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INTRODUZIONE 
 

 
L’angiogenesi è un processo biologico che consiste nella formazione di 

nuovi vasi sanguigni a partire da vasi preesistenti. La formazione di 

nuovi vasi può avvenire mediante la gemmazione delle cellule endoteliali 

dei capillari preesistenti nel tessuto circostante, “sprouting” 

angiogenesi, o per divisione dei capillari in due o più vasi figli, “non 

sprouting” angiogenesi (Ucuzian e al., 2010). 

La formazione di nuovi vasi è essenziale per l’organogenesi e per lo 

sviluppo del feto (Clapp e al., 2009), mentre dopo la nascita si verifica a 

livello dei siti di crescita tissutale (Wan e al., 2010). Nell’ adulto, in 

condizioni fisiologiche, i fattori inibitori prevalgono su quelli stimolatori 

e, di norma, il processo non avviene (Distler e al., 2003): lo sviluppo dei 

capillari avviene solamente in associazione alla riparazione di ferite o 

fratture (Clapp e al., 2009). Un’ importante eccezione è rappresentata 

dal tratto riproduttivo femminile, dove la neoformazione vasale è 

fondamentale durante le modificazioni cicliche di ovaio ed endometrio e 

per la funzionalità della placenta e della ghiandola mammaria durante 

la gravidanza (Grothius e al., 2005). La regressione dei vasi neoformati 

accompagna, successivamente, l’involuzione fisiologica di queste 

strutture. 

L’angiogenesi fisiologica è un processo altamente controllato e modulato 

secondo le necessità del tessuto (Staton e al., 2009). La neoformazione 

vasale avviene attraverso una precisa successione di diverse fasi 

ciascuna delle quali è il risultato dell’azione coordinata di numerose 

molecole ad azione pro-angiogenica ed anti-angiogenica fra cui fattori di 

crescita solubili, citochine, proteasi, proteine di matrice e molecole 

d’adesione (Distler e al., 2003). Quando si verifica il cosiddetto “shift 

angiogenico” i fattori regolatori positivi dell’angiogenesi predominano e  
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le cellule endoteliali vengono attivate. L’attivazione prevede una 

complessa riprogrammazione funzionale delle cellule endoteliali che 

implica la neosintesi di alcuni geni e la repressione di altri. 

Nell’ultimo decennio sono stati scoperti numerosi fattori regolatori sia 

pro- che anti-angiogenici ma l’effetto risultante dalla loro interazione 

reciproca deve essere ancora completamente chiarito.  

È necessario che questo processo sia finemente regolato poiché una 

crescita eccessiva, una regressione aberrante (Staton e al., 2009) o uno 

sviluppo insufficiente dei vasi (Gonzalez e al., 2007) possono portare 

all’insorgenza di diverse patologie.  

Alterazioni nella regolazione angiogenica sono presenti in più di 50 

patologie fra cui cancro e infiammazioni croniche; inoltre, possono 

essere correlate a sterilità (Carmeliet e Jain 2000). 

Nell’angiogenesi patologica, il rigido controllo che caratterizza 

l’angiogenesi fisiologica viene meno. Inoltre, i vasi neoformati raramente 

arrivano a maturazione e non si verifica il processo di regressione. 

Pertanto, una migliore comprensione della biologia dell’angiogenesi 

potrebbe essere utile per individuare nuove molecole e nuovi bersagli 

per il trattamento delle patologie associate a questo complesso processo. 

Inoltre, l’interesse allo studio del processo angiogenico è dato anche dal 

fatto che il successo di numerose terapie nella medicina rigenerativa 

necessita della capacità di controllare la formazione di una rete vasale 

stabile all’interno del tessuto (Francis e al., 2008). 

La funzionalità ovarica è strettamente dipendente dalla formazione e dal 

continuo rimodellamento di una complessa rete vascolare (Robinson e 

al., 2009). 

In particolare, lo sviluppo del follicolo ovarico rappresenta un raro 

esempio fisiologico di rapida crescita tissutale associata a 

neovascolarizzazione. Questa caratteristica distintiva rende il follicolo 

un importante modello per lo studio dell’ intero processo angiogenico.  
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Inoltre, poiché la crescita del follicolo ovarico è stata paragonata a 

quella di un tumore solido, le conoscenze ottenute in questo sistema 

potrebbero essere utili anche per lo sviluppo di strategie atte a 

contrastare l’angiogenesi patologica che accompagna la crescita 

neoplastica e la formazione delle metastasi (Neeman e al., 1997). 

Nonostante la maggior parte dei test in vitro si focalizzi sulle cellule 

endoteliali la cui migrazione, proliferazione e differenziazione sono 

fondamentali per il processo angiogenico, altri tipi cellulari sono 

importanti per la regolazione di questo processo (Staton e al., 2009). 

Ad esempio, nel follicolo ovarico un ruolo determinante nella 

promozione dello sviluppo vascolare è svolto dalle cellule della 

granulosa (Figura 1). Esse infatti sono dotate di attività angiogenica e 

producono la maggior parte dei fattori regolatori (Grasselli e al., 2003; 

Bianco e al., 2005; Fraser e al., 2006). L’attività angiogenica della 

granulosa è regolata da numerosi fattori presenti nel follicolo e lo 

stimolo principale è rappresentato dalla condizione di ipossia crescente 

a cui queste cellule sono sottoposte all’aumentare dello sviluppo del 

follicolo antrale (Bianco e al., 2005). 

 

 
 

Figura 1. Cellule della granulosa in coltura. Microfotografia al microscopio 

a contrasto di fase. 
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Utilizzando come modello sperimentale il follicolo ovarico antrale suino 

(Figura 2), l’obiettivo della ricerca è stato quello di acquisire nuove 

conoscenze riguardanti: 

• il ruolo di fattori proteici presenti nell’organismo quali 

Stanniocalcina-1, Netrina-1 e Prolattina nel controllo fisiologico 

della funzionalità follicolare e del processo di angiogenesi locale; 

• il potenziale effetto di interferenti esogeni di varia natura chimica 

quali Gossipolo e Bisfenolo A sulla funzionalità follicolare e sul 

processo di angiogenesi; 

• l’effetto angiogenico di molecole di sintesi quali analoghi del 

Resveratrolo e Lignani, potenzialmente utilizzabili a scopo 

terapeutico.  

 

 

⎯  
 

Figura 2. Follicolo ovarico antrale suino. 

  

 

Meccanismi di angiogenesi 

 
Nel sito di angiogenesi le cellule endoteliali, attivate da uno stimolo 

fisiologico, escono dallo stato di quiescenza e passano ad uno stato  
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caratterizzato da un alto indice mitotico, aumentata capacità di 

migrazione e di proteolisi (Ucuzian e al., 2010). Durante la crescita di 

un nuovo vaso si possono individuare quattro fasi (Distler e al., 2003) : 

1) vasodilatazione e aumento della permeabilità 

2) destabilizzazione del vaso e degradazione della matrice 

3) proliferazione e migrazione delle cellule endoteliali  

4) formazione del lume e stabilizzazione del vaso 

Oltre all’ azione di fattori pro- e anti-angiogenici, un ruolo importante 

nella regolazione fisiologica dell’angiogenesi è svolto anche da parametri 

emodinamici quali shear stress e pressione sanguigna (Distler e al., 

2003; Lehoux e al., 2006). Inoltre un potente stimolo per la crescita 

fisiologica dei vasi sanguigni è rappresentato dall’ipossia (Figura 3). 

 

 
 

Figura 3. Fasi del processo di angiogenesi.  
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All’interno della cellula, il segnale ipossico è trasdotto dal fattore di 

trascrizione Hypoxia Inducible Factor 1α, (HIF-1α) il quale promuove 

rispettivamente l’up-regulation dell’espressione di diversi fattori 

angiogenici quali Vascular Endothelial Growth Factor (VEGF), 

Angiopoietina-2 e Ossido Nitrico Sintasi (NOS) (Pugh and Racliffe, 2003) 

e la down-regulation di fattori inibitori. 

La famiglia del VEGF, il principale fattore angiogenico, comprende: 

VEGF-A (VEGF), VEGF-B, VEGF-C, VEGF-D, VEGF-E e PGF (Placental 

Growth Factor). Dal punto di vista strutturale, il VEGF A è un 

omodimero glicoproteico presente in una varietà di isoforme diverse 

prodotte per splicing alternativo di un singolo gene. Fra le isoforme 

identificate ci sono VEGF121, VEGF145, VEGF148, VEGF162, 

VEGF165, VEGF 165b, VEGF183, VEGF189, VEGF206, che differiscono 

per composizione amminoacidica, proprietà e funzioni (Takahashi e 

Shibuya, 2005). I membri della famiglia del VEGF si legano a tre 

recettori tirosina chinasici: VEGF-R-1 (FLT-1), VEGFR-2 (KDR/Flk-1) e 

VEGFR-3 (FLT-4). Il VEGF inoltre interagisce con una famiglia di 

corecettori glicoproteici, neuropilina-1 e -2 (NRP-1 e -2) (Costa e al., 

2004). 

L’angiogenesi ha inizio con la vasodilatazione del vaso preesistente. 

L’aumento della permeabilità vascolare è promosso dall’azione di un 

radicale libero gassoso, l’ossido nitrico (NO) e del VEGF, il quale 

favorisce la distruzione delle giunzioni costituite dalle Platelet 

Endothelial Cell Adhesion (PECAM-1) e dalle Vascular Endothelial (VE) 

Caderine presenti fra cellule endoteliali e fra quest’ultime e le cellule 

perivascolari (Pugg e Racliffe, 2003; Armulik e al., 2005).  
L’NO é sintetizzato a partire dall’amminoacido L-arginina, che viene 

convertito dall’enzima ossido nitrico sintasi (NOS) in citrullina, con la 

liberazione di NO; questa reazione richiede la presenza di cofattori come 

ossigeno molecolare e NADPH. Esistono tre isoforme di NOS. Due di 
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esse, la NOS neuronale (nNOS) e la NOS endoteliale (eNOS), sono 

espresse costitutivamente e per l’attivazione richiedono la presenza del 

sistema calcio/calmodulina, l’altra forma è inducibile (iNOS) ed è 

espressa in risposta all’azione delle citochine infiammatorie e di prodotti 

batterici ed è calcio-calmodulina indipendente (Tamanini e al., 2002).  

Solamente un sottogruppo di cellule endoteliali sono selezionate per lo 

sprouting e rispondono ai segnali angiogenici. Le cellule attivate si 

possono suddividere in cellule che guidano il processo di invasione, le 

“tip cell” o cellule di punta, dotate di attività proteolitica e di numerosi 

filopodi e “stalk cell” o cellule inseguitrici; queste ultime partecipano 

alla formazione del nuovo vaso proliferando e provvedendo alla 

deposizione della membrana basale (Figura 4). 

 

 
 

Figura 4. Sprouting angiogenesi.  

 

 

I meccanismi che indirizzano le cellule endoteliali a formare nuove 

strutture tubulari o a rimanere nel monostrato sono ancora poco 
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conosciuti (Engelse e al., 2008). Componenti importanti nella 

regolazione di questo processo sono i recettori Notch e i ligandi 

corrispondenti Delta-like 4 (Gridley, 2007; Hellstrom e al., 2007).  

Un ruolo importante nella regolazione dell’angiogenesi è svolto 

dall’interazione fra cellule endoteliali e matrice extracellulare. Le cellule 

endoteliali selezionate acquisiscono la capacità di invadere la 

membrana basale subendoteliale e la matrice extracellulare (Francis e 

al., 2008). Esse migrano nello spazio perivascolare utilizzando le 

proteine plasmatiche fuoriuscite dal vaso dilatato come matrice 

provvisoria. Inoltre, le cellule endoteliali rilasciano proteasi quali 

attivatori del plasminogeno (u-PA e t-PA), Metalloproteasi di matrice 

(MMP), Eparinasi, Triptasi e Catepsine, che degradano la matrice 

extracellulare, favorendo un ulteriore supporto alla migrazione delle 

cellule stesse. 

La migrazione delle cellule endoteliali è guidata principalmente da 

VEGF, angiopoietina1 e 2 e Fibroblast Growth Factor (bFGF). Altre 

citochine che regolano questo processo sono il Platelet Derived Growth 

Factor (PDGF), l’Epidermal Growth Factor (EGF), il Trasforming Growth 

Factor β (TGFβ) e molecole guida quali Efrine, Semaforine e Netrine 

(Lamalice e al., 2007; Adams e Alitalo, 2007). 

Oltre alla migrazione, l’estensione degli sprouts necessita della 

proliferazione delle cellule endoteliali. Questa fase è indotta 

principalmente da VEGF e Angiopoietina-2. 

Le proteasi facilitano lo sprouting dei vasi promuovendo il rilascio di 

fattori angiogenici legati alla matrice (bFGF, VEGF, TGFβ) e attivando 

citochine angiogeniche come l’Interleuchina-1β.  Inoltre,  la matrice 

degradata favorisce l’adesione delle cellule endoteliali integrine-mediata. 

Il segnale, trasdotto dalle integrine quali αvβ3 e αvβ5, agisce in concerto 
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all’attivazione dei recettori di VEGF e bFGF nel promuovere o inibire la 

proliferazione delle cellule endoteliali (Serini e al., 2006). 

Infine, gli sprouts si uniscono e formano strutture tubulari grazie alla 

fusione di vacuoli, in un primo momento intracellulari, e, 

successivamente, intercellulari (Kamei e al., 2006). Nella formazione del 

lume un ruolo importante è svolto dall’angiostatina, inibitore endogeno 

della angiogenesi che deriva dalla proteolisi del plasminogeno (Albini e 

al., 2009). È grazie alla capacità geneticamente programmata delle 

cellule endoteliali di formare un lume che avviene il passaggio del flusso 

sanguigno dal vaso preesistente al vaso neoformato. L’aumento di 

ossigeno, dovuto all’instaurarsi del flusso sanguigno, abbassa 

l’espressione locale di VEGF, e, di conseguenza, la proliferazione delle 

cellule endoteliali si riduce. Il reclutamento di periciti e la deposizione 

della membrana basale promuovono la maturazione del vaso e la sua 

quiescenza. Il processo di stabilizzazione è regolato da diversi fattori fra 

cui: Angiopoietina 1 e il suo recettore Tie 2, PDGF e PDGF 

receptor β, segnale Notch (Armulik e al., 2005), sfingosina-1-fosfato-1 

(S1P1) e TGF-β (Allende e al., 2003;  Bertolino e al., 2005).  Nel controllo 

negativo del processo angiogenico possono inoltre contribuire le 

proteasi, liberando componenti della matrice ad attività antiangiogenica 

quali trombospondina-1 e 2 (TSP-1 e -2), canstatina, tumstatina e le 

forme bioattive del collagene clivato endostatina e arrestina. Altri 

inibitori angiogenici sono le vasoinibine, l’antitrombina III, la 

protrombina kringle-2, il plasminogeno kringle-5 e la vasostatina 

(Nyberg e al., 2005). Mentre i fattori che promuovono l’angiogenesi 

inibiscono l’apoptosi delle cellule endoteliali, i fattori inibitori la 

inducono in modo specifico favorendo il processo di regressione del vaso 

(Dimmeler e Zheier, 2000).  
Il processo angiogenico necessita di un’ elevata coordinazione fra fattori 

ad azione autocrina, paracrina ed endocrina. Mentre sono stati fatti 
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numerosi sforzi per studiare fattori la cui funzione principale è quella di 

regolare l’angiogenesi, il contributo fornito da sostanze pleiotropiche, 

come gli ormoni, risulta difficile da interpretare data la loro varietà di 

target e funzioni. Essi possono agire direttamente sulle cellule 

endoteliali o indirettamente, reclutando altri tipi cellulari a produrre 

fattori angiogenici quali il VEGF. In particolare, negli ultimi anni ha 

assunto rilievo il ruolo svolto dai membri della famiglia composta da 

ormone della crescita/prolattina/lattogeno placentare, il sistema 

renina-angiotensina e il sistema kallikreina-kinina. Questi ormoni 

esercitano un effetto stimolatorio sull’angiogenesi, ma possono acquisire 

proprietà antiangiogeniche una volta sottoposti a clivaggio proteolitico. 

Nell’adulto, elevati livelli circolanti di questi frammenti antiangiogenici 

aiutano a mantenere il sistema vascolare in uno stato di quiescenza. 

Tuttavia i meccanismi d’azione di questi sistemi non sono ancora stati 

completamente chiariti (Clapp e al., 2009). 

 

Angiogenesi nel follicolo ovarico 
 

Nel follicolo ovarico lo sviluppo di una rete di capillari indipendente è 

indispensabile per il passaggio di questa struttura dallo stadio 

primordiale e primario agli stadi di sviluppo successivi (Robinson e al., 

2009). 

Inizialmente, i capillari sono sottili e disposti in un unico strato. Lo 

sviluppo vascolare è limitato allo strato tecale mentre la granulosa resta 

avascolare per tutta la follicologenesi (Tamanini e De Ambrogi, 2004). Al 

momento, ci sono poche informazioni su come il follicolo recluta la sua 

rete vascolare. Il principale fattore angiogenico ovarico è identificato nel 

VEGF A. Esso è già presente nelle cellule della granulosa e nelle cellule 

della teca del follicolo secondario bovino (Yang e Fortune, 2007), mentre 
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Angiopoietina e FGF2 non appaiono in queste cellule prima dello stadio 

antrale (vanWezel, 1995; Hayashi e al., 2004). Non è chiaro quale sia lo 

stimolo per la produzione di VEGF a questo stadio dello sviluppo poiché 

l’HIF1 non è ancora presente (Duncan e al., 2008). Nel suino, durante lo 

sviluppo del follicolo preantrale, si assiste ad un aumento della densità 

vascolare e ad un parallelo aumento dell’espressione del VEGF mRNA 

sia nella teca che nella granulosa (Martelli e al., 2009). 

Nell’ovaio, il processo angiogenico è coordinato all’evoluzione e 

all’involuzione ciclica delle strutture ivi presenti. Questo fa sí che, in 

questo organo, l’espressione di molti fattori angiogenici sia ormone-

dipendente (Geva e Jaffe, 2004). 

A questo proposito, è indicativo il fatto che il VEGF aumenta 

ulteriormente nelle cellule della teca e della granulosa dei follicoli 

quando il loro sviluppo inizia ad essere dipendente dalle gonadotropine: 

l’ormone follicolo stimolante, FSH e l’ormone luteinizzante, LH.  

FSH e LH sono ormoni di natura glicoproteica costituiti da due 

subunità unite da interazioni non covalenti: la subunità α comune ad 

entrambi e la subunità β ormone-specifica. Nell’adulto, FSH e LH sono 

rilasciati in maniera intermittente dall’ipofisi anteriore con una 

frequenza e ampiezza delle pulsazioni variabili durante il ciclo. Questo 

tipo di secrezione è conseguente alla liberazione pulsatile nell’ipotalamo 

del fattore di rilascio delle gonadotropine, il GnRH. A seguito 

dell’interazione con recettori specifici, le gonadotropine danno origine a 

una sequenza di segnali nelle cellule bersaglio. Il legame promuove 

l’attivazione della subunità α della proteina G alla quale sono 

accoppiati. Questa proteina, a sua volta, stimola l’enzima adenilato 

ciclasi, causando un aumento dei livelli intracellulari di AMPc e la 

conseguente attivazione della proteina chinasi A (PKA) (Wood e Strauss 

2002). L’ AMPc regola l’espressione e l’attivazione degli enzimi deputati 

alla sintesi degli ormoni steroidei (Havelock e al., 2004). 
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In particolare, nelle cellule della granulosa, l’FSH promuove l’azione 

degli enzimi aromatasici (CYP19) i quali trasformano gli androgeni 

provenienti dalla teca in estrogeni (17β-estradiolo, estrone) (Jamnongjit 

e Hammes, 2006). Successivamente, a seguito del picco di LH, si 

verifica un rapido e consistente aumento della produzione di 

progesterone grazie all’azione dell’enzima 3β-idrossisteroidodeidrogenasi 

(3β−HSD). 

L’attività degli steroidi a livello del tessuto bersaglio si esplica attraverso 

il legame a recettori intracellulari. Il complesso ormone-recettore viene 

trasferito al nucleo dove si lega al DNA, a livello del promotore di geni 

sensibili agli ormoni steroidei regolandone l’attività trascrizionale. Fra 

questi geni ci sono anche regolatori angiogenici: nel follicolo bovino è 

stato dimostrato che il progesterone stimola l’espressione del VEGFA 

mRNA (Shimzu e Miyamoto, 2007). 

Inoltre, nelle cellule della granulosa, gli estrogeni promuovono la 

proliferazione e la differenziazione, esercitano un effetto antiatresico, 

regolano la formazione delle gap junction, dell’antro follicolare e la 

sintesi dei recettori per FSH e LH. Esistono due tipi di recettori per 

questi ormoni, ERα e β. Nel suino, l’espressione di ERβ è presente 

durante tutto lo sviluppo follicolare e aumenta in sinergia con la 

proliferazione della granulosa, diminuendo poi nel corpo luteo; ERα, al 

contrario, si osserva solo nel follicolo pre-ovulatorio e nel corpo luteo in 

fase precoce (Schams e Berisha, 2002). 

Il progesterone favorisce il differenziamento finale delle cellule della 

granulosa in cellule luteiniche (Drummond, 2006) e ha un ruolo 

importante nel promuovere la maturazione dell’oocita e l’ovulazione 

(Jamnongjit e al., 2005).  

L’ azione delle gonadotropine e degli ormoni steroidei è indispensabile 

per il mantenimento della funzionalità ovarica (Findlay e al., 2009) e 
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fornisce un contributo importante nella regolazione dell’angiogenesi 

follicolare (Reisenger e al., 2007; Kim e al., 2008). L’inibizione del 

rilascio di gonadotropine utilizzando un antagonista del GnRH inibisce 

l’espressione del VEGF e l’angiogenesi nei follicoli ovulatori. 

Altri ormoni peptidici stimolano l’espressione del VEGF nel follicolo. Ad 

esempio, IGF-1 e IGF-2 promuovono la sua espressione nelle cellule 

della granulosa.  

Allo stadio di follicolo antrale, la vascolarizzazione è costituita da due 

reti di capillari concentriche, una situata direttamente sotto la 

membrana basale e l’altra nella teca esterna (Martelli e al., 2006). 

Mediante l’utilizzo della tecnica denominata “vascular corrosion casts,” 

è stato possibile evidenziare come l’ angiogenesi nella teca avvenga 

secondo modalità differenti durante lo sviluppo follicolare:  

nel follicolo antrale precoce si osserva una gemmazione seguita dallo 

sprouting dei vasi, mentre, quando il follicolo antrale raggiunge il 

massimo sviluppo, i capillari si allungano (Jiang e al. 2003). Lo sviluppo 

della rete vascolare è fondamentale per la crescita del follicolo antrale. 

Numerosi studi hanno documentato infatti che composti antiangiogenici 

come il VEGF trap riducono la vascolarizzazione tecale e di conseguenza 

lo sviluppo follicolare (Bianco e al., 2005; Fraser e Duncan, 2009). 

Poiché le modalità di angiogenesi variano in associazione allo stadio di 

maturazione del follicolo, è probabile che in ogni fase intervengano 

regolatori specifici (Robinson e al., 2009). Ad esempio, è possibile che 

ognuna delle isoforme del VEGF A sia espressa in modo differenziale 

nelle varie fasi della follicologenesi. 

Nel follicolo antrale, il VEGF A è principalmente localizzato nella 

granulosa avascolare (Greenway e al., 2005), probabilmente allo scopo 

di creare un gradiente che vada a stimolare lo sviluppo vascolare verso 

la membrana basale, massimizzando l’apporto di ossigeno, nutrienti e 

ormoni alle cellule della granulosa (Robinson e al., 2009). Gli effetti del 
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VEGF A possono essere ulteriormente modulati dall’azione coordinata 

con altri fattori quali Angiopoietina, FGF2 e PDGF (Greenberg e al., 

2008). 

La maggior parte degli studi sono rivolti all’indagine del controllo 

positivo dell’angiogenesi follicolare mentre i meccanismi che regolano il 

controllo negativo del processo sono ancora poco conosciuti. Uno dei 

fattori anti-angiogenici presente nel follicolo è la TSP-1. La sua 

concentrazione decresce all’aumentare dello sviluppo follicolare ed è 

massima durante l’atresia. La sua espressione è aumentata dall’LH in 

cellule della granulosa di ratto (Thomas e al., 2008). Per quanto 

riguarda gli ormoni, è stato osservato che in vitro il progesterone ha un 

effetto degenerativo sui vasi (Jaggers e al., 1996); un effetto inibitorio 

sulle cellule endoteliali è stato documentato anche per alcuni metaboliti 

degli estrogeni, quali 2-metossiestradiolo (Basini e al., 2006, Basini e 

al., 2007), 4- idrossi e 2- idrossi estradiolo (Basini e al., 2008a). 

Il letto vascolare follicolare fornisce le basi sulle quali si svilupperà la 

rete vasale del corpo luteo. L’accumulo di fattori proangiogenici nel 

follicolo preovulatorio, quali VEGF e FGF, appare finalizzata a sostenere 

l’intensa angiogenesi che avviene dopo l’ovulazione (Robinson e al., 

2009). Nel follicolo preovulatorio, lo sviluppo vascolare viene 

gradualmente soppiantato dal processo di maturazione vascolare e 

questo è evidenziato dall’incremento del rapporto 

angiopoietina1/angiopoietina2 che si verifica a questo stadio nel bovino 

(Hayashi e al., 2004). Il picco di LH induce l’espressione di numerosi 

geni che inducono l’ovulazione ed è stato visto che la gonadotropina può 

avere un effetto diretto sull’angiogenesi (Robinson e al., 2007). 

Nel periodo periovulatorio si instaura una condizione di iperemia e 

aumento del flusso sanguigno (Acosta e al., 2003). Questo è 

probabilmente dovuto ad un aumento della produzione di NO dovuta ad 

una aumentata espressione degli enzimi ossido nitrico sintasi 
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endoteliale (eNOS) ed inducibile (iNOS) nei vasi tecali. Probabilmente, 

tale effetto è promosso dall’azione dell’estradiolo, considerato un rapido 

promotore dell’eNOS nelle cellule endoteliali (Kim e al., 2008). 

L’aumento di permeabilità è favorito anche dal VEGF. Nel suino, l’HIF1 

è sovraespresso nel follicolo periovulatorio e nel follicolo subito dopo 

l’ovulazione. È possibile che LH induca direttamente l’espressione di 

HIF1 (Robinson e al., 2009). Il picco di LH induce anche la 

sovraespressione di numerose proteasi che promuovono la degradazione 

della membrana basale e l’invasione dei vasi nella granulosa avascolare 

(Berisha e al., 2008). La rottura della membrana favorisce la liberazione 

di fattori angiogenici sequestrati nella membrana stessa e la 

differenziazione delle cellule della granulosa in cellule luteiniche 

(Robinson e al., 2009). Inoltre, l’aumento dell’attività proteolitica 

favorisce la degradazione della matrice extracellulare che circonda i vasi 

esistenti. Una proteasi importante nel follicolo è la Disintegrin and 

Metalloproteinase with a TSP type 1 motif (ADAMTS1). Essa cliva i 

proteoglicani di matrice quali versicano e aggrecano e pro-collagene. È 

indotta dalle gonadotropine, probabilmente mediante HIF-1 (Kim e al., 

2009). 

Diversi studi hanno attribuito un ruolo importante nella trasduzione del 

segnale angiogenico a molecole appartenenti al gruppo delle specie 

reattive dell’ossigeno (ROS) quali il perossido d’idrogeno (H2O2) e 

l’anione superossido (O2-) (Basini e al., 2004). Queste molecole sono 

presenti in tutte le cellule come sottoprodotti del metabolismo aerobico 

(Valko e al., 2007); una fonte importante nelle cellule della granulosa è 

inoltre rappresentata dall’elevata attività metabolica e steroidogenica 

(Basini e al., 2008b). Mentre, a concentrazioni moderate, essi possono 

fungere da molecole segnale, il loro accumulo può, invece, causare 

danni alle strutture cellulari. Questo ha portato gli organismi a 

sviluppare una serie di meccanismi di difesa di tipo enzimatico e non 
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enzimatico che agiscono sui ROS regolandone i livelli intracellulari 

(Cadenas, 1997). Gli antiossidanti enzimatici comprendono la 

superossido dismutasi (SOD), la glutatione perossidasi (GPx) e la 

catalasi (CAT). La SOD agisce sull’ O2- convertendolo in H2O2, la quale 

deve essere poi degradata dalla catalasi e/o dalla perossidasi. Gli 

antiossidanti non enzimatici comprendono differenti sostanze fra cui 

l’acido ascorbico (vitamina C), la vitamina E, il glutatione, i carotenoidi, 

i flavonoidi, il selenio, lo zinco, la taurina e l’ipotaurina. Il follicolo 

preovulatorio è dotato di potenti difese antiossidanti, che contrastano 

l’elevata produzione di ROS (Agarwal e al., 2005) proteggendo l’oocita e 

garantendo un maggiore successo riproduttivo.  
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Ruolo della Stanniocalcina-1 
 

La stanniocalcina1 (STC1) è un ormone glicoproteico coinvolto nel 

mantenimento dell’omeostasi del calcio e del fosfato nei pesci teleostei. 

La sua presenza è stata più recentemente dimostrata anche nei 

mammiferi. Il primo omologo della STC nei mammiferi, STC1, è stato 

isolato indipendentemente in due laboratori: in un caso durante studi 

eseguiti per identificare geni coinvolti nella proliferazione cellulare 

(Chang e al., 1995) e nell’altro durante un sequenziamento random del 

cDNA di polmone umano (Olsen e al., 1996). Questa scoperta ha creato 

un grande interesse circa il possibile ruolo di questo ormone nei 

mammiferi. La STC1 umana è costituita da 247 aminoacidi e mostra 

una sorprendente omologia con quella del pesce (circa 50%); le 

estremità carbossi-terminali, tuttavia, sono molto diverse: questo indica 

che l’attività biologica risiede nel core e nel dominio N-terminale. In 

particolare, un residuo di 11 cisteine è completamente conservato, così 

come il sito di glicosilazione (Niu e al., 2000). La presenza di una 

cisteina non accoppiata in posizione 170 (169 nel pesce) consente la 

formazione di un ponte disolfuro e la formazione di un omodimero di 

50-kDa (STC-50) che rappresenta la forma dell’ormone maggiormente 

diffusa (Zhang e al., 1998; Gerritsen e Wagner, 2005). 

Il ruolo biologico della STC1 non è stato ancora completamente chiarito, 

ma i dati disponibili evidenziano un suo coinvolgimento in diversi 

processi fisiologici ed anche in diversi eventi patologici. Numerose 

evidenze (Zhang e al., 2000; Stasko e Wagner, 2001; Chakraborty e al., 

2007) concordano con il fatto che queste diverse azioni potrebbero 

essere mediate dall’effetto della STC sul trasporto locale di calcio e 

fosfato, anche se numerosi altri effetti non sono correlati con 

l’omeostasi minerale (Deol e al., 2000). Mediante Northern Blot è stata 

dimostrata in diversi mammiferi la presenza del trascritto a livello di 
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rene, surrene, cuore, polmone, timo e muscolo scheletrico: l’ 

espressione quantitativamente più elevata è stata osservata a livello 

ovarico (Varghese e al., 1998). 

Diversi laboratori hanno osservato una up-regulation della STC in 

cellule endoteliali durante l’angiogenesi tumorale (Gerritsen e al., 2002; 

Liu e al., 2003; Wary e al., 2003). È stato inoltre dimostrato che l’rhSTC 

inibisce la migrazione delle cellule endoteliali indotta dall’Hepatocyte 

Growth Factor (HGF), mentre la risposta chemotattica al VEGF e all’FGF 

sembra non essere modulata dal cotrattamento con la STC. La STC1 

potrebbe avere pertanto un ruolo selettivo e modulatorio 

nell’angiogenesi fungendo, probabilmente, da “segnale di stop” o da 

fattore stabilizzante e contribuendo alla maturazione dei vasi sanguigni 

neoformati (Zlot e al., 2003). 

La STC è in grado di indurre, inoltre, cambiamenti significativi nell’ 

espressione di numerosi geni nelle cellule endoteliali in coltura. Questo 

fatto, associato alla sua presenza sulla superficie apicale di cellule 

endoteliali in vivo, presuppone un coinvolgimento di questo ormone 

nella regolazione di numerosi aspetti della funzione endoteliale 

(Chakraborty e al., 2007). 

Lo stato ormonale è in grado di influenzare l’espressione della STC1 

nell’ovaio (Ishibashi e Imai, 2000). La sua espressione è regolata dall’LH 

e dagli alti livelli di progesterone. 

In un lavoro precedente è stata documentata la capacità di influire sulla 

produzione del VEGF da parte delle cellule della granulosa suine in vitro 

(Basini e al., 2009). Questo dato lascia ipotizzare un ruolo nella 

regolazione dell’angiogenesi follicolare. Tuttavia il ruolo svolto dalla 

STC1 nello sviluppo del follicolo ovarico non è ancora stato 

completamente chiarito e, al momento, non ci sono dati relativi alla sua 

presenza nella specie suina. 
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Nel lavoro “Expression and localization of stanniocalcin 1 in swine 

ovary” (Allegato A, reperibile nella versione definitiva al link: 

http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-

4Y0T912⎯1⎯9&_cdi=6808&_user=606283&_pii=S0016648009004407

&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&vie

w=c&wchp=dGLbVtz⎯zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0

&ie=/sdarticle.pdf; doi.10.1016/j-ygcen.2009.12.013) è stata valutata la 

presenza dell’ormone in sezioni istologiche di ovaio mediante indagine 

immunoistochimica. Parallelamente, è stata ricercata l’espressione del 

gene STC1, mediante RT-PCR, nelle componenti cellulari (strato tecale, 

cellule della granulosa e oocita) di follicoli antrali a diverso grado di 

sviluppo. Un altro obiettivo è stato quello di valutare se la STC1 è 

presente nel fluido follicolare e la eventuale produzione da cellule della 

granulosa in coltura. Inoltre, è stato valutato un potenziale effetto dell’ 

ipossia. La ricerca della proteina nei fluidi e nei media condizionati è 

stata effettuata attraverso l’impiego di un saggio RIA, grazie alla 

collaborazione del Prof. Wagner dell’Università del Western Ontario. I 

risultati ottenuti hanno dimostrato che la STC1 è presente nell’ovaio 

suino. A livello del follicolo antrale, il gene è espresso in tutte le 

componenti cellulari e l’entità dell’espressione nella teca e nella 

granulosa è dipendente dal grado di sviluppo del follicolo stesso. La 

proteina è presente nel fluido follicolare e viene prodotta dalle cellule 

della granulosa. Inoltre la condizione di deprivazione di ossigeno stimola 

tale produzione. Questi dati suggeriscono un ruolo potenziale della 

STC1 nella regolazione della fisiologia ovarica. 

Nel secondo studio “Stanniocalcin 1 is a potential physiological 

modulator of steroidogenesis in the swine ovarian follicle” (Allegato B, 

disponibile nella versione definitiva al link:  

http://www.springerlink.com/content/n81536639483956g/fulltext.pdf

; doi: 10.1007/s11259-009-9252-1), si è proceduto alla valutazione 

http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-4Y0T912-1-9&_cdi=6808&_user=606283&_pii=S0016648009004407&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&view=c&wchp=dGLbVtz-zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-4Y0T912-1-9&_cdi=6808&_user=606283&_pii=S0016648009004407&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&view=c&wchp=dGLbVtz-zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-4Y0T912-1-9&_cdi=6808&_user=606283&_pii=S0016648009004407&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&view=c&wchp=dGLbVtz-zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-4Y0T912-1-9&_cdi=6808&_user=606283&_pii=S0016648009004407&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&view=c&wchp=dGLbVtz-zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6WG0-4Y0T912-1-9&_cdi=6808&_user=606283&_pii=S0016648009004407&_origin=search&_coverDate=04%2F01%2F2010&_sk=998339997&view=c&wchp=dGLbVtz-zSkWA&md5=4fc9f5cc7a3e1cac0ffba64f083f37d0&ie=/sdarticle.pdf
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dell’effetto dell’ormone su uno dei principali parameri funzionali di una 

coltura primaria di cellule della granulosa: l’attività steroidogenica. La 

determinazione dei livelli di estradiolo 17 β (Ε2) e progesterone (P4) è 

stata eseguita con un dosaggio RIA. L’ormone è in grado di influire sulla 

produzione da parte delle cellule della granulosa di entrambi gli steroidi 

(E2: effetto inibitorio, p<0,001; P4: effetto stimolatorio, p<0,05). I 

risultati ottenuti dimostrano che la STC1 è un potenziale regolatore 

fisiologico del processo di steroidogenesi del follicolo antrale suino. 

Infine, nel lavoro “Stanniocalcin 1 affects redox status of swine 

granulosa cells”, sottoposto alla rivista Regulatory Peptides (Allegato C), 

sono stati valutati gli effetti della STC1 su altri parametri fondamentali 

per la funzione fisiologica della granulosa e del follicolo: proliferazione, 

produzione dei ROS e attività dei principali sistemi enzimatici e non 

enzimatici deputati alla loro detossificazione. La proteina non ha effetto 

sulla proliferazione della granulosa. Al contrario, modula la produzione 

dei ROS (O2- effetto stimolatorio, p<0,001; H2O2, effetto inibitorio, 

p<0,001) e l’attività degli enzimi perossidasi (effetto inibitorio, p<0,05) e 

catalasi (effetto stimolatorio, p<0,01) mentre non influisce sull’attività 

della SOD. La presenza dell’ormone, inoltre, potenzia la risposta dei 

sistemi non enzimatici cellulari indagata mediante FRAP assay (p<0,05). 

I risultati dimostrano che l’azione fisiologica della STC1 nel follicolo 

potrebbe essere mediata dalla capacità della proteina di modulare lo 

stato ossido-riduttivo della granulosa. 
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Ruolo della Netrina-1 
 

Le netrine sono proteine secrete che regolano la migrazione dei neuroni 

e guidano gli assoni lungo un percorso definito durante la formazione 

del sistema nervoso centrale (Kennedy e al. 1994; Serafini e al., 1996). 

Precisamente, rappresentano segnali bifunzionali in quanto svolgono 

una funzione attrattrice o repulsiva a seconda che avvenga il legame 

alla famiglia recettoriale DCC (Delete in Colorectal Carcinomas) o UNC-5 

(Uncoordinated) (Kennedy e al., 1994). Nei vertebrati esistono diversi 

tipi di netrine. Nel pollo, sono state identificate la Netrina-1 e -2, mentre 

nel topo, nel ratto e nell’uomo sono state individuate la Netrina-1, -3, -4 

e –G (Wang e al., 1999; Koch e al., 2000; Miyashita e al., 2005).  

Le netrine e i relativi recettori sono presenti anche in altri organi, come 

pancreas, polmoni e ghiandola mammaria: questa evidenza ha suggerito 

l’ipotesi di un più ampio coinvolgimento di queste molecole nei processi 

morfogenetici (Engelkamp, 2002). Inoltre, recentemente è stato 

evidenziato un possibile ruolo delle netrine nella guida delle cellule 

endoteliali durante la formazione dei vasi sanguigni (Wilson e al., 2006). 

La Netrina-1 risulta coinvolta in vari processi cellulari quali adesione, 

migrazione e proliferazione (Yurchenco e al., 2004). La struttura di tale 

proteina vede all’estremità N-terminale la presenza di regioni omologhe 

ai domini V e VI delle laminine. Infatti, il dominio V contiene 3 

frammenti ripetuti simili all’Epidermal Growth Factor (EGF), sia in 

termini di numero che di tipologia di residui cisteinici. Al contrario, il 

dominio C-terminale non mostra omologie con quello delle laminine, ma 

presenta numerosi residui basici, con sequenze BXBB o BXB (B = 

residui basici) (Kappler e al., 2000), (Figura 5).  
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Figura 5. Struttura della NETRINA-1 e recettori. 

 

 

Allo stato attuale, le uniche evidenze sperimentali sulla presenza della 

proteina a livello ovarico sono riferite alle sole cellule della granulosa 

suine (Maeda e al., 2008); tuttavia, il ruolo di questa proteina a livello 

ovarico non è ancora stato completamente chiarito. 

Inoltre, Lu e collaboratori (2004) hanno dimostrato che la Netrina-1 

svolge un ruolo repulsivo durante la crescita della rete vascolare a 

seguito del legame con il recettore UNC5B. Al contrario, Park e 

collaboratori in uno studio dello stesso anno riportano un effetto 

promotore della migrazione e della proliferazione endoteliale.  

Per valutare se questo fattore possa contribuire alla regolazione 

fisiologica dei processi di follicologenesi e angiogenesi ovarica è stato 

condotto uno studio in vitro. 

I risultati ottenuti sono presentati nei lavori “The axonal guidance factor 

netrin-1 as a potential modulator of swine follicular function” (Allegato 

D, reperibile nella versione definitiva al link 
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http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T3G-

50R2342⎯1&_user=606283&_coverDate=01%2F01%2F2011&_rdoc=1&

_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c

&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md

5=085dcf0fb3ab5aba646e29aa30ae8251&searchtype=a; 

doi: 10.1016/j.mce.2010.08.001) e “Netrin-1: just an axon-guidance 

factor?” (Allegato E, reperibile nella versione definitiva al link 

http://www.springerlink.com/content/l7431136h0n52503/fulltext.pdf; 

doi 10.1007/s11259-010-9366-5). 

Per indagare la presenza della Netrina-1 nell’ovaio suino, si è proceduto 

alla ricerca della proteina in sezioni istologiche mediante indagine 

immunoistochimica.  

Successivamente, è stata ricercata l’espressione del gene Net-1 

mediante RT-PCR nelle cellule della granulosa e della teca isolate da 

follicoli antrali. Inoltre, è stata indagata la presenza della proteina nel 

fluido follicolare mediante immunoblotting. Per l’analisi funzionale sono 

stati valutati gli effetti della Netrina-1, gentilmente fornita dalla Prof.ssa 

Hinck dell’Università della California, (5, 30, e 100 ng/ml) su una 

coltura primaria di cellule della granulosa e su una linea di cellule 

endoteliali aortiche suine immortalizzate (AOC). I risultati ottenuti 

hanno dimostrato che la Netrina-1 è espressa in entrambe le 

componenti cellulari del follicolo ovarico suino e che la proteina è 

presente nel fluido follicolare. Inoltre, la proteina ha avuto un effetto 

inibitorio (p<0,05) sulla crescita delle AOC in un saggio biologico di 

angiogenesi in vitro. Tale effetto potrebbe essere mediato dalla capacità 

della proteina di modulare la produzione dei fattori angiogenici VEGF e 

NO (p<0,01). 

Inoltre, la Netrina-1 ha modulato in modo significativo (p<0,05) vitalità e 

attività steroidogenica della granulosa. Questi dati indicano la Netrina 1 

quale potenziale regolatore di diversi aspetti della fisiologia follicolare. 

http://www.springerlink.com/content/l7431136h0n52503/fulltext.pdf
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Ruolo della Prolattina 
 

La prolattina (PRL) è un ormone polipeptidico sintetizzato e secreto da 

cellule specializzate dell’ipofisi anteriore dette lattotrope (Freeman e al., 

2000). Il termine “prolattina” deriva dalla funzione per la quale è stata 

caratterizzata per la prima volta: l’induzione della lattazione. Nel corso 

degli anni, tuttavia, le funzioni attribuite alla prolattina sono aumentate 

fino ad arrivare ad identificarne oltre 300 (Grattan e Kokay, 2008). 

La prolattina è presente in tutti i vertebrati e il suo cDNA è stato isolato 

e sequenziato in diverse specie. La proteina è costituita da una singola 

catena aminoacidica con tre ponti disolfuro fra sei residui di cisteina 

(Cooke e al., 1981). 

Nel ratto e nel topo la prolattina è costituita da 197 aminoacidi, mentre 

nella pecora, nel suino, nel bovino e nell’uomo da 199 con una massa 

molecolare di circa 23000 Da. La struttura tridimensionale della 

proteina è definita da 4 α−eliche antiparallele (Figura 6).  

 

 
 

Figura 6. Struttura molecolare della prolattina. 
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Anche se la forma maggiormente diffusa è quella di 23 kDa, varianti 

sono state caratterizzate in diverse specie. Le varianti possono derivare 

dallo splicing alternativo del trascritto primario, dal clivaggio 

proteolitico e da modificazioni post-traduzionali della catena 

aminoacidica quali fosforilazione e glicosilazione (Freeman e al., 2000). 

Oltre ad essere sintetizzata e secreta dalle cellule lattotrope dell’ipofisi 

anteriore, l’espressione del gene PRL è stata dimostrata in diverse 

regioni del cervello, nella decidua, nel miometrio, nelle ghiandole 

lacrimali, nel timo, nella milza, nei linfociti circolanti, nelle cellule 

linfoidi del midollo osseo, nelle cellule epiteliali mammarie e tumorali, 

nei fibroblasti cutanei e nelle ghiandole sudoripare. La prolattina è 

inoltre presente in numerosi fluidi corporei oltre al siero quali: liquido 

cerebrospinale, liquido amniotico, lacrime, latte, fluido follicolare e 

sudore. 

Mentre la prolattina ipofisaria agisce secondo la classica via endocrina, 

la prolattina extraipofisaria agisce in modo diretto fungendo da fattore 

di crescita, neurotrasmettitore o immunomodulatore. 

La prolattina prodotta localmente può agire sulle cellule adiacenti 

(azione paracrina) o sulle stesse cellule che l’hanno prodotta (azione 

autocrina) (Bole-Feysot e al., 1998).  

Il recettore della prolattina (PRL-R) appartiene alla classe 1 della 

superfamiglia dei recettori delle citochine (Kelly e al., 1991) ed è 

costituito da un dominio extracellulare un dominio transmembrana e 

un dominio intracellulare. La trascrizione del gene è regolata da tre 

differenti promotori tessuto-specifici. Il promotore I specifico per le 

gonadi, il promotore II per il fegato, e il promotore III presente in diversi 

tipi di tessuto. Diverse isoforme del recettore sono state descritte in 

diversi tipi di tessuto (Davis e Linzer, 1989; Ali e al., 1991). Esse 

derivano dallo splicing alternativo di un unico gene (Binart e al., 2010). 

Le isoforme differiscono per la lunghezza e composizione del dominio 
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citoplasmatico mentre il dominio extracellulare è identico (Leseur e al., 

1991). Le tre isoforme principali identificate nel ratto sono: forma corta 

(291 aa), intermedia (393 aa) e lunga (591 aa). In seguito al legame con 

la prolattina, il recettore va incontro a dimerizzazione (Bole-Feysot e al., 

1998). L’attivazione ligando-mediata del recettore porta alla 

fosforilazione delle tirosine di numerose proteine cellulari, compreso il 

recettore stesso. 

La presenza di entrambi i recettori della prolattina a livello ovarico 

(Binart e al., 2010) è indicativa del fatto che questo ormone ha un ruolo 

importante nella regolazione della fisiologia dell’organo. In particolare, 

l’azione dell’ormone appare fondamentale per la funzionalità del corpo 

luteo. Nel ratto l’azione “luteotropica” è caratterizzata da un incremento 

della produzione di progesterone. A conferma di questo, il knock out del 

recettore per la prolattina porta alla perdita della funzione luteinica ed 

alla sterilità. Tuttavia, gli effetti della prolattina sul corpo luteo 

dipendono dalla specie e dalla fase del ciclo estrale. Oltre al corpo luteo, 

il recettore per la prolattina media numerose funzioni nelle cellule della 

granulosa e negli oociti (Bole-Feysot e al., 1998). A tale proposito è stato 

osservato che l’aggiunta di prolattina al medium di maturazione degli 

oociti favorisce lo sviluppo di embrioni organizzati.  

Un altro aspetto importante ancora poco conosciuto è quello della 

produzione locale ovarica della prolattina. L’espressione del gene è stata 

evidenziata nell’ ovaio di suino (Einspanier e al., 1986), bovino 

(Erdmann e al., 2007), uomo (Phelps e al., 2003). Tuttavia il significato 

biologico di questa produzione locale non è stato ancora completamente 

chiarito. 

La prolattina in vivo promuove l’angiogenesi e regola il tono vascolare 

anche se è stato dimostrato che la sua azione può dipendere dal 

microambiente e dal tipo di cellule endoteliali sulle quali agisce. È stato 

dimostrato che le cellule endoteliali di diverse specie e distretti vascolari 



Controllo fisiologico: ruolo della Prolattina 
 
 

29 

producono prolattina (Corbacho e al., 2000; Ochoa e al., 2001). La 

proteina prodotta potrebbe agire direttamente legandosi al suo recettore 

specifico presente sulle cellule endoteliali stesse (Ricken e al., 2006). 

Inoltre, è stato osservato che la prolattina promuove il rilascio di VEGF 

da parte di macrofagi e l’espressione del gene in cellule Nb2 e cellule 

epiteliali mammarie di topo (HC11). Pertanto, essa potrebbe anche 

promuovere l’angiogenesi indirettamente agendo su cellule diverse dalle 

endoteliali (Clapp e al., 2008). 

Inoltre è stato dimostrato che la prolattina modula l’attività della eNOS: 

l’infusione di prolattina in suini causa vasocostrizione del letto 

vascolare locale (Molinari e al., 2007). 

Basandoci su queste evidenze sperimentali, abbiamo cercato di 

acquisire nuove conoscenze sulla presenza locale della prolattina nel 

follicolo ovarico antrale e su una sua potenziale azione in questo 

distretto. È stata inoltre indagata una eventuale capacità dell’ormone di 

modulare la funzionalità delle cellule endoteliali. 

 

 

MATERIALI E METODI 
 

La prolattina nel follicolo ovarico suino 
 

Isolamento della membrana granulosa e della teca 
I follicoli ovarici sono stati suddivisi in tre gruppi in funzione del loro 

diametro: piccoli (< 3 mm), medi (3-5 mm) e grandi (> 5 mm) (Basini e 

al., 2008). Dopo isolamento del singolo follicolo dal parenchima ovarico, 

si è proceduto in ambiente sterile, previa eliminazione della sierosa, alla 

separazione dei due strati parietali. Brevemente, la parete follicolare è 

stata perforata e rovesciata; le cellule della granulosa sono state 
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raccolte per gravità in una Petri con PBS sterile e si è proceduto 

all’eliminazione dell’oocita tramite aspirazione. La sospensione cellulare 

così ottenuta è stata pellettata mediante centrifugazione a 300 x g per 

10 minuti e si è quindi proceduto all’estrazione dell’RNA totale. La 

parete tecale è stata immediatamente congelata in azoto liquido e quindi 

sottoposta ad omogeneizzazione mediante triturazione con pestello in 

mortaio di porcellana. L’operazione è stata eseguita mantenendo il 

tessuto in azoto liquido. 

 

Estrazione RNA e PCR 
L’estrazione dell’RNA è stata effettuata utilizzando il kit NucleoSpin® 

RNA II (Macherey-Nagel GmbH, Duren, Germania) seguendo la 

procedura indicata dal produttore. L’RNA estratto è stato eluito in 60 μl 

di H2O DEPC (Dietilpirocarbonato 0,1%, RNase-free) e sottoposto a 

quantificazione spettrofotometrica (Gene Quant Pro, Amersham 

Bioscences, Freiburg, Germania). La retrotrascrizione dell’RNA totale in 

cDNA è stata effettuata mediante kit High-Capacity cDNA Reverse 

Trascription (Applied Biosystem INC, Foster City, CA, USA). 

Il cDNA ottenuto è stato successivamente amplificato mediante 

l’esecuzione di una nested-PCR, variante della PCR in cui viene 

effettuata una doppia amplificazione del gene di interesse mediante 

l’utilizzo, in successione, di due coppie di primer complementari al PRL 

mRNA suino. 

La prima amplificazione è stata condotta per 40 cicli. Dopo un 

incubazione iniziale a 95°C per 5 minuti, le temperature e i tempi per 

denaturazione, annealing ed estensione sono stati rispettivamente 95 °C 

per 30 secondi, 55°C per 30 secondi e 72°C per 30 secondi. A questo è 

seguita un estensione finale di 10 minuti a 72°C. I primer esterni (MWG 

Biotec, Ebersberg, Germania) utilizzati sono stati: forward 5’-
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ACAGGGTCGTCACAGAAAGG-3’ e reverse 5’-

TCCTGCATACCCCTCACTTC-3’ e la dimensione dell’amplificato ottenuto 

è di 401pb. 

Gli amplificati della PRL ottenuti sono stati sottoposti ad una seconda 

PCR utilizzando una coppia di primer interni: forward 5’-

CCTACTGCTGCTGGTGTCAA-3’ e reverse 5’-

TTGGGCTTGCTCTTTGTCTT-3’ il cui prodotto è di 268 pb. Per 

l’amplificazione sono stati utilizzati lo stesso numero di cicli, le stesse 

temperature e gli stessi tempi descritti precedentemente. 

Inoltre, il cDNA ottenuto è stato impiegato in una PCR per rilevare la 

presenza del trascritto del recettore della prolattina (PRL-R). I primer 

utilizzati sono stati: forward 5’-ATCTGGTTGGCTCACACTCC-3’ e reverse 

5’-CACGAAGATCCACATGGTTG-3’ che danno un amplificato di 244 pb. 

La reazione è stata condotta per 35 cicli. Dopo un incubazione iniziale a 

95°C per 5 minuti, le temperature e i tempi per denaturazione, 

annealing ed estensione sono stati rispettivamente 95 °C per 30 

secondi, 55°C per 30 secondi e 72°C per 30 secondi. A questo è seguita 

un estensione finale di 10 minuti a 72°C. 

Gli amplificati ottenuti sono stati sottoposti ad elettroforesi in gel 

d’agarosio all’1,5% addizionato del colorante Gel Red (Biotium, 

Hayward, CA). Per l’acquisizione delle immagini è stata utilizzata una 

fotocamera digitale Power  Shot A610 Canon (Canon Italia s.p.a., 

Milano). 

Per controllare l’integrità del cDNA e la correttezza della reazione è stata 

anche analizzata l’espressione di un gene housekeeping, la β−actina 

porcina. I primer utilizzati sono stati: pACTIN sense (5’- GAG ACC TTC 

AAC ACG CCG-3’) e pACTIN antisense (5’-GGA AGG TGG ACA GCG 

AGG-3’) che danno un amplificato pari a 685 bp. 
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Raccolta dei fluidi follicolari 
I fluidi follicolari sono stati raccolti mediante aspirazione dalle tre classi 

follicolari descritte in precedenza. Gli aspirati follicolari sono stati 

centrifugati per 10 minuti a 300 g per separare il fluido dalla frazione 

cellulare. I supernatanti sono stati congelati a -20°C fino al momento 

del dosaggio. 

 

Raccolta delle cellule della granulosa e coltura in ipossia 
Le cellule della granulosa sono state raccolte da follicoli grandi (> 5 mm) 

mediante aspirazione del liquido follicolare utilizzando un ago da 26 

gauge ed immediatamente sospese nel medium di coltura (MC) 

contenente eparina (50 UI/ml). Si è quindi proceduto alla 

centrifugazione a 300 x g per 10 minuti al fine di ottenere un pellet, 

successivamente risospeso con cloruro di ammonio allo 0,9 % ed 

incubato a 37°C per un minuto per lisare gli eritrociti presenti. 

Dopo ulteriore centrifugazione a 300 x g per 10 minuti, è stato eseguito 

il conteggio delle cellule presenti previa valutazione della loro vitalità 

tramite trypan blue (0,4%). 

Le cellule sono state poste in piastre da 24 pozzetti a densità di 

106/pozzetto in 1 ml di MC costituito da DMEM/Ham’s F-12 

supplementato con bicarbonato di sodio (2,2 mg/ml) albumina sierica 

bovina (BSA, 0,1%), selenio (5 ng/ml), transferrina (5 μg/ml), penicillina 

(100 UI/ml), streptomicina (100 μg/ml), amfotericina B (2,5 μg/ml). 

Dopo la piastratura le cellule sono state incubate a 37°C in atmosfera 

umidificata (5% CO2) per 24 ore e successivamente sottoposte per 18h a 

normossia (19% O2), ipossia parziale (5% O2), e ipossia totale (1% O2) 

L’ipossia parziale è stata realizzata mediante Anaereocult ® C mini 

mentre quella totale utilizzando Anaereocult ® A mini (Merck KgaA, 

Darmstad, Germany). Entrambi i sistemi si basano sull’utilizzo di un 
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sacchetto costituito da terra silicea, ferro in polvere, acido citrico e 

carbonato di sodio, i quali, dopo essere stati bagnati, fissano 

chimicamente l’ossigeno generando un’atmosfera ipossica e anossica. 

 

Quantificazione prolattina 
La quantificazione della prolattina nei fluidi follicolari e nei media di 

coltura della granulosa è stata effettuata mediante metodica ELISA. 

Brevemente, un anticorpo secondario ovino (1:500) viene fatto adsorbire 

alle pareti del pozzetto. Successivamente, per saturare tutti i possibili 

siti di legame aspecifico si esegue un incubazione con albumina sierica 

bovina (BSA). Terminata questa operazione, si aggiungono il campione e 

l’anticorpo primario diretto contro la prolattina porcina (1:50000). Dopo 

incubazione, la piastra viene decantata e viene aggiunta prolattina 

porcina precedentemente biotinilata (20 ng/pozzetto). L’antigene va a 

legarsi a tutti i siti di legame dell’anticorpo rimasti liberi dopo 

l’incubazione con il campione. Si aggiungono la streptavidina coniugata 

con la perossidasi ed il substrato cromogeno ABTS. La lettura è 

avvenuta a 405 nm mediante Multilabel Counter Victor3 (Perkin Elmer, 

Waltham, Massachusetts, USA). 

 

 

Effetti della Prolattina sulle cellule della granulosa suine 

 
La raccolta delle cellule della granulosa è stata allestita come 

precedentemente descritto. In base al tipo di esperimento, le cellule 

sono state piastrate a densità variabile. Dopo piastratura, le cellule 

sono state trattate con prolattina porcina ricombinante (fornita dalla 

Prof.ssa Farmer, Agricolture and Agri-food Canada, Dairy and Swine 
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Research and Development Centre, Quebec, Canada; Farmer e Palin, 

2005) alle concentrazioni 0,1-1 e 10 nM e successivamente incubate a 

37°C in atmosfera umidificata (5%CO2) per 48 ore. 

 

Steroidogenesi 
Le cellule della granulosa sono state seminate in piastre da 96 pozzetti 

alla concentrazione di 104 cellule/200 μl di MC addizionato con 

androstenedione (28ng/ml). Dopo 48 ore di incubazione si è proceduto 

alla raccolta dei surnatanti, congelati a -20°C fino all’analisi del 

contenuto di estradiolo 17β e di progesterone, effettuata mediante RIA 

(Grasselli e al., 1993).  

 

Produzione VEGF 
Le cellule della granulosa sono state coltivate in piastre da 24 pozzetti 

alla concentrazione di 106/1 ml MC. Il VEGF prodotto in presenza e 

assenza di prolattina è stato dosato dopo 48 ore mediante ELISA 

(Quantikine, R&D System, Minneapolis, MN, USA); questo saggio, 

sviluppato per il VEGF umano, è stato validato per la specie suina 

(Barboni e al., 2000). La reazione colorimetrica che si sviluppa è letta a 

una lunghezza d’onda di 450 nm con l’ausilio di Multilabel Counter 

Victor3 

 

Produzione di anione superossido (O2-) e perossido di idrogeno 
(H2O2). 
La produzione di O2- è stata valutata mediante saggio colorimetrico con 

reagente WST-1 (4-3-4-Iodophenyl-2-4nitrophenyl-2H-5-terazolio-1,3-

benzene; Roche, Penzberg, Germania). L’anione superossido presente 

riduce il sale terazolico a formazano, composto solubile in acqua 

quantificabile mediante spettrofotometria. 
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Brevemente, in piastre da 96 pozzetti sono state seminate 105 

cellule/200 μl di MC e trattate come precedentemente descritto. 

Durante le ultime 4 ore di incubazione sono stati addizionati 20 

μl/pozzetto di reagente WST-1. Al termine di questo periodo è stata 

quantificata l’assorbanza leggendo in doppia lunghezza d’onda (450 

contro 620 nm) mediante spettrofotometro Multilabel Counter Victor3. 

La produzione di H2O2 è stata misurata utilizzando “Amplex Red 

Hydrogen Peroxide Assay Kit” (Molecular Probes, PoortGebouw, Olanda), 

che valuta la produzione di resorufina, derivante dalla reazione tra 

l’Amplex Red e l’ H2O2 presente nel campione. Brevemente, 2 x 105 

cellule sono state seminate in 200 μl di MC in piastre da 96 pozzetti e 

incubate come precedentemente descritto. 

Al termine le cellule sono state sottoposte a centrifugazione per 10 

minuti a 400 x g e, dopo eliminazione del surnatante, si è proceduto 

alla loro lisi mediante aggiunta di Triton 0,5% + PMSF (floruro di 

fenilmetansulfonile) in PBS (200 μl/pozzetto) ed incubazione in ghiaccio 

per 30 minuti. Sui lisati è stato poi eseguito il dosaggio, utilizzando una 

curva standard con punti compresi tra 0,39 e 25 μM; la lettura è 

avvenuta a 450 nm con Multilabel Counter Victor3. 

 

Attività di detossificazione enzimatica. 
I procedimenti per realizzare le colture ed i lisati cellulari sono gli stessi 

descritti nel precedente paragrafo. 

L’attività della SOD è stata determinata nei lisati cellulari, utilizzando il 

“SOD Assay Kit” (Dojindo Molecular Technologies, Kumamoto, 

Giappone). Il test colorimetrico misura quantitativamente il formazano 

prodotto dalla reazione tra il sale di tetrazolio (WST-1) e l’anione 

superossido, prodotto da una xantina ossidasi esogena. L’assorbanza è 



Controllo fisiologico: ruolo della Prolattina 
 
 

36 

stata determinata in doppia lunghezza d’onda, 450 contro 620 nm, 

mediante Multilabel Counter Victor3. 

L’attività della catalasi è stata misurata usando “Amplex Red Catalase 

Assay Kit” (Molecular Probes, PoortGebouw, Olanda), che si basa sulla 

produzione di resorufina derivante dalla reazione tra H2O2, fornita in 

eccesso e il reagente Amplex Red in presenza della perossidasi. I lisati 

cellulari sono stati utilizzati previa diluizione 1:20 e letti contro una 

curva standard con valori compresi tra 62,5 e 1000 mU/ml. 

L’assorbanza è stata valutata ad una lunghezza d’onda di 450 nm 

usando il lettore per micropiastre Multilabel Counter Victor3. 

L’attività della perossidasi è stata valutata tramite “Amplex Red 

Peroxidase Assay Kit” (Molecular Probes, PoortGebouw, Olanda), che 

quantifica la produzione di resorufina derivante dalla reazione tra H2O2 

fornita in eccesso e il reagente Amplex Red in presenza della perossidasi 

presente nel campione. I lisati cellulari sono stati letti contro una curva 

standard con valori compresi tra 0,078 e 10 mU/ml. L’assorbanza è 

stata determinata ad una lunghezza d’onda di 540 nm mediante 

Multilabel Counter Victor3. 

 

Attività di detossificazione non enzimatica  
Il metodo FRAP (Ferric Reducing Ability of Plasma) valuta la capacità 

che gli antiossidanti presenti nel campione hanno di ridurre in 

condizioni di pH acido il complesso Fe+++/ trifiridiltriazina. 

La riduzione dello ione ferrico (Fe+++) a ione ferroso (Fe++) avviene 

secondo una reazione colorimetrica valutabile tramite spettrofotometro 

a 593 nm (Liu e al., 1982; Benzie e Strain, 1996) rispetto ad una curva 

di taratura allestita con concentrazioni note di solfato ferroso. 

Brevemente, 40 μl di lisato cellulare sono stati addizionati a 260 μl di 

reagente FRAP in triplicato in piastra da 96 wells. Il reagente FRAP è 
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stato ottenuto miscelando 25 ml di buffer acetato, 2,5 ml di soluzione 

TPTZ (2,4,6-tri-(2-piridil)-s-triazina 10 mM in HCl 40 mM) e 2,5 ml di 

soluzione di FeCl3-6H2O. Dopo 30 minuti di incubazione a 37°C si è 

proceduto alla lettura con spettrofotometro Multilabel Counter Victor3. 

 

 

Effetti della Prolattina sulle cellule endoteliali suine 

 
La linea immortalizzata di cellule endoteliali di aorta suina (AOC) 

(Figura 7) utilizzata negli esperimenti che seguono è stata gentilmente 

fornita dal Prof. Josè Yelamos (Hospital Universitario Virgen de la 

Arrixaca, El Palmar, 30120 Murcia, Spain). Le cellule sono state tutte 

utilizzate al 12° o 13° passaggio e coltivate in medium M199 addizionato 

con bicarbonato di sodio (2.2 mg/ml), penicillina (100 UI/ml), 

streptomicina (100 µg/ml) e amfotericina B (2.5 µg/ml) e con il 20% di 

FBS. 

 

 
 

Figura 7. AOC in coltura. Microfotografia al microscopio a contrasto di 
fase. 
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Saggio biologico di angiogenesi in vitro 
12,5 mg di microsferette cytodex-3 (MC) rivestite di collagene sono state 

idratate per tre ore a 37°C con 1,5 ml di PBS sterile. Dopo due lavaggi, 

le  MC  sono state  poste in una fiaschetta insieme a cellule endoteliali 

aortiche suine immortalizzate (AOC) (5 X 105) in 5 ml di M199 al 2% di 

FBS. La fiaschetta è stata  incubata per 24 ore a 37° in modo da 

consentire l’adesione delle AOC alle MC. Per la preparazione del gel di 

fibrina, le MC ricoperte da AOC (20 μl) sono state poste in piastre da 12  

pozzetti contenenti una soluzione di fibrinogeno (1 mg/ml, pH 7,6) a cui 

è stata aggiunta la trombina (5 UI/ml). Le piastre così allestite sono 

state lasciate per 30 minuti a 37°C per favorire la polimerizzazione della 

fibrina. Successivamente, è stato aggiunto 1 ml di medium M199 in 

ogni pozzetto ed è stato lasciato equilibrare per 60 minuti. Dopo un 

cambio di medium, i gel di fibrina sono stati trattati con prolattina 0,1-1 

e 10 nM ed incubati per 48 e 96 ore a 37°C al 5% di CO2. Al fine di 

determinare l’area di sviluppo vascolare, al termine dell’ incubazione 

sono state acquisite immagini fotografiche. Per quantificare la 

proliferazione delle AOC su gel di fibrina, ci si è avvalsi del programma 

Scion Image 4.02 (Scion Corporation, MA, USA, 

http://rsb.info.nih.gov/nih-image/), che consente di calcolare l’area 

occupata dalle cellule endoteliali espressa come numero di pixel.  

 

Produzione di VEGF e NO 
2x105 AOC/ 200μl sono state coltivate in piastre da 96 pozzetti con 

M199 e 20% FBS. Le cellule sono state trattate con la prolattina e dopo 

48 ore i sopranatanti sono stati raccolti per il dosaggio di VEGF e NO. Il 

dosaggio del VEGF è stato eseguito come precedentemente descritto per 

le cellule della granulosa;  
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il contenuto di ossido nitrico è stato determinato mediante test di 

Griess, preparando due soluzioni: 

 A (1% sulfanilamide, 5% acido fosforico)  

 B (0.1% N-[naftil] eilenediamina diidrocloruro) 

Si allestisce quindi una curva standard costituita da 8 punti, compresi 

tra 25 μM e 0,39 μM. A 100 μl di campione o a 100 μl di ogni punto 

della curva sono addizionati 50 μl di soluzione A e 50 μl di soluzione B. 

Dopo 10 minuti si sviluppa una reazione colorimetrica misurata a 

540nm con l’ausilio del Multilabel Counter Victor3 . 

 

Analisi statistica 
I dati vengono presentati come valore medio ± ES (errore standard). 

Ogni esperimento è stato ripetuto almeno cinque volte; nelle colture 

cellulari sono stati realizzati sei replicati per ogni trattamento. In tutti 

gli esperimenti, le differenze statistiche sono state calcolate mediante 

ANOVA utilizzando il software Statgraphics (STSC Inc., Rockville, MD, 

USA). Quando è stata rilevata una differenza statisticamente 

significativa (p<0,05), le medie sono state sottoposte al test F di Scheffè 

per confronti multipli. 
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RISULTATI 

 

La prolattina nel follicolo ovarico suino 

 

Espressione dei geni PRL e PRL-R 
L’espressione del gene PRL è stata evidenziata in entrambe le 

componenti cellulari del follicolo, teca e granulosa, solamente nei 

follicoli antrali a più elevato grado di sviluppo (Figura 8). 

 

 

 
 

Figura 8. Espressione della prolattina e della β actina nella teca e nelle 

cellule della granulosa isolate da follicoli antrali di suino a diverso grado 

di sviluppo. 
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L’espressione del gene PRL-R è stata evidenziata in tutte le classi di 

follicoli in entrambe le componenti cellulari (Figura 9). 

 

 

 
 

Figura 9. Espressione del recettore della prolattina e della β actina nella 

teca e nelle cellule della granulosa isolate da follicoli antrali di suino a 

diverso grado di sviluppo. 
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Quantificazione Prolattina nei fluidi e nei media di coltura 
La prolattina è presente nel fluido follicolare suino in quantità crescente 

in relazione al grado di sviluppo follicolare (p<0,05) (Figura 10).ed è 

prodotta dalle cellule della granulosa risultando significativamente 

stimolata (p<0,05) dalle condizioni di ipossia (Figura 11). 
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Figura 10. Contenuto di prolattina nei fluidi follicolari prelevati da follicoli 

piccoli, medi e grandi. I dati sono espressi come media ± ES. Lettere 

diverse indicano una differenza significativa (p < 0,05) . 
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Figura 11. Effetto dell’ipossia parziale e totale sulla produzione di 

prolattina da parte delle cellule della granulosa suine. I dati sono 

espressi come media ± ES. Lettere diverse indicano una differenza 

significativa (p < 0,05). 

 



Controllo fisiologico: ruolo della Prolattina 
 
 

44 

Effetti della Prolattina sulle cellule della granulosa suine 

 

Produzione steroidi 
La prolattina ha modulato in modo significativo l’attività steroidogenica 

della granulosa causando, alle concentrazioni 1 e 10 nM, un effetto 

inibitorio sulla produzione di entrambi gli steroidi, E2 (p<0,05) (Figura 

12) e P4 (p<0,01) (Figura 13).  
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Figura 12. Produzione di E2 da parte delle cellule della granulosa suine a 

seguito del trattamento con prolattina. I dati sono espressi come media ± 

ES. Lettere diverse indicano una differenza significativa (p < 0,05) . 
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Figura 13. Produzione di P4 da parte delle cellule della granulosa a 

seguito del trattamento con prolattina. 

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,01).  
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Produzione di VEGF 
La prolattina ha modulato la produzione del VEGF. In particolare, è 

stato osservato un aumento (p<0,05) della produzione del fattore 

angiogenico in presenza delle concentrazioni maggiori (Figura 14). 
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Figura 14. Produzione di VEGF da parte delle cellule della granulosa 

suine a seguito del trattamento con prolattina. 

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,05). 
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Produzione di O2- e H2O2. 
La produzione di O2

- ha subito un decremento significativo (p<0,001) in 

presenza del trattamento 1nM (Figura 15). La produzione di H2O2.è stata 

inibita (p<0,01) dalla concentrazione maggiore, 10nM (Figura 16). 
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Figura 15. Effetto della prolattina sulla produzione di O2- da parte delle 

cellule della granulosa suina.  

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,001). 
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Figura 16. Effetto della prolattina sulla produzione di H2O2 da parte delle 

cellule della granulosa suina. 

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,01). 

 

Attività di detossificazione enzimatica 
La prolattina non ha influito in modo significativo sull’attività degli 

enzimi di detossificazione, SOD, perossidasi e catalasi. 
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Attività di detossificazione non enzimatica 
La capacità di detossificazione non enzimatica della granulosa, indagata 

mediante FRAP assay, ha avuto un incremento significativo (p<0,001) in 

presenza di prolattina 10nM (Figura 17) . 
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Figura 17. Effetto della prolattina sulla capacità antiossidante non 

enzimatica in cellule della granulosa. 

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,001). 
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Effetti della Prolattina sulle cellule endoteliali suine 
 

Saggio biologico di angiogenesi  
Dopo 48h è stata osservata una stimolazione significativa della crescita 

endoteliale (p<0,001) indotta dai trattamenti 1 e 10nM (Figura 18). 

Dopo 96h, è stato osservato un effetto stimolatorio (p<0,05) sulla 

crescita delle AOC in gel di fibrina anche in presenza del trattamento a 

concentrazione inferiore (Figura 19). 
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Figura 18. A) Effetto della prolattina sulla crescita delle AOC in gel di 

fibrina dopo 48 ore di trattamento. Lettere differenti indicano una 

differenza significativa (p<0,001). 

B) Immagine rappresentativa al microscopio a contrasto di fase che 

mostra l’effetto della prolattina sulla crescita delle AOC dopo 48 ore.  
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Figura 19. Effetto della prolattina sulla crescita delle AOC in gel di fibrina 

dopo 96 ore di trattamento. Lettere diverse indicano una differenza 

significativa (p<0,05). 

B) Immagine rappresentativa al microscopio a contrasto di fase che 

mostra l’effetto della prolattina sulla crescita delle AOC dopo 96 ore. 
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Produzione VEGF e NO 
Il trattamento con prolattina ha influito in modo significativo sulla 

produzione di VEGF e NO: in particolare, la quantità di VEGF prodotto 

aumenta (p<0,001) in presenza dei trattamenti 1 e 10 nM (Figura 20) 

mentre la quantità di NO prodotta subisce un decremento significativo 

(p<0,05) a tutte e tre le concentrazioni testate (Figura 21).  
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Figura 20. Produzione di VEGF nelle AOC a seguito del trattamento con 

prolattina. 

I dati sono espressi come media ± ES. Lettere diverse indicano una 

differenza significativa (p < 0,001). 
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Figura 21. Effetto del trattamento con la prolattina sulla sintesi di NO da 

parte delle AOC. I dati sono espressi come media ± ES. Lettere diverse 

indicano una differenza significativa (p<0,05). 
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DISCUSSIONE 
 
I dati ottenuti in questo studio qualificano il follicolo antrale suino come 

un sito di sintesi extraipofisaria della prolattina. In particolare, 

entrambe le componenti cellulari del follicolo, strato tecale e cellule 

della granulosa, rappresentano le sedi potenziali della sintesi locale.  

La presenza del trascritto nelle cellule della granulosa conferma quanto 

osservato per la prima volta nel suino da Einspanier e collaboratori nel 

1986, mentre l’espressione a livello della teca nella stessa specie non 

era mai stata evidenziata in precedenza. 

La necessità di impiegare una nested PCR per rilevare l’espressione del 

gene è indicativa del fatto che i livelli di espressione in questo distretto 

sono bassi, come osservato precedentemente in cellule della granulosa 

umane (Phelps e al., 2003). Tuttavia, tale produzione potrebbe essere 

sufficiente ad esercitare un attività biologica significativa a livello locale. 

Inoltre, è importante sottolineare che la trascrizione del gene ha 

raggiunto livelli evidenziabili solamente quando il follicolo antrale 

raggiunge un più marcato grado di sviluppo ed entra nello stadio 

preovulatorio. Appare dunque significativo come la presenza del 

trascritto risultati strettamente dipendente dallo stadio di sviluppo 

follicolare; la produzione locale di prolattina potrebbe dunque 

intervenire nella regolazione dei processi di maturazione terminale del 

follicolo e nelle fasi successive, ovulazione e formazione del corpo luteo, 

struttura dove è stata rilevata sintesi locale di prolattina (Erdmann e 

al., 2007). Nell’uomo, i recettori per la prolattina non sono presenti nel 

follicolo antrale precoce ma solo nelle fasi di sviluppo successive, a 

conferma del ruolo dell’ormone negli stadi di sviluppo avanzati del 

follicolo antrale e negli eventi successivi (Perks e al., 2003). 

Al contrario, nel suino abbiamo rilevato la presenza del trascritto del 

recettore anche nei follicoli antrali piccoli sia nello strato tecale che 
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nelle cellule della granulosa. Pertanto, in questa specie la prolattina 

potrebbe agire già a partire dalle prime fasi di sviluppo del follicolo 

antrale. In questa fase, poiché la proteina non viene prodotta a livello 

locale, i recettori potrebbero essere attivati dalla prolattina presente nel 

fluido follicolare, evidentemente proveniente da altre fonti: abbiamo 

infatti rilevato la presenza dell’ormone nei fluidi di tutte tre le classi 

follicolari. In particolare, i dati ottenuti mostrano come i livelli maggiori 

siano presenti nei fluidi provenienti dai follicoli antrali a più elevato 

grado di sviluppo. Questo era stato osservato anche nel bovino 

(Henderson e al., 1982).  

Un’ ulteriore conferma della produzione locale della prolattina è data dal 

fatto che la presenza della proteina è stata rilevata nei sopranatanti 

delle cellule della granulosa isolate da follicoli antrali grandi.  

Mentre il significato biologico della produzione locale non è stato ancora 

ben caratterizzato, l’azione della prolattina ipofisaria sulla fisiologia 

ovarica è nota da tempo. La presenza della prolattina è essenziale per la 

funzionalità del sistema riproduttivo femminile: topi PRL-- non sono 

fertili e presentano un ciclo estrale irregolare. Al contrario, elevati livelli 

di prolattina hanno un effetto inibitorio sulla funzionalità ovarica poiché 

questo ormone inibisce la secrezione delle gonadotropine (Tay e al., 

1992); in particolare, l’ormone riduce la frequenza e l’ampiezza della 

secrezione pulsatile di LH ed inibisce il rilascio di GnRH nel circolo 

portale (Grattan e Kokay, 2008). 

Studi in vitro dimostrano che la prolattina agisce direttamente sulle 

cellule della granulosa potenziando o inibendo la biosintesi degli steroidi 

e modulando l’espressione dei recettori per FSH e LH (Porter e al., 

2000). Tuttavia i meccanismi attraverso i quali la prolattina esercita 

questi effetti, talvolta contrastanti, non sono ancora completamente 

conosciuti. 
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Nel nostro modello sperimentale abbiamo osservato un effetto inibitorio 

sulla produzione di entrambi gli steroidi, estradiolo 17 β e progesterone, 

quando le cellule della granulosa sono trattate con prolattina alle 

concentrazioni 1 e 10 nM.  

Un effetto inibitorio diretto sull’attività steroidogenica basale era stato 

osservato anche da Cutie e Andino nel 1988 in cellule della granulosa 

umane. 

La prolattina potrebbe esercitare un effetto simil-gonadotropinico e 

regolare la produzione degli steroidi nel follicolo antrale contribuendo 

alla fine regolazione della maturazione follicolare. Il tipo di effetto 

appare strettamente dipendente alla concentrazione raggiunta dalla 

proteina. 

Occorre ricordare che, numerosi fattori intervengono nella regolazione 

dello sviluppo follicolare modulando un processo fondamentale per la 

crescita del follicolo, l’angiogenesi. Essi possono agire direttamente sulle 

cellule endoteliali oppure produrre effetti indiretti alterando la capacità 

della granulosa di produrre fattori che agiscono sui vasi follicolari 

regolandone lo sviluppo. Fra questi, un ruolo fondamentale è svolto dal 

VEGF. Diversi studi concordano nell’attribuire alla prolattina un ruolo 

nella regolazione del processo angiogenico (Clapp e al., 2008). Tuttavia, 

così come per la steroidogenesi, in letteratura, sono presenti dati 

discordanti. Infatti, alcuni studi hanno attribuito all’ormone un effetto 

proangiogenico (Gaytan e al., 1997; Ko e al., 2003; Hilfiker-kleiner e al., 

2007), altri invece non evidenziano effetti sulla proliferazione delle 

cellule endoteliali (Struman e al., 1999; Ueda e al., 2006; Ricken e al., 

2007). 

I dati ottenuti in questo lavoro mostrano un effetto stimolatorio della 

proteina sulla crescita delle AOC in gel di fibrina. Un effetto positivo 

della prolattina sull’ angiogenesi era stato dimostrato anche da 
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Malaguarnera e collaboratori (2002) nell’ambito di uno studio in vitro 

condotto su endoteliali umane.  

In particolare, i risultati ottenuti in questo lavoro suggeriscono che la 

crescita delle AOC potrebbe essere mediata dalla capacità dell’ormone di 

aumentare la produzione di VEGF da parte delle cellule endoteliali 

stesse. Inoltre, abbiamo dimostrato che tale effetto viene prodotto anche 

sulle cellule della granulosa: la prolattina potrebbe quindi fungere da 

stimolatore fisiologico locale del processo di angiogenesi follicolare nel 

suino. Questa ipotesi è avvalorata da quanto recentemente evidenziato 

nella specie bovina da Castilla e collaboratori (2010). 

In accordo con quanto osservato da Molinari e collaboratori (2007), i 

nostri dati evidenziano che la prolattina inibisce la produzione 

endoteliale di un altro importante mediatore angiogenico, l’ossido 

nitrico.  

In realtà, il ruolo svolto da questa molecola nel controllo 

dell’angiogenesi è ancora controverso; in particolare, non è stata ancora 

chiarita l’azione che essa svolge sulla sintesi di VEGF. Infatti, alcuni 

autori riportano un’azione di tipo stimolatorio (Kimura e Esumi., 2003; 

Dulak e al., 2000) mentre altri ne dimostrano l’attività inibitoria (Powell 

e al., 2000). La concentrazione raggiunta dalla molecola appare 

determinante per il tipo di effetto. Infatti, livelli basali sembrano 

produrre l’attivazione del fattore di trascrizione HIF-1, e stimolare 

l’espressione genica del VEGF, mentre livelli elevati appaiono agire 

negativamente sulla sintesi di VEGF, probabilmente limitando l’azione 

di HIF-1 (Kimura e Esumi, 2003). Pertanto, la prolattina potrebbe 

mantenere la produzione di NO a un livello tale da favorire la 

produzione di VEGF.  

Occorre evidenziare che mentre i meccanismi di controllo del rilascio 

ipofisario della prolattina sono stati individuati, le modalità di 

regolazione della sua produzione extraipofisaria non sono ancora noti. 
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Nel nostro lavoro abbiamo osservato come la produzione di prolattina da 

parte delle cellule della granulosa venga stimolata in modo significativo 

quando le cellule in coltura sono sottoposte ad una condizione ipossica: 

la prolattina prodotta a livello follicolare potrebbe pertanto essere 

coinvolta nella risposta cellulare all’ ipossia e partecipare al controllo 

fisiologico del processo angiogenico stesso, un evento che appare 

fortemente stimolato dalla deprivazione di ossigeno, segnalata mediante 

eventi mitocondriali che si traducono in variazioni dei livelli delle specie 

reattive dell’ossigeno (ROS) (Basini e al., 2004). 

È stato dimostrato che i ROS svolgono un ruolo importante nella 

regolazione dello sviluppo del follicolo ovarico (Basini e al, 2008). 

Tuttavia, l’accumulo e il raggiungimento di elevati livelli intracellulari di 

queste sostanze risulta dannoso per la funzionalità del follicolo e per il 

processo riproduttivo: esistono pertanto diversi sistemi deputati al 

mantenimento di livelli costanti di queste molecole. I dati che abbiamo 

ottenuto evidenziano che la prolattina è in grado di inibire la produzione 

dell’ anione superossido e del perossido di idrogeno. L’effetto inibitorio 

sulla produzione dei ROS conferisce alla prolattina una potenziale 

funzione protettiva nei confronti dell’accumulo di queste sostanze nel 

follicolo. È stato evidenziato che la prolattina ha un effetto 

antiapoptotico in diversi tipi cellulari ed anche sulle cellule della 

granulosa umane per le quali funge da fattore di sopravvivenza (Perks e 

al., 2003): tale effetto potrebbe essere mediato dalla capacità di limitare 

la produzione di radicali liberi che nel periodo preovulatorio raggiunge 

livelli molto elevati. Ulteriori studi sono necessari per chiarire i 

meccanismi attraverso i quali la prolattina riduce la produzione dei 

ROS, dal momento che nel nostro lavoro non è stato dimostrato un 

parallelo incremento nell’attività degli enzimi deputati alla loro 

detossificazione: l’effetto inibitorio sulla produzione dei ROS, potrebbe 
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essere dovuto alla stimolazione dei sistemi di detossificazione non 

enzimatici.  

In conclusione, i risultati ottenuti in questo studio dimostrano che la 

prolattina nel suino è in grado di modulare processi fondamentali per la 

funzionalità e lo sviluppo follicolare quali steroidogenesi ed angiogenesi. 

La presenza della proteina nel fluido follicolare e l’espressione del suo 

recettore nei follicoli piccoli sono indicativi di un ruolo regolativo fin 

dalle prime fasi dello sviluppo. Quando il follicolo raggiunge la crescita 

massima l’aumentato contenuto di prolattina nel fluido, appare 

possibile conseguenza della produzione locale stimolata dalle condizioni 

crescenti di ipossia che si realizzano durante lo sviluppo follicolare. 
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Effetto del Gossipolo 
 

Il Gossipolo è un polifenolo presente nella pianta del cotone del genere 

Gossypium della famiglia delle Malvaceae (Figura 22). 

 

 
 

Figura 22 . Pianta del cotone. 

 

 

La presenza di sei gruppi idrossilici fenolici e di due gruppi aldeidici 

rendono il composto chimicamente reattivo (Figura 23). La sua azione è 

stata associata a fenomeni di tossicità e, in varie specie, sono stati 

osservati effetti avversi sul sistema riproduttivo in seguito ad un 

eccessivo consumo (Santos e al., 2003; Fombad e al., 2004).  

 

 

 
 

Figura 23. Struttura chimica del Gossipolo. 
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Tuttavia, i meccanismi molecolari attraverso i quali questo composto 

esercita la sua azione non sono ancora stati completamente chiariti. 

Inoltre, una maggiore conoscenza della sua attività biologica appare 

utile alla luce delle potenziali applicazioni terapeutiche di questa 

sostanza: sono state infatti attribuite al composto proprietà 

antitumorali, antimicrobiche, antivirali e antiossidanti (Wang e al., 

2009). Nel lavoro “Gossipolo, a polyphenolic aldeide from cotton plant, 

interferes with swine granulosa cell function” (Allegato F, reperibile 

nella versione definitiva al link : 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-

4VWPSX0⎯2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1

&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view

=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&

md5=65652df8dc00ed1e7d70464567e58858&searchtype=a; 

doi:10.1016/j.domaniend.2009.01.005) è stato condotto uno studio in 

vitro in cui sono stati indagati gli effetti del Gossipolo alle concentrazioni 

di 5 e 25 μg/ml sulle cellule della granulosa suine. Lo studio ha rivelato 

che il composto è in grado di modulare in modo significativo diversi 

parametri funzionali delle cellule follicolari: proliferazione, 

steroidogenesi, produzione di ossido nitrico, anione superossido e 

VEGF, l’attività dell’enzima superossido dismutasi e dei sistemi 

antiossidanti non enziamtici. In particolare, ha causato un inibizione 

significativa della steroidogenesi (p< 0,001). Tale effetto potrebbe essere 

mediato dall’ aumento della produzione dei metaboliti dell’ossigeno, 

ossido nitrico e anione superossido (p <0,05). A sua volta, l’effetto sulla 

produzione di anione superossido potrebbe essere dovuto all’inibizione 

dell’enzima deputato alla degradazione di questo radicale, la SOD 

(p<0,001). Abbiamo inoltre dimostrato che la sostanza stimola la 

produzione del fattore angiogenico VEGF (p< 0,001) e l’attività dei 

sistemi di detossificazione non enzimatici dei radicali liberi (p<0,001). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4VWPSX0-2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=65652df8dc00ed1e7d70464567e58858&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4VWPSX0-2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=65652df8dc00ed1e7d70464567e58858&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4VWPSX0-2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=65652df8dc00ed1e7d70464567e58858&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4VWPSX0-2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=65652df8dc00ed1e7d70464567e58858&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4VWPSX0-2&_user=606283&_coverDate=07%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=65652df8dc00ed1e7d70464567e58858&searchtype=a
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Dall’analisi complessiva dei risultati ottenuti è emerso che il Gossipolo è 

in grado di alterare l’attività delle cellule della granulosa in vitro e 

pertanto potrebbe fungere da interferente nella regolazione della 

funzionalità ovarica nel suino.  
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Effetto del Bisfenolo A 
 

Il bisfenolo A (BPA) è uno degli EDC maggiormente studiati. Esso 

appartiene al gruppo degli xenoestrogeni poiché mima l’azione degli 

estrogeni interagendo con i loro recettori nucleari ER α e β. Il BPA è una 

sostanza di sintesi (Figura 24) utilizzata prevalentemente per la 

produzione di un tipo di plastica impiegata nella realizzazione di 

recipienti per alimenti e bevande. In seguito a fenomeni di esposizione 

alla luce, invecchiamento, riscaldamento e contatto con composti acidi o 

basici questa sostanza può essere rilasciata nell’ambiente. La sua 

presenza è stata riscontrata in diversi campioni biologici fra cui saliva, 

siero, fluido follicolare e urine (Ikezuki e al., 2002; Calafat e al., 2008).   

 

 
Figura 24. Struttura chimica del Bisfenolo A. 

 

 

Gli studi sull’attività biologica del composto hanno evidenziato 

alterazioni a carico del sistema riproduttivo causate dall’esposizione a 

questa sostanza (Maffini e al., 2006). È stata inoltre dimostrata una sua 

potenziale interazione con il processo angiogenico (Long e al., 2001). Nel 

lavoro “Bisphenol A disrupts granulosa cell function” (Allegato G; 

reperibile nella versione definitiva al link: 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-

4YC7G17⎯1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1

&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view

=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4YC7G17-1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4YC7G17-1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4YC7G17-1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4YC7G17-1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a
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md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a; 

doi:10.1016/j.domaniend.2010.01.004) è stato effettuato uno studio in 

vitro allo scopo di indagare la capacità del BPA di interferire nella 

regolazione fisiologica dello sviluppo del follicolo antrale suino e del 

processo di angiogenesi ovarica. In particolare, è stato valutato l’effetto 

di tre diverse concentrazioni di BPA (0,1 - 1 e 10 μM) su parametri 

funzionali delle cellule della granulosa quali proliferazione, produzione 

di steroidi, produzione di VEGF e stato redox. Dall’analisi dei risultati è 

emerso che il BPA non ha effetto su proliferazione e sullo stato redox 

della granulosa. Al contrario, la produzione di E2 è stata stimolata 

(p<0,001) in presenza di BPA 0,1 μM, mentre in presenza delle 

concentrazioni più alte si è verificato l’effetto opposto (p<0,001). Il BPA 

ha inoltre causato un inibizione significativa (p<0,01) della produzione 

di P4 a tutte le concentrazioni testate ed un effetto promotore sulla 

produzione di VEGF (p<0,05). In base ai risultati ottenuti è possibile 

concludere che il BPA è un composto potenzialmente in grado di 

alterare la funzionalità delle cellule della granulosa e, considerato il 

ruolo fondamentale di queste cellule nell’attività ovarica, l’efficienza 

riproduttiva. Il BPA potrebbe inoltre essere promotore di uno sviluppo 

vascolare incontrollato. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T62-4YC7G17-1&_user=606283&_coverDate=07%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000031458&_version=1&_urlVersion=0&_userid=606283&md5=22db42514c65e663b7f59f4374c37bb4&searchtype=a
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Quando i meccanismi di controllo dell’ angiogenesi fisiologica vengono 

meno si assiste ad uno sviluppo vascolare incontrollato che caratterizza 

l’insorgenza di diverse patologie. Per la terapia delle malattie 

caratterizzate da uno sviluppo vascolare eccessivo quali cancro, 

retinopatie e artrite, è necessario utilizzare degli agenti antiangiogenici 

che consentano di bloccare la crescita dei vasi sanguigni. Pertanto, nell’ 

ultimo decennio sono stati fatti numerosi sforzi nel tentativo di 

individuare composti dotati di questa proprietà. Sono stati sviluppati 

diversi inibitori angiogenici la cui efficacia viene valutata in un primo 

momento mediante l’esecuzione di test in vitro e in vivo e 

successivamente attraverso una valutazione clinica. Recenti studi 

hanno evidenziato che numerosi componenti bioattivi presenti nelle 

piante e negli alimenti rappresentano una potenziale fonte di agenti 

antiangiogenici (Varinska e al., 2010). Essi inibiscono l’angiogenesi 

attraverso diversi meccanismi: modulano la produzione delle citochine e 

dei fattori di crescita proangiogenci, modulano parametri funzionali 

dell’endotelio (proliferazione e migrazione) e i segnali di comunicazione 

intracellulari ed extracellulari (Davis e al., 2010). Tuttavia, perché le 

molecole bioattive isolate raggiungano un’ efficacia terapeutica, spesso, 

è necessario apportare delle modifiche chimiche al composto naturale. 

Dopo tali cambiamenti strutturali è necessario verificare che l’effetto 

desiderato venga mantenuto dal derivato sintetico. 

 

L’E-resveratrolo è un polifenolo appartenente al gruppo degli stilbenoidi 

presente ad elevate concentrazioni nel vino rosso. Gli studi effettuati 

hanno attribuito al composto un ruolo potenziale nella prevenzione delle 

malattie cardiovascolari e del cancro. Esso infatti è dotato di proprietà 

antiproliferative (Benitez e al., 2007), antiangiogeniche (Zhang e al., 

2005) ed antiinfiammatorie (Nassiri-Asl e Hosseinzadeh,, 2009). Poiché 

il composto ha una bassa biodisponibilità, nel tentativo di migliorare la 
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sua attività e la potenza del suo effetto terapeutico sono stati sviluppati 

diversi analoghi, fra questi i polimetossistilbeni rappresentano il 

sottogruppo principale. Nel lavoro “Antiangiogenic Resveratrol 

Analogues by Mild m-CPBA Aromatic Hydroxylation of 3,5-

Dimethoxystilbenes” (Allegato H, reperibile nella versione definitiva al 

link: http://www.ncbi.nlm.nih.gov/pubmed/19370931) è stato 

condotto uno studio in vitro per verificare le proprietà antiangiogeniche 

di quattro analoghi dell’ E-resveratrolo: 

• 3,5,4’-trimetossistilbene (2), 

• 2-idrossi-3,5,4’-trimetossistilbene (5),  

• 2-idrossi-3,5,3’,5’-tetrametossistilbene (8)  

• 2-idrossi-3,5,3’,4’-tetrametossistilbene (11).  

In particolare, per ogni composto, (concentrazioni testate 0,1 – 1 – 10 e 

100 μM) è stato valutato l’effetto sulla crescita delle AOC in gel di 

fibrina. I composti 2, 5 e 8 hanno mostrato un effetto inibitorio 

significativo (p<0,001) sulla crescita endoteliale a tutte la concentrazioni 

testate; il composto 11, alla concentrazione più bassa, ha invece avuto 

un effetto inibitorio significativo solo dopo 96h. I risultati ottenuti 

dimostrano che gli analoghi di sintesi del resveratrolo posseggono effetto 

antiangiogenico; poiché le modificazioni chimiche conferiscono a questi 

composti una maggiore biodisponibilità rispetto al resveratrolo essi 

potrebbero fungere da potenziali agenti antiangiogenici utilizzabili per la 

terapia in vivo. In uno studio successivo “Biological effects on granulosa 

cells of hydroxylated and metilated resveratrol analogues” (Allegato I, 

reperibile nella versione definitiva al link: 

http://onlinelibrary.wiley.com/doi/10.1002/mnfr.200900320/pdf; 

doi:10.1002/mnfr.200900320) sono stati selezionati due dei composti 

che nello studio precedente avevano mostrato una potente attività 

http://www.ncbi.nlm.nih.gov/pubmed/19370931
http://onlinelibrary.wiley.com/doi/10.1002/mnfr.200900320/pdf
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antiangiogenica: 3,5,4’- trimetossistilbene (2) e 2-idrossi-3,5,4’-

trimetossistilbene (3). Essi sono stati impiegati in uno studio in vitro allo 

scopo di determinare eventuali effetti biologici su processi che 

caratterizzano l’attività funzionale delle cellule della granulosa suine fra 

cui l’angiogenesi follicolare. In particolare, sono stati valutati gli effetti 

(concentrazioni testate 0,1- 1-10- e 100 μM) su vitalità, produzione di 

steroidi, produzione di VEGF e stato redox . Lo studio ha rilevato che il 

composto 3 è in grado di inibire la crescita delle cellule della granulosa 

e di stimolare la produzione degli steroidi. Lo stesso effetto sulla 

proliferazione e sulla produzione di estradiolo 17-β è stato osservato in 

presenza del composto 2 alla concentrazione più alta, mentre lo stesso 

dosaggio ha inibito in modo significativo la produzione di progesterone. 

Entrambi gli analoghi hanno inibito la produzione di VEGF. Infine lo 

stato redox non è stato modulato in modo significativo dal composto 2 

mentre il composto 3, alla concentrazione 100 μM, ha stimolato la 

generazione di radicali liberi e l’attività degli enzimi di detossificazione. I 

dati ottenuti incrementano le conoscenze relative agli effetti biologici dei 

polimetossistilbeni e assumono interesse in relazione al loro potenziale 

utilizzo a scopo terapeutico. 

 

Il CAPE (estere feniletilico dell’acido caffeico) è un componente bioattivo 

della propoli, sostanza resinosa prodotta dalle api. Esso è dotato di 

proprietà antiossidanti, antiproliferative (Jaganathan e Mandal, 2009) e 

antiangiogeniche (Ahn e al., 2009). Nello studio “Antiangiogenic 

properties of an unusual benzo [k.l] xantene lignan derived from CAPE 

(Caffeic acid Phenethyl Ester)” (Allegato L; 

http://www.springerlink.com/content/084x161561705832/fulltext.pdf

; doi:10.1007/s10637-010-9550-z) attraverso una dimerizzazione 

biomimetica del CAPE è stato ottenuto un nuovo derivato sintetico, il 

benzo [k.l] xantene, un lignano la cui struttura è correlata a un raro 

http://www.springerlink.com/content/084x161561705832/fulltext.pdf
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gruppo di composti naturali. Per verificare il mantenimento delle 

proprietà antiangiogeniche del composto è stato effettuato uno studio in 

vitro. In particolare, sono stati valutati gli effetti dell’analogo sintetico 

(concentrazioni testate 0,1-1 e 10 μM) sulla crescita delle AOC nel 

saggio di angiogenesi in gel di fibrina e sulla produzione del VEGF da 

parte delle cellule della granulosa suine. Il composto ha mostrato un 

significativo effetto inibitorio (p<0,05), dose dipendente, sulla crescita 

delle cellule endoteliali. Un effetto inibitorio significativo è stato 

osservato anche sulla produzione di VEGF alla concentrazione 10 μM 

(p<0,001). Questi dati motivano ad uno studio più approfondito al fine 

di qualificare il benzo [k.l] xantene come nuovo farmaco 

antiangiogenico.
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A B S T R A C T 

 

Stanniocalcin 1 (STC1) is a glycoprotein hormone expressed in different mammalian 

tissues. In previous studies, we showed STC1 expression in swine ovarian follicles and we 

demonstrated that STC1 may be a physiological regulator of follicular function. Since 

reactive oxygen species (ROS) are important signal transducers in the ovary, the present 

study was undertaken to investigate STC1 action on ROS generation and on the activity of 

the major enzymatic and non-enzymatic scavengers in swine granulosa cells. Taken 

together, our data show that STC1 modulates redox status in swine granulosa cells. 
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Stanniocalcin 1 (STC1) is a peptidic hormone firstly identified in bony fishes [1] as a 

regulator of calcium/phosphate homeostasis [2, 3]. The mammalian STC1 homologue is 

largely expressed in different tissues of many species [4-6], with the highest level in the 

ovary [7, 8]. STC1 regulatory effects on calcium and phosphate exchange are conserved 

from fish to mammals [9, 10]. In the latter, STC1 involvement has been also documented in 

a variety of biological processes such as apoptosis [11, 12], inflammation [13] and 

reproduction [14]. In particular, several lines of experimental support STC1 involvement in 

regulating endothelial functions and angiogenesis [15-17]. In a previous study, we have 

shown STC1 expression in swine ovarian follicles, its presence in follicular fluid and its 

production by granulosa cells [18]. In addition, we demonstrated that STC1 could be a 

physiological regulator of follicular function by modulating steroidogenesis [19] and by 

inhibiting the production of the main proangiogenic factor Vascular Endothelial Growth 

Factor (VEGF) by granulosa cells [20], thus suggesting an involvement of STC1 in ovarian 

angiogenesis fine tuning. Reactive oxygen species (ROS) have been previously linked to 

angiogenesis signalling mechanisms in the ovary [21, 22]. Moreover, in the ovary ROS may 

have a regulatory role in various processes such as folliculogenesis, ovarian steroid 

production, oocyte maturation, corpus luteum development and luteolysis [23]. Based on 

these findings, in order to get a deeper insight on the physiological significance of STC1 in 

swine ovarian follicle function and follicular angiogenesis we investigated its effect on the 

production of the main ROS species, namely superoxide anion (O2
-) and hydrogen peroxide 

(H2O2) by swine ovarian granulosa cells. In addition, we also verified STC1 effects on the 

activity of the major enzymatic and non-enzymatic ROS detoxification systems in swine 

granulosa cells. 
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All reagents used in this study were obtained from Sigma (St. Louis, MO, USA) unless 

otherwise specified. 

 

2.1 Granulosa cell collection 

Swine ovaries were obtained from a local slaughterhouse. The ovaries were placed into 

cold PBS (4°C) supplemented with penicillin (500 IU/ml), streptomycin (500 μg/ml) and 

amphotericin B (3.75 μg/ml), maintained in a cold bag and transported to the laboratory 

within 1 h. After a series of washings with PBS and ethanol (70%) granulosa cells were 

aseptically harvested by aspiration of large follicles (> 5 mm) with a 26-gauge needle and 

released in medium containing heparin (50 IU/ml), centrifuged for 10 min at 400xg 

pelleting and then treated with 0.9% prewarmed ammonium chloride at 37 °C for 1 min to 

remove red blood cells. Cell number and viability were estimated using a haemocytometer 

under a phase contrast microscope after vital staining with trypan blue (0.4%) of an 

aliquot of the cell suspension. Cells were seeded in culture medium (CM) DMEM/F-12 + 

GlutaMax-1 (Invitrogen, Carisbad, CA, USA) supplemented with sodium bicarbonate (2.2 

mg/ml), bovine serum albumin (BSA 0.1%), penicillin (100 IU/ml), streptomycin (100 μg/ml), 

amphotericin B (2.5 μg/ml), selenium (5 ng/ml) and transferrin (5 μg/ml). Once seeded, cells 

were treated with 5 and 50 ng/ml of STC 1 (BioVendor Laboratory Medicine, Candler, NC) 

and maintained for 48 h at 37 °C under humidified atmosphere (5% CO2). This procedure 

was identical for all experiments performed in this study. 

 

2.2 Granulosa cell proliferation  

Cell proliferation was evaluated by 5-bromo-2-deoxyuridine (BrdU) incorporation assay 

test (Roche, Mannheim, Germany). Briefly, 104 cell/200 μl CM were seeded in 96-well plates 

and treated as described above. After addition of 20 μl BrdU to each well during the last 4 

 3



 4 

h of culture, culture media were removed, and DNA denaturing solution was added in 

order to improve the accessibility of the incorporated BrdU for antibody detection. 

Thereafter, 100 μl anti-BrdU antibody were added to each well. After a 1.5-h incubation at 

room temperature (21
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 °C), the immune complexes were detected by the subsequent 

substrate reaction. The reaction product was quantified by measuring the absorbance at 

450nm against 690 nm using Spectra ShellMicroplate reader (SLT Spectra, Milan, Italy). To 

establish viable cell number, absorbance was related to a standard curve prepared by 

culturing in quintuplicate granulosa cells at different plating densities (from 103 to 105/200 

μl) for 48 h. The curve was repeated in four different experiments. The relationship between 

cell number and absorbance was linear (r = 0.92). 

Cell number/well was estimated from the resulting linear regression equation. The assay 

detection limit was 103 cell/well, and the variation coefficient was less than 5%. The number 

of cells obtained by this calculation was used for correcting redox status data. 

 

2.3. Reactive oxygen species 

2.3.1  Superoxide anion (O2
-)  

O2
- production was evaluated by a WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate) test (Roche, Mannheim, Germany). The assay is based 

on the cleavage of the water-soluble tetrazolium salt, WST-1 to a yellow-orange, water 

soluble formazan. 104 cells/200 μl CM were seeded in 96-well plates. 20 μl WST-1 were 

added to cells during the last 4 h of incubation and absorbance was then determined using 

a Spectra Shell Microplate reader at a wavelength of 450 nm against 620 nm [24]. 

 

2.3.2 Hydrogen peroxide (H2O2)  

Hydrogen peroxide (H2O2) production was measured by an Amplex Red Hydrogen 

Peroxide Assay Kit (Molecular Probes, PoortGebouw, The Netherlands); the Amplex Red 
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 5 

reagent reacts with H2O2 to produce resorufin, an oxidation product. Briefly, 2 × 105 

cells/200 μl CM were seeded in 96-well plates. After incubation with treatments, plates were 

centrifuged for 10 min, at 400 × g, then the supernatants were discarded and granulosa 

cells were lysed by adding cold Triton 0.5% + phenylmethylsulphonyl fluoride (PMSF) in PBS 

(200 μl/well) and incubating on ice for 30 min. The test was performed on cell lysates and 

read against a standard curve of H
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2O2 ranging from 0.39 to 25 μM. A Spectra Shell 

microplate reader set to read 540 nm emission was used to quantify the reaction product. 

 

2.4 Scavenging enzymatic activity 

The procedure performed to obtain granulosa cells lysates  is the same for all the 

scavenger enzymes. 

Briefly, 2 ×105 cells/200μl CM were seeded in 96-well plates and incubated in conditions 

described above . After centrifugation for 10 min at 400 x g, the surnatants were discarded 

and  granulosa cells were lysed adding cold Triton 0.5% + phenylmethylsulphonyl fluoride 

(PMSF) in PBS (200 μl/well) and incubating on ice for 30 min 

 

2.4.1 Superoxide dismutase activity 

SOD activity was determined by a SOD Assay Kit (Dojindo Molecular Technologies, 

Japan). Cell lysates were tested without dilution. A standard curve of SOD ranging from 

0.156 to 20 U/ml was prepared. The assay measures formazan produced by the reaction 

between tetrazolium salt (WST-1) and superoxide anion (O2
-), generated adding xantine 

oxidase. Endogenous SOD activity is related to the remaining O2
-. The absorbance was 

determined with a Spectra Shell Microplate Reader reading at a wavelength of 450 nm 

against 620 nm. 

 

2.4.2 Peroxidase activity 
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Peroxidase activity was measured by an Amplex Red Peroxidase Assay Kit (Molecular 

Probes, PoortGebouw, The Netherlands) based on the formation of an oxidation product 

(resorufin) derived from the reaction between H
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145 

2O2 given in excess and the Amplex Red 

reagent. Cell lysates were used undiluted to perform the test. The absorbance was 

determined with a Spectra Shell Microplate Reader using a 540 nm filter and read against 

a standard curve of peroxidase ranging from 0.078 to 10 mU/ml. 

 

2.4.3 Catalase activity 

Catalase activity was measured by an Amplex Red Catalase assay kit (Molecular 

Probes) based on formation of an oxidation product (resorufin) derived from the reaction 

between H2O2 given in excess and the Amplex Red reagent in the presence of horseradish 

peroxidase. Cell lysates were diluted 1:10 to perform the test and read against a standard 

curve of catalase ranging  from 62.5 to 1000 mU/ml. The absorbance was determined with 

a spectra Shell Microplate reader using a 540 nm filter. 

 

146 2.5 Scavenging non-enzymatic activity.  

147 2.5.1 Ferric reducing antioxidant power (FRAP) assay 

FRAP assay is a colorimetric method based on the ability of the antioxidant molecules 148 

to reduce ferric-tripiridyltriazine (Fe3+TPTZ) to a ferrous form (Fe2+TPTZ) [25]. Fe2+ is 149 

measured spectrophotometrically trough determination of its coloured complex with 2,4,6-150 

Tris(2- pyridyl)-s-triazine (Fe2+ TPTZ). TPTZ reagent was prepared before use, mixing 25 ml 151 

of  300 mmol/l acetate buffer, 2.5ml of  10 mmol/l  2,4,6-Tris(2- pyridyl)-s-triazine  (TPTZ) 152 

in 40 mmol/l HCl and 2.5 ml of  20 mmol/l FeCl3 
. 6H2O solution. Briefly, 2 ×105 cells/200μl 153 

CM were seeded in 96-well plates. The test was performed on 40μL of cell lysates obtained 154 

as described above, added to Fe3+TPTZ reagent and then incubated at 37°C for 30 min. 155 

The absorbance of Fe2+ TPTZ was determined by Spectra Shell Microplate Reader at a 156 
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wavelength of 595nm. The ferric reducing ability of cell lysates was calculated by plotting a 157 

standard curve of absorbance against FeSO4−7H2O standard solution. 158 
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2.6 Statistical analysis 

Each experiment was repeated at least five times; for each cell culture, six replicates for 

each treatment were carried out. Data are presented as means ± SEM. Statistical analysis 

was performed by ANOVA using Statgraphics package (STC Inc., Rockville, MD, USA). 

When significant difference were found (p <0.05), means were compared by Scheffè’s F test.  

 

3. Results 

3.1. Granulosa cell proliferation  

The BrdU incorporation assay showed no significant effect of STC1 treatment on 

granulosa cell proliferation (data not shown). 

 

3.2. Granulosa cell redox status  

The WST assay showed a increase (p <0.001) in O2
- production by granulosa cells treated 

with STC1. In particular, 5 ng/ml induced the highest increase (p<0.001) of the 

concentrations tested (Fig. 1). 

H2O2 production was reduced (p <0.001) by both STC1 concentrations without significant 

difference between them (p <0.001) (Fig. 2). 

 

3.3 Scavenging enzymatic activity 

No significant changes in SOD activity were induced by the STC1 treatments (data not 

shown). 

Peroxidase activity was inhibited (p <0.05) by both STC1 treatments with no differences 

between the two doses tested (p<0.05) (Fig. 3). 
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183 

184 

Catalase activity was stimulated (p <0.01) by the higher dose of STC1 while the lower 

dose did not produce any significant effect (Fig. 4). 
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3.4 Scavenging non-enzymatic activity 

The non-enzymatic antioxidant capacity of granulosa cells was stimulated (p <0.05) by 

STC1. In particular, the higher dose was the most effective (p <0.05) (Fig. 5).  

 

 

4. Discussion 

The mammalian form of STC1 was identified for the first time by Chang and co-workers 

[26]. Since then, numerous studies have been undertaken to investigate the biological role 

of this glycoprotein hormone. STC1 gene is expressed in different mammalian organs and, at 

least in mice and man, the highest level is found in the ovary [7, 8]. Luo and coworkers [27] 

found a high specific STC1 binding to ovarian granulosa cells in rats. Previous data from our 

laboratory suggested that STC1 is expressed in swine follicles where the protein can 

physiologically modulate steroidogenesis [18, 19]. SPOSTARE IN INTRO 

First of all, we attempted to verify the potential modulatory role on granulosa cell 

proliferation, an essential event for follicular development. In our experimental model, we 

did not detect significant differences in cell proliferation due to STC1 treatments, as also 

evidenced by Zlot and colleagues [28] in human endothelial cells.  

The high metabolic activity of granulosa cells is a potential source of active free radicals 

that can act as important second messengers [29]. ROS induce the expression of genes 

involved in ovarian physiological processes such as oocyte maturation and follicular 

development [30, 31].  

In the present study, we show that STC1 affects the production of both O2
- and H2O2  by 

granulosa cells. In particular, a stimulatory effect of STC1 on O2
- production has been 

demonstrated. This finding could be related to the ability of STC1 to stimulate 
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mitochondrial activity in muscle, liver and kidney [32]. Since the mitochondria are the main 

sites of  O
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2
- generation [33], the stimulatory effects of STC-1 on mitochondrial electron 

transport chain could be responsible for  the O2
- increase. However, in cytokine-treated 

endothelial cells, STC1 reduces O2
- production [16]. Moreover, Wang and coworkers [34] 

documented that STC1 inhibits O2
- generation in macrophages through induction of 

mitochondrial uncoupling protein UCP2. It has been hypothesized that STC1 activates anti-

oxidant pathways and plays a cytoprotective role in these cells [35]. The reasons for these 

discrepances could be explained by differences in cell types and experimental models.  

A series of reports document the involvement of O2
- in modulating ovarian 

steroidogenesis [30, 36, 37] and in inducing ovulation[30, 38]. Therefore, we can argue that 

STC1 may influence these pivotal ovarian events by increasing O2
- production. 

Intracellular ROS levels are dependent on the balance between ROS production and 

antioxidant activities [39]. The preovulatory follicle has powerful antioxidant defence 

mechanism to counteract ROS generation [31]. Our results show that STC1 has no significant 

effect on the activity of SOD, the enzyme that catalyses dismutation of O2
- to H2O2. On the 

contrary, STC1 is able to modulate both enzymes that perform H2O2 scavenging, catalase 

and peroxidase. In particular, our results show that the higher STC1 concentration stimulates 

catalase activity. Notably, this may explain STC1 inhibitory effect on H2O2 generation. 

However, we also observed a H2O2 reduction at the lower STC1 concentration. Thus, STC1 

can probably affect H2O2 levels by activating other pathways as demonstrated by the 

ability of STC1 to increase the non-enzymatic scavenger activity in granulosa cells. 

Moreover, our results reveal a STC1-induced decrease in peroxidase activity: this effect 

might be triggered by the reduction in H2O2 generation since antioxidant scavenger 

expression depends on ROS levels, which are their substrate [40]. Agarwal and coworkers 

[31] documented that H2O2 inhibits the production of progesterone in human granulosa 

cells and Gonzalez-Pacheco and coworkers  [41] demonstrated that it induces the 

expression of the main angiogenic factor, namely VEGF in endothelial cells. In our previous 
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work, [19] we have shown that STC1 increases progesterone production  and inhibits VEGF 

secretion [20] in swine granulosa cells. The present observations suggest that these effects 

might be related to an STC1- induced H
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202 decrease. 

In conclusion, the information obtained in the present study demonstrates that STC1 

affects redox status of porcine granulosa cells. These data further support the role of STC1 as 

a physiologic modulator of follicular function . 
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This study was aimed to improve knowledge about swine ovarian follicular function, paying attention
to angiogenesis, since new vessel growth is a fundamental event in ovarian function. In particular, we
investigated a potential involvement of netrin-1, a protein known as a guidance axon factor.

Firstly, we studied the expression and immunolocalization of netrin-1 in swine ovarian follicle and
its effect on cultured swine granulosa cell viability and steroidogenesis. Furthermore, aortic endothelial
cells were employed to verify a possible netrin-1 effect on angiogenesis.
vary
ngiogenesis
teriods

Our data demonstrate the expression and the presence of netrin-1 in swine follicular fluid; in addition,
it was shown that netrin-1 inhibits granulosa cell viability and estradiol 17� levels while it stimulates
progesterone production. Netrin-1 also inhibits aortic endothelial cell growth in the angiogenesis bioas-
say. This effect appears to be mediated by inhibiting vascular endothelial growth factor and stimulating

size t

nitric oxide.

Therefore, we hypothe

. Introduction

Netrins are a family of highly conserved secreted proteins struc-
urally related to laminins. They were named after the Sanskrit
ord “netr”, which means “one who guides”, since they pos-

ess guidance cues in axon pathfinding. Recent studies report the
nvolvement of netrins in other developmental process, including
he formation of vessels (Cirulli and Yebra, 2007). Both neuronal
nd vascular development require guidance to establish a precise
ranching pattern and it has been shown that several molecules

mplicated in axonal navigation have a similar role in regulating
essel sprouting (Larrivée et al., 2009). In particular, netrin-1 has
een related to the fine-tuning of the angiogenic process and pub-

ished data demonstrate pro- and anti-angiogenic effects (Park et
l., 2004; Larrivée et al., 2007; Bouvrée et al., 2008; Castets et al.,
009). Maeda et al. (2008) recently demonstrated that netrin-1

s expressed in swine granulosa cells suggesting that the protein
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
Cell. Endocrinol. (2010), doi:10.1016/j.mce.2010.08.001

ould be involved in the modulation of ovarian follicle function.
n particular, netrin-1 could play a role in the regulation of the

arked cyclical angiogenesis which takes place in the developing
ollicle and represents an unvaluable physiological model for the

∗ Corresponding author.
E-mail address: basini@unipr.it (G. Basini).

303-7207/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.mce.2010.08.001
hat netrin-1 could be important for follicular function in the swine.
© 2010 Elsevier Ireland Ltd. All rights reserved.

investigation of the molecular events responsible for new vessel
growth.

On these bases, the present study was undertaken to explore the
hypothesis that netrin-1 could act as a physiological modulator of
swine follicular function.

The expression and the immunolocalization of netrin-1 in swine
ovarian follicle were explored and the effect of different protein
concentrations on the main parameters of swine granulosa cell
function were examined. Moreover, an angiogenesis bioassay set
up in our laboratory (Basini et al., 2008a) was employed to evaluate
the effect of netrin-1 on new vessel growth.

2. Materials and methods

All reagents used in this study were obtained from Sigma (St. Louis, MO, USA)
unless otherwise specified.

2.1. Collection of ovaries

Swine ovaries were collected at a local slaughterhouse from Large White cross-
bred gilts, placed into cold PBS (4 ◦C) supplemented with penicillin (500 IU/ml),
streptomycin (500 �g/ml) and amphotericin B (3.75 �g/ml), maintained in a freezer
bag and transported to the laboratory within 1 h.
or netrin-1 as a potential modulator of swine follicular function. Mol.

2.2. Netrin-1 in swine ovarian follicle

2.2.1. Immunohistochemistry
Ovaries were placed in 10% buffered formalin and paraffin embedded. Following

routine processing, 6 �m-thick sections were placed on polylysine-treated slides

dx.doi.org/10.1016/j.mce.2010.08.001
dx.doi.org/10.1016/j.mce.2010.08.001
http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce
mailto:basini@unipr.it
dx.doi.org/10.1016/j.mce.2010.08.001
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nd stained with a polyclonal antiserum raised against a peptide corresponding
o 501–604 amino acid sequence of human netrin-1 (Santa Cruz Biotechnology,
anta Cruz, CA). Briefly, sections were blocked in 10% normal swine serum for
0 min (200 �l) and then the primary antibody was applied (250 �l of a solution
iluted 1:100 in PBS) and incubated overnight at 4 ◦C. After rinsing in PBS, the slides
ere incubated for 15 min with 200 �l of a biotinylated secondary antibody. After

hree 5-min washes in PBS, 200 �l of a solution of streptavidin–peroxidase complex
LSAB®+SYSTEM-HRP, Dako, Glostrup, Denmark) was applied for 15 min. Positive
eactions were revealed by aminoethylcarbazole (AEC) (Dako, Glostrup, Denmark).
ections were washed 3 times for 5 min with PBS and counterstained with Gill’s
matoxylin for 2 min. Control sections were subjected to the same procedure, except
hat diluted swine serum replaced the primary antibody.

.2.2. Western blotting of follicular fluid protein content
Follicular fluid was collected with a 26-gauge from follicles >5 mm (Basini et

l., 2008b), centrifuged (300 × g; 10 min) to separate rapidly the fluid from the cell
raction and refrigerated at −80 ◦C until assayed. As a positive control, a sample of
oluble protein extract from porcine spinal marrow was also prepared. To this aim
ew grams of tissue were collected from a freshly slaughtered pig and homogenized
y Ultra-Turrax (one stroke of 30 s at maximum speed) in 20 mM Tris/HCl pH 7.8
1 ml of buffer/gram of tissue). The suspension was centrifuged (18,000 × g) for 5 min
nd the supernatant was stored −80 ◦C.

The protein pattern of follicular fluid and spinal marrow samples were resolved
y 10% sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
ccording to Laemmli (1970). After electrophoresis, the protein bands were trans-
erred onto a ProBlott membrane (Applied Biosystem, Carlsbad, CA) (Towbin et al.,
979) that was blocked with 5% skimmed dry milk dissolved in 20 mm Tris/HCl
uffer, pH 7.8 containing 150 mm NaCl, and 0.01% (w/v) Tween 20 (TTBS). After
ashing with TTBS the membrane was incubated overnight with an anti-netrin-
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) raised in rabbit

iluted (1:50) in TTBS containing 1% (w/v) skimmed dry milk. After three washes
n TTBS the membrane was incubated 45 min with a solution of a biotinylated anti-
abbit IGg antibody (LSAB®+SYSTEM-HRP, Dako, Glostrup, Denmark) diluted 1:5 in
TBS. A solution of complex of streptavidin–peroxidase was then applied for 15 min
nd positive reactions were revealed by AEC. A replicate SDS-PAGE gel was stained
ith Comassie blue.

.2.3. RNA extraction and RT-PCR
Follicles >5 mm were dissected from the ovaries according to Basini et al. (2010).

ach follicle was cut open, granulosa cells were separated by means of using a sil-
conized Pasteur pipette and centrifuged at 300 × g for 10 min. Theca tissue was
eeled from each follicle using a forceps, deep frozen in liquid nitrogen and pow-
ered in a mortar.

Total RNA was extracted using Nucleospin® RNA II (Macherey-Nagel Gmbh,
uren, Germany) according to the manufacturer’s instructions. Total RNA was quan-

ified by absorbance at 260 nm (Gen Quant Pro, Amersham Bioscences, Freiburg,
ermany). Total RNA (2 �g) was reverse transcribed with Ready-to-Go You Prime
irst-Strands Beads (Amersham Biosciences, Freiburg, Germany). Netrin-1 cDNA
as PCR amplified in parallel with � actin cDNA as an internal positive control.

or netrin-1, the sense primer (5′-GAG ACC TTC AAC ACG CCG-3′) and antisense
rimer (5′-GGA AGG TGG ACA GCG AGG-3′) (MWG Biotec, Ebersberg, Germany)
ere derived from Gene Bank sequence of porcine netrin-1 (accession number
Q368597). Swine actin was amplified using the primers pACTIN sense (5′-GAG
CC TTC AAC ACG CCG-3′) and pACTIN antisense (5′-GGA AGG TGG ACA GCG AGG-
′) (MWG Biotec, Ebersberg, Germany). An aliquot (5 �l) of the cDNA template was
mplified by PCR using 0.5 �l (500 mU) Taq polymerase (Fermentas, Hannover, MD,
SA) in 50 �l PCR buffer containing 10 mM dNTP mix (Fermentas), 25 �M for netrin-
primers and 5 �M for Actin primers. Amplification was carried out using the

hermal cycler PTC-100 Peltier (MJ Research, San Francisco, CA, USA). After an initial
enaturation step for 5 min at 95 ◦C, target cDNA was amplified for 3 cycles with a
enaturation step at 95 ◦C for 30 s, annealing at 60 ◦C for 30 s (−1 ◦C in the second and
hird cycle), elongation at 72 ◦C for 30 s, and for 35 cycles with a denaturation step at
5 ◦C for 30 s, annealing at 57 ◦C for 30 s, elongation at 72 ◦C for 30 s. Reactions were
erminated with a final elongation at 72 ◦C for 10 min. The PCR products were sepa-
ated on 1.5% agarose gel stained with ethidium bromide (0.5 �g/ml) and visualized
nder UV light. Digital images were captured by Power Shot A610 photo camera
Canon, Tokyo, Japan). Quantification of band intensity was performed with NIH
mage software (Scion Corporation, MA, USA, http://rsb.info.nih.gov/nih-image/).

.3. Netrin-1 effects on swine granulosa cell functions

.3.1. Granulosa cell culture
Granulosa cells were aseptically harvested by aspiration of follicles with a 26-

auge needle, released in medium containing heparin (50 IU/ml), centrifuged for
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
Cell. Endocrinol. (2010), doi:10.1016/j.mce.2010.08.001

elleting and then treated with 0.9% prewarmed ammonium chloride at 37 ◦C for
min to remove red blood cells. Cell number and viability were estimated using a
aemocytometer under a phase contrast microscope after vital staining with trypan
lue (0.4%) of an aliquot of the cell suspension. Cells were seeded in DMEM/Ham’s
12 supplemented with sodium bicarbonate (2.2 mg/ml), bovine serum albu-
in (BSA 0.1%), penicillin (100 IU/ml), streptomycin (100 �g/ml), amphotericin B
 PRESS
ndocrinology xxx (2010) xxx–xxx

(2.5 �g/ml), selenium (5 ng/ml) and transferrin (5 �g/ml). Once seeded, cells were
incubated for 48 h at 37 ◦C under humidified atmosphere (5% CO2) in the presence
or absence of netrin-1 at the concentration of 5, 30 and 100 ng/ml. The protein was
produced as reported by Serafini et al. (1994). Briefly, cDNAs encoding chick netrin-1
tagged with a c-myc epitope at its C-terminus and fused to the constant (Fc) region
of the human IgG1, were subcloned into the expression vector pCEP4 (Invitrogen,
Carlsbad, CA) and used to transfect 293-EBNA cells (Invitrogen, Carlsbad, CA). Protein
was finally purified from conditioned media by heparin affinity chromatography to
85–90% homogeneity, as assessed by silver staining (Keino-Masu et al., 1996).

2.3.2. Granulosa cell viability
2 × 105 cells were seeded in 96-well plates in 200 �l CM. Cell proliferation was

assayed using a bioluminescent assay (ATP-lites; Packard Bioscience, Groningen,
Netherlands) which measured intracellular ATP levels. ATP, being present in all
metabolically active cells, is a viability marker whose concentration declines very
rapidly when the cells undergo necrosis or apoptosis. The ATP lite-M assay system is
based on the production of light caused by the reaction of ATP with added luciferase
and d-luciferin. The emitted light is proportional to the ATP concentration. Briefly,
50 �l of mammalian cell lysis solution were added to 100 �l of cell suspension and
the plate was shaken for 5 min in an orbital shaker at 700 rpm in order to lyse the
cells and stabilize ATP. Then 50 �l of substrate solution were added to the wells and
the microplate was shaken for 5 min in an orbital shaker at 700 rpm. The plate was
placed in the dark for 10 min and the luminescence was measured in a luminometer
(Victor, Packard Bioscience, Groningen, Netherlands).

2.3.3. Granulosa cell steroid production
104 cells/well were seeded in 96-well plates in 200 �l of CM supplemented

with androstenedione (28 ng/ml). Culture media were then collected, frozen and
stored at −20 ◦C until progesterone (P4) and estradiol 17� (E2) were determined
by a validated Radio Immuno Assays (Grasselli et al., 1993). P4 assay sensitivity and
ED50 were 0.24 and 1 nmol/l, respectively; E2 assay sensitivity and ED50 were 0.05
and 0.2 nmol/l. The intra- and inter-assay coefficients of variation were less than
12% for both assays.

2.4. Netrin-1 effects on swine aortic endothelial cell functions

2.4.1. Aortic endothelial cell culture
An immortalized porcine aortic endothelial cell line (AOC) (Carrello et al., 2002)

was generously provided by José Yelamos (Hospital Universitario Virgen de la
Arrixaca, El Palmar, 30120 Murcia, Spain). Cells were cultured in M199 medium
supplemented with sodium bicarbonate (2.2 mg/ml), FCS 20%, penicillin (100 IU/ml),
streptomycin (100 �g/ml), amphotericin B (2.5 �g/ml). In all experiments, AOC at
19th passage were used.

2.4.2. Angiogenesis bioassay
The microcarrier-based fibrin gel angiogenesis assay was performed as

described by Basini et al. (2008a) with some modifications. Briefly, 12.5 mg gelatin-
coated cytodex-3 microcarriers in 1 ml PBS were incubated for 3 h to hydrate. After
two washings in PBS and one in CM, the microcarriers were put in flasks containing
5 ml CM; AOC (5 × 105) were added and cultured for 24 h in order to let the endothe-
lial cells coat the microcarriers. For the fibrin gel preparation, 40 �l microcarriers
covered by AOC were pipetted into 6 well plates containing a solution of fibrino-
gen (1 mg/ml PBS, pH 7.6), added with 1250 IU thrombin (250 �l). Fibrin gels were
allowed to polymerize for 30 min at 37 ◦C, and then were equilibrated for 60 min
with 2 ml M199. After a change of the medium, AOC were incubated in the presence
or absence of 5, 30 or 100 ng/ml of netrin-1. Plates were incubated at 37 ◦C under
humidified atmosphere (5% CO2). AOC were cultured for 96 h, renewing totally the
treatment after 48 h as described above.

2.4.3. Quantification of AOC growth on fibrin gel matrix
Endothelial cell proliferation in the fibrin gel matrix was evaluated by means of

the public domain NIH Program Scion Image Beta 4.02. Ten pictures were taken for
each gel at 48 and 96 h; images were converted into gray scale, resized to 50% (Paint-
brush Software, MS Office) and saved as Bitmap 24bit format compatible with Scion.
The modified images were then imported into the program and measurements were
made drawing the perimeter of the area occupied by AOC expressed as number of
pixel. In order to validate the measurement of the area covered by AOC in fibrin gels
as a reliable method to evaluate cell proliferation, fibrin gels were stained by the
nuclear dye bis-benzimide (Hoechst 33258, 20 �g/ml in PBS for 60 min) and exam-
ined by the fluorescence microscope. This procedure was performed 20 times; for
each experiment the number of nuclei was counted under fluorescence and pictures
of the area covered by AOC were taken in order to measure the surface covered in
the fibrin gel. A strong correlation was observed between the area covered by AOC
and the number of nuclei found in the same area (r = 0.96).
or netrin-1 as a potential modulator of swine follicular function. Mol.

2.4.4. Aortic endothelial cell VEGF production
2 × 105 cells were seeded in 96-well plates in 200 �l M199, in the presence or

absence of 5, 30 or 100 ng/ml of netrin-1 and incubated for 48 h. VEGF content in
culture media was quantified by an ELISA (Quantikine, R&D System, Minneapolis,
MI, USA); this assay, developed for human VEGF detection, has been validated for

dx.doi.org/10.1016/j.mce.2010.08.001
http://rsb.info.nih.gov/nih-image/
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uble protein extract from porcine spinal marrow.

3.1.3. Netrin-1 gene expression
Netrin-1 expression was evidenced both in granulosa and theca

layer from swine follicles (Fig. 3).
ig. 1. Immunohistochemical localization of Netrin 1 in swine ovary. (A) Antral follic
nly in vessels (B, see arrows).

ig VEGF (Barboni et al., 2000). The assay sensitivity was 8.74 pg/ml, the inter- and
ntra-assay CVs were always less than 7%. Victor Reader set to read at a wavelength
f 450 nm emission was used to quantify the reaction product.

.4.5. Aortic endothelial cell NO production
2 × 105 cells were seeded in 96-well plates in 200 �l M199, in the presence or

bsence of 5, 30 or 100 ng/ml of netrin-1 and incubated for 48 h. Nitric oxide (NO)
as assessed by measuring nitrite levels in culture media by microplate method

ased on the formation of a chromophore after reaction with Greiss reagent, which
as prepared fresh daily by mixing equal volumes of stock A (1% sulfanilamide, 5%
hosphoric acid) and stock B (0.1% N-[naphtyl] ethylenediamine dihydrochloride).
fter incubation with Greiss reagent the absorbance was determined with the Victor
eader using a 540 nm against 620 nm filter. A calibration curve ranging from 25 to
.39 �M was prepared by diluting sodium nitrite in culture medium.

.5. Statistical analysis

Data are presented as means ± SEM. Statistical analysis was performed by means
f ANOVA using Statgraphics package (STSC Inc., Rockville, MD, USA). When signif-
cant differences were found, means were compared by Scheffè’s F-test. p-Values
0.05 were considered to be statistically significant.

. Results

.1. Netrin-1 in swine ovarian follicle

.1.1. Immunohistochemistry
Immunostaining of netrin-1 in swine ovarian follicle wall was

ndetectable. On the contrary, immunoreaction was localized in
he ovarian vessels (Fig. 1B).
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
Cell. Endocrinol. (2010), doi:10.1016/j.mce.2010.08.001

.1.2. Follicular fluid Western blotting
The immunoblotting showed the presence of netrin-1 in swine

ollicular fluid (Fig. 2). The band corresponding to netrin-1, in fact,
as resolved at the expected molecular weight of about 70 kDa
) vessel, (C) follicle walls, and (D) corpus luteum. A positive signal has been detected

both in follicular fluid and in a positive control consisting of a sol-
or netrin-1 as a potential modulator of swine follicular function. Mol.

Fig. 2. Netrin 1 protein in swine follicular fluid and spinal marrow revealed by
immunoblotting. Protein bands on SDS-PAGE gel were stained with Comassie blue.

dx.doi.org/10.1016/j.mce.2010.08.001
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Fig. 5. Effect of the 48 h treatment with or without (C) netrin-1 at the concentrations
of 5, 30 or 100 ng/ml on E2 production in swine granulosa cell culture evaluated by
RIA. Data, expressed as ng/ml, represent the mean ± SEM of six replicates/treatment
repeated in four different experiments. The absence of common letters indicates a
significant difference (p < 0.01).
ig. 3. Netrin-1 expression in swine granulosa and theca cells collected from swine
ollicles. The representative ethidium bromide-stained gel shows ACT and STC 1
mplicons from at least three follicles.

.2. Netrin-1 effects on swine granulosa cell functions

.2.1. Granulosa cell proliferation
Granulosa cell viability, evaluated as ATP content, was slightly

ut significantly (p < 0.05) inhibited by the treatment with 30 and
00 ng/ml of netrin-1 for 48 h. The lowest concentration of netrin-1
ested, 5 ng/ml, was ineffective (Fig. 4).

.2.2. Granulosa cell steroid production
Granulosa cell steroid production, evaluated by RIA assays, was

ffected by netrin-1 treatment for 48 h. E2 production was signifi-
antly inhibited (p < 0.01) by 30 and 100 ng/ml of netrin-1 (Fig. 5);
he same concentrations, on the contrary, stimulated (p < 0.001) P4
roduction (Fig. 6). The lowest concentration tested, 5 ng/ml, was

neffective on both steroid secretions (Figs. 5 and 6).

.3. Netrin-1 effects on swine aortic endothelial cell functions

.3.1. Angiogenesis bioassay
Netrin-1 significantly inhibited (p < 0.05) new vessel growth

oth after 48 and 96 h of incubation. All the concentrations tested
5, 30 and 100 ng/ml) exerted the same effect. (Figs. 7 and 8).
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
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.3.2. Aortic endothelial cell VEGF production
VEGF secretion by AOC was significantly inhibited (p < 0.01) by

he 48 h treatment with all the examined concentrations of netrin-1
5, 30 and 100 ng/ml) (Fig. 9).

ig. 4. Effect of the 48 h treatment with or without (C) netrin-1 at the concentra-
ions of 5, 30 or 100 ng/ml on granulosa cell viability evaluated as ATP content. Data,
xpressed as % vs respective C, represent the mean ± SEM of six replicates/treatment
epeated in four different experiments. Different letters indicate a significant differ-
nce (p < 0.05).

Fig. 6. Effect of the 48 h treatment with or without (C) netrin-1 at the concentrations

of 5, 30 or 100 ng/ml on P4 production in swine granulosa cell culture evaluated by
RIA. Data, expressed as ng/ml, represent the mean ± SEM of six replicates/treatment
repeated in four different experiments. Different letters indicate a significant differ-
ence (p < 0.001).

3.3.3. Aortic endothelial cell NO production
All netrin-1 concentrations (5, 30 and 100 ng/ml) signifi-

cantly stimulated (p < 0.01) NO generation after 48 h of incubation
(Fig. 10).

4. Discussion

Ovarian physiology is connoted by follicular growth, a fun-
damental event which is strictly dependent on cell proliferation,
steroid production and new vessel growth. The molecular machin-
ery which regulates ovarian angiogenesis, though extensively
studied, is far to be completely clarified. In a recent review, Larrivée
et al. (2009) observe that anatomical and structural similarities
between blood vessels and nerves have been highlighted by sev-
or netrin-1 as a potential modulator of swine follicular function. Mol.

eral studies. Among the molecules with attractive and repulsive
properties which have been found to modulate the proper guid-
ance of both nerves and blood vessels, netrin-1 displays both pro-
and anti-angiogenic effects (Park et al., 2004; Castets et al., 2009).

dx.doi.org/10.1016/j.mce.2010.08.001


ARTICLE IN PRESSG Model

MCE-7613; No. of Pages 8

G. Basini et al. / Molecular and Cellular Endocrinology xxx (2010) xxx–xxx 5

F s of 5
s ta, ex
r ence (

I
g
p
2

b
e
i
l
t
t
i
s

ig. 7. Effect of the 48 h treatment with or without (C) netrin-1 at the concentration
howing AOC growth at 48 h in fibrin gel matrix. Panel (B) area covered by AOC. Da
epeated in four different experiments. Different letters indicate a significant differ

nterestingly, netrin-1 has been found to be expressed in swine
ranulosa cells from 3-5 mm ovarian follicles, thus suggesting its
otential function in follicular function regulation (Maeda et al.,
008).

In the present study netrin-1 was evidenced in ovarian vessels
ut was undetectable in follicular wall. In addition, we document its
xpression both in granulosa and the theca layer from swine ovar-
an follicles >5 mm as well as in swine follicular fluid. These data
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
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ead us to hypothesize that netrin-1 could play a regulatory role in
he function of the ovarian follicle, a structure which represents a
ypical example of events of proliferation and differentiation. Sim-
larly, Strizzi et al. (2008) demonstrated that mammary gland, a
tructure subjected to different stages of development and differ-
, 30 or 100 ng/ml on AOC growth in fibrin gel. Panel (A) phase contrast micrographs
pressed as % vs respective C, represent the mean ± SEM of six replicates/treatment
p < 0.05).

entiation, expresses netrin-1, which appears to be involved in the
fine-tuning of these complex events. In particular, our data show
that the protein inhibits granulosa cell viability and E2 synthesis,
while it increases P4 production, thus suggesting its involvement
in the induction of granulosa cell terminal differentiation. The rela-
tionship between growth and differentiation has been a matter
of great interest in cellular biology. In granulosa cells, the dif-
ferentiative function and growth-related process appear inversely
or netrin-1 as a potential modulator of swine follicular function. Mol.

controlled (Basini et al., 1998): netrin-1 could play a pivotal role in
the paracrine/autocrine regulation of these events.

Since follicular growth is strictly dependent on adequate vascu-
lar development, this structure has been suggested as an invaluable
physiological model of angiogenesis, a process which represents an

dx.doi.org/10.1016/j.mce.2010.08.001
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ig. 8. Effect of the 96 h treatment with or without (C) netrin-1 at the concentration
howing AOC growth at 96 h in fibrin gel matrix. Panel (B) area covered by AOC. Da
epeated in four different experiments. Different letters indicate a significant differ

mportant aspect of growth and metastasis of solid tumors (Grimm
t al., 2009). The similarities between nerve and blood vessel guid-
nce have attracted considerable interest towards the study of a
otential involvement of neurotropic factors in angiogenesis con-
rol (Strizzi et al., 2008).

Among these, netrin-1 deserves particular attention even if its
xact role in angiogenesis is still doubtful since numerous studies
eport both pro- or anti-angiogenic activities (Bradford et al., 2009).
he results obtained in the fibrin bioassay demonstrate an inhibi-
Please cite this article in press as: Basini, G., et al., The axonal guidance fact
Cell. Endocrinol. (2010), doi:10.1016/j.mce.2010.08.001

ion of angiogenesis by netrin-1. This is in agreement with Lu et al.
2004), but contrary to Park et al. (2004) and Wilson et al. (2006)
ho suggested that netrin-1 stimulates new vessel growth. There-

ore, it appears that netrin-1 function, as already demonstrated in
he nervous system (Masuda et al., 2009), could be dependent on
, 30 or 100 ng/ml on AOC growth in fibrin gel. Panel (A) phase contrast micrographs
pressed as % vs respective C, represent the mean ± SEM of six replicates/treatment
p < 0.05).

receptor type as well as on the intracellular signal transduction
pathways activated by each receptor. Further studies will be needed
in order to investigate this fundamental topic in our experimen-
tal model. Our data also suggest, for the first time, that this effect
most likely appears to be mediated by an inhibition of VEGF pro-
duction by endothelial cells. Moreover, our data are in agreement
with Nguyen and Cai (2006) demonstrate that netrin-1 appears to
increase NO output by endothelial cells. It should be noted that the
role of NO in angiogenesis regulation is far from being clarified. Sev-
or netrin-1 as a potential modulator of swine follicular function. Mol.

eral studies suggest a stimulatory effect (Kimura et al., 2000; Dulak
et al., 2000; Sandau et al., 2001) while others point out inhibitory
effects (Powell et al., 2000; Santini et al., 2009). The reasons for
these discrepancies are still unknown, even if NO levels could play
an important role (Kimura and Esumi, 2003).

dx.doi.org/10.1016/j.mce.2010.08.001
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Fig. 9. Effect of the 48 h treatment with or without (C) netrin-1 at the concentra-
tions of 5, 30 or 100 ng/ml on VEGF production, evaluated by ELISA, by AOC culture.
Data, expressed as pg/ml, represent the mean ± SEM of six replicates/treatment
repeated in four different experiments. Different letters indicate a significant dif-
ference (p < 0.01).

Fig. 10. Effect of the 48 h treatment with or without (C) netrin-1 at the concen-
trations of 5, 30 or 100 ng/ml on NO production, evaluated by Greiss method,
b
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Santini, S.E., Basini, G., Bussolati, S., Grasselli, F., 2009. The phytoestrogen quercetin
y AOC culture. Data, expressed as �M, represent the mean ± SEM of six repli-
ates/treatment repeated in four different experiments. The absence of common
etters indicates a significant difference (p < 0.01).

Taken together our data demonstrate that netrin-1 is physiolog-
cally present in swine ovary and it is likely involved in modulating
ollicular function. In particular, data obtained in granulosa cells
et us to hypothesize that netrin-1 could be important for gran-
losa cell terminal differentiation; moreover, the observations in
ndothelial cells seem to suggest its involvement in the control
f new vessel growth. Further studies are strongly advisable to
ddress netrin-1 function since the molecular machinery respon-
ible for angiogenesis inhibition is far to be clarified.
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bstract

Gossypol is a polyphenol isolated from the seed, roots and stem of cotton plant (Gossypium sp.) It has been associated with adverse
ffects on female reproduction, but recently also shown having promising effects against several malignancies. Its mechanisms of
ction are however still not fully understood. This study was therefore conducted to investigate the effect of 5 or 25 �g/ml gossypol
n swine granulosa cell steroidogenic activity, redox status and Vascular Endothelial Growth Factor (VEGF) production. Study
emonstrated that gossypol significantly (p < 0.001) inhibited granulosa cell estradiol 17� and progesterone production, an effect
C
TE

Dhat could be at least partially mediated by an increase (p < 0.05) of nitric oxide and superoxide anion production as a consequence of
uperoxide dismutase inhibition. Moreover, gossypol stimulates (p < 0.001) VEGF production. In conclusion, study has demonstrated
ffecs of gossypol on swine granulosa cell function in vitro. Effects on female swine fertility can not be excluded.

2009 Published by Elsevier Inc.
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. Introduction

Gossypol (C30H30O8) is an aldehyde that is produced
n the pigment glands of the roots, leaves, stems and
eeds of the cotton plant genus Gossypium. Gossypol and
wo additional tautomeric forms, the hemiacetal and phe-
olic ketonoid, have been demonstrated to account for
umerous chemical and biological reactions associated
ith this compound [1]. During the early 1900s, toxico-

is caused by excessive consumption of cotton products
U
N

C
O

Please cite this article in press as: Basini G, et al. Gossypol, a poly
granulosa cell function. Domest Anim Endocrinol (2009), doi:10.1

y non-ruminant animals was related to gossypol poi-
oning. In the 1960s, villagers of many Chinese rural
reas had switched from cooking with soybean oil to

∗ Corresponding author. Tel.: +39 0521 032775;
ax: +39 0521 032770.
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doi:10.1016/j.domaniend.2009.01.005
crude cottonseed oil [2]. Several years later many couples
experienced fertility problems [3]. A similar impairment
of reproductive performances has been documented in
dairy cows fed with cottonseed and its by-products.
In particular, reduced rates of pregnancy and increased
pregnancy loss have been related to high free gossy-
pol diets [4]. A negative effect of gossypol on fertility
has also been shown in non ruminant females such as
rats and hamsters, possibly by a disruption of steroid
hormone metabolism [5] as well as cytotoxicity in the
embryo [6,7]. In the pig, symptoms of chronic inges-
tion of high levels of free gossypol in cottonseed meal
include labored breathing, dyspnea, decreased growth
rate and anorexia [8]. However, the effects of gossypol
phenolic aldehyde from cotton plant, interferes with swine
016/j.domaniend.2009.01.005

on swine reproduction have not been studied in detail. 45

However, a few published data indicate that gossypol 46

interferes with the expression of normal estrous cycle 47

probably due to mechanisms that affect ovarian func- 48
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tion. Moreover, administration of this substance before
implantation would inhibit pregnancy [9]. In order to
gain more detailed knowledge on the effect of gossypol
on female reproduction and to unravel its mechanisms of
action, we examined its effects on swine granulosa cell
proliferation and steroidogenesis, the main parameters
of ovarian cell function. In addition, being aware of the
fundamental role of reactive oxygen species in mediating
follicular physiology, the effects of gossypol on granu-
losa cell redox status were examined. Finally, since we
have previously demonstrated [10] that angiogenesis is
essential for ovarian follicle development, we also tested
a possible modulatory action on the production of the
main proangiogenic factor, VEGF, by granulosa cells.

2. Materials and methods

All reagents used in this study were obtained from
Sigma (St. Louis, MO, USA) unless otherwise specified.

2.1. Granulosa cell collection

Swine ovaries were collected at a local slaughter-
house from Large White cross-bred gilts, parity = 0. The
stage of the cycle were unknown. Follicles were clas-
sified on a dimension-based fashion [11]. The ovaries
were placed into cold PBS (4 ◦C) supplemented with
penicillin (500 IU/ml), streptomycin (500 �g/ml) and
amphotericin B (3.75 �g/ml), maintained in a freezer bag
and transported to the laboratory within 1 h. After a series
of washings with PBS and ethanol (70%) granulosa cells
were aseptically harvested by aspiration of large fol-
licles (> 5 mm) with a 26-gauge needle and released
in medium containing heparin (50 IU/ml), centrifuged
for pelleting and then treated with 0.9% prewarmed
ammonium chloride at 37 ◦C for 1 min to remove red
blood cells. Cell number and viability were estimated
using a haemocytometer under a phase contrast micro-
scope after vital staining with trypan blue (0.4%) of
an aliquot of the cell suspension. Cells were seeded
in culture medium (CM) M199 supplemented with
sodium bicarbonate (2.2 mg/ml), bovine serum albu-
min (BSA 0.1%), penicillin (100 IU/ml), streptomycin
(100 �g/ml), amphotericin B (2.5 �g/ml), selenium (5
U
N

Please cite this article in press as: Basini G, et al. Gossypol, a pol
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ng/ml) and transferrin (5 �g/ml). Once seeded, cells
were incubated in the presence or absence of gossy-
pol (5 or 25 �g/ml) and maintained for 48 h at 37 ◦C
under humidified atmosphere (5% CO2). This proce-
dure was identical for all experiments performed in this
study.

136

137
E
D

 P
R

O
O

F

 PRESS
ocrinology xxx (2009) xxx–xxx

2.2. Granulosa cell proliferation and steroid
production

2.2.1. Cell proliferation
104 cell/well were seeded in 96-well plates in 200 �l

CM. Cell proliferation was evaluated by 5-bromo-2′-
deoxyuridine (BrdU) incorporation assay test (Roche,
Mannheim, Germany). Briefly, after addition of 20 �l
BrdU to each well after 44 h of incubation in the pres-
ence or absence of gossypol treatments, culture media
were removed and a DNA denaturating solution was
added in order to improve the accessibility of the incor-
porated BrdU for antibody detection. Thereafter, 100 �l
anti-BrdU antibody were added to each well. After
a 1.5 h incubation at room temperature, the immune
complexes were detected by the subsequent substrate
reaction. The reaction product was quantified by mea-
suring the absorbance at a wavelength of 450 nm against
690 nm using a Spectra Shell Microplate reader (SLT
Spectra, Milan, Italy). To test the viable cell number,
absorbance was related to a standard curve prepared
by culturing in quintuplicate granulosa cells at differ-
ent plating densities (from 103 to 105/200 �l) for 48 h.
The curve was repeated in four different experiments.
The relationship between cell number and absorbance
was linear (r = 0.92). Cell number/well was estimated
from the resulting linear regression equation. The assay
detection limit was 103 cell/well and the variation coef-
ficient was less than 5%. The number of cells obtained
was used for correcting hormones, VEGF production and
redox status data.

2.2.2. Steroid production
104 cells/well were seeded in 96-well plates in 200 �l

CM supplemented with androstenedione (28 ng/ml).
Culture media were then collected, frozen and stored
at –20 ◦C until progesterone (P4) and 17� estradiol (E2)
determination by validated RIAs [12].

P4 assay sensitivity and ED50 were 0.24 and 1 nmol/l,
respectively; E2 assay sensitivity and ED50 were 0.05
and 0.2 nmol/l. The intra- and inter-assay coefficients of
variation were less than 12% for both assays.

2.3. Granulosa cell redox status

2.3.1. NO production
105 cells/200 �l CM were seeded in 96-well plates.

NO was assessed by measuring nitrite levels in culture
yphenolic aldehyde from cotton plant, interferes with swine
016/j.domaniend.2009.01.005

media by the microplate method based on the forma- 138

tion of chromophore after reaction with Griess reagent, 139

which was prepared fresh daily by mixing equal vol- 140

umes of stock A (1% sulfanilamide, 5% phosphoric acid) 141
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nd stock B (0,1% N-[naphthyl] ethylenediamine dihy-
rochloride) [13].

.3.2. Superoxide dismutase activity
2 × 105 cells/200 �l CM were seeded in 96-well

lates. SOD activity was determined by a SOD Assay
it (Dojindo Molecular Technologies, Japan). After cen-

rifugation for 10 min at 400 × g, the supernatants were
iscarded and cells were lysed adding cold Triton 1% in
RIS HCl (100 �l/105 cells) and incubating on ice for
0 min. Cell lysates were tested without dilution. A stan-
ard curve of SOD ranging from 0.156 to 20 U/ml was
repared. The assay measures formazan produced by the
eaction between tetrazolium salt (WST-1) and super-
xide anion (O2

-), generated adding xantine oxidase.
ndogenous SOD activity is related to the remaining O2

-.
he absorbance was determined with a Spectra Shell
icroplate Reader reading at a wavelength of 450 nm

gainst 620 nm.

.3.3. WST-1 assay for superoxide (O2
-) production

O2
- production was evaluated by WST-1

4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
etrazolio]-1,3-benzene disulfonate) test (Roche,

annheim, Germany). The assay is based on the cleav-
ge of the water-soluble tetrazolium salt, WST-1 to a
ellow-orange, watersoluble formazan. Evidence exists
hat tetrazolium salts can be used as a reliable measure
f intracellular O2

- production [14,15]. 104 cells/200 �l
M were seeded in 96-well plates. 20 �l WST-1 were
dded to cells during the last 4 h of incubation and
bsorbance was then determined using a Spectra Shell
icroplate reader at a wavelength of 450 nm against

20 nm.

.3.4. Scavenging non-enzymatic activity: ferric
educing antioxidant power (FRAP) assay

FRAP assay is a colorimetric method based on
he ability of the antioxidant molecules to reduce
erric-tripiridyltriazine (Fe3+TPTZ) to a ferrous form
Fe2+TPTZ). Fe2+ is measured spectrophotometrically
ia determination of its coloured complex with 2,4,6-
ris(2- pyridyl)-s-triazine (Fe2+ TPTZ). TPTZ reagent
as prepared before use, mixing 25 ml of acetate buffer,
.5 ml of 2,4,6-Tris(2- pyridyl)-s-triazine (TPTZ) 10
mol/l in HCl 40 mmol/l and FeCl3−6 H2O solution.
Briefly, 2 × 105 cells/200 �l CM were seeded in 96-

ell plates. At the end, plates were centrifuged for 10 min
U
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t 400 × g, supernatants were discarded and cells were
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uoride (PMSF) in PBS (200 �l per well), incubating
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cell lysates added to Fe3+TPTZ reagent and then incu-
bated at 37 ◦C for 30 min. The absorbance of Fe2+ TPTZ
was determined by Spectra Shell Microplate Reader at
a wavelength of 595 nm. The ferric reducing ability of
cell lysates was calculated by plotting a standard curve
of absorbance against FeSO4−7H2O standard solution.

2.4. Granulosa cell angiogenic activity

2.4.1. VEGF production
106 granulosa cells in 1 ml CM + 1% FCS were

seeded in 24-well plates. VEGF in culture media was
quantified by an ELISA (Quantikine, R&D System, Min-
neapolis, MI, USA). This assay, developed for human
VEGF detection, has been validated for pig VEGF [16].
The assay sensitivity was 8.74 pg/ml, the inter- and intra-
assay CVs were always less than 7%. A Spectra Shell
microplate reader set to read at a wavelength of 450 nm
emission was used to quantify the reaction product.

2.5. Statistical analysis

Data are presented as means ± SEM. Statistical
analysis was performed by means of ANOVA using Stat-
graphics package (STSC Inc., Rockville, MD, USA).
When significant differences were found, means were
compared by Scheffè’s F test. P values < 0.05 were con-
sidered to be statistically significant.

3. Results

3.1. Granulosa cell proliferation and steroid
production

3.1.1. Cell proliferation
Gossypol significantly increased (p < 0.01) granulosa

cell growth. The concentrations used exerted the same
effect (p < 0.01; Fig. 1).

3.1.2. Steroid production
E2 and P4 basal production by granulosa cells were

3.7 ± 0.6 and 71.8 ± 10.0 ng/ml, respectively. Gossy-
pol markedly inhibited (p < 0.001) steroidogenesis in
granulosa cells. The effect was dose-dependent for both
steroids (Fig. 2 A and B).

3.2. Granulosa cell redox status
phenolic aldehyde from cotton plant, interferes with swine
016/j.domaniend.2009.01.005

3.2.1. NO production 229

In the control group, NO levels were 3.5 ± 0.3 �M. 230

A significant increase was induced by 25 �g/ml gossy- 231
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Fig. 1. Effect of the 48 h treatment with or without (C) gossypol
(5 or 25 �g/ml) on granulosa cell proliferation using 5-bromo-2′-
deoxyuridine (BrdU) incorporation assay test. Data, expressed as %
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Fig. 2. Effect of the 48 h treatment with or without (C) gossypol (5
or 25 �g/ml) on E2 (A) and P4 (B) concentration in swine granu-
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vs respective C, represent the mean ± SEM of six replicates/treatment
repeated in four different experiments. Different letters indicate a sig-
nificant difference (p < 0.01).

pol (p < 0.05), but not with the lowest concentration of
5 �g/ml gossypol (Fig. 3).

3.2.2. Superoxide dismutase activity
Basal superoxide dismutase activity (320 ± 10

mU/ml) was significantly (p < 0.001) inhibited by the
treatment with 25 �g/ml of gossypol; on the contrary, the
lowest concentration was ineffective as shown in Fig. 4.

3.2.3. WST-1 assay for superoxide (O2
−) production

The highest gossypol concentration significantly
stimulated (p < 0.05) O2

- generation while the lowest
concentration was ineffective (Fig. 5).

3.2.4. Scavenging non-enzymatic activity: FRAP
assay

The antioxidant power was significantly (p < 0.001)
increased by both concentrations of gossypol; 25 �g/ml
resulted in the highest increase (p < 0.001; Fig. 6).

Fig. 7.
U
N
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3.3. Granulosa cell angiogenic activity

3.3.1. VEGF production
960 ± 42 pg/ml VEGF were produced by granulosa

cell in basal conditions. The lowest gossypol concentra-
tion significantly (p < 0.001) stimulated VEGF output,
while the highest one was ineffective (Fig. 5).

264

265

266
losa cell culture using RIA. Data, expressed as % vs respective C,
represent the mean ± SEM of six replicates/treatment repeated in four
different experiments. Different letters indicate a significant difference
(p < 0.001).

4. Discussion

Gossypol is a polyphenolic compound aldehyde
derived from the cotton plant belonging to the fam-
ily Malvaceae. Though it has been shown to negatively
affect reproductive function in females of different mam-
malian species [7] research done so far is patchy and not
always conclusive. Since there is recent evidence that
gossypol may be a promising agent in the treatment of
leukaemia [17], lymphoma [18] and of other malignan-
cies [19–21], a deeper understanding of its molecular
mechanisms of action is worthwhile. The results of this
study show that gossypol stimulates swine granulosa cell
proliferation. This is in contrast with data demonstrating
yphenolic aldehyde from cotton plant, interferes with swine
016/j.domaniend.2009.01.005

gossypol antiproliferative effects on a variety of cancer 267

cell lines [22]. The reason for this discrepancy may be 268

that in this study gossypol was tested using normal pri- 269

mary cells, as done in the investigation of Akira et al [23] 270
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Fig. 3. Effect of the 48 h treatment with or without (C) gossypol (5
or 25 �g/ml) on NO concentration in swine granulosa cell culture
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Fig. 5. Effect of the 48 h treatment with or without (C) gossypol
(5 or 25 �g/ml) on O2

- concentration in swine granulosa cell cul-
ture using WST-1 test. Data, expressed as milliAss Units, represent
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ifferent experiments. Different letters indicate a significant difference
p < 0.05).

ho did also not observe an inhibiting effect of gossypol
n granulosa cell. It should be noted that gossypol kills
ells specifically which is based on a genetically deter-
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Several investigators have reported that gossypol
reatment disrupts the normal pattern of estrous cycle in
ows [25] and rats [26]; this effect might be the result of
n impairement of steroidogenic pathway as evidenced

ig. 4. Effect of the 48 h treatment with or without (C) gossypol
5 or 25 �g/ml) on swine granulosa cell SOD activity using col-
rimetric method. Data, expressed as % vs respective C, represent
he mean ± SEM of six replicates/treatment repeated in four dif-
erent experiments. Different letters indicate a significant difference
p < 0.001).
E
D

 P
Rthe mean ± SEM of six replicates/treatment repeated in four dif-

ferent experiments. Different letters indicate a significant difference
(p < 0.05).

in our present study. The molecular mechanism under-
lying this action is not clear. Gu et al [27] reported that
inhibition of bovine luteal cell steroidogenesis by gossy-
pol may be due to its effect on adenylate cyclase and
3�-hydroxysteroid dehydrogenase. On the other hand,
phenolic aldehyde from cotton plant, interferes with swine
016/j.domaniend.2009.01.005

enzymes such as 5�-reductase and 3�-hydroxysteroid 286

dehydrogenase in the rat testes [28] and to inhibit 5�- 287

reductase in the canine prostate gland [29]. The present 288

Fig. 6. Effect of the 48 h treatment with or without (C) gossypol (5
or 25 �g/ml) on FRAP levels in swine granulosa cell culture using
colorimetric method. Data, expressed as % vs respective C, repre-
sent the mean ± SEM of six replicates/treatment repeated in four
different experiments. Different letters indicate a significant difference
(p < 0.001).
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Fig. 7. Effect of the 48 h treatment with or without (C) gossypol (5 or
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25 �g/ml) on VEGF concentration in swine granulosa cell culture using
ELISA. Data, expressed as pg/ml, represent the mean ± SEM of six
replicates/treatment repeated in four different experiments. Different
letters indicate a significant difference (p < 0.001).

results demonstrate that the higher gossypol concen-
tration stimulates nitric oxide (NO) production. Since
this free radical has been shown to modulate ovarian
steroidogenesis [30,31], due, at least in part to inhi-
bition of steroid production [32] involving the second
messenger cGMP [33–35], an involvement of NO in the
gossypol-induced effects is assumed.

ROS have been indicated as participants in a variety
of intracellular signalling sequences [36,37]. Gossypol
is particularly interesting since it exhibits both pro- and
anti-oxidant properties. This peculiar behaviour pertains
to different substances that are commonly categorized
as antioxidants, namely thiols, vitamin C and vitamin
E [38]. Our results show that the higher gossypol con-
centration stimulates O2

- generation by inhibiting SOD
activity. Our results are consistent with the hypothesis
that the increased O2

- levels could play some role in
the reduction of steroid production because they have
been demonstrated to exert antisteroidogenic effects in
granulosa cells [9]. On the contrary, both gossypol con-
centrations appear to stimulate FRAP levels which are
indicators of the non-enzymatic radical scavengers, such
as those represented by vitamins C, E and uric acid [39].

Gossypol is now considered a promising substance
to contrast neoplasia development [40]. To the best of
our knowledge, the effect of gossypol alone on tumour
angiogenesis has never been examinated. Xu et al. [41]
demonstrated that gossypol improves the outcome of
U
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cancer radiotherapy by increasing apoptosis mecha-
nisms. The effect of gossypol on VEGF production has
been investigated for the first time in present research.
We demonstrate that this substance can stimulate the pro-
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duction of the proangiogenic peptide by granulosa cells.
At the moment, no data have been published about the
effect of gossypol on endothelial cell VEGF production.
Recently, several papers [42–45] demonstrate that gossy-
pol stimulates apoptotic events in cancer cells mainly
by a direct inhibition of antiapoptotic Bcl-2 family pro-
teins, Bcl-2 and Bcl-xL. Our present results suggest that
the inhibitory effect of gossypol on E2 synthesis might
result in negative effect of gossypol on E2 sinthesis might
result in negative effects on E2-dependent tumours. Fur-
ther studies will be required to better investigate this
important topic.

Taken together, present research evidence that gossy-
pol affect swine granulosa cell activity in vitro thus
suggesting that this substance could interfere on female
swine fertility.
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bstract

Because of its widespread use and potential adverse biological effects, bisphenol A (BPA) represents one of the most studied
ndocrine-disrupting compounds. Within the reproductive system, ovarian granulosa cells have been documented as a target of
PA action, but no consensus has been reached about functional modifications induced by BPA. On these bases, we studied the
otential disrupting effects of BPA on the main granulosa cell functional activities, also taking into account a potential interference
ith the ovarian angiogenic process. Ovarian granulosa cells were isolated from porcine follicles and cultured in the presence or

bsence of BPA at different concentrations for 48 h. Cell proliferation was studied by measuring adenosine triphosphate content.
rogesterone (P4) and estradiol 17� (E2) production was determined by radioimmunoassay. Vascular endothelial growth factor
VEGF) output was quantified by an enzyme-linked immunosorbent assay. Redox status was monitored by measuring superoxide
nion and hydrogen peroxide, and by determining the activities of the scavenging enzymes superoxide dismutase, catalase, and
eroxidase by colorimetric methods. Granulosa cell proliferation as well as redox status resulted unaffected by BPA. Concentrations
f E2 were stimulated by the lower BPA concentration, whereas they were inhibited by the larger doses tested. P4 output was
C
Tecreased by all BPA concentrations. To the contrary, VEGF production was stimulated. Data indicate that BPA can interfere with

eproductive activity by affecting granulosa cell steroidogenesis in vitro; furthermore, BPA can exert a promoting effect on the
varian angiogenic process by increasing VEGF output in pigs. A disruption of this finely tuned process seems particularly relevant
ecause of the risk of uncontrolled neovascularization.
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. Introduction

A normally functioning endocrine system must be
n place for normal follicle development and genera-
U
N
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ion of good-quality oocytes. Therefore, it is important
o take into account rising concerns about possi-
le adverse effects of environmental contaminants,
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especially endocrine disruptors. Endocrine-disrupting
compounds include naturally-occurring substances, as
well as synthetic chemicals, that can interfere with the
endocrine axis of vertebrates [1,2]. A specific group of
compounds termed plasticizers have been proposed to
alter endocrine function [3].

Bisphenol A (BPA), used as plasticizer in the man-
ufacture of polycarbonate plastics and epoxy resins, is
present in a multitude of products, including the interior
disrupts granulosa cell function. Domest Anim Endocrinol

coatings of food cans, milk containers, and baby for- 41

mula bottles, as well as in dental sealants. Studies have 42

shown that depolymerization may occur causing BPA 43

to leach into foods [4], infant formula [5] or saliva [6]. 44
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The dramatically increasing human exposure to BPA is
evidenced by a detection of BPA in human serum and fol-
licular fluid, as well as in amniotic fluid and fetal serum
[7]. These findings have generated both scientific and
public interest in assessing potential health risks. In par-
ticular, morphological and functional modifications after
exposure to BPA have been documented in the ovary [8].

Granulosa cells are essential for ovarian follicle
growth, steroidogenesis and oocyte survival and nour-
ishment. In addition, they produce vascular endothelial
growth factor (VEGF). This peptide has a pivotal role in
the physiological angiogenesis that occurs cyclically in
the ovary, driving the normal development and growth of
ovarian follicles [9]. The expression of VEGF has been
documented to be induced by BPA in several reproduc-
tive tissues such as rat uterus and vagina [10], but its
effects on VEGF output by granulosa cells has not been
reported.

On these bases, the current in vitro study was under-
taken to evaluate the potential disrupting effects of BPA
on two main granulosa cell functional activities, prolifer-
ation and steroidogenesis. Moreover, we also evaluated
the impact of BPA on the ovarian angiogenic process
by verifying its action on granulosa cell VEGF produc-
tion. Since we have previously documented a signalling
role of reactive oxygen species in the angiogenic cascade
triggered by VEGF [11], we also focused our attention
on cell redox status after treatment with BPA.

2. Materials and methods

All reagents were obtained from Sigma (St. Louis,
MO, USA) unless otherwise specified.

2.1. Granulosa cell culture

Swine ovaries were collected at a local slaughter-
house, placed into cold PBS (4 ◦C) supplemented with
penicillin (500 IU/mL), streptomycin (500 �g/mL) and
amphotericin B (3.75 �g/mL), maintained in a freezer
bag and transported to the laboratory within 1 h. After
2 washings with PBS and ethanol (70%), granulosa
cells were aseptically harvested by aspiration from
follicles > 5 mm with a 26-gauge needle and released in
medium containing heparin (50 IU/mL), centrifuged for
pelleting, and treated with 0.9% prewarmed ammonium
chloride at 37 ◦C for 1 min to remove red blood cells.
Cell number and viability were estimated using a
U
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haemocytometer under a phase contrast microscope
after vital staining with trypan blue (0.4%) of an aliquot
of cell suspension. To optimize analytical performance
[12–14], cells were seeded at different densities (see
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below) in culture medium (CM) consisting of DMEM
Ham’s F12 supplemented with sodium bicarbonate
(2.2 mg/mL), bovine serum albumin (0.1%), penicillin
(100 UI/mL), streptomycin (100 �g/mL), amphotericin
B (2.5 �g/mL), selenium (5ng/mL), and transferrin
(5 �g/mL). Cells were incubated with BPA at con-
centrations of 0, 0.1, 1 or 10 �M and incubated at
37 ◦C under a humidified atmosphere (5% CO2) for
48 h. These concentrations were chosen on the basis
of previously reported studies [15,16]. Bisphenol A
was initially dissolved in dimethyl sulfoxide (DMSO)
and at the time of use it was diluted to the required
concentrations with culture medium. The final DMSO
concentration was added to the control group.

2.1.1. Granulosa cell proliferation
Cell viability was assayed using a bioluminescent

assay (ATP-lites; Packard Bioscience, Groningen,
Netherlands) which measured intracellular ATP levels
as an indicator of cell numbers. ATP is a cell viability
marker because it is present in all metabolically-active
cells, and the concentration declines very rapidly when
the cells undergo necrosis or apoptosis. The ATP
lite-M assay system is based on the production of light
caused by the reaction of ATP with added luciferase
and D-luciferin. This is illustrated in the following
reaction scheme: ATP + D-luciferin+ O2 → luciferase,
Mg2+→ oxyluciferin + AMP + PPi + CO2 + light. The
emitted light is proportional to the ATP concentration.
In order to assess proliferation, 2 × 105 cells were
seeded in 96-well plates in 200 �L CM. At the end
of 48 h incubation with BPA at the above mentioned
concentrations, 50 �L of mammalian cell lysis solution
were added to 100 �L of cell suspension and the plate
was shaken for 5 min in an orbital shaker at 700 rpm
in order to lyse the cells and stabilize ATP. Fifty �L
of substrate solution was added to the wells and the
microplate was shaken for 5 min in an orbital shaker at
700 rpm. The plate was placed in the dark for 10 min
and the luminescence was measured in a luminometer
(Victor, Packard Bioscience, Groningen, Netherlands).

2.1.2. Granulosa cell steroid production
Cells (104 cells/well) were seeded in 96-well plates

in 200 �L CM supplemented with androstenedione (28
ng/mL). Culture medium was collected after incubation,
frozen and stored at -20 ◦C until progesterone (P4) and
estradiol-17� (E2) determination by validated RIA [17].
disrupts granulosa cell function. Domest Anim Endocrinol

Sensitivities and ED50 for P4 and E2 assays were 75 and 139

314 pg/mL, and 13.2 and 54.5 pg/mL, respectively. The 140

intra- and inter-assay coefficients of variation were less 141

than 12% for both assays.

dx.doi.org/10.1016/j.domaniend.2010.01.004
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.1.3. Granulosa cell VEGF production
The VEGF concentration in the culture media was

uantified by an ELISA (Quantikine, R&D System, Min-
eapolis, MI, USA). This assay, which was developed
or human VEGF detection, has been validated for pig
EGF [18]. Briefly, 106 cells/mL CM were seeded in
4-well plates and the assay was performed on culture
edia after 48 h of incubation at 37 ◦C under a humid-

fied atmosphere (5% CO2). The assay sensitivity was
.74 pg/mL, and the intra and inter-assay CVs were
lways less than 7%. The absorbance was determined
ith a Victor Reader using a 450 nm filter.

.1.4. Granulosa cell reactive oxygen species
roduction

Superoxide anion (O2
-) generation was measured by

he cell proliferation WST-1 test (Roche, Mannheim,
ermany). Briefly, 105 cells/200 �L CM were seeded

n 96-well plates. Since evidence exists [19,20] that
etrazolium salts can be used as a reliable measure
f intracellular O2

- production, 20 �L of WST-1 were
dded to the cell during the last 4 h of incubation. The
bsorbance was then determined using a Victor Reader
t 450 nm against 620 nm.

Hydrogen peroxide (H2O2) production was mea-
ured by an Amplex Red hydrogen peroxide Assay
it (Molecular Probes, PoortGebouw, The Netherlands);

he Amplex Red reagent reacts with H2O2 to pro-
uce resorufin, an oxidation product. Briefly, 2x105

ells/200 �L CM were seeded in 96-well plates. After
ncubation with treatments, plates were centrifuged for
0 min at 400 × g, the supernatants were discarded, and
ells were lysed by adding cold Triton 1% in Tris–HCl
100 �L per well), and incubating on ice for 30 min. The
est was performed on cell lysates and read against a
tandard curve of H2O2 ranging from 0.195 to 12.5 �M.

Victor microplate reader set to read 540 nm emission
as used to quantify the reaction product.

.1.5. Granulosa cell scavenger enzyme activities
Cells were seeded in 96-well plates (2 × 105 /200 �l

M) and incubated for 48 h. After centrifugation for
0 min at 400 × g, supernatants were discarded and
ells were lysed adding cold Triton 1% in TRIS HCl
100 �L/105 cells) and incubated on ice for 30 min.
uperoxide dismutase (SOD), catalase and peroxidase
ctivities were assessed in cell lysates as described
elow. Superoxide dismutase activity was determined
U
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y a SOD Assay Kit (Dojindo Molecular Technologies,
apan). Cell lysates were tested without dilution and a
tandard curve ranging from 0.156 to 20 U/mL was pre-
ared. The colorimetric assay was performed measuring
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formazan produced by the reaction between tetrazolium
salt (WST-1) and superoxide anion (O2

-), produced
by the reaction of an exogenous xantine oxidase. The
remaining O2

- is an indirect marker for the endogenous
SOD activity. The absorbance was determined with a
Victor Reader reading at 450 nm against 620 nm.

Catalase activity was measured by the Amplex Red
catalase assay Kit (Molecular Probes) based on the for-
mation of an oxidation product (resorufin) derived from
the reaction between H2O2 given in excess, and the
Amplex Red reagent in the presence of horseradish per-
oxidase. Cell lysates were diluted 1:10 to perform the
test and read against a standard curve of catalase rang-
ing from 62.5 to 1000 mU/mL. The absorbance was
determined with Victor Reader using a 540 nm filter.

Peroxidase activity was measured by the Amplex Red
peroxidase assay kit (Molecular Probes) based on the
formation of an oxidation product (resorufin) derived
from the reaction beetwen H2O2 given in excess and the
Amplex Red reagent. Cell lysates were used undiluted to
perform the test and read against a standard curve of per-
oxidase ranging from 0.039 to 5 mU/mL. The absorbance
was determined with Victor Reader using a 540 nm filter.

2.2. Statistical analyses

Each experiment was repeated at least 4 times with 6
replicates for each treatment (n = 24). Experimental data
are presented as mean ± SEM; statistical differences
were calculated with ANOVA using the Statgraphics
package (STSC Inc., Rockville, MD, USA). When sig-
nificant differences were found, means were compared
by Scheffè’s F test.

3. Results

3.1. Granulosa cell proliferation, and steroid and
VEGF production

Swine granulosa cell proliferation was evaluated as
mean (± S.E.M) ATP content (basal = 16.5 ± 0.9 �M)
and was unaffected by different concentrations of BPA.
Basal steroid production by granulosa cells was 3.7 ± 0.1
and 71.8 ± 3 ng/mL for E2 and P4, respectively. Addition
of 0.1 �M BPA stimulated (P < 0.001) E2 production in
granulosa cells, whereas 1 and 10 �M (P < 0.001) dis-
played inhibitory effects (Fig. 1 A). Production of P4
by granulosa cells was inhibited (P < 0.01) by BPA at
disrupts granulosa cell function. Domest Anim Endocrinol

all concentrations tested (Fig. 1 B). Release of VEGF 235

by swine granulosa cells was unaffected by the lowest 236

concentration of BPA but was stimulated (P < 0.05) by 1 237

and 10 �M BPA (Fig. 1 C).
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Fig. 1. Effect of 48-h treatment with or without Bisphenol A at con-
centrations of 0, 0.1, 1, and 10 �M on granulosa cell E2 (A), P4 (B),
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of six replicates/treatment repeated in 4 different experiments (n = 24).
Different letters indicate a ignificant difference (P < 0.05).

3.2. Granulosa cell reactive oxygen species
production and scavenger enzyme activities
U
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Treatment with BPA was ineffective in modulat-
ing superoxide anion (basal value = 380 ± 15 mass
units), hydrogen peroxide (basal value = 1.7 ± 0.1 �M),
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SOD (basal value = 320 ± 10 mU/mL), catalase
(basal value = 32 ± 7 mU/mL) and peroxidase (basal
value = 1420 ± 220 mU/mL) activities in cultured swine
granulosa cells.

4. Discussion

The widespread distribution and environmental per-
sistence of the xenoestrogen, BPA likely results in a
high potential for human and animal exposure. This
has recently created public concern and many studies
have focused on the potential of BPA to cause adverse
effects on reproduction and development [21]. In partic-
ular, BPA exposure has been associated with recurrent
miscarriage in women [22] and serum levels of BPA
were demonstrated to be greater in women with polycys-
tic ovarian syndrome (PCOS) [23] compared to healthy
controls. Several studies in mammals and fish have
provided documentation that BPA affects both mor-
phology and function of reproductive organs [24–26].
However, doubts concerning the validity of this view-
point have arisen recently [27] and, according to an
expert panel convened by the National Toxicology Pro-
gram (USA, 2008; http://cerhr.niehs.nih.gov/chemicals/
bisphenol/bisphenol.pdf) it was concluded that repro-
ductive effects due to BPA exposure are negligible [8].

It is well known that granulosa cells play a crucial role
in ovarian physiology through the production of steroid
hormones, as well as other factors that interact with the
oocyte during its development [28]. Hence, a disrup-
tion of their functional activities by BPA could have a
significant impact on reproductive efficiency.

Our data do not substantiate a cytotoxic action of
BPA, nor a significant effect on cell redox status in our
experimental model. These results are in contrast with
previous experimental evidence. In particular, Yang et al.
[29] demonstrated that BPA exposure is associated with
oxidative stress in postmenopausal women, while Xu et
al. [30] documented BPA inhibitory effects on mouse
granulosa cell proliferation. These discrepancies may be
attributable first of all to species differences; moreover,
lower BPA concentrations (in the �M range) were tested
in our cell culture, and only the effects of a short-term
cell exposure (48 h) to BPA were examined.

Contrasting results have also been reported regarding
the action of BPA on granulosa cell steroid production. A
significant inhibitory action on estradiol production was
reported in swine [31], whereas no effects on steroido-
disrupts granulosa cell function. Domest Anim Endocrinol

genic pathways were observed in the mouse [32]. The 289

current in vitro study indicates that BPA can disrupt 290

granulosa cell function by interfering with steroidoge- 291

nesis. In particular, E2 production was inhibited by 1 292
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nd 10 �M BPA, which is in accordance with the obser-
ations of Zhou et al. [16], who reported a decrease
n concentrations of E2 in the rat at similar BPA con-
entrations, as well as a decrease in mRNA expression
f P450 aromatase, a key enzyme for estradiol produc-
ion. A stimulatory effect of BPA was observed on E2
ecretion at the lowest BPA concentration tested in our
tudy. We interpret this as a hormonal response of gran-
losa cells, which is observed frequently in response to
strogenic endocrine-disrupting chemicals [33]. To the
ontrary, BPA inhibited P4 production at all concentra-
ions tested. A suppressive effect of BPA on basal P4
roduction by rat granulosa cells has been documented
ecently by Zhou et al. [16], supporting the hypothe-
is that BPA has negative effects on the expression of
450 side-chain cleavage enzyme mRNA. Overall, our
ata confirm that BPA disrupts ovarian steroidogene-
is. However, further studies will be needed in order
o verify a potential effect on the expression of ovarian
teroidogenic enzymes.

The current work also demonstrated that both BPA
ddition between 1 and 10 �M significantly stimulates
EGF secretion in swine granulosa cells. An induction
f VEGF expression by BPA has been reported previ-
usly in breast cancer cells [34], but to the best of our
nowledge, this is the first report of a modulating action
f BPA on VEGF output within the ovary. This result
s of particular interest, given that VEGF plays a fun-
amental role in the angiogenic process that promotes
ndothelial cell growth and permeability [35]. This pro-
ess triggers neovascularization in both normal adult and
n neoplastic tissue. The ovarian follicle represents a
nique example of physiological angiogenesis since the
evelopment of an extensive vascular network is strictly
inked with its growth and final maturation to ovulation.
n the other hand, growing antral follicles also repre-

ent valuable models to study pathological angiogenesis
ecause of their close similarity to solid tumours, highly
ascularized structures whose progression also heavily
epend on neovascularization [36]. Therefore, in accor-
ance with data obtained in other reproductive tissues
37], our observations indicate that endocrine-disrupting
ffects of BPA on reproductive activity can be associated
ith a marked promotion of vascular permeability, a pro-

ess that contributes to the timing of antrum formation.
oreover, BPA can induce angiogenesis which phys-

ologically represents a finely-tuned process resulting
rom a delicate balance between pro- and anti-angiogenic
U

Please cite this article in press as: Grasselli F, et al. Bisphenol A
(2010), doi:10.1016/j.domaniend.2010.01.004

gents. The stimulatory effects of BPA on VEGF pro-
uction may have negative implications, potentially
witching the balance toward uncontrolled neovascu-
arization and thus the development of pathological
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processes. This hypothesis needs to be substantiated by
future studies addressing this issue.

In conclusion, the current study demonstrated that
BPA affects granulosa cell steroidogenesis in vitro and
increases VEGF production. A disruption of these finely-
tuned events could interfere with reproductive efficiency.
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A mild treatment of the resveratrol analogue 3,5,4’-trimethoxystilbene 2 with m-CPBA afforded two hydroxylated 
methoxystilbenes (5 and 6) by direct aromatic hydroxylation. A similar protocol was applied to other stilbenes bearing a 3,5-
dimethoxy moiety, namely the tetramethoxystilbenes 7 and 10 to obtain respectively the hydroxylated analogues 8, 9 and 11, 
12. The substrate 2 and the new compounds 5, 8 and 11 were evaluated as antiangiogenic agents employing a method 
previously developed by some of us, and proved significantly active in the range 1 – 100 μM. 
 
Keywords:   antiangiogenic activity, resveratrol analogues, methoxystilbenes, hydroxylation, m-CPBA. 
 
 
 
 

E-resveratrol (E-3,5,4′-trihydroxystilbene, 1, Figure 
1), originally isolated from Veratrum grandiflorum 
[1] and later obtained from Polygonum cuspidatum 

[2], is one of the main polyphenols present in red 
wine. It has became popular mainly due to the so-
called ‘French paradox’, namely the inverse 
correlation between a high-fat diet and low mortality 
risk of heart disease, observed in some French 
Southern regions and attributed to red wine 
consumption [3]. Starting from the first studies 
focused on its possible role in preventing 
cardiovascular heart diseases (CHD) [4], as well as 
on its cancer chemopreventive properties [5], this 
stilbenoid has recently attracted the attention of an 
increasing number of researchers. In particular, E-
resveratrol exhibits promising antiproliferative, pro-
apoptotic and antiangiogenic properties [6-10]. 
Nevertheless, the available in vivo studies indicate 
that 1, although absorbed in high extent by the 
organism, has a poor bioavailability [11], and may be 
converted in vivo into compounds lacking of its anti- 
proliferative activity [9]. Thus, a number of 
resveratrol analogues have been recently evaluated as 
anti-tumor agents, in the hope to obtain compounds 
with  higher  activity  and / or bioavailability. Among 
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Figure 1: Structures of compounds 1 - 4 

 

these, poly esting sub-methoxystilbenes are an inter
group including compounds with significant 
antitumor properties [12]. In particular, the presence 
of a 3,5-dimethoxy moiety is frequently associated 
with noticeable biological activity. In addition, some 
in vivo studies indicate that methoxystilbenes 
undergo different metabolic conversion and have a 
higher bioavailability with respect to resveratrol [13]. 
In recent studies the simple E-resveratrol derivative 
3,5,4’-trimethoxystilbene 2 (Figure 1), and its Z-
isomer (3, Figure 1), structurally related to the potent 
tubulin inhibitor and vascular disrupting agent 
combretastatin A4 (4, Figure 1) [14], proved far more 
active than 1 both as antiproliferative [13] and 
antiangiogenic agents [15]. 
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In particular, 2 was 30 to 100 times more potent than 
1 in inhibiting endothelial cell proliferation, 

reducing 
gents has been observed in the last decade, due to 

ons prompted us, in continuation of 
ur studies on resveratrol analogues [26, 27], to 

ing sections, we employed a 
ild treatment of substrate 2 with m-CPBA at rt to 

 
      

pletely 
ethoxylated stilbenoids prepared by standard 

by a calculation of 
lectrostatical charges obtained through semi-empiric 

sprouting, collagen gel invasion, and morphogenesis. 
In vivo, 2 caused the rapid stasis of blood flow and 
regression of intersegmental vessels in the trunk of 
zebrafish embryos. In addition, it inhibited blood 
vessel growth and caused the disappearance of pre-
existing blood vessels in the chick embryo.  
 
A rising interest towards new vessel growth 
a
the possible applications of these substances in 
cancer therapy, as well as in other degenerative 
diseases involving new vessel growth. Unfortunately, 
while the major stimula triggering the 
neovascularization process are overall well 
characterized, the mechanisms underlying the 
negative control of angiogenesis are still not 
completely known. In previous study, several of us 
attempted to unravel physiological mechanisms of 
neovascularisation [16-20] focusing, more recently, 
on its negative control [21-23]. Various angiogenesis 
inhibitors have been developed so far; their efficacy 
has been evaluated in different in vitro and in vivo 
assays, and their clinical evaluation is in progress 
[24]. Recently, the anti-VEGF antibody bevacizumab 
has been shown to exert antiangiogenic effects in 
patients with cancer, leading to U.S. Food and Drug 
Administration approval for colorectal cancer 
treatment [25]. 
 
These observati
o
synthesize further methoxystilbenes as new 
antiangiogenic agents.  
 
As detailed in the follow
m
obtain two hydroxylated methoxystilbenes (5 and 6).   
Analogously,   a   similar   protocol  was   applied   
to   the    tetramethoxystilbenes   7  and  10  to  obtain   

respectively the hydroxylated analogues 8, 9 and 11, 
12. Among these resveratrol analogues, we selected 
the substrate 2 and the new compounds 5, 8 and 11 
for an evaluation of their angiogenic properties 
employing our previously developed method. 
 
In contrast with the variety of com
m
synthetic methods [13], methoxystilbenes bearing 
also one free phenol group have been reported rarely, 
and obtained by cumbersome synthetic 
methodologies, normally affording a mixture of cis 
and trans isomers [28, 29]. This is probably the 
reason for the scarcity of literature data about the 
biological properties of hydroxylated 
polimethoxystilbenes. In searching for simple 
methods to obtain this kind of resveratrol analogues, 
we were attracted by the unexpected result of a 
standard treatment of substrate 2 with m-CPBA, 
carried out as a side project in our laboratory to 
obtain resveratrol analogues with an epoxide 
function. To our surprise, the main product of the 
reaction was spectroscopically characterized as 2-
hydroxy-3,5,4’-trimethoxystilbene (5), indicating a 
direct aromatic hydroxylation at ring A of the 
stilbene nucleus, without epoxidation of the central 
double bond (Scheme 1). Hydroxylation at positions 
2 and 4 suggested us that this unexpected reaction 
could be an aromatic electrophilic substitution, where 
the activated positions, namely those in ortho and 
para to the methoxy groups, regioselectively oriented 
the formation of the products. 
 
This was easily confirmed 
e
minimization with force field PM3 (Figure 2). In fact, 
in the model compound  2, the electronic charge 
density is higher at C-2, C-4 and C-6 (3,5-dimethoxy 
substituted ring) whereas is lower at positions C-2’, 
C-3’, C-5’, C-6’ (4’-methoxy substituted ring).  
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5 R1 = R2 = R4 = OCH3; R3 = R5 = H
8 R1 = R2 = R3 = R5 = OCH3; R4 = H

11 R1 = R2 = R3 = R4 = OCH3; R5 = H

6 R1 = R2 = R4 = OCH3; R3 = R5 = H
9 R1 = R2 = R3 = R5 = OCH3; R4 = H

12 R1 = R2 = R3 = R4 = OCH3; R5 = H

OH
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Figure 2: electronic charge density for 2 
 

 
 

Figure 3: electronic charge density for 10 
 

In addition, a recent article about the synthesis of 
methoxy-substituted phenols by peracid oxidation 
presented convincing evidences for a two-steps 
electrophylic substitution mechanism [30]. 
 
To test the applicability of this fast, smooth 
hydroxylation method of methoxystilbenes we 
synthetised further two substrates bearing 3,5-
dimethoxy groups on rings A and 3,5 or 3,4-
dimethoxy groups on ring B. 
According to the above cited methodology (Wittig 
olefination) the reaction of 3,5-dimethoxy-
benzaldehyde or 3,4-dimethoxybenzaldehyde and 
diethyl (3,5-dimethoxybenzyl) phosphonate was 
carried out to obtain respectively the 3,5,3’,5’-
tetramethoxystilbene (7) and 3,5,3’,4’-
tetramethoxystilbene (10). 
 
Analogoulsy to 2, the substrate 7 also reacted very 
quickly, at rt, with m-CPBA to give a reaction 
mixture which remained unmodified after prolonged 
time, with a 68% conversion. Two main products 
were isolated and spectroscopically characterized as 
2-hydroxy-3,5,3’,5’-tetramethoxystilbene (8) and 4-
hydroxy-3,5,3’,5’-tetramethoxystilbene (9) (see 
Scheme 1). Finally, when 10 was treated with m-
CPBA under the same conditions employed for 7, a 
reaction mixture was rapidly obtained, which 

remained unmodified after prolonged time, with a 66 
% conversion. The main products, after spectral 
characterization, were established as 2-hydroxy-
3,5,3’,4’-tetramethoxystilbene (11) and 4-hydroxy-
3,5,3’,5’-tetramethoxystilbene (12) (see Scheme 1). 
This in agreement with the electronic charge density 
calculations, showing higher values at C-2, C-4 and 
C-6 and lower values at C-2’, C-5’ and C-6’ (Figure 
3). 

–0.58 
–0.56 

–0.46 –0.08 

–0.19 
–0.25 

–0.33 

 
Compounds 5, 8 and 11 are new. Compound 9 has 
been  previously obtained by Wittig  olefination  at 
−78 °C  under  nitrogen,  using  3,5-
dimethoxybenzyltriphenylphosphonium bromide and 
a protected aldehyde; final deprotection gave a 
mixture of the cis/trans-stilbenes (3:7) [28]; also 
compound 12 has been previously obtained by 
Knoevenagel condensation [29]. It is also worthy of 
note here that compound 6 has been recently reported 
as a putative metabolite of 3,4,5,4’-
tetramethoxystilbene (DMU-212), this latter being 
under preclinical evaluation as a potential anti-tumor 
prodrug that undergoes metabolic activation by 
cytochrome P450 enzymes affording hydroxylated 
metabolic products  [13, 31]. This suggests that 
hydroxylated polymethoxystilbenes are good 
candidates as potential antitumor agents.  

–0.58 
–0.56 

–0.47 –0.28 

–0.26 
–0.13

 
On the basis of these results, and the present interest 
towards antiangiogenic agents, we carried out 
evaluation of compounds 5, 8 and 11 employing the 
angiogenesis bioassay previously developed by some 
of us [20-23], as a part of our studies on the 
antitumor/antiangiogenic properties of methylated 
resveratrol analogues. These previously unreported 
compounds were selected on the basis of their higher 
stability and larger availability with respect to their 4-
hydroxy analogues (6, 9 and 12). The 
trimethoxystilbene 2 was also included as a reference 
compound.  
 
The potential of compounds 5, 8 and 11 to interfere 
with vessel growth has been investigated by means of 
an angiogenesis bioassay set up in our lab [23]. This 
method consists of a three dimensional fibrin gel 
support in which we include dextran microcarriers 
beads with adhering porcine aortic endothelial cells 
(AOC). The AOC growth was assessed after 48 and 
96 h of incubation. Our data evidenced that all the 
compounds under text, except 11, exerted an 
inhibitory effect (p<0.001) on the angiogenic process 
at all the concentration tested. With regard to 
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compound 11, our data evidenced that the lowest 
concentration, which is ineffective after 48 h, became 
effective (p<0.001) after 96 h even if showing a 
weaker effect (p<0.001) in comparison to the other 
compounds. Moreover, 1 and 10 μM of compound 11  
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Figure 4: Effect of the treatment with compounds 2, 5, 8 and 11 (0.1, 1, 
10 and 100 μM) for 48 h on AOC growth. Data represent mean ± SEM of 
4 replicates/treatment repeated in 4 different experiments 
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Figure 5: Effect of the treatment with compounds 2, 5, 8 and 11 (0.1, 1, 
10 and 100 μM) for 96 h on AOC growth. Data represent mean ± SEM of 
4 replicates/treatment repeated in 4 different experiments. 
 
exerted a significant inhibitory effect (p<0.001) after 
48 h of incubation although displaying a lesser 
potency; after the 96 h incubation time, the 
effectiveness of 11 resulted enhanced, thus 
suggesting that this compound could require a longer 
time to exert its effect. Overall, after the 48 h 
incubation, compounds 2, at the concentration 1 and 
10 μM, and 5, at 100 μM, resulted the most potent 
(p<0.001). More interestingly, after 96 h, compound 
5 appeared the most effective (p<0.001), since it 
displayed the most relevant suppressive effect at the 
concentrations of 1, 10 and 100 μM (Figure 4 and 5; 
Photos 1-4).  

 
 

Photo 1: Phase contrast micrographs showing AOC growth at 48 h and 
96 h in fibrin gel matrix. Cells were cultured in CM or treated with 
compound 2 at the concentrations of 0.1, 1, 10 and 100 μM. 
 

 
 

Photo 2: Phase contrast micrographs showing AOC growth at 48 h and 
96 h in fibrin gel matrix. Cells were cultured in CM or treated with 
compound 5 at the concentrations of 0.1, 1, 10 and 100 μM. 

 

 
 

Photo 3: Phase contrast micrographs showing AOC growth at 48 h and 
96 h in fibrin gel matrix. Cells were cultured in CM or treated with 
compound 8 at the concentrations of 0.1, 1, 10 and 100 μM. 
 

 
 

Photo 4: Phase contrast micrographs showing AOC growth at 48 h and 
96 h in fibrin gel matrix. Cells were cultured in CM or treated with 
compound 11 at the concentrations of 0.1, 1, 10 and 100 μM 
 
To the best of our knowledge, this is the first 
application of a direct aromatic hydroxylation by m-
CPBA to polymethoxystilbenes. The method here 
reported, although limited in % conversion and 
product yield, could be of valuable help for the rapid  
and mild preparation of limitate amounts of these 
hydroxylated derivatives, allowing a first-step 
biological evaluation. In addition, this methodology 
is of potential usefulness in direct ring hydroxylation 
of many substrates bearing an aromatic ring with 
positions highly activated to the aromatic 
electrophilic substitution. The easy availability of 
compounds 5, 8 and 11 allowed us to test these 
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compounds as potential antiangiogenic agents, in 
comparison with 2. 
 
In our assay, the 3,5,4’-trimethoxystilbene 2 was 
confirmed as a potent antiangiogenic agent 
determining till to a 65% reduction in new vessel 
growth. More interesting, its 2-hydroxy analogue 5  
resulted even more active since after 96 h of 
incubation, at the highest concentration tested, it 
produced a 80% inhibition in neovascularization. 
Moreover, the other stilbenoids (8 and 11) tested in 
the angiogenesis bioassay have been demonstrated to 
be able to negatively control new vessel growth even 
if to a lesser extent then compounds 2 and 5. In 
particular, compound 11 showed a marked increase 
of the activity from 48h to 96 h incubation. 
 
These data suggest that the resveratrol-like 
substitution (3,5,4’-trimethoxy) is the more effective 
in inhibition of new vessel growth, and the presence 
of a further hydroxy group may have a role in 
improving the effectiveness with time, for instance 
because of an higher diffusion in a hydrophilic 
medium. In the presence of four methoxy groups and 
one hydroxy group, as in compounds 8 and 11, the 
3,5-dimethoxy substitution pattern appears more 
effective than the 3,4-dimethoxy pattern; of course, 
further data are needed for a deeper understanding of 
the structure-activity relationships for these 
resveratrol analogues. In conclusion, these data, 
although preliminary, may be of interest in view of 
possible optimization of these stilbenoids as 
antiangiogenic agents for therapeutic use. 
 
Experimental 
 

General method: All reagents were of commercial 
quality and were used as received (Merck and Sigma-
Aldrich); all reagents for angiogenesis bioassay were 
obtained from Sigma unless otherwise specified. 
Solvents were distilled using standard techniques. m-
Chloroperbenzoic acid (m-CPBA) of 99% assay was 
obtained by washing the commercial 77% material 
(Aldrich) whit a phosphate buffer of pH 7.5, and 
drying the residue under reduced pressure. Melting 
points were determined on a Kofler apparatus. Mass 
spectra were recorded in ESI positive mode on a 
Micromass ZQ2000 spectrometer (Waters). 1H and 
13C NMR spectra were run on a Varian Unity Inova 
spectrometer at 500 and 125 MHz, respectively, in 
CDCl3 or C6D6 solutions with TMS as internal 
standard. J values are given in Hertz. IR spectra were 
taken with an Perkin-Elmer Spectrum BX FT-IR 
System spectrophotometer using CCl4 as solvent. UV 

spectra were recorded on a double-ray Lambda 25 
spectrophotometer (Perkin-Elmer) using CH3CN as 
solvent. All reactions were monitored by TLC on 
commercially available precoated plates (silica gel 60 
F 254) and the products were visualized with cerium 
sulphate solution. Silica gel 60 was employed for 
column chromatography. Elemental analyses were 
performed on a Perkin-Elmer 240B microanalyzer. 
Compounds 2, 7 and 10 were synthesized through an 
Arbuzov rearrangement followed by a Horner-
Emmons-Wadsworth reaction, as previously reported 
[27]. According to a previously reported method, this 
procedure affords the E-stilbenoid with a minimal 
percentage of its Z-isomer [32]. 
 
Synthesis of  3,5,4’-tri-methoxystilbene (2): 4-
methoxybenzylchloride (1.1 mL, 8.13 mmol) was 
heated with excess of triethyl phosphite (1.85 mL, 
10.6 mmol) to 130 °C to give diethyl (4-
methoxybenzyl)phosphonate. This latter was cooled 
to 0 °C, and dry DMF (10 mL) and 0.41g (7.6 mmol) 
of sodium methoxide were added. To this solution, 
1.18 g (7.1 mmol) of 3,5-dimethoxybenzaldehyde 
was added and the mixture was allowed to stand at 
room temperature for 1 h. Then it was heated to 100 
°C and allowed to stand at this temperature for 1 h. 
After cooling, the reaction mixture was stirred 
overnight and subsequently quenched with water and 
extracted with diethyl ether. The combined organic 
layers were washed with water and dried over 
Na2SO4, affording 1.57 g of the product 2 (82.3 % 
yield); white solid mp 55 - 56 °C (MeOH); ESIMS: 
271 [M+H]+; 1H and 13C NMR data are in agreement 
with literature data [33]. 
 
Synthesis of 3,5,3’,5’-tetramethoxystilbene (7): 
3,5-dimethoxybenzylbromide (1.72 g, 11 mmol) was 
heated with excess of triethyl phosphite (4 mL, 10.8 
mmol) to 130 °C to give diethyl (4-
methoxybenzyl)phosphonate. This latter was cooled 
to 0° C, and dry DMF (20 mL) followed by 0.81 g 
(15 mmol) of sodium methoxide were added. To this 
solution, 1.92 g (11.5 mmol) of 3,5-
dimethoxybenzaldehyde was added and the mixture 
was allowed to stand at room temperature for 1 h. 
Then it was heated to 100 °C and allowed to stand at 
this temperature for 1 h. After cooling, the reaction 
mixture was stirred overnight and subsequently 
quenched with water-methanol (2:1) affording 2.93 g 
of the product 7 (88.8 % yield) as white solid, mp 
131-132 °C (MeOH); ESIMS: 301 [M+H]+; NMR 
and IR data are in agreement with literature data [34, 
35]. 
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Synthesis of 3,5,3’,4’-tetramethoxystilbene (10): 
3,5-dimethoxybenzylbromide (1.70 g, 7.3 mmol) was 
heated with excess of triethyl phosphite (1.26 mL, 7.3 
mmol) to 130 °C to give diethyl (4-
methoxybenzyl)phosphonate. This latter was cooled 
to 0° C, and dry DMF (10 mL) followed by 0.432 g 
(8 mmol) of sodium methoxide were added. To this 
solution, 1.39 g (8.3 mmol) of 3,4-
dimethoxybenzaldehyde was added and the mixture 
was allowed to stand at room temperature for 1 h. 
Then it was heated to 100 °C and allowed to stand at 
this temperature for 1 h. After cooling, the reaction 
mixture was stirred overnight and subsequently 
quenched with water and extracted with CH2Cl2. The 
combined organic layers were washed with water and 
dried over Na2SO4, affording 1.92 g of the product 10 
(87.6 % yield) as white solid, mp 63 – 64 °C 
(MeOH); ESIMS: m/z 301 [M+H]+; NMR data are in 
agreement with literature data [36]. 

 
General Procedure for hydroxylation of 
compounds 2, 7 and 10  with m-CPBA: To a stirred 
solution of the substrate in CH2Cl2 (0.105 mmol/mL) 
a solution of m-CPBA in CH2Cl2 (0.150 mmol/mL) 
was added at room temperature. Then, the reaction 
mixtures were washed with a NaHSO3 solution and 
subsequently with saturated aqueous NaHCO3. The 
organic layer was dried (Na2SO4), filtered, and 
concentrated in vacuo; the residues were submitted to 
flash-chromatography on 3 x 25 cm silica gel 
column, eluted with EtOAc in n-hexane (from 0 % to 
30 %). 
 
 
2-Hydroxy-3,5,4’-trimethoxystilbene (5) 
 

White solid; mp 100-102 °C (MeOH), 21% yield. 
Rf (n-hexane/EtOAc 70:30) 0.58.  
IRνmax: 3558, 3003, 2954, 2938, 2868, 1605, 1511, 
1489, 1465, 1431, 1281, 1252, 1237, 1200, 1174, 
1151, 1082, 1057, 1041, 966, 926, 826 cm−1. 
UV λmax (ε): 217 (3.04 E+04), 303 (2.99 E+04).  
1H NMR (CDCl3, 500 MHz) δ 3.82 (s, 3H, 4’-OCH3), 
3.83 (s, 3H, 5-OCH3), 3.88 (s, 3H, 3-OCH3), 5.54 (bs, 
1H, OH), 6.40 (d, J 2.5, 1H, H-4), 6.66 (d, J 2.5, 1H, 
H-6), 6.90 (d, J 8.5, 2H, H-2’ and H-6’), 7.07 (d, J 
16.5, 1H, H-α), 7.28 (d, J 16.5, 1H, H-β), 7.47 (d, J 
8.5, 2H, H-3’ and H-5’).  
13C NMR (CDCl3, 125 MHz) δ 55.1 (3-OCH3), 55.6 
(4’-OCH3), 55.9 (5-OCH3), 98.3 (C-4), 100.7 (C-6), 
113.9 (C-3’ and C-5’), 120.8 (C-α),123.5 (C-1’), 
127.6 (C-2’ and C-6’), 128.7 (C-β), 130.5 (C-1), 
137.6 (C-5), 147.2 (C-3), 152.9 (C-2), 159.1 (C-4’). 

ESIMS: 309 [M+Na]+, 595 [2M+Na]+. Anal. Calcd 
for C17H18O4: C, 71.31; H, 6.34. Found: C, 71.45; H, 
6.32. 

 
4-Hydroxy-3,5,4’-tri-methoxystilbene (6) 
 

Pale-yellow amorphous powder; 8.5% yield. 
Rf (n-Hexane/EtOAc 70:30) 0.32. 
IR νmax: 3557, 2955, 2940, 2838, 1601, 1594, 1490, 
1465, 1430, 1237, 1205, 1153, 1057, 965, 929, 828 
cm−1.  
UV λmax (ε): 303 (2.03 E+04). 
1H NMR (C6D6, 500 MHz) δ 3.31 (s, 3H, 4’-OCH3), 
3.37 (s, 6H, 3-OCH3 and 5-OCH3), 5.37 (bs, 1H, 
OH), 6.66 (s, 2H, H-2 and H-6), 6.83 (d, J 8.0, 2H, 
H-2’ and H-6’), 6.95 (d, J 16.0, 1H,  H-α),  7.01 (d, J 
16.0, 1H, H-β), 7.39 (d, J 8.0, 2H, H-3’ and H-5’). 
13C NMR (CDCl3, 125 MHz) δ 55.4 (4’-OCH3), 56.3 
(3-OCH3 and 5-OCH3), 103.1 (C-2 and C-6), 114.2 
(C-3’ and C-5’), 126.2 and 126.7 (C-α and C-β ), 
127.7 (C-2’ and C-6’), 130.2 (C-1), 131.1 (C-1’), 
134.5 (C-4), 147.4 (C-3 and C-5), 159.1 (C-4’).  
 
2-Hydroxy- 3,5,3’,5’-tetramethoxystilbene (8) 
 

White solid; mp 119-121°C (MeOH); 23% yield. 
Rf (n-Hexane/EtOAc 70:30) 0.46. 
IR νmax: 3557, 2955, 2940, 2838, 1601, 1594, 1490, 
1465, 1430, 1237, 1205, 1153, 1057, 965, 929, 828 
cm−1. 
UV λmax (ε): 2.27 (2.30 E+04), 303 (2.03 E+04). 
1H NMR (CDCl3, 500 MHz) δ 3.82 (s, 3H, 5-OCH3), 
3.83 (s, 6H, 3’-OCH3 and 5’-OCH3), 3.88 (s, 3H, 3-
OCH3), 5.57 (bs, 1H, OH), 6.39 (d, J 2.5, 1H, H-4), 
6.66 (d, J 2.5, 1H, H-6), 6.70 (d, J 2.0, 2H, H-2’ and 
H-6’), 7.09 (d, J 16.5, 1H, H-α), 7.39 (d, J 16.5, 1H, 
H-β).  
13C NMR (CDCl3,  125 MHz) δ 55.4 (3’-OCH3 and 
5’-OCH3), 55.7 (5-OCH3), 56.1 (3-OCH3), 98.9 (C-
4’), 100.0 (C-4), 101.0 (C-6), 104.6 (C-2’ and C-6’), 
123.0 (C-α), 123.5 (C-1’), 129.3 (C-β), 138.08 (C-1), 
139.8 (C-5), 147.3 (C-3), 153.2 (C-2), 160.9 (C-3’). 
ESIMS: 317 [M+H]+, 339 [M+Na]+; Anal. Calcd for 
C18H20O5: C, 68.34; H, 6.37. Found: C, 68.27; H, 
6.49. 

 
 
4-Hydroxy- 3,5,3’,5’-tetramethoxystilbene (9) 
 

White amorphous powder; 10.5 % yield. 
Rf (n-hexane/EtOAc 70:30) 0.25.  
ESIMS: 317 [M+H]+, 355 [M+K] +. 
NMR and IR data are in agreement with literature 
data [28]. 
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2-Hydroxy- 3,5,3’,4’-tetramethoxystilbene (11) 
 

White solid; mp 124-125 °C (MeOH); 19 % yield. 
Rf (n-Hexane/EtOAc 70:30) 0.35. 
IR νmax: 3554, 2998, 2940, 2833, 1601, 1544, 1492, 
1246, 1205, 1154, 1058, 976, 929, 830 cm−1. 
UV λmax (ε): 220 (2.40 E+04), 326 (2.2 E+04). 
1H NMR (CDCl3, 500 MHz) δ 3.82 (s, 3H, 5-OCH3), 
3.88 (s, 3H, 3-OCH3), 3.90 (s, 3H, 4’-OCH3), 3.94 (s, 
3H, 3’-OCH3),  5.56 (bs, 1H, OH), 6.42 (d, J 2.5, 1H, 
H-4), 6.67 (d, J 2.5, 1H, H-6), 6.86 (d, J 8.0, 1H, H-
5’), 7.08 (d, J 8.0, 1H, H-6’), 7.10 (bs, 1H, H-2’), 
7.35 (d, J 16.0, 1H, H-β), 7.81 (d, J 16.0, 1H, H-α); 
13C NMR (CDCl3, 125 MHz)  δ  55.7  (5-OCH3), 55.8 
(4’-OCH3), 55.9 (3’-OCH3), 56.0 (3-OCH3), 98.5 (C-
4), 100.8 (C-6), 108.8 (C-2’), 111.2 (C-5’), 119.9 (C-
6’), 121.6 (C-α), 123.4 (C-1), 129.1 (C-β), 130.9 (C-
1’), 137.7 (C-2), 147.3 (C-3), 148.8 (C-4’);  149.0 
(C-3’); 153.0 (C-5). 
ESIMS: m/z  317 [M+H]+, 339 [M+Na]+; Anal. Calcd 
for C18H20O5: C, 68.34; H, 6.37. Found: C, 68.31; H, 
6.52. 
 
4-Hydroxy- 3,5,3’,4’-tetramethoxystilbene (12) 
 

White amorphous powder; 5.2 % yield. 
Rf (n-hexane/EtOAc 70:30) 0.25;  
ESIMS: 317 [M+H]+, 355 [M+K]+. 
NMR and IR data are in agreement with literature 
data [29]. 
 
Endothelial cell culture: An immortalized porcine 
aortic endothelial cell line (AOC) [37] was 
generously provided by José Yelamos (Department 
of Immunology, IMIM-Hospital del Mar, Barcelona 
Biomedical Research Park, Barcelona, Spain). In all 
experiments, AOC at 19th passage were used and 
seeded in culture medium (CM) composed by M199 
supplemented with sodium bicarbonate (2.2 mg/ml), 
bovine serum albumin (BSA 0.1%), penicillin (100 
IU/ml), streptomycin (100 μg/ml), amphotericin B 
(2.5 μg/ml), selenium (5 ng/ml) and transferrin (5 
μg/ml). 
 
Three-dimensional endothelial cell culture on a 
fibrin gel support: The microcarrier-based fibrin gel 
angiogenesis assay was performed as described by 
Basini et al. [23] Briefly, 12.5 mg gelatin-coated 
cytodex-3 microcarriers in 1 ml PBS were incubated 
for 3 h to hydrate. After two washings in PBS and 
one in CM, the microcarriers were put in flasks 
containg 5 ml CM; AOC (5 x 105) were added and 
cultured for 24 h in order to let the endothelial cells 
coat the microcarriers. For the fibrin gel preparation, 

40 μl microcarriers covered by AOC were pipetted 
into 6 well plates containing a solution of fibrinogen 
(1mg/ml PBS, pH 7.6), added with 1250 IU 
thrombine (250 μl). Fibrin gels were allowed to 
polymerize for 30 min at 37 °C, then they were 
equilibrated for 60 min with 2 ml M199. After a 
change of the medium, AOC were treated with VEGF 
(100 ng/ml; PeproTech EC Ltd, London, UK) in the 
presence or absence of 0.1 1, 10 or 100 μM of 2, 5, 8 
or 11. Plates were incubated at 37°C under 
humidified atmosphere (5% CO2). AOC were 
cultured for 96 h, renewing totally the treatment after 
48h. 
 
Quantification of AOC growth on fibrin gel 
matrix: Endothelial cell proliferation in the fibrin gel 
matrix was evaluated by means of the public domain 
NIH Program Scion Image Beta 4.02 (Scion 
Corporation, MA, USA, http://rsb.info.nih.gov/nih-
image/). Ten pictures were taken for each gel at 48 
and 96 h; images were converted into gray scale, 
resized to 50% (Paintbrush Software, MS Office) and 
saved as Bitmap 24bit format compatible with Scion. 
The modified images were then imported into the 
program and measurements were made drawing the 
perimeter of the area occupied by AOC expressed as 
number of pixel. In order to validate the measurement 
of the area covered by AOC in fibrin gels as a 
reliable method to evaluate cell proliferation, fibrin 
gels were stained by the nuclear dye bis-benzimide 
(Hoechst 33258, 20 μg/ml in PBS for 60 min) and 
examined by the fluorescence microscope [21, 22]. 
This procedure was performed 20 times; for each 
experiment the number of nuclei was counted under 
fluorescence and pictures of the aera covered by 
AOC were taken in order to measure the surface 
covered in the fibrin gel. A strong correlation was 
observed between the area covered by AOC and the 
number of nuclei found in the same area (r = 0.96). 
 
Statistical analysis: Bioassays were repeated at least 
4 times (4 replicates/treatment). Experimental data 
are presented as mean ± SEM; statistical differences 
between treatments were calculated with 
Multifactorial ANOVA using Statgraphics package 
(STSC Inc., Rockville, MD, USA). When significant 
differences were found, means were compared by 
Scheffè’s F test; p values < 0.05 were considered to 
be statistically significant. 
 
Acknowledgements  −  Financial support for this 
work was obtained from the University of Catania 
(PRA, Catania, Italy) and from MIUR (PRIN, Rome, 



8  Natural Product Communications Vol. 3 (0) 2008 Spatafora et al. 

Italy). We are grateful to Professors Vincenzo Amico 
and Antonio Rescifina (University of Catania, Italy) 
as well as to Prof. Placido Neri (University of 
Salerno, Italy) for helpful discussions about this 

manuscript. We would like to thank Professor 
Yelamos (Department of Immunology, IMIM-
Hospital del Mar, Barcelona Biomedical Research 
Park, Barcelona, Spain) for supplying AOC.

 
References  

[1] Takaoka MJ. (1940) Phenolic substances of white hellebore (Veratrum grandiflorum Loes. fil.). J.-FE. Sci. Hokkaido Imp. Univ., 3,  
1-16. 

[2]  Nonomura S, Kanagawa H, Makimoto A. (1963) Chemical constituents of polygonaceous plants. I. Components of Polygonum 
cuspidatum. Yakugaku Zasshi, 83,  988-990. 

[3] Renaud S, de Lorgeril M. (1992) Wine, alcohol, platelets, and the French paradox for coronary heart disease. Lancet, 339, 1523-
1526. 

[4]  Bradamante S, Barenghi L, Villa A. (2004) Cardiovascular protective effects of resveratrol. Cardiovascular Drug Reviews, 22, 
169-188. 

[5] Aggarwal BB, Shishodia S. (2006) Oxidative Stress and Disease Vol 20. Resveratrol in Health and Disease. Taylor & Francis, 
London. 1−712 pp. 

[6] Jeandet P, Bessis R, Sbaghi M, Meunier P, Trollat P. (1995) Resveratrol content of wines of different ages: relationship with fungal 
disease pressure in the vineyard. American Journal of Enology and Viticulture, 46, 1-4. 

[7]  Baur JA, Sinclair DA. (2006) Therapeutic potential of resveratrol: the in vivo evidence. Nature Reviews Drug Discovery, 5, 493-
506. 

[8] Burjonroppa S, Fujise K. (2006) Resveratrol as cardioprotective agent: evidence from bench and bedside. In Resveratrol in Health 
and Disease, Aggarwal BB, Shishodia S. (Eds). Taylor & Francis, London, 539−555. 

[9] Signorelli P, Ghidoni R. (2005) Resveratrol as an anticancer nutrient: molecular basis, open questions and promises. Journal of 
Nutritional Biochemistry, 16,  449-466. 

[10] Delmas D, Lançon A, Colin D, Jannin B, Latruffe N. (2006) Resveratrol as a chemopreventive agent: a promising molecule for 
fighting cancer. Current Drug Targets, 7, 423-442. 

[11]  Jazirehi AR, Bonavida B. (2006) Resveratrol as a sensitizer to apoptosis-inducing stimuli. In Resveratrol in health and disease. 
Aggarwal BB, Shishodia S. (Eds). Taylor & Francis, London, 399-421. 

[12] Chillemi R, Sciuto S, Spatafora C, Tringali C. (2007) Anti-tumor properties of stilbene-based resveratrol analogues: Recent results. 
Natural Product Communications, 2,  499-513. 

[13]  Sale S, Verschoyle RD, Boocock D, Jones DJL, Wilsher N, Ruparelia KC, Potter GA, Farmer PB, Steward WP, Gescher AJ. 
(2004) Pharmacokinetics in mice and growth-inhibitory properties of the putative cancer chemopreventive agent resveratrol and the 
synthetic analogue trans 3,4,5,4'-tetramethoxystilbene. British Journal of Cancer, 90, 736-744. 

[14] Tron GC, Pirali T, Sorba G, Pagliai F, Busacca S, Genazzani AA. (2006) Medicinal chemistry of combretastatin A4: Present and 
future directions. Journal of Medicinal Chemistry, 49, 3033-3044. 

[15] Belleri M, Ribatti D, Vicoli S, Cotelli F, Forti L, Tannini V, Stivala LA, Presta M. (2005) Antiangiogenic and vascular-targeting 
activity of the microtubule-destabilizing trans-resveratrol derivative 3,5,4'-trimethoxystilbene. Molecular Pharmacology, 67, 1451-
1459. 

[16] Grasselli F, Basini G, Bussolati S, Tamanini C. (2002) Effect of reduced oxygen tension on reactive oxygen species production and 
activity of antioxidant enzymes in swine granulosa cells. Reproduction in Domestic Animals, 37, 362-368. 

[17] Grasselli F, Basini G, Tirelli M,  Cavalli V, Bussolati S, Tamanini C. (2003) Angiogenic activity of porcine granulosa cells co-
cultured with endothelial cells in a microcarrier-based three-dimensional fibrin gel. Journal of Physiology and Pharmacology, 54, 
361-370. 

[18]  Grasselli F, Basini G, Bianco F, Tirelli M, Tamanini C. (2004) Effect of reduced oxygen tension on reactive oxygen species 
production and activity of antioxidant enzymes in swine granulosa cells. Biofactors, 20,  61-69. 

[19]  Basini G, Bianco F, Grasselli F, Tirelli M, Bussolati S, Tamanini C. (2004) The effects of reduced oxygen tension on swine 
granulosa cell. Regulatory Peptides, 120, 69-75. 

[20] Bianco F, Basini G, Grasselli F. (2005) Angiogenic activity of swine granulosa cells: effects of hypoxia and vascular endothelial 
growth factor Trap R1R2, a VEGF blocker Domestic Animal Endocrinology, 28, 308-319. 

[21]  Basini G, Bussolati S, Santini SE, Grasselli F. (2007) Sanguinarine inhibits VEGF-induced angiogenesis in a fibrin gel matrix.  
Biofactors, 29, 11-18. 

[22]  Basini G, Bussolati S, Santini SE, Bianchi F, Careri M, Mangia A, Musci M, Grasselli F. (2007) Anti-angiogenesis in swine 
ovarian follicle: A potential role for 2-methoxyestradiol. Steroids, 72,  660-665. 

[23] Basini G, Bussolati S, Santini SE, Bianchi F, Careri M, Mangia A, Musci M, Grasselli F. (2008) Hydroxyestrogens inhibit 
angiogenesis in swine ovarian follicles. Journal of Endocrinology, 199,  127-135.  

[24]  Kerbel R, Folkman J. (2002) Clinical translation of angiogenesis inhibitors. Nature Reviews Cancer, 2, 727-739. 
[25]  Fernando NH, Hurwitz HI. (2003) Inhibition of vascular endothelial growth factor in the treatment of colorectal cancer. Seminars 

in Oncology, 30,  39-50.  



Antiangiogenic resveratrol analogues Natural Product Communications Vol. 3 (0) 2008 9 

[26]  Cardile V, Lombardo L, Spatafora C, Tringali C. (2005) Chemo-enzymatic synthesis and cell-growth inhibition activity of 
resveratrol analogues. Bioorganic Chemistry,  33, 22-33. 

[27]  Cardile V, Chillemi R, Lombardo L, Sciuto S, Spatafora C, Tringali C. (2007) Antiproliferative activity of methylated analogues of 
E- and Z-resveratrol. Zeitschrift fur Naturforschung C, 62,  189-195. 

[28] Roberti M, Pizzirani D, Recanatini M, Simoni D, Grimaudo S, Di Cristina A, Abbadessa V, Gebbia N, Tolomeo M. (2006) 
Identification of a Terphenyl Derivative that Blocks the Cell Cycle in the G0-G1 Phase and Induces Differentiation in Leukemia 
Cells. Journal of Medicinal Chemistry, 49, 3012-3018. 

[29] Zhang L, Gellersted G. (1994) Reactive structures in wood and high-yield pulps. IV. Daylight-induced oxidation of stilbene 
structures in the solid state. Acta Chemica Scandinavica, 48, 490-497.  

[30] Bjorsvik H-R, Occhipinti G, Gambarotti C, Cerasino L, Jensen VR. (2005) Synthesis of methoxy-substituted phenols by peracid 
oxidation of the aromatic ring. Journal of Organic Chemistry, 70, 7290-7296. 

[31] Potter GA, Butler PC, Ruparelia KC, Ijaz T, Wilsher NC, Wanogho E, Tan HL, Hoang TTV, Stanley LA, Burke MD. (2002) The 
cancer preventative agent resveratrol is converted to the anticancer agent piceatannol by the cytochrome P450 enzyme CYP1B1. 
British Journal of Cancer, 86S, 117. 

[32] Bachelor FW, Loman AA, Snowdon LR. (1970) Synthesis of pinosylvin and related heartwood stilbenes. Canadian Journal of 
Chemistry,  48, 1554-1557. 

[33] Mannila E, Talvitie A, Kolehmainen E. (1993) Antileukemic compounds derived from stilbenes in Picea abies bark. 
Phytochemistry, 33, 813-816. 

[34] Murias M, Handler N, Erker T, Pleban K, Ecker G, Saiko P, Szekeres T, Jäger W. (2004) Resveratrol analogues as selective 
cyclooxygenase-2 inhibitors: synthesis and structure-activity relationship. Bioorganic Medicinal Chemistry, 12,  5571-5578. 

[35] Li Y-Q, Li Z-L, Zhao W-J, Wen R-X, Meng Q-W, Zeng Y. (2006) Synthesis of stilbene derivatives with inhibition of SARS 
coronavirus replication. European Journal of Medicinal Chemistry, 41, 1084-1089. 

[36] Kim S, Ko H, Park JE, Jung S, Lee SK, Chun Y–J. (2002) Design, synthesis, and discovery of novel trans-stilbene analogues as 
potent and selective human cytochrome P450 1B1 inhibitors. Journal of Medicinal Chemistry, 45, 160-164. 

[37] Carrillo S, Chamorro M, Rodriguez-Gago B, Alvarez MJ, Molina JI, Rodriguez-Barbosa A, Sanchez P, Ramirez A, Munoz J, 
Dominguez J, Parrilla P, Yelamos J. (2002) Isolation and characterization of immortalized porcine aortic endothelial cell lines.  
Veterinary Immunology and Immunopathology,  89,  91-98. 

 



ALLEGATO I 
 

“Biological effects on granulosa cells of 

hydroxylated and metylated resveratrol 

analogues” 

Mol. Nutr. Food Res. 2010. 54: S236-S243. 

doi:10.1002/mnfr.200900320 



UNCORRECTED P
ROOF

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

RESEARCH ARTICLE

Biological effects on granulosa cells of hydroxylated and

methylated resveratrol analogues

Giuseppina Basini1, Corrado Tringali2, Laura Baioni1, Simona Bussolati1, Carmela Spatafora2

and Francesca Grasselli1

1 Dipartimento di Produzioni Animali, Biotecnologie Veterinarie, Qualità e Sicurezza degli
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Several resveratrol analogues have been designed to improve bioactivity: among these poly-

methoxystilbenes appear to be particularly promising. The present study was set up to

investigate the biological functions of polymethoxystilbenes 2 and 3, recently found in our

labx as antiangiogenic agents, on a well-defined swine granulosa cell model. Proliferative

activity and effects on steroidogenesis were evaluated, as well as the effect on granulosa cell

VEGFQ1 production, since these cells in basic conditions synthesize the main proangiogenic

peptide. Moreover, we considered the effect of these two resveratrol analogues on granulosa

cell redox status. Analogue 3 inhibited granulosa cell growth, while it stimulated ster-

oidogenesis. A similar effect was displayed by 2 on estradiol 17b production and cell prolif-

eration at the highest concentration tested. On the other hand, at the same dosage 2
decreased progesterone levels. Both analogues inhibited VEGF output. Granulosa cell redox

status was unaffected by resveratrol analogue 2 while the highest concentration of 3 stimu-

lated free radicals generation and scavenging enzyme activities. The overall results indicate

that analogue 3 is the more powerful compound, thus suggesting that a slight modification in

the structure markedly increases effectiveness. These data could be useful to develop more

active resveratrol analogues for therapeutic use.

Keywords:

Free radicals / Polymethoxystilbenes / Resveratrol analogues / Steroids / VEGF

1 Introduction

Apples, onions, chocolate, green tea and other plant extracts

are good sources of phenolics. Resveratrol (3,5,40-trihydrox-

ystilbene 1; Fig. 1) is a naturally occurring stilbene deriva-

tive, found in mulberries, peanuts, in some medicinal plants

and mainly present in skin of grapes and thus in red wine

[1]. Resveratrol is reported to be a natural chemopreventive

agent against cancer, a potent antioxidant and an anti-

inflammatory molecule [2]. However, the concentrations

required to exert these effects may be difficult to achieve by

drinking only one or two glasses of red wine a day. There-

fore, developing more potent analogues of resveratrol may

provide a feasible means of achieving effective concentra-

tions. The available in vivo studies indicate that resveratrol,

although absorbed in high extent by the organism, has a

poor bioavailability and may be converted in vivo into

compounds that sometimes, as for piceatannol, are effective

[3] but usually lacks of its activities [4]. Thus, many resver-

atrol analogues have been recently synthesized in the hope

to increase the activity and/or the bioavailability [5]. Among

these, polymethoxystilbenes are particularly interesting

since the presence of a 3,5-dimethoxy moiety appears to be

associated with noticeable biological activity. Poly-

methoxystilbenes appear as a sub-group of great interest

among the resveratrol analogues [6] and a deeper evaluation

of these compounds may supply new lead compounds; in
vivo studies indicate that three- or tetramethoxystilbenes are

characterized by a higher bioavailability than resveratrol
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[7, 8]. In a recent paper, we have documented that the

resveratrol analogues 3,5,40-trimethoxystilbene (2) and

2-hydroxy-3,5,40-trimethoxystilbene (3) possess a powerful

antiangiogenic activity [9] as evaluated by an angiogenesis

bioassay set up in our lab (Fig. 1) [10]. The present research

was undertaken to get an insight into the biological func-

tions of compounds 2 and 3. In order to study the effects of

both 3,5,40-trimethoxystilbene and its hydroxylated analogue

on parameters related to cell growth, hormone production,

angiogenesis and redox status swine granulosa cells were

used as a previously well-defined experimental model

[11–15]. Granulosa cells were chosen since they are true

endocrine cells and are involved in several physiological

processes such as angiogenesis. Moreover they are easy to

recover. In particular, the main features of granulosa cell

function, proliferation and steroidogenesis, were evaluated.

In addition, we also tested the effect of these poly-

methoxystilbenes on VEGF production, since we previously

demonstrated [16] that granulosa cell produce this pivotal

angiogenic peptide. Finally, redox status of granulosa cells

was explored after treatment with resveratrol analogues.

2 Materials and methods

2.1 Chemicals

All reagents used in this study were obtained from Sigma

(St. Louis, MO, USA) unless otherwise specified.

Compound 2 was synthesized through an Arbuzov rear-

rangement followed by a Horner�Emmons�Wadsworth

reaction, as previously reported [17]. According to a

previously reported method, this procedure affords the

E-stilbenoid with a minimal percentage of its Z-isomer [18].

Compound 3 was synthesized through a mild hydro-

xylation with m-CPBAQ2 of 2 as previously reported [9].

2.2 Granulosa cell collection

Swine ovaries were collected at a local slaughterhouse from

Large White cross-bred gilts, parity 5 0. The stage of the

cycle was unknown. Follicles were classified on a dimen-

sion-based fashion [14]. The ovaries were placed into cold

PBS (41C) supplemented with penicillin (500 IU/mL),

streptomycin (500 mg/mL) and amphotericin B (3.75 mg/

mL), maintained in a freezer bag and transported to the

laboratory within 1 h. After a series of washings with PBS

and ethanol (70%), granulosa cells were aseptically harves-

ted by aspiration of large follicles (45 mm) with a 26-gauge

needle and released in medium containing heparin (50 IU/

mL), centrifuged for pelleting and then treated with 0.9%

prewarmed ammonium chloride at 371C for 1 min to

remove red blood cells. Cell number and viability were

estimated using a haemocytometer under a phase contrast

microscope after vital staining with trypan blue (0.4%) of an

aliquot of the cell suspension. Cells were seeded in culture

medium (CM) M199 supplemented with sodium bicarbo-

nate (2.2 mg/mL), BSA (0.1%), penicillin (100 IU/mL),

streptomycin (100 mg/mL), amphotericin B (2.5 mg/mL),

selenium (5 ng/mL) and transferrin (5 mg/mL). Once

seeded, cells were incubated in the presence or absence of

compounds 2 or 3 (0.1, 1, 10 and 100mM) and maintained

for 48 h at 371C under humidified atmosphere (5% CO2).

The treatment was identical for all experiments performed

in this study.

2.3 Granulosa cell viability

A total of 2� 105 cells were seeded in 96-well plates in 200mL

CM. Cell viability was assayed using a bioluminescent assay

(ATP-lites; Packard Bioscience, Groningen, The Netherlands),

which measured intracellular ATP levels as an indicator of cell

numbers. ATP is a cell viability marker because it is present in

all metabolically active cells and the concentration declines

very rapidly when the cells undergo necrosis or apoptosis. The

ATP lite-M assay system is based on the production of light

caused by the reaction of ATP with added luciferase and D-

luciferin. This is illustrated in the following reaction scheme:

ATP1D-luciferin1O2-luciferase, Mg21-oxyluciferin1

AMP1PPi1CO21light. The emitted light is proportional to

the ATP concentration. Briefly, 50mL of mammalian cell lysis

solution were added to 100mL of cell suspension and the plate

was shaken for 5 min in an orbital shaker at 700 rpm in order

to lyse the cells and stabilize ATP. Then 50mL of substrate

solution were added to the wells and the microplate was

shaken for 5 min in an orbital shaker at 700 rpm. The plate

was placed in the dark for 10 min and the luminescence was

measured in a luminometer (Victor, Packard Bioscience). The

results were recorded in counts per second and the percentage

of cell viability was calculated with reference to the negative

control (cells without resveratrol analogues) for presentation

purposes.

2.4 Granulosa cell steroid production

A total of 104 cells/well were seeded in 96-well plates in

200mL CM supplemented with androstenedione (28 ng/
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1 R = R1 = R2 = R3 = H
2 R = H, R1 = R2 = R3 = Me
3 R = OH, R1 = R2 = R3 = Me

Figure 1. Structures of compounds 1–3.

2 G. Basini et al. Mol. Nutr. Food Res. 2010, 53, 1–8

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Journal: Issue Number 1 Manuscript Number 2009-00320 Color Figure No. nilMNFR  2009-00320



UNCORRECTED P
ROOF

mL). Culture media were then collected, frozen and stored

at �201C until progesterone (P4) and estradiol 17b (E2)

determination by validated Radio Immuno Assays [19]. P4

assay sensitivity and ED50 were 0.24 and 1 nmol/L, respec-

tively; E2 assay sensitivity and ED50 were 0.05 and 0.2 nmol/

L. The intra- and inter-assay coefficients of variation were

less than 12% for both assays.

2.5 Granulosa cell VEGF production

A total of 106 granulosa cells in 1 mL CM11% fetal calf

serum were seeded in 24-well plates and incubated for 48 h.

VEGF in culture media was quantified by an ELISA

(Quantikine, R&D Systems, MinneapolisQ3 , MI, USA). This

assay, developed for human VEGF detection, has been

validated for pig VEGF [20]. The assay sensitivity was

8.74 pg/mL, the inter- and intra-assay Coefficients of

Variation were always less than 7%. Victor Reader set to

read at a wavelength of 450 nm emission was used to

quantify the reaction product.

2.6 Granulosa cell superoxide (O�2 ) production

O�2 production was evaluated by WST-1 (4 - [3 - (4 - iodo-

phenyl)–2 - (4 - nitrophenyl) - 2H–5 - tetrazolio] - 1,3-

benzene disulfonate) test (Roche, Mannheim, Germany).

The assay is based on the cleavage of the water-

soluble tetrazolium salt, WST-1 to a yellow-orange, water-

soluble formazan. Evidence exists that tetrazolium

salts can be used as a reliable measure of intracellular O�2
production [21, 22]. A total of 104 cells/200 mL CM

were seeded in 9.7 Granulo6-well plates and incubated for

48 h. In total, 20mL WST-1 were added to cells during the

last 4 h of incubation and absorbance was then determined

using the Victor reader at a wavelength of 450 nm against

620 nm.

2.7 Granulosa cell hydrogen peroxide (H2O2)

production

H2O2 production was measured by an Amplex Red

Hydrogen Peroxide Assay Kit (Molecular Probes, PoortGe-

bouw, The Netherlands); the Amplex Red reagent reacts

with H2O2 to produce resorufin, an oxidation product.

Briefly, 2� 105 cells/200 mL CM were seeded in 96-well

plates and incubated for 48 h. After centrifugation for

10 min at 400� g, the supernatants were discarded and cells

were lysed adding cold Triton 1% in TRIS HCl (100 mL/well)

and incubating on ice for 30 min. Undiluted cell lysates

were used to perform the test and read against a standard

curve of H2O2 ranging from 0.195 to 12.5 mM. The absor-

bance was determined with the Victor Reader using a

540 nm filter.

2.8 Granulosa cell scavenging enzyme activity

A total of 2� 105 cells/200 mL CM were seeded in 96-well

plates and incubated for 48 h. After centrifugation for

10 min. at 400� g, the supernatants were discarded and cells

were lysed adding cold Triton 1% in TRIS HCl (100 mL/105

cells) and incubating on ice for 30 min. Superoxide dismu-

tase (SOD), catalase and peroxidase activities were assessed

in cell lysates as described below.

SOD activity was determined by a SOD Assay Kit (Dojindo

Molecular Technologies, Japan). Cell lysates were tested with-

out dilution and a standard curve of catalase ranging from

0.156 to 20 U/mL was prepared. The colorimetric assay was

performed measuring formazan produced by the reaction

between tetrazolium salt (WST-1) and superoxide anion (O�2 ),

produced by the reaction of an exogenous xantine oxidase. The

remaining O�2 is an indirect hint of the endogenous SOD

activity. The absorbance was determined with Victor Reader

reading at 450 nm against 620 nm.

Catalase activity was measured by an Amplex Red Cata-

lase Assay Kit (Molecular Probes) based on the formation of

an oxidation product (resorufin) derived from the reaction

between H2O2 given in excess, and the Amplex Red reagent

in the presence of horseradish peroxidase. Cell lysates were

diluted 1:10 to perform the test and read against a standard

curve of catalase ranging from 62.5 to 1000 mU/mL. The

absorbance was determined with Victor Reader using a

540 nm filter.

Peroxidase activity was measured by an Amplex Red

Peroxidase Assay Kit (Molecular Probes) based on the

formation of an oxidation product (resorufin) derived from

the reaction between H2O2 given in excess and the Amplex

Red reagent. Cell lysates were used undiluted to perform the

test and read against a standard curve of peroxidase ranging

from 0.039 to 5 mU/mL. The absorbance was determined

with Victor Reader using a 540 nm filter.

2.9 Statistical analysis

Data are presented as means7SEM. Statistical analysis was

performed by means of ANOVA using Statgraphics package

(STSC, Rockville, MD, USA). When significant differences

were found, means were compared by Scheffè’s F test.

p-Values o0.05 were considered to be statistically

significant.

3 Results

3.1 Granulosa cell viability

Resveratrol analogue 2 significantly (po0.05) decreased

ATP content only at the highest concentration tested, while

analogue 3 displayed an inhibitory action at 1, 10, 100mM

(po0.001) (Fig. 2).
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3.2 Granulosa cell steroid production

P4 production (basal 5 7079 ng/mL; means7SEM)

appeared significantly reduced only by the highest dosage of

resveratrol analogue 2 (po0.05); on the contrary, resveratrol

analogue 3 displayed a significant stimulatory effect on P4

levels at all concentrations tested, with a dose-dependent

action at 10 and 100mM (po0.01, Fig. 3).

As for E2 (370.5 ng/mL), only 100 mM resveratrol

analogue 2 enhanced the steroid production (po0.01), while

resveratrol 3 was effective at all dosages in increasing E2

levels, with a dose-dependent action at 10 and 100mM

(po0.001, Fig. 4).

3.3 Granulosa cell VEGF production

Both reseveratrol analogues significantly reduced VEGF

levels (900750 pg/mL) at 1, 10 and 100mM (po0.01) with-

out any significant differences among the concentrations

tested (po0.01) (Fig. 5).
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Figure 3. Effect of the 48 h treatment with or without (C) resver-

atrol analogue 2 or 3 at concentrations of 0.1, 1, 10, 100 mM on P4

production in swine granulosa cell culture using RIA. Data,

expressed as percentage versus respective C, represent the

mean7SEM of six replicates/treatment repeated in four different

experiments. Different letters on the bars representing the same

analogue indicate a significant difference (po0.05).
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Figure 5. Effect of the 48 h treatment with or without (C) resver-
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VEGF production in swine granulosa cell culture using ELISA.

Data, expressed as percentage versus respective C, represent the

mean7SEM of six replicates/treatment repeated in four different

experiments. Different letters on the bars representing the same

analogue indicate a significant difference (po0.01).
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Figure 2. Effect of the 48 h treatment with or without (C) resver-

atrol analogue 2 or 3 at concentrations of 0.1, 1, 10, 100mM on

granulosa cell proliferation using ATP content assay test. Data,

expressed as percentage versus respective C, represent the

mean7SEM of six replicates/treatment repeated in four different

experiments. Different letters on the bars representing the same

analogue indicate a significant difference (po0.05).
E

2 
pr

od
uc

tio
n 

(%
 v

s 
C

)

0

500

1000

1500

2000

Control
Resveratrol analogue 2
Resveratrol analogue 3

a b

d

c

aa
b

a
b

µM
C 0.1 1 10 100

Figure 4. Effect of the 48 h treatment with or without (C) resver-

atrol analogue 2 or 3 at concentrations of 0.1, 1, 10, 100 mM on E2

production in swine granulosa cell culture using RIA. Data,

expressed as percentage versus respective C, represent the

mean7SEM of six replicates/treatment repeated in four different

experiments. Different letters on the bars representing the same

analogue indicate a significant difference (po0.01).
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3.4 Granulosa cell redox status

Neither free radicals levels nor scavenging enzyme activity

were significantly affected by resveratrol analogue 2 (Figs.

6–10). On the contrary, 10 and 100mM resveratrol analogue

3 significantly (po0.001) increased both free radicals

production (Figs. 6 and 7) and at the same time potentiated

(po0.001) the activity of scavenging enzymes SOD

(320710 mU/mL), peroxidase (14207220 mU/mL) and

catalase (3277 mU/mL) (Figs. 8–10).

4 Discussion

Resveratrol is a phytoalexin found in a wide variety of dietary

sources including grapes berries and peanuts. A primary

impetus for research on resveratrol was from the paradoxical

observation that a low incidence of cardiovascular diseases

may co-exist with a high-fat diet intake and moderate

consumption of red wine, a phenomenon known as the

French paradox. During the last years, this substance has

been the focus of many in vitro and in vivo studies investi-
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Figure 6. Effect of the 48 h treatment with or without (C) resver-

atrol analogue 2 or 3 at concentrations of 0.1, 1, 10, 100mM on O�2
concentration in swine granulosa cell culture using WST-1 test.

Data, expressed as percentage versus respective C, represent the

mean7SEM of six replicates/treatment repeated in four different

experiments. Different letters on the bars representing the same

analogue indicate a significant difference (po0.05).
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Figure 9. Effect of the 48 h treatment with or without (C) resver-
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gating its biological attributes, which include mainly anti-

oxidant and anti-inflammatory activities, anti-platelet

aggregation effect, anti-atherogenic properties and cancer

chemoprevention. Some of these effects may be due in part

to resveratrol being a phytoestrogen, with biological prop-

erties similar to those of estrogens [23]. However, resveratrol

is characterized by low bioavailability [24], short half-life [25]

and extensive conjugation [26] and consequently needs to be

used in high doses for possible efficacy of therapeutic

treatments. Thus, a number of synthetic analogues of

resveratrol have already been synthesized and tested for

their potential anticancer, anti-inflammatory and anti-

angiogenetic effects [6, 9, 17]. Among the resveratrol

analogues, polymethoxystilbenes represent a sub-group of

great interest due to their higher bioavailability, at least in

intestinal and colonic mucosae and in the brain, with

respect to resveratrol [7]. Recently, the pharmacokinetics of

3,5,40-trimethoxystilbene (2) has been studied [8]: in

comparison with 1, 2 showed greater plasma exposure,

longer half-life and lower clearance. Thus, as a first step in a

deeper evaluation of methylated analogues of resveratrol, we

have recently [9] demonstrated the antiangiogenic effect of

several polymethoxystilbenes; among these, the most effec-

tive appeared to be 3,5,40-trimethoxystilbene and most of all

its 2-hydroxy analogue. Therefore, these molecules were

tested in the present study in order to unravel their biolo-

gical action on different granulosa cell functions. Our

overall results clearly show that the 2-hydroxy analogue

appears the most potent compound in affecting cell func-

tional parameters, except for VEGF production, which was

inhibited similarly by both resveratrol analogues. This

would suggest that the biological activity can be effectively

modulated by a slight modification of the chemical struc-

ture: in particular, the improved effectiveness may be related

to an increased diffusion rate in a hydrophilic medium or in

a better interaction with a receptor/enzyme active site. In

this regard, it is worth noting that subtle modifications in

the structure of resveratrol analogues may noticeably affect

their tubulin-inhibitory activity, due to the strict require-

ments for an effective interaction with the colchicine-bind-

ing pocket of tubulin [27]. Moreover, different biological

effects related to the slight different structures of polihy-

droxylated stilbenoids have been reported [28].

In agreement with our previous paper [9] in which we

documented a marked inhibition of endothelial cell growth,

also granulosa cell viability was almost dose-dependently

inhibited by the 2-hydroxy analogue. This feature could

make this analogue an interesting compound for further

evaluation as a potential cancer chemopreventive agent.

Data concerning the effects of the hydroxylated analogue

3 on steroidogenesis are remarkable, in that a potent

stimulation of both P4 and E2 production was induced in

granulosa cells. A similar effect was displayed by 2 on E2

production at the highest concentration tested. On the other

hand, at the same dosage this analogue decreased P4 levels.

At the moment the reason for these marked discrepancies

are not clear. 3,5,40-trimethoxystilbene biological action

appears similar to that of resveratrol [29] on different ster-

oid-producing cells; due to its stilbene structure, resveratrol

has been related to the synthetic estrogen diethylstilbestrol

and included into endocrine disrupting compounds,

chemicals with the potential to elicit negative effects on

endocrine system of human and animal [23].

As suggested above, we could presume that the hydro-

xylation of the analogue 3,5,40-trimethoxystilbene has a

significant impact on biological function: in particular, the

hydroxyl group could act ahead of steroids biosynthetic

pathway, thus stimulating both P4 and E2 production.

Further studies will be necessary to verify this hypothesis.

The interplay between free radicals and antioxidant

scavenging enzymes is important in maintaining health,

and in determining the rate of aging and age-related disea-

ses [30]. Free radicals induce oxidative stress, which is

balanced by the body’s endogenous antioxidant systems and

by the ingestion of exogenous antioxidants. If the generation

of free radicals exceeds the protective effects of antioxidants

this can cause oxidative damage, which accumulates during

the life cycle, and can be implicated in aging and age-

dependent diseases such as cardiovascular disease, cancer,

neurodegenerative disorders and other chronic conditions

[31–33]. Recent results have provided interesting insight into

the effect of resveratrol on intracellular redox status. These

results seem to support both anti- and pro-oxidant activities

of this compound [34]. As for polymethoxystilbenes, present

data demonstrate that 3,5,40-trimethoxystilbene does not

affect in any way cellular redox status while the 2-hydroxy

analogue stimulates the production of radical species and,

most interestingly, potentiates the activity of all the

scavenging enzymes. This ability may be caused by the
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Figure 10. Effect of the 48 h treatment with or without (C)

resveratrol analogue 2 or 3 at concentrations of 0.1, 1, 10, 100 mM

on Peroxidase activity in swine granulosa cell culture using

colorimetric method. Data, expressed as percentage versus

respective C, represent the mean7SEM of six replicates/treat-

ment repeated in four different experiments. Different letters on

the bars representing the same analogue indicate a significant

difference (po0.001).
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presence of additional phenolic groups in its chemical

structure as already suggested by Olas et al. [35] who

evidenced a potent antioxidant effect by a naturally occur-

ring resveratrol analogue trans-3,30,5,50-tetrahydroxy-40-

methoxystilbene. In addition, Murias et al. [28] demon-

strated that hydroxystilbenes with a different number of

hydroxyl-groups and different substitution patterns exert

different antioxidant potency.

Taken together, present data improve the knowledge about

biological effects of polymethoxystilbenes and may be useful in

order to develop resveratrol analogues for medical use.
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Summary Angiogenesis is normally a highly regulated
process that occurs during development, reproduction, and
wound repair. However, angiogenesis can also become a
fundamental pathogenic process in cancer and several other
diseases. To date, the synthesis of angiogenesis inhibitors
has been researched in several ways also starting from
bioactive plant compounds. In the present study, we tested
both in an angiogenesis bioassay and in ovarian cell culture,
the potential antiangiogenic effect of a natural-derived
benzo[k,l]xanthene lignan (5). This unusual compound
was synthesized through the biomimetic dimerization of
CAPE (Caffeic Acid Phenetyl Ester), a bioactive compo-
nent of honeybee propolis. The lignan showed a significant,
dose-related inhibitory effect on new vessel growth in the
angiogenesis bioassay and it inhibited Vascular Endothelial
Growth Factor secretion in ovarian cell culture. Therefore,
we indicate the natural-derived benzo[k,l]xanthene lignan 5
as a potential new angiogenesis inhibitor.

Keywords Angiogenesis . VEGF. Granulosa cells . Caffeic
acid phenetyl ester

Introduction

Angiogenesis, or new blood vessel growth is defined as a
process in which a network of new blood vessels emerges from
preexisting ones [1]. It has been shown that exponential tumor
growth over a few mm in size is dependent on the recruitment
of its own nutrition and oxygen supply by angiogenesis [2].
Since then, many studies have been set up for preventing,
delaying or even completely eliminating cancer by suppress-
ing its neovascularization [3]. Recent studies have provided
evidence that a wide range of food-derived phytochemicals
and other diet–associated compounds or their synthetic
derivatives represent a cornucopia of potential new com-
pounds acting as angiogenesis inhibitors and numerous
bioactive plant compounds are tested for the potential clinical
applications [4]. On this basis, we have recently carried out
the biomimetic dimerization of caffeic acid esters with the
aim to obtain new dimers related to previously known
antiangiogenic lignans [5]. Methyl caffeate and CAPE
(Caffeic acid phenethyl ester, 1), a bioactive component of
honeybee propolis extract [6], were employed as substrates.
Surprisingly, the dimerization through oxidative coupling
mediated by manganese-based reagents afforded with good
yield unusual benzo[k,l]xanthene lignans, related to a rare
group of natural products [7]. In fact, only a few examples of
benzo[k,l]xanthene lignans are reported in the literature, such
as rufescidride (2) from Cordia rufescens [8], mongolicumin
(3) from Taraxacum mongolicum [9], and yunnaneic acid H
(4) from Salvia yunnanensis [10]. The biological properties of
this group of lignans are completely unexplored up to date,
due to their rarity in nature and unavailability from synthesis.
Thus, we considered of some interest the evaluation of the
CAPE dimer 5 (Fig. 1) as a possible new antiangiogenic
agent, employing the angiogenesis bioassay set up in our
laboratory [11].

G. Basini (*) : L. Baioni : S. Bussolati : F. Grasselli
Dipartimento di Produzioni Animali, Biotecnologie Veterinarie,
Qualità e Sicurezza degli Alimenti—Sezione di Fisiologia
Veterinaria, Università degli Studi di Parma,
Via del Taglio 10,
43126 Parma, Italy
e-mail: basini@unipr.it

C. Daquino : C. Spatafora : C. Tringali
Dipartimento di Scienze Chimiche, Università degli Studi di
Catania,
Viale A. Doria 6,
95125 Catania, Italy

Invest New Drugs
DOI 10.1007/s10637-010-9550-z



Moreover, in order to better investigate the effect of the
CAPE-derived lignan 5 on angiogenesis, swine ovarian
granulosa cells were employed since they are actively
involved in the regulation of follicular vascularization, a rare
example of physiological angiogenesis [12, 13]. In addition,
they are easy to recover. We used a previously well-defined
experimental model [12, 14, 15] to study the effect of
compound 5 on the production of Vascular Endothelial
Growth Factor (VEGF), the main proangiogenetic peptide
[16].

Materials and methods

Chemicals

All reagents used in this study were obtained from Sigma
(St. Louis, MO, USA) unless otherwise specified.

The compound 5 was synthesized according to a
protocol previously reported by some of us [7] and based
on oxidative coupling of CAPE (Caffeic Acid Phenethyl
Ester) in the presence of Mn(OAc)3 as oxidative agent.

Angiogenesis bioassay

Endothelial cell culture

An immortalized porcine aortic endothelial cell line (AOC)
[17] was generously provided by José Yelamos (Hospital
Universitario Virgen de la Arrixaca, El Palmar, 30120
Murcia, Spain). In all experiments, AOC at 19th passage
were used and seeded in culture medium (CM) composed
by M199 supplemented with sodium bicarbonate (2.2 mg/
ml), bovine serum albumin (BSA 0.1%), penicillin (100 IU/
ml), streptomycin (100 μg/ml), amphotericin B (2.5 μg/ml),
selenium (5 ng/ml) and transferrin (5 μg/ml).

Three-dimensional endothelial cell culture on a fibrin gel
support

The microcarrier-based fibrin gel angiogenesis assay was
performed as described by Basini et al. [11]. Briefly,
12.5 mg gelatin-coated cytodex-3 microcarriers in 1 ml
PBS were incubated for 3 h to hydrate. After two washings
in PBS and one in CM, the microcarriers were put in flasks
containg 5 ml CM; AOC (5×105) were added and cultured
for 24 h in order to let the endothelial cells coat the
microcarriers. For the fibrin gel preparation, 40 μl micro-
carriers covered by AOC were pipetted into 6 well plates
containing a solution of fibrinogen (1 mg/ml PBS, pH 7.6),
added with 1250 IU thrombine (250 μl). Fibrin gels were
allowed to polymerize for 30 min at 37°C, then they were
equilibrated for 60 min with 2 ml M199. After a change of
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the medium, AOC were treated with VEGF (100 ng/ml;
PeproTech EC Ltd, London, UK) in the presence or
absence of 0.1, 1, 10 μM of 5. Plates were incubated at
37°C under humidified atmosphere (5% CO2). AOC were
cultured for 96 h, renewing totally the treatment after 48 h.

Quantification of AOC growth on fibrin gel matrix

Endothelial cell proliferation in the fibrin gel matrix was
evaluated by means of the public domain NIH Program
Scion Image Beta 4.02 (Scion Corporation, MA, USA,
http://rsb.info.nih.gov/nih-image/). Ten pictures were taken
for each gel at 48 and 96 h; images were converted into
gray scale, resized to 50% (Paintbrush Software, MS
Office) and saved as Bitmap 24bit format compatible with
Scion. The modified images were then imported into the
program and measurements were made drawing the
perimeter of the area occupied by AOC expressed as
number of pixel. In order to validate the measurement of
the area covered by AOC in fibrin gels as a reliable method

to evaluate cell proliferation, fibrin gels were stained by the
nuclear dye bis-benzimide (Hoechst 33258, 20 μg/ml in
PBS for 60 min) and examined by the fluorescence
microscope [18]. This procedure was performed 20 times;
for each experiment the number of nuclei was counted
under fluorescence and pictures of the aera covered by
AOC were taken in order to measure the surface covered in
the fibrin gel. A strong correlation was observed between
the area covered by AOC and the number of nuclei found in
the same area (r=0.96).

Granulosa cell collection

Swine ovaries were collected at a local slaughterhouse
from Large White cross-bred gilts, parity = 0. The stage
of the cycle was unknown. Follicles were classified on a
dimension-based fashion [15]. The ovaries were placed
into cold phosphate buffered saline (PBS 4°C) supple-
mented with penicillin (500 IU/ml), streptomycin
(500 μg/ml) and amphotericin B (3.75 μg/ml), main-
tained in a freezer bag and transported to the laboratory
within 1 h. After a series of washings with PBS and
ethanol (70%), granulosa cells were aseptically harvested
by aspiration of large follicles (>5 mm) with a 26-gauge
needle and released in medium containing heparin
(50 IU/ml), centrifuged for pelleting and then treated
with 0.9% prewarmed ammonium chloride at 37°C for
1 min to remove red blood cells. Cell number and
viability were estimated using a haemocytometer under
a phase contrast microscope after vital staining with
trypan blue (0.4%) of an aliquot of the cell suspension.
Cells were seeded in culture medium (CM) M199 supple-
mented with sodium bicarbonate (2.2 mg/ml), bovine serum
albumin (BSA 0.1%), penicillin (100 IU/ml), streptomycin
(100 μg/ml), amphotericin B (2.5 μg/ml), selenium (5 ng/ml)
and transferrin (5 μg/ml). Once seeded, cells were incubated
in the presence or absence of compounds 5 (0.1, 1 and 10 μM)
and maintained for 48 h at 37°C under humidified atmosphere
(5% CO2). The treatment was identical for all experiments
performed in this study.

Compound 5 (µM)

C 0.1 1 10

V
E

G
F

 p
ro

du
ct

io
n 

(p
g/

m
l)

0

200

400

600

800

1000

1200

a a a

b

Fig. 3 Effect of the treatment with compound 5 (0.1, 1 or 10 μM) for
48 h on VEGF production by swine granulosa cell. Different letters
indicate a significant difference (p<0.001) among treatments as
calculated by ANOVA and Scheffè’ F test
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Photo 1 Phase contrast micro-
graphs showing AOC growth at
48 and 96 h in fibrin gel matrix.
Cells were cultured in CM or
treated with compound 5 at the
concentrations of 0.1, 1 or
10 μM
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Granulosa cell VEGF production

106 granulosa cells in 1 ml CM+1% Fetal Calf Serum were
seeded in 24-well plates and incubated for 48 h as indicated
above. VEGF in culture media was quantified by an ELISA
(Quantikine, R&D System, Minneapolis, MI, USA). This
assay, developed for human VEGF detection, has been
validated for pig VEGF [19]. The assay sensitivity was
8.74 pg/ml, the inter- and intra-assay coefficients of
variation were always less than 7%. Victor Reader set to
read at a wavelength of 450 nm emission was used to
quantify the reaction product.

Statistical analysis

The experiments were repeated at least 4 times (4
replicates/treatment). Experimental data are presented as
mean±SEM; statistical differences between treatments were
calculated with Multifactorial ANOVA using Statgraphics
package (STSC Inc., Rockville, MD, USA). When signif-
icant differences were found, means were compared by
Scheffè’s F test; p values<0.05 were considered to be
statistically significant.

Results

Angiogenesis bioassay

Our data highlight that compound 5 exerts a dose-related
inhibitory effect (p<0.05) on the angiogenic process at 1
and 10 μM, both after 48 and 96 h of incubation. On the
contrary, the lowest concentration tested was always
ineffective (Fig. 2; Photo 1).

Granulosa cell VEGF production

VEGF secretion by granulosa cells was significantly
inhibited (p<0.001) by the highest concentration tested,
while 0.1 and 1 μM were ineffective (Fig. 3).

Discussion

In most adult tissues, physiological angiogenesis is highly
restricted and capillary growth occurs only rarely and in
association with repair processes such wound and fracture
healing. Disruption of the mechanisms controlling physio-
logical angiogenesis has a major impact on health, as it
underlies the pathogenesis of a growing list of diseases
characterized by the overproliferation of blood vessels,
including cancer, psoriasis, arthritis, retinopaties, obesity,
asthma and atherosclerosis [20].

Phytochemicals have been shown to target and inhibit
several key events of the angiogenic process such as
proliferation and migration of endothelial cells as well as
the expression of some pro-angiogenic factors [4]. Benzo[k,
l]xanthene lignans, rarely encountered in nature, can be
obtained by dimerization of CAPE (1), an honeybee
propolis constituent with antioxidative, antiproliferative
[6] and antiangiogenic properties [21–23]. The benzo[k,l]
xanthene lignan 5, recently synthesized in our lab [7],
represents an interesting compound to investigate due to its
potential effects on angiogenesis. In this study, by means of
an angiogenesis bioassay set up in our lab [11] we
demonstrated that compound 5 displays a significant,
dose-related inhibitory effect on new vessel growth at both
concentrations tested. In addition, the CAPE analogue
inhibited VEGF secretion by granulosa cells at 10 μM.
Different components from propolis have been shown to
possess high antiangiogenic activity: in particular, caffeic
acid phenethyl ester, apigenin, artepillin C, galangin,
kaempferol and pinocembrin are all effective in suppressing
tube formation in HUVECS in a concentration-dependent
manner [21]. These results have been confirmed by the
observation that oral administration of propolis extract
inhibits tumor-induced angiogenesis in vivo [24]. Other
experimental evidences suggest that caffeic acid represents
a promising anti-angiogenic agent which effectively inhibits
retinal neovascularization without retinal toxicity [25].

To our knowledge, the effects of the synthethic
derivatives of CAPE are still unexplored and this work
represents the first evaluation of a benzo[k,l]xanthene
lignan as an antiangiogenic agent. Thus, no structure-
activity relationship can be established at the moment;
however, our results suggest that benzo[k,l]xanthene
lignans are worth of a deeper investigation which may
open the way to the discovery of new natural-derived
antiangiogenic agents.
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