protected from light
and photographed by using a fluorescent microscope (Leica AF2006).

2.12. Reverse transcription-PCR assay

MLTC-1 cells were grown in 10 cm dishes from 70/80% confluence
and exposed to RA treatments as indicated in Fig. 4 caption. Total cellular
RNA was extracted using Trizol reagent (Invitrogen) as suggested by the
manufacturer. The purity and the integrity of total RNA were checked
spectroscopically before carrying out the analytical procedures. RNA
was then reverse transcribed with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The cDNA obtained was
amplified by PCR using the following primers: FABP5 (NM 010634)
5'-ACGGCTTTGAGGAGTACATGA-3’ (forward) and 5’-TCCTACCCTTC-
TACTAGCAC-3'" (reverse), CRABP II (NM 007759) 5’-CGATCG-
GAAAACTTTGAGGA-3’ (forward) and 5-CAACACACGTGGTCCCAGAT-
3’ (reverse). The resulting PCR products were separated by
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Fig. 5. Mitochondria involvement MLTC-1 and R2C cells were treated with 1 uM RA for 24 h and, after washing in ice-cold PBS, incubated with 10 mM JC-1 at 37 °C for 20 min in a 5%
CO, incubator. The cells were washed twice with PBS and analyzed by fluorescent microscopy. In control non-apoptotic cells, the dye stains the mitochondria in red (A). In treated
apoptotic cells, JC-1 remains in the cytoplasm fluorescing green (B). MLTC-1 and R2C were treated for 24 h with 0.5-1-5 uM RA and cytochrome ¢ was detected (C). 3-Actin was used

as loading control. Figure is representative of three independent experiments.

electrophoresis in a 2% agarose gel in TBE (Tris-Borate-EDTA) and
stained with ethidium bromide.

2.13. Statistical analysis

Statistical differences were determined by one-way analysis of
variance (ANOVA) followed by Dunnet's method, and the results were
expressed as mean £ SD from n independent experiments. Differences
were considered statistically significant for P<0.05 (*), P<0.01 (**).

3. Results

As shown in Fig. 1, treatment of MLTC-1 (A) and R2C (B) with RA
resulted in a significant cell proliferation in a concentration range of
10-250 nM with a slight but not significant decrement at 500 nM RA
(=~10%) compared to the control. Although the data show dose
dependence, no time dependence could be addresses as there is no
difference in proliferation between 72 and 48 h. No change in cell
viability was observed in RA treated TM-3 (C).
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In order to investigate a potential modulation of the antioxidant
defenses, cell lines were treated with RA (0-200 nM) for 6 h and the
activities of CAT and GST were assayed comparing RA treated TM-3,
MLTC-1 and R2C versus untreated ones (control). No modulation of
these activities was reported in TM-3 at any RA concentration while CAT
and cytosolic GST activities increased significantly both in MLTC-1 and
R2Cin a dose dependent manner (Fig. 2A and B). The mitochondrial GST
(mGST) activity increased in both MLTC-1 and R2C, in particular at
100 nM (Fig. 2C).

Moreover, activation of the anti-apoptotic factor Akt was assayed by
WB using an antibody raised against its phosphorylated form (p-Akt). As
shown in Fig. 3A, 10 nM RA induced a rapid activation of p-Akt after
15 min of incubation. A strong signal of p-Akt was reported in MLTC-1
and R2C with no activation of ERK (Fig. 3B). Furthermore, RA
supplementation increased cyclin D1 protein levels both in MLTC-1
and R2C cell lines (Fig. 3C) with a concomitant decrement of p21
expression already at 10 nM RA and in both MLTC-1 and R2C after 48 h
treatment (Fig. 3D). Neither Akt was activated nor p21 levels modified
in the TM-3.

On these bases the ability of nanomolar doses of RA to modulate
FABP5 and CRABPII were investigated in MLTC-1. A 10 nM RA induced
a significant up-regulation of FABP-5 mRNA levels after 12 h while the
same treatment does no elicit any effect after 24 h. No changes in the
CRABPII mRNA were observed in presence of 10 nM RA after 12 and
24 h (Fig. 4).

As to pharmacological treatment with RA of MLTC-1/R2C, 1 uM RA
for 24 h resulted in disruption of mitochondrial membrane potential
evidenced with a change in the emission of the lipophilic dye JC-1
(Fig. 5A and B) turning more towards green than red. At the same
time, cytochrome c release occurred already at 0.5 uM RA (Fig. 5C)
followed by no activation of caspases 3 and 9 (data not shown) while
the amount of mitochondrial ATP decreased after 24 h treatment with
RA 0.5 and 1 uM in dose-dependent manner.

To identify the potential direct induction of autophagy at 0.5 pM
RA, after 24 h treatment, TM-3 cells were labeled with MDC, the
selective stain for autophagosomes (Fig. 6A and B).

As shown in Fig. 7A, tumoral cell lines suffered cell death induction
after treatment with 1 and 5 uM RA for 24 h; treatment with 10 pM RA
for 24 h resulted in almost 80% reduction of cell viability with a
massive decrement of cell growth both in MLTC-1 and R2C, supported
by activation of caspase 9 already at RA 1 uM (Table 1). To further
verify the activation of the programmed cell death, apoptosis in
MLTC-1 and R2C was determined by enzymatic labeling of DNA strand
breaks via TUNEL assay (Fig. 7B) supporting the already known RA
mediated apoptosis induction [16].

4. Discussion

The influence of retinoids on cell growth and differentiation has
been investigated during the recent years. There are a growing
number of in vitro experiments demonstrating that active retinoids, as
well as RA, antagonize cell growth in a variety of non-tumoral and
tumoral cells, characterizing them as potential chemotherapeutic
agents [7,14,15]. In addition, some authors suggest that retinoids act
as anti-oxidants and could be potential agents in anti-oxidant
supplementation protocols for treatment and prevention of malignant
and neurodegenerative diseases [7,15]. On the other hand, there is
also evidence that retinoids present pro-oxidant properties in
biological systems, which might induce cell damage, proto-oncogene
activation, proliferation and neoplastic transformation [6,8,26-31].
The pro-oxidant retinoid molecules, the mechanisms underlying—
their pro-oxidant effects, and their consequences on cell proliferation
or death remain to be better elucidated. Indeed, despite the important
physiological functions of retinoids, the effects of supra-physiological
doses of retinoids as well as their physiological action are not well
defined. In an interesting work, Hurnanen et al. [32] showed that low

RA concentrations stimulated growth proliferation, but high concen-
trations inhibited proliferation in human breast cancer cells.

In the present work we show that RA, at endogenous concentra-
tions (0-250 nM), increases cell viability in tumor Leydig cell lines but
not in the normal TM-3 counterpart. This suggests that slight
variations in the concentrations of RA may trigger changes in the
cellular redox state. The ability to survive the threat posed by
endogenous levels of retinoids represents a biological adaptation, in
many cases, to survival [33]. Strategies such as sequestration,
scavenging and binding, and catalytic biotransformation have evolved
as important biochemical protection mechanisms against toxic
chemical species. Cells possess an impressive array of enzymes
capable of bio-transforming a wide range of different chemical
structures and functionalities. Since higher doses of RA induced
apoptosis, we decided to investigate only the effects of low doses of
RA treatment in TM-3, MLTC-1 and R2C cells showing that
physiological levels of RA trigger proliferation and growth of the
testicular tumoral mass.

In order to investigate changes in anti-oxidant defences, we
measured the CAT and GST activities in RA-treated and non-treated
TM-3, R2C and MLTC-1 cells. Of these enzymes, involved in the
detoxification of the cells from reactive oxygen species, CAT
metabolizes hydrogen peroxide and alterations in its activity can
lead to unbalanced free radicals production, while GST is essential to
maintain the homeostasis of reactive species production and
clearance. In addition, cytosolic and mitochondrial GST isoforms can

A

CTRL

RA 0.5 uM

Fig. 6. Autophagy in TM-3 Leydig cells by MDC labeling TM-3 cells were treated with
0.5 uM RA and were incubated for 24 h. Cells were stained with MDC as detailed under
Materials and methods. Figure is representative of three independent experiments.
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Fig. 7. Apoptosis in MLTC-1/R2C cell lines induced with 1-10 uM RA after 24 h incubation MLTC-1 and R2C cells were stimulated for 24 h by the presence of 1, 5 or 10 uM RA. Viability
was analyzed by MTT assay (A). Data are presented as mean =+ SD of triplicate experiments. **P<0.01 compared to the control. Apoptosis in MLTC-1 and R2C cells was determined by
TUNEL assay after treatment with 1 uM RA (B). Figure is representative of three independent experiments.

discriminate between stressed and non-stressed cells [34]. The
increase of cell viability of tumor Leydig cell lines (Fig. 1) was
accompanied by a strong activation of both anti-oxidant enzymes
after 6 h of incubation at physiological RA concentrations (Fig. 2). This
enhanced RA-induced proliferation influences cell cycle progression,
associated with the increment of cyclin D1 expression (Fig. 3C). In
agreement with cell proliferation, immuno-detection of the cyclin-
dependent kinase (CDK) inhibitor, p21, showed that 10 nM RA
already decreases its levels. Our data suggest that the proliferative
effect of RA was mediated also by IP;K/Akt pathway (Fig. 3D). In
agreement with this, 10nM RA induced a rapid activation of

phosphorylated Akt after 15 min of incubation, which was not
followed by ERK pathway activation. Activation/inhibition of Akt is
directly linked to the regulation of cell proliferation/death. Data
suggest that Akt, an anti-apoptotic factor, is involved in retinoid-
induced MLTC-1 and R2C proliferation.

Moreover it is worthy to note that a specific concentration range of
RA (10-200 nM) induces cell proliferation and that a clear threshold
value discriminating the proliferative from the anti-proliferative
effect of RA does exist in our experimental system. In fact, at 0.5 pM
RA we observed the activation of the autophagy process (Fig. 6) which
in turns plays a critical role in removing damaged or surplus
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Table 1

Caspase 9 activation. MLTC-1 and R2C cells were stimulated for 24 h by the presence of
1-5-10 uM RA. The activation of caspase-9 was analyzed by flow cytometry. Data are
presented as mean 4 SD of triplicate experiments.

Table 2

Mitochondrial ATP determination. Cells were treated with 0.5-1 puM RA for 24 h and
mitochondrial ATP amount was determined as described in Materials and methods.
Data are presented as mean = SD of triplicate experiments.

Treatment Cell line % of Caspase-9 activation SD ATP concentration (nM)
CTRL MLTC-1 12.34 +2.76 MLTC-1 DMSO 10.204+0.32

RA 1M MLTC-1 25.87 +0.56 MLTC-1 0.5 uM RA 4.12+£0.11

RA 5 uM MLTC-1 28.75 +1.86 MLTC-1 1 M RA 2234+0.13

RA 10 M MLTC-1 37.13 +2.12 R2C DMSO 10.8440.42

CTRL R2C 15.45 +1.85 R2C 0.5 uM RA 5.4140.26

RA 1M R2C 27.82 +1.12 R2C 1 puM RA 3.78+£0.19

RA 5 uM R2C 24.65 +0.92

RA 10 uM R2C 32.64 +3.17

organelles in order to maintain cellular homeostasis. Autophagy
sometimes occurs with apoptosis: the relationship between autop-
hagy and cell death is complex, since autophagy can be involved
either in cell death or in survival depending on the cellular context
[34,35]. The survival function of autophagy has been demonstrated
under different physiological situations, such as interruption of
maternal nutrient supply in newborn mice [36] or in cells deprived
of growth factors and nutrients [25,37,38]. Both apoptosis and
autophagy can occur concomitantly in the same cells, suggesting the
involvement of common regulatory mechanisms [39]. Moreover the
redox environment of the cell is currently thought to be extremely
important to control either apoptosis or autophagy [40,41].

Mitochondria are acknowledged as the central coordinators of
apoptotic events that determine the intrinsic pathway of apoptosis
[42]. Several intracellular signals converge on mitochondria to induce
mitochondrial membrane permeability (MMP), which causes the
dissipation of mitochondrial transmembrane potential (A¥m) and
the release of pro-apoptotic factors, in particular the release of
cytochrome c that leads to the activation of caspases and subsequent
cell death [34,35]. It is documented that when the change in
mitochondrial membranes permeability entails less than 66% of the
mitochondria, the autophagic pathway is activated, while the
apoptotic death is triggered when the percentage raises toward
higher values involving most of the mitochondrial population [34].
Besides that, in both cases, a change of permeability causes swelling
and depolarization of the mitochondrial membranes, impairing the
oxidative phosphorylation capability. The latter leads to reduced ATP
production and a consequent depletion of ATP levels. It is hypothe-
sized that amino-acidic and insulin regulation [43] can act in a
synergistic manner in the control of autophagy. It seems that the
signal, mediated from both insulin and amino acids, can converge at
the level of the enzyme mammalian Target of Rapamycin (mTOR), a
kinase that activates protein synthesis and, at the same time, inhibits
autophagy [44]. As amino acids are able to activate mTOR, RA is able to
exert the same effect in the hippocampal neurons at a concentration
of 10 nM [45,46]. The enzyme is inhibited due to lack of energy
indicated by a decrease in the ATP/AMP ratio. In our experimental
system, treatment for 24 h with 0.5 uM RA triggers disruption of
mitochondrial membrane potential (Fig. 5A and B) with release of
cytochrome c followed by no activation of caspase 3 and 9 (data not
shown) with a notable decrease in endogenous mitochondrial ATP, as
shown in Table 2, and cytosolic vacuolization, hallmark of autophagy.

Upon treatment with 1 uM RA, we observed a significant induction
of cell death by apoptosis. Changes in mitochondrial membrane
permeability are concomitant with collapse of the electrochemical
gradient across the mitochondrial membrane through the formation
of pores leading to the release of cytochrome c, followed by cleavage
of procaspase-9 and DNA fragmentation highlighted by TUNEL assay.
This cascade of events was caused by pharmacological doses of RA in
both MLTC-1/R2C cells, as already documented in TM-3 [16].

A model outlining the dual proliferative/anti-proliferative effects
of RA is described by Schug et al. [13]. CRABP-II and FABP5 target RA to

RAR and PPARB/5, respectively. In cells that express a high CRABP-II/
FABP5 ratio, RA is ‘channeled’ to RAR, often resulting in growth
inhibition. Conversely, in the presence of a low CRABP-II/FABP5
expression ratio, RA is targeted to PPARP/6, thereby up-regulating
survival pathways. As shown in Fig. 4, the highest increase in the
FABP5 mRNA expression was observed after 12 h in MLTC-1 cells
during the proliferation process simultaneously with no changes in
CRABP Il mRNA expression. These results provide further strength to
the hypothesis of altered retinoid homeostasis/metabolism in neo-
plastic diseases.
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All-trans-retinoic acid (atRA), an activated metabolite of vitamin A, is incorporated covalently into proteins
both in vivo and in vitro. AtRA reduced the transport activity of the oxoglutarate carrier (OGC) isolated from
testes mitochondria to 58% of control via retinoylation reaction. Labeling of testes mitochondrial proteins
with >HatRA demonstrated the binding of atRA to a 31.5 KDa protein. This protein was identified as OGC due

to the competition for the labeling reaction with 2-oxoglutarate, the specific OGC substrate. The role of
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retinoylated proteins is currently being explored and here we have the first evidence that retinoic acids bind
directly to OGC and inhibit its activity in rat testes mitochondria via retinoylation reaction. This study
indicates the evidence of a specific interaction between atRA and OGC and establishes a novel mechanism for
atRA action, which could influence the physiological biosynthesis of testosterone in situations such as

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Oxoglutarate carrier (OGC), also known as the oxoglutarate/malate
carrier, catalyzes the transport of 2-oxoglutarate in electroneutral
exchange for some other dicarboxylates to which malate is bound
with the highest affinity. In proteoliposomes OGC has been shown to
exist as a homodimer and to function according to a sequential
antiport mechanism. These results have been interpreted by assuming
two separate and coordinated substrate translocation pathways, one
in each monomer. OGC plays an important role in the malate-
aspartate shuttle and is also involved in the oxoglutarate-isocitrate
shuttle, nitrogen metabolism and gluconeogenesis from lactate when
the carbon skeleton for gluconeogenesis is provided by 2-oxoglutarate
exported from the mitochondria by the OGC [1].

Vitamin A and its metabolites play important roles in vision,
reproduction, cell proliferation and differentiation, embryogenesis,
immune response, and growth. The all-trans- and 9-cis-isomers of
retinoic acid interact with the nuclear retinoid receptors, RAR and RXR,
inducing differentiation and apoptosis of many types of cells [2-4].
Some biological effects of vitamin A, however, are not dependent on
retinoic acid receptors; 11-cis-retinal in vision [5], all-trans-retinol in
embryologic development [6], and 14-hydroxy-4,14-retroretinol in
the growth of B lymphoblastoid cells and in the maintenance of T-cell
activation [7] in particular. Moreover, in enucleated 3T3 fibroblasts,
atRA inhibits phorbol ester-induced fibronectin release [8] and binds
to and inhibits the adenine nucleotide translocator in bovine heart
and mouse liver mitochondria [9]. AtRA is incorporated into proteins
of cells in culture [10-13] and of rat tissues both in vivo [14] and in

* Corresponding author. Dipartimento Farmaco-Biologico, Universita della Calabria,
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vitro [15-18]. The covalent linkage between RA and proteins is
probably a thioester or labile O-ester bond in most cases [10].
Retinoylated proteins that have been identified so far include cAMP-
binding proteins, vimentin, the cytokeratins, and some nuclear
proteins [10-16]. In our current investigation, we have studied OGC
carrier activity both from mitochondria extracted from whole rat
testes and TM-3 cells. Previously we have demonstrated that
mitochondria from rat testes [17,18] and TM-3 cells [19] were
extremely active in incorporating retinoic acid. Moreover, it was
highlighted how the retinoylation reaction and testosterone bio-
synthesis are positively correlated when Leydig cell cultures are
incubated with atRA at 100 nM [20].

It is well known that many biosynthetic pathways of testosterone
are NAPDH or NADH dependent; therefore OGC was chosen as the
experimental target for its involvement in the malate-aspartate
shuttle and oxoglutarate-isocitrate shuttle to provide the necessary
reducing equivalents between cytosol and mitochondria and vice
versa. In this study we demonstrate how the activity of OGC is
influenced by retinoic acid. The efforts were focused on the OGC from
rat testes as the retinoylation process is more efficient in this tissue.

2. Materials and methods
2.1. Chemicals

[11-12 3H] all-trans-retinoic acid (*HatRA) (50 Ci/mmol), [1-1C]
2-oxoglutarate and ECL were purchased from PerkinElmer (Boston
USA). All-trans-retinoic acid (atRA) was obtained from Sigma-Aldrich
(Milano, Italia); egg yolk phospholipids from Fluka; DMEM/F12, fetal
calf serum (FCS), penicillin and streptomycin from Gibco (Invitrogen
Life Technologies, Italia). All other chemicals used were of analytical
reagent grade.


http://dx.doi.org/doi:10.1007/s10863-9156
mailto:genchi@unical.it
http://dx.doi.org/10.1016/j.bbalip.2008.09.004
http://www.sciencedirect.com/science/journal/13881981

4 E. Cione et al. / Biochimica et Biophysica Acta 1791 (2009) 3-7

Table 1

Effect of mitochondrial carrier inhibitors on retinoylation reaction

Carrier inhibitors on pmol/mg ptnx90 min SEM n % Inhibition
retinoylation reaction

Control 21,47 2,44 23

Mersalyl 1 mM 1,84 009 5 9143

NEM 5 mM 2,47 028 5 8849
2-Cyano-4-hydroxycinnamate 5 mM 11,90 123 3 4458
1,2,3-Benzenetricarboxylate 5 mM 18,93 1,99 3 11,83

Mitochondria from testes were incubated 90 min in a buffer as described in materials
and methods with *HatRA, 100 nM final concentration, at 37 °C. Then the reaction was
stopped with TCA and the radioactivity detected in a liquid scintillation counter. Results
are presented as Mean +SEM of three independent experiments. **P<0.01 compared to
the control. 1,2,3-Benzenetricarboxylate P>0.05.

2.2. Isolation of mitochondria

Rats were killed by decapitation, according to practice procedures
approved by the ethical committee, and testes were immediately
removed. Mitochondria were isolated by differential centrifugation as
described by Cione and Genchi [18] and suspended in a medium
containing 250 mM sucrose, 10 mM Tris/HCI, pH 7.4, 1 mM EDTA at a
concentration of 15-18 mg protein/ml. Protein concentration was
determined by the Lowry procedure [21] with BSA as the reference
standard. This mitochondrial suspension was either used immediately
or frozen at —80 °C. The purity of the mitochondrial preparation for
both whole testes and TM-3 cells was checked by assaying marker
enzymes for lysosomes, peroxisomes and plasma membranes.

2.3. Incubation and extraction

AtRA or >HatRA were dissolved in ethanol and 3 pL of the solution
was added to the tissue preparation (0.5 mg protein), and incubated in
the presence of 10 mM ATP, 150 uM CoA, 27 mM MgCl,, 50 mM sucrose,
and 100 mM Tris, pH 7.4, in a total volume of 0.5 ml at 37 °C for 90 min.
The inhibitors were added together with *HatRA. The mitochondrial
suspensions were centrifuged and protein extracted in 3% Triton X-114,
20 mM Na,S04, 1 mM EDTA, 10 mM Pipes, pH 7.0, and after 10 min on
ice, the mixture was centrifuged at 13000 rpm for 5 min.

2.4. Reconstitution and determination of OGC activity

20 pg of protein from the Triton X-114 extract of mitochondria were
added to 100 pL of sonicated phospholipids (10% w/v), 100 pL of 10%
Triton X-114 in Pipes 10 mM, 40 pL of malate 200 mM, 230 pL Pipes
10 mM pH 7.0 in a final volume of 700 pL and were applied to an
Amberlite XAD-2 column in agreement with Palmieri and Klingenberg
[22]. All the operations were carried out at room temperature.

In order to determine the OGC transport activity, the external
malate was removed by passing 650 pL of the proteoliposomal
suspension through a Sephadex G-75 column pre-equilibrated with
50 mM NaCl and 10 mM Pipes, pH 7.0. The first 600 LL of the slightly
turbid eluate, containing the proteoliposomes, were collected, trans-
ferred to 1.5 mL microcentrifuge tubes (150 pL each), and used for
transport measurements by the inhibitor stop method [22]. Transport
was carried out at 25 °C by adding 0.1 mM ['C] 2-oxoglutarate and
stopped after 10 min by the addition of 20 mM pyridoxal 5’-phosphate.
In control samples, the pyridoxal 5’-phosphate was added together
with the labeled substrate at time zero. To remove the external
radioactivity, each sample was passed through a Sephadex G-75
column (0.5%8 cm). The liposomes, eluted with 50 mM NaCl, were
collected in 4 mL of scintillation cocktail and counted using a Tricarb
2100 TR scintillation counter with a counting efficiency of about 70-
73%. The exchange activity was evaluated as the difference between
the experimental and the control values as previously published by
Bisaccia et al. [23].

2.5. Labeling with 3HatRA and western blot analysis

Direct labeling with 3HatRA was performed according to a
method described previously [24]. Under yellow safe-light, 5 puCi/
5 uL of HatRA (40-60 Ci/mmol) in ethanol (1 pCi/uL) were added to
1.5 mL glass microcentrifuge tubes for each sample tested. After the
ethanol was removed under nitrogen, 20 pg of Triton extract of
testes mitochondrial protein were added to each tube, and the final
volume was adjusted to 10 pL with incubation buffer, pH 7.4, for a
final concentration of 10 uM >HatRA, while 2-oxo-glutarate was
added at a final concentration of 10 mM. The samples were
incubated at 37 °C [11] and shaken for 90 min under yellow light,
after which 10 pL of SDS-polyacrylamide gel electrophoresis sample
buffer was added, the samples were boiled and then loaded to run
with standard SDS-polyacrylamide gel electrophoresis techniques.
The gel was stained with Coomassie Brilliant Blue, soaked in Amplify
(Amersham Biosciences) and then used for fluorography at -80 °C
for 30 days.

In order to verify the presence of the OGC protein, western blot
analysis was performed using overnight rabbit monoclonal antibody
to OGCat4 °C(1:500 dilution in TBST). On the next day the membrane
was incubated for 1 h at room temperature with horseradish
peroxidase-conjugate antibodies to rabbit immunoglobulin G
(1:2000 dilution) and the immune complex was detected with
chemiluminescence reagents (ECL).

2.6. Cell cultures

Leydig (TM-3) cell line, derived from testes of immature BALB/c
mice, was generously donated by Dr. S. Ando (University of
Calabria), and cultured in DMEM/F12 medium supplemented with
10% FCS, 2 mM glutamine, 1% of a stock solution containing
10,000 IU/mL penicillin and 10,000 pg/mL streptomycin and was
grown on 90 mm plastic tissue culture dishes in a humidified
atmosphere of 5% CO, in air at 37 °C. Cells from exponentially
growing stock cultures were removed from the plate with trypsin
(0.05% w/v) and EDTA (0.02% w/v). Cell number was estimated with
a Burker camera and cell viability by trypan blue dye exclusion. The
medium was changed twice weekly. TM-3 cells were subcultured
when confluent.
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Fig. 1. Effects of N-ethylmaleimide on OGC activity after retinoylation reaction.
Mitochondria from testes were incubated for 90 min in buffer with atRA, 100 nM
final concentration, at 37 °C. OGC was extracted as described in materials and methods.
After extraction and reconstitution into liposomes the exchange activity was assayed by
adding '“C 2-oxo-glutarate 0.1 mM. Results are presented as Mean+SEM of three
independent experiments. *P<0.05 compared to the control.
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Fig. 2. Effects of pH on OGC activity after retinoylation reaction. Mitochondria from
testes were incubated for 90 min at different pH with atRA, 100 nM final concentration,
at 37 °C. OGC was extracted as described in materials and methods. After extraction and
reconstitution in liposomes the exchange activity was assayed. The optimum pH for
OGC activity was found at 7.5 while no effects were highlighted at a pH higher than 7.5.
Results are presented as Mean+SEM of five independent experiments. **P<0.01
compared to the control.

2.7. TM-3 cells treated with atRA and mitochondrial isolation

TM-3 cells growing exponentially were removed by trypsin/
EDTA, harvested by centrifugation and resuspended at 1x10° cells/
mL in DMEM/F12 medium supplemented with serum. The next day
the medium was removed and replaced with serum-free DMEM/F12.
The cells were incubated at 37 °C in a humidified atmosphere of 5%
CO, in air for 24 h in the presence of 10 or 100 nM atRA dissolved in
DMSO and diluted into the growth medium such that the final
DMSO concentration was no higher than 0.01%. After the above
mentioned treatments, TM-3 cells were collected by trypsinization
and isolated by centrifugation at 1200 xg for 5 min at 4 °C. The
pellet was solubilized in 180 pL RIPA buffer. After the addition of
20 pL of 0.1% digitonin, the cells were incubated for 15 min at 4 °C
and mitochondria were isolated by differential centrifugation at
4 °C.

A
KDa - 2 oxoglutarate + 2 oxoglutarate
66.7
325 o
- =
124

2.8. Statistical analysis

Statistical analysis was performed by ANOVA followed by
Dunnett's multiple comparison test. Values are shown as mean*
SEM of (n) independent experiments. Differences were considered
significant at values of P<0.05.

3. Results
3.1. Carrier inhibitors on retinoylation reaction

As shown in Table 1, both mercurial and maleimide compounds
strongly inhibit the retinoylation processes by about 90%. In addition,
2-cyano-4-hydroxycinnamate, an inhibitor of OGC [25], shows 45%
inhibition when used at a concentration of 5 mM; conversely at the
same concentration 1,2,3-benzentricarboxylate, an inhibitor of citrate
carrier, has a very weak effect (12% inhibition).

3.2. Effects of N-ethylmaleimide, atRA and pH on OGC activity

The sulphydryl group reagent, NEM, at 5 mM, markedly reduced
the OGC activity by 47%. A similar inhibition of 51% was highlighted for
100 nM atRA, and when the two compounds are co-incubated the
activity was reduced to 49%, equal to RA alone as shown in Fig. 1. Fig. 2
shows the pH effect on OGC activity. The optimum pH for atRA
inhibition was found at 7.4 while no effects were highlighted at pH 8.5.

3.3. AtRA binds to OGC

To study a direct interaction between atRA and OGC, we labeled
testes mitochondrial proteins with *HatRA in the incubation buffer. As
shown in Fig. 3, few mitochondrial proteins bind to *HatRA and
specifically a 31.5-kDa protein was detected. We observed that the
labeling of the 31.5-kDa protein was prevented when 2-oxo-glutarate,
the specific OGC substrate, was added. This demonstrates that OGC
was labeled by HatRA. It is presumed that the binding is covalent on
the basis of the work of Takahashi and Breitman [10]. In Fig. 4 (A-B)
the effects of different concentrations of atRA on isolated mitochon-
dria from the TM-3 cell line are shown. OGC activity decreased to 54%
of control values with 10 nM atRA and 38% of control values when

- 2 oxoglutarate + 2 oxoglutarate

— — —

0GC

Fig. 3. Labeling of OGC by *HatRA. (A) Testes mitochondrial protein was labeled with *HatRA by retinoylation process as described in materials and methods. In fluorography, lanes 1
and 2 correspond to 20 pg of mitochondrial testes protein labeled with *HatRA. In lanes 3 and 4 10 mM of a-ketoglutarate was added to 20 g of mitochondrial testes protein together

with HatRA. (B) OGC presence was verified by immunoblotting.
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Fig. 4. Effect of atRA on OGC from TM-3 cells. (A) 1x10%/mL cells were treated with
various concentrations of atRA for 24 h; then the mitochondria were isolated, the OGC
extracted and the activity assayed as described in materials and methods. (B)
Mitochondria from testes were incubated for 90 min as described in materials and
methods with different concentrations of atRA at 37 °C. The proteins were then
extracted and the OCG exchange activity assayed as described in materials and methods.
Results are presented as Mean+SEM of three individual experiments. **P<0.01
compared to the control.

atRA was used at a concentration of 100 nM as shown in Fig. 4A.
Conversely no effect was highlighted at 10 nM of atRA on OGC
extracted from whole tissue, as shown in Fig. 4B. Similar effects were
highlighted when 13-cis-RA was used at the same concentrations of
atRA in TM-3 with the exception that 10 nM 13-cis-RA was more active
in inhibiting OGC activity (Fig. 5A-B).

4. Discussion

Retinoylation is one of several covalent modifications of proteins.
Biochemical similarities exist among retinoylation, palmitoylation and
myristoylation: in all of these processes the substrate binds covalently
to pre-existing protein via a thioester bond after the formation of a
CoA-protein intermediate [26,27]. As the biosynthetic steps that lead
to testosterone production are mainly NADH/NADPH dependent, the
oxoglutarate carrier (OGC) was chosen as the experimental target for
its involvement in the oxoglutarate-isocitrate shuttle that provides for
the necessary exchange of reducing equivalents between the
mitochondria and the cytosol. In addition, the strong inhibitory effect
of 2-cyano-4-hydroxycinnamate (an inhibitor of OGC) but not 1,2,3-
benzentricarboxylate (an inhibitor of citrate carrier) on the retinoyla-
tion processes (as highlighted in Table 1) was the start point for our
further investigation in this paper. Our results showed that transport
activity of OGC from rat testes mitochondria was strongly influenced

by NEM and atRA (Fig. 1). In humans, cows and rats there is only one
gene encoding OCG: according to the amino acid sequence the bovine
OGC protein contains three cysteines: Cys184 located in TMS IV and
Cys221 and Cys224 in TMS V. Mercurials and maleimides interact only
with Cys184 of the purified and reconstituted OGC, as Cys221 and
Cys224 are linked by a disulphide bridge [1]. Therefore we propose
that atRA, via retinoylation reaction, could bind the OGC on the same
residue (Cys184), as the inhibitory effect of atRA is still the same when
NEM is present concomitantly as shown in Fig. 1, leading us to
hypothesize the existence of a putative amino acid sequence related to
the atRA binding site in OGC. For what concerns OCG and its
involvement in testosterone biosynthesis, the first enzymatic step is
to convert cholesterol in pregnenolone: the reaction occurs in the
mitochondrial matrix and requires reducing equivalents mainly as
NADPH; conversely the role of the OGC is to carry out reducing
equivalents from the mitochondria to the cytoplasm.

Previously we have demonstrated that there is a positive
correlation between retinoylation reaction and testosterone biosynth-
esis [20]: the action of RA to slow down the OGC transport activity is in
agreement with the testosterone synthetic process as reducing
equivalents are more necessary to convert cholesterol in the matrix
rather than in the cytoplasm [28]. At the same time the retinoylation
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Fig. 5. Effect of 13-cis-RA on OGC. (A) 1x10%/mL TM-3 cells were treated with various
concentrations of 13-cis-RA for 24 h and then the mitochondria were isolated, proteins
extracted and the activity assayed as described in materials and methods. (B)
Mitochondria from testes were incubated for 90 min with different concentrations of
13-cis-RA at 37 °C. Then the OGC was extracted and the activity tested as described in
materials and methods. Results are presented as Mean+SEM of three individual
experiments. **P<0.01 compared to the control.
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reaction is tightly dependent on the pH: in fact the inhibitory effect of
atRA on OGC is lost when the pH is higher than 7.5 (Fig. 2). To gain
insight into the interaction of atRA and OGC two separate assays could
be performed: the first through photolabeled testes mitochondrial
protein with 3HatRA, because atRA binds covalently to proteins under
UV light exposure [35], and the second via retinoylation reaction with
3HatRA [24]. Performing the latter we observed how the atRA binding
to a 31.5 KDa protein was prevented by 2-oxoglutarate, the specific
OGC substrate (Fig. 3). Fluorography of the electrophoresed proteins
revealed the labeling of very few mitochondrial proteins. Under
normal conditions, atRA is present in the testes at nanomolar
concentrations [29]. Our results show that, only in mitochondria
derived from the Leydig TM-3 cell line, does atRA have effects on OGC
at concentration of 10 nM and in a stronger manner inhibit the OGC
activity at a concentration of 100 nM (Fig. 4A). Interestingly, the
concentrations of atRA required for producing this effect in steroido-
genic cells are lower than those required with mitochondria isolated
from the whole organ, supporting the above-mentioned view that
steroidogenic cells can be more sensitive to atRA than isolated
mitochondria (Fig. 4B). In addition 13-cis-RA has been shown as a
competitive inhibitor of atRA in the retinoylation process [18]. In this
case 13-cis-RA exerts its effects of reducing OGC transport activity on
mitochondria from whole tissue at a lower concentration than atRA
(Fig. 5A), most likely thanks to the altered conformation of this isomer
that may allow it to better interact with OGC both in mitochondria
from cultured cells or whole tissue (Fig. 5B). Our study, along with
others [9,30,31], suggests that specific interactions occur among
retinoids and non-nuclear receptor proteins, such as PKC, ANT and
0OGC, which are different from nuclear receptors, take place. Thus, the
extra-nuclear action of retinoids seems to be a more general and
important phenomena leading to both physiological and also
pharmacological relevance.

It is known that retinoids play an essential role in spermatogenesis
in rodents. In fact, a vitamin A-deficient diet causes the cessation of
spermatogenesis, loss of mature germ cells and a reduction in
testosterone level in mice and rat testes [32,33].

There is argument in favour of biological action of atRA through
OGC binding and inhibition. AtRA does not exist in the cell in free form
but is bound to proteins such as cellular retinoic acid binding protein
(CRABP). The existence of a CRABP associated with mitochondria that
binds and keeps retinoic acid in the organelle has been described by
Ruff and Ong [34]. This mitochondrial CRABP could explain how
retinoic acids could concentrate and regulate OGC in the mitochon-
drial compartment in vivo. In conclusion, in the present study we
demonstrate that atRA via retinoylation reaction is able to influence
OGC and that this effect is another level of control in steroidogenesis.

Acknowledgements

We thank Dr. James Chithalen for the helpful comments and
English revision. This research was supported by grants from
Ministero dell'Istruzione, dell'Universita e della Ricerca (MIUR, Italia)
and IRCCS Associazione Oasi Maria SS. We also thank Dr. F. Palmieri
(University of Bari) for the generous gift of oxo-glutarate carrier
antibody.

References

[1] F. Palmieri, The mitochondrial transporter family (SLC25): physiological and
pathological implications, Eur. J. Physiol. 447 (2004) 689-709.

[2] D.J. Mangelsdorf, K. Umesono, R.M. Evans, The retinoid receptors, in: M.B. Sporn,
A.B. Roberts, D.S. Goodman (Eds.), The Retinoids: Biology, Chemistry, and
Medicine, Raven Press, New York, 1994, pp. 319-349.

[3] P.Chambon, A decade of molecular biology of retinoid receptors, FASEBJ. 10 (1996)
940-954.

[4] M.B. Rogers, Life and death decisions influenced by retinoids, Curr. Top. Dev. Biol.

35(1997) 1-46.

J.C. Saari, Retinoids in photosensitive system, in: M.b. Sporn, A.B. Roberts, D.S.

Goodman (Eds.), The Retinoids: Biology, Chemistry, and Medicine, Raven Press,

New York, 1994, pp. 351-385.

D.M. Wellik, D.H. Norback, H.F. DeLuca, Retinol is specifically required during mid

gestation for neonatal survival, Am. J. Physiol. 272 (1997) E25-E29.

[7] J.Buck, E. Derguini, E. Levi, K. Nakanishi, U. Hammerling, Intracellular signaling by

14-hydroxy-4,14-retroretinol, Science 254 (1991) 1654-1656.

[8] S.D.Bolmer, G. Wolf, Retinoids and phorbol esters alter release of fibronectin from

enucleated cells, Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 6541-6545.

B. Notario, M. Zamora, O. Vinas, T. Mampel, All-trans-retinoic acid binds to and

inhibits adenine nucleotide translocase and induces mitochondrial permeability

transition, Mol. Pharmacol. 63 (2003) 224-231.

[10] N.Takahashi, T.R. Breitman, Retinoic acid (retinoylation) of a nuclear protein in the
human acute myeloid leukemia cell line HL60, J. Biol. Chem. 264 (1989)
5159-5163.

[11] N. Takahashi, T.R. Breitman, Retinoic acid acylation: retinoylation, Methods
Enzymol. 189 (1990) 233-239.

[12] N. Takahashi, T.R. Breitman, Retinoylation of proteins in mammalian cells, in:
R. Blomhoff (Ed.), Vitamin A in Health and Disease, Marcel Dekker, New York,
1994, pp. 257-273.

[13] S.Tournier, F. Raynaud, P. Gerbaud, S.M. Lohmann, W.B. Anderson, D. Evain-Brion,
Retinoylation of the type Il cAMP-binding regulatory subunit of cAMP-dependent
protein kinase is increased in psoriatic human fibroblasts, J. Cell Physiol. 167
(1996) 196-203.

[14] A.M. Myhre, N. Takahashi, R. Blomhof, T.R. Breitman, K.R. Norum, Retinoylation of
proteins in rat liver, kidney, and lung in vivo, J. Lipid Res. 37 (1996) 1971-1977.

[15] B. Renstrom, H.F. DeLuca, Incorporation of retinoic acid into proteins via retinoyl-
CoA, Biochim. Biophys. Acta 998 (1996) 69-74.

[16] A.M. Myhre, E. Hagen, R. Blomhoff, K.R. Norum, Retinoylation of proteins in a
macrophage tumor cell line J774, following uptake of chylomicron remnant retinyl
ester, ]. Nutr. Biochem. 9 (1998) 705-711.

[17] G. Genchi, J.A. Olson, Retinoylation of proteins in cell-free fractions of rat tissues in
vitro, Biochim. Biophys. Acta 1530 (2001) 146-154.

[18] E. Cione, G. Genchi, Characterization of rat testes mitochondrial retinoylating
system and its partial purification, J. Bioenerg. Biomembr. 36 (2004) 211-217.

[19] E. Cione, P. Tucci, A. Chimento, V. Pezzi, G. Genchi, Retinoylation reaction of
proteins in Leydig (TM-3) cells, J. Bioenerg. Biomembr. 37 (2005) 43-48.

[20] P. Tucci, E. Cione, G. Genchi, Retinoic acid-induced testosterone production and
retinoylation reaction are concomitant and exhibit a positive correlation in Leydig
(TM-3) cells, J. Bioenerg. Biomembr (in press), doi:10.1007/s10863-008-9156.

[21] O.H. Lowry, N.J. Rosebrough, RJ. Randall, Protein measurement with the Folin
phenol reagent, J. Biol. Chem. 193 (1951) 265-275.

[22] F. Palmieri, M. Klingenberg, Direct methods for measuring metabolite transport
and distribution in mitochondria, Methods Enzymol. 56 (1979) 279-301.

[23] E Bisaccia, C. Indiveri, F. Palmieri, Purification and reconstitution of two anion
carriers from rat liver mitochondria: the dicarboxylate and the 2-oxoglutarate
carrier, Biochim. Biophys. Acta 993 (1998) 229-240.

[24] N. Takahashi, T.R. Breitman, Retinoylation of HL-60 Proteins, ]. Biol. Chem. 266
(1990) 19158-19162.

[25] R. Bolli, K.A. Nalecz, A. Azzi, Monocarboxylate and a-ketoglutarate carriers from
bovine heart mitochondria. Purification by affinity chromatography on immobi-
lized 2-cyano-4-hydroxycinnamate, J. Biol. Chem. 263 (1989) 18024-18030.

[26] A.M. Schultz, L.E. Henderson, S. Oroszlan, Fatty acylation of proteins, Annu. Rev.
Cell Biol. 4 (1988) 611-647.

[27] M. Wada, T. Fukui, Y. Kubo, N. Takahashi, Formation of retinoyl-CoA in rat tissues, J.
Biochem. 130 (2001) 457-463.

[28] D.M. Stocco, Tracking the role of a star in the sky of the new millennium, Mol.
Endocrinol. 15 (2001) 1245-1254.

[29] M.A. Kane, A.E. Folias, C. Wang, ].L. Napoli, Quantitative profiling of endogenous
retinoic acid in vivo and in vitro by tandem mass spectrometry, Anal. Chem. 80
(2008) 1702-1708.

[30] E.Rial, M. Gonzélez-Barroso, C. Fleury, S. Iturrizaga, D. Sanchis, ]. iménez-Jiménez,
D. Ricquier, M. Goubern, F. Bouillaud, Retinoids activate proton transport by the
uncoupling proteins UCP1 and UCP2, EMBO ]. 18 (1999) 5827-5833.

[31] A.Radominska-Pandya, G.Chen, PJ. Czernik, ].M. Little, V.M. Samokyszyn, C.A. Carter,
G. Nowak, Direct interaction of all-trans-retinoic acid with protein kinase C (PKC).
Implications for PKC signaling and cancer therapy, J. Biol. Chem. 275 (2000)
22324-22330.

[32] S.B. Wolbach, P.R. Howe, Nutrition classics: tissue changes following deprivation
of fat soluble A vitamin, J. Exp. Med. 42 (1925) 753-777.

[33] D.R. Appling, F. Chytil, Evidence of a role for retinoic acid (vitamin A-acid) in the
maintenance of testosterone production in male rats, Endocrinology 108 (1981)
2120-2124.

[34] SJ. Ruff, D.E. Ong, Cellular retinoic acid binding protein is associated with
mitochondria, FEBS Lett. 487 (2000) 282-286.

[35] P.S.Bernstein, S-Y. Choi, Y-C. Ho, R.R. Rando, Photoaffinity labeling of retinoic acid-
binding proteins, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 654-658.

5

[6

(9


http://dx.doi.org/10.1007/s10863-008-9156

Tumorigenesis and Neoplastic Progression

The American Journal of Pathology, Vol. 175, No. 3, September 2009
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2009.081078

Combined Low Doses of PPARy and RXR Ligands
Trigger an Intrinsic Apoptotic Pathway in Human
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Ligand activation of peroxisome proliferator-acti-
vated receptor (PPAR)Yy and retinoid X receptor (RXR)
induces antitumor effects in cancer. We evaluated the
ability of combined treatment with nanomolar levels
of the PPARYy ligand rosiglitazone (BRL) and the RXR
ligand 9-cis-retinoic acid (9RA) to promote antiprolif-
erative effects in breast cancer cells. BRL and 9RA in
combination strongly inhibit of cell viability in
MCF-7, MCF-7TR1, SKBR-3, and T-47D breast cancer
cells, whereas MCF-10 normal breast epithelial cells
are unaffected. In MCF-7 cells, combined treatment
with BRL and 9RA up-regulated mRNA and protein
levels of both the tumor suppressor p53 and its effec-
tor p21VAFYCiPl  punctional experiments indicate
that the nuclear factor-kB site in the p53 promoter is
required for the transcriptional response to BRL plus
9RA. We observed that the intrinsic apoptotic path-
way in MCF-7 cells displays an ordinated sequence of
events, including disruption of mitochondrial mem-
brane potential, release of cytochrome c, strong
caspase 9 activation, and, finally, DNA fragmentation.
An expression vector for p53 antisense abrogated the
biological effect of both ligands, which implicates
involvement of p53 in PPARy/RXR-dependent activity
in all of the human breast malignant cell lines tested.
Taken together, our results suggest that multidrug
regimens including a combination of PPARy and RXR
ligands may provide a therapeutic advantage in breast

1270

cancer treatment. (AmJ Pathol 2009, 175:1270—1280; DOI:
10.2353/ajpath.2009.081078)

Breast cancer is the leading cause of death among
women in the world. The principal effective endocrine
therapy for advanced treatment on this type of cancer is
anti-estrogens, but therapeutic choices are limited for
estrogen receptor (ER)a-negative tumors, which are of-
ten aggressive. The development of cancer cells that are
resistant to chemotherapeutic agents is a major clinical
obstacle to the successful treatment of breast cancer,
providing a strong stimulus for exploring new ap-
proaches in vitro. Using ligands of nuclear hormone re-
ceptors to inhibit tumor growth and progression is a novel
strategy for cancer therapy. An example of this is the
treatment of acute promyelocytic leukemia using all-trans
retinoic acid, the specific ligand for retinoic acid recep-
tors.”™® A further paradigm for the use of retinoids in
cancer therapy is for early lesions of head and neck
cancer® and squamous cell carcinoma of the cervix.®
The retinoic acid receptor, retinoid X receptor (RXR),
and peroxisome proliferator receptor (PPAR)vy, ligand-
activated transcription factors belonging to the nuclear
hormone receptor superfamily, are able to modulate
gene networks involved in controlling growth and cellular
differentiation.® Particularly, heterodimerization of PPARy
with RXR by their own ligands greatly enhances DNA
binding to the direct-repeated consensus sequence
AGGTCA, which leads to transcriptional activation.” Pre-
vious data show that PPARvy, poorly expressed in normal
breast epithelial cells,® is present at higher levels in
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breast cancer cells,® and its synthetic ligands, such as
thiazolidinediones, induce growth arrest and differen-
tiation in breast carcinoma cells in vitro and in animal
models.’™®""" Recently, studies in human cultured
breast cancer cells show the thiazolidinedione rosigli-
tazone (BRL), promotes antiproliferative effects and
activates different molecular pathways leading to dis-
tinct apoptotic processes.'® 14

Apoptosis, genetically controlled and programmed
death leading to cellular self-elimination, can be initiated
by two major routes: the intrinsic and extrinsic pathways.
The intrinsic pathway is triggered in response to a variety
of apoptotic stimuli that produce damage within the cell,
including anticancer agents, oxidative damage, and UV
irradiation, and is mediated through the mitochondria.
The extrinsic pathway is activated by extracellular li-
gands able to induce oligomerization of death receptors,
such as Fas, followed by the formation of the death-
inducing signaling complex, after which the caspases
cascade can be activated.

Previous data show that the combination of PPARYy
ligand with either all-trans retinoic acid or 9-cis-retinoic
acid (9RA) can induce apoptosis in some breast cancer
cells.' Furthermore, Elstner et al demonstrated that the
combination of these drugs at micromolar concentrations
reduced tumor mass without any toxic effects in mice.®
However, in humans PPARy agonists at high doses exert
many side effects including weight gain due to increased
adiposity, edema, hemodilution, and plasma-volume ex-
pansion, which preclude their clinical application in pa-
tients with heart failure.’®~'® The undesirable effects of
RXR-specific ligands on hypertriglyceridemia and sup-
pression of the thyroid hormone axis have been also
reported.’ Thus, in the present study we have eluci-
dated the molecular mechanism by which combined
treatment with BRL and 9RA at nanomolar doses triggers
apoptotic events in breast cancer cells, suggesting po-
tential therapeutic uses for these compounds.

Materials and Methods

Reagents

BRL49653 (BRL) was from Alexis (San Diego, CA), the
irreversible PPARy-antagonist GW9662 (GW), and 9RA
were purchased from Sigma (Milan, Italy).

Plasmids

The p53 promoter-luciferase plasmids, kindly provided
by Dr. Stephen H. Safe (Texas A&M University, College
Station, TX), were generated from the human p53 gene
promoter as follows: p53-1 (containing the —1800 to + 12
region), p53-6 (containing the —106 to + 12 region),
p53-13 (containing the — 106 to —40 region), and p53-14
(containing the —106 to —49 region).?° As an internal
transfection control, we cotransfected the plasmid pRL-
CMV (Promega Corp., Milan, Italy) that expresses Renilla
luciferase enzymatically distinguishable from firefly lucif-
erase by the strong cytomegalovirus enhancer promoter.
The pGL3 vector containing three copies of a peroxisome
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proliferator response element sequence upstream of the
minimal thymidine kinase promoter ligated to a luciferase
reporter gene (3XPPRE-TK-pGL3) was a gift from Dr. R.
Evans (The Salk Institute, San Diego, CA). The p53 anti-
sense plasmid (AS/p53) was kindly provided from Dr.
Moshe Oren (Weizmann Institute of Science, Rehovot,
Israel).

Cell Cultures

Wild-type human breast cancer MCF-7 cells were grown
in Dulbecco’s modified Eagle’s medium-F12 plus glu-
tamax containing 5% newborn calf serum (Invitrogen,
Milan, Italy) and 1 mg/ml penicillin-streptomycin. MCF-7
tamoxifen resistant (MCF-7TR1) breast cancer cells were
generated in Dr. Fuqua’s laboratory similar to that de-
scribed by Herman®' maintaining cells in modified Ea-
gle’s medium with 10% fetal bovine serum (Invitrogen), 6
ng/ml insulin, penicillin (100 units/ml), streptomycin (100
wg/ml), and adding 4-hydroxytamoxifen in tenfold in-
creasing concentrations every weeks (from 107° to 107°
final). Cells were thereafter routinely maintained with 1
wmol/L 4-hydroxytamoxifen. SKBR-3 breast cancer cells
were grown in Dulbecco’s modified Eagle’s medium with-
out red phenol, plus glutamax containing 10% fetal bo-
vine serum and 1 mg/ml penicillin-streptomycin. T-47D
breast cancer cells were grown in RPMI 1640 medium
with glutamax containing 10% fetal bovine serum, 1
mmol/L sodium pyruvate, 10 mmol/L HEPES, 2.5g/L glu-
cose, 0.2 U/ml insulin, and 1 mg/ml penicillin-streptomy-
cin. MCF-10 normal breast epithelial cells were grown in
Dulbecco’s modified Eagle’s medium-F12 plus glutamax
containing 5% horse serum (Sigma), 1 mg/ml penicillin-
streptomycin, 0.5 ng/ml hydrocortisone, and 10 ug/ml
insulin.

Cell Viability Assay

Cell viability was determined with the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium (MTT) assay.?® Cells
(2 X 10° cells/ml) were grown in 6 well plates and ex-
posed to 100 nmol/L BRL, 50 nmol/L 9RA alone or in
combination in serum free medium (SFM) and in 5%
charcoal treated (CT)-fetal bovine serum; 100 wl of MTT
(5 mg/ml) were added to each well, and the plates were
incubated for 4 hours at 37°C. Then, 1 ml 0.04 N HCI in
isopropanol was added to solubilize the cells. The absor-
bance was measured with the Ultrospec 2100 Pro-spec-
trophotometer (Amersham-Biosciences, Milan, Italy) at a
test wavelength of 570 nm.

Immunoblotting

Cells were grown in 10-cm dishes to 70% to 80% conflu-
ence and exposed to treatments in SFM as indicated.
Cells were then harvested in cold PBS and resuspended
in lysis buffer containing 20 mmol/L HEPES (pH 8), 0.1
mmol/L EGTA, 5 mmol/L MgCl,, 0.5 M/L NaCl, 20% glyc-
erol, 1% Triton, and inhibitors (0.1 mmol/L sodium or-
thovanadate, 1% phenylmethylsulfonylfluoride, and 20
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mg/ml aprotinin). Protein concentration was determined
by Bio-Rad Protein Assay (Bio-Rad Laboratories, Her-
cules, CA). A 40 ng portion of protein lysates was used
for Western blotting, resolved on a 10% SDS-polyacryl-
amide gel, transferred to a nitrocellulose membrane, and
probed with an antibody directed against the p53,
p21WAFI/CIPT (Santa Cruz Biotechnology, CA). As internal
control, all membranes were subsequently stripped (0.2
M/L glycine, pH 2.6, for 30 minutes at room temperature)
of the first antibody and reprobed with anti-glyceralde-
hyde-3-phosphate dehydrogenase antibody (Santa Cruz
Biotechnology). The antigen—antibody complex was de-
tected by incubation of the membranes for 1 hour at room
temperature with peroxidase-coupled goat anti-mouse or
anti-rabbit IgG and revealed using the enhanced chemi-
luminescence system (Amersham Pharmacia, Bucking-
hamshire UK). Blots were then exposed to film (Kodak
film, Sigma). The intensity of bands representing relevant
proteins was measured by Scion Image laser densitom-
etry scanning program.

Reverse Transcription-PCR Assay

MCF-7 cells were grown in 10 cm dishes to 70% to 80%
confluence and exposed to treatments in SFM as indicated.
Total cellular RNA was extracted using TRIZOL reagent
(Invitrogen) as suggested by the manufacturer. The purity
and integrity were checked spectroscopically and by gel
electrophoresis before carrying out the analytical proce-
dures. Two micrograms of total RNA were reverse tran-
scribed in a final volume of 20 ul using a RETROscript kit as
suggested by the manufacturer (Promega). The cDNAs
obtained were amplified by PCR using the following prim-
ers: 5'-GTGGAAGGAAATTTGCGTGT-3' (p53 forward) and
5'-CCAGTGTGATGATGGTGAGG-3" (pb53 reverse),
5'-GCTTCATGCCAGCTACTTCC-3' (p21 forward) and 5'-
CTGTGCTCACTTCAGGGTCA-3" (p21 reverse), 5'-CTCAA-
CATCTCCCCCTTCTC-3" (36B4 forward) and 5'-CAAA-
TCCCATATCCTCGTCC-3" (36B4 reverse) to vyield,
respectively, products of 190 bp with 18 cycles, 270 bp
with 18 cycles, and 408 bp with 12 cycles. To check for
the presence of DNA contamination, reverse transcription
(RT)-PCR was performed on 2 ug of total RNA without
Monoley murine leukemia virus reverse transcriptase (the
negative control). The results obtained as optical density
arbitrary values were transformed to percentage of the
control taking the samples from untreated cells as 100%.

Transfection Assay

MCEF-7 cells were transferred into 24-well plates with 500
wl of regular growth medium/well the day before trans-
fection. The medium was replaced with SFM on the day of
transfection, which was performed using Fugene 6 re-
agent as recommended by the manufacturer (Roche Di-
agnostics, Mannheim, Germany) with a mixture contain-
ing 0.5 ug of promoter-luc or reporter-luc plasmid and 5
ng of pRL-CMV. After transfection for 24 hours, treat-
ments were added in SFM as indicated, and cells were
incubated for an additional 24 hours. Firefly and Renilla

luciferase activities were measured using the Dual Lucif-
erase Kit (Promega). The firefly luciferase values of each
sample were normalized by Renilla luciferase activity,
and data were reported as relative light units.

MCF-7 cells plated into 10 cm dishes were transfected
with 5 ug of AS/p53 using Fugene 6 reagent as recom-
mended by the manufacturer (Roche Diagnostics). The
activity of AS/p53 was verified using Western blot to
detect changes in p53 protein levels. Empty vector was
used to ensure that DNA concentrations were constant in
each transfection.

Electrophoretic Mobility Shift Assay

Nuclear extracts from MCF-7 cells were prepared as
previously described.?® Briefly, MCF-7 cells plated into
10-cm dishes were grown to 70% to 80% confluence,
shifted to SFM for 24 hours, and then treated with 100
nmol/L BRL, 50 nmol/L 9RA alone and in combination for
6 hours. Thereafter, cells were scraped into 1.5 ml of cold
PBS, pelleted for 10 seconds, and resuspended in 400 ul
cold buffer A (10 mmol/L HEPES-KOH [pH 7.9] at 4°C,
1.5 mmol/L MgCl,, 10 mmol/L KCI, 0.5 mmol/L dithiothre-
itol, 0.2 mmol/L phenylmethylsulfonyl fluoride, and 1
mmol/L leupeptin) by flicking the tube. Cells were allowed
to swell on ice for 10 minutes and were then vortexed for
10 seconds. Samples were then centrifuged for 10 sec-
onds and the supernatant fraction was discarded. The
pellet was resuspended in 50 ul of cold Buffer B (20
mmol/L HEPES-KOH [pH 7.9], 25% glycerol, 1.5 mmol/L
MgCl,, 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L
dithiothreitol, 0.2 mmol/L phenylmethylsulfonyl fluoride,
and 1 mmol/L leupeptin) and incubated in ice for 20
minutes for high-salt extraction. Cellular debris was re-
moved by centrifugation for 2 minutes at 4°C, and the
supernatant fraction (containing DNA-binding proteins)
was stored at —70°C. The probe was generated by an-
nealing single-stranded oligonucleotides and labeled
with [*2P]JATP (Amersham Pharmacia) and T4 polynucle-
otide kinase (Promega) and then purified using Seph-
adex G50 spin columns (Amersham Pharmacia). The
DNA sequence of the nuclear factor (NF)xB located
within p53 promoter as probe is 5'-AGTTGAGGGGACTT-
TCCCAGGC-3' (Sigma Genosys, Cambridge, UK). The
protein-binding reactions were performed in 20 ul of
buffer [20 mmol/L HEPES (pH 8), 1 mmol/L EDTA, 50
mmol/L KCI, 10 mmol/L dithiothreitol, 10% glycerol, 1
mg/ml bovine serum albumin, 50 wg/ml polydeoxyi-
nosinic deoxycytidylic acid] with 50,000 cpm of labeled
probe, 20 png of MCF7 nuclear protein, and 5 ug of
polydeoxyinosinic deoxycytidylic acid. The mixtures were
incubated at room temperature for 20 minutes in the
presence or absence of unlabeled competitor oligonu-
cleotides. For the experiments involving anti-PPARy and
anti-RXRa antibodies (Santa Cruz Biotechnology), the
reaction mixture was incubated with these antibodies at
4°C for 30 minutes before addition of labeled probe. The
entire reaction mixture was electrophoresed through a
6% polyacrylamide gel in 0.25X Tris borate-EDTA for 3
hours at 150 V. Gel was dried and subjected to autora-
diography at —70°C.



Chromatin Immunoprecipitation Assay

MCEF-7 cells were grown in 10 cm dishes to 50% to 60%
confluence, shifted to SFM for 24 hours, and then treated
for 1 hour as indicated. Thereafter, cells were washed
twice with PBS and cross-linked with 1% formaldehyde at
37°C for 10 minutes. Next, cells were washed twice with
PBS at 4°C, collected and resuspended in 200 wl of lysis
buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCI,
pH 8.1), and left on ice for 10 minutes. Then, cells were
sonicated four times for 10 seconds at 30% of maximal
power (Vibra Cell 500 W; Sonics and Materials, Inc.,
Newtown, CT) and collected by centrifugation at 4°C for
10 minutes at 14,000 rpm. The supernatants were diluted
in 1.3 ml of immunoprecipitation buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCI [pH
8.1], 16.7 mmol/L NaCl) followed by immunoclearing with
60 ul of sonicated salmon sperm DNA/protein A agarose
(DBA Srl, Milan, ltaly) for 1 hour at 4°C. The precleared
chromatin was immunoprecipitated with anti-PPARy, anti-
RXRe, or anti-RNA Pol Il antibodies (Santa Cruz Biotech-
nology). At this point, 60 ul salmon sperm DNA/protein A
agarose was added, and precipitation was further con-
tinued for 2 hours at 4°C. After pelleting, precipitates
were washed sequentially for 5 minutes with the following
buffers: Wash A [0.1% SDS, 1% Triton X-100, 2 mmol/L
EDTA, 20 mmol/L Tris-HCI (pH 8.1), 150 mmol/L NaCl];
Wash B [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20
mmol/L Tris-HCI (pH 8.1), 500 mmol/L NaCl]; and Wash C
[0.25 M/L LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mmol/L EDTA, 10 mmol/L Tris-HCI (pH 8.1)], and then
twice with 10 mmol/L Tris, 1 mmol/L EDTA. The immuno-
complexes were eluted with elution buffer (1% SDS, 0.1
M/L NaHCOS3). The eluates were reverse cross-linked by
heating at 65°C and digested with proteinase K (0.5
mg/ml) at 45°C for 1 hour. DNA was obtained by phenol-
chloroform-isoamy! alcohol extraction. Two microliters of
10 mg/ml yeast tRNA (Sigma) were added to each sam-
ple, and DNA was precipitated with 95% ethanol for 24
hours at —20°C and then washed with 70% ethanol and
resuspended in 20 ul of 10 mmol/L Tris, 1 mmol/L EDTA
buffer. A5 ul volume of each sample was used for PCR
with primers flanking a sequence present in the p53
promoter: 5'-CTGAGAGCAAACGCAAAAG-3’ (forward)
and 5'-CAGCCCGAACGCAAAGTGTC- 3’ (reverse) con-
taining the kB site from —254 to —42 region. The PCR
conditions for the p53 promoter fragments were 45 sec-
onds at 94°C, 40 seconds at 57°C, and 90 seconds at
72°C. The amplification products obtained in 30 cycles
were analyzed in a 2% agarose gel and visualized by
ethidium bromide staining. The negative control was pro-
vided by PCR amplification without a DNA sample. The
specificity of reactions was ensured using normal mouse
and rabbit IgG (Santa Cruz Biotechnology).

JC-1 Mitochondrial Membrane Potential
Detection Assay

The loss of mitochondrial membrane potential was mon-
itored with the dye 5,5',6,6'tetra-chloro-1,1',3,3'-tetraeth-
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ylbenzimidazolyl-carbocyanine iodide (JC-1) (Biotium,
Hayward). In healthy cells, the dye stains the mitochon-
dria bright red. The negative charge established by the
intact mitochondrial membrane potential allows the li-
pophilic dye, bearing a delocalized positive charge, to
enter the mitochondrial matrix where it aggregates and
gives red fluorescence. In apoptotic cells, the mitochon-
drial membrane potential collapses, and the JC-1 cannot
accumulate within the mitochondria, it remains in the
cytoplasm in a green fluorescent monomeric form.?*
MCEF-7 cells were grown in 10 cm dishes and treated with
100 nmol/L BRL and/or 50 nmol/L 9RA for 48 hours, then
cells were washed in ice-cold PBS, and incubated with
10 mmol/L JC-1 at 37°C in a 5% CO, incubator for 20
minutes in darkness. Subsequently, cells were washed
twice with PBS and analyzed by fluorescence micros-
copy. The red form has absorption/emission maxima of
585/590 nm. The green monomeric form has absorption/
emission maxima of 510/527 nm. Both healthy and apo-
ptotic cells can be visualized by fluorescence micros-
copy using a wide band-pass filter suitable for detection
of fluorescein and rhodamine emission spectra.

Cytochrome C Detection

Cytochrome C was detected by western blotting in mito-
chondrial and cytoplasmatic fractions. Cells were har-
vested by centrifugation at 2500 rpm for 10 minutes at
4°C. The pellets were suspended in 36 ul RIPA buffer
plus 10 wg/ml aprotinin, 50 mmol/L PMSF and 50 mmol/L
sodium orthovanadate and then 4 ul of 0.1% digitonine
were added. Cells were incubated for 15 minutes at 4°C
and centrifuged at 12,000 rpm for 30 minutes at 4°C. The
resulting mitochondrial pellet was resuspended in 3%
Triton X-100, 20 mmol/L Na,SO,, 10 mmol/L PIPES, and
1 mmol/L EDTA (pH 7.2) and centrifuged at 12,000 rpm
for 10 minutes at 4°C. Proteins of the mitochondrial and
cytosolic fractions were determined by Bio-Rad Protein
Assay (Bio-Rad Laboratories). Equal amounts of protein
(40 ng) were resolved by 15% SDS-polyacrylamide gel
electrophoresis, electrotransferred to nitrocellulose mem-
branes, and probed with an antibody directed against the
cytochrome C (Santa Cruz Biotechnology). Then, mem-
branes were subjected to the same procedures de-
scribed for immunoblotting.

Flow Cytometry Assay

MCF-7 cells (1 X 10° cells/well) were grown in 6 well
plates and shifted to SFM for 24 hours before adding
treatments for 48 hours. Thereafter, cells were trypsinized,
centrifuged at 3000 rpm for 3 minutes, washed with PBS.
Addition of 0.5 ul of fluorescein isothiocyanate-conju-
gated antibodies, anti-caspase 9 and anti-caspase 8
(Calbiochem, Milan, ltaly), in all samples was performed
and then incubated for 45 minutes in at 37°C. Cells were
centrifuged at 3000 rpm for 5 minutes, the pellets were
washed with 300 ul of wash buffer and centrifuged. The
last passage was repeated twice, the supernatant re-
moved, and cells dissolved in 300 ul of wash buffer.
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Finally, cells were analyzed with the FACScan (Becton
Dickinson and Co., Franklin Lakes, NJ).

DNA Fragmentation

DNA fragmentation was determined by gel electrophore-
sis. MCF-7 cells were grown in 10 cm dishes to 70%
confluence and exposed to treatments. After 56 hours
cells were collected and washed with PBS and pelleted
at 1800 rpm for 5 minutes. The samples were resus-
pended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCI,
pH 8; 10 mmol/L EDTA, 0.5% SDS) for 20 minutes in
rotation at 4°C. DNA was extracted three times with phe-
nol-chloroform and one time with chloroform. The aque-
ous phase was used to precipitate nucleic acids with 0.1
volumes of 3M sodium acetate and 2.5 volumes cold
ethanol overnight at —20°C. The DNA pellet was resus-
pended in 15 ul of H,O treated with RNase A for 30
minutes at 37°C. The absorbance of the DNA solution at
260 and 280 nm was determined by spectrophotometry.
The extracted DNA (40 ng/lane) was subjected to elec-
trophoresis on 1.5% agarose gels. The gels were stained
with ethidium bromide and then photographed.

Statistical Analysis

Statistical analysis was performed using analysis of vari-
ance followed by Newman-Keuls testing to determine
differences in means. P < 0.05 was considered as sta-
tistically significant.

Results

Nanomolar Concentrations of the Combined
BRL and 9RA Treatment Affect Cell Viability in
Breast Cancer Cells

Previous studies demonstrated that micromolar doses of
PPARYy ligand BRL and RXR ligand 9RA exert antiprolif-
erative effects on breast cancer cells.'® 525726 First, we
tested the effects of increasing concentrations of both
ligands on breast cancer cell proliferation at different
times in the presence or absence of serum media (see
Supplemental Figure 1 at http://ajp.amjpathol.org). Thus,
to investigate whether low doses of combined agents are
able to inhibit cell growth, we assessed the capability of
100 nmol/L BRL and 50 nmol/L 9RA to affect normal and
malignant breast cell lines. We observed that treatment
with BRL alone does not elicit any significant effect on cell
viability in all breast cell lines tested, while 9RA alone
reduces cell vitality only in T47-D cells (Figure 1A). In the
presence of both ligands, cell viability is strongly reduced
in all breast cancer cells: MCF-7, its variant MCF-7TR1,
SKBR-3, and T-47D; while MCF-10 normal breast epithe-
lial cells are completely unaffected (Figure 1A). In MCF-7
cells the effectiveness of both ligands in reducing tumor
cell viability still persists in SFM, as well as in 5% CT-FBS
(Figure 1B).
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Figure 1. Cell vitality in breast cell lines. A: Breast cells were treated for 48
hours in SFM in the presence of 100 nmol/L BRL or/and 50 nmol/L. 9RA Cell
vitality was measured by MTT assay. Data are presented as mean = SD of
three independent experiments done in triplicate. B: MCF-7 cells were
treated for 24, 48, and 72 hours with 100 nmol/L BRL and 50 nmol/L 9RA in
the presence of SFM and 5% CT-FBS. *P < 0.05 and **P < 0.01 treated versus
untreated cells.

WAF1/Cip1

BRL and 9RA Up-Regulate p53 and p21
Expression in MCF-7 Cells

Our recent work demonstrated that micromolar doses of
BRL activate PPARy, which in turn triggers apoptotic
events through an up-regulation of p53 expression.’? On
the basis of these results, we evaluated the ability of
nanomolar doses of BRL and 9RA alone or in combina-
tion to modulate p53 expression along with its natural
target gene p21WAFVCPT in MCF-7 cells. A significant
increase in p53 and p21WAFCIPT content was observed
by Western blot only on combined treatment after 24 and
36 hours (Figure 2A). Furthermore, we showed an up-
regulation of p53 and p21WAF/CiPT MRNA levels induced
by BRL plus 9RA after 12 and 24 hours (Figure 2B).

Low Doses of PPARy and RXR Ligands
Transactivate p53 Gene Promoter

To investigate whether low doses of BRL and 9RA are
able to transactivate the p53 promoter gene, we tran-
siently transfected MCF-7 cells with a luciferase reporter
construct (named p53-1) containing the upstream region
of the p53 gene spanning from —1800 to + 12 (Figure



A 350-
5322WAF1ICM1 e
= 300
2
< 250
g .
= 200
2
8
2150
s
2 1004
) 5
2 50
— BRL 9RA BRL 9RA
100nM  sonm  BRL*9RA —  100nM s0nm BRL*IRA
350
Egg?wwm':im i
300

N
a
S

N
=3
S

-
a
=3

N
o
=3

'WAF1/Cip1

BRL  9RA _ BRL 9
100nM  sonm  BRL*9RA 100nM 50

B 300 *x

E gg?wAFﬂCiM

optical density (arbitrary units %)
a
3

o

=y L
nM BRL+9RA

o4

optical density (arbitrary units %)

RA —  BRL  9RA
~  1onw soam BRLSRA N 100nM Sonm BRL*ORA
300
3 ;Bg?m\n/cim -
‘s 250
H
H
2 200 5
£
£
£ 1501
g 100
T 50
i ¢,
BRL  9RA
— 1G0na Sorm BRLWORA N —  100nM Sonm BRL*ORA

WAF1/Cipl
1 F

Figure 2. Upregulation of p53 and p2 expression induced by BRL
plus 9RA in MCF-7 cells. A: Immunoblots of p53 and p21WATVEP! from
extracts of MCF-7 cell treated with 100 nmol/L BRL and 50 nmol/L 9RA alone
or in combination for 24 and 36 hours. GAPDH was used as loading control.
The side panels show the quantitative representation of data (mean * SD) of
three independent experiments after densitometry. B: p53 and p21WAr/cipt
mRNA expression in MCF-7 cells treated as in A for 12 and 24 hours. The side
panels show the quantitative representation of data (mean * SD) of three
independent experiments after densitometry and correction for 36B4 expres-
sion. *P < 0.05 and **P < 0.01 combined-treated versus untreated cells. N:
RNA sample without the addition of reverse transcriptase (negative control).

3A). Treatment for 24 hours with 100 nmol/L BRL or 50
nmol/L 9RA did not induce luciferase expression,
whereas the presence of both ligands increased in the
transactivation of p53-1 promoter (Figure 3B). To identify
the region within the p53 promoter responsible for its
transactivation, we used constructs with deletions to dif-
ferent binding sites such as CTF-1, nuclear factor-Y,
NFkB, and GC sites (Figure 3A). In transfection experi-
ments performed using the mutants p53-6 and p53-13
encoding the regions from —106 to + 12 and from —106
to —40, respectively, the responsiveness to BRL plus
9RA was still observed (Figure 3B). In contrast, a con-
struct with a deletion in the NFkB domain (p53-14) en-
coding the sequence from —106 to —49, the transactiva-
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Figure 3. BRL and 9RA transactivate p53 promoter gene in MCF-7 cells. A:
Schematic map of the p53 promoter fragments used in this study. B: MCF-7
cells were transiently transfected with p53 gene promoter-luc reporter con-
structs (p53-1, p53-6, p53-13, p53-14) and treated for 24 hours with 100
nmol/L BRL and 50 nmol/L 9RA alone or in combination. The luciferase
activities were normalized to the Renilla luciferase as internal transfection
control and data were reported as RLU values. Columns are mean * SD of
three independent experiments performed in triplicate. *P < 0.05 com-
bined-treated versus untreated cells. pGL2: basal activity measured in
cells transfected with pGL2 basal vector; RLU, relative light units; CTF-1,
CCAAT-binding transcription factor-1; NF-Y, nuclear factor-Y; NFkB, nu-
clear factor kB.

tion of p53 by both ligands was absent (Figure 3B),
suggesting that NF«kB site is required for p53 transcrip-
tional activity.

Heterodimer PPARy/RXRa binds to NFkB
Sequence in Electrophoretic Mobility Shift Assay
and in Chromatin Immunoprecipitation Assay

To gain further insight into the involvement of NF«B site in
the p53 transcriptional response to BRL plus 9RA, we
performed electrophoretic mobility shift assay experi-
ments using synthetic oligodeoxyribonucleotides corre-
sponding to the NFkB sequence within p53 promoter. We
observed the formation of a specific DNA binding com-
plex in nuclear extracts from MCF-7 cells (Figure 4A, lane
1), where specificity is supported by the abrogation of the
complex by 100-fold molar excess of unlabeled probe
(Figure 4A, lane 2). BRL treatment induced a slight in-
crease in the specific band (Figure 4A, lane 3), while no
changes were observed on 9RA exposure (Figure 4A,
lane 4). The combined treatment increased the DNA
binding complex (Figure 4A, lane 5), which was immu-
nodepleted and supershifted using anti-PPAR~y (Figure
4A, lane 6) or anti-RXRa (Figure 4A, lane 7) antibodies.
These data indicate that heterodimer PPARy/RXRa binds
to NFkB site located in the promoter of p53 in vitro.
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Figure 4. PPARy/RXRa binds to NFkB sequence in electrophoretic mobility
shift assay and in chromatin immunoprecipitation assay. A: Nuclear extracts
from MCF-7 cells (lane 1) were incubated with a double-stranded NFkB
consensus sequence probe labeled with [*?P] and subjected to electrophore-
sis in a 6% polyacrylamide gel. Competition experiments were done, adding
as competitor a 100-fold molar excess of unlabeled probe (lane 2). Nuclear
extracts from MCF-7 were treated with 100 nmol/L BRL (lane 3), 50 nmol/L
9RA (lane 4), and in combination (lane5). Anti-PPARy (lane 6), anti-RXRa
(lane 7), and IgG (lane 8) antibodies were incubated. Lane 9 contains probe
alone. B: MCF-7 cells were treated for 1 hour with 100 nmol/L BRL and/or 50
nmol/L 9RA as indicated, and then cross-linked with formaldehyde and
lysed. The soluble chromatin was immunoprecipitated with anti-PPARY,
anti-RXRe, and anti-RNA Pol 1I antibodies. The immunocomplexes were
reverse cross-linked, and DNA was recovered by phenol/chloroform extrac-
tion and ethanol precipitation. The p53 promoter sequence containing NFkB
was detected by PCR with specific primers. To control input DNA, p53
promoter was amplified from 30 ul of initial preparations of soluble chro-
matin (before immunoprecipitation). N: negative control provided by PCR
amplification without DNA sample.

The interaction of both nuclear receptors with the p53
promoter was further elucidated by chromatin immuno-
precipitation assays. Using anti-PPARy and anti-RXR«
antibodies, protein-chromatin complexes were immuno-
precipitated from MCF-7 cells treated with 100 nmol/L
BRL and 50 nmol/L 9RA. PCR was used to determine the
recruitment of PPARy and RXRa to the p53 region con-
taining the NFkB site. The results indicated that either
PPARy or RXRa was constitutively bound to the p53
promoter in untreated cells and this recruitment was in-
creased on BRL plus 9RA exposure (Figure 4B). Simi-
larly, an augmented RNA-Pol Il recruitment was obtained
by immunoprecipitating cells with an anti-RNA-Pol Il an-
tibody, indicating that a positive regulation of p53 tran-
scription activity was induced by combined treatment
(Figure 4B).
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Figure 5. Mitochondrial membrane potential disruption and release of cyto-
chrome C induced by BRL and 9RA in MCF-7 cells. A: MCF-7 cells were
treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 48 hours and then used
fluorescent microscopy to analyze the results of JC-1 (5,5',6,6'-tetrachloro-
1,1',3,3"- tetracthylbenzimidazolylcarbocyanine iodide) kit. In control non-
apoptotic cells, the dye stains the mitochondria red. In treated apoptotic cells,
JC-1 remains in the cytoplasm in a green fluorescent form. B: MCF-7 cells
were treated for 48 hours with 100 nmol/L BRL and/or 50 nmol/L 9RA.
GAPDH was used as loading control.

BRL and 9RA Induce Mitochondrial Membrane
Potential Disruption and Release of Cytochrome
C from Mitochondria into the Cytosol in MCF-7
Cells

The role of p53 signaling in the intrinsic apoptotic cas-
cades involves a mitochondria-dependent process,
which results in cytochrome C release and activation of
caspase-9. Because disruption of mitochondrial integrity
is one of the early events leading to apoptosis, we as-
sessed whether BRL plus 9RA could affect the function of
mitochondria by analyzing membrane potential with a
mitochondria fluorescent dye JC-1.2427 In non-apoptotic
cells (control) the intact mitochondrial membrane poten-
tial allows the accumulation of lipophilic dye in aggre-
gated form in mitochondria, which display red fluores-
cence (Figure 5A). MCF-7 cells treated with 100 nmol/L
BRL or 50 nmol/L 9RA exhibit red fluorescence indicating



Table 1. Activation of caspases in MCF-7 cells

% of Activation SD

Caspase 9

Control 14.16 + 2.565
BRL 100 nmol/L 17.23 + 1.678
9RA 50 nmol/L 18.14 + 0.986
BRL + 9RA 33.88* + 5216
Caspase 8

Control 9.20 +1.430
BRL 100 nmol/L 8.12 + 1.583
9RA 50 nmol/L 7.90 + 0.886
BRL + 9RA 10.56 + 2.160

Cells were stimulated for 48 hours in presence of 100 nmol/L BRL
and 50 nmol/L 9RA, alone or in combination. The activation of caspase
9 and caspase 8 was analyzed by flow cytometry. Data are presented
as mean * SD of triplicate experiments. *P < 0.05 combined-treated
versus untreated cells.

intact mitochondrial membrane potential (data not shown).
Cells treated with both ligands exhibit green fluores-
cence, indicating disrupted mitochondrial membrane po-
tential, where JC-1 cannot accumulate within the mito-
chondria, but instead remains as a monomer in the
cytoplasm (Figure 5A). Concomitantly, cytochrome C re-
lease from mitochondria into the cytosol, a critical step in
the apoptotic cascade, was demonstrated after com-
bined treatment (Figure 5B).

Caspase-9 Cleavage and DNA Fragmentation
Induced by BRL Plus 9RA in MCF-7 Cells

BRL and 9RA at nanomolar concentration did not induce
any effects on caspase-9 separately, but activation was

observed in the presence of both compounds (Table 1).
No effects were elicited by either the combined or the

A MCF-7

BRL 9RA
100nM 50nM BRL+9RA — BRL+9RA — BRL+9RA

Gw10uM AS/p53

MCF-7 TR1

BRL 9RA BRL+9RA — BRL+9RA —_ BRL
100nM 50nM —_— 100nM  50nM
AS/p53

SKBR-3

9RA BRL+9RA — BRL+9RA _
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separate treatment on caspase-8 activation, a marker of
extrinsic apoptotic pathway (Table 1). Since internucleo-
somal DNA degradation is considered a diagnostic
hallmark of cells undergoing apoptosis, we studied
DNA fragmentation under BRL plus 9RA treatment in
MCF-7 cells, observing that the induced apoptosis was
prevented by either the PPARy-specific antagonist GW
or by AS/p53, which is able to abolish p53 expression
(Figure 6A).

To test the ability of low doses of both BRL and 9RA to
induce transcriptional activity of PPARy, we transiently
transfected a peroxisome proliferator response element
reporter gene in MCF-7 cells and observed an enhanced
luciferase activity, which was reversed by GW treatment
(see Supplemental Figure 2 at http://ajp.amjpathol.org).
These data are in agreement with previous observations
demonstrating that PPARy/RXR heterodimerization en-
hances DNA binding and transcriptional activation.?®2°

Finally, we examined in three additional human breast
malignant cell lines: MCF-7 TR1, SKBR-3, and T-47D
the capability of low doses of a PPARy and an RXR
ligand to trigger apoptosis. DNA fragmentation assay
showed that only in the presence of combined treat-
ment did cells undergo apoptosis in a p53-mediated
manner (Figure 6B), implicating a general mechanism
in breast carcinoma.

Discussion

The key finding of this study is that the combined treat-
ment with low doses of a PPARy and an RXR ligand can
selectively affect breast cancer cells through cell growth
inhibition and apoptosis.

— BRL+9RA — BRL+9RA — BRL+9RA
AS/p53 v

1%§rl‘_M ?uR?n BRL+9RA — BRL+9RA
AS/p53 n AS/p53

Figure 6. Combined treatment of BRL and 9RA trigger apoptosis in breast cancer cells. A: DNA laddering was performed in MCF-7 cells transfected and treated
as indicated for 56 hours. One of three similar experiments is presented. The side panel shows the immunoblot of p53 from MCF-7 cells transfected with an
expression plasmid encoding for p53 antisense (AS/p53) or empty vector (v) and treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 56 hours. GAPDH was used
as loading control. B: DNA laddering was performed in MCF-7 TR1, SKBR-3, and T47-D cells transfected with AS/p53 or empty vector (v) and treated as indicated.

One of three similar experiments is presented.
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The ability of PPARy ligands to induce differentiation
and apoptosis in a variety of cancer cell types, such as
human lung,®° colon,®' and breast,'° has been exploited
in experimental cancer therapies.®® PPARy agonist ad-
ministration in liposarcoma patients resulted in histologi-
cal and biochemical differentiation markers in vivo.®®
However, a pilot study of short-term therapy with the
PPARYy ligand rosiglitazone in early-stage breast cancer
patients did not elicit significant effects on tumor cell
proliferation, although the changes observed in PPARy
expression may be relevant to breast cancer progres-
sion.®* On the other hand, the natural ligand for RXR,
9RA *® has been effective in vitro against many types of
cancer, including breast tumor.®¢~4° Recently, RXR-se-
lective ligands were discovered to inhibit proliferation of
all-trans retinoic acid-resistant breast cancer cells in vitro
and caused regression of the disease in animal mod-
els.*! The additive antitumoral effects of PPARy and RXR
agonists, both at elevated doses, have been shown in
human breast cancer cells (%42 and references therein).
However, high doses of both ligands have remarkable
side effects in humans, such as weight gain and plasma
volume expansion for PPARYy ligands,'®~'® and hypertri-
glyceridemia and suppression of the thyroid hormone
axis for RXR ligands.'®

In the present study, we demonstrated that nanomolar
concentrations of BRL and 9RA in combination exert
significant antiproliferative effects on breast cancer cells,
whereas they do not induce noticeable influences on
normal breast epithelial MCF10 cells. However, the in-
duced overexpression of PPARy in MCF10 cells makes
these cells responsive to the low combined concentration
of BRL and 9RA (data not shown). Although PPARYy is
known to mediate differentiation in most tissues, its role in
either tumor progression or suppression is not yet clearly
elucidated. It has been demonstrated in animals studies
that an overexpression of PPARy increases the risk of
breast cancer already in mice susceptible to the dis-
ease.”® However, it remains still questionable if the en-
hanced PPARwy expression does correspond to an en-
hanced content of functional protein, which according to
previous suggestion should be carefully controlled in a
dose-response study.** For instance, the expression of
PPARy is under complex regulatory mechanisms, sus-
tained by cell-specific distinct promoters mediating the
changes in expression of PPARy.®

Here we demonstrated for the first time the molecular
mechanism underlying antitumoral effects induced by
combined low doses of both ligands in MCF-7 cells,
where an up-regulation of tumor suppressor gene p53
was concomitantly observed. Functional assays with de-
letion constructs of the p53 promoter showed that the
NF«B site is required for the transcriptional response to
BRL plus 9RA treatment. NFkB was shown to physically
interact with PPARy,*¢ which in some circumstances
binds to DNA cooperatively with NFkB.#”~#° |t has been
previously reported that micromolar doses of both PPARy
and RXR agonists synergize to generate an increased
level of NFkB-DNA binding able to trigger apoptosis in
Pre-B cells.®© Our electrophoretic mobility shift assay and
chromatin immunoprecipitation assay demonstrated that

PPARy/RXRa complex is present on p53 promoter in the
absence of exogenous ligand. Only BRL and 9RA in
combination increased the binding and the recruitment of
either PPARy or RXRa on the NFkB site located in the p53
promoter sequence. BRL plus 9RA at the doses tested
also increased the recruitment of RNA-Pol 1l to p53 pro-
moter gene illustrating a positive transcriptional regula-
tion able to produce a consecutive series of events in the
apoptotic pathway.

Changes in mitochondrial membrane permeability, an
important step in the induction of cellular apoptosis, is
concomitant with collapse of the electrochemical gradi-
ent across the mitochondrial membrane, through the for-
mation of pores in the mitochondria leading to the release
of cytochrome C into the cytoplasm, and subsequently
with cleavage of procaspase-9. This cascade of events,
featuring the mitochondria-mediated death pathway, was
detected in BRL plus 9RA-treated MCF-7 cells. The acti-
vation of caspase 9, in the presence of no changes in the
biological activity of caspase 8, support that in our ex-
perimental model only the intrinsic apoptotic pathway
is the effector of the combined treatment with the two
ligands.

The crucial role of p53 gene in mediating apoptosis is
raised by the evidence that the effects on the apoptotic
cascade were abrogated in the presence of AS/p53in all
breast cancer cell lines tested, including tamoxifen resis-
tant breast cancer cells. In tamoxifen-resistant breast
cancer cells, other authors have observed that epidermal
growth factor receptor, insulin-like growth factor-1R, and
c-Src signaling are constitutively activated and responsi-
ble for a more aggressive phenotype consistent with an
increased motility and invasiveness.®'>% Although more
relevance of our findings should derive from in vivo stud-
ies, these results give emphasis to the potential use of the
combined therapy with low doses of both BRL and 9RA
as novel therapeutic tool particularly for breast cancer
patients who develop resistance to anti-estrogen therapy.
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Abstract

The all-trans-retinoic acid (atRA) isomer, 9-cis-retinoic acid (9cRA), activates
retinoic acid receptors (RAR) and retinoid X receptors (RXR) in vitro. RAR control
multiple genes, whereas RXR serve as partners for RAR and other nuclear
receptors that regulate metabolism. Physiological function has not been
determined for 9cRA, because it has not been detected in serum or multiple
tissues with analytically validated assays. Here, we identify 9cRA in mouse
pancreas by liquid-chromatography tandem mass spectrometry, and show that
9cRA decreases with feeding and after glucose dosing, and varies inversely with
serum insulin. 9cRA reduces glucose-stimulated insulin secretion (GSIS) in
mouse islets and in the rat 3-cell line 832/13 within 15 min by reducing glucose
transporter type 2 (Glut2) and glucokinase (GK) activities. 9cRA also reduces
Pdx-1 and HNF4a mRNA expression, ~8 and 80-fold, respectively: defects in Pdx-
1 or HNF4« cause maturity onset diabetes of the young (MODY4 and 1,
respectively), as does a defective GK gene (MODY 2). Pancreas B-cells generate
9cRA, and mouse models of reduced p-cell number, heterozygous Akita mice and
streptozotocin-treated mice, have reduced 9cRA. 9cRA is abnormally high in
glucose intolerant mice, which have -cell hypertropy, including mice with diet-
induced obesity and ob/ob and db/db mice. These data establish 9cRA as a
pancreas-specific autacoid with multiple mechanisms of action, and provide new

insight into GSIS.
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Introduction

Impaired GSIS develops through multiple mechanisms, including actions of
metabolic hormones and inflammatory cytokines, products of metabolic overload, and
endoplasmic reticulum stress, yet mechanisms of GSIS and impaired glucose tolerance
remain incompletely understood (1-4). Also uncertain is the contribution of impaired
glucose tolerance to diminished pancreatic B-cell function and mass associated with
type 2 diabetes (5). GSIS relies on the pancreas, and pancreas development, islet
formation and function require normal vitamin A nutriture (6-8). Vitamin A-restriction
during development impairs islet development and promotes glucose intolerance in
adult rodents. On the other hand, restricting vitamin A in mature diabetes-prone rats
reduces diabetes and insulitis, possibly though enhanced glucose sensing and
metabolism. atRA, an activated metabolite of vitamin A, regulates pancreas
development, and atRA does not enhance the incidence of diabetes in diabetes prone
rats fed a vitamin A-deficient diet (7, 9, 10). Although the contribution of vitamin A to
pancreas development through atRA seems clear, mechanisms whereby vitamin A
affects mature pancreas function have not been determined in depth, nor have the
specific vitamin A-metabolites been identified that contribute to GSIS control.

atRA induces differentiation and regulates cell processes by activating the
nuclear receptors RAR a, 8 and y, which regulate transcription and translation (11).
atRA does not activate the nuclear receptors RXR a, 8 and y, which serve as obligatory

partners for RAR and numerous other nuclear receptors that regulate metabolism and



energy balance (12). 9cRA, an atRA isomer, binds both RAR and RXR with high affinity
in vitro, and has diverse pharmacological actions distinct from atRA (13). For example,
treating embryo day 11 pancreas organ cultures with 9cRA inhibits stellate cell
activation more potently and quickly than atRA, and inhibits acini differentiation, but
prompts ductal differentiation and endocrine maturation (9, 10). atRA, in contrast,
induces acini rather than ductal differentiation. As a pan-agonist of six nuclear
receptors, 9cRA has undergone extensive pharmacological assessment. As the drug
alitretinoin, it is effective against chronic hand dermatitis and T-cell lymphoma (14).
Used systemically, it alters energy metabolism (15). 9cRA also shows promise in
reducing ischemic brain injury in a rat model, and in immunosuppressing human
dendritic cells (16, 17). Regardless of the pharmacological utility of 9cRA, sensitive
assays capable of quantifying individual RA isomers in biological matrices have not
detected 9cRA in serum and in a variety of tissues (18, 19). This leaves uncertain
whether 9cRA functions in vivo as an activated vitamin A metabolite with discrete
physiological functions.

We applied an LC/MS/MS assay developed to distinguish and quantify RA
isomers in biological matrices to identify retinoids in the pancreas, and detected not only
atRA, but also 9cRA. Pancreas 9cRA, but not atRA, reacts within minutes to blood
glucose fluctuations and attenuates the impact of glucose on GSIS through multiple
mechanisms, including rapid action. These data validate 9cRA as a naturally occurring
metabolite of vitamin A with a physiological function unique among retinoids, broaden
insight into mechanisms of GSIS, and provide new perspective into vitamin A and islet

function.



Results
9cRA as an endogenous pancreas retinoid. We applied a sensitive LC/MS/MS assay to
compare pancreas RA isomers to those in serum and liver, because the endocrine
pancreas expresses nuclear receptors that recognize RA isomers and responds to
retinoid-induced signaling, and liver serves as the principal storage site of retinoids and
contributes to retinoid homeostasis (20, 21). Consistent with previous work, prominent
physiological RA isomers in serum and liver included atRA and 9,13-di-cis-RA
(9,13dcRA), an RA isomer without known biological activity, but 9cRA was not detected
(18, 19). In contrast, we identified 9cRA in pancreas, along with atRA and 9,13dcRA
(Figure 1A). We confirmed that analysis did not generate 9cRA by adding retinoids to
pancreata before homogenization, extraction, and assay (Figure 1B). Only 9cRA
increased the 9cRA signal, excluding oxidation of the RA precursor retinal and/or
isomerization of atRA during analyses as sources of 9cRA. Concentrations of 9cRA in
pancreas occur within the range of concentrations of other RA isomers in tissues and
serum (Figure 1C). These data provide an analytically rigorous identification of 9cRA as
a naturally occurring retinoid. If 9cRA occurs in the tissues assayed other than
pancreas, amounts would be <0.05 pmol/g, based on the LC/MS/MS assay'’s limit of
detection in biomatrices.

9cRA varies with fasting, feeding, and glucose challenge. The fasted to fed
transition resulted in a 36% decrease in 9cRA, which accompanied the increase in
blood glucose and serum insulin, but caused no changes in pancreas atRA, 9,13-dcRA

or retinol (Figure 2A and Figure S1). Consistent with this observation, challenging fasted



mice with a bolus of glucose decreased 9cRA >80% within 15 min, coinciding with the
rapid rise in blood glucose (Figure 2B). 9cRA recovered markedly by 30 min and
continued to rise thereafter. In contrast, glucose challenge had no impact on pancreas
atRA or 9,13dcRA. During glucose challenge, 9cRA correlated inversely with serum
insulin, further suggesting a contribution to pancreas function consistent with decreasing
GSIS (Figure 2C). In addition, exogenous 9cRA reduced serum insulin during glucose
challenge (Figure 2D).

9cRA promotes glucose intolerance. The inverse relationship between serum
insulin and pancreas 9cRA during the GTT, and ability of 9cRA to reduce serum insulin,
prompted testing whether 9cRA decreases glucose disposal. Mice were injected with 9-
cis-retinol, a potential precursor of 9cRA, or 9cRA, prior to a GTT. Mice injected with 9-
cis-retinol responded with a 2 to 2.7-fold increase in pancreas 9cRA, sustained at least
120 min (Figure 3A). Mice injected with 9cRA responded with a ~30-fold increase in
pancreas 9cRA, which declined by 120 min to ~4-fold above control. Note that the
decrease in endogenous 9cRA in the control (dosed only with glucose) at 30 min
reflected the same degree of decrease (~40%) observed at 30 min in the GTT
experiment of Figure 2B. Increases in pancreas 9cRA caused by both 9-cis-retinoids
resulted in glucose intolerance, such that 120 min after the glucose challenge, blood
glucose was at least 2-fold higher than in vehicle-dosed mice (Figure 3B). The lowest
concentrations of 9cRA (40 nM) achieved after dosing either 9cRA or 9-cis-retinol
arrested glucose disposal to the same extent as the higher concentrations achieved,
indicating a dose-response relationship with a maximum effect near or below 40 nM

9cRA. These data suggest that the physiological decrease in pancreas 9cRA as



glucose increases permits optimum insulin secretion, and reveal that 9-cis-retinol can
serve as a precursor to 9cRA.

9cRA rapidly attenuates glucose sensing and insulin secretion. Glucose uptake
by the pancreas rapidly affects both Glut2 and GK activities through post-translational
mechanisms (22, 23). Although GK activity limits the rate of glucose uptake by the 3-
cell, Glut2 contributes more than passive glucose transport by signaling glucose
concentrations: phosphorylation decreases both the transport and signaling functions of
Glut2 (22, 24). Forskolin, which stimulates cAMP synthesis and induces protein kinase
A-dependent Glut2 phosphorylation in B-cells, decreases Glut2 activity. We repeated
the experiment published with forskolin and compared its effect to that of 9cRA in the
832/13 B-cell line, established as a model of GSIS (25) (Figure 4A). We duplicated the
published results with forskolin, and found that 9cRA decreased glucose-stimulated
Glut2 activity ~40% within 15 min, similar to the impact of forskolin. Thirty nM 9cRA was
as effective as 100 nM, consistent with the results of Figure 3, which indicated a marked
effect of 40 nM 9cRA on glucose disposal.

In 15 min, 9cRA inhibited GK activity 70%, which persisted until 60 min in 832/13
B-cells treated with 23 mM glucose (Figure 4B). By 120 min, 9cRA inhibition of GK
activity decreased to 34%. Despite the changes in Glut2 and GK activities, 9cRA did not
affect Glut2 or GK mRNA by 15 min (Figure S2). 9cRA decreased ATP in 832/13 B-cells
30-40% from 15 through 60 min after introduction of 23 mM glucose and ATP
recovered by 120 min (Figure 4C). After 60 min of 9cRA exposure in cells treated with
23 mM glucose, 9cRA reduced 832/13 B-cell intracellular Ca?* 35%; Ca** returned to

control levels by 2 hr (Figure 4D). Consistent with its impact on glucose sensing, 9cRA



reduced GSIS 40% in 832/13 B-cells after 60 min incubation with 23 mM glucose, but
did not impair baseline insulin secretion in the presence of 3 mM glucose (Figure 4E). In
pancreatic islets, 9cRA reduced GSIS 33-43% induced by 15 to 60 min incubation with
23 mM glucose, with islet sensitivity returning by 120 min (Figure 4F). A rise in ATP
closes the B-cell K*atp channel, which allows Ca?* influx. This process serves as a
“triggering signal” to initiate the first phase of GSIS (2). KCl induces insulin release in
the absence of high glucose by circumventing the ATP effect on the K* channel. 9cRA
had no impact on KCl-stimulated insulin secretion from islets (Figure 4G). To provide
preliminary insight into the possible roles of RAR and RXR in short-term 9cRA action,
the effects of the RAR panagonist TTNPB and the RXR panagonist bexarotene (BXR)
were tested on GSIS in 832/13 cells (Figure S3) (26, 27). In contrast to 9cRA, neither
decreased the fold increase in insulin secretion after 1 hr incubation with 23 mM
glucose vs. 3 mM, but both decreased basal insulin secretion stimulated by 3 mM.

After 2 hr, 9cRA decreased expression of Pdx-1 and HNF4a mRNA, 7 and 77-
fold, respectively (Figure 4H). Pdx-1 induces glucokinase, Glut2 and insulin gene
expression in the mature pancreas (28, 29). HNF4a regulates insulin release through
controlling mitochondrial metabolism of glucose and HNF1a, Glut2 and insulin gene
expression (30, 31).

Pancreas (-cells produce 9cRA. We analyzed pancreata from mice with
decreased numbers of B-cells to identify sources of 9cRA. A point mutation in the insulin
2 gene of Ins2Akita mice induces B-cell apoptosis, which reduces the number of 3-cells,
indicated by a 46% reduction in pancreas insulin (32). Pancreata from fed heterozygous

Akita mice had 40% lower 9cRA than wild type (WT), consistent with the decrease in 3-



cells (Figures 5A and S3). In contrast, pancreas atRA increased and retinol did not differ
from WT, demonstrating a unique relationship between 9cRA and B-cells. To confirm
this insight, we injected mice with Stz, which causes B-cell necrosis (33). 9cRA in
pancreas of Stz-treated mice decreased with time in direct proportion to the decrease in
B-cells, assessed by insulin content (Figures 5B and C). Seventy-two hr after Stz
dosing, B-cell numbers decreased 67%, accompanied by a 58% decrease in 9cRA,
impaired glucose tolerance and elevated non-fasting blood glucose (Figure 5C and S4).
By 96 hr, B-cells decreased 95% and 9cRA deceased 70%, consistent with B-cells
serving as a major source of pancreas 9cRA. Based on the 9cRA remaining after B-cell
destruction, other pancreas cells may contribute ~20-25% to the 9cRA pool.

The B-cell line 832/13 generated 9cRA and atRA from their respective 9-cis- or
all-trans- retinol and retinal precursors at similar rates (Figure 5D). Pancreas
microsomes contain both 9-cis- and all-trans-retinol (33 £ 1.4 and 76 + 2 pmol/g protein,
respectively; 3 replicate analyses of a 5 pancreata pool) (Figure 5E). Thus, B-cells have
the capacity and a substrate to biosynthesize 9cRA.

Elevated 9cRA in models of glucose intolerance. To determine whether mouse
models of glucose intolerance are accompanied by 9cRA increases, we assayed
pancreata from ob/ob and db/db mice and mice with diet-induced obesity (DIO) (34).
Ob/ob mice lack leptin, are obese and have high blood glucose and serum insulin
(Figure S5A). Ob/ob mice had 2.2-fold higher 9cRA than WT controls (Figure 6A). Mice
with DIO were glucose intolerant, weighed ~50% more than controls, and had ~2-fold
higher 9cRA than controls (Figures 6B and S5C). Db/db mice, which lack the leptin

receptor and have elevated blood glucose and serum insulin (Figure S5E), had 34%



higher 9cRA than lean controls (Figure 6C). Although atRA also increased in pancreas
of ob/ob mice, the increase was modest, and atRA did not increase in pancreas of
db/db mice. In DIO pancreata, the atRA increase exceeded the 9cRA increase. Neither
the atRA nor the 9cRA changes in pancreas correlated with changes in retinol. Thus,
9cRA was the only endogenous retinoid assayed (9cRA, atRA and retinol) that changed
consistently in pancreas with changes in glucose tolerance, regardless of the underlying

cause of impaired glucose tolerance.

Discussion

With an analytically rigorous assay, we determined that 9cRA occurs as a naturally
occurring retinoid in pancreas. This result addresses the long-standing questions
whether or not 9cRA contributes to the biological activity of vitamin A in vivo, and if so,
in what capacity? We found that 9cRA localizes to the pancreas, where it attenuates
sensitivity to glucose through a rapid reduction of Glut2 and GK activities, without a
concomitant rapid change in their mMRNA. Reduction of glucose uptake and
phosphorylation led to reduced ATP and insulin release. In the longer term, 9cRA
reduces transcription of two genes required for insulin synthesis and secretion—Pdx-1
and HNF4a. Notably, defects in either of these two genes and the gene that expresses
GK cause the monogenic diseases known as maturity onset diabetes of the young
(MODY): defects in HNF4a, GK, and Pdx-1 cause MODY1, 2 and 4, respectively (35,
36). Therefore, at least three of six well-characterized MODY are caused by defects in
genes regulated by 9cRA, or in a gene that encodes a protein regulated by 9cRA.
These data clarify insight into the effects of vitamin A on pancreas function, i.e. atRA

programs pancreas development and 9cRA attenuates GSIS in the developed

10



pancreas. This is consistent with need for vitamin A during pancreas development and
with alleviation of glucose intolerance by restricting vitamin A in the mature pancreas.
The observation of 9cRA in the pancreas justifies future work to determine when the
pancreas begins producing 9cRA, to clarify its function during pancreas development.

B-cells, which are integral to GSIS, serve as a major source of 9cRA, and 9cRA
effects on B-cell function were observed by 15 min. These data indicate that 9cRA acts
as an autacoid in pancreas: it is generated in situ and executes rapid local actions of
relatively brief duration. Rapid actions of retinoids are not unprecedented, although they
have not been investigated as extensively as their transcriptional effects. 9cRA
reportedly stimulates phosphorylation of p38 mitogen-activated protein kinase (37).
Recent work has shown that atRA has rapid, non-genomic actions on neurite outgrowth
and endothelial cell growth (38, 39)—indicating that retinoids, like several steroid
hormones, do not solely regulate transcription (40-43).

The acute, non-genomic effects reported here for 9cRA differ from the effects of
synthetic RXR analogs, known as rexinoids, in rodent diabetic models (44). Longer-term
systemic treatment with rexinoids has been reported to promote insulin sensitization,
presumably through cumulative effects on diverse receptors distributed throughout
multiple tissues. In the case of the more RXR selective retinoids, insulin sensitization
occurs by activating PPAR, presumably mainly in adipose (45).

By attenuating insulin secretion and biosynthesis, 9cRA functions physiologically
to prevent hypoglycemia and to allow blood glucose levels raised (from glycogenolysis
and gluconeogenesis) in response to decreasing blood glucose to increase to a greater

extent than possible otherwise. Ultimately, reestablished higher blood glucose
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decreases 9cRA, sensitizing the pancreas for optimum insulin secretion. Animal models
of diabesity had both high pancreas 9cRA and high serum insulin—an abnormal
occurrence. Either 9cRA target resistance or resistance of 9cRA concentration changes
to glucose levels could contribute to the phenotypes manifested in these models, and to
impaired glucose secretion. Alternatively, the B-cell hyperplasia that occurs in these
models would contribute to, or underlie increased 9cRA (46).

Occurrence of 9cRA in pancreas, along with non-detectable concentrations in
serum and a host other tissues, support the deduction based on genetic evidence that
9cRA does not serve as a universal retinoid X receptor-activating ligand in vivo (47).
Validation of 9cRA as an autacoid in pancreas provides framework for evaluating
whether it functions via RARs and/or RXRs, and for evaluating potential cross-signaling
between atRA and 9cRA. The outcome of a potential 9cRA/atRA interaction with
pancreas RAR cannot be predicted simply because both retinoids bind the same
receptor. Nuclear receptor action depends on the ligand bound and the nucleotide
sequence of the gene’s response element—both influence receptor conformation,
affinity for a particular response element, and function (48, 49).

Autacoid action in pancreas appears specific to 9cRA. Pancreas atRA did not
change with an increase in blood glucose after the fasted to the fed transition, or after
glucose injection, indicating that atRA does not regulate short-term modulation of GSIS.
The increase in atRA in the pancreas during DIO and in ob/ob mice seems a
compensating reaction to obesity, because disrupting atRA biogenesis by ablating Rdh1
enhances adiposity, whereas chronic dosing of atRA to mice with DIO reduces weight

by ~15% (15, 50).
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In summary, this work demonstrates that 9cRA occurs as an endogenous
pancreas retinoid, establishes a function for 9cRA in GSIS, and provides novel insight
into retinoid function and glucose homeostasis. Of interest are the likely non-genomic
effects of 9cRA. These studies provide insight into an essential element of pancreas-
mediated glucose homeostasis, which should prove useful for understanding

mechanisms of GSIS and diabesity.

Methods

Animals. Male C57BL/6 mice were used, unless noted otherwise, in accordance with
institutional guidelines. Mice were fed either a stock diet with 30 1U/g vitamin A (Harlan
Laboratories Teklad Global 18% protein rodent diet #2018S) or an AIN-93G purified
rodent diet with 30 1U/g vitamin A (Dyets, Inc, #119139). The fatty acyl composition of
the stock diet was (% of diet): 16:0, 0.7%; 18:0, 0.2%; 18:1,1.2%; 18:2, 3.1%; 18:3,
0.3%. The fatty acid content of the AIN-93G diet has been published (51). These diets
are referred to as vitamin A-ample diets and produced similar results. Seven to 12-
week-old WT, ob/ob mice, and mice heterozygous for the Akita spontaneous mutation
(Ins2Akita) were purchased from the Jackson Lab. To establish DIO, 1-month-old mice
were fed a high-fat diet for 5 months. The HFD was an AIN-93G purified rodent diet
(Dyets Inc, diet# 180614 ) with 50% fat-derived calories. Lard served as the fat source.
The fatty acyl composition of the lard was: 14:0, 1.5%; 16:0, 25.6%; 16:1, 3.4%; 18:0,
13.1%; 18:1, 44.1%; 18:2, 10.8%; 18:3, 1.5%. To deplete B-cells, Stz (170 mg/kg) was
dosed i.p. once in 10 mM sodium citrate, pH 4.5. For glucose-tolerance tests (GTT),

glucose (2 g/kg ) was dosed i.p. in saline. The db/db mice were 5-months-old and fed
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ad libitum. Insulin levels in this db/db colony at this age average 3-fold higher than
controls, P<0.01 (52). Fasting was done for 12-16 hr. Mice were euthanized during the
early light cycle.

Retinoids and retinoid quantification. Retinoids were purchased from Sigma,
except for 9-cis-retinol, which was synthesized and characterized as described (18).
Retinoids were used under yellow light as described (19, 53). Samples were harvested
under yellow lights, frozen immediately in liquid nitrogen, and kept at -80 °C until
extraction and retinoid quantification within one day by LC/MS/MS using selected
reaction monitoring (RA isomers) or HPLC/UV (retinol isomers) as described in detalil
(19, 53).

B-cell line function assays. The pancreatic 3-cell line 832/13 was cultured in
growth medium (RPMI 1640 with 11 mM glucose and 10% fetal calf serum, 10 mM
Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 mM B-mercaptoethanol, 100
units/ml penicillin and 100 mg/ml streptomycin at 37 °C) under 5% CO, in 100 mm Petri
dishes as described (25). The medium was refreshed every 2-3 days. Cells were
subcultured when they approached >70% confluence. Endogenous 9cRA in 832/13
cells at the time of experiments was <0.04 + 0.0012 pmol/10° cells (n = 9 plates).

To assay Glut2, GK and ATP, cells were transferred to 12-well plates until
reaching 85% of confluence. Medium with 5 mM glucose was substituted for growth
medium for 16 hr. Before assays, this medium was substituted with 2 mL HBSS
containing 0.2% fatty-acid free BSA, pH 7.2 (sensing buffer) and 3 mM glucose for 2 hr
(except for the glucose uptake assay). Experiments were then initiated by changing the

sensing buffer to 0.8 ml/well of either fresh secretion buffer with 3 mM glucose or 23
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mM glucose and/or 100 nM 9cRA, delivered in 5-10 uL DMSO, or vehicle alone.
Incubations were done at 37 °C under yellow light.

9cRA biosynthesis. 832/13 cells were cultured in 12- or 6-well plates. At
confluence, the growth medium was replaced with serum-free medium (11 mM glucose)
and retinoids (1 uM) in DMSO (0.1% v/v) or vehicle alone were added and incubated 1
hr. Cells were lysed using Reporter lysis buffer (Promega) and combined with their
medium for retinoid analyses.

Insulin secretion studies. Islets were isolated by the UCSF Diabetes &
Endocrinology Research Center (San Francisco, CA). Fifteen islets of similar size were
incubated at 37 °C in 12-well plates with 5 mM D-glucose in RPMI1640 supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, 100 ug/ml streptomycin, 10 mM
Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 uM -mercaptoethanol and 5%
CO.,. After 16 hr, islets were washed and transferred to 1.5 ml tubes in secretion
medium (HBSS with 20 mM Hepes and 1% bovine serum albumin, pH 7.2) containing 3
mM glucose. After 2 hr, secretion medium was replaced with fresh secretion medium
containing 3 or 23 mM glucose with 100 nM 9cRA or vehicle alone (DMSO). Separate
groups of islets were incubated in secretion medium containing 3 mM glucose with 35
mM KCI and 90 mM NaCl. Media were centrifuged for 2 min at 1000 x g to remove non-
adherent cells and frozen at -80 °C. Endogenous 9cRA in islets at the time of the
experiment (after isolation and handling of islets) did not exceed 0.12 £ 0.008

pmol/plate (n = 5).
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Statistics. Data are means = SE. Statistical significance was assessed by two-

tailed, unpaired Student’s t tests for comparison of two groups, or by two-way ANOVA

for comparison of two curves.
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Figure Legends

Figure 1. 9cRA occurs in pancreas. (A) Representative LC/MS/MS chromatograms of
RA isomers from analyses of mouse pancreas, liver and serum. (B) Representative
LC/MS/MS chromatograms of pancreatic RA isomers before (solid lines) and after
addition (dashed lines) of retinoids prior to homogenization, extraction and analysis.
Each chromatogram shows one of triplicate analyses. (C) Quantification of RA isomers

in mouse liver, serum, and pancreas: ND, not detected; 8 mice/group (s.e.m.)

Figure 2. 9cRA reflects fasting vs. feeding. (A) Blood glucose, serum insulin, and
pancreas RA isomers in fed or 12-hr fasted mice. Data are means of 3 experiments with
6-10 mice/group/experiment: *P=0.03, **P<0.004, ***P<0.003 vs. fed values. (B) 9cRA
and atRA responses to a glucose challenge (2 g/kg glucose). Values are means of 2-5
experiments with 5-10 mice/point/experiment, except 9,13dcRA (1 experiment, 10
mice/time): *P<0.05 from 0 time. The three glucose values after 0 min differ from
control: *P<0.05. (C) Inverse relationship between pancreas 9cRA and serum insulin
after a glucose challenge: the slope differs significantly from 0, P=0.02; 10 mice/point.
(D) 9cRA hinders insulin secretion: 9cRA (0.5 mg/kg in 60 yl DMSO) or vehicle alone
were injected i.p. in mice 15 min before an i.p dose of glucose (0.5 g/kg). Data are

means of 6-7 mice: *P<0.05. All data s.e.m.

Figure 3. Exogenous 9cRA induces glucose intolerance. (A) Increases in total pancreas

9cRA after dosing with 9-cis-retinol or 9cRA (0.5 mg/kg in 100 ul DMSO). 9-cis-Retinol
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and 9cRA were injected 60 and 15 min before glucose, respectively. Glucose (2 g/kg)
was injected at 0 min: 5-8 mice/group; *P=0.01 and **P<0.003 vs. vehicle control;
4P<0.005 vs. 0 min. (B) GTT in mice dosed with 9-cis-retinol or 9cRA: 5-7 mice/group;
*P<0.04, **P<0.002, ***P<0.005 vs. control. Mice were dosed with retinoids as

described in A. All data s.e.m.

Figure 4. 9cRA attenuates pancreas glucose sensing. 832/13 B-cells and islets were
pre-incubated 2 hr with 3 mM glucose. At 0 min, the medium was exchanged for
medium containing 23 mM and agents indicated for the duration of experiments. (A)
9cRA reduces Glut2 activity in 832/13 cells after 15 min incubation: 4-8
replicates/group; *P<0.0003 vs. no addition. (B) 9cRA reduces GK activity in 832/13
cells: 3-7 replicates/group, *P<0.02, **P<0.002 vs. control. (C) 9cRA reduces ATP
content in 832/13 cells: 2-4 replicates/group, *P<0.008 vs. control. (D) 9cRA decreases
Ca?" influx into 832/13 cells: 2 replicates/group; *P<0.02. (E) 9cRA decreases GSIS by
832/13 cells: 3-11 replicates/group; *P<0.01 vs. control. (F) 9cRA decreases GSIS by
pancreatic islets. The graph shows baseline insulin secretion during 3 mM glucose, and
the effect of 9cRA on stimulation of insulin secretion by 23 mM glucose: 8-9
replicates/group; *P<0.02, **P<0.002 vs. control. (G) 9cRA does not affect KCI
stimulated insulin secretion from islets: *P<0.02 vs. 0 time. (H) 9cRA reduces Pdx-1 and
HNF4a mRNA after 2 hr in 832/13 cells: 3 replicates/group. One hundred nM 9cRA was

used in all experiments, unless noted otherwise. All data s.e.m.
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Figure 5. Pancreas B-cells produce 9cRA. (A) Representative LC/MS/MS
chromatograms and quantification of RA isomers in pancreas of WT and Akita mice: 8
mice/group; *P<0.05 vs. WT. (B) Immunohistochemistry showing loss of insulin in
pancreas with time after a Stz dose: scale bars, 100 um. (C) Effect of Stz on B-cell
numbers (3-6 islets) and pancreas 9cRA (9-18 mice/group). (D) Biosynthesis of RA
isomers from retinol and retinal isomers by the pancreas B-cell line 832/13: 3
replicates/substrate. (E) HPLC of retinol standards and representative analyses of
pancreas microsomes. Arrows denote elution positions of 13-cis-, 9-cis- and all-trans-

retinol, respectively. All data s.e.m.

Figure 6. Increased pancreas 9cRA accompanies glucose intolerance. (A)
representative LC/MS/MS chromatograms and RA isomers in pancreas of fed WT and
ob/ob mice: 8 mice/group; *P<0.008 vs. WT. (B) Increased 9cRA in pancreas of mice
with DIO: 8-10 mice/group: *P<0.001 vs. lean. (C) RA isomers in pancreas of fed WT

and db/db mice: 8 mice/group; **P=0.033. All data s.e.m.
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