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Abstract

ABSTRACT

Vitamin A (Retinol) plays a central role in many essential biological processes such as
vision, immunity, reproduction, growth, development, control of cellular proliferation and
differentiation. The main active forms of retinol, not primary involved in vision, are all-
trans retinoic acid and 9-Cis retinoic acid, both able to act at nuclear level by binding their
receptors RAR and RXR and modulating many physiological processes. However, the
nuclear action of vitamin A derivatives is not the only mechanism of retinoic acid (RA)
acting on cells. RA is able to modify covalently proteins via a post-translational
modification, named retinoylation that has been shown to occur at physiological
concentration on pre-existing proteins and localized mainly in the mitochondrial
compartment. The present study has been focused on the non genomic action of RA on
steroidogenic tissues, testes and adrenal glands, giving further details on the ability of RA to
influence protein activity and therefore cell physiology. In particular RA effects on
mitochondria from the adrenal glands and the 2-oxoglutarate carrier protein from testes and
TM-3 Leydig cell line were studied, providing new data on the peculiarity of steroidogenic
tissues to incorporate RA at dietary levels and demonstrating how the shuttling of reducing
equivalent across the mitochondrial membrane is influenced by RA treatment. Looking for
the biochemical mechanism of RA action on the Adenine Nucleotide Translocator, that
exchanges ATP for ADP between mitochondria and cytosol, for the first time, it was
possible to demonstrate how the activity of this carrier protein is positively modulated by
the Coenzyme A, a fundamental component of the retynoilating buffer. At pharmacological
levels, retinoids are also active compounds in the treatment of cancer due to the capability to
promote cell differentiation and their pro-apoptotic activity. In this latter concern, the
mechanisms of nutriceutical concentration of 9-cis RA, together with nanomolar
concentration of the selective PPARY ligand, rosiglitazone, to promote apoptosis in breast
cancer cell lines, have been investigated. The data lay the basis for a potential use of the
combined therapy with low doses of both BRL and 9-cis RA as novel therapeutic tool

particularly for breast cancer patients who develop resistance to antiestrogen therapy.



Introduction

INTRODUCTION

The retinol (Vitamin A) belongs to the “retinoids” family including both the
compounds possessing one of the biological activities of the retinol (ROH) and the
many synthetic analogues related structurally to the retinol, with or without
biological activity. Provitamin A is the dietary source of retinol and is supplied as
carotenoids (mainly B-carotene) in vegetables and preformed retinyl-esters (long
chain fatty acids esters of retinol: palmitate, stearate, oleate, linoleate) in animal meat
(Blomhoff 1994). Retinol plays a central role in many essential biological processes
such as vision, immunity, reproduction, growth, development, control of cellular
proliferation and differentiation. The main active forms of retinol are retinoic acids,
except for vision and reproduction where retinal and retinol play important roles.
Two vehicles are described for mammalian blood transport of retinoids. First the
retinyl esters and carotenoids can be incorporated in intact or remnant chylomocrons
or very low density lipoproteins (Debier and Larondelle, 2005). Second, the main
form of retinol blood transport is the association with a specific binding protein
(RBP), which is itself complexed with transthyretin (ratio 1 mol/1 mol). The
constitution of this ternary complex prevents the glomerular filtration of the small
RBP-retinol form (21KDa) and increases the affinity of RBP for retinol (Bellovino et
al. 2003). A binding to other plasma proteins, such as albumin or lipocalins, is also
described for retinol. Albumin could serve as transport for RA, which circulates in
very small levels in the blood. The transfer of retinol to target cells involves a
specific membrane-bound receptors (Sivaprasadarao et al., 1998). It has been recently
demonstrated that cellular retinol penetration is based on the interaction between the
RBP-retinol complex and a membrane receptor STRA6. STRA6 is a
multitransmembrane domain protein not homologous to any other proteins with
known function. It functions as the high-affinity receptor for plasma retinol binding
protein (RBP) and mediates cellular uptake of vitamin A from the vitamin A-RBP

complex. It 1s widely expressed in embryonic development and in adult organ
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Introduction

systems. Consistent with the diverse roles of vitamin A and the wide tissue
expression pattern of STRA6, mutations in STRA6 are associated with severe
pathological phenotypes in humans (Kawaguchi et al., 2007). The uptake of remnant
chilomicrons and very low density lipoproteins containing retinyl esters and
carotenoids is realized by target tissues using, respectively, the lipoprotein lipase and
low density lipoproteins receptor pathways. Bound to albumin, RA can be transferred
into the tissues by passive diffusion, with an efficiency of transfer, which is cell type
and tissue specific. To be biologically active retinol must be first oxidized to
retinaldehyde and then to RA. A large number of enzymes catalyzes the reversible
oxidation of retinol to retinaldehyde: the alcohol dehydrogenas (ADH), the retinol
dehydrogenases (RDH 1-3) of the microsomal fraction, Ccis-retinol:androgen
dehydrogenase 1 and 2 (CRAD), retSDRs1-4, 9:11-cis-retinol dehydrogenase, and
17B-hydroxysteroid dehydrogenase (17B-HSD) types 6 and 9, and some members of
the cytochrome P450 family (Napoli, 2001). Several enzymes are able to catalyze
irreversibely the oxidation of retinaldehyde to RA: the retinaldehyde dehydrogenases
(RALDH 1-4) are also member of the cytochrome P450 family (Liden and Eriksson,
2006). Specific isomerization reactions are also likely to occur within the cells, since
there are at least two RA stereoisomers in vivo (all-trans and 9-cis RA) exhibiting
distinct biochemical activities. The catabolism of all-trans and 9-cis RA is also an
important mechanism for controlling RA levels in cells and tissues and is carried out
by three specific members of cytochrome P450s, CYP26AI1, B1, and C1. RA is
catabolized to products such as 4-ox0-RA, 4-hidroxy-RA, 18-hydroxy-RA, and 5,18-
epoxy-RA, which are finally excreted. These compounds can also undergo
glucuronidation (Marill et a.l 2003). The complex of microsomal UDP-glucuronosyl
transferases (UGT; EC 2.4.1.17) of rat liver catalyzes the formation of retinoyl beta-
glucuronide (RAG) from retinoic acid (RA) and retinyl beta-glucuronide (ROG) from
retinol (ROL) in the presence of UDP-glucuronic acid (UDPGA). Rates of
glucuronidation of retinoids clearly depend both on their isomeric states and on their

chemical structures. Different UGT enzymes might well act on different geometric
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isomers of RA (Genchi et al. 1996). Numerous reports have indicated that the
biological activity of all-trans retinoyl-glucuronide (RAGQG) is similar to that of all-
trans-retinoic acid (RA), but without the toxic side effects of RA. An alternative
metabolic pathway was present for intracellular retinol: the formation and storage of
retinyl esters. Indeed retinol may be esterified by two enzymes: the first is
lecithin:retinol acyltransferase (LRAT), which catalyzes the transfer of a fatty acid
from the snK1 position of phosphatidylcholine (PC) to retinol. The products of this
reaction are 1-lyso-phosphatidylcholine (lyso-PC) and a retinyl ester, usually retinyl
palmitate. The mRNA for LRAT has been cloned and shown to encode an integral-
membrane protein of 230 residues. LRAT is present in multiple tissues including
liver, small intestine, testis, mammary gland, and retinal pigment epithelium.
Although LRAT preferentially esterifies all-trans-retinol (atROL) to yield all-trans-
retinyl esters (atREs), it also utilizes 11-cis-retinol (11¢cROL) as a substrate to form
11-cis-retinyl esters (11cREs). The second retinyl-ester synthase is acyl CoA:retinol
acyltransferase (ARAT), which uses a fatty-acyl coenzyme A, such as palmitoyl
coenzyme A (palm CoA), as an acyl donor. ARAT has not been purified or cloned.
Palm CoA-dependent retinyl-ester synthase activity has been observed in multiple
tissues including liver, small intestine, mammary gland, epidermis, testis, and cone-
dominant retinas. Palm CoA-dependent synthesis of retinyl esters has also been
observed in retinal pigment epithelium. However, it has been suggested that in this
tissue, the palm CoA stimulation effect is due to regeneration of PC from lyso-PC,
and is thus mediated by LRAT. (Catherine et al., 2006 and references therein). These
esters are then stored in cytosolic lipid droplets. The mobilization of these retinyl
esters and the release of retinol esters are realized by a etinyl ester hydrolase. Since
retinol, retinaldehyde and RA are lipids they lack appreciable water solubility and
consequentely must be bound to protein within cells. Several intra-cellular binding
proteins for retinol, retinaldehyde and RA have been identified and extensively
characterized. They include cellular retinol-binding proteins (CRBP I and II) and
cellular retinoic acid-binding protein (CRABP I and II). The CRBPI is a key protein
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to regulate the metabolism of retinol by orientating to storage, export of retinol or
conversion into RA (Ghyselinck et al., 1999). Both the CRABPs bind RA
controlling the intracellular levels of retinoids, acting as cofactors for RA-
metabolizing enzymes, and/or participating in the cytoplasmic-nuclear transport of
RA (Napoli, 1999; Ong, 1994). The 15.5 kDa protein, cellular RA binding protein
has been shown to specifically bind RA with nanomolar affinities. There are several
reports that suggest CRABP may protect the cell from the genomic action of RA by
sequestering the compound and accelerating its catabolism. RA bound to CRABP has
been demonstrated to be a substrate for oxidation by members of the P450 family. A
potential key to attenuation of the RA signal may be found in the specific location of
CRABP within the cell. Immunohistochemical experiments performed on tissue
sections has revealed that this protein is restricted to the cytoplasmic compartment of
cells, even though its size should enable free entry into the nucleus (In contrast,
CRBP, a related protein of the same family, was shown to be present in both the
cytoplasm and the nucleus, as expected for a protein of this size). This nuclear
restriction might create a barrier that prevents RA from reaching the RARs in the
nucleus. However, the mechanism(s) by which this restriction is accomplished has
not been established. Moreover, Ruff and Ong demonstrated that CRABP is localized
to the mitochondria of bovine adrenal gland. This association with the mitochondria
effectively restricts it to the cytosolic compartment of the cell and suggests a role for
mitochondria in retinoid metabolism (Ruff and Ong, 2000, and references therein).
Although RA functions mainly by binding to nuclear receptor proteins, this is not the
only mechanism of retinoids action on cells. Retinoic acid, is capable to modify
covalently pre-existing proteins via a post-translational modification (PTM) termed
retinoylation (acylation by RA of protein). Single PTMs are capable of regulating
protein function, either through creating new protein binding sites, by abrogating
protein-protein interactions, or through allosteric effects. However, many proteins are
multiply modified, and a significant increase in information content would be

obtained if PTMs acted combinatorially. There are several established principles
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through which PTMs mediate crosstalk. In this context, crosstalk can be either
positive or negative in nature. Positive crosstalk is defined as a situation in which one
PTM serves as a signal for the addition or removal of a second PTM or for
recognition by a binding protein that carries out a second modification. In the case of
negative crosstalk, there can be direct competition for modification of a single residue
in a protein, or indirect effects, wherein one modification masks the recognition site
for a second PTM. Histone tails provide one of the most remarkable examples of
PTM density and variety, with Lys acetylation, mono-, di-, or trimethylation,
biotinylation, ubiquitinylation, NEDDylation, SUMOylation; Arg methylation;
Ser/Thr/Tyr phosphorylation; and Glu ADP ribosylation all occurring within 50—100
residues on the N-terminal and C-terminal tails of H2A, H2B, H3, and H4 (Bhaumik
et al., 2007; Latham and Dent, 2007). These ‘‘marks’’ are proposed to represent a
code that is read by a series of transcriptional regulators and chromatin modifiers that
affect local chromatin structure, leading to activation or repression of adjacent
transcription units. Although there is little direct information regarding which PTMs
occur simultaneously on a single histone molecule, functional analysis of histone tail
PTMs has revealed many examples of crosstalk between different PTMs. Nuclear
coreceptors are another family of proteins in which PTM crosstalk is beginning to be
uncovered (Lonard and O’Malley, 2007). About RA Acylation, via retinoylation RA
is incorporated into proteins of cells in culture (Breitman and Takahashi, 1996;
Takahashi and Breitman, 1989, 1990, 1994; Tournier et al., 1996) and into proteins
of rat tissues, both in vivo (Myhre et al., 1996) and in vitro (Genchi and Olson, 2001;
Myhre et al., 1998; Renstrom and DeLuca,1989). The retinoylation reaction involves
the intermediate formation of retinoyl-CoA (Wada et al., 2001) and subsequent
transfer and covalent binding of the retinoyl moiety to protein(s) (Renstrom and
DeLuca, 1989). The covalent linkage between RA and protein(s) is a thioester bond
(Genchi and Olson, 2001; Myhre et al., 1996). Retinoylated proteins that have been
identified so far include cyclic AMP-binding proteins, vimentin, the cytokeratins,

some nuclear proteins and a component of the mitochondrial carrier family (Breitman
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and Takahashi, 1996; Takahashi and Breitman, 1989, 1990, 1994; Tournier et al.,
1996, Cione et al. 2009). Several types of lipid modifications have received
considerable attention over the last few years. It has been demonstrated that palmitic,
myristic, acetic and phosphoric acids, as well as isoprens farnesol and geranilgeranol,
bind to a number of proteins (Schultz et al., 1988; Towler et al., 1988). Retinoylation
is one of these covalent modification reactions occurring on proteins. Biochemical
similarities exist between retinoylation and acylation (i.e., palmitoylation and
myristoylation). In these processes, RA, MA, and PA covalently bind to preformed
protein via a thioester bond after the intermediate formation of acyl-CoA and
retinoyl-CoA (Renstrom and DeLuca, 1989; Wada et al., 2001). Such covalent
modification reactions regulate the interactions of the proteins with cellular
membranes, as well as the interactions with other proteins. Physiologically, retinoids,
bound to proteins or lipoproteins in the extracellular fluids, are taken up by cell
surface receptors, are transferred into the cytoplasm and subsequently bound to
intracellular proteins (Blomhoff et al., 1991). Therefore, retinoids do not normally
equilibrate in phospholipids of cellular membranes.
Retinoylation appear to be tissue specific: steroidogenic tissues (adrenal glands and
testes) resulted to be the most active tissues in incorporating RA with significative
differences in tha necessity of ATP among the two tissues (Cione and Genchi, 2004;
Pingitore et al. 2009). In general it is known that RA is essential for the normal
growth of testes (Chaudhary et al., 1989). The steroid biosynthesis is very active into
testes mitochondria and moreover is stimulated also by RA (Tucci et al, 2008);
therefore this so active testes mitochondrial process of retinoylation should be bound
to steroidogenesis. The retinoylation reaction of rat testes mitochondrial proteins
occurred in the presence of ATP, CoASH, and Mg'". Either the omission of ATP
and/or CoASH in the incubation buffer or the omission of Mg'", or its substitution
with Ca"" reduced the radioactivity bound to the mitochondrial proteins in
considerable manner. Moreover the retinoylation reaction exhibited substrate

specificity. In fact the reaction occurred only in the presence of ATP, ADP (50% of
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the control), and GTP (30% of the control). In testes derived cell lines, RA was able
to bind pre-existing protein and RA supplementation was able to stimulate
testosterone biosynthesis in these cells in the same doses where the retinoylation
reaction was found to be enhanced suggesting a putative role in testicular
steroidogenesis. RA in mouse testes is present constitutively at a concentration of 7—
14 pmol/g or approximatively 7-14 nM (Deltour et al. 1997; Kane et al. 2005). At
nuclear level it is well known that RA functions by binding to ligand-inducible
transcription factors (nuclear receptor proteins belonging to the steroid/thyroid
hormone receptor superfamily) that activate or repress the transcription of
downstream target genes (Chambon, 1996; Soprano and Soprano, 2003). Six nuclear
receptors, termed RARa, RARB, RARy, RXRa, RXRB and RXRy, encoded by
different genes, have been demonstrated to mediate the actions of RA. The natural
metabolite all-trans RA (atRA) and 9-cis RA are high affinity ligands for RARs,
whereas 9-Ccis RA, phytanic acid, docosahexanoic acid, and unsaturated fatty acids,
have been suggested to bind RXRs. These proteins, as heterodimers (RAR/RXR) or
homodimers (RXR/RXR), function to regulate transcription by binding to DNA
sequences located within the promoter of target genes called retinoic acid response
elements (RARE) or retinoid X response elements (RXRE), respectively. RAREs
consist of direct repeats of the consensus half-site sequence AGGTCA separated most
commonly by five nucleotides (DR-5) while RXREs are typically direct repeats of
AGGTCA with one nucleotide spacing (DR-1). The RAR/RXR heterodimer binds to
the RARE with RXR occupying the 5’ upstream half-site and RAR occupying the 3’
downstream half-site. atRA and 13-Cis RA bind to and transactivate only RXR/RAR
complexes, while 9-cis RA interacts with both RXR/RAR heterodimers and
RXR/RXR homodimers. RXR/RAR dimers are believed to be nonpermissive
complexes, in which RXRs act as silent partner. In other words, when the cognate
ligand is bound to the RAR moiety, the RXR counterparts loses the ability to bind its
corresponding ligand (Mangelsdorf and Evans, 1995; Mangelsdorf et al. 1993). In
basal conditions, the RXR/RAR heterodimer is bound to the cognate DNA sequence
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(RARE) and interacts with a multiprotein complex known as the corepressor (Wei,
2004; Weston et al. 2003). The corepressor (RIP140 receptor interacting protein 140)
contains protein endowed with the histone deacetylase (HDAC) and DNA-
methylating activity that concur to keep the surrounding chromatin structure in a
“closed” state, effectively suppressing the transcriptional activity of RNA polymerase
II. On ligand binding the corepressor is released from the RXR/RAR dimer and
substituted by the ‘“coactivator”, which consists of a multiprotein complex with
histone acetylase and demethylase activity (Westin et al. , 2000; Xu et al., 1999a)
opening the chromatine structure and favouring transcription. The activity of the
RXR/RAR dimer is also controlled by a number of accessory signals in which
phosphorylation events stand out (Gianni et al. 2002, 2006) A further layer of
control is represented by the rate of proteolitic degradation of the RXR/RAR dimer
and the various components of the corepressor and coactivator complexes (Gianni et
al. 20006). Little is known about the RXR/RXR pathway which is far less studied
than the RXR/RAR counterpart. Retinoids are promising agents in the
chemoprevention and treatment of the neoplastic disease. Fenretinide, a synthetic
retinoid, has shown efficacy in the secondary chemoprevention of breast cancer
(Veronesi et al. 1999). Indeed, this class of agents finds clinical application or is
proposed also in the treatment of various neoplastic diseases, among which, acute
promyelocytic leukemia (APL) is the most prominent example. The observation that
atRA induces remission in APL through a mechanism of action that is dinstinct from
cytotoxicity, is regarded as a milestone in the history of medicine (Huang et al.
1988). The retinoid is the first and only example of clinically succesfull
cytodifferentiating agent. Cytodifferentiation is a particularly attractive modality of
treatment and differentiating agents promise to be less toxic and more specific than
conventional chemotherapy. Currently, the promise of differentiation therapy is only
partially met and a more general use of atRA and other retinoids as differentiating
agents in oncology is hampered by a number of problems including natural and

acquired resistance as well as local and systemic toxicity. Therefore, retinoids are
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often used as part of a combined therapy. atRA and derivatives modulate the activity
of numerous genes and intracellular pathways. On the other hand, the activity of
nuclear RARs is controlled by various signals, including different types of kinase
cascades. Often the cross talk between atRA-dependent and other intracellular
pathways modulates the cytodifferentiating activity of the retinoid. The knowledge
on the molecular mechanism underlying this cross talk has increased tremendously
over the course of the last few years. In cell cultures, the cytodifferentiating activity
of retinoids is almost invariably accompanied by growth inhibition and the two
processes are difficult to dissociate (Gianni et al. 2000). On the other hand, retinoid-
dependent cytodifferentiation is not necessarily associated with cell death or
apoptosis. Indeed, classical retinoids are relatively weak apoptotic agents and, in
some cases, they even exert a prosurvival action (Lomo et al. 1998). These aspects
of retinoids pharmacology need to be considered when discussing the use of such
agents in oncology. An antiproliferative effect superimposed to cytodifferentiation is
highly desirable, whereas an antiapoptotic action should be avoided.
A generalized use of retinoids in oncology is hampered by a number of unresolved
problems including natural and induced resistance as well as toxicity issues are of
particular evidence, given the fact that differentiation therapy with retinoids requires
prolonged administration of the agents. Chronic exposure to retinoids is accompanied
by serious effects at the level of central nervous and hepatic systems, as well as the
well-know teratogenic problems associated with the administration of these
compounds. Clearly these problems call for strategies aimed at increasing the
efficacy and the therapeutic index of retinoids developing novel, more powerful and
less toxic syntethic retinoids and identifing non-retinoid agents capable of
potentiating the pharmacological activity of retinoids without affecting their toxicity.
This second approach is based on the experimental evidence that the nuclear receptor
pathway interacts with numerous other intracellular pathways, some of which are of
obvious significance from a therapeutic point of view. Retinoids have been proposed

in the adjuvant treatment of brest carcinoma for their ability to inhibit growth and
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induce morphological or phenotypic deifferentiation of breast carcinoma cell lines
(Paik et al. 2003; Yang et al., 2002) and most of the studies have focused on the
antiproliferative activity of retinoids (del Rincon et al. 2003). It is generally accepted
that breast cancer cells express RARa, RARy and RXRa but also Peroxisome
Proliferator-Activated Receptor gamma (PPARY) that can regulate cell proliferation,
differentiation and survival (Lemberger et. Al., 1996; Lefebvre et al. 2006). PPARy
functions as a transcription factor by heterodimerizing with RXR, after which this
complex binds to specific DNA sequence elements called Peroxisome Proliferator
Response Elements (PPREs). PPREs are direct repeats of the consensus sequesnce
with a spacing of one nucleotide (AGGTCA-N-AGGTCA) (Palmer et al. 1995). The
heterodimer PPAR/RXR activated with their ligands, can bind to PPREs in promoter
regions of target genes recruiting coactivator or corepressor to this complex to
modulate gene expression (DiRenzo et al. 1997; Mclerney et al. 1998; Yuan et al.
1998). Previous data show that PPARY, poorly expressed in normal breast epithelial
cells (Elstenr et al., 1998), is present at higher levels in breast cancer cells (Tontonoz,
P., et al. 1994) and its synthetic ligands, such as thiazolidinediones (TZDs), induce
growth arrest and differentiation in breast carcinoma cells in vitro and in animal

models (Mueller et al., 1998; Suh et al., 1999).
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Results and Discussion

RESULTS AND DISCUSSION

All-trans retinoic acid binds and inhibits 2-oxoglutarate carrier

Previously it was demonstrated that mitochondria from rat testes (Genchi and Olson,
2001; Cione and Genchi, 2004) and TM-3 cells (Cione et al., 2005) were extremely
active in incorporating retinoic acid. Moreover, it was highlighted how the
retinoylation reaction and testosterone biosynthesis are positively correlated when
Leydig cell cultures are incubated with atRA at 100 nM (Tucci et al., 2008). As the
biosynthetic steps that lead to testosterone production are mainly NADH/NADPH
dependent, the 2-Oxoglutarate carrier (OGC) activity from mitochondria extracted
both from whole rat testes and Leydig TM-3 cells, was chosen as the experimental
target for its involvement in the malate-and aspartate oxoglutarate—isocitrate shuttle
to provide for the necessary exchange of reducing equivalents between the
mitochondria and the cytosol. The efforts were focused on the OGC from rat testes as
the retinoylation process is more efficient in this tissue and testosterone production in
TM-3 positively correlates to atRA supplementation. 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 retinoylation processes
(as highlighted in Table 1) was the start point for further investigation in this work.
2-cyano-4-hydroxycinnamate shows 45% inhibition when used at a concentration of
5 Mm, whilst, at the same concentration 1,2,3-benzentricarboxylate has a very weak
effect (12% inhibition). In proteoliposomes OGC has been shown to exist as a
homodimer and to function according to a sequential antiport mechanism, catalyzing
the transport of 2-oxoglutarate in electroneutral exchange for some other
dicarboxylates to which malate is bound with the highest affinity. These results have
been interpreted by assuming two separate and coordinated substrate translocation

pathways, one in each monomer.
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Results and Discussion

Carrier Inhibitors on Retinoylation Reaction pmol/mg ptn x 90 minutes SEM n % Inhibition
Control 21,47 2,44 23
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 Inhibitors on Retinoylation Reaction.

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

Our results showed that transport activity of OGC from rat testes mitochondria was
strongly influenced by the sulphydryl group reagent N-ethil-maleimmide (NEM) and
atRA. 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.
1A. 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: Cysl184
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 (Palmieri, 2004). 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. 1A, leading us to hypothesize the existence of a putative amino acid
sequence related to the atRA binding site in OGC. For what concerns OGC and its
involvement in testosterone biosynthesis, the first enzymatic step is to convert

cholesterol in pregnenolone: the reaction occurs in the mitochondrial matrix and
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Results and Discussion

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
it was demonstrated that there is a positive correlation between retinoylation reaction
and testosterone biosynthesis (Tucci et al., 2008): 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 (Stocco, 2001). At the same time the retinoylation 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. 1B) as predicted by the general condition of
retinoyletion described by Cione and Genchi (2004). To gain insight into the
interaction of atRA and OGC two separate assays could have been performed: the
first through photolabeled testes mitochondrial protein with *HatRA, because atRA
binds covalently to proteins under UV light exposure (Bernstein et al., 2005), and the
second via retinoylation reaction with *HatRA (Takahashi and Breitman, 1990).
Performing the latter we observed how the *HatRA binding to a 31.5 KDa protein
was prevented by 2-oxoglutarate, the specific OGC substrate (Fig. 1C). Fluorography
of the electrophoresed proteins revealed the labeling of very few mitochondrial
proteins. Indeed it was observed that the labeling of the 31.5-kDa protein was
prevented when 2-oxo-glutarate, the specific OGC substrate, was added
demonstrating that OGC was labeled by *HatRA. It is presumed that the binding is
covalent on the basis of the work of Takahashi and Breitman (1989). Under normal
conditions, atRA is present in the testes at nanomolar concentrations (Kane et al.,
2008). 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: OGC activity
decreased to 54% of control values with 10 nM atRA and 38% of control values
when atRA was used at a concentration of 100 nM (Fig. 1D). Interestingly, the
concentrations of atRA required for producing this effect in steroidogenic cells are

lower than those required with mitochondria isolated from the whole organ,
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supporting the above-mentioned view that steroidogenic cells can be more sensitive
to atRA than isolated mitochondria as no effect was highlighted at 10 nM of atRA on
OGC extracted from whole tissue (Fig. 1E). In addition 13-Cis RA has been shown as
a competitive inhibitor of atRA in the retinoylation process (Ki =13.50 nM)(Cione
and Genchi, 2004). 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. 1F): 10 nM 13-cis RA was more active in inhibiting OGC activity than
atRA, 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. 1G). Our study, along with others (Notario et al., 2001; Rial et al., 1999;
Radominska-Pandya et al., 2000), suggests that specific interactions among retinoids
and non-nuclear receptor proteins, such as PKC, ANT and OGC, 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 1s 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 (Wolbach and
Howe, 1925; Appling and Chytil, 1981). 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 unexpected discovery of the existence of a CRABP associated with
mitochondria that binds and keeps retinoic acid in the organelle has been described
(Ruff and Ong, 2000). CRABP had been studied for 25 years and has always been
presented as a soluble, presumably cytosolic, protein and mitochondria had not
previously been considered to have any role in RA function or metabolism. The only
demonstrated function for CRABP is to bind RA. Since this protein is associated with
mitochondria, this implies that mitochondria participate in RA management. This

mitochondrial CRABP could explain how retinoic acids could concentrate and
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regulate OGC in the mitochondrial compartment in vivo. The influence of atRA on

OGC via retinoylation might therefore be another level of control in steroidogenesis.
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Figure 1.Mitochondria from testes were incubated for 90 minutes , at 37 °C , in buffer with: (A) ATP, CoA (control)
supplemented with atRA, 100 nM final concentration and atRA + NEM 5mM and(B) ATP, CoA and atRA 100nM at
different pH values. (C) Testes mitochondrial protein labeled with *HatRA by retinoylation process as described in
Materials and Methods. In fluorography, the 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 pg of mitochondrial testes protein together
with *HatRA. OGC presence was verified by immunoblotting.(D)OGC activity from TM-3 cell line after atRA
supplementation (E)Effect on OGC activity of different concentrations of atRA in mitochondria from testes incubated
at 37 °C for 90 min. Effect of on OGC after treatment of mitochondria from TM-3 (F) and testes (G) with 13-cis RA.
OGC was extracted as decribed 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
indipendent experiments. * P< (.05 .**P<0.01
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Adrenal glands, as steroidogenic tissue, are affected by retinoylation reaction

Adrenal glands and gonads synthesize and secrete steroid hormones in response to
pituitary hormones such as corticotrophin (ACTH) or luteotropin (LH) (Waterman,
1994; Saez, 1994). The binding of these peptide hormones to their cognate receptors
is coupled to the formation of cAMP and activation of the protein kinase A signaling
pathway (Richards and Hedin, 1988; Waterman and Bischof, 1997). In particular,
adrenal glands are vital to health and have an important role in development and
reproduction (Harvey and Everett, 2003). The adrenal glands serve a number of
important purposes. They help to regulate glucose levels through cortisol, also known
for their natural anti-inflammatory activity, and supply the organisms with sex
hormones. Among them the dehydroepiandrosterone (DHEA) can be converted into
sex hormones, including estrone and testosterone. In this latter concern, it is known
that retinoids are important in maintaining testes function and testosterone production
is found to be positively correlated to retinoylation in Leydig cells (Tucci et al.,
2007). Therefore we aimed to examine the retinoylation process (as post-translational
modification) on adrenal glands mitochondria to better understand whether the
physiological role of retinoylation process is steroidogenic tissues dependent as the
adrenal glands are the second main steroidogenic tissue in males. In the
mitochondrial compartment of adrenal glands, after 90 minutes at 37°C, the value of
*HRA incorporated reached that one of testes (Cione and Genchi, 2004), in the
standard assay, with no need of ATP supplementation in the incubation buffer (Fig.
2A). In addition, the concentration of CoA required for the retinoylation process in
adrenal glands mitochondria in the absence of ATP, was lower than testes, as shown
in (Fig. 2B-C). The retinoylation extent (about 20 pmol/mg protein, 90 min) for
adrenal glands mitochondria is time dependent: the incorporation rate was essentially
linear for 20 minutes but then fell off at 30 to 90 minutes, decreasing at 150. In
adrenal glands, the process reaches the maximum value found for testes mitochondria
(Cione and Genchi, 2004) after the same incubation time (90 minutes), without any

need of ATP supplementation in the incubation buffer (Fig. 2D). As happened for
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testes, among the cellular sub-fractions mitochondria were 2.5-fold more active than
adrenal glands homogenate (Table 2), providing a further evidence of a
mitochondrial localization of the retinoylation system in steroidogenic tissues. Indeed,
all fractions other than the mitochondria showed relative activities lower than that of
the homogenate. In addition endogenous ATP quantification in both mitochondrial
preparations showed a very significant difference between testes and adrenal glands:
the great difference in the endogenous ATP levels between the two organs, 13 x 107
M for adrenal glands and 52 x 10 M for testes, is the explanation because no extra
ATP is required for the retinoylation reaction to occur (Table 3). In our case, the
Arrhenius plot of the retinoylation process showed that changes exist in the
functioning of the transferring of the retinoyl moiety to the protein(s) between
adrenal glands and testes: the adrenal glands activation energy was found equal to
19.36 KJ/mol in contrast with the 43.5 KJ/mol value determined for testes (Cione and
Genchi, 2004). Most likely our retinoylated protein(s), such as the enzymatic
complex that allows the transfer of the retinoyl moiety, is (are) embedded within the
inner membrane and/or is localized on both side of the membrane because the
retinoylation does not require external ATP supplementation to occur. A further
evidence of it comes from Genchi and Olson (2001) as mitoplasts from testes are still
labelled with 3HRA. Several proteins in Leydig cells are regulated by a cAMP-
dependent pathway and are involved in steroidogenesis; first of all, cytochrome
P450scc (side chain cleavage) (Mellon and Vaisse, 1989) that catalyzes the
conversion of cholesterol to pregnenolone. In our experimental procedures the
aminoglutethimide (3-(4-aminophenyl)-3-ethyl-piperidine-2,6-dione), a specific
inhibitor of cytochrome P450scc, has no effect on the retinoylation process in both
testes and adrenal glands mitochondria giving us the proof that this enzyme is not
involved in the retinoylation process as shown in Fig. 2E. The membrane lipid
composition, the degree of unsaturation and the lenght of the fatty acid chains play
important roles in determining the influence of membranes lipids with respect to the

specific enzyme activities in the mitochondria. Analyzing the composition of the
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mitochondrial membranes of the two organs important differences in fatty acid
composition were detected. Significant changes were measured in the ratio of total
saturated/unsaturated fatty acids between the two tissues as shown in Table 4 and Fig.
2 (F-M). A lower percentage of myristic acid (14:0) (Fig. 2F) 10-fold less in testes as
well as stearic acid (18:0) about 7-fold less were found in the testes mitochondrial
membranes than adrenal gland as shown in Fig. 2G. In addition, about 3-fold higher
amount of palmitic acid (16:0) was found only in testes mitochondria (Fig. 2H). Fig.
2 (I-M) shows the differences of unsaturated fatty acid composition. A much lower
percentage of docosapentaenoic acid (DPA, C22:5 w6) about 60-fold less and a lower
percentage of docosahexaenoic acid (DHA, C22:6 »3) about 10-fold less were found
in the adrenal glands membranes of mitochondria compared to testes as shown in Fig.
2L. In addition, about 30% higher amount of arachidonic acid (ARA, C20:4 w6) was
found in adrenal gland mitochondria (Fig. 2M). Due to the important physiological
functions of arachidonic acid that serve to maintain membrane content and can permit
the activity of enzymes of the respiratory chain (Vazquez-Memije et al., 2005) the
same statement could not be valid the retinoylation process as the differences could
contribute to the enhanced incorporation of RA. Therefore, about 2-fold changes in
the ratio of total saturated/unsaturated fatty acids between the two tissues lead us to
suppose a relationship through fatty acids and retinoylation process (Table 4). In
conclusion RA action by retinoylation process on protein(s) of rat adrenal glands and
testes mitochondria is steroidogenic tissue dependent; cytochrome P450scc is not
affected by the process and probably docosapentaenoic acid (DPA, C22:5 w6) should
play a fundamental role to allow the transfer of the retinoyl moiety. However, since
adrenal glands are arguably the neglected organ in endocrine toxicology (Harvey et al.,
2007), it can’t be excluded that perhaps the retinoylation process is toxic/protective

for that organ.
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Figure 2. (A) Incorporation of [’H]RA (100 nM) into proteins vi Retinoylation reaction on rat adrenal glands
mitochondria at 37°C for 90 min in the absence and in the presence of 5 and 10 mM ATP. Retinoylation activity of
mitochondria from rat testes (B) and adrenal glands (C) plotted as function of indicated CoA concentrations under the
standard conditions for 90 min at 37°C, with 10 mM (B) and 5 mM ATP (C) respectively. (D) Time-dependent
incorporation of [’H]RA (100 nM) into protein from rat adrenal glands mitochondria, incubated under standard assay
conditions but without ATP at 37°C for the times indicated. (E) Mitochondria were incubated with 10 mM AMG in
the presence of 10 mM ATP (testes) and in the absence of ATP (adrenal glands). Saturated(F-H) and unsaturated (1-M)
fatty acids composition (mol %) and of rat mitochondrial membrane phospholipids from adrenal glands and testes
determined by gas-liquid chromatography as Muci et al (20); other conditions as in Table 4;
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Table 2. Retinoylation reaction on adrenal glands cellular sub-fractions
Incorporation of [’H]JRA (100 nM) into proteins by cellular fractions of adrenal glands in duplicate, incubated in a
buffer without ATP for 90 min at 37°C, as described in Materials and Methods

Incorporation of SH-retinoic acid (90 minutes)
Cell fraction Incorporated radioactivity
(pmoles/mg protein)
Homogenate 8.32-809
Nuclei 6.89-6.53
Mitochondria 21.05-2045
Microsomes 3.49-3280
Cytosol 1.49-236

Table 3. Mitochondrial ATP quantification
Content of ATP in adrenal glands and testes mitochondria determined as in Material and Methods

Mitochondrial ATP Quantification (mol/L)
Adrenal Glands 13x 1072
Testes 52x10°%
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Table 4. Fatty Acid composition (mol %) of rat mitochondrial membrane phospholipids from adrenal glands and
testes.

The fatty acid composition of adrenal glands and testes mitochondrial membranes was determined by gas-liquid
chromatography as Muci et al (20). The data are the mean + S.D. of three independent determinations. X saturated =
sum of saturated fatty acids; X unsaturated = sum of unsaturated fatty acids.

Fatty Acid composition (relative percentage)
FA Adrenal Glands Testes
140 048+ 0.01 0
16:0 11.52+0.35 28+041
180 3196+ 0385 47+0.14
181 9 094+ 002 6.2+0.19
182w 6 025+0.11 34+0.10
204m 6 3430+1.12 234+ 096
205m 3 nd 09+001
225m 6 038+0.04 248+ 094
22:6m 3 0.80+0.06 84+0.13
% saturated 4411 +1.19 327+1.02
¥ unsaturated 5582+1.17 67.1+1.29
¥ sat/> unsat 0.79+0.03 049+ 0.01
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The activity of the adenine nucleotide translocator is affected by a component of
the retinoylation buffer.

Indeed, the OGC is not the only mitochondrial carrier protein influenced by the atRA.
A previous study by Notario et al. (2001) demonstrated how micromolar
concentrations of atRA are capable to bind the Adenine Nucleotide Translocator
(ANT) via photo-labelling and inhibit its activity. The ANT translocator exchanges
ADP/ATP across the inner mitochondrial membrane. Discovered about four decades
ago (Bruni et al.,, 1964; Pfaff et al., 1965), ANT is a well-studied protein
(Klingenberg, 1989; Fiore et al. 1998) due to its abundance, its sensitivity to transport
inhibitors and the robustness of the reconstitution method of transport activity in
liposomes (Klingenberg, 1985). Consisting of two identical subunits of about 32 kDa,
the ANT is present in two distinct conformational states, namely the cytosolic (¢) and
the matrix (m) states. The inhibitors carboxyatractyloside (CATR) and atractyloside
(ATR) bind to c-state, while bongkrekic acid (BKA) binds to the m-state
(Klingenberg et al., 1983). It is also assumed that the ANT is the rate-limiting step in
energy metabolism (Heldt and Klingenberg, 1968). It has been demonstrated that
Mg”" inhibits the ADP/ATP exchange and Mg* -nucleotides are not recognized by
the ANT carrier in reconstituted proteoliposomes (Brandolin et al., 1980; Brandolin
et al., 1981). To provide insight to the biochemical mechanism of atRA we studied
the ANT exchange activity under retinoylating conditions (Genchi and Olson, 2001;
Cione and Genchi, 2004). Instead of confirming the negative regulation of the
ATP/ADP exchange (Notario et al.,2003) we found a positive modulation of the ANT
activity due to the presence of Coenzyme A (CoA) in the buffer rather than RA.
CoA is an enzyme cofactor in various reactions: it functions as an acyl group carrier
and carbonyl activating group in numerous reactions central to cellular metabolism,
and provides the 4- phosphopantetheine prosthetic group to proteins that play key
roles in fatty acid, polyketide and non-ribosomal peptide biosynthesis. As acetyl-CoA,
it is essential to the citric acid cycle, to the synthesis and oxidation of ketone bodies

and to cholesterol synthesis. The importance of CoA is reflected in conserved
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biosynthetic pathway across animals, plants and micro-organisms (Genschel, 2004).
Palmitoyl-CoA and long chain acyl-CoA have been shown as potent inhibitors of the
ATP/ADP exchange, when added to a suspension of liposomes reconstituted with
ANT from rat or bovine heart or liver mitochondria, while CoA and palmitic acid
have no effects (Brandolin et al.,1980; Woldegiorgis et al., 1981; Ruoho et al., 1989;
Faergeman and Knudsen, 1997). The role of the ANT in energy-linked respiration is
an important factor in assessing the potential significance of the acyl-CoA esters as
inhibitors and implies that the ANT carrier, like other rate-limiting enzymes, must be
carefully regulated. In order to better understand whether CoA is involved in ANT
interaction, we used a novel experimental model that pre-incubates mitochondria in
an isotonic buffer to mimic the cellular milieu rather than pre-loading vesicles with
CoA or simultaneous addition of CoA with ADP or ATP. It seems reasonable to
consider the possibility that the CoA might represent a natural ligand of the
translocator; fatty acyl-esters share a common structural backbone with the ANT
substrates. Therefore, we studied the activity of ANT after pre-incubation of isolated
liver mitochondria into Tris-HC] buffer, pH 7.4, supplied with ATP-Mg>" and CoA.
Our results indicate that CoA is responsible for an enhanced transport activity of the
ANT carrier protein suggesting a new role of CoA in energy-requiring processes. The
ANT represents the most abundant protein of the inner mitochondrial membrane,
spans the inner mitochondrial membrane and allows the exchange of cytosolic ADP
for mitochondrial ATP. In all the transport assays performed, the liposomal
reconstituted system consisted of partially purified protein. In order to study whether
CoA has any influence on the ANT, we used liver mitochondria in isotonic Tris-HCI
buffer, pH 7.4, supplied with ATP-Mg®" and CoA as experimental model. The
[PH]JATP/ATP exchange was carried out at 25°C and the transport activity of ANT
versus mitochondria pre-incubation time with or without CoA is shown in Fig. 3A. In
the first section of the graph (0-30 minutes), there’s a linear behaviour with slopes of
0.6 and 2.0, respectively for control and CoA incubation. In the second section (30-90

minutes), CoA pre-incubation shows a 3.8 fold greater increase in activity compared
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to control. Both CoA pre-incubated and control samples reach maximum activity at
90 minutes, that remains constant till 150 minutes. Therefore a pre-incubation time of
90 minutes was selected for all subsequent studies. In order to study how different
concentrations of CoA affect the ANT activity, mitochondria were pre-incubated with
the coenzyme in a range of 0-150 uM. The treatment induced activation of the ANT
in a dose-dependent manner as shown in Fig. 3B. Linear regression analysis resulted
in a R? value of 0.8951. To obtain K, and V. values with or without CoA, the
dependence of the ["H]JATP/ATP exchange rate on ATP concentration at 25°C was
studied increasing the concentration of external ["TH]JATP (in a range of 0-500 uM),
while the internal concentration of ATP was constant at 20 mM. Michaelis-Menten
equation was used to interpolate our data. In control experiments, K, and Vpx were
22.19 £ 0.98 uM and 155 + 1.9 nmol ATP/mg protein/min; while with CoA, K, and
Vimax were 22.85 £ 2.52 uM and 673.3 £ 20.74 nmol ATP/mg protein/min,
respectively (Fig. 3C). 3D imaging shows that the interaction between CoA and ANT
is located within the cavity (Fig. 3D) and molecular docking revealed that the R80,
D135, D232 and R235 residues are all involved in the interaction between CoA and
ATP on ANT protein (Table 5). All the above-mentioned amino acids are tightly
conserved among species, including humans, and are key positions for CATR
interaction resulting in inhibitory effects (Pebay-Peroula et al., 2003). To investigate
the influence of CoA on the inhibitory effect of CATR on ANT activity, we used 150
UM CoA as described and a range of CATR concentrations from 0 to 10 uM
preloaded into liposomes. The most prominent effect occurs at 0.1 uM CATR, where
the transport activity of the control was less inhibited compared to the CoA treatment
(Fig. 3E). At 0.1 uM of inhibitor the ANT transport activity of the CoA treated
mitochondria was reduced of a further 20% compared to the control (60% and 80%
of relative exchange activity, respectively). No significant differences were evident
at 0.5 and 1 uM CATR, while a slight influence of CoA could be observed at 2 and
10 uM CATR. ICs resulted changed with a value of 0.198 £ 0.011 uM for control
and 0.142 + 0.012 uM for CoA treated samples. In order to evaluate the dependence
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of the observed CoA-induced activation on a specific ANT isoform, mitochondria
prepared from different tissues were tested. ANT1 is mainly expressed in heart and
skeletal muscle and ANT2 is expressed in tissues able to undergo proliferation, such
as liver, while ANT3 is expressed ubiquitously. The highest transport activation was
found in heart (6.7 activation fold), followed by liver (3.4 activation fold), and
skeleton muscle (2.9 activation fold), while the lowest enhancement of transport
activity was detected in brain (2.5 activation fold), as shown in Table 6. To assess
any modification on the protein between CoA treated and untreated samples, 2D
electrophoresis of purified ANT were run on 18% AA/bisAA gel, resulting in a
slightly shift towards the positive side of the IPG strip after CoA treatment (Fig. 3F-
G). The demonstration that ADP and ATP are the actual substrates for the ANT
comes from experiments carried out either with isolated mitochondria or after
incorporation of the purified carrier into liposomes where the effectors were pre-
loaded into the vesicles or added simultaneously with the substrates when starting the
exchange. In our case, pre-incubation of mitochondria into an isotonic buffer
supplemented with CoA led to completely unique results, which are opposite to the
general behaviour provided by the literature (Brandolin et al., 1980; Woldegiorgis et
al., 1981; Ruoho et al., 1989; Faergeman and Knudsen, 1997). When mitochondria
are pre-incubated at 37°C, the exchange activity of ANT during the first 30 minutes is
almost equal to zero in control sample (20.0 4.5 nmol/mg protein/10 min) and three
times higher (60.0+ 6.3 nmol/mg protein/10 min), when CoA is present (Fig. 3A),
suggesting that the relationship between ANT and CoA should be enzyme related.
Activity increases rapidly between 30 and 90 min for CoA-treated (10.2 fold) and
control mitochondria (8.25 fold) further supporting an enzymatic ANT/CoA
relationship. The increase in control activity is probably due to endogenous
mitochondrial CoA. Both CoA-treated and control reach maximum activity at 90
minutes (615.0 £ 16.1 nmol/mg protein/10 min and 165.0 + 13.0 nmol/mg protein/10
min, respectively) leading to the maximum difference in CoA-mediated ANT

exchange activity over control. In the 90 minutes period both curves are sigmoidal

27



Results and Discussion

with the CoA-mediated activity curve 3~4-fold greater than the control curve
additionally supporting a possible enzymatic mechanism. Hence, the incubation time
of 90 minutes, the first point of maximum activity, was chosen for subsequent
experiments. Once the system overcomes the lag phase (0-30 minutes) ANT activity
is directly proportional to CoA concentration in the range 0-150 uM as shown in Fig.
3B. Kinetic properties of ANT were modified in the presence of CoA (Fig. 3C). Viax
determined in the presence of CoA was more than fourfold greater than control. No
differences in K,, were observed in the presence of CoA. Enhanced V4 indicates a
positive modulation of the carrier, suggesting that ANT could be poised to exchange
when both anabolic and catabolic CoA-mediated biochemical events, requiring more
energy to be transferred from the mitochondrial matrix to the cytoplasm, take place in
the cell. Partial purification of ANT by chromatographic passage through an HTP
column does not decrease the transport activity of the CoA treated samples. CoA
mediated enhancement of ANT transport activity is observed in HTP eluates and in
crude Triton X-100 extracts (with 4 and 9 nmol ATP /mg protein /10 min for
mitochondria pre-incubated in control buffer, and control buffer plus 150 uM CoA,
respectively). Exchange activity of freshly prepared mitochondria, in the presence of
CoA was almost tenfold higher than the control (1412.2 £ 52.8 nmol ATP/mg
protein/10min versus 153.7£13.5 nmol ATP/mg protein/10 min). Moreover, because
the Ky, value is not affected by the CoA treatment, it is reasonable to affirm that the
ATP binding site on ANT is not involved in the CoA interaction. In order to identify
the region involved in the CoA-ANT interaction, we performed a molecular docking
simulation. Results of the molecular docking simulation indicate that R80, D135,
D232 and R235 are all involved in the interaction with CoA as shown in Table 5 and
Fig. 3D. In addition the ATP binds to the same region and the same amino acids that
are also responsible for CATR interaction (Pebay-Peroula et al., 2003). As these
simulated results are in contrast with the ones provided by the kinetic profile, we
investigated the infuence of CoA on CATR effect. The stronger inhibition given at
0.1 uM (20% more than control) is reflected in a change in the 1Csy value upon CoA
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pre-incubation. High concentration of CATR resulted in similar inhibition between
control and CoA-treated due to the excess of inhibitor (Fig. 3E). This result, together
with the unchanged K., suggests that the binding site of CoA is different than that
given for ATP/CATR. Stronger inhibition of ANT activity by CATR in the presence
of CoA implies that the inhibitor interacts more easily with ANT when mitochondria
are pre-incubated with CoA. According to Pebay-Peroula et al. (2003) and our
molecular docking simulations, ATP and CATR share three residues of interaction on
the ANT. Thus in absence of CATR, CoA effect would largely be on ATP. This
supposition that CoA would facilitate interaction with ATP is consistent with the
experimental data shown here: i.e. that ANT exchanges more ATP in presence of
CoA. Therefore we can assert that the CoA binds to ANT independently from the
ATP/CATR binding site and CoA interaction with the ANT protein leads to an
increase in the transport activity as well as an increase in sensitivity to the CATR
inhibitor and/or interaction with ATP. CoA shows a homology motif with the ADP
both in the structure and in the net superficial charge. Therefore a contact between the
protein and the CoA could be justified according to a proximity approach. The
segment spanning residues [311-K318, corresponding to the C-terminal end of the
carrier, was also identified as an ADP binding site able to induce a conformational
change of the dimeric structure (Dianoux et al., 2000). As CoA does not prevent ATP
and CATR from binding ANT, we can hypothesize that the CoA interacts with the
accessory site rather than the one localized in the cavity. Subsequently, an interaction
between the —SH group of the B-mercaptoethylamine and the neighbour region could
take place. More likely, a covalent bond between the —SH group and an acid residue
on the portion of the ANT that spans the intermembrane space could be responsible
of a “key mechanism” that leads to structure modification of the carrier. Alternately,
because CoA is strictly close to the ANT loops and helices, due to the charge pairing
attractions, an enzyme, possibly bound to the outer side of the inner membrane, could
provide the necessary enzymatic activity to conjugate the —SH of the CoA with the

carrier protein. Based on current data, a CoA derivative or a CoA induced
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mechanisms cannot be excluded. As shown in Fig. 3F and 3G, a shift in one of the
bands attributed to the ANT is highlighted. Upon visualization with silver stain
technique, two spots, at about 64 KDa and 32 KDa respectively, appear on both gels
that can be easily identified as a dimeric and monomeric form of the ANT, whose
molecular weight is known to be 31.7 KDa. The purity of the protein sample is
guaranteed by the isolation procedure and chromatographic passages on HTP first
and Matrex Gel Blue B thereafter, verified with an increase in the specificity of the
exchange activity (data not shown). According to its chemical properties, the ANT is
localized around pH 10 on the IPG strip (Fig. 3F): a shift towards the more positive
side of the isoelectrofocusing strip upon incubation of rat liver mitochondria with
CoA has been detected (Fig. 3G). This shift is most likely due to a modification of
the charges on the carrier protein surface, as a result of treatment with CoA.
Although all the ANT isoforms share at least 90% nucleotide sequence identity, they
have been implicated differently in several cellular functions (Battini et al., 1987;
Neckelmann et al., 1987; Cozens et al., 1989; Stepien et al., 1992; Doerner et al.,
1997). We now add the possibility that all the isoforms are similarly involved in the
export functions (Table 6). ANT is a portion of ATP synthasome (Chen et al., 2004)
and the ANT complex is involved in multiple diseases affecting both humans and
animals in which ANT activity is disrupted. Among these, heart diseases,
mitochondrial diseases, osteoporosis, macromolecular degeneration, immune
deficiency, cystic fibrosis, type II diabetes, ulcers, nephro-toxicity, hearing loss, skin
disorders, and cancer are found (Klingenberg, 1989; Dahout-Gonzalez et al., 2005).
A new emerging class of drugs, named mitocans, are activators of either VADC or
ANT and could be used as promising alternative cancer therapeutics (Ralph et al.,
2006). Our findings could provide a novel therapeutic approach for treatment of all
the above mentioned diseases, or just lay the fundamentals for further discoveries in
biochemistry. Additionally, in the literature it is indicated the inhibition of key
enzymes in metabolism by long chain acyl-CoA esters, besides the ADP/ATP
translocator (Woldegiorgis et al., 1981). Our report that the exchange of ADP/ATP
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across the mitochondrial membranes is enhanced by CoA may provide insight into
these enzymatic mechanisms influenced by CoA and suggest unique interactions

and/or structural modifications may exist.

Table 5. Molecular Docking of CoA and ATP interactions with ANT amino acid residues.
With the program Patch-Doc® twelve simulations have been carried out and the percentage of interactions of the
binding region of the BTADT1-CATR complex respect to the binding region of the RnADT1-CoA and RnADTI1-ATP
complexes are expressed as Very High Frequency (VFH, 12/12), High Frequency (HF, 10/12), Low Frequency (LF,
5/12) and Not Available (NA).

Amino acid residues Molecular Docking Simulation
CoA ATP
R80 HF HF'
D95 LF NA
D135 HF NA
D232 VHF HF
R235 VHF VHF
R236 VHF VHF

Table 6. Exchange activity of ANT isolated from mitochondria of various tissues after pre-incubation, with or
without CoA.
Mitochondria were pre-incubated for 90 minutes at 37°C in 50 mM sucrose, 100 mM Tris-HCI, 10 mM ATP, 27 mM
MgCl,, pH 7.4 (control buffer) and in the same buffer supplemented with 150 uM CoA. ANT was isolated and partially
purified. The exchange activities (nmol/mg protein /10 min) were determined as in Material and Methods. The
activation fold was calculated as the ratio between the exchange activity of ANT from mitochondria pre-incubated in
control buffer plus 150uM CoA and control buffer. Results are expressed as Mean + SEM of 5 independent
experiments.

Tissue Exchange Activity Activation Fold
(nmol ATP/mg pin/10min)
- CoA + CoA
Liver 151.3£2.6 512.2+40.8 34
Heart 77.7 £ 4.6 519.0+£7.7 6.7
Skeleton muscle 75.0+2.9 220.2+11.5 i
Brain 7.7+£1.1 19.6£2.1 25
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Figure . (A) Exchange activity of ANT from rat liver mitochondria pre-incubated in 50 mM sucrose, 100 mM Tris-HCI,
10 mM ATP, 27 mM MgCl,, pH 7.4 (control buffer m) and in the same buffer supplemented with 150 uM CoA (A) at
37 °C, for the indicated time points. The exchange activity was assayed at 25°C for 10 minutes as described in Materials
and Methods. (B) Effect of CoA concentration on the ANT exchange activity. (C) Michaelis-Menten kinetic profile of
rat liver mitochondria pre-incubated in 50 mM sucrose, 100 mM Tris-HCIl, 10 mM ATP, 27 mM MgCl,, pH 7.4
(control buffer m) and in the same buffer supplemented with 150 uM CoA (A) at 37 °C. The exchange activity was
assayed for one minute with [*’HJATP, added at concentrations from 0 to 500 uM, at 25°C. (D) 3D Imaging of
Interaction between CoA and ANT. The 3D structure of the ANT carrier was calculated through homology modelling
parameters by Swiss-PDB Viewer software. The template structure is the bovine heart ANT. The final structure was
minimized through the GROMOS96 process implemented in the Swiss-PDB Viewer to reduce steric/binding
perturbation. Molecular-docking simulations were performed on the on-

line http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html server PatchDock and the structures were visualized and
analyzed with PyMol software. (E) Inhibition effect of CATR on ANT from mitochondria incubated for 90 minutes in
50 mM sucrose, 100 mM Tris-HCI, 10 mM ATP, 27 mM MgCl,, pH 7.4 (control buffer m) and in the same buffer plus
150 uM CoA (A). Other experimental procedures as in (B) except that proteoliposomes were pre-loaded with CATR at
the indicated concentrations. After isolelectrofocusing and SDS PAGE, of totally purified ANT protein, upon
visualization with Silver Stain method, two main spots are highlighted at 64 KDa and 32 KDa both in control (F), and
in CoA treated mitochondria(G). Images were acquired in electronic format scanning the gels with a Canonscan Lite
100 scanner, in greyscale with a resolution of 600 DPI.
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Results and Discussion

Combined low doses of PPARy and RXR ligands trigger an intrinsic apoptotic
pathway in human breast cancer cells.

Recently, studies in human cultured breast cancer cells have shown how the TZD,
Rosiglitazone (BRL), promotes antiproliferative effects and activates different
molecular pathways leading to distinct apoptotic processes (Bonofiglio et al. 2005,
2006, 2008). Apoptosis, the 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 ligands 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 PPARy ligand with either ATRA or 9-cis-retinoic acid
(9RA) can induce apoptosis in some breast cancer cells (Elstner et al. 2002).
Furthermore, Elstner et al. demonstrated that the combination of these drugs at
micromolar concentrations reduced tumor mass without any toxic effects in mice
(Elnster et al. 1998). The ability of PPARy ligands to induce differentiation and
apoptosis in a variety of cancer cell types, as in human lung (Tsubouchi et al.,2000),
colon (Kitamura et al. 1999) and breast (Mueller et al. 1998) has been exploited in
experimental cancer therapies (Roberts-Thomson, 2000). PPARy agonist
administration in liposarcoma patients resulted in histologic and biochemical
differentiation markers in vivo (Demetri et al. 1999). However, a pilot study of short-
term therapy with PPARYy ligand Rosiglitazone in early-stage breast cancer patients
does not elicit significant effects on tumor cell proliferation, although the changes
observed in PPARY expression may be relevant to breast cancer progression (Yee et
al. 2007). However, in humans PPARy agonists at high doses exert many side effects
including weight gain due to increased adiposity, edema, hemodilution, and plasma-

volume expansion, which preclude their clinical application in patients with heart
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failure (Arakawa et al., 2004; Rangwala and Lazar, 2004; Staels, 2005). On the other
hand, the natural ligand for RXR, 9RA (Leblanc and Stunnenberg, 1995) has been
effective in vitro against many types of cancer, including breast tumor (Crouch et al,.
1991; Delia et al,. 1993; Rubin et al., 1994; Sun et al.,1997; Wu et al., 1997).
Recently, RXR-selective ligands were discovered to inhibit proliferation of ATRA-
resistant breast cancer cells in vitro and caused regression of the disease in animal
models (Bishoff et al., 1998). The undesirable effects of RXR-specific ligands on
hypertriglyceridemia and suppression of the thyroid hormone axis have been also
reported (Pinaire and, Reifel-Miller, 2007). The additive antitumoral effects of
PPARy and RXR agonists, both at elevated doses, have been shown in human breast
cancer cells (Elstner et al. 2002; Grommes et al., 2004 and references therein).
However, high doses of both ligands have remarkable side effects in humans such as,
weight gain and plasma volume expansion for PPARy ligands (Arakawa et al., 2004;
Rangwala and Lazar, 2004; Staels, 2005) and hypertriglyceridemia and suppression
of the thyroid hormone axis for RXR ligands (Pinaire and Reifel-Miller, 2007). Thus,
in the present study it has been demonstrated that nanomolar concentrations of BRL
and 9RA in combination do not induce noticeable influences in cell vitality on normal
breast epithelial cells, whereas they exert significant antiproliferative effects on breast
cancer cells. The molecular mechanism by which combined treatment with BRL and
9RA at nanomolar doses triggers apoptotic events in breast cancer cells, have been
elucidated, suggesting potential therapeutical uses for these compounds.
To investigate whether low doses of combined agents are able to inhibit cell growth,
the capability of 100 nM BRL and 50 nM 9RA to affect normal and malignant breast
cell lines was first assessed. 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 (Fig. 4A). In the presence of both
ligands cell viability is strongly reduced in all breast cancer cells: MCF-7, its variant
MCEF-7TR1, SKBR-3 and T-47D, while MCF-10 normal breast epithelial cells are
completely unaffected (Fig. 4A). To evaluate the effectiveness of both ligands in the
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presence of serum, we performed MTT assay in MCF7 cells treated with low doses of
BRL and 9RA in SFM as well as in 5% CT-FBS (Fig. 4B). The molecular
mechanism underlying these effects has been elucidated in MCF-7 cells in which an
upregulation of tumor suppressor gene p53 has been observed. A significant increase
in p53 and p21™V*FV“P! content was observed by Western Blot only upon combined
treatment after 24 and 36 h (Fig. 4C). Furthermore, we showed an upregulation of
p53 and p21VAFYCPI MRNA levels induced by BRL plus 9RA after 12 and 24 h (Fig.
4D). To investigate whether low doses of BRL and 9RA are able to transactivate the
p53 promoter gene, we transiently 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 (Fig. 4E). Treatment for 24 h with 100 nM BRL or 50 nM 9RA
did not induce luciferase expression, whereas the presence of both ligands increased
in the transactivation of p53-1 promoter (Fig. 4F). To identify the region within the
p53 promoter responsible for its transactivation, we used constructs with deletions to
different binding sites such as CTF-1, nuclear factor-Y (NF-Y), NFkB and GC sites
(Fig. 4E). In transfection experiments 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 (Fig. 4F). In contrast, a construct
with a deletion in the NFKB domain (p53-14) encoding the sequence from -106 to -49,
the transactivation of p53 by both ligands was absent (Fig. 4F), suggesting that NFkB
site is required for p53 transcriptional activity.
To gain further insight into the involvement of NFkKB site in the p53 transcriptional
response to BRL plus 9RA, we performed electrophoretic mobility shift assay
experiments using syntethic oligodeoxyribonucleotides corresponding to the NFkB
sequence within p53 promoter. We observed the formation of a specific DNA binding
complex in nuclear extracts from MCF-7 cells (Fig. 5A, lane 1), where specificity is
supported by the abrogation of the complex by 100-fold molar excess of unlabeled
probe (Fig. 5A, lane 2). BRL treatment induced a slightly increase in the specific
band (Fig. 5A, lane 3), while no changes were observed on 9RA exposure (Fig. 5A,
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lane 4). The combined treatment increased the DNA binding complex (Fig. 5A, lane
5), which was immunodepleted and supershifted using anti-PPARy (Fig. 5A, lane 6)
or anti-RXRa (Fig. 5A, lane 7) antibodies. These data indicate that heterodimer
PPARYy/RXRa binds to NFkB site located in the promoter of p53 in vitro. The
interaction of both nuclear receptors with the p53 promoter was further elucidated by
chromatin immunoprecipitation assays. Using anti-PPARy and anti-RXRa antibodies,
protein-chromatin complexes were immunoprecipitated from MCF-7 cells treted with
100nM BRL and 50nM 9RA. PCR was used to determine the recruitment of PPARYy
and RXRa to the p53 region containing the NFKB sequence. The results indicated that
either PPARy or RXRa was constitutively bound to the p53 promoter in untreated
cells and this recruitment was increased on BRL plus 9RA exposure (Fig. 5B).
Similarly an augmented RNA-Pol 1II recruitment was obtained by
immunoprecipitating cells with an ANTI-RNA-Pol II antibody indicating that a
positive regulation of p53 transcription activity was induced by combined treatment
(Fig. 5B). The role of p53 signaling in the intrinsic apoptotic cascades 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 assessed whether BRL plus 9RA could affect
the function of mitochondria by analyzing membrane potential with a mitochondria
fluorescent dye JC-1 (Cossarizza et al., 1997; Smiley et al., 1991). In non-apoptotic
cells (control) the intact mitochondrial membrane potential allows the accumulation
of lipophilic dye in aggregated form in mitochondria which display red fluorescence.
MCEF-7 cells treated with 100 nM BRL or 50 nM 9RA exhibit red fluorescence
indicating intact mitochondrial membrane potential (data not shown). Cells treated
with both ligands exhibit green fluorescence indicating disrupted mitochondrial
membrane potential where JC-1 cannot accumulate within the mitochondria, but
instead remains as a monomer in the cytoplasm (Fig. 5C). Changes in mitochondrial
membrane permeability, an important step in the induction of cellular apoptosis, is

concomitant with collapse of the electrochemical gradient across the mitochondrial
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membrane through the formation 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, were
detected in BRL plus 9RA-treated MCF-7 cells. Concomitantly, cytochrome C
release from mitochondria into the cytosol, a critical step in the apoptotic cascade,
was demonstrated after combined treatment (Fig. 5D). 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 7A). No effects were elicited by
either the combined or the separate treatment on caspase-8 activation, a marker of
extrinsic apoptotic pathway (Table 7B). The activation of caspase 9, in the presence
of no changes in the biological activity of caspase 8, support that in our experimental
model only the intrinsic apoptotic pathway is the effector of the combined treatment
with the two ligands. Since inter-nucleosomal 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 specific antagonist of PPARy GW9662 (GW) or by
AS/p53, which is able to abolish p53 expression (Fig. 5E). 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 PPARYy and an RXR ligand to trigger apoptosis. DNA
fragmentation assay showed that only in the presence of combined treatment did cells
undergo apoptosis in a p53-mediated manner (Fig. 5F), implicating a general
mechanism in breast carcinoma. The crucial role of p53 gene in mediating apoptosis
supported by the evidence that the effects on the apoptotic cascade were abrogated in
the presence of AS/p53 in all breast cancer cell lines tested, including tamoxifen
resistant breast cancer cells. In tamoxifen resistant breast cancer cells, other authors
have observed that EGFR, IGF-1R and c-Src signaling are constitutively activated
and responsible for a more aggressive phenotype consistent with an increased
motility and invasiveness (Knowlden et al., 2003; Jones et al., 2004; Hiscox et al.,

2005). This gives emphasis to the potential use of the combined therapy with low
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doses of both BRL and 9RA as novel therapeutic tool particularly for breast cancer

patients who develop resistance to antiestrogen therapy.

Table 7. Activation of caspases in MCF-7 cells. Cells were stimulated for 48 h in presence of BRL 100nM, 9RA
50nM alone or in combination. The activation of caspase 9 (A) and caspase 8 (B) was analysed by Flow Cytometry
Assay. Data were presented as mean * S.D. of triplicate experiments. *p<0.05 combined-treated vs untreated cells.

A
Caspase 9 % of Activation SD
control 14,16 12,565
BRL100nM 17,23 11,678
9RA50NM 18,14 #0,986
BRL+9RA 33,88 * 45,216
B
Caspase 8 % of Activation sD
control 9,20 41,430
BRL100nM 8,12 41,583
9RAS50NM 7,90 10,886
BRL+9RA 10,56 +2,160
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Figure 4.(A) Breast cells were treated for 48 h in SFM in the presence of BRL 100nM or/and 9RA 50nM. Cell vitality was measured
by MTT assay. Data were presented as mean + S.D. of three independent experiments done in triplicate. (B) MCF7 cells were treated
for 24, 48 and 72 h with BRL 100nM and 9RA 50nM in the presence of SFM and 5% CT-FBS. *p<0.05 and **p<0.01 treated vs
untreated cells. (C) Immunoblots of p53 and p21VAFCP! from extracts of MCF-7 cell treated with BRL 100nM and 9RA 50nM alone
or in combination for 24 and 36 h. GAPDH was used as loading control. The side panels show the quantitative representation of data
(mean = S.D.) of three independent experiments after densitometry. (D) p53 and p21VAFVCP! mMRNA expression in MCF-7 cells
treated as in A for 12 and 24 h. The side panels show the quantitative representation of data (mean + S.D.) of three independent
experiments after densitometry and correction for 36B4 expression. *p<0.05 and **p<0.01 combined-treated vs untreated cells. N:
RNA sample without the addition of reverse transcriptase (negative control). (E) Schematic map of the p53 promoter fragments used
in this study. (F) MCF-7 cells were transiently transfected with p53 gene promoter-luc reporter constructs (p53-1, p53-6, p53-13,
p53-14) and treated for 24 h with BRL 100nM and 9RA 50nM 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 + S.D. of three
independent experiments performed in triplicate. *p<0.05 combined-treated vs 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, nuclear factor kB.
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Figure 5. (A) Nuclear extracts from MCF-7 cells (lane 1) were incubated with a double-stranded NFKB consensus sequence probe
labeled with [* 2P] and subjected to electrophoresis 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 100nM BRL (lane 3),
50nM 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 h with 100nM BRL and/or 50nM 9RA as indicated, and
then cross-linked with formaldehyde and lysed. The soluble chromatin was immunoprecipitated with anti-PPARy, anti-RXRa and
anti-RNA Pol II antibodies. The immunocomplexes were reverse cross-linked, and DNA was recovered by phenol/chloroform
extraction 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 pl of initial preparations of soluble chromatin (before
immunoprecipitations). N: negative control provided by PCR amplification without DNA sample. (C) MCF-7 cells were treated with
100nM BRL plus 50nM 9RA for 48 h 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. (D) MCF-7 cells were treated for 48 h with BRL
100nM and/or 9RA50nM. GAPDH was used as loading control. (E) DNA laddering was performed in MCF-7 cells transfected and
treated as indicated for 56 h. 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 100nM BRL
plus 50nM 9RA for 56 h. GAPDH was used as loading control. (F) DNA laddering was performed in MCF-7 TR1, SKBR-3, 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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METHODS

Isolation of mitochondria from tissues. Male Wistar rats (250-300 g) were euthanized, according to practice
procedures approved by the ethical committee, and tissues were immediately removed. The tissue(s) object of study was
first minced and then homogenized in 10 volumes of 250 mM sucrose, 10 mM Tris-HCI, 1 mM EDTA, pH 7.4, by use
of a Potter-Elvehjem Teflon homogenizer and the mitochondria were isolated by differential centrifugation as described
by Genchi et al. (1996). Mitochondria were then resuspended in sucrose-Tris-EDTA buffer to provide a protein
concentration of 15-18 mg/mL. These suspensions were either immediately used or frozen at -70°C. Protein
concentration was measured by the Lowry procedure (Lowry et al., 1951) with bovine serum albumin (BSA) as
reference standard. The purity of the mitochondrial preparation was checked by assaying marker enzymes for
lysosomes, peroxisomes and plasma membranes.

Incubation of mitochondria and extraction of the 2-oxoglutarate carrier (OGC). 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 mitochodrial suspensions were centrifuged and
protein extracted in 3% Triton X-114, 20 mM Na,SO,, 1 mM EDTA, 10 mM Pipes, pH 7.0, and after 10 minutes on ice,
the mixture was centrifuged at 13000 rpm for 5 minutes.

Incorporation of radioactive RA in mitochondria from adrenal glands and testes. [’H]JRA or RA were dissolved in
ethanol under yellow safe-light. The concentration of RA was spectrophotometrically determined, the ethanol was
evaporated under nitrogen, and the dry residue resuspended in dimethylsulfoxide (DMSO). The RA solution was diluted
into the retinoylation buffer such that the final concentration of DMSO was no higher than 0.5%. The buffers were
SmM ATP, 50 uM CoA, 27 mM MgCl,, 50 mM sucrose, 100 mM Tris, pH 7.4 for adrenal glands mitochondrial
preparation, and 10 mM ATP, 150 uM CoA, 27 mM MgCl,, 50 mM sucrose, 100 mM Tris, pH 7.4 for testes
mitochondria and the incubation was carried out at 37°C for 90 minutes in a final ratio of 1 mg protein / 1 ml (see Fig.1
and 2 and Results). The reaction was stopped by adding TCA at a final concentration of 5%. The mixture was
centrifuged in an Eppendorf centrifuge at 13,000rpm for 10 min, and the precipitate was extracted seven times with 0.5
ml CHCl;:MeOH (2:1) containing 0.005% BHT. The pellet was solubilised in 0.2 ml 1% SDS, 40 mM Tris, 2 mM
EDTA, pH 7.5, at 50 °C and counted in a TriCarb 2100TR liquid scintillation counter (Packard). The counting
efficiency was about 70%.

Pre-incubation of mitochondria and purification of Adenine Nucleotide Translocator. Mitochondria (20 mg
protein) were pre-incubated in a buffer of 10 mM ATP, 150 uM CoA, 27 mM MgCl,, 50 mM sucrose, and 100 mM
Tris, pH 7.4, in a final volume of 20 mL at 37°C for 90 min. Then the suspension was centrifuged in a Sorvall
centrifuge at 13,000 x g for 10 min. The mitochondrial pellet was solubilized in 300puL 3% Triton X-100 (w/v), 20 mM
Na,SO,4, 1 mM EDTA, and 10 mM Pipes, pH 7.0. After 15 min at 4 °C, the mixture was centrifuged at 13,000 x g for
10 min and then 225 pL of Triton X-100 extract supplemented with 1 mg of cardiolipin were applied to 600 mg dry
hydroxylapatite (HTP) column and eluted at 4°C with the same buffer until the first milliliter was collected (partial
purification). 2 mL of HTP eluates were pooled together and applied to a pasteur pipette filled with ImL of Matrex Gel
Blue B pre-equilibrated with 4 mL 8M Urea, 4 mL of water and 4 mL of Triton X-100 buffer (0.1% Triton X-100,
20mM Na,S0O,4, ImM EDTA and 5mM PIPES, pH 7.0) each in sequence. The resin was then eluted with 4 mL of 0.1%
Triton X-100 buffer followed by two additions of 800uL of 6mg/mL asolectin in 0.1% Triton X-100 buffer, the latter
of which allows the recovery of the total purified ANT. The purity of the sample was verified via SDS PAGE and
Coomassie staining (data not shown). Protein concentration was determined by the Lowry method modified for the
presence of Triton (Dulley and Grieve, 1975).

Reconstitution into liposomes and Determination of OGC transport Activity. 20 pg of protein from the triton X-
114 extract of mitochondria were added to 100 uL of sonicated phospholipids (10% w/v), 100 pL of 10% Triton X-114
in Pipes 10 mM, 40uL of Malate 200 mM, 230 uL Pipes 10 mM pH 7.0 in a final volume of 700 uL and were applied
to an Amberlite XAD-2 column in agreement with Palmieri [21]. 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
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the proteoliposomal suspension through a Sephadex G-75 column preequilibrated with 50 mM NaCl and 10 mM Pipes,
pH 7.0. The first 600 puL of the slightly turbid eluate, containing the proteoliposomes, were collected, transferred to 1.5
mL microcentrifuge tubes (150 puL each), and used for transport measurements by the inhibitor stop method. Transport
was carried out at 25 °C by adding 0.1 mM ['*C] 2-oxoglutarate and stopped after 10 minutes 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 (0.5x8cm).
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.

Testes mitochondria labeling with *HatRA and Western Blot analysis of OGC. Direct labeling with *HatRA was
performed according to a method described previously. Under yellow safe-light, 5 pCi/5 pL 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 and shaken for
90 minutes under yellow light, after which 10 uL of SDS-polyacrylamide gel electrophoresis sample buffer was added,
the samples boiled and then loaded to run with standard SDS-polyacrylamide gel electrophoresis techniques. The gel
was stained with Coomassie Brillant 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 analyses was performed using
overnight rabbit monoclonal antibody to OGC at 4° C (1:500 diluition in TBST). Next day the membrane was incubated
for 1 h at room temperature with horseradish peroxidase-conjugate antibodies to rabbit immunoglobulin G (1:2000
dilutions) and the immune complex was detected with chemiluminescence reagents (ECL).

Reconstitution of the ADP/ATP carrier in liposomes and transport measurements. 20 pg of protein from the HTP
eluate were added to 100 pL of sonicated phospholipids (10% w/v), 100 pL of 10% Triton X-114 in 10 mM Pipes, 70
pL of 200 mM ATP, 230 puL of 10 mM Pipes, pH 7.0, in a final volume of 700 pL. This mixture was applied to an
Amberlite XAD-2 column for 15 times in agreement with Palmieri and Klingenberg(1979). All the operations were
carried out at room temperature. External substrates were removed by a passage of the Amberlite XAD-2 eluate through
a Sephadex G-75 column (0.75 cm x 15 cm) pre-equilibrated with 50 mM NaCl and 10 mM Pipes, pH 7.0. The eluted
proteoliposomes were split in 150 pl aliquots and assayed at 25°C for the transport measurements by the inhibitor stop
method (Palmieri and Klingenberg, 1979), using 0.1 mM ["H]ATP to start the exchange and 20 mM pyridoxal 5’
phosphate to stop it after 10 minutes. At time zero, the inhibitor and [’HJATP were added to the control sample. A
further passage through a Sephadex G-75 column (0.5 cm x 8cm), eluting with 50 mM NaCl, allowed the removal of
the external radioactivity. The proteoliposome fractions containing ["HJATP were collected in 4 ml of scintillation
cocktail. The experimental values were corrected by subtracting the respective control. A Tricarb 2100 TR scintillation
counter was used and the counting efficiency was about 70-73 %. To obtain K, and Vn data, the exchange was
performed as described above, stopping the process after 1 minute. The kinetic values were calculated by GraphPad®
Prism 4 software. When CATR was used, liposomes were preloaded with the inhibitor during the reconstitution passage.

Isoelectrofocusing and SDS PAGE. 9 volumes of ice cold acetone were added to an equivalent volume of 20ug of
Matrex Gel Blue B eluted protein followed with two washes in the same solvent to allow precipitation of the protein
and further removal of interfering substances (like salts and detergent). The pellet was then solubilized in 150 uL
rehydration buffer [128 puL 1.1X Zoom 2D protein solubilizer (Invitrogen), 0.7 uL 2M DTT, 0.5 % ampholytes, trace of
Bromophenol Blue, deionized water to 150 uL]. A 3-10 IPG strip (Invitrogen) was then carefully covered with the
buffer paying attention to provide a homogeneous distribution of the sample under the strip with no formation of air
bubbles, according with the ZOOM IPG Runner System protocols provided by the manufacturer, and left overnight at
room temperature Isolelectrofocusing (IEF) was performed following 3 steps: 175 V, 15 min; 175-2000 V ramp, 45 min;
2000 V, 30 min. Prior to perform the SDS PAGE separation the strip was removed from the IEF chamber, washed with
milli-Q distilled water, equilibrated and alkylated with 223 mg iodoacetamide in 10mL of equilibration buffer at room
temperature. The proteins were resolved into a 18% acrylamide gel with a ratio acrylamide:bisacrylamide of 30:0.2, and
visualized with silver stain method.
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Alignment of ANT and molecular docking simulations. The 3D structure of the ANT carrier was calculated through
homology modelling parameters by Swiss-PDB Viewer software (Guex and Peitch, 1997). The bovine heart ANT,
whose crystalline structure has been resolved with a 2.2 A resolution, was used as template structure (Pebay-Peyroula et
al., 2003). In order to reduce steric or/and binding perturbations, the final structure was minimized through the
GROMOS96 process (Van Gusteren et al, 2004) implemented in the Swiss-PDB Viewer. Molecular-docking
simulations were performed using the on-line server PatchDock (Sandak et al., 2002, Schneidman-Duhovny et. Al.,
2002) available at http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html and the structures were visualized and analyzed
with PyMol software (DeLano, 2002).

TM-3 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 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). 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.

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 1,200xg for 5 min at 4°C. The pellet was solubilized in 180 uL. 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.

Breast cancer cell cultures. Wild-type human breast cancer MCF-7 cells were grown in DMEM-F12 plus glutamax
containing 5% new-born 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 described by Herman
(21) maintaining cells in MEM with 10% foetal bovine serum (FBS) (Invitrogen), 6 ng/ml insulin, penicillin (100
units/ml), streptomycin (100 pg/ml) and adding 4-hydroxytamoxifen in 10-fold increasing concentrations every weeks
(from 10” to 10 final). Cells were thereafter routinely maintained with 1uM 4-hydroxytamoxifen. SKBR-3 breast
cancer cells were grown in DMEM without red phenol, plus glutamax containing 10% FBS and 1 mg/ml penicillin-
streptomycin. T-47D breast cancer cells were grown in RPMI 1640 with glutamax containing 10% FBS, 1mM sodium
pyruvate, 10mM HEPES, 2,5¢/L glucose, 0,2 U/ml insulin and 1 mg/ml penicillin-streptomycin. MCF-10 normal breast
epithelial cells were grown in DMEM-F12 plus glutamax containing 5% horse serum (Sigma), 1 mg/ml penicillin-
streptomycin, 0,5 pg/ml hydrocortisone and 10 pg/ml insulin.

Plasmids. The p53 promoter-luciferase plasmids, kindly provided by Dr. Stephen H. Safe (Texas A&M University,
College Station, TX, USA), 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) (20). As an internal transfection control, we cotransfected the plasmid pRL-CMV
(Promega Corp., Milan, Italy) that expresses Renilla luciferase enzymatically distinguishable from firefly luciferase by
the strong cytomegalovirus enhancer promoter. The pGL3 vector containing three copies of a PPRE 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, USA). The p53 antisense plasmid (AS/p53) was kindly provided from Dr.
Moshe Oren (Weizmann Institute of Science, Rehovot, Israel).

MTT Assay. Cell viability was determined with the MTT assay (22). Cells (2x10° cells/ml) were grown in 6 well plates
and exposed to BRL 100nM, 9RA 50nM alone or in combination in serum free medium (SFM) and in 5% charcoal
treated (CT)-FBS. 100 pl of MTT (5mg/ml) were added to each well, and the plates were incubated for 4 h at 37 °C.
Then, 1 ml 0.04N HCI in isopropanol was added to solubilise the cells. The absorbance was measured with the
Ultrospec 2100 Pro-spectrophotometer (Amersham-Biosciences, Milan, Italy) at a test wavelength of 570 nm with a
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reference wavelength of 690 nm. The optical density (O.D.) was calculated as the difference between the two
absorbencies.

Immunoblotting. Cells were grown in 10cm dishes to 70-80% confluence and exposed to treatments in SFM as
indicated. Cells were then harvested in cold phosphate-buffered saline (PBS) and resuspended in lysis buffer containing
20mM HEPES (pH 8), 0.lmM EGTA, SmM MgCl,, 0.5M NaCl, 20% glycerol, 1% Triton, and inhibitors (0.1mM
sodium orthovanadate, 1% phenylmethylsulfonylfluoride (PMSF), 20mg/ml aprotinin). Protein concentration was
determined by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA USA). A 40ug portion of protein lysates
was used for Western blotting (WB), resolved on a 10% SDS-polyacrylamide gel, transferred to a nitrocellulose
membrane, and probed with an antibody directed against the p53, p21"V*"/“P! (Santa Cruz Biotechnology, CA USA).
As internal control, all membranes were subsequently stripped (0.2 M glycine, pH 2.6, for 30 min at room temperature)
of the first antibody and reprobed with anti-GAPDH antibody (Santa Cruz Biotechnology). The antigen-antibody
complex was detected by incubation of the membranes for 1 h at room temperature with peroxidase-coupled goat
antimouse or antirabbit IgG and revealed using the enhanced chemiluminescence system (Amersham Pharmacia,
Buckinghamshire UK). Blots were then exposed to film (Kodak film, Sigma). The intensity of bands representing
relevant proteins was measured by Scion Image laser densitometry scanning program.

RT-PCR Assay. MCF-7 cells were grown in 10cm dishes to 70-80% 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
procedures. Two micrograms of total RNA were reverse transcribed in a final volume of 20 pl using a RETROscript kit
as suggested by the manufacturer (Promega). The cDNAs obtained were amplified by PCR using the following primers:
5’-GTGGAAGGAAATTTGCGTGT-3" (p5S3 forward) and 5’-CCAGTGTGATGATGGTGAGG-3" (p53 reverse), 5°-
GCTTCATGCCAGCTACTTCC-3* (p21 forward) and 5’-CTGTGCTCACTTCAGGGTCA-3’ (p21 reverse), 5-
CTCAACATCTCCCCCTTCTC-3’ (36B4 forward) and 5’-CAAATCCCATATCCTCGTCC-3’ (36B4 reverse) to yield,
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, a reverse transcription PCR was performed on 2 pg 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. MCF-7 cells were transferred into 24 well plates with 500ul of regular growth medium/well the
day before transfection. The medium was replaced with SFM on the day of transfection, which was performed using
Fugene 6 reagent as recommended by the manufacturer (Roche Diagnostics, Mannheim, Germany) with a mixture
containing 0.5ug of promoter-luc or reporter-luc plasmid and 5ng of pRL-CMV. After transfection for 24 h, treatments
were added in SFM as indicated, and cells were incubated for an additional 24 h. Firefly and Renilla luciferase activities
were measured using the Dual Luciferase 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 10cm dishes were
transfected with Sug of AS/p53 using Fugene 6 reagent as recommended 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.

EMSA. Nuclear extracts from MCF-7 cells were prepared as previously described (23). Briefly, MCF-7 cells plated
into 10cm dishes were grown to 70-80% confluence, shifted to SFM for 24 h, and then treated with 100nM BRL, 50nM
9RA alone and in combination for 6 h. Thereafter, cells were scraped into 1.5ml of cold PBS, pelleted for 10 sec and
resuspended in 400ul cold buffer A (10mM HEPES-KOH, pH 7.9, at 4 °C, 1.5mM MgCl,, 10mM KCl, 0.5mM
dithiothreitol, 0.2mM PMSF, 1mM leupeptin) by flicking the tube. Cells were allowed to swell on ice for 10 min and
then vortexed for 10 sec. Samples were then centrifuged for 10 sec and the supernatant fraction was discarded. The
pellet was resuspended in 50ul of cold Buffer B (20mM HEPES-KOH, pH 7.9; 25% glycerol; 1.5mM MgCl,; 420mM
NaCl; 0.2mM EDTA; 0.5mM dithiothreitol; 0.2mM PMSF; 1mM leupeptin) and incubated in ice for 20 min for high-
salt extraction. Cellular debris was removed by centrifugation for 2 min at 4 °C, and the supernatant fraction (containing
DNA-binding proteins) was stored at -70 °C. The probe was generated by annealing single-stranded oligonucleotides
and labeled with [*’P]JATP (Amersham Pharmacia) and T4 polynucleotide kinase (Promega) and then purified using
Sephadex G50 spin columns (Amersham Pharmacia). The DNA sequence of the NF«kB located within p53 promoter as
probe is 5’-AGT TGA GGG GAC TTT CCC AGG C-3’ (Sigma Genosys, Cambridge, UK). The protein-binding
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reactions were carried out in 20ul of buffer [20mM HEPES (pH 8.0), ImM EDTA, 50mM KCI, 10mM dithiothreitol,
10% glycerol, 1mg/ml BSA, 50pg/ml polydeoxyinosinic deoxycytidylic acid] with 50,000 cpm of labeled probe, 20ug
of MCF7 nuclear protein, and 5ug of polydeoxyinosinic deoxycytidylic acid. The mixtures were incubated at room
temperature for 20 min in the presence or absence of unlabeled competitor oligonucleotides. 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 min before addition of labeled probe. The entire reaction mixture was electrophoresed
through a 6% polyacrylamide gel in 0.25X Tris borate-EDTA for 3 h at 150 V. Gel was dried and subjected to
autoradiography at -70 °C.

ChIP Assay. MCF-7 cells were grown in 10cm dishes to 50-60% confluence, shifted to SFM for 24 h, and then treated
for 1 h as indicated. Thereafter, cells were washed twice with PBS and cross-linked with 1% formaldehyde at 37 °C for
10 min. Next, cells were washed twice with PBS at 4 °C, collected and resuspended in 200pl of lysis buffer (1% SDS;
10mM EDTA; 50 mM Tris-HCI, pH 8.1), and left on ice for 10 min. Then, cells were sonicated four times for 10 sec at
30% of maximal power (Vibra Cell 500 W; Sonics and Materials, Inc., Newtown, CT) and collected by centrifugation
at 4 °C for 10 min at 14,000 rpm. The supernatants were diluted in 1.3 ml of immunoprecipitation buffer (0.01% SDS;
1.1% Triton X-100; 1.2mM EDTA; 16.7mM Tris-HCI, pH 8.1; 16.7mM NaCl) followed by immunoclearing with 60ul
of sonicated salmon sperm DNA/protein A agarose (DBA Srl, Milan, Italy) for 1 h at 4 °C. The precleared chromatin
was immunoprecipitated with anti-PPARYy, anti-RXR[J or anti-RNA Pol II antibodies (Santa Cruz Biotechnology). At
this point, 60ul salmon sperm DNA/protein A agarose was added, and precipitation was further continued for 2 h at
4 °C. After pelleting, precipitates were washed sequentially for 5 min with the following buffers: Wash A [0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI (pH 8.1), 150mM NacCl], Wash B [0.1% SDS, 1% Triton X-100, 2mM
EDTA, 20mM Tris-HCI (pH 8.1), 500mM NacCl], and Wash C [0.25M LiCl, 1% NP-40, 1% sodium deoxycholate,
ImM EDTA, 10mM Tris-HCl (pH 8.1)], and then twice with TE buffer (10mM Tris, ImM EDTA). The
immunocomplexes were eluted with elution buffer (1% SDS, 0.1 M NaHCO3). The eluates were reverse cross-linked
by heating at 65 °C and digested with proteinase K (0.5mg/ml) at 45 °C for 1 h. DNA was obtained by phenol-
chloroform-isoamyl alcohol extraction. Two microliters of 10mg/ml yeast tRNA (Sigma) were added to each sample,
and DNA was precipitated with 95% ethanol for 24 h at -20 °C and then washed with 70% ethanol and resuspended in
20ul of TE buffer. A 5ul 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)
containing the kB site from -254 to -42 region. The PCR conditions for the p53 promoter fragments were, 45 sec at
94 °C, 40 sec at 57 °C, 90 sec 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 provided 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
monitored with the dye 5,5°,6,6’tetra-chloro-1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) (Biotium,
Hayward, USA). In healthy cells, the dye stains the mitochondria bright red. The negative charge established by the
intact mitochondrial membrane potential allows the lipophilic dye, bearing a delocalized positive charge, to enter the
mitochondrial matrix where it aggregates and gives red fluorescence. In apoptotic cells, the mitochondrial membrane
potential collapses, and the JC-1 cannot accumulate within the mitochondria, it remains in the cytoplasm in a green
fluorescent monomeric form (24). MCF-7 cells were grown in 10cm dishes and treated with 100 nM BRL and/or 50 nM
9RA for 48 hours, then cells were trypsinized, washed in ice-cold PBS, and incubated with 10mM JC-1 at 37 °C in a 5%
CO; incubator for 20 min in darkness. Subsequently, cells were washed twice with PBS and analyzed by fluorescence
microscopy. 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 apoptotic cells can be visualized by fluorescence microscopy 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 mitochondrial and cytoplasmatic
fractions. Cells were harvested by centrifugation at 2,500 rpm for 10 min at 4 °C. The pellets were suspended in 36ul
RIPA buffer plus 10pg/ml aprotinin, S0OmM PMSF and 50mM sodium orthovanadate and then 4ul of 0.1% digitonine
were added. Cells were incubated for 15 min at 4 °C and centrifuged at 12,000 rpm for 30 min at 4 °C. The resulting
mitochondrial pellet was resuspended in 3% Triton X-100, 20mM Na,SO,, 10mM PIPES and 1mM EDTA, pH 7.2, and
centrifuged at 12,000 rpm for 10 min 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 pg) were resolved by 15% SDS-PAGE
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and electrotransferred to nitrocellulose membranes and probed with an antibody directed agaist the cytochrome C
(Santa Cruz Biotechnology). Then, membranes were subjected to the same procedures described for immunoblotting.

Flow Cytometry Assay. MCE-7 cells (1x10° cells/well) were grown in 6 well plates and shifted to SFM for 24 h before
adding treatments for 48 h. Thereafter, cells were trypsinized, centrifuged at 3,000 rpm for 3 min, washed with PBS.
Addition of 0.5ul of FITC antibodies anti-caspase 9 and anti-caspase 8 (Calbiochem, Milan, Italy) in all samples was
performed and then incubated for 45 min in at 37 °C. Cells were centrifuged at 3,000 rpm for 5 min, the pellets were
washed with 300ul of wash buffer and centrifuged. The last passage was repeated twice, the surnatant removed, and
cells dissolved in 300ul of wash buffer. Finally, cells were analyzed with the FACScan (Becton Dickinson and Co.,
Franklin Lakes, NJ).

DNA Fragmentation. DNA fragmentation was determined by gel electrophoresis. MCF-7 cells were grown in 10cm
dishes to 70% confluence and exposed to treatments. After 56 h cells were collected and washed with PBS and pelletted
at 1,800 rpm for 5 min. The samples were resuspended in 0.5ml of extraction buffer (S0mM Tris-HCI, pH 8; 10mM
EDTA, 0.5% SDS) for 20 min in rotation at 4 °C. DNA was extracted with phenol-chloroform three times and once
with chloroform. The aqueous 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 resuspended in 15ul of H,O treated with RNAse A
for 30 min at 37 °C. The absorbance of the DNA solution at 260 and 280 nm was determined by spectrophotometry.
The extracted DNA (40pg/lane) was subjected to electrophoresis on 1.5% agarose gels. The gels were stained with
ethidium bromide and then photographed.

Statistical Analysis. Statistical analysis was performed using one way ANOVA followed by Newman-Keuls testing to
determine differences in means or Dunnett’s Multiple Comparison tes. P<0.05 was considered as statistically significant.
Differences were considered significant at values of * P < 0.05, ** P <0.01.
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Al Magnifico Rettore
Universita della Calabria
SEDE

Presentazione del Collegio dei docenti del Dr. Pingitore Attilio per il
conseguimento del titolo di “Dottore di Ricerca in Biochimica Cellulare ed
attivita dei Farmaci in Oncologia” (XXII ciclo).

L’attivita scientifica del Dr. Attilio Pingitore, durante i tre anni del dottorato di
Ricerca in “Biochimica Cellulare ed attivita dei Farmaci in Oncologia” (XXII ciclo),
¢ stata rivolta allo studio dei meccanismi attraverso cui i retinoidi esercitano i loro
effetti in diversi tessuti e linee cellulari tumorali.

Durante il primo anno di dottorato il Dr. Attilio Pingitore ha appreso le tecniche di
base (Cromatografia, Western Blotting, colture cellulari, handling di laboratorio)
rafforzate da uno stage formativo presso il Centre of Excellence in Drug Discovery
della Glaxosmithkline sede di Verona, nell’ambito del progetto “Tirocini
Farmindustria”. Lavorando presso dipartimento di Screening & Compound Profiling
(direttore Dr. Wolfgang Jarolimek) ha pertanto appreso metodiche di colture cellulari
con organismi geneticamente modificati di livello 1 e II, saggi Fluorometrici
(Tecnologia FLIPR —Fluorometric Imaging Plate Reader) nonché applicazioni
statistiche (piattaforme Spotfire® e ActivityBase® ). Durante il secondo anno il Dr.
Pingitore ha incentrato il suo lavoro sulla caratterizzazione dei meccanismi di
retinoilazione in tessuti steroidogenici, apprendendo ed utilizzando metodiche di
isolamento di strutture subcellulari (mitocondri, microsomi, membrane) e
I’1identificazione di proteine sia da tessuti che da linee cellulari immortalizzate. In
particolare, il Dr. Pingitore ha rivolto la sua attenzione ai meccanismi di
incorporazione di acido retinoico in tessuti steroidogenici e alla capacita dell’acido
tutto trans retinoico e dei sui isomeri di influenzare le attivita delle proteine
trasportatrici mitocondriali dimostrando come il carrier del 2-oxo glutarato (OGC)
venga retinoilato e come la sua attivita ne sia influenzata. 1 dati ottenuti hanno
prodotto una pubblicazione internazionale sulla rivista Biochimica et Biophysica
Acta — Molecular and Cell Biology of Lipids (BBA) e lo stesso lavoro ¢ stato
selezionato da parte di una commissione scientifica dei maggiori esperti del campo
come Comunicazione Orale al “FASEB Summer Research Conference RETINOIDS
2008” tenutosi a New Haven (CT — USA). Inoltre, il dr. Pingitore ha successivamente
studiato e caratterizzato la reazione di retinoilazione nelle ghiandole surrenali,
secondo organo steroidogenico per eccellenza, dimostrando come mitocondri di
ghiandole surrenali siano in grado di incorporare acido retinoico. I dati ottenuti hanno



prodotto una pubblicazione internazionale sulla rivista internazionale Journal of
Bioenergetics and Biomembranes (JBB). Nell’ ambito dello studio delle moficazioni
post traduzionali, il dr. Pingitore ha frequentato un corso avanzato di Chimica
Biologica ¢ dei Polipeptidi presso il Dipartimento di Chimica (direttore Prof.
M.Przyblyski) del centro di eccellenza europeo presso 1’ Universita di Costanza
(Germania), dove ha appreso tecniche di  separazione  proteica,
isoelettrofocalizzazione, 2D SDS PAGE, analisi in proteomica, sintesi chimica
(manuale ed automatica) di peptidi e polipeptidi lineari ¢ ramificati, MALDI-TOF
analisi, LC/MS/MS e tecniche di bioinformatica. Ha contestualmente svolto, presso
lo stesso dipartimento, intensa attivita di ricerca in qualita di visiting student, dove ha
acquisito 1 dati necessari alla comprensione del meccanismo di modificazione
dell’attivita del carrier degli adenin nucleotidi (ANT) da parte del Coenzima A
pubblicato sull’ International Journal of Biochemistry and Cell Biology (1JBCB).
L’attenzione del Dr. Pingitore ¢ stata anche rivolta al ruolo dei retinoidi
nell’inibizione della crescita di cellule tumorali mammarie. E’ infatti ben noto
I’utilizzo sia dei derivati naturali che di sintesi del retinolo come agenti differenzianti
e chemioterapici nelle terapie antitumorali, tra cui 1 tumori al seno, che sono fra le
principali cause di morte nelle donne. I principali effetti dei retinoidi sono
generalmente mediati da recettori nucleari quali RARs e RXRs. A tale proposito, il dr.
Pingitore ha contribuito allo studio degli effetti pro-apoptotici di dosi nutriceutiche
dell’acido 9 cis-retinoico (9-cis RA), ligando specifico di RXR in combinazione con
il rosiglitazone (BRL), ligando selettivo di PPARy, su diverse linee cellulari di
carcinoma mammario, quali MCF-7, MCF-7TR, T47-D, SKBR-3 ¢ la controparte
normale MCF-10. Considerato il diverso corredo recettoriale estrogenico che le linee
cellulari tumorali studiate presentano, con una diversa responsivita alla terapia
antiestrogenica, 1 risultati aprono una nuova prospettiva per un approccio terapeutico
basato su un meccanismo alternativo. I risultati hanno portato ad una pubblicazione
sulla rivista internazionale American Journal of Pathology (AJP). Il Dr. Pingitore,
collaborando con il laboratorio del prof Picci dello stesso ateneo, ha condotto test in
vitro sulla capacita delle stearyl-ferulate based solid nanoparticles (SF-SLNs),
utilizzate come veicoli per proteggere dalla luce a-tocoferolo e [-carotene, di
influenzare la vitalita di cellule di fibroblasti epidermici (RAT-1) risultando coautore
di un articolo nella rivista internazionale Colloids and Surfaces B Biointerfaces
(CSBB). Nel terzo ed ultimo anno di ricerca il dr. Pingitore, in qualita di Visiting
Scholar, presso il Department of Nutritional Science and Toxicology (chair
J.L.Napoli) della University of California — Berkeley — USA - nei laboratori del prof.



J.L.Napoli, ha rivolto la sua attenzione, utilizzando modelli in vivo (topi C56BL/6
Wild Type e Knock Out) e in vitro (colture cellulari primarie ed immortalizzate),
sulla capacita dei derivati della vitamina A di influenzare il metabolismo del glucosio
ed il rilascio di insulina. In particolare, gli studi di Glucose Sensing e Glucose
Stimulated Insulin Secretion (GSIS) sono stati condotti, attraverso metodiche di
ELISA, PCR, Real Time PCR, microscopia confocale. La determinazione dei diversi
retinoidi ¢ stata effettuata tramite 1’ applicazione della LC/MS/MS sistema tandem. I
dati ottenuti sono attualmente sotto considerazione da parte della rivista
internazionale e multidisciplinare Science.

Durante ’intero periodo del dottorato di ricerca il Dr. Attilio Pingitore ha
mostrato notevole interesse nell’apprendimento di numerose tecniche laboratoristiche,
evidenziando ottime capacita nell’esecuzione dei protocolli sperimentali e nella
valutazione dei dati ottenuti. Il contributo scientifico del Dr. Pingitore ¢ dimostrato
dai lavori pubblicati su riviste internazionali di prestigio quali American Journal of
Pathology, International Journal of Biochemistry and Cell Biology, Biochimica et
Biophysica Acta — Molecular and Cell Biology of Lipids, Journal of Bioenergetics
and Biomembranes, Colloids and Surfaces B Biointerfaces di cui & co-autore.
Pertanto si esprime parere estremamente positivo sull’attivita scientifica del Dr.
Attilio Pingitore.

Rende, 24-11-2008

Il Coordinatore del Dottorato 11 tutor

Prof Diego Sisci ?i Zott.ssa Danigla Bonofigli
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The adenine nucleotide translocator (ANT) accomplishes the exchange of ATP from the mitochondrial
matrix with cytoplasmic ADP. While investigating the biochemical mechanism of retinoic acid (RA) on
the ANT via retinoylation, we have found and subsequently demonstrated a positive influence of Coen-
zyme A (CoA) on the transport of ATP across the membranes of rat liver mitochondria. CoA enhances ANT

activity in a dose-dependent manner modifying the Viqx (673.3 +20.7 nmol ATP/mg protein/min ver-

Keywords:
Mitochondria
Adenine nucleotide translocator

sus 155.0 + 1.9 nmol ATP/mg protein/min), the ICs, for the specific inhibitor carboxyatractyloside (CATR)
(0.142+£0.012 wM versus 0.198 +0.011 wM) but not the Ky, (22.50+0.52 uM versus 22.19+0.98 wM).
Data suggest a likely enzymatic involvement in the interaction between ANT and CoA. The effect of CoA

CoA is observed in mitochondria from several different tissues.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Retinoylation, retinoic acid (RA) acylation, is a post-translational
modification of proteins occurring in a variety of eukariotic cell
lines and subcellular compartments both in vivo and in vitro
(Takahashi and Breitman, 1989). The process occurs in the pres-
ence of Mg2*, ATP, and CoA; the omission of these substrates in
the in vitro assay incubation buffer markedly reduces the extent of
retinoylation (Genchi and Olson, 2001; Cione and Genchi, 2004).
The exchange of ADP for ATP generates vital energy: every day
each human being synthesizes a quantity of ATP equivalent to
his own mass. Adenine nucleotide translocator (ANT) exchanges
ADP/ATP across the inner mitochondrial membrane. Discovered
about four decades ago (Bruni et al., 1964; Pfaff et al., 1965), ANT
is a well-studied protein (Klingenberg, 1989; Fiore et al., 1998)
due to its abundance, its sensitivity to transport inhibitors and
the robustness of the reconstitution method of transport activ-
ity in liposomes (Klingenberg, 1985). Consisting of two identical
subunits of about 32 kDa, the ANT is present in two distinct confor-
mational states, namely the cytosolic (c) and the matrix (m) states.
The inhibitors carboxyatractyloside (CATR) and atractyloside (ATR)
bind to c-state, while bongkrekic acid (BKA) binds to the m-state
(Klingenberg et al., 1983). It is also assumed that the ANT is the rate-
limiting step in energy metabolism (Heldt and Klingenberg, 1968).
It has been demonstrated that Mg2* inhibits the ADP/ATP exchange

* Corresponding author. Tel.: +39 0984 493454; fax: +39 0984 493271.
E-mail address: genchi@unical.it (G. Genchi).
1 Equally contributed.

1357-2725/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocel.2009.09.017

and MgZ*-nucleotides are not recognized by the ANT carrier in
reconstituted proteoliposomes (Brandolin et al., 1980, 1981).

A previous study by Notario et al. (2003) demonstrated the neg-
ative regulation of all trans RA on ANT exchange activity. To provide
insight to the biochemical mechanism of the atRA effect we studied
the ANT exchange activity under retinoylating conditions (Genchi
and Olson, 2001; Cione and Genchi, 2004). Instead of confirming
the negative regulation of the ATP/ADP exchange (Notario et al.,
2003) we found a positive modulation of the ANT activity due to
the presence of CoA in the buffer rather than RA.

CoA is an enzyme cofactor in various reactions: it functions
as an acyl group carrier and carbonyl activating group in numer-
ous reactions central to cellular metabolism, and provides the
4-phosphopantetheine prosthetic group to proteins that play key
roles in fatty acid, polyketide and non-ribosomal peptide biosyn-
thesis. As acetyl-CoA, it is essential to the citric acid cycle, to the
synthesis and oxidation of ketone bodies and to cholesterol synthe-
sis. The importance of CoA is reflected in conserved biosynthetic
pathway across animals, plants and micro-organisms (Genschel,
2004).

Palmitoyl-CoA and long chain acyl-CoA have been shown as
potent inhibitors of the ATP/ADP exchange, when added to a sus-
pension of liposomes reconstituted with ANT from rat or bovine
heart or liver mitochondria, while CoA and palmitic acid have no
effects (Brandolin et al., 1980; Woldegiorgis et al., 1981; Ruoho
et al., 1989; Faergeman and Knudsen, 1997). The role of the ANT
in energy-linked respiration is an important factor in assessing
the potential significance of the acyl-CoA esters as inhibitors and
implies that the ANT carrier, like other rate-limiting enzymes, must
be carefully regulated. In order to better understand whether CoA
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isinvolved in ANT interaction, we used a novel experimental model
that pre-incubates mitochondria in an isotonic buffer to mimic the
cellular milieu rather than pre-loading vesicles with CoA or simul-
taneous addition of CoA with ADP or ATP. It seems reasonable to
consider the possibility that the CoA might represent a natural
ligand of the translocator; fatty acyl-esters share a common struc-
tural backbone with the ANT substrates. Therefore, we studied the
activity of ANT after pre-incubation of isolated liver mitochondria
into Tris-HCI buffer, pH 7.4, supplied with ATP-Mg2* and CoA. Our
results indicate that CoA is responsible for an enhanced transport
activity of the ANT carrier protein suggesting a new role of CoA in
energy-requiring processes.

2. Materials and methods
2.1. Chemicals

Hydroxyapatite (Bio-Gel HTP) was purchased from Bio-Rad
(Milan, Italy); Amberlite XAD-2, ATP, BSA, cardiolipin, CATR, CoA,
EDTA, L-a-phosphatidylcholine from egg yolk, PIPES, Tris, Tri-
ton X-100 and Triton X-114 from Sigma-Aldrich (Milan, Italy);
Sephadex G-75 from Amersham Biosciences (Milan, Italy), [2,8
3H]ATP (32.7Ci/mmol) and liquid scintillation cocktail Ultima-
Flo™ from PerkinElmer (Boston, USA). All other chemicals used
were of the highest purity commercially available.

2.2. Isolation of mitochondria

Male Wistar rats (250-300g) were euthanized, according to
practice procedures approved by the ethical committee, and liv-
ers were immediately removed. The tissue was first minced and
then homogenized in 10 volumes of 250mM sucrose, 10 mM
Tris-HCl, 1 mM EDTA, pH 7.4, by use of a Potter-Elvehjem Teflon
homogenizer and the mitochondria were isolated by differential
centrifugation as described by Genchi et al. (1996). Mitochondria
were then resuspended in sucrose-Tris-EDTA buffer to provide a
protein concentration of 15-18 mg/mL. These suspensions were
either immediately used or frozen at —70°C. Protein concentra-
tion was measured by the Lowry procedure (Lowry et al., 1951)
with bovine serum albumin (BSA) as reference standard. The purity
of the mitochondrial preparation was checked by assaying marker
enzymes for lysosomes, peroxisomes and plasma membranes.

2.3. Pre-incubation of mitochondria and purification of ANT

Mitochondria (20 mg protein) were pre-incubated in a buffer
of 10mM ATP, 150 M CoA, 27 mM MgCl,, 50 mM sucrose, and
100 mM Tris, pH 7.4, in a final volume of 20 mL at 37 °C for 90 min.
Then the suspension was centrifuged in a Sorvall centrifuge at
13,000 x g for 10 min. The mitochondrial pellet was solubilized in
300 wL 3% Triton X-100 (w/v), 20mM Na,SO4, 1 mM EDTA, and
10mM Pipes, pH 7.0. After 15min at 4°C, the mixture was cen-
trifuged at 13,000 x g for 10 min and then 225 L of Triton X-100
extract supplemented with 1 mg of cardiolipin were applied to
600 mg dry hydroxylapatite (HTP) column and eluted at 4°C with
the same buffer until the first milliliter was collected (partial purifi-
cation). 2mL of HTP eluates were pooled together and applied
to a pasteur pipette filled with 1 mL of Matrex Gel Blue B pre-
equilibrated with 4 mL 8 M Urea, 4 mL of water and 4 mL of Triton
X-100 buffer (0.1% Triton X-100, 20 mM Na;SO4, 1 mM EDTA and
5mM PIPES, pH 7.0) each in sequence. The resin was then eluted
with 4 mL of 0.1% Triton X-100 buffer followed by two additions of
800 L of 6 mg/mL asolectin in 0.1% Triton X-100 buffer, the latter
of which allows the recovery of the total purified ANT. The purity of
the sample was verified via SDS PAGE and Coomassie staining (data
not shown). Protein concentration was determined by the Lowry

method modified for the presence of Triton (Dulley and Grieve,
1975).

2.4. Reconstitution of the ADP/ATP carrier in liposomes and
transport measurements

20 g of protein from the HTP eluate were added to 100 wL of
sonicated phospholipids (10%, w/v), 100 pL of 10% Triton X-114
in 10mM Pipes, 70 L of 200mM ATP, 230 pL of 10mM Pipes,
pH 7.0, in a final volume of 700 wL. This mixture was applied
to an Amberlite XAD-2 column for 15 times in agreement with
Palmieri and Klingenberg (1979). All the operations were carried
out at room temperature. External substrates were removed by a
passage of the Amberlite XAD-2 eluate through a Sephadex G-75
column (0.75 cm x 15 cm) pre-equilibrated with 50 mM NaCl and
10mM Pipes, pH 7.0. The eluted proteoliposomes were split in
150 wL aliquots and assayed at 25°C for the transport measure-
ments by the inhibitor stop method (Palmieri and Klingenberg,
1979), using 0.1 mM [3H]ATP to start the exchange and 20 mM
pyridoxal 5-phosphate to stop it after 10 min. At time zero, the
inhibitor and [3H]ATP were added to the control sample. A further
passage through a Sephadex G-75 column (0.5 cm x 8 cm), eluting
with 50 mM NaCl, allowed the removal of the external radioactivity.
The proteoliposome fractions containing [2H]ATP were collected in
4 mL of scintillation cocktail. The experimental values were cor-
rected by subtracting the respective control. A Tricarb 2100 TR
scintillation counter was used and the counting efficiency was
about 70-73%. To obtain Ky, and Viex data, the exchange was per-
formed as described above, stopping the process after 1 min. The
kinetic values were calculated by GraphPad® Prism 4 software.
When CATR was used, liposomes were preloaded with the inhibitor
during the reconstitution passage.

2.5. Isoelectrofocusing and SDS PAGE

9 volumes of ice cold acetone were added to an equivalent vol-
ume of 20 pg of Matrex Gel Blue B eluted protein followed with two
washes in the same solvent to allow precipitation of the protein
and further removal of interfering substances (like salts and deter-
gent). The pellet was then solubilized in 150 L rehydration buffer
[128 wL 1.1x Zoom 2D protein solubilizer (Invitrogen), 0.7 wL 2 M
DTT, 0.5% ampholytes, trace of Bromophenol Blue, deionized water
to 150 L]. A 3-10 IPG strip (Invitrogen) was then carefully cov-
ered with the buffer paying attention to provide a homogeneous
distribution of the sample under the strip with no formation of
air bubbles, according with the ZOOM IPG Runner System protocols
provided by the manufacturer, and left overnight at room temper-
ature. Isolelectrofocusing (IEF) was performed following 3 steps:
175V, 15 min; 175-2000V ramp, 45 min; 2000V, 30 min.

Prior to perform the SDS PAGE separation the strip was removed
from the IEF chamber, washed with milli-Q distilled water; equi-
librated and alkylated with 223 mg iodoacetamide in 10 mL of
equilibration buffer at room temperature.

The proteins wereresolved into a 18% acrylamide gel with a ratio
acrylamide:bisacrylamide of 30:0.2, and visualized with silver stain
method.

2.6. Alignment and molecular docking

The 3D structure of the ANT carrier was calculated through
homology modelling parameters by Swiss-PDB Viewer software
(Guex and Peitch, 1997). The bovine heart ANT, whose crystalline
structure has been resolved with a 2.2 A resolution, was used as
template structure (Pebay-Peyroula et al., 2003). In order to reduce
steric or/and binding perturbations, the final structure was min-
imized through the GROMOS96 process (Van Gunsteren et al.,
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Fig. 1. Time course of ANT activity. Rat liver mitochondria were pre-incubated in
50 mM sucrose, 100 mM Tris-HCl, 10 mM ATP, 27 mM MgCl,, pH 7.4 (control buffer
W) and in the same buffer supplemented with 150 WM CoA (a) at 37 °C. At the indi-
cated times the mitochondria were centrifuged, the ANT was extracted and partially
purified. The exchange activity was assayed at 25 °C for 10 min as described in Sec-
tion 2. Results are expressed as mean + SEM of 3 independent experiments. Overall
Pvalue<0.05 (*).

1996) implemented in the Swiss-PDB Viewer. Molecular-docking
simulations were performed using the on-line server PatchDock
(Sandak et al., 2002; Schneidman-Duhovny et al., 2003) available at
http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html and the struc-
tures were visualized and analyzed with PyMol software (DeLano,
2002).

3. Statistical analysis

Statistical analysis was performed by one-way ANOVA test fol-
lowed 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, **P<0.01.

4. Results

The ANT represents the most abundant protein of the inner
mitochondrial membrane, spans the inner mitochondrial mem-
brane and allows the exchange of cytosolic ADP for mitochondrial
ATP. In all the transport assays described below, the liposomal
reconstituted system consisted of partially purified protein. In
order to study whether CoA has any influence on the ANT, we
used liver mitochondria in isotonic Tris-HCI buffer, pH 7.4, supplied
with ATP-Mg2* and CoA as experimental model. The [3H]ATP/ATP
exchange was carried out at 25 °C and the transport activity of ANT
versus mitochondria pre-incubation time with or without CoA was
shown in Fig. 1. In the first section of the graph (0-30 min), there’s
a linear behaviour with slopes of 0.6 and 2.0, respectively for con-
trol and CoA incubation. In the second section (30-90 min), CoA
pre-incubation shows a 3.8-fold greater increase in activity com-
pared to control. Both CoA pre-incubated and control samples reach
maximum activity at 90 min, that remains constant till 150 min.
Therefore a pre-incubation time of 90 min was selected for all sub-
sequent studies.

In order to study how different concentrations of CoA affect
the ANT activity, mitochondria were pre-incubated with the coen-
zyme in a range of 0-150 .M. The treatment induced activation of
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Fig. 2. Effect of CoA concentration on the ANT. After 90 min incubation at 37°C in
50 mM sucrose, 100 mM Tris-HCl, 10 mM ATP, 27 mM MgCl,, pH 7.4, in the pres-
ence of CoA from 0 to150 wM, mitochondria were centrifuged and the ANT was
extracted and partially purified. The exchange activity was assayed at 25°C for
10 min as described in Section 2. Data were fit with a straight line and linear regres-
sion analysis resulted in a R? value of 0.8951. Results are expressed as mean + SEM
of 5 independent experiments. P<0.05 (*) and P<0.01 (**) versus control.

the ANT in a dose-dependent manner was shown in Fig. 2. Linear
regression analysis resulted in a R? value of 0.8951.

To obtain K, and Vg values with or without CoA, the depen-
dence of the [3H]ATP/ATP exchange rate on ATP concentration
at 25°C was studied increasing the concentration of external
[3H]ATP (in a range of 0-500 M), while the internal concentration
of ATP was constant at 20 mM. Michaelis-Menten equation was
used to interpolate our data. In control experiments, K;; and Vipgx
were 22.19+0.98 M and 155+ 1.9 nmol ATP/mg protein/min;
while with CoA, Kn and Vipgx were 22.85+2.52uM and
673.34+20.74 nmol ATP/mg protein/min, respectively (Fig. 3).

3D imaging shows that the interaction between CoA and ANT is
located within the cavity (Fig. 4) and molecular docking revealed
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Fig. 3. Kinetic parameters of ATP transport in mitochondria. Mitochondria were
pre-incubated in 50 mM sucrose, 100 mM Tris-HCl, 10 mM ATP, 27 mM MgCl,, pH
7.4 (control buffer M) and in the same buffer supplemented with 150 wM CoA (a)
at 37°C. The exchange activity was assayed for 1 min with [*H]ATP, added at con-
centrations from 0 to 500 wM, at 25 °C. Other experimental procedures as in Fig. 2.
Results are expressed as mean + SEM of 3 independent experiments.
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Fig. 4. 3D imaging: interaction between CoA and ANT. The 3D structure of the
ANT carrier was calculated through homology modelling parameters by Swiss-PDB
Viewer software. The template structure is the bovine heart ANT. The final struc-
ture was minimized through the GROMOS96 process implemented in the Swiss-PDB
Viewer to reduce steric/binding perturbation. Molecular-docking simulations were
performed on the on-line http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html server
PatchDock and the structures were visualized and analyzed with PyMol software.

that the R80, D135, D232 and R235 residues are all involved in
the interaction between CoA and ATP on ANT protein (Table 1).
All the above-mentioned amino acids are tightly conserved among
species, including humans, and are key positions for CATR interac-
tion resulting in inhibitory effects (Pebay-Peyroula et al., 2003).

To investigate the influence of CoA on the inhibitory effect of
CATR on ANT activity, we used 150 uM CoA as described and a
range of CATR concentrations from O to 10 M preloaded into lipo-
somes. The most prominent effect occurs at 0.1 wM CATR, where
the transport activity of the control was less inhibited compared to
the CoA treatment (Fig. 5). At 0.1 wM of inhibitor the ANT trans-
port activity of the CoA-treated mitochondria was reduced of a
further 20% compared to the control (60% and 80% of relative
exchange activity, respectively). No significant differences were
evident at 0.5 and 1 wM CATR, while a slight influence of CoA could
be observed at 2 and 10 uM CATR. ICsp resulted changed with
a value of 0.198 +£0.011 wM for control and 0.142 +0.012 puM for
CoA-treated samples.

Table 1
Molecular docking of CoA and ATP interactions with ANT amino acid residues.

100
75
50

25 4

Exchange Activity (relative percentage)

0 0:1 0"5 ] !1 2'.0 10
CATR (uM)

Fig. 5. Inhibition effect of CATR on ANT. Mitochondria were incubated for 90 min in
50 mM sucrose, 100 mM Tris—HCl, 10 mM ATP, 27 mM MgCl,, pH 7.4 (control buffer
W) and in the same buffer plus 150 wM CoA (a). Other experimental procedures as
in Fig. 2 except that proteoliposomes were pre-loaded with CATR at the indicated
concentrations. The exchange activity was assayed at 25 °C for 10 min as described
in Section 2. Results are plotted as dose-response curve, n=3.P<0.01 (**) for 0.1 uM
CATR versus control.

In order to evaluate the dependence of the observed CoA-
induced activation on a specific ANT isoform, mitochondria
prepared from different tissues were tested. ANT1 is mainly
expressed in heart and skeletal muscle and ANT2 is expressed in
tissues able to undergo proliferation, such as liver, while ANT3
is expressed ubiquitously. The highest transport activation was
found in heart (6.7 activation fold), followed by liver (3.4 activation
fold), and skeleton muscle (2.9 activation fold), while the lowest
enhancement of transport activity was detected in brain (2.5 acti-
vation fold), as shown in Table 2.

To assess any modification on the protein between CoA-treated
and -untreated samples, 2D electrophoresis of purified ANT were
run on 18% AA/bisAA gel, resulting in a slightly shift towards the
positive side of the IPG strip after CoA treatment (Fig. 6).

5. Discussion

The demonstration that ADP and ATP are the actual substrates
for the ANT comes from experiments carried out either with

Table 2
Exchange activity of ANT isolated from mitochondria of various tissues after pre-
incubation, with or without CoA.

Tissue Exchange activity Activation fold

Amino acid residues Molecular-docking simulation (nmol ATP/mg ptn/10 min)

CoA ATP — CoA + CoA
R80 HF HF Liver 1513 £ 2.6 512.2 + 40.8 34
D95 LF NA Heart 77.7 £ 4.6 519.0 + 7.7 6.7
D135 HF NA Skeleton muscle 75.0 £ 2.9 2202 £ 11.5 2.9
D232 VHF HF Brain 7.7 £1.1 19.6 £+ 2.1 2.5
R235 VHF VHF - ] - . .
R236 VHF VHF Mitochondria were pre-incubated for 90 min at 37°C in 50 mM sucrose, 100 mM

With the program Patch-Doc® twelve simulations have been carried out and the per-
centage of interactions of the binding region of the BTADT1-CATR complex respect to
the binding region of the RnADT1-CoA and RnADT1-ATP complexes are expressed
as very high frequency (VFH, 12/12), high frequency (HF, 10/12), low frequency (LF,
5/12) and not available (NA).

Tris-HCl, 10 mM ATP, 27 mM MgCl,, pH 7.4 (control buffer) and in the same buffer
supplemented with 150 uM CoA. ANT was isolated and partially purified. The
exchange activities (nmol/mg protein/10 min) were determined as in Section 2. The
activation fold was calculated as the ratio between the exchange activity of ANT
from mitochondria pre-incubated in control buffer plus 150 uM CoA and control
buffer. Results are expressed as mean +SEM of 5 independent experiments.
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KDa 3 pH 10
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325
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ANT
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Fig. 6. 2D of ANT protein. Upon visualization with Silver Stain method, two main
spots are highlighted at 64 and 32 kDa both in control (A), and in CoA-treated
samples (B). Images were acquired in electronic format scanning the gels with a
Canonscan Lite 100 scanner, in greyscale with a resolution of 600 DPI.

isolated mitochondria or after incorporation of the purified car-
rier into liposomes where the effectors were pre-loaded into the
vesicles or added simultaneously with the substrates when start-
ing the exchange. In our case, pre-incubation of mitochondria
into an isotonic buffer supplemented with CoA led to completely
unique results, which are opposite to the general behaviour pro-
vided by the literature (Brandolin et al., 1980; Woldegiorgis et al.,
1981; Ruoho et al., 1989; Faergeman and Knudsen, 1997). When
mitochondria are pre-incubated at 37°C, the exchange activity
of ANT during the first 30 min is almost equal to zero in con-
trol sample (20.0 +4.5 nmol/mg protein/10 min) and three times
higher (60.0 + 6.3 nmol/mg protein/10 min), when CoA is present
(Fig. 1), suggesting that the relationship between ANT and CoA
should be enzyme related. Activity rapidly increases between 30
and 90 min for CoA-treated (10.2-fold) and control mitochondria
(8.25-fold) further supporting an enzymatic ANT/CoA relationship.
The increase in control activity is probably due to endogenous
mitochondrial CoA. Both CoA-treated and control reach maxi-
mum activity at 90 min (615.0 + 16.1 nmol/mg protein/10 min and
165.0 4 13.0 nmol/mg protein/10 min, respectively) leading to the
maximum difference in CoA-mediated ANT exchange activity over
control. In the 90 min period both curves are sigmoidal with the
CoA-mediated activity curve 3-4-fold greater than the control
curve additionally supporting a possible enzymatic mechanism.
The incubation time of 90 min, the first point of maximum activity,
was chosen for subsequent experiments. Once the system over-

comes the lag phase (0-30 min) ANT activity is directly proportional
to CoA concentration in the range 0-150 M as shown in Fig. 2.

Kinetic properties of ANT were modified in the presence of
CoA (Fig. 3). Vinax, determined in the presence of CoA was more
than four fold greater than control. No differences in K, were
observed in the presence of CoA. Enhanced V4 indicates a posi-
tive modulation of the carrier, suggesting that ANT could be poised
to exchange when both anabolic and catabolic CoA-mediated bio-
chemical events, requiring more energy to be transferred from
the mitochondrial matrix to the cytoplasm, take place in the cell.
Partial purification of ANT by chromatographic passage through
an HTP column does not decrease the transport activity of the
CoA-treated samples. CoA-mediated enhancement of ANT trans-
port activity is observed in HTP eluates and in crude Triton
X-100 extracts (with 4 and 9 nmol ATP/mg protein/10 min for mito-
chondria pre-incubated in control buffer, and control buffer plus
150 wM CoA, respectively). Exchange activity of freshly prepared
mitochondria, in the presence of CoA was almost tenfold higher
than the control (1412.2 +52.8 nmol ATP/mg protein/10 min ver-
sus 153.7 +13.5 nmol ATP/mg protein/10 min). Moreover, because
the K, value is not affected by the CoA treatment, it is reasonable
to affirm that the ATP binding site on ANT is not involved in the CoA
interaction.

In order to identify the region involved in the CoA-ANT inter-
action, we performed a molecular-docking simulation. Results of
the molecular-docking simulation indicate that R80, D135, D232
and R235 are all involved in the interaction with CoA as shown in
Table 1 and Fig. 4. In addition the ATP binds to the same region
and the same amino acids that are also responsible for CATR inter-
action (Pebay-Peyroula et al., 2003). As these simulated results
are in contrast with the ones provided by the kinetic profile, we
investigated the influence of CoA on CATR effect. The stronger inhi-
bition given at 0.1 uM (20% more than control) is reflected in a
change in the ICsy value upon CoA pre-incubation. High concen-
tration of CATR resulted in similar inhibition between control and
CoA-treated due to the excess of inhibitor (Fig. 5). This result,
together with the unchanged K, suggests that the binding site of
CoA is different than that given for ATP/CATR. Stronger inhibition
of ANT activity by CATR in the presence of CoA implies that the
inhibitor interacts more easily with ANT when mitochondria are
pre-incubated with CoA. According to Pebay-Peyroula et al. (2003)
and our molecular-docking simulations, ATP and CATR share three
residues of interaction on the ANT. Thus in absence of CATR, CoA
effect would largely be on ATP. This supposition that CoA would
facilitate interaction with ATP is consistent with the experimental
data shown here: i.e. that ANT exchanges more ATP in presence of
CoA. Therefore we can assert that the CoA binds to ANT indepen-
dently from the ATP/CATR binding site and CoA interaction with
the ANT protein leads to an increase in the transport activity as
well as an increase in sensitivity to the CATR inhibitor and/or inter-
action with ATP. CoA shows a homology motif with the ADP both in
the structure and in the net superficial charge. Therefore a contact
between the protein and the CoA could be justified according to a
proximity approach.

The segment spanning residues 1311-K318, corresponding to
the C-terminal end of the carrier, was also identified as an ADP
binding site able to induce a conformational change of the dimeric
structure (Dianoux et al., 2000). As CoA does not prevent ATP and
CATR from binding ANT, we can hypothesize that the CoA inter-
acts with the accessory site rather then the one localized in the
cavity. Subsequently, an interaction between the -SH group of the
[3-mercaptoethylamine and the neighbour region could take place.
More likely, a covalent bond between the -SH group and an acid
residue on the portion of the ANT that spans the intermembrane
space could be responsible of a “key mechanism” that leads to
structure modification of the carrier.
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Alternately, because CoA is strictly close to the ANT loops and
helices, due to the charge pairing attractions, an enzyme, possibly
bound to the outer side of the inner membrane, could provide the
necessary enzymatic activity to conjugate the —-SH of the CoA with
the carrier protein. Based on current data, a CoA derivative or a CoA
induced mechanisms cannot be excluded.

As shown in Fig. 6A and B, a shift in one of the bands attributed
to the ANT is highlighted. Upon visualization with silver stain tech-
nique, two spots, at about 64 and 32 kDa, respectively, appear on
both gels, while a 14 kDa protein is stained only in the purified ANT
from CoA untreated samples (Fig. 6A). Although we were unable
to understand the nature of the lower band, the other two stained
proteins can be easily identified as a dimeric and monomeric form
of the ANT, whose molecular weight is known to be 31.7 kDa. The
purity of the protein sample is guaranteed by the isolation proce-
dure and chromatographic passages on HTP first and Matrex Gel
Blue B thereafter, verified with an increase in the specificity of the
exchange activity (data not shown).

According to its chemical properties, the ANT is localized around
pH 10 on the IPG strip (Fig. 6A): a shift towards the more posi-
tive side of the isoelectrofocusing strip upon incubation of rat liver
mitochondria with CoA has been detected (Fig. 6B). This shift is
most likely due to a modification of the charges on the carrier
protein surface, as a result of treatment with CoA.

Although all the ANT isoforms share at least 90% nucleotide
sequence identity, they have been implicated differently in sev-
eral cellular functions (Battini et al.,, 1987; Neckelmann et al.,
1987; Cozens et al., 1989; Stepien et al, 1992; Doerner et al.,
1997). We now add the possibility that all the isoforms are sim-
ilarly involved in the export functions (Table 2). ANT is a portion
of ATP synthasome (Chen et al., 2004) and the ANT complex is
involved in multiple diseases affecting both humans and animals
in which ANT activity is disrupted. Among these, heart diseases,
mitochondrial diseases, osteoporosis, macromolecular degenera-
tion, immune deficiency, cystic fibrosis, type II diabetes, ulcers,
nephro-toxicity, hearing loss, skin disorders, and cancer are found
(Klingenberg, 1989; Dahout-Gonzalez et al., 2006). A new emerg-
ing class of drugs, named mitocans, are activators of either VADC or
ANT and could be used as promising alternative cancer therapeutics
(Ralph et al., 2006). Our findings could provide a novel therapeu-
tic approach for treatment of all the above-mentioned diseases,
or just lay the fundamentals for further discoveries in biochem-
istry.

Additionally, in the literature it is indicated the inhibition of key
enzymes in metabolism by long chain acyl-CoA esters, besides the
ADP/ATP translocator (Woldegiorgis et al., 1981). Our report that
the exchange of ADP/ATP across the mitochondrial membranes is
enhanced by CoA may provide insight into these enzymatic mech-
anisms influenced by CoA and suggest unique interactions and/or
structural modifications may exist.
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Combined Low Doses of PPARy and RXR Ligands
Trigger an Intrinsic Apoptotic Pathway in Human

Breast Cancer Cells
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Ligand activation of peroxisome  proliferator-acti-
vated receptor (PPAR)y and retinoid X receptor (RXR)
induces antitumor cffects in cancer. We evaluated the
ability of combined treatment with nanomolar fevels
of the PPARYy ligand rosiglitazone (BRL) and the RXR
figand 9-cis-retinoic acid (9RA) to promote antiprolif-
crative effects in breast cancer cells. BRL and 9RA in
combination stroagly inlibit of cell viability in
MCE-7. MCE-7TR1, SKBR-3., and T-47D) breast cancer
cells, whercas MCY-10 normal breast epithelial cells
are unaftected. In MCF-7 cells, combined treatment
with BRI and 9RA up-regulated mRNA and protein
levels of both the tumor suppressor p53 and its cffec-
tor pZIWAYCRT ranctional experiments  indicate
that the nuclear factor-xB site in the p33 promoter is
requiced for the transcriptional response 1o BRL plas
IRA. Ve observed that the intrinsic apoptotic path-
way in MCH-7 cells displays an ordinated sequence of
events, including disruption of mitochoadrial mem-
brane potential, release of cytochrome ¢, strong
caspasce 9 activation, and, finally, DNA fragmentation.
An expression vector for p33 antisense abrogated the
biological cffcct of botlr 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.  (AnrJ Pathol 20009, 175:1270-1280: 1X):
10.2353 7 ajpath. 2009.081078)

Breasl cancer is the leading cause ol deallh among
women in the world, The principal effective endocring
therapy for advanced treaiment on this type of cancer is
antrestrogens, but therapeulic choices are limited for
estrogen receptor (ER)w-nsgative tumors, which acwe of
ter aggressive. The development of cancer cellsrt atare
resistant to chemetherapeutic agerts is @ major clir
Obs La"!e 0 the successiul treatment of breast cancer
providing & strong stimulus for exploring new ap
proaches in vitro. Using ligands of nuclear hormone re-
cepiors to irhibit tumor growth and prograssion is a novel
strategy for cancer therapy. An example of this is the
treatment of acute promyelocyiic leukemia using all-trans
r“tmo'f‘ acid, % ¢ specific ligand lor retinoic acid recep-
tors.! A fl-(»h@-’ paradigm for the use of retinoids in
cancer therapy is for early lesions of head and nock
ancer! and squarnous cell carcinoma of the ceorvix,

The retinoic acid receptor, retinoid X receptor (HXR
and peroxisome oroliferator receotor (PPAR)y. ligang
activated transcription factors belonging 1o the nuclesr
hormone recevtor superlamily, are able o modutate
gere networks involved in conlrolling gro and cell !t;-r
diﬁe‘-rpr:tt'cmn“ Particularly, heterodimeri
with RXR by their own ligands greatly enhances WJ/\
binonu to the direct-repeated consensus seguence
AGGTCA, which leads fo transcriptional ac*'l\mmn/ ’r'e-»
vious data show that PPARy. poorly expressed in
breast enithelial cells,”
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breast cancer cells.” and its synihelic ligands. such as
thiazolidinediones. induce growth arrest and differen-
tialion i breast carcinoma celis in vitro and in animat
medels. ' ' Recently, studies in human cultured
breast cancer cells show the thiazolidinedione rosigli-
tazone (BRL). promotes antiproliferative effects and
aciivates different molecular pathways leading to dis-
tinct apoptotic processes. '™ ™

Apoptosis, geneticaily cortrolled and programmed
death leading to cellular self-elimination, can be initiated
Dy two major routes: the inlrinsic and extrinsic pathways.
The intrinsic pathway is triggered in response (o a variety
of apoplolic stimuli that produce damage within the cell,
including anticancer agents, oxidative damage, and UV
irractation, and is mediated through the mitochordria.
Ihe extrinsic pathway is activated by cxiraceliular li-
gurds anle to induce oligomerization of death receptors,
sucl: as Fas, {ollowed by the formation of the death-
inducing signaling complex, after which the caspases
castade can be aclivated.
Previcus data show ihat the combination of PPARy
Gand with either ail-frans retinoic acid or 9-cis-retinoic
acid (9RA) can induce apoplosis in some dreast cancer
cells.  Furthermore, Elsiner et al demonsirated that the
combination of these drugs at micromolar concentrations
reduced fumor mass without ary toxic effecis in mice.”
However, in humans PPARy agonists at high doses exert
rany side effects including weight gain due to increased
adiposity, edema, hemodilution, and olasma-volume ex-
pansion, which preclude their clinical application in pa-
tients with heart failure. ' ' The undesirable effects of
ipecific ligands on hypertrigiyceridemia and sup-
presuion of the (hyroid hormone axis have been also
reported. ™ Thus, in the present study we have eluci-
dated the molecuiar mechanism by which combined
treatment with BRL and 9RA al nanomolar doses triggers
apovloic events in breas! cancer cells, suggesting po-
tential therapeutic uses for these compounds.

Materials and Methods
Reagenis

BRLAGES3 (BRL) was from Alexis (8an Diego, CA), the
ireversible PPARy-antagonist GW9662 (GW), and 9RA
were purchased from Sigma (Milan, laly).

Plasmids

The 853 wromoter-luciferase piasmids, kindly provided
by Dr. Stephen H. Safe (Texas A&M University, Colicge
Sialen, 1X). were generated from the human pb3 gene
promoter as follows: ph3-1 (containing the —1800to + 12
region). pb3-6 (containing the —106 to + 12 regior).
£O3-13 {containing the ~ 106 1o —40 region), and p53-14
(comaining the —106 10 —49 region).”™ As an internal
tracstection control, we cotransfected the plasmid pRI-
CMV (Promega Corp., Milan, lialy) that expresses Renilla
luctierase enzymatically distinguishable from firefly lucif-
«arase by the strong cytomegalovirus enharicer promoter.
The pGL3 veclor comaining three copies of a peroxisome
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proliferator response element sequence upstream of lhe
minimal thymidine kinase promoter ligated to a luciferasce
reporter gene (3XPPRE-TK-pGL3) was a gilt from Dr. R
Evans (The Salk Institute, San Diege, CA). The ps3 anti-
sense plasmid (AS/p53) was kindly provided from Dr.
Moshe Oren (Weizmanrn Institute of Science. Rehovot,

Israel)

Cell Cultures

Wild-type human breast cancer MCI -7 cells were grown
in Dulbecco's modified tagle's medium-1 12 plus glu-
tamax containing 5% newhorn calf serum (Invitrogen.
Milan, ltaly) and 1 rag/ml penicillin-strepiomycin, MCP-7
tamoxifen resistant (MCF-7TR1) breast cancer cells wore
generated i Dr. Fugua's laboratory similar to that de-
scribed by Herman®! maintaining cells in modified Fa-
gle's mediurm with 10% fetat bovine serum {Invitrogen), 6
ng/ml insulin, peniciliin (100 units/mit), streptomyein (100
pa/mb), and adding 4-hydroxyiamoxifen in lenfold in-
creasing concentrations every weeks (from 107 to 107°
final). Cells were thereafter routinely maintained with 1
umolfl 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 boe-
vine serum and 1 mg/m! peniciflin-streptomycin. T-470
breast cancer cells were grown in RPM! 1640 medium
with glutamax cortaining 1

10% fetai bovine serum, 1
mmolfl. sodium pyruvate, 10 mmolfl. HEPES, 2.50/1. ¢lu-
cose, 0.2 U/mt insulin, and 1 mg/m! peniciilin-streptormy-
cin. MCF-10 normal breast epithelial cells were grown in
Dulbecco's modified Fagle's mediurm-F12 plus giutamax
containing 5% horse scrum (Sigma), 1 mg/mi penicilin-
streptomycin, 0.5 pg/mi hydrocortsonc, and 10 ugimi
insulin.

Cell Viability Assay

Cell viability was delermined with the 3-(4,5-dimeihyithin-
201-2-y1)-2 5-diphenyltetrazolium  (MTT) assay.”™ Cells
(2 » 107 cells/ml) were growr in 6 well plaies and ex-
posed to 100 nmol/l. BRL, 50 nmol/L 9RA alone or in
combination in serum frec medium (SFM) and in 5%
charcoal treated (C1)-fetal bovine serum; 100 puf of MIT
(5 mg/miy were added 0 each well, and the piates were
incubated for 4 hours at 37°C. Then, 1 ml 0.04 N HCI in
isapropanol was added to solubiiize ihe cells. 1he absor-
hance was measured with the Ultrospec 2100 Pro-spec-
trophotometer (Amersham-Biosciences, Milan, laly) a a
test wavelength of 570 nim.

Immunoblotting

Cells were grown in 10-cm dishes to 70% to 80% confiu
ence and exposed to treziments in SFM as indicated.
Cells were ther 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-
thovanadale. 1% phenylmethylsulfonylfiuoride, and 20
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mgimi aprolining. Protein concentration was determined
by Bio-Rad Proiein Assay (Bio-Rad Laboratonies, Her-
cules. CA). A 40 pg portion of prolein lysates was uscd
for Western blotting. resolved on a 10% SDS-polvacryl-
amide gel, trarsferred (o a nitrocellulose membrane, and
probed with an antibody directed against the p53,
P21 e (Sania Cruz Biotechnology, CA). As internal
control, all membranes were subsequently stripped (0.2
ML glycine, pH 2.6, for 30 minutes at room temperature)
of the lirst antibody and reprobed with anti-glyceralde-
hyde-Z-nhosphaie dehydrogenase antibody (Santa Cruz
Biolechnology). The antigen-antivody complex was de-
tected py 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-
lumincscence system (Amoersham Fharmacia, Bucking-
hamshire UK). Blois were then exposed to film (Kodak
a). The intensity of bands representing relevant
measured Dy Scior Image laser densitom-
scanning program.,

Reverse Transcriplion-PCR Assay

MCF-7 celis were grown in 10 cm dishes to 70% to 80%
confiuence and exposed 1o treatments in SFM as indicated.
Tolal cellular RNA was extracted using TRIZOL reagent
{Inwiirogen) as suggested by the manufacturer. The purity
and integrity were checked spectroscopically and by gel
electrophoresis before carrying out the analytical proce-

dures. Twa micrograms of toial RNA were reverse tran-
s¢ mc:d in & final V(qu" e of 20 4d wnJ 3 RrTROsvmpr kit as
suggested by the manufacturer (Promega). The cDNAs
obtained were amplificd oy PCR usirg the tollomng prim-
ers 5'-GIGGAAGGAAATITCGCGIGT-3 (p53 forward) and
H-CCAGTGTGATGATGGTGAGG-3" (p53 reverse).
5-GCITCATGCCAGCTACTTCC-3' (p21 forward) and 5'-
CTGTGCTCACTTCAGG FTC/\—S‘ (P21 reverse), 5-CTCAA-
CATCTCCCCCTICTC-3" (36B4 forward) and 5'-CAAA-

TCCCATATCCTCGTCC-3" (36B4 reverse) to vyield,
sspectively, products of 190 bp with 18 cycles, 270 bo

+ 18 cycles. and 408 bp with 12 cycies. To check for

the pre cw e of DNA contamination, reverse transcriplion
(RT)-PCR was performed on 2 ug of total RNA without
Maonoley murine icukemia virus reverse transcriptase (the
ncgative control). The results oblained as optical density
oitrary values were transformed to percertage of the
ftaking the samples from untreated cells as 100%.

control

Transfeclion Assay

MCH-7 cells were ransferred into 24-wel! plates with 500
ub of reqular growth medium/well the day before trans-
fection. Ihe medium v:as replaced with SFM or: the day of
{ransfection, which was performed using Fugene 6 re-
agent as recommended by the manufacturer {Roche Di-
agriostics, Mannheim, Germany) with a mixture contain-
ing 2 H pq of promoter-lue or reporter-lue plasmid and 5
g of PRL-CMV. After transfection for 24 hours, ireat-
menis were added in SFM as indicaled. and cells were
reunaied lor an additional 24 hours. Firefly ard Renifla

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

MCI-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 o
detect changes in pd3 protein levels. Emply vector wa
used to ensure that DNA concentrations were (,onstcnn in
cach transfection.

Flectrophoretic Mobility Shift Assay

Nuclear extracts from MCH-7 cells were prepared as
previously described.”™ Brietly. MCF-7 cells plated into
10-cm dishes were grown o 70% 1o 80% corfluence.
shifted to SEM for 24 hours, and then treated with 100
nmol/L BRL, 50 nmol/L 9RA alone and in combination tor
6 hours Thereafter, cells were scraped inio 1.5 mi of cold
PBS, pelleted for 10 seconds, and resuspended in 400 pl
cold buffer A (10 mmol/l. HEPES-KOH [pH 7.8] at 4°C,
1.5 mmiol/L MgClL,, 10 mmol/L KCI, 0.5 mmaol/L dithiothre-
itol, 0.2 mmol/l. phenylmethyisullonyl iluoride, and
mmol/L leupeptin) by fiicking the tube. Cells werg allowed
to swell onice for 10 minutes and were then vortexed for
10 seconds. Samples were then contrifuged 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 mmaol/L
MqCt., 420 rmmol/L NaCl, 0.2 mmol/l. EDTA. 0.5 mmol/L
dithiothreitol, 0.2 mmol/l. phenylmethylsulforyl fluoride.
and 1 mmol/l leupeptin) and incubated in 1ce for 20
minutes for high-salt extraction. Cellular debng was re-
moved by centrifugation for 2 minutes at 4°C, and the
supernatant fraction (conlaining DNA-sinding proieins)
was stored al ~70°C. The probe was generaied ny an-
nealing single-stranded cligonucleotides and labelnd
with [*PIATP (Amersham Pharmacia) and T4 polyrucle-
otide kinase (Promega) and then purified using Seph-
adex GH0 spin columns (Amersham Pharmrnacia). 1he
DNA sequence of the nuciear factor (NF}B located
within p53 promoter as prope is 5 -AGTTGAGGCGACTT
TCCCAGGC-3' (Sigma Genosys, Cambridge, UK} The
protein-birding reactions were t\erformed in 20 pl of
puffer |20 mmol/l. HEPES (pH 8). 1 mmol/l. EDTA, 50
mmol/l. KCI, 10 mmol/L dir.hicnhreno,, 10% glycerol 1
mg/ml bovine serum albumin, 50 pg/ml polydeoxy-
nosinic deoxyeytidylic acid] with 50,000 cpm o fabeled
probe, 20 npg of MCF7 nuciear protein. and 5 pg of
polydeoxyinosinic deoxycytidylic acid. 1he mixtures were
incubated at room temperature for 20 minuies in the
presence or absence of uriabeled competitor oligonu-
cleotides. For the experiments involving anti-PPARy and
anti-RXRuw antibodies (Santa Cruz Biolechnology), the
reaction mixture was incubated with thege antibodies at
4°C for 30 minutes before addition of labeled probe. The
entire reaction mixture was electrophoresed through 2
% poiyacrylamide gel in 0.25% Tris borate-FDTA far 3
hours at 150 V. Gel was dried and subiected t
diography al - 70°C.

rila




Chromalin Iimmunoprecipilation Assay

were grown in 10 cm dishes to 50% to 60%
ifted to SFM for 24 hours, and then treated
for * hour as lndlc ted. Thereafter, cells were washed
t”n e with: PRS and cross-linked with 1% formaldehyde at
37772 for 10 minutes. Next, cells were washed twice with
FHS at 4 C, collected and resuspended in 200 ul of lysis
bufler (1% SDS. 16 mmol/L EDT/-\ 50 mmol/L Tris-HCI,
pH 8.1, and left onice lor 10 minutes. Then. cells were
sonicated four umes for 10 seconds at 30% of maximal
power (Vibra Cell 500 W: Sonics and Materials, Inc.,
Newtown, CT) and collected oy centrifugation at 4°C for
10 minutes at 14,000 rpm. The supernatants were diluted
it 1.3 mi of imrunoprecipitation buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HC! | pH
8.1]. *6.7 rmmoli NaCl) followed by immunociearing with
60 p! of sonicated salmon sperm DNA/protein A agarose
(DBA Sil, Milan, haly) for 1 hour at 4°C. The precleared
Aas Immunoprecipitated with anti-PPARy. anti-
FXHe, 0r anti-RNA Pol it antibodies (Santa Cruz Biolech-
nelogy). Al this poird, 60 pl salmonr sperm DNA/protein A
agarose was added, and precipitation was further con-
tinued for 2 hours at 4°C. Affer pelleting, precipitates
were washed sequentially for 5 minutes with the following
bufizrs: Wash A J0 1% SDS, 1% Triton X-100, 2 mmol/L
A 20 mmol/L Tris-HCH (pH 8.1), 150 mmol/L NaClY;
Wash 13 [0.1% SDS, 1% Triter X-100, 2 mmol/L EDTA, 20
mmiol/L Tris-HCH (pH 8.1), 500 ramol/L NaCl}; and Wash C
(025 M TICH 1% NP-40. 1% sodium deoxycholate, 1
mmoll EDTA. 10 mmol/L. Tris-HC! (pH 8.1)], and then
twice with 10 mmol/t Tris, 1 mmol/l. EDTA. The immuno-
comolexss were eluted with elution buffer (1% SDS, 0.1
Wi/l NaHCO3). The eluales were reverse cross-linked by
heating at 65°C and digested with proweinase K (05
mg/mi) at 457C for 1 hour. DNA was obtained by phencl-
chloroform-isoamy! alcohol extraction. Two microliters of
10 ma/mi veast tRNA (Sigma) were added o each sam-
ple. and DNA was precipitated with 95% ethanol for 24
hours at —~20°C and ther: washed with 70% ethanol and
resuspended in 20 pl of 10 mmol/L Tris, 1T mmol/L EDTA
bufler. A 5 pul volume of each sample was used for PCR
with primers flarking a sequence present in the pb3
promoter: 5 -CTGAGAGCAAACGCAAAAG-3' (forward)
and 5'-CAGCCCGAACGCAAAGTGTC- 3 (reverse) con-
tairing the «B site from =254 1o —42 region. The PCR
condilions {07 the pb3 promoler fragments were 45 sec-
onds al 94°C. 40 seconds at 57°C, and 90 seconds at
72°C. The amplification products obtained in 20 cycles
were analyzed in a 2% agarose gel and visualized by
eibicium bromiide 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 BlanchPology),

MCH-7 celis

Conféuem s

chroma

o,

JC-1 Mitochondrial Membrane Potenlial
Detection Assay

The ioss of mitochordrisl membrane polential was mon-
itored with the dye 5.5°.6.6'tetra-chlore-1,17,3.3'-tetraeth-
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yinenzimidazolyl-carbocyanine iodide (JC-1) (Biotiurn,
Hayward). in healthy celis, the dye stains the mitochon-
dria bright red. The negative charge esiablished by the
intact mitochondrial membrane potential allows the fi-
pophilic dye. bearing a delocalized positive charge, (o
enter the mitochondrial matrix where it aggregates and
gives red fluorescence. I apoptotic cells, the mitcchon-
drial membrarie potential collapses, and the JC-1 cannot
accurmulate within the mitochondria, it remaing in the
cytoplasm in a green fluorescent monomeric form. ™!
MCF-7 cells were grown in 10 cm dishes and trealed with
100 nmol/L BRL and/or 50 rmol/l. 9RA for 48 hours, then
cells were washed in ice-cold PBS, and incubated with
10 mmoli. 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 fiuorescence micros
copy. The red form has absorptionfemission maxima of
585/590 nm. The green menomeric form has absorptior/
emission maxima of 510/527 nm. Both healthy and apo-
ptotic cells can be visualized by luorescence micros-
copy using a wide band-pass fitter suitable for detection
of fluorescein and rhodamine emission specta

Cytochrome C Detection

Cytochrome C was detected by western blotting in milo-
chondrial and cytoplasmatic fractions. Cells were nac-
vested by centrifugation at 2500 rpm for 10 f"mum‘; al
4°C. The pellets were suspendead in 36 pl RIPA buffer
plus 10 pg/ml aprotinin, 50 mmol/L PMSF and 50 mr .10!, L
sodium orthovanadate and then 4 pl of 0. 1% digilonine
were added. Cells were incubatad for 15 minuics at 4°C
and cenirifuged at 12,000 rom for 30 minules at 4°C. The
resulting mitochondrial peliet was resuspended it 3%
Triton X-100, 20 mmol/l. Na,,S0O,, 10 mmol/L PIPES, and
1 mmaol/l EDTA (pH 7.2) and cenirifuged 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 pg) were resolved by 15% SDS-polyacrylamide gel
electrophoresis, electrotransferred to nitroceliulose mem-
branes, and pfobed with an aritibody directed against the
cytochrome C (Sanla Cruz Biotechnology). Then, mem-
branes were subjected to the same procedures de-
scribed for irmmunoblotting.

Flow Cytomelry Assay

MCF-7 cells (1 x 10° cellsfwell) 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 pl of fluorescein |soth|ocya|mte-conju—
gated antibodies, arti-caspase 9 and anti-caspase 8
(Calbiocherm, Milan, Italy), in all samples was performed
and then incubated for 45 "‘mm*es inat 37°C. Celis were
centrifuged at 3000 rpm for 5 minutes. the pellels were
washed with 300 ) of wash bufler and centrifuged. The
last passage was repeated twice, the supermalant re-
moved, and cells dissolved in 300 ul of wash buffer.
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Finally, cells were andlymd willt the FACScan (Becton

dickinsen and Co., Franklin Lakes. NJ).

DINA Fragmentation

DNA fragmentation was delermined by gel electrophore-
sis. MCF-7 cells were grown in 10 cm dishes (o 70%
confluence and exposed to lreatments. After 56 hours
cells were collected and washed with PBS and pelieted
al 1800 rom for 5 minutes. The samples were resus-
pended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCI,
oH 8. 10 mmol/L EDTA, 0.6% SDS) for 20 minutes in
rotation at 4C. DNA was extracted three times with phe-
riol-chloroform and one time with chloroform. The aque-
ous phase was used 10 precipitate nucleic acids with 0.1
volumes of 3M sodium acetaie and 2.5 volumes cold
ethanal overnight a1t 20°C. The DNA peilel was resus-
pended in 15 HI of H,O treated with RNase A for 30
minutes al 37°C The absarbance of the DNA solution a
260 and 280 rm was determined by spectrophotometry
The extracted DNA (40 pgilane) was subjected to elec-
trephoresis o 1.5% agarose gels. The gels were stained
with ethidium bromide and then photographed.

Sialistical Analysis

Statistical analysis was performed using analysis of vari-
ance foliowed by [\'G\nmaﬂ-K@Luu lesting to determine
differences in means. P =7 0.05 was considered as sta-
listically significant,

Results

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

Frevious studies demonstrated that micromoiar doses of
PREAHYy ligand BRL and RXR ligand 9RA exert antiprolif-
erative effects on breast cancer cells. ™ 7% 70 First, we
tested the eftects of increasing concentrations of boih
hgards on breast cancer cell proliferation at different
times 1 the presence or absence of serum media (see
supplemental FIQL re 1 at hitp//ajp.amipathol.org). Thus,
1o investigate whether iow doses of combined agents are
aoble to inhibit coll growth, we assessed the capability of
1C0 nmol/L BRL ard 50 nmol/L 9RA to affect normal and
malignant breast cell lines. We observed thal treatment
with BRL alone does not elicit any significant effcctor cell
viability in all breast cell lines tested, while 8RA alone
reduces cell vitality only in T47-D cells (Figure 1A). In the
presence of poth ligands, cell viability is strongly reduced
it alt breast cancer cells; MCF-7, its variant MCF-7TR1,
SKBR-3, and T-4/D: while MCF-10 normal breast epithe-
lial cells are completely unaffected (Figure 1A) Inn MCF-7

cells the elfeciiveness of both ligands in reducing tumor
cell viahility still persisls in SFM, as well as in 5% CT-FBS
{Figure 1B).
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BRL and 9RA Up-Regulate p53 and p21~
Expression in MCF-7 Cells

Our recent work demonstrated thal micromolar doses of
BRI activate PPARy, which in turn friggers apoptofic
events through an up regulation of p53 expressien ' On
the basis of these rosuits, we evaluaied the ability of
nanomolar doses of BRL and SRA alone or in combina-
tion to modulate p5b3 expression along with its natural
target gene p21WATCP T in MCF-7 cells. A significant
increase in p53 and p21¥AT U content was observed
by Western blot only on combined treatment after 24 and
36 hours (Figure 2A). Furthermore, we showed an uo-
reguiation of pb3 and p2 1M EFT 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 pb3 promoter gene, we tran-
siently transfected MCE-7 cells with a luciferase reporter
construct (named p&3-1) containing the upsticam region
of the p53 gene spanning from 1800 to | 2 (Figure
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3AY. Treaunent for 24 hours with 100 nmol/l. BRL or 50
nmol/l - 9RA  did not induce lucilerase expression,
whergas the prc- sence of both ligands increascd in the
transactivation of p53-1 promoter (Figure 3B). To identify
the region within the 053 promoter responsible for its
transactivation, we used constructs with deletions to dif-
ferent binding sites such as CTF-1, nuclear factor-Y,
NE&B. and GC sites (Figure 3A). In ransfection experi-
mienis performed using the rr\.u"*nm 053-6 and pb3-13
encoding the regions from —106 to + 12 and from — 106

tr =40, respectively, the responsiveness to BRI plus
ORA was shill onserved (Figure 3B). In contrast, a con-
struct with a deletion in the NFFkB domain (p53-14) en-
coding the sequence from - 106 to ~ 49, the transactiva-
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tion of pb3 by both ligands was absent (Figure 38).
suggesting that NF«B site is required for ph3 transcrip-
tional activily.

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

To gain furither insight into the inwolverr“em of NFxB site in
the pb3 t se to BRL plus 9RA, we
perforrmed electropl':oret:c mor,wlny hilt assay experi-
merts using synthetic oiigodeoxyribr\riuc’emlﬂeq corre-
sponding o the NF«B sequence within pb3 promoter. ¥We
observed the formation of a soecific DNA binding com-
plex in nuclear extracts from MCF-7 cells (I igure 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 o
changes were observed on 9RA exposure (Figure 44
lane 4). The combpined itreatment increased the DNA
binding complex (Figure 4A, lane 5), which was iinmu-
nodepleted and supershifted using anti-PRPARy (Figure
4A, lane 6} or anti-RXRw (Figure 4A, lane 7} antibodies.
These data indicate that heterodimer PPARY/RXRa binds
to NFxB site located in the promoter of phs in vilro.
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Tre irmeraction of both nuclear receptors with the pb3
promoter was further elucidated by chromatin immuno-
procipitation assays. Using anti-PPARy and anii-RXRa
antipodies, protein-chromaiin complexes were immuno-
precigitated 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 RXRw to the p53 region con-
taining the NF«B site. The results indicated that either
PPARyY or RXRa was constitutively bound to the p53
promoter it untreated cells and this recruitment was in-
creased on BRI plus 9RA exoosure (Figure 4B). Simi-
larly, an augmented RNA-Pol [ recruitment was obtained
Dy immunoprecipitating cells with an anti-BNA-Pol Il an-
tibody . indicaling that a positive reqgulation of ps3 tran-
scriplion activity was induced by combired trealment
{Figure 4B).

Control

BRL+3RA

B cytochrome C

cytosol

mitochondria

GAPDH

BRL 9RA
100nM 50nM

— BRL+ORA
Figure 5. Mita hondiiad menbrone powentiad disvapstion ars releise ol ovio-
chrame Cinduced Dy BRI and ORA i MO ¥ celbss Az MOF T cells were
treated with 180 amaol L BRE plus S0 nniol T 9RA Lor 45 hours and e used
roscopy 1o anaby e the resulis of JC- 1 G37.0.0 wuachioro-
¥ non

fuoieseent o
11734 ety Ibenamdazolvicarhocyanine dodkicle Kt In cont

spoptotic cells, the dyve atains the mitochiondria red retrested sipoptotic ¢ RN

-1 remains in e evtoplosm in o green Nuorescent fon, B MUP-T (efis

woere tretied for 8 howrs with 100 molii BRE andror 3o

GAPDIE swas used as doading cantrol,

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

The role of pPh3 signaling in the intrinsic apoptolic cas-
cades involves a miiochondria-dependont process,
which results in cytochrome C release and activation of
caspase-9. Bocause disruption of mitochondrial infegrity
is one of the early events leading to anoptosis, we as-
sessed whether BRL plus SRA could affect the function of
mitochondria by analyzing rmembrane potential with a
mitochondria fluorescent dye JC-1.777" I non-apopiotic
cells (control) the intact mitochondrial membrane poten-
tial allows the accumulation of lipephilic dye in aggre-
gated lorm in mitochondria, which dispiay red flucres-
cence (Figure 5A). MCF-7 cells treated with 100 nmol/L
BRL or 50 nmol/L 9RA exhibit red Huorescernice indicating
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Table 1L Activation ol Ispase i MCET cells separate treatment on caspase-8 aclivalion, & marker of
T extrinsic apopiotic pathway (Tahble 1). om“r" iterr Lf!oo
o @t Antvation uld somal DNA degradation is considered a diagno
Caspase 9 hallmark of ceils undergoing apopiosis, we stuonoo
Coniral , 14.16 L2585 DNA fragmentation under BRL plus 9RA trecaiment in
g!;»L\ ggr:nx:ﬁlm J;fj . é?gg MCF-7 cells, observing that the induced apoptosis > was
BRL 1 OBA 33 88" 45016 prevenied by either the PPARy-specitic antagonist G\
Caspase 8 or by AS/PS3, which is able to aboilish pHb3 expression
Control 9.20 11430 (Figure 6A).
£0L 1o emlL 8.12 * 1.583 To test the ability of low doses of both BRL and 9RA tc
YRA 50 nmoll. 7.90 + (1886 - ’ : . N froe iyt
BRL + ORA 10 )6 R 2 1b() induce lranscriptional activity of PPARy, we itransiently

- e transfected a peroxisome proliferator response element
(2l wcre stmuated for 43 howrs 0 piosenGe of 100 nmoliL BAL reporter gene in MCF-7 cells and observed an erhanced

ne or in comgmmaton The actvation of caspase e o "
oEpsaa R e Srehiset by oW Syiemars. TAlA &8 Praserize luciferase activily, which was reversed by GW treaiment
L 8D of plicate expenments. "R < 0.05 combined-treated (see Supplemental Figure 2 at http.//ajp.amjpathol.crg).

vesss untresled cols These data are in agreement with previous observaiions

demonstrating that PPARY/RXR heterodimerization en-

intact mitochondrial membrane potential (data not shown). hances DNA binding and transcriptional activation.”™ 7%
Cells trezted with both ligands exhipit green fluores- Finally, we examined in three additional human breast
cence, indicating disrunted mitochondrial membrane po- malignant cell lines: MCF-7 TR1, SKBR-3, and T-47D
tential, where JC-1 canrot accumulate within the mito- the capability of low doses of a PPARy and an RXR
chordria, but instead remains as a monomer in the ligand to trigger apoptosis. DNA fragmen:ation assay
uytomau. N (Figure bA). Concomitantly, cytochrome C re- showed thal only in the presence of combined treal-
lease from mitochondria into the cytosol. a critical step in ment did cells undergo apoptosis in a ph3-mediated
lhe apoplolic cascade, was demonsiraied alter com- manner (Figure 6B), implicaling a general mechanism
bined treaimen! (Figure 5B). in breast carcinoma,

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

BRL and 9RA ai ranomolar concentration did not induce The key linding of this study is that the combined treat-
any effecis on caspase-9 separately, but activation was ment with low doses of a PPARy and an RXR ligard ¢an

obsarved in the presence of both compounds (Table 1). selectively affect breast cancer cells through cell growth
No eftecls were elicited by either the combined or the inhibition and apoptosis.
A MCF-7
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The zhility of PPARY ligands (o induce differentiation
and apoptosis in a variety ot cancer cell types, such as
numnan lung,*” colon,”' and breast, ' has been exploited
in exparimental cancer therapies.™ PPARy agonist ad-
ministration in liposarcoma patients resulied in histologi-
cal and biochemical differentiation markers in vivo.””
However, a pilot study of short-terrn therapy with the
PPARy ligand rosiglitazone in early-stage breast cancer
satients did rot elicit significant effects or tumor cell
proliferation, z2ithough the changes observed in PPARYy
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.™ " Recently, RXR-se-
lective ligands were discovered to inhibit proliferation of
ali-trans retinoic acid resistant breast cancer cells in vitro
and caused regression of the disease in animal rnod-
els.”" The additive antitumoral effects of PPARy and RXR
agaonists, both at elevated doses, have been shown in
human breast cancer calls (7" and references therein).

owever, high doses of both ligands have remarkable
side eflects in hurnans, such as weight gain and plasma
volume expansion for PPARy ligands, ' ™ and hypertri-
giyceridemia and suppression of the thyroid hormone
axis for RXR ligands. ™

In the present siudy, we demonstraied that nanomolar
concentrations of BRL and 9RA in combination cxert
significant antioroliferative effects on breast cancer cells,
whereas they do not induce noticeable influences on
rormal breast epithelial MCF10 cells. However, the in-
duced overexpression of PPARy in MCF10 cells makes
these cells responsive to the low combined coricentration
ol BRL and 9RA (data not shown). Although PPARY is
hnown to mediate differentiation in most tissues, its role in
eithier {UMOor progression or suppression is not yet clearly
elucidated. It has been demonslrated in animals studies
trat an overexpression of PPARy increases the risk of
breast cancer already in mice susceptible {o the dis-
ease.™ However, it remains still questionable if the er-
hanced PPARy expression does correspond to an en-
hanced content of functional protein, which according to
previous suggestion should e carefully controiled in a
dose-response study.™ For instance. the expression of
PPARYy is under complex regulatory mechanisms, sus-
tained ny cell-specific distinct promoters mediating the
changes in expression of PPARy *?

Here we demonsirated for the first iime the molecular
mechanism underlying antiltumoral effects induced by
compined low doses of both ligands in MCF-7 cells,
where an up-regulation of tumor suppressor gene pb3
was cencomitantly observed. { unclional assays with de-
lcton construcis of the pb3 promoter showed that the
Ni-wB site 15 required for the transcriptional response to
BHL pius 9RA treatment. NFkB was shown to physically
interact with PPARy.™ which in some circumstances
binds 1o DNA cooperatively with NFxB 47 ¥ it has been
previously reported that micromolar doses of both PPARy
and RIXR agonists synergize to generate an increased
level of NFkB-DNA binding able to trigger apoplosis in
Pre-B cells. ™ Our electrophoretic mobility shift assay and
chromalin immuroprecipitation assay demonstrated thal

PPARY/RXR« complex is present on pbd3 promoter in the
absence of exogenous ligand. Only BRL and 9RA in
combination increased the binding and the recruiiment of
either PPARy or RXRe on the Nkl site located in the pb3
promoter sequence. BRL plus 9RA at the doses tested
also increased the recruitment of RNA-Pol 1l to pb3 pro-
moter gene illustraling a positive transcriptional regula-
tion able to produce a consecutive series of events inthe
apoptotic pathway.

Changes in mitochondrial membrane permeability, an
important step in the induction of cellular apoplosis, is
concomitant with collapse of the electrochemical gradi-
enl across the mitochondrial membrane, through the for-
mation of pores in the mitochondria lecading 1o the rclease
of cytochrome C into the cytoplasm, and subseguently
with cleavage of procaspasc-9. This cascade ol events,
featuring the mitochendria-mediated death pathway. was
detected in BRL plus 8RA-treated MCF-7 celis. The acti-
vation of caspase 9, in the presence of no changes i 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 pb3 gene in medialing apontosis is
rdaised by the evidence that ihe elfects on the apoplolic
cascade were abrogated in the proserce of AS/S3E in 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 grewth factor-1R. and
c-Src signaling are constitutively activated and responsi-
ble for a more aggressive chenotype consistent with an
increased motility and invasiveness. ' ** Although more
relevance of our findings should derive from in vivo stud-
jes, these resulis give emphasis io the poteniial use of the
comibined therapy with low doses of both BRL and 9RA
as novel therapeutic ool particutarly for breast cancer
paticnts who develop resistance to anti-estrogen therapy.
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Abstract This study was undertaken to better understand
the physiological role of the retinoylation process in
steroidogenic tissues. In adrenal gland mitochondria, the
retinoylation extent was found equal to that of testes
mitochondria but without ATP in the incubation buffer.
We pointed out that the endogenous mitochondrial ATP in
adrenal glands is much higher than in testes, about 1.3 x
1072M and 5.2 x 10°®M, respectively. In addition, less
CoASH is required for the maximal acylation activity of the
retinoyl moiety to protein(s) compared to testes. The fatty
acid analysis revealed a different composition of mitochon-
drial membranes of these two tissues. Among the different
values of fatty acids, it is important to note that adrenal
glands contain a much higher amount of C18:0 and a much
lower amount of C22:5 w6 and C22:6 w3 than testes in the
mitochondrial membranes. In addition, there were also
differences in arachidonic acid (ARA, C20:4 w6) content
between adrenal glands and testes mitochondria. These
different values in the fatty acids composition should
explain the different extent of the retinoylation process
between the two organs.

Keywords Rat - Adrenal glands - Testes - Mitochondria -
Retinoylation reaction

Abbreviations

RA all-trans-retinoic acid
ACTH  corticotrophin

LH luteotropin

CoASH coenzyme A
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AMG 3-(4-aminophenyl)-3-ethyl-piperidine-2,6-dione
DMSO  dimethyl sulfoxide

EDTA  ethylenediaminetetraacetic acid

Introduction

Adrenal glands and gonads synthesize and secrete steroid
hormones in response to pituitary hormones such as
corticotropin (ACTH) or Iuteotropin (LH) (Saez 1994;
Waterman 1994). The binding of these peptide hormones
to their cognate receptors is coupled to the formation of
cAMP and activation of the protein kinase A signalling
pathway (Waterman and Bischof 1997; Richards and Hedin
1988). In particular, adrenal glands are vital to health and
have an important role in development and reproduction
(Harvey and Everett 2003).

Retinoic acid (RA) acylation, also known as retinoylation,
is a post-translational modification of proteins occurring in a
variety of eukaryotic cell lines and subcellular compartments
both in vivo and in vitro. Retinoylated proteins that have been
identified so far include cAMP-binding proteins, vimentin, the
cytokeratins, and some nuclear proteins (Takahashi and
Breitman 1989; Takahashi and Breitman 1990; Takahashi
and Breitman 1994; Tournier et al. 1996; Myhre et al. 1996;
Renstrom and DeLuca 1996; Myhre et al. 1998). This
process occurs in the presence of Mg”*, ATP and CoASH.
The omission of these substrates in the incubation buffer
markedly reduced the extent of retinoylation (Genchi and
Olson 2001; Cione and Genchi 2004) as the transfer
mechanism involves the formation of a retinoyl-CoA
intermediate (Kubo et al. 2005). Moreover, the incorporation
of all-trans-retinoic acid and retinoyl-CoA into proteins is
enzymatic judging from the inhibition of the process in the
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presence of N-ethylmaleimide (NEM) and the inactivation by
heating and SDS denaturation of subcellular fractions contain-
ing enzyme or/and protein substrates (Genchi and Olson 2001;
Kubo et al. 2005). We have previously shown (Cione et al.
2005) that the retinoylation reaction occurred on protein(s) of
TM-3 Leydig cell line by RA. The reaction involves the
formation of a thioester bond and occurs on pre-existing
protein. It is important to note that both db-cAMP and
forskolin increase the retinoylation level on the protein of
TM-3 cells of about 75% and 80% respectively (Cione et al.
2005). These results suggested that the retinoylation reaction
could be regulated by cAMP-activated enzymes.

Previously, we have seen that RA-induced steroidogen-
esis and retinoylation are parallel events and exhibit a
positive correlation (Tucci et al. 2008). Therefore in this
context, we examined the retinoylation process on adrenal
glands mitochondria to better understand whether the
physiological role of the retinoylation process is steroido-
genic tissues dependent.

Materials and methods
Chemicals

[11-12 *H] All-trans-retinoic acid (*HJRA) (50 Ci/mmol)
was purchased from PerkinElmer (Boston USA). All-
trans-retinoic acid (RA) and 3-(4-aminophenyl)-3-ethyl-
piperidine-2,6-dione (AMG) were obtained from Sigma-
Aldrich (Milano, Italia). All other chemicals used were of
analytical reagent grade.

Isolation of mitochondria

Rats were killed by decapitation, according to practice
procedures approved by the ethical committee, and adrenal
glands and testes were immediately removed. Mitochondria
were isolated by differential centrifugation as described by
Genchi and Olson (2001) and suspended in a medium
containing 250 mM sucrose, 10 mM Tris/HCI, pH 7.4, | mM
EDTA at a concentration of 5-8 mg protein/ml. Protein
concentration was determined by the Lowry procedure
(Lowry et al. 1951) with bovine serum albumin (BSA) as
the reference standard. These mitochondrial suspensions
were either used immediately or frozen at —80°C. The
purity of the mitochondrial preparation was checked by
assaying marker enzymes for lysosomes, peroxisomes and
plasma membranes.

Incorporation of radioactive RA

[PH]RA or RA was dissolved in ethanol under yellow safe-
light. The concentration of RA was spectrophotometrically
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determined, the ethanol was evaporated under nitrogen, and
the dry residue resuspended in DMSO. The RA solution
was diluted into the retinoylation buffer such that the final
concentration of DMSO was no higher than 0.5%. The
buffers were 5 mM ATP, 50uM CoASH, 27 mM MgCl,,
50 mM sucrose, 100 mM Tris, pH 7.4 for adrenal glands
mitochondrial preparation, and 10 mM ATP, 150 uM CoA,
27 mM MgCl,, 50 mM sucrose, 100 mM Tris, pH 7.4 for
testes mitochondria; the retinoylation reaction was carried
out at 37°C for 90 min in a final ratio of 1 mg protein /1 ml.
The reaction was stopped by adding TCA at a final
concentration of 5%. The mixture was centrifuged in an
Eppendorf centrifuge at 13,000 rpm for 10 min, and the
precipitate was extracted seven times with 0.5 ml CHCl;:
CH;0H (2:1) containing 0.005% BHT. The pellet was
solubilized in 0.2 ml 1% SDS, 40 mM Tris, 2 mM EDTA,
pH 7.5, at 50°C and counted in a TriCarb 2100TR liquid
scintillation counter (Packard). The counting efficiency was
about 75%.

Mitochondrial ATP concentration

The amount of endogenous ATP in isolated mitochondria from
testes and adrenal glands was determined using the biolumi-
nescence method described by Drew and Leeuwenburgh
(2003) with a commercial ATP kit (Molecular Probes)
according to manufacturer instructions.

*%*
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Activity (pmol [*HJRA / mg ptn /90 min)

10
[ATP]mM

Fig. 1 Adrenal Glands Mitochondria are affected by RA. Retinoylation
reaction ((*HJRA, 100 nM) on rat adrenal glands mitochondria at 37°C
for 90 min in the absence and in the presence of 5 and 10 mM ATP. For
other conditions see “Material and methods”. The data represent the
mean+SD of three independent experiments. ** P value<0.01
compared to the control (no ATP)
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Fatty acid analysis of rat testes and adrenal gland
mitochondrial membranes

Fatty acid composition of testes and adrenal gland
mitochondrial membranes was determined. Briefly, mito-
chondria from both tissues were saponified with ethanolic
KOH solution for 2 h at 90°C. Fatty acids were extracted as
described by Muci et al. (1992), and their corresponding
methyl esters were prepared by trans-esterification with
methanolic boron trifluoride (17% BF3) at 65°C for 30 min.

Q

20 1

154

104

Activity (pmol [FH]RA / mg protein / 90 min)

0 50 100 150
[CoA] pM

o

35 4

304 » i i

25 4

20 1

154

10Y

Activity (pmol PH]RA / mg protein / 90 min)

1) 1) 1) 1) 1)
0 25 50 75 100 125 150
[CoA] pM

Fig. 2 Relationship between the retinoylation activity of testes and
adrenal glands. The retinoylation activity of mitochondria from rat
testes (A) and adrenal glands (B) is plotted as a function of indicated
CoA concentrations under the standard conditions for 90 min at 37°C,
with 10 mM (A) and 5 mM ATP (B) respectively. The data represent
the mean+SD of three independent experiments. Overall P value<
0.01 (**)

Fatty acid methyl esters (FAMEs) were then analyzed by
gas-liquid chromatography.

Statistical analysis

Statistical analysis was performed by ANOVA followed by
Dunnett’s Multiple Comparison test. Values are shown as
the mean + SD of n independent experiments. Differences
were considered significant at values of P<0.05.

Results
Retinoylation reaction on adrenal glands mitochondria

As shown in Fig. 1, the retinoylation extent (about
20 pmol/mg protein/90 min) for adrenal glands mitochondria
without ATP in the incubation buffer reaches the maximum
activity found for testes mitochondria (Genchi and Olson
2001; Cione and Genchi 2004) after the same incubation
time. In addition, the concentration of CoASH, required to
have the maximum activity in adrenal glands mitochondria
without ATP in the incubation buffer, was lower than that
used for testes mitochondria, as shown in Fig. 2 A-B.

Proteins retinoylated in cell fractions of adrenal glands
homogenates and ATP quantification

In the standard conditions, without ATP in the incuba-
tion buffer, the mitochondrial fraction of the adrenal
glands clearly was the most active to incorporate [*H]
RA (Table 1). All fractions other than the mitochondria
showed relative activities lower than that of the
homogenate. In addition endogenous ATP quantification
in both mitochondrial preparations showed a very
significant difference between testes and adrenal glands
(Table 2).

Table 1 Retinoylation reaction on adrenal glands cellular sub-
fractions

Cell fraction Incorporated radioactivity

(pmol [PHJRA/mg protein/90min)

Homogenate 8.32-8.09
Nuclei 6.89-6.53
Mitochondria 21.05-20.45
Microsomes 3.49-3.80
Cytosol 1.55-2.16

Incorporation of [3 H]RA (100 nM) into proteins by cellular fractions
of adrenal glands in duplicate, incubated in a buffer without ATP for
90 min at 37°C, as described in “Materials and Methods”
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Table 2 Mitochondrial ATP quantification

1.3 x 102M
52x 10°°M

Adrenal Glands
Testes

Content of ATP in adrenal glands and testes mitochondria determined
as in “Material and methods”

Time dependence of incorporation of [P’HJRA into protein(s)
and activation energy determination

[*HJRA incorporated into protein(s) increased with the
time of incubation at 37°C. The incorporation rate was
essentially linear for 20 min but then reached a plateau
between 30 and 90 min, remaining constant until 150 min.
Because the experimental intent was to compare the
incorporation of radioactivity into protein(s) between
testes and adrenal glands, a 90 min incubation time
was selected for all subsequent studies (Fig. 3). The
Arrhenius plot for adrenal glands mitochondria showed a
straight line in the range of 5-40°C, and the value of
activation energy for retinoylation reaction was 19.36 kJ/mol
(not shown).

Effect of aminoglutethimide on retinoylation process

3-(4-aminophenyl)-3-ethyl-piperidine-2,6-dione, also
known as aminoglutethimide, is a specific inhibitor of
cytochrome P450scc (side chain cleavage) that had no
effect on the retinoylation process in both testes and adrenal
glands mitochondria, as shown in Fig. 4.

N
o
2
=

Activity (pmol [PH]RA/ mg ptn)
)

0 v T T T T
0 30 60 90 120 150
Time (min)

Fig. 3 Time-course of [PHJRA Incorporation. Time-dependent incor-
poration of [PHJRA (100 nM) into delipidated protein from rat adrenal
glands mitochondria, incubated under standard assay conditions but
without ATP at 37°C for the times indicated. The data represent the
mean+SD of five independent experiments. Overall P value <0.01

(**)
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Fig. 4 Effect of aminoglutethimide on retinoylation reaction. Testes
and adrenal glands mitochondria were incubated with 10 mM AMG
but in the presence of 10 mM ATP (testes) and in the absence of ATP
(adrenal glands). Other conditions are as described in “Material and
methods”. The data represent the mean+SD of three independent
experiments

Fatty acid composition of adrenal glands and testes
mitochondria

Significant differences in fatty acid composition of rat
mitochondrial adrenal glands and testes were detected. A
low percentage of docosahexaenoic acid (DHA, C22:6 w3)
and an even lower percentage of docosapentaenoic acid

Table 3 Fatty Acid composition (mol %) of rat mitochondrial
membrane phospholipids from adrenal glands and testes

Fatty Acid Adrenal Glands Testes
14:0 0.48+0.01 0

16:0 11.52+0.35 28+0.41
18:0 31.96+0.85 4.7+0.14
18:1 w9 9.94+0.02 6.2+0.19
18:2 w6 9.25+0.11 3.4+0.10
20:4 w6 3430 +£1.12 23.4+0.96
20:5 w3 n. d. 0.9+0.01
22:5 w6 0.38+0.04 24.8+0.94
22:6 w3 0.80+0.06 8.4+0.13
>’ saturated 44.11+1.19 32.7+1.02
3. unsaturated 55.82+1.17 67.1£1.29
3. sat./3 unsat. 0.79+0.03 0.49+0.01

The fatty acid composition of adrenal glands and testes mitochondrial
membranes was determined by gas-liquid chromatography as Muci et
al. (1992) The data are the mean+SD of three independent
determinations. ¥ saturated=sum of saturated fatty acids; ¥ unsatu-
rated = sum of unsaturated fatty acids
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(DPA, C22:5 w6) were found in the membranes of
mitochondria from adrenal glands compared to testes,
together with a 85% increment of the stearic acid (C18:0)
and a 30% increment of the arachidonic acid (ARA, C20:4
w6) in adrenal glands. Therefore, significant changes were
measured in the ratio of total saturated/unsaturated fatty
acids between the two tissues as shown in Table 3. Figs. 5
A—C and 6 A—C highlighted the differences in saturated and
unsaturated fatty acid composition, respectively, between
adrenal glands and testes.

Discussion

Adrenal glands as steroidogenic tissue synthesize and
secrete steroid hormones in response to pituitary hormones
corticotrophin (ACTH) and/or luteotropin (LH) (Saez 1994,
Waterman 1994). The binding of these peptide hormones to

Fig. 5 Saturated fatty acid com- A
position (mol %) of rat mito-

chondrial membrane

phospholipids from adrenal

glands and testes. The fatty acid 0.5
composition of adrenal glands
and testes mitochondrial mem-
branes was determined by gas-
liquid chromatography as Muci
et al. (1992). Other conditions
are as described in Table 3. The
data represent the mean+=SD of
four independent experiments.
** P value <0.01

Relative Percentage

Relative Percentage

their receptors is coupled to the formation of cAMP that
activate protein kinase A signalling pathway (Waterman
and Bischof 1997; Richards and Hedin 1988). The adrenal
glands are known for their help in regulating glucose levels
through cortisol, for their natural anti-inflammatory activity,
and for sex hormones supplementation to the organisms.
Among these, the dehydroepiandrosterone (DHEA) can be
converted into sex hormones, including estrone and
testosterone. In this latter concern, it is known that retinoids
are important in maintaining testes function. In fact, 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 (Wolbach and Howe 1925;
Ganguly et al. 1980; Appling and Chytil 1981). Previously
we have shown that the retinoylation process occurs on pre-
existing protein(s) growing of TM-3 cells and it is probably
regulated by cAMP-activated enzymes; moreover under
forskolin stimulus the retinoylation reaction was increased
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Fig. 6 Unsaturated fatty acid
composition (mol %) of rat
mitochondrial membrane phos-
pholipids from adrenal glands
and testes. Experimental condi-
tions are as described in Table 3.
The data represent the mean +
SD of three independent experi-
ments. ** P value <0.01;

**% P value <0.001
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by 80% respect to the control value (Cione et al. 2005). In
addition, we found that testosterone production and
retinoylation reaction are concomitant and exhibit a positive
correlation in Leydig cells (Tucci et al. 2008). Therefore,
the aim of this paper is to evaluate the post translational
modification triggered by RA in adrenal glands, since they
are the second main steroidogenic organ in the male. In the
mitochondrial compartment of adrenal glands after 90 min
at 37°C, the value of [PH]RA incorporated reached that of
testes (Cione and Genchi 2004) with no need of ATP
supplementation in the incubation buffer (Fig. 1). However
among the cellular sub-fractions, adrenal glands mitochon-
dria were 2.5-fold more active in binding retinoic acid than
the homogenate (Table 1), providing a further evidence of a
mitochondrial localization of the retinoylation system in
steroidogenic tissues. The great difference in the endoge-
nous ATP levels between the two organs, 1.3 x 107°M for
adrenal glands and 5.2 x 10"®M for testes, is the reason for
which no extra ATP is required in the incubation buffer of
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the retinoylation reaction (Table 2). In our case, the
Arrhenius plot of the retinoylation reaction showed that
changes exist in the process of the transferring of the
retinoyl moiety to the protein(s) between adrenal glands
and testes: the adrenal glands activation energy was found
equal to 19.36 kJ/mol in contrast with the 43.5 kJ/mol value
determined for testes (Cione and Genchi 2004). Most likely
our retinoylated protein(s), such as the enzymatic complex
that allows the transfer of the retinoyl moiety, are embedded
within the inner mitochondrial membrane and/or are
localized on both sides of the membrane because the
retinoylation does not require external ATP supplementa-
tion to occur. A further evidence of it comes from Genchi
and Olson (2001) as mitoplasts from testes are still labelled
with *HRA. In addition, the concentration of CoASH,
required for the retinoylation process was lower in adrenal
glands mitochondria than in testes as shown in Fig. 2 A-B.
Several proteins in Leydig cells are regulated by a cAMP-
dependent pathway and are involved in steroidogenesis;
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first of all, the cytochrome P450scc (side chain cleavage)
(Mellon and Vaisse 1989) that catalyzes the conversion of
cholesterol to pregnenolone. In our experimental proce-
dures the aminoglutethimide a specific inhibitor of cyto-
chrome P450scc had no effect on the retinoylation process
in both testes and adrenal glands mitochondria giving us the
proof that this enzyme is not involved in the retinoylation
process as shown in Fig. 4.

Moreover, differences in fatty acid composition in
mitochondrial rat preparation of adrenal glands and testes
were highlighted. Fig. 5 (A—-C) shows the differences in
saturated fatty acid composition. In particular a lower
percentages of myristic acid (14:0), as well as stearic acid
(18:0), were found in the testes mitochondrial membranes
than in adrenal gland, about 10-fold and 7-fold less,
respectively as shown in Fig. SA-B. In addition, a 3-fold
higher amount of palmitic acid (16:0) was found only in
testes mitochondria (Fig. 5C). The differences in unsaturat-
ed fatty acid composition are shown in Fig. 6 (A-C). A
much lower percentage of docosapentaenoic acid (DPA,
C22:5 w6) about 65-fold less and a lower percentage of
docosahexaenoic acid (DHA, C22:6 w3) about 10-fold less
were found in the adrenal glands membranes of mitochon-
dria compared to testes (Fig. 6B). In the meanwhile, about a
30% higher amount of arachidonic acid (ARA, C20:4 w6)
was found in adrenal gland mitochondria (Fig. 6C). ARA
has the important physiological function of maintaining
membrane content and permitting the activity of enzymes
of the respiratory chain (Vazquez-Memije et al. 2005): in
the case of the retinoylation reaction the difference in the
ARA content could contribute to the different behaviour of
the two tissues in incorporating RA. Therefore, the about 2-
fold change in the ratio of total saturated/unsaturated fatty
acids between adrenal glands and testes leads us to
postulate a relationship between fatty acids and the
retinoylation process (Table 3). The different fluidity of
the membranes, deriving from the fatty acids composition,
should justify the different values of the retinoylation and
the activation energy between the adrenal glands and the
testes. It should be stressed that the membrane lipid
composition, the degree of unsaturation and the length of
the fatty acid chains play important roles in determining the
influence of membranes lipids with respect to the specific
enzyme activities in the mitochondria (Brenner 1984; Daum
1985; Crider and Xie 2003).

In conclusion, in the present study we demonstrated that
RA action by the retinoylation process on protein(s) of rat
adrenal glands and testes mitochondria is steroidogenic tissue

dependent, that cytochrome P450scc is not affected by the
process and that probably docosapentaenoic acid (DPA, C22:5
w6) should play a fundamental role to allow the transfer of the
retinoyl moiety. However, since adrenal glands are arguably
the neglected organ in endocrine toxicology (Harvey et al.
2007), it cannot be excluded that perhaps the retinoylation
process is toxic/protective for that organ.
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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,
87036 Rende (CS), Italy. Tel.: +39 0984 493454; fax: +39 0984 493271.
E-mail address: genchi@unical.it (G. Genchi).

1388-1981/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbalip.2008.09.004

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.
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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.
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ABSTRACT

UVA exposure induces DNA damage that could result in skin carcinogenesis. Antioxidants are usually
employed as protective agents to avoid this problem: in particular, both B-carotene and a-tocopherol can
protect the skin against UVA-induced damage. It is well known that the photochemical instability of these
compounds has been a limiting factor for their applications to protect skin. In this study, stearyl ferulate-
based solid lipid nanoparticles (SF-SLNs), as vehicles for 3-carotene and a-tocopherol, were formulated
to improve the stability of these compounds. The SF-SLNs were characterized for entrapment efficiency,
size and shape together with their cytotoxicity and capability to inhibit lipid peroxidation. After treatment
with a pro-oxidant and/or exposition to sunlight the antioxidants entrapped in SF-SLNs were extremely
stable. The results highlighted how SF-SLNs represent a suitable vehicle for 3-carotene and a-tocopherol
stabilizing and protecting them from degradation. A dermatological formulation in order to prevent skin

Antioxidants

damages is, therefore, suggested.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

UVA exposure induces DNA damage resulting in both acute and
chronic lesions to human skin. These include sunburn, skin can-
cer, oxidative stress and photo ageing. They are strictly dependent
on the form, amount and intensity of UV radiation as well as on
the type of the individual exposed [1,2]. DNA does not absorb UVA
radiation directly and the damage is mediated by the production
of reactive oxygen species [3]. There is strong evidence suggesting
that antioxidants can be employed as protective agents against the
DNA damaging effects of UV exposure. In particular, 3-carotene,
a free radical scavenging antioxidant, has been shown to protect
against photoimmunosuppression and sunlight-induced erythema
in human skin [4-7] and a-tocopherol, a chain-breaking antioxi-
dant, has been shown to protect against cell damage induced by
UVA exposure [8]. Moreover, both B-carotene and a-tocopherol
can inhibit lipid peroxidation by preventing free radical produc-
tion, and/or by reducing malondialdehyde amount [9-11]. In spite
of a wide range of biological and pharmacological effects, the der-
matological application of these compounds is still limited due to
their photochemical instability. In fact, the chemical structure of
these vitamins comprises conjugated double-bond systems that
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make them susceptible to oxidative cleavage and isomerization by
oxygen, light and heat [12].

Therefore formulations that increase the chemical stability of 3-
carotene and a-tocopherol and enhance their penetration through
the stratum corneum, are essential to improve their efficacy as top-
ical agents.

During the last years, increasing attention has been given to
alternative nanoparticles made from solid lipids, called solid lipid
nanoparticles (SLNs). These are spherical particles, in the nanome-
ter range, which are dispersed in water or in aqueous surfactant
solutions [13,14]. They represent an alternative drug delivery sys-
tem to colloidal carriers such as lipid emulsions, liposomes and
polymeric nanoparticles and an excellent candidate for the encap-
sulation of drugs with poor water solubility. SLNs combine the
advantages of different colloidal drug delivery systems, avoiding
some of their disadvantages [15]. SLNs formulations have been
developed for various pharmacological administration routes, such
as parenteral, oral, ocular, pulmonary and rectal ones [16-19].
Recently, they have been considered advantageous for topical
administration of active cosmetic ingredients, especially concern-
ing antioxidants and sunscreens [20-22]. The incorporation of
chemically labile active ingredients into the solid lipid matrix has
been shown to protect them against degradation [23,24] giving new
prospectives to the use of cosmetic ingredients that suffer chemical
instability in traditional formulations [25]. Furthermore, the occlu-
sive effect of SLNs leads to an increase in skin hydration and, thus,
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Table 1

Composition of FA-SLNs and SA-SLNs.

Formulation Lipid Components Drug

SF-SLNs Stearic acid (g) Tween 20 (ml) Butanol (ml) Sodium taurocholate (g) Water (ml) [3-Carotene a-tocopherol (g)
0.5 0.62 0.25 032 2.5 0.086

0.069

SA-SLNs Stearyl ferulate (g) Tween 20 (ml) Butanol (ml) Sodium taurocholate (g) Water (ml) [B-Carotene a-tocopherol (g)

0.5 0.39 0.16 0.18 1.6 0.055

0.044

to wrinkle smoothing, enhancing the penetration of compounds in
specific skin layers [26] that is a fundamental requirement for the
efficacy of cosmetic treatments.

In the present work, we have developed and characterized
stearyl ferulate-based solid lipid nanoparticles (SF-SLNs), as vehicle
for both B-carotene and a-tocopherol, with the aim of increas-
ing the photochemical stability of these compounds. It is worth
noting that ferulic acid is a potent antioxidant having syner-
gistic effects with other antioxidants and it is able to protect
and stabilize them from degradation [27,28]. For such reasons,
we decided to link ferulic acid to stearyl alcohol that differs
from the essential component of traditional SLNs, stearic acid,
in the functional group. The obtained nanoparticles, SF-SLNs,
were characterized for entrapment efficiency, size and shape,
and compared to traditional stearic acid SLNs (SA-SLNs). We also
investigated in rat liver microsomal membranes the antioxidant
activity of either SF-SLNs or SA-SLNs, entrapping a-tocopherol and
[-carotene, in inhibiting the lipid peroxidation induced by two
different sources of free radicals, 2,2’-azobis (2-amidinopropane)
(AAPH), which exogenously produces peroxyl radicals by thermal
decomposition, and tert-butyl hydroperoxide (tert-BOOH), which
endogenously produces alkoxyl radicals by Fenton reactions. More-
over, the cytotoxicity of the SF-SLNs or SA-SLNs drug free was tested
on RAT-1 immortalized fibroblasts. In addition all the obtained
SLNs (SF-SLNs and SA-SLNs) were submitted to stability stud-
ies.

2. Materials and methods
2.1. Materials

[3-Carotene, a-tocopherol, ferulic acid (FA), toluene, p-
toluensulfonic acid were used as received without further
purification; stearyl alcohol (SA) taurocholic acid sodium salt (TC),
Tween 20, potassium chloride (KCI), ethylenediaminetetraacetic
acid (EDTA), sucrose, 4,2-hydroxyethyl-1-piperazineethanesulfonic
acid (HEPES), trichloroacetic acid (TCA), hydrochloric acid, buty-
lated hydroxytoluene (BHT), tert-butyl hydroperoxide (tert-BOOH),
2,2'-Azobis (2-amidinopropane) (AAPH) and 2-thiobarbituric acid
(TBA) were supplied by Sigma (Sigma Chemical Co, St. Louis, MO),
and used as received. Methanol, chloroform, butanol, toluene,
dihydrogen sodium phosphate, phosphoric acid, ethyl acetate,
acetonitrile and n-hexane were purchased from Fluka Chemika-
Biochemika (Buchs, Switzerland), and Carlo Erba Reagents (Milan,
Italy), and used as received. Water from a Millipore Milli-Q®
ultrapure water purification unit was used. MEM medium, fetal
calf serum and glutamine were purchased from Gibco (Invitrogen
Life Technologies, Italy).

2.2. Methods

2.2.1. Synthesis of stearyl ferulate
Stearyl ferulate was synthesized according to the procedure
described in the literature [29]. Ferulic acid (1.0 g, 5.15 mmol), p-

toluensulfonic acid (0.07 g, 0.34 mmol) and stearyl alcohol (0.7 g,
5.4mmol) were added to 10ml dry toluene under stirring and
N, at room temperature. When addition was complete, the solu-
tion was stirred under N, for 12 h at 110°C. After cooling at room
temperature, the solvent was evaporated under reduced pressure,
the residue was treated with 15 ml water and the aqueous phase
was extracted with chloroform (4 x 15 ml). The combined organic
phases were collected, dried (Na,;SO4) and the solvent was removed
by rotary evaporation to give yellow-colored stearyl ferulate and
purified by Merck silica gel (60-230 mesh) column chromatogra-
phy, using ethyl acetate/n-hexane 85/15 (v/v) as eluent. The solvent
of eluated ester was evaporated under reduced pressure. The steryl
ferulate was obtained with a yield of 80-90% and identified by TLC,
UV and NMR analyses [29-31].

2.2.2. Preparation of SF-SLNs and SA-SLNs

SF-SLNs and SA-SLNs were prepared by a microemulsion tech-
nique at moderate temperature according to Gasco [32] as shown
in Table 1. Briefly, stearyl ferulate or stearic acid in the absence
and/or in the presence of (3-carotene or a-tocopherol were melted
at70-75 °C. Awarm water solution of sodium taurocholate, butanol
and Tween 20 was then added to obtain an optically transparent
system. The warm microemulsion was immediately dispersed in
cold water (~2°C) under high-speed homogenation (Model SL2,
Silverson, Chesham Bucks, England) at 8000 rpm for 15 min. The
volume ratio of warm microemulsion to cold water was 1:20. The
SF-SLNs and SA-SLNs dispersions were washed two times using an
Amicon TCF2A ultrafiltration system (Amicon Grace, Beverley, MA
USA; membrane Amicon Diaflo YM 100).

2.2.3. Size distribution analysis

The size of the particles was determined by dynamic light scat-
tering (DLLS) using a 90 Plus Particle Size Analyzer (Brookhaven
Instruments Corporation, New York, USA) at 25 °C by measuring the
autocorrelation function at 90° scattering angle. Cells were filled
with 100 wl of sample solution and diluted to 4 ml with filtered
(0.22 pm) water. The polydispersity index (PI) indicating the mea-
sure of the distribution of nanoparticle population [33] was also
determined. Six separate measurements were made to derive the
average. Data were fitted by the method of inverse “Laplace trans-
formation” and Contin [34,35].

2.2.4. Transmission electron microscopy (TEM)

The morphology of the hydrated niosomal dispersions was
examined using TEM. A drop of niosomal dispersion was applied
to a carbon-coated copper grid and left for 1 min to allow some of
the particles to adhere to the carbon substrate. The excess of dis-
persion was removed by adsorbing the drop with a piece of filter
paper. A drop of 1% phosphotungstic acid solution was applied and
again excess of solution was removed by adsorbing the liquid with
the tip of a filter paper and the sample was air-dried. The sample
was then observed under a ZEISS EM 900 electron microscope at an
accelerating voltage of 80 kV.
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Fig. 1. Photomicrographs of SF-SLNs, containing a-tocopherol (A) and 3-carotene (B), visualized by TEM (transmission electronic microscopy).

2.2.5. Percentage of drug incorporated into solid lipid
nanoparticles

SLNs formulation (1 ml) was diluted to 10 ml with methanol and,
to evaluate a-tocopherol and [3-carotene content, was analyzed by
reverse-phase HPLC with spectrophotometric detection at wave-
lengths of 280 nm and 450 nm, respectively, on a Jasco UV-2075
detector. The column was packed with Alltech C18 Adsorbosphere
HS material, 3 wm particle size, in a 15 cm x 0.46 cm cartridge for-
mat (Alltech Associates, Deerfield, IL). A 1-cm cartridge precolumn,
containing 5-pum C18 Adsorbosphere packing was used. The mobile
phases were: 60% acetonitrile/10% methanol/30% isopropanol, at a
flow rate of 1 ml/min, for B-carotene; 0.01 M dihydrogen sodium
phosphate/0.01 M phosphoric acid with acetonitrile (88:12, v/v) pH
2.3, at a flow rate of 0.5 ml/min, for a-tocopherol.

2.2.6. Microsomal suspensions preparation

Liver microsomes were prepared from Wistar rats by tissue
homogenization with 5 volumes of ice-cold 0.25M sucrose con-
taining 5mM Hepes, 0.5 mM EDTA, pH 7.5 in a Potter-Elvehjem
homogenizer [36]. Microsomal membranes were isolated by the
removal of the nuclear fraction at 8000 x g for 10 min, and the
removal of the mitochondrial fraction at 18,000 x g for 10 min. The
microsomal fraction was sedimented at 10,5000 x g for 60 min, and
the fraction was washed once in 0.15M KCl, and collected again at
10,5000 x g for 30 min [37]. The membranes, suspended in 0.1 M
potassium phosphate buffer, pH 7.5, were stored at —80 °C. Micro-
somal proteins were determined by the Bio-Rad method [38].

2.2.6.1. Addition of loaded SF-SLNs and SA-SLNs to microsomes.
Aliquots of loaded SF-SLNs and SA-SLNs (0.5 v/v) were added to the
microsomes. Control microsomes received amounts of H, O equal to
those present in SLNs-treated microsomes. The microsomes were
gently suspended by a Dounce homogenizer, and then the suspen-
sions were incubated at 37 °Cin a shaking bath under air in the dark

Table 2

in the absence and in the presence of tert-BOOH or AAPH.

2.2.7. Malondialdehyde formation

Malondialdehyde (MDA) was extracted, and analyzed as indi-
cated by Hagerman et al. [39]. Briefly, aliquots of 1 ml of microsomal
suspension (0.5 mg proteins) were mixed with 3 ml 0.5% TCA and
0.5 ml of TBA solution (two parts 0.4% TBA in 0.2 M HCl and one part
distilled water), and 0.07 ml of 0.2% BHT in 95% ethanol. Samples
were then incubated in a 90 °C bath for 45 min. After incubation, the
TBA-MDA complex was extracted with 3 ml of isobutyl alcohol. The
absorbances of the extracts were measured by UV spectrophotom-
etry at 535 nm, and the results were expressed as mmol per mg of
protein, using an extinction coefficient of 1.56 x 10° Immol~' cm~1.

2.2.8. Stability studies of SF-SLNs and SA-SLNs entrapping
«-tocopherol and -carotene

SF-SLNs and SA-SLNs entrapping a-tocopherol and [3-carotene
were stored at room temperature (28-30°C) and exposed to sun-
light for 3 months. An aliquot was taken, once a month, to examine
the particle size and, after the third month, to evaluate the drug
content. The mean particle size was determined by light scatter-
ing as described in Section 2.2.3. The entrapment efficiency was
determined by reverse phase HPLC as described in Section 2.2.5.

2.2.9. Pro-oxidant test

Only one of the two loaded antioxidants was used for the pro-
oxidant experiment. In particular SF-SLNs and SA-SLNs entrapping
a-tocopherol (1 ml) were soaked, in the presence of 500 .l of a tert-
BOOH (0.25 x 103 M) aqueous solution, in 5ml 0.1 M potassium
phosphate buffer, for 2h at room temperature, and under mag-
netic stirring. After dyafiltration, freezing and lyophilization, dried
a-tocopherol-loaded SF-SLNs or SA-SLNs were divided into two
portions. An aliquot (10 mg) was dissolved in 10 ml methanol. The
pro-oxidant effect was evaluated, by CG/MS (Hewlett Packard GC-
MSD 5972, UV-VIS spectrophotometer V-530 JASCO), as reported

Mean particle size and PI index of SF-SLNs and SA-SLNs. Overall "P<0.05.

Formulation Drug Size (nm) Polydispersity index

SF-SLNs Drug-free 159.3 £+ 6.1 0.118 + 0.068
a-Tocopherol 175.7 £ 3.4 0.121 + 0.046
B-Carotene 169.8 + 4.8 0.115 + 0.053

SA-SLNs Drug-free 176.3 + 3.2 0.127 + 0.062
a-Tocopherol 195.3 £ 8.2 0.131 & 0.049
3-Carotene 1874 + 3.8 0.125 £ 0.039
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in our previous study [40]. Then a second aliquot of a-tocopherol
loaded SF-SLNs or SA-SLNs was used to test the antioxidant activity,
after pro-oxidation, following the procedures described in Sections
2.2.6.1and 2.2.7.

2.2.10. Cell culture

RAT-1 immortalized fibroblasts (American Type Culture Collec-
tion, Rockville, MD, USA) were grown in MEM medium without
antibiotics, supplemented with 10% fetal calf serum and 2 mM glu-
tamine. Cells were maintained in log phase by seeding twice a week
at a density of 3 x 10° cells/ml at 37 °C in a humidified atmosphere
at 5% CO5 in air. Cell number was estimated with a Burker camera.
Drug-free SA-SLNs and SF-SLNs were dissolved in water and then
diluted in cell culture media.

2.2.10.1. Invitro evaluation of toxicity. The cytotoxic effects of drug-
free SA-SLNs and SF-SLNs on RAT-1 cells were evaluated with
the trypan blue dye exclusion assay (cell mortality) and the
MTT dye test (cell viability). RAT-1 were seeded at a density of
3 x 10# cells/ml in 12-well plastic culture dishes for the trypan blue
dye exclusion test and at a density of 2 x 10% cells/ml in 12-well tis-
sue culture plates for the MTT test. After 24 h incubation, the culture
medium was replaced with serum-free medium and SA-SLNs or SF-
SLNs were added at final scalar dilutions (0-50 M). The toxicity
experiments were carried out at different incubation times from 3 h
to 24 h. Untreated RAT-1 cells were used as control and blank sam-
ple in various experiments, respectively. To perform the trypan blue
dye exclusion assay, RAT-1 were harvested using trypsin/EDTA (1x)
solution (2 ml), washed twice with phosphate buffer solution (2 ml)
and transferred to plastic centrifuge tubes with 4 ml. Samples were
then centrifuged with an ALC PK 120R at 1200 rpm at room temper-
ature for 5 min. The supernatant was discarded and the pellet was
suspended in 200 pl trypan blue buffer, for 30 s and the amount
of dead cells (blue stained cells) was observed and counted using
a Burker camera under an optical microscope (Olympus CKX31).
The percentage of cell mortality was calculated using the following
equation

%Mortality = % x 100
Cr

where Cp is the number of dead cells and C; the total number of
cells. The cell viability assay was carried out using the MTT dye test.
RAT-1 cells were seeded at a density of 2 x 104 cells/ml in 12-well
culture plates for 24 h at 37° C and 5% CO, to allow the adhesion of
the cells. After 24 h incubation, the culture medium was removed
and substituted with serum-free fresh medium, RAT-1 immortal-
ized fibroblasts were then treated with SA-SLNs and SF-SLNs. At the
end of the incubation time 50 L of MTT tetrazolium salt (5 mg/ml
dissolved in PBS buffer) were added to each well and RAT-1 cells
were incubated for additional 3 h, to allow the formation of violet
formazan crystals. A solution of 0.04 N HCl in isopropanol (1 ml)
was added to solubilize the formazan crystals in the cells. The
absorbance was measured with the Ultrospec 2100 pro spectropho-
tometer (Amersham-Biosciences) at a test wavelength of 570 nm
with a reference wavelength of 690 nm. The effect of drug treat-
ment on the percentage of viable cells, directly proportional to
the amount of formazan crystals formed, was calculated using the
following equation

%Ceuvmbﬂuyzzgg?ix1oo
8]

where Abst is the absorbance of treated cells and Absy is the
absorbance of untreated cells. Values of cell mortality and cell via-
bility are expressed as the mean of six different experiments + SEM.
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Fig. 2. Effects of SF-SLNs and SA-SLNs, a-tocopherol and [3-carotene loaded, on
malondialdehyde (MDA) production induced by tert-BOOH (A) and AAPH (B) in rat-
liver microsomal membranes. The microsomal membranes were incubated with
0.25 x 103 M tert-BOOH or 25 x 10~3 M AAPH at 37 °C under air in the dark. Results
represent the mean + SEM of six separate experiments. Overall “P<0.01.

2.3. Statistical analysis
Statistical differences were determined by one-way analysis of

variance (ANOVA). The results were expressed as mean + SEM of n
independent experiments.

3. Results and discussion
3.1. Morphology
SF-SLNs and SA-SLNs entrapping a-tocopherol and 3-carotene

were successfully prepared by microemulsion technique at the
70-75°C temperature range.
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Table 3

Effect of time of storage (at room temperature and sunlight) on particle size of SF-SLNs and SA-SLNs. Overall “P<0.01.

Formulation Drug Size (nm), zero days Size (nm), 1 month Size (nm), 2 month Size (nm), 3 month
SF- a-Tocopherol 175.7 £ 3.4 180.9 + 3.7 1872 £ 7.8 196.5 + 6.7

SLNs {3-Carotene 169.8 + 4.8 1741 £ 6.4 180.5 + 6.3 188.4 + 3.2

SA- a-Tocopherol 195.3 £ 8.2 205.6 + 8.9 2191 £ 2.3 2412 + 4.8

SLNs [3-Carotene 1874 + 3.8 200.2 + 3.4 2244+ 49 2354 + 3.2

Table 4

Effect of time of storage (at room temperature and sunlight) on entrapment efficiency of SE-SLNs and SA-SLNs. Overall “P<0.01.

Formulation Drug Entrapment efficiency (EE%), zero days Entrapment efficiency (EE%), 3 month
SF- a-Tocopherol 58.7 + 0.32 57.3 £ 0.41
SLNs B-Carotene 49.2 + 0.26 48.4 + 0.31
SA- a-Tocopherol 194 + 0.15 153 £ 0.15
SLNs [B-Carotene 153 £0.21 11.2 £0.27

An oil-in-water microemulsion was spontaneously obtained as
recognized by a clear solution after adding the heated water phase
into the oil phase of the same temperature. The SLNs were obtained
immediately when dispersing the warm microemulsion into cold
water with the aid of a homogenizer. The cold water facilitated rapid
lipid crystallization and prevented lipid aggregation [41]. Photomi-
crographs of SF-SLNs, containing a-tocopherol and [(3-carotene,
visualized by TEM, are shown in Fig. 1(A and B) and revealed that
the nanoparticles are spherical in shape, the particle size ranging
approximately from 159 nm to 176 nm. However, a more accurate
investigation into the size distribution was performed as described
into the next section.

3.2. Particle sizes

The mean particle size of obtained formulations showed
(Table 2), according to Dingler et al. [23], an increase of the particle
size after incorporation of both antioxidants into the solid matrix
of SLNs. In particular, the mean diameter was respectively 159.3 nm
for the SF-SLNs drug free, 175.7 nm for SF-SLNs loaded with a-
tocopherol and 169.8 nm for SF-SLNs entrapping [3-carotene. On
the other hand the SA-SLNs, both drug free and loaded with the
two antioxidants, were characterized by a higher mean diameter.

Pl values, as shown in Table 2, were lower than 0.2 for all formu-
lations indicating a relatively narrow size distribution especially in
the case of SF-SLNs.

3.3. Antioxidant properties of loaded SF-SLNs and SA-SLNs

The ability of loaded SF-SLNs and SA-SLNs to protect against
lipid peroxidation induced by two different sources, of free radicals
such as tert-BOOH and AAPH, was examined in rat-liver microsomal
membranes during an incubation period of 120 min [27]. The effects
of SF-SLNs and SA-SLNs on lipid peroxidation were time-dependent
and effected as the MDA production (in nmol mg~! protein) (Fig. 2).
Both SF-SLNs and SA-SLNs were stronger antioxidants in protecting
the membranes from tert-BOOH- than from AAPH-induced lipid
peroxidation showing a preservation of antioxidant activity up to
2 h, SF-SLNs exhibiting a higher antioxidant efficiency.

3.4. Stability data

In order to verify the ability to maintain the stability of
entrapped antioxidants, SF-SLNs and SA-SLNs were stored at room
temperature and exposed to sunlight for 3 months. a-tocopherol
and P-carotene, in fact, are well-known light and oxygen sen-
sitive substances; consequently, it is very important to protect
them during storage. The results of stability studies are shown in

Tables 3 and 4. The mean particle size of SF-SLNs after preparation
and after 3-months storage changed from 175.7 nm to 196.5 nm for
SF-SLNs entrapping a-tocopherol and from 169.8 nm to 188.4 nm
for SF-SLNs containing [3-carotene. In the same period the SA-SLNs
showed a majorincrease in size (Table 3). Also the content of the two
antioxidants in SF-SLNs was similar after 3-months storage whereas
the SA-SLNs showed a lower entrapment efficiency (Table 4).

3.5. Pro-oxidant test

We exposed SF-SLNs and SA-SLNs, entrapping «-tocopherol, to
tert-BOOH, a free radicals generator. The antioxidant activity of
both loaded SF-SLNs and SA-SLNs was evaluated after their pro-
oxidation. The results suggest that, after this treatment, SF-SLNs
exhibit an antioxidant activity higher than SA-SLNs (Fig. 3) con-
firming that the stearyl ferulate protected a-tocopherol during the
pro-oxidation. In fact, CG/MS analysis of the drug, loaded in SF-SLNSs,
confirmed its integrity. On the contrary, only a small amount of o~
tocopherol and some products of its degradation in SA-SLNs, under
the same experimental conditions, were found (data not shown).

3.6. Effect of SA-SLNs and SF-SLNs on vitality of RAT-1 cells

In order to examine the cytotoxic effect of stearic acid and stearyl
ferulate SLNs, RAT-1 cells were exposed to SA-SLNs and SF-SLNs in
a concentration range from 0 uM to 50 uM for 24 h as described
in Section 2.2.10.1, and MTT assay was carried out with cells cul-
tured in SA-SLNs and SF-SLNs-free media as control. No significant
change in viability was observed in RAT-1 cells treated with SA-
SLNs in the range of 0-5 wM, while no change was appreciated in

B loaded SF-SLNs

B loaded SA-SLNs

% of MDA inhibit

t-BOOH

Fig.3. Antioxidant activities of a-tocopherol-loaded SF-SLNs and SA-SLNs after pro-
oxidant test Results represent the mean + SEM of six separate experiments. Overall
“P<0.01.
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Table 5

Influence of different concentrations of SA-SLNs and SF-SLNs on cell viability.
SA-SLNS (M) Vitality (%) SF-SLNS(uM) Vitality (%)
Control 100.0 + 4.2 Control 100.0 + 4.2
0.005 107.1 £ 2.1 0.005 104.5 + 4.3
0.025 104.3 + 0.6 0.025 107.0 + 4.6
0.05 108.6 + 4.3 0.05 106.5 + 6.2
0.5 110.1 £ 7.1 0.5 104.8 + 2.0
5 1034 + 3.1 5 95.0 & 2.2
50 815+ 28 50 581 + 6.4

RAT-1 cells were harvested and treated with SA-SLNs and SF-SLNs in a dilution of
0-50 WM. After 24 h treatment, cells viability was assayed via MTT as described in
Section 2. Results are expressed as Mean + SEM of three independent experiments.
Overall “P<0.01.

cell viability for SF-SLNs in the concentration range of 0-0.5 uM
(Table 5). On the contrary, a 20% reduction of vitality was found in
the cells incubated with SA-SLNs at 50 wM and a 35% reduction of
vitality was found in the cells incubated with SF-SLNs at 5 wM con-
centration. As shown in Fig. 4A, the cell viability was less than 80%
after exposure to 50 WM SA-SLNs and less than 65% after exposure
to 5 wM SF-SLNs for 24 h. The effect of both formulations on cell
viability was also time-dependent, since the cell survival declined
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Fig. 4. Cells were incubated with SA-SLNs and SF-SLNs, 50 wM and 5 M, respec-
tively as described in Section 2.2.10. At 24 h post-exposure cell viability was assayed
via MTT (A). A composite of 24 h treatment is shown in (B). Results represent the
mean + SEM of six separate experiments. Overall “P<0.01.

drastically by increasing the treatment time from 3 h to 24 h in the
cells incubated with 50 wM SA-SLNs or 5 wM SF-SLNs (Fig. 4B). The
present results show that very high doses of SA-SLNs and high doses
of SF-SLNs exert a cytotoxic effect on RAT-1 cells in a concentration-
and time-dependent manner (Fig. 4A,B).

4. Conclusions

Stearyl ferulate was synthesized linking ferulic acid to stearyl
alcohol and then SF-SLNs were successfully prepared by a
microemulsion technique at moderate temperature. Then these
nanoparticles entrapping two known antioxidants, (3-carotene and
a-tocopherol, were submitted to stability, antioxidant and cytotox-
icity studies, characterized for entrapment efficiency, size, shape
and compared to SLNs prepared with stearic acid. Our results
demonstrate that SF-SLNs provide a good vehicle for (3-carotene
and a-tocopherol as they are able to stabilize them, preventing the
oxidation and the degradation of both compounds. The cytotoxic-
ity studies suggest that SF-SLNs are well tolerated at concentrations
up to 5 uM, lower than SA-SLNs, in the formulation for short time
exposure (no more than 6 h). However, it is interesting to note that
SF-SLNs display a better efficiency of encapsulation (about 50% of
[B-carotene and a-tocopherol) with respect to SA-SLNs and for this
reason they could even foster the release of the drugs. In this latter
concern, further studies are needed. Therefore, SF-SLNs could be an
interesting carrier for chemically labile active ingredients, in partic-
ular for what concerns topical application when they are used for
all those formulations, either cosmetical or pharmaceutical, that
are suitable with the low micromolar range of SF-SLNs or sim-
ply employed, at higher doses, to store photosensitive compounds
before being used for chemical purposes.
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