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ABSTRACT 

In the search for new cancer chemo-preventive compounds, hundreds of naturally 
occurring molecules have been evaluated. Among these, antioxidants appear to be 
very promising. In this contest, over the last decade retinoids, natural and synthetic 
substances structurally related to vitamin A, are often used as part of a combined 
therapy and have been object of intense investigation. However, clinical trials have 
shown that retinoids can also be deleterious and are associated with the activation of 
proto-oncogenes, leading to an increased incidence of neoplasias. In fact, retinoic 
acid (RA) partition is regulated by cognate intracellular lipid binding proteins 
(iLBPs): cellular retinoic acid binding protein II (CRABP-II) delivers RA to RARs, 
while fatty acid binding protein 5 (FABP5) shuttles the RA to PPARβ/δ. In cells with 
high CRABP-II/FABP5 ratio, RA functions through RAR acting as a pro-apoptotic 
agent, while signaling through PPARβ/δ promotes survival in those cells highly 
expressing FABP5. So that, in some tissues RA promotes cell survival and 
hyperplasia. The apparently conflicting data regarding the pro-oxidant/ anti-oxidant 
and proliferative/anti-proliferative potential of different retinoids molecules, 
stimulated us to investigate the effect of RA on cell proliferation and its mechanisms 
in two different tumor Leydig cell lines (MLTC-1 and R2C) using as normal 
phenotype counterpart the Leydig TM-3 cell line. Our previous data demonstrated 
how pharmacological doses of RA induce cell death via the apoptotic pathway in 
Leydic TM-3 cell line. Recently dose-response treatment of TM-3, MLTC-1 and R2C 
with RA at nutraceutic/physiological doses, promotes cell proliferation accompanied 
by stimulation of antioxidant enzymes activity (CAT, GST), decreases p21 levels and 
fosters cell cycle progression via activation of the IP3K/Akt pathway in the cancer 
cell line, while administration of pharmacological doses of RA still results in 
apoptosis. Interestingly treatment with 500 nM of RA resulted in cytosolic 
vacuolization, hallmark of the autophagic process. Autophagy is a major cellular 
pathway for the degradation of long-lived proteins and organelles in eukaryotic cells. 
A large number of intracellular/extracellular stimuli, including amino acid starvation, 
testosterone production and invasion of microorganisms are able to induce 
autophagic response. In addition, retinoic acid is also implicated in a post-translation 
modification called retinoylation that modify, in vitro, the activity of the 
mitochondrial carrier oxo-chetoglutarate (OCG).  

Moreover, retinoids are often used as part of a combined therapy, their action is 
prevalently mediated by two types of receptor RAR and RXR. This latter, is also 
called master coordinator due to its versatility to heterodimering with several nuclear 
receptor. Thus, we have elucidated the molecular mechanism by which combined 
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treatment with rosiglitazone (BRL) and 9 cis retinoic acid (9cRA) at nanomolar doses 
triggers apoptotic events in breast cancer cells, suggesting potential therapeutic uses 
for these compounds, demonstrating an up-regulation of tumor suppressor gene p53 
and its activity is due to the NFkB site, giving emphasis to the potential use of the 
combined therapy with low doses of both BRL and 9cRA as novel therapeutic tool 
particularly for breast cancer patients who develop resistance to anti-estrogen 
therapy. Recently, 9cRA was found as endogenous in pancreas highlighted its rule in 
both glucose stimulated insulin secretion (GSIS) mechanism and glucose 
homeostasis, establishing it as autocoid hormone with a unique physiological 
function among retinoids, and broaden insight into mechanisms of GSIS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 

3 

 

INTRODUCTION 

 

1. atRA: multiple effects in different biological systems 

Current approaches to cancer treatment are mostly based on cytotoxic and cytostatic 

mechanisms to eliminate malignant cells. These pharmacological strategies, although 

efficacious toward the malignant cells, show a number of toxic side effects which 

frequently hamper or drastically reduce their use. A newer dimension in cancer 

management is the increasing awareness that chemoprevention, namely the 

administration of chemical agents (both natural and synthetic) to prevent the early 

events of carcinogenesis, could be the most direct way to counteract malignancy 

development and progression (Della Ragione et al. 2000). In the search for new 

cancer chemopreventive compounds, hundreds of naturally occurring molecules have 

been evaluated over the past few years. Among the agents able to lower the rate of 

malignant transformation, antioxidants appear to be very promising. Indeed, diets rich 

in antioxidant molecules are clearly associated with a diminished risk of cancer at 

various anatomical sites (Della Ragione et al. 2000). The oncoprotective properties of 

exogenous antioxidants have been documented in a number of epidemiological, 

intervention and in vitro studies. However, the mechanisms implicated are far from 

being clarified. Antioxidant effects, steroid receptor binding, direct interaction with 

intracellular elements and signaling systems and, recently, aryl hydrocarbon receptor 

(AhR) binding and modification of subsequent signaling pathways (Ciolino et al. 

1999; Jellinck et al. 1993; Le Ferrec et al. 2002; Lee & Safe 2001; Liu et al. 1994; 

McDougal et al. 2001) have been proposed as possible mechanisms for the mediation 

of the oncoprotective effect of these agents. Exogenous antioxidants are exclusively 

produced by plants; they are divided into water-soluble antioxidants (e.g. vitamin C) 

and lipid-soluble antioxidants (e.g. vitamin A, vitamin E, β-carotene). Some 

intervention studies have questioned the effectiveness of specific antioxidants in 

tumor prevention. This suggests that the use of these compounds as chemopreventive 
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agents must await more detailed knowledge of their mechanism of action and their 

interactions with genetic phenotypes and environment (Della Ragione et al. 2000).  

In this contest, over the last decade retinoids have been the object of intense 

investigation. Retinoids are natural and synthetic substances structurally related to 

retinol, the vitamin A (ROL). Major sources of natural retinoids are animal fats, fish 

liver oil (retinylesters), and yellow and green vegetables (carotenoids). Ingested 

retinylesters (RE) are hydrolyzed to ROL by enteral hydrolases in the intestine. ROL 

and carotenoids are absorbed by intestinal mucosa cells. Of the carotenoids, b-

carotene is the most potent ROL precursor, yet it is six-fold less effective than 

preformed ROL, which results from incomplete resorption and conversion (One ROL 

equivalent is equal to 1 mg of ROL, 6 mg of b-carotene, or 12 mg of mixed 

carotenoids) (Blomhoff et al. 1991). After intestinal absorption, retinoid production 

from carotenoids can occur by two pathways: first, retinal (RAL) can be synthesized 

by oxidative cleavage of the central double bond followed by reduction to ROL by a 

microsomal retinal reductase (Kakkad & Ong 1988). Here, the cellular retinol binding 

protein-II (CRBP-II) protects RAL from oxidation into retinoic acid (RA). Second, 

apo-carotenoids are formed through excentric cleavage followed by transformation of 

the apo-carotenoid acids into RAs (Wang et al. 1991). In the intestinal cell, ROL also 

forms complexes with CRBP-II. This ROL-CRBP-II complex serves as substrate for 

the esterification of ROL to RE by a lecithin:retinol acyltransferase (LRAT) 

(MacDonald & Ong 1988) with long-chain fatty acids, which are incorporated by 

chylomicrons (Blomhoff et al. 1990). The fatty acids reach the general circulation 

where they undergo several biochemical changes via the lymph RE-chylomicron 

complexes. This leads to the formation of several chylomicron remnants, which in 

turn are cleared primarily by the liver, although extrahepatic chylomicron uptake has 

been shown also in bone marrow and spleen, and to a lesser degree in testes, lungs, 

kidneys, fat, and skeletal muscle (Blomhoff 1994; Blomhoff et al. 1991). In the 

parenchymal hepatocytes, chylomicron-RE complexes are hydrolyzed and free ROL 

binds to retinol binding protein (RBP), its serum transport protein. Excess ROL 
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undergoes a paracrinic transfer from the hepatocytes to the perisinusoidal stellate 

cells, called vitamin A storage or Ito cells, for storage (Hirosawa & Yamada 1973). 

Approximately 50 to 80% of the total body vitamin A in humans is stored in the 

stellate cells in the liver in the form of REs. Depending on their lipophilic character, 

exogenous and endogenous RA derivatives accumulate in the human body with 

highly variable elimination half-lives. This has to be considered especially for the use 

of synthetic RA derivatives in clinical therapy (Chien et al. 1992). To maintain 

constant physiological ROL concentrations in the plasma of approximately 2 

mmol/L, ROL can be released from the stellate cells. The RA concentration in the 

plasma and other body fluids is approximately 100-fold lower (7 to 14 nmol/L) 

(Napoli et al. 1985; De Leenheer et al. 1982; Tang & Russel 1990; Eckhoff & Nau 

1990). ROL-RBP complexes released from the liver bind to transthyretin, a serum 

protein named for its ability to bind and transport simultaneously but independently 

from both the thyroid hormone and the ROL-RBP complex (Blomhoff et al. 

1991).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. The complexity of the 

metabolic pathways for retinoids and the likelihood that these are altered by diseases 

suggest that such novel strategies will be forthcoming. Multiple studies are underway 

to define the steps of retinoid metabolism where the use of modulating drugs might 

influence the results of therapy thereby leading to the most profound effects with 

regard to the clinical outcome. 

Retinoids are promising agents in the chemoprevention and treatment of the 

neoplastic disease. They exert antiproliferative and differentiation-inducing effects on 

cancer cells and are used in the prevention and treatment of certain types of human 
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cancer and precancerous lesions (Gudas et al. 1994; Lotan 1996). Their action is 

mediated by two types of receptors, the retinoic acid receptors (RARs) and retinoid X 

receptors (RXRs) (Chambon 1996) belonging to the steroid/thyroid hormone 

receptors superfamily. There is substantial evidence in vitro that retinoids exert their 

effect through the induction of apoptosis in tumor cells including hepatoma, 

leukemia, breast cancer and embryonal carcinoma cell lines (Nagy et al. 1995; 

Nakamura et al. 1995; Horn et al. 1996; Kim et al. 1996; Li et al. 1999). The action of 

retinoids in promoting apoptosis may explain the anticarcinogenic properties of these 

compounds.  Apoptosis, an active and programmed form of cell death, is a multistep 

process (Hengartner 2000) that plays an important role in the regulation of 

development morphogenesis (Vaux & Korsmeyer 1999), cell homeostasis, and 

diseases such as cancer, stroke, and ischemic heart disease (Thompson 1995). 

Apoptosis is characterized by morphological changes including progressive cell 

shrinkage with condensation, fragmentation of nuclear chromatin and membrane 

blebbing (Kerr et al. 1980). Two apoptotic pathways by which cells can initiate and 

execute the cell death process, the extrinsic and the intrinsic, have been identified 

(Green 2000; Johnstone et al. 2002). The extrinsic pathway is initiated by ligation of 

transmembrane death receptors (CD95, TNF receptor, and TRAIL receptor) to 

activate membrane proximal caspases (caspase-8 and -10). The mammalian caspase 

family comprises at least 13 known members, most of which have been definitively 

implicated in apoptosis. In vitro experiments suggest that several caspases could 

activate by themselves, while others require activation by other caspases, acting as a 

proteolytic cascade (Nicholson & Thornberry 1997). Caspase-3, -6, and -7 are 

terminal members of caspase cascade and recognize critical cellular substrates, whose 

cleavage contributes to the morphological and functional changes associated with 

apoptosis (Thornberry & Lazebnik 1998). Caspase-3 activation also results in DNA 

cleavage via inactivation of an inhibitor of the DNA fragmentation factor, the 

endonuclease responsible for internucleosomal cleavage of chromatin 

(Wickremasinghe & Hoffbrand 1999). Recent findings showed that caspase-3 has a 
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mitochondrial and cytosolic distribution in non-apoptotic cells (Mancini et al. 1998). 

The mitochondrial caspase-3, which is located in the intermembrane space, was 

shown to be activated by numerous pro-apoptotic stimuli and this activation could be 

blocked by bcl-2 (Mancini et al. 1998). Once the caspases are activated, the cell is 

irreversibly committed to cell death (Reed et al. 1996). The intrinsic pathway is 

initiated in the cells by the loss of integrity of the outer mitochondrial membrane and 

the release of cytochrome c into the cytosol (Hirsch et al. 1997; Green & Reed 1998; 

Joza et al. 2001; Zamzami & Kroemer 2001). Then cytochrome c, an essential 

constituent of the respiratory chain, is released from mitochondria into the cytosol 

and induces a conformational change in Apaf-1 (apoptotic protease activating factor-

1) that results in the activation of a cascade of caspase proteases with consequent cell 

death (Yang & Cortopassi 1998; Susin et al. 1999). The release of cytochrome c is 

associated with the mitochondrial permeability transition (MPT). Indeed, it is 

associated with depolarization of the mitochondrial inner membrane potential, loss of 

the H+ gradient, uncoupling of oxidative phosphorylation, ATP depletion, 

mitochondrial swelling and disruption of the outer mitochondrial membrane 

(Wudarczyk et al. 1996; Bindoli et al. 1997; Kowaltowski et al. 1997; Bossy-Wetzel 

et al. 1998; Vieira et al. 2000). Among the non proteic effectors, calcium ion is the 

most important inducer of MPT (Petronilli et al. 1993; Schild et al. 2001). 

Mitochondria are vulnerable targets to toxic injury by a variety of compounds 

because of their crucial role in maintaining cellular structure and function via 

oxidative phosphorylation and ATP production.  The translocation of cytochrome c 

into the cytosol represents a central point in many forms of apoptosis, since 

cytochrome c is a fundamental component of the apoptosome, responsible for caspase 

activation.  

There are a growing number of in vitro experiments demonstrating that active 

retinoids, as well as RA, antagonize cell growth in a variety of non-tumoral and 

tumoral cells, characterizing them as potential chemotherapeutic agents (Okuno  et al. 

2004; Kuratomi et al. 1999; Dragnev et al 2003). Indeed, this class of agents finds 
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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. Fenretinide, a synthetic retinoid, has shown 

efficacy in the secondary chemoprevention of breast cancer (Veronesi et al. 1999). 

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 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 
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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. 

It has been suggested that retinoids act as antioxidants in biological systems, 

assuming a role in antioxidant therapies for treatment and prevention of malignant 

and neurodegenerative diseases (Okuno et al. 2004). However, clinical trials have 

shown that retinoids can also be deleterious and are associated with the activation of 

proto-oncogenes, leading to an increased incidence of neoplasias (Omenn 2007). 

Transcriptional activation of the nuclear receptor RAR by RA often leads to 

inhibition of cell growth. However, in some tissues RA promotes cell survival and 

hyperplasia: these activities are unlikely to be mediated by RAR (Henion & Weston 

1994; Rodriguez-Tebar & Rohrer 1991). In addition to activate RARs, RA can also 

stimulate the nuclear receptor PPARβ/δ (peroxisome proliferator-activated receptor 

β/δ), and therefore the list of genes and cellular responses controlled by this hormone 

include both RAR and PPARβ/δ-targets. The partition of RA between its two 

receptors is regulated by cognate intracellular lipid binding proteins (iLBPs); 

moreover, cellular retinoic acid binding protein II (CRABP-II) delivers RA to RARs, 

while fatty acid binding protein 5 (FABP5) shuttles the RA to PPARβ/δ (Shug et al. 

2007). In cells with high CRABP-II/FABP5 ratio, RA functions through RAR acting 

as a pro-apoptotic agent, while signaling through PPARβ/δ promotes survival in those 

cells highly expressing FABP5. The opposing effects of RA on cell growth thus 

emanate from alternate activation of two different nuclear receptors (Shug et al. 

2007). The apparently conflicting data regarding the pro-oxidant/ anti-oxidant and 
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proliferative/anti-proliferative potential of different retinoids molecules, stimulated us 

to investigate the effect of RA on cell proliferation and its mechanisms in two 

different tumor Leydig cell lines (MLTC-1 and R2C) using as normal phenotype 

counterpart the Leydig TM-3 cell line. Previous datas demonstrated how 

pharmacological doses of RA induce cell death via the apoptotic pathway in Leydic 

TM-3 cell line (Tucci et al. 2008). Here we report that dose–response treatment of 

TM-3, MLTC-1 and R2C with RA at nutraceutic/physiological doses, promotes cell 

proliferation accompanied by stimulation of antioxidant enzymes activity (CAT, 

GST), decreases p21 levels and fosters cell cycle progression via activation of the 

IP3K/Akt pathway in the cancer cell line while administration of pharmacological 

doses of RA results in apoptosis either in TM-3 in agreement with the literature 

(Tucci et al. 2008) and R2C and MLTC-1 tumoral cell line. Interestingly treatment 

with 0.5 µM RA resulted in cytosolic vacuolization, hallmark of the autophagic 

process. Autophagy is a major cellular pathway for the degradation of long-lived 

proteins and organelles in eukaryotic cells(Yoshimori 2004). A large number of 

intracellular/extracellular stimuli, including amino acid starvation and invasion of 

microorganisms, are able to induce the autophagic response in cells. Autophagic cell 

death is morphologically characterized by an accumulation of autophagic vacuoles. 

Macroautophagy (which we will refer to as ‘autophagy’) involves the sequestration of 

cytosol or cytoplasmic organelles within double membranes, thus creating 

autophagosomes (also called autophagic vacuoles). Autophagosomes subsequently 

fuse with endosomes and eventually with lysosomes, thereby creating 

autophagolysosomes or autolysosomes. In the lumen of these latter structures, 

lysosomal enzymes operating at low pH then catabolize the autophagic material 

(Levine & Klionsky 2004; Shintani & Klionsky 2004). In addition to the degradation 

of cellular proteins and organelles, autophagy can serve as a temporary survival 

strategy to defend against damage caused by environmental changes through the 

sequestration of noxious substance (such as certain aggregation-prone proteins or the 

expression of aggregating mutant variants of specific proteins) and injured organelles. 
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Furthermore, autophagy may also be a strategy for self-destruction through the 

induction of programmed cell death (PCD), which is different from apoptosis (Bursch 

et al. 2004). Both apoptosis and autophagy can occur concomitantly in the same cells, 

suggesting the involvement of common regulatory mechanisms (Kondo et al. 2005). 

Moreover the redox environment of the cell is currently thought to be extremely 

important to control either apoptosis or autophagy (Jaattela 2004; Gurusamy & Das 

2009).  

It has generally been believed that most of the functions of vitamin A are mediated by 

the nuclear retinoic acid receptors, RAR and RXR (Kastner et al. 1994; Mangelsdorf 

et al. 1994; Wolf  2000). The activation of retinoic acid (RA) in development and cell 

differentiation is mediated by these receptors, which interact directly by binding to 

specific DNA sequences. In addition to binding nuclear retinoid receptors, RA acts 

elsewhere in the cells (Bolmer & Wolf, 1982; Smith et al. 1989; Varani et al. 1996). 

Retinoylation (acylation by RA of protein), a post-translational non-genomic 

modification, is another mechanism by which RA may act on cells. 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 & Olson, 2001; 

Myhre et al. 1998; Renstrom & DeLuca, 1989). The covalent linkage between RA 

and proteins is probably a thioester or labile O-ester bond in most cases. Retinoylated 

proteins that have been identified so far include cAMP binding proteins, vimentin, 

the cytokeratins, and some nuclear proteins (Takahashi & Breitman  1989, 1990, 

1994; Tournier et al. 1996;  Myhre et al. 1996, 1998; Renstrom & DeLuca 1996). 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 (Genchi &Olson 2001; Cione & 

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 
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cultures are incubated with atRA at 100 nM (Tucci et al. 2008). 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 viceversa. 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 retinoic acid 

treatment.  

 

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

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 & Soprano, 2003). Six nuclear 

receptors, termed RARα, RARβ, RARγ, RXRα, RXRβ and RXRγ, 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-cis 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’ 
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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  et al. 1993; Mangelsdorf & Evans 1995). In 

basal conditions, the RXR/RAR heterodimer is bound to the cognate DNA sequence 

(RARE) and interacts with a multiprotein complex known as the corepressor (Weston 

et al. 2003; Wei 2004). 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 (Xu et al. 1999; Westin et al. 2000)  

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.  2006). Little is known about the RXR/RXR pathway which is far less studied than 

the RXR/RAR counterpart.  

This second part of the thesis 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 breast carcinoma for their ability to inhibit 

growth and induce morphological or phenotypic differentiation 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 
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accepted that breast cancer cells express RARα, RARγ and RXRα but also 

Peroxisome Proliferator-Activated Receptor gamma (PPARγ) that can regulate cell 

proliferation, differentiation and survival (Lemberger et. al. 1996; Lefebvre et al. 

2006). PPARγ 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 

sequence 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; McIerney et al. 1998; 

Yuan et al. 1998). Previous data show that PPARγ, poorly expressed in normal breast 

epithelial cells (Elstenr et al. 1998), is present at higher levels in breast cancer cells 

(Tontonoz  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). Previous data show that the 

combination of PPARg ligand with either all-trans retinoic acid or 9-cis-retinoic acid 

(9RA) can induce apoptosis in some breast cancer cells (Elstenr 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 

(Elstenr et al. 1998). Thus, in the present study we have elucidated the molecular 

mechanism by which combined treatment with BRL and 9RA at nanomolar doses 

triggers apoptotic events in breast cancer cells, suggesting potential therapeutic uses 

for these compounds. We demonstrated the molecular mechanism underlying 

antitumoral effects induced by combined low doses of both ligands in MCF-7 cells, 

when an up-regulation of tumor suppressor gene p53 was concomitantly observed. 

Functional assays with delection constructs of the p53 promoter showed that the 

NFkB site is required for the transcriptional response to BRL plus 9RA treatment. 

NFkB was shown to physically interact with PPARg which in some circumstances 

binds to DNA cooperatively with NFkB. Only BRL and 9RA in combination 
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increased the binding and the recruitment of either PPARg or RXRa on the NFkB site 

located in the p53 promoter sequence. The crucial role of p53 gene in mediating 

apoptosis is raised by the evidence that the effects on the apoptotic cascade were 

abrogated in the presence of AS/p53 in all breast cancer cell lines tested, including 

tamoxifen resistant breast cancer cells. These results give emphasis to the potential 

use of the combined therapy with low doses of both BRL and 9RA as novel 

therapeutic tool particularly for breast cancer patients who develop resistance to anti-

estrogen therapy. However, high doses of both ligands have remarkable side effects 

including weight gain due to increased adiposity, edema, hemodilution, and plasma-

volume expansion, which preclude their clinical application in patients with heart 

failure (Arakawa et al. 2004; Rangwala & Lazar 2004; Staels 2005). The undesirable 

effects of RXR-specific ligands on hypertriglyceridemia and suppression of the 

thyroid hormone axis have been also reported (Pinaire & Reifel-Miller 2007). 

Chronic over-nutrition and genetic factors can impair GSIS, leading to glucose 

intolerance and hyperglycemia, and ultimately to Type 2 diabetes (Muoio & Newgard 

2008). Impaired GSIS develops through multiple mechanisms, including actions of 

metabolic hormones and inflammatory cytokines, products of metabolic overload, 

and endoplasmic reticulum stress (Henquin et al. 2003). Glucose sensing and uptake 

by the pancreas transporter Glut2 and glucose phosphorylation catalyzed by GK 

constitute the first and rate-limiting steps, respectively, that couple blood glucose 

levels to insulin release. Metabolism of glucose-6-phosphate increases mitochondrial 

metabolites, including  ATP. A rise in ATP closes the β-cell K+
ATP channel, which 

allows Ca2+ influx  to trigger the first phase of GSIS (Jensen et al. 2008). Despite 

these insights, mechanisms of GSIS and impaired glucose tolerance remain 

incompletely understood. Also uncertain is the contribution of impaired glucose 

tolerance to diminished pancreatic β-cell function and mass associated with type 2 

diabetes (Lowell & Shulman 2005). Vitamin A has been identified as a factor 

important to pancreas development, islet formation and pancreatic function (Chertow 

& Baker 1978; Matthews et al. 2004; McCarroll et al. 2006).Vitamin A-restriction 
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during development impairs islet development and promotes glucose intolerance in 

adult rodents. atRA regulates pancreas development (Noy 2007; Germain et al. 2006; 

Kadison et al. 2001). On the other hand, restricting vitamin A in mature diabetes-

prone rats reduces diabetes and insulitis, possibly though enhanced glucose sensing 

and metabolism (Kobayashi et al. 2002). Interestingly, the vitamin A-derived 

hormone atRA does not reproduce the effects of vitamin A on the incidence of 

diabetes in diabetes prone rats. Although the contribution of vitamin A to pancreas 

development through atRA seems clear, mechanisms whereby vitamin A affects 

mature pancreas function have not been determined in depth, nor have the specific 

vitamin A-metabolites been identified that contribute to physiological control of 

GSIS. 

A class of compounds that selectively bind and activate RXR, are being studied as a 

potential option for the treatment of metabolic syndrome. These compounds have 

glucose-lowering, insulin-sensitizing, and antiobesity effects in animal models of 

insulin resistance and type 2 diabetes (Pinaire & Reifel-Miller 2007). These recent 

findings suggest that, with continued research efforts, RXR-specific ligands with 

improved pharmacological profiles may eventually be available as additional 

treatment options for the current epidemic of obesity, insulin resistance, type 2 

diabetes, and all of the associated metabolic sequelae. Specific retinoid X receptor 

(RXR) agonists, such as LG100268 (LG268), and the thiazolidinedione (TZD) 

PPARg agonists, such as rosiglitazone, produce insulin sensitization in rodent models 

of insulin resistance and type 2 diabetes. In sharp contrast to the TZDs that produce 

significant increases in body weight gain, RXR agonists reduce body weight gain and 

food consumption. Unfortunately RXRagonists also suppress the thyroid hormone 

axis and generally produce hypertriglyceridemia. Heterodimer-selective RXR 

modulators have been identified that, in rodents, retain the metabolic benefits of RXR 

agonists with reduced side effects. These modulators bind specifically to RXR with 

high affinity and are RXR homodimer partial agonists. Although RXR agonists 

activate many heterodimer partners, these modulators selectively activate 
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RXR:PPARa and RXR:PPARg, but not RXR:RARa, RXR: LXRa, RXR:LXRb, or 

RXR:FXRa. Therefore, selective RXR modulators are a promising approach for 

developing improved therapies for type 2 diabetes, although additional studies are 

needed to understand the strain-specific effects on triglycerides (Leibowitz et al. 

2006). 

9cRA activation of RXRs has prompted evaluation of synthetic analogs (rexinoids) to 

treat metabolic disease (McCarroll et al. 2006; Noy 2007). 9cRA and rexinoids have 

diverse pharmacological actions that regulate biological endpoints independent of 

atRA (Germain et al.2006). For example, treating embryo day 11 pancreas organ 

cultures with 9cRA inhibits stellate cell activation more potently and quickly than 

atRA, and inhibits acini differentiation, but prompts ductal differentiation and 

endocrine maturation (Kadison et al. 2001; Kobayashi et al. 2002). atRA, in contrast, 

induces acini rather than ductal differentiation, and has no apparent endocrine effects. 

Longer-term systemic treatment with rexinoids promotes insulin sensitization, 

presumably through cumulative effects on multiple receptor distributed throughout 

multiple tissues (Cheng et al. 2008). Regardless of the pharmacological utility of 

9cRA, sensitive analytically validated assays have not detected endogenous 9cRA in 

serum and many tissues that contribute to glucose homeostasis, including brain, liver, 

kidney, adipose and muscle (Ahuja et al. 2003). This leaves unsettled whether 9cRA 

in vivo, and if so, whether it has discrete physiological functions. In this study, we 

used a sensitive and specific LC/MS/MS assay developed to distinguish and quantify 

RA isomers in tissue samples, and found that 9cRA occurs endogenously in pancreas. 

Pancreas 9cRA reacts within minutes to blood glucose fluctuations, modifies the 

impact of glucose in GSIS, and occurs in abnormally high concentrations in models 

of impaired glucose tolerance. These data establish the presence of 9cRA as an 

endogenous retinoid, show that it has a physiological function unique among 

retinoids, and broaden insight into mechanisms of GSIS.  

 



Results and Discussion 
 

18 

 

RESULTS AND DISCUSSION 

 

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

In order to examine the cytotoxic effect of RA on TM-3 cells, they were cultured 

with RA in a concentration range from 0.1 to 20µM for 24h and MTT assay was 

carried out with cells cultured in RA-free media as control. No significant change in 

viability was observed in TM-3 treated in 0–0.5µM RA concentration range (Fig. 

1A). Upon incubation with RA concentration of 1–20µM a significant reduction of 

vitality, however, observed. As shown in Fig. 1A, the cell viability was less than 20% 

after exposure to 20µM RA for 24h. The effect of RA at µM doses on cell viability 

was also time-dependent, since the cell survival declined drastically following an 

increase in the treatment time from 3 to 24h in cells incubated with 10 and 20µM RA 

(Fig. 1B). The present results show that RA exerts a cytotoxic effect on TM-3 cells in 

a concentration and time dependent manner (Fig. 1A,B). 

             
Fig.1 The effect of RA on TM-3 cell survival. A Cells were incubated with indicated concentrations of RA and then the 
cell viability was determined by MTT assay as described in “Materials and methods”. B The cell viability was evaluated 
at 3 and 24 h post-exposure with RA (at µM doses). The data represent means±SD of four independent experiments 
with triplicate well and are presented as the percentage of the control cell number. *P<0.05 compared to the control. 
**P<0.01 compared to the control 
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In order to examine whether apoptosis was the cause of the loss of cell viability, the 

cells were treated with µM doses of RA and subjected to various biochemical 

analyses to detect biomarkers of apoptosis. Mitochondria are vulnerable targets for 

toxic injury and act as crucial executors of apoptosis by releasing cytochrome c into 

the cytoplasm (Cai et al. 1998). 24h post-exposure TM-3 cells were collected and the 

cytosolic protein fraction was assayed for cytochrome c release. As shown in Fig. 

2A,B, cytochrome c was detectable in cytoplasm following exposure to 0.5µM RA 

and the protein increased significantly at higher RA exposure (10–20µM) when 

compared to time matched controls. The time-course of cytochrome c release from 

the mitochondria into the cytosol was also determined after 3, 6, 18 and 24h of 

incubation in the presence of 20µM RA. As shown in Fig. 2C,D, detectable release of 

cytochrome c was, only apparent, after 18h of treatment. The activation of the 

caspase family members is a hallmark of apoptosis. After treatment for 24h with RA, 

western blot analysis, using a caspase-3 antibody that recognizes the caspase-3 

holoenzyme as well as the p17 cleavage product of caspase-3, was performed to 

investigate whether enzymatic processes had been activated. Procaspase-3 is 

synthesized as a precursor of 32kDa which is then proteolitically cleaved. 

Immunoblotting analysis revealed that procaspase-3 levels decreased in cells treated 

with 5, 10 and 20µM RA for 24h in a dose-dependent manner; while a band, 

corresponding to the activated form of caspase-3 (17kDa), was increased over the 

same dose response curve (Fig. 2E). In order to evaluate the induction of apoptosis by 

RA we measured DNA fragmentation using DNA electrophoresis and fluorescent 

staining. The genomic DNA extracted from cells, treated with 5, 10 and 20µM RA 

for 24h, was subjected to 1.2% agarose gel electrophoresis. DNA ladders, which are 

typical of apoptosis, were detected only in the cells treated with 10 and 20µM RA 

(Fig. 2F). LDH activity in the culture media was measured spectrophotometrically as 

an index of plasma membrane damage and loss of membrane integrity and therefore a 

parameter of cytotoxicity. RA treatment for 24h resulted in a dose-dependent 

induction of LDH release (Fig. 3A). To summarize, we have demonstrated that RA-
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induced cell death occurred by classical apoptosis, whilst at higher concentrations 

there is also evidence of necrotic death. 

 

 

Fig.2 Biochemical markers of apoptosis. A TM-3 cells were incubated both in the absence and in the presence of 0.5, 1, 
5, 10 and 20 µM RA for 24 h. After incubation, cells were washed with PBS; equal amounts of cytosolic proteins (2–5 
µg) were separated by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and probed as described in 
“Materials and methods”. Cytochrome c was detected by chemiluminescence. β-actin, used as internal control, was 
detected at the position corresponding to a molecular weight of 42 kDa. B The cytochrome c protein content was 
determined densitometrically. Results are presented as the mean±SD of three independent experiments. *P<0.05 
compared to the control; **P<0.01 compared to the control. C TM-3 cells were incubated with 20 µM RA and release 
of cytochrome was evaluated at 0, 3, 6, 18 and 24 h post-exposure. D The cytochrome c protein content was determined 
densitometrically. Results are presented as the mean±SD of three independent experiments. *P<0.05 compared to the 
control; **P<0.01 compared to the control. E Cells were incubated with 0, 0.5, 1, 5, 10 and 20 µM RA. At 24 h post-
exposure, cells were washed with PBS. Equal amounts of cytosolic proteins (20 µg) were separated by 15% SDS-
PAGE, transferred to a nitrocellulose membrane, and probed as described in “Materials and methods”. Procaspase-3 
and p17 fragment were detected by chemiluminescence. β-actin, used as internal control, was detected at the position 
corresponding to a molecular weight of 42 kDa. F The cells were treated with various concentrations of RA for 24 h; 
then the DNA was extracted, separated by electrophoresis on 1.2% agarose gel and visualized by staining with ethidium 
bromide. Lane 1, control; lane 2, 5 µM RA; lane 3, 10 µM RA; lane 4, 20 µM RA 

 

Ceramide, as a second messenger, is generated by the hydrolysis of the cell 

membrane sphingomyelin or is derived from de novo synthesis in response to 

inducers of apoptosis (Bose et al. 1995). Previous studies have shown that ceramide 
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induces cell apoptosis by the mechanisms of activation of a ceramide-activated 

protein phosphatase (CAPP); moreover, ceramide up-regulates the apoptosis effector, 

Bax, or down-regulates the apoptosis inhibitor, Bcl-2, leading to caspase activation 

(Pinton et al. 2001; Kolesnick 2002; Von Haefen et al. 2002). To identify the possible 

mechanisms mediating RA-induced Leydig cell apoptosis we measured the 

cytotoxicity of RA in cell cultures in the presence or absence of the ceramide 

synthase inhibitor, fumonisin B1. As shown in Fig. 3B, fumonisin B1 treatment alone 

had no effect on cell survival. The apoptotic effect of RA was not mediated by 

ceramide because 50µM of this compound could not prevent the apoptotic effect of 

various concentrations of RA (5–10µM range). At 20µM RA there was an increase in 

ceramide generation providing evidence of necrotic death. 

                                   

Fig.3 The effect of RA on LDH release and the effect of ceramide synthase inhibitor on TM-3 cell survival. A The TM-
3 cells were treated with various concentrations of RA as indicated for 24 h, and the amount of LDH released was 
determined as described in “Materials and methods”. B The cells were treated with various concentrations of RA (0, 5, 
10 and 20 µM) with and without 50 µM fumonisin B1 (FMN-B1), a ceramide synthase inhibitor, for 24 h, and the cell 
viability was determined by MTT assay as described in “Materials and methods”. The data represent means±SD of four 
independent experiments with triplicate well and are presented as a percentage of viable cells in the control sample. 
*P<0.05 compared to the control. **P<0.01 compared to the control. a P<0.05 compared to identical RA group 

 

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

formation as described in “Materials and methods”. RA treatment (0–1µM 

concentration range, for 24h treatment) did not considerably increase TBARS content 
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in cultured TM-3 cells, while RA doses higher than 1µM increased lipid peroxidation 

levels (Fig. 4A). In agreement with this, RA at higher doses (at µM doses) induced a 

decrease in cell viability (Fig. 1A). As higher RA doses induced lipid peroxidation 

and apoptosis, we decided to investigate only the effects of RA treatment at nM 

physiological concentrations in TM-3 cells. In order to investigate changes in 

antioxidant defences we measured the GST, SOD and CAT activities in RA treated 

and non treated TM-3 cells. GST activity increased with 10, 100 and 200nM RA (Fig. 

4B), while SOD and CAT activities increased only with 100 and 200nM RA (Fig. 

4C,D). 

        

Fig.4 Determination of TBARS and antioxidant enzymes activities in TM-3 treated with RA for 24 h. A Cells were 
incubated with increasing concentrations of RA as indicated and lipid peroxidation was evaluated by TBARS assay as 
described in “Materials and methods”. Cells were treated with the indicated concentrations of RA for 24 h and GST (B), 
SOD (C) e CAT (D) activities were measured as described in “Materials and methods”. Enzymes activities are 
expressed as µmol substrate/min/mg protein. Results are presented as the mean±SD of three individual experiments. 
*P<0.05 compared to the control. **P<0.01 compared to the control. 

 

Our data strongly suggest that RA induces apoptosis as determined by cytochrome c 

release from the mitochondria to bind to Apaf-1, which in turn initiates a caspase 

cascade, the executionary machinery of apoptotic cell death. Our results showed there 

was a measurable release of cytochrome c into the cytoplasm following exposure to 

RA. This release of cytochrome c may result in the activation of members of the 
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caspase family of proteases, another hallmark of apoptosis. Caspases, and in 

particular caspase-3, play a central role in the terminal biochemical events that 

ultimately lead to apoptotic cell death. We observed a dosedependent increase in 

caspase-3 activity after incubation for 24h with RA. As a consequence, DNA was 

cleaved by endonucleases, as observed by condensation and fragmentation of 

chromatin. Taken together, these observations suggest that RA activates the classic 

mitochondrial dependent apoptotic process. Since higher doses of RA (µM) induced 

lipid peroxidation and cell death, we decided to investigate only the effects of RA 

treatment at physiological doses in TM-3 cells. In order to investigate changes in 

antioxidant defences we measured the SOD, CAT and GST activities in TM-3 cells 

treated with RA. The SOD, CAT and GST activities increased with 100 and 200nM 

RA treatment. Interestingly, at these same doses RA did not increase lipid 

peroxidation and no effect on cell viability was observed. These findings suggest that 

RA increased the activity of antioxidant enzymes at physiological doses, thereby 

preventing oxidative cell damage which is manifest at higher doses of RA as may be 

evidenced by TBARS content and cell viability. In accordance with earlier studies 

(Livera et al. 2000) we observed no significant effect of 1µM RA on DNA 

fragmentation (date not shown). This concentration of RA was able, however, to 

decrease cell viability by 15–18% and trigger a low level of cytochrome c release 

indicating that 1µM RA could represent a threshold limit for non apoptosis inducing 

RA treatments. RA can also directly increase free radical generations which could 

result in increased lipid peroxidation (Davis et al. 1990). It is noteworthy that every 

antioxidant is in fact a redox agent, protecting against free radicals in some 

circumstances and promoting free radicals generation in others (Herbert 1996). Our 

results suggest the importance of keeping vitamin status within the normal range, as a 

deficit or administration of greater than the upper physiological limits could explain 

in part the adverse effects found in the literature. The concentrations of RA used in 

this study range from physiological to pharmacological plasma concentrations. RA is 

present constitutively in the plasma at a concentration of 4–14nM (De Leen Heer et 
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al. 1982; Kane et al. 2005). Pharmacological RA doses result in transient plasma 

concentration in the same µM range at which we observed TBARS formation and 

decreased cell viability. 

 

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

The pro-oxidant retinoid molecules, the mechanisms underlying their pro-oxidant 

effects, and their consequences on cell proliferation or death remain to be better 

elucidated. Indeed, despite the important physiological functions of retinoids, the 

effects of supra-physiological doses of retinoids as well as their physiological action 

are not well defined. In an interesting work, Hurnanen et al. (1997) showed that low 

RA concentrations stimulated growth proliferation, but high concentrations inhibited 

proliferation in human breast cancer cells. In the present work we show that RA, at 

endogenous concentrations (0–250 nM), increases cell viability in tumor Leydig cell 

lines but not in the normal TM-3 counterpart. This suggests that slight variations in 

the concentrations of RA may trigger changes in the cellular redox state. The ability 

to survive the threat posed by endogenous levels of retinoids represents a biological 

adaptation, in many cases, to survival (Hayes & McLellan 1999). Strategies such as 

sequestration, scavenging and binding, and catalytic biotransformation have evolved 

as important biochemical protection mechanisms against toxic chemical species. 

Cells possess an impressive array of enzymes capable of bio-transforming a wide 

range of different chemical structures and functionalities. Since higher doses of RA 

induced apoptosis, we decided to investigate only the effects of low doses of RA 

treatment in TM-3, MLTC-1 and R2C cells showing that physiological levels of RA 

trigger proliferation and growth of the testicular tumoral mass. 

As shown in Fig. 1, treatment of MLTC-1 (A) and R2C (B) with RA resulted in a 

significant cell proliferation in a concentration range of 10–250 nM with a slight but 

not significant decrement at 500 nM RA (≈10%) compared to the control. Although 
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the data show dose dependence, no time dependence could be addresses as there is no 

difference in proliferation between 72 and 48 h. No change in cell viability was 

observed in RA treated TM-3 (C). In order to investigate a potential modulation of 

the antioxidant defenses, cell lines were treated with RA (0–200 nM) for 6 h and the 

activities of CAT and GST were assayed comparing RA treated TM-3, MLTC-1 and 

R2C versus untreated ones (control). No modulation of these activities was reported 

in TM-3 at any RA concentration while CAT and cytosolic GST activities increased 

significantly both in MLTC-1 and R2C in a dose dependent manner (Fig. 2A and B). 

The mitochondrial GST (mGST) activity increased in both MLTC-1 and R2C, in 

particular at 100 nM (Fig. 2C). 

 
Fig.1 Cell viability by MTT assayMLTC-1 (A),R2C (B) and TM-3 (C) cellswere incubated at the indicated 
concentrations of RA. Cell viability was determined by MTT assay as described inMaterials and methods at 48 and 72 h 
post-exposure. Fig.2 Antioxidant enzyme activity Cells were treated at the indicated concentrations of RA for 6 h and 
CAT (A), GST (B) and mitochondrial GST (C) activities were measured as described in Materials and methods. 
Enzyme activity is expressed as µmol substrate/min/mg protein. Results are presented as the mean±SD of three 
individual experiments. *P<0.05, **P<0.01 compared to the control. 
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Moreover, activation of the anti-apoptotic factor Akt was assayed by WB using an 

antibody raised against its phosphorylated form(p-Akt). As shown in Fig. 3A, 10 nM 

RA induced a rapid activation of p-Akt after 15 min of incubation. A strong signal of 

p-Akt was reported in MLTC-1 and R2C with no activation of ERK (Fig. 3B). 

Furthermore, RA supplementation increased cyclin D1 protein levels both in MLTC 

1 and R2C cell lines (Fig. 3C) with a concomitant decrement of p21 expression 

already at 10 nM RA and in both MLTC-1 and R2C after 48 h treatment (Fig. 3D). 

Neither Akt was activated nor p21 levels modified in the TM-3. 

 

             

Fig.3 Effect of RA on IP3K/Akt signaling pathways and cell cycle progression TM-3, R2C, MLTC-1 cells were 
incubated in the presence of 10 nM RA for 48 h. After incubation, cells were washed with PBS; 50 µg of protein was 
separated by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and blotted as described in Materials and 
methods. β-Actin was used as internal control. Activation of p-Akt after 15 min (A). No activation of ERK1/2 pathway 
(B). Up-regulation of cyclin D1 (C). Down-regulation of p21 (D). Protein content was determined densitometrically. 
Results are presented as the mean±SD of three independent experiments. **Pb0.01 compared to the normal TM-3 cell 
line (as control). 
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As to pharmacological treatment with RA of MLTC-1/R2C, 1 µMRA for 24 h 

resulted in disruption of mitochondrial membrane potential evidenced with a change 

in the emission of the lipophilic dye JC-1 (Fig. 4A and B) turning more towards 

green than red. At the same time, cytochrome c release occurred already at 0.5 µM 

RA (Fig. 4C) followed by no activation of caspases 3 and 9 (data not shown) while 

the amount of mitochondrial ATP decreased after 24 h treatment with RA 0.5 and 1 

µM in dose-dependent manner (Table 1). 

 

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

 

             

Fig.4 Mitochondria involvement MLTC-1 and R2C cells were treated with 1 µMRA for 24 h and, after washing in ice-
cold PBS, incubated with 10 mMJC-1 at 37 °C for 20 min in a 5% CO2 incubator. The cells were washed twice with 
PBS and analyzed by fluorescent microscopy. In control non-apoptotic cells, the dye stains the mitochondria in red (A). 
In treated apoptotic cells, JC-1 remains in the cytoplasm fluorescing green (B). MLTC-1 and R2C were treated for 24 h 
with 0.5–1–5 µMRA and cytochrome c was detected (C). β-Actin was used as loading control. Figure is representative 
of three independent experiments. 

 

To identify the potential direct induction of autophagy at 0.5 µM RA, after 24 h 

treatment, TM-3 cells were labeled with MDC, the selective stain for 
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autophagosomes (Fig. 5A and B). Moreover it is worthy to note that a specific 

concentration range of RA (10–200 nM) induces cell proliferation and that a clear 

threshold value discriminating the proliferative from the anti-proliferative effect of 

RA does exist in our experimental system. In fact, at 0.5 µM RA we observed the 

activation of the autophagy process (Fig. 5) which in turns plays a critical role in 

removing damaged or surplus organelles in order to maintain cellular homeostasis. 

Autophagy sometimes occurs with apoptosis: the relationship between autophagy and 

cell death is complex, since autophagy can be involved either in cell death or in 

survival depending on the cellular context (Alva et al. 2004). Both apoptosis and 

autophagy can occur concomitantly in the same cells, suggesting the involvement of 

common regulatory mechanisms (Kondo et al 2005).  

 

Fig. 5 Autophagy in TM-3 Leydig cells by MDC labeling TM-3 cells were treated with 0.5 µM RA and were incubated 
for 24 h. Cells were stained with MDC as detailed under Materials and methods. Figure is representative of three 
independent experiments. 

 

It is documented that when the change in mitochondrial membranes permeability 

entails less than 66% of the mitochondria, the autophagic pathway is activated, while 

the apoptotic death is triggered when the percentage raises toward higher values 

involving most of the mitochondrial population (Alva et al. 2004). Besides that, in 

both cases, a change of permeability causes swelling and depolarization of the 

mitochondrial membranes, impairing the oxidative phosphorylation capability. The 

latter leads to reduced ATP production and a consequent depletion of ATP levels. It 
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is hypothesized that amino-acidic and insulin regulation (Scorrano 2009) can act in a 

synergistic manner in the control of autophagy. In our experimental system, treatment 

for 24 h with 0.5 µM RA triggers disruption of mitochondrial membrane potential 

(Fig. 4A and B) with release of cytochrome c followed by no activation of caspase 3 

and 9 (data not shown) with a notable decrease in endogenous mitochondrial ATP, as 

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

A model outlining the dual proliferative/anti-proliferative effects of RA is described 

by Schug et al. (2007). CRABP-II and FABP5 target RA to RAR and PPARβ/δ, 

respectively. In cells that express a high CRABP-II/ FABP5 ratio, RA is ‘channeled’ 

to RAR, often resulting in growth inhibition. Conversely, in the presence of a low 

CRABP-II/FABP5 expression ratio, RA is targeted to PPARβ/δ, thereby up-

regulating survival pathways. On these bases the ability of nanomolar doses of RA to 

modulate FABP5 and CRABPII were investigated in MLTC-1. A 10 nM RA induced 

a significant up-regulation of FABP-5 mRNA levels after 12 h while the same 

treatment does no elicit any effect after 24 h. No changes in the CRABPII mRNA 

were observed in presence of 10 nM RA after 12 and 24 h (Fig. 6). These results 

provide further strength to the hypothesis of altered retinoid homeostasis/metabolism 

in neoplastic diseases.  

                           

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

 

Upon treatment with 1 µMRA, we observed a significant induction of cell death by 

apoptosis. Changes in mitochondrial membrane permeability are concomitant with 
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collapse of the electrochemical gradient across the mitochondrial membrane through 

the formation of pores leading to the release of cytochrome c, followed by cleavage 

of procaspase-9 and DNA fragmentation highlighted by TUNEL assay. This cascade 

of events was caused by pharmacological doses of RA in both MLTC-1/R2C cells, as 

already documented in TM-3 (Tucci et al. 2008). As shown in Fig. 7A, tumoral cell 

lines suffered cell death induction after treatment with 1 and 5 µMRA for 24 h; 

treatment with 10 µMRA for 24 h resulted in almost 80% reduction of cell viability 

with a massive decrement of cell growth both in MLTC-1 and R2C, supported by 

activation of caspase 9 already at RA 1 µM (Table 2).  

 

Table 2 Caspase 9 activation. MLTC-1 and R2C cells were stimulated for 24 h by the presence of 1–5–10 µM RA. The 
activation of caspase-9 was analyzed by flow cytometry. Data are presented as mean±SD of triplicate experiments. 

 

To further verify the activation of the programmed cell death, apoptosis in MLTC-1 

and R2C was determined by enzymatic labeling of DNA strand breaks via TUNEL 

assay (Fig. 7B) supporting the already known RA mediated apoptosis induction 

(Tucci et al. 2008). 
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Fig.7 Apoptosis in MLTC-1/R2C cell lines induced with 1–10 µMRA after 24 h incubation MLTC-1 and R2C cells 
were stimulated for 24 h by the presence of 1, 5 or 10 µMRA. Viability was analyzed by MTT assay (A). Data are 
presented as mean±SD of triplicate experiments. **Pb0.01 compared to the control. Apoptosis in MLTC-1 and R2C 
cells was determined by TUNEL assay after treatment with 1 µM RA (B). Figure is representative of three independent 
experiments. 

 

3. AtRA binds and inhibits 2-oxoglutarate carrier 

Previously it has been demonstrated that mitochondria from rat testes (Genchi & 

Olson 2001; Cione & 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 100nM atRA (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-aspartate and 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 inhibitory effect 

given by 2-Cyano-4-hydroxycinnamate (an inhibitor of OGC) but not by 1,2,3-

benzentricarboxylate (an inhibitor of citrate carrier) on the retinoylation  processes 
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(as highlighted in Table 1) was the start point for further investigation in this work.  

Indeed, 2-Cyano-4-hydroxycinnamate shows 45% inhibition when used at a 

concentration of 5mM, while, 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.  

 

 

 

 

 

 

Table 1. Effect of Mitochondrial Carrier Inhibitors on Retinoylation Reaction.  
Mitochondria from testes were incubated for 90 minutes in a buffer as decribed in Methods with 3HatRA, 100nM 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 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-ethyl-maleimmide (NEM) and 

atRA. NEM, at 5mM, markedly reduced  the OGC activity by 47%. A similar 

inhibition of 51% was highlighted at 100nM 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: 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 (Palmieri, 2004). Therefore we propose that 
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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 

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 

retinoylation 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 3HatRA, because atRA 

binds covalently to proteins under UV light exposure (Bernstein et al. 1995), and the 

second via retinoylation reaction with 3HatRA (Takahashi and Breitman, 1990). 

Performing the latter we observed how the 3HatRA 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-oxoglutarate was added demonstrating that OGC was labeled by 
3HatRA. It is presumed that the binding is covalent on the basis of the work of 

Takahashi & 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 
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OGC at concentration of 10nM and in a stronger manner inhibit the OGC activity at a 

concentration of 100nM: OGC activity decreased to 54% of control values with 

10nM atRA and 38% of control values when atRA was used at a concentration of 

100nM (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, supporting the above-mentioned view that 

steroidogenic cells can be more sensitive to atRA than isolated mitochondria as no 

effect was highlighted at 10nM 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 & 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): 10nM 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 (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 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 (Wolbach & 

Howe, 1925; Appling & 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 & Ong 2000). CRABP had been studied for 25 years and has always been 
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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 

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 rat testes were incubated for 90 minutes ,  at 37 °C , in a buffer with: (A) ATP, CoA  
(control) supplemented with atRA, 100nM final concentration and atRA + NEM 5mM and (B) ATP, CoA and atRA 
100nM at different pH values. (C) Testes mitochondrial protein labeled with 3HatRA by retinoylation process as 
described in Materials and Methods. In fluorography, the lanes 1 and 2 correspond to 20 µg of mitochondrial testes 
protein labeled with 3HatRA. In lanes 3 and 4, 10mM of 2-oxoglutarate was added to 20 µg of mitochondrial testes 
protein together with 3HatRA. 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 on OGC  after  treatment of mitochondria from TM-3 (F)  and testes (G)  with 
13-cis RA. OGC was extracted as decribed in Materials. After extraction and reconstitution into liposomes the exchange 
activity was assayed by adding 14C 2-oxo-glutarate 0.1mM. Results are presented as Mean ± SEM of three independent 
experiments. * P< 0.05 .**P<0.01  
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4. Combined low doses of PPARγ and RXR ligands trigger an intrinsic 
apoptotic pathway in human breast cancer cells 

Recently, studies in human cultured breast cancer cells have shown how 

thiazolidinediones (TZD), Rosiglitazone (BRL), promotes antiproliferative effects 

and activates different molecular pathways leading to distinct apoptotic processes 

(Bonofiglio et al. 2005, 2006, 2009). Previous data show that the combination of 

PPARγ 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 PPARγ 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). PPARγ 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 PPARγ ligand Rosiglitazone 

in early-stage breast cancer patients does not elicit significant effects on tumor cell 

proliferation, although the changes observed in PPARγ expression may be relevant to 

breast cancer progression (Yee  et al. 2007). However, in humans PPARγ 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 failure (Arakawa et al. 2004; Rangwala & Lazar 

2004; Staels 2005). On the other hand, the natural ligand for RXR, 9cRA (Leblanc & 

Stunnenberg, 1995) has been effective in vitro against many types of cancer, 

including breast tumor (Crouch et al. 1991; 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 
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reported (Pinaire & Reifel-Miller 2007). The additive antitumoral effects of PPARγ 

and RXR agonists, both at elevated doses, have been shown in human breast cancer 

cells (Elstner et al. 2002; Grommes et al. 2004). However, high doses of both ligands 

have remarkable side effects in humans such as, weight gain and plasma volume 

expansion for PPARγ ligands (Arakawa et al. 2004; Rangwala & Lazar 2004; Staels 

2005) and hypertriglyceridemia and suppression of the thyroid hormone axis for RXR 

ligands (Pinaire & 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 100nM BRL and 50nM 9cRA 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 T-47D cells (Fig. 4A). In the presence of both 

ligands cell viability is strongly reduced in all breast cancer cells: MCF-7, its variant 

MCF-7TR1, SKBR-3 and T-47D, while MCF-10 normal breast epithelial cells are 

completely unaffected (Fig. 4A). To evaluate the effectiveness of both ligands in the 

presence of serum, we performed MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide]) assay in MCF7 cells treated with low doses of BRL and 9RA 

in SFM (serum free media) 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 p21WAF1/Cip1 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 p21WAF1/Cip1 mRNA levels induced by BRL plus 9RA after 12 and 24 h (Fig. 



Results and Discussion 
 

39 

 

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 100nM BRL or 50nM 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 NFkB 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 9cRA exposure (Fig. 5A, lane 4). The combined treatment 

increased the DNA binding complex (Fig. 5A, lane 5), which was immunodepleted 

and supershifted using anti-PPARγ (Fig. 5A, lane 6) or anti-RXRα (Fig. 5A, lane 7) 

antibodies. These data indicate that heterodimer PPARγ/RXRα 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-PPARγ and anti-RXRα antibodies, protein-chromatin complexes were 

immunoprecipitated from MCF-7 cells treated with 100nM BRL and 50nM 9cRA. 
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PCR was used to determine the recruitment of PPARγ and RXRα to the p53 region 

containing the NFkB sequence. The results indicated that either PPARγ or RXRα was 

constitutively bound to the p53 promoter in untreated cells and this recruitment was 

increased on BRL plus 9cRA exposure (Fig. 5B). Similarly an augmented RNA-Pol 

II 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). 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. MCF-7 cells treated with 100nM BRL or 50nM 9cRA 

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 the collapse of the electrochemical gradient 

across the mitochondrial 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 
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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 9cRA treatment in MCF-7 cells, observing that the induced apoptosis was 

prevented by either the specific antagonist of PPARγ 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 PPARγ 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; Hiscox et al., 2005). This gives 

emphasis to the potential use of the combined therapy with low doses of both BRL 

and 9cRA as novel therapeutic tool particularly for breast cancer patients who 

develop resistance to antiestrogen therapy.   
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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. 
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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 p21WAF1/Cip1 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 p21WAF1/Cip1 mRNA 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 [32P] 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-PPARγ (lane 6), anti-RXRα (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-PPARγ, anti-RXRα 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 µl 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’- tetraethylbenzimidazolylcarbocyanine iodide) kit. In control non-apoptotic cells, the dye stains the mitochondria in 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, T-47D 
cells transfected with AS/p53 or empty vector (v) and treated as indicated. One of three similar experiments is presented.  
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5. 9cRA as a pancreas autacoid that attenuates glucose-stimulated insulin 
secretion   

We applied a sensitive LC/MS/MS assay to compare pancreas RA isomers to those in 

serum and liver, because the endocrine pancreas expresses nuclear receptors that 

recognize RA isomers and responds to retinoid-induced signaling, and liver serves as 

the principal storage site of retinoids and contributes to retinoid homeostasis (Napoli 

1999; Chuang et al. 2008). Consistent with previous work, prominent physiological 

RA isomers in serum and liver included atRA and 9,13-di-cis-RA (9,13dcRA), an RA 

isomer without known biological activity, but 9cRA was not detected (Kane et al. 

2005, 2008). In contrast, we identified 9cRA in pancreas, along with atRA and 

9,13dcRA (Figure 1A). We confirmed that analysis did not generate 9cRA by adding 

retinoids to pancreata before homogenization, extraction, and assay (Figure 1B). Only 

9cRA increased the 9cRA signal, excluding oxidation of the RA precursor retinal 

and/or isomerization of atRA during analyses as sources of 9cRA. Concentrations of 

9cRA in pancreas occur within the range of concentrations of other RA isomers in 

tissues and serum (Figure 1C). These data provide an analytically rigorous 

identification of 9cRA as a naturally occurring retinoid. If 9cRA occurs in the tissues 

assayed other than pancreas, amounts would be <0.05 pmol/g, based on the 

LC/MS/MS assay’s limit of detection in biomatrices. 

             

Fig.1 9cRA occurs in pancreas. (A) Representative LC/MS/MS chromatograms of RA isomers from analyses of mouse 
pancreas, liver and serum. (B) Representative LC/MS/MS chromatograms of pancreatic RA isomers before (solid lines) 
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and after addition (dashed lines) of retinoids prior to homogenization, extraction and analysis. Each chromatogram 
shows one of triplicate analyses. (C) Quantification of RA isomers in mouse liver, serum, and pancreas: ND, not 
detected; 8 mice/group (s.e.m.) 

 

The fasted to fed transition resulted in a 36% decrease in 9cRA, which accompanied 

the increase in blood glucose and serum insulin, but caused no changes in pancreas 

atRA, 9,13-dcRA (Figure 2A). Consistent with this observation, challenging fasted 6 

mice with a bolus of glucose decreased 9cRA >80% within 15 min, coinciding with 

the rapid rise in blood glucose (Figure 2B). 9cRA recovered markedly by 30 min and 

continued to rise thereafter. In contrast, glucose challenge had no impact on pancreas 

atRA or 9,13dcRA. During glucose challenge, 9cRA correlated inversely with serum 

insulin, further suggesting a contribution to pancreas function consistent with 

decreasing GSIS (Figure 2C). In addition, exogenous 9cRA reduced serum insulin 

during glucose challenge (Figure 2D). 

 

Fig.2 9cRA reflects fasting vs. feeding. (A) Blood glucose, serum insulin, and pancreas RA isomers in fed or 12-hr 
fasted mice. Data are means of 3 experiments with 6-10 mice/group/experiment: *P≅0.03, **P<0.004, ***P<0.003 vs. 
fed values. (B) 9cRA and atRA responses to a glucose challenge (2 g/kg glucose). Values are means of 2-5 experiments 
with 5-10 mice/point/experiment, except 9,13dcRA (1 experiment, 10 mice/time): *P<0.05 from 0 time. The three 
glucose values after 0 min differ from control: *P<0.05. (C) Inverse relationship between pancreas 9cRA and serum 
insulin after a glucose challenge: the slope differs significantly from 0, P=0.02; 10 mice/point. (D) 9cRA hinders insulin 
secretion: 9cRA (0.5 mg/kg in 60 µl DMSO) or vehicle alone were injected i.p. in mice 15 min before an i.p dose of 
glucose (0.5 g/kg). Data are means of 6-7 mice: *P<0.05. All data s.e.m. 
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The inverse relationship between serum insulin and pancreas 9cRA during the GTT, 

and ability of 9cRA to reduce serum insulin, prompted testing whether 9cRA 

decreases glucose disposal. Mice were injected with 9-cis-retinol, a potential 

precursor of 9cRA, or 9cRA, prior to a GTT. Mice injected with 9- cis-retinol 

responded with a 2 to 2.7-fold increase in pancreas 9cRA, sustained at least 120 min 

(Figure 3A). Mice injected with 9cRA responded with a ~30-fold increase in 

pancreas 9cRA, which declined by 120 min to ~4-fold above control. Note that the 

decrease in endogenous 9cRA in the control (dosed only with glucose) at 30 min 

reflected the same degree of decrease (~40%) observed at 30 min in the GTT 

experiment of Figure 2B. Increases in pancreas 9cRA caused by both 9-cis-retinoids 

resulted in glucose intolerance, such that 120 min after the glucose challenge, blood 

glucose was at least 2-fold higher than in vehicle-dosed mice (Figure 3B). The lowest 

concentrations of 9cRA (40 nM) achieved after dosing either 9cRA or 9-cis-retinol 

arrested glucose disposal to the same extent as the higher concentrations achieved, 

indicating a dose-response relationship with a maximum effect near or below 40 nM 

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

glucose increases permits optimum insulin secretion, and reveal that 9-cis-retinol can 

serve as a precursor to 9cRA. 

                             

Fig.3 Exogenous 9cRA induces glucose intolerance. (A) Increases in total pancreas 9cRA after dosing with 9-cis-retinol 
or 9cRA (0.5 mg/kg in 100 µl DMSO). 9-cis-Retinol and 9cRA were injected 60 and 15 min before glucose, 
respectively. Glucose (2 g/kg) was injected at 0 min: 5-8 mice/group; *P≅0.01 and **P<0.003 vs. vehicle control; 
&P<0.005 vs. 0 min. (B) GTT in mice dosed with 9-cis-retinol or 9cRA: 5-7 mice/group; *P<0.04, **P<0.002, 
*** P<0.005 vs. control. Mice were dosed with retinoids as described in A. All data s.e.m. 
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Glucose uptake by the pancreas rapidly affects both Glut2 and GK activities through 

post-translational mechanisms (Thorens et al. 1996; Zhang et al. 2006). Although GK 

activity limits the rate of glucose uptake by the β- cell, Glut2 contributes more than 

passive glucose transport by signaling glucose concentrations: phosphorylation 

decreases both the transport and signaling functions of Glut2 (Thorens et al. 1996; 

Ferber et al. 1994). Forskolin, which stimulates cAMP synthesis and induces protein 

kinase A-dependent Glut2 phosphorylation in β-cells, decreases Glut2 activity. We 

repeated the experiment published with forskolin and compared its effect to that of 

9cRA in the 832/13 β-cell line, established as a model of GSIS (Hohmeier et al. 

2000) (Figure 4A). We duplicated the published results with forskolin, and found that 

9cRA decreased glucose-stimulated Glut2 activity ~40% within 15 min, similar to the 

impact of forskolin. Thirty nM 9cRA was as effective as 100 nM, consistent with the 

results of Figure 3, which indicated a marked effect of 40 nM 9cRA on glucose 

disposal. In 15 min, 9cRA inhibited GK activity 70%, which persisted until 60 min in 

832/13 β-cells treated with 23 mM glucose (Figure 4B). By 120 min, 9cRA inhibition 

of GK activity decreased to 34%. Despite the changes in Glut2 and GK activities, 

9cRA did not affect Glut2 or GK mRNA by 15 min (data not shown). 9cRA 

decreased ATP in 832/13 β-cells 30-40% from 15 through 60 min after introduction 

of 23 mM glucose and ATP recovered by 120 min (Figure 4C). After 60 min of 9cRA 

exposure in cells treated with 23 mM glucose, 9cRA reduced 832/13 β-cell 

intracellular Ca2+ 35%; Ca2+ returned to control levels by 2 hr (Figure 4D). 

Consistent with its impact on glucose sensing, 9cRA reduced GSIS 40% in 832/13 β-

cells after 60 min incubation with 23 mM glucose, but did not impair baseline insulin 

secretion in the presence of 3 mM glucose (Figure 4E). In pancreatic islets, 9cRA 

reduced GSIS 33-43% induced by 15 to 60 min incubation with 23 mM glucose, with 

islet sensitivity returning by 120 min (Figure 4F). A rise in ATP closes the β-cell K+ 

ATP channel, which allows Ca2+ influx. This process serves as a “triggering signal” 

to initiate the first phase of GSIS (Jensen et al. 2008). KCl induces insulin release in 

the absence of high glucose by circumventing the ATP effect on the K+ channel. 
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9cRA had no impact on KCl-stimulated insulin secretion from islets (Figure 4G). 

After 2 hr, 9cRA decreased expression of Pdx-1 and HNF4α mRNA, 7 and 77- fold, 

respectively (Figure 4H). Pdx-1 induces glucokinase, Glut2 and insulin gene 

expression in the mature pancreas (Ashizawa et al. 2004; Babu et al. 2007). HNF4α 

regulates insulin release through controlling mitochondrial metabolism of glucose 

and HNF1α, Glut2 and insulin gene expression (Bartoov-Shifman et al. 2002; Wang 

et al. 2000). 

             

Fig.4 9cRA attenuates pancreas glucose sensing. 832/13 β-cells and islets were pre-incubated 2 hr with 3 mM glucose. 
At 0 min, the medium was exchanged for medium containing 23 mM and agents indicated for the duration of 
experiments. (A) 9cRA reduces Glut2 activity in 832/13 cells after 15 min incubation: 4-8 replicates/group; *P≤0.0003 
vs. no addition. (B) 9cRA reduces GK activity in 832/13 cells: 3-7 replicates/group, *P<0.02, **P<0.002 vs. control. 
(C) 9cRA reduces ATP content in 832/13 cells: 2-4 replicates/group, *P<0.008 vs. control. (D) 9cRA decreases Ca2+ 
influx into 832/13 cells: 2 replicates/group; *P<0.02. (E) 9cRA decreases GSIS by 832/13 cells: 3-11 replicates/group; 
*P<0.01 vs. control. (F) 9cRA decreases GSIS by pancreatic islets. The graph shows baseline insulin secretion during 3 
mM glucose, and the effect of 9cRA on stimulation of insulin secretion by 23 mM glucose: 8-9 replicates/group; 
*P<0.02, **P<0.002 vs. control. (G) 9cRA does not affect KCl stimulated insulin secretion from islets: *P<0.02 vs. 0 
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time. (H) 9cRA reduces Pdx-1 and HNF4α mRNA after 2 hr in 832/13 cells: 3 replicates/group. One hundred nM 9cRA 
was used in all experiments, unless noted otherwise. All data s.e.m. 

 

We analyzed pancreata from mice with decreased numbers of β-cells to identify 

sources of 9cRA. A point mutation in the insulin 2 gene of Ins2Akita mice induces β-

cell apoptosis, which reduces the number of β-cells, indicated by a 46% reduction in 

pancreas insulin (Yoshioka et al. 1997). Pancreata from fed heterozygous Akita mice 

had 40% lower 9cRA than wild type (WT), consistent with the decrease in β- cells 

(Figures 5A). In contrast, pancreas atRA increased and retinol did not differ from 

WT, demonstrating a unique relationship between 9cRA and β-cells. To confirm this 

insight, we injected mice with Stz, which causes β-cell necrosis (Lenzen 2008). 9cRA 

in pancreas of Stz-treated mice decreased with time in direct proportion to the 

decrease in β-cells, assessed by insulin content (Figures 5B and C). Seventy-two hr 

after Stz dosing, β-cell numbers decreased 67%, accompanied by a 58% decrease in 

9cRA, impaired glucose tolerance and elevated non-fasting blood glucose (Figure 

5C). By 96 hr, β-cells decreased 95% and 9cRA deceased 70%, consistent with β-

cells serving as a major source of pancreas 9cRA. Based on the 9cRA remaining after 

β-cell destruction, other pancreas cells may contribute ~20-25% to the 9cRA pool. 

The β-cell line 832/13 generated 9cRA and atRA from their respective 9-cis- or all-

trans- retinol and retinal precursors at similar rates (Figure 5D). Pancreas 

microsomes contain both 9-cis- and all-trans-retinol (33 ± 1.4 and 76 ± 2 pmol/g 

protein, respectively; 3 replicate analyses of a 5 pancreata pool) (Figure 5E). Thus, β-

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

 

To determine whether mouse models of glucose intolerance are accompanied by 

9cRA increases, we assayed pancreata from ob/ob and db/db mice and mice with 

diet-induced obesity (DIO) (Leibel et al. 1997). Ob/ob mice lack leptin, are obese and 

have high blood glucose and serum insulin. Ob/ob mice had 2.2-fold higher 9cRA 

than WT controls (Figure 6A). Mice with DIO were glucose intolerant, weighed 

~50% more than controls, and had ~2-fold higher 9cRA than controls (Figures 6B). 

Db/db mice, which lack the leptin receptor and have elevated blood glucose and 

serum insulin, had 34% higher 9cRA than lean controls (Figure 6C). Although atRA 

also increased in pancreas of ob/ob mice, the increase was modest, and atRA did not 

increase in pancreas of db/db mice. In DIO pancreata, the atRA increase exceeded the 

9cRA increase. Neither the atRA nor the 9cRA changes in pancreas correlated with 

changes in retinol. Thus, 9cRA was the only endogenous retinoid assayed (9cRA, 

atRA and retinol) that changed consistently in pancreas with changes in glucose 

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

 

The novel, rapid physiological effects of 9cRA described here contrast with its effects 

as a pharmacological agent that regulates transcription and suggest non genomic 

mechanisms (Noy 2007). This is not unprecedented. Non genomic effects of retinoids 

have not been investigated as extensively as their transcriptional effects, but 9cRA 

reportedly stimulates phosphorylation of p38 mitogen-activated protein kinase (De 

Alvaro et al. 2004). Recent work also has shown that atRA has rapid, non-genomic 

action (Sidell et al. 2010) indicating that retinoids, like several steroid hormones, do 

not solely regulate transcription (Stahn et al.2008).  Occurrence of 9cRA in pancreas, 

along with non-detectable concentrations in serum and a host other tissues, support 

the deduction based on genetic evidence that 9cRA does not serve as a universal 

retinoid X receptor-activating ligand in vivo (Calleja et al. 2006). Validation of 9cRA 

as an autacoid in pancreas provides framework for evaluating whether it functions via 

RARs and/or RXRs, and for evaluating potential cross-signaling between atRA and 

9cRA. The outcome of a potential 9cRA/atRA interaction with pancreas RAR cannot 

be predicted simply because both retinoids bind the same receptor. Nuclear receptor 

action depends on the ligand bound and the nucleotide sequence of the gene’s 



Results and Discussion 
 

53 

 

response element both influence receptor conformation, affinity for a particular 

response element, and function (Meijsing et al. 2009). Pancreas atRA did not change 

with an increase in blood glucose after the fasted to the fed transition, or after glucose 

injection, indicating that short-term modulation of GSIS relies only on 9cRA. In 

summary, this work demonstrates that 9cRA occurs as an endogenous pancreas 

retinoid, establishes a function for 9cRA in GSIS, and provides novel insight into 

retinoid function and glucose homeostasis. Of interest are the likely non-genomic 

effects of 9cRA. These studies provide insight into an essential element of pancreas 

mediated glucose homeostasis, which should prove useful for understanding 

mechanisms of GSIS and diabesity. 
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METHODS 

 

Testicular cell cultures. The Leydig (TM-3) cell line was cultured in DMEM/F12 medium supplemented with 5% 
horse serum (HS) and 5% fetal calf serum (FCS). Tumoral MLTC-1 cell line was cultured in RPMI-1640 medium 
supplemented with 10% FCS. The R2C cell line was cultured in F-12 Nutrient Mixture (Ham) supplemented with 2.5% 
fetal bovin serum (FBS), 15% horse serum (HS). Culture media for all cell lines were supplemented with 2 mM 
glutamine and 1% of a stock solution containing 10,000 IU/ml penicillin and 10,000 µg/ml streptomycin. Cell cultures 
were grown on 90 mm plastic tissue culture dishes in a humidified atmosphere of 5% CO2 in air at 37 °C. Cells from 
exponentially growing stock cultures were removed from the dishes with trypsin (0.05% w/v) and EDTA (0.02% w/v). 
The trypsin/EDTA action was inhibited with an equal volume of DMEM/F12, F-12 Nutrient Mixture (Ham) or RPMI-
1640 medium. Cell number was estimated with a Burker camera and cell viability by trypan blue dye exclusion. For all 
cellular lines, the medium was changed twice per week. TM-3 and R2C cells were subcultivated when confluent, while 
MLTC-1 cells were subcultured when they formed island domes. 

Isolation of mitochondria fraction from cells. After trypsinization and centrifugation of cells at 1,800 rpm for 5 min 
at 4 °C mitochondria were isolated solubilizing the pellet with 200 µl RIPA buffer, supplemented with 0.1% digitonin; 
the cells were incubated for 15 min at 4 °C and the mitochondria were isolated by differential centrifugations at 4 °C as 
described by Cione et al. (2004). 

Oxidative stress parameters. Following sonication of cells in PBS (phosphate buffered saline, 1.5mM KH2PO4, 
8.1mM Na2HPO4, 136.9mM NaCl, pH7.2) buffer the crude homogenate was divided into two equal parts. One part was 
processed for assay of lipid peroxidation, while the second part was centrifuged at 10,000rpm for 5min and the 
supernatant utilized in assays for glutathione S-transferase, superoxide dismutase and catalase activities.  

Lipid peroxidation and antioxidant enzymes activity. The level of lipid peroxidation was assayed through the 
formation of thiobarbituric acid reactive species (TBARS) during an acid-heating reaction as previously described 
(Esterbauer and Cheeseman 1990). Briefly, the samples were mixed with 1ml of 10% trichloroacetic acid (TCA) and 
1ml of 0.67% thiobarbituric acid (TBA), then heated in a boiling water bath for 15min. TBARS were determined by the 
absorbance at 535nm and were expressed as malondialdehyde equivalents (nmol/mg protein). The enzymatic activities 
in the cell samples of SOD, CAT and GST were determined by the methods of Das & Chainy (2001), Aebi (1974) and 
Habig et al. (1974) respectively. Protein concentration in samples was estimated by the Lowry method (Lowry et al. 
1951). 

MTT assay. Cell viability was determined by MTT assay (Mosmann 1983). Cells (2x105 cells/ml) were grown in 12 
well plates and exposed to different treatments at different time points. Control cells were treated with vehicle alone. 
One hundred microlitres of MTT (5mg/ml) was added to each well and the plates incubated for 4h at 37°C. 
Subsequently 1ml 0.04N HCl in isopropanol was added to solubilize the cells. The absorbance was measured with the 
Ultrospec 2100 pro spectrophotometer (Amersham-Biosciences) at a test wavelength of 570nm with a reference 
wavelength of 690nm. The optical density (O.D.) was calculated as the difference between the absorbance at the 
reference wavelength and that at the test wavelength. Percent viability was calculated as (O.D. of drug-treated 
sample/control O.D.) ×100. 

Lactate dehydrogenase assay. The amount of lactate dehydrogenase (LDH) released by the cells was determined as 
described by Abe & Matsuki (2000) with little modifications. The culture supernatant (250µl) was mixed with 250µl of 
the LDH substrate mixture (2.5mg/ml L-lactate lithium salt, 2.5mg/ml NAD+, 100µM MPMS, 600µM MTT, and 0.1% 
Triton X-100 in 0.2M Tris-HCl buffer, pH 8.2). The reaction was carried out for 5min at 37°C and stopped by adding 
0.5ml of 0.04N HCl in isopropanol. The absorbance was measured with the spectrophotometer at a test wavelength of 
570nm, and a reference wavelength of 655nm. In these assay conditions, MTT was converted into MTT formazan in 
proportion to LDH activity. LDH release was calculated as (sample LDHblank)/( total LDH-blank) ×100. 

Immunoblot analysis of cytochrome c release. Cytochrome c was detected by western blotting in mitochondrial and 
cytoplasmatic fractions. The cells were harvested by centrifugation at 1,200 × g for 10min at 4°C. The pellets were 
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suspended in 36µl lysis buffer (250mM sucrose, 1.5mM EGTA, 1.5mM EDTA, 1mM MgCl2, 25mM Tris-HCl, pH6.8, 
1mM DTT, 10µg/ml aprotinin, 50mM phenylmethylsulfonylfluoride and 50mM sodium orthovanadate) and then 4µl of 
0.1% digitonine was added. The cells were incubated for 15min at 4°C and centrifuged at 12,000rpm for 30min at 4°C. 
The resulting mitochondrial pellet was resuspended in 3% Triton X-100, 20mM Na2SO4, 10mM PIPES and 1mM 
EDTA, pH7.2, and centrifuged at 12,000rpm for 10min at 4°C. Equal amounts of protein (2–5µg) were resolved by 
15% SDS-PAGE and electrotransferred to nitrocellulose membranes. The membranes were incubated in blocking buffer 
over night at 4°C, followed by incubation with 1:1,000 sheep polyclonal antihuman cytochrome c antibody (2h, room 
temperature) and then with HRP-conjugated (horse radish peroxidaseconjugated) secondary antibody (1:2,000) for 2h at 
4°C. Peroxidase activity was visualized with the Amersham Pharmacia Biotech ECL system according to 
manufacturer’s instructions. The cytochrome c protein content was determined densitometrically. Immunoblotting for 
β-actin was carried out to confirm equal loading. 

Western blot determination of caspase-3. Cells were lysed with ice-cold PBS (pH7.4) containing 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% SDS and protease inhibitors (1mM phenylmethylsulfonylfluoride, 10mg/ml aprotinin 
and 10mg/ml leupeptin). Lysates were centrifuged (13,000rpm at 4°C for 30min) and supernatant protein content 
determined. Equal amounts of protein (20µg) were resolved by 15% SDS-PAGE, electrotransferred to nitrocellulose 
membranes and immunoblotted for caspase-3 as previously described. 

Immunoblot analysis of IP3K/Akt pathways and cell cycle signaling. Cultured cells were lysed with 200 µl ice-cold 
PBS containing 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and protease inhibitors (1 mM 
phenylmethylsulfonylfluoride, 10 mg/ml aprotinin and 10 mg/ml leupeptin). Lysates were centrifuged (13,000×g at 4 
°C for 30 min) and the supernatant protein content was determined by the Lowry method (Lowry et al. 1951). Proteins 
(50 µg) were resolved by 15% SDSPAGE, and transferred to a nitrocellulose membrane (Hybond-C; Amersham 
Biosciences, Piscataway, NJ). The membrane was blocked with 5% bovine serum albumin and probed with specific 
primary antibodies such as anti-phospho-Akt1/2/3 (Ser 473)-R (Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-
Akt (Santa Cruz Biotechnology Inc.), anti-cyclin D1 (Santa Cruz Biotechnology Inc.), anti-p21 (Santa Cruz 
Biotechnology Inc.) and anti-cyt c (Santa Cruz Biotechnology Inc.), respectively. After washing, membranes were 
incubated with HRP-conjugated secondary antibody. Peroxidase activity was visualized with the Amersham Pharmacia 
Biotech ECL system according to the manufacturer's instructions. The protein content was determined 
densitometrically. The loading control was detected by immunoblot of β-actin protein. 

DNA extraction and agarose gel electrophoresis. Agarose gel electrophoresis of extracted DNA was performed to 
detect damage to nuclear chromatin, a characteristic biochemical feature of apoptosis, indicated by laddering of 
oligonucleosomal fragments (180–200bp) as described by Mu et al. 2001. Briefly, 5×106 cells were grown in petri 
dishes, were trypsinized and washed with PBS. Then the cells were spin down and resuspended in 0.5ml of lysis buffer 
(50mM Tris-HCl, pH 7.8, 10mM EDTA, and 0.5% SDS). RNase A was added to a concentration of 0.5mg/ml and 
incubated at 37°C for 60min. The protein content was degraded with proteinase K (0.5mg/ml) at 50°C for 60min. DNA 
was obtained with two extractions. The first extraction was carried out with an equal volume of phenol–chloroform–
isoamylic alcohol (25:24:1) and the second with chloroform–isoamylic alcohol (24:1). DNA was precipitated from the 
upper aqueous phase with 0.1vol. of 3M sodium acetate, 2.5vol. of ice-cold ethanol and left at −20°C over night. After 
centrifugation the DNA pellet was solubilized in 25µl sterile water. DNA fragments were separated by electrophoresis 
in 1.2% agarose gel and visualized by staining with ethidium bromide. 

JC-1 mitochondrial membrane potential detection assay. The loss of mitochondrial membrane potential (∆Ψm) was 
monitored with the 5,5′,6,6′tetra-chloro-1,1′,3,3′-tetraethylbenzimidazolyl- carbocyanine iodide dye (JC-1) (Biotium, 
Hayward, USA). The negative charge established by the intact ∆Ψm, allows the lipophilic dye JC-1 to selectively enter 
the mitochondrial matrix, where it aggregates and emits a red fluorescence. When the ∆Ψm is lost the JC-1 cannot 
accumulate within these organelles and remains in the cytoplasm in the monomeric form emitting green fluorescence 
(Cossarizza et al. 1993). Cell lines were grown in 10 cm dishes and treated, then the cells were trypsinized, washed in 
icecold PBS, and incubated with 10 mM JC-1 at 37 °C in a 5% CO2 incubator for 20 min. Subsequently, cells were 
washed twice with PBS and analyzed by fluorescence microscopy according to manufacturer's instructions. 

Mitochondrial ATP determination. The amount of endogenous ATP in isolated mitochondria and in cytosolic extract 
from MLTC-1, R2C and 832/13 cell lines was determined using the bioluminescence method described by Drew & 
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Leeuwenburgh (2003). With a Molecular Probes kit, ATP was assayed in cells lysed with RIPA buffer containing a 
proteases inhibitors mixture (Sigma) and cleared of cellular debris by centrifugation (10 min, 4 °C). An aliquot of each 
sample was mixed with 100 µl of reaction cocktail (25 mM Tricine buffer, pH 7.8, 5 mM MgSO4, 100 µM EDTA, 1 
mM DTT) containing firefly luciferase and 0.5 mM luciferin. Emitted light was measured in a luminometer (Berthold). 

Monodansylcadaverine staining. MDC was used to evaluate autophagic vacuoles in cells as previously reported 
(Biederbick et al. 1995). A 10 mM stock solution of MDC was prepared in PBS. Following treatments, cells were 
stained with MDC at a final concentration of 10 µMfor 10 min at 37 °C, and fixed using 3% paraformaldehyde solution 
in PBS for 30 min. Cells were washed and then examined by fluorescence microscopy (Leica AF2006). 

Flow cytometry assay. Cells (1×106 cells/well) were grown in 6 well plates and shifted to serum free medium for 24 h 
before treatments . Thereafter, cells were trypsinized, centrifuged at 3,000 rpm for 3 min and washed with PBS. A 0.5 
µl of fluorescein isothiocyanateconjugated antibodies anti-caspase-9 (Calbiochem, Milan, Italy) was added in all 
samples and then incubated for 45 min at 37 °C according to manufacturer's instruction. Samples were analyzed with 
the FACScan (Becton Dickinson and Co., Franklin Lakes, NJ). 

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

FABP5 and CRABPII mRNA expression. MLTC-1 cells were grown in 10 cm dishes from 70/80% confluence and 
exposed to RA treatments as indicated in Fig. 4 caption. Total cellular RNAwas extracted using Trizol reagent 
(Invitrogen) as suggested by the manufacturer. The purity and the integrity of total RNA were checked 
spectroscopically before carrying out the analytical procedures. RNA was then reverse transcribed with High Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). The cDNA obtained was amplified by PCR using the following 
primers: FABP5 (NM 010634) 5′-ACGGCTTTGAGGAGTACATGA-3′ (forward) and 5′-
TCCTACCCTTCTACTAGCAC- 3′ (reverse), CRABP II (NM 007759) 5′-CGATCGGAAAACTTTGAGGA- 3′ 
(forward) and 5′-CAACACACGTGGTCCCAGAT- 3′ (reverse). The resulting PCR products were separated by 
electrophoresis in a 2% agarose gel in TBE (Tris-Borate-EDTA) and stained with ethidium bromide. 

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

Incubation of mitochondria and extraction of the 2-oxoglutarate carrier (OGC). AtRA or 3[H]atRA were dissolved 
in ethanol and 3 µL of the solution was added to the tissue preparation (0.5 mg protein), and incubated in the presence 
of 10mM ATP,150 µMCoA, 27mM MgCl2, 50mM sucrose, and 100mM Tris, pH 7.4, in a total volume of 0.5 ml at 37 
°C for 90 min. The inhibitors were added together with 3HatRA. The mitochondrial suspensions were centrifuged and 
protein extracted in 3% Triton X-114, 20mM Na2SO4, 1mM EDTA, 10mM Pipes, pH 7.0, and after 10 min on ice, the 
mixture was centrifuged at 13000 rpm for 5 min. 

Reconstitution and determination of OGC activity. 20 µg of protein from the Triton X-114 extract of mitochondria 
were added to 100 µL of sonicated phospholipids (10% w/v), 100 µL of 10% Triton X-114 in Pipes 10 mM, 40 µL of 
malate 200 mM, 230 µL Pipes 10 mM pH 7.0 in a final volume of 700 µL and were applied to an Amberlite XAD-2 
column in agreement with Palmieri & Klingenberg (1979). 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 µL 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 µL of the slightly turbid eluate, containing the proteoliposomes, were collected, transferred to 1.5 mL 
microcentrifuge tubes (150 µL each), and used for transport measurements by the inhibitor stop method (Palmieri & 
Klingenberg 1979). Transport was carried out at 25 °C by adding 0.1 mM [14C] 2-oxoglutarate and stopped after 10 
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min by the addition of 20mM 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. (1988). 

Labeling with 3[H]atRA and western blot analysis. Direct labeling with 3[H]atRA was performed according to a 
method described previously (Takahashi & Breitman 1990). Under yellow safe-light, 5 µCi/ 5 µL of 3[H]atRA (40–60 
Ci/mmol) in ethanol (1 µCi/µL) were added to 1.5 mL glass microcentrifuge tubes for each sample tested. After the 
ethanol was removed under nitrogen, 20 µg of Triton extract of testes mitochondrial protein were added to each tube, 
and the final volume was adjusted to 10 µL with incubation buffer, pH 7.4, for a final concentration of 10 µM 
3[H]atRA, while 2-oxo-glutarate was added at a final concentration of 10 mM. The samples were incubated at 37 °C 
(Takahashi & Breitman 1990) and shaken for 90 min under yellow light, after which 10 µL 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 OGC at 4 °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). 

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 maintaining cells in MEM with 10% 
foetal bovine serum (FBS) (Invitrogen), 6 ng/ml insulin, penicillin (100 units/ml), streptomycin (100 µg/ml) and adding 
4-hydroxytamoxifen in 10-fold increasing concentrations every weeks (from 10-9 to 10-6 final). Cells were thereafter 
routinely maintained with 1µM 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, 2,5g/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 µg/ml hydrocortisone and 10 µg/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). 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).  

Immunoblotting p53 and p21. 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), 0.1mM EGTA, 5mM MgCl2, 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 40µg 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, p21WAF1/Cip1 (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 
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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 p53 and p21. 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 µl using a 
RETROscript kit as suggested by the manufacturer (Promega). The cDNAs obtained were amplified by PCR using the 
following primers: 5’-GTGGAAGGAAATTTGCGTGT-3’ (p53 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 µg 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 500µl 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 0.5µg 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 5µg 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. 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 400µl cold buffer A (10mM HEPES-KOH, pH 7.9, at 4 °C, 1.5mM MgCl2, 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 50µl of cold Buffer B (20mM HEPES-KOH, pH 7.9; 25% glycerol; 1.5mM MgCl2; 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 [32P]ATP (Amersham Pharmacia) and T4 polynucleotide kinase (Promega) and then purified using 
Sephadex G50 spin columns (Amersham Pharmacia). The DNA sequence of the NFκB located within p53 promoter as 
probe is 5’-AGT TGA GGG GAC TTT CCC AGG C-3’ (Sigma Genosys, Cambridge, UK). The protein-binding 
reactions were carried out in 20µl of buffer [20mM HEPES (pH 8.0), 1mM EDTA, 50mM KCl, 10mM dithiothreitol, 
10% glycerol, 1mg/ml BSA, 50µg/ml polydeoxyinosinic deoxycytidylic acid] with 50,000 cpm of labeled probe, 20µg 
of MCF-7 nuclear protein, and 5µg 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-PPARγ and anti-RXRα 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 200µl of lysis buffer (1% SDS; 
10mM EDTA; 50 mM Tris-HCl, pH 8.1), and left on ice for 10 min. Then, cells were sonicated four times for 10 sec at 
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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-HCl, pH 8.1; 16.7mM NaCl) followed by immunoclearing with 60µl 
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-PPARγ, anti-RXRα or anti-RNA Pol II antibodies (Santa Cruz Biotechnology). At 
this point, 60µl 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-HCl (pH 8.1), 150mM NaCl], Wash B [0.1% SDS, 1% Triton X-100, 2mM 
EDTA, 20mM Tris-HCl (pH 8.1), 500mM NaCl], and Wash C [0.25M LiCl, 1% NP-40, 1% sodium deoxycholate, 
1mM EDTA, 10mM Tris-HCl (pH 8.1)], and then twice with TE buffer (10mM Tris, 1mM 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 20µl of TE 
buffer. A 5µl 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 
κB 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). 

Animals. Male C57BL/6 mice were used, unless noted otherwise, in accordance with institutional guidelines. Mice 
were fed ad libitum or fasted 12-16 hr. Seven to 12-week-old WT, ob/ob mice, and mice heterozygous for the Akita 
spontaneous mutation (Ins2Akita) were purchased from the Jackson Lab. To establish DIO, 1-month-old mice were fed 
a high-fat diet (50% of calories as fat) for 5 months. To deplete β-cells, Stz (170 mg/kg) was dosed i.p. once in 10 mM 
sodium citrate, pH 4.5 (45). For glucose-tolerance tests (GTT), glucose (2 g/kg ) was dosed i.p. in saline. The db/db 
mice were 5-months-old and fed ad libitum. Insulin levels in this db/db colony at this age average 3-fold higher than 
controls, P<0.01 (46). 

Retinoids and retinoid quantification. Retinoids were purchased from Sigma, except for 9-cis-retinol, which was 
synthesized and characterized as described (Kane et al. 2008). Retinoids were used under yellow light as described (16, 
17). Samples were harvested under yellow lights, frozen immediately in liquid nitrogen, and kept at -80 oC until 
extraction and retinoid quantification within one day by LC/MS/MS using selected reaction monitoring (RA isomers) or 
HPLC/UV (retinol isomers) as described in detail (Kane et al. 2005, 2008, 2005).  

β-cell line function assays. The pancreatic β-cell line 832/13 was cultured in RPMI 1640 with 10% fetal calf serum, 10 
mM Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 mM β-mercaptoethanol, 100 units/ml penicillin and 
100 mg/ml streptomycin at 37 °C and 5% CO2 in 100 mm Petri dishes as described (Hohmeier et al. 2000). The medium 

was refreshed every 2-3 days. Cells were subcultured when they approached ≥70% confluence. Endogenous 9cRA in 
832/13 cells at the time of experiments was <0.04 ± 0.0012 pmol/106 cells (n = 9 plates). To assay Glut2, GK and ATP, 
cells were transferred to 12-well plates until reaching 85% of confluence. Medium with 5 mM glucose was substituted 
for growth medium (11 mM glucose) for 16 hr. To initiate assays, this medium was substituted with 2 mL HBSS 
containing 0.2% fatty-acid free BSA, pH 7.2 (sensing buffer) and 3 mM glucose for 2 hr (except for the glucose uptake 
assay). Experiments were initiated by changing the sensing buffer to 0.8 ml/well of either fresh secretion buffer with 3 

mM glucose or 23 mM glucose and/or 100 nM 9cRA, delivered in 5-10 µL DMSO, or vehicle alone. Incubations were 

done at 37 °C under yellow light. GK activity was measured by detaching (0.05% trypsin/0.5 mM EDTA) and pelleting 

cells. Cells were resuspended and sonicated in 500 µl PBS at 4 °C. Sonicates were centrifuged at 4 °C for 15 min at 
12,000 rpm. GK activity in the supernatant was determined by a coupled enzyme assay with glucose-6-phosphate 
dehydrogenase and NAD+ by monitoring the increase in absorbance at 340 nm at 1 min intervals for 5 min. One unit of 

activity represents the amount of enzyme that converts 1 µmol substrate into product per min at 30 °C. Data were 
corrected for blank values, determined in the absence of glucose. To correct for any low Km hexokinase contribution, 
activity measured with 0.5 mM glucose was subtracted from activity measured with 100 mM glucose.  Glucose uptake 
(Glut2 activity) was measured after 16 hr incubation with 5 mM glucose. The medium was supplemented with vehicle 
and isobutylmethylxanthine (1 mM) and/or forskolin (100 µM) and/or 9cRA (30 or 100 nM). After 20 min, the medium 
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was exchanged for secretion buffer containing 23 mM glucose supplemented with vehicle or 9cRA; incubation was 
continued 15 min at ambient temperature. (The 2 hr incubation with 3 mM glucose was omitted). Glucose uptake was 

measured over 1 min at ambient temperature by adding 250 µl of a [3H]glucose solution (23 mM/1.25 µCi). Uptake was 
ended after 1 min by adding 1 mM HgCl2 in ice-cold PBS. Cells were washed 5 times with the same buffer, lysed with 

200 µl 10% SDS, frozen at -80 °C and thawed. [3H]Glucose was recovered with 300 µl water and counted in 4 mL of 
Ecolite liquid scintillation cocktail. Background was determined in wells treated with [3H]glucose and 1 mM HgCl2 at 
t0. Transport activity was calculated subtracting t0 values from samples. Protein was quantified by Bradford Assay. Ca2+ 
was quantified with a kit according to manufacturer’s instructions (Diagnosticum Rt., Budapest, Hungary) in cells that 
were lysed in culture dishes by adding 0.1 ml of RIPA buffer, scraping several times and centrifuging to remove cellular 
debris. 

9cRA biosynthesis. 832/13 cells were cultured in 12- or 6-well plates. At confluence, the medium was replaced with 

serum-free medium and retinoids (1 µM) in DMSO (0.1% v/v) or vehicle alone were added and incubated 1 hr. Cells 
were lysed using Reporter lysis buffer (Promega) and combined with their medium for retinoid analyses.  

Insulin secretion studies. Islets were isolated by the UCSF Diabetes & Endocrinology Research Center (San Francisco, 
CA). Fifteen islets of similar size were incubated at 37 oC in 12-well plates with 5 mM D-glucose in RPMI1640 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 10 mM Hepes, 2 mM L-

glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol and 5% CO2. After 16 hr, islets were washed and 
transferred to 1.5 ml tubes in secretion medium (HBSS with 20 mM Hepes and 1% bovine serum albumin, pH 7.2) 
containing 3 mM glucose. After 2 hr, secretion medium was replaced with fresh secretion medium containing 3 or 23 
mM glucose with 100 nM 9cRA or vehicle alone (DMSO). Separate groups of islets were incubated in secretion 
medium containing 3 mM glucose with 35 mM KCl and 90 mM NaCl. Media were centrifuged for 2 min at 1000 x g to 
remove non-adherent cells and frozen at -80 ºC. Endogenous 9cRA in islets at the time of the experiment (after isolation 
and handling of islets) did not exceed 0.12 ± 0.008 pmol/plate (n = 5). 

Immunofluorescence. Pancreata from adult mice were dissected and fixed in 10% neutral-buffered formalin (pH 6.8-

7.2) for 24 hr and then embedded in paraffin by Histopathology Reference Labs (Hercules, CA). Eight-µm slices were 
dewaxed with 100% xylene (2 x 3 min) and rehydrated with 100% ethanol (2 x 3 min), 95% ethanol (2 x 3 times) and 
deionized water. The low-power antigen retrieval technique was done as follows: a maximum of 8 slides were placed in 
a Pyrex beaker with 250 ml 1:100 Vector unmasking buffer (pH 6.0) according to the manufacturer’s instructions 
(Vector Laboratories, Burlingame, CA). The beaker was heated in a microwave oven with a power setting of 40% for 
three 5 min cycles, with 1 min breaks. Slides were allowed to cool 30 min at ambient temperature. Unmasking buffer 
was replaced with Tris-buffered saline containing 0.1% Tween-20 (TBST). Nonspecific binding was blocked with 250 

µl 10% normal donkey serum blocking solution (Jackson Immunoresearch) in TBST for at least 30 min before adding 
primary antibody. Sections were incubated with anti-insulin antibodies (Ab) (1:200, Dako, Carpinteria, CA) overnight 

at 4 °C, followed by three 5-min washes in PBS. Dylight 488 secondary Ab (Jackson Immunoresearch) incubation was 
done for 1 hr at ambient temperature. Fluorescence was detected with a Zeiss LSM 510 laser scanning confocal 
microscope in the College of Natural Resource Imaging Facility at UC-Berkeley. 

mRNA expression. Total RNA was isolated with Trizol (Invitrogen, Carlsbad,CA, USA). RNA was reversed 
transcribed with IScript cDNA Synthesis Kit (Biorad). TaqMan quantitative real-time PCR (qT-PCR) was done using 
pre-designed and optimized primers (Applied Biosystems, Foster City, CA, USA). Gene expression was measured with 
ABI-PRISM 7500 Real-Time PCR systems sequence detection (Applied Biosystems, Foster City, CA, USA). 

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 test or was assessed by two-tailed, unpaired 
Student’s t tests for comparison of two groups, or by two-way ANOVA for comparison of two curves. P < 0.05 was 
considered as statistically significant. Differences were considered significant at values of * P < 0.05, ** P < 0.01. Data 

are means ± SE. 
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of cytochrome c from rat testes mitochondria

E. Cione & P. Tucci & V. Senatore & M. Perri &
S. Trombino & F. Iemma & N. Picci & G. Genchi

Received: 20 July 2007 /Accepted: 17 August 2007
# Springer Science + Business Media, LLC 2007

Abstract Ferulic acid plays a chemopreventive role in
cancer by inducing tumor cells apoptosis. As mitochondria
play a key role in the induction of apoptosis in many cells
types, here we investigate the mitochondrial permeability
transition (MPT) and the release of cytochrome c induced
by ferulic acid and its esters in rat testes mitochondria, in
TM-3 and MLTC-1 cells. While ferulic acid, but not its
esters, induced MPT and cytochrome c release in rat testes
isolated mitochondria, in TM-3 cells we found that both
ferulic acid and its esters induced cytochrome c release
from mitochondria in a dose-dependent manner, suggesting
a potential target of these compounds in the induction of
cell apoptosis. The apoptosis induced by ferulic acid is
therefore associated with the mitochondrial pathway in-
volving cytochrome c release and caspase-3 activation.

Keywords Ferulic acid . Cytochrome c . Apoptosis .

Mitochondria . TM-3 cells . MLTC-1 cells

Introduction

Apoptosis, an active and programmed form of cell death, is
a multistep process (Hengartner 2000) that plays an

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

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

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

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

Materials and methods

Chemicals

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

Synthesis of ferulate esters

The ferulate esters were synthesized according to the
procedure described in the literature (EP 0681 825 B1). A
solution of ferulic acid (1.0 g, 5.15 mmol) and p-
toluensulfonic acid (0.07 g, 0.34 mmol), in 10 ml dry
toluene was added to aliphatic alcohols (butyl alcohol
0.40 g, pentyl alcohol 0.48 g, and octyl alcohol 0.7 g,
5.4 mmol) under stirring and N2 at room temperature. After
addition was complete, the solution was stirred under N2

for 12 h at 110°C. After cooling at room temperature, the
solvent was evaporated under reduced pressure, and the
residue was treated with 15 ml of water and the aqueous
phase was extracted with chloroform (4×15 ml). The
combined organic phases were collected, dried (Na2SO4)
and the solvent was removed by rotary evaporation to give
compounds 2, 3, 4 (Scheme 1) as yellow oils, and purified
by Merck silica gel (60–230 mesh) column chromatography
using chloroform/hexane, 60/40 (v/v), as eluent. The
solvent of eluted esters was evaporated under reduced
pressure. The ferulate esters were obtained with a yield of
80–90%. IR, m/z and 1H-NMR data were assigned
according to the literature.

Isolation of mitochondria and monitoring of the MPT

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

OH
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OH

OMe

R OH

OR

O

OH

OMe

Toluene

+
110˚C, 12 h
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2   R= CH3(CH2)3-
3   R= CH3(CH2)4-
4   R= CH3(CH2)7-

Scheme 1 Reaction conditions to synthesize the compounds 2, 3 and 4
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2 μM rotenone and were preincubated with 5 mM succinate.
After 5 minutes, different concentrations of ferulic acid and
ferulate esters or CaCl2 were added and mitochondrial
swelling was followed spectrophotometrically by the de-
crease in absorbance at 540 nm (Rigobello et al. 1999).

Release of cytochrome c from isolated rat testes
mitochondria

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

Cell cultures

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

Cellular cultures were grown on 90 mm plastic tissue
culture dishes in a humidified atmosphere of 5% CO2 in air
at 37°C. Cells from exponentially growing stock cultures
were removed from the plate with trypsin (0.05% w/v) and
EDTA (0.02% w/v). The trypsin/EDTA action was
inhibited with an equal volume of DMEM/F12 medium.
Cell number was estimated with a Burker camera and cell
viability by trypan blue dye exclusion. For both cellular
lines, the medium was changed twice weekly. TM-3 were
subcultivated when confluent, while MLTC-1 cells were
subcultured when they formed island domes.

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

Cytochrome c was detected by western blotting in cytoplas-
matic fractions. TM-3 cells were treated with 5, 25, 50 and
100 μM ferulic acid, while MLTC-1 cells were treated with a
concentration range of ferulic acid between 0.5 and 100 μM;
both cellular lines were incubated for 24 h at 37°C in a
humidified atmosphere of 5% CO2 in air. In other experi-
ments, both cells lines were treated with ferulate esters at the
same concentrations and conditions. After above treatments,
TM-3 and MLTC-1 cells were collected by scraping and
harvested by centrifugation at 1,200×g for 10 min at 4°C.
The pellets were solubilized in 36 μl lysis buffer (250 mM
sucrose, 1.5 mM EGTA, 1.5 mM EDTA, 1 mM MgCl2,
25 mM Tris/HCl, pH 6.8, 1 mM DTT, 10 μg/ml aprotinin,
50 mM phenylmethylsulfonylfluoride and 50 mM sodium
orthovanadate). After the addition of 4 μl of 0.1%
digitonine, the cells were incubated for 15 min at 4°C and
centrifuged at 13,000×g for 30 min at 4°C. Proteins of the
cytosolic fractions were determined by the Lowry method
(Lowry et al. 1951). Equal amounts of protein (15–20 μg)
were resolved by 15% SDS-PAGE and electrotransferred to
a nitrocellulose membrane. The membrane was incubated
with 5% non-fat milk in TBST over night at 4°C, followed by
incubation with 1:1,000 sheep polyclonal antihuman cyto-
chrome c antibody (2 h, room temperature) and then with
HRP-conjugated secondary antibody (1:2,000) for 2 h at 4°C.
Peroxidase activity was visualized with the Amersham
Pharmacia Biotech ECL system according to the manufac-
turer instructions. The loading control was detected by
immunoblot of β-actin protein.

Western blot analysis of caspase-3

TM-3 cells were lysed with 200 μl ice-cold PBS (phosphate
buffered saline, 1.5 mM KH2PO4, 8.1 mM Na2HPO4,
136,9 mM NaCl, pH 7.2) containing 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS and protease
inhibitors (1 mM phenylmethylsulfonylfluoride, 10 mg/ml
aprotinin and 10 mg/ml leupeptin). Lysates were centri-
fuged (13,000×g at 4°C for 30 min) and the supernatant
protein content was determined by the Lowry method
(Lowry et al. 1951). Equal amounts of protein (20 μg)
were resolved by 15% SDS-PAGE and electrotransferred
to a nitrocellulose membranes. After blocking, the mem-
branes were incubated (2 h, room temperature) with
1:2,000 rabbit polyclonal antihuman caspase-3 antibody
and then (1 h, room temperature) with 1:3,000 HRP-
conjugated secondary antibody. Peroxidase activity was
visualized with the Amersham Pharmacia Biotech ECL
system according to the manufacturer instructions. The
caspase-3 protein content was determined densitometri-
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cally. The loading control was detected by immunoblot of
β actin protein.

Statistical analyses

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

Results

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

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

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

During the process of apoptosis, the cytochrome c,
released into the cytosol from the mitochondria, activates
the caspases, a family of killer proteases. In particular, the
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Fig. 1 Induction of MPT in rat testes mitochondria by ferulic acid and
CaCl2. Mitochondria were suspended in a solution of 250 mM
sucrose, 10 mM TRIS/HCl, pH 7.4, in the presence of 2 μM rotenone
and preincubated with 5 mM succinate for 5 min, after which (a)
ferulic acid (10, 50 and 100 μM) and (b) CaCl2 (200 μM), ferulic acid
(100 μM) and ferulic acid (100 μM) plus CaCl2 (200 μM) were
added. The mitochondrial swelling was monitored by measuring the
decrease in optical density at 540 nm
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activated caspase-3 has many cellular targets, and produces
the morphological features of apoptosis. Western blot
analyses, using a caspase-3 antibody that recognizes the
caspase-3 holoenzyme as well as the p17 cleavage product
of caspase-3, were performed to investigate whether
enzymatic processing occurred following ferulic acid
exposure. At 24 h post-exposure, 25, 50 and 100 μM
ferulic acid treated cells showed a decrease of the 32 kDa
caspase-3 protein, as well as an increase of the 17 kDa
cleavage product (Fig. 3).

Release of cytochrome c by ferulic acid esters

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

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

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

To verify that ferulic acid and its esters act as apoptotic
inducers, we have treated tumoral Leydig cells at concen-
trations lower in a range among 0.5–100 μM than those
used in TM-3 cells. After 24 h exposure, MLTC-1 cells
were collected, lysed and the cytosolic protein fractions

Fig. 2 Effect of ferulic acid on
cytochrome c release from rat
testes isolated mitochondria and
TM-3 cells. Mitochondria were
incubated with ferulic acid at 0,
5, 25, 50 and 100 μM for 1 h
(a), TM-3 cells were incubated
with ferulic acid at 0, 5, 25, 50
and 100 μM for 24 h (b) and
cytochrome c release was mea-
sured by immunoblotting (rep-
resentative of three experiments)
The cytochrome c protein con-
tent was determined densito-
metrically. β-Actin, used as
internal control, was detected at
the position corresponding to a
molecular weight of 42 KDa.
Results are presented as the
mean±SD. *P<0.05 compared
to the control; **P<0.01 com-
pared to the control
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were assayed for cytochrome c to determine its presence
into the cytoplasm. As shown in Fig. 5a, the amount of
cytochrome c released from the cells treated with ferulic
acid was highly significant (P<0.01) already at 0.5 μM.
However, as regards ferulate esters, the release of cyto-
chrome c into the cytoplasm was significant (P<0.05) at
25 μM for both butyl and octyl ferulate and highly
significant (P<0.01) for pentyl ferulate at the same
concentration (Fig. 5b–d).

Discussion

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

Fig. 4 Effect of ferulic acid and
its esters on cytochrome c re-
lease from TM-3 cells. TM-3
cells were incubated in the
presence of free-medium, ferulic
acid, butyl ferulate, pentyl fer-
ulate and octyl ferulate at
50 μM. At 24 h post-exposure,
cells were washed with PBS;
equal amounts of cytosolic pro-
teins were separated by SDS-
PAGE, transferred to a nitrocel-
lulose membrane, and probed as
described in Materials and
methods. Cytochrome c was
detected by chemiluminescence.
The cytochrome c protein con-
tent was determined densito-
metrically. β-Actin, used as
internal control, was detected at
the position corresponding to a
molecular weight of 42 KDa.
Results are presented as the
mean±SD. *P<0.05 compared
to the control; **P<0.01 com-
pared to the control

Fig. 3 Effect of ferulic acid on caspase-3 and p17 fragment activation
in TM-3 cells. Cells were incubated with ferulic acid at 0, 5, 25, 50
and 100 μM. At 24 h post-exposure, cells were washed with PBS.
Equal amounts of cytosolic proteins were separated by SDS-PAGE,

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

J Bioenerg Biomembr



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

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

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

We have shown that ferulic acid but not its esters induce
MPT opening in isolated rat testes mitochondria and that
calcium added in the incubation buffer increases this
swelling, resulting in release of cytochrome c into the

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

chrome c protein content was determined densitometrically. β-Actin,
used as internal control, was detected at the position corresponding to
a molecular weight of 42 KDa. Results are presented as the mean±SD.
*P<0.05 compared to the control; **P<0.01 compared to the control
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cytoplasm. On the other hand, in TM-3 cells we have found
that ferulic acid and its esters induce apoptosis, associated
primarily with the mitochondrial pathway involving release
of cytochrome c. Ferulic acid, in fact, induces release of
cytochrome c after 24 h of incubation. The release of
cytochrome c may result in the activation of members of a
family of serine-proteases such as the caspase, another
hallmark of apoptosis. Caspases play a central role in
terminal biochemical events that ultimately lead to apopto-
tic cell death. Western blot analysis also indicates marginal
appearance of the 32 kDa and 17 kDa caspase-related
proteins in TM-3 cells treated with ferulic acid.

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

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

Keywords Retinoic acid . Apoptosis . Leydig cells .

Mitochondria . Antioxidant enzymes

Abbreviations
RA All-trans-retinoic acid
CAT Catalase
GST Glutathione S-transferase
SOD Superoxide dismutase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
MPMS 1-methoxyphenazine methosulfate

HS Horse serum
FCS Foetal calf serum
PBS Phosphate buffered saline
TBARS Thiobarbituric acid reactive species
TBA Thiobarbituric acid
TCA Trichloroacetic acid

Introduction

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

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

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

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

Materials and methods

Chemicals

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

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

Cell cultures

The TM-3 cell line, derived from testes of immature BALB/
c mice, was originally characterized, based on its morphol-
ogy, hormone responsiveness and metabolism of steroids.
This cell line was kindly provided by Dr. S. Andò
(University of Calabria) and cultured in DMEM/F12
medium supplemented with 2mM glutamine, serum (5%
HS and 5% FCS) and 1% of a stock solution containing
10,000IU/ml penicillin and 10,000μg/ml streptomycin. Cell
cultures were grown on Petri plastic tissue culture dishes at
37°C in a humidified atmosphere of 5% CO2 in air. Cells
from exponentially growing stock cultures were removed
from the plate with trypsin (0.05% w/v) and EDTA (0.02%
w/v). The trypsin/EDTA was inhibited adding to the plates
an equal volume of DMEM/F12 medium supplemented
with serum. The medium was changed twice weekly, and
the cells were subcultivated when confluent. Cell number
was estimated using a Burker camera.

MTT cytotoxicity assay

Cell viability was determined by MTT assay (Mosmann
1983). In order to determine the cytotoxicity of RA cells
(2 × 105cells/ml) were treated with RA at different
concentrations for 3 and 24h. Control cells were treated with
vehicle alone. One hundred microlitres of MTT (5mg/ml) was
added to each well and the plates incubated for 4h at 37°C.
Subsequently 1ml 0.04N HCl in isopropanol was added to
solubilize the cells. The absorbance was measured with
the Ultrospec 2100 pro spectrophotometer (Amersham-
Biosciences) at a test wavelength of 570nm with a
reference wavelength of 690nm. The optical density (O.D.)
was calculated as the difference between the absorbance at
the reference wavelength and that at the test wavelength.
Percent viability was calculated as (O.D. of drug-treated
sample/control O.D.) ×100.

Oxidative stress parameters

Following sonication of TM-3 cells in PBS (phosphate-
buffered saline, 1.5mM KH2PO4, 8.1mM Na2HPO4,
136.9mM NaCl, pH7.2) buffer the crude homogenate was
divided into two equal parts. One part was processed for
assay of lipid peroxidation, while the second part was
centrifuged at 10,000rpm for 5min and the supernatant
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utilized in assays for glutathione S-transferase, superoxide
dismutase and catalase activities.

Lipid peroxidation and antioxidant enzymes activity

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

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

Immunoblot analysis of cytochrome c release

Cytochrome c was detected by western blotting in
mitochondrial and cytoplasmatic fractions. The cells were
harvested by centrifugation at 1,200 × g for 10min at 4°C.
The pellets were suspended in 36μl lysis buffer (250mM
sucrose, 1.5mM EGTA, 1.5mM EDTA, 1mM MgCl2,
25mM Tris-HCl, pH6.8, 1mM DTT, 10μg/ml aprotinin,
50mM phenylmethylsulfonylfluoride and 50mM sodium
orthovanadate) and then 4μl of 0.1% digitonine was added.
The cells were incubated for 15min at 4°C and centrifuged
at 12,000rpm for 30min at 4°C. The resulting mitochondrial
pellet was resuspended in 3% Triton X-100, 20mM
Na2SO4, 10mM PIPES and 1mM EDTA, pH7.2, and
centrifuged at 12,000rpm for 10min at 4°C. Equal amounts
of protein (2–5μg) were resolved by 15% SDS-PAGE and
electrotransferred to nitrocellulose membranes. The mem-
branes were incubated in blocking buffer over night at 4°C,
followed by incubation with 1:1,000 sheep polyclonal
antihuman cytochrome c antibody (2h, room temperature)
and then with HRP-conjugated (horse radish peroxidase-
conjugated) secondary antibody (1:2,000) for 2h at 4°C.
Peroxidase activity was visualized with the Amersham
Pharmacia Biotech ECL system according to manufac-
turer’s instructions. The cytochrome c protein content was
determined densitometrically. Immunoblotting for β-actin
was carried out to confirm equal loading.

Western blot determination of caspase-3

Leydig cells were lysed with ice-cold PBS (pH7.4)
containing 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS and protease inhibitors (1mM phenylmethylsul-

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

DNA extraction and agarose gel electrophoresis

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

Briefly, 1 × 106 cells, treated without and with 5, 10 and
20μM of RA for 24h, were trypsinized and washed with
PBS. Then the cells were spun down and resuspended in
0.5ml of lysis buffer (50mM Tris-HCl, pH 7.8, 10mM
EDTA, and 0.5% SDS). RNase A was added to a
concentration of 0.5mg/ml and incubated at 37°C for
60min. The protein content was degraded with proteinase
K (0.5mg/ml) at 50°C for 60min. DNA was obtained with
two extractions. The first extraction was carried out with an
equal volume of phenol–chloroform–isoamylic alcohol
(25:24:1) and the second with chloroform–isoamylic alcohol
(24:1). DNA was precipitated from the upper aqueous phase
with 0.1vol. of 3M sodium acetate, 2.5vol. of ice-cold
ethanol and left at −20°C over night. After centrifugation the
DNA pellet was solubilized in 25μl sterile water. DNA
fragments were separated by electrophoresis in 1.2% agarose
gel and visualized by staining with ethidium bromide.

Lactate dehydrogenase assay

The amount of lactate dehydrogenase (LDH) released by
the cells was determined as described by Abe and Matsuki
(2000) with little modifications. The culture supernatant
(250μl) was mixed with 250μl of the LDH substrate
mixture (2.5mg/ml L-lactate lithium salt, 2.5mg/ml NAD+,
100μM MPMS, 600μM MTT, and 0.1% Triton X-100 in
0.2M Tris-HCl buffer, pH 8.2). The reaction was carried out
for 5min at 37°C and stopped by adding 0.5ml of 0.04N
HCl in isopropanol. The absorbance was measured with the
spectrophotometer at a test wavelength of 570nm, and a
reference wavelength of 655nm. In these assay conditions,
MTT was converted into MTT formazan in proportion to
LDH activity. LDH release was calculated as (sample LDH-
blank)/(total LDH-blank) ×100.

Statistical analyses

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

Results

Effect of RA on vitality of TM-3 cells

In order to examine the cytotoxic effect of RA on TM-3
cells, they were cultured with RA in a concentration range
from 0.1 to 20μM for 24h and MTT assay was carried out
with cells cultured in RA-free media as control. No
significant change in viability was observed in TM-3
treated in 0–0.5μM RA concentration range (Fig. 1A).
Upon incubation with RA concentration of 1–20μM a
significant reduction of vitality, however, observed. As
shown in Fig. 1A, the cell viability was less than 20% after
exposure to 20μM RA for 24h. The effect of RA at μM
doses on cell viability was also time-dependent, since the

cell survival declined drastically following an increase in
the treatment time from 3 to 24h in cells incubated with 10
and 20μM RA (Fig. 1B). The present results show that RA
exerts a cytotoxic effect on TM-3 cells in a concentration
and time dependent manner (Fig. 1A,B).

Biochemical markers of apoptosis

In order to examine whether apoptosis was the cause of the
loss of cell viability, the cells were treated with μM doses
of RA and subjected to various biochemical analyses to
detect biomarkers of apoptosis. Mitochondria are vulnera-
ble targets for toxic injury and act as crucial executors of
apoptosis by releasing cytochrome c into the cytoplasm
(Cai et al. 1998). 24h post-exposure TM-3 cells were
collected and the cytosolic protein fraction was assayed for
cytochrome c release. As shown in Fig. 2A,B, cytochrome
c was detectable in cytoplasm following exposure to 0.5μM
RA and the protein increased significantly at higher RA
exposure (10–20μM) when compared to time matched
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Fig. 1 The effect of RA on TM-3 cell survival. A Cells were
incubated with indicated concentrations of RA and then the cell
viability was determined by MTT assay as described in “Materials and
methods”. B The cell viability was evaluated at 3 and 24 h post-

exposure with RA (at μM doses). The data represent means±SD of
four independent experiments with triplicate well and are presented as
the percentage of the control cell number. *P<0.05 compared to the
control. **P<0.01 compared to the control
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Fig. 2 Biochemical markers of apoptosis. A TM-3 cells were
incubated both in the absence and in the presence of 0.5, 1, 5, 10
and 20 μM RA for 24 h. After incubation, cells were washed with
PBS; equal amounts of cytosolic proteins (2–5 μg) were separated by
15% SDS-PAGE, transferred to a nitrocellulose membrane, and
probed as described in “Materials and methods”. Cytochrome c was
detected by chemiluminescence. β-actin, used as internal control, was
detected at the position corresponding to a molecular weight of
42 kDa. B The cytochrome c protein content was determined
densitometrically. Results are presented as the mean±SD of three
independent experiments. *P<0.05 compared to the control; **P<
0.01 compared to the control. C TM-3 cells were incubated with
20 μM RA and release of cytochrome was evaluated at 0, 3, 6, 18 and
24 h post-exposure. D The cytochrome c protein content was

determined densitometrically. Results are presented as the mean±SD
of three independent experiments. *P<0.05 compared to the control;
**P<0.01 compared to the control. E Cells were incubated with 0,
0.5, 1, 5, 10 and 20 μM RA. At 24 h post-exposure, cells were washed
with PBS. Equal amounts of cytosolic proteins (20 μg) were separated
by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and
probed as described in “Materials and methods”. Procaspase-3 and
p17 fragment were detected by chemiluminescence. β-actin, used as
internal control, was detected at the position corresponding to a
molecular weight of 42 kDa. F The cells were treated with various
concentrations of RA for 24 h; then the DNAwas extracted, separated
by electrophoresis on 1.2% agarose gel and visualized by staining
with ethidium bromide. Lane 1, control; lane 2, 5 μM RA; lane 3,
10 μM RA; lane 4, 20 μM RA
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controls. The time-course of cytochrome c release from the
mitochondria into the cytosol was also determined after 3,
6, 18 and 24h of incubation in the presence of 20μM RA.
As shown in Fig. 2C,D, detectable release of cytochrome c
was, only apparent, after 18h of treatment.

The activation of the caspase family members is a
hallmark of apoptosis. After treatment for 24h with RA,
western blot analysis, using a caspase-3 antibody that
recognizes the caspase-3 holoenzyme as well as the p17
cleavage product of caspase-3, was performed to investi-
gate whether enzymatic processes had been activated.
Procaspase-3 is synthesized as a precursor of 32kDa which
is then proteolitically cleaved. Immunoblotting analysis
revealed that procaspase-3 levels decreased in cells treated
with 5, 10 and 20μM RA for 24h in a dose-dependent
manner; while a band, corresponding to the activated form
of caspase-3 (17kDa), was increased over the same dose-
response curve (Fig. 2E).

In order to evaluate the induction of apoptosis by RAwe
measured DNA fragmentation using DNA electrophoresis
and fluorescent staining. The genomic DNA extracted from
cells, treated with 5, 10 and 20μM RA for 24h, was
subjected to 1.2% agarose gel electrophoresis. DNA

ladders, which are typical of apoptosis, were detected only
in the cells treated with 10 and 20μM RA (Fig. 2F).

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

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

Ceramide, as a second messenger, is generated by the
hydrolysis of the cell membrane sphingomyelin or is
derived from de novo synthesis in response to inducers of
apoptosis (Bose et al. 1995). Previous studies have shown
that ceramide induces cell apoptosis by the mechanisms of
activation of a ceramide-activated protein phosphatase
(CAPP); moreover, ceramide up-regulates the apoptosis
effector, Bax, or down-regulates the apoptosis inhibitor,
Bcl-2, leading to caspase activation (Pinton et al. 2001;
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Kolesnick 2002; Von Haefen et al. 2002). To identify the
possible mechanisms mediating RA-induced Leydig cell
apoptosis we measured the cytotoxicity of RA in cell
cultures in the presence or absence of the ceramide synthase
inhibitor, fumonisin B1. As shown in Fig. 3B, fumonisin
B1 treatment alone had no effect on cell survival. The
apoptotic effect of RA was not mediated by ceramide
because 50μM of this compound could not prevent the
apoptotic effect of various concentrations of RA (5–10μM
range). At 20μM RA there was an increase in ceramide
generation providing evidence of necrotic death.

Oxidative stress

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

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

Discussion

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

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

Our data strongly suggest that RA induces apoptosis as
determined by cytochrome c release from the mitochondria
to bind to Apaf-1, which in turn initiates a caspase cascade,
the executionary machinery of apoptotic cell death. Our
results showed there was a measurable release of cyto-
chrome c into the cytoplasm following exposure to RA.
This release of cytochrome c may result in the activation of
members of the caspase family of proteases, another
hallmark of apoptosis. Caspases, and in particular caspase-
3, play a central role in the terminal biochemical events that
ultimately lead to apoptotic cell death. We observed a dose-
dependent increase in caspase-3 activity after incubation for
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24h with RA. As a consequence, DNA was cleaved by
endonucleases, as observed by condensation and fragmen-
tation of chromatin. Taken together, these observations
suggest that RA activates the classic mitochondrial depen-
dent apoptotic process.

Since higher doses of RA (μM) induced lipid perox-
idation and cell death, we decided to investigate only the
effects of RA treatment at physiological doses in TM-3
cells. In order to investigate changes in antioxidant
defences we measured the SOD, CAT and GST activities
in TM-3 cells treated with RA. The SOD, CAT and GST
activities increased with 100 and 200nM RA treatment.
Interestingly, at these same doses RA did not increase lipid
peroxidation and no effect on cell viability was observed.
These findings suggest that RA increased the activity of
antioxidant enzymes at physiological doses, thereby pre-
venting oxidative cell damage which is manifest at higher
doses of RA as may be evidenced by TBARS content and
cell viability. In accordance with earlier studies (Livera et
al. 2000) we observed no significant effect of 1μM RA on
DNA fragmentation (date not shown). This concentration of
RAwas able, however, to decrease cell viability by 15–18%
and trigger a low level of cytochrome c release indicating

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

Hurnanen et al. (1997) have shown that low RA
concentrations stimulated cell growth and proliferation but
that high concentrations inhibited cell proliferation. More-
over, higher RA concentrations increased lipid peroxida-
tion. There was a significant negative correlation between
lipid peroxidation and cell proliferation, which suggests
that RA may generate free radicals. The mechanism of RA-
mediated lipid peroxidation is not fully understood. There
are, however, at least two possible mechanisms: (i) RA can
stimulate the activity of Δ-6-desaturase resulting in an
increase of polyunsaturated fatty acids (PUFA), which are
then easily oxidized (Alam et al. 1984). Δ-6-desaturase is
the enzyme responsible for inserting double bonds during
PUFA synthesis. A loss or decreased activity of this
enzyme has been found in some malignant tumors. (ii)
RA can also directly increase free radical generations which
could result in increased lipid peroxidation (Davis et al.
1990). Moreover, 13-cis-RA was shown to directly increase
levels of superoxide anion, hydrogen peroxide and hydrox-
yl anions in isolated chick neural crest cells (Davis et al.
1990). It is noteworthy that every antioxidant is in fact a
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the control. **P<0.01 compared to the control

322 J Bioenerg Biomembr (2008) 40:315–323



redox agent, protecting against free radicals in some
circumstances and promoting free radicals generation in
others (Herbert 1996).

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

In conclusion, the above findings indicate that retinoic
acid at μM doses raises oxidative stress and induces
apoptosis in Leydig cells through cytochrome c release
and caspase-3 activation. Conversely, at physiological
doses (0.1–500nM) RA modulates antioxidant enzymes
through an increase of GST, SOD and CAT activities. An
understanding of the RA behavior will, therefore, be
necessary to define how it may be used both alone as a
chemopreventive agent and also in combination with
chemotherapeutic agents for cancer treatment.
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Background: Vitamin A is suggested to be protective against oxidative stress. However, different authors
observed pro-oxidant effects of retinoids both in experimental works and clinical trials. These discordances
are the bases for the investigation of the proliferative and anti-proliferative properties of retinoic acid (RA) in
biological systems.
Methods: Cell viability is determined with the MTT assay. Oxidative stress parameters are detected
measuring catalase (CAT) and glutathione S-transferase (GST) enzymatic activities. FABP5 mRNA levels are
measured by RT-PCR. Autophagy and apoptosis are analyzed by Monodansylcadaverine (MDC) staining and
TUNEL assay, respectively.
Results and conclusions: RA, at nutraceutic/endogenous doses (10–200 nM), increases cell viability of testes
tumor Leydig cell lines (MLTC-1 and R2C) and modulates antioxidant enzyme activities, as CAT and GST. RA
is able to induce proliferation through non-classical and redox-dependent mechanisms accompanied by

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

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Oxidative stress is a major factor in the aetiology of male infertility,
able to destroy the steroidogenic capability of the testes Leydig cells
[1], as well as to reduce the capability of the germinal epithelium to
differentiate normal spermatozoa [2]. The poor vascularization of the
testes results in reduced oxygen demand compared with other
tissues, stimulating intense competition for this vital element within
the organ. Since both spermatogenesis [3] and Leydig cell steroido-
genesis [4] are vulnerable to oxidative stress, the low oxygen demand
that characterizes this tissue may be an important component of the
mechanisms bywhich the testes protect themselves from free radical-
mediated damage. In addition, testes contain an elaborate array of
antioxidant enzymes and free radical scavengers to ensure that both
gico, Università della Calabria,
39 0984 493271.
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oliferative and anti-prolifera
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spermatogenic and steroidogenic functions are not influenced by
oxidative stress.

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

Retinoic acid (RA), whose endogenous concentration are now
available to the scientific community [9], regulates multiple biological
processes and plays key roles in embryonic development and in tissue
remodeling of adults. It has been well established that many activities
of RA aremediated by retinoic acid receptors (RARα, β, and γ), ligand-
inducible transcription factors that are members of the superfamily of
nuclear hormone receptors [10]. Transcriptional activation of the
nuclear receptor RAR by RA often leads to inhibition of cell growth.
However, in some tissues RA promotes cell survival and hyperplasia:
these activities are unlikely to be mediated by RAR [11,12]. In addition
tive effects of retinoic acid at doses similar to endogenous levels in
016/j.bbagen.2010.06.006
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to activate RARs, RA can also stimulate the nuclear receptor PPARβ/δ
(peroxisome proliferator-activated receptor β/δ), and therefore the
list of genes and cellular responses controlled by this hormone include
both RAR and PPARβ/δ-targets.

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

Retinoids are also promising agents in chemoprevention [7,14,15]
therefore the apparently conflicting data regarding the pro-oxidant/
anti-oxidant and proliferative/anti-proliferative potential of different
retinoids molecules, stimulated us to investigate the effect of RA on
cell proliferation and its mechanisms in two different tumor Leydig
cell lines (MLTC-1 and R2C) using as normal phenotype counterpart
the Leydig TM-3 cell line. Previous studies from our group had already
demonstrated how pharmacological doses of RA induce cell death via
the apoptotic pathway in Leydic TM-3 cell line [16]. Here we report
that dose–response treatment of TM-3, MLTC-1 and R2C with RA at
nutraceutic/physiological doses, promotes cell proliferation accom-
panied by stimulaton of antioxidant enzymes activity (CAT, GST),
decreases p21 levels and fosters cell cycle progression via activation of
the IP3K/Akt pathway in the cancer cell line while administration of
pharmacological doses of RA results in apoptosis either in TM-3 in
agreement with the literature [16] and R2C and MLTC-1 tumoral cell
line. Interestingly treatment with 0.5 μM RA resulted in cytosolic
vacuolization, hallmark of the autophagic process.

2. Materials and methods

2.1. Chemicals

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

2.2. Cell cultures

The Leydig (TM-3) cell line was cultured in DMEM/F12 medium
supplemented with 5% horse serum (HS) and 5% fetal calf serum
(FCS). Tumoral MLTC-1 cell line was cultured in RPMI-1640 medium
supplemented with 10% FCS. The R2C cell line was cultured in F-12
Nutrient Mixture (Ham) supplemented with 2.5% fetal bovin serum
(FBS), 15% horse serum (HS). Culture media for all cell lines were
supplemented with 2 mM glutamine and 1% of a stock solution
containing 10,000 IU/ml penicillin and 10,000 μg/ml streptomycin.
Cell cultures were grown on 90 mm plastic tissue culture dishes in a
humidified atmosphere of 5% CO2 in air at 37 °C. Cells from
exponentially growing stock cultures were removed from the dishes
with trypsin (0.05% w/v) and EDTA (0.02% w/v). The trypsin/EDTA
action was inhibited with an equal volume of DMEM/F12, F-12
Nutrient Mixture (Ham) or RPMI-1640 medium. Cell number was
estimated with a Burker camera and cell viability by trypan blue dye
exclusion. For all cellular lines, the medium was changed twice per
Please cite this article as: M. Perri, et al., Proliferative and anti-prolifera
Leydig MLTC-1/R2C/TM-3 cells, Biochim. Biophys. Acta (2010), doi:10.1
week. TM-3 and R2C cells were subcultivated when confluent, while
MLTC-1 cells were subcultured when they formed island domes.

2.3. MTT proliferation assay

Cell viability was determined with the MTT assay [17]. In order to
determine the proliferative effect of RA, cells (2×105 cells/ml) were
treated with increasing RA concentrations for 48 to 72 h. Control cells
were treatedwith vehicle alone. A 100 μl of MTT (5 mg/ml)was added
to each well in 1 ml of medium without phenol red, and the plates
were incubated for 4 h at 37 °C. Then, 1 ml 0.04 N HCl in isopropanol
was added to solubilize the cells. The absorbance was measured with
the Ultrospec 2100-pro spectrophotometer (Amersham-Biosciences)
at a test wavelength of 570 nm with a reference wavelength of
690 nm. The optical density (OD) was calculated as the difference
between the absorbance at the reference wavelength and that at the
test wavelength. Percent viability was calculated as (OD of drug-
treated sample/OD of control)×100.

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

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

2.5. Oxidative stress parameters

Following sonication of TM-3, R2C and MLTC-1 cells in PBS
(phosphate-buffered saline, 1.5 mM KH2PO4, 8.1 mM Na2HPO4,
136.9 mM NaCl, pH 7.2), the suspension was centrifuged at
10,000 rpm for 5 min and the supernatant was utilized in assays for
glutathione S-transferase (GST) and catalase (CAT). The enzymatic
activities in the cell samples of CAT and GST were determined by Aebi
[19] and Habig et al. [20], respectively. Protein amount was estimated
by Lowry method [21].

2.6. Western blotting

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

2.7. JC-1 mitochondrial membrane potential detection assay

The loss of mitochondrial membrane potential (ΔΨm) was
monitored with the 5,5′,6,6′tetra-chloro-1,1′,3,3′-tetraethylbenzimi-
dazolyl-carbocyanine iodide dye (JC-1) (Biotium, Hayward, USA). The
negative charge established by the intact ΔΨm, allows the lipophilic
tive effects of retinoic acid at doses similar to endogenous levels in
016/j.bbagen.2010.06.006
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dye JC-1 to selectively enter the mitochondrial matrix, where it
aggregates and emits a red fluorescence. When the ΔΨm is lost the
JC-1 cannot accumulate within these organelles and remains in the
cytoplasm in the monomeric form emitting green fluorescence [22].
MLTC-1 and R2C cell lines were grown in 10 cm dishes and treated
with 1 μM RA for 24 h, then the cells were trypsinized, washed in ice-
cold PBS, and incubated with 10 mM JC-1 at 37 °C in a 5% CO2

incubator for 20 min. Subsequently, cells were washed twice with PBS
and analyzed by fluorescencemicroscopy according tomanufacturer's
instructions.

2.8. Mitochondrial ATP determination

The amount of endogenous ATP in isolated mitochondria and in
cytosolic extract from MLTC-1 and R2C cell lines was determined
Fig. 1. Cell viability byMTTassayMLTC-1 (A),R2C (B) andTM-3 (C) cellswere incubatedat
the indicated concentrations of RA. Cell viability was determined by MTT assay as
described in Materials and methods at 48 and 72 h post-exposure. The data represent the
mean±SD of four independent experiments in triplicate and are presented as the
percentage of the control cell number. **Pb0.01 compared to the control.
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using the bioluminescence method described by Drew and Leeuwen-
burgh [23].With aMolecular Probes kit, ATPwas assayed in cells lysed
with RIPA buffer containing a proteases inhibitors mixture (Sigma)
and cleared of cellular debris by centrifugation (10 min, 4 °C). An
aliquot of each sample was mixed with 100 μl of reaction cocktail
(25 mM Tricine buffer, pH 7.8, 5 mM MgSO4, 100 μM EDTA, 1 mM
DTT) containing firefly luciferase and 0.5 mM luciferin. Emitted light
was measured in a luminometer (Berthold).
2.9. Monodansylcadaverine staining

MDC was used to evaluate autophagic vacuoles in cells as
previously reported [24]. A 10 mM stock solution of MDC was
prepared in PBS. Following treatment with 0.5 μM RA for 24 h, cells
were stained with MDC at a final concentration of 10 μM for 10 min at
37 °C, and fixed using 3% paraformaldehyde solution in PBS for
30 min. Cells were washed and then examined by fluorescence
microscopy (Leica AF2006).
Fig. 2. Antioxidant enzyme activity Cells were treated at the indicated concentrations of
RA for 6 h and CAT (A), GST (B) and mitochondrial GST (C) activities were measured as
described in Materials and methods. Enzyme activity is expressed as μmol substrate/
min/mg protein. Results are presented as the mean±SD of three individual
experiments. *Pb0.05, **Pb0.01 compared to the control.

tive effects of retinoic acid at doses similar to endogenous levels in
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Fig. 3. Effect of RA on IP3K/Akt signaling pathways and cell cycle progression TM-3, R2C, MLTC-1 cells were incubated in the presence of 10 nM RA for 48 h. After incubation, cells
were washed with PBS; 50 μg of protein was separated by 15% SDS-PAGE, transferred to a nitrocellulose membrane, and blotted as described in Materials and methods. β-Actin was
used as internal control. Activation of p-Akt after 15 min (A). No activation of ERK1/2 pathway (B). Up-regulation of cyclin D1 (C). Down-regulation of p21 (D). Protein content was
determined densitometrically. Results are presented as the mean±SD of three independent experiments. **Pb0.01 compared to the normal TM-3 cell line (as control).
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2.10. Flow cytometry assay

Cells (1×106 cells/well) were grown in 6 well plates and shifted to
serum free medium for 24 h before treating for further 48 h.
Thereafter, cells were trypsinized, centrifuged at 3,000 rpm for
3 min and washed with PBS. A 0.5 μl of fluorescein isothiocyanate-
conjugated antibodies anti-caspase-9 (Calbiochem, Milan, Italy) was
added in all samples and then incubated for 45 min at 37 °C according
to manufacturer's instruction. Samples were analyzed with the
FACScan (Becton Dickinson and Co., Franklin Lakes, NJ).
Fig. 4. Influence of RA on FABP5 and CRABP II mRNA expressions FABP5 and CRABP II
mRNA expression in MLTC-1 cells treated with 10 nM RA for 12/24 h.

Please cite this article as: M. Perri, et al., Proliferative and anti-prolifera
Leydig MLTC-1/R2C/TM-3 cells, Biochim. Biophys. Acta (2010), doi:10.1
2.11. TUNEL assay

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

MLTC-1 cells were grown in 10 cm dishes from 70/80% confluence
andexposed toRA treatments as indicated in Fig. 4 caption. Total cellular
RNAwas extractedusing Trizol reagent (Invitrogen) as suggested by the
manufacturer. The purity and the integrity of total RNA were checked
spectroscopically before carrying out the analytical procedures. RNA
was then reverse transcribed with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The cDNA obtained was
amplified by PCR using the following primers: FABP5 (NM 010634)
5′-ACGGCTTTGAGGAGTACATGA-3′ (forward) and 5′-TCCTACCCTTC-
TACTAGCAC-3′ (reverse), CRABP II (NM 007759) 5′-CGATCG-
GAAAACTTTGAGGA-3′ (forward) and 5′-CAACACACGTGGTCCCAGAT-
3′ (reverse). The resulting PCR products were separated by
tive effects of retinoic acid at doses similar to endogenous levels in
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Fig. 5.Mitochondria involvement MLTC-1 and R2C cells were treated with 1 μMRA for 24 h and, after washing in ice-cold PBS, incubated with 10 mM JC-1 at 37 °C for 20 min in a 5%
CO2 incubator. The cells were washed twice with PBS and analyzed by fluorescent microscopy. In control non-apoptotic cells, the dye stains the mitochondria in red (A). In treated
apoptotic cells, JC-1 remains in the cytoplasm fluorescing green (B). MLTC-1 and R2Cwere treated for 24 hwith 0.5–1–5 μMRA and cytochrome cwas detected (C). β-Actin was used
as loading control. Figure is representative of three independent experiments.
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electrophoresis in a 2% agarose gel in TBE (Tris-Borate-EDTA) and
stained with ethidium bromide.

2.13. Statistical analysis

Statistical differences were determined by one-way analysis of
variance (ANOVA) followed by Dunnet's method, and the results were
expressed as mean±SD from n independent experiments. Differences
were considered statistically significant for Pb0.05 (*), Pb0.01 (**).
Please cite this article as: M. Perri, et al., Proliferative and anti-prolifera
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3. Results

As shown in Fig. 1, treatment of MLTC-1 (A) and R2C (B) with RA
resulted in a significant cell proliferation in a concentration range of
10–250 nM with a slight but not significant decrement at 500 nM RA
(≈10%) compared to the control. Although the data show dose
dependence, no time dependence could be addresses as there is no
difference in proliferation between 72 and 48 h. No change in cell
viability was observed in RA treated TM-3 (C).
tive effects of retinoic acid at doses similar to endogenous levels in
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Fig. 6. Autophagy in TM-3 Leydig cells by MDC labeling TM-3 cells were treated with
0.5 μM RA and were incubated for 24 h. Cells were stained with MDC as detailed under
Materials and methods. Figure is representative of three independent experiments.
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In order to investigate a potential modulation of the antioxidant
defenses, cell lines were treated with RA (0–200 nM) for 6 h and the
activities of CAT and GST were assayed comparing RA treated TM-3,
MLTC-1 and R2C versus untreated ones (control). No modulation of
these activitieswas reported in TM-3 at any RA concentrationwhile CAT
and cytosolic GST activities increased significantly both in MLTC-1 and
R2C in a dose dependentmanner (Fig. 2A andB). Themitochondrial GST
(mGST) activity increased in both MLTC-1 and R2C, in particular at
100 nM (Fig. 2C).

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

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

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

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

As shown in Fig. 7A, tumoral cell lines suffered cell death induction
after treatment with 1 and 5 μMRA for 24 h; treatment with 10 μMRA
for 24 h resulted in almost 80% reduction of cell viability with a
massive decrement of cell growth both in MLTC-1 and R2C, supported
by activation of caspase 9 already at RA 1 μM (Table 1). To further
verify the activation of the programmed cell death, apoptosis in
MLTC-1 and R2Cwas determined by enzymatic labeling of DNA strand
breaks via TUNEL assay (Fig. 7B) supporting the already known RA
mediated apoptosis induction [16].

4. Discussion

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

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

In order to investigate changes in anti-oxidant defences, we
measured the CAT and GST activities in RA-treated and non-treated
TM-3, R2C and MLTC-1 cells. Of these enzymes, involved in the
detoxification of the cells from reactive oxygen species, CAT
metabolizes hydrogen peroxide and alterations in its activity can
lead to unbalanced free radicals production, while GST is essential to
maintain the homeostasis of reactive species production and
clearance. In addition, cytosolic and mitochondrial GST isoforms can
tive effects of retinoic acid at doses similar to endogenous levels in
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Fig. 7. Apoptosis in MLTC-1/R2C cell lines induced with 1–10 μMRA after 24 h incubationMLTC-1 and R2C cells were stimulated for 24 h by the presence of 1, 5 or 10 μMRA. Viability
was analyzed byMTT assay (A). Data are presented as mean±SD of triplicate experiments. **Pb0.01 compared to the control. Apoptosis in MLTC-1 and R2C cells was determined by
TUNEL assay after treatment with 1 μM RA (B). Figure is representative of three independent experiments.
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discriminate between stressed and non-stressed cells [34]. The
increase of cell viability of tumor Leydig cell lines (Fig. 1) was
accompanied by a strong activation of both anti-oxidant enzymes
after 6 h of incubation at physiological RA concentrations (Fig. 2). This
enhanced RA-induced proliferation influences cell cycle progression,
associated with the increment of cyclin D1 expression (Fig. 3C). In
agreement with cell proliferation, immuno-detection of the cyclin-
dependent kinase (CDK) inhibitor, p21, showed that 10 nM RA
already decreases its levels. Our data suggest that the proliferative
effect of RA was mediated also by IP3K/Akt pathway (Fig. 3D). In
agreement with this, 10 nM RA induced a rapid activation of
Please cite this article as: M. Perri, et al., Proliferative and anti-prolifera
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phosphorylated Akt after 15 min of incubation, which was not
followed by ERK pathway activation. Activation/inhibition of Akt is
directly linked to the regulation of cell proliferation/death. Data
suggest that Akt, an anti-apoptotic factor, is involved in retinoid-
induced MLTC-1 and R2C proliferation.

Moreover it is worthy to note that a specific concentration range of
RA (10–200 nM) induces cell proliferation and that a clear threshold
value discriminating the proliferative from the anti-proliferative
effect of RA does exist in our experimental system. In fact, at 0.5 μM
RAwe observed the activation of the autophagy process (Fig. 6) which
in turns plays a critical role in removing damaged or surplus
tive effects of retinoic acid at doses similar to endogenous levels in
016/j.bbagen.2010.06.006

http://dx.doi.org/10.1016/j.bbagen.2010.06.006


Table 2
Mitochondrial ATP determination. Cells were treated with 0.5–1 μM RA for 24 h and
mitochondrial ATP amount was determined as described in Materials and methods.
Data are presented as mean±SD of triplicate experiments.

ATP concentration (nM)

MLTC-1 DMSO 10.20±0.32
MLTC-1 0.5 μM RA 4.12±0.11
MLTC-1 1 μM RA 2.23±0.13
R2C DMSO 10.84±0.42
R2C 0.5 μM RA 5.41±0.26
R2C 1 μM RA 3.78±0.19

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

Treatment Cell line % of Caspase-9 activation SD

CTRL MLTC-1 12.34 ±2.76
RA 1 μM MLTC-1 25.87 ±0.56
RA 5 μM MLTC-1 28.75 ±1.86
RA 10 μM MLTC-1 37.13 ±2.12
CTRL R2C 15.45 ±1.85
RA 1 μM R2C 27.82 ±1.12
RA 5 μM R2C 24.65 ±0.92
RA 10 μM R2C 32.64 ±3.17
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organelles in order to maintain cellular homeostasis. Autophagy
sometimes occurs with apoptosis: the relationship between autop-
hagy and cell death is complex, since autophagy can be involved
either in cell death or in survival depending on the cellular context
[34,35]. The survival function of autophagy has been demonstrated
under different physiological situations, such as interruption of
maternal nutrient supply in newborn mice [36] or in cells deprived
of growth factors and nutrients [25,37,38]. Both apoptosis and
autophagy can occur concomitantly in the same cells, suggesting the
involvement of common regulatory mechanisms [39]. Moreover the
redox environment of the cell is currently thought to be extremely
important to control either apoptosis or autophagy [40,41].

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

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

A model outlining the dual proliferative/anti-proliferative effects
of RA is described by Schug et al. [13]. CRABP-II and FABP5 target RA to
Please cite this article as: M. Perri, et al., Proliferative and anti-prolifera
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RAR and PPARβ/δ, respectively. In cells that express a high CRABP-II/
FABP5 ratio, RA is ‘channeled’ to RAR, often resulting in growth
inhibition. Conversely, in the presence of a low CRABP-II/FABP5
expression ratio, RA is targeted to PPARβ/δ, thereby up-regulating
survival pathways. As shown in Fig. 4, the highest increase in the
FABP5 mRNA expression was observed after 12 h in MLTC-1 cells
during the proliferation process simultaneously with no changes in
CRABP II mRNA expression. These results provide further strength to
the hypothesis of altered retinoid homeostasis/metabolism in neo-
plastic diseases.
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), 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 3HatRA 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
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
retinoic acid treatment.

© 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
gico, Università della Calabria,
0984 493271.
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vitro [15–18]. The covalent linkage between RA and proteins is
probably a thioester or labile O-ester bond in most cases [10].
Retinoylated proteins that have been identified so far include cAMP-
binding proteins, vimentin, the cytokeratins, and some nuclear
proteins [10–16]. In our current investigation, we have studied OGC
carrier activity both from mitochondria extracted from whole rat
testes and TM-3 cells. Previously we have demonstrated that
mitochondria from rat testes [17,18] and TM-3 cells [19] were
extremely active in incorporating retinoic acid. Moreover, it was
highlighted how the retinoylation reaction and testosterone bio-
synthesis are positively correlated when Leydig cell cultures are
incubated with atRA at 100 nM [20].

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

2. Materials and methods

2.1. Chemicals

[11-12 3H] all-trans-retinoic acid (3HatRA) (50 Ci/mmol), [1-14C]
2-oxoglutarate and ECL were purchased from PerkinElmer (Boston
USA). All-trans-retinoic acid (atRA) was obtained from Sigma-Aldrich
(Milano, Italia); egg yolk phospholipids from Fluka; DMEM/F12, fetal
calf serum (FCS), penicillin and streptomycin from Gibco (Invitrogen
Life Technologies, Italia). All other chemicals used were of analytical
reagent grade.

http://dx.doi.org/doi:10.1007/s10863-9156
mailto:genchi@unical.it
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Table 1
Effect of mitochondrial carrier inhibitors on retinoylation reaction

Carrier inhibitors on
retinoylation reaction

pmol/mg ptn×90 min SEM n % Inhibition

Control 21,47 2,44 23
Mersalyl 1 mM 1,84 0,09 5 91,43
NEM 5 mM 2,47 0,28 5 88,49
2-Cyano-4-hydroxycinnamate 5 mM 11,90 1,23 3 44,58
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 3HatRA, 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. ⁎⁎Pb0.01 compared to
the control. 1,2,3-Benzenetricarboxylate PN0.05.

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 14C 2-oxo-glutarate 0.1 mM. Results are presented as Mean±SEM of three
independent experiments. ⁎Pb0.05 compared to the control.
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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/HCl, 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 suspensionwas 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 3HatRA were dissolved in ethanol and 3 μL of the solution
was added to the tissue preparation (0.5 mg protein), and incubated in
the presence of 10mMATP,150 μMCoA, 27mMMgCl2, 50mMsucrose,
and 100mMTris, pH 7.4, in a total volume of 0.5ml at 37 °C for 90min.
The inhibitors were added together with 3HatRA. The mitochondrial
suspensionswere centrifuged and protein extracted in 3% TritonX-114,
20 mM Na2SO4, 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 μg of protein from the Triton X-114 extract ofmitochondriawere
added to 100 μL of sonicated phospholipids (10% w/v), 100 μL of 10%
Triton X-114 in Pipes 10 mM, 40 μL of malate 200 mM, 230 μL Pipes
10 mM pH 7.0 in a final volume of 700 μL 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 μL 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 μL of the slightly
turbid eluate, containing the proteoliposomes, were collected, trans-
ferred to 1.5 mL microcentrifuge tubes (150 μL each), and used for
transport measurements by the inhibitor stop method [22]. Transport
was carried out at 25 °C by adding 0.1 mM [14C] 2-oxoglutarate and
stopped after 10min by the addition of 20mMpyridoxal 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 μCi/
5 μL of 3HatRA (40–60 Ci/mmol) in ethanol (1 μCi/μL) were added to
1.5 mL glass microcentrifuge tubes for each sample tested. After the
ethanol was removed under nitrogen, 20 μg of Triton extract of
testes mitochondrial protein were added to each tube, and the final
volume was adjusted to 10 μL with incubation buffer, pH 7.4, for a
final concentration of 10 μM 3HatRA, 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 μL 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 OGC at 4 °C (1:500 dilution in TBST). On the next day themembrane
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. Andò (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 μg/mL streptomycin and was
grown on 90 mm plastic tissue culture dishes in a humidified
atmosphere of 5% CO2 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.



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. ⁎⁎Pb0.01
compared to the control.
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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 1×106 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%
CO2 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 ×g for 5 min at 4 °C. The
pellet was solubilized in 180 μL RIPA buffer. After the addition of
20 μL of 0.1% digitonin, the cells were incubated for 15 min at 4 °C
and mitochondria were isolated by differential centrifugation at
4 °C.
Fig. 3. Labeling of OGC by 3HatRA. (A) Testes mitochondrial protein was labeled with 3HatRA
and 2 correspond to 20 μg of mitochondrial testes protein labeled with 3HatRA. In lanes 3 and
with 3HatRA. (B) OGC presence was verified by immunoblotting.
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 Pb0.05.

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
inhibitionwas 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 3HatRA in the incubation buffer. As
shown in Fig. 3, few mitochondrial proteins bind to 3HatRA 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 3HatRA. 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
by retinoylation process as described in materials and methods. In fluorography, lanes 1
410mM ofα-ketoglutaratewas added to 20 μg of mitochondrial testes protein together



Fig. 5. Effect of 13-cis-RA on OGC. (A) 1×106/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. ⁎⁎Pb0.01 compared to the control.

Fig. 4. Effect of atRA on OGC from TM-3 cells. (A) 1×106/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 inmaterials andmethods.
Results are presented as Mean±SEM of three individual experiments. ⁎⁎Pb0.01
compared to the control.
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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-3with the exception that 10 nM 13-cis-RAwasmore 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 andmaleimides 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 samewhen
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

http://dx.doi.org/doi:10.1007/s10863-9156
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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
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 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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Combined Low Doses of PPAR� and RXR Ligands
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Ligand activation of peroxisome proliferator-acti-
vated receptor (PPAR)� and retinoid X receptor (RXR)
induces antitumor effects in cancer. We evaluated the
ability of combined treatment with nanomolar levels
of the PPAR� ligand rosiglitazone (BRL) and the RXR
ligand 9-cis-retinoic acid (9RA) to promote antiprolif-
erative effects in breast cancer cells. BRL and 9RA in
combination strongly inhibit of cell viability in
MCF-7, MCF-7TR1, SKBR-3, and T-47D breast cancer
cells, whereas MCF-10 normal breast epithelial cells
are unaffected. In MCF-7 cells, combined treatment
with BRL and 9RA up-regulated mRNA and protein
levels of both the tumor suppressor p53 and its effec-
tor p21WAF1/Cip1. Functional experiments indicate
that the nuclear factor-�B site in the p53 promoter is
required for the transcriptional response to BRL plus
9RA. We observed that the intrinsic apoptotic path-
way in MCF-7 cells displays an ordinated sequence of
events, including disruption of mitochondrial mem-
brane potential, release of cytochrome c , strong
caspase 9 activation, and, finally, DNA fragmentation.
An expression vector for p53 antisense abrogated the
biological effect of both ligands, which implicates
involvement of p53 in PPAR�/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 PPAR� and RXR
ligands may provide a therapeutic advantage in breast

cancer treatment. (Am J Pathol 2009, 175:1270–1280; DOI:
10.2353/ajpath.2009.081078)

Breast cancer is the leading cause of death among
women in the world. The principal effective endocrine
therapy for advanced treatment on this type of cancer is
anti-estrogens, but therapeutic choices are limited for
estrogen receptor (ER)�-negative tumors, which are of-
ten aggressive. The development of cancer cells that are
resistant to chemotherapeutic agents is a major clinical
obstacle to the successful treatment of breast cancer,
providing a strong stimulus for exploring new ap-
proaches in vitro. Using ligands of nuclear hormone re-
ceptors to inhibit tumor growth and progression is a novel
strategy for cancer therapy. An example of this is the
treatment of acute promyelocytic leukemia using all-trans
retinoic acid, the specific ligand for retinoic acid recep-
tors.1–3 A further paradigm for the use of retinoids in
cancer therapy is for early lesions of head and neck
cancer4 and squamous cell carcinoma of the cervix.5

The retinoic acid receptor, retinoid X receptor (RXR),
and peroxisome proliferator receptor (PPAR)�, ligand-
activated transcription factors belonging to the nuclear
hormone receptor superfamily, are able to modulate
gene networks involved in controlling growth and cellular
differentiation.6 Particularly, heterodimerization of PPAR�
with RXR by their own ligands greatly enhances DNA
binding to the direct-repeated consensus sequence
AGGTCA, which leads to transcriptional activation.7 Pre-
vious data show that PPAR�, poorly expressed in normal
breast epithelial cells,8 is present at higher levels in

Supported by AIRC, MURST, and Ex 60%.

Portions of this work were presented as an Abstract at Società Italiana
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breast cancer cells,9 and its synthetic ligands, such as
thiazolidinediones, induce growth arrest and differen-
tiation in breast carcinoma cells in vitro and in animal
models.10 –11 Recently, studies in human cultured
breast cancer cells show the thiazolidinedione rosigli-
tazone (BRL), promotes antiproliferative effects and
activates different molecular pathways leading to dis-
tinct apoptotic processes.12–14

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

Previous data show that the combination of PPAR�
ligand with either all-trans retinoic acid or 9-cis-retinoic
acid (9RA) can induce apoptosis in some breast cancer
cells.15 Furthermore, Elstner et al demonstrated that the
combination of these drugs at micromolar concentrations
reduced tumor mass without any toxic effects in mice.8

However, in humans PPAR� agonists at high doses exert
many side effects including weight gain due to increased
adiposity, edema, hemodilution, and plasma-volume ex-
pansion, which preclude their clinical application in pa-
tients with heart failure.16–18 The undesirable effects of
RXR-specific ligands on hypertriglyceridemia and sup-
pression of the thyroid hormone axis have been also
reported.19 Thus, in the present study we have eluci-
dated the molecular mechanism by which combined
treatment with BRL and 9RA at nanomolar doses triggers
apoptotic events in breast cancer cells, suggesting po-
tential therapeutic uses for these compounds.

Materials and Methods

Reagents

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

Plasmids

The p53 promoter-luciferase plasmids, kindly provided
by Dr. Stephen H. Safe (Texas A&M University, College
Station, TX), were generated from the human p53 gene
promoter as follows: p53-1 (containing the �1800 to � 12
region), p53-6 (containing the �106 to � 12 region),
p53-13 (containing the �106 to �40 region), and p53-14
(containing the �106 to �49 region).20 As an internal
transfection control, we cotransfected the plasmid pRL-
CMV (Promega Corp., Milan, Italy) that expresses Renilla
luciferase enzymatically distinguishable from firefly lucif-
erase by the strong cytomegalovirus enhancer promoter.
The pGL3 vector containing three copies of a peroxisome

proliferator response element sequence upstream of the
minimal thymidine kinase promoter ligated to a luciferase
reporter gene (3XPPRE-TK-pGL3) was a gift from Dr. R.
Evans (The Salk Institute, San Diego, CA). The p53 anti-
sense plasmid (AS/p53) was kindly provided from Dr.
Moshe Oren (Weizmann Institute of Science, Rehovot,
Israel).

Cell Cultures

Wild-type human breast cancer MCF-7 cells were grown
in Dulbecco’s modified Eagle’s medium-F12 plus glu-
tamax containing 5% newborn calf serum (Invitrogen,
Milan, Italy) and 1 mg/ml penicillin-streptomycin. MCF-7
tamoxifen resistant (MCF-7TR1) breast cancer cells were
generated in Dr. Fuqua’s laboratory similar to that de-
scribed by Herman21 maintaining cells in modified Ea-
gle’s medium with 10% fetal bovine serum (Invitrogen), 6
ng/ml insulin, penicillin (100 units/ml), streptomycin (100
�g/ml), and adding 4-hydroxytamoxifen in tenfold in-
creasing concentrations every weeks (from 10�9 to 10�6

final). Cells were thereafter routinely maintained with 1
�mol/L 4-hydroxytamoxifen. SKBR-3 breast cancer cells
were grown in Dulbecco’s modified Eagle’s medium with-
out red phenol, plus glutamax containing 10% fetal bo-
vine serum and 1 mg/ml penicillin-streptomycin. T-47D
breast cancer cells were grown in RPMI 1640 medium
with glutamax containing 10% fetal bovine serum, 1
mmol/L sodium pyruvate, 10 mmol/L HEPES, 2.5g/L glu-
cose, 0.2 U/ml insulin, and 1 mg/ml penicillin-streptomy-
cin. MCF-10 normal breast epithelial cells were grown in
Dulbecco’s modified Eagle’s medium-F12 plus glutamax
containing 5% horse serum (Sigma), 1 mg/ml penicillin-
streptomycin, 0.5 �g/ml hydrocortisone, and 10 �g/ml
insulin.

Cell Viability Assay

Cell viability was determined with the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium (MTT) assay.22 Cells
(2 � 105 cells/ml) were grown in 6 well plates and ex-
posed to 100 nmol/L BRL, 50 nmol/L 9RA alone or in
combination in serum free medium (SFM) and in 5%
charcoal treated (CT)-fetal bovine serum; 100 �l of MTT
(5 mg/ml) were added to each well, and the plates were
incubated for 4 hours at 37°C. Then, 1 ml 0.04 N HCl in
isopropanol was added to solubilize the cells. The absor-
bance was measured with the Ultrospec 2100 Pro-spec-
trophotometer (Amersham-Biosciences, Milan, Italy) at a
test wavelength of 570 nm.

Immunoblotting

Cells were grown in 10-cm dishes to 70% to 80% conflu-
ence and exposed to treatments in SFM as indicated.
Cells were then harvested in cold PBS and resuspended
in lysis buffer containing 20 mmol/L HEPES (pH 8), 0.1
mmol/L EGTA, 5 mmol/L MgCl2, 0.5 M/L NaCl, 20% glyc-
erol, 1% Triton, and inhibitors (0.1 mmol/L sodium or-
thovanadate, 1% phenylmethylsulfonylfluoride, and 20
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mg/ml aprotinin). Protein concentration was determined
by Bio-Rad Protein Assay (Bio-Rad Laboratories, Her-
cules, CA). A 40 �g portion of protein lysates was used
for Western blotting, resolved on a 10% SDS-polyacryl-
amide gel, transferred to a nitrocellulose membrane, and
probed with an antibody directed against the p53,
p21WAF1/Cip1 (Santa Cruz Biotechnology, CA). As internal
control, all membranes were subsequently stripped (0.2
M/L glycine, pH 2.6, for 30 minutes at room temperature)
of the first antibody and reprobed with anti-glyceralde-
hyde-3-phosphate dehydrogenase antibody (Santa Cruz
Biotechnology). The antigen–antibody complex was de-
tected by incubation of the membranes for 1 hour at room
temperature with peroxidase-coupled goat anti-mouse or
anti-rabbit IgG and revealed using the enhanced chemi-
luminescence system (Amersham Pharmacia, Bucking-
hamshire UK). Blots were then exposed to film (Kodak
film, Sigma). The intensity of bands representing relevant
proteins was measured by Scion Image laser densitom-
etry scanning program.

Reverse Transcription-PCR Assay

MCF-7 cells were grown in 10 cm dishes to 70% to 80%
confluence and exposed to treatments in SFM as indicated.
Total cellular RNA was extracted using TRIZOL reagent
(Invitrogen) as suggested by the manufacturer. The purity
and integrity were checked spectroscopically and by gel
electrophoresis before carrying out the analytical proce-
dures. Two micrograms of total RNA were reverse tran-
scribed in a final volume of 20 �l using a RETROscript kit as
suggested by the manufacturer (Promega). The cDNAs
obtained were amplified by PCR using the following prim-
ers: 5�-GTGGAAGGAAATTTGCGTGT-3� (p53 forward) and
5�-CCAGTGTGATGATGGTGAGG-3� (p53 reverse),
5�-GCTTCATGCCAGCTACTTCC-3� (p21 forward) and 5�-
CTGTGCTCACTTCAGGGTCA-3� (p21 reverse), 5�-CTCAA-
CATCTCCCCCTTCTC-3� (36B4 forward) and 5�-CAAA-
TCCCATATCCTCGTCC-3� (36B4 reverse) to 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, reverse transcription
(RT)-PCR was performed on 2 �g 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 500
�l of regular growth medium/well the day before trans-
fection. The medium was replaced with SFM on the day of
transfection, which was performed using Fugene 6 re-
agent as recommended by the manufacturer (Roche Di-
agnostics, Mannheim, Germany) with a mixture contain-
ing 0.5 �g of promoter-luc or reporter-luc plasmid and 5
ng of pRL-CMV. After transfection for 24 hours, treat-
ments were added in SFM as indicated, and cells were
incubated for an additional 24 hours. Firefly and Renilla

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

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

Electrophoretic Mobility Shift Assay

Nuclear extracts from MCF-7 cells were prepared as
previously described.23 Briefly, MCF-7 cells plated into
10-cm dishes were grown to 70% to 80% confluence,
shifted to SFM for 24 hours, and then treated with 100
nmol/L BRL, 50 nmol/L 9RA alone and in combination for
6 hours. Thereafter, cells were scraped into 1.5 ml of cold
PBS, pelleted for 10 seconds, and resuspended in 400 �l
cold buffer A (10 mmol/L HEPES-KOH [pH 7.9] at 4°C,
1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithiothre-
itol, 0.2 mmol/L phenylmethylsulfonyl fluoride, and 1
mmol/L leupeptin) by flicking the tube. Cells were allowed
to swell on ice for 10 minutes and were then vortexed for
10 seconds. Samples were then centrifuged for 10 sec-
onds and the supernatant fraction was discarded. The
pellet was resuspended in 50 �l of cold Buffer B (20
mmol/L HEPES-KOH [pH 7.9], 25% glycerol, 1.5 mmol/L
MgCl2, 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L
dithiothreitol, 0.2 mmol/L phenylmethylsulfonyl fluoride,
and 1 mmol/L leupeptin) and incubated in ice for 20
minutes for high-salt extraction. Cellular debris was re-
moved by centrifugation for 2 minutes at 4°C, and the
supernatant fraction (containing DNA-binding proteins)
was stored at �70°C. The probe was generated by an-
nealing single-stranded oligonucleotides and labeled
with [32P]ATP (Amersham Pharmacia) and T4 polynucle-
otide kinase (Promega) and then purified using Seph-
adex G50 spin columns (Amersham Pharmacia). The
DNA sequence of the nuclear factor (NF)�B located
within p53 promoter as probe is 5�-AGTTGAGGGGACTT-
TCCCAGGC-3� (Sigma Genosys, Cambridge, UK). The
protein-binding reactions were performed in 20 �l of
buffer [20 mmol/L HEPES (pH 8), 1 mmol/L EDTA, 50
mmol/L KCl, 10 mmol/L dithiothreitol, 10% glycerol, 1
mg/ml bovine serum albumin, 50 �g/ml polydeoxyi-
nosinic deoxycytidylic acid] with 50,000 cpm of labeled
probe, 20 �g of MCF7 nuclear protein, and 5 �g of
polydeoxyinosinic deoxycytidylic acid. The mixtures were
incubated at room temperature for 20 minutes in the
presence or absence of unlabeled competitor oligonu-
cleotides. For the experiments involving anti-PPAR� and
anti-RXR� antibodies (Santa Cruz Biotechnology), the
reaction mixture was incubated with these antibodies at
4°C for 30 minutes before addition of labeled probe. The
entire reaction mixture was electrophoresed through a
6% polyacrylamide gel in 0.25� Tris borate-EDTA for 3
hours at 150 V. Gel was dried and subjected to autora-
diography at �70°C.
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Chromatin Immunoprecipitation Assay

MCF-7 cells were grown in 10 cm dishes to 50% to 60%
confluence, shifted to SFM for 24 hours, and then treated
for 1 hour as indicated. Thereafter, cells were washed
twice with PBS and cross-linked with 1% formaldehyde at
37°C for 10 minutes. Next, cells were washed twice with
PBS at 4°C, collected and resuspended in 200 �l of lysis
buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl,
pH 8.1), and left on ice for 10 minutes. Then, cells were
sonicated four times for 10 seconds at 30% of maximal
power (Vibra Cell 500 W; Sonics and Materials, Inc.,
Newtown, CT) and collected by centrifugation at 4°C for
10 minutes at 14,000 rpm. The supernatants were diluted
in 1.3 ml of immunoprecipitation buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCl [pH
8.1], 16.7 mmol/L NaCl) followed by immunoclearing with
60 �l of sonicated salmon sperm DNA/protein A agarose
(DBA Srl, Milan, Italy) for 1 hour at 4°C. The precleared
chromatin was immunoprecipitated with anti-PPAR�, anti-
RXR�, or anti-RNA Pol II antibodies (Santa Cruz Biotech-
nology). At this point, 60 �l salmon sperm DNA/protein A
agarose was added, and precipitation was further con-
tinued for 2 hours at 4°C. After pelleting, precipitates
were washed sequentially for 5 minutes with the following
buffers: Wash A [0.1% SDS, 1% Triton X-100, 2 mmol/L
EDTA, 20 mmol/L Tris-HCl (pH 8.1), 150 mmol/L NaCl];
Wash B [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20
mmol/L Tris-HCl (pH 8.1), 500 mmol/L NaCl]; and Wash C
[0.25 M/L LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mmol/L EDTA, 10 mmol/L Tris-HCl (pH 8.1)], and then
twice with 10 mmol/L Tris, 1 mmol/L EDTA. The immuno-
complexes were eluted with elution buffer (1% SDS, 0.1
M/L NaHCO3). The eluates were reverse cross-linked by
heating at 65°C and digested with proteinase K (0.5
mg/ml) at 45°C for 1 hour. DNA was obtained by phenol-
chloroform-isoamyl alcohol extraction. Two microliters of
10 mg/ml yeast tRNA (Sigma) were added to each sam-
ple, and DNA was precipitated with 95% ethanol for 24
hours at �20°C and then washed with 70% ethanol and
resuspended in 20 �l of 10 mmol/L Tris, 1 mmol/L EDTA
buffer. A 5 �l volume of each sample was used for PCR
with primers flanking a sequence present in the p53
promoter: 5�-CTGAGAGCAAACGCAAAAG-3� (forward)
and 5�-CAGCCCGAACGCAAAGTGTC- 3� (reverse) con-
taining the �B site from �254 to �42 region. The PCR
conditions for the p53 promoter fragments were 45 sec-
onds at 94°C, 40 seconds at 57°C, and 90 seconds at
72°C. The amplification products obtained in 30 cycles
were analyzed in a 2% agarose gel and visualized by
ethidium bromide staining. The negative control was pro-
vided by PCR amplification without a DNA sample. The
specificity of reactions was ensured using normal mouse
and rabbit IgG (Santa Cruz Biotechnology).

JC-1 Mitochondrial Membrane Potential
Detection Assay

The loss of mitochondrial membrane potential was mon-
itored with the dye 5,5�,6,6�tetra-chloro-1,1�,3,3�-tetraeth-

ylbenzimidazolyl-carbocyanine iodide (JC-1) (Biotium,
Hayward). In healthy cells, the dye stains the mitochon-
dria bright red. The negative charge established by the
intact mitochondrial membrane potential allows the li-
pophilic dye, bearing a delocalized positive charge, to
enter the mitochondrial matrix where it aggregates and
gives red fluorescence. In apoptotic cells, the mitochon-
drial membrane potential collapses, and the JC-1 cannot
accumulate within the mitochondria, it remains in the
cytoplasm in a green fluorescent monomeric form.24

MCF-7 cells were grown in 10 cm dishes and treated with
100 nmol/L BRL and/or 50 nmol/L 9RA for 48 hours, then
cells were washed in ice-cold PBS, and incubated with
10 mmol/L JC-1 at 37°C in a 5% CO2 incubator for 20
minutes in darkness. Subsequently, cells were washed
twice with PBS and analyzed by fluorescence micros-
copy. The red form has absorption/emission maxima of
585/590 nm. The green monomeric form has absorption/
emission maxima of 510/527 nm. Both healthy and apo-
ptotic cells can be visualized by fluorescence micros-
copy using a wide band-pass filter suitable for detection
of fluorescein and rhodamine emission spectra.

Cytochrome C Detection

Cytochrome C was detected by western blotting in mito-
chondrial and cytoplasmatic fractions. Cells were har-
vested by centrifugation at 2500 rpm for 10 minutes at
4°C. The pellets were suspended in 36 �l RIPA buffer
plus 10 �g/ml aprotinin, 50 mmol/L PMSF and 50 mmol/L
sodium orthovanadate and then 4 �l of 0.1% digitonine
were added. Cells were incubated for 15 minutes at 4°C
and centrifuged at 12,000 rpm for 30 minutes at 4°C. The
resulting mitochondrial pellet was resuspended in 3%
Triton X-100, 20 mmol/L Na2SO4, 10 mmol/L PIPES, and
1 mmol/L EDTA (pH 7.2) and centrifuged at 12,000 rpm
for 10 minutes at 4°C. Proteins of the mitochondrial and
cytosolic fractions were determined by Bio-Rad Protein
Assay (Bio-Rad Laboratories). Equal amounts of protein
(40 �g) were resolved by 15% SDS-polyacrylamide gel
electrophoresis, electrotransferred to nitrocellulose mem-
branes, and probed with an antibody directed against the
cytochrome C (Santa Cruz Biotechnology). Then, mem-
branes were subjected to the same procedures de-
scribed for immunoblotting.

Flow Cytometry Assay

MCF-7 cells (1 � 106 cells/well) were grown in 6 well
plates and shifted to SFM for 24 hours before adding
treatments for 48 hours. Thereafter, cells were trypsinized,
centrifuged at 3000 rpm for 3 minutes, washed with PBS.
Addition of 0.5 �l of fluorescein isothiocyanate-conju-
gated antibodies, anti-caspase 9 and anti-caspase 8
(Calbiochem, Milan, Italy), in all samples was performed
and then incubated for 45 minutes in at 37°C. Cells were
centrifuged at 3000 rpm for 5 minutes, the pellets were
washed with 300 �l of wash buffer and centrifuged. The
last passage was repeated twice, the supernatant re-
moved, and cells dissolved in 300 �l of wash buffer.
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Finally, cells were analyzed with the FACScan (Becton
Dickinson and Co., Franklin Lakes, NJ).

DNA Fragmentation

DNA fragmentation was determined by gel electrophore-
sis. MCF-7 cells were grown in 10 cm dishes to 70%
confluence and exposed to treatments. After 56 hours
cells were collected and washed with PBS and pelleted
at 1800 rpm for 5 minutes. The samples were resus-
pended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCl,
pH 8; 10 mmol/L EDTA, 0.5% SDS) for 20 minutes in
rotation at 4°C. DNA was extracted three times with phe-
nol-chloroform and one time with chloroform. The aque-
ous phase was used to precipitate nucleic acids with 0.1
volumes of 3M sodium acetate and 2.5 volumes cold
ethanol overnight at �20°C. The DNA pellet was resus-
pended in 15 �l of H2O treated with RNase A for 30
minutes at 37°C. The absorbance of the DNA solution at
260 and 280 nm was determined by spectrophotometry.
The extracted DNA (40 �g/lane) was subjected to elec-
trophoresis on 1.5% agarose gels. The gels were stained
with ethidium bromide and then photographed.

Statistical Analysis

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

Results

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

Previous studies demonstrated that micromolar doses of
PPAR� ligand BRL and RXR ligand 9RA exert antiprolif-
erative effects on breast cancer cells.13,15,25–26 First, we
tested the effects of increasing concentrations of both
ligands on breast cancer cell proliferation at different
times in the presence or absence of serum media (see
Supplemental Figure 1 at http://ajp.amjpathol.org). Thus,
to investigate whether low doses of combined agents are
able to inhibit cell growth, we assessed the capability of
100 nmol/L BRL and 50 nmol/L 9RA to affect normal and
malignant breast cell lines. We observed that treatment
with BRL alone does not elicit any significant effect on cell
viability in all breast cell lines tested, while 9RA alone
reduces cell vitality only in T47-D cells (Figure 1A). In the
presence of both ligands, cell viability is strongly reduced
in all breast cancer cells: MCF-7, its variant MCF-7TR1,
SKBR-3, and T-47D; while MCF-10 normal breast epithe-
lial cells are completely unaffected (Figure 1A). In MCF-7
cells the effectiveness of both ligands in reducing tumor
cell viability still persists in SFM, as well as in 5% CT-FBS
(Figure 1B).

BRL and 9RA Up-Regulate p53 and p21
WAF1/Cip1

Expression in MCF-7 Cells

Our recent work demonstrated that micromolar doses of
BRL activate PPAR�, which in turn triggers apoptotic
events through an up-regulation of p53 expression.12 On
the basis of these results, we evaluated the ability of
nanomolar doses of BRL and 9RA alone or in combina-
tion to modulate p53 expression along with its natural
target gene p21WAF1/Cip1 in MCF-7 cells. A significant
increase in p53 and p21WAF1/Cip1 content was observed
by Western blot only on combined treatment after 24 and
36 hours (Figure 2A). Furthermore, we showed an up-
regulation of p53 and p21WAF1/Cip1 mRNA levels induced
by BRL plus 9RA after 12 and 24 hours (Figure 2B).

Low Doses of PPAR� and RXR Ligands
Transactivate p53 Gene Promoter

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

Figure 1. Cell vitality in breast cell lines. A: Breast cells were treated for 48
hours in SFM in the presence of 100 nmol/L BRL or/and 50 nmol/L. 9RA Cell
vitality was measured by MTT assay. Data are presented as mean � SD of
three independent experiments done in triplicate. B: MCF-7 cells were
treated for 24, 48, and 72 hours with 100 nmol/L BRL and 50 nmol/L 9RA in
the presence of SFM and 5% CT-FBS. *P � 0.05 and **P � 0.01 treated versus
untreated cells.
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3A). Treatment for 24 hours with 100 nmol/L BRL or 50
nmol/L 9RA did not induce luciferase expression,
whereas the presence of both ligands increased in the
transactivation of p53-1 promoter (Figure 3B). To identify
the region within the p53 promoter responsible for its
transactivation, we used constructs with deletions to dif-
ferent binding sites such as CTF-1, nuclear factor-Y,
NF�B, and GC sites (Figure 3A). In transfection experi-
ments performed using the mutants p53-6 and p53-13
encoding the regions from �106 to � 12 and from �106
to �40, respectively, the responsiveness to BRL plus
9RA was still observed (Figure 3B). In contrast, a con-
struct with a deletion in the NF�B domain (p53-14) en-
coding the sequence from �106 to �49, the transactiva-

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

Heterodimer PPAR�/RXR� binds to NF�B
Sequence in Electrophoretic Mobility Shift Assay
and in Chromatin Immunoprecipitation Assay

To gain further insight into the involvement of NF�B site in
the p53 transcriptional response to BRL plus 9RA, we
performed electrophoretic mobility shift assay experi-
ments using synthetic oligodeoxyribonucleotides corre-
sponding to the NF�B sequence within p53 promoter. We
observed the formation of a specific DNA binding com-
plex in nuclear extracts from MCF-7 cells (Figure 4A, lane
1), where specificity is supported by the abrogation of the
complex by 100-fold molar excess of unlabeled probe
(Figure 4A, lane 2). BRL treatment induced a slight in-
crease in the specific band (Figure 4A, lane 3), while no
changes were observed on 9RA exposure (Figure 4A,
lane 4). The combined treatment increased the DNA
binding complex (Figure 4A, lane 5), which was immu-
nodepleted and supershifted using anti-PPAR� (Figure
4A, lane 6) or anti-RXR� (Figure 4A, lane 7) antibodies.
These data indicate that heterodimer PPAR�/RXR� binds
to NF�B site located in the promoter of p53 in vitro.

Figure 2. Upregulation of p53 and p21WAF1/Cip1 expression induced by BRL
plus 9RA in MCF-7 cells. A: Immunoblots of p53 and p21WAF1/Cip1 from
extracts of MCF-7 cell treated with 100 nmol/L BRL and 50 nmol/L 9RA alone
or in combination for 24 and 36 hours. GAPDH was used as loading control.
The side panels show the quantitative representation of data (mean � SD) of
three independent experiments after densitometry. B: p53 and p21WAF1/Cip1

mRNA expression in MCF-7 cells treated as in A for 12 and 24 hours. The side
panels show the quantitative representation of data (mean � SD) of three
independent experiments after densitometry and correction for 36B4 expres-
sion. *P � 0.05 and **P � 0.01 combined-treated versus untreated cells. N:
RNA sample without the addition of reverse transcriptase (negative control).

Figure 3. BRL and 9RA transactivate p53 promoter gene in MCF-7 cells. A:
Schematic map of the p53 promoter fragments used in this study. B: MCF-7
cells were transiently transfected with p53 gene promoter-luc reporter con-
structs (p53-1, p53-6, p53-13, p53-14) and treated for 24 hours with 100
nmol/L BRL and 50 nmol/L 9RA alone or in combination. The luciferase
activities were normalized to the Renilla luciferase as internal transfection
control and data were reported as RLU values. Columns are mean � SD of
three independent experiments performed in triplicate. *P � 0.05 com-
bined-treated versus untreated cells. pGL2: basal activity measured in
cells transfected with pGL2 basal vector; RLU, relative light units; CTF-1,
CCAAT-binding transcription factor-1; NF-Y, nuclear factor-Y; NF�B, nu-
clear factor �B.
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The interaction of both nuclear receptors with the p53
promoter was further elucidated by chromatin immuno-
precipitation assays. Using anti-PPAR� and anti-RXR�
antibodies, protein-chromatin complexes were immuno-
precipitated from MCF-7 cells treated with 100 nmol/L
BRL and 50 nmol/L 9RA. PCR was used to determine the
recruitment of PPAR� and RXR� to the p53 region con-
taining the NF�B site. The results indicated that either
PPAR� or RXR� was constitutively bound to the p53
promoter in untreated cells and this recruitment was in-
creased on BRL plus 9RA exposure (Figure 4B). Simi-
larly, an augmented RNA-Pol II recruitment was obtained
by immunoprecipitating cells with an anti-RNA-Pol II an-
tibody, indicating that a positive regulation of p53 tran-
scription activity was induced by combined treatment
(Figure 4B).

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

The role of p53 signaling in the intrinsic apoptotic cas-
cades involves a mitochondria-dependent process,
which results in cytochrome C release and activation of
caspase-9. Because disruption of mitochondrial integrity
is one of the early events leading to apoptosis, we as-
sessed whether BRL plus 9RA could affect the function of
mitochondria by analyzing membrane potential with a
mitochondria fluorescent dye JC-1.24,27 In non-apoptotic
cells (control) the intact mitochondrial membrane poten-
tial allows the accumulation of lipophilic dye in aggre-
gated form in mitochondria, which display red fluores-
cence (Figure 5A). MCF-7 cells treated with 100 nmol/L
BRL or 50 nmol/L 9RA exhibit red fluorescence indicating

Figure 4. PPAR�/RXR� binds to NF�B sequence in electrophoretic mobility
shift assay and in chromatin immunoprecipitation assay. A: Nuclear extracts
from MCF-7 cells (lane 1) were incubated with a double-stranded NF�B
consensus sequence probe labeled with [32P] and subjected to electrophore-
sis in a 6% polyacrylamide gel. Competition experiments were done, adding
as competitor a 100-fold molar excess of unlabeled probe (lane 2). Nuclear
extracts from MCF-7 were treated with 100 nmol/L BRL (lane 3), 50 nmol/L
9RA (lane 4), and in combination (lane5). Anti-PPAR� (lane 6), anti-RXR�
(lane 7), and IgG (lane 8) antibodies were incubated. Lane 9 contains probe
alone. B: MCF-7 cells were treated for 1 hour with 100 nmol/L BRL and/or 50
nmol/L 9RA as indicated, and then cross-linked with formaldehyde and
lysed. The soluble chromatin was immunoprecipitated with anti-PPAR�,
anti-RXR�, and anti-RNA Pol II antibodies. The immunocomplexes were
reverse cross-linked, and DNA was recovered by phenol/chloroform extrac-
tion and ethanol precipitation. The p53 promoter sequence containing NF�B
was detected by PCR with specific primers. To control input DNA, p53
promoter was amplified from 30 �l of initial preparations of soluble chro-
matin (before immunoprecipitation). N: negative control provided by PCR
amplification without DNA sample.

Figure 5. Mitochondrial membrane potential disruption and release of cyto-
chrome C induced by BRL and 9RA in MCF-7 cells. A: MCF-7 cells were
treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 48 hours and then used
fluorescent microscopy to analyze the results of JC-1 (5,5�,6,6�-tetrachloro-
1,1�,3,3�- tetraethylbenzimidazolylcarbocyanine iodide) kit. In control non-
apoptotic cells, the dye stains the mitochondria red. In treated apoptotic cells,
JC-1 remains in the cytoplasm in a green fluorescent form. B: MCF-7 cells
were treated for 48 hours with 100 nmol/L BRL and/or 50 nmol/L 9RA.
GAPDH was used as loading control.
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intact mitochondrial membrane potential (data not shown).
Cells treated with both ligands exhibit green fluores-
cence, indicating disrupted mitochondrial membrane po-
tential, where JC-1 cannot accumulate within the mito-
chondria, but instead remains as a monomer in the
cytoplasm (Figure 5A). Concomitantly, cytochrome C re-
lease from mitochondria into the cytosol, a critical step in
the apoptotic cascade, was demonstrated after com-
bined treatment (Figure 5B).

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

BRL and 9RA at nanomolar concentration did not induce
any effects on caspase-9 separately, but activation was
observed in the presence of both compounds (Table 1).
No effects were elicited by either the combined or the

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

To test the ability of low doses of both BRL and 9RA to
induce transcriptional activity of PPAR�, we transiently
transfected a peroxisome proliferator response element
reporter gene in MCF-7 cells and observed an enhanced
luciferase activity, which was reversed by GW treatment
(see Supplemental Figure 2 at http://ajp.amjpathol.org).
These data are in agreement with previous observations
demonstrating that PPAR�/RXR heterodimerization en-
hances DNA binding and transcriptional activation.28–29

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 PPAR� and an RXR
ligand to trigger apoptosis. DNA fragmentation assay
showed that only in the presence of combined treat-
ment did cells undergo apoptosis in a p53-mediated
manner (Figure 6B), implicating a general mechanism
in breast carcinoma.

Discussion

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

Table 1. Activation of caspases in MCF-7 cells

% of Activation SD

Caspase 9
Control 14.16 � 2.565
BRL 100 nmol/L 17.23 � 1.678
9RA 50 nmol/L 18.14 � 0.986
BRL � 9RA 33.88* � 5.216
Caspase 8
Control 9.20 � 1.430
BRL 100 nmol/L 8.12 � 1.583
9RA 50 nmol/L 7.90 � 0.886
BRL � 9RA 10.56 � 2.160

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

Figure 6. Combined treatment of BRL and 9RA trigger apoptosis in breast cancer cells. A: DNA laddering was performed in MCF-7 cells transfected and treated
as indicated for 56 hours. One of three similar experiments is presented. The side panel shows the immunoblot of p53 from MCF-7 cells transfected with an
expression plasmid encoding for p53 antisense (AS/p53) or empty vector (v) and treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 56 hours. GAPDH was used
as loading control. B: DNA laddering was performed in MCF-7 TR1, SKBR-3, and T47-D cells transfected with AS/p53 or empty vector (v) and treated as indicated.
One of three similar experiments is presented.
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The ability of PPAR� ligands to induce differentiation
and apoptosis in a variety of cancer cell types, such as
human lung,30 colon,31 and breast,10 has been exploited
in experimental cancer therapies.32 PPAR� agonist ad-
ministration in liposarcoma patients resulted in histologi-
cal and biochemical differentiation markers in vivo.33

However, a pilot study of short-term therapy with the
PPAR� ligand rosiglitazone in early-stage breast cancer
patients did not elicit significant effects on tumor cell
proliferation, although the changes observed in PPAR�
expression may be relevant to breast cancer progres-
sion.34 On the other hand, the natural ligand for RXR,
9RA,35 has been effective in vitro against many types of
cancer, including breast tumor.36–40 Recently, RXR-se-
lective ligands were discovered to inhibit proliferation of
all-trans retinoic acid–resistant breast cancer cells in vitro
and caused regression of the disease in animal mod-
els.41 The additive antitumoral effects of PPAR� and RXR
agonists, both at elevated doses, have been shown in
human breast cancer cells (15,42 and references therein).
However, high doses of both ligands have remarkable
side effects in humans, such as weight gain and plasma
volume expansion for PPAR� ligands,16–18 and hypertri-
glyceridemia and suppression of the thyroid hormone
axis for RXR ligands.19

In the present study, we demonstrated that nanomolar
concentrations of BRL and 9RA in combination exert
significant antiproliferative effects on breast cancer cells,
whereas they do not induce noticeable influences on
normal breast epithelial MCF10 cells. However, the in-
duced overexpression of PPAR� in MCF10 cells makes
these cells responsive to the low combined concentration
of BRL and 9RA (data not shown). Although PPAR� is
known to mediate differentiation in most tissues, its role in
either tumor progression or suppression is not yet clearly
elucidated. It has been demonstrated in animals studies
that an overexpression of PPAR� increases the risk of
breast cancer already in mice susceptible to the dis-
ease.43 However, it remains still questionable if the en-
hanced PPAR� expression does correspond to an en-
hanced content of functional protein, which according to
previous suggestion should be carefully controlled in a
dose-response study.44 For instance, the expression of
PPAR� is under complex regulatory mechanisms, sus-
tained by cell-specific distinct promoters mediating the
changes in expression of PPAR�.45

Here we demonstrated for the first time the molecular
mechanism underlying antitumoral effects induced by
combined low doses of both ligands in MCF-7 cells,
where an up-regulation of tumor suppressor gene p53
was concomitantly observed. Functional assays with de-
letion constructs of the p53 promoter showed that the
NF�B site is required for the transcriptional response to
BRL plus 9RA treatment. NF�B was shown to physically
interact with PPAR�,46 which in some circumstances
binds to DNA cooperatively with NF�B.47–49 It has been
previously reported that micromolar doses of both PPAR�
and RXR agonists synergize to generate an increased
level of NF�B-DNA binding able to trigger apoptosis in
Pre-B cells.50 Our electrophoretic mobility shift assay and
chromatin immunoprecipitation assay demonstrated that

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

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

The crucial role of p53 gene in mediating apoptosis is
raised by the evidence that the effects on the apoptotic
cascade were abrogated in the presence of AS/p53 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 growth factor-1R, and
c-Src signaling are constitutively activated and responsi-
ble for a more aggressive phenotype consistent with an
increased motility and invasiveness.51–53 Although more
relevance of our findings should derive from in vivo stud-
ies, these results give emphasis to the potential use of the
combined therapy with low doses of both BRL and 9RA
as novel therapeutic tool particularly for breast cancer
patients who develop resistance to anti-estrogen therapy.
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proliferator-activated receptor-gamma activates p53 gene promoter
binding to the nuclear factor-kappaB sequence in human MCF7
breast cancer cells. Mol Endocrinol 2006, 20:3083–3092

13. Bonofiglio D, Gabriele S, Aquila S, Catalano S, Gentile M, Middea E,
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Abstract 

 

The all-trans-retinoic acid (atRA) isomer, 9-cis-retinoic acid (9cRA), activates 

retinoic acid receptors (RAR) and retinoid X receptors (RXR) in vitro. RAR control 

multiple genes, whereas RXR serve as partners for RAR and other nuclear 

receptors that regulate metabolism. Physiological function has not been 

determined for 9cRA, because it has not been detected in serum or multiple 

tissues with analytically validated assays. Here, we identify 9cRA in mouse 

pancreas by liquid-chromatography tandem mass spectrometry, and show that 

9cRA decreases with feeding and after glucose dosing, and varies inversely with 

serum insulin. 9cRA reduces glucose-stimulated insulin secretion (GSIS) in 

mouse islets and in the rat β-cell line 832/13 within 15 min by reducing glucose 

transporter type 2 (Glut2) and glucokinase (GK) activities. 9cRA also reduces 

Pdx-1 and HNF4α mRNA expression, ~8 and 80-fold, respectively: defects in Pdx-

1 or HNF4α cause maturity onset diabetes of the young (MODY4 and 1, 

respectively), as does a defective GK gene (MODY 2). Pancreas β-cells generate 

9cRA, and mouse models of reduced β-cell number, heterozygous Akita mice and 

streptozotocin-treated mice, have reduced 9cRA. 9cRA is abnormally high in 

glucose intolerant mice, which have β-cell hypertropy, including mice with diet-

induced obesity and ob/ob and db/db mice. These data establish 9cRA as a 

pancreas-specific autacoid with multiple mechanisms of action, and provide new 

insight into GSIS. 
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\body 

Introduction 

 Impaired GSIS develops through multiple mechanisms, including actions of 

metabolic hormones and inflammatory cytokines, products of metabolic overload, and 

endoplasmic reticulum stress, yet mechanisms of GSIS and impaired glucose tolerance 

remain incompletely understood (1-4). Also uncertain is the contribution of impaired 

glucose tolerance to diminished pancreatic β-cell function and mass associated with 

type 2 diabetes (5). GSIS relies on the pancreas, and pancreas development, islet 

formation and function require normal vitamin A nutriture (6-8). Vitamin A-restriction 

during development impairs islet development and promotes glucose intolerance in 

adult rodents. On the other hand, restricting vitamin A in mature diabetes-prone rats 

reduces diabetes and insulitis, possibly though enhanced glucose sensing and 

metabolism. atRA, an activated metabolite of  vitamin A, regulates pancreas 

development, and atRA does not enhance the incidence of diabetes in diabetes prone 

rats fed a vitamin A-deficient diet (7, 9, 10). Although the contribution of vitamin A to 

pancreas development through atRA seems clear, mechanisms whereby vitamin A 

affects mature pancreas function have not been determined in depth, nor have the 

specific vitamin A-metabolites been identified that contribute to GSIS control. 

atRA induces differentiation and regulates cell processes by activating the 

nuclear receptors RAR α, β and γ, which regulate transcription and translation (11). 

atRA does not activate the nuclear receptors RXR α, β and γ, which serve as obligatory 

partners for RAR and numerous other nuclear receptors that regulate metabolism and 
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energy balance (12). 9cRA, an atRA isomer, binds both RAR and RXR with high affinity 

in vitro, and has diverse pharmacological actions distinct from atRA (13). For example, 

treating embryo day 11 pancreas organ cultures with 9cRA inhibits stellate cell 

activation more potently and quickly than atRA, and inhibits acini differentiation, but 

prompts ductal differentiation and endocrine maturation (9, 10). atRA, in contrast, 

induces acini rather than ductal differentiation. As a pan-agonist of six nuclear 

receptors, 9cRA has undergone extensive pharmacological assessment. As the drug 

alitretinoin, it is effective against chronic hand dermatitis and T-cell lymphoma (14). 

Used systemically, it alters energy metabolism (15). 9cRA also shows promise in 

reducing ischemic brain injury in a rat model, and in immunosuppressing human 

dendritic cells (16, 17). Regardless of the pharmacological utility of 9cRA, sensitive 

assays capable of quantifying individual RA isomers in biological matrices have not 

detected 9cRA in serum and in a variety of tissues (18, 19). This leaves uncertain 

whether 9cRA functions in vivo as an activated vitamin A metabolite with discrete 

physiological functions. 

We applied an LC/MS/MS assay developed to distinguish and quantify RA 

isomers in biological matrices to identify retinoids in the pancreas, and detected not only 

atRA, but also 9cRA. Pancreas 9cRA, but not atRA, reacts within minutes to blood 

glucose fluctuations and attenuates the impact of glucose on GSIS through multiple 

mechanisms, including rapid action. These data validate 9cRA as a naturally occurring 

metabolite of vitamin A with a physiological function unique among retinoids, broaden 

insight into mechanisms of GSIS, and provide new perspective into vitamin A and islet 

function. 
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Results 

9cRA as an endogenous pancreas retinoid. We applied a sensitive LC/MS/MS assay to 

compare pancreas RA isomers to those in serum and liver, because the endocrine 

pancreas expresses nuclear receptors that recognize RA isomers and responds to 

retinoid-induced signaling, and liver serves as the principal storage site of retinoids and 

contributes to retinoid homeostasis (20, 21). Consistent with previous work, prominent 

physiological RA isomers in serum and liver included atRA and 9,13-di-cis-RA 

(9,13dcRA), an RA isomer without known biological activity, but 9cRA was not detected 

(18, 19). In contrast, we identified 9cRA in pancreas, along with atRA and 9,13dcRA 

(Figure 1A). We confirmed that analysis did not generate 9cRA by adding retinoids to 

pancreata before homogenization, extraction, and assay (Figure 1B). Only 9cRA 

increased the 9cRA signal, excluding oxidation of the RA precursor retinal and/or 

isomerization of atRA during analyses as sources of 9cRA. Concentrations of 9cRA in 

pancreas occur within the range of concentrations of other RA isomers in tissues and 

serum (Figure 1C). These data provide an analytically rigorous identification of 9cRA as 

a naturally occurring retinoid. If 9cRA occurs in the tissues assayed other than 

pancreas, amounts would be <0.05 pmol/g, based on the LC/MS/MS assay’s limit of 

detection in biomatrices.  

 9cRA varies with fasting, feeding, and glucose challenge. The fasted to fed 

transition resulted in a 36% decrease in 9cRA, which accompanied the increase in 

blood glucose and serum insulin, but caused no changes in pancreas atRA, 9,13-dcRA 

or retinol (Figure 2A and Figure S1). Consistent with this observation, challenging fasted 
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mice with a bolus of glucose decreased 9cRA >80% within 15 min, coinciding with the 

rapid rise in blood glucose (Figure 2B). 9cRA recovered markedly by 30 min and 

continued to rise thereafter. In contrast, glucose challenge had no impact on pancreas 

atRA or 9,13dcRA. During glucose challenge, 9cRA correlated inversely with serum 

insulin, further suggesting a contribution to pancreas function consistent with decreasing 

GSIS (Figure 2C). In addition, exogenous 9cRA reduced serum insulin during glucose 

challenge (Figure 2D). 

 9cRA promotes glucose intolerance. The inverse relationship between serum 

insulin and pancreas 9cRA during the GTT, and ability of 9cRA to reduce serum insulin, 

prompted testing whether 9cRA decreases glucose disposal. Mice were injected with 9-

cis-retinol, a potential precursor of 9cRA, or 9cRA, prior to a GTT. Mice injected with 9-

cis-retinol responded with a 2 to 2.7-fold increase in pancreas 9cRA, sustained at least 

120 min (Figure 3A). Mice injected with 9cRA responded with a ~30-fold increase in 

pancreas 9cRA, which declined by 120 min to ~4-fold above control. Note that the 

decrease in endogenous 9cRA in the control (dosed only with glucose) at 30 min 

reflected the same degree of decrease (~40%) observed at 30 min in the GTT 

experiment of Figure 2B. Increases in pancreas 9cRA caused by both 9-cis-retinoids 

resulted in glucose intolerance, such that 120 min after the glucose challenge, blood 

glucose was at least 2-fold higher than in vehicle-dosed mice (Figure 3B). The lowest 

concentrations of 9cRA (40 nM) achieved after dosing either 9cRA or 9-cis-retinol 

arrested glucose disposal to the same extent as the higher concentrations achieved, 

indicating a dose-response relationship with a maximum effect near or below 40 nM 

9cRA. These data suggest that the physiological decrease in pancreas 9cRA as 
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glucose increases permits optimum insulin secretion, and reveal that 9-cis-retinol can 

serve as a precursor to 9cRA.  

 9cRA rapidly attenuates glucose sensing and insulin secretion. Glucose uptake 

by the pancreas rapidly affects both Glut2 and GK activities through post-translational 

mechanisms (22, 23). Although GK activity limits the rate of glucose uptake by the β-

cell, Glut2 contributes more than passive glucose transport by signaling glucose 

concentrations: phosphorylation decreases both the transport and signaling functions of 

Glut2 (22, 24). Forskolin, which stimulates cAMP synthesis and induces protein kinase 

A-dependent Glut2 phosphorylation in β-cells, decreases Glut2 activity. We repeated 

the experiment published with forskolin and compared its effect to that of 9cRA in the 

832/13 β-cell line, established as a model of GSIS (25) (Figure 4A). We duplicated the 

published results with forskolin, and found that 9cRA decreased glucose-stimulated 

Glut2 activity ~40% within 15 min, similar to the impact of forskolin. Thirty nM 9cRA was 

as effective as 100 nM, consistent with the results of Figure 3, which indicated a marked 

effect of 40 nM 9cRA on glucose disposal. 

In 15 min, 9cRA inhibited GK activity 70%, which persisted until 60 min in 832/13 

β-cells treated with 23 mM glucose (Figure 4B). By 120 min, 9cRA inhibition of GK 

activity decreased to 34%. Despite the changes in Glut2 and GK activities, 9cRA did not 

affect Glut2 or GK mRNA by 15 min (Figure S2). 9cRA decreased ATP in 832/13 β-cells 

30-40% from 15 through 60 min after introduction of 23 mM glucose and  ATP 

recovered by 120 min (Figure 4C). After 60 min of 9cRA exposure in cells treated with 

23 mM glucose, 9cRA reduced 832/13 β-cell intracellular Ca2+ 35%; Ca2+ returned to 

control levels by 2 hr (Figure 4D). Consistent with its impact on glucose sensing, 9cRA 
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reduced GSIS 40% in 832/13 β-cells after 60 min incubation with 23 mM glucose, but 

did not impair baseline insulin secretion in the presence of 3 mM glucose (Figure 4E). In 

pancreatic islets, 9cRA reduced GSIS 33-43% induced by 15 to 60 min incubation with 

23 mM glucose, with islet sensitivity returning by 120 min (Figure 4F). A rise in ATP 

closes the β-cell K+
ATP channel, which allows Ca2+ influx. This process serves as a 

“triggering signal” to initiate the first phase of GSIS (2). KCl induces insulin release in 

the absence of high glucose by circumventing the ATP effect on the K+ channel. 9cRA 

had no impact on KCl-stimulated insulin secretion from islets (Figure 4G). To provide 

preliminary insight into the possible roles of RAR and RXR in short-term 9cRA action, 

the effects of the RAR panagonist TTNPB and the RXR panagonist bexarotene (BXR) 

were tested on GSIS in 832/13 cells (Figure S3) (26, 27). In contrast to 9cRA, neither 

decreased the fold increase in insulin secretion after 1 hr incubation with 23 mM 

glucose vs. 3 mM, but both decreased basal insulin secretion stimulated by 3 mM. 

After 2 hr, 9cRA decreased expression of Pdx-1 and HNF4α mRNA, 7 and 77-

fold, respectively (Figure 4H). Pdx-1 induces glucokinase, Glut2 and insulin gene 

expression in the mature pancreas (28, 29). HNF4α regulates insulin release through 

controlling mitochondrial metabolism of glucose and HNF1α, Glut2 and insulin gene 

expression (30, 31). 

 Pancreas β-cells produce 9cRA. We analyzed pancreata from mice with 

decreased numbers of β-cells to identify sources of 9cRA. A point mutation in the insulin 

2 gene of Ins2Akita mice induces β-cell apoptosis, which reduces the number of β-cells, 

indicated by a 46% reduction in pancreas insulin (32). Pancreata from fed heterozygous 

Akita mice had 40% lower 9cRA than wild type (WT), consistent with the decrease in β-
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cells (Figures 5A and S3). In contrast, pancreas atRA increased and retinol did not differ 

from WT, demonstrating a unique relationship between 9cRA and β-cells. To confirm 

this insight, we injected mice with Stz, which causes β-cell necrosis (33). 9cRA in 

pancreas of Stz-treated mice decreased with time in direct proportion to the decrease in 

β-cells, assessed by insulin content (Figures 5B and C). Seventy-two hr after Stz 

dosing, β-cell numbers decreased 67%, accompanied by a 58% decrease in 9cRA, 

impaired glucose tolerance and elevated non-fasting blood glucose (Figure 5C and S4). 

By 96 hr, β-cells decreased 95% and 9cRA deceased 70%, consistent with β-cells 

serving as a major source of pancreas 9cRA. Based on the 9cRA remaining after β-cell 

destruction, other pancreas cells may contribute ~20-25% to the 9cRA pool. 

The β-cell line 832/13 generated 9cRA and atRA from their respective 9-cis- or 

all-trans- retinol and retinal precursors at similar rates (Figure 5D). Pancreas 

microsomes contain both 9-cis- and all-trans-retinol (33 ± 1.4 and 76 ± 2 pmol/g protein, 

respectively; 3 replicate analyses of a 5 pancreata pool) (Figure 5E). Thus, β-cells have 

the capacity and a substrate to biosynthesize 9cRA.  

 Elevated 9cRA in models of glucose intolerance. To determine whether mouse 

models of glucose intolerance are accompanied by 9cRA increases, we assayed 

pancreata from ob/ob and db/db mice and mice with diet-induced obesity (DIO) (34). 

Ob/ob mice lack leptin, are obese and have high blood glucose and serum insulin 

(Figure S5A). Ob/ob mice had 2.2-fold higher 9cRA than WT controls (Figure 6A). Mice 

with DIO were glucose intolerant, weighed ~50% more than controls, and had ~2-fold 

higher 9cRA than controls (Figures 6B and S5C). Db/db mice, which lack the leptin 

receptor and have elevated blood glucose and serum insulin (Figure S5E), had 34% 
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higher 9cRA than lean controls (Figure 6C). Although atRA also increased in pancreas 

of ob/ob mice, the increase was modest, and atRA did not increase in pancreas of 

db/db mice. In DIO pancreata, the atRA increase exceeded the 9cRA increase. Neither 

the atRA nor the 9cRA changes in pancreas correlated with changes in retinol. Thus, 

9cRA was the only endogenous retinoid assayed (9cRA, atRA and retinol) that changed 

consistently in pancreas with changes in glucose tolerance, regardless of the underlying 

cause of impaired glucose tolerance.  

 
Discussion 

With an analytically rigorous assay, we determined that 9cRA occurs as a naturally 

occurring retinoid in pancreas. This result addresses the long-standing questions 

whether or not 9cRA contributes to the biological activity of vitamin A in vivo, and if so, 

in what capacity? We found that 9cRA localizes to the pancreas, where it attenuates 

sensitivity to glucose through a rapid reduction of Glut2 and GK activities, without a 

concomitant rapid change in their mRNA. Reduction of glucose uptake and 

phosphorylation led to reduced ATP and insulin release. In the longer term, 9cRA 

reduces transcription of two genes required for insulin synthesis and secretion—Pdx-1 

and HNF4α. Notably, defects in either of these two genes and the gene that expresses 

GK cause the monogenic diseases known as maturity onset diabetes of the young 

(MODY): defects in HNF4α, GK, and Pdx-1 cause MODY1, 2 and 4, respectively (35, 

36). Therefore, at least three of six well-characterized MODY are caused by defects in 

genes regulated by 9cRA, or in a gene that encodes a protein regulated by 9cRA. 

These data clarify insight into the effects of vitamin A on pancreas function, i.e. atRA 

programs pancreas development and 9cRA attenuates GSIS in the developed 
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pancreas. This is consistent with need for vitamin A during pancreas development and 

with alleviation of glucose intolerance by restricting vitamin A in the mature pancreas. 

The observation of 9cRA in the pancreas justifies future work to determine when the 

pancreas begins producing 9cRA, to clarify its function during pancreas development. 

 β-cells, which are integral to GSIS, serve as a major source of 9cRA, and 9cRA 

effects on β-cell function were observed by 15 min. These data indicate that 9cRA acts 

as an autacoid in pancreas: it is generated in situ and executes rapid local actions of 

relatively brief duration. Rapid actions of retinoids are not unprecedented, although they 

have not been investigated as extensively as their transcriptional effects. 9cRA 

reportedly stimulates phosphorylation of p38 mitogen-activated protein kinase (37). 

Recent work has shown that atRA has rapid, non-genomic actions on neurite outgrowth 

and endothelial cell growth (38, 39)—indicating that retinoids, like several steroid 

hormones, do not solely regulate transcription (40-43).  

The acute, non-genomic effects reported here for 9cRA differ from the effects of 

synthetic RXR analogs, known as rexinoids, in rodent diabetic models (44). Longer-term 

systemic treatment with rexinoids has been reported to promote insulin sensitization, 

presumably through cumulative effects on diverse receptors distributed throughout 

multiple tissues. In the case of the more RXR selective retinoids, insulin sensitization 

occurs by activating PPAR, presumably mainly in adipose (45). 

 By attenuating insulin secretion and biosynthesis, 9cRA functions physiologically 

to prevent hypoglycemia and to allow blood glucose levels raised (from glycogenolysis 

and gluconeogenesis) in response to decreasing blood glucose to increase to a greater 

extent than possible otherwise. Ultimately, reestablished higher blood glucose 
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decreases 9cRA, sensitizing the pancreas for optimum insulin secretion. Animal models 

of diabesity had both high pancreas 9cRA and high serum insulin—an abnormal 

occurrence. Either 9cRA target resistance or resistance of 9cRA concentration changes 

to glucose levels could contribute to the phenotypes manifested in these models, and to 

impaired glucose secretion. Alternatively, the β-cell hyperplasia that occurs in these 

models would contribute to, or underlie increased 9cRA (46).   

 Occurrence of 9cRA in pancreas, along with non-detectable concentrations in 

serum and a host other tissues, support the deduction based on genetic evidence that 

9cRA does not serve as a universal retinoid X receptor-activating ligand in vivo (47). 

Validation of 9cRA as an autacoid in pancreas provides framework for evaluating 

whether it functions via RARs and/or RXRs, and for evaluating potential cross-signaling 

between atRA and 9cRA. The outcome of a potential 9cRA/atRA interaction with 

pancreas RAR cannot be predicted simply because both retinoids bind the same 

receptor. Nuclear receptor action depends on the ligand bound and the nucleotide 

sequence of the gene’s response element—both influence receptor conformation, 

affinity for a particular response element, and function (48, 49). 

Autacoid action in pancreas appears specific to 9cRA. Pancreas atRA did not 

change with an increase in blood glucose after the fasted to the fed transition, or after 

glucose injection, indicating that atRA does not regulate short-term modulation of GSIS. 

The increase in atRA in the pancreas during DIO and in ob/ob mice seems a 

compensating reaction to obesity, because disrupting atRA biogenesis by ablating Rdh1 

enhances adiposity, whereas chronic dosing of atRA to mice with DIO reduces weight 

by ~15% (15, 50).  
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 In summary, this work demonstrates that 9cRA occurs as an endogenous 

pancreas retinoid, establishes a function for 9cRA in GSIS, and provides novel insight 

into retinoid function and glucose homeostasis. Of interest are the likely non-genomic 

effects of 9cRA. These studies provide insight into an essential element of pancreas-

mediated glucose homeostasis, which should prove useful for understanding 

mechanisms of GSIS and diabesity. 

 

Methods  

Animals. Male C57BL/6 mice were used, unless noted otherwise, in accordance with 

institutional guidelines. Mice were fed either a stock diet with 30 IU/g vitamin A (Harlan 

Laboratories Teklad Global 18% protein rodent diet #2018S) or an AIN-93G purified 

rodent diet with 30 IU/g vitamin A (Dyets, Inc, #119139). The fatty acyl composition of 

the stock diet was (% of diet): 16:0, 0.7%; 18:0, 0.2%; 18:1,1.2%; 18:2, 3.1%; 18:3, 

0.3%. The fatty acid content of the AIN-93G diet has been published (51). These diets 

are referred to as vitamin A-ample diets and produced similar results. Seven to 12-

week-old WT, ob/ob mice, and mice heterozygous for the Akita spontaneous mutation 

(Ins2Akita) were purchased from the Jackson Lab. To establish DIO, 1-month-old mice 

were fed a high-fat diet for 5 months. The HFD was an AIN-93G purified rodent diet 

(Dyets Inc, diet# 180614) with 50% fat-derived calories. Lard served as the fat source. 

The fatty acyl composition of the lard was: 14:0, 1.5%; 16:0, 25.6%; 16:1, 3.4%; 18:0, 

13.1%; 18:1, 44.1%; 18:2, 10.8%; 18:3, 1.5%. To deplete β-cells, Stz (170 mg/kg) was 

dosed i.p. once in 10 mM sodium citrate, pH 4.5. For glucose-tolerance tests (GTT), 

glucose (2 g/kg ) was dosed i.p. in saline. The db/db mice were 5-months-old and fed 
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ad libitum. Insulin levels in this db/db colony at this age average 3-fold higher than 

controls, P<0.01 (52). Fasting was done for 12-16 hr. Mice were euthanized during the 

early light cycle. 

 Retinoids and retinoid quantification. Retinoids were purchased from Sigma, 

except for 9-cis-retinol, which was synthesized and characterized as described (18). 

Retinoids were used under yellow light as described (19, 53). Samples were harvested 

under yellow lights, frozen immediately in liquid nitrogen, and kept at -80 oC until 

extraction and retinoid quantification within one day by LC/MS/MS using selected 

reaction monitoring (RA isomers) or HPLC/UV (retinol isomers) as described in detail 

(19, 53).  

 β-cell line function assays. The pancreatic β-cell line 832/13 was cultured in 

growth medium (RPMI 1640 with 11 mM glucose and 10% fetal calf serum, 10 mM 

Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 mM β-mercaptoethanol, 100 

units/ml penicillin and 100 mg/ml streptomycin at 37 °C) under 5% CO2 in 100 mm Petri 

dishes as described (25). The medium was refreshed every 2-3 days. Cells were 

subcultured when they approached ≥70% confluence. Endogenous 9cRA in 832/13 

cells at the time of experiments was <0.04 ± 0.0012 pmol/106 cells (n = 9 plates). 

To assay Glut2, GK and ATP, cells were transferred to 12-well plates until 

reaching 85% of confluence. Medium with 5 mM glucose was substituted for growth 

medium for 16 hr. Before assays, this medium was substituted with 2 mL HBSS 

containing 0.2% fatty-acid free BSA, pH 7.2 (sensing buffer) and 3 mM glucose for 2 hr 

(except for the glucose uptake assay). Experiments were then initiated by changing the 

sensing buffer to 0.8 ml/well of either fresh secretion buffer with 3 mM glucose or 23 
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mM glucose and/or 100 nM 9cRA, delivered in 5-10 μL DMSO, or vehicle alone. 

Incubations were done at 37 °C under yellow light.  

 9cRA biosynthesis. 832/13 cells were cultured in 12- or 6-well plates. At 

confluence, the growth medium was replaced with serum-free medium (11 mM glucose) 

and retinoids (1 μM) in DMSO (0.1% v/v) or vehicle alone were added and incubated 1 

hr. Cells were lysed using Reporter lysis buffer (Promega) and combined with their 

medium for retinoid analyses.  

 Insulin secretion studies. Islets were isolated by the UCSF Diabetes & 

Endocrinology Research Center (San Francisco, CA). Fifteen islets of similar size were 

incubated at 37 oC in 12-well plates with 5 mM D-glucose in RPMI1640 supplemented 

with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 mM 

Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 μM β-mercaptoethanol and 5% 

CO2. After 16 hr, islets were washed and transferred to 1.5 ml tubes in secretion 

medium (HBSS with 20 mM Hepes and 1% bovine serum albumin, pH 7.2) containing 3 

mM glucose. After 2 hr, secretion medium was replaced with fresh secretion medium 

containing 3 or 23 mM glucose with 100 nM 9cRA or vehicle alone (DMSO). Separate 

groups of islets were incubated in secretion medium containing 3 mM glucose with 35 

mM KCl and 90 mM NaCl. Media were centrifuged for 2 min at 1000 x g to remove non-

adherent cells and frozen at -80 ºC. Endogenous 9cRA in islets at the time of the 

experiment (after isolation and handling of islets) did not exceed 0.12 ± 0.008 

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

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

for comparison of two curves.  
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Figure Legends 

 

Figure 1. 9cRA occurs in pancreas. (A) Representative LC/MS/MS chromatograms of 

RA isomers from analyses of mouse pancreas, liver and serum. (B) Representative 

LC/MS/MS chromatograms of pancreatic RA isomers before (solid lines) and after 

addition (dashed lines) of retinoids prior to homogenization, extraction and analysis. 

Each chromatogram shows one of triplicate analyses. (C) Quantification of RA isomers 

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

 

Figure 2. 9cRA reflects fasting vs. feeding. (A) Blood glucose, serum insulin, and 

pancreas RA isomers in fed or 12-hr fasted mice. Data are means of 3 experiments with 

6-10 mice/group/experiment: *P≅0.03, **P<0.004, ***P<0.003 vs. fed values. (B) 9cRA 

and atRA responses to a glucose challenge (2 g/kg glucose). Values are means of 2-5 

experiments with 5-10 mice/point/experiment, except 9,13dcRA (1 experiment, 10 

mice/time): *P<0.05 from 0 time. The three glucose values after 0 min differ from 

control: *P<0.05. (C) Inverse relationship between pancreas 9cRA and serum insulin 

after a glucose challenge: the slope differs significantly from 0, P=0.02; 10 mice/point. 

(D) 9cRA hinders insulin secretion: 9cRA (0.5 mg/kg in 60 μl DMSO) or vehicle alone 

were injected i.p. in mice 15 min before an i.p dose of glucose (0.5 g/kg). Data are 

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

 

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

9cRA after dosing with 9-cis-retinol or 9cRA (0.5 mg/kg in 100 μl DMSO). 9-cis-Retinol 



 18

and 9cRA were injected 60 and 15 min before glucose, respectively. Glucose (2 g/kg) 

was injected at 0 min: 5-8 mice/group; *P≅0.01 and **P<0.003 vs. vehicle control; 

&P<0.005 vs. 0 min. (B) GTT in mice dosed with 9-cis-retinol or 9cRA: 5-7 mice/group; 

*P<0.04, **P<0.002, ***P<0.005 vs. control. Mice were dosed with retinoids as 

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

 

Figure 4. 9cRA attenuates pancreas glucose sensing. 832/13 β-cells and islets were 

pre-incubated 2 hr with 3 mM glucose. At 0 min, the medium was exchanged for 

medium containing 23 mM and agents indicated for the duration of experiments. (A) 

9cRA reduces Glut2 activity in 832/13 cells after 15 min incubation: 4-8 

replicates/group; *P≤0.0003 vs. no addition. (B) 9cRA reduces GK activity in 832/13 

cells: 3-7 replicates/group, *P<0.02, **P<0.002 vs. control. (C) 9cRA reduces ATP 

content in 832/13 cells: 2-4 replicates/group, *P<0.008 vs. control. (D) 9cRA decreases 

Ca2+ influx into 832/13 cells: 2 replicates/group; *P<0.02. (E) 9cRA decreases GSIS by 

832/13 cells: 3-11 replicates/group; *P<0.01 vs. control. (F) 9cRA decreases GSIS by 

pancreatic islets. The graph shows baseline insulin secretion during 3 mM glucose, and 

the effect of 9cRA on stimulation of insulin secretion by 23 mM glucose: 8-9 

replicates/group; *P<0.02, **P<0.002 vs. control. (G) 9cRA does not affect KCl 

stimulated insulin secretion from islets: *P<0.02 vs. 0 time. (H) 9cRA reduces Pdx-1 and 

HNF4α mRNA after 2 hr in 832/13 cells: 3 replicates/group. One hundred nM 9cRA was 

used in all experiments, unless noted otherwise. All data s.e.m. 
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Figure 5. Pancreas β-cells produce 9cRA. (A) Representative LC/MS/MS 

chromatograms and quantification of RA isomers in pancreas of WT and Akita mice: 8 

mice/group; *P<0.05 vs. WT. (B) Immunohistochemistry showing loss of insulin in 

pancreas with time after a Stz dose: scale bars, 100 µm. (C) Effect of Stz on β-cell 

numbers (3-6 islets) and pancreas 9cRA (9-18 mice/group). (D) Biosynthesis of RA 

isomers from retinol and retinal isomers by the pancreas β-cell line 832/13: 3 

replicates/substrate. (E) HPLC of retinol standards and representative analyses of 

pancreas microsomes. Arrows denote elution positions of 13-cis-, 9-cis- and all-trans-

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

 

Figure 6. Increased pancreas 9cRA accompanies glucose intolerance. (A) 

representative LC/MS/MS chromatograms and RA isomers in pancreas of fed WT and 

ob/ob mice: 8 mice/group; *P<0.008 vs. WT. (B) Increased 9cRA in pancreas of mice 

with DIO: 8-10 mice/group: *P<0.001 vs. lean. (C) RA isomers in pancreas of fed WT 

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