
CNR-IRET UOS di Napoli – Via P. Castellino 111, 80131 Napoli (NA). ITALIA 

Tel. +39 081 6132320      Fax +39 081 6132701 

ALLEGATO A 

Al Direttore dell' Istituto di Ricerca sugli Ecosistemi Terrestri

Anna

Prov. Napoli il  17/03/1988

Prov. Napoli

La sottoscritta  Valentino
Codice Fiscale  VLNNNA88C57F839U 
Nata a Napoli
Attualmente residente ad  Afragola 
Indirizzo  Via Messina n° 4

CAP  80021  Telefono : 3281152165

Indirizzo PEC. anna.valentino88@pec.it

chiede, ai sensi dell'art. 22 della L. 240 del 30/12/2010, di essere ammesso a sostenere la selezione pubblica,

per titoli e colloquio, per il conferimento di n° 1 assegno per lo svolgimento di attività di ricerca nell'ambito 
del programma di ricerca: “MICROPOLI”, per la seguente tematica: “Isolamento, caratterizzazione e 
validazione dell’attività biologica su opportuni modelli in vitro di patologie correlate all’invecchiamento dei 
principi e/o frazioni di più principi attivi isolati da scarti della filiera olivicola
sotto la responsabilità scientifica della Dott. dott.ssa Anna Calarco e della dott.ssa Anna Di Salle.
da svolgersi presso la sede di Napoli, dell’Istituto di Ricerca sugli Ecosistemi Terrestri (IRET). A tal fine,
la sottoscritta dichiara sotto la propria responsabilità:

1) di essere cittadina italiana
2) di aver conseguito il diploma di laurea in Biotecnologie mediche (LM-9) il

29/03/2012 presso l'Università degli Studi di Napoli Federico II con votazione 110/110 e lode;

3) di aver conseguito il titolo di dottore di ricerca in Scienze Mediche Cliniche e
Sperimentale il 15/12/2016 presso l’Università degli Studi della Campania Luigi Vanvitelli

4) di non aver riportato condanne penali e di non avere procedimenti penali pendenti a proprio carico

5) di non aver usufruito di altri assegni di ricerca dal 01/05/2011 al 01/02/2020 e di non aver usufruito delle

tipologie di rapporti di lavoro di cui all’art. 2 dell’avviso di selezione.
Il sottoscritto allega alla presente domanda: 

- dichiarazione sostitutiva di certificazione e dell’atto di notorietà ai sensi degli art. 46 e 47 del DPR

445/2000 e s.m.i. da compilarsi mediante l’utilizzo del modulo (allegato B) attestante la veridicità del 

contenuto del Curriculum vitae et studiorum; 

- elenco dei lavori trasmessi dal candidato per via telematica di cui all’art. 4 del bando.

Luogo e data 
Napoli, 14/12/2021 FIRMA  

* - Qualora il titolo di studio sia stato conseguito all'estero, dovrà essere presentata idonea

documentazione attestante l'equipollenza con un titolo rilasciato in Italia, secondo quanto previsto 

dall'art. 3, punto d) del presente avviso. 

- i lavori non reperibili attraverso rete (es, rapporti tecnici, monografie, capitoli di libro, brevetti) oppure, quelli 
reperibili attraverso la rete ma con accesso a pagamento;

- informativa sul trattamento dei dati personali (allegato C), come richiesto all’art. 4 del bando.



CNR-IRET UOS di Napoli – Via P. Castellino 111, 80131 Napoli (NA). ITALIA 

Tel. +39 081 6132320      Fax +39 081 6132701 

FAC-SIMILE ALLEGATO B 

DICHIARAZIONI SOSTITUTIVE DI CERTIFICAZIONI 
(art. 46 D.P.R. n. 445/2000) 

DICHIARAZIONI SOSTITUTIVE DELL’ATTO DI NOTORIETÀ 
(art. 47 D.P.R. n. 445/2000) 

La sottoscritta

COGNOME:   VALENTINO

NOME: ANNA

NATA A: NAPOLI                                                PROV. Napoli  IL 17/03/1988

ATTUALMENTE RESIDENTE A: AFRAGOLA  PROV. Napoli   INDIRIZZO Via Messina n° 4 

C.A.P. 80021

TELEFONO: 3281152165

Visto il D.P.R. 28 dicembre 2000, n. 445 concernente “T.U. delle disposizioni legislative e regolamentari 

in materia di documentazione amministrativa” e successive modifiche ed integrazioni; 

Vista la Legge 12 novembre 2011, n. 183 ed in particolare l’art. 15 concernente le nuove disposizioni in 

materia di certificati e dichiarazioni sostitutive (*); 

Consapevole che, ai sensi dell’art.76 del DPR 445/2000, le dichiarazioni mendaci, la falsità negli atti e 

l’uso di atti falsi sono punite ai sensi del Codice penale e delle leggi speciali vigenti in materia,  dichiara 

sotto la propria responsabilità: 

che quanto dichiarato nel seguente curriculum vitae et studiorum 

comprensivo delle informazioni sulla produzione scientifica 

corrisponde a verità 

FIRMA(**) 

(*) ai sensi dell’art. 15, comma 1 della Legge 12/11/2011, n. 183 le certificazioni rilasciate dalla P.A. in 

ordine a stati, qualità personali e fatti sono valide e utilizzabili solo nei rapporti tra privati; nei rapporti con 

gli Organi della Pubblica Amministrazione e i gestori di pubblici servizi, i certificati sono sempre sostituiti 

dalle dichiarazioni sostitutive di certificazione o dall’atto di notorietà di cui agli artt. 46 e 47 del DPR 

445/2000 

14/12/2021



 Curriculum Vitae  Anna Valentino 

INFORMAZIONI PERSONALI Valentino Anna 

Via Messina n.4, Afragola (NA), CAP 80021 

 3281152165 

annavalentino88@gmail.com; anna.valentino88@pec.it 

 Data di nascita 17/03/1988 | Nazionalità Italiana  

ESPERIENZA PROFESSIONALE 

ISTRUZIONE E FORMAZIONE 

FEBBRAIO 2021 – AD OGGI Assegno di ricerca 
Università del Piemonte Orientale (UPO). Dipartimento Scienze del Farmaco, via Duomo, 6 - 13100 
Vercelli. 

Progetto Cariplo 2008-1001-Cup: C15J19000150007. Titolo: High added-value bioactive polyphenols 
recovered from waste of olive oil production. Realizzazione di scaffold bioattivi per la rigenerazione 
ossea e cartilaginea con l’uso di scarti di produzione alimentare. 

Principali mansioni e responsabilità 
• Studio in vitro su cellule umane primarie di prodotti di scarto della produzione alimentare 
(scarti della produzione di olio d'oliva) quali possibili principi bioattivi nella rigenerazione ossea e 
cartilaginea. I prodotti di interesse verranno utilizzati per arricchire scaffold 3D a rilascio controllato; 

• Test in vitro di attività antiossidante e anti-infiammatoria;

• Test in vitro di attività pro ed anti-proliferativa.

APRILE 2018 – GENNAIO 2021 Ricercatore tempo indeterminato 
Elleva Pharma Srl - 5, Via S. Francesco D'Assisi – Marigliano (NA). 

Principali mansioni e responsabilità 
• Estrazione di molecole biologicamente attive mediante metodi convenzionali (uso di solventi
anche ecosostenibili ed ecocompatibili) e/o assistiti (es. microonde, ultrasuoni, etc.). 

• Valutazione della cinetica di rilascio di molecole bioattive anche di origine naturale da sistemi 
micro/nanostrutturati mediante cromatografia liquida ad elevata pressione (HPLC). 

• Determinazione qualitativa del finger-printing delle molecole di interesse mediante 
spettroscopia infrarossa in trasformata di Fourier (FT-IR). 

• Determinazione quali-quantitativa delle molecole di interesse mediante cromatografia liquida 
associata alla spettrometria di massa (LC-MS/MS). 

• Test di biocompatibilità delle molecole bioattive estratte.

GIUGNO 2017 – APRILE 2018 Borsa di studio 
Centro Interuniversitario per le Ricerche in Neuroscienze (CIRN), Università degli Studi della 
Campania Luigi Vanvitelli, Via Pansini, Napoli edificio 10. 

Progetto POR FSER 2001/2013” - obiettivo Operativo 2 - Capofila Farmaceutici DAMOR SRL. Titolo: 
Nanotecnologia per il rilascio controllato di molecole bio-attive. 

Principali mansioni e responsabilità 
• Determinazione delle dimensioni, della carica di superficie e dell’indice di polidispersione di 
nanoparticelle mediante “Dinamic Light Scattering - DLS”, Nanoparticle tracking analysis (NTA), ed 
ottimo utilizzo di tecniche cromatografiche ad alte prestazioni (HPLC). Estrazione e caratterizzazione 
di molecole bioattive di origine naturale. 
• Determinazione quali-quantitativa delle molecole di interesse mediante cromatografia liquida 
associata alla spettrometria di massa (LC-MS/MS). 
• Determinazione qualitativa del finger-printing delle molecole di interesse mediante 
spettroscopia infrarossa in trasformata di Fourier (FT-IR) e Spettrometria di massa. 
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 Curriculum Vitae  Anna Valentino 

COMPETENZE PERSONALI 

GENNAIO 2017 - MAGGIO 2017 Tirocinio volontario 
Istituto di Bioscienze e Biorisorse, CNR-UOS di Napoli, Via Pietro Castellino, 111. 

Progetto “Materiali Avanzati Per la Ricerca ed il Comparto Agroalimentare – MAReA”. Progettazione di 
nuovi polimeri funzionalizzati con molecole bioattive di origine naturali in grado di inibire la formazione 
di biofilm microbici e di aumentare la shelf–life di prodotti alimentari. Ente/Istituzione finanziatrice: 
MIUR; n° 0000732 data 04/03/2014 

Principali mansioni e responsabilità 
• Valutazione, mediante tecniche cromatografiche quali HPLC, della cinetica di rilascio di 
molecole bioattive in grado di inibire biofilm microbici 
• Determinazione qualitativa del finger-printing delle molecole di interesse mediante 
spettroscopia infrarossa in trasformata di Fourier (FT-IR) e Spettrometria di massa. 

OTTOBRE 2012 – DICEMBRE 
2016 

Dottorato di ricerca 
Scienze Mediche Cliniche e Sperimentale. Conseguito in data 15-12-2016 

XXIX ciclo presso l’Università degli Studi della Campania Luigi Vanvitelli. 

Tesi di dottorato dal titolo: “Epigenetic deregulation of carnitine system by miRNAs induces metabolic 
reprogramming in cancer cells.”. Reg. Fol. 218 n. 2596. 

Principali abilità professionali acquisite 
• Analisi del profilo di espressione dei miRNA (sia da cellule che da tessuti) dopo Next
Generation Sequencing (NGS). 
• Utilizzo di algoritmi di predizione bioinformatica quali miRBase, DIANA Tool, TargetScan.
• Identificazione di potenziali target mediante tecniche di biologia molecolare avanzata

DICEMBRE 2009 – MARZO 2012 Laurea Magistrale 
Biotecnologie Mediche (LM9). Conseguita in data 29-03-2012 

Università degli Studi di Napoli Federico II .N. Reg. CE2012N7952700013 

Tesi dal titolo: “Patogenesi della Sindrome di Down: ruolo di NFAT, NF-kB e del sistema ubiquitina 
proteasoma” 

Votazione 110/110 e lode. 

Principali abilità professionali acquisite 
• Estrazione di proteine ed acidi nucleici
• EMSA, Real-Time PCR, Western blot
• Analisi di microarray, 

SETTEMBRE 2006 – DICEMBRE 
2009 

Laurea Triennale 
Biotecnologie per la salute curriculum medico Conseguita in data 19/12/2009 

Università degli Studi di Napoli Federico II  

Tesi dal titolo: “Analisi mediante Southern blot dell’inattivazione del gene rel A nel ceppo 93/4286 di 
Neisseria meningitidis” 

Votazione 110/110. 

Principali abilità professionali acquisite 
• Culture e crescita batterica
• Tecniche di clonaggio

Lingua madre Italiano 

Altre lingue COMPRENSIONE  PARLATO  PRODUZIONE SCRITTA  

Ascolto  Lettura  Interazione  Produzione orale  

Inglese B2 B2 B2 B2 B2 
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 Curriculum Vitae  Anna Valentino 

COMPETENZE COMUNICATIVE, ORGANIZZATIVE E GESTIONALI  

Livelli: A1/A2: Utente base  -  B1/B2: Utente intermedio  -  C1/C2: Utente avanzato  
Quadro Comune Europeo di Riferimento delle Lingue 

▪ Ottima predisposizione al lavoro in team ma capace allo stesso tempo di organizzare personalmente 
ed indipendentemente il suo lavoro. Persona responsabile, dotata di capacità organizzative, di 
comunicazione e di problem-solving, pronta ad apprendere sempre più dalle esperienze.

Competenze tecnico-professionali Tecniche per l’isolamento e l’identificazione di molecole biologicamente attive: 
- Estrazione mediante metodi convenzionali (uso di solventi anche ecosostenibili ed 

ecocompatibili) e/o assistiti (es. microonde, ultrasuoni, etc.); 
- Cromatografia su strato sottile (TLC); 
- Analisi quali-quantitativa mediante tecniche cromatografiche strumentali (GC/MS, HPLC, 

HPCL/ESI/MS). 
Tecniche di sintesi e caratterizzazione di sistemi micro- nano-strutturate per il rilascio 
controllato di molecole bioattive: 

- Sintesi di micro-nano-particolati mediante tecniche di emulsione singola o doppia, 
nanoprecipitazione; 

- Caratterizzazione chimico-fisica mediante dinamic light scattering (DLS) per l’identificazione 
delle dimensioni, della carica di superficie e dell’indice di polispersione.  

- Caratterizzazione e conta (particle number) delle nonostrutture mediate Nanoparticle 
tracking analysis (NTA). 

Tecniche di biologia cellulare: 
- Coltura, mantenimento e manipolazione di linee cellulari primarie, fibroblastiche, tumorali, 

leucemiche e staminali. 
- Tecniche biologiche per la determinazione della vitalità cellulare (Trypan Blue assay, MTT 

assay, LDH). 
Tecniche di biochimica e biologia molecolare: 

- Estrazione proteica / RNA e DNA da cellule e tessuti; 
- Valutazione dei livelli di espressione proteica mediante Western blotting; 
- Isolamento e caratterizzazione di esosomi e microRNA esosomiali da plasma, cellule e 

tessuti; 
- Analisi bioinformatica di target molecolari con differenti tool: MiRBase, TargetScan, miRPath, 

DianaTool; 
- Analisi dell’espressione genica mediante PCR e Real Time PCR, analisi microarray; 

Tecniche di diagnostica microbiologica: 
- Preparazione terreni di coltura, isolamento, mantenimento e crioconservazione di ceppi 

batterici in coltura pura; 
- Tecniche di clonaggio 

Competenze digitali AUTOVALUTAZIONE 

Elaborazione 
delle 

informazioni 
Comunicazione Creazione di 

Contenuti Sicurezza Risoluzione di 
problemi 

Avanzato Avanzato Avanzato Intermedio Avanzto 

Livelli: Utente base  -  Utente intermedio  -  Utente avanzato  
Competenze digitali - Scheda per l'autovalutazione  

▪ Ottima conoscenza di Microsoft Office, Posta elettronica, Internet, Power point, Photoshop, 
Graphpad e programmi Bionformatici

Patente di guida B 
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 Curriculum Vitae  Anna Valentino 

CORSI DI ALTA FORMAZIONE CON ESAME FINALE, MASTER UNIVERSITARI 

GENNAIO 2020– FEBBRAIO 2020  

DICEMBRE 2017 – GENNAIO 2018  

OTTOBRE 2012 – OTTOBRE 2013  

ABILITAZIONI PROFESSIONALI E ISCRIZIONI AD ALBI 

LUGLIO 2013 

ESPERIENZE ALL’ESTERO 

MAGGIO2016 - AGOSTO 2016 

PARTECIPAZIONE A PROGETTI FINANZIATI 

FEBBRAIO 2020 - AD OGGI 

GENNAIO 2015 - SETTEMBRE 2021 

Corso di alta formazione per l’utilizzo degli strumenti di cromatografia in fase liquida e in fase 
gassosa con detector di massa LC-MS/MS e GC-MS. 
Principali mansioni e responsabilità: utilizzo di metodi di troubleshooting per il miglioramento dei 
settaggi ed in caso di malfunzionamento degli strumenti. 
Strumenti utilizzati: LCMS-8060 con sistema UHPLC Nexera XR, e NEXIS GC-2030 con detector 
GCMS QP 2020 NX. 

Corso di alta formazione per l’utilizzo degli strumenti di cromatografia in fase liquida e in fase 
gassosa con detector di massa LC-MS/MS e GC-MS. 
Principali mansioni e responsabilità: Sviluppo e la messa a punto di metodi analitici per la ricerca 
quali-quantitativa di polifenoli e altre molecole bioattive anche di origine gassosa.  
Strumenti utilizzati: LCMS-8060 con sistema UHPLC Nexera XR, e NEXIS GC-2030 con detector 
GCMS QP 2020 NX. 

Master in “Esperto in processi innovativi di sintesi biomolecolare applicata a tecniche di epigenetica” 
(Programma Operativo Nazionale “Ricerca e Competitività” 2007-2013, PON01_02512). 
Enti proponenti: Cosvitec Soc cons a r.l., via Galileo Ferraris 171, Napoli; Consiglio Nazionale delle 
Ricerche (CNR), Via Pietro Castellino, 111, Napoli. Tirocinio svolto il CNR di Napoli Istituto di 
Biochimica delle Proteine. Attestato n.1217 

Tipologia: Abilitazione alla professione di Biologo.  
Data di conseguimento: 2°sessione anno 2013 
Università del Sannio, Benevento. N° 254 registro rilascio documenti 

Visiting scientist presso Early Clinical Trials Units Oncology Department University Hospital Antwerp, 
Wilrijstraat 10, 2650 Edegem, Belgium. 
Titolo Progetto: Isolation and Identification of miRNAs in exosomes derived from serum, plasma and 
tissue of lung cancer patients”. 

Principali mansioni e responsabilità: Estrazione, purificazione ed analisi di miRNA e proteine 
esosomiali da cellule, sangue (siero e plasma) e tessuti. 

Progetto CARIPLO 2008-1001-Cup: C15J19000150007. Titolo: High added-value bioactive 
polyphenols recovered from waste of olive oil production. 
Finalità del progetto: Il progetto mira a recuperare i polifenoli ad alto valore aggiunto come 
l’idrossitirosolo ed il suo precursore l’oleuropeina da due scarti della produzione di olio d'oliva: le acque 
reflue del frantoio e il panello di filtrazione dell'olio d'oliva per la realizzazione di scaffold bioattivi 
finalizzati alla rigenerazione ossea e cartilaginea. 

Progetto SORRISO PON 03 PE_00110_1/ptd1_000410.Titolo: Sviluppo di nanotecnologie Orientate 
alla Rigenerazione e Ricostruzione tissutale, Implantologia e Sensoristica in Odontoiatria/oculistica 
(SORRISO) 
Finalità del progetto: Il progetto “SORRISO” propone l’utilizzo di nanotecnologie ecosostenibili per la 
progettazione e la sintesi di dispositivi innovativi volti alla valorizzazione di molecole naturali derivanti 
da scarti della filiera agroalimentare (economia circolare) 
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 Curriculum Vitae  Anna Valentino 

OTTOBRE 2013 - MARZO 2018 

GIUGNO 2017 – APRILE 2018 

PARTECIPAZIONE SU INVITO A CONFERENZE INTERNAZIONALI/NAZIONALI 

SETTEMBRE 2021 

RICONOSCIMENTI E PREMI 

APRILE 2016 

PUBBLICAZIONI SCIENTIFICHE 

Progetto MAReA PON_03_PE_00106_1. Titolo: MAReA-Materiali Avanzati Per la Ricerca ed il 
Comparto Agroalimentare 
Finalità del progetto: progettazione di nuovi polimeri funzionalizzati con molecole bioattive di origine 
naturali in grado di inibire la formazione di biofilm microbici e di aumentare la shelf–life di prodotti 
alimentari 

Progetto PO FESR 2007-2013. Titolo: “Nanotecnologie per il rilascio controllato di molecole bioattive”. 
Finalità del progetto: Sintesi di nuovi nanodispositivi ecocompatibili per il rilascio di molecole bioattive 
mediante l’impiego di tecnologie abilitanti. 

Invited Speaker al Workshop " Strategie innovative per la rigenerativa dentale " Fiuggi, 24 
Settembre 2021. Rigenerativa dentale: un approccio biologico 

Menzione D’onore per il poster: “Membrane bioattive per la rigenerazione osseo guidata post-
impianto”, 23° Congresso Nazionale dei Docenti Universitari in discipline Odontostomatologiche. 
Roma, 14-16 Aprile 2016 

L’attività scientifica della dott.ssa Valentino è documentata da pubblicazioni su riviste internazionali con 
collegio dei referees e citate su ISI Web of Knowledge – Journal Citation Reports (JCR) e/o su 
Scopus. 

Indice di Hirsch/H- index (fonte Scopus/WOS): 9 

1. Valentino A, Di Cristo F, Bosetti M, Amaghnouje A, Bousta D, Conte R, and Calarco A. 
Bioactivity and Delivery Strategies of Phytochemical Compounds in Bone Tissue 
Regeneration. APPLIED. SCIENCES. 2021, 11, 5122. IF: 2.68 Review in Rivista. Ruolo 
svolto: First author

2. Di Salle A, Viscusi G, Di Cristo F, Valentino A, Gorrasi G, Lamberti E, Vittoria V, Calarco A, 
and Peluso G. Antimicrobial and Antibiofilm Activity of Curcumin-Loaded Electrospun 
Nanofibers for the Prevention of the Biofilm-Associated Infections. MOLECULES 2021, 26, 
4866. IF 4.40 Citations: 1 Articolo in Rivista. Ruolo svolto: Co-author.

3. Bonadies I, Di Cristo F, Valentino A, Peluso G, Calarco A, Di Salle A. pH-Responsive 
Resveratrol-Loaded Electrospun Membranes for the Prevention of Implant-Associated 
Infections. NANOMATERIALS. 2020, 10(6): 1175. IF: 5.07 Citations: 7 Articolo in Rivista. 
Ruolo svolto: Co-author.

4. Valentino A, Conte R, Di Cristo F, Peluso G, Cerruti P, Di Salle A, Calarco A. Cationic 
Polymer Nanoparticles-Mediated Delivery of miR-124 Impairs umorigenicity of Prostate 
Cancer Cells. INTERNATIONAL JOURNAL OF MOLECULAR SCIENCES. 2020, 21(3): 
869. IF: 5.92 Citations: 10 Articolo in Rivista. Ruolo svolto: First author.

5. Valentino A, Di Meo F, Petillo O, Peluso G, Filosa S, Crispi S. Bioactive Polyphenols and 
Neuromodulation: Molecular Mechanisms in Neurodegeneration. INTERNATIONAL 
JOURNAL OF MOLECULAR SCIENCES. 2020, 21(7): 2564. IF: 4.50 Citations: 15 Review 
in Rivista. Ruolo svolto: First author.

6. Di Cristo F, Finicelli M, Digilio FA, Paladino S, Valentino A, Scialo F, D'Apolito M, Saturnino 
C, Galderisi U, Giordano A, Melone MAB, Peluso G. Meldonium improves Huntington's 
disease mitochondrial dysfunction by restoring peroxisome proliferator-activated receptor 
gamma coactivator 1 alpha expression. JOURNAL OF CELLULAR PHYSIOLOGY. 2019, 
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CONTRIBUTI A CONVEGNI 

234(6): 9233-9246. IF: 6.38 Citations: 6 Articolo in Rivista. Ruolo svolto: Co-author. 

7. Conte R, De Luise A, Valentino A, Di Cristo F, Petillo O, Riccitiello F, Di Salle A, Calarco A, 
Peluso G. Hydrogel Nanocomposite Systems: Characterization and Application in Drug-
Delivery Systems in nanocarriers for drug delivery: NANOSCIENCE AND 
NANOTECHNOLOGY IN DRUG DELIVERY. Book series: Micro & Nano Technologies. 
2019, 319-349. Citations: 5 Review in Rivista. Ruolo svolto: Co-author.

8. Reclusa P, Laes JF, Malapelle U, Valentino A, Rocco D, Gil-Bazo I, Rolfo C. EML4-ALK 
translocation identification in RNA exosomal cargo (ExoALK) in  SCLC patients: a novel role 
for liquid biopsy. TRANSLATIONAL CANCER RESEARCH. 2019, 8(1): S76-S78. IF: 1.24 
Citations: 11 Articolo in Rivista. Ruolo svolto: Co-author.

9. Valentino A, Melone MAB, Margarucci S, Galderisi U, Giordano A, Peluso G. The carnitine 
system and cancer metabolic plasticity. CELL DEATH & DISEASE. 2018, 9: 228. IF: 8.47 
Citations: 71 Review in Rivista. Ruolo svolto: First author

10. Valentino A, Calarco A, Di Salle A, Finicelli M, Crispi S, Calogero RA, Riccardo F, Sciarra A, 
Gentilucci A, Galderisi U, Margarucci S, Peluso G. Deregulation of MicroRNAs mediated 
control of carnitine cycle in prostate cancer: molecular basis and pathophysiological 
consequences. ONCOGENE. 2017 36(43): 6030-6040. IF: 9.86 Citations: 29 Articolo in 
Rivista. Ruolo svolto: First author.

11. Valentino A, Reclusa P, Sirera R, Giallombardo M, Camps C, Pauwels P, Crispi S, Rolfo C. 
Exosomal microRNAs in liquid biopsies: future biomarkers for prostate cancer. CLINICAL & 
TRANSLATIONAL ONCOLOGY. 2017, 19(6): 651-657. IF: 3.40 Citations: 51 Review in 
Rivista. Ruolo svolto: First author

12. Conte R, De Luca I, Valentino A, Di Salle A, Calarco A, Riccitiello F, Peluso G. Recent 
advances in bioartificial polymeric materials based nanovectors. PHYSICAL SCIENCES 
REVIEWS. 2017, 2(4): UNSP 20160131. Review in Rivista. Ruolo svolto: Co-author

13. Valentino A, Reclusa P, Sirera R, Dietrich MF, Luis Raez LE, Rolfo C. Circulating 
MicroRNAs and Long Noncoding RNAs: Liquid Biomarkers in Thoracic Cancer. Cancer 
Transl Med 2017;3(2):53–57. Review in Rivista. Ruolo svolto: First author

14. Reclusa P, Sirera R, Araujo A, Giallombardo M, Valentino A, Sorber L, Bazo IG, Pauwels P, 
Rolfo C. Exosomes genetic cargo in lung cancer: a truly Pandora's box. Transl Lung Cancer 
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Abstract: Plant-derived secondary metabolites represent a reservoir of phytochemicals for 
regenerative medicine application because of their varied assortment of biological properties 
including anti-oxidant, anti-inflammatory, antibacterial, and tissue remodeling properties. In 
addition, bioactive phytochemicals can be easily available, are often more cost-effective in large-
scale industrialization, and can be better tolerated compared to conventional treatments mitigating 
the long-lasting side effects of synthetic compounds. Unfortunately, their poor bioavailability and 
lack of long-term stability limit their clinical impact. Nanotechnology-based delivery systems can 
overcome these limitations increasing bioactive molecules’ local effectiveness with reduction of the 
possible side effects on healthy bone. This review explores new and promising strategies in the area 
of delivery systems with particular emphasis on solutions that enhance bioavailability and/or health 
effects of plant-derived phytochemicals such as resveratrol, quercetin, epigallocatechin-3-gallate, 
and curcumin in bone tissue regeneration. 

Keywords: bone regeneration; phyto-bioactive compounds; molecular signaling pathways; bone-
devices 
 

1. Introduction 
Bone defect, due to traumatic injury, congenital disease, or tumor resection, 

represents a severe ailment affecting millions of people. However, bone regeneration is a 
complex and dynamic process that involves several actors including osteoprogenitor cells 
that respond to intracellular and extracellular molecular signaling pathways to ensure 
bone functional recovery [1,2]. Although the bone tissue is capable of self-repair and 
renew, regenerative medicine approaches are essential to promote and speed up the 
healing of bone defects recovering the normal and healthy function of the skeletal system 
[3]. The conventionally therapeutic approaches have demonstrated a limited efficacy due, 
for example, to graft rejection, pathogen transmission, and invasive surgical procedures 
[4]. Owing to the drawbacks and limitations of many bone grafts, bioactive materials that 
integrate various delivery vehicles, bioactive molecules, stem cells, or demineralized bone 
matrix may help bone repair creating microenvironments that favor and guide bone 
regeneration [5,6]. An engineering bone substitute should operate as a proper template 
for new bone ingrowth showing osteogenic properties (osteoinductive and/or 
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osteoconductive) and being biocompatible with the host tissue. In the last decades, the 
nanotechnological approach has made great strides in the design of materials able to 
mimic the natural characteristics of the bone. To improve bone formation/regeneration, 
phytochemicals such as curcumin, resveratrol, oleuropein, quercetin, etc., have often been 
incorporated into biomaterials as a natural and non-toxic therapeutic alternative to 
traditional treatments [7,8]. Phyto-bioactive substances, defined as non-nutritive plant 
secondary metabolites, could interact with enzymes, proteins, and membrane receptors 
modulating cell-signal transduction cascade and specific molecular pathways leading to 
bone anabolic effects and decreasing bone resorption [9,10]. In addition, epidemiological 
studies have reported a correlation between a diet rich in biologically active factors such 
as fruits, vegetables, and olive oil and the reduced risk of bone loss and bone-related 
trauma [11,12]. However, these compounds present in vivo limited biological activity, 
lack long-term stability, and are subject to oxidation overtime under exposure to oxygen, 
light, moisture, and heat [13,14]. Therefore, a nanotechnological approach that involves 
controlled drug delivery systems for natural bioactive molecules could be a solution to 
avoid invasive procedures and minimize off-target cell behaviors. In addition, these 
alternative strategies could provide phytochemicals better performance, enhance their 
low water solubility or very short circulating half-life, improving the functionality and 
clinical utility [3,15]. This review attempts to summarize the recent works involving 
delivery systems (i.e., synthetic ceramic, scaffolds, nanoparticles) and phytochemicals to 
guarantee the protection of natural biomolecules from environmental degradation, to 
modulate compounds release, and to prolong delivery at localized injury sites. A short 
chapter on the structure of bone tissue, its functional activities, and the regulatory 
mechanisms of bone remodeling/regeneration will help in understanding the results 
discussed. 

2. Bone Structure and Function 
Bone is a metabolically active tissue with self-healing capability, in constant renewal, 

adapting its structure to mechanical stimuli, stress, hormonal changes, and repairing 
structural injuries through a process of remodeling [16]. Bone homeostasis is preserved 
by the coordinated action between osteoblasts (bone-generating cells derived from 
mesenchymal stem cells, MSCs) responsible for bone growth and osteoclasts 
(multinucleated bone-resorbing cells differentiated from the hematopoietic stem) 
involved in bone resorption [17]. During bone matrix synthesis, first osteoblasts secrete 
the organic matrix: collagen proteins, mainly collagen type I and non-collagen proteins, 
such as osteonectin (ON), osteocalcin (OCN), bone sialoprotein (BSPI/II), and osteopontin 
(OPN), and proteoglycan [18–20]. Secondly, deposition and mineralization of the bone 
matrix take place through the production of a protein mixing called osteoid that promotes 
calcium and phosphate adhesion, resulting in the organization and mineralization of new 
bone [21,22]. Mature osteocytes (derived from MSCs through osteoblastic differentiation) 
are completely trapped inside the mineralized bone matrix. Due to their strategic location, 
osteocytes maintain the connections to other osteocytes and osteoblasts and react to 
several biochemical signaling paths and mechanical stimuli contributing to the regulation 
of calcium and phosphate homeostasis [23]. When bone resorption should not take place, 
lining cells avoid direct interface among osteoclasts and bone matrix, playing a significant 
role in calcium homeostasis and osteoclast differentiation [24–27]. Osteoclasts resorb bone 
through the release of enzymes and acids capable of dissolving and digesting minerals in 
the bone, but they also secrete cytokines that affect the activity of surrounding cells 
inducing mesenchymal stem cells and osteoblasts to initiate osteogenesis in resorption 
lacuna (remodeling) or another non resorbed site (modeling) [28–30]. The 
RANKL/RANK/OPG system is a crucial mediator of osteoclastogenesis. In particular, the 
interaction of RANK with RANKL is required for osteoclast formation, differentiation, 
activation, and survival. On the contrary, OPG can block RANK/RANKL interaction, thus 
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preventing osteoclast differentiation and activation [31,32]. Irregularities in osteoclastic 
activity lead to disorders such as osteoporosis and osteopetrosis [33]. 

3. Bone Regeneration Process 
The bone healing process is a complex mechanism of bone regeneration, which 

involves inflammation, bone production, and bone remodeling phases [34]. Inflammation 
is usually observed immediately following the fracture at the injury site since tissues 
swell, bone cells die, and blood vessels break, with consequent formation of hematoma, a 
source of hematopoietic cells capable of secreting growth factors. The injury to bone leads 
to the secretion of pro-inflammatory factors like tumor necrosis factor-alpha (TNF-α), 
bone morphogenetic proteins (BMPs), and interleukins (IL-1, IL-6, IL-11, IL-23). These 
molecules attract, at the fracture site, macrophages, monocytes, and lymphocytes able to 
take out damaged necrotic tissue and secrete factors (i.e., vascular endothelial growth 
factor, VEGF) to stimulate angiogenesis and healing [35]. MSCs migrate to the fracture 
site and, under BMPs control, start to differentiate into fibroblasts, osteoblasts, and 
chondroblasts. As a result, chondrogenesis begins to occur, and a fibrocartilaginous callus 
(also called “soft callus”) forms within two weeks. The soft callus undergoes 
endochondral ossification, which converts fibrocartilaginous callus to bony callus (also 
identified as “hard callus”). The expression of RANKL promotes further differentiation of 
chondroblasts, osteoblasts, and osteoclasts [36–38]. Bone regeneration is thinly modulated 
by several signaling pathways and transcriptional factors. During the early stages of bone 
healing, the Wnt pathway suppresses the differentiation of mesenchymal stem cells into 
osteoblasts, while in the later stages it controls the commitment of the undifferentiated 
cells to the osteoblasts [39]. Notch signaling is another potential pathway with 
osteoinductive properties. Notch receptors, through their ligand (Jag-1), increase the 
expression of genes related to osteoblasts as ALP and BSP, inducing osteoclastogenesis 
[40]. An interesting study demonstrates that the functionalization of titanium implant 
surface with Jag-1 contributes to the enhancement of osteoblast differentiation, improving 
osteogenic properties [41]. Indeed, the activation of the Notch pathway leads to an 
increase of osteogenic differentiation, as highlighted by an upregulation of osteogenic 
markers, in particular BSP and OCN; bone differentiation proteins as BMP2 and BMP6; 
and growth/differentiation factor 15 (GDF15) [42]. Several other factors are implicated in 
bone regeneration processes, such as mitogen-activated protein kinase (MAPK) associated 
pathways, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt, growth factors as 
fibroblast growth factors (FGFs), insulin-like growth factors (IGFs), and VEGF [43]. 
MAPKs pathway takes part in bone formation and bone healing post-fracture through the 
transduction of signals induced by numerous growth factors or adhesion molecules. The 
(PI3K)/Akt signaling pathway promotes the expression of OPG, Runx2, p-Akt, and BMP-
2 proteins, as well as the proliferation, differentiation, and osteogenesis of osteoblasts [44]. 
Devi and Dixit demonstrated that the release of rh-VEGF, rh-IGF-I from a polylactide-
polyglycolide acid membrane and β-tricalcium phosphate bone graft led to better clinical 
results such as bone pocket reduction and bone filling simultaneously with respect to 
growth factors used alone [45]. Furthermore, FGF signaling plays a pivotal role in the 
intramembranous and endochondral signaling pathway regulating process in 
osteoprogenitor cells [46]. It has been reported that treatment with hydrogel-bFGF after a 
fracture has a higher rate of mineralization, as well as an upregulation of Runx2 and 
osteocalcin in mice [47,48]. Normal bone development requires the downregulation of 
Runx2 to form mature bone [49]. 

4. Bioactive Phytochemicals and Bone Signaling Pathways 
Phyto-bioactive compounds (i.e., polyphenolic compounds, carotenoids, 

tocopherols, and phytosterols) are defined as natural secondary metabolites available in 
fruits, vegetables, grains, and other plant-based foods which provide health benefits and 
reduce the risk of major chronic diseases [50–53]. In addition to health benefits, bioactive 
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molecules of natural origin are being used as prominent alternatives to chemical 
preservatives and additives [54–56] as well as in the green synthesis of nanomaterials (i.e., 
graphene nanosheets, gold nanoparticles, etc.) [57–61]. In bone regenerative medicine, 
their antioxidant and anti-inflammatory beneficial properties can regulate bone 
regeneration signaling pathways, offering an innovative potential therapeutic strategy 
[62]. Notably, phytochemicals target several critical molecular pathways involved in bone 
metabolism, such as estrogen signaling pathway, MAPK cascade, Wnt/β-catenin, sirtuin 
1 (Sirt1), TGF-β/BMP, PI3K/Akt, and adenosine monophosphate protein kinase (AMPK) 
[63]. These pathways can be split into three main classes based on their activity: anti-
inflammatory, antioxidants, and bone cell differentiation activity (Figure 1). 

 
Figure 1. Signaling pathways involved in bone formation (green box) and bone resorption (red box). Polyphenols 
positively regulate MAPKs/TGFβ/ERK1-2 pathway that activates and translocate Smads complex into the nucleus. 
Activated Smads regulate the expression of transcriptional factors and coactivators important in osteoblasts differentiation 
and bone formation process including Dlx5, Runx2, and Osx. Polyphenols also up-regulate genes involved in antioxidant 
activity such as superoxide dismutase (SOD) and glutathione synthetase (GSH). At the same time, polyphenols down-
regulate RANKL and TNFα, two master gene regulators of osteoclasts differentiation and inflammatory pathways, 
respectively. 

4.1. Anti-Inflammatory Activity 
The anti-inflammatory activity of phyto-molecules is related to the inhibition of 

genes expression such as TNF-α, [64] monocyte chemotactic protein (MCP)-1, [65] and 
matrix metalloproteinases (MMPs) [66], and the decrease of pro-inflammatory molecules, 
such as IL-6, IL-10, and IL-1β [67–69]. For example, curcumin, an extract from Curcuma 
longa, has been extensively studied due to its ability to inhibit NF-kB and the activation of 
the activator protein 1 (AP-1) after an inflammatory stimulus [70]. This bioactive molecule 
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suppresses the transcription of pro-inflammatory genes, such as TNFα, IL-6, [64] 
cyclooxygenase 2 (COX2), and inducible nitric oxide synthase iNOS [71], and contributes 
to inhibition of MMPs synthesis [72]. Similarly, dried plum polyphenols and tannins 
indirectly suppress osteoclast differentiation and activity via lowering TNF-α and NO 
production [73,74] and down-regulating RANKL expression. Epigallocatechin gallate 
(EGCG), the most abundant catechin in green tea, exerts an anti-inflammatory effect 
through MAPKs pathway. Moreover, EGCG reduces the phosphorylation levels of 
MEK1/2and Raf-1 upstream of ERK1/2 MAPK cascade, [75] promoting bone anabolism, 
enhancing osteoblasts proliferation, differentiation, and mineralization, and decreasing 
inflammatory mediators [76,77]. Flavonoids, polyphenols present at relatively low 
concentrations in most fruit and vegetables, are known as food-based anti-inflammatory 
agents. Important flavonoids such as quercetin, quercitrin, icaritin, and phloridzin, 
through downregulation of COX-2 and hypoxia-inducible factor 1-alpha (HIF-1α) 
pathways, help to reduce the production of prostaglandin E2 (PGE2), [78] exerting anti-
inflammatory and antioxidant actions simultaneously [79]. 

4.2. Antioxidants Activity 
Phytochemicals that operate as direct antioxidant substances are able to activate and 

regulate antioxidant enzymes, with simultaneous action on the inhibition of oxidases, 
cyclooxygenases, and other enzymes such as iNOS, involved in radical generation [80]. In 
general, polyphenols, thanks to their B-ring hydroxyl configuration, display a significant 
antioxidant action that enhances with the increasing of the total number of OH groups 
and the attendance of the 3,4-catechol structure [81]. By decreasing the oxidative state, 
bioactive molecules provide for osteoblasts proliferation, activity, and differentiation 
through the involvement of crucial molecular signaling pathways. 

The ROS-scavenging activity is particularly visible in icaritin (a flavonoid isolated 
from Epimedium pubescens), which can reduce superoxide generation in osteoclasts by 
indirect action on NFATc1 [82] and in naringin, a flavanone with effects on lipid 
peroxidation, glutathione (GSH) oxidation, and DNA cleavage [83]. Through the same 
mechanism of action, curcumin and resveratrol (a polyphenolic compound found in 
grapes and wine) upregulate in the osteoclast the antioxidant enzymes like glutathione 
peroxidase (Gpx)-1 and superoxide dismutase (SOD), thus modulating ROS levels [84,85]. 
Curcumin acts on osteoclastogenesis contributing to mitigate bone loss during osteoclast 
formation and function, preventing ROS and cytokine production. Myricitrin, a glycoside 
from myricetin, is able to inhibit bone-resorbing cytokines production under oxidative 
conditions, displaying protective effects against osteoblast cytotoxicity [86]. On the other 
hand, polyphenols can exert their antioxidant activity through a mechanism of chelation 
interacting with metals, in particular, Fe and Zn [87,88]. The EGCG shows cytotoxic 
properties on osteoclasts thanks to its reductive action on Fe (III) catalyzed by the Fenton 
reaction, leading to hydroxyl radical’s generation [89,90]. 

4.3. Bone Cells Differentiation Activity 
Phytomolecules are not only responsible for bone resorption inhibition, but also 

promote bone formation by aiming at osteoblasts differentiation. For example, EGCG 
positively acts on osteoblast differentiation and MSC proliferation by upregulating BMP2 
and Runx2 expression [91]. Likewise, myricetin can promote osteoblast differentiation 
and activity, by targeting SMAD-1/5/8, downstream of BMP signaling [92]. It has been 
demonstrated that myricetin and Baicalin affect osteoblast and osteoclast differentiation 
and function also through Wnt/β-catenin pathway [93,94]. Additionally, due to structural 
similarity to mammalian estrogens, some polyphenols can bind estrogen receptors (Ers) 
that are called phytoestrogens [95]. Among them, vanillic acid upregulates the expression 
of osteoblastic differentiation markers, i.e., Runx2, OCN, and OPG, by activating ERs 
pathway [96]. Rutin, instead, downregulates the RUNX suppressor genes [97] and exerts 
its osteogenic effect through an ER-mediated mechanism [98]. In addition, phyto-derived 
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neurotransmitters such as dopamine, commonly found in fruit and vegetables (in 
particular bananas), promote VEGF and bFGF expression, leading to enhanced 
angiogenesis and osteogenesis [99]. Furthermore, several studies have highlighted the 
crucial role of polyphenols in regulating gene activation or silencing through epigenetic 
modifications such as DNA methylation and histone modification [100]. Resveratrol is one 
of the main activators of Sirt, a known NAD-dependent deacetylase, which induces a 
conformational change in proteins, translating into an increase in enzymatic activity [101]. 
Resveratrol induces the MSC differentiation into osteoblasts via a very complex 
mechanism, which could be direct or indirect. Indirectly, resveratrol, through the 
interaction of Sirt1 with nuclear receptor co-repressor (NcoR), inhibits peroxisome 
proliferator-activated receptor gamma (PPARγ) [102], while directly activating RUNX2 
transcription factor by forming a Sirt1-Runx2 complex [103]. Resveratrol-mediated 
activation of Sirt1 enhances phosphorylation of downstream kinases involved in 
osteoblastic differentiation, such as PKB/Akt, SMAD1/5/8, AMPK, and MAPKs [104,105]. 
Furthermore, quercetin stimulates osteoblast differentiation through the stimulation of 
the expression of TGF-β1, BMP-2, and Runx2, via activation of ERK1/2, p38, and JNK 
MAPKs [106]. Finally, curcumin regulates the expression of genes implicated in RANKL-
induced osteoclast differentiation through the suppression of NF-kB [107]. Table 1 recaps 
the phytochemical-related bone regeneration signaling pathways. 

The cellular responses resulting from the activation of different biological pathways 
underline the importance of natural bioactive molecules and their ability to modulate 
inflammatory processes, oxidative stress, and cellular differentiation. 

Table 1. Summary of phytochemical signaling pathways for bone regeneration. 

Phytochemical Signaling Pathway Reference 

Curcumin NF-kB pathways, 
Redox-sensitive signaling pathways 

[75,89,90] 

EGCG MAPKs signaling pathways [82] 

Quercetin COX2/HIF1αsignaling 
ERK1-2/MAPKs signaling 

[83,84,108] 

Resveratrol 
Redox-sensitive signaling pathways 

Sirt/RUNX2 signaling 
MAPKs pathways 

[89,90,109] 

Incaritin NFATc signaling [87] 
Naringin Glutathione Pathway (GSH) [88] 

Myricetin 
SMAD/BMP signaling 

Wnt/β-catenin signaling [97] 

Vanillic acid ERs pathways [101] 
Rutin ERs pathways [102,103] 

5. Phytochemical-Delivery Vehicles in Bone Tissue Regeneration 
To date, the most effective treatment for bone-defect restoration is represented by 

living tissue transplantation (autologous bone) and/or devitalized donor bone (allograft) 
because of their notable osteoconductive and osteoinductive properties [108,109]. 
However, the potential for disease transmission, the limited amount of donor tissue, and 
postoperative pain at the donor site represent some of drawbacks related to these 
approaches. To overcome these challenges, new and promising strategies involving 
delivery systems and phytochemicals have been developed in bone tissue regeneration 
[110–113]. A successful delivery system should be able to protect phytochemicals from 
degradation, enhancing their poor bioavailability and minimizing off-target tissue effects 
[114,115]. These constructs, determining a localized delivery of the natural bioactive 
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molecules, should promote the normal process of bone regeneration and minimize tissue 
toxicity caused by systemic drug administration (Figure 2) [116]. 

 
Figure 2. Schematic representation of the main phyto-bioactive nano delivery systems involved in bone regeneration. 

5.1. Ceramics 
Synthetic ceramic materials are inorganic material favorably used in dentistry that 

proved excellent mechanical properties and osteo-conduciveness owing to their good 
biocompatibility, reproducibility, non-immunogenicity [117,118]. Ceramic 
nanocomposites in the form of particles or nanofibers could mimic the hierarchical 
arrangement of native bone mineral phase, providing a functional scaffold for cell 
adhesion [119–122], but are not able to prevent the cause of bone resorption, to control 
specific anti-osteoclastogenic actions, or to counteract the damage related to oxidative 
stress. To overcome these disadvantages, polyphenols are widely used to enhance 
periodontal regeneration or to re-mineralize bone tissue, due to their antioxidant, free-
radical scavenging, and antimicrobial properties [123–125]. The preparation of these 
composites is often optimized to form nanopores (pore diameter < 0.1 µm) to increase the 
specific surface area of the scaffolds, allowing for better drug loading and higher 
bioactivity [125]. For example, Iviglia G et al. patented a polyphenol-based collagen gel 
with granular ceramic fillers to fill the peri-implant bone defects. Such material, 
characterized by strong mechanical scaffolding properties, combines the pro-osteogenic 
action of collagen with the anti-inflammatory, antioxidant, and anti-osteoclastogenic 
activity of a polyphenolic mixture extracted from the pomace of the Croatina grape variety 
[126]. In vitro and in vivo results demonstrated that both the control of inflammation and 
oxidative stress and the enhancement of early bone matrix deposition are necessary in the 
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case of oral disease. Cazzola M et al. produced a silica-based bioactive glass coupled with 
gallic acid and polyphenols extracted from red grape skins and green tea leaves. These 
modified bioactive glasses showed enhanced free radical scavenging activity [127]. Zhou 
et al. proposed a simple protocol to functionalize porous calcium phosphate ceramics 
(PCPC) using dietetic tea polyphenols (TP). TP molecules modulated the nucleation and 
crystallization of calcium phosphate nanorods and promoted bone mesenchymal stem cell 
(BMSC) proliferation and differentiation, increasing BMP2, ErK/MAPK, and JNK/MAPK 
levels and cell mineralization capacity [128]. 

5.2. Scaffolds 
Since the scaffold surface functionalization with polyphenols increases the bone 

regeneration capacity, the use of enriched scaffolds is considered a promising tool for bone 
bioengineering [129–131]. Ideally, a scaffold should mimic the extracellular matrix 
characteristics of the organ of interest to form cell/tissue-specific combination, 
pattern/topology, and mechanical properties able to support tissue formation [131]. The 
combination of scaffolds and phytochemicals is used to improve adhesion, growth, or 
differentiation of cells through the action of the bioactive compound for which the release 
can be controlled through three methods. When drugs are incorporated into the matrix of 
the scaffold, the release kinetics are regulated by the degradation of the polymer. 
Similarly, when scaffold surfaces are coated with a polymer/drug layer, the release is 
controlled by diffusion and degradation of the coating polymer. Conversely, the 
integration of micro-nano spheres into scaffolds offers a third mechanism of release based 
on the degradation of the scaffold and the consequent diffusion of the particle [132]. For 
example, Santin M et al. used biodegradable antioxidant scaffolds based on soybean (SB), 
as bone filler. This material showed an in vitro block of osteoclast activation succeeding 
incubation with SB, with a parallel inhibitory effect on monocyte/macrophage activity and 
an improved ability to induce mineralization in osteoblasts [133]. In another study, the SB 
granules implanted in rabbits led to bone repair with distinctive morphology from non-
treated defects [134]. 

Wang W et al. produced scaffolds loaded with resveratrol by grafting the polyphenol 
to polyacrylic acid (PAA) and integrating this molecular drug into atelocollagen (Coll) 
hydrogels (Coll/PAA-RSV) [135]. These scaffolds supported the growth of chondrocytes 
and BMSCs protecting cells against reactive oxygen species. Moreover, the in vivo 
implantation on rabbits led to the disappearance of osteochondral defects and the 
integration of the newly formed tissue with surrounding tissue and subchondral bone. Li 
et al. functionalized a poly-ε-caprolactone (PCL) surface with resveratrol, obtaining an 
osteogenic porous material. The presence of polyphenol on a scaffold surface increases 
the mineralization in stromal cells with an improvement in bone regenerating capacity 
[136]. Kamath MS et al. formulated a porous composite scaffold integrating PLC with 
resveratrol-loaded albumin nanoparticles. This 3D material produced a significant 
increment in cell proliferation, ALP activity, and mineralization imparting osteogenic 
properties to PCL scaffold [137]. Riccitiello et al. synthesized a PLA electrospinning 
membrane able to release resveratrol in a tunable manner for the preservation of the 
alveolar socket after tooth extraction. The controlled release of resveratrol influenced in 
vitro osteoblast and osteoclast differentiation [138]. In another work, the resveratrol 
released form PLA membrane presents a significant antibacterial and antibiofilm activity 
versus Pseudomonas aeruginosa and Streptococcus mutans, becoming a promising solution 
for the prevention of implant-associated infections [51]. For cranio-facial tissue-
engineering applications, Wang et al. combine a collagen scaffold loaded with resveratrol 
with human adipose stem cells (hASCs). This composite promotes epidermal wound 
healing and bone mineralization [139]. Wang et al. introduced dopamine (D) onto 
strontium-doped calcium polyphosphate (SCPP) scaffolds with silk fibroin (SF). 
SCPP/D/SF stimulated angiogenic factor secretion, osteogenesis, and had great 
biocompatibility (Figure 3). Then, SCPP/D/SF could fulfill a role as a potential scaffold for 
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bone tissue engineering with the ability to speed up bone regeneration and 
vascularization. (Figure 4) [140]. Dhand et al. reported the synthesis by electrospinning of 
bone-like composite structures containing catecholamines and Ca(2+). Human fetal 
osteoblasts seeded on these collagen scaffolds exhibited enhanced cell adhesion, 
penetration, proliferation, and differentiation as well as increased osteogenic expression 
of osteocalcin, osteopontin, and bone matrix elements [141]. Lee et al. reported an easy, 
multifunctional surface modification using catechin to enhance the polymeric scaffolds 
functionality for bone regeneration by stem cells. These catechin-functionalized polymer 
nanofiber scaffolds, in a critical-sized calvarial bone defect, markedly supported bone 
formation by hADSC transplantation [142]. 

 
Figure 3. Image (1) represents cells cultured with different scaffolds. Image (2) shows scaffolds alizarin red staining on 
day 4 (a–c), day 7 (d–f), day 10 (g–i), day 14 (j–l); SCPP (a, d, g, j), D-SCPP (b, e, h, k), SCPP/D/SF (c, f, i, l), respectively. 
Green arrows: calcium nodules. Courtesy of: Wang X, Gu Z, Jiang B, Li L, Yu X. Surface modification of strontium-doped 
porous bioactive ceramic scaffolds via poly(DOPA) coating and immobilizing silk fibroin for excellent angiogenic and 
osteogenic properties. Biomater Sci. 2016 Apr;4(4):678–88. doi: 10.1039/c5bm00482a. Epub 2016 Feb 12. PMID: 26870855. 

 
Figure 4. Photographs of animal modeling in vivo. Defects on the cranial bone (a) and (b) materials implanted. Courtesy 
of: Wang X, Gu Z, Jiang B, Li L, Yu X. Surface modification of strontium-doped porous bioactive ceramic scaffolds via 
poly(DOPA) coating and immobilizing silk fibroin for excellent angiogenic and osteogenic properties. Biomater Sci. 2016 
Apr;4(4):678–88. doi: 10.1039/c5bm00482a. Epub 2016 Feb 12. PMID: 26870855. 
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5.3. Nanoparticles 
The therapeutic efficacy of natural bioactive molecules can be improved by 

nanotechnological approaches. The design of drug delivery systems with pre-determined 
physico-chemical properties permits an increase of phytochemical bioavailability and 
reduces their toxic side effects [53]. For example, positive surface charges could facilitate 
the transport of nanoparticles through small intestinal epithelial cells improving the oral 
bioavailability, while the introduction of polyethylene glycol chains limits opsonization 
prolonging circulation times [143–145]. Moreover, the modulation of structure-property 
relationships (i.e., size, geometry or shape, material composition, etc.) of nanoparticles can 
influence the transport mechanism, facilitating their internalization into the target cells. 

He L et al. produced tea polyphenol-modified calcium phosphate nanoparticles (TP-
CaP) able to enhance remineralization of preformed enamel lesions on bovine incisors. 
Moreover, the released tea polyphenols inhibited bacterial growth and enzyme activities 
[146]. Wang produced gold nanoparticles (Au-NPs) formed using Anogeissus latifolia (A. 
latifolia) phytochemicals. Such nano-vehicles showed great osteoinductive potential and 
analgesic properties and were characterized by exceptional blood compatibility and 
cytocompatibility [147]. Felice et al. synthesized polyphenol-based mucoadhesive 
polymeric nanoparticles (GSE-NP) able to protect endothelial progenitor cells (EPCs) from 
oxidative stress. These vehicles demonstrated strong antioxidant capacity thanks to their 
high content in total polyphenols [148]. Del Prado Audelo et al. synthesized nanoparticles 
of PCL and Pluronic® F-68, loaded with curcumin. These nanoparticles were able to reduce 
cell proliferation without affecting cell migration and adhesion, and decrease the 
oxidative stress induced by hydrogen peroxide exhibiting a cytoprotective effect [149]. 
Finally, Malathy S and Priya R Iyer used chitosan to prepare Naringin-loaded chitosan 
nanoparticles (NCN). The NCN had strong anti-inflammatory, anti-coagulant, 
antioxidant, and anti-cancerous effects. Furthermore, these nanoparticles promoted 
osteoblast differentiation, so they could be considered an efficient model for bone tissue 
regeneration [150]. All described delivery systems are summarized in Table 2. 

Table 2. Summary of bioactive compounds-based devices system and their effects on bone regeneration. 

Bioactive Compound Device Effect Ref 

- Gallic acid 
- Tea polyphenols 

Synthetic ceramic materials 
- pro-osteogenic  
- anti-inflammatory 
- antioxidant 

[128,134] 

- Resveratrol 
- Phlorotannins 
- Catechins 

Scaffolds 
-hydrogel 
- PLGA 
- PCL and PLA 

- antioxidant 
- pro-differentiating 
- pro-osteogenic  
- wound healing 

[135–137,142] 

- EGCG 
- Catechin 
- Pro-anthocyanidins 
- Curcumin 
- Naringin 

Nanoparticles 
- TP-CaP 
- Au-NPs 
- GSE-NP 
- Cur–PCL 

- osteopromotive 
- osteoblast differentiation 
- osteoblast proliferation  
- cytoprotective 
-remineralization 
- antioxidant 
- anti-inflammatory 

[147–150] 

6. Conclusions 
In this review paper, recent developments in delivery systems for phytochemicals 

release for bone tissue regeneration were discussed. Despite the updates reviewed in this 
paper, more work is required to develop materials that can present controlled release 
kinetics and degradation, and that directly influence the rate of new bone formation. Soon, 
researchers, in accordance with clinicians, might be able to design and develop new 
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delivery systems with improved characteristics that mimic bone microenvironment at the 
site of implantation, promoting the inflammation, angiogenesis, and osteogenesis phases 
of new bone formation. The interaction between a nanotechnological approach and 
natural-derived compounds with osteogenic, anti-oxidant, antimicrobial, and anti-
inflammatory activities will open up a new era of advanced treatment and solutions to 
prevent and/or treat bone-related complications. 
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Abstract: Curcumin extracted from the rhizome of Curcuma Longa has been used in therapeutic prepa-
rations for centuries in different parts of the world. However, its bioactivity is limited by chemical
instability, water insolubility, low bioavailability, and extensive metabolism. In this study, the coaxial
electrospinning technique was used to produce both poly (ε-caprolactone) (PCL)–curcumin and core–
shell nanofibers composed of PCL and curcumin in the core and poly (lactic acid) (PLA) in the shell.
Morphology and physical properties, as well as the release of curcumin were studied and compared
with neat PCL, showing the formation of randomly oriented, defect-free cylindrical fibers with a
narrow distribution of the dimensions. The antibacterial and antibiofilm potential, including the
capacity to interfere with the quorum-sensing mechanism, was evaluated on Pseudomonas aeruginosa
PAO1, and Streptococcus mutans, two opportunistic pathogenic bacteria frequently associated with
infections. The reported results demonstrated the ability of the Curcumin-loading membranes to
inhibit both PAO1 and S. mutans biofilm growth and activity, thus representing a promising solution
for the prevention of biofilm-associated infections. Moreover, the high biocompatibility and the
ability to control the oxidative stress of damaged tissue, make the synthesized membranes useful as
scaffolds in tissue engineering regeneration, helping to accelerate the healing process.

Keywords: electrospinning; drug delivery; biomedical applications; controlled release kinetics;
curcumin

1. Introduction

Among natural compounds, curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione), the main active components isolated from the rhizome of Cur-
cuma Longa L., is well known for its beneficial effect on human health because of its
outstanding anti-inflammatory [1], antioxidant [2], anticancer [3], wound healing [4,5], and
antibacterial [6] properties. Despite these health-beneficial effects, curcumin exhibits poor
bioavailability, photodegradation, and in vivo instability (i.e., low serum levels, limited
tissue distribution, excessive metabolism, etc.) that limits its therapeutic efficacy. To date,
there is a large body of published studies supporting the use of several nanoformulations
to overcome these limitations [7–9].

In particular, electrospinning (ES) has emerged as a versatile technique for preparing
nano and microfibers of natural and synthetic polymers. The electrospun fibers show fitness
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in diversified technological fields such as filtration, protective clothing, wound healing, and
other biomedical applications [10–13]. In particular, the use of electrospun fibers is highly
promising for scaffolds in tissue engineering and drug delivery [13–17]. High surface
area, high drug loading capacity, porosity, simultaneous delivery of different therapeutic
agents, adequate mechanical strength, and cost-effectiveness are appealing characteristics
for use in drug delivery systems [18–27]. In this context, the coaxial electrospinning
technique, combining the properties from two different materials into a single core-sheath
fiber, provides important and unique features relevant for biomedical applications [28–34].

The core–shell methodology might contribute to overcoming some challenges as-
sociated with electrospinning techniques (i.e., blending electrospinning, production of
monolithic fibers, bilayer electrospinning) such as the incorporation of high compound
loading, preservation of the activity and presence of burst effect. The use of core–shell
structures allows for better tuning of the release kinetics by tailoring the thickness of shell
polymer, which acts as a diffusion barrier for the compound loaded in the core as well as a
protection of the active molecule from the sunlight or from microbiological attack for exam-
ple. Then, coaxial fibers allow for the bioactive molecule to be located either in the core or
shell layer in a simple one-step process and to modulate the thickness of fibrous material
triggering the drug release kinetic [10]. Moreover, the drug release mechanism is mostly
explained by the relative rates of erosion and diffusion of the entire fiber scaffold, hence
the composition and the porosity of the single fibers can both modify this effect [35–38].

For these reasons, recently electrospinning technique was used in the treatment and
prevention of biofilm-related infections, where the possibility to finely trigger the drug
release may have a different impact on the bacterial/biofilm growth [39–41]. Biofilm is a
complex multidimensional, self-sustained community of bacteria producing a matrix con-
sisting of proteins, extracellular DNA, and polysaccharides, which are frequently associated
with antibiotic resistance. Recently, several studies reported the use of electrospun fibers
loaded with curcumin which ensure a controlled and sustained drug release in biomedical
applications [5,42,43]. However, only a few papers described the fabrication and the appli-
cation of coaxial electrospun mats loading curcumin [44,45]. Here we report the synthesis
of coaxial membranes with two biodegradable polymers, poly (ε-caprolactone) (PCL) and
poly (lactic acid) (PLA), used for the core and shell and loaded with curcumin in the core.
The antibacterial and antibiofilm potential was evaluated on Pseudomonas aeruginosa PAO1,
and Streptococcus mutans, two opportunistic pathogenic bacteria frequently associated with
the infection of biomedical devices both in oral and in orthopedic implantology [46–48].
The Gram-negative bacterium PAO1 is responsible for several medical device-related infec-
tions (i.e., endocardial valve infection, ventilator-associated pneumonia, catheter-associated
urinary tract infections, etc.), causing approximately 80% of severe infections in immuno-
compromised patients, of which 25–60% fatal [46,49,50]. Streptococcus mutans, moreover, is
a Gram-positive bacterium present in the oral cavity and is one of the major contributors to
dental biofilms [51,52].

The results reported herein demonstrate the ability of the single-needle-spinned PCL-Cur
and the coaxial membrane PCL-Cur/PLA (PCL in the core and PLA in the shell) to inhibit
both PAO1 and S. mutans biofilm growth and activity. The high biocompatibility and the
ability to control the oxidative stress of damaged tissue, make the synthesized membranes
useful as scaffolds in tissue engineering regeneration, helping to accelerate the healing
process and to prevent biofilm-associated infections.

2. Results and Discussion
2.1. Morphological Analysis

Electrospinning conditions were optimized to produce fibrous mats with bead-less
fibers [53,54]. By adopting the chosen final parameters (as reported in the experimental
part), fibers loaded with curcumin were successfully fabricated. Representative SEM
photographs and the fiber diameter distribution of the electrospun membranes are shown
in Figure 1.
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Figure 1. SEM photographs of (a) PCL; (b) PCL-PLA; (c) PCL-Cur; (d) PCL-Cur/PLA; (e) fiber
distribution of PCL-Cur and (f) fiber distribution of PCL-Cur/PLA.

As shown in Figure 1; curcumin loading did not noticeably affect the fiber morphology.
The electrospinning of PCL led to the defection of free fibers, with a narrow fiber diameter
distribution of 344 nm. Even in the case of coaxial fibers, the fibers are well-formed and
almost free of defects. Their dimensions are slightly smaller than the neat PCL membrane
and are very similar. In Figure 2, the TEM analysis shows the morphology of coaxial
nanofibers where the inner and outer diameters made of PCL-Cur and PLA, respectively,
are clearly evident.

Figure 2. TEM images of PCL-Cur/PLA fiber.

It is evident that the core containing the drug is thicker than the shell of PLA; the PCL
core is 286 nm, whereas the PLA shell is 60.5 nm.

2.2. Thermogravimetric Analysis

Thermogravimetric analysis was performed for investigating the degradation temper-
ature of the coaxial fibers compared to the pure polymers. The thermal decomposition up
to 700 ◦C in the air of the electrospun fibers, either PCL-Cur or coaxial PCL-Cur/PLA, are
shown in Figure 3.



Molecules 2021, 26, 4866 4 of 17

Figure 3. Thermogravimetric analysis of PCL-Cur, PCL-Cur/PLA and PLA.

The degradation behavior of the coaxial membrane is higher than the PCL-Cur. This
is due to the presence of PLA that shows lower thermal stability. Table 1 reports the
degradation temperatures as the onset and endset of the coaxial fibers compared to the
pure polymers.

Table 1. Onset temperatures, endset temperatures and residue contents of electrospun membranes.

PCL-Cur PCL-Cur/PLA PLA

Residue (%) 1.89 4.70 2.98
Onset (◦C) 372 260 315
Endset (◦C) 425 395 374

2.3. Mechanical Characterization

The mechanical properties of PCL-Cur membranes were evaluated from stress–strain
curves and compared to the coaxial system. The mechanical parameters are reported in
Table 2.

Table 2. Mechanical properties of electrospun membranes.

PCL-Cur PCL-Cur/PLA

E (MPa) 6.1 ± 0.5 48 ± 25
σbreak (MPa) 2.19 ± 1.1 1.31 ± 0.3

ε break (mm/mm%) 139 ± 3.5 46 ± 11

Interestingly, the coaxial fibers show a higher mechanical modulus due to the strength-
ening of one material inside the other. At variance, the coaxial systems displayed a lower
extensibility than PCL system as well as reduced stress at the breakpoint. This can be
due to the dishomogeneity of the systems. However, the decrease of these parameters is
not dramatic, and does not compromise the mechanical properties, also considering the
increase of the elastic modulus.

2.4. Drug Release Analysis

As curcumin is poorly soluble in aqueous solutions, the release kinetic was determined
in PBS/EtOH (90:10 v/v), a medium that facilitates the solubilization of the curcumin. As
shown in Figure 4, PCL-Cur/PLA exhibited a significantly (p < 0.001) more sustained
curcumin release, compared to PCL-Cur, after 2 h of incubation and throughout the
experimental period.
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Figure 4. Cumulative curcumin release kinetic release profiles at 37 ◦C of PCL, and PCL-Cur/PLA
incubated for 72 h in release medium (PBS/EtOH 90:10 v/v). For each sample, six different experi-
ments were conducted, and the results expressed as the mean of the values obtained (mean ± SD).
Statistically significant variations: ### p < 0.001 versus PCL-CUR.

Approximately 30 and 45% of the curcumin was released within the first 6 h from
PCL-Cur and PCL-Cur/PLA, respectively, indicating that curcumin molecules weakly
attached on the fiber surfaces have a high diffusion tendency. This initial burst release is
followed by a slower and constant release, reaching 49 and 67.8% of a curcumin release
after 72 h of incubation for PCL-Cur and PCL-Cur/PLA, respectively. From 72 h onwards,
the release of curcumin reached a plateau, leveling off at around 52 and 69% for PCL-Cur
and PCL-Cur/PLA, respectively (data not shown).

Moreover, the coaxial membrane PCL-Cur/PLA showed a higher curcumin loading
efficiency in comparison to the PCL-Cur membrane, incorporating 70 ± 3% and 56 ± 2% of
curcumin, respectively. The obtained data are in accordance with the literature, confirming
the capacity of the coaxial spinning to load the drug and control the initial burst release
more efficiently with respect to single-needle spinning [55,56]. Furthermore, the incorpo-
ration into the core–shell of the fiber is helpful to protect unstable active molecules from
degradation, serving as a physical barrier [32,56].

2.5. Antibacterial and Antibiofilm Analyses

Biofilm inhibition was analyzed at different times, as reported in Figure 5.

Figure 5. Antibiofilm activity of curcumin-loading membranes. Biofilm formation was evaluated by
CV assay, after 6, 12, and 24 h of incubation at 37 ◦C in the presence of PAO1 (A), and Streptococcus
mutans (B) as described in the material and methods section. Biofilm formation was reported as a
percentage in comparison to the maximum amount of biofilm produced by PAO1 and Streptococcus
mutans grown (bacterial positive controls). For each sample, six different experiments were conducted,
and the results expressed as the mean of the values obtained (mean ± SD). Statistically significant
variations: *** p < 0.001 versus PCL and PLA; ### p < 0.001 versus PCL-Cur.



Molecules 2021, 26, 4866 6 of 17

The results indicated a significant decrease (p < 0.001) in both PAO1 and S. mutans
biofilm formation only for the PCL-Cur and PCL-Cur/PLA, according to the release study.

In particular, the major effect was observed for PCL-Cur/PLA membrane whit a
reduction of 38 ± 3%, 47 ± 3% in PAO1 and S. mutans biofilm formation, respectively.
During the first stage of biofilm formation, only PCL-Cur/PLA significantly inhibited
biofilm formation, resulting in a reduction of 23 ± 5%, 33 ± 4% in PAO1 and S. mutans
biofilm formation, respectively after 12 h of incubation.

Moreover, to better understand the mechanism of action of curcumin released from
membranes in the inhibition of biofilm formation/maturation, the mRNA level of several
genes involved in the quorum-sensing process was evaluated by q-PCR.

In general, QS is regulated by different autoinducer molecules in Gram-negative and
Gram-positive bacteria [57]. Indeed, Gram-negative bacteria such as PAO1 during the QS
process produce extracellular autoinducers such as N-(3-oxododecanoyl)-L-homoserine
lactone (3-O-C12-HSL) and N-butyryl-L-homoserine lactone (C4-HSL) that promote the
transcription of virulence genes (i.e., exotoxin A, proteases, and rhamnolipids) [58,59].
Among them, rhamnolipids, which are of great importance acting as heat-stable extracellu-
lar hemolysins [60], are synthesized via rhlAB operon [61]. Conversely, Gram-positive bac-
teria such as S. mutans regulated the production of virulence factors via a two-component
signal transduction system (TCSTS), consisting of a membrane-bound histidine kinase
(HK) sensor protein, and a cognate cytoplasmic response regulator (RR) protein [62]. In S.
mutans, the TCSTS consist principally in the operon ComAB/ComCDE where comC gene
encodes competence-stimulating peptide (CSP), comD encodes HK sensor protein (ComD),
and comE encodes an RR protein (ComE) [63].

As shown in Figure 6, both PCL-Cur and PCL-Cur/PLA significantly (p < 0.001)
decreased the mRNA levels of all genes tested, compared to control (gene expression level
in biofilm formed in the presence of PCL and PLA membranes). In particular, for PAO1, the
relative expression levels of the virulence genes rhlA, and rhlB were significantly decreased
by 0.85-, and 0.83-fold, respectively, after 6 h of incubation in the presence of PCL-Cur,
while by 0.72- and 0.73-fold after 6 h of incubation in the presence of PCL-Cur/PLA. This
reduction was more evident after 24 h of incubation, reaching a downregulation of 0.67-
and 0.53-fold for PCL-Cur and 0.53- and 49-fold for PCL-Cur/PLA. The same behavior was
observed for S. mutans biofilm, where the treatment with PCL-Cur and PCL-Cur/PLA for
6 h repressed the relative expression levels of comC and comD to 77% and 72% (PCL-Cur),
and 37% and 49% (PCL-Cur/PLA), respectively, as compared to control values. After 24 h
of incubation, only the relative expression level of com D significantly (p < 0.001) was
downregulated, reaching a 29% decrease compared to control for PCL-CUR/PLA.

Antimicrobial activity was then analyzed at 6 and 24 h in the presence of prepared
membranes. As reported in Figure 7, the antibacterial evaluation demonstrated that the
electrospun membranes did not have a noticeable effect on both the Pseudomonas aeruginosa
PAO1 and the Streptococcus mutans growth curves.

The reported results demonstrated that the curcumin released from electrospun mem-
branes is able to affect biofilm formation without interfering with bacterial growth.
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Figure 6. Evaluation of the effect of the CUR-loaded membranes on the expression of QS-related
genes. (A) Relative RNA expression of rhlA and rhlB in PAO1; (B) relative RNA expression of comC
and comD in S. mutans. Different gene expression levels were normalized to the level of 16sRNA
gene transcripts. Gene expression levels of biofilm formed in the presence of PCL were used as
control. Statistically significant variations: * p < 0.05 versus PCL and PLA; ** p < 0.01 versus PCL
and PLA; *** p < 0.001 versus PCL and PLA; # p < 0.05 versus PCL-CUR; ## p < 0.01 versus PCL-CUR;
### p < 0.001 versus PCL-CUR.

Figure 7. Antibacterial activity evaluated at 600 nm against Pseudomonas aeruginosa PAO1, and
Streptococcus mutans. Bacterial growth in the presence of PCL and PLA were used as controls. For
each sample, six different experiments were conducted, and the results expressed as the mean of the
values obtained (mean ± SD).

2.6. Determination of DPPH Radical Scavenging Activity

Inflammation represents an adaptive physiological response to external and/or inter-
nal deleterious circumstances, including infection and tissue injuries. Extensive studies
have suggested that continuous oxidative stress activates the inflammatory signaling cas-
cade producing new free radicals that, in turn, lead to further oxidative stress, thus creating
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a cycle. This altered status can cause various chronic diseases such as cancer, atheroscle-
rosis, Alzheimer’s disease, metabolic disorders, and so on [64,65]. Among the numerous
phytochemicals, curcumin exhibited anti-inflammatory, antioxidative, and antitumor ef-
fects both on in vitro and in vivo models of human diseases [66]. The anti-inflammatory
and antioxidative activity of curcumin is mostly related to the regulation of the NF-κB
(nuclear factor k-light-chain-enhancer of activated B cells) pathway and the inhibition of
the cyclooxygenase-2 (COX-2) [67]. Other studies reported the involvement of curcumin in
the increase of reactive oxidative species (ROS) and glutathione production and inhibition
of lipid peroxidation activity [68]. It has been suggested that the antioxidant activity of
curcumin can be attributed either to the phenolic OH group or the CH2 group of the
β-diketone moiety [69,70]. Indeed, the radical scavenging activity of curcumin is 100-fold
stronger than that of vitamin E or C both in vitro and in vivo [71].

The ability of curcumin released from membranes to produces an antioxidant effect
was evaluated by the DPPH radical scavenging assay, a simple and highly sensitive method
to evaluate the free radical scavenging activity of antioxidants [72].

As reported in Figure 8, a decrease in the concentration of DPPH radical was shown
due to the scavenging ability of curcumin released from both PCL-Cur and PCL-Cur/PLA.
However, the PCL-Cur/PLA coaxial membrane showed a significantly higher antioxidant
activity with respect to PCL-Cur after 8, 24 and 48 h of immersion. No effect was observed
in the presence of PLA-Cur and PLA-Cur/PCL membranes. Moreover, the results indicated
that a longer immersion period (48 h) led to a reduction of antioxidant activity, likely due
to decreasing stability of curcumin in alcohol solution.

Figure 8. DPPH scavenging activity of Cur loading membranes. For each sample, six different
experiments were conducted, and the results expressed as the mean of the values obtained (mean ±
SD). Statistically significant variations: ## p < 0.005 versus PCL-Cur; # p < 0.05 versus PCL-Cur.

2.7. Membranes Biocompatibility

To investigate the effect of curcumin extract on viability, human dermal fibroblasts
(HDFs) were chosen as in vitro cell models. The results depicted in Figure 9 demonstrated
that the extracts obtained in culture medium from all synthesized membranes did not
elicit any cytotoxic effect. In particular, no influence on HDF metabolic activity was
reported even after 72 h of incubation (Figure 9A). In addition, the low LDH level in the
cell supernatant confirms the absence of cell membrane damage (Figure 9B).
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Figure 9. Cytotoxicity of curcumin released from Cur loading membranes tested via CCK-8 (A) and
LDH (B) assays after 12, 24, 48, and 72 h of incubation. For each sample, six different experiments
were conducted, and the results were expressed as the mean of the values obtained (mean ± SD).

Taken together, these results demonstrate that the fabricated membranes could be
employed as scaffolds in tissue engineering regeneration to control the oxidative stress of
damaged tissue, helping to accelerates the healing process.

3. Materials and Methods
3.1. Materials

Poly(ε-caprolactone) (PCL molecular weight of 80,000 Da) was purchased from Sigma
Aldrich while poly (L-lactide-co-D,L-lactide) (PLA 4032 D-Mw = 160,000 g/mol) was pur-
chased from NatureWorks (Minnetonka, MN, USA). Tetrahydrofuran (THF pure-CAS: 109-
99-9), Ethanol (EtOH purity > 96%-CAS 64-17-5) and Phosphate Buffer Solution (PBS-pH =
7 ± 0.02-CAS: 7558-79-4) were purchased from Carlo Erba Reagents (Cornaredo-Milano).
N,N-Dimethylformamide (DMF-CAS 68-12-2) and Curcumin (Cur) were purchased from
Sigma Aldrich (Milan, Italy). Cell Counting Kit-8 (CCK-8) assay and Lactate dehydroge-
nase assay were from Roche Applied Science (Milan, Italy). Human dermal fibroblasts
were purchased from the American Type Culture Collection ATCC (LGC Standards S.R.L.,
Sesto San Giovanni, Milan, Italy) and cultured in accordance with the manufacturer’s
instructions. Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM),
sodium pyruvate, L-glutamine, penicillin, and streptomycin were purchased from Hyclone
(Milan, Italy).

3.2. Preparation of Curcumin-Loaded Membranes Using Electrospinning

The electrospinning membranes were prepared by dissolving PCL and PLA in a
solvent mixture THF/DMF (50:50 v/v) at 12% w/w. Curcumin was added to PCL solution
at the drug to polymer ratio of 0.1:9.9 (w/w) and mixed for 4 h at 40 ◦C using a temperature-
controlled stirring plate (300 rpm) to obtain a homogenous solution. Coaxial electrospun
membranes were obtained by using a coaxial nozzle (EM-CAX-Ime electrospinning). Two
separate volumetric pumps were used to process the polymeric solutions, prepared as
previously described. The curcumin-loaded coaxial nanofibrous mats were processed by
coaxial electrospinning; the drug-loaded solution constitutes the inner core, while the
no-loaded solution is the outer shell. Before performing the experiment, each solution was
fed in a 5 mL syringe pump. The sets of electrospinning conditions were reported in Table
3 and optimized to produce nanofibrous mats without bead formation [44]. Temperature
and relative humidity were fixed for all the experiments and equal to 25 ◦C and 35%,
respectively. The produced composite nanofibrous mats were marked as PCL-Cur and
PCL-Cur (core)/PLA (shell).
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Table 3. Processing parameters of fibrous membranes fabricated by electrospinning.

Sample Polymer Concentration
(% w/w)

Voltage
(kV)

Distance
(cm)

Flow Rate
(mL/h)

PCL-Cur 12 17.5 18 0.5
Core: PCL-Cur

Shell: PLA
Core: 12
Shell: 12 24 25 Core: 0.5

Shell: 0.7

A climate-controlled electrospinning apparatus EC-CLI (IME Technologies, WG Waalre,
The Netherlands) was used to produce fibrous membranes. The vertical setup was chosen
to carry out the experiments. Core–shell nanofibers were obtained through a coaxial ap-
paratus containing two concentric needles. The diameters of the inner and outer needles
were 0.8 mm and 1.2 mm, respectively. The inner needle was 0.20 mm longer than the outer
needle. For all the experiments, an aluminum collector was used to recover the electrospun
nanofibers.

3.3. Morphological Analises
3.3.1. Scanning Electron Microscopy (SEM)

SEM was carried out using a Quanta 200 F microscope (Thermo Fischer, Hillsboro, OR,
USA) in high-vacuum mode. Before the analysis, electrospun membranes were covered
with a thin film of gold using an Agar Automatic Sputter Coater (Mod. B7341, Stansted,
UK) at 40 mA for 120 s prior to the analysis.

3.3.2. Transmission Electron Microscopy (TEM)

TEM was performed on a FEI Tecnai 200 kV electron microscope (Thermo Fischer,
Hillsboro, OR, USA) operating at 100 keV. The samples for the TEM observation were
prepared by directly depositing the as-spun fibers onto the copper grids.

3.4. Structural Characterization of Electrospinning Nanofibers
3.4.1. Thermogravimetric Analyses (TGA)

TGA were carried out in an air atmosphere with a Mettler TC-10 thermobalance
(Mettler Toledo GmbH, Greifensee, Switzerland) from 25 ◦C to 800 ◦C at a heating rate of
10 ◦C/min.

3.4.2. Mechanical Properties

Mechanical properties were evaluated, in tensile mode, at room temperature using a
dynamometric apparatus INSTRON 4301 (ITW Test and Measurement Italia S.r.l., Pianezza,
Italy). Experiments were conducted at room temperature with a deformation rate of
5 mm/min. Elastic modulus was evaluated in the deformation range of 0.1%. Data were
averaged on five samples.

3.5. Curcumin Entrapment Efficiency

Square pieces of membranes (ca. 2 cm2) were weighted and dissolved in methanol
(1:5 w/v) for 60 min and curcumin concentration was measured as reported above by
HPLC. The curcumin loading efficiency (LE) was calculated as percentage respect to the
loaded drug as follows:

LE (%) =
curcumin concentration

curcumin concentration initially added in the polymer solution
× 100

3.6. In Vitro Release Kinetic Measurement

The release of the curcumin from the membranes was determined as early described
with some modifications [73]. Briefly, square pieces of membranes (ca. 2 cm2) were
weighed and placed into individual amber vials. Considering the very low solubility of the
curcumin in aqueous solutions, the release kinetic was performed at 37 ◦C in PBS/EtOH
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(90:10 v/v). At predetermined time intervals (every hour for 6 h, then at 12, 24, 48 and 72 h),
supernatants were withdrawn, and the same amount of fresh solution was added back to
the release medium. The curcumin concentration was measured using HPLC-UV with a
linear elution gradient consisting of mobile phase A (0.1% acetic acid), B (Acetonitrile), and
C (Methanol). The detection wavelength was set at 420 nm and Curcumin quantitation was
based on a standard curve in PBS/EtOH (90:10 v/v). System control and data acquisition
were performed using ChemStation software (Agilent Technologies). The results were
presented in terms of cumulative release (percentage with respect to the loaded drug) as a
function of time.

3.7. Antioxidant Activity

Antioxidant activity, as the free radical-scavenging ability of curcumin-loaded nanofibers,
was examined using 1,1-dipheny-l-2-picryl hydrazyl (DPPH) assay as reported by Amrati
et al. with slight modifications [74]. Samples of square pieces of membranes (ca. 1.5 × 2 cm)
were dissolved in PBS/EtOH (90:10 v/v) for 0.5, 1, 8, 24 and 48 h and then ultrasonicated
for 15 min. The dilution of the solutions was done in PBS/EtOH (90:10 v/v). Aliquots
(500 µL) of those solutions were added to 2 mL of DPPH methanolic solution (60 µM) and
kept in the dark at 37 ◦C for 1 h. The absorbance of the samples was determined at 517 nm
using a microplate reader (Cytation 3, ASHI). A methanolic solution of free curcumin and
polymers was used as a control. The percentage of inhibition of DPPH was calculated as
follows:

DPPH scavenging effect (%) = [(A1 − A0)/A1] × 100

where A1 was the absorbance of the control (DPPH solution without sample) at 517; A0 was
the absorbance at 517 of the sample at different concentrations with DPPH. The antioxidant
activity was expressed as % with respect to free curcumin.

3.8. Citotoxicity
3.8.1. Cell Proliferation Assay

Indirect cytotoxicity evaluation of curcumin-loaded membranes was conducted ac-
cording to ISO 10993-5 standard test method as reported by Conte et al. with slight
modifications [75]. Samples in a circular shape (1.5 cm in diameter) were exposed to UV
radiation for 30 min for sterilization. Then, the samples were immersed in 10 v/v % serum
containing DMEM medium for 24 h at 37 ◦C to produce the sample extraction. Human
dermal fibroblasts (HDFs) were cultured in 96-well tissue-culture polystyrene plate (TCPS)
at 2 × 103 cells/well in serum-containing DMEM for 16 h to allow cell attachment. After
that, the medium was replaced with an extraction medium and HDFs were incubated for
a further 12, 24 and 48 h. At the end of the incubation period, all CCK-8 solutions were
added to each well, and the plate was then incubated under cell culture conditions for
1–4 h. The optical density of formazan salt at 450 nm was measured using a Citation 3 Cell
Imaging Multi-Mode microplate reader (ASHI, Milan, Italy). The cytocompatibility of the
membranes was expressed as a percentage relative to the control and calculated as:

Cytocompatibility (%) = (OD sample/OD control) × 100

where OD sample is the optical density of cells treated with curcumin extract and OD
control is the optical density of untreated cells.

3.8.2. LDH Release Assay

Lactate dehydrogenase (LDH) release measurements were based on the measurement
of lactate LDH released into the growth media when the integrity of the cell membrane
is lost. For this assay, HDF cells were treated with extracts in the same way as described
above. At the end of the incubation time, 100µL of the culture supernatants were collected
to a well, and LDH activity was detected at 450 nm as reported by manufacturing protocol.



Molecules 2021, 26, 4866 12 of 17

As a positive control, cells were completely lysed with Triton X-100, according to Calarco
et al. [76].

3.9. Antimicrobial Activity
3.9.1. Bacterial Strains and Culture Conditions

Pseudomonas aeruginosa PAO1 (ATCC® BAA-47™) and Streptococcus mutans (ATCC®

25175) were purchased from ATCC, and cultured following the ATCC’s guidelines.

3.9.2. Antibacterial Activity

The capability of the curcumin-loaded membranes to inhibit bacterial growth was
determined by monitoring the optical density (OD) at 600 nm of bacterial suspensions
cultured in the presence of both PCL-Cur and coaxial PCL-Cur/PLA. All mats were cut of
similar dimension, sterilized by UV radiation for 15 min at each side, and finally placed in
a 12-well plate in the presence of 500 µL liquid broth as previously described [77]. Briefly,
bacteria were inoculated approximately at 1 × 107 CFU/mL and incubated at 37 ◦C and
200 rpm in a microplate reader (Cytation 3). As a control, the growth curve was obtained
in the presence of PCL mat. At scheduled times (6 h or 24 h), the optical density (OD) at
600 nm was recorded.

3.9.3. Biofilm Analysis

To investigate the ability of the curcumin-loaded membranes to inhibit the biofilm for-
mation, a similar amount of PCL-Cur, and PCL-Cur/PLA were sterilized by UV radiation
for 15 min at each side, placed in a 48-well polystyrene plate, and biofilm developed as
described by Di Salle et al. with some modifications [78]. Briefly, 750 µL of liquid medium
broth containing 1 × 107 CFU/mL of S. mutans or PAO1 were added and the cultures were
incubated statically at 37 ◦C in a humid atmosphere. PLA or PCL mats incubated in liquid
medium broth were used as a negative control, while 750 µL of PAO1 (1 × 107 CFU/mL)
or S. mutans (1 × 107 CFU/mL) were used as positive controls.

The surface-adhered biofilm was quantified after 6, 12, and 24 h by the Crystal Violet
(CV) assay. Each well was washed gently with sterile phosphate-buffered saline (PBS),
and air-dried for 30 min. Then, a solution of 0.1% w/v Crystal Violet was added to each
well. After 30 min, excess solution was removed, and any extra stain was removed by
washing with PBS. The stained biofilms were solubilized in 96% ethanol and quantified by
measuring the optical density (OD) at 570 nm using a microplate reader (Cytation 3, AHSI,
Milan, Italy). Measurements were carried out in triplicate for each membrane.

3.9.4. Quorum Sensing (QS) Interfering

To determine the ability of the membranes to interfere with the quorum-sensing
mechanism underlying the biofilm maturation process, the mRNA level of rhlAB genes for
PAO1 and of comCD genes for S. mutans was quantified by real-time PCR (qRT-PCR). PAO1
and S. mutans biofilms were developed in the presence of synthesized membranes for 6 or
24 h, as previously described in a 48-well polystyrene plate. The bacterial pellet was then
collected by centrifugation at 13,000× g for 10 min, and total RNA was extracted using
TRIzol reagent (Invitrogen, Italy) as previously described [79]. Briefly, 0.2 µg of total RNA
was retrotranscripted using AMV Reverse Transcriptase and random hexamers according
to the provider’s instruction (Promega, Milan, Italy). The resulting mixture was amplified
by qRT-PCR using specific primers based on the previous literature as listed in Table 4.
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Table 4. QPCR primers.

Gene Forward Primer (5′—3′) Reverse Primer (5′—3′) Ref.

rhlA AGCTGGGACGAATACACCA GACTCCAGGTCGAGGAAATG [80]
rhlB GAGCGACGAACTGACCTACC GTTGAACTTGGGGTGTACCG [80]

comC GACTTTAAAGAAATTAAGACTG AAGCTTGTGTAAAACTTCTGT [81]
comD CTCTGATTGACCATTCTTCTGG CATTCTGAGTTTATGCCCCTC [81]

16SrRNA CCTACGGGAGGCAGCAGTAG CAACAGAGCTTTACGATCCGAAA [82]
16SrRNA CAAAACTACTGAGCTAGAGTACG TAAGATCTCAAGGATCCCAACGGCT [83]

qPCR and data collection were performed on 7900HT Fast Real-time PCR System
(Applied Biosystems, Milan, Italy). The reactions were performed according to the manu-
facturer’s instructions using SYBR Green PCR Master Mix (Invitrogen, Italy). All reactions
were run in triplicate, normalized to the housekeeping gene (16SrRNA), and the results
expressed as mean ±SD. The comparative cycle threshold (2−∆∆Ct) method was used to
determine the relative quantification.

3.10. Statistical Analysis

Results were expressed as mean ± standard deviation (SD). Student’s t-test was
used for the curcumin release. For biochemical, antimicrobial investigations assay, and
quantitative real-time PCR one-way analysis of variance (ANOVA) with Tukey’s post-hoc
test were used for statistical comparison. The difference was regarded as statistically
significant when p < 0.05. All the data were analyzed with the GraphPad Prism version
6.01 statistical software package (GraphPad, San Diego, CA, USA).

4. Conclusions

In this study, electrospinning was used to produce nanofibrous membranes with the
ability to release curcumin in a continuous and sustainable mode, eliciting both antibacterial
and antibiofilm activity on Pseudomonas aeruginosa PAO1 and Streptococcus mutans—two
opportunistic bacteria frequently associated with human infections. In particular, we
observed a more important effect, especially after 12 h of incubation, with the coaxial respect
to the single-needle electrospun membrane, showing a reduction of 23 ± 5%, 33 ± 4% in
PAO1 and S. mutans biofilm formation, respectively. Our data also demonstrated the
ability of CUR-loading membranes to inhibit signal-based biofilm formation, lowering the
expression of several genes involved in the quorum-sensing mechanism that led to biofilm
maturation.

Moreover, the presented results demonstrated good biocompatibility of both PCL-Cur,
and PCL-Cur/PLA and a good antioxidant capacity already after 30 min of incubation.

Taken together, these results demonstrate that the fabricated membranes could be
employed as scaffolds in tissue engineering regeneration to control the oxidative stress of
damaged tissue, thus helping to accelerates the healing process.
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Abstract: To date, the implant-associated infections represent a worldwide challenge for the recently
reported bacterial drug resistance that can lead to the inefficacy or low efficacy of conventional
antibiotic therapies. Plant polyphenolic compounds, including resveratrol (RSV), are increasingly
gaining consensus as valid and effective alternatives to antibiotics limiting antibiotic resistance.
In this study, electrospun polylactic acid (PLA) membranes loaded with different concentrations
of RSV are synthesized and characterized in their chemical, morphological, and release features.
The obtained data show that the RSV release rate from the PLA-membranes is remarkably higher in
acidic conditions than at neutral pH. In addition, a change in pH from neutral to slightly acidic triggers
a significant increase in the RSV release. This behavior indicates that the PLA-RSV membranes
can act as drug reservoir when the environmental pH is neutral, starting to release the bioactive
molecules when the pH decreases, as in presence of oral bacterial infection. Indeed, our results
demonstrate that PLA-RSV2 displays a significant antibacterial and antibiofilm activity against two
bacterial strains, Pseudomonas aeruginosa PAO1, and Streptococcus mutans, responsible for both acute
and chronic infections in humans, thus representing a promising solution for the prevention of the
implant-associated infections.

Keywords: bioresorbable membrane; phytochemicals; resveratrol; polylactic acid; electrospinning;
antibiofilm

1. Introduction

Over the past decades, osseointegrated implants have emerged as a major clinical therapeutic
approach to replace missing teeth or restore the structure or function of the musculoskeletal system [1].
With the increasing number of implants applied in clinical environments, evidence revealed that the
device-associated infections (defined as peri-implantitis) damage the epithelial and mucosal barriers,
either impeding host defense mechanisms or serving as microorganism reservoirs, leading to the failure
of the implant [2]. Peri-implantitis represents a pathological condition involving both the soft and
the hard tissue around implants, characterized by local tissue inflammation that may result in severe
bone loss around the implant [3,4]. The inflammatory process involves proliferation of pathogenic
bacteria and may occur either shortly after implantation or after several years [3]. The progressive
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loss of contact between the connective tissue and the implant surface enables the bacterial biofilm to
move down into the peri-implant pocket, thereby decreasing implant osseointegration. This process
may be exacerbated by the oral pH drop that is a consequence of sugar consumption or sustained
microorganism metabolism, as in the biofilm presence [5,6]. Indeed, when the environmental pH
reaches values of <5.5, a mineral imbalance between the tooth and the salivary/plaque fluid is generated,
resulting in a net tooth loss of hydroxyapatite that blocks the mineralization process [7].

The current non-surgical therapy of peri-implantitis consists of the use of strict aseptic procedures
and the administration of systemic antibiotics. However, currently, there is no treatment that acts
against the bacteria simultaneously promoting regeneration of the damaged tissue. Additionally, local
or systemic administered antibiotics are largely ineffective for peri-implant infections due to bacterial
drug resistance, poor drug penetration, and suboptimal bioavailability at the site of infection [2]. Recent
studies have demonstrated the effectiveness of plant secondary metabolites (phytochemicals) where
bacterial resistance mechanisms, including multidrug resistance, make traditional therapy unsuccessful,
even in the control of biofilms [8,9]. In this respect, phytochemicals exert their antibacterial activity
through different mechanisms of action including bacterial membrane damage, inhibition of enzymes
and toxins, and bacterial biofilm formation. Therefore, plant-derived biomolecules could be used alone
or as synergists/potentiators of less effective antibacterial products [8].

Resveratrol (RSV), a stilbenoid polyphenolic compound present in red wine and numerous plants,
has demonstrated several health-beneficial effects such as antioxidant, anticancer, anti-inflammatory,
and bone regeneration [10]. Numerous studies reported the antimicrobial activity of RSV against a
wide range of bacterial [11–14], viral [15], and fungal species [14] due to the reduction of microorganism
motility [16], inhibition of biofilm formation [11], and interference with quorum sensing [17].
Nevertheless, the exact mechanism of the antibacterial and antibiofilm activity of RSV remains
uncertain. However, the clinical applications of these results remain controversial, due to RSV poor
pharmacokinetics, low water solubility, and in vivo rapid metabolism [18,19]. The local administration
into the peri-implant region could address this issue as it helps avoiding systemic degradation of RSV,
increasing its therapeutic concentration.

Several studies have been conducted in the area of biomaterials to develop local drug delivery
systems that are able to improve the tissue/bone regeneration and treat peri-implant bone infection
which limits the osseointegration of the implant [20,21]. In this context, electrospinning represents
a simple and cost-effective process to obtain, from a wide range of polymers, drug release devices
with high porosity, high surface area, and nanoscale-sized fibers [22]. Electrospun loaded membranes
for the treatment of peri-implantitis have been previously reported [23,24]. Li et al. and Zhang et al.
fabricated poly(lactic-co-glycolic) acid (PLGA) nanofibers able to release gentamicin and vancomycin,
respectively, that can prevent implanted-related infections [21,25]. In particular, PLGA-coated titanium
implant with gentamicin, achieving a significant reduction in adhesion of Staphylococcus aureus and
no cytotoxicity on osteoblasts [21]. In addition, Zhang et al. determine nanofibers with antibacterial
properties both in vitro and in vivo against S. aureus [25]. Shahi et al. produced tetracycline-containing
fibers able to inhibit the growth and the biofilm formation of peri-implantitis-associated pathogens [26].
In particular, membranes manufactured from a polymer blend solution of poly(D,L-lactic acid) (PLA),
poly(ε-caprolactone) (PCL), and gelatin (GEL) with different concentrations of tetracycline were
obtained. The biofilm reduction was proportional to the tetracycline content. In another research,
Baranowska-Korczyc et al. synthesized electrospun PCL membranes loaded with ampicillin that
exhibited a good antibacterial activity against an oral strain of Streptococcus sanguinis and low cytotoxic
effect on gingival fibroblasts [27]. However, to date, no instances of electrospun devices incorporating
phytochemicals have been reported for the treatment of peri-implant infections.

In this paper, electrospun PLA nanofiber membranes loaded with different amounts of RSV
were produced, characterized, and their antibacterial and antibiofilm potential evaluated on
Pseudomonas aeruginosa PAO1, Streptococcus mutans, and on a mixed culture of both bacteria to
simulate the naturally occurring multispecies biofilm system (dual system).
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PAO1, one of the most important Gram-negative bacteria, is responsible for both acute and chronic
infections in humans. P. aeruginosa biofilms were reported to cause several medical device-related
infections such as endocardial valve infection through endocardial tubes, ventilator-associated
pneumonia, and catheter-associated urinary tract infections [28,29]. Additionally, PAO1 was recovered
in patients affected by peri-implant disease in several oral sites [30].

Streptococcus mutans, a gram-positive bacterium present in the supragingival region of both healthy
people and subjects with periodontal disease, is considered as one of the major contributors in the
formation and development of the extracellular polysaccharide matrix in dental biofilms [31]. Indeed,
after sucrose consumption, when the oral environment shows a low pH (<5.5) and a strong presence
of glycan, bacterial species such as S. mutans start to produce water-insoluble glucan, one of the first
molecules that significantly contribute to biofilm formation [32]. Then, the glucans synthesized by
S. mutans provide the substrate for the adhesion of the latecomer bacterial strains [31,33].

The results reported herein demonstrate the ability of the PLA-RSV membranes to release RSV in
a tunable and sustained manner, with a release kinetics strongly affected by the pH of the medium.
Indeed, the change in pH (from neutral to slightly acidic) triggers a significant increase in the RSV
release, demonstrating that the proposed membranes act as pH-responsive RSV reservoirs able to
quickly release RSV only in the case of bacterial infection when the pH decreases. Our results, moreover,
demonstrate the ability of PLA-RSV membranes to induce a significant antibacterial and antibiofilm
activity against PAO1, S. mutans, and a mixed culture of both bacteria at pH < 5.5.

Taken together, the reported data suggest that PLA-RSV membranes can represent a promising
solution for the prevention of the implant-associated infections, both as barrier membranes during a
socket preservation period and as implant coating for prolonged time use.

2. Materials and Methods

2.1. Materials

Polylactic acid (PLA, Ingeo 4032D) with 0.7 mol% L-isomer, Mw = 2.1 × 105 g mol−1, and the
polydispersity (PDI) = 1.7 were supplied by NatureWorks LLC (Minnetonka, Minnesota, USA).
N,N-Dimethylformamide (DMF), acetone with a purity of ≥99.8%, and resveratrol (RSV) were
purchased from Sigma-Aldrich (Milan, Italy) and used without further purification.

2.2. Preparation of Electrospinning Solutions and Membrane Manufacturing

Electrospun membranes containing resveratrol were realized starting from PLA solutions
containing different amounts of resveratrol. Neat PLA solutions (coded as PLA) were prepared
by dissolving 12.5% wt. PLA in acetone/DMF (80/20 v/v) at 60 ◦C; after that, 0.8% and 3.2% wt of
RSV with respect to PLA (w/w) were directly added to the polymer solution (coded as PLA-RSV1
and PLA-RSV2, respectively). The solutions were stirred before use for at least 6 h at 60 ◦C. All the
solutions were electrospun with a NANON01 equipment (MECC Co., Ltd., Fukuoka, Japan) by using a
single nozzle and a plate collector at room temperature and 10% relative humidity. After optimization
of the process parameters, the flow rate was fixed at 0.5 mL h−1. The applied voltage and the distance
between the nozzle and the collector, which was covered with aluminum foil, were adjusted to 20 kV
and 30 cm, respectively, to obtain defect-free fibers for further characterizations.

2.3. Membranes Characterization

The morphology of the membranes was evaluated using a FEI Phenom Desktop Scanning Electron
Microscope (Eindhoven, The Netherlands). Before analysis, the samples were sputtered/coated with
an Au-Pd alloy using a Baltec Med 020 Sputter Coater System (Leica, Milan, Italy) and then mounted
on aluminum stubs. The average fiber-diameter distribution was analyzed using the ImageJ software
1.51 April 2018 (NIH, Bethesda, MD, USA).
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The chemical composition of membranes was investigated by means of Fourier Transformed
Infrared Spectroscopy coupled with attenuated total reflectance technique (ATR-FTIR). The spectra
were acquired in the spectral region between 4000 and 400 cm−1. The analysis was performed using the
Origin software (OriginPro 8.1 SR0, 2009 October, OriginLab Corporation, Northampton MA, USA).
Resveratrol spectrum was considered as positive control.

2.4. In Vitro Drug Release from RSV-Loaded Membranes

The RSV release was investigated as reported by Riccitiello et al. with some modifications [34].
Briefly, circular pieces of membranes (30 mm diameter) were weighed and placed into individual
vials covered with aluminum foil to prevent drug degradation caused by light. The release kinetics
was performed at 37 ◦C in artificial saliva medium containing 4 g of sucrose (SAGF-suc), as reported
by Cavazana et al. [5]. The pH was adjusted to 4.8 and 6.8 with HCl and NaOH, respectively.
At predetermined time intervals (every hour for 24 h, then every 3 days over 90 days), supernatants
were withdrawn, and the same amount of fresh solution was added back to the release medium to
maintain the sink condition. The RSV concentration was measured using HPLC-UV with a linear
elution gradient consisting of mobile phase A (0.1% acetic acid), B (Acetonitrile), and C (Methanol).
The detection wavelength was set at 290 nm and RSV quantitation was based on a standard curve in
SAGF-suc. The resveratrol stock standard of 1 mg/mL was prepared in methanol. Before injection,
the standards and samples were filtered through a 0.22 µm pore-size filter (Millipore, Milan, Italy).
System control and data acquisition were performed using the ChemStation software 4.03 Jan 27, 2020
(Agilent Technologies). The results were presented in terms of cumulative release as a function of time.

2.5. Bacterial Strains and Culture Conditions

Pseudomonas aeruginosa PAO1 (ATCC® BAA-47™) and Streptococcus mutans (ATCC® 25175) were
obtained from the American Type Culture Collection (ATCC, LGC Standards S.R.L., Sesto San Giovanni,
Milan, Italy), and cultivated following the ATCC guidelines. Briefly, PAO 1 and S. mutans were cultured
for 18 h on trypticase soy broth agar and trypticase soy yeast extract agar (Thermo Fisher Scientific,
Waltham, MA, USA), respectively. Subsequently, one colony was resuspended in 5 mL of liquid broth
medium and incubated overnight at 37 ◦C and 200 rpm.

2.6. Antibacterial Activity

The capability of the RSV-loaded membranes to inhibit bacterial growth was assessed by monitoring
the bacterial growth rate. Each electrospun membrane of similar dimension, previously sterilized by
UV radiation for 15 min at each side, was placed in a 12-well plate, covered with 500 µL of liquid
broth supplemented with 20% of sucrose [5], and inoculated with a bacterial suspension containing a
microbial concentration of approximately 1 × 107 CFU/mL. The plate was incubated at 37 ◦C and 200
rpm in a microplate reader (Cytation 3; AHSI, Milan, Italy). At scheduled times (6 h, 24 h, or 48 h),
the optical density (OD) at 600 nm was recorded. Moreover, culture pH was monitored using a pH
electrode (Mettler-Toledo, Milan, Italy).

2.7. Biofilm Analysis

Biofilm was developed as described by Di Salle et al. with some modifications [35]. Briefly,
each electrospun membrane of similar dimension was sterilized by UV radiation for 15 min at each
side. Then, the membranes were placed in a 48-well polystyrene plate, covered with 750 µL of liquid
medium broth supplemented with 20% of sucrose and containing S. mutans, PAO1 or a mixed culture of
both bacteria (PAO1-S. mutans), with a concentration of 1 × 107 CFU/mL. The cultures were incubated
statically at 37 ◦C in a humid atmosphere for 16 h, until a mature biofilm was obtained. Liquid medium
broth without bacteria was used as negative control, while 750 µL of PAO1 (1 × 107 CFU/mL), S. mutans
(1 × 107 CFU/mL), PAO1-S. mutans (1 × 107 CFU/mL each), and 200 µM resveratrol were used as
positive controls.
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Crystal violet (CV) assay was used to determine biofilm formation, as previously described [35].
Briefly, each well was washed twice with sterile PBS for removal of non-attached bacteria, air-dried for
15 min, stained with 0.1% w/v crystal violet for 30 min, and then re-washed with 5 × PBS to remove
any extra stain. Then, the stained biofilms were solubilized in 96% ethanol and absorbance measured
at 570 nm using a microplate reader (Cytation 3, AHSI, Milan, Italy).

The number of biofilm viable bacterial cells was determined with the BacTiter-Glo™Microbial Cell
Viability Assay (Promega, Milan, Italy) and with the Live/Dead Cell Double Staining Kit (Sigma Aldrich,
Milan, Italy). The tests were performed following the manufacturer’s protocol. The BacTiterGlo™
assay is based on the luciferase reaction driven by ATP released from lysed bacterial cells. Therefore,
to quantify the ATP present in the culture, 250 µL of PBS and 250 µL of BacTiter-Glo™ Reagent were
added to each well, mixed, and incubated at room temperature for 5 min. The luminescence as relative
light units (RLU) was measured in a microplate reader (Cytation 3, ASHI, Bernareggio, Italy) and
correlated with the number of metabolically active bacteria, using an ATP calibration curve.

Staining with the LIVE/DEAD® Biofilm viability kit (Molecular Probes, Life Technologies Ltd.,
Milan, Italy) was performed according to the manufacturer’s instructions. Briefly, a working solution
of fluorescent stains was prepared by adding 3 µL of SYTO® 9 stain and 3 µL of propidium iodide (PI)
stain to 1 mL of filter-sterilized water. Two hundred microliters of staining solution were deposited on
the disc surface and, after 15 min incubation at room temperature in the dark, samples were washed
with sterile saline in order to remove the excess dyes and rinsed with water from the base of the
support material. Fluorescence was detected using Cytation 3 with 490 nm excitation for simultaneous
monitoring of viable and dead cells. Measurements were carried out in triplicate for each membrane.

2.8. Statistical Analysis

All quantitative data are presented as the mean ± SD. Each experiment was performed at least
three times. Student’s t test was used for the resveratrol release. Statistical analyses for the antibacterial
and antibiofilm assays were performed by 1-way analysis of variance (ANOVA) with Bonferroni’s post
hoc test. All the data were analyzed with the GraphPad Prism version 8.01 statistical software package
(GraphPad, CA, USA).

3. Results

3.1. Membrane Characterization

Nowadays, biodegradable polymers such as aliphatic polyesters have replaced traditional
non-degradable materials for biomedical application due to their ability to degrade and be absorbed
by the body without elicit adverse effects [36,37]. Among them, electrospun PLA-based nanofibers
represent one of the most promising drug release systems because of their superior chemical and
mechanical properties, their versatility in fabrication, biodegradability, and compatibility with
biomolecules and cells [38]. Riccitiello et al. fabricated uniform defect-free fibers of PCL and
PLA that were able to release RSV in a tunable and sustained manner. Both membranes showed
similar in vitro osteoinductive capacity on dental pulp stem cells, while the lower resveratrol-releasing
membrane (PLA-RSV) was able to inhibit osteoclast differentiation [34]. The bactericidal properties
of PLA membranes with high loadings of titanium dioxide nanoparticles (TiO2) were reported by
Toniatto and co-workers [39]. In addition, the nanostructured PLA/TiO2 nanofibers demonstrated no
mammalian cell toxicity, suggesting a wide range of biomedical applications.

To evaluate the effect of release media on membrane fiber morphology, stability, and release
kinetic, PLA membranes with two RSV concentrations (PLA-RSV1 and PLA-RSV2) were characterized
before and after the in vitro RSV release test.

SEM micrographs and diameters distribution of the PLA-RSV fibers containing different amounts
of RSV are shown in Figure 1. All membranes exhibited a three-dimensional interconnected pore
structure. For all analyzed compositions, fibers have a smooth and regular surface, with a uniform
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bead-free diameter, and no appearance of drug aggregates. A monomodal distribution was observed
for all samples; the addition and the amount of RSV did not affect the average diameter of fibers that
was 0.540 ± 0.103, 0.531 ± 0.075, and 0.545 ± 0.054 µm for PLA, PLA-RSV1, and PLA-RSV2, respectively.
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Figure 1. SEM micrographs (left) and size-distribution of fibers (right), expressed as % number
(frequency), prepared from polylactic acid (PLA) solutions containing various amounts of resveratrol
(RSV): (A) PLA; (B) PLA-RSV1; (C) PLA-RSV2.

FTIR analysis of PLA and PLA-RSV membranes revealed the characteristic peaks of both RSV
and PLA (Figure 2). Despite several vibration bands of PLA and RSV overlapping, it was possible to
highlight the vibration of phenol OH at 3505 cm−1, the C=C aromatic double bond stretching related to
the aromatic rings of RSV at 1608 cm−1, the C–C olefinic stretching at 1599 cm−1, and the in-plane C−H
bending of phenyl rings at 1516 cm−1. The intensity of RSV peaks increased with the amount of RSV in
the fibers. Furthermore, peaks at 1749 cm−1 (C=O stretching) and 1453 cm−1 (–CH3 bending) related to
PLA were evident [40,41]. Interestingly, these peaks shifted to lower wavenumbers in comparison
with the same bands in the pure RSV (3201, 1605, 1583, and 1510 cm−1) and PLA (1752 cm−1) spectra,
indicating the presence of hydrogen-bonding interactions between the phenol OH of RSV and the
carbonyl oxygen of the PLA matrix [42].
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3.2. pH-Dependent RSV Release

The local delivery of a bioactive molecule from the electrospun membrane is significantly
influenced by the polymer–drug interaction and the physicochemical properties of the membrane,
such as drug encapsulation efficiency, drug distribution inside the micro/nanofibers, and drug release
kinetics [43,44].

In particular, the mechanism of drug release from polyester nanofibers is characterized by a
two-phase release behavior: first, the embedded compound desorbs through fiber nanopores or
from the outer surface of the fibers in contact with the medium, then the drug captured between
polymer chains is released [45,46]. To mimic the peri-implant microenvironment, characterized by
subtle variations of pH level or degree of inflammation, in vitro cumulative release of RSV from PLA
membranes was performed at different pH conditions, namely, pH 4.8 and pH 6.8, in artificial saliva
supplemented with sucrose (SAGF-suc). As shown in Figure 3A,B, a burst release was noticed on
the first day, suggesting that RSV located in the outer surface of the fibers quickly diffuses in the
medium [47]. It is worth noting that in acidic conditions the RSV release rate from the PLA-RSV
membranes was remarkably higher than that at neutral pH. In particular, after one day of incubation at
pH 4.8, the RSV release for PLA-RSV1 and PLA-RSV2 was two- and five-fold higher, respectively, than
that at pH 6.8. Subsequently, a slow but sustained release continued at pH 4.8 for 46 days, reaching a
concentration of 5.57 ± 0.56 and 16.52 ± 1.62 µM at that time for PLA-RSV1 and PLA-RSV2, respectively.
Instead, at neutral pH, the RSV amount released from PLA-RSV1 and PLA-RSV2 was approximately
50% and 75% lower than that released at pH 4.8 in 46 days highlighting that the effect of pH was
more significant in the case of higher RSV loading. Furthermore, while 50% of RSV was released from
PLA-RSV2 at the end of 46 days at pH 4.8, only 14.9% was released in the same time at pH 6.8. To better
understand the impact of the pH on the RSV release, the PLA-RSV2 sample was first immersed in
SAGF-suc pH 6.8 for 7 days and then transferred to pH 4.8. As shown in Figure 3B, the change in pH
led to a sudden increase (~3.9-fold, p < 0.001) in the RSV concentration, due to the faster release of RSV
entrapped in the fiber surface. It should be also noted that the slope of the release curve at pH 4.8 was
about three times higher than that at pH 6.8, as the acidic pH also induced faster release of the drug
captured in the bulk polymer fiber. The results demonstrate that the membranes can be stored for
several days at physiological pH before RSV is quickly released when the pH decreases, as in the case
of bacterial infection.
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profiles of PLA-RSV2 membrane in SAGF-suc at pH 6.8 from 0 to 7 days and at pH 4.8 from 8 to 15 
days. For each sample, six different experiments were conducted, and the results expressed as the 
mean of the values obtained (mean ± SD). Statistically significant variations: §§§ p < 0.001 and § p < 
0.05 versus pH 6.8. 

The morphological analysis carried out on the samples after the release test reveals no massive 
deterioration of fibers even after 46 days incubation for both pH values (Figure 4). A close inspection 

Figure 3. (A) In vitro drug release profiles at 37 ◦C of PLA-RSV membranes incubated for 46 days in
artificial saliva supplemented with sucrose (SAGF-suc) at pH 4.8 and pH 6.8. (B) In vitro drug release
profiles of PLA-RSV2 membrane in SAGF-suc at pH 6.8 from 0 to 7 days and at pH 4.8 from 8 to 15 days.
For each sample, six different experiments were conducted, and the results expressed as the mean of
the values obtained (mean ± SD). Statistically significant variations: §§§ p < 0.001 and § p < 0.05 versus
pH 6.8.

The morphological analysis carried out on the samples after the release test reveals no massive
deterioration of fibers even after 46 days incubation for both pH values (Figure 4). A close inspection
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of the polymer surface after 46 days incubation (inset in Figure 4) revealed massive fiber swelling,
which led to an increase in fiber diameter proportional to the amount of RSV, and remarkably affected
by the pH of the release medium.
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(frequency), prepared from PLA solutions containing various amounts of RSV after a 46-day release
test: (A) PLA-RSV1, pH 4.8, (B) PLA-RSV2, pH 4.8, (C) PLA-RSV2, pH 6.8.

As shown in Figure 5, in the case of PLA-RSV2, the immersion for 46 days at pH 6.8 and 4.8 resulted
in a diameter increase by about 31% and 51%, respectively. This increase in nanofiber diameters is due
to the swelling process occurring during incubation in SAGF-suc for the release test. For PLA and
PLA-RSV1 the diameter variation resulted negligible at both pH examined. As reported in literature,
soaking of the nanofibers allows the water molecules to penetrate into the fiber interior, resulting in the
swelling process. Remarkably, acidic conditions significantly enhance the ability of water to penetrate
the polymer, giving rise to a higher swelling ratio [48,49].
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Figure 5. Average diameters of fibers prepared from PLA solutions containing various amounts of
RSV after incubation in SAGF-suc (pH 4.5 and pH 6.8) for 15 and 46 days: (A) PLA, (B) PLA-RSV1,
and (C) PLA-RSV2.

FTIR analysis of PLA and PLA-RSV membranes after incubation in the release medium at different
pH values provides further insights about the release mechanism of the membranes (Figure 6). First,
the decrease of the RSV peak at 1608 cm−1 confirms that RSV is released from the fibers. Further, a slight
shift of the C=O absorption band to higher wavenumbers, from 1749 to 1751 cm−1 for PLA-RSV2 at
pH 4.5, was noticed after the 46-day immersion tests in the release medium, confirming the disruption
of the hydrogen bonding between RSV hydroxyl and PLA carbonyl groups.

Taking into account the results gathered from SEM observations and FTIR spectroscopy,
and considering that in the experimentally used pH conditions the influence of pH on the PLA
degradation rate is negligible [50–52], the high RSV release is ascribed to the activity of the water
molecules that provide the driving force for the RSV diffusion as the membrane swells in acidic
conditions [53]. Additionally, a slightly higher RSV solubility in acidic media can further contribute to
the enhancement of the RSV release at pH 4.5 [54]. It is also worth noting that for longer incubation
times (Figure 3A) the shape of the release curve exhibited a significant upward deviation at times
exceeding 50 days. This outcome suggests the occurrence of polymer degradation, thereby resulting
in a further acceleration of the RSV release. To sum up, the overall kinetics of the RSV release was
characterized by a three-phase profile. At the very beginning, the compound embedded in the outer
surface quickly desorbs from the fibers. Subsequently, the drug captured in the core diffuses out of
the fibers [55]. In this regard, the acidic pH enhances the water-induced swelling, which is the main
reason responsible for the RSV release. Afterwards, the effect of polymer degradation on RSV release
becomes more significant, giving rise to a further acceleration of RSV diffusion. It should be also noted
that the effect of pH was more significant in the case of higher RSV loading.
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3.3. Antibacterial and Antibiofilm Activity

Phytochemicals may represent a valid alternative or adjunctive to antibiotics for mitigating
implant-related infections, thanks to their reduced risk of developing resistant bacterial strains [56,57].
In addition, plant-derived compounds may exert in vitro synergistic effects when combined with
conventional antibiotics [58]. Phenolic compounds, such as resveratrol, play an important role in
enhancing antibiotic activity against resistant pathogens reducing, for example, the efflux pumps
activity or acting as an employing EP inhibitors (EPIs) strand [14,59]. Phenolic terpenes such as
carvacrol, thymol, and geraniol have been found to exhibit marked antibiofilm activity against both
fungal and bacterial biofilms encountered in food processing environments and biomedicine [60,61].
Furthermore, several studies also reported the efficacy of resveratrol in the inhibition of formation and
elimination of both Gram-positive and Gram-negative bacterial biofilm [13,62,63].

The capability of RSV-loaded PLA fibers to inhibit bacterial growth was determined by monitoring
the growth rate of S. mutans, PAO1, and a mixed culture of both bacteria (PAO1-S. mutans) at 600 nm.
The growth medium was supplemented with 20% of sucrose to mimic clinical conditions related to
dental diseases such as periodontal diseases. Several studies, indeed, indicated how the presence
of sugars in the diet increases the bacterial acid lactic production that lead to an environmental pH
decrease [5,7].

The pH of the culture medium was measured at the beginning of the test, and after specific
time-points throughout the experiment. It was found that pH reached acidic values already after the
first 6 h of growth (Table 1).

Table 1. pH of the bacterial cultures.

Time PAO1 S. mutans PAO1-S. mutans

6 h 4.82 ± 0.26 4.86 ± 0.51 4.83 ± 0.55
12 h 4.87 ± 0.51 4.80 ± 0.46 4.85 ± 0.53
24 h 4.88 ± 0.43 4.81 ± 0.35 4.84 ± 0.39

As shown in Figure 7, the PLA-RSV2 membrane was able to significantly inhibit bacterial
growth already after 12 h of incubation (p < 0.01). In particular, the greatest effect was observed



Nanomaterials 2020, 10, 1175 12 of 18

on Pseudomonas aeruginosa at 24 h, showing a 57% of growth inhibition with respect to the control
(p < 0.001). No effect was observed in the presence of PLA-RSV1.

Nanomaterials 2020, 10, x FOR PEER REVIEW 12 of 18 

 

Pseudomonas aeruginosa at 24 h, showing a 57% of growth inhibition with respect to the control (p < 
0.001). No effect was observed in the presence of PLA-RSV1. 

 
Figure 7. Antibacterial activity evaluated at 600 nm against Streptococcus mutans (A), Pseudomonas 
aeruginosa PAO1 (B), and PAO1-S. mutans (C) of PLA, PLA-RSV1, and PLA-RSV2. Bacterial growth 
in absence of membranes was used as bacterial positive control (CTL) while 200 μM resveratrol was 
used as positive standard control (RSV). Data were reported as a percentage in comparison with a 
bacterial positive control. For each sample, six different experiments were conducted and the results 
expressed as the mean of the values obtained (mean ± SD). Statistically significant variations: ** p < 
0.01, and *** p < 0.001 versus PLA and PLA-RSV1. 

Biofilm inhibition was analyzed at different times in order to evaluate the resveratrol effect on 
biofilm development. As shown in Figure 8, a significant reduction (p < 0.001) in biofilm formation 
analyzed with CV assay, regardless of the bacterial strain used, was observed only in PLA-RSV2 
membrane. Already after 6 h of incubation in presence of the membrane, a reduction of about 77 ± 
8%, 60 ± 6%, and 65 ± 6% was detected in S. mutans, PAO1, and PAO1-S. mutans biofilm, respectively. 

 
Figure 8. Antibiofilm activity of RSV-loading membranes. Biofilm formation was evaluated by crystal 
violet (CV) assay, after 6, 12, and 24 h of incubation at 37 °C in presence of (A) Streptococcus mutans, 
(B) PAO1, and (C) PAO1-S. mutans as described in the material and methods section. Biofilm 
formation was reported as a percentage in comparison with to the maximum amount of biofilm 
produced by Streptococcus mutans, PAO1, and PAO1-S. mutans grown (bacterial positive controls). A 
total of 200 μM resveratrol was used as positive standard control (RSV). For each sample, six different 
experiments were conducted, and the results expressed as the mean of the values obtained (mean ± 
SD). Statistically significant variations: ### p < 0.001 versus RSV, PLA, and PLA-RSV1. 

Metabolic analysis of biofilm, performed quantifying the amount of cellular adenosine 
triphosphate (ATP) that is directly related to bacterial metabolic activity [64], confirmed the CV 
results. 

Figure 7. Antibacterial activity evaluated at 600 nm against Streptococcus mutans (A), Pseudomonas
aeruginosa PAO1 (B), and PAO1-S. mutans (C) of PLA, PLA-RSV1, and PLA-RSV2. Bacterial growth
in absence of membranes was used as bacterial positive control (CTL) while 200 µM resveratrol was
used as positive standard control (RSV). Data were reported as a percentage in comparison with a
bacterial positive control. For each sample, six different experiments were conducted and the results
expressed as the mean of the values obtained (mean ± SD). Statistically significant variations: ** p < 0.01,
and *** p < 0.001 versus PLA and PLA-RSV1.

Biofilm inhibition was analyzed at different times in order to evaluate the resveratrol effect on
biofilm development. As shown in Figure 8, a significant reduction (p < 0.001) in biofilm formation
analyzed with CV assay, regardless of the bacterial strain used, was observed only in PLA-RSV2
membrane. Already after 6 h of incubation in presence of the membrane, a reduction of about 77 ± 8%,
60 ± 6%, and 65 ± 6% was detected in S. mutans, PAO1, and PAO1-S. mutans biofilm, respectively.
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Figure 8. Antibiofilm activity of RSV-loading membranes. Biofilm formation was evaluated by crystal
violet (CV) assay, after 6, 12, and 24 h of incubation at 37 ◦C in presence of (A) Streptococcus mutans,
(B) PAO1, and (C) PAO1-S. mutans as described in the material and methods section. Biofilm formation
was reported as a percentage in comparison with to the maximum amount of biofilm produced by
Streptococcus mutans, PAO1, and PAO1-S. mutans grown (bacterial positive controls). A total of 200 µM
resveratrol was used as positive standard control (RSV). For each sample, six different experiments
were conducted, and the results expressed as the mean of the values obtained (mean ± SD). Statistically
significant variations: ### p < 0.001 versus RSV, PLA, and PLA-RSV1.

Metabolic analysis of biofilm, performed quantifying the amount of cellular adenosine triphosphate
(ATP) that is directly related to bacterial metabolic activity [64], confirmed the CV results.

Figure 9 shown that PLA-RSV2 membrane was able to reduce biofilm activity already at 6 h and
maintaining its activity until 24 h. The observed reduction after 6 h of incubation ranged from 27 ± 3%
for S. mutans biofilm to 52 ± 5% for PAO1 biofilm.
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Figure 9. Biofilm metabolic activity of RSV-loading membranes. Biofilm metabolic reduction was
quantified using BacTiterGlo™ assay and correlating the recorded luminescence with APT nmoles,
after 6, 12, and 24 h of incubation at 37 ◦C in presence of (A) Streptococcus mutans, (B) PAO1,
and (C) PAO1-S. mutans as described in the material and methods section. Biofilm activity was
reported as a percentage in comparison with positive bacterial controls. A total of 200 µM resveratrol
was used as positive standard control (RSV). For each sample, six different experiments were conducted,
and the results expressed as the mean of the values obtained (mean ± SD). Statistically significant
variations: ** p < 0.01 and *** p < 0.001 versus PLA and PLA-RSV1.

The susceptibility of S. mutans and P. aeruginosa to RSV was further evaluated via the Live/Dead
BacLight Bacterial Viability Kit. The fluorescent dye Syto9 (green) penetrates bacterial membrane
of both live and dead bacteria, while propidium iodide (red) selectively enters damaged bacteria
membrane allowing differentiation between live and dead cells [65].

As shown in Figure 10A,E,I, PLA membrane exhibited a well-organized, undisturbed biofilm
with a lower live/dead cell ratio indicative of a general bacterial population in stationary phase growth.
According to the BacTiterGlo™ results, there were no significant changes in viability of biofilm formed
by Streptococcus mutans (Figure 10C), PAO1 (Figure 10G), and PAO1-S. mutans (Figure 10K) on PLA-RSV1
membranes in regards to PLA. In contrast, the biofilm formed by S. mutans or PAO1-S. mutans on
PLA-RSV2 membrane (Figure 10D,H) presents a lessened biofilm mass/architecture with a significant
proportion of dead cells confirming the antibacterial activity of the manufactured membrane. In the
case of PAO1 (Figure 10L), an overlap between red and green was observed (labeled as yellow), which
indicates the initial stages of apoptotic processes. Biofilm treated with 200 µM RSV exhibited a higher
live/dead cell ratio in regards to PLA membrane for all the microorganisms analyzed (Figure 10B,F,J).

Thus, these qualitative findings further confirmed that the newly fabricated PLA-RSV2 membrane
possessed good antibiofilm activity inducing a cell membrane damage.
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Figure 10. Fluorescent microscopy images of live/dead staining of (A–D) S. mutans, (E–H) PAO1,
and (I–L) S. mutans/PAO1 on (A,E,I) PLA, (C,G,K) PLA-RSV1, and (D,H,L) PLA-RSV2. RSV was used
as positive control (B,F,J). Live bacteria were stained green, and dead bacteria were stained red. Live
and dead bacteria in proximity resulted in yellow/orange color.
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Taken together, these results indicated that the PLA-RSV2 membrane was able to control the
biofilm formation process inhibiting the bacterial ability to reproduce and form a mature biofilm during
the 24 h. Indeed, PLA-RSV2 released a resveratrol concentration capable of producing a significant
antimicrobial and antibiofilm effect already after 6 h of incubation.

4. Conclusions

In this paper, electrospun PLA nanofiber membranes loaded with different amounts of RSV were
produced, characterized, and their antibacterial and antibiofilm potential evaluated on Pseudomonas
aeruginosa PAO1 and Streptococcus mutans responsible for both acute and chronic infections in humans.
The reported results demonstrated that resveratrol released from PLA-RSV2 membrane was able
to induce, already after 6 h, a significant decrease of both bacterial growth and biofilm formation.
Moreover, the PLA-RSV membranes capability to release RSV only at pH < 5.5 (as in presence of
oral bacterial infection) acting as drug reservoir when the environmental pH is neutral, represents an
interesting solution in the prevention of implant-associated infections. For this purpose, the PLA-RSV
membranes could be used both as barrier membranes during socket preservation period and as implant
coating for prolonged time use, taking advance of their pH-responsive release ability.
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Abstract: MicroRNAs (miRNAs) play a pivotal role in regulating the expression of genes involved 

in tumor development, invasion, and metastasis. In particular, microRNA‐124 (miR‐124) modulates 

the  expression  of  carnitine  palmitoyltransferase  1A  (CPT1A)  at  the  post‐transcriptional  level, 

impairing the ability of androgen‐independent prostate cancer (PC3) cells to completely metabolize 

lipid substrates. However, the clinical translation of miRNAs requires the development of effective 

and safe delivery systems able  to protect nucleic acids  from degradation. Herein, biodegradable 

polyethyleneimine‐functionalized  polyhydroxybutyrate  nanoparticles  (PHB‐PEI  NPs)  were 

prepared by aminolysis and used as cationic non‐viral vectors to complex and deliver miR‐124 in 

PC3 cells. Notably, the PHB‐PEI NPs/miRNA complex effectively protected miR‐124 from RNAse 

degradation, resulting in a 30% increase in delivery efficiency in PC3 cells compared to a commercial 

transfection  agent  (Lipofectamine  RNAiMAX).  Furthermore,  the  NPs‐delivered  miR‐124 

successfully impaired hallmarks of tumorigenicity, such as cell proliferation, motility, and colony 

formation,  through CPT1A modulation. These results demonstrate  that  the use of PHB‐PEI NPs 

represents  a  suitable  and  convenient  strategy  to  develop  novel  nanomaterials  with  excellent 

biocompatibility and high transfection efficiency for cancer therapy. 

Keywords:  polymer  nanoparticles;  aminolysis;  miR‐124;  gene  delivery;  polyhydroxybutyrate 

(PHB); polyethyleneimine (PEI); prostate cancer 

 

1. Introduction 

Prostate cancer (PC) remains a significant leading cause of male death in developed occidental 

countries [1,2]. Current PC therapies (e.g., surgery, hormonal therapy, radiation, or chemotherapy, 

etc.) aim to prolong patient survival, improving and maintaining quality of life. However, more than 

80%  of  PC  patients  develop  resistance  to  androgen  deprivation  therapy  (ADT),  a  status  named 

castration‐resistant PC, leading to disease progression and metastases with poor survival [3]. 

Recently, the pivotal role of microRNAs (miRNAs) in PC initiation and progression as well as in 

modulating  the  response of PC  to  treatments has been underlined  [4–6],  suggesting  their use  as 

diagnostic biomarkers and alternative treatments [5,7–10]. In particular, microRNA‐124 (miR‐124) is 

a  class  of  small  non‐coding  RNAs  significantly  implicated  in  several  types  of  human  cancers, 

including hepatocellular carcinoma, glioblastoma, osteosarcoma, and breast cancer [11–13]. 
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Several studies reported the suppressive role of miR‐124 on prostate cancer cell proliferation, 

apoptosis, and metastasis [14–16]. Shi et al. showed that low expression of miR‐124 contributes to the 

pathogenesis  of  PC  via  increased  expression  of  the  androgen  receptor  [17],  while  Kang  et  al. 

demonstrated miR‐124  anti‐proliferative  and  anti‐aggressive  effects  related  to  the  inhibition  of 

PACE4  transcription  [18]. Our previous study provided evidence  that miR‐124  is  involved  in PC 

deregulation of mitochondrial fatty acid (FA) oxidation via carnitine system modulation, targeting 

carnitine‐palmitoyltransferase‐1 A (CPT1A) [18]. Forced expression of the synthetic miR‐124 mimic 

in androgen‐dependent and androgen‐independent PC cells (LNCaP and PC3, respectively) affects 

tumorigenic properties, regardless of their hormone sensitivity. Together, these studies suggest that 

administration of an miR‐124 mimic may represent a promising therapeutic tool for PC management. 

However,  the  successful  translation  of miRNA  therapy  from  bench  to  bedside  is  still  a  severe 

challenge  due  to  the  short  half‐life  and  poor  stability  of miRNA mimics.  Indeed,  their  clinical 

translation requires effective delivery systems able to enhance cellular uptake in the tumor site as 

well as able to protect nucleic acids from degradation. 

Nanoparticle (NP)‐based targeted delivery, such as the use of cationic polymeric nanoparticles, 

represents  the most  promising  solution  to  protect miRNAs  from  endosomal  and/or  lysosomal 

degradation,  thus  achieving  their  therapeutic  effects  [19–22]. Recently,  few  studies  reported  the 

therapeutic  potential  of miR‐124  polymeric  nanoparticles  (NPs)  in  neurodegenerative  disorders. 

Saraiva et al. fabricated polylactic‐co‐glycolic acid (PLGA) NPs containing perfluoro‐1,5‐crown ether 

and coated with protamine sulfate to complex microRNA‐124. This formulation was able to enhance 

brain repair in in vitro and in vivo model of Parkinson’s disease, leading to the amelioration of motor 

symptoms  in mice  treated with  6‐hydroxydopamine  [23].  In  addition,  Louw  et  al.  synthetized 

chitosan miRNA‐124 polyplexes that reduced neuronal  inflammation  in rat models of spinal cord 

injury [24]. To our knowledge, only Shi et al. reported the delivery of miR‐124 in prostate cancer, as 

JetPEI  (linear  PEI  derivative)  complexes.  The  authors  demonstrated  that  the  intravenous 

administration of miR‐124 polyplex inhibited the growth of androgen‐dependent and ‐independent 

prostate cancer cells and increased tumor cell apoptosis in an enzalutamide‐resistant xenograft model 

[16]. However,  the  clinical  translation  of  JetPEI  as  a  delivery  vehicle  presents  a major  hurdle, 

requiring appropriate drug formulation and optimization. 

Several natural and synthetic biodegradable polymers have been employed in the synthesis of 

micro‐ and nano‐vectors for nucleic acids delivery. For this purpose, mainly polysaccharides (such 

as dextran, cyclodextrins, chitosan), polyhydric polymers (polyvinyl alcohol, polyethylene glycol), 

and polyesters (PLGA, polycaprolactone, polylactic acid) have been utilized [25–27]. 

Poly(3‐hydroxybutyrate)  (PHB)  has  emerged  as  an  alternative  to  the  above  mentioned 

biodegradable polymers because of  its unique physiochemical and mechanical properties  [28,29]. 

PHB  exhibits  excellent  biocompatibility  and  hemocompatibility,  generating  a mild  foreign‐body 

response with  no  activation  of  the  complement  system. However,  although  the  hydrolytic  and 

enzymatic (via nonspecific  lipases and esterases)  in vivo degradation processes of PHB make  this 

polymer a good candidate as an efficient delivery system [30,31], its application in gene delivery is 

limited due to  its negative surface charge. Polyethyleneimine (PEI), a water‐soluble polymer with 

protonable amino groups, has been widely used for nucleic acids complexation through electrostatic 

interactions [32–34]. However, its high transfection efficiency is frequently related to cellular toxicity 

due to polymer interference with cellular nuclear processes [35]. 

The present study reported, for the first time, the synthesis of PHB nanoparticles (PHB NPs), 

functionalized with low molecular weight PEI via aminolysis, and their use as effective cationic non‐

viral vectors to complex and deliver miR‐124 in prostate cancer cells. The wet‐chemical modification 

of polymeric surface prevented free PEI from being released in the living cell after delivery of the 

nucleic acid. Furthermore, the functionalization of the polymer via aminolysis represents a simple, 

rapid, and environmentally‐safe procedure, which  is easily scalable  to an  industrial environment. 

The physicochemical properties of cationic nanoparticles, such as  the particle size, zeta potential, 

morphology, and stability, were evaluated. Additionally, the biocompatibility, cellular uptake, and 
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delivery efficiency of PHB‐PEI NPs/miR‐124 complexes were assessed in human prostate cancer cells, 

PC3, used as an in vitro cell model. 

Our results showed that PHB‐PEI NPs enhance cellular uptake of miR‐124, in comparison to a 

commercially available Lipofectamine gene delivery system, decrease CPT1A expression and inhibit 

PC3 proliferation, migration, and invasion. Therefore, the high transfection efficiency and low cell 

toxicity make PHB‐PEI NPs  a promising delivery  system  for  the  treatment of prostate  cancer  in 

clinical trials. 

2. Results and Discussion 

2.1. Nanoparticles Synthesis and Characterization 

Recently, scientific evidence established the master regulator role of miRNAs in tumor initiation, 

progression, and metastasis, shedding light on miRNAs as a promising strategy for cancer therapy. 

In comparison  to  ‘one‐drug‐one‐target’  treatments  (i.e., chemotherapeutic and/or radiotherapeutic 

agents), miRNA‐based  therapies offer  the  advantage of  concurrently  regulating multiple  cellular 

targets,  restoring  or  repressing miRNA  expression  and  activity  [10]. However, miRNAs  clinical 

translation results in several off‐target effects due to poor miRNA pharmacokinetic profile, rapid in 

vivo clearance, and limited delivery at the tumor site. Cationic polymeric vectors could potentially 

overcome these limitations, protecting nucleic acid from enzymatic degradation and increasing their 

bioavailability and loading efficiency. Therefore, they are regarded as efficient tools in in vitro and in 

vivo miRNA systemic delivery for cancer therapy [36]. 

Due  to  its  high  cationic  charge  density  at  physiological  pH,  polyethyleneimine  (PEI)  is  a 

potential candidate for gene delivery. Indeed, it is well known that PEI induces a rapid intracellular 

uptake and miRNA release via an endocytic mechanism (‘proton sponge effect’) [37]. However, this 

strong positive surface charge causes severe cytotoxicity and nonspecific binding with serum [38]. To 

exploit  the  high  transfection  efficiency  of  PEI while  limiting  cellular  toxicity,  herein  a  two‐step 

procedure,  including  preparation  of  PHB NPs  followed  by  surface modification with  PEI, was 

developed for the preparation of PHB‐PEI NPs (Scheme 1). 

 

Scheme 1. Preparation route of polyethyleneimine‐functionalized PHB nanoparticles (PHB‐PEI NPs) 

by nanoprecipitation and aminolysis. 

PHB NPs were prepared  in Pluronic F‐127 aqueous  solution by nanoprecipitation. First,  the 

optimal  process  parameters were  determined  to  achieve NPs with  the  desired  size  and  narrow 

polydispersity index (PDI). As reported in Table S1, the mean particle size ranged from 138 to 705 

nm and was strongly affected by polymer and surfactant concentration. In particular, the NPs size 

was directly  and  inversely proportional  to PHB  and Pluronic  F‐127  concentrations,  respectively. 

Indeed,  larger  nanoparticles  formed  at  higher  polymer  concentrations  due  to  lower  diffusion 

coefficient  of  solvent  in water  [39]  and, when  an  insufficient  amount  of  surfactant  resulted  in  a 

reduced  interfacial  stability,  leading  to  particle  coalescence.  According  to  the  Dynamic  Light 

Scattering  (DLS)  results, PHB NPs  obtained using  8.33 mg/mL PHB  and  2 wt % Pluronic  F‐127 

solutions, which showed a hydrodynamic diameter of 138 nm and moderate dispersity (Figure 1a 

and  supplementary  Table  S1),  were  selected  for  the  subsequent  surface  modification  reaction. 

Aminolysis  is  an  easy‐to‐perform  chemical modification which  allows  the  engraft  of  free  –NH2 

groups along the polyester chains [31,40]. 
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Upon aminolysis, one of the amino groups of branched PEI reacts with the ester group of PHB 

to  form  an  amide  bond,  leaving  the  others  amine  groups  of  PEI  available  for  nucleic  acids 

complexation.  Aminolysis was  performed  by  immersing  pristine  PHB NPs  in  PEI–isopropanol 

solution at varying concentrations (12%, 24%, 48% w/v) for regular intervals, up to a maximum of 60 

min (supplementary Table S2). The treatment with 24% PEI for 15 min at 50 °C resulted in the highest 

amount of –NH2 groups on the PHB NPs surface (38.2 mmol ‐NH2/g) as determined by quantitative 

ninhydrin assay. DLS analysis demonstrated a slight increase in hydrodynamic diameter (151.6 ± 62.8 

nm) (Figure 1a), while the zeta potential dramatically increased following aminolysis, from −26.8 ± 

6.9 to 37.1 ± 2.5 mV (Figure 1b), confirming the successful surface modification. 

Size and morphology of the NPs were further characterized by TEM and SEM, which showed 

that they were spherical and regular in size (around 150 nm) with a smooth surface (Figure 1c,d). 

Electron microscopy did not show any significant size differences between PHB NPs and PHB‐PEI 

NPs and the PEI coating was not clearly distinguishable (Figure 1e). SEM also confirmed that PHB 

nanoparticles maintained their low propensity to agglomerate even after surface modification (Figure 

1f). Indeed, both PHB NPs and PHB‐PEI NPs were easily redispersed in water after isolation. 

 

Figure 1. Size, morphological, chemical characterization, and cytotoxicity of PHB based NPs. (a) Size 

distribution and (b) zeta potential of PHB and PHB‐PEI NPs. TEM and SEM images of: (c, e) PHB, 

and (d, f) PHB‐PEI NPs. (g) FTIR‐ATR spectra of PHB and PHB‐PEI NPs along with difference spectra. 

(h, i) In vitro cytotoxicity of PHB‐PEI NPs. Cytotoxicity was determined in PC3 cells after 6, 24, 48, 

and 72 h of incubation with varying concentrations of PHB‐PEI NPs using: (h) the Cell Counting Kit‐

8 (CCK‐8) assay, and (i) the Lactate Dehydrogenase (LDH) assay. Untreated cells were used as control. 

Data are presented as the mean ± SD for three independent measurements. 

Chemical characterization of the NPs was performed by FTIR spectroscopy. FTIR‐ATR spectra 

of pristine PHB NPs and PHB‐PEI NPs are reported in Figure 1g, along with their difference spectra. 

The PHB NPs spectrum showed the presence of main absorption peaks of PHB at 2980 and 2940 cm−1 

due to the aliphatic backbone at 1730 cm−1, ascribed to the ester carbonyl stretching, and at 1275 cm−1, 

corresponding to the bending of C‐H bonds. Moreover, a pattern of bands between 1000 and 1250 

cm−1 accounted for the stretching of the C‐O bond of the carboxyl groups [41]. PHB‐PEI NPs and the 
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difference  spectrum  clearly  revealed  absorption  peaks  that  can  be  assigned  to  grafted  PEI. 

Specifically, amide I and amide II stretching bands at 1640 and 1568 cm−1, respectively, were noticed, 

along with the peak at 1475 cm−1, indicative of the in‐plane bending of CH2 groups. Moreover, the 

broad absorption at 3300 cm−1 was assigned to the stretching vibration of primary amines [42]. 

PEI  transfection  is accompanied with  certain degrees of cytotoxicity, depending on polymer 

molecular weight. PEI may induce cell cytotoxicity due the cell membrane destabilization and/or by 

interfering with host‐gene expression in the nucleus [43]. However, it has been demonstrated that 

low molecular weight PEI shows lower cytotoxicity compared to high molecular weight PEI [34,44]. 

In order to determine if aminolysis can reduce the toxicity of PEI, the biocompatibility of PHB‐PEI 

NPs was assessed after  incubation of  cells with varying concentrations of NPs. CCK‐8 and LDH 

assays were performed on different cell lines (Caco‐2, MCF‐7, MCF10A, and PC3 cells), for up to 72 h. 

As reported in Figure 1h and Figure S1a–c, no changes in cell viability were observed in all cell lines 

after 72 h of incubation (>85% cell viability) with respect to the control. On the contrary, cells treated 

with PEI (25 μg/mL) showed a significant reduction in cell viability (p < 0.01). Moreover, the addition 

of  PHB‐PEI NPs  to  cell  cultures  induced  only minimal  or  negligible  damage  to  cell membrane 

integrity, as evidenced by the low LDH release even after 72 h at all tested concentrations (Figure 1i 

and  supplementary  Figure  S1d–f).  The  reported  results  confirmed  that  aminolysis  considerably 

reduced the PEI‐induced toxicity by preventing the release of free toxic primary amino groups in the 

cell. 

2.2. Characterization of PHB‐PEI NPs/miR‐124 Complexes (miR‐124 NPs) 

The ability of PHB‐PEI NPs to electrostatically interact, at different N/P ratios (1:1, 5:1, 10:1), with 

phosphate groups on the miRNA backbone was determined by gel retardation assay. As depicted in 

Figure 2a, the intensity of migrating free miRNA decreased gradually with an increase in the N/P 

ratio. In particular, PHB‐PEI NPs were able to condense miRNA already at an N/P ratio of 5, forming 

a stable miRNA/NPs complex at an N/P of 10. 

As a prerequisite to obtaining an efficient miRNA delivery system for therapeutic applications, 

the  cationic  NPs  should  protect  nucleic  acids  from  nuclease  degradation  both  in  serum  and 

extracellular matrix  [21].  q‐PCR data  (Figure  2b)  revealed  that  ~90%  of  intact miR‐124 was  also 

detected after 24 h of incubation in the growth medium when complexed with PHB‐PEI NPs at an 

N/P ratio of 10, while free miR‐124, used as control, was already completely degraded after 1 h of 

incubation  (supplementary Figure S2). These  results demonstrated  that PHB‐PEI NPs are able  to 

protect nucleic acid from nuclease degradation for extended period of times. 

The cellular internalization of the complex is modulated by its physico‐chemical properties, such 

as particle  size and zeta potential  [45–47]. Therefore,  the nanocomplexes’ average hydrodynamic 

diameter  and  zeta  potential  were  determined  by  dynamic  and  electrophoretic  light  scattering, 

respectively. As shown in Figure 2c, at a low N/P ratio, particles larger than pristine PHB‐PEI NPs 

formed (hydrodynamic diameter = 181.4 ± 38.6 at N/P = 1), whose size tended to decrease when the 

N/P ratio increased, reaching the value of 157.6 ± 30.8 at N/P = 10. In addition, at N/P ratio = 1, the 

strongly positive zeta potential of the NPs complex declined (10.47 ± 1.27 mV) due to the presence of 

negatively charged miRNA on NPs surface (Figure 2d). However, at N/P = 10, the surface charge of 

the  nanocomplex  increased  considerably,  confirming  the  ability  of  PHB‐PEI NPs  to  completely 

complex miRNA, in accordance with the gel retardation results. 
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Figure 2. Characterization of PHB‐PEI NPs/miR‐124 complexes. (a) Electrophoretic mobility of miR‐

124 NPs at different N/P ratios. (b) miRNA‐124 release profile evaluated by qRT‐PCR analysis for 24 

h in growth medium. Free miR‐124 was used as control. (c) Average hydrodynamic diameter and (d) 

zeta potential  of miR‐124 NPs  at different N/P  ratios  (mean  ±  SD,  n  =  6).  Statistically  significant 

variations: ### p < 0.001 N/P 10:1 versus N/P 5:1, N/P 1:1, and free miR‐124. 

2.3. Cellular Uptake of miR‐124 NPs 

Several  reports have shown  that miRNAs can be efficiently delivered  into  the cancer cell by 

nano‐sized, non‐viral vectors, minimizing the poor cellular uptake of free nucleic acids due to the 

charge  repulsion between  the  cell membrane and miRNAs  [48].  Inter alia, Shi et al.  reported  the 

delivery  of miR‐124  in  prostate  cancer  as  JetPEI  complexes.  The  authors  demonstrated  that  the 

intravenous administration of miR‐124 polyplex inhibited the growth of androgen‐dependent and ‐

independent prostate cancer cells and  increased tumor cell apoptosis  in an enzalutamide‐resistant 

xenograft model  [16]. However,  the  clinical  translation  of  JetPEI  as  a  delivery  vehicle  requires 

appropriate drug formulation and optimization to avoid cytotoxic effects. To investigate the role of 

PHB‐PEI NPs  in miR‐124  intracellular  delivery,  the  transfection  efficiency  of miR‐124 NPs was 

assessed by flow cytometry. Lipofectamine RNAiMAX (iMAX) was used as a control. Interestingly, 

in  comparison with miRNA  transfected  using  the  commercial  transfection  agent  (Cy5‐miR‐124‐

iMAX), Cy5‐miR‐124 NPs at an N/P ratio 10:1 induced a significant (p < 0.01) 30% increase in Cy5‐

positive PC3 (92.6 ± 6.20% and 70.5 ± 5.63%, respectively, Figure 3a). Furthermore, the transfection at 

N/P  ratios below  10  resulted  in  a  low  signal  inside  cells, probably due  to  the weak  interactions 

between NPs  and miRNA.  Fluorescence microscopy was  also performed  to  evaluate  subcellular 

distributions of Cy5‐miR‐124 in PC3 cells. As depicted in Figure 3b, a strong and diffuse fluorescence 

was observed  in the cytoplasm of cells treated with the nanocomplex compared to PC3  incubated 

with  lipofectamine.  These  results  confirmed  the  advantages  of  using  nontoxic  PHB‐PEI NPs  to 

remarkably enhance miRNA delivery. 
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Figure 3. Intracellular delivery efficiency of PHB‐PEI NPs/miR‐124 complexes. (a) PC3 uptake of miR‐

124 NPs analyzed by Fluorescent Activated Cell Sorting (FACS). To facilitate observations, miR‐124 

was labeled with the Cy5 fluorescent probe (red) to form Cy5‐miR‐124‐NPs at different N/P ratios (1:1 

to  10:1).  Lipofectamine  RNAiMAX  (iMAX)  was  used  as  a  control.  Cells  were  incubated  with 

fluorescent nanocomplexes for 4 h, washed with PBS, and incubated for another 20 h prior to analysis 

by flow cytometer (mean ± SD, n = 6). Statistically significant variations: *** p < 0.001 N/P 10:1 versus 

N/P 5:1, N/P 1:1, and iMAX. (b) Fluorescence images of PC3 cells incubated with Cy5‐miR‐124‐NPs 

(N/P ratio 10:1) or Cy5‐miR‐124‐iMAX for 4 h. Magnification 40×, scale bar is 50 μm. 

2.4. Anti‐Cancer Effects of miR‐124 NPs 

Lipid metabolism dysregulation, due  to abnormal expression of various genes, proteins, and 

signaling pathways, plays a pivotal role both in carcinogenesis and some metabolic syndromes [49–

51]. Prostate cancer cells differ from many other cancer types in that they promote fatty acid oxidation 

(FAO) to fuel their energy and metabolic intermediate needs, even under nutrient‐replete conditions. 

Indeed, mitochondrial FAO produces much more ATP/mole than oxidation of glucose or amino acids 

[49]. Several  studies  reported  that carnitine palmitoyltransferase 1A  (CPT1A),  the key enzyme of 

mitochondrial  FAO  in  both  healthy  and  cancer  cells,  is  strongly  expressed  in  several  cancers, 

including the hormone‐dependent breast and prostate cancers [52]. CPT1A transfers the acyl group 

of  a  long‐chain  fatty  acyl‐CoA  from  coenzyme  A  to  carnitine.  Evidences  have  shown  that  the 

downregulation of CPT1A via inhibition/depletion impairs cancer cell proliferation in lung, gastric, 

prostate,  lymphoma,  and  leukemia  [53–55].  Schlaepfer  et  al.  demonstrated  that  etomoxir,  an 

irreversible inhibitor of CPT1A, is able to induce cytotoxicity in the androgen‐dependent prostate cell 

lines as well as patient‐derived prostate cancer cells [56,57]. Moreover, pharmacological blockage of 

CPT1A  leads to a dose‐ and time‐dependent cell growth reduction and apoptosis  in  leukemia cell 

lines and primary hematopoietic malignant cells [58]. 

Our previous research revealed that in prostate cancer cells, such as PC3, the downregulation of 

miR‐124 induces an increase in both the expression and activity of CPT1A, allowing malignant cells 

to  be more  prone  to  fatty  acid  utilization  with  respect  to  normal  cells  [29].  Altogether,  these 

observations  suggest  that  lipid  oxidation  is  an  important player  in  the plasticity of  cancer  cells, 

allowing them to survive even in harsh environments such as androgen deprivation [59,60]. Based 

on the results reported above, miR‐124 NPs at N/P = 10 was employed in the study. The functionality 
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of  the miR‐124  released  by PHB‐PEI NPs was determined  by  evaluating  the  expression  level  of 

CPT1A by both qPCR (Figure 4a) and Western blot (Figure 4b) analyses. As reported in Figure 4, a 

significant (p < 0.001) downregulation of the investigated target was observed 24 h after transfection 

at both transcriptional and translation level compared to non‐transfected cells (CTL) or miR‐NC‐NPs‐

mediated transfection. In addition, the CPT1A immunofluorescence stain revealed a low expression 

in cells treated with miR‐124 NPs with respect to control cells (Figure 4c). 

 

Figure 4. Expression of CPT1A in the PC3 cells in the presence of nanocomplexes. Cells were cultured 

for 24 h after transfection with miR‐124‐NPs or miR‐NC‐NPs at a 10:1 N/P ratio. The untreated cells 

were used as control (CTL). (a) miRNA target level (CPT1A) was quantified by quantitative real‐time 

PCR  (qPCR)  and  normalized  to  actin  (ACTB)  as  a  housekeeping  gene.  The  comparative  cycle 

threshold  (CT) method  (2−∆∆Ct) was  applied  to  calculate  relative  differences  in  qPCR  results.  (b) 

Western blot analysis of CPT1A protein was performed on  total PC3 protein  fraction. The protein 

expression was normalized to the housekeeping protein ACTB. The bars represent the mean ± SD, n 

=  3.  Statistically  significant  variations:  §§§  p  <  0.001  miRNA  versus  miR‐NC  and  CTL.  (c) 

Representative fluorescent images of CPT1A expression. Immunofluorescence stain was performed 

with a FITC‐labeled secondary antibody and counterstained with DAPI. Magnification 40×, scale bar 

is 50 μm. 

The  ability  of miR‐124 NPs  to  interfere with malignant  cell  functionality  (cell proliferation, 

motility, and colony formation) was confirmed on PC3 cells transfected with miR‐124 NPs as well as 

miR‐NC (Figure 5). As reported in Figure 5a, the cell growth rate significantly (p < 0.001) decreased 

after  forced  overexpression  of miR‐124  compared with  the miRNA‐negative  control.  Similarly, 

colony‐formation assay demonstrated  that  the gain  in  function of miR‐124  reduced  the ability of 

transfected  cells  to  self‐renew  (Figure  5b).  In  addition,  the wound  healing  assay  confirmed  the 

influence  of miR‐124  released  by  PHB‐PEI  NPs  on  PC3’s migratory  capability  (78%,  p  <  0.01) 

compared  to  non‐transfected  cells  (Figure  5c). Moreover,  the  number  of  PC3  cells  crossing  the 

Matrigel decreased of about 75% compared with the control cells (Figure 5d). 
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Figure 5. Influence of forced expression of miR‐124 on PC3 proliferation, migration, and invasion. (a) 

Cell proliferation  of PC3  cells was determined by CCK8  assay  after  12,  24,  and  48 h.  (b) Colony 

formation assay was performed after 14 days of culture. For quantification, colonies with at least 50 

cells were considered. Representative micrographs were obtained using phase contrast microscope 

after staining with crystal violet.  (c) Wound‐healing assay performed on  transfected PC3 cell, and 

wound closure rate measured by detecting the closure distance after 24 h. Representative micrographs 

of  the  cell migration  (top)  and  quantification  (bottom)  from  three  independent  experiments  are 

presented. (d) Transwell invasion assay with Matrigel performed in miR‐124‐NPs or miR‐NC‐NPs‐

transfected PC3 cells after 24 h. Five random fields in each well were counted under a microscope. 

The bars represent the mean ± SD, n = 3. Statistically significant variations: ## p < 0.01, miRNA versus 

miR‐NC. 

Together, the evidence demonstrates that miR‐124 NPs represent a promising delivery system 

to target lipid oxidation in prostate and other cancers intervening in tumor progression and inhibition 

of metastasis and relapse. 

3. Materials and Methods 

3.1. Materials 

Bacterial  poly(3‐hydroxybutyrate)  (PHB),  coded  T19, was  supplied  by Biomer  (Schwalbach, 

Germany). The number and weight average molecular weight, Mn and Mw, as determined by gel 

permeation  chromatography  (GPC),  were  193  and  223  kg  mol−1,  respectively.  Branched 

polyethylenimine (PEI) with an Mw of 800 kg mol‐1 (800 D‐PEI, ratio of primary:secondary:tertiary 

amine groups 1:0.82:0.7), Coumarin‐6 (C6), and Pluronic F‐127 were obtained from Sigma‐Aldrich 

(Milan,  Italy). Microfiltered  (0.22  μm)  double  distilled water  (milliQ) was  used  throughout  the 

studies. Fetal bovine serum (FBS), Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco’s 
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modified Eagle’s medium  (DMEM),  sodium pyruvate, L‐glutamine, penicillin,  and  streptomycin 

were purchased  from Hyclone  (Milan,  Italy). All other  chemicals  and  solvents used were of  the 

highest grade commercially available (Sigma‐Aldrich). 

3.2. Synthesis and Functionalization of PHB NPs 

PHB NPs were  synthesized  by  nanoprecipitation,  as  previously  reported  [61], with minor 

modifications. Varying amounts of PHB were dissolved in N,N‐Dimethylformamide (DMF) and the 

resulting solution was dropped in an aqueous solution of Pluronic F‐127 under moderate magnetic 

stirring (solvent/non solvent ratio 1:5) (Table S1). The resulting suspension was kept under 300 rpm 

stirring overnight at room temperature, then centrifuged (18,000 rpm, 4 °C, 45 min). The obtained 

pellet was washed with milliQ water and, finally, freeze‐dried. C6‐loaded PHB NPs were prepared 

by adding C6 to the organic phase in a 10:1 polymer/drug ratio. Cationic PHB NPs were prepared 

through  aminolysis  to  obtain  PEI  surface  functionalized  PHB  nanoparticles  (PHB‐PEI  NPs). 

Aminolysis was  carried  out  by  suspending  PHB NPs  in  800 D‐PEI  isopropanol  solutions  for  a 

determined period of time at 50 °C. The effect of PEI concentration (from 12 to 48 wt %) and reaction 

time (0 to 60 min) on the amount of grafted PEI was systematically investigated. PHB‐PEI NPs were 

recovered by centrifugation (13,300 rpm, 25 °C, 45 min), rinsed twice with distilled water, and freeze‐

dried. 

3.3. Nanoparticles Characterization 

Particle size and zeta potential were measured using a Zetasizer Nano ZS instrument (Malvern 

Instruments Ltd, Malvern, UK) on NPs dispersions in milliQ water. Size estimation with DLS was 

performed as follows: sampling time 60 s, temperature 25 °C, analysis with backscatter angle at 173°, 

viscosity of the dispersant 10,141 cp, and refraction index 1.5290. Zeta potential quantification with 

laser doppler micro‐electrophoresis had the same settings. Smoluchowski approximation was used 

for  the algorithm. Results are  shown as mean ± SD  (n = 3). Scanning electron microscopy  (SEM) 

characterization of neat and PEI‐functionalized PHB NPs were made with an FEI Quanta 200 FEG 

scanning  electron microscope  (Eindhoven, Netherlands).  Prior  to  observation,  the  samples were 

transferred on an aluminum stub and coated with Au–Pd alloy by means of a sputtering device (MED 

020, Bal‐Tec AG)  in order  to provide a homogeneous  layer of metal of 18 ± 0.2 nm. Transmission 

electron microscopy (TEM) analysis was carried out by an FEI Tecnai G2 Spirit TWIN 120 kV with 

emission source LaB6 and mounting FEI Eagle 4k CCD camera (on the bottom) and Olympus SIS 

MegaView  G2  CCD  Camera  (on  the  side).  NPs  samples  were  prepared  by  casting  a  drop  of 

nanoparticle water dispersion on a copper grid coated with a thin layer of carbon. Fourier transform 

infrared‐attenuated total reflectance (FTIR‐ATR) spectra were recorded on a Perkin Elmer Spectrum 

100 spectrometer (Milan, Italy), equipped with a universal ATR diamond crystal sampling accessory. 

The spectra of PEI, as well as of PHB and PHB‐PEI NPs, were acquired as an average of 64 scans in 

the range 4000–480 cm−1, with a resolution of 4 cm−1. Prior to measurements, the samples were kept 

at 60 °C under vacuum for 24 h. The amount of primary amino groups formed on the PHB‐PEI NPs 

was determined by ninhydrin assay as described by Zhu et al. [38]. The NPs were solubilized in a 0.5 

mL of CHCl3/DMF 3:1 v/v solution and mixed with 0.5 mL of 0.01 M ninhydrin solution (CHCl3/DMF 

3:1 v/v). To promote the reaction between ninhydrin and the amino groups of the NPs, the solution 

was heated at 80 °C for 15 min. Once reacted, the sample turned blue. The absorbance of the solution 

was recorded at 558 nm using a Varian DMS 200 UV/Vis spectrophotometer (Milan, Italy). Standard 

solutions of 800 D‐PEI (0.0001, 0.0005, 0.001, 0.005, 0.01, and 0.05 mM) were prepared and reacted 

with  ninhydrin  in CHCl3/DMF  3:1  v/v  to  obtain  the  calibration  curve  of  standard  solution.  The 

absorbance of  the PHB‐PEI NPs dispersions was then compared with that of standard solution to 

determine the amine content of the PHB‐PEI NPs. 
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3.4. PHB‐PEI NPs Cytocompatibility 

To assess PHB‐PEI NPs cytocompatibility, a Cell Counting Kit‐8 (CCK‐8) assay was carried out. 

Briefly, PC3, Caco‐2, MCF‐7, and MCF10A cells were seeded in a 96‐well plate in 100 μL at a density 

of 4 × 103 cells/well 24 h before treatment. After 24 h, the cells were treated with 10 μL of PHB‐PEI 

NPs at different concentrations (25–250 μg/mL) and incubated at 37 °C for 24–72 h. Then, 10 μL of 

CCK‐8  solution were  added  to  each well,  and  the  plate was  then  incubated  under  cell  culture 

conditions for 1–4 h. The optical density of formazan salt at 450 nm was measured using a Cytation 

3 Cell Imaging Multi‐Mode microplate reader (Biotek, Milan, Italy)). PHB‐PEI NPs cytocompatibility 

was expressed as a percentage relative to the control and calculated by the equation: 

Cytocompatibility (%) = (OD sample/OD control) × 100  (1)

where OD sample  is  the optical density of cells  treated with PHB‐PEI NPs and OD control  is  the 

optical density of untreated cells. 

3.5. PHB‐PEI NPs/miRNA Complex (miR‐124 NPs) Formation and Characterization 

miR‐124 NPs were investigated at various N/P ratios (ratio of amine groups of NPs to phosphate 

groups of miRNAs) from 0.5 to 20. Complexation between miRNAs (diluted in RNase‐free DEPC‐

treated water)  and NPs  suspensions was  achieved  by  gentle  pipetting  and  incubation  at  room 

temperature for 30 min. To confirm complexation, RNase protection, and release ability, miR‐124 NPs 

were loaded onto 2% agarose gels containing GelStar nucleic acid gel stain (Lonza, Milan, Italy) and 

gel electrophoresis assays were performed at 80 V  for 40 min  in Tris‐acetate EDTA  (TAE) buffer. 

Images were acquired using a Bio‐Rad VersaDoc MP 4000 Molecular Imager (Milan, Italy). Quantity 

One  1.1  software  (Bio‐Rad) was used  for  band  integration  and  background  correction. The  zeta 

potential and size of miR‐124 NPs were measured by the Malvern Zetasizer Nano ZS equipment as 

described above. In vitro miRNA stability in culture medium and serum was performed as reported 

by Devulapally et al. [47] with some modifications. Briefly, 50 pmols of miRNA equivalent of miR‐

124‐loaded NPs were dispersed  in Dulbecco’s Modified Eagle’s Medium  (DMEM)  supplemented 

with 2% fetal bovine serum (FBS) and 1% penicillin and streptomycin and incubated at 37 °C and 5% 

CO2 for 0 to 1 days in a humidified atmosphere. At each time point, the reactions were terminated by 

adding 0.5 M of ethylenediaminetetraacetic acid and the samples were incubated at 37 °C for 1h in 

presence of 1% heparin sodium solution. Released free miRNAs from NPs were carefully separated 

by  an  ultracentrifuge  filter  device with  100  kDa MWCO Membrane  (Millipore, Milan  Italy)  by 

centrifuging at 3000 rpm. The concentrated samples were washed and centrifuged several times with 

DNAse/RNAase  free water  (Invitrogen, Milan,  Italy)  and  finally used  for  q‐PCR,  as  reported  in 

sections 3.7 and 3.8. For the RNase A protection assay, miR‐124 NPs were incubated with 1 ng RNase 

A at 37 °C for 1 h. The nuclease activity of RNase A was terminated by treatment with 25 mM sodium 

dodecyl sulfate  (SDS, Sigma‐Aldrich) at 60 °C  for 5 min. The absorbance of RNA at 260 nm was 

measured continuously for 1 h and the values were plotted vs. time. 

3.6. Cell Culture 

The human prostate adenocarcinoma  cell  line, PC3, as well as human adenocarcinoma  cells 

(Caco‐2), human breast carcinoma cells (MCF‐7), and normal breast cells (MCF10A) were obtained 

from American Type Culture Collection (ATCC). PC3 and MCF10A were maintained in DMEM‐F12, 

while  the  other  cell  lines were maintained  in  DMEM,  all  supplemented with  10%  FBS,  1%  L‐

glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin at 37 °C  in a humidified atmosphere 

containing  5% CO2. MCF‐10A were  also  supplemented with  epidermal growth  factor  20 ng/mL, 

cholera  toxin  100  ng/mL,  and  insulin  10  μg/mL. Cells were  tested  for  contamination,  including 

mycoplasma, and used within 2 to 4 months. 
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3.7. miRNAs Transient Transfection 

The day before  transfection, 1×105 cells were seeded under standard conditions  into a 6‐well 

plate in growth medium without antibiotics and transfected for 24 h using PHB‐PEI NPs. Hsa‐miR‐

124‐3p, mirVana miRNA mimic  (Ambion), and mirVana miRNA mimic negative control #1  (miR 

mimic NC, Ambion) were purchased from Applied Biosystems (Milan, Italy). For convenience, hsa‐

miR‐124‐3p mimic  and  the  negative  control  are  hereafter  referred  to  as miR‐124  and miR‐NC, 

respectively. Forced expression of mimics were confirmed by qRT‐PCR using TaqMan Universal PCR 

Master Mix (Applied Biosystem) and normalized to RNU6B. Transfected cells were used in further 

analyses. 

3.8. RNA Isolation, Reverse Transcription, and Quantitative Real‐Time PCR 

Total RNA (mRNA and miRNAs) was extracted from cells after miR‐124 NPs and miR‐NC NPs 

transfection using QIAzol reagent (Qiagen, Milan, Italy) according to the manufacturer’s instructions. 

For retro‐transcription, total RNA (0.2 μg) was treated as described in Promega standard protocol 

and amplified by qPCR using specific primers for carnitine palmitoyltransferase 1A (CPT1A) and β‐

actin (ACTB), as listed in Table 1. Quantitative PCR (qPCR) was run on a 7900HT fast real‐time PCR 

System  (Applied  Biosystem).  The  reactions  were  performed  according  to  the  manufacturer’s 

instructions using SYBR Green PCR Master mix  (Invitrogen). All  reactions were  run  in  triplicate, 

normalized  to  the housekeeping gene  (ACTB), and  the  results expressed as mean ±SD. The 2−∆∆Ct 

method was used to determine the relative quantification. 

Table 1. Sequence of primers used in real‐time polymerase chain reaction. 

Genes  Forward primers (5′–3′)  Reverse primers (5′–3′) 

ACTB  TTAGTTGCGTTACACCCTTTC  ACCTTCACCGTTCCAGTT 

CPT1A  CTGGACAATACCTCGGAGCC  TCTAACGTCACGAAGAACGCT 

3.9. Western Blotting 

PC3  cells  were  grown  to  70%–80%  confluence  and,  after miR‐124  NPs  and miR‐NC  NPs 

transfection, pellets were lysed in ice‐cold buffer containing 50 mM Tris‐HCl (pH 7.5), 125 mM NaCl, 

1% NP‐40, 5.3 mM NaF, 1.5 mM NaP, 1 mM orthovanadate, 175 mg/mL octylglucopyranoside, 1 

mg∙mL−1 protease  inhibitor  cocktail,  and  0.25 mg∙mL−1  4‐(2‐aminoethyl) benzenesulfonyl  fluoride 

hydrochloride (AEBSF). Cell pellets were centrifuged and the supernatants were resuspended in SDS 

sample buffer, then were normalized for equal protein concentration before separation by sodium 

dodecyl sulfate  (SDS) polyacrylamide gel electrophoresis. SDS polyacrylamide gel electrophoresis 

and immunoblotting were carried out according to standard procedures in triplicate, using 30 μg of 

total  protein  lysate.  Antibodies were mouse monoclonal  anti–carnitine  palmitoyltransferase  1A 

(1:1000, Abcam, Milan  Italy) and mouse monoclonal Anti‐β‐Actin  (ACTB, 1:1000, Sigma‐Aldrich). 

Anti‐mouse was  used  as  a  secondary  antibody  (1:5.000,  Santa  Cruz, Milan  Italy).  The  relative 

expression,  normalized  with  respect  to  the  housekeeping  protein  (ACTB),  was  quantified 

densitometrically using Quantity One 1‐D analysis software (Bio‐Rad). 

3.10. miR‐124 NPs Cell Viability and Colony Forming Assay 

To assess miR‐124 NPs‐transfected cell proliferation, a CCK‐8 assay was performed. PC3 cells 

were grown in 96‐well plates at a density of 2.0 × 104 cells/well. Cells were treated with miR‐124 NPs 

suspended  in  complete  culture  medium  and  diluted  to  the  appropriate  concentration  (25–250 

μg/mL). Cell  proliferation  at  0,  24,  48,  and  72  h was  determined  by CCK8  assay  following  the 

manufacturer’s  protocol.  The  absorbance  of  each well was measured with  a microplate  reader 

(Cytation3, ASHI) at 450 nm. For colony formation assay, cells were counted and seeded in 6‐well 

plates (in triplicate) at a density of 500 cells/well. Cells were treated with PHB‐PEI NPs and miR‐124 

NPs at 50 μg/mL. The plates were incubated at 37 °C in a 5% CO2 humidified incubator. The culture 

medium was replaced every 3 days. After 14 days in culture, cells were stained with crystal violet 
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and counted. Colonies with at least 50 cells were considered for quantification. Representative plates 

were photographed using a phase contrast microscope (Leica, Milan, Italy). 

3.11. Cellular Uptake of miRNA 

To assess the cellular uptake and binding of miR‐124, PC3 cells were seeded on a microscope 

slide at a density of 4.5 × 104 cells in 24‐well plates. Then, they were incubated with 100 nM of free 

Cy5‐miRNA or PHB‐PEI/Cy5‐miRNA nanocomplexes at 37 °C for 0, 15, and 60 min. Cells were then 

washed  2  times  with  phosphate‐buffered  saline  (PBS)  and  incubated  in  fixing  solution  (3.7% 

formaldehyde in PBS) for 15 min at room temperature. The microscope slides were mounted onto 

coverslips using ProLong Gold Antifade reagent with DAPI (Thermo Fisher Scientific, Milan, Italy). 

The percentage of miRNA uptake and binding was determined by measuring FAM‐miRNA positive 

cells. NPs  uptake was  visualized  by  a Cytation  3 Cell  Imaging Multi‐Mode  Reader  fluorescent 

microscope (Biotek) at 520 nm. 

3.12. miR‐124 NPs Tumor Cell Migration and Invasion Assays 

A  scratch wound healing model was  conducted  to  check  the migratory  ability of PC3  cells 

following the transfection treatment. PC3 cells were plated at a density of 1 × 105 cells in 2‐well Lab‐

Tek Chamber Slide (Sigma‐Aldrich). After overnight incubation, cells were transfected with mimics 

or miR‐NC. Wounds were created in confluent cells using a 200 μL pipette tip. The cells were rinsed 

several times with media to remove any free‐floating cells or debris and the speed of wound closure 

was monitored after 24 h by measuring the change in distance of the wound edges. Each experiment 

was conducted in triplicate and representative scrape lines were photographed using a phase contrast 

microscope (Leica). For the invasion assays, after 24 h transfection, 1 × 105 cells in serum‐free media 

were seeded onto  the  transwell migration chambers  (8 μm pore size, Millipore). The  insert  in  the 

upper chamber was coated overnight with 1 mg∙mL−1 BD Matrigel Matrix (BD Biosciences, Milan, 

Italy). A medium containing 10% FBS was added to the lower chamber. After 24 h, the non‐invading 

cells were removed with a cotton‐tipped swab and cells at the bottom of the Matrigel were stained 

with May–Grunewald–Giemsa stain (Sigma‐Aldrich). Stained cells were counted under a microscope 

(Leica)  at  200X magnification  in  5  random  fields  in  each well. Experiments were  independently 

repeated three times. 

3.13. Statistical Analyses 

All values are expressed as mean ± standard deviation (SD). Each experiment was performed at 

least three times. A one‐way analysis of variance (ANOVA) was used for statistical analysis, followed 

by Bonferroni’s test for multiple comparisons to determine significance differences between groups. 

All the data were analyzed with the GraphPad Prism version 6.01 statistical software package (San 

Diego, CA, USA) 

4. Conclusions 

Aminolysis is a straightforward and easy‐to‐perform route to prepare PHB‐based cationic NPs. 

The  latter are successfully used as non‐viral vectors  to deliver miR‐124  in androgen‐independent 

prostate cancer (PC3) cells. The functionalization of PHB NPs with low‐molecular‐weight PEI results 

in NPs with high miR‐124 loading capacity, which exhibit no significant cytotoxicity effect, even after 

72 h. Furthermore, optimization of the N/P ratio contributes to a stable and uniform miR‐124 NPs 

dispersion in aqueous solution and effectively protects miR‐124 from RNAse degradation. PHB‐PEI 

NPs showed 30% higher transfection efficiency compared to Lipofectamine RNAiMAX. A dramatic 

impairment of miR‐124 NPs‐transfected PC3 cell proliferation, motility, and colony formation was 

found due to the downregulation of CPT1A at both the transcriptional and translation level compared 

to non‐transfected cells. Furthermore, the tumor‐targeting efficacy of the reported delivery system 

should be assessed in in vivo models to validate the use of PHB‐PEI NPs in non‐invasive treatment 

of prostate cancer. 
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Abstract: The interest in dietary polyphenols in recent years has greatly increased due to their 

antioxidant bioactivity with preventive properties against chronic diseases. Polyphenols, by 

modulating different cellular functions, play an important role in neuroprotection and are able to 

neutralize the effects of oxidative stress, inflammation, and apoptosis. Interestingly, all these 

mechanisms are involved in neurodegeneration. Although polyphenols display differences in their 

effectiveness due to interindividual variability, recent studies indicated that bioactive polyphenols 

in food and beverages promote health and prevent age-related cognitive decline. Polyphenols have 

a poor bioavailability and their digestion by gut microbiota produces active metabolites. In fact, 

dietary bioactive polyphenols need to be modified by microbiota present in the intestine before 

being absorbed, and to exert health preventive effects by interacting with cellular signalling 

pathways. This literature review includes an evaluation of the literature in English up to December 

2019 in PubMed and Web of Science databases. A total of 307 studies, consisting of research reports, 

review articles and articles were examined and 146 were included. The review highlights the role of 

bioactive polyphenols in neurodegeneration, with a particular emphasis on the cellular and 

molecular mechanisms that are modulated by polyphenols involved in protection from oxidative 

stress and apoptosis prevention.  

Keywords: polyphenols; neuroprotection; apoptosis prevention; oxidative stress; gut microbiota 

 

1. Introduction 

An improvement in socio-economic conditions, especially in developed countries, results in an 

increase in elderly people. This determines a corresponding enlargement of the pathologies linked to 

brain aging, such as cognitive and neurodegenerative diseases. The potential mechanisms 

underpinning brain neurodegeneration have not yet been completely elucidated; nevertheless, 

oxidative stress and inflammation are considered the main effectors of brain decline. 
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Nowadays, there is a growing interest in dietary polyphenol nutrients since different 

epidemiological studies have suggested that diets rich in plant-derived phytochemicals and, in 

particular, polyphenols, are beneficial to human health [1] 

Among phytochemicals, polyphenols are the major group of compounds produced by plants as 

secondary metabolites that protect plants against reactive oxygen species (ROS), ultraviolet radiation 

(UV), pathogens, parasites and plant predators. They act as natural antioxidants thanks to their metal-

chelating and free radical scavenger properties. Bioactive polyphenols have been reported to prevent 

the age-related cognitive decline typical of neurodegenerative diseases. Dietary bioactive 

polyphenols can also modulate cognitive deficits and synaptic plasticity and promote neurogenesis 

[2,3]. 

Neurodegenerative diseases are characterized by the progressive loss of function of a specific 

population of neurons and neural stem cells that results in sensory and motor deficits and cognitive 

impairment. Different signaling pathways are involved in neurodegeneration, including oxidative 

stress, inflammation and apoptosis. Bioactive polyphenols are able to counteract these processes by 

directly scavenging free radical species inhibiting ‘pro-oxidant’ enzymes, activating anti-oxidant 

enzymes [4] or intervening in apoptotic pathways [5]. 

Polyphenols act by preventing the DNA damage triggered by hydrogen peroxide (H2O2) and by 

transition metals such as copper and iron. Iron-mediated oxidative DNA damage by hydroxyl radical 

(•OH) is the primary cause of cell death under oxidative stress conditions for both prokaryotes and 

eukaryotes [6]. Polyphenols can also directly scavenge ROS or inhibit the expression of molecules 

sensitive to oxidative stress such as nuclear factor-kB (Nf-B) and activator protein-1 (AP-1) [7]. 

The molecular mechanism of neuroprotection involves the regulation of the mitochondrial 

apoptosis cascade, which is finely tuned by the imbalance by between B-cell lymphoma-2 (Bcl-2) and 

Bcl-2-associated X protein (Bax). Phytochemical neuroprotection can be achieved by introducing anti-

apoptotic Bcl-2, thus preventing apoptosis [8]. 

Bioactive polyphenols can exert neuromodulatory effects, activating different intracellular 

signaling pathways that are crucial for neuroprotection. The PI3K/Akt  (Phosphoinositide 3-

kinases/Akt) pathway prevents apoptosis by upregulating the expression of Bcl-2; the PKC-ERK1/2 

(Protein kinase C/ Extracellular signal-regulated protein kinases 1 and 2) pathway decreases Bcl-2 (B-

cell lymphoma 2), Bcl-w (Bcl-2-Like Protein 2) and Bcl-xL (B-cell lymphoma-extra large), which are 

other anti-apoptotic proteins; Akt-ERK1/2 inhibits the pro-apoptotic activity of Bad (BCL2 associated 

agonist of cell death) and Bim (Bcl-2-interacting mediator) and activates caspases 9 and 3 [9,10]. 

The neuroprotective effects of polyphenols can be carried out through synthesis of neurotrophic 

factors, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) or glial cell 

line-derived neurotrophic factor (GDNF). They can exert neurotrophic activity by binding the 

cognate receptors and activating the downstream neuroprotective pathways [11]. 

The beneficial health effects of bioactive phenolic compounds mainly depend on their 

bioavailability and absorption rate. These characteristics can be modulated through interaction with 

other dietary nutrients and through the action of enzymes present in the small intestine and in the 

liver. Polyphenols are usually recognized as xenobiotics by the human body. After ingestion, their 

absorption through the gut barrier can be increased following specific biotransformation and 

conjugation such as methylation, sulfation and glucuronidation [12]. 

Polyphenols are effective in neuroprotection in a different way—directly, by affecting brain 

functions and indirectly, by modulating gut microbiota composition and the metabolites produced. 

Both actions determine the production of neurotransmitters and neuropeptides that are able to 

influence the brain functions. 

In this review, we discuss the different cellular and molecular mechanisms by which dietary 

bioactive polyphenols exert neuroprotective functions. The review evaluates the main publications 

in the field, providing a comprehensive analysis of the efficacy of bioactive polyphenols. 

  



Int. J. Mol. Sci. 2020, 21, 2564 3 of 21 

2. Methodology 

We performed a literature review, searching within the PubMed and Web of Science database. 

As keywords, we used the terms: oxidative stress, antioxidant, polyphenols, neurodegeneration, 

neuroprotection, Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Research 

reports, review articles and articles in English published up to December 2019 were selected and 

evaluated. In addition, we examined the citations therein and included them when appropriate. In 

total, we examined 307 references and included 146 of them in the present review. 

3. Oxidative Stress and Polyphenols  

Oxidative stress occurs when ROS accumulate in the cells for excessive production or insufficient 

neutralization. ROS are a contradiction for the cells. They are produced in normal metabolism as part 

of several physiologic processes and, when present in physiologic concentrations, they control redox 

homeostasis in the cell. However, an imbalance between their production and the ability of the cell 

to enforce antioxidant defense mechanisms may affect cellular structure and functional integrity, 

resulting in cell damage and leading to necrotic or apoptotic cell death [13–15].  

ROS cause severe molecular damage in the major cell components such as protein oxidation, 

lipid oxidation, DNA oxidation, and glycoxidation. They can be divided into free radicals and 

nonradicals. Free radicals are the molecular species containing at least one unpaired electron in the 

shell around the atomic nucleus. 

Among free radicals, H2O2 is one of the most important ROS with a physiological significance. 

H2O2 is formed in the cells in a reaction catalyzed by the superoxide dismutase enzyme (SOD) and 

also, at relatively low concentrations, it can penetrate the biological membranes and cause severe 

damage to cellular macromolecules. ROS increase with exposure to the environment. To 

counterbalance the effect of oxidants, cells have evolved an intricate network of defense mechanisms. 

Indeed, depending on the intensity and duration of oxidative stress, the cell response can be different, 

ranging from cell proliferation to cell cycle arrest or cell death by apoptosis or necrosis [16].  

The adverse effects of ROS can be inactivated by the action of antioxidants [17]. They are defined 

as compounds able to inhibit the oxidation of any molecule, even when present at very low 

concentration [18]. By inhibiting or quenching free radical reactions, antioxidants delay or block 

cellular damage.  

It is widely accepted that neurodegenerative development is associated with oxidative stress 

that determines severe injury in the cell. In fact, oxidative stress can result in deep biological damage. 

An imbalance in redox regulation determines the overproduction of ROS with the induction of 

progressive cellular damage, which is fundamental in neurodegenerative diseases. The production 

of excessive ROS in neuronal tissue is mainly due to the activity of excitatory amino acids and 

neurotransmitters [19]. Thus, neuronal cells need antioxidants to scavenge and prevent the formation 

of ROS. 

The body protects itself from ROS by using enzymatic antioxidant mechanisms [20]. The 

antioxidant enzymes reduce the levels of lipid hydroperoxide and H2O2; thus, they are important in 

preventing lipid peroxidation and maintaining the structure and function of cell membranes. 

The nonenzymatic antioxidants are the natural antioxidants present in plants. Among them, 

polyphenols are the most powerful antioxidants able to balance the cellular ROS by activating 

antioxidant signaling pathways [21,22]. Different studies indicate that dietary antioxidants consumed 

daily exert a protective role [23]. 

Plants produce nonenzymatic antioxidants such as vitamins that act to interrupt free radical 

chain reactions. Vitamin C is present in all plant cells and it has intracellular and extracellular 

antioxidant capacity. Vitamin E is present exclusively in plastids. It represents the principal defense 

against oxidative membrane damage, being concentrated in the hydrophobic bilayer of the cell 

membrane. Vitamin E avoids lipid peroxidation, thus protecting polyunsaturated fatty acids (PUFA) 

from reactive oxygen damage [24]. 
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Antioxidant plant polyphenols belong to different groups: phenolic acids, phenolic diterpenes, 

volatile oils, flavonoids and stilbene (Figure 1) [25]. All act as ROS scavengers, or induce antioxidant 

enzymes [26]. 

 

Figure 1. Typical representatives of antioxidant polyphenol classes with their basic chemical 

structure. 

Phenolic acids exert their antioxidant action, trapping free radicals [27]. The antioxidant 

mechanism of phenolic diterpenes is related to the scavenging activities of lipid free radicals and to 

the inhibition of low-density lipoprotein oxidation [28]. Volatile oils, as well as phenolic compounds, 

act as antioxidants by reacting with peroxyl radicals [29]. Flavonoids are the most abundant class of 

plant polyphenols, due to their metal-chelating and free radical scavenger properties [30]. On the 

contrary, stilbenes scavenge hydroxyl radicals. 

Other non-flavonoid polyphenols present in foods have antioxidant properties. Among them, 

curcumin, from turmeric Curcuma longa, prevents lipid peroxidation by scavenging H2O2 and 

hydroxyl radicals. Curcumin can also act as an antioxidant, reducing ferric ion (Fe3+) and chelating 

ferrous ion (Fe2+) [31]. 

4. Molecular Pathways Involved in Neuroprotection of Polyphenols 

Although cells are equipped with a high variety of antioxidants, some tissues and organs are 

much more vulnerable than others to oxidative stress, probably because of their elevated 

consumption of oxygen and the consequent generation of large amounts of ROS. Several observations 

suggest that the brain is particularly vulnerable to oxidative stress [32] and oxidative stress has been 

implicated in the pathogenesis of many clinical conditions and in the process of aging.  

Oxidative stress has been found to be increased in several human age-related degenerative 

diseases, including genetically-linked neurodegenerative diseases, like Alzheimer’s disease (AD), 

Parkinson’s disease (PD), and Huntington’s disease (HD) [33]. However, whether oxidative stress is 

a primary cause or a downstream consequence of these neuropathological conditions or, more in 

general, of the aging process is still an open question [34]. 
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Neurons are particularly sensitive to oxidative stress because, being postmitotic cells, they will 

not be replaced. Moreover, the ability of cells to respond to oxidative protein damage also seems to 

decline with age [35]. Since the antioxidant systems are overwhelmed in pathological conditions, the 

use of natural molecules like polyphenols can be viewed as a novel antioxidant therapeutic strategy 

to reduce neuronal ROS and ameliorate the neurodegenerative process. 

Polyphenols, due to their ability to modulate multiple cellular processes including redox 

balance, have invaluable potential as antioxidant agents.  

Polyphenols such as resveratrol from grapes and wine, curcumin from tumeric, and 

epigallocatechin-3-gallate from green tea (EGCG), are able to protect against neurodegenerative 

diseases by activating the protein kinases signaling molecular pathways such as Keap1/Nrf-2/ARE, 

the major protective pathway against endogenous and exogenous ROS [36,37]. The interaction 

between Keap1 and bioactive molecules leads to the disruption of the Keap1/Nrf2 complex, allowing 

Nrf2 to translocate to the nucleus where it binds adenylate and uridylate (AU)-rich elements (AREs) 

and triggers the expression of antioxidant proteins such as heme oxygenase-1 [38]. 

Polyphenols also stimulate neurotrophic receptor factors with a pivotal role in the maintenance 

of neuronal health. Examples are BDNF, which is involved in learning and memory [39], NGF, which 

is crucial for the survival of brain neurons [40], and GDNF, which regulates cell survival and synaptic 

plasticity [41]. Several studies reported that different flavonoids, including resveratrol, are able to 

enhance the expression of these factors. Quercetin and genistein were shown to stimulate NGF-

induced neurite outgrowth [42,43]. Resveratrol is able to induce the release of BDNF and GDNF, thus 

protecting cells from neurotoxicity [44,45]. 

The neuroprotective role of polyphenols is carried out by activating the pathways that, in cells, 

regulate transcription, translation, proliferation, growth and survival, such as PI3K/Akt, PKC-

ERK1/2, Akt-ERK1/2 and MAPK (Mitogen-activated protein kinase). Their binding to Trk receptors 

(tyrosine receptor kinases) activates the protein kinase cascades and, finally, cAMP (3',5'-cyclic 

adenosine monophosphate)response element-binding protein (CREB), increasing the expression of 

Bcl-2, Bcl-xL and of neurotrophic factors [46]. In addition, this binding promotes receptor 

dimerization and autophosphorylation by activating the downstream signaling cascades and 

promoting the survival of motor neurons, hippocampal neuronal cells, and spinal ganglion neurons 

[47]. 

A flavone derivative has been reported to act as a TrkB agonist and to activate the downstream 

signaling pathway [48]. More recently, resveratrol was shown to exert neuroprotection through its 

interaction with Trk receptors [49]. 

In the brain, the anti-inflammatory action of polyphenols leads to neuroprotective effects. In fact, 

polyphenols inhibit the release of cytokines from activated glia and they also downregulate pro-

inflammatory transcription factors such as NF-B [50]. For example, quercetin determines a strong 

neuroprotective effect, repressing NF-B [51]; catechin, after stress injury, increases cell survival by 

downregulating the NF-B and MAP kinase pathways [52].  

The molecular mechanisms modulated by polyphenols are summarized in Figure 2. 
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Figure 2. Intracellular signaling pathways involved in neuroprotection and modulated by 

polyphenols. 

5. Effect of Polyphenols on Neurodegenerative Disorders 

Despite the variability in the clinical picture of neurodegenerative disorders, these diseases share 

common molecular traits. Inflammation and oxidative stress are responsible for the disruption of the 

functions of the neurovascular units in AD, PD, HD and dementia. ROS are able to interact with 

different neuronal signaling pathways, such as protein kinase and lipid kinase signaling cascades 

[53,54] (Table 1). 

Table 1. Signaling pathways activated by polyphenols in neurodegenerative diseases. 

Polyphenol  Signaling Pathway  References 

Resveratrol 
SIRT1/PGC-1  

[52,55] 
PI3K/Akt   

Curcumin 
AMPK/NF-kB  

[56–58] 
PI3K/Akt/GSK-3β  

Quercetin 
MAPK/AKT/ PI3K  

[59] 
ERK/CREB   

Catechins (EGCG) 
PKC/MAPK/PI3K/Akt  

[60–62] 
MEK/ERK1/2  
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5.1. Alzheimer’s Disease  

AD is the most frequent form of dementia in the elderly population [63], with progressive 

neurodegeneration. It is characterized by the deposition of Amyloid β (Aβ) peptides as Aβ plaques 

and intracellular neurofibrillary tangles [64,65] that ultimately lead to a gradual deterioration in brain 

structure and to the loss of intellectual function [66]. 

The presence of amyloid beta (Aβ) peptides in Alzheimer’s disease confers oxidative insult on 

neurons and glial cells, leading to a change in synaptic plasticity [67]. The neuronal cytotoxicity in 

AD seems to be imputable to N-methyl- D-aspartic acid (NMDA) receptor activation coupled with 

ROS production [68]. This mechanism, through the PKC/MAPK pathways, leads to the release of 

arachidonic acid, involved in AD neuron apoptosis. Aβ peptides and ROS promote neurotoxicity in 

AD, inactivating PI3k/Akt pathways. The Akt inactivation regulates various pro-apoptotic mediators 

[56]. Several studies indicated that a diet rich in polyphenols inhibits the above-mentioned pathways 

[69]. Curcumin displays anti-amyloidogenic properties, preventing the neurodegenerative process in 

AD through the inhibition of MAPK and PI-3K pathways [70]. In addition, curcumin is able to block 

the BDNF decrease in rats inoculated with Aβ peptide, modulating the Akt/GSK-3β signaling 

pathway, thus determining a cognitive improvement [71]. Recently, it has been reported in an AD 

mouse model that curcumin reduced Aβ production through the inhibition of β-secretase (BACE-1), 

the enzyme that is responsible for the proteolytic processing of the amyloid precursor protein [72]. 

The antioxidant activity of resveratrol protects the memory decline in AD. In cells, it has been 

reported that resveratrol suppresses Aβ-induced ROS generation and apoptosis [73]. Another study 

reported that resveratrol exerts a neuroprotective role through its modulation of the PI3K/Akt 

signaling pathway [74]. SIRT1 (Sirtuin 1) in brain has been shown to be protective against 

neurodegeneration by deacetylating several transcription factors involved in neuronal protection and 

stress resistance [75]. Dietary resveratrol protects against Aβ formation and oxidative stress by 

modulating SIRT1 expression [76,77]. In particular, this ability is linked to the deacetylation of PGC-

1α, to the presence of active proliferator-activated receptor-γ (PPAR-γ), and to the protection against 

mitochondrial damage by Bcl-2 upregulation [55]. EGCG was described as active towards AD in 

animal studies, being able to significantly reduce the cognitive decline and Aβ peptides, and to 

upregulate proteins related to synaptic plasticity [78]. EGCG prevents neuronal apoptosis from 

neurotoxic processes inhibiting BACE-1 [79]. In addition, EGCG significantly improves neuronal 

survival and hippocampal neurogenesis by activating the PI3K/Akt signaling pathway and inhibiting 

the MAPK pathway [80]. In vitro and in vivo studies reported the neuroprotective role of quercetin 

against Aβ toxicity, showing that this polyphenol determined cell viability increase with a reduction 

in neuronal oxidative stress [81]. Quercetin seems to inhibit the Aβ plaque aggregation and the 

formation of neurofibrillary tangles probably increasing the levels of apolipoprotein E, that has a key 

role in the clearance of Aβ [82]. A study performed in a triple transgenic mouse model of AD showed 

that quercetin, after three months treatment, was able to reduce the amount of the β-amyloid fibers 

with improvement of cognitive performances [83]. More recently, it was shown that a quercetin-

enriched diet affected the latency in APP/PS1 mice only when administered at early stage. The effect 

was due to the inhibition of amyloidogenic processing through the reduction in the BACE-1 enzyme 

[84]. Finally, quercetin treatments in Drosophila models of AD indicated that this flavonoid could 

restore Aβ-induced perturbation by acting on cell cycle signaling pathways and DNA replication 

[85]. 

5.2. Parkinson’s Disease 

PD is a chronic and long-term degenerative disorder, characterized by the loss of dopaminergic 

neurons in the substantia nigra, which determines clinical motor deficits such as rigidity, 

bradykinesia and tremors [57]. 

Oxidative stress remains the strongest leading theory to explain the progressive loss of 

dopaminergic neurons in substantia nigra in PD patients [58]. Microglia produce high levels of ROS 

through NADPH oxidase, which induces the PKC delta and ERK1/2 pathways’ activation of genes 

involved in apoptosis [59]. The neuroprotective effect of polyphenols, has been linked to their free 



Int. J. Mol. Sci. 2020, 21, 2564 8 of 21 

radical scavenging and anti-inflammatory properties, both in cellular and animal models [60,61]. 

They are able to reduce neurotoxicity by interacting with protein aggregates such as α-synuclein [62]. 

Different studies using in vitro and in vivo models of toxin- induced PD indicated that curcumin 

reduces oxidative stress with a reduction in apoptosis through the Akt/Nrf2 signaling pathway, since 

an increase in antioxidant enzyme activity via Nrf2 transcription was detected [86–88]. Several 

experiments also reported that curcumin in PD is able to counteract the decrease in the enzyme 

tyrosine hydroxylase—the rate-limiting enzyme involved in dopamine synthesis—which has been 

suggested to be causative in the onset of PD [89]. Curcumin exerts neuroprotective effects in PD by 

inhibiting oxidative stress through the decrease in ROS, TNF-α and IL-6 and the concomitant increase 

in Glutathione (GSH) levels [90]. On the other hand, in PD, curcumin not only acts as an antioxidant, 

but also as anti-inflammatory, reducing the production of TNF-α and Interleukin-6 (IL-6). The 

beneficial effect of curcumin in the pathophysiology of PD can be also linked to the ability to decrease 

toll-like receptor 4 (TLR4) and its downstream effectors (NF-κB, IRF3 (Interferon Regulatory Factor 

3) and MyD88 (Myeloid differentiation primary response 88) [91]. 

Resveratrol seems to be a direct modulator in PD-affected pathways. Numerous in vitro studies 

have demonstrated that this molecule is able to prevent the rotenone-induced autophagic 

dysfunction by promoting the degradation of α-synuclein [92]. Other studies showed that resveratrol 

has a protective effect acting on the AKT/GSK-3β signaling pathway [93] or by inhibiting apoptosis 

through the upregulation of antioxidant enzymes [94]. In addition, resveratrol neurotrophic effects 

are accomplished through CREB activation in the hippocampus and amygdala neurons, thus 

reducing oxidative damage induced by neurotoxins [11]. The antioxidant effects of quercetin in PD 

have not been fully elucidated. Some studies reported that quercetin protected neurons in a rotenone-

induced rat model of PD in a dose-dependent manner, upregulating mitochondrial complex-I 

activity. This molecular mechanism strongly suggests that quercetin has the ability to repair defective 

mitochondrial electron transport, a hallmark of PD. In addition, quercetin decreases glutathione 

levels and increases catalase and superoxide dismutase [95]. EGCG in PD exerts neuroprotective 

effects through AMPK activation, which positively regulates the mitochondrial biogenesis needed 

for dopaminergic neuronal survival. EGCG in vivo has been reported to preserve the loss of 

dopaminergic neurons by inhibiting neuronal nitric oxide synthase [96]. EGCG was also shown to 

prevent striatal dopamine depletion and dopaminergic neuron loss in substantia nigra [97]. 

5.3. Huntington’s Disease and Vascular Dementia 

In addition to AD and PD, two other neurodegenerative disorders, Huntington’s disease and 

dementia, are characterized by a total compromise in cognition. The role of polyphenols in 

prevention/treatment is not so extensively studied in these two neurodegenerative diseases.  

HD is a dominantly inherited neurodegenerative disorder characterized by progressive striatal 

and cortical neurodegeneration with associated motor and cognitive defects. The disease-causing 

mutation is an expansion of a CAG trinucleotide repeat (>36 repeats) encoding a polyglutamine 

stretch in the N-terminal region of the huntingtin protein, a ubiquitous protein whose function is still 

unclear [98]. Mutated Huntington is expressed not only in the brain neurons, but also in the enteric 

neurons [99,100]. HD has also been associated with mitochondrial dysfunction and oxidative stress, 

as possible disease mechanisms [101,102]. HD cellular models displayed a deregulation in 

mitochondrial membrane potential and respiration, implicating a decline in mitochondrial function. 

It has been reported that resveratrol in HD increases the transcription of genes associated to 

mitochondrial function [103]. 

To date, only a few studies have analyzed the effects of curcumin in HD. It has been described 

that curcumin treatment in a rat model of HD reduced mitochondrial damage and exerted 

antioxidant effects by activating the Nrf2 pathway [104]. A different study using Drosophila 

melanogaster as an HD model showed that curcumin protects against neurodegeneration, suppressing 

polyglutamine cytotoxicity and cell death [105]. The neuroprotective role of curcumin has been 

recently reported in an HD transgenic animal model. This study evidenced that curcumin protected 

the brain from neuropathological and phenotypic complications associated to the disease [106]. It has 
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been reported that resveratrol in HD increases the transcription of genes associated to mitochondrial 

function [103]. Resveratrol in HD seems to modulate SIRT. Resveratrol in mouse models of HD has 

been shown to strongly increase transcription of mitochondrial genes and to enhance mitochondrial 

function. This activity determines an improvement of motor function in HD transgenic mice [103]. 

Quercetin was able to reduce mitochondrial oxidative stress in HD. This effect leads to an increase in 

motor skills and coordination, as reported in a drug-induced HD model. Indeed, a reduction in the 

neuro-inflammatory response and an increased number of astrocytes and decreased microglial 

proliferation were observed in core lesions [107,108]. 

Vascular dementia arises from chronic vascular damages in the brain. Cerebral ischemia, 

increasing ROS production, induces neuronal injury accompanied by a progressive decline in 

memory and cognitive function [109]. In dementia, curcumin, resveratrol and catechins act as free 

radical scavengers, as well as natural anti-inflammatory agents, by suppressing the TNF-mediated 

NF-B activation. In addition, they act to upregulate endogenous antioxidant enzymes and 

downregulate enzymes involved in the production of ROS [110]. Curcumin was shown to restore 

memory deficit in an induced mouse model of memory impairment, thanks to its antioxidant action 

and to the improvement of cerebral circulation [111]. Resveratrol was neuroprotective against 

vascular dementia by reducing cell death in the hippocampus and preventing the loss of reference 

memory [112]. In a rat model of vascular dementia, resveratrol was able to restore the cognitive 

deficits, to reverse oxidative stress levels and BDNF depletion [113]. In a mouse model of dementia, 

treatment with quercetin restored cognitive deficit and energy metabolism by directly scavenging 

superoxide, hydroxyl radicals and by inhibiting various oxidases [114]. A summary of the effects of 

polyphenols in neurodegenerative diseases is reported in Table 2. 

Table 2. Summary of the effects of polyphenol treatment from in vitro and in vivo studies. 

Pathology Type of Study 
Polyphenols 

(dose) 
Time Effect References 

Alzheimer’s disease mice 
grape extract 

(5–20 μM) 

5 

months 

Inhibition of Aβ 

oligomerization 
 [3] 

Parkinson’s disease 
neuroblastoma 

cell line 

caffeic acid 

(10–100 μM) 
1 hour 

Prevention of apoptotic cell 

death  
[9]  

Neurodegenerative 

disorders 

neonatal mouse 

cerebellum cells 

curcumin 

(1–50 μM) 

24 

hours 

Enhancement and repair of 

neural plasticity 
[37]  

Alzheimer’s disease rats 
curcumin 

(50–200 mg/kg) 
7 days 

Improvement of cognitive 

deficits 
[71,72] 

CNS disorders  mice 
Resveratrol 

(20 mg/kg) 
7 days 

Regulation of pathway 

involved in CNS disorder and 

aging 

[73] 

Alzheimer’s disease 
mice 

 

Resveratrol 

(24 mg/kg) 
45 days 

Anti-oxidant effect against 

beta-amyloid 

plaque formation 

[76,77] 

Alzheimer’s disease mice 
ECGC 

(50 mg/kg) 

6 

months 
Reduction in A-β deposition [78] 

Alzheimer’s disease 

human brain 

microvascular  

endothelial cells 

Quercetin 

(0.3–30 

μmol/L) 

24 

hours 

Increase in cell viability and of 

antioxidant activity 
[81] 

Parkinson’s disease 

primary rat 

mesencephalic 

cells 

Catechin, 

quercetin 

(40 μM) 

48 

hours 

Protective effect on DA 

neurons under oxidative stress 
[61]70 

Parkinson’s disease rodent model 
Curcumin 

30 mg/kg) 
4 days 

Neuroprotective actions (anti-

inflammatory and anti-

oxidative) 

[88,91,115] 

Parkinson- like 

disease 

dopaminergic-like 

cells 

Resveratrol 

(50–200 μM) 

12 

hours 

Neuroprotective effects by 

inhibiting apoptosis caused by 

oxidative stress 

[92] 

Parkinson’s disease rats 
Resveratrol 

(20 mg/kg) 
21 days Prevention of neuronal death [94,95] 

Parkinson’s disease rats 
Quercetin 

(25–75 mg/kg) 
4 days 

Neuroprotective effect 

observed in neurotoxin-

induced Parkinsonism 

[95] 
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Parkinson’s disease mice 
ECGC 

(20 mg/kg) 
5 days Preventive effects on NOS [96,97] 

Huntington’s disease mice 
ECGC 

(1 mg/kg) 
28 days 

Improvement of gene 

transcription associated to 

mitochondrial function 

[103] 

Huntington’s disease rats 
Curcumin 

(40 mg/kg) 
7 days 

Amelioration of mitochondrial 

dysfunctions 
[104,105] 

Huntington’s disease mice 
Curcumin 

(20–40 mg/kg) 
7 days 

Alleviation of debilitating 

symptoms associated with the 

disease 

[106] 

Huntington’s disease rats 
Quercetin  

(25–50 mg/kg)  
4 days 

Potential use for inflammatory 

damages 
[107,108] 

Memory and cerebral 

blood flow  
mice 

Curcumin  

(10–50 mg/kg)  
21 days 

Beneficial effects of oxidative 

stress associated with 

neurodegenerative disorders 

[111] 

Dementia  rats 
Resveratrol 

(10–20 mg/kg)  
4 days Neurorestorative effects [113] 

Memory dysfunction  mice 
Quercetin  

(2.5–10 mg/kg)  
21 days 

Protective toward off dementia 

and neurodegenerative 

disorders 

[114] 

6. Bioactivity of Polyphenols and Gut Microbiota Interplay 

Most of the polyphenols from plants ingested in the diet undergo intestinal transformation 

before being absorbed by enterocytes and colonocytes. The modifications can be either by enzymes 

produced by the enterocytes themselves or by the microbiota present in the intestine (Figure 3). 

 

Figure 3. Dietary polyphenol metabolism in small and large intestine. In the small intestine, low 

molecular weight polyphenols, monomers or dimers, can be absorbed directly or after phase II 

reaction metabolic conversion. In the large intestine, high molecular weight and conjugated 

polyphenols are absorbed after transformation processes by enzymes produced by bacteria. 
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The bioavailability of native polyphenols is very low after recruitment at circulating levels. 

Polyphenols, to be effective, must be transformed into potentially more bioactive compounds, such 

as low-molecular weight metabolites [116]. 

Gut microbiota is essential in transforming numerous compounds that reach the colon, thanks 

to the capacity of microorganisms to produce a huge and varied range of enzymes. 

Enzymatic conjugation processes are needed to reduce the potential toxic effects of polyphenols. 

These modifications result in the formation of polyphenol metabolites that show new biological 

activities [117]. 

The two main factors determining the modification of dietary polyphenols in the gastrointestinal 

tract are the chemical polyphenols’ structure and the individual variety of gut microbiota 

composition. In fact, the structural subfamily and its scaffold enable only some transformations, thus 

reducing the kind (class, species) of final bioactive compounds that are produced. Some 

modifications of polyphenols can occur through enzymes produced by the majority of bacteria, while 

others require enzymes produced by specific bacterial species. The presence or absence of these 

bacteria in the individual's microbiota will cause different biotransformation of dietary polyphenols. 

This means that beneficial effects for consumers depend on the dietary polyphenols and on the 

individual’s microbiota composition. 

Polyphenols are molecules with high complexity and for this reason they generally reach the 

large intestine without modifications. The most complex oligomers are not absorbed in the small 

intestine, but are processed in the colon by microbiota [118]. 

EGCG, for example, is transformed in aglycones and gallate, which is further decarboxylated 

into pyrogallol. In vitro pyrogallol drastically inhibits monocyte migration by reducing levels of 

inflammatory macrophage differentiation. In addition, pyrogallol increases the phosphorylation of 

PI3K-AKT and AMPK and reduces caspase levels. In this way, it inhibits monocyte-associated cell 

death [119]. Pyrogallol is also a GPR35 agonist. GPR35 is an orphan G protein-coupled receptor and 

is associated to inflammation, cardiovascular diseases, metabolic disorders, Parkinson’s disease and 

other neuronal disorders. GPR35 agonists, as catechol-O-methyl transferase inhibitors, are commonly 

used for the treatment of Parkinson’s disease [120]. Pyrogallol can also block aggregate formation in 

α-synuclein [121]. The presence of aberrant soluble oligomeric conformations of α-synuclein may 

contribute to PD pathogenesis. Another example is curcumin that is modified in the colon tract by a 

specific enzyme produced by E. coli. This bacterium converts curcumin in its active metabolite, 

tetrahydrocurcumin, in a two-step reduction reaction. This metabolite shows both greater in vitro 

and in vivo antioxidant activity than curcumin [122]. Resveratrol bioavailability is greatly increased 

by gut microbiota metabolism. Resveratrol in plants is present as a glycosidic form of piceid, that is 

a stilbenoid glucoside. Two different bacteria—Bifidobacteria infantis and Lactobacillus acidophilus—

convert piceid into resveratrol [123]. Then, resveratrol is further metabolized to obtain the active 

aglycone form by Slackia equolifaciens and Adlercreutzia equolifaciens [124]. 

Bacteria in the gut can cleave the ring structure of several flavonoids into short-chain fatty acids 

(SCFAs) like hydroxyphenylacetic and hydroxyphenylpropionic acids, as well as into acetate and 

butyrate [125]. Some polyphenols, like quercetin, are not modified in SCFAs; nonetheless, they can 

enhance the production of SCFAs, especially butyric acid [126]. 

Dietary polyphenols show neuroprotective potential, but their selective permeability across the 

blood–brain barrier (BBB) limits their bioavailability, thus limiting their protective efficacy. The BBB 

is a dynamic interface that regulates molecular interactions between the blood and the neuronal 

tissue, having an essential role in providing nutrients and other molecules and regulating the access 

of compounds to the brain. After intestinal absorption, some polyphenol metabolites can reach 

concentrations in the bloodstream that can exert effects in vivo. However, the effective brain uptake 

of these polyphenols’ metabolites, and their possible direct neuroprotective potential, is still 

controversial, given that the exact mechanisms by which they may permeate the BBB are not 

completely understood. Nerveless, polyphenol microbial metabolites largely showed greater 

permeability through gut and blood–brain barriers compared to their parent compounds. For 
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example, 5-(hydroxyphenyl)-γ-valerolactone-O-sulfate, a secondary microbial metabolite of the 

flavan-3-ols, is able to reach the brain and cross the BBB in in silico, in vitro and in vivo models [127].  

Microbial metabolites derived from dietary lignans, a class of polyphenols, like equol and 

enterolactone, passively cross both the gut and BBB barriers and show protective ability against 

inflammation in microglia [128]. A recent study demonstrates that microbial polyphenol metabolites 

could be transported across the BBB endothelium [129]. In vitro experiments showed that some 

polyphenols’ metabolites cross BBB by transmembrane diffusion and their lipophilicity can 

determine greater or minor uptake [130]. Nevertheless, it is not clear whether the primary route by 

which polyphenols’ metabolites cross the BBB happens by simple diffusion or by carrier-mediated 

transport. 

Gut microbiota and polyphenols influence each other. Gut microbiota transforms polyphenols, 

improving bioavailability and health effects. At the same time, dietary polyphenols regulate 

microbiota composition, favoring the growth of some bacteria and avoiding the growth of pathogens. 

Specifically, dietary polyphenols have shown the ability to modulate gut microbiota composition and 

function, interfering with bacterial quorum sensing, membrane permeability, as well as sensitizing 

bacteria to xenobiotics. 

Specific polyphenols modulate microbiota community composition, modifying the ratio of 

bacteroides/firmicutes, the most frequent bacteria genera present in the distal gut [131]. For example, 

resveratrol presented a significant antibacterial activity towards clinically important bacteria, such as 

Salmonella enterica, Enterococcus faecalis, and Escherichia coli [132]. The effects of polyphenols on gut 

microbiota have been shown in human studies. Dietary polyphenols’ mechanism of action is different 

in Gram-positive and Gram-negative bacteria due to changes in cell membrane structure. 

Polyphenols bind bacterial cell membranes in a concentration-dependent manner; thus, they modify 

their membrane and alter their growth. Catechins reacted with the dissolved oxygen in aqueous 

solution, resulting in the generation of hydrogen peroxide. H2O2 modifies the permeability of the 

microbial cell membrane, thus sensitizing the bacteria to the effects of antibiotics [133].  

Thus, different polyphenols can change the composition of the microbiota (Table 3), and 

different bacterial populations possess different enzymes that can change the metabolism of dietary 

polyphenols in different ways. For example, the intake of catechins, which occur in green tea and 

black tea, considerably boosted the growth and development of members of E. coli. As mentioned 

above, E. coli is able to modify curcumin in its active metabolite, tetrahydrocurcumin, which has to 

be anti-inflammatory and neuroprotective. So, polyphenols can modify the composition of gut 

microbiota which, in turn, produce secondary metabolites that have neuroprotective effects. 

Table 3. Summary of the main findings of clinical trial studies related to the effects of polyphenols on 

gut microbiota by increase (+) or decrease (-) of specific strains. 

Polyphenols  Bacteria References 

Catechin and epicatechin + Clostridium coccoides–Eubacterium rectale [134] 
 + E. coli  

 − Clostridium histolyticum  

Proanthocyanidin + Bifidobacteria [135] 

Pomegranate extract  + Odonbacter [136] 
 + Faecalibacterium  

 + Butyricicoccus  

 + Butyricimonas  

 + Bacteroides  

 − Parvimonas  

 − Metanobrevibacter  

 − Metanosphaera  

Cocoa flavonols  + Bifidobacterium [137] 
 − Lactobacillus  

 − Clostridia  
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Red wine  + Enterococcus [138] 
 + Prevotella  

 + Bacteroides  

 + Bifidobacterium  

 + Enterococcus  

 + Bacteroides uniformis   

 + Eggerthella lenta  

 + Blautia coccoides  

Orange juice + Mogibacteriaceae [139] 
 + Tissierellaceae  

 + Veillonellaceae  

 + Odoribacteraceae  

 + Ruminococcaceae  

 

However, gut microbiota can have a direct influence on brain function and alterations of the 

microbiota composition have been found in some neurodegenerative diseases, including PD and AD 

[140,141]. In addition, microbiota can exert neuroprotective effects by producing neurotransmitters 

and neuropeptides [142]. It has been shown that Streptococcus, Escherichia and Enterococcus spp. 

produce serotonin [143,144] and that Bifidobacterium infantis can modulate central serotonin 

transmission by increasing plasma tryptophan levels [145]. Meanwhile, different Lactobacillus and 

Bifidobacterium species are able to produce γ-aminobutyric acid (GABA), the principal inhibitory 

neurotransmitter in the central nervous system [146]. Therefore, gut microbiota can directly or 

indirectly contribute to neuroprotection. 

7. Conclusions 

The continuous increase in life expectancy is inversely correlated with quality of life during 

aging. During life there is, particularly in the brain, an accumulation of damage and a decrease in all 

of the mechanisms needed for cell repair. These processes can induce cell death. 

 Aging is one of the leading “risk factors” in the development of neurodegenerative processes. 

Indeed, neurodegenerative diseases are caused by nervous system dysfunction resulting from 

neuronal cell failure or cell death. 

Neurodegenerative diseases increase with age and are becoming a big challenge for modern 

societies. Actually, neurodegenerative disorders in developed regions will have a strong increasing 

impact on medical and socio-economic conditions, since the population is becoming older. Therefore, 

it is essential to find strategies that help to prevent cognitive decline and improve the life quality of 

people living with dementia. 

For thousands of years, it has been well known that food and health are related to each other. 

Indeed, even Hippocrates (400 BC), emphasized the importance of nutrition to prevent or cure 

diseases. In more recent years, different epidemiological studies have confirmed this thought, 

evidencing a strong link between the consumption of polyphenols and neurocognitive protection and 

suggesting that a polyphenol-rich diet can be an effective strategy to improve cognitive function in 

elderly populations. 

Polyphenols are bioactive compounds contained in in food and beverages that are able to 

modulate the metabolic process, thus promoting health and preventing the age-related decline of 

cognitive, motor and sensory activities. Being antioxidants, polyphenols are able to counteract the 

oxidative damage accumulated in the cells. Moreover, they modulate different cellular signaling 

pathways, protecting cells from stress injury. Therefore, understanding the mechanisms by which 

polyphenols act at a molecular level is crucial in order to use them as dietary supplements to prevent 

neurodegenerative disorders. 

Although polyphenols are abundant in fruits and vegetables and their intake can be increased 

in the diet, their bioavailability is also influenced by their chemical structure. Unlike in vitro, 

polyphenols in vivo have limited availability and they need to be metabolized rapidly in order to 
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overcome biological barriers. Thus, gut microbiota has a key role in the production of specific 

bioactive polyphenols’ metabolites that are responsible for these health effects. Moreover, it is 

emerging that polyphenols can also modulate the bacterial composition of the gut microbiota, thus 

influencing the production of specific metabolites that act in modulating brain functions. 

There is a growing attention being paid to food diversity, to the consumption of food rich in 

antioxidants and to developing novel food rich in the different bioactive nutrient groups. To date, the 

analysis of the impact of these products on neurodegeneration is limited, thus there is a need for an 

increasing number of studies to better evaluate the dose–effect relationship. 

In conclusion, polyphenols and their metabolites are essential compounds with multiple 

biological activities. Their efficacy as antioxidants and their capacity to modulate pro-survival or anti-

apoptotic signaling pathways are essential in preventing and slowing down neurodegenerative 

disorders. Moreover, considering that they are safe and have a very low toxicity, it is easy to test their 

efficacy in pre-clinical and clinical studies for the treatment of neurodegenerative diseases. Finally, 

different polyphenols, or their synthetic derivatives, have been patented as drugs against various 

human diseases in recent years. 
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Abstract

Mitochondrial dysfunction seems to play a fundamental role in the pathogenesis of

neurodegeneration in Huntington’s disease (HD). We assessed possible neuropro-

tective actions of meldonium, a small molecule affecting mitochondrial fuel

metabolism, in in vitro and in vivo HD models. We found that meldonium was able

to prevent cytotoxicity induced by serum deprivation, to reduce the accumulation of

mutated huntingtin (mHtt) aggregates, and to upregulate the expression of

peroxisome proliferator‐activated receptor γ coactivator 1α (PGC‐1α) in mHTT‐
expressing cells. The PGC‐1α increase was accompanied by the increment of

mitochondrial mass and by the rebalancing of mitochondrial dynamics with a

promotion of the mitochondrial fusion. Meldonium‐induced PGC‐1α significantly

alleviated motor dysfunction and prolonged the survival of a transgenic HD

Drosophila model in which mHtt expression in the nervous system led to progressive

motor performance deficits. Our study strongly suggests that PGC‐1α, as a master

coregulator of mitochondrial biogenesis, energy homeostasis, and antioxidant

defense, is a potential therapeutic target in HD.
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K E YWORD S

Huntington, meldonium, mitochondrial dysfunction, neurodegeneration

1 | INTRODUCTION

Huntington’s disease (HD) is a dominant inherited disorder char-

acterized by neurodegeneration of cortical and striatal tissue. The

mutation is an expansion of unstable CAG triplet repeats in exon 1 of

the huntingtin gene (HTT), which lies on the short arm of

chromosome 4. On translation, this leads to a polyglutamine tract

at the N terminal of the mutant huntingtin protein (mHtt).

Researchers have ascribed the HD pathogenesis to a toxic gain of

mHtt functions, which includes mHTT aggregate formation, tran-

scriptional dysregulation, defective energy metabolism, and oxidative

stress. It also consists of the loss of wild‐type Htt functions, such as

brain‐derived neurotrophic factor translation, vesicle transport, and

autophagy modulation. In addition, several converging lines of

research have demonstrated that in different HD models mitochon-

drial biogenesis, dynamics, trafficking, and mitophagy are altered,

resulting in a shortage of energy‐generating organelles (Guedes‐Dias

et al., 2016; Guo et al., 2016; Li, Orr, & Li, 2010). Although

researchers have made significant advances in understanding the

genetic basis of this disease, they have not yet determined a direct

cause−effect relationship between HD gene mutation and mitochon-

drial dysfunction. Mitochondrial dysfunction may also originate from

mHtt‐dependent transcriptional dysregulation which results in

abnormal mitochondrial biogenesis and dynamics. Such dysregulation

can also accumulate oxidative damage, inactivating some mitochon-

drial metabolic enzymes (Browne et al., 1997; Kumar, Vaish, &

Ratan, 2014).

Moreover, in HD, additional metabolic alterations, which arise as

a compensatory homeostatic response to the restrictions on energy

production, might exacerbate mitochondrial dysfunction. Shifts in

fluxes through the different branches of the energy‐generating
pathways could explain the stimulation of fatty acid (FA) oxidation to

compensate for reduced glucose oxidation due to mHtt‐dependent
pyruvate dehydrogenase dysregulation (Cheng, Chang, Wu, & Chen,

2016; Graham et al., 2016; Naia et al., 2017).

However, compensatory shifts to generate energy from FAs may

be detrimental to mitochondria since FA overloading might worsen

mitochondrial impairment with an increase of reactive oxygen

species (ROS) production.

Meldonium (mildronate; 3‐(2,2,2‐trimethylhydrazinium) propio-

nate; THP; MET‐88), is known as a cardioprotective drug whose

mechanism of action is based mainly on preserving adenosine

triphosphate production by optimizing energy metabolism during

heart hypoxia (Dambrova, Liepinsh, & Kalvinsh, 2002).

Meldonium modulates cellular energy metabolism pathways by

lowering intracellular l‐carnitine levels and by reducing the formation of

long‐chain acylcarnitines. These changes redirect the FAmetabolism from

mitochondria to peroxisomes, which in turn stimulates short‐ and

medium‐chain FA mitochondrial utilization decreases the production of

cytotoxic intermediate and free radicals from FA β‐oxidation, and

increases glucose metabolism (Dambrova et al., 2016). Researchers

found that meldonium decreases protein expression related to inflamma-

tion and apoptosis in a Parkinson’s disease rat model and an

azidothymidine neurotoxicity model in mice. They also found that

meldonium has several positive effects in Alzheimer’s disease‐model

mice, including improvement of social recognition and spatial learning and

a reduction of amyloid β peptide load (Beitnere et al., 2014; Isajevs et al.,

2011; Pupure et al., 2008). Despite the significance of meldonium in some

neurodegenerative disorders, little information is available concerning its

treatment impact on HD and on the mitochondrial dysfunction that

accompanies the disease. In this context, the first aim of the current study

was to test the hypothesis that, compared with the control, meldonium

administration would have an impact on the viability of STHdhQ111/111

cells expressing mHtt and on the survival rate and physical activity of the

fly HD model. A further aim of this study was to highlight potential

mechanisms by which meldonium treatment may have biological effects

by specifically focusing on an analysis of PGC‐1α, which is to control

mitochondria function, along with aspects of mitochondria dynamics

alterations.

For the first time, we demonstrate that meldonium can ameliorate

some mitochondrial dysfunction in both in vitro and in vivo HD models

and that these beneficial effects are correlated to a restore of the

PGC1‐α expression that mHTT‐expressing neurons impair.

2 | MATERIALS AND METHODS

2.1 | Chemicals and antibodies

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum

(FBS), streptomycin‐penicillin, L‐glutamine, and sodium pyruvate

were purchased from EuroClone (Milan, Italy). The Cell Proliferation

Kit I (3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyl tetrazolium bromide

[MTT]) was obtained from Sigma‐Aldrich (Milan, Italy). Dichloro-

fluorescein (H2DCF) was purchased from Life Technologies/Thermo

Fisher Scientific (Milan, Italy). The following western blot antibodies

were used in this study: anti‐polyglutamine‐expansion (1:2,000,

MAB1574; Merck Millipore, Burlington, MA), anti‐vinculin
(1:25,000, AB129002; Abcam, Cambridge, UK), anti‐PGC1α
(1:1,000, AB54481; Abcam) and anti‐glyceraldehyde 3‐phosphate
dehydrogenase (GAPDH; 1:10,000, AB2302; Merck Millipore).

Peroxidase‐conjugated secondary antibodies were antimouse and

antirabbit (Bio‐Rad, Hercules, CA). TRIzol reagent and SYBR Green

PCR Master Mix were purchased from Invitrogen (Milan, Italy), and

the High Capacity cDNA Reverse Transcription Kit was obtained

from Promega (Milan, Italy). MitoTracker® Green FM and Mitotrack-

er Red CMXRos were purchased from Life Technologies/Thermo

Fisher Scientific (Milan, Italy). All chemicals and reagents, unless

otherwise stated, were purchased from Sigma‐Aldrich.
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2.2 | Cell cultures

Conditionally immortalized wild‐type STHdhQ7/7 and mutant

STHdhQ111/111 striatal neuronal cell lines were a kind gift of Elena

Cattaneo (Milan, Italy). STHdhQ7/7 and STHdhQ111/111 cell lines

express endogenous levels of normal and mutant full‐length
huntingtin protein with 7 and 111 glutamines, respectively, and

they were generated from wild‐type HdhQ7/7 and homozygous

HdhQ111/111 littermate embryos (Gines et al., 2003). Striatal cells

were grown in a humidified atmosphere of 95% air and 5% CO2

at 33°C in DMEM supplemented with 10% FBS, 1% streptomycin‐
penicillin, 2 mM L‐glutamine, and 1mM sodium pyruvate.

Cell viability of STHdhQ111/111 and STHdhQ7/7 cell lines was

assessed by MTT Cell Proliferation Assay. Cells, at early passage (six

to nine) were seeded at a density of 5 × 103 cells/well in 96‐well

plates and treated with increasing concentrations of meldonium (10,

20, and 50 μM) in the presence of DMEM containing 10% FBS, or

0.5% FBS for serum‐deprived conditions. Absorbance was read at

550 nm on a Cytation 3 Imaging Reader (BioTek Instruments,

Winooski, VT), after 4, 8, and 12 hr. Neuronal survival in the

presence of meldonium was referred to nontreated neurons.

2.3 | Western blot analysis

Protein lysates from STHdhQ111/111 and STHdhQ7/7 cell lines were

used for sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS‐PAGE). SDS‐PAGE and immunoblotting were carried out

according to standard procedures in triplicate. The relative

expressions, normalized concerning the housekeeping proteins,

were quantified densitometrically using the ImageJ Software

(ImageJ; NIH).

2.4 | Mitochondrial staining

MitoTracker Green FM staining quantified the cellular content of

mitochondria. STHdhQ7/Q7 and STHdhQ111/Q111 cells were seeded in

96‐well plates (3.5 × 103 cells/well) for 24 hr, after which they were

stimulated in quadruplicate wells with 50 μM meldonium for 72 hr.

The cells were stained with 100 nM MitoTracker Green FM for

30min in serum‐free media, and fluorescence was measured with a

Cytation 3 Multi‐Mode Reader (BioTek) with excitation wavelength

490 nm and emission 516 nm.

The fluorescence was normalized to the mitochondrial proteins

extracted as described by Mucerino et al. (2017), and measured using

the bicinchoninic acid assay.

For confocal microscopy, cells cultured on 12‐mm diameter glass

coverslips were incubated with 200 nM MitoTracker® Red CMXRos

for 20min in a culture medium. After incubation, cells were fixed

with cold methanol for 5min, washed with phosphate‐buffered saline

(PBS), and then mounted in 50% glycerol in PBS. Images were

acquired using a laser scanning microscope (LSM 510 META; Carl

Zeiss MicroImaging, Inc.) equipped with a Plan Apo ×63 oil‐
immersion (NA 1.4) objective lens. Z‐slices from the top to the

bottom of the cell were collected, and three‐dimensional reconstruc-

tions were carried out using LSM 510 Software. The mitochondrial

network was classified according to the size of objects (length) using

the ImageJ Software as previously described by Helguera

et al. (2013).

2.5 | Drosophila stocks

Flies were reared on standard cornmeal‐agar with a 12‐hr on–off

light cycle at 25°C. Fly stocks used in the current study were

obtained from the Bloomington Stock Center (Bloomington, IN):

33808 w*; P{UAS‐HTT.128Q.FL}f27b‐8765 w;P{GAL4‐elav.L}2‐1521
w[*]; P{w[ +mC] = UAS‐GFP.S65T}Myo31DF[T2].

2.6 | Meldonium treatment and crosses

Meldonium (14.6 mg) was added into the surface of assay fly food

(AF; 2% Agar, 10% powdered yeast, 10% sucrose, 0.1% Nipagin), and

left under gentle agitation for 3 hr at room temperature until dried.

This food was used for growing experimental flies while controls

were reared in AF devoid of meldonium. Water was supplemented in

equal amounts in all the food conditions. Expression of polygluta-

mine‐containing hHTT was driven by the bipartite expression system

upstream activator sequence (UAS)‐GAL4 in transgenic flies, as

described by Brand and Perrimon (1993). To obtain HD model flies,

we crossed females carrying the pan‐neural driver elav‐Gal4 to males

from the UAS HTT128QFL strain. The parental strains elav/+ as well

as UAS HTT128QFL and P{w[ + mC] = UAS‐GFP.S65T}T2/P{GAL4‐
elav.L}2) were used as controls. For all assays, only one sex was used

in this study.

2.7 | Feeding behavior

To determine whether the presence of meldonium in the medium

could affect the feeding of the flies, we visually confirmed food intake

by feeding flies on media containing the red food dye no. 40

(Tanimura, Isono, Takamura, & Shimada, 1982). For this experiment,

we mixed red dye no. 40 (1 mg/ml) in the medium containing

meldonium. The flies were allowed to feed on the dye‐supplemented

medium for 1 day, and their abdominal coloring was examined under

a stereomicroscope.

2.8 | Lifespan analysis

Newly emerged adult flies with the desired genotype (P{UAS‐
HTT.128Q.FL}f27b/P{GAL4‐elav.L}2) were collected under cold‐
induced anesthesia, sorted by sex, grouped in five cohorts of 20

insects, placed in vials containing 3.5 ml of AF supplemented or not

with meldonium, and reared at 28°C. Flies were transferred to new

vials containing fresh food every 3 days and deaths were recorded at

each transfer. The experiment ended when no living flies remained in

the vials. Lifespan of fruit flies was measured in three independent

experiments (n = 300) per treatment. Obtained values were used to
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F IGURE 1 Meldonium protects STHdhQ111/111 cells from mutated huntingtin (mHtt)‐dependent cell death. Cell viability in (a) STHdhQ7/7 and

(b) STHdhQ111/111 cells incubated 24, 48, and 72 hr with 25–50‐100 μM meldonium. Cell viability percentage was normalized to untreated cells
used as control (CTL). (c) Cell viability in STHdhQ7/7 and STHdhQ111/111 cells after serum deprivation. (d) Cell viability in STHdhQ7/7 and
STHdhQ111/111 cells after serum deprivation and then incubated 12 hr with 25–50‐100 μM meldonium. Data were normalized to STHdhQ7/7

cells and untreated STHdhQ111/111 cells, respectively. Statistical significance: ##p < 0.01 versus STHdhQ7/7 cell line; *p < 0.05 and **p < 0.01

versus untreated STHdhQ111/111 cell line; one‐way analysis of variance, with post‐hoc Bonferroni’s test. Bars represent the means ± SD; n = 3. (e)
Cell viability in STHdhQ111/111 cells after 4, 8, and 12 hr of serum deprivation in absence or in presence of 25–50‐100 μM meldonium
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calculate mean lifespan (mean survival days of all flies for each

group), and maximum lifespan (maximum amount of days needed to

reach 90% mortality).

2.9 | Negative geotaxis assay

Climbing assays were performed on newly emerged flies by the

negative geotaxis assay. Briefly, 20 flies were placed in a graduated

empty plastic vial (18 × 2.5 cm). After 60min of acclimatization, the flies

were gently tapped down to the bottom of the vial, and the number of

flies that climbed above the 10‐cm mark within 10 s after the tap was

recorded. This assay was repeated for the same group two times,

allowing for a 1‐min rest period between each trial. The number of flies

per group that passed the 10‐cm mark was recorded as a percentage of

total flies. Each trial was performed three times at each time point, and

the data were expressed as an average of the replicates (n =300).

2.10 | RNA isolation and quantitative real‐time
polymerase chain reaction (qRT‐PCR)

Total RNA was extracted from STHdhQ7/7 and STHdhQ111/111 cell

lines as well as meldonium‐treated and nontreated hHTT flies using

TRIzol reagent.

For in vivo studies, we analyzed the heads from five females

and five males at different disease stages: presymptomatic (pre‐HD;

0 days), early symptomatic (early‐HD; 4 days), and late symptomatic

(late‐HD; 12 and 16 days). Retrotranscription (0.2 μg RNA) was

performed according to the manufacturer’s instructions (Promega).

Two quantitative PCR (qPCR) amplification‐specific primers for

peroxisome proliferator‐activated receptor γ coactivator 1α (PGC‐1α,

forward: GATGGCACGCAGCCCTAT, reverse: CTCGACACGGAGAGT

TAAAGGAA) and β‐actin (Actb, forward: TTAGTTGCGTTACACCC

TTTC, reverse: ACCTTCACCGTTCCAGTT) were used, as reported

by Cui et al. (2006). The following primers were used for the

quantification of mitochondrial DNA (mtDNA) copy number in total

DNA (extracted with phenol:chloroform) as described by Venegas,

Wang, Dimmock, and Wong (2011): NADH‐ubiquinone oxidoreductase

chain 1 (Nd1), forward: CAGCCTGACCCATAGCCATA, reverse:

ATTCTCCTTCTGTCAGGTCGAA); Gapdh, forward: GCAGTG

GCAAAGTGGAGATT, reverse: GAATTTGCCGTGAGTGGAGT). The

following specific oligonucleotide primers for PGC‐1/Spargel and rp49

genes were designed by Primer Express Software (Thermo Fisher

Scientific). Primers used for PGC‐1/Spargel were srl Fw (TCCGA

GATCCGCAAAAAAGA) and srl Rv (CCCCAGTTGTTCCGGCTTAT);

primers for rp49 were Rp49RTFw (CAGTCGGATCGATATGCTAAGC)

and Rp49RTRv (GGCATCAGATACTGTCCCTTGAA).

qPCR was run on a 7900HT Fast Real time‐PCR System. The

reactions were performed as reported by Mucerino et al. (2017). All

reactions were run in triplicate, normalized to the housekeeping

gene, and the results were expressed as mean ± SD. The − ΔΔ2 Ct

method was used to determine the relative abundance of mtDNA or

genes of interest (Schmittgen & Livak, 2008).

2.11 | ROS detection

To measure ROS level, fly brains were incubated in 30 µM H2DCF in

PBS 1× buffer for 10min, washed three times in PBS 1× buffer and

imaged immediately. The intensity of the brains fluorescence was

measured by using a Leica SP8 confocal and Digital Light Sheet

(Leica, Wetzlar, Germany). The total (average) fluorescence intensity

of each individual brain imaged was quantified using ImageJ.

2.12 | Statistical analyses

For both in vitro and in vivo experiments, all quantitative data were

presented as the mean ± SD, and statistical significance was evaluated

using the Student’s t test or one‐way analysis of variance, followed by

post‐hoc Bonferroni’s test for multiple comparisons to determine any

statistical differences between groups. Each experiment was performed

at least three times. All the data were analyzed with the GraphPad

Prism version 5.01 statistical software package (GraphPad, La Jolla, CA).

3 | RESULTS

3.1 | Meldonium protects STHdhQ111/111 cells from
death induced by serum deprivation

Before evaluating the effects of meldonium on in vivo HD models, we

tested the molecule in several well‐established in vitro assays.

First, we analyzed the effect of meldonium on immortalized

striatal cell lines expressing wild‐type (STHdhQ7/7) or mutant full‐
length huntingtin protein (STHdhQ111/111; Trettel et al., 2000).

As reported in Figure 1a,b a concentration of meldonium ranging

from 25 to 100µM did not affect cell viability in both striatal cell lines.

The mHtt bearing 111 glutamines in the N‐terminal domain (Q111/

Q111) can promote neuronal cell death depending on the culture

conditions. In Figure 1c, we demonstrate that Q111/Q111 expression

caused cytotoxicity under serum‐deprived conditions, while STHdhQ7/7

cells were resistant to serum deprivation. The effect of meldonium on

striatal cells after serum deprivation was examined at different

concentrations and time. The STHdhQ111/Q111 cell viability following

serum deprivation was improved by meldonium (Figure 1d,e).

Since researchers have demonstrated that both soluble forms of

mHtt aggregates and insoluble mHtt deposits engender neurotoxi-

city, we carried out experiments to test the hypothesis that

meldonium can affect STHdhQ111/111 cell viability via a reduction of

mHtt aggregates.

Interestingly, western blot analysis demonstrated that 50 μM

meldonium significantly diminished (p < 0.01) the high molecular

weight of mHtt aggregates in the STHdhQ111/111 cell line (Figure 2).

This supports the idea that meldonium’s protective role could be

related to an ability to modulate mHtt aggregation or degradation.

The meldonium concentration required to obtain a significant

biological effect was 50 μM in all the assays performed: thus, the

same concentration was used in conducting further experiments.
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3.2 | Meldonium induces PGC‐1α expression

There is substantial evidence that the transcriptional coactivator

PGC‐1α pathway results impaired in HD and its upregulation could

promote clearance of mHtt aggregates, thereby decreasing mHtt

neurotoxicity (Tsunemi et al., 2012). Thus, we evaluated whether

meldonium was able to increase PGC‐1α expression in treated

cells.

We confirmed that PGC‐1α expression, at both the transcrip-

tional level (Figure 3a) and translational level (Figure 3b), was

significantly downregulated (p < 0.01) in the STHdhQ111/111 cell line

compared with the STHdhQ7/7 cell line.

Again, meldonium treatment significantly increased the messenger

RNA (mRNA) expression of PGC‐1α in STHdhQ111/111 cells (Figure 3a;

p< 0.01), and the augmented amount of the PGC‐1α protein also

reflected this increment (Figure 3b; p< 0.01).

F IGURE 2 Meldonium decreases

mutated huntingtin (mHtt) aggregates in
the STHdhQ111/111 cell line. (a)
Representative western blot of mHtt
aggregates in STHdhQ111/111 cell line

versus STHdhQ7/7 cell line. (b)
Representative western blot of mHtt
aggregates in STHdhQ111/111 cell line

incubated for 72 hr in the presence of
25–50‐100 μM meldonium. Densitometric
quantification was performed on three

different experiments and the results
expressed as the mean of the values
obtained (mean ± SD). Statistical

significance: **p < 0.01 versus untreated
STHdhQ111/111 cell line; one‐way analysis
of variance, with post‐hoc Bonferroni’s
test. Bars represent the means ± SD; n = 3

F IGURE 3 Meldonium restores the peroxisome proliferator‐activated receptor γ coactivator 1α (PGC‐1α) signaling pathway in STHdhQ111/111

cell line. (a) PGC‐1αmessenger RNA expression in STHdhQ7/7, STHdhQ111/111, and 24 hr, 50 μMmeldonium‐treated STHdhQ111/111 cells. (b) PGC‐1α
protein expression in STHdhQ7/7, STHdhQ111/111, and 24 hr, 50 μM meldonium‐treated STHdhQ111/111 cells. Representative cropped western
blot of PGC‐1α. Data were normalized to the housekeeping gene β‐actin (Actb) and to the housekeeping protein glyceraldehyde 3‐phosphate
dehydrogenase (GAPDH), respectively. Statistical significance: ##p < 0.01 versus STHdhQ7/7 cells; **p < 0.01 versus untreated STHdhQ111/111

cells; one‐way analysis of variance, with post‐hoc Bonferroni’s test. Bars represent the means ± SD; n = 3
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3.3 | Meldonium affects mitochondrial mass and
dynamics

Researchers have demonstrated that PGC‐1α modulates mito-

chondrial biogenesis and mitochondrial dynamics in neuronal cells

(Chiang et al., 2016; Dambrova et al., 2016). At first, we performed

experiments to evaluate whether meldonium‐treated cells exhib-

ited an increase in mitochondrial mass. For these studies,

STHdhQ111/111 cells were treated with meldonium at the indicated

concentrations for 72 hr, and then incubated with MitoTracker

Green to determine mitochondrial mass. The fluorescent intensity

changes, recorded and analyzed by Cytation 3 Multi‐Mode Reader

(BioTek), demonstrated that meldonium treatment induced a

significant increase in mitochondrial mass levels (Figure 4a). As

reported in Figure 4b, these results were corroborated by the

analysis of mtDNA level in treated and untreated cell lines.

We also investigated mitochondrial dynamics in STHdhQ7/7 and

STHdhQ111/111 cell lines by confocal microscopy after incubation with the

MitoTracker Red dye. In agreement with previous reports (Dickey et al.,

2017), we found that the STHdhQ7/7 mitochondrial network exhibited a

branched, tubular morphology, while it appeared fragmented with many

small and short mitochondria in STHdhQ111/111 cells (Figure 4c). In

particular, we observed a significant decrease in the percentage of longer

mitochondria (>3 μm) and a corresponding significant increase of shorter

mitochondria in STHdhQ111/111 cells (Figure 4d).

Confocal microscopy analysis showed that the tubular morphology

of mitochondria was restored in STHdhQ111/111 meldonium‐treated cells

(Figure 4c). Mitochondria appeared as long tubular structures extending

in the whole cytosol, and only a small percentage of the mitochondrial

network remained still fragmented (Figure 4d). As expected, we did not

find any differences in STHdhQ7/7 cells after meldonium treatment and

we exclude any off‐target effect (Figure 4c).

F IGURE 4 Meldonium improves mitochondrial mass and dynamics. (a) Cellular content of mitochondria in STHdhQ7/7 and STHdhQ111/111 cells with
and without treatment with 50 μM meldonium for 72 hr. The mitochondria were stained with MitoTracker Green FM and the fluorescence was
quantified with the Cytation 3 Multi‐Mode Reader and expressed relative to the control condition (STHdhQ7/7 cells without meldonium). Bars represent
the mean± SD; n=3. Statistical significance: §§p< 0.01 versus STHdhQ7/7 cells and 72hr, 50 μM meldonium‐treated STHdhQ7/7 and STHdhQ111/111

cells; Student’s t test. (b) Evaluation of mitochondrial DNA (mtDNA) copy number. Quantitative polymerase chain reaction was used to determine the
mtDNA/nuclear DNA ratio in STHdhQ7/7 and STHdhQ111/111 cells with and without treatment with 50 μM meldonium for 72 hr. Bars represent the
mean± SD; n=3. Statistical significance: §§p<0.01 versus STHdhQ7/7 cells and 72hr, 50 μMmeldonium‐treated STHdhQ7/7 and STHdhQ111/111 cells; one‐
way analysis of variance with post‐hoc Bonferroni’s test. (c) Representative images of STHdhQ7/7 and STHdhQ111/111 cells with and without treatment
with 50 μM meldonium for 72 hr, stained with MitoTracker Red treatment. Images were acquired with a confocal microscope taking Z‐slices from the
top to the bottom of cells. The three‐dimensional reconstruction is shown in small panels. Scale Bar=5 μm. (d) Quantification of mitochondrial shape

according to length. Bars represent the mean± SD; n=3. Statistical significance: ###p<0.001 versus untreated STHdhQ7/7 cells; ***p<0.001 versus
untreated STHdhQ111/111 cells; Student’s t test [Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Meldonium increased lifespan and survival
rate in the fly HD model

To evaluate the potentiality of meldonium in vivo, we used a well‐
established Drosophila melanogaster model for HD (Q128HD‐FL) in
which the human HTT complementary DNA (cDNA), with 128

glutamine repeats, is expressed in all neuronal tissues (genotype:

elav‐Gal4/+; UAS‐HttFL‐Q128/+; Romero et al., 2008).

To investigate the effect of meldonium on Drosophila adults, we

first confirmed whether feeding flies on food supplemented with this

compound influences the food intake. With this aim, we used a red‐
dyed assay. We allowed the flies to feed for 1 day in the red‐dyed
assay food supplemented or not with meldonium. Importantly, the

ingestion of the food with meldonium did not differ significantly from

the food without meldonium (Figure 5a). We observed this result for

flies expressing full‐length human cDNA with 128 Q under the

control of the elav‐GAL4 driver as well as for the control strain

expressing GFP under the elav‐GAL4 driver.

Of interest, in the transgenic Q128HD‐FL strain we used, HD had

a very aggressive disease course and was usually fatal within 30 days.

The flies developed age‐dependent neurodegenerative phenotypes,

with initial hyperactivity followed by a progressive loss of coordina-

tion and motor impairment.

To test whether meldonium could slow the course of the disease

and the onset of pathological symptoms, we measured the survival

rate as well as the ability of Q128HD‐FL flies to climb a vial wall as a

function of meldonium treatment.

Our results clearly indicate that meldonium‐treated Q128HD‐FL
flies had significantly extended lifespans compared with untreated

sibling flies (Figure 5b). Specifically, the mean lifespan of flies in the

meldonium‐treated group increased by 20%, and the maximum

lifespan increased by about 19% (p < 0.001). Additionally, a compar-

ison between the two lifespan curves revealed that meldonium

significantly increased the survival rate of Q128HD‐FL flies. As

shown in Figure 5c, the two curves overlap in the first 13 days and

diverge thereafter due to better survival of the meldonium group

flies. The survival curve of untreated flies fell rapidly between 13 and

24 days, while the survival curve of treated flies slowly declined

slowly declined between 18 and 24 days, dropping quickly thereafter

(p < 0.001). Furthermore, the turning drop point of the treated fly

group was later than the untreated group.

3.5 | Meldonium ameliorates htt‐linked symptoms
in HD flies

To study the effect of meldonium on neuronal dysfunction, we

evaluated its impact on the motor function of Q128HD‐FL transgenic

flies grown on normal or meldonium‐supplemented food. HD flies

exhibited progressive abnormal movements with age because of

impaired motor neuronal function, revealed by the climbing test,

which exploits the strong negative geotaxis behavior of Drosophila.

Our results show that meldonium treatment significantly improved

the climbing ability of transgenic flies (Figure 5d). Motor dysfunction

of nontreated flies was early and progressive and most prominent on

Day 12 posteclosion when the flies tended to stay at the bottom of

the vial or climb only a short distance. In contrast, the climbing ability

of meldonium‐treated flies was remarkably higher. Their motor

disability arose later and was most prominent on Day 17 posteclo-

sion. Moreover, the percentage of flies that achieved the target (10 s)

was significantly higher at each age point examined (p < 0.001).

3.6 | Meldonium induces upregulation of the
dPGC‐1α gene in D. melanogaster

Results obtained on Htt‐cells showed that meldonium treatment

significantly enhances the levels of the PGC‐1α transcript and protein

(Figure 3). To investigate whether the observed upregulation of

PGC‐1α was evident also in the in vivo HD model, we analyzed the

RNA levels of the Spargel (srl) gene, the only orthologue of the PGC‐1
family in Drosophila (Gershman et al., 2007).

Consistent with the idea that the enhancement of PGC‐1α
activity may offer neuroprotection, we carried out a qRT‐PCR assay

to measure the level of the Spargel transcript in Drosophila. We first

analyzed the Spargel mRNA expression in the progression of HD.

Based on the motor dysfunction, we performed this assay at four

different age steps: presymptomatic (pre‐HD; 0 days old), early

symptomatic (early‐HD; 4 days old) and late symptomatic (late‐HD;

12 and 16 days old) transgenic flies. Interestingly, we found that the

level of the Spargel transcript decreased with the progression of HD

with a significant decline in the late symptomatic Q128HD‐FL
(Figure 5e).

We next performed this assay in meldonium‐treated siblings, and

our results clearly indicate that in HD flies fed with meldonium,

Spargel is significantly upregulated (about 1.6–1.8‐fold) in all time

points tested (Figure 5f).

In conclusion, the dPGC‐1α/Spargel gene in D. melanogaster was

significantly upregulated in the head tissues of the HD flies after

meldonium treatment, starting from the early stage of HD.

3.7 | ROS level measurement

Given the critical role that oxidative stress can play in the

development of HD, we compared the oxidative status of 10‐day‐
old HD transgenic flies with the same flies following meldonium

treatment. Our results clearly demonstrate that HD transgenic flies

have an increased level of ROS when compared with wild‐type flies

(Figure 6), confirming the data obtained in other HD models (Scialò

et al., 2016). In HD transgenic flies, meldonium supplementation

reduced the level of oxidative stress in brain tissues (Figure 6).

4 | DISCUSSION

The results presented in this report indicate that meldonium corrects

the HD phenotype in cellular and insect models, predominantly by

8 | DI CRISTO ET AL.



F IGURE 5 Meldonium effect on the fly Huntington’s disease (HD) model. (a) Transgenic Q128HD‐FL flies fed with red food and red food
supplemented with meldonium. Both flies present the same coloration in the abdomen. (b) Lifespan of Q128HD‐FL transgenic flies fed with
meldonium and control diet. The data were given as mean ± SD; n = 300. Change lifespan % = control−treatment/control lifespan×100. Statistical

significance: ***p < 0.001 versus flies fed with control diet; Student’s t test. (c) Comparison of age‐dependent survival curves of Q128HD‐FL
transgenic flies fed with diets either containing meldonium or not indicated highly significant differences (p < 0.001); n = 300; Student’s t test. (d)
Negative geotaxis assay in Q128HD‐FL transgenic flies fed with meldonium and with control food. Treated flies showed defects in their climbing
ability later than nontreated siblings. The data were given as mean ± SD; n = 300; p < 0.001 versus untreated group at each age point examined;

one‐way analysis of variance (ANOVA) with post‐hoc Bonferroni’s test. (e) dPGC‐1α/Spargel messenger RNA (mRNA) expression in the
progression of fly HD model. The levels of Spargel mRNA in each sample were normalized against the level of rp49 based on standard curves.
Statistical significance: **p < 0.01 and ***p < 0.001 versus age‐matched control parental strain; one‐way ANOVA analysis with post‐hoc
Bonferroni’s test. (f) dPGC‐1α/Spargel mRNA expression in Q128HD‐FL transgenic flies after meldonium treatment. The dPGC‐1α/Spargel mRNA
level in each sample was normalized against the level of rp49 based on standard curves. The normalized levels of the srl transcript at four
different age steps were then compared with those of age‐matched untreated flies using the analysis of variance one‐way ANOVA, followed by

the post‐hoc Bonferroni’s test. Statistical significance: **p < 0.01, ***p < 0.001 versus Q128HD‐FL flies without meldonium supplementation.
Bars represent the means ± SD; n = 3 [Color figure can be viewed at wileyonlinelibrary.com]
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restoring a proper mitochondrial functionality as summarized in

Scheme 1.

The ever‐increasing understanding of how the mutant huntingtin

protein causes neuronal dysfunction and death has produced a

multitude of rational therapeutic targets. Many scientific reports

have suggested the decisive involvement of mitochondrial dysfunc-

tion, including defects in bioenergetics, mitochondrial fusion/fission,

mitochondrial movement, and transcription in the pathogenesis of

HD (Kim et al., 2010). Whether correction of these mitochondria‐
associated dysfunctions is sufficient to inhibit the neurodegenerative

process remains uncertain. Over the past years, without any definite

success up to now, researchers have tested agents able to improve

mitochondrial function and correct some mitochondrial defects for

their therapeutic effects on in vitro and in vivo HD models

(Rosenstock, Duarte, & Rego, 2010).

Meldonium inhibits endogenous carnitine synthesis and carnitine

cell uptake, thus lowering carnitine availability inside the cell

(Dambrova et al., 2016). Carnitine has a vital role in the metabolism

of FAs as a substrate for the reversible acylation of coenzyme A and

as a carrier for the transport of acyl units from cytosol across the

inner mitochondrial membrane to the mitochondrial matrix, and vice

versa (Adeva‐Andany, Calvo‐Castro, Fernandez‐Fernandez, Donap-

etry‐Garcia, & Pedre‐Pineiro, 2017).
Therefore, the way through which meldonium hypothetically

induces changes in glucose metabolism is by acting in the Randle

cycle as a compensatory mechanism of decreased carnitine‐
dependent FA oxidation in mitochondria. Interestingly, the World

Anti‐Doping Agency (the regulatory body overseeing drug screen-

ing for international sporting events) has classified meldonium, for

its metabolic activity, as a performance‐enhancing drug, a category

that also includes insulin and trimetazidine (Thevis, Kuuranne, &

Geyer, 2018).

Administration of meldonium has already been shown to exert a

neuroprotective action in different models of central nervous system

diseases, including Parkinson’s and Alzheimer’s disease.

In the current study, we found that treatment with meldonium

attenuated in vitro cytotoxicity induced by mHtt and decreased

intracellular mHtt aggregate formation. To further test our results in

vivo, we used a transgenic Drosophila model of HD in which the

expression of Htt, with a 128Q expansion (Q128HD‐FL) in the

nervous system, leads to progressive motor performance deficits

when compared with normal insects. Indeed, Q128HD‐FL transgenic

flies exhibit progressive abnormal movements with age because of

impaired motor neuronal function, revealed by a climbing test, which

exploits the strong negative geotaxis behavior of Drosophila. Our

results demonstrate that meldonium‐treated Q128HD‐FL transgenic

flies show a significant delay in disease onset with a concomitant

lifespan increase, and they perform better than untreated Q128HD‐
FL flies. Again, the effects observed were related to an increased

expression of Spargel (srl) gene, the only orthologue of the PGC‐1
family in Drosophila (Gershman et al., 2007). A recent study based on

an RNAi approach reported that knocking down the Spargel gene

reduced the locomotion ability of adult flies (Merzetti & Staveley,

2015), inducing time‐dependent impairment in their climbing ability

F IGURE 6 Meldonium reduces reactive oxygen species (ROS) production in Huntington’s disease (HD) transgenic flies brains. (a)

Representative images of Drosophila‐dissected brains from control parental flies (1), Q128HD‐FL flies without meldonium supplementation (2),
and Q128HD‐FL flies with meldonium supplementation (3). (b) Fluorescence intensity quantification of each individual brain imaged. Statistical
significance: ###p < 0.001 versus control parental flies; ***p < 0.001 versus Q128HD‐FL without meldonium supplementation; one‐way analysis

of variance with post‐hoc Bonferroni’s test. Bars represent the means ± SD; n = 3 [Color figure can be viewed at wileyonlinelibrary.com]
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(Ng et al., 2017). In contrast, Spargel overexpression significantly

improved the climbing performance of parkin null flies, a strain of

Drosophila characterized by disability in mobility.

Regarding the meldonium effects that we described, we cannot

relate them in an oversimplified way to the reported mechanism of

action of the drug on endogenous carnitine synthesis and tissue

uptake leading to a reduction of cytotoxic intermediate products of

FA β‐oxidation. Alternatively, the long‐term decline in mitochondrial

FA oxidation induced by chronic treatment with meldonium might

generate compensatory mechanisms that strongly reprogram cell

metabolic phenotype. A recent study reported that meldonium

modified the abundance of 189 mRNAs modulating fuel selection,

highlighting the regulation of discrete cellular functions and meta-

bolic pathways (Porter et al., 2017).

Interestingly, Liepinsh et al. (2008) revealed that long‐term
treatment with meldonium stimulated a compensatory activation of

the PGC‐1α signaling pathway. PGC‐1α is the master coregulator of

mitochondrial biogenesis, energy homeostasis, and antioxidant

defense (Liu & Lin, 2011). Impaired PGC‐1α expression and down-

stream signaling changes have been already demonstrated to

underpin mitochondrial dysfunction in HD neurons (Johri, Chandra,

& Flint beal, 2013). Therefore, an upregulation of this critical

transcriptional coactivator, sitting at the crossroads of mitochondrial

functions, would be beneficial in HD (McGill & Beal, 2006).

However, the transcriptional regulatory factors that link up-

stream signaling pathways to PGC1A gene expression in the brain

are only partially defined. At the PGC‐1α promoter, there are binding

sites for transcription factors myocyte enhancer factor 2 (MEF2),

forkhead box class O (FoxO1), activating transcription factor 2

(ATF2), and cAMP response element–binding protein (CREB), all of

which enhance PGC‐1α transcription. These factors, in turn, are

modulated by different signaling pathways. Insulin activates Akt,

which leads to cytoplasmic sequestration and inhibition of FoxO1.

Cytokines and exercise activate p38 mitogen‐activated protein

kinase (p38MAPK), which phosphorylates and activates MEF2 and

ATF2. Exercise also stimulates Ca2+ signaling, which, through

calmodulin‐dependent protein kinase IV and calcineurin A, induces

CREB and MEF2‐mediated PGC‐1α transcription. Cold activates β3‐
adrenergic receptors in muscle and brown fat, leading to protein

kinase A‐mediated activation of CREB. Interestingly, in vivo studies

have demonstrated that PPARγ activation by Rosiglitazone attenu-

ates mutant HTT induced toxicity in HTT striatal cells (Quintanilla,

Jin, Fuenzalida, Bronfman, & Johnson, 2008), and prevents PGC‐1α
reduction in HD mouse brain (Jin et al., 2013). In addition, it was

demonstrated that bezafibrate, an agonist of Pan‐PPAR, activated
mitochondrial biogenesis and restored levels of PGC‐1α, PPARs, and
downstream genes in a transgenic mouse model of HD (Johri

et al., 2012).

In our study, we showed that the results of meldonium treatment,

including the in vivo effects, were coupled to PGC‐1α or its

orthologue Spargel (srl) gene overexpression. We might explain the

same normalization of mitochondrial dynamics by the increase of

PGC‐1α expression, which in turn induces a balanced expression of

fusion/fission genes by binding to their promoters and implying its

direct role in the regulation of mitochondrial dynamics (Dabrowska

et al., 2016). Future studies should clarify whether PPARγ activation

mediates the PGC‐1α elevation induced by meldonium or is related

to other PPAR‐independent mechanisms.

Finally, the studies reporting that supplementation of carnitine

alone can exert only partial neuroprotective effects in HD

experimental model are in agreement with our findings (Mehrotra,

Sood, & Sandhir, 2015). Since an increase of free carnitine cannot

modify the metabolic attitude of mHtt cells to utilize FA as

mitochondrial fuel, carnitine can only alleviate the effects of the

SCHEME 1 Regulatory mechanism of meldonium in Huntington’s disease models. Schematic representation of two potential pathways
involved in meldonium modulation mechanism of peroxisome proliferator‐activated receptor γ coactivator 1α (PGC‐1α). ROS: reactive oxygen
species [Color figure can be viewed at wileyonlinelibrary.com]
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mitochondrial overloading of long‐chain FA, making it possible to

export FA as acylcarnitines from cytosol to the bloodstream.

Indeed, HD patients displayed a significantly distinctive metabolic

pattern characterized by elevated levels of circulating acylcarni-

tines and low levels of free carnitine that turn out to be essential

discriminators between patients with HD and normal controls

(Cheng et al., 2016). This HD carnitine–acylcarnitines profile is the

signature of an inefficient increase of FA utilization that produces

toxic intermediates rather than generates energy. Hence, carnitine

supplementation does not improve mitochondrial dysfunction in

HD, which is why this treatment does not significantly modify the

functional decline of HD patients (Mestre, Ferreira, Coelho, Rosa, &

Sampaio, 2009).

Of interest, on January 1, 2016 the World Anti‐Doping Agency

(WADA) announced that “meldonium would be included on the

Prohibited List because the WADA rates meldonium as a metabolic

modulator whose performance‐enhancing benefits can be applied to

a wide range of athletic activities” (Dambrova & Liepinsh, 2016;

Hughes, 2016). Although the decision to include meldonium on the

WADA’s Prohibited List did not mention any safety concerns, some

authors have also questioned about the safety of meldonium in

humans (Arduini & Zammit, 2016), Thus, more in vivo studies are

needed not only to confirm the effects of meldonium on different

animal models but in particular to investigate potential adverse

effect(s) of the drug. Additionally or alternatively, meldonium

analogues might be synthetized and selected on the basis of their

ability to regulate PGC1 expression and activity with little or no

interference on the carnitine system, to which doping effect is

attributed (Schobersberger, Dünnwald, Gmeiner, & Blank, 2017). A

study describing meldonium derivatives characterized by different

ability to inhibit γ‐Butyrobetaine hydroxylase, a key enzyme in the

generation of carnitine in humans, was recently published (Tars

et al., 2014).
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1	Introduction
1.1	Drug	Delivery	and	Nanotechnologies

Drug	targeting	to	specific	organs	and	tissues	is	one	of	the	critical	endeavors	of	the	new	century.	The	search	for	new	drug-delivery	approaches	involves	a	multidisciplinary	scientific	program	aimed	to	improve	the	therapeutic

index	and	bioavailability	with	site-specific	delivery	[1,2].	These	new	delivery	systems	are	engineered	to	reduce	solubility	problems,	protect	the	drug	from	the	external	environment	(e.g.,	photodegradation,	pH	changes),	and	control	the

release	profile	[3,4]	to	improve	the	efficacy	of	treatments	and	reduce	toxicity	and	side	effects	[5].	All	these	devices	must	be	biocompatible	and,	on	these	premises,	the	versatility	and	biodegradability	of	recently	introduced	polymers	of

both	synthetic	(e.g.,	poly(D,L-lactide-co-glycolide))	and	natural	origin	 (e.g.,	 chitosan)	constitute	a	 leading	approach	 to	new	dosage	 forms	able	 to	deliver	a	higher	dose	at	 site-specific	organs	while	conferring	controlled	 release	and

degradation	of	nontoxic	products	[6].	The	use	of	nanotechnology	for	the	engineering	of	drug-delivery	systems	rapidly	produced	commercially	available	products,	leading	to	the	emergence	of	the	term	“nanomedicine,”	defined	as	the

application	 of	 nanosized	materials	 in	 developing	 new	 therapies.	 At	 this	 scale,	materials	 display	 different	 physicochemical	 properties	 due	 to	 their	 small	 size,	 surface	 structure,	 and	 high	 surface	 area	 [7].	 These	 properties	 allow

nanoparticle	systems	to	overcome	the	 limitations	of	conventional	 formulations	as	 they	 facilitate	 the	 intracellular	uptake	 to	specific	cellular	 targets.	The	requirements	 for	designing	nanovectors	are	controlled	particle	size,	surface

charge,	and	controllable	 release	of	 therapeutically	active	agents	with	a	 targeted	and	 specific	activity	at	 a	predetermined	 rate	and	 time.	For	 these	 systems,	numerous	biological	 applications	are	 reported,	 such	as	cancer	 therapy;

stabilization	and	protection	of	drug	molecules,	proteins,	peptides,	and	DNA;	analysis	of	environmental	hazards;	protein	and	gene	delivery;	self-regulated	releasing	devices;	biorecognizable	systems;	and	stimulus-controlled	vectors	[7].

Thus,	nanotechnology	has	been	adopted	in	several	fields	such	as	drug/gene	delivery	[8,9],	imaging	[10],	and	diagnostics	[11].	Clinically,	nano-drug-delivery	systems	are	used	for	various	routes	of	administration,	including	oral,	nasal,

transdermal,	 parenteral,	 pulmonary,	 and	 ocular,	 with	 an	 aim	 to	 overcome	 various	membrane	 barriers.	 These	 nanometric	 entities	 are	 excellent	 platforms	 to	 incorporate	 drugs	 and	 deliver	 them	 to	 the	 desired	 action	 site	without

compromising	their	activity.	In	particular,	nanovectors	are	used	to	transport	products	that	have	poor	solubility	or	a	short	half-life,	to	solve	many	of	the	inherent	problems	of	these	molecules	(e.g.,	stability,	solubility,	toxicity).

1.2	Hydrogels
The	current	direction	of	material	research	is	aimed	at	fabricating	engineered	systems	that	can	mimic	or	stimulate	native	tissue.	In	particular,	the	design	of	advanced	biomaterials	with	controlled	physical,	chemical,	electrical,

and	biological	properties	 facilitates	 the	 formation	of	 functional	 tissues	 [12,13]	and	holds	enormous	promise	 in	 treating	organ	 failure	resulting	 from	 injuries,	aging,	and	diseases	 [14,15].	Among	 the	various	biomaterials,	hydrogels



(HYGs)	are	particularly	suitable	as	they	can	mimic	the	physical,	chemical,	electrical,	and	biological	properties	of	most	biological	tissues	[12,13,16].	Structurally,	HYGs	are	three-dimensional	polymeric	networks	with	the	tendency	to

absorb	a	large	quantity	of	water	without	dissolving	(up	to	20-	to	40-fold	their	dry	weight).	The	formation	of	this	distinctive	three-dimensional	network	occurs	through	the	crosslinking	of	the	polymeric	chains	via	physical	interactions,

covalent	bonding,	hydrogen	bonding,	and	van	der	Waals	interactions	between	specific	functional	groups	such	as	–OH,	–CONH2,	–SO3H,	–CONH,	and	–COOR.	These	unique	physical	properties	result	in	the	HYG	casting	into	various	sizes

and	shapes	[1].

1.3	Hydrogel	Classification
HYGs	are	classified	on	the	basis	of	their	route	of	synthesis,	types	of	crosslinks,	and	structure.	According	to	the	route	of	synthesis,	HYGs	are	divided	into	“homopolymer	HYGs,”	if	made	of	one	type	of	hydrophilic	monomer;

“copolymer	HYGs,”	if	composed	of	two	types	of	monomers;	and	“multipolymer	HYGs”	or	“interpenetrating	polymer	networks,”	if	composed	of	three	or	more	types	of	monomers	[2].	The	crosslink-based	classification	is	in	regard	to	the

ionic	 charges	 present	 on	 the	 polymer	 network.	 “Anionic	 HYGs”	 are	 thermoassociative	 carboxymethyl	 pullulan	 HYGs	 [3],	 “cationic	 HYGs”	 refers	 to	 new	 thermosensitive	 HYGs	 of	 N-isopropylacrylamide	 (NIPAAm (ok))	 and	 (3-

acrylamidopropyl)trimethylammonium	chloride	[4],	“neutral	HYGs”	are	composed	of	miscible	blends	of	water-insoluble	polymers	like	poly(2,4,4-trimethylhexamethylene	terephthalamide)	[5],	while	“ampholytic	HYGs”	are	HYGs	based

on	 acrylamide	 polymers	 [6].	 Finally,	 the	 physical	 structure	 of	 the	 HYGs	 leads	 to	 classification	 as	 “amorphous	HYGs,”	 if	 there	 are	 randomly	 arranged	 chains	 [7];	 “semicrystalline	HYGs,”	 if	 there	 are	 present	 regions	 of	 ordered

macromolecular	arrangement	[8];	and	“hydrogen-bonded”	or	“complexation”	structures,	if	there	exists	a	three-dimensional	network	linked	by	hydrogen	bonds	[9].	Table	10.1	recaps	the	classification	of	HYGs.

Table	10.1	Hydrogel	Classification

Type	of	Classification Name Composition

Route	of	synthesis Homopolymer	hydrogels One	type	of	hydrophilic	monomer

Route	of	synthesis Copolymer	hydrogels Two	types	of	monomers

Route	of	synthesis Multipolymer	hydrogels Three	or	more	types	of	monomers

Type	of	crosslink Anionic	hydrogels Thermoassociative	carboxymethyl	pullulan	hydrogels

Type	of	crosslink Cationic	hydrogels Thermosensitive	hydrogels	of	N-isopropylacrylamide	and	(3-acrylamidopropyl)trimethylammonium	chloride

Type	of	crosslink Neutral	hydrogels Miscible	blends	of	water-insoluble	polymers	like	poly(2,4,4-trimethylhexamethylene	terephthalamide)

Type	of	crosslink Ampholytic	hydrogels Acrylamide	polymers

Physical	structure Amorphous	hydrogels Randomly	arranged	chains

Physical	structure Semicrystalline	hydrogels Regions	of	ordered	macromolecular	arrangement

Physical	structure Hydrogen-bonded	or	complexation	structures Three-dimensional	network	linked	by	hydrogen	bonds

1.4	The	Esigen(Exigence)ce	of	Hydrogel	Nanocomposite	Systems
HYGs	have	many	applications,	particularly	in	stem	cell	engineering,	immunomodulation,	and	cancer	research	[17,18].	Most	of	these	uses	demand	multiple	functionalities	of	the	HYG	network	and	dynamic	interactions	of	the

HYG	with	the	surrounding	matrices	[18].	For	a	better	functionalization,	a	range	of	innovations	in	polymer	chemistry,	nanofabrication	technologies,	and	biomolecular	engineering	lead	to	HYG	networks	with	customized	functionality	and

nanodimensions	[19].	The	growing	interest	in	developing	nanocomposite	HYGs	for	various	biomedical	applications	is	shown	by	the	sharp	increase	in	the	number	of	publications	related	to	HYG	nanocomposite	systems	(NC-HYGs)	(Fig.

10.1).



2	Hydrogel	Nanocomposite	Systems
NC-HYGs	are	the	most	recent	advances	(as	of	this	writing)	in	HYG	technology	and	are	defined	as	crosslinked	three-dimensional	water-swollen	networks	in	the	presence	of	nanoparticles.	The	formation	of	these

networks	occurs	through	physical	and	chemical	interactions	in	which	the	inclusion	of	nanoparticles	adds	unique	properties	like	mechanical	resistance,	optical	activity,	thermal	behavior,	barrier	resistance,	etc.	[10].

The	extraordinary	features	introduced	by	NC-HYGs	can	overcome	the	limitations	of	conventional	HYGs.

2.1	Materials	Used	for	Hydrogel	Nanocomposite	Systems
A	wide	range	of	nanosized	composites	can	be	used	to	produce	NC-HYGs.	Practical	examples	are	the	clays	in	the	smectite	group	(e.g.,	hectorite,	montmorillonite),	their	modifications	(e.g.,	by	fluorination	or	addition	of	pyloric

acid),	synthetic	mica	[20,21],	polyhedral	oligomeric	silsesquioxane	[22,23],	rigid	polysiloxane	[24],	fibrillar	attapulgite	[25],	and	hydrotalcite	[26].

Hectorite	is	a	rare	soft,	greasy,	white	mineral	with	the	chemical	formula	Na0.3(Mg,Li)3Si4O10(OH)2	that	occurs	as	an	alteration	product	of	clinoptilolite	from	volcanic	ash	[27].	Large	deposits	of	hectorite	are	available,	and	this

compound	is	mostly	used	in	making	cosmetics,	thanks	to	its	swelling	properties.

Montmorillonite	is	a	very	soft	phyllosilicate	group	of	minerals	that	precipitate	from	water	solutions	as	microscopic	crystals	and	that	have	strong	cation-exchange	capacity	due	to	the	isomorphous	substitution	of	magnesium	for

alumina	in	the	central	alumina	plane.	The	individual	crystals	of	montmorillonite	clay	are	not	tightly	bound,	causing	the	clay	to	swell.	Thus,	the	water	content	of	montmorillonite	is	variable	and	it	increases	greatly	in	volume	under	wet

conditions.	This	swelling	property	makes	montmorillonite	useful	as	an	anticaking	agent	in	animal	feed,	in	papermaking,	and	as	a	retention	and	drainage	aid	component	for	cosmetics	and	drugs.	In	particular,	montmorillonite	is	effective

as	an	adsorptive	of	heavy	metals	[28]	and	to	treat	contact	dermatitis	[29].

Mica	comprises	a	group	of	sheet	silicate	minerals	having	nearly	perfect	basal	cleavage.	All	are	monoclinic,	with	a	tendency	toward	pseudohexagonal	crystals,	and	are	similar	in	chemical	composition,	with	the	general	formula

X2Y4–6Z8O20(OH, F)4,	in	which	X	is	commonly	potassium,	sodium,	or	calcium;	Y	is	alumina,	magnesium,	or	iron;	while	Z	is	silica,	alumina,	iron,	or	titanium	[30].	The	commercially	important	micas	are	muscovite	and	phlogopite,	which	are

used	in	a	variety	of	applications	because	these	sheets	are	chemically	inert,	dielectric,	elastic,	flexible,	hydrophilic,	insulating,	lightweight,	platey,	reflective,	refractive,	and	resilient,	with	a	range	in	opacity	from	transparent	to	opaque.

Micas	are	stable	when	exposed	to	electricity,	light,	moisture,	and	extreme	temperatures	and	have	superior	electrical	properties	as	insulators	and	dielectrics.	These	properties	make	them	useful	in	drug-delivery	applications.

Silsesquioxane	comprises	organosilicon	compounds	with	the	chemical	formula	(RSiO3/2)n	(R=H,	alkyl,	aryl,	or	alkoxyl).	Silsesquioxanes	are	colorless	solids	that	adopt	cagelike	or	polymeric	structures	with	Si–O–Si	linkages	and

tetrahedral	Si	vertices,	which	have	attracted	attention	as	precursors	to	ceramic	materials	and	nanocomposites	[31].	The	silica	core	confers	rigidity	and	thermal	stability,	while	several	substituents	can	be	attached	to	the	silica	centers,

forming	an	organic	exterior	 [31].	 In	medicine,	silsesquioxanes	have	been	 functionalized	with	biocidal	quaternary	ammonium	groups	 to	produce	antimicrobial	coatings	 that	act	as	disinfectants,	antiseptics,	and	antifoulants	 [32].	 In

particular,	the	small	size	of	the	silsesquioxane	molecule	(2–5	nm)	produces	a	prominent	antimicrobial	efficacy	due	to	the	high	charge	density	[32].	In	addition,	the	silsesquioxane	core	in	these	hybrid	materials	provides	an	increased

glass	transition	temperature,	improved	mechanical	properties,	higher	use	temperature,	and	lower	flammability,	leading	to	the	production	of	medical	devices	resistant	to	microbial	infections	[33].

Polysiloxanes,	or	polymerized	siloxanes,	are	polymers	with	a	silicon–oxygen	backbone	and	chemical	formula	(R2SiO)n,	where	R	is	usually	a	methyl,	alkyl,	or	aryl	group.	Polysiloxanes	have	greater	resistance	to	the	effects	of	UV

radiation	than	organic	polymers	containing	a	carbon–carbon	backbone	and	are	available	in	the	form	of	oils,	greases,	rubbers,	or	plastics	depending	on	molecular	weight	[34].	Moreover,	they	are	flexible,	chemically	inert,	permeable	to

gases,	and	water	resistant,	with	a	low	glass	transition	temperature	and	low	surface	energy;	thus,	they	are	suitable	for	industrial	and	medical	protective	and	maintenance	coatings	[35].

Figure	10.1	Number	of	publications	related	to	nanocomposite	hydrogels	(data	updated	to	2013).



Attapulgite	is	a	magnesium	aluminum	phyllosilicate	with	the	formula	(Mg,Al)2Si4O10(OH)·4(H2O)	that	occurs	in	a	type	of	clay	soil	common	to	the	southeastern	United	States.	Attapulgite	forms	gel	structures	in	fresh	and	salt

water	by	establishing	a	lattice	structure	of	particles	connected	through	hydrogen	bonds	[36].	Gel-grade,	dry-processed	attapulgite	is	used	in	a	very	wide	range	of	applications	for	suspension,	reinforcement,	and	binding,	such	as	in

paints,	sealants,	adhesives,	tape-joint	compound,	catalysts,	suspension	fertilizers,	wild-fire	suppressants,	foundry	coatings,	animal	feed	suspensions,	and	molecular	sieve	binders.	In	medicine,	following	oral	administration,	attapulgite

physically	binds	to	acids	and	toxic	substances	in	the	stomach	and	digestive	tract	and	has	an	antidiarrheal	effect	by	adsorbing	the	bacteria	or	germs	that	may	be	causing	the	diarrhea	[37,38].

Hydrotalcite	is	a	layered	double	hydroxide	of	the	general	formula	Mg6Al2CO3(OH)16·4(H2O),	with	high	water	content.	The	layers	of	the	structure	stack,	produce	a	three-layer	rhombohedral	structure	or	a	two-layer	hexagonal

structure;	also	these	two	polytypes	are	often	intergrown	[39].	The	carbonate	anions	that	lie	between	the	structural	layers	are	weakly	bound,	so	hydrotalcite	has	anion-exchange	capabilities	[39].	In	medicine,	hydrotalcite	is	used	as	an

antacid	or	as	a	filler	for	dental	restorations	[40].

Graphene	 is	 an	 allotrope	 of	 carbon	 in	 a	 two-dimensional,	 atomic-scale,	 hexagonal	 lattice	 in	which	 one	 atom	 forms	 each	 vertex.	 Thus,	 it	 can	be	 considered	 as	 an	 indefinitely	 large	 aromatic	molecule,	with	many	unusual

properties	[41].	In	fact,	it	is	about	200	times	stronger	than	steel.	It	efficiently	conducts	heat	and	electricity	and	is	nearly	transparent	[41].	Moreover,	it	can	be	simply	obtained	in	nanosized	dimensions	and	included	into	HYGs.

Bioglasses	are	a	broad	category	of	substances,	with	different	chemical	compositions,	which	include	SiO2,	CaO	and	P2O5,	Na2O,	K2O,	MgO,	Al2O3,	CaF2,	and	B2O3.	The	main	bioactive	glasses	used	clinically	are	the	bioglass	in

the	system	Na2O–CaO–SiO2–P2O5,	tricalcium	phosphate	(Ca3(PO4)2),	crystalline	oxyfluoroapatite	(Ca10(PO4)6O,	F),	and	wollastonite	(CaSiO3).	These	materials	have	useful	thermal	properties	and	are	broadly	used	in	the	synthesis	of	drug-

delivery	systems	[42].

Table	10.2	recaps	the	nanosized	composites	that	are	most	used	to	produce	NC-HYGs.

Table	10.2	Nanosized	Composites	Used	to	Produce	Hydrogel	Nanocomposite	Systems

Name Properties Chemical	Structure

Hectorite Good	swelling	properties Na0.3(Mg,Li)3Si4O10(OH)2

Montmorillonite Swelling	property;	strong	cation-exchange	capacity (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2·n(H2O)

Mica Chemically	inert,	dielectric,	elastic,	flexible,	hydrophilic,	insulating,	lightweight,	platey,	reflective,
refractive,	resilient,	and	range	in	opacity	from	transparent	to	opaque

X2Y4–6Z8O20(OH, F)4,	where	X	is	commonly	potassium,	sodium,	or	calcium;	Y	is	alumina,
magnesium,	or	iron;	while	Z	is	silica,	alumina,	iron,	or	titanium

Silsesquioxane Rigidity	and	thermal	stability (RSiO3/2)n,	where	R=H,	alkyl,	aryl,	or	alkoxyl

Polysiloxanes Great	resistance	to	UV	radiation;	flexible,	chemically	inert,	permeable	to	gases,	water	resistant (R2SiO)n,	where	R=methyl,	alkyl,	or	aryl	group

Attapulgite Capacity	to	form	gel	structures	in	fresh	and	salt	water (Mg,Al)2Si4O10(OH)·4(H2O)

Bioglasses Thermally	active Na2O–CaO–SiO2–P2O5

Graphene Strong;	conductor	of	heat	and	electricity;	transparent

Regarding	the	network	structure	instead,	water-soluble	monomers	containing	amide	groups,	such	as	NIPAAm,	N,N-dimethylacrylamide,	and	acrylamide,	are	the	most	effective,	while	other	monomers	(e.g.,	those	containing

carboxyl,	sulfonyl,	or	hydroxyl	groups)	can	be	used	as	comonomers	[43,44]	or	alone	(forming	less	well	performing	NC-HYGs)	[45].

Poly(N-isopropylacrylamide)	 (PNIPAAm)	 is	 a	 temperature-responsive	polymer	 synthesized	 from	NIPAAm	via	 free	 radical	 polymerization,	which	 forms	a	 three-dimensional	HYG	when	crosslinked	with	N,N′-methylene-bis-

acrylamide	or	N,N′-cystamine-bis-acrylamide.	When	heated	in	water	above	32°C,	PNIPAAm	undergoes	a	reversible	lower	critical	solution	temperature	phase	transition	from	a	swollen	hydrated	state	to	a	shrunken	dehydrated	state,

losing	about	90%	of	its	volume.	Because	of	these	characteristics,	PNIPAAm	has	been	investigated	for	applications	in	tissue	engineering	[46,47]	and	controlled	drug	delivery	[48,49].	In	particular,	PNIPAAm	can	be	placed	in	a	solution	of

bioactive	molecules	for	drug	penetration.	Such	loaded	polymers	can	then	be	placed	in	vivo,	where	there	is	a	rapid	release	of	biomolecules,	due	to	the	initial	gel	collapse,	followed	by	a	slow	release	of	biomolecules	due	to	surface	pore

closure	[50].	Examples	of	these	drug-delivery	systems	include	the	intestinal	delivery	of	human	calcitonin	[51],	insulin	[51],	and	ibuprofen	[52].



Polyacrylamide	 is	a	polymer	with	 the	chemical	 structure	–CH2CHCONH2–	 formed	 from	acrylamide	 subunits.	 It	 can	be	 synthesized	as	a	 simple	 linear-chain	 structure	or	 in	 the	crosslinked	 form,	using	N,N′-methylene-bis-

acrylamide.	Polyacrylamide	is	highly	water	absorbent,	forming	a	soft	gel	when	hydrated.	Such	material	is	commonly	used	in	manufacturing	soft	contact	lenses,	and	as	a	thickener	and	suspending	agent.	More	recently,	it	has	been	used

as	a	subdermal	filler	for	aesthetic	facial	surgery	[53].

Polyamidoamine	(PAMAM)	is	a	class	of	dendrimer	that	is	made	of	repetitively	branched	subunits	of	amide	and	amine	functionality	[54].	Like	other	dendrimers,	PAMAMs	have	a	spherelike	shape	with	an	internal	molecular

architecture	consisting	of	treelike	branching.	PAMAM	dendrimers	exhibit	great	biocompatibility	due	to	the	combination	of	surface	amines	and	interior	amide	bonds	with	properties	similar	to	those	of	globular	proteins	[55].	The	relative

ease	 and	 low	 cost	 of	 synthesis	 of	 PAMAM	 dendrimers	 along	with	 their	 biocompatibility,	 structural	 control,	 and	 functionalizability,	 have	made	 PAMAMs	 viable	 candidates	 for	 applications	 in	 drug	 development,	 biochemistry,	 and

nanotechnology	[55–57].

Poly(glycerol–succinic	acid)	is	a	novel	dendrimer	composed	of	glycerol	and	succinic	acid.	It	is	composed	entirely	of	building	blocks	known	to	be	biocompatible	with	or	degradable	in	vivo	by	natural	metabolites	and,	because

of	this,	is	broadly	used	for	drug-delivery	systems	[58].

Poly(ethylene	glycol)	(PEG)	is	a	polyether	compound	with	the	chemical	structure	H–(O–CH2–CH2)n–OH	and	with	different	molecular	weights.	These	differences	lead	to	different	physical	properties	(e.g.,	viscosity,	due	to	chain

length	effects),	but	with	nearly	identical	chemical	properties	[59].	Different	forms	of	PEG	are	also	available,	depending	on	the	initiator	used	for	the	polymerization	process	[59].	In	medicine,	PEG	is	the	basis	of	a	number	of	laxatives	and

bowel	preparations	before	surgery	or	colonoscopy.	Moreover,	it	is	used	as	an	excipient	in	many	pharmaceutical	products	and,	when	attached	to	various	protein	medications,	it	allows	a	slowed	clearance	of	the	carried	protein	from	the

blood	[60].

Poly(amine–ester)	is	a	polymer	composed	of	ester	covalently	linked	with	amine.	These	are	often	synthesized	has	hyperbranched	poly(amine–ester)	(HPE)	macromers	with	different	degrees	of	terminal	modification,	to	make

injectable	HYGs	as	multidrug-delivery	systems.	In	fact,	the	aqueous	solutions	of	these	macromers	are	fast	transformed	into	a	HYG	at	body	temperature	with	a	low	concentration	(0.05	wt%)	of	ammonium	persulfate	[61].	Such	polymers

are	readily	functionalized,	making	them	useful	in	a	variety	of	applications.

Table	10.3	recaps	the	most-used	monomers	for	network	structures	of	NC-HYGs.

Table	10.3	Composites	for	the	Network	Structure	of	Hydrogel	Nanocomposite	Systems

Name Properties Chemical	Structure

Poly(N-isopropylacrylamide) Temperature	responsive;	reversible	lower	critical	solution;	temperature	phase	transition	at	32°C

Polyacrylamide Highly	water	absorbent

Polyamidoamine Great	biocompatibility;	low	cost	of	synthesis;	structural	control;	functionalizability

Poly(glycerol–succinic	acid) Highly	biocompatible;	highly	biodegradable



Poly(ethylene	glycol) Modulatable	viscosity

Poly(amine–ester) Functionalizability

2.2	Synthetic	Procedure
The	synthetic	procedure	for	NC	gel	formation	consists	of	the	in	situ	free	radical	polymerization	of	monomers	in	the	presence	of	nanoparticles	uniformly	dispersed	in	the	medium	[62].	Nanoparticles	are	used	as	reinforcing

agents	and	are	also	able	to	act	as	multifunctional	crosslinkers	[63–66]	 that	can	be	used	alone	or	 together	with	an	organic	crosslinker	 to	produce	an	NC-HYG	[67].	 Ideal	nanoparticles	must	have	a	diameter	of	about	30	nm,	while

particles	of	larger	sizes	(e.g.,	>300	nm)	are	less	effective	probably	because	of	insufficient	exfoliation	and	moderate	aggregation	in	aqueous	solutions.

2.3	Structure
The	network	structure	of	an	NC-HYG	was	proposed	on	the	basis	of	analytical	data	from	transmission	electron	microscopy	(TEM),	X-ray	diffraction,	thermogravimetric	analysis,	differential	scanning	calorimetry,	and	Fourier

transform	infrared	spectroscopy	measurements	[62],	and	according	to	the	observed	mechanical,	optical,	and	swelling	properties	of	these	materials	[64,65].	The	confirmed	hypothesis	affirms	that	nanoparticles	disperse	homogeneously

in	the	polymer	matrix	[68]	and	act	as	multiple	crosslinkers	[69,70].	Moreover,	the	thermal	fluctuations	of	the	nanocomponents	are	largely	suppressed	upon	network	formation	[71].	The	crosslinker	nature	of	nanoparticles	was	settled	by

rubber-elasticity	theory	and	it	was	calculated	that	each	nanoparticle	has	more	than	100	crosslinking	points	[64,65].	The	effective	crosslink	density	was	obtained	by	rheological	measurements	[72]	and	through	the	degree	of	equilibrium

swelling	 (ES)	with	 the	 Flory–Rehner	 theory	 [73].	 In	 general,	NC-HYGs	 have	 larger	 ES	 values	 compared	with	HYGs.	 The	 process	 of	 formation	 of	 the	 network	 structure	was	 also	 studied	 by	 analyzing	 changes	 in	 viscosity,	 optical

transparency,	and	X-ray	diffraction	[74],	while	the	gelation	mechanism	was	 investigated	by	dynamic	 light	scattering	and	small-angle	neutron	scattering	(SANS)	measurements.	 Interestingly,	by	contrast-variation	SANS,	 it	has	been

found	 that,	 often,	 there	 is	 a	 polymer	 layer	 surrounding	 the	 nanoparticles	with	 a	 thickness	 of	 about	 1	nm,	 irrespective	 of	 nanoparticle	 concentration	 [75].	 Finally,	 TEM	observations	were	 useful	 to	 highlight	 the	 dispersion	 of	 the

nanoparticles	inside	the	polymer	structure.

2.4	Shape
Since	the	synthetic	procedure	is	quite	simple	and	versatile,	NC-HYGs	can	be	prepared	in	many	shapes	by	means	of	different	molds	[76].	In	fact,	huge	blocks,	sheets,	thin	films,	rods,	hollow	tubes,	spheres,	bellows,	and	uneven

sheets	are	broadly	used	to	cast	the	medium	composed	of	nanoparticles,	monomers,	and,	eventually,	organic	crosslinkers.	Also,	microgels	with	dimensions	of	several	hundred	nanometers	[77]	and	porous	NC-HYGs	have	been	prepared

with	the	same	technique	[76].	The	use	of	molds	is	particularly	important	in	the	engineering	of	drug-delivery	devices	capable	of	being	implanted	into	the	intended	site	of	action	for	a	local	therapy.

Fig.	10.2	summarizes	the	synthetic	procedure	for	NC-HYGs.



3	Nanocomposite	Hydrogel	Properties
NC-HYGs	withstand	high	levels	of	deformation,	in	the	form	of	elongation	and	compression,	bending,	tearing,	twisting,	and	knotting	[64].	Moreover,	they	can	be	treated	as	rubbery	materials	and	can	tolerate	all

the	conventional	mechanical	tests.

3.1	Tensile	Properties
In	general,	an	NC-HYG	can	be	elongated	to	more	than	1000%	of	 its	original	 length;	also,	the	extensibility	depends	on	the	kind	of	nanoparticles	and	polymers	used	[64,78].	Moreover,	NC-HYGs	exhibit	high	time-dependent

recovery	from	large	strains	[78],	and	this	ability	changes	according	to	the	nanoparticle/polymer	system	[79]	and	composition	[78].

3.2	Compression
NC-HYGs	generally	withstand	extensive	 forces	of	compression,	 in	contrast	 to	normal	HYGs,	which	are	readily	broken	 into	pieces	under	small	strains.	The	compression	resistance	 increases	proportional	 to	 the	nanoparticle

concentration	[78],	due	to	the	formation	of	the	crosslinked	network	[67]	composed	of	microcomplex	structures	consisting	of	nanoparticles	with	enhanced	densities	of	chemical	crosslinks.

3.3	Equilibrium	Swelling
NC-HYGs	generally	exhibit	a	high	degree	of	ES	in	water	compared	with	normal	HYGs	[62,73].	This	parameter	depends	on	the	kinds	of	nanoparticles	and	polymers	used.	In	particular,	in	a	fixed	system,	the	ES	decreases	with

increasing	nanoparticles	and	polymer	[65,73].	However,	NC-HYGs	have	unusual	behaviors,	such	as	the	appearance	of	a	maximum	in	the	swelling	curve	[80]	and	a	clear	increase	in	ES	with	the	retention	of	high	mechanical	properties

[81],	which	are	explained	by	the	rearrangement	of	the	entangled	polymer	chains	and	nanoparticles	during	the	course	of	swelling.

3.4	Stimulus	Sensitivity
NC-HYGs	are	often	engineered	to	be	controlled	by	changes	in	the	external	temperature	or	pH	or	by	electrostimulation.	The	thermosensitivity	of	an	NC-HYG	is	a	property	that	can	be	widely	varied	by	altering	the	gel	composition

[82].	For	example,	thermosensitive	NC-HYGs	can	be	obtained	by	decreasing	the	concentration	of	nanoparticles	to	improve	the	thermal	molecular	motions	of	the	polymeric	chains	attached	to	the	nanoparticles’	surface	[73].	In	contrast,

the	 transition	 temperature	 of	NC-HYGs	 does	 not	 depend	 on	 the	 concentration	 of	 the	 nanoparticles,	 but	 can	 be	 shifted	 toward	 lower	 or	 higher	 temperatures	 by	 adding,	 respectively,	 inorganic	 salts	 or	 cationic	 surfactants	 to	 the

surrounding	aqueous	solution	[64,73].	The	sensitivity	to	pH	depends	on	the	monomer	used	for	NC-HYG	preparation.	For	example,	a	semiinterpenetrating	network	structure	composed	of	linear	poly(acrylic	acid)	is	pH	controlled	owing

to	the	variation	in	surface	charge	of	the	acrylic	monomers	at	different	proton	concentrations	[83].	Similarly,	electrostimulation	is	effective	only	if	the	NC-HYG	polymeric	structure	changes,	applying	different	potentials,	as	in	the	case	of

linear	carboxymethyl	chitosan	[84]	and	chitosan/clay	gels	[85].

3.5	Transparency
The	transparency	is	a	property	that	depends	on	the	diffusion	of	the	crosslinking	regions	inside	the	network	structure.	In	fact,	HYGs	generally	turn	opaque	with	increasing	crosslinker	concentration	owing	to	the	inhomogeneous

distribution	of	crosslink	points,	while	NC-HYGs	are	generally	transparent,	regardless	of	the	crosslink	density	[64,65].	These	findings	indicate	that	the	network	structure	forms	uniformly	throughout	the	NC-HYG	[68,75].	Moreover,	a

further	loss	of	transmittance	depends	on	the	polymer	used	also	if,	NC-HYGs	are	not	sensitive	to	the	kind	of	polymer,	except	for	a	slight	decrease	at	low	[65]	and	very	high	nanoparticle	concentration	[78].

Figure	10.2	The	mixing	and	casting	procedure	for	hydrogel	nanocomposite	system	creation.



3.6	Optical	Anisotropy
HYGs	 are	 normally	 amorphous	 (optically	 isotropic).	 NC-HYGs,	 instead,	 exhibit	 optical	 anisotropy	 when	 the	 nanoparticle	 concentration	 exceeds	 a	 critical	 value	 calculated	 for	 spontaneous	 nanoparticle	 aggregation	 [73].

Furthermore,	the	optical	anisotropy	of	an	NC-HYG	changes	uniquely	on	uniaxial	deformation,	regardless	of	the	optical	characteristics	in	the	original	HYG	[86].

3.7	Sliding	Frictional	Behaviors
NC-HYGs	respond	in	very	different	ways	to	kinetic	friction,	according	to	their	wetting	status.	In	fact,	sliding	frictional	measurements	have	been	conducted	on	the	surface	of	NC-HYGs	under	different	environmental	conditions

and	loads	[87].	In	air,	NC-HYGs	exhibit	a	characteristic	force	profile	with	a	maximum	static	force	and	a	subsequent	constant	dynamic	frictional	force,	both	of	which	vary	depending	on	the	gel	composition	and	on	the	load	of	the	sliding

plate.	 In	contrast,	under	wet	conditions,	NC-HYGs	have	very	 low	 frictional	 forces	and	 the	dynamic	 frictional	coefficient	decreases	with	 increasing	 load.	This	distinct	change	 in	 frictional	 force	with	 the	surroundings	 is	particularly

observed	in	NC-HYGs	with	low	nanoparticle	concentration.

3.8	Water	Contact	Angles
HYGs,	because	of	their	hydrophilic	nature,	have	very	low	contact	angles	for	water.	NC-HYGs,	however,	can	have	particular	polymer–nanoparticle	links	that	enhance	hydrophobicity.	In	fact,	Haraguchi	et	al.	[88]	have	found	that

the	 surface	 of	 an	NC-HYG	consisting	 of	 a	PNIPAAm/clay	network	 exhibits	 extraordinarily	 high	hydrophobicity	 and	 showed	a	maximum	contact	 angle	 of	 151.	The	high	hydrophobicity	 of	 the	NC-HYG	 is	 primarily	 attributed	 to	 the

amphiphilicity	of	PNIPAAm	and,	more	specifically,	to	the	spontaneous	alignment	of	N-isopropyl	groups	at	the	gel–air	interface	[88].	Moreover,	the	hydrophobicity	of	NC-HYGs	is	enhanced	by	the	organization	of	the	network	structure,

and	the	surface	of	an	NC-HYG	can	exhibit	reversible	hydrophobic-to-hydrophilic	changes	depending	on	the	surroundings	(air	or	water)	[88].

3.9	Porosity
Porous	solid	NC-HYGs	have	been	obtained	by	freeze-drying	NC-HYGs	without	the	use	of	an	added	porogen	[89].	Other	methods	to	obtain	porous	NC-HYGs	are	the	use	of	salts	[90]	or	a	mixture	of	calcium	carbonate	with	sodium

bicarbonate	that	creates	porous	structures	due	to	the	formation	of	carbon	dioxide	[91].

3.10	Cell	Cultivation	and	Biocompatibility
Drug-delivery	applications	require	biocompatible	materials	that	do	not	prevent	physiological	cell	growth.	Thus,	NC-HYGs	were	broadly	studied	for	cell	culturing	and	biocompatibility.	For	example,	Haraguchi	et	al.	[92]	found

that	cells	such	as	human	dermal	fibroblasts	and	human	umbilical	vein	endothelial	cells	can	be	cultured	to	confluence	on	the	surface	of	an	NC-HYG	consisting	of	a	PNIPAAm/clay	network,	while	the	same	cells	hardly	develop	on	normal

HYGs.	Moreover,	the	cultured	cells	can	be	detached	as	cell	sheets	without	trypsin	treatment,	simply	by	decreasing	the	temperature	to	20°C	[93].

Table	10.4	compares	the	chemical–physical	properties	of	NC-HYGs	and	normal	hydrogels.

Table	10.4	Comparison	of	the	Chemical–Physical	Properties	Between	Hydrogel	Nanocomposite	Systems	and	Hydrogels

Hydrogel	Nanocomposite	Systems Hydrogels

Tensile	properties + −

Compression + −

Equilibrium	swelling + −

Thermosensitivity − +

pH	sensitivity = =

Electrostimulation = =

Transparency + −

Optical	anisotropy + −

Sliding	frictional	behavior + −



Water	contact	angle + −

Porosity = =

Biocompatibility + −

The	comparison	is	between	structures	formed	with	the	same	monomers	and	crosslinkers	at	the	same	concentration.	The	only	difference	is	the	presence	of	nanoparticles.

4	Hydrogel	Nanocomposite	Applications	in	Drug	Delivery
HYG	 nanocomposite	 systems	 are	 extensively	 used	 as	 drug-delivery	 systems	 thanks	 to	 the	 possibility	 of	manipulating	 network	 design	 to	 develop	 systems	with	 a	 desired	 release	 profile.	 In	 particular,	 the

hydrophilicity	and	porosity	of	HYG	networks	can	be	controlled	by	the	choice	of	monomer(s)	and	crosslinker	[94],	while	the	incorporation	of	nanomaterials	in	the	HYG	matrix	allows	additional	control	of	the	network

properties.	Various	types	of	HYG	nanocomposite	systems	have	been	developed	in	the	past	few	years,	and	their	swelling	and	drug	release	properties	have	been	extensively	studied.	In	many	applications,	in	fact,	drug-

delivery	systems	are	designed	to	release	a	drug	at	a	constant	rate	for	long	periods	of	time.	In	other	situations,	instead,	therapeutics	such	as	peptides	and	hormones	require	pulsatile	release	to	match	their	natural

release	profile	in	the	body	[95–98].

4.1	Nanocomposite	Hydrogels	From	Carbon-Based	Nanomaterials
Carbon-based	 nanomaterials	 are	 extensively	 used	 to	 incorporate	 multifunctionality	 (e.g.,	 high	 mechanical,	 electrical	 conductivity,	 and	 optical	 properties)	 to	 the	 HYG	 [99].	 Examples	 of	 materials	 used	 for	 carbon-based

nanocomposite	HYGs	 (carbon-NC-HYGs)	 for	 drug-delivery	 systems	 are	 graphene,	 buckminsterfullerene	 (C60),	 and	 nanodiamonds	 [99,100].	 Structurally,	 carbon-NC-HYGs	 are	 classified	 as	multiwalled	 or	 single	walled.	Multiwalled

carbon-NC-HYGs	have	two	or	more	layers	of	polymeric	network	structures,	while	single-walled	carbon-NC-HYGs	are	composed	of	a	single	network.	In	both	these	formations,	the	strong	hydrophobic	nature	of	carbon	nanomaterials

results	in	limited	interaction	with	hydrophilic	polymers	of	the	nano-HYG.	In	particular,	the	strong	π–π	interactions	between	the	carbon	nanocomponents	lead	to	the	formation	of	aggregates.	Several	techniques	were	thus	developed	to

enhance	the	dispersion	of	 the	carbon-based	nanomaterials	within	 the	nanocomposite	network.	For	example,	various	polar	groups	such	as	amines	 (–NH2),	hydroxyls	 (–OH),	and	carboxyls	(–COOH)	were	 linked	 to	 the	surface	of	 the

nanocomponents	to	 facilitate	their	dispersion	[101].	Similarly,	 their	solubility	was	 improved	by	modifying	 their	surface	properties	 through	 the	addition	of	single-stranded	DNA,	proteins,	and	surfactants.	Another	approach	used	 to

functionalize	the	surface	of	carbon-based	nanomaterials	was	the	grafting	of	polymer	chains	onto	their	surface	[102].	This	shielding	approach	was	also	aimed	at	enhancing	the	dispersion	of	carbon	nanomaterials	 into	the	HYG	and

improving	the	physical	interactions	between	these	two	components.	An	example	of	carbon-NC-HYGs	that	have	been	produced	is	carbon	nanotubes	with	amyloid	fibrils	that	were	used	to	modify	the	surface	of	carbon	nanostructures	to

generate	 fibrous	HYGs	with	a	significant	decrease	 in	 the	gelling	concentration	and	enhanced	polymer–nanotube	 interactions	 [103].	Similarly,	Wang	et	al.	 [104]	synthesized	crosslinked	HYGs	with	nano–graphite	oxide	 (GO)	 sheets

produced	by	chemical	reaction.	In	fact,	graphene	sheets	were	treated	with	strong	oxidizers	to	obtain	GO	to	enhance	the	solubility	of	graphene	under	physiological	conditions.	GO	interacts	with	hydrophilic	polymers	to	form	physically

or	covalently	crosslinked	networks	[104].	These	types	of	composites	have	high	mechanical	strength	and	excellent	heat	and	electricity	conductivity	characteristics	due	to	the	presence	of	graphene.	However,	these	examples	show	carbon

nanoparticles	used	as	physical	fillers	in	the	polymer	networks	and	not	covalently	incorporated	into	the	resulting	materials.	A	new	carbon-NC-HYG	has	carbon-based	nanoparticles	as	the	crosslinking	agent	chemically	conjugated	to	the

polymeric	network.	The	covalent	crosslinking	between	polymer	and	carbon	nanoparticles	enables	the	transfer	of	mechanical	force	within	the	crosslinked	network,	resulting	in	enhanced	mechanical	strength	and	toughness	[105].	For

example,	Liu	et	al.	[41]	fabricated	mechanically	stiff	and	highly	resilient	nanocomposite	HYGs	by	covalently	conjugating	GO	sheets	functionalized	via	radiation-induced	peroxidation	to	polyacrylamide.	These	NC-HYGs	had	more	than

900%	and	500%	increases	in	tensile	strength	and	elongation	compared	with	conventional	polymeric	HYGs	[41].	All	these	devices	are	designed	to	retain	hydrophilic	drugs	or	small	molecules	in	the	HYG	network	and	release	them	in	a

controlled	manner.	In	particular,	covalently	crosslinked	carbon-NC-HYGs	have	a	prolonged	drug	release	compared	with	carbon-NC-HYGs	in	which	the	carbon	nanomaterials	are	simply	dispersed	into	the	network,	owing	to	the	improved

organization	of	the	structure.	Table	10.5	recaps	the	types	of	nanocomposite	HYGs	from	carbon-based	materials.

Table	10.5	Nanocomposite	Hydrogels	From	Carbon-Based	Nanomaterials

Type Characteristics References

Fibrous	hydrogel	of	carbon	nanocomposites	modified	with	amyloid	fibrils Decreased	gelling	concentration	and	enhanced	polymer–nanotube	interactions [103]

Crosslinked	hydrogels	with	nano–graphite	oxide High	mechanical	strength	and	excellent	conduction	of	heat	and	electricity [104]

Nanocomposite	hydrogels	with	graphene	oxide	sheets	conjugated	to	polyacrylamide Broadly	increased	in	tensile	strength	and	elongation [41]

4.2	Nanocomposite	Hydrogels	From	Polymeric	Nanoparticles



Nanocomposite	 HYGs	 made	 from	 polymeric	 nanoparticles	 such	 as	 dendrimers,	 hyperbranched	 polymers,	 liposomes,	 polymeric	 micelles,	 and	 core–shell	 polymeric	 particles	 have	 gained	 great	 attention	 in	 drug-delivery

application	due	to	their	ability	to	entrap	hydrophobic	or	hydrophilic	drugs	(e.g.,	drugs,	proteins,	and	genes)	[106].	Among	these	systems,	particular	attention	was	addressed	to	nanovectors	with	highly	branched	and	spherical	structure.

This	 is	 because	 they	display	 a	multitude	 of	 functional	 groups	 on	 their	 periphery,	 resulting	 in	higher	 reactivity	 and	 loading	 efficiency	 compared	with	 the	polymeric	HYGs	 fabricated	 from	 linear	polymers	 [107].	Many	examples	of

nanocomposite	HYGs	from	polymeric	nanoparticles	are	available.	Dendritic	nanoparticles	used	to	reinforce	the	HYG	network	via	covalent	or	noncovalent	interactions	with	the	polymeric	chains,	in	fact,	were	synthesized	by	Zhong	and

Yung	[108].	These	PAMAM	nanoparticles	were	physically	integrated	within	collagen	scaffolds	to	improve	the	structural	integrity	and	mechanical	stiffness	[108].	Moreover,	the	addition	of	PAMAM	nanoparticles	significantly	improved

human	conjunctival	fibroblast	proliferation	in	collagen	HYGs	due	to	the	increase	in	the	stiffness	of	the	nanocomposite	network.	The	applications	of	these	hybrid	HYGs	are	envisioned	in	pharmaceutical	and	biomedical	areas	that	require

a	porous	structure	with	controlled	drug	release	properties	 [109,110].	Similarly,	a	 triblock	copolymer	made	from	poly(glycerol–succinic	acid)	dendrimers	as	 terminal	blocks	and	PEG	as	 the	 linear	core	was	evaluated	 for	soft	 tissue

engineering	applications	[111].	The	stiffness	of	the	HYG,	the	degradation	properties,	and	the	hydration	kinetics	of	this	device	can	be	tailored	by	changing	the	dendrimer	concentration.	Such	nanocomposite	HYGs	showed	high	stress-

absorbing	 capacity	 and	 thus	may	 be	 useful	 for	 cartilage	 tissue	 drug	 release.	 Interestingly,	 encapsulated	 chondrocytes	 retained	 a	 rounded	morphology	 and	 showed	 a	 significant	 increase	 in	 the	 production	 of	 type	 II	 collagen	 and

proteoglycans,	due	to	the	incorporation	of	the	nanoparticles.	Similarly,	Zhang	et	al.	[112]	produced	HYGs	from	HPE	nanoparticles,	to	improve	drug	loading	efficiency	and	set	control	over	the	release	kinetics	[112].	The	periphery	of	the

HPE	nanoparticles	was	modified	with	photocrosslinkable	moieties	to	form	a	covalently	crosslinked	network	upon	UV	exposure.	By	controlling	the	crosslinking	density,	the	authors	could	tune	the	physical	properties	of	the	resulting

HYGs,	 including	 the	 microstructure	 and	 mechanical	 strength.	 These	 photocrosslinkable	 HYGs	 were	 able	 to	 encapsulate	 a	 hydrophobic	 drug	 within	 the	 inner	 cavities	 of	 the	 nanoparticles.	 A	 controlled	 drug	 release	 from	 the

nanocomposite	network	was	observed	for	more	than	a	week,	a	result	that	is	difficult	to	achieve	when	using	conventional	HYGs	made	from	linear	polymers	[112].	Table	10.6	shows	the	types	of	nanocomposite	HYGs	from	polymeric

nanoparticles	and	their	characteristics.

Table	10.6	Nanocomposite	Hydrogels	From	Polymeric	Nanoparticles

Type Characteristics References

Polyamidoamine	nanoparticles	physically	integrated	within	collagen	scaffolds Improved	structural	integrity	and	mechanical	stiffness;	improved	human	conjunctival	fibroblast
proliferation

[108]

Triblock	copolymer	made	from	poly(glycerol–succinic	acid)	dendrimers	and	poly(ethylene
glycol)

High	stress-absorbing	capacity;	good	polymeric	support	for	encapsulated	chondrocyte	growth [111]

Hydrogels	from	hyperbranched	poly(amine–ester) Improved	drug-loading	efficiency	and	control	over	the	release	kinetics;	prolonged	release	kinetics [112]

4.3	Nanocomposite	Hydrogels	From	Inorganic	Nanoparticles
A	new	generation	of	advanced	biomaterials	is	obtained	by	combining	inorganic	nanoparticles	with	natural	or	synthetic	polymers.	These	inorganic	nanoparticles	mainly	consist	of	minerals	that	are	already	present	in	the	body

and	are	necessary	 for	 the	normal	 functioning	of	human	tissues	 [113].	For	example,	calcium	 is	an	 important	component	of	bone	and	plays	a	vital	 role	 in	bone	development	and	maintenance.	Phosphate,	 together	with	 intracellular

calcium,	 promotes	 the	 deposition	 of	 a	mineralized	matrix	 of	 osteoblasts	 and	 prevents	 bone	 loss	 [113].	 Silicon	 [113]	 and	 fluoride	 [114]	 play	 a	 key	 role	 in	 skeletal	 development	 due	 to	 the	 fact	 that	 they	 stimulate	 the	 osteogenic

differentiation	of	human	stem	cells	and	also	promote	collagen	type	I	synthesis.	Other	bioactive	nanoparticles	include	hydroxyapatite	(nHA),	synthetic	silicate	nanoparticles,	bioactive	glasses,	silica,	calcium	phosphate	glass	ceramic,	and

b-wollastonite	 [115].	 Gaharwar	 et	 al.	 [116]	 synthesized	 HYGs	 with	 nHA	 incorporated	 into	 a	 PEG	matrix	 to	 obtain	 highly	 elastomeric	 nanocomposite	 HYGs.	 Interestingly,	 the	 addition	 of	 nHA	 to	 the	 polymeric	 network	 imparted

elastomeric	properties,	enhanced	the	mechanical	strength,	and	improved	the	physiological	stability	of	the	nanocomposite	networks	[116].	Although	the	exact	interactions	between	nHA	and	the	polymeric	network	were	not	investigated,

it	was	speculated	that	the	nanoparticles,	more	than	the	physical,	electrostatic,	and	ionic	interactions,	have	an	important	role	in	the	high	toughness	and	elastomeric	properties	of	the	nanocomposite	networks.	Moreover,	the	addition	of

nHA	resulted	in	enhanced	cell	adhesion	compared	with	PEG	HYGs	[116].	Similar	results	were	obtained	when	the	same	authors	replaced	nHA	with	silica	nanospheres	[117].	The	new	inorganic	nanoparticles	had	enhanced	mechanical

properties	and	cell	adhesion	characteristics	[117].	The	higher	mechanical	strength	of	both	these	nanocomposite	networks	(PEG–nHA	and	PEG–silica)	led	to	the	utilization	of	these	nanocomposite	HYGs	as	injectable	fillers	for	orthopedic

applications	with	drug-delivery	abilities	[116,118].	Synthetic	silicate	nanoparticles,	also	known	as	nanoclays,	improve	the	physical	and	mechanical	properties	of	polymeric	HYGs	[119–122]	owing	to	the	high	surface	interactions	between

the	polymers	and	the	nanoparticles.	Nanoclays	are	widely	used	to	reinforce	thermoplastic	polymers	to	obtain	hybrid	structures	with	hierarchical	structure,	elastomeric	properties,	and	self-healing	characteristics	[119,120].	Studies

have	 shown	 that	 nanoclay	 induces	 osteogenic	 differentiation	 of	 human	mesenchymal	 stem	 cells	 without	 the	 use	 of	 exogenous	 growth	 factors	 [123],	 triggering	 a	 series	 of	 events	 that	 follow	 the	 temporal	 pattern	 of	 osteogenic

differentiation.	 In	general,	all	 these	synthetic	silicates	can	be	processed	 to	create	devices	such	as	controlled	cell	adhesion	surfaces,	antimicrobial	 films,	 injectable	 tissue	repair	matrices,	bioactive	 fillers,	or	 therapeutic	agents	 for

triggering	specific	cellular	responses	toward	bone-related	tissue	engineering	approaches	and	drug-delivery	systems	[116,122,124].	Gaharwar	et	al.	[116,122]	and	Schexnailder	et	al.	[125]	created	synthetic	silicate	nanoplatelets	mixed



with	 linear	 and	 branched	 polymers	 that	 were	mechanically	 strong	 and	 were	 used	 to	 create	 tissue-adhesive	 nanocomposite	 HYGs.	 These	 unique	 physical	 and	 chemical	 properties	 are	 attributed	 to	 the	 high	 noncovalent	 surface

interactions	of	the	silicate	nanoparticles	with	the	polymer	chains	that	reversibly	adsorb	on	the	silicate	surfaces	[122].	Such	systems	showed	shear	thinning	characteristics	and	could	be	used	for	minimally	invasive	therapies.	Gaharwar

et	al.	also	synthesized	HYGs	with	silicates	physically	crosslinked	with	polymers	[118,126].	The	addition	of	silicates	 improved	the	elongation	of	the	polymeric	HYGs	by	the	formation	of	networks	[118,126].	Other	 types	of	 inorganic

nanoparticles	 for	 nanocomposite	HYG	 preparation	 are	 calcium	 phosphate,	 bioglasses,	 and	 b-wollastonite,	 which	 are	 incorporated	 into	 different	 synthetic	 and	 natural	 polymers	 to	 obtain	 bioactive	 nanocomposite	HYGs	with	 high

mechanical	strength	[127].	The	degradation	products	of	these	systems	have	favorable	biological	response,	providing	opportunities	for	their	use	in	various	biomedical	applications.	Table	10.7	recaps	the	synthesized	nanocomposite	HYGs

containing	inorganic	nanoparticles.

Table	10.7	Nanocomposite	Hydrogels	From	Inorganic	Nanoparticles

Type Characteristics References

Hydrogels	with	hydroxyapatite	incorporated	into	a	poly(ethylene	glycol)	matrix High	elastomeric	properties,	enhanced	mechanical	strength,	and	improved	physiological	stability [116]

Hydrogels	with	silica	nanospheres	incorporated	into	a	poly(ethylene	glycol)	matrix Enhanced	mechanical	properties	and	cell	adhesion	characteristics [117]

Nanoclays	into	polymeric	hydrogels Elastomeric	properties	and	self-healing	characteristics;	enhanced	osteogenic	differentiation	of	human
mesenchymal	stem	cells

[119–122]

Synthetic	silicate	nanoplatelets	mixed	with	linear	and	branched	polymers Mechanically	strong	and	tissue	adhesive;	strong	shear	thinning	characteristics [116,122,125]

Silicates	physically	crosslinked	with	polymers Good	elongation [118,126]

Calcium	phosphate,	bioglasses,	and	b-wollastonite	incorporated	into	different	synthetic
and	natural	polymers

High	mechanical	strength;	degradation	products	giving	favorable	biological	response [127]

4.4	Nanocomposite	Hydrogels	From	Metal	and	Metal	Oxide	Nanoparticles
Many	types	of	metallic	nanoparticles	are	used	to	fabricate	nanocomposite	HYGs	for	biomedical	applications,	including	gold	(Au),	silver	(Ag),	and	other	noble	metals,	while	the	most	diffused	metal	oxide	nanoparticles	are	iron

oxide	(Fe3O4,	Fe2O3),	titania	(TiO2),	alumina,	and	zirconia	[127].	Metal	and	metal	oxide	nanoparticles	possess	desired	physical	properties	such	as	electrical	conductivity	(e.g.,	Au	nanorods),	magnetic	properties	(e.g.,	iron	oxides),	and

antimicrobial	properties	(e.g.,	Ag	nanoparticles).	Thus,	nanocomposite	HYGs	containing	metal	or	metal	oxide	nanoparticles	are	extensively	used	as	imaging	agents,	drug-delivery	systems,	conductive	scaffolds,	switchable	electronics,

actuators,	and	sensors	and	are	also	explored	for	biosensing,	diagnostic,	and	bioactuation	applications	[127].	The	interactions	between	the	polymer	and	the	metal/metal	oxide	nanoparticles	are	often	weak.	However,	by	functionalizing

the	 nanoparticle	 surfaces,	 the	 interactions	 between	 the	 polymer	 and	 the	 nanoparticles	 can	 be	 enhanced	 [128,129].	 Such	 enhanced	 interactions	 significantly	 influence	 the	 physical,	 chemical,	 and	 biological	 properties	 of	 the

nanocomposite	HYGs.	For	example,	Au	nanoparticles	entrapped	within	a	polymeric	network	consisting	of	hyaluronic	acid	and	gelatin	do	not	improve	the	mechanical	properties	[130],	whereas	when	Au	is	thiol-functionalized,	the	Au

nanoparticles	crosslink	with	the	polymeric	network,	 increasing	the	stiffness	of	the	HYG	[130].	Moreover,	 the	superior	electrical	and	thermal	conductivity	of	metallic	nanoparticles,	when	embedded	or	entrapped	within	a	polymeric

network,	leads	to	an	enhanced	thermoelectrical	conductivity	of	the	nanocomposite	HYG	[130].	Dvir	et	al.	[131]	 incorporated	Au	nanowires	within	macroporous	alginate	HYGs	to	enhance	the	electrical	conductivity	of	the	polymeric

network.	Such	conductive	scaffolds	were	used	to	engineer	tissues	that	required	the	propagation	of	electrical	signals	to	facilitate	the	formation	of	functional	tissues,	such	as	neonatal	rat	cardiomyocytes	seeded	with	the	conductive	HYG

network	that	contract	synchronously	if	electrically	stimulated	[131].	Moreover,	the	addition	of	Au	nanowire	to	the	alginate	HYG	showed	a	higher	expression	of	cardiac	markers	(such	as	troponin	I	and	connexin	43)	in	the	seeded	cardiac

cells	compared	with	the	normal	alginate	HYGs	[131].	Gaharwar	et	al.	[132]	covalently	conjugated	magnetic	nanoparticles	with	biocompatible	and	thermoresponsive	hydroxypropyl	cellulose	to	obtain	stimulus-responsive	HYGs.	When

these	hybrid	HYGs	are	subjected	to	external	magnetic	 fields,	 the	magnetic	nanoparticles	entrapped	within	 the	HYG	network	generate	heat.	The	 increase	 in	 the	temperature	of	surrounding	matrix	above	the	 lower	critical	solution

temperature	of	the	polymer	results	in	a	coil-to-globule	transition	of	the	polymer	chains.	Such	triggers	can	be	used	to	release	therapeutic	agents	or	cells	from	the	nanocomposite	HYGs	[132].	Price	et	al.	[133]	synthesized	nanocomposite

HYGs	with	nanophase	alumina	and	titania	incorporated	within	a	polymeric	matrix	such	as	poly(L-lactic-co-glycolic	acid),	resulting	in	enhanced	osteoblast	adhesion	and	proliferation	[133,134].	However,	these	nanoparticles	have	limited

interactions	with	polymeric	chains,	resulting	in	no	increase	in	the	physical	properties	of	the	HYG	network	[133,134].	Pasqui	et	al.	[135]	functionalized	the	surface	of	titania	with	amine	groups	to	facilitate	covalent	interactions	between

the	nanoparticles	and	carboxymethyl	cellulose.	These	hybrid	nanocomposite	HYGs	were	used	to	encapsulate	cells	for	tissue	engineering	applications	and	for	prolonged	drug	delivery.	Table	10.8	shows	the	main	types	of	nanocomposite

HYGs	from	metal	and	metal	oxide	nanoparticles.

Table	10.8	Nanocomposite	Hydrogels	From	Metal	and	Metal	Oxide	Nanoparticles



Type Characteristics References

Thiol-functionalized	gold	nanoparticles	in	a	network	of	hyaluronic	acid	and	gelatin Increased	stiffness	and	thermoelectrical	conductivity [130]

Gold	nanowires	within	macroporous	alginate	hydrogels Enhanced	electrical	conductivity [131]

Covalently	conjugated	magnetic	nanoparticles	with	biocompatible	and	thermoresponsive	hydroxypropyl	cellulose Magnetic	field–responsive	hydrogels [132]

Nanophase	alumina	and	titania	incorporated	within	poly(L-lactic-co-glycolic	acid) Enhanced	osteoblast	adhesion	and	proliferation [133]

Titania	nanoparticles	functionalized	with	amine	groups	crosslinked	with	carboxymethyl	cellulose Good	encapsulation	abilities;	prolonged	release [135]

4.5	Next	Generation	of	Nanocomposite	Hydrogels
The	next	generation	of	nanocomposite	HYGs	will	be	produced	to	better	control	some	essential	features	such	as	stimulus	responsiveness	and	biodegradation.	The	strategies	that	have	been	developed	to	design	nanocomposite

HYGs	with	multiple	functionalities	combine	multiple	phases	within	a	nanocomposite	HYG	network	and	mimic	the	structure	and	properties	of	native	tissues.	Wang	et	al.	[136]	synthesized	aliphatic	ester	dendrimers	conjugated	with	a

PEG	spacer	that	can	physically	interact	with	inorganic	nanoplatelets	to	form	physically	crosslinked	HYGs.	These	crosslinked	networks	have	self-healing	characteristics,	high	mechanical	strength,	and	adhesive	properties.	In	another

study,	Skelton	et	 al.	 [137]	 produced	biomimetic	 adhesive	nanocomposite	HYGs	by	 combining	poly(acrylamide)	 (PAAm),	 silicate	 nanoplatelets,	 and	dopamine	methacrylamide	 (DMA).	 It	was	 observed	 that	 the	 addition	 of	DMA	was

necessary	to	enhance	the	stiffness	and	energy	dissipation	capability,	to	mimic	the	properties	of	elastomeric	tissues.	The	chemically	crosslinked	network	and	the	presence	of	DMA	enhanced	the	interfacial	interactions	of	silicate	and

PAAm	 [137].	 Shin	 et	 al.	 [138]	 fabricated	multicomponent	 nanocomposite	HYGs	 from	 ferritin	 and	 poly(vinyl	 alcohol),	 using	 electrospinning	 and	 the	 ability	 of	 poly(vinyl	 alcohol)	 to	 swell	 in	 aqueous	media.	 The	 addition	 of	 ferritin

significantly	 enhanced	 the	mechanical	 stiffness	 and	 reduced	 creep	 during	 the	 cyclic	 deformation	 of	 the	 nanocomposite	HYGs	 [138].	 These	 types	 of	 hybrid	HYG	 networks	 can	 potentially	 be	 used	 to	 fabricate	 scaffolds	 for	 tissue

engineering	applications,	 in	stimulus-responsive	matrices	for	drug	release,	or	as	actuators	[138].	Similarly,	PNIPAAm	nanoparticle-composed	HYGs	were	used	to	design	therapeutic	devices	 for	 tissue	engineering	and	drug-delivery

applications	[127,139].	PNIPAAm	exhibits	a	negative	swelling	transition	at	34°C.	Such	polymeric	systems	can	be	 further	decorated	with	appropriate	nanoparticles	 to	develop	stimulus-responsive	matrices.	 In	particular,	 the	type	of

nanoparticles	embedded	within	 the	HYG	networks	determines	the	responsiveness	 to	stimuli	 (e.g.,	mechanically	adaptive,	pH/enzyme/ion	responsive,	electrically	stimulating,	 thermoresponsive,	magnetic	 field	responsive)	 [127,139].

Owens	et	al.	[140]	developed	Au	nanoparticles	entrapped	within	a	stimulus-responsive	matrix	to	design	therapeutic	HYGs.	Such	a	hybrid	system	was	produced	by	encapsulating	the	PEG-functionalized	Au	nanoparticles	within	thermally

responsive	PAAm/poly(acrylic	acid)	(PAA).	Au	nanoparticles	have	the	ability	to	absorb	visible	to	near-infrared	(530–1200	nm)	wavelengths	and	thus	can	be	used	to	generate	heat	locally.	The	local	heating	by	the	nanoparticles	causes	the

swelling/deswelling	of	the	polymeric	network	and	results	in	the	release	of	entrapped	macromolecules.	Thus,	the	covalently	crosslinked	PAAm/PAA	interpenetrating	polymer	network	can	be	used	to	deliver	therapeutics	using	an	external

trigger	for	a	range	of	biomedical	and	drug-delivery	applications	[140].	Nanocomposite	HYGs	are	also	emerging	as	a	powerful	technology	to	engineer	tissues	with	spatiotemporal	control	of	cells,	molecular	cues,	and	biophysical	signals

[141,142].	For	example,	photocrosslinked	gelatin	methacrylate–carbon	nanotubes	[143]	and	hyperbranched	polyester	[112]	nanocomposite	HYGs	were	developed	to	entrap	cells	in	predefined	geometries	and	cellular	microenvironments

to	position	the	different	types	of	cells	within	the	HYG	network	to	facilitate	the	formation	of	functional	tissues.	Langer	and	coworkers	[144,145]	embedded	magnetic	steel	beads	in	an	ethylene–vinyl	polymer	matrix	in	which	the	release

of	macromolecules	was	regulated	by	the	application	of	a	low-frequency	oscillating	magnetic	field.	The	device	containing	insulin	was	implanted	subcutaneously	in	diabetic	rats	and	was	demonstrated	to	effectively	control	glucose	levels

following	an	oscillating	magnetic	field	[146].	Table	10.9	summarizes	the	most	recent	nanocomposite	HYGs	as	of	this	writing.

Table	10.9	Next	Generation	of	Nanocomposite	Hydrogels

Type Characteristics References

Physically	crosslinked	hydrogels	with	inorganic	nanoplatelets	conjugating	aliphatic	ester	dendrimers
with	PEG	spacer

Self-healing,	high	mechanical	strength	and	adhesive	properties [136]

Biomimetic	nanocomposite	hydrogels	of	polyacrylamide,	silicate	nanoplatelets,	and	dopamine
methacrylamide

Enhanced	stiffness	and	energy	dissipation	capability [137]

Electrospun	multicomponent	nanocomposite	hydrogels	with	ferritin	and	poly(vinyl	alcohol) Enhanced	mechanical	stiffness	and	reduced	creep	during	the	cyclic	deformation	of	the
nanocomposite	hydrogels

[138]

PEG-functionalized	gold	nanoparticles	within	thermally	responsive	poly(acrylamide)/poly(acrylic	acid) UV-light	sensitivity [140]

Magnetic	steel	beads	in	an	ethylene–vinyl	polymer	matrix Regulation	of	the	release	by	application	of	a	low-frequency	oscillating	magnetic	field [144,145]

PEG,	poly(ethylene	glycol).



5	Conclusions	and	Future	Perspectives
Nanocomposite	HYGs	 are	 advanced	 biomaterials	 that	 can	 be	 potentially	 used	 for	 various	 biomedical	 and	 pharmaceutical	 applications.	 The	 utilization	 of	 these	HYG	 networks	 includes	 sensors,	 actuators,

scaffolds	 for	 stem	cell	 engineering,	 regenerative	medicine,	 and	drug-delivery	 systems	 in	 the	 form	of	 electrically	 conductive	 scaffolds,	mechanically	 stiff	 and	highly	 elastomeric	networks,	 cell	 and	 tissue	adhesive

matrices,	 injectable	matrices,	 and	 controlled	drug-delivery	 depots.	Compared	with	 conventional	 polymeric	HYGs,	 nanocomposite	HYGs	have	 superior	 physical,	 chemical,	 electrical,	 and	biological	 properties.	 The

improved	 performance	 of	 the	 nanocomposite	 HYG	 network	 is	mainly	 attributed	 to	 the	 enhanced	 interactions	 between	 the	 polymer	 chains	 and	 the	 nanoparticles.	 In	 the	 future,	 however,	 the	 design	 of	 the	 next

generation	of	nanocomposite	HYGs	will	require	not	only	close	control	over	the	physical,	chemical,	and	electrical	properties,	but	also	the	need	to	integrate	suitable	biological	clues	within	the	network.	The	synthesis

and	fabrication	of	such	HYGs	will	focus	on	designing	multicomponent	networks	able	to	incorporate	multiple	functionalities.	In	addition,	future	studies	of	nanocomposite	HYGs	will	also	be	targeted	at	understanding	the

interactions	between	polymeric	chains	and	nanoparticles	at	different	length	scales.	Moreover,	new	fabrication	technologies	will	also	be	devised	to	recapitulate	the	cellular	microenvironment	of	native	tissues	within

the	nanocomposite	HYGs.
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Abstract

The	 field	 of	 controlled	 drug	 delivery	 continues	 to	 be	 one	 of	 the	 key	 areas	 of	 research	 in	 pharmaceutics	 and	medicine.	 In	 these	 studies,	 hydrogel	 nanocomposite	 systems	 (NC-HYGs)	 have	 been	 extensively

investigated	because	of	their	unique	and	tailorable	properties.	In	fact,	NC-HYGs	mimic	the	native	tissue	microenvironment	through	their	porous	and	hydrated	molecular	structure.	Moreover,	new	reinforced	polymeric

hydrogels	incorporating	nanoparticles	within	the	hydrogel	network	are	being	produced	with	the	aim	to	improve	the	mechanical	properties	of	the	hydrogel	and	provide	superior	functionality,	such	as	controlled	release.

This	 chapter	 covers	 the	 most	 recent	 developments	 in	 the	 field	 of	 nanocomposite	 hydrogels	 with	 emphasis	 on	 biomedical	 and	 pharmaceutical	 applications.	 In	 particular,	 we	 will	 discuss	 definitions,	 synthesis,

characterization,	 and	 applications	 of	 hydrogel	 nanocomposites	 as	 drug-delivery	 systems.	 Moreover,	 future	 directions	 in	 designing	 more	 advanced	 nanocomposite	 hydrogels	 for	 biomedical	 and	 biotechnological

applications	will	be	provided.

Keywords:	Biomedical	applications;	Drug	delivery;	Nanocomposite	hydrogels;	Nanoparticles;	Tissue	engineering
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Introduction

Lung cancer treatment landscape has completely changed 
in the last decade. The introduction of druggable targets in 
the therapeutic scenario gave the opportunity to significantly 
improve the outcomes in the most lethal malignant disease. 
EML4-ALK translocation represents a story of success in drug 
development. The discovery of the aberration in tumors of 
patients with lung cancer in 2007 (1) soon translated into a 
rapid approval of the first ALK tyrosine kinase inhibitor (TKI), 
crizotinib (2), and the subsequent early arrival of second and 
third generation TKIs, all happening in roughly a decade. The 

current standard for the identification of the target necessarily 
implies identification of rearrangement in the tumor tissue either 
by FISH or immunohistochemistry. Unfortunately, despite the 
efforts, a big number of non-small cell lung cancer (NSCLC) 
patients have no tissue available for determination. The isolation 
of ctDNA is a novel approach, but still not validated for EML4-
ALK translocation (3,4). Exosomes, new members of the liquid 
biopsy family, carrying genetic material represent an important 
tool for biomarkers discovery (5). Our group has identified, for 
the first time, EML4-ALK translocation in exosomes (ExoALK), 
using a next generation sequencing technique. 
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Abstract: The introduction of druggable targets has significantly improved the outcomes of non-small cell lung 
cancer patients (NSCLC). EML4-ALK translocation represents 4–6% of the druggable alterations in NSCLC. 
With the approval of Crizotinib, first discovered drug for the EML4-ALK translocation, on first line treatment 
for patients with detected mutation meant a complete change on the treatment landscape. The current standard 
method for EML4-ALK identification is immunohistochemistry or FISH in a tumor biopsy. However, a big number 
of NSCLC patients have not tissue available for analysis and others are not suitable for biopsy due to their physical 
condition or the location of the tumor. Liquid biopsy seems the best alternative for identification in these patients 
that have no tissue available. Circulating free RNA has not been validated for the identification of this mutation. As a 
complementary tool, exosomes might represent a good tool for predictive biomarkers study, and due to their stability, 
they preserve the genetic material contained in them. Our group has described for the first time the translocation 
EML4-ALK in RNA isolated from exosomes derived from NSCLC patients using next generation sequencing.
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Material and methods

Patients selection

Patients with confirmed diagnosis of stage IIIB–IV NSCLC, 
naïve or under treatment with known ALK status were eligible 
for this proof of concept study. EML4-ALK translocation 
in tumor tissue was performed by FISH according to the 
clinical records of the patients. Patients gave their informed 
consent before the sample collection according to the 
institution regulation. Blood samples were collected only at a 
single point. Clinical data were collected from the electronic 
medical records. Samples and data from patients included in 
the study were provided by the Biobank of the University of 
Navarra (Reg#: B_0000612) and were processed following 
standard operating procedures approved by the Ethical and 
Scientific Committees. The trial was approved by the Antwerp 
University Hospital ethical committee n. 14/17/206.

Exosomal RNA isolation

The exosomal RNA cargo was extracted from 1 mL 
of plasma using ExoRNeasy Kit from QIAGEN with 
a modification of the original protocol to avoid loss of 
material and volume. This includes 3 centrifugations of 
5' × 500 g, 15' × 3,000 g and 30' × 10,000 g instead of the 
filtration in 0.8 μM (Figure 1).

Next generation sequencing

The fusions were analyzed using the Ion Ampliseq RNA 
Fusion Lung Cancer panel (Thermo Fisher Scientific, 
Waltham, USA). The primers used for amplification were 
then partially digested by the Pfu enzyme. The product of 
digestion was ligated with corresponding barcoded adapters 
and purified using Ampure Beads (Agilent Genomics Inc). 
The product of purification was amplified for 5 more cycles 
and subsequently purified using Ampure Beads. Ten pM of 
each library was loaded into the IonChef system (Thermo 
Fisher Scientific, Waltham, USA) for the emulsion polymerase 
chain reaction (PCR) and then loaded in the chip.

The quality of the data was assessed using the Torrent 
suite software (Thermo Fisher Scientific, Waltham, USA) 
associated with the sequencing machine. The minimum 
read length for fusion detection was set to 50 bp (base pair). 
We consider that under this value the reads were too short 
to overlap targeted fusion breakpoint. In addition, to assess 
the detection quality, at least 20,000 reads were required per 
sample (Figure 1).

Results

A total of 19 patients with plasma samples were included in 
the study, 16 of them harboring EML4-ALK translocations 
in tissue. In 1 mL of plasma, the RNA concentration ranged 

Figure 1 Schematic representation of ExoALK proof of concept study.
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from 0.5 to 121 mg/mL. In total, 17 patients were finally 
eligible for extracellular vesicles analysis. In nine patients, 
we were able to identify the translocation in the exosomal 
RNA. The concordance between tissue and exosomes was 
64% (9 out of 14 patients). All three patients being negative 
for the fusion gene in tissue resulted also negative in the 
ExoALK analysis, representing a specificity of 100% (Table 
1). No correlation was found between the RNA yield and 
the type of sample or its clinical variables. 

Discussion

Here we demonstrate for the first time that EML4-ALK 
translocation detection in exosomes of NSCLC patients is 
feasible, with a high sensitivity and specificity. The exosomal 
analysis represents an opportunity for patients therapeutic 
selection with a minimal invasive procedure, easy to 
perform and with an affordable cost. The development 
of new techniques with a direct detection of the fusion by 
capture instead of by amplification would be the key to 
improve the sensitivity of ExoALK in the future.
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The carnitine system and cancer metabolic
plasticity
Mariarosa Anna Beatrice Melone1,2, Anna Valentino1,3, Sabrina Margarucci4, Umberto Galderisi5,
Antonio Giordano2,6 and Gianfranco Peluso3

Abstract
Metabolic flexibility describes the ability of cells to respond or adapt its metabolism to support and enable rapid
proliferation, continuous growth, and survival in hostile conditions. This dynamic character of the cellular metabolic
network appears enhanced in cancer cells, in order to increase the adaptive phenotype and to maintain both viability
and uncontrolled proliferation. Cancer cells can reprogram their metabolism to satisfy the energy as well as the
biosynthetic intermediate request and to preserve their integrity from the harsh and hypoxic environment. Although
several studies now recognize these reprogrammed activities as hallmarks of cancer, it remains unclear which are the
pathways involved in regulating metabolic plasticity. Recent findings have suggested that carnitine system (CS) could
be considered as a gridlock to finely trigger the metabolic flexibility of cancer cells. Indeed, the components of this
system are involved in the bi-directional transport of acyl moieties from cytosol to mitochondria and vice versa, thus
playing a fundamental role in tuning the switch between the glucose and fatty acid metabolism. Therefore, the CS
regulation, at both enzymatic and epigenetic levels, plays a pivotal role in tumors, suggesting new druggable
pathways for prevention and treatment of human cancer.

Facts

● Malignant cells are capable of creating an
equilibrium between producing and consuming
energy and metabolic intermediates synthesis to
sustain growth and survival.

● Metabolic plasticity makes cancer cells more
aggressive and able to metastasize. Oncogenic
pathways, nutrient availability, and
microenvironment influence cell metabolism.

● The carnitine system is a pivotal mediator in cancer
metabolic plasticity, intertwining key pathways,
factors, and metabolites that supply an energetic and
biosynthetic demand for cancer cells.

● MiRnas and metabolic enzymes regulate metabolic
plasticity through the carnitine system suggesting
their use for developing new therapeutic strategies.

Open questions

● What is the role of the carnitine system in cancer
metabolism rewiring?

● Is the carnitine system dysregulated in
cancerogenesis?

● What is the purpose of epigenetics in the
modulation of the expression of proteins belonging
to the carnitine system?

● Is it possible to explore new anticancer treatment
targeting component(s) of the carnitine system?
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Cancer cells must maintain metabolic homeostasis in a
wide range of conditions, including harsh microenviron-
ments in which cancer cells must continue to meet the
high bio-energetic demand in order to undergo replica-
tion1. These cells achieve metabolic homeostasis by reg-
ulating the dynamics of nutrients present in the
microenvironment, and the ability of cancer cells to utilize
them to produce energy and to synthesize macro-
molecules. It is feasible that the capability of cancer cells
to employ alternative nutrients in different environments
is critical in supporting and affecting their survival.
However, tumor cell metabolic plasticity is not just as the
result of the metabolic dynamic impact changes induced
by the microenvironment and fuel choices of cancer cells.
Instead, it is more appropriate to envision metabolic
plasticity regarding uptake of alternative metabolic sub-
strates and promotion of metabolic rewiring as a built-in
feature that has evolved to allow cancer cells to constantly
adapt to changing intracellular- and extracellular meta-
bolic conditions2.
Intracellular metabolite concentrations have to fine-

tune the signaling networks governing metabolic path-
ways independently of the environment to ensure a bal-
ance between the availability of nutrients and the cellular
capacity to use them effectively. Metabolites, through
post-translational modifications of metabolite-sensitive
protein (i.e. acetylation, methylation or glycosylation),
transduce the information on the cell metabolic status,
and modulate the activities of signaling proteins, enzymes,
and transcriptional regulators3. Therefore, it is necessary
to understand how a variety of intrinsic and extrinsic
factors are integrated to create the metabolic flexibility
and to reduce the metabolic dependencies dictated by
oncogenic signaling. In this review, we identify the car-
nitine system (CS) as a gridlock to finely trigger the cancer
cells’ metabolic plasticity. In this context, the CS regula-
tion at both the enzyme and the gene level plays a pivotal
role in the metabolic flux modulation of tumors, and
scientists can target them for therapeutic purposes.

Nutrients and energy acquisition strategies in
cancer cells metabolism
Cancer cells prioritize aerobic glycolysis (Warburg

effect), as the primary fuel and convert excess pyruvate to
lactate independently from oxygen availability4. In addi-
tion, glucose is considered to be the primary carbon
source that contributes to the production of mitochon-
drial citrate in cancer cells. The citrate in excess of
mitochondrial requirements is exported in the cytosol,
converted into acetyl-CoA by ATP-citrate lyase (ACLY),
and used for protein acetylation and lipogenesis. While
the principles regulating glucose-dependence in cancer
cells have been extensively reviewed, we still do not fully
understand how cancer cells use many of the metabolic

strategies to contribute to core metabolic functions in the
presence of nutrients different from glucose. Indeed, in
addition to glycolysis, cancer cells can carry out various
metabolic strategies such as fatty acid oxidation (FAO)2,5.
Recent studies have reported that lipids from neighboring
adipose tissues, lipoproteins, lysophospholipids, and
intracellular storage fat have the potential to maintain
viability and growth of cancer cells6–9. Fatty acids can
satisfactorily fuel cancer cells, since mitochondrial FAO
produces much more ATP per mole than oxidation of
other nutrients, such as glucose or amino acids. For
example, prostate cancer and B-cell lymphomas promote
FAO as the main source of energy production and express
FAO enzymes at high levels, even under nutrient-replete
conditions10,11. Again, autophagy and related processes
enable tumor growth by sustaining oxidative phosphor-
ylation12. Interestingly, the strong dependence of mito-
chondrial β-oxidation on autophagic and fatty acid (FA)
catabolic processes makes some tumors more resistant to
nutrient deprivation and environmental stressors13.
A peculiarity of several tumors is to present simulta-

neously two metabolic pathways in opposite directions,
such as fatty acid biosynthesis and FAO (“futile cycle”).
This paradoxical condition fulfils two fundamental tasks:
(a) it provides the biosynthesis of FA important for cancer
propagation, while ensuring an important source of ATP
and Nicotinamide adenine dinucleotide (NADH) by the
catabolism of any FA excess; and (b) it might induce a
dynamic switching behavior that is useful in triggering
signaling pathway(s) able to overcome metabolic stress
maintaining cellular energy homeostasis (i.e. AMP-
activated protein kinase; AMPK)14,15.
However, unlike glycolytic and lipogenic pathways,

where specific metabolic enzymes such as hexokinase 2
and FAS are known to be deregulated by oncogene(s) or
by inactivation of tumor suppressors16,17, there is limited
evidence for cancer-associated abnormal expression or
activity of the enzymes directly involved in the FAO
pathway. Regarding expression and activity, the knowl-
edge about the regulation of carriers and enzymes that
modulate β-oxidation in cancer cells is of extreme interest
since their inhibition may significantly affect the tumori-
genic potential even in the presence of compensatory
metabolic pathways.

The carnitine system and its implication in cancer
cells metabolic plasticity
The use of diet-derived or adipose tissue-released long-

chain fatty acids as energy substrates requires about 25
different enzymes and transport proteins, which carry out
fatty acids, import, them into mitochondria, and facilitate
the β-oxidation steps. In particular, the mitochondrial
inner membrane is impermeable to fatty acyl-CoA
thioesters and, thus, the specialized CS, for transporting
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fatty acids across mitochondrial membranes has
evolved18. Components of the CS are both enzymes able
to catalyze the acyl-CoA+ carnitine↔CoA+ acylcarni-
tines reaction and carrier(s) involved in the bi-directional
transport of acyl moieties from cytosol to mitochondria
and vice versa. Four components comprise this trans-
porting system: the carnitine palmitoyltransferase 1
(CPT1) and 2 (CPT2), the carnitine-acylcarnitine trans-
locase (CACT), and the carnitine acetyltransferase (CrAT)
that close the carnitine cycle, allowing the export of the
FAO-produced acetyl-CoA as acetyl-carnitine (Fig. 1).

Carnitine palmitoyl transferase family
Carnitine palmitoyltransferase 1A
CPT1A is present mostly in the colon, duodenum, liver,

kidney, and small intestine, and its deficiency results in a
rare autosomal recessive metabolic disorder of long-chain
FAO19. The overexpression of CPT1A is often associated
with tumor progression in several cancers such as breast,
gastric, prostate, lymphoma, leukemia, ovarian, lung, and
myeloma20–23. Several studies reported that inhibition/

depletion of CPT1 leads to apoptosis and suppression of
cancer cell proliferation, chemoresistance, and neo-
vascularization24–28. It has been proposed that CPT1A
contributes to cell survival, not only by increasing FAO29

but also by stimulating histone acetylase activity in the
nucleus30. CPT1A can also protect cells from apoptosis by
clearing the cytoplasmic long-chain fatty acyl-CoA such
as palmitoyl-CoA, and thus impede the production of
“palmitate/palmitoyl-CoA/ceramide” involved in the
apoptosis pathway activation31. Pharmacological inhibi-
tion of CPT1A results in impaired cancer cell prolifera-
tion in acute myeloid leukemia and intensive cytotoxicity
in Burkitt’s lymphoma23,32. Interestingly, the CPT1 inhi-
bition decreases β-oxidation, which remarkably attenuates
c-myc–mediated lymphomagenesis. This suggests a
potential role of CPT1 in the pathogenesis of c-myc-
driven cancer. In particular, Ricciardi et al. demonstrated
in vitro the anti-leukemic activity of the novel CPT1A
reversible inhibitor ST1326 on leukemia cell lines and
primary cells obtained from patients with hematologic
malignancies, which induces cell growth arrest,

Fig. 1 Schematic view of carnitine system. The long-chain fatty acid-CoAs are converted into the carnitine derivatives by CPT1, located on the
outer mitochondrial membrane of the contact sites. A specific carnitine-acylcarnitine translocase (CACT) catalyzes the mole-to-mole exchange of
carnitine/acetylcarnitine and acylcarnitines promoting the import of the acylcarnitines through the mitochondrial membranes. In the mitochondrial
matrix, long-chain acylcarnitines are reconverted to the respective long-chain acyl-CoAs by carnitine-palmitoyltransferase-2 (CPT2) and undergo β-
oxidation to produce acetyl-CoAs. Finally, CrAT converts short-chain acetyl-CoAs to their membrane permeant acetylcarnitine counterparts, allowing
CACT to export them from mitochondrion to cytoplasm
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mitochondrial damage, and apoptosis32. Moreover, Pacilli
et al. demonstrated that ST1326 inhibits FAO not only by
blocking CPT1A but also by inhibiting CACT activity23.
In addition, Shao et al. proved that most ovarian cancer
cell lines express CPT1A highly and that its inactivation
decreased cellular ATP levels, inducing cell cycle arrest at
G0/G133. Several studies highlight the role of CPT1A in
prostate cancer. Indeed, Schlaepfer et al. showed that the
blockage of CPT1A (with etomoxir) and the lipid synth-
esis/lipolysis (with orlistat) decreased the viability of the
androgen-dependent prostate cell lines LNCaP, VCaP,
and patient-derived prostate cancer cells34. These effects
were associated with decreased androgen receptors,
mTOR and AKT expression signaling, and increased
caspase-3 activation35. The upregulated CPT1A expres-
sion and activity was also observed in PC3 and LNCaP
malignant prostate cells (androgen independent and
dependent cells) and human prostate cancer specimens22.
This recent study identifies an miRNA that targets
CPT1A as a potential biomarker for therapy. Upregulated
expression of CPT1A has also been determined in breast
cancer by an integrated genomic strategy based on the use
of gene expression signatures of oncogenic pathway
activity20. Moreover, Linher-Melville et al. showed that
prolactin (PRL) increased the expression and the activity
of CPT1A in breast cancer cells with respect to normal
cells29. The authors suggest that inhibition of FAO may
lead to an overall decrease in cancer cell survival, while an
increase in CPT1 activity, such as the PRL-mediated
response, may provide a supportive environment for
malignant cells36. Malonyl-CoA, the product of acetyl-
CoA carboxylases (ACC), inhibits CPT1A. ACC exists as
two related enzymes, the cytosolic isoform ACC1 and the
mitochondrion-anchored ACC2. Both enzymes catalyze
ATP-dependent carboxylation of acetyl-CoA to form
malonyl-CoA. ACC1 is thought to be the predominant
isoform mediating fatty acid synthesis, whereas ACC2, the
isoform located near CPT1, is the major regulator of
CPT1 activity. ACC1 expression has been shown to be
frequently upregulated in several tumor types37, and have
reported the expression and/or activation of ACC2 to be
inhibited in a variety of cancers38.

Carnitine palmitoyltransferase 1 B
Carnitine palmitoyltransferase 1 B (CPT1B) is expressed

mainly in tissues characterized by high rates of FAO, such
as muscle and brown adipose tissue. CPT1B is also
expressed in minor quantities in the testis, spleen, duo-
denum, lymph node, and stomach. Although CPT1A and
CPT1B exhibit considerable sequence similarity, the
sensitivity of these two enzymes to their physiological
inhibitor, malonyl-CoA, differs greatly (CPT1A has a ten-
fold higher Ki for malonyl-CoA)39,40. CPT1B is involved
in human colorectal cancer as determined by Yeh et al.41.

By using a combined approach of Microarray-
Bioinformatic technologies, the authors have revealed
the overexpression of CPT1B in clinical tissue specimens
of colorectal cancer, demonstrating a potential metabolic
mechanism contributing to colorectal cancer. Moreover,
recently, Kim et al., have demonstrated the deregulation
of some carnitine-acylcarnitine metabolic pathway-
associated genes, such as CPT1B, that results in an
increased mortality in patients with muscle-invasive
bladder cancer42.

Carnitine palmitoyltransferase 1C
The brain-specific carnitine palmitoyltransferase 1C

(CPT1C) displays high-affinity to bind malonyl-CoA, but
its enzymatic activity cannot be observed using conven-
tional assays43. Recent studies showed that CPT1C was
localized both in the endoplasmic reticulum and mito-
chondria, but its presence in endoplasmic reticulum is
predominant. CPT1C is involved in cellular energy-
sensing pathways and has an important role in the
hypothalamic regulation of energy homeostasis44. It has
been reported that the CPT1C isoform is overexpressed in
human tumor cells such as neuroblastoma, several sar-
comas of soft-tissues and lung, and malignant peripheral
nerve sheath tumors (associated with neurofibromatosis
type 1)45. When CPT1C is upregulated, it increases FA
consumption, and ATP production, facilitating tumor
growth and survival43. Interestingly, depletion of CPT1C
in mice led to delayed tumor development and a striking
increase in survival46,47. Sanchez-Macedo et al. showed
that p53 directly activated CPT1C transcription, con-
ferring to tumor cells resistance46. A recent study indi-
cates that CPT1C might be induced in the MCF-7 breast
cancer cell line by the indirect action of activated 5′ AMP-
activated protein kinase (AMPK)48. Moreover, Zaugg
et al. showed that MCF-7 breast cancer cells constitutively
overexpressing CPT1C displayed an increased FAO-
dependent ATP production, and resistance to glucose
deprivation or hypoxia43. Finally, a recent study revealed
that peroxisome proliferator-activated receptor alpha
(PPARα) upregulated the expression of CPT1C, in a p-53
independent way, modulating proliferation and senes-
cence of tumor cells49. These findings suggest that CPT1C
is a regulator of FA homeostasis in cancer cells and might
be indirectly involved in the modulation of CPT1A
activity through the lowering of cellular malonyl-CoA
levels. Indeed, CPT1C binds to malonyl-CoA with the
same affinity as CPT1A. Recently, in high-grade glio-
blastoma, Cirillo et al. showed an association between the
expression of CPT1C and ZFP57, a zinc finger protein
involved in gene imprinting50. Since a truncated form of
CPT1C has been demonstrated in the nuclei of human
diffuse gliomas, new perspectives are opening on the role
of CPT1C expression in cancer cells51.
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Carnitine palmitoyltransferase 2
Compared to CPT1 isoforms, less is known about CPT2

deregulation in cancer; nevertheless, a recent study has
reported that this enzyme could be considered as an inde-
pendent prognostic factor in colorectal cancer patients52.
Another study analyzed the expression of several enzymes
involved in FA metabolism in the leukemia cells compared
to normal cells. The results showed that leukemia cells
presented a higher expression of most CPT isoforms,
including CPT2. This suggests that chronic lymphocytic
leukemia cells were highly active in de novo FA synthesis as
well as in FA catabolism53. In addition, a recent paper
correlates the phosphorylation state of Src with the
expression and activity of CPT1A and CPT2 in triple-
negative breast cancer (TNBC)54. It is well known that
aberrant Src activation plays prominent roles in cancer
formation and progression55. The authors determined by
trans-mitochondrial cybrids and multiple OMICs approa-
ches that TNBC exhibit high levels of ATP through FAO
and activates Src oncoprotein through autophosphorylation.
The inhibition of FAO by the knocking down of CPT1 and
CPT2 significantly decreased the phosphorylation level of
Src and the number of metastatic nodules, confirming the
role of mitochondrial FAO and CPT genes in Src regulation
and their significance in breast cancer metastasis.

Carnitine translocase and transferase components
Carnitine/AcylCarnitine translocase
Mitochondria import acylcarnitines through carnitine/

acylcarnitine translocase (CACT) located in the inner
mitochondrial membrane, which catalyzes a mole-to-mole
exchange of carnitines/acetylcarnitines and acylcarni-
tines56. It has been demonstrated that, together with the
regulation of CPT1 by malonyl-CoA, acetylation of CACT
plays a crucial role in the control of the influx of fatty acyl
units into mitochondria57. Peluso at al. hypothesized that
in obesity-related insulin resistance (IR), skeletal muscle
may decrease FAO because of decreased CACT activity58.
Subsequently another work of the same research team
analyzed the metabolic effects of CACT down-expression
in human myocyte cells stably transfected with CACT
antisense cDNA. This study revealed a complex metabolic
situation determined by insulin and palmitate in CACT-
deficient cells, and has provided insight into the functional
interactions between CACT, CPT1, malonyl-CoA, and
acetyl-carnitine59. To date, the correlation between CACT
and cancer has received little attention, and only a few
studies have reported a link between the altered expression
of CACT and cancer. Kim et al. have demonstrated that in
bladder cancer patients the expression of carnitine
enzymes such as CACT has significantly deregulated in
tumor tissues compared to normal bladder tissues42.
Moreover, Valentino et al. demonstrated that in androgen-
dependent and -independent prostate tumor cells as well

as in human prostate cancer specimens, the over-
expression and the increased activity of CACT is a hall-
mark of prostate cancer22.

Carnitine O-acetyltransferase
Carnitine O-acetyltransferase (CrAT), located primarily

in the mitochondrial matrix, catalyzes the addition or the
removal of carnitine from medium- and short-chain acyl-
CoA60,61, facilitating the efflux of mitochondrial acetyl-
CoA to the cytosol and buffering the intracellular pools of
acetyl-CoA and carnitine. CrAT deficiency leads to accu-
mulating acetyl-CoA, which exerts an allosteric inhibiting
effect on pyruvate dehydrogenase (PDH), a rate-limiting
enzyme for pyruvate entry into the Krebs cycle. This
metabolic alteration has been associated with metabolic
diseases or to insulin deficiency62–64. Interestingly, the
CrAT activity is reduced during obesity and aging, leading
to impaired glycemic control65. Studies in Crat knockout
mice demonstrated that CrAT deficiency leads to abnor-
mal fuel selection, which results in a perturbation of glu-
cose homeostasis and suggest that deficits in CrAT activity
might contribute to diet-induced metabolic inflexibility by
exacerbating the Randle glucose-fatty acid cycle66. The
higher CrAT amount determined both in prostate cancer
cells (PC3 and LNCaP, androgen-dependent and andro-
gen-independent, respectively) and prostate tumor biopsy
by Valentino et al. highlight the importance of CrAT to
contribute to maintaining a high metabolic plasticity of
prostate cancers22. Finally, CrAT might play a funda-
mental role in histone acetylation in cancer cells. From a
canonical point of view, ATP Citrate Lyase (ACL) pro-
duces acetyl-CoA from mitochondrion-derived citrate.
Most of the acetyl-CoA produced by ACL originally
derives from glucose or glutamine carbon. In addition to
contributing to FA synthesis, acetyl-CoA can regulate cell
growth by controlling the expression of genes involved in
this process by histone acetylation. Alternatively, acet-
ylcarnitine, produced in excess in mitochondria by CrAT,
is transported into cytosol by CACT and enters the
nucleus, where a nuclear CrAT converts the acet-
ylcarnitine to acetyl-CoA67, and it becomes a source of
acetyl groups for histone acetylation. Therefore, besides
citrate-derived acetyl-CoA by nuclear ATP-citrate lyase68,
the carnitine-mediated supply of acetyl groups is also an
important source of acetyl-CoA for nuclear histone acet-
ylation. Indeed, genetic deficiency of the translocase
markedly reduced the mitochondrial acetylcarnitine-
dependent nuclear histone acetylation, indicating the sig-
nificance of the carnitine-dependent mitochondrial acetyl
group contribution to histone acetylation.

Metabolic intermediates and carnitine system
Metabolic pathways are monitored and controlled by

allosteric or post-translational regulation of enzymes that
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catalyze specific biochemical reactions. Afterwards,
alternative splicing, mRNA stability, translation, and
protein degradation control the abundance of enzymes
(“long-term regulation”)69. In this view, nutrients, such as
glucose or free fatty acids, provide intermediate metabo-
lites the ability to interact directly with an enzyme (the
metabolic sensor) that rules the rate limiting step of a
metabolic process, thus regulating substrate preference. A
case in point is the so-called “glucose-fatty acid cycle”, a
prime example of tightly coordinated cellular energy
metabolism that provides a mechanistic reciprocal reg-
ulation of lipid and glucose oxidation to maintain cell
homoeostasis and to avoid mitochondrial overloading.
Interestingly, β-oxidation and aerobic glycolysis are con-
nected to each other through cross-signaling in such a
manner that beta-oxidation not only is compatible with
ongoing aerobic glycolysis, but also it promotes the
Warburg Effect. Indeed, the PDH complex, which dec-
arboxylates glycolytically derived pyruvate to acetyl
coenzyme A and links cytoplasmic glycolysis to the

mitochondrial tricarboxylic acid (TCA) cycle, is modu-
lated by reversible phosphorylation by PDH kinase (PDK).
Nicotinamide adenine dinucleotide (NADH) and acetyl-
CoA, two metabolic intermediates produced in the course
of FAO, induce activation of PDK, which in turn
phospho-inactivates the E1α subunit of the PDH complex,
leading to lower rates of glucose oxidation and higher
rates of lactate release70. Interestingly, multiple tran-
scription factors, such as Myc, Wnt, and hypoxia indu-
cible factors, can cause a transcriptional increase of one or
more PDK isoforms in a cancer cell. A cross-talk between
metabolic intermediates produced by aerobic glycolysis,
and enzymes belonging to the carnitine cycle is also
present in cancer cells. The relationship between lactate
and cancer growth reflects the pleotropic actions of this
molecule able to influence the metabolic phenotype of the
cancer cells. A recent study has demonstrated that lactate-
induced acidification of the microenvironment over a
period of weeks induces a metabolic adaptation of the
tumor cell population, promoting β-oxidation as a

Fig. 2 Epigenetic ACC2 control modulates the reprogramming of fatty acid metabolism in cancer cells. a Epigenetic control of ACACB by
histone acetylation induces an increased expression of both ACC2 and its catalytic product, malonyl-CoA, leading to the inhibition of CPT1A activity.
On the contrary, b histone deacetylation by sirtuin(s) (SIRT1/6), also promoted by lactate-induced acidification of the microenvironment, leads to a
decreased expression of ACACB and consequently enhances CPT1A activity. NADH and acetyl-CoA, two metabolic intermediates produced in the
course of FAO, promote activation of PDK, which in turn phospho-inactivates the E1α subunit of the PDH complex, leading to lower rates of glucose
oxidation and higher rates of lactate release
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metabolic strategy (the Corbet−Feron Effect)71. In addi-
tion, cancer cells chronically exposed to an acidic pH
reveal a downregulation of the mitochondrial ACC2 iso-
form, the enzyme that regulates CPT1 activity by
malonyl-CoA synthesis. Therefore, only ACC1 isoform is
expressed in tumor cells under acidosis to produce
malonyl-CoA as a substrate for FA synthesis. Of interest,
the down-expression of ACC2 results from an epigenetic
process linked to histone deacetylation at the ACACB
promoter by Sirtuin 1/6 that are activated by high cyto-
solic NAD+ levels associated with enhanced FAO and
reduced glucose metabolism.
The non-enzymatic mitochondrial protein hyper-

acetylation induced by the increased availability of mito-
chondrial acetyl-CoA avoids the risk associated with
mitochondria overfeeding, restraining the activity of the
respiratory complex I and modulating CACT activity.
Indeed, it has been demonstrated that acetylation plays a
key role in the control of CACT function that, together
with the long-chain acyl-CoA dehydrogenase, contributes
to β-oxidation regulation. CACT acetylation compromises
its activity, causing a decrease in its transport function.
This mechanism represents a control of the influx of fatty
acyl units into mitochondria in response to the intra-
mitochondrial acetyl-CoA level, in addition to the finely
regulated mechanism of CPT1 by malonyl-CoA. CACT

acetylation mechanism is in line with a dynamic post-
translational protein control that could undergo an on/off
switch induced by deacetylation/acetylation linked to the
availability of acetyl-CoA57.
Recently, it was found that FA-derived acetyl-CoA is a

significant font of carbon for acetylation of certain histone
lysine, even in the presence of glucose72. Again, CS might
be fundamental not only to produce but also to transport
acetyl-CoA from the mitochondria to the nucleus for
supplying acetyl-CoA for histone acetylation. Acetyl-
carnitine synthetized in mitochondria by CrAT is trans-
ported out mitochondria by CACT and transformed back
to acetyl-CoA by CrAT present in the nucleus. In this
model CS assumes a mechanistic role by which FA are
perceived and integrated into the epigenome.
All these considerations are schematized in Figs. 2 and 3.

Small-non-coding RNA (miRNAs) as a carnitine
system regulator
Among all small non-coding RNAs, microRNAs (miR-

NAs) (Fig. 4), 18–25 nucleotides in length, are well char-
acterized as post-transcriptional regulators of mRNAs73,74

and are considered a potential source of biomarkers for
many diseases, including cancer75.
MiRNAs play important regulatory roles in a variety of

biological processes such as cell proliferation, intercellular

Fig. 3 The involvement of carnitine cycle in cancer cell metabolism. In cancer metabolism the aerobic glycolysis induces the conversion of the
pyruvate (the end product of the glycolysis) into lactate (shown in orange) leading to the acidification of the microenvironment. The increased
acidosis (shown in blue), in association with epigenetic mechanism(s), promotes the downregulation of the mitochondrial ACC2 isoform that in turn
increases FAO (shown in red) via CPT1A upregulation. NADH and acetyl-CoA, produced in excess during FAO, promote the conversion of pyruvate
into lactate through the inhibition of PDH by PDK (Randle effect). The increased availability of mitochondrial acetyl-CoA enhances the intra-
mitochondrial non-enzymatic acetylation of proteins both of the Kreb’s cycle and of the carnitine cycle, avoiding the risk associated with
mitochondria overfeeding. In addition, the excess of acetyl-CoA is exported in the cytosol either as citrate or as acetyl L-carnitine (ALCAR). The citrate
is converted into acetyl-CoA by ACLY for the synthesis of fatty acids that might be re-imported into the mitochondria for beta-oxidation (Futile Cycle).
ALCAR, shuttled to the nucleus (shown in violet), can be used as source of acetyl groups for histone acetylation, probably contributing to lipid
metabolism-specific gene expression
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signaling, cell growth, cell death, cellular differentiation,
apoptosis, and cancer metabolism76–78. Their expression
profiles have been found to be tissue type-specific and
frequently deregulated in various cancers79. MiRNAs have
unique characteristics (i.e. stability, tissue specificity,
easily detected and manipulated) that make them poten-
tial therapeutic targets for cancer treatment80. Emerging
evidence demonstrates that miRNAs are critical reg-
ulators of lipid synthesis and FAO81 resulting in defective
cell metabolism and carcinogenesis82 directly targeting
key enzymes or transcription factors as oncogenes and
tumor suppressors81 as shown in Table 1.

MiR-122 was the first miRNA identified as tissue-spe-
cific, and it is the most abundant in liver involved in lipid
metabolic reprogramming83. MiR-122 inhibition leads to
decreased plasma cholesterol and triglyceride levels
associated with altered lipids biosynthesis and increased
FAO. Several genes involved in fatty acid synthesis and
oxidation were altered in mice treated with anti-miR-122
including FAS, ACC1, and ACC284. Furthermore, miR-
122 silencing in high-fat-fed mice reduced hepatic stea-
tosis, with a decrease in cholesterol synthesis and stimu-
lation of FAO85. Recently, Iliopoulos et al. identified a new
miRNA, miR-370, that has effects on lipid metabolism

Fig. 4 miRNAs biogenesis and mechanism of action.MicroRNAs are transcribed by RNA polymerases II and III in pri-miRNAs, generating precursors
that undergo a series of cleavage events to form mature microRNA. Drosha, the first nuclear ribonuclease III, recognizes pri-miRNA and cuts the
double-stranded RNA freeing a pre-miRNA. Pre-miRNA hairpin is exported from the nucleus in a process involving the nucleocytoplasmic protein
Exportin-5. In the cytoplasm, the pre-miRNA hairpin is cleaved by the RNase III enzyme Dicer in an miRNA duplex of 18–22 nt. Although either the
duplex strands may potentially act as functional miRNAs, only one strand is usually incorporated into the RNA-induced silencing complex (RISC)
where the miRNA and its mRNA target interact. Mature miRNA acts either by degrading the mRNA target or by inhibiting its translation
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similar to miR-122. MiR-370 targets CPT1A reducing
FAO. Particularly, the human hepatic cell line HepG2
transfection with miR-370 upregulates the expression of
miR-122. This upregulation leads to an increased
expression of lipogenic genes, including sterol regulatory
element-binding proteins (SREBP1c) and diacylglycerol
acyltransferase-2 (DGAT2), which suggests that miR-370
provides a further point of regulation of this pathway86.
Interestingly, components of cholesterol efflux and fatty
acid metabolism are regulated by miR-33a and miR-33b.
These miRNAs reside in intronic regions within SREBP-1
and 2, the key transcriptional regulators of lipid meta-
bolism87, and control the expression of carnitine O-
octanoyltransferase (CROT), CPT1A, hydroxyacyl coen-
zyme A (hydroxyacyl-CoA) dehydrogenase subunit beta
(HADHB), and AMPK, targeting their 3′ UTR88. Another
important miRNA regulating cell metabolism is miR-378/
378*, embedded within gene encoding peroxisome
proliferator-activated receptor gamma coactivator 1-beta
(PGC-1β), a transcriptional regulator of oxidative energy
metabolism. In breast cancer cells, a high level of miR-
378* induces the metabolic shift from an oxidative to a
glycolytic bioenergetics pathway by inhibiting the
expression of two PGC-1β partners, ERRγ (estrogen-
related receptor gamma) and GABPA (GA binding pro-
tein transcription factor, alpha subunit). This leads to a
reduction in TCA cycle gene expression and oxygen
consumption as well as an increase in lactate production
and cell proliferation89. Targets of miR-378 are also
CRAT; indeed, it has been shown that mice genetically
lacking miR-378 and miR-378* are resistant to high-fat-
diet-induced obesity and display enhanced mitochondrial
FA metabolism and elevated oxidative capacity of insulin-

target tissue90. Moreover, Valentino et al. have demon-
strated that the downregulation of hsa-miR-124-3p, hsa-
miR-129-5p, and hsa-miR-378 induces an increase in both
expression and activity of CPT1A, CACT, and CrAT in
malignant prostate cells22. In addition, the analysis of
human prostate cancer and prostate control specimens
confirmed the aberrant expression of miR-124-3p, miR-
129-5p, and miR-378 in primary tumors. Forced expres-
sion of the above-mentioned miRNAs affected tumori-
genic properties, (i.e. proliferation, migration, and
invasion), in PC3 and LNCaP cells regardless of their
hormone sensitivity. MiR-143, miR-27, miR-335, miR-14,
and miR-205 have been recently associated with lipid
metabolism and adipocyte differentiation91. MiR-27a
inhibits the expression of several lipid metabolic genes,
including SREBP1-2, FASN, and PPARα/γ, by reducing
lipid synthesis and increasing lipid secretion from cells92.
The expression of MiR-335 is modulated by lipid loading,
resulting in overexpression in liver and adipose tissue of
obese mice93. However, the role of miR-335 in triggering
lipid metabolism still remains unknown. Another miRNA
implicated in the regulation of lipid metabolism is miR-
14. Zu et al., indeed, demonstrated in Drosophila mela-
nogaster that the deletion of miR-14 increased the levels
of triacylglycerol and diacylglycerol while its over-
expression resulted in the converse effect94. Recently, it
has been found that miR-205 deregulates lipid metabo-
lism in hepatocellular carcinoma by targeting acyl-CoA
synthetase ACSL1, a lipid metabolism enzyme in liver95.
Furthermore, in prostate cancer cells, miR-185 and miR-
342 control lipogenesis and cholesterogenesis by reducing
the expression of SREBP-1/2 and downregulating their
targeted genes, including fatty acid synthase96. The
function of miRNAs on lipid metabolic plasticity reveals
molecular strategies aimed to control metabolic flux by
miRNAs in cancerogenesis, thus lighting up one of miR-
NAs therapeutic aspect97 (Fig. 5).

Concluding remarks
Cancer metabolic plasticity allows tumor cells to survive

in the face of adverse environmental conditions. Meta-
bolites involved in metabolic plasticity must be able to
fluctuate in response to internal or external perturbations.
Therefore, identifying regulatory nodes within the meta-
bolic network is challenging due to its complex structure.
Although today several studies have investigated the
mechanism involved in metabolic plasticity, but key
pathway has not been identified which could be con-
sidered a unique target for cancer therapy. We critically
review how cancer cells control the metabolic regulatory
mechanisms. Therefore, we have emphasized the crucial
role of the CS and its fine-tuned regulation, which is both
enzymatic- and miRNA-dependent, as the primary factor
in metabolic cancer flexibility.

Table 1 miRNAs involved in cancer metabolic plasticity

MiRNAs Target Reference

miR-122 Cholesterol biosynthesis 88–90

miR-370 Fatty acid oxidation, CPT1A 91

miR-378/378* Lipid metabolism, CrAT 92, 93

miR-335 Lipid metabolism and adipogenesis 94

miR-205 Lipid metabolism 95

miR-143 Adipocyte differentiation 96

miR-27 Adipolysis 97

miR-33a/b Cholesterol efflux and β-oxidation 98–100

miR-185 Lipogenesis and cholesterogenesis 101

miR-342 Lipogenesis and cholesterogenesis 101

miR-124 CPT1A 27

miR-129 CACT 27, 102
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Fig. 5 MiRNAs influence the carnitine system components. MiRNAs regulate cell metabolic plasticity by modulating the expression of enzymes
involved in several metabolic pathways. MiRNAs affect both directly and indirectly the carnitine system components. Mir-33a/b and miR-122 target
AMPK (activated by metabolic stress) and ACC1/2 respectively, whereas miR-205 targets the acyl-CoA synthetase, indirectly regulating the
components of carnitine system. In addition, the carnitine system components are directly regulated by miR-370, miR-124 (CPT1A), miR-129 (CACT),
miR-33a/b (CPT1A and CrAT), and miR-378 (CrAT)
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ORIGINAL ARTICLE

Deregulation of MicroRNAs mediated control of carnitine
cycle in prostate cancer: molecular basis and
pathophysiological consequences
A Valentino1, A Calarco1, A Di Salle1, M Finicelli2, S Crispi2, RA Calogero3, F Riccardo3, A Sciarra4, A Gentilucci4, U Galderisi5,
S Margarucci2 and G Peluso1

Cancer cells reprogram their metabolism to maintain both viability and uncontrolled proliferation. Although an interplay between
the genetic, epigenetic and metabolic rewiring in cancer is beginning to emerge, it remains unclear how this metabolic plasticity
occurs. Here, we report that in prostate cancer cells (PCCs) microRNAs (miRNAs) greatly contribute to deregulation of mitochondrial
fatty acid (FA) oxidation via carnitine system modulation. We provide evidence that the downregulation of hsa-miR-124-3p,
hsa-miR-129-5p and hsa-miR-378 induced an increase in both expression and activity of CPT1A, CACT and CrAT in malignant
prostate cells. Moreover, the analysis of human prostate cancer and prostate control specimens confirmed the aberrant expression
of miR-124-3p, miR-129-5p and miR-378 in primary tumors. Forced expression of the miRNAs mentioned above affected
tumorigenic properties, such as proliferation, migration and invasion, in PC3 and LNCaP cells regardless of their hormone sensitivity.
CPT1A, CACT and CrAT overexpression allow PCCs to be more prone on FA utilization than normal prostate cells, also in the
presence of high pyruvate concentration. Finally, the simultaneous increase of CPT1A, CACT and CrAT is fundamental for PCCs to
sustain FA oxidation in the presence of heavy lipid load on prostate cancer mitochondria. Indeed, the downregulation of only one
of these proteins reduces PCCs metabolic flexibility with the accumulation of FA-intermediate metabolites in the mitochondria.
Together, our data implicate carnitine cycle as a primary regulator of adaptive metabolic reprogramming in PCCs and suggest new
potential druggable pathways for prevention and treatment of prostate cancer.

Oncogene advance online publication, 3 July 2017; doi:10.1038/onc.2017.216

INTRODUCTION
Cancer cells reprogram their metabolic pathways, including
glycolysis, the Krebs cycle and fatty acid (FA) metabolism, to
satisfy their need to proliferate, survive and metastasize.1–3 This
altered metabolism is a common denominator among hetero-
genic malignant cells and has been identified as one of the
hallmarks of cancer.
Tumor cells proliferation is supported by aerobic glycolysis in

which pyruvate is transformed into lactate independently of the
presence of oxygen (Warburg effect), and not by fatty acid
oxidation (FAO), the primary source of energy production in
normal cells.
Additional metabolic peculiarities of tumor cells are the high

rate of glutamine oxidation and the increase of FA synthesis. This
reorganization of cancer metabolism is fundamental to satisfy the
energy as well as the biosynthetic intermediate request of
proliferating cells and to preserve the integrity of the cells from
the harsh and hypoxic environment.4–7

However, although FA synthesis is within a clear metabolic
framework, the extent of the role of FA catabolism, as the energy and
materials sources for cancer proliferation, is still being deciphered.
A particularly intriguing example of how FAs have potential to

fuel tumor cells occurs with prostate cancer. The metabolism of

the normal prostate cells is changed greatly upon
transformation.8–10

The normal prostate cells have a truncated Krebs cycle where
the neo-synthesized citrate is a secretory product rather than an
intermediate of metabolism. Thus, in the prostate, the ATP
production derives via aerobic glycolysis, with less dependence
on aerobic oxidation.
An increase in oxidative phosphorylation is a requirement for

the progression of the prostate tumor, and so a continuous supply
of acetyl-CoA is required to ensure citrate oxidation via the Krebs
cycle.11,12 As prostate cancer cells (PCCs) exhibit a low rate of
glycolysis, FAO serves as the main source of acetyl-CoA, and by
extension, ATP (Figure 1).13–15

The need for lipids of prostate neoplastic tissue can be satisfied
by several mechanisms.16 The uptake of circulating lipids and the
transfer of FA from stromal adipocytes to PCCs increase de novo
synthesis of lipids and phospholipids, and accumulation of
cholesteryl ester as cytosolic lipid droplets.16 Unlike this metabolic
reprogramming, alterations in lipid-associated pathways encoun-
tered in prostate cancer remain ill-defined.
FAs used as energy substrate require ~ 25 different enzymes

and transport proteins, which carry out the cellular uptake and
activation of FAs, their translocation into the mitochondrial matrix,
and their β-oxidation. In particular, the mitochondrial inner
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membrane is impermeable to fatty acyl-CoA thioesters and, thus, a
specific system for transporting FAs across mitochondrial mem-
branes has evolved.17 The most important limiting steps of beta-
oxidation is represented by a group of four carnitine acyltrans-
ferases, which govern FA mitochondrial import/export and
regulate intra-mitochondrial acyl-CoA pools.18

It is known that the transport of long-chain FAs across the
mitochondrial membrane depends on a complicated mechanism
regulated by the carnitine system. Components of the carnitine
systems are both enzymes able to catalyze the acyl-CoA
+carnitine↔CoA+acylcarnitines reaction and carrier(s) involved
in the bi-directional transport of acyl moieties from cytosol to
mitochondria and vice-versa. The long-chain FA-CoA are converted
into the carnitine derivatives by carnitine-palmitoyltransferase-1
(CPT1), an integral protein located on the outer mitochondrial
membrane of the contact sites.19 Acylcarnitines are transported
into the mitochondrial matrix by carnitine-acylcarnitine translo-
case (CACT), that also exports by-products of FAO, such as
acetylcarnitines, from mitochondria to cytosol.20 In the mitochon-
drial matrix, long-chain acylcarnitines are reconverted to the
respective long-chain acyl-CoAs by carnitine-palmitoyltransferase-
2 (CPT2).19 Finally, the enzyme carnitine acetyltransferase (CrAT)
catalyzes the addition or the removal of carnitine from acetyl-CoA,
promoting the efflux of two carbon acetyl units from mitochon-
dria to cytosol and buffering the intra-mitochondrial pools of
acetyl-CoA.21 Despite the important role that the carnitine system
can play in cancer cell metabolism, little is known about the
expression level of each and every component of the system in
cancer cells. Also, only scattered information is available about the
epigenetic control of carnitine system related-gene expression in
tumors, although there is evidence that microRNAs (miRNAs) can
modulate the expression of CPT1 or CACT in normal cells
undergoing metabolic stress condition (Figure 1).22–25

In the present study, we examined, in three prostate cell lines,
PNT2 (prostate control cells), LNCaP (androgen-dependent PCCs)
and PC3 (androgen-independent PCCs), the expression and

biological significance of all the components of the carnitine
system. We first demonstrated that malignant prostate cells
increase both expression and activity of some components of the
carnitine system, specifically CPT1A, CACT and CrAT. Next, we
provided, for the first time, evidence that the overexpression of
these proteins is regulated by the concordant decrease of specific
miRNAs (hsa-miR-124-3p, hsa-miR-129-5p and hsa-miR-378) in
both LNCaP and PC3 cells, regardless of their hormone sensitivity.
Of interest, we demonstrated that control of the carnitine system
by miRNAs is present also in prostate tissue specimens obtained
from patients suffering from prostate cancer.
Our results give oncogenic relevance to the carnitine system

and underline the biological role of the carnitine cycle in the
maintenance of cancer metabolic flexibility. Therefore, the
evaluation of CPT1A/CACT/CrAT proteins could provide additional
predictive markers over conventional analysis in prostate cancer.
Finally, these findings may suggest new druggable pathways for
prevention and treatment of prostate cancer.

RESULTS
Carnitine system in prostate cells
Enhanced mitochondrial β‐oxidation of FAs, such as palmitate,
has been linked to tumor promotion in prostate cancer.13,14,26

Indeed, we observed higher oxidation rate of palmitate in PC3
cells than in PNT2 cells, supporting that PCCs promote FAO as the
dominant pathway to meet tumor bioenergetic requirements
(Figure 2a).
To investigate whether increased β‐oxidation was related to an

increased flux of FAs into the mitochondria via changes in key
carrier levels, we analyzed the expression (both at mRNA and
protein levels) as well as the activity of CPT1, CPT2, CACT
and CrAT.
As shown in Figure 2b, mRNA expression levels of CPT1A, CACT

and CRAT were significantly upregulated in PC3 respect to PNT2

Figure 1. Schematic representation of metabolic differences between normal and cancer prostate cells. (a) In normal prostate cells, ATP is
obtained mainly via glycolytic pathway and citrate is an end-product of glucose metabolism, rather than an utilizable intermediate. The
truncated Krebs cycle allows to synthesize citrate from acetyl-CoA and oxaloacetate and to export citrate from the mitochondria to the cytosol
by the mitochondrial citrate transporter. (b) In cancer prostate cells, FAO is the dominant bioenergetic pathway, and the carnitine cycle
regulates the FA mitochondrial import/export, and the intra-mitochondrial acyl-CoA pools. Three components of the carnitine system (CPT1,
CACT and CrAT) are upregulated in prostate cancer cells and work closely together to ensure mitochondrial FA supply and to avoid the
mitochondrial side effects of FA overloading (that is, intra-mitochondrial accumulation of FAO intermediates). The intra-mitochondrial acetyl-
CoA increase, imposed by the heavy lipid load, allosterically inhibits PDH that catalyzes the rate-limiting oxidative decarboxylation of pyruvate
into acetyl-CoA. (FAO, fatty acid oxidation; FA, fatty acid; PDH, pyruvate dehydrogenase complex; CPT1, carnitine-palmitoyltransferase-1; CACT,
carnitine-acylcarnitine translocase; CrAT, carnitine acetyltransferase. Green arrows: dominant metabolic pathway).
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cells (Po0.05), whereas no statistically significant difference was
observed for CPT2 expression. Western blot analysis confirmed
that CPT1A, CACT and CrAT proteins were markedly more
expressed in tumor cell lines than in normal prostate cell line
(Figure 2c).
To evaluate whether the observed increased expression of

CPT1A, CACT and CrAT could be consistent with a gain of function
of these proteins, enzyme activities were assayed. As showed in
Figure 2d, we demonstrated that the activities of CPT1A, CACT and
CrAT were markedly higher in PC3 mitochondria than in control
PNT2 mitochondria.
To sustain an enhanced FAO, PCCs have to maintain a low level

of malonyl-CoA, the CPT1A physiological allosteric inhibitor.
Therefore, we analyzed the malonyl-CoA concentration in all cell
lines and demonstrated that the amount of malonyl-CoA was
significantly lower (Po0.05) in malignant cells than in PNT2 cells
(Figure 2e).

miRNAs expression in prostate cell lines
Recent studies highlighted the pivotal role of miRNAs in the finely
post-transcriptional adjustment of enzymes involved in metabolic
reprogramming of cancer cells.27,28 Our preliminary examination
of the miRNAs content in malignant and normal prostate cells
with Small RNA App (CORE App in Illumina BaseSpace cloud),
showed a very different overall content of RNA fragments
(Supplementary Figure S1a) corroborated by the differential
expression analysis. In particular, DESeq2 detected a total of 417
miRNAs differentially expressed using as threshold |log2(PC3/
PNT2)| ⩾ 1 and FDR ⩽ 0.1 (Supplementary Figure S1b).29 A more
rigorous analysis, |log2(PC3/PNT2)| ⩾ 3.5, P-value ⩽ 10− 5 and FDR
⩽ 0.1, revealed a total of 80 miRNAs differentially expressed in the
PC3 compared with PNT2, including 32 miRNAs upregulated and
48 miRNAs downregulated (Supplementary Table S2).
Then, we selected three specific miRNAs (hsa-miR-129-5p, hsa-

miR-124-3p and hsa-miR-378) identified by miRNA target

Figure 2. FAO and carnitine system analysis in PNT2 and PC3 cells. (a) Palmitate oxidation determined as [14CO2] production was measured in
mitochondrial-enriched fractions. All values were normalized to the mitochondrial protein content and data expressed as mean± s.d. (n= 3).
(b) CPT1A, CPT2, CACT and CRAT mRNA levels were determined by quantitative real-time PCR and normalized to the housekeeping β-actin
(ACTB). The comparative cycle threshold (CT) method (2-ΔΔCT) was applied to calculate relative differences in PCR results. (c) Western blot
analysis of CPT1A, CPT2, CACT, CrAT and ACTB. Densitometric analyses were performed using Quantity One 1-D analysis software (BioRad,
Italy). (d) The enzymatic activities were determined in mitochondria as described in materials and methods section and normalized for the
mitochondrial protein contents. (e) Malonyl-CoA level was measured in PNT2, and PC3 cells and values were normalized to total protein
content. The bars represent the means± s.d. (n= 6). Statistically significant variations: *Po0.05, **Po0.01, ***Po0.005 versus PNT2.
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prediction algorithms as possible intermediaries in the regulation
of carnitine cycle proteins. Web-based tools identified CACT as a
target of hsa-miR-129-5p (downregulated by 4.9-fold in PC3
respect to PNT2), CPT1A as a target of hsa-miR-124-3p (down-
regulated by 3.5-fold) and CRAT as a target of hsa-miR-378
(downregulated by 3.5-fold). Indeed, sequence analysis revealed
that the 3′-untranslated region (UTRs) of CACT, CPT1A and CRAT
contain the putative binding site for the identified miRNAs
(Supplementary Figure S2).

CPT1A, CACT and CrAT are direct targets of hsa-miR-124-3p, hsa-
miR-129-5p and hsa-miR-378
To determine whether the carnitine system deregulation was a
common signature in prostate cancers, we analyze the palmitate
oxidation rate and the expression both at the transcriptional and

translational level of CPT1A, CACT and CRAT in LNCaP, a well-known
model of androgen-dependent PCC line. As shown in Figure 3,
LNCaP exhibited, respect to PNT2, a markedly upregulation of
CPT1A, CACT and CrAT at mRNA (Figure 3b) and protein levels
(Figure 3c) and an increased β-oxidation (Figure 3a). Functional
assays and malonyl-CoA determination corroborated these results
showing an overall increase in enzymatic activity (Figure 3d) and a
decrease of malonyl-CoA concentration (Figure 3e).
Next, to validate miRNAs sequencing in both the androgen-

independent (PC3) and androgen-dependent (LNCaP) prostate
tumor cells, the endogenous levels of identified miRNAs were
analyzed by TaqMan-based quantitative real-time PCR (qPCR).
Consistent with bioinformatic analysis, a statistically significant
downregulation of hsa-miR-129-5p, hsa-miR-124-3p and hsa-
miR-378 was evident in both tumor cells compared with PNT2
(Figure 4a).

Figure 3. FAO and carnitine system analysis in LNCaP cells. (a) Palmitate oxidation determined as [14CO2] production was measured in
mitochondrial-enriched fractions. All values were normalized to the mitochondrial protein content and data expressed as mean± s.d. (n= 3).
(b) CPT1A, CPT2, CACT and CRAT mRNA levels were determined by quantitative real-time PCR and normalized to the housekeeping β-actin
(ACTB). The comparative cycle threshold (CT) method (2-ΔΔCT) was applied to calculate relative differences in PCR results. (c) Western blot
analysis of CPT1A, CPT2, CACT, CrAT and ACTB. Densitometric analyses were performed using Quantity One 1-D analysis software (BioRad,
Italy). (d) The enzymatic activities were determined in mitochondria as described in materials and methods section and normalized for the
mitochondrial protein contents. (e) Malonyl-CoA level was measured in PNT2, and LNCaP cells and values were normalized to total protein
content. The bars represent the means± s.d. (n= 6). Statistically significant variations: *Po0.05, **Po0.01, ***Po0.005 versus PNT2.
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To verify if hsa-miR-129-5p, hsa-miR-124-3p and hsa-miR-378
directly bind with 3′ UTRs of CACT, CPT1A and CRAT, luciferase
reporter assay was carried out. Each corresponding 3′-UTR
sequence, inserted into a luciferase reporter plasmid, was co-
transfected with miR-124, miR-129 or miR-378 into PC3 and LNCaP
cells (Figure 4b). Our results demonstrated that the identified
miRNAs significantly (Po0.005) inhibited the activity of firefly
luciferase confirming that CPT1A, CACT or CRAT mRNAs are direct
the target of the corresponding miRNAs. Next, the effect of miRNA
mimics overexpression on the mRNA and protein levels of
identified targets was examined. The qPCR (Figure 4c) and
western blot (Figures 4d and e) analyses showed that miR-129,
miR-124 or miR-378 markedly suppressed the mRNA and protein

expression levels of CPT1A, CACT or CrAT, in comparison with miR-
NC. Taken together, these findings suggest that hsa-miR-124-3p,
hsa-miR-129-5p and hsa-miR-378 are involved in modulating, at
the post-transcriptional level, the expression of CPT1A, CACT and
CrAT in both PCC lines.

Anti-tumorigenic effects of identified miRNAs in PCCs
To evaluate the tumorigenic potential of PCCs overexpressing
miR-124, miR-129 or miR-378, the proliferative cell rate, and the
cell migration and invasive ability were analyzed on PC3, and
LNCaP transfected with miRNA mimics as well as miR-NC
(Figures 5 and 6). The MTT proliferation test demonstrated that
overexpression of each miRNA mimics was able to decrease

Figure 4. Validation of CPT1A, CACT and CrAT as targets of miR-124, miR-129 and miR-378 in PC3 and LNCaP cells. (a) qPCR validation of
differentially expressed miRNAs in PC3 and LNCaP respect to PNT2. Detection of miRNAs was performed by TaqMan qPCR miRNA assay and
normalized to RNU6B. The comparative cycle threshold (CT) method (2-ΔΔCT) was applied to calculate relative differences in PCR results.
(b) Luciferase reporter assays. PC3 and LNCaP cells were transfected with 3′-UTR-reporter constructs together with miRNA mimics. miR-NC was
used as negative control, and the results were normalized to Renilla luciferase activity. (c) MiRNA targets levels were detected in PC3 and
LNCaP cells by qPCR and normalized to ACTB. The comparative cycle threshold (CT) method (2-ΔΔCT) was applied to calculate relative
differences in PCR results. Western blot analysis of CPT1A, CACT and CrAT proteins was performed on total protein fraction of PC3 (d) and
LNCaP (e). The protein expression was normalized to the housekeeping protein ACTB. The bars represent the means± s.d. (n= 6). Statistically
significant variations: **Po0.01, ***Po0.005, ****Po0.001 versus PNT2; #Po0.05, ##Po0.01, ###Po0.005, ####Po0.001 miRNAs versus
miR-NC.
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significantly (Po0.05) PC3 and LNCaP cell growth (Figures 5a
and 6a). The colony formation assay, which reflects the self-
renewal ability of transfected cells, also showed that the gain of
function of miR-124, miR-129 or miR-378 reduced prostate cancer
colony formation (Figures 5b and 6b).
As assessed by a wound-healing assay (Figure 5c), the migration

capability of PC3 cells was significantly inhibited by the over-
expression of miR-124 (65%, Po0.01), miR-129 (75%, Po0.01)
and miR-378 (93%, Po0.005). Moreover, the number of PC3 cells
crossed Matrigel was markedly decreased by 85–70% compared
with the control cells (Figure 5d).
Similarly, forced expression of miR-124, miR-129 or miR-378 in

LNCaP cells negatively modulate migration and invasion
(Figures 6c and d). In particular, the wound gap was 493%, and
the number of cells migrating to the lower chamber decreased by
480% after each miRNA mimics transfection in comparison with
miR-NC transfection. To further validate the regulatory role of
miRNAs on the identified targets expression, rescue experiments
were performed in both cell lines. The transient transfection of
exogenous CPT1A, CACT or CrAT lacking their 3’UTR with each
mimic, rescued tumorigenic potential of PCCs (Supplementary
Figure S3 and S4) confirming the regulatory role of miRNAs on the
identified targets expression.

Overexpression of miR-124, miR-129 and miR-378 modulates
mitochondrial FA flux modifying intracellular acylcarnitine
contents
Tumor cells can rapidly switch between fat and glucose oxidation
exhibiting a metabolic flexibility in response to nutrients
availabilities.30 These raises the question of whether upregulated
carnitine cycle is responsive to fluctuations in the nutrient state. As
shown in Figures 7a and b, PC3 and LNCaP cancer cells exhibited,
also in the presence of pyruvate concentration up to 0.2 mM, a
significant increase of [1-14C]palmitate oxidation when compared
with PNT2 control cells.
Next, to provide an index of how the PCCs metabolically

respond to carnitine cycle perturbation induced by overexpression
of each miRNA, the evaluation of both ASAC (acid-soluble, short
and medium chains) and AIAC (acid-insoluble, long-chains)
acylcarnitines content in miRNAs transfected PC3 and LNCaP cells
was determined (Figures 7c and d). Forced expression of miR-129
or miR-378 induced a significant increase (Po0.005) in AIAC
content in both cancer cell lines respect to miR-NC transfected
cells. On the contrary, the downregulation of CPT1A expression by
miR-124, limiting the conversion of long-chain acyl-CoA moieties
to long-chain acylcarnitine, led to a significant decrease
(Po0.005) in AIAC content. Moreover, miR-124 and miR-129
overexpressing cells did not exhibit any significant difference in

Figure 5. Influence of forced expression of miR-124, miR-129 and miR-378 on PC3 proliferation, migration and invasion. (a) Cell proliferation of
PC3 cells was determined by MTT assay after 12, 24 and 48 h. (b) Colony formation assay was performed after 14 days of culture. For
quantification colonies with at least 50 cells were considered. Representative micrographs were obtained using phase contrast microscope
after staining with crystal violet. (c) Wound-healing assay was performed on transfected PC3 cells, and the wound closure rate was measured
by detecting the closure distance after 24 h. Representative micrographs of the cell migration (up) and quantification (down) from three
independent experiments were presented. (d) Transwell invasion assay with Matrigel was performed in mimics or miR-NC transfected PC3
cells after 24 h. Five random fields in each well were counted under a microscope. The bars represent the means± s.d. (n= 6). Statistically
significant variations: #Po0.05, ##Po0.01, ###Po0.005 miRNAs versus miR-NC.
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ASAC content in comparison with control miR-NC transfected
cells, while the transfection with miR-378 led to a relevant ASAC
reduction.
Taken together, these results suggest that the FA addiction of

PC3 and LNCaP cells is conferred by the constitutive upregulation
of the carnitine cycle, and that inhibition of CPT1A, CACT or CrAT
expression blocks the ability of PCCs to completely metabolize
lipid substrates, leading to abnormal cell acylcarnitine profiles.

miRNAs overexpression in tissue specimens of prostate cancer
Owing to the highly heterogeneous nature of prostate cancer, a
laser capture microdissection microscope was used on 30 FFPE
prostatectomy. Laser capture microdissection allows to determine
the densest region of tumor and capture as much tumor RNA as
possible enriching for malignant glands and avoiding contamina-
tion with stromal tissue or non-malignant glands. The expression
of the identified miRNAs and their targets in laser capture samples
was analyzed by qPCR. As shown in Figures 8a–c, a significantly
decreased expression (Po0.001) of hsa-miR-129-5p, hsa-miR-124-
3p and hsa-miR-378 was observed in all of the tumor samples
compared with normal controls, demonstrating the same down-
regulation identified in PCCs. Moreover, CPT1A, CACT and CRAT

expression levels (Figure 8d-f) were significantly (Po0.001)
upregulated in all the tumor samples respect to controls.

DISCUSSION
The complex molecular events that govern FA metabolic pathway
(s) during prostate cancerogenesis are largely unknown. Here, we
report that in PCCs, hsa-miR-129-5p, hsa-miR-124-3p and hsa-
miR-378 downregulation greatly contribute to deregulation of
mitochondrial FAO. We clarify how miRNAs perturbation of
carnitine cycle promotes a novel metabolic adaptation of PCC to
support cancer development and progression.
In the last few years, systematic profiles detailing the miRNA

expression in prostate cancer vs normal prostate cells have
demonstrated both up- and downregulated miRNA patterns.31–33

However, the results of these studies were highly contradictory,
and their discrepancies may be explained by differences in tissue
selection, RNA and the platforms used for the detection.34

Moreover, Gill et al.35 highlighted the need for seeking an
accurate link between miRNAs and prostate cancer through an
understanding of the signaling pathways that these miRNAs
control, to identify therapeutically attractive molecular targets.
At our knowledge, only one paper has analyzed the regulation

of lipogenesis and cholesterogenesis by miRNA in prostate tumor

Figure 6. Influence of forced expression of miR-124, miR-129 and miR-378 on LNCaP proliferation, migration and invasion. (a) Cell proliferation
of LNCaP cells was determined by MTT assay after 12, 24 and 48 h. (b) Colony formation assay was performed after 14 days of culture. For
quantification colonies with at least 50 cells were considered. Representative micrographs were obtained using phase contrast microscope
after staining with crystal violet. (c) Wound-healing assay was performed on transfected LNCaP cells, and the wound closure rate was
measured by detecting the closure distance after 24 h. Representative micrographs of the cell migration (up) and quantification (down) from
three independent experiments were presented. (d) Transwell invasion assay with Matrigel was performed in mimics or miR-NC transfected
LNCaP cells after 24 h. Five random fields in each well were counted under a microscope. The bars represent the means± s.d. (n= 6).
Statistically significant variations: #Po0.05, ##Po0.01, ###Po0.005 miRNAs versus miR-NC.
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cells, while no information is available in the scientific literature
about the epigenetic control of FAO-associated genes in prostate
cancer.36

For the first time, we demonstrated that hsa-miR-124-3p, hsa-
miR-129-5p and hsa-miR-378 regulated CPT1A, CACT and CrAT
expression in PCCs, regardless of their hormone sensitivity.

Figure 7. Evaluation of prostate cancer cell FA metabolism. The [1-14C]palmitate oxidation rate in PC3 (a) or LNCaP (b) cells was measured in
the presence of different concentration of pyruvate (0–10 mM). All values were normalized to the mitochondrial protein content, and results
are reported as fold change respect to PNT2 oxidation rates. Acid-soluble (ASAC) and acid-insoluble (AIAC) acylcarnitines content was
determined by the radioisotopic method in transfected PC3 (c) and LNCaP (d) cells. Results are reported as fold change respect to miR-NC
transfected cells. The bars represent the means± s.d. (n= 6). Statistically significant variations: ***Po0.005 versus PNT2; ###Po0.005 miRNAs
versus miR-NC.

Figure 8. Expression of identified miRNAs in laser capture samples of prostate cancer. (a) hsa-miR-129-5p, (b) hsa-miR-124-3p and (c) hsa-
miR-378 expression levels were detected in 30 formalin-fixed-paraffin-embedded (FFPE) prostatectomy tissue and in 20 FFPE normal epithelial
tissue samples after LCM. Detection of miRNAs was performed by TaqMan qPCR miRNA assay and normalized to RNU6B. The relative
differences were calculated using the 2-ΔCt method. (d) CPT1A, (e) CACT and (f) CRAT mRNA levels were determined by quantitative real-time
PCR and normalized to the housekeeping β-actin (ACTB). The comparative cycle threshold (CT) method (2-ΔΔCT) was applied to calculate
relative differences in PCR results. The bars represent the means± s.d.

miRNAs deregulate carnitine system in prostate cancer
A Valentino et al

8

Oncogene (2017), 1 – 11 © 2017 Macmillan Publishers Limited, part of Springer Nature.



miR-124 is known to function as a tumor suppressor in many
cancers.37,38 Shi et al.39 demonstrated that miR-124 downregula-
tion was a hallmark of malignant prostatic cells, and could
contribute to the pathogenesis of prostate cancer. Our study
suggests a new fundamental role for miR-124 in modulating
CPT1A expression in PCCs. This overexpression, associated with an
increased activity of CPT1A seems to be apparently in contrast
with the lipogenic activity normally exacerbated in prostate
cancer. In general, FA synthesis and FAO are mutually exclusive
metabolic pathways, under the control of malonyl-CoA, an
intermediate in FA synthesis. Malonyl-CoA acts as an allosteric
inhibitor of CPT1 preventing FA biosynthesis and FAO from
occurring simultaneously.40 Surprisingly, we demonstrated that
the amount of malonyl-CoA was extremely low in PCCs, indicating
that the high rate of FA synthesis keeps a low level of malonyl-
CoA. Thus, the overexpression of CPT1A, together with the loss of
allosteric inhibition by malonyl-CoA, imposes a heavy lipid load on
prostate cancer mitochondria.
miR-129-5p is deregulated in several tumors, such as laryngeal

cancer, neuroendocrine tumors, gastric cancer and medullary
thyroid carcinoma.41–44 Ma et al.45 reported that low miR-129-5p
expression was strongly correlated with cancer invasion, recur-
rence and poor survival in hepatocellular carcinoma. Here we
identified CACT as a novel target of miR-129-5p in prostate cancer.
CACT overexpression coordinates both the import of acylcarni-

tines inside the mitochondrial matrix in exchange of free carnitine,
contributing to the increased FAO and the export of excess FAO
intermediates as carnitine derivatives, thus avoiding intra-
mitochondrial accumulation of acyl units.46

Recent findings have reported that in breast cancer cells the
expression of miRNA-378 results in a shift from aerobic oxidative
metabolism to glycolytic metabolism in the presence of available
oxygen (Warburg effect) as represented by an increase in lactate
levels and a reduction in oxygen consumption.47 Thus, miRNA-378
counterbalances the metabolic actions of PGC-1β that orches-
trates cellular programs of oxidative metabolism, by regulating the
biogenesis of mitochondria and controlling the enzymes involved
in oxidative phosphorylation.48 Interestingly, it was found that
CrAT is repressed by miR-378.49 As CrAT decreases acetyl-CoA and
regenerates free CoA, chronic inhibition of CrAT expression by
miRNA-378 has the potential to raise the mitochondrial acetyl-
CoA/CoA ratio to a level that promotes pyruvate dehydrogenase
phosphorylation inhibiting glucose oxidation.50 Conversely, in our
study, we demonstrate that in PCCs miRNA-378 was down-
regulated leading to a concomitant increase of CrAT. Such high
amounts of CrAT, which essentially siphons acetyl-CoA from the
TCA cycle, are not in contrast with the FA-dependent metabolism
of PCCs. Besides, the conversion of short-chain acyl-CoAs to their
acylcarnitine counterparts by CrAT permits a CACT-dependent
export of acyl moieties from mitochondria to cytosol avoiding
both accumulations of FA-intermediate metabolites in the
mitochondria and perturbation of FAO.51

A mechanistic explanation of these results might be that the
induced overexpression of CPT1A, CACT and CrAT, the key players
of carnitine cycle, contribute to maintaining a high metabolic
flexibility of PCCs. We also demonstrated that forcing miR-124-3p,
miR-129-5p or miR-378 expression in PCCs significantly decreased
migration, proliferation and invasion of transfected cells. Our
evaluation of acylcarnitines content and palmitate oxidation
degree in cancer cells has provided a measure of how PC3 and
LNCaP metabolically respond to carnitine cycle perturbation
induced by overexpression of each miRNA.
Finally, we analyzed human prostate cancer samples and

prostate control specimens, and we confirmed that the aberrant
expression of miR-124-3p, miR-129-5p and miR-378 as well as
CPT1A, CACT and CrAT overexpression were present also in
primary tumors. Together, our data implicate carnitine cycle as a
primary regulator of adaptive metabolic reprogramming in PCCs

and suggest new potential druggable pathways for prevention
and treatment of prostate cancer.

MATERIALS AND METHODS
For details, see Supplementary Materials and Methods.

Materials
The human CPT1A, CACT and CRAT sequences cloned in the pCMV6-XL5
expression vector with or without their 3′ UTR were purchased from
OriGene Technologies (Rockville, MD, USA). All chemical reagents were of
analytical grade or higher and were from Sigma-Aldrich (Milan, Italy).

Cell culture
The human prostate adenocarcinoma cell lines (PC3 and LNCaP), and the
immortalized non-cancerous prostate epithelial cell line (PNT2),52,53 were
purchased from the European Collection of Cell Cultures (ECACC, UK) and
tested for mycoplasma contamination. Cells were grown according to the
manufacturer’s instructions (with an approximate population doubling
time of 31 h for PC3 and 38 h for LNCaP) and used within 2–4 months.

Malonyl-CoA measurement
Malonyl-CoA concentration was quantified in whole-cell lysates from PNT2,
PC3 and LNCaP cells and analyzed by enzyme-linked immunosorbent
assay as reported by Fritz et al.54

Enzymatic determinations
CPT1A activity was assayed in prostate cell mitochondria as the
incorporation of radiolabeled carnitine into acylcarnitine in the presence
or absence of malonyl-CoA according to Giordano et al.55 and Priore et al.56

CPT1A activity insensitive to 100 mmol/l malonyl-CoA was always
subtracted from the experimentally determined CPT1A activity. CACT
activity was assayed according to Peluso et al. and IJlst et al.57,58 CrAT
activity was determined as described by Muoio et al.59 Enzymatic activities
were determined in at least three different experiments.

RNA isolation, reverse transcription and qPCR
Total RNA (mRNA and miRNAs) was extracted from cells using QIAzol
reagent (Qiagen, Milan, Italy) according to the manufacturer’s instructions.
qPCR and data collection were performed on 7900HT Fast Real-time PCR
System (Applied Biosystems, Milan, Italy).

miRNAs transient transfection
Cells were transfected by Lipofectamine RNAiMAX (Invitrogen, Milan, Italy)
following manufacturer’s protocol. hsa-miR-129-5p, hsa-miR-124-3p, hsa-
miR-378 mirVana miRNA mimics (Ambion, Milan, Italy) and mirVana miRNA
mimic negative control #1 (miR mimic NC, Ambion) were purchased from
Applied Biosystems. For convenience, hsa-miR-129-5p, hsa-miR-124-3p,
hsa-miR-378 mimic and the negative control were hereafter referred to as
miR-124, miR-129, miR-378 and miR-NC, respectively. Forced expression of
mimics was confirmed by qPCR, and transfected cells were used in further
analyses. For rescue experiments, PC3 and LNCaP cells were co-transfected
with 10 pmole of mimics and 50 ng of each vector.

Luciferase assay
The pEZX-MT06 target reporter vectors containing full length of CPT1A
3’UTR, CACT 3’UTR and CrAT 3’UTR inserted downstream of the firefly
luciferase sequence, were purchased from GeneCopoeia (Rockville, MD,
USA). Twenty-four hours before transfection, 1.5 × 104 cells were plated in a
96-well plate. Ten pmoles of miR-124, miR-129, miR-378 or miR-NC were
transfected into cells together with 100 ng of pEZX-MT MT06 clones by
Lipofectamine RNAiMAX. Luciferase assay was performed 24 h after
transfection by the Luc-Pair Luciferase Assay Kit (GeneCopoeia). Sample
firefly luciferase expression was normalized against Renilla luciferase
activity.
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Cell proliferation and Colony forming assay
Following transfection, cell proliferation at 0, 12, 24 and 48 h
was determined by MTT assay following manufacturer’s protocol
(Sigma-Aldrich). A microplate reader (Cytation3, ASHI) was used to
measure the absorbance of each well at 570 nm.
For colony formation assay, cells were counted, seeded in six-well plates

(in triplicate) at a density of 500 cells/well and incubated at 37 °C in a 5%
CO2 humidified incubator. The culture medium was replaced every 3days.
After 14 days in culture, cells were stained with crystal violet and counted.
Colonies with at least 50 cells were considered for quantification.
Representative plates were photographed using phase contrast micro-
scope (Leica, Milan, Italy).

Cell migration and invasion assays
Approximately 1 × 105 cells were plated in two-well Lab-Tek Chamber Slide
(Sigma-Aldrich). After overnight incubation, cells were transfected with
mimics or miR-NC. Wounds were created in confluent cells using a 200 μl
pipette tip. Any free-floating cells or debris were removed by rinsing cells
several times with media, and the speed of wound closure was monitored
after 24 h by measuring the distance of the wound from 0 h. Each
experiment was conducted in triplicate, and representative scrape lines
were photographed using phase contrast microscope (Leica).
For the invasion assays, after 24 h transfection, 1 × 105 cells were seeded

onto the transwell migration chambers in serum-free media (8 μm pore
size; Millipore, Milan, Italy). The membrane in the upper chamber was
coated overnight with 1 mg/ml BD Matrigel Matrix (BD Biosciences, Milan,
Italy). After 24 h, the non-invading cells were clear out with a cotton-tipped
swab, and the cells at the bottom of the insert were stained with May-
Grunwald-Giemsa (Sigma-Aldrich). Stained cells were counted under a
microscope (Leica) at × 200 magnification of five random fields in each
well. At least three independent experiments were performed.

Western blotting
Polyacrylamide gel electrophoresis was carried out, in triplicate, according
to standard procedures using 30 μg of total cell lysates. Membranes were
probed with the specific primary antibodies followed by secondary
antibodies conjugated with horseradish peroxidase. The bands were
quantified densitometrically using Quantity One 1-D analysis software
(BioRad, Milan, Italy).

Energy substrate oxidation
Acid-soluble acylcarnitines and acid-insoluble acylcarnitines were mea-
sured by a radioisotope method as described by Brass & Hoppel60 in
transfected cells after 24 h of treatment with [14C]carnitine.
Palmitate oxidation was determined as the capture of 14CO2 from

palmitate ([1-14C]palmitate at 0.5 μCi/ml, 150 μM). The reaction mixture
contained 100 sucrose mM, 10 mM Tris/HCl, 80 mM KCl, 1 mM MgCl2, 2 mM

L-carnitine, 0.1 mM malate, 2 mM ATP, 50 μM CoA, 1 mM dithiothreitol,
0.2 mM ethylenediaminetetraacetic acid and 0.5% bovine serum albumin.
Reactions were performed for 60 min at 30 °C after addition of enriched
mitochondrial fraction. One hundred μl of 2 M sulfuric acid was added to
terminate the reaction, and the radioactivity of CO2 (trapped in 200 μl of
1 M NaOH) was determined by liquid scintillation counting.
For the analysis of palmitate oxidation dependence from pyruvate,

palmitate oxidation was determined as aforementioned in the presence of
0-10mM cold pyruvate, as described by Kim et al.61

Laser capture microdissection and RNA extraction
This study included 30 patients diagnosed with organ-confined disease
(pT2), no lymph node involvement (N0), no metastasis (M0) and Gleason
score 46 (3+3), who underwent a radical retropubic prostatectomy at the
Prostate Unit, Department of Urology, Policlinico Umberto I, University
Sapienza (Rome, Italy). Written informed consent was obtained from all of
the patients before the study, and the protocol was approved by the
internal ethical committee. The stage and the grade of all the cases were
classified according to OMS 2004, and the 1997 UICC TNM, respectively.
The freshly collected tissues were formalin-fixed-paraffin-embedded and

reviewed by an expert pathologist with the primary goal of determining
the densest region of the tumor. Tumor sections cut at 5 microns were
lightly stained with hematoxylin and eosin before microdissection with a
laser capture microdissection microscope (Arcturus Laser Capture

Microdissection, Applied Biosystems). RNA extraction was performed using
the Qiagen AllPrep DNA/RNA FFPE Kit (Qiagen) as described by Shahabi
et al.62

Statistical analysis
All quantitative data were presented as the mean± s.d. Each experiment
was performed at least six times. Statistical significance was evaluated
using a t-test or one-way analysis of variance, followed by Bonferroni’s test
for multiple comparisons to determine statistical differences between
groups. All the data were analyzed with the GraphPad Prism version 5.01
statistical software package (GraphPad, La Jolla, CA, USA).
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Abstract Prostate cancer is the second most diagnosed

cancer in males in the world. Plasma quantification of

prostate-specific antigen substantially improved the early

detection of prostate cancer, but still lacks the required

specificity. Clinical management of prostate cancer needs

advances in the development of new non-invasive

biomarkers, ameliorating current diagnosis and prognosis

and guiding therapeutic decisions. microRNAs (miRNAs)

are a class of small non-coding RNAs that regulate gene

expression at the post-transcriptional level. These miRNAs

are expressed in the cells and are also present in cell-

derived extracellular vesicles such as exosomes. Exosomes

have been shown to act as mediators for cell to cell com-

munication because of the regulatory functions of their

content. High levels of exosomes are found in several body

fluids from cancer patients and could be a potential source

of non-invasive biomarkers. In this review, we summarize

the diagnostic and prognostic utility of exosomal miRNAs

in prostate cancer.

Keywords Prostate cancer � MiRNAs � Exosome �
Biomarker � Liquid biopsies

Prostate cancer

Prostate cancer is the most commonly diagnosed male

malignancy and the second leading cause of cancer-related

death in males in the western world [1, 2]. Malignant

transformation of prostate epithelial cells and progression

to carcinoma are likely to result from a complex series of

events under both genetic and environmental influences

[3, 4]. Prostate cancer develops mainly in aged men, the

inherited risk of prostate cancer is as high as 60% [5] and

some predisposing genes have been identified [6–8]. Other

risk factors include race, a diet rich in fat, and obesity [3].

A better understanding of the genetic and biologic mech-

anisms that determine why some prostate carcinomas

remain silent while others cause serious, even life-threat-

ening illness are needed [5].

In the early stages, the disease locally confined to the

prostate, is hormone or androgen-dependent and can be

managed by surgical intervention or radiation treatment

[4]. In the case of advanced prostate cancer, androgen

deprivation therapy initially reduce tumor burden and cir-

culating prostate-specific antigen (PSA), but unfortunately

the disease relapse in most cases [9]. Advanced prostate

cancer can present metastasis in the lung, pleura, liver and

bone, with a great impact in patient morbidity and
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mortality despite aggressive therapy [10]. Currently,

prognostic markers are serum levels of PSA, Gleason score

and pathological stage [11]. PSA is secreted by prostate

cancer cells and can be found in blood, but has a low

specificity as biomarker because its level can also be ele-

vated for non-cancerous reasons [12, 13] or even dimin-

ished in metastatic disease [14]. These tests do not

distinguish exactly the aggressiveness of the tumor or the

potential metastatic capacity, so prostate biopsy, an inva-

sive procedure, remains the only definitive diagnostic test

for prostate cancer. But the implementation of novel state-

of-the-art techniques such as the analysis of exosomal

content of microRNAs (miRNAs) might be a promising

candidate for the diagnosis and disease stratification of

prostate cancer.

miRNA biogenesis, functions and implications
in cancer

miRNAs are endogenous, small, from 18 to 25 nucleotides

and non-coding RNAs widely found in both animals and

plants that regulate post-transcriptionally gene expression.

These small RNAs down-regulate gene expression by

binding a region in the 30 untranslated region (30UTR) of

their messenger RNA (mRNA) targets [15–17]. If the

miRNA completely binds the sequence of their mRNA, the

mRNA degradation is induced, while by contrast when

miRNA bind incompletely, translational repression is

induced [18]. miRNAs genes are transcribed by RNA

polymerase II into long primary miRNAs (pri-miRNAs).

These pri-miRNAs are processed in the nucleus into 70–80

nucleotide precursor miRNAs (pre-miRNAs) by the RNase

III enzyme Drosha [19] and its cofactor DGCR8. Then pre-

miRNA is actively transported from the nucleus to the

cytoplasm by Exportin 5/Ran-GTP complex where is pro-

cessed by the enzyme Dicer in the cytoplasm. Dicer is an

RNase III endonuclease that cleaves the pre-miRNA into

the mature miRNA that become stably associated with the

RNA-induced silenced complex (RISC), forming the

miRISC. The miRISC inhibits the target genes by

repressing translation initiation, inducing deadenylation of

mRNA, and thereby inducing ribosomes to drop off pre-

maturely and promoting mRNA degradation by Argonaute,

one of its essential catalytic components [20] (Fig. 1).

miRNAs can target hundreds of transcripts, and more than

one miRNA can converge on a single target transcript, thus

the potential regulatory scenario of miRNAs is enormous.

In this regard, miRNAs expression profiles have been

found to be tissue type-specific and play important regu-

latory roles in a variety of biological process, such as cell

proliferation, intercellular signaling, cell growth, cell

death, cellular differentiation, apoptosis and metabolism

control [21]. miRNA expression in tumor has been found to

be up or down-regulated compared with normal tissue

supporting their complex dual role either as oncogene

(oncomir) or tumor suppressor gene [22]. For instance

miRNA-125b has been shown to be an oncomir in prostate

cancer but can also act as a tumor suppressor in ovarian and

breast cancer [23]. Not only miRNAs are deregulated in

cancer but also the enzymes involved in their biogenesis

and processing. For example, Dicer is up-regulated during

prostate cancer progression and its levels correlate with

clinical stage, lymph node status and Gleason score [24].

miRNAs can be detected in a small volume samples from

most body fluids, including serum, plasma, urine, saliva

and are known to circulate in a highly stable cell free form

[25]. Their stability, ease detection using a range of tech-

niques, including miRNA cloning, microarray, quantitative

PCR and next generation sequencing, make it feasible to

identify and confirm abnormal miRNA expression in most

human malignances [26]. These characteristics, together

with its association with neoplastic disease progression,

make miRNA an ideal tumor biomarker either in the tissue

or in body fluids [20].

Exosomes and prostasomes

Exosomes are nano-sized (40–100 nm) extracellular vesi-

cles (EV) derived from multivesicular bodies (MVB). Cells

use exosomes to exchange of proteins, lipids and nucleic

acids [27], therefore are important mediator for cell to cell

communication, and indeed are considered to play a fun-

damental role in many physiological and pathological

processes [28]. Exosomes are either released from normal

or neoplastic cells and are present in the blood plasma,

amniotic fluids, malignant ascites [29], breast milk [30] and

other body fluids such as urine [31]. Exosomes contain

mRNA, miRNAs and DNA so the transfer of this sort of

information and oncogenic signaling to the tumor

microenvironment let the modulation of tumor progression,

proliferation angiogenic switch, the formation of the

metastatic niche [32] and even the suppression of immune

responses [33] (Fig. 2).

Several molecules or pathways are involved in the

biogenesis of MVBs, such as the ESCRT machinery (en-

dosomal sorting complexes required for transport), certain

lipids (such as ceramide) and the tetraspanins [34]. MVBs

can be either fused with lysosomes or with the plasma

membrane, which allows the release of their content to the

extracellular compartment [35]. Exosomes then will inter-

act with recipient target cells via different mechanisms

such as plasma membrane fusion and transport (RAB11,

RAB27 and RAB35) or adhesion to corresponding recep-

tors [36, 37]. Unfortunately, the mechanism that regulates

Clin Transl Oncol

123



the exosomes release and uptake is still unknown. There

are different ways to isolate exosomes either from tissue

culture or form body fluids as sucrose density-gradient,

ultracentrifugation [38] or by means of antibodies against

exosomal markers, such as CD9, CD81, CD63 [39].

Recently, nanomembrane ultrafiltration concentrator and

ExoQuick reagent are used as an effective and proven

alternative to ultracentrifugation as well as a modified

exosome precipitation method offers also a quick and

scalable for exosomes isolation [40].

EVs, matching in size to vesicles from the prostate

epithelium, now are known as prostasomes, found inside

the ‘storage vesicles’ within prostate epithelial cells [41].

Prostasomes are microvesicles (50–500 nm) present in

prostate secretions, produced by prostatic ductal epithelial

cells and normal component of seminal fluid [42].

In prostasomes term, there are several populations: one

with a small size type equivalent to exosomes, and released

by prostate cells because of multivesicular endosomes with

the plasma membrane, and other type equivalent to

microvesicles with large size and derived by direct shed-

ding of plasma membrane [43].

Prostasomes play a role as antioxidant factors in semen

by interacting with polymorphonuclear neutrophils and

inhibiting NADPH oxidase activity, and thus can act as

antibacterial agents [44]. Interesting component have

similarly been found in prostasomes isolated from human

semen, such as prostatic acid phosphatase (PAP), PSA,

prostate-specific transglutaminase and prostate stem cell

antigen (PSCA) which are also markers for prostate

cancer [45]. Prostasome have also a peculiar lipid com-

position with high levels of sphingomyelin, cholesterol,

and glycosphingolipids [46] and in addition have also

been reported to contain chromosomal DNA, mRNA and

miRNA [47]. The protein content on prostasome surface

is also very relevant as the presence of complement

inhibitory proteins such as CD46 and CD59 that confer

resistance to complement dependent cytotoxicity [48].

Prostasomes are not only secret by normal prostatic cells

but also by neoplastic cells that export prostasomes to the

extracellular environment, participating in tumor prolif-

eration and metastasis [49]. Prostasome levels are

reportedly increased in prostate cancer patients and these

levels are associated with the disease aggressiveness [50].

The development of future isolation techniques for

prostasomes found in biological fluids will let to get

better insight in the identification and analysis of the

protein, lipid and nucleic acids content of them and the

potential utility for the diagnosis and prognosis of prostate

cancer.

Fig. 1 miRNA biogenesis and mechanism of action
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Exosomal miRNAs in prostate cancer

miRNAs are expressed not only in cells and present in

biological fluids, but can be found also in cell-derived

extracellular vesicles such as exosomes [51]. In fact, RNA

sequencing analysis of plasma-derived exosomes revealed

that miRNAs are the most abundant exosomal RNA species

[52]. The miRNA content of extracellular vesicles reflects

the miRNA expression profile of the cells they originated

from [53]. For example, Brase et al. screened more 60

exosomal miRNAs identifying mir-375 and mir-141 as

appropriate markers for prostate cancer [54]. This miRNAs

content in exosomes could be considered as a potential

novel biomarker for prostate cancer that may be used to

diagnose but also to predict the disease stage [55, 56]. This

is currently needed because the blood level of the gold

standard marker for prostate cancer, PSA, do not always

correlate with disease stage and aggressiveness of the

malignancy [57]. For example, miR-21 is significantly

elevated in the early stage, but not in advanced prostate

cancer [58] and miR-16 is up-regulated in plasma of

metastatic prostate cancer patients, but down-regulated in

primary or metastatic prostate cancer tissues [59]. Addi-

tionally, other miRNAs have been reported to be detected

in blood exosomes in metastatic prostate cancer patients

[60–63]. MiRNAs have identified deregulated in plasma

and serum microvesicles in prostate cancer patients com-

pared with healthy control [64] and were also associated

with the stage of the disease, the Gleason score and lymph

node metastasis. For instance, Lodes et al. found 15 miR-

NAs (miR-16, -92a, -103, -107, -197, -34b, -328, -485-3p,

-486-5p, -92b, -574-3p, -636, -640, -766, -885-5p) over-

expressed in serum from stage 3 and 4 prostate cancer

patients compared with healthy controls [65]. Further-

more, Mahn et al., found miR-26a, miR-195, and let-7i to

be up-regulated in patients with prostate cancer compared

with patients affected by benign prostatic hyperplasia [66].

Therefore, the different expression of specific miRNAs in

liquid biopsies might be useful for a correct diagnosis.

Another source where to investigate neoplastic abnormal-

ities in prostate cancer with clinical value is the urine as its

composition reflects the alterations in urogenital system

[67].

An investigation of the proteome of urinary exosomes

identified 246 proteins differentially expressed in prostate

cancer patients compared to healthy male controls being

the majority of these proteins up-regulated in exosomes

from prostate cancer patients with high sensitivity and

specificity [68]. A urinary 3-gene expression assay in

exosomes has demonstrated an improved identification of

patients with higher-grade prostate cancer among men with

elevated PSA reduce the number of unnecessary biopsies

Fig. 2 Exosomes promote cell–cell communication playing an important role in gene regulation due to their ability to transport cancer-

promoting material such as miRNAs
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[69]. In a proof-of-concept study analyzing the transcrip-

tome in tumor exosomes isolated from the urine of patients

with prostate cancer, revealed biomarkers, with potential

for monitoring cancer patients. If it could expand to include

not only mRNAs but also miRNAs it will help to classify

the tumor phenotype, its severity and the tumor response to

treatment [70]. Additional studies have demonstrated

alteration of certain specifics miRNAs, such as mir-107,

mir-574-3p and mir-483-5p, found in the urine of men with

prostate cancer compared with healthy controls [70]. In

metastatic prostate cancer, miR-141 is enriched in exo-

somes found in cells obtained by urine sediments, as well

as in parallel tissue samples, suggesting the diagnostic and

prognostic potential of miR-141 for prostate cancer [71].

As shown in Table 1, there are several deregulated miR-

NAs in different liquid biopsy (serum, plasma, urine, saliva

and cells) of prostate cancer. Regarding other important

factors, it has been observed that the miRNAs content of

exosomes plays a role in docetaxel resistance. mir-34a that

was significantly decreased in prostate cancer versus nor-

mal tissues as well as in urine, regulates BCL-2 and may in

part, regulate the response to docetaxel [76, 77].

Conclusion

There is still limited knowledge about the biological roles

of exosomal miRNAs in prostate cancer. The development

of new exosome isolations methods and the incorporation

of high-throughput technologies as next generation

sequencing (NGS) for miRNA analysis will change dra-

matically the scenario. The scientific community will

advance in the use of plasma or urine exosomal miRNAs as

source for new prostate cancer biomarkers substituting

progressively invasive procedures as biopsy or serum PSA.

This challenge of blood-based assays may represent the

needed association between basic and clinical research,

driving definitively the outbreak of personalized medicine

in prostate cancer.
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Table 1 miRNAs deregulated in prostate cancer compared to healthy controls

MiRNAs deregulated in prostate cancer Source Potential target genes References

Let-7i, mir-16, mir-24, mir-26a, mir-26b, mir-34b,

mir-92b, mir-93, mir-103, mir-106a, mir-141, mir-

195, mir-197, mir-223, mir-298, mir-328, mir-346,

mir-375, mir-1290

Serum MAPK, p53, WNT5A EZH2,LARP1,AKT,

SOX2,PDCD10,SPAG9,SOCS5, MBNL1, MTPN,

E2F2, MYC, MCM7, BCL2, PLAG1, ACSL3,

HMGA1, EGF2, BCOX1, AKT,ITGA3/

ITGB1,p21

Hessvik et al. [61],

Moltzahn et al.

[72], Lodes et al.

[73]

Let-7e, let-7c, mir-20a, mir-21, mir-30c, mir-130b,

mir-145, mir-1811a-2*, mir-221, mir-301a, mir-

326, mir331-3p, mir-432, mir-574-3p, mir-622,

mir-625*, mir-1285, mir-2110, mir-141, mir-1290

Plasma HMGA2, IGF1R, AR, ABL2, PDCD4, TGFb,

BCL9, MMP2, SOX2, SENP1, Bmi1, SIRT1,

IRF2, RAB1A, HECTD2, NDRG2, DOHH,

ERBB-2, WNT5A, EZH2, LARP1

Shen et al. [74],

Huang et al. [52]

mir-107, mir-574-3p, mir-141-5p, mir-21-5p, mir-

34a, mir-483-5p

Urine WNT5A, EZH2, LARP1, PDCD4, p57Kip2, SIRT1,

CD44, WNT/TCF7, AR, Notch-1, c-Myc

Nina Pettersen

Hessvik et al. [61],

Samsonov et al.

[71]

mir-141, mir-21 Saliva MAPK, WNT5A, EZH2, LARP1, PDCD4,

FBXO11, p57Kip2, TGFBR2, MARCKS

Hizir et al. [58]

mir-141,mir-9, mir-200b,mir-21,mir-221,mir-

16,mir-92a, mir-103,mir-107, mir-197, mir-

92b,mir-574-3p,mir-885-5p,mir-298,mir-26a,mir-

1274a,mir-106a,mir-26b,mir-30b,c,d, mir-24, let-

7a,c,e,i, miR-1285,mir-20a,mir-107,mir-130b,mir-

301a,mir-331-3p,mir-625,mir-485-3p,mir-

874,mir-155,mir-181a-2, mir-326, mir-762, mir-

185, mir-151 and mir-149

Metastatic

cell line

(PC3)

IGFR1, TCR, GH, STAT, MAPK, PRLR, TGFb,

BCL2, ERG, PDGF-D, Bmi, TGFBR2, p57kip2,

MARCKS, Bmi, SIRT1, IRF2, SOCS3, HECTD2,

RAB14, DVL2, PDCD10, PI3 K, AKT3,

WNT5A, ULK2, BCL9, CDKN1B/p27, E2F2,

CCND2, AR, ABL2, CX43, MMP2, NDRG2,

DOHH, ERBB-2, ANXA7, DAX1, SREBP,

CASZ1, IL1RAPL1, SOX17, N4BP1, ARHGDIA

Hessvik et al. [75],

Alireza Ahadi et al.

[51]

Let-7a, b,c, mir-149, mir-762, mir-30b-3p, mir-

20a,b, mir-17-5p, mir-18a-5p, mir-106-5p, mir-93-

5p,

Metastatic

cell line

(VCaP)

KRAS, E2F2, CCND2, IGF1R, RPS2, AR, c-MYC,

ABL2, CX43, TIMP3, p300/CBP, RE-1, KEGG

Alireza Ahadi et al.

[51]

Let-7a, b,c,d,e,i, mir-17, mir-18a, mir-20a, mir-93,

mir-106b, mir-149

Metastatic

cell line

(LNCaP)

KRAS, E2F2, CCND2, IGF1R, RPS2, AR, c-MYC,

BPX3, ABL2, CX43, TIMP3, p300/CBP, RE-1,

PTEN, ZBTB4, p21, CASP7, SDC-1

Alireza Ahadi et al.

[51]
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Abstract

This chapter analyzes the advantages of the use of bioartificial polymers as carriers and the main strategies used for their

design. Despite the enormous progresses in this field, more studies are required for the fully evaluation of these nanovectors

in complex organisms and for the characterization of the pharmacodynamic and pharmacokinetic of the loaded drugs.

Moreover, progresses in polymer chemistry are introducing a wide range of functionalities in the bioartificial polymeric

material (BPM) nanostructures leading to a second generation of bioartificial polymer therapeutics based on novel and

heterogeneous architectures with higher molecular weight and predictable structures, in order to achieve greater

multivalency and increased loading capacity. Therefore, research on bioartificial polymeric nanovectors is an “on-going” field

capable of attracting medical interest.

Keywords: chitosan; doxorubicin; nanofibers; poly(ethylene glycol)

1 Introduction

1.1 Bioartificial polymeric materials

“Bioartificial polymeric materials” (BPMs) are a class of polymeric composites based on the blend between synthetic and

natural polymers, designed to produce new materials combining the biocompatibility of the biological components with the

physical and mechanical features of the synthetics [1–3].These materials are engineered for different applications such as

biodegradable delivery systems, leak proof membranes, systems of proteins purification, dialysis membranes, wound

dressing, artificial skin, cardiovascular devices, nerve guide channels, implantable devices, bone graft substitutes [4–6] and

have an enormous repercussion in the human life quality [7]. Table 1summarizes the main applications of these materials

(Table 1).

Tab. 

Table 1:

Uses of bioartificial polymeric materials.

1.1.1 Natural polymers for BPMs

Natural polymers are macromolecules produced by living organisms (e.g. plants, mammals, crustaceans) with structural or

functional purposes. The main classes of natural polymers are polynucleotides, polypeptides and polysaccharides [8].

Polynucleotides act as carriers of the genetic information, polypeptides function as structural materials or catalysts,

polysaccharides are components of membranes and enhance intracellular communication [9]. Natural polymers are broadly

used as advanced materials for the production of fibers, adhesives, coatings, gels, thermoplastics, resins, etc. and most of

them have medical applications [9, 10]. (Table 2). These polymers possess several inherent advantages such as bioactivity,

the ability to present receptor-binding ligands to cells, susceptibility to cell-triggered proteolytic degradation and natural

remodeling. However, their immunogenicity, variability in purity across groups, complex structure, strength inadequacies and

difficulty in controlling material degradability limit their utilization [11].

Tab. 

Table 2:

Natural polymers used for bioartificial polymeric materials.

1.1.2 Synthetic polymers for BPMs

Synthetic polymers are petroleum-based products produced by chemical reactions. These materials are important

components of BPMs thanks to their inert nature, high resistance of chemical linkages to hydrolytic and oxidative degradation

and ability to tailor mechanical properties. Synthetic polymers contribute to the efficient functioning of devices providing

mechanical support to implants such as articulating surfaces and scaffolds (e.g. knee and hip implants), protective coatings

to improve blood compatibility, electrically stimulating devices (e.g. pacemakers, heart valves), catheters and dialysis tubing,

vascular grafts and implantable drug delivery systems (e.g. drug eluting coatings on vascular stents). The main classes of

synthetic polymers used in BPMs include poly(olefins), poly(urethanes), poly(carbonates), poly(siloxanes), poly(amides),

poly(ethers), poly(sulfones) and poly(esters) [12–15]. Table 3summarizes their chemical structures and general properties

(Table 3).
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Tab. 

Table 3:

Synthetic polymers used for bioartificial polymeric materials.

1.2 Nanotechnology and medicine

Nanotechnology (NT) is the science of manipulating matter at the atomic or molecular scale and holds the promise of

providing significant improvements in the technologies intended to enhance human well-being and protect the environment

[15]. NT is often regarded as a product of the latter part of the twentieth century but it influenced human evolution from the

earliest civilization. Indeed, the ancient Greeks used permanent hair-dying recipes composed of 5 nm lead sulfide crystals

and European medieval artists colored stained glass using metal nanoparticles. Modern NT, started in 1959 when physicist

Richard Feynman recognized the possibility to build machines able to manufacture objects with atomic precision and

explained that, at the nanoscale, surface phenomena dominate the behavior of the objects [16]. The term NT, however, was

introduced in 1974 by Norio Taniguchi referring to the “production technology to get the extra-high accuracy and ultra-fine

dimensions” [17]. Practical application of NT started with the description of the molecular manufacturing [18] and the

invention of the scanning tunneling microscope (STM) that allowed the first direct manipulation of individual atoms [17].

Nowadays, NT is a dynamic field where over 50,000 articles published annually and more than 2,500 patents filed [19].

Nanomedicine, an offshoot of NT, uses nano-sized tools for the diagnosis, prevention and treatment of diseases (Figure 1).

Applicative examples are biosensors, implantable devices, prostheses components and drug delivery platforms. This chapter

focuses on the delivery of therapeutic substances through bioartificial polymeric nanovectors, a novel and interesting aspect

of nanomedicine.

Figure 1:

Nanovectors direction to the FDA approval.

2 Bioartificial polymeric nanovectors

Drug delivery is the method of administering pharmaceutical compounds to achieve therapeutic effects in humans or animals

[20]. The delivery vehicles are films, plasters, gels and polymeric-based nanovectors. Among these, nano-sized delivery

systems have a significant role in the alteration of bioavailability, pharmacokinetic and pharmacodynamic properties of drug

molecules thanks to their favorable chemical-physical characteristics due to the reduced dimensions, their ability of delivering

therapeutic agents directly into the intended site of action and their capability to overcome tight junction membrane barriers

(e.g. blood brain barrier and blood-ocular-barrier) [21–24]. Nanovectors are particularly useful to transport drugs that have

poor solubility or a short half-life and have numerous biological applications such as cancer therapy, stabilization and

protection of molecules, proteins, peptides and DNA, analysis of environmental hazards, protein and gene delivery, action as

self-regulated devices bio-recognizable systems and stimuli-controlled vectors [25–27].

BPMs are widely used as nano-sized drug delivery systems due to the synthetically controllable size, surface charge and

morphology, solubility, mechanical properties and pharmacokinetic [24, 28–30]. Bioartificial polymeric nanovectors are

targeted to the biological substrate using three different mechanisms: active targeting, passive targeting and endocytosis.

Active targeting is an internalization method that uses receptors, surface ligands, antigen-antibody combinations or aptamers

to enter targeted tissues or cells. Passive targeting takes advantage of nanosystems’ physicochemical properties (e.g. small

size, surface functionalization, morphology) to accumulate in target tissues. In particular, the nanovehicles are able to enter

into the cells through van der Waals forces, electrostatic charges, steric interactions or interfacial tension based on the

pathophysiological characteristics of the tissues (e.g. extravasation of nanovectors through the “leaky” endothelium of tumor

tissue). Finally, endocytosis, the major route for nanomedicines, allows transport of nanodelivery systems across cell

membrane and is generally classified into phagocytosis and pinocytosis [31–34]. The synthesis of BPM nanovectors
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depends on the polymeric units of the material and follows top down or bottom up approaches. “Top down” approach refers

to the reduction of a bulk material to get nano-sized particle, while “bottom up” allows the build of nanoparticles starting from

the monomers [35]. The technique used greatly impacts the physical, chemical and biological properties of the produced

vehicles and influences their size, shape and surface chemistry [36–38]. However, clinical utilization of BPM-based

nanovectors is still at the early stages and the commercialized vehicles are mainly composed of synthetic polymers. Table

4summarizes the marketed polymeric nanovectors for drug delivery applications (Table 4).

Tab. 

Table 4:

Commercialized polymeric nanovectors for drug delivery applications.

2.1 Nanospheres and Nanocapsules

Nanospheres (NSs) and nanocapsules (NCs) are nano-sized vectors composed of amphiphilic copolymers structured with

hydrophobic chains forming the inner part of the particles and hydrophilic portions on the surface. NSs have homogeneous

solid matrices [39] while NCs exhibit a core-shell structure in which the drug is confined to a reservoir or within a cavity

surrounded by a polymer membrane [40]. Both NSs and NCs allow the fine tuning of their properties through surface

functionalization, the use of different shell materials and with the regulation of their size [41–43]. Poly-lactic acid (PLA),

poly-glycolic acid (PGA), poly-lactic-co-glycolic acid (PLGA), poly ε-caprolactone (PCL), chitosan (CS) and polyethylene

glycol (PEG) are the main materials used for the synthesis of these systems due to their wide biocompatibility and

biodegradability [44–48]. NS drugs are dissolved, entrapped, encapsulated, chemically bound or adsorbed to the constituent

polymer matrix [49, 50] while NCs carry the active substance in the core, or on their surfaces or absorbed in the polymeric

membrane [51–53]. The use of NSs and NCs is an attractive strategy for the vectorization of a variety of active substances

such as antineoplastics, antiinflammatories, immunosuppressants, antigens, hormones, antivirals, antibacterials, antifungals,

diuretics, antipneumocystics and vitamins. Moreover, these systems are useful to mask unpleasant tastes, to provide

controlled release properties, to protect vulnerable molecules from degradation and to increase the therapeutic efficacy of

active molecules [54, 55]. Finally, NSs and NCs have high intracellular uptake and require a low amount of polymer for each

particle, resulting in high drug loading [46, 49]. NSs and NCs have common preparation techniques that are classified into

two general categories depending on the starting material. The use of monomers requires emulsion polymerization,

interfacial polymerization or ionic gelation methods. Differently, for preformed polymers, nanoparticle preparation is achieved

through emulsification/solvent evaporation, emulsification/solvent diffusion, salting out, dialysis and nanoprecipitation. The

emulsion polymerization method is carried out using organic or aqueous solvents as continuous phase [46]. Surfactants or

protective soluble polymers are used to prevent aggregation in the early stages of the polymerization. The polymerization

process starts using an initiator molecule (ion or free radical), or activating the monomer with high-energy radiations.

Incorporation of active principles is obtained dissolving the substance in the same phase of the monomers. The interfacial

polymerization is a process with a similar mechanism that involves the dissolution of two reactive agents into two phases

(i.e., continuous- and dispersed-phase), with the reaction that takes place at the interface of the two liquids [56]. Interfacial

polymerization permits to modulate the formation of NSs or NCs using different eluents. In fact, to promote NC formation,

aprotic solvents are used, while protic liquids induce the formation of NSs [57]. Incorporation of active principles is obtained

dissolving the drug into the dispersed phase. Ionic gelation permits the preparation of polymeric nanoparticles using

biodegradable hydrophilic polymers such as CS, gelatin and sodium alginate. This method requires the mixture of two

aqueous phases, one containing the hydrophilic polymer and the other a crosslinker (e.g. poly-anion sodium

tripolyphosphate). The positive groups of the polymer interact with negative charged crosslinkers to form nano-sized vectors

[58]. Drug is added in the same phase of the hydrophilic polymer [58]. Emulsification/solvent evaporation is a method that

requires the preparation of the polymer solution in lipophilic volatile solvent with a subsequent formation of an emulsion,

adding water and stabilizers. The lipophilic solvent diffuses through the emulsion and its evaporation lead to the formation of

a nanoparticle suspension. High-speed homogenization or sonication is utilized to improve the diffusion, while the solvent

evaporation is favored by continuous magnetic stirring at room temperature or under reduced pressure. The solidified

nanoparticles are collected by centrifugation and washed with distilled water to remove additives [59]. Drug loading is carried

dispersing the substance in the volatile solvent. Similarly, in the emulsification/solvent diffusion method, the encapsulating

polymer is dissolved in a partially water soluble eluent and saturated with water to ensure the diffusion. Subsequently, the

polymer-water saturated solvent phase is emulsified in an aqueous solution containing stabilizers, leading to the solvent

diffusion to the external phase and to the formation of nanovectors. Drug loading is achieved dissolving the substance in the

polymer phase [46]. Salting out is a modification of the emulsification/solvent diffusion in which polymer and drug are initially

solubilized in the volatile solvent which is emulsified into an aqueous gel containing salting-out agents (e.g. electrolytes, such

as magnesium chloride, calcium chloride, and magnesium acetate, or non-electrolytes such as sucrose) and colloidal

stabilizers (e.g. polyvinylpyrrolidone or hydroxyethylcellulose). This oil/water emulsion is diluted with aqueous solutions to

enhance the diffusion. The salting out agents improve the encapsulation efficiency of the drug [46]. In the dialysis

methodology, the polymer is dissolved in an organic solvent and placed inside a dialysis tube. Dialysis is performed against a

non-solvent miscible with the lipophilic eluent. The progressive aggregation of polymer and the formation of nanoparticles is

the consequence of the displacement of the organic solvent inside the membrane [59]. Drug incorporation is obtained adding

the active principle in the same eluent of the polymer. Finally, in the nanoprecipitation method, the polymer is solubilized in a

water-miscible solvent and is injected into a stirred aqueous solution containing a surfactant. The stirring causes a fast

diffusion of the solvent and the polymer deposition on the interface between the water and the organic eluent, leading to the

instantaneous formation of a colloidal suspension [60]. The aqueous solution must be a non-solvent of the polymer [61].

Drug encapsulation is achieved solubilizing the drug into the organic solvent [61]. A schematic representation of the

described preparation techniques is available in Figure 2. Bioartificial polymers are widely studied as components of NSs and

NCs. Such systems are described by Bellotti et al. as composed of butyl methacrylate, poly(ethylene glycol) methyl ether

methacrylate, 2-(dimethylamino) ethyl methacrylate crosslinked with trimethylolpropane trimethacrylate and functionalized

with folic acid on their surface in order to specific target enclosed anticancer drug to cancer cells [62]. The antitumor activity

is the subject of research of several other authors. For example, Cui et al. formed ionically assembled nanoparticles from

poly(ionic liquid-co-N-isopropylacrylamide) with deoxycholic acid through electrostatic interactions. These nanoparticles

exhibit dual-responsive properties based on pH and thermal environment conditions with practical applications as drug
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delivery carriers, as shown by the encapsulation of doxorubicin. In particular, low pH and high temperature provoke structural

collapse of the ionically assembled nanoparticle and the release of doxorubicin. In fact, 80 % of drug molecules are released

within 48 h at pH 5.2, 43 °C, but only 30 % of doxorubicin is released within 48 h at 37 °C and pH 7.4 [63]. Bahadur et al.

designed nanoparticles formed by poly(2-(pyridin-2-yldisulfanyl)ethyl acrylate) conjugated with PEG and cyclo(Arg-Gly-Asp-

d-Phe-Cys) peptide. These nanovectors are loaded with doxorubicin. The size of the vehicle is 50.13 ± 0.5 nm in PBS. Such

vectors are stable in physiological condition and release doxorubicin with the trigger of acidic pH and redox potential.

Moreover, these acrylate-based nanoparticles show a two-phase release kinetics, providing both loading and maintenance

doses for cancer therapy. The conjugation with the peptide enhances the cellular uptake and nuclear localization. In fact,

these vectors exhibit significantly higher anticancer efficacy compared to that of free doxorubicin at concentrations higher

than 5 μM [64]. Barick et al. synthesized glycine functionalized magnetite (Fe O ) nanoparticles by Michael

addition/amidation reaction. These nanocarriers have average size of about 10 nm and are resistant to protein adsorption in

physiological medium. Moreover, the terminal amino acids on the shell of the magnetic nanocarriers allow outer

functionalization and potential conjugation with drug molecules. The encapsulation of doxorubicin as model drug revealed

high loading affinity, sustained release profile, magnetic-field-induced heating and substantial cellular internalization.

Moreover, the enhanced toxicity to tumor cells using a local magnetic field suggests their potential for combination therapy

involving hyperthermia and chemotherapy [65]. Similarly, Zhao et al. produced arginine–glycine–aspartic acid-modified

Fe O  nanoparticles to control the delivery and release of doxorubicin. The conjugation of these targeted magnetite

nanoparticles with the drug is via acid-labile imine bond. Such linkage gives magnetic control, specific targeting and

pH-responsivity to the nanocarriers. The cell toxicity assays indicate higher anticancer activity of these pH-sensitive magnetic

nanocarriers compared to free doxorubicin and increased cytotoxicity consequent to the conjugation with arginine–glycine–

aspartic acid peptides [66]. Cheng et al. developed nanoparticles of carboxy-terminated poly(d,L-lactide-co-glycolide)-block-

poly(ethylene glycol) conjugated with A10 RNA aptamers, able to bind the prostate specific membrane antigens. Such

nanoparticles deliver docetaxel and paclitaxel to tumor cells. These nanovectors are evaluated in a xenograft mouse model

of prostate cancer. The surface functionalization with A10 aptamers significantly enhances the delivery to tumors [67]. Patil et

al. synthesized copolymer PLA–PEG nanoparticles functionalized with biotin or folic acid and incorporating paclitaxel, by

solvent polymerization technique. The addiction of the ligands significantly enhances nanoparticles accumulation in tumor

cells in vitro and results in improved efficacy of in a mouse xenograft tumor model [68]. Farokhzad et al. synthesized a

bioconjugate composed of PLA-block-PEG copolymer and aptamers for targeted delivery to prostate cancer cells. These

nanovectors encapsulate the model drug rhodamine labeled with dextran. Such nanoparticles present carboxylic acid groups

on the particle surface, useful for functionalization and for covalent conjugation with amine-modified aptamers. Moreover, the

coating of PEG enhances circulating half-life and decreases the uptake into non-targeted cells. The bioconjugation with RNA

aptamers permits the targeting on prostate LNCaP epithelial cells [69]. Schiffelers et al. produced self-assembling

nanoparticles with siRNA and polyethyleneimine PEGylated with an Arg-Gly-Asp (RGD) peptide ligand attached at the distal

end of the PEG. These nanovectors deliver siRNA inhibiting vascular endothelial growth factor receptor-2 expression into

tumor neovasculature expressing integrins. Intravenous administration of this system into tumor-bearing mice results in

selective tumor uptake, siRNA sequence-specific inhibition of protein expression within the tumor and reduction of both tumor

angiogenesis and growth rate [70]. Cho et al. synthesized retinoic acid loaded poly(L-lactic acid) nanoparticles coated with

galactose-carrying polymer for hepatocyte-specific targeting using galactose ligands as recognition signals to

asialoglycoprotein receptors. The authors study the effects of released retinoic acid on morphology and DNA synthesis of

hepatocytes. Such drugs modify in vitro shapes of hepatocytes. Moreover, fluorescence and confocal laser microscopic

studies confirm the positive influence of galactose-carrying polymers coating on nanoparticles internalization [71] Soppimath

et al. synthesized core-shell nanoparticles, self-assembled from the amphiphilic tercopolymer poly(N-isopropylacrylamide-

co-N,N-dimethylacrylamide-co-10-undecenoic acid) in which 10-undecenoic acid is employed as hydrophobic and

pH-sensitive segment. The temperature responsiveness of the core-shell nanoparticles is triggered by a change in the

environmental pH. The shell of these nanoparticles is composed of amine groups able to conjugate biological signals for

specific affinities to certain cell types. Such nanoparticles, loaded with doxorubicin, are stable in PBS at 37 °C but precipitate

in acidic environment, triggering the release of the enclosed drug molecules [72]. Shu et al. produced crosslinked hollow

polyelectrolyte NCs composed of cysteamine conjugated CS and dextran sulfate by adsorption on β-cyclodextrin

functionalized silica spheres. These NCs have enhanced physical stability against acidic pH conditions and decrease the

loss of protein caused by the gastric cavity and the release of drugs in the intracellular environment after glutathione

reduction. Bovine serum albumin (BSA) used as model drug exhibits spherical morphology, dimension of 120 nm, with a

good polydispersion index and sustained release without the initial burst [73]. The cited vehicles are summarized in Table 5.

3 4

3 4
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Figure 2:

Schematic representation and manufacturing methods of nanospheres –left- and nanocapsules –right.

Tab. 

Table 5:

Bioartificial polymeric nanospheres and nanocapsules.

2.2 Nanohydrogels and nanoaggregates

Nanohydrogels (NHYs) are nano-sized networks of polymer chains able to incorporate H O in their structure. Usually, NHYs

are macromolecular hydrocolloids with numerous hydrophilic functional groups [74]. Their composition ranges from linear

water-soluble polymers to water insoluble molecules that act as swellable networks stabilized by crosslinking agents. In

general, these substances have high molecular weight (5000–10000 Da) and cannot cross-biological membranes. Further,

they include cellulosic components like sodium carboxymethyl cellulose or polyanion bioadhesives like polyacrylic acid.

These nanovectors are classified on the basis of the presence or absence of electrical charge located on the crosslinked

chains. In fact, they are grouped as nonionic, anionic, cationic, amphoteric electrolytes or zwitterions. The surface charge

regulates the adhesivity. For example NHYs, due to their capability of forming strong non-covalent bonds with the mucin,

have prolonged ocular residence time and reduced dosing frequency [75]. Production of hydrogels requires the simple

preparation of polymer solutions in low or intermediate concentrations and the formation of crosslinks for the prevention of

the dissolution. Many crosslinking methods are currently available for hydrogel synthesis. Generally, physically crosslinked

gels are those whereas physical interactions exist between polymer chains (e.g. hydrogen bonds, amphiphilic graft) while

chemically crosslinked hydrogels are synthesized with covalent bonds (e.g. crosslink with aldehydes, free radical

polymerization). The nanodimensions are usually obtained with sonication [76]. The medical application of nano-sized

hydrogels is limited by the difficult administration of an accurate dose of active principle due to the variable release of gelified

systems [75]. Nanoaggregates (NAGs) are colloidal carriers formed from amphiphilic block copolymers. In some cases,

further molecules act as crosslinker agents. NAGs possess inherent properties such as high loading efficiency and in vivo

stability. These vehicles are able to provide site-specific drug delivery via either a passive or active targeting mechanisms.

NAGs are suitable for encapsulation of poorly water-soluble drugs by covalent conjugation as well as physical encapsulation.

Active transport is achieved by conjugating a drug with vectors or ligands that bind specific receptors [77]. The synthesis of

NHYs and NAGs is summarized in Figure 3. The use of bioartificial materials for the preparation of NHYs and NAGs is a

novel research interest. Despite of this, a number of papers are available in literature. For example, CS-poly (acrylamide-

co-methacrylic acid) hydrogels were synthesized by Ullah et al. They use different coupling agents (3-dimethylaminopropyl)-

3-ethylcarbodimide hydrochloride and 3-aminopropyltriethoxysilane) and the functionalization with phenylboronic acid, a

glucose sensing moiety, to design multifunctional NHYs with enhanced glucose sensitivity, stability, drug loading and release

profile. Moreover, the authors study the glucose-induced volume phase transition and release profile at physiological

conditions of the model drug Alizarin Red (a compound with 1,2-diol structure, similar to insulin) in order to find potential

application in self-regulated insulin delivery with enhanced sensitivity toward glucose [78]. Jaiswal et al. synthesized poly

N-isopropylacrylamide – CS-based NHYs encapsulating iron oxide (Fe O ) magnetic nanoparticles through free radical

polymerization of the acrylate in presence of CS. These NHSs are spherical shaped with size ranging from 50 nm to 200 nm

on the base of the feed ratios of CS. The encapsulation of Fe O  nanoparticles into poly N-isopropylacrylamide–CS based

NHYs is confirmed by transmission electron microscopy. This system shows optimal magnetization, good specific absorption

rate and excellent cytocompatibility, finding potential applications in hyperthermia treatment of cancer and targeted drug

delivery [79]. Yoon et al. produced self-assembled NAGs co-encapsulating doxorubicin and oligonucleotides through the

conjugation of four-arm poly(ethylene glycol) with doxorubicin and anti-bcl-2 oligonucleotides. These conjugates are

hydrophobically self-assembled into NAGs in aqueous solutions. Elemental scanning of the products reveals a core-shell

structure with the drug located at the core of the vectors and the genetic materials at the shell. Analysis by dynamic light

scattering and electron microscopy proves the complete disappearance of the particles under reducing conditions and the

liberation of oligonucleotides at low pH. In vitro studies confirm the uptake of drug and oligonucleotides in cells treated with

2

3 4

3 4
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NAGs [80]. Table 6recaps the described nanovectors (Table 6).

Figure 3:

Schematic representation and manufacturing methods of nanoaggregates –top- and nanohydrogels –bottom.

Tab. 

Table 6:

Bioartificial polymeric nanohydrogels and nanoaggregates.

2.3 Micelles (MCs) and solid lipid nanoparticles (SLNs)

Micelles (MCs) are colloidal dispersions belonging to a large family of systems consisting of particulate matter (the

“dispersed phase”), distributed within a continuous phase (the “dispersion medium”), usually constituted by water. MCs form

spontaneously at certain concentration (critical micelle concentration) and temperature (critical micelle temperature) values

from amphiphilic or surface active agents. Usually, these vehicles have particle size ranging between 5 and 100 nm [81, 82].

Regarding the structure, the hydrophobic fragments of amphiphilic molecules form the core of MCs, while hydrophilic

fragments the shells. The formation of MCs is driven by the decrease of free energy in the system because of the removal of

hydrophobic fragments from the continuous phase, and the re-establishing of hydrogen bond network in water. Moreover,

additional energy results from the formation of van der Waals bonds between hydrophobic blocks in the core of the formed

MCs [83]. MCs possess high stability both in vitro and in vivo, good biocompatibility and are able to solubilize a broad variety

of poorly soluble pharmaceuticals through the interaction of the lipophilic substances with their hydrophobic core [84]. Many

of these drug-loaded vehicles are currently at different stages of preclinical and clinical trials [85]. Micellar nano-drug delivery

systems have increased water solubility, improved bioavailability, reduction of toxicity, enhanced permeability across the

physiological barriers, substantial changes in drug biodistribution, extended blood half-life and protection from degradation

[86]. Moreover, MCs have spontaneous interstitial penetration into the body compartments with leaky vasculature (tumors

and infarcts) [87]. Active targeting of MCs is obtained through surface chemical attachment of driving molecules [88]. MCs

are prepared simply dissolving the amphiphiles in water. These vectors are thermodynamically stabilized against

disassembly if the amphiphilic concentration remains above the CMC. While, upon dilution below the CMC, MCs

disassemble with a rate depending on the structure of the amphiphiles and on the interactions between the chains [89]. The

encapsulation of molecules is obtained dissolving the substance into the micellar solution [89]. A further method of MCs

preparation, useful to encapsulate non-water soluble molecules, is the thin-film hydration method. The amphiphilic copolymer

and the lipophilic drug are dissolved in organic solvent. Then, the apolar eluent is removed to get the drug-containing lipid

membrane. This film is resuspended in a polar solvent for nano-MCs self-assembly. The driving force of this process is the

hydrophobic effect between the non-polar segments of the polymers. The hydrophobic effect also plays an important role in

the drug encapsulation, stabilizing the intermolecular interaction between the substance and the hydrophobic segment [90].

SLNs are colloidal carrier systems, generally spherical in shape, composed of a high melting point lipids, as a solid core,

coated by aqueous surfactants. The core lipids are fatty acids, acylglycerols and waxes, whereas phospholipids,

sphingomyelins, bile salts and sterols are utilized as stabilizers [91]. SLNs are useful for the delivery of poor water soluble

drugs [92]. The particle diameters are in the range of 10–1000 nm. SLNs are characterized by high biocompatibility, high

bioavailability, physical stability, protection of incorporated labile drugs from degradation, excellent tolerability, prevention of

problems related with multiple routs of administration, avoidance of the use of organic solvents during the preparation,

formation of films over the skin showing occlusive properties and absence of problems concerning large-scale production

and sterilization [93, 94]. However, common disadvantages of SLNs are particle growth, unpredictable gelation tendency,

uncertain diffusion of the drug within the lipid matrix of the vector, unexpected dynamics of polymorphic transitions and

inherent low incorporation rate due to the crystalline structure of the solid lipid [95, 96]. SLNs are prepared through

homogenization, solvent-evaporation, microemulsion and film-ultrasound dispersion techniques. In the homogenization

method, the homogenizers push a liquid with high pressure (100–2000 bar) through a narrow gap. The high shear stress and

cavitation forces disrupt the particles down to the submicron range. This technique is carried in hot or cold conditions. Hot

homogenization requires temperatures above the melting point of the lipid and necessitates the preparation of a

pre-emulsion of the drug loaded lipid melt with the aqueous emulsifier. Higher temperatures result in lower particle sizes. In

cold conditions, the drug containing lipid melt is cooled and dispersed into a cold surfactant solution. This pre-suspension is

homogenized at or below room temperature, breaking the lipids in solid nanoparticles. In the solvent-evaporation method, the

lipids are dissolved in a water-immiscible organic solvent that is emulsified in an aqueous solvent. The nanoparticles
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dispersion is obtained upon evaporation of the eluent that leads to lipid precipitation. The microemulsion technique is

operated stirring a mixture of low melting fatty acids, emulsifiers and water, at 65–70 °C. This hot liquid is dispersed in cold

water (2–3 °C) under stirring. The high-temperature gradient facilitates rapid lipid crystallization and prevent aggregation.

Finally, in the film-ultrasound dispersion method, the lipid and the drug are put into suitable organic solution that is

evaporated to form a lipid film. The following addition of an aqueous solvent results in an emulsion that is sonicated giving

SLNs with uniform particle size [97]. A recap of the production methods for both MCs and SLNs is available in Figure 4.

Bioartificial polymers are widely used in the preparation of both these vesicular systems. For example, Zhang et al. used the

core crosslinking method to generate MCs able to increase curcumin delivery to HeLa cells (immortalized cancer cells) in

vitro and improve tumor accumulation in vivo. These MCs are designed with folic acid-PEG as the hydrophilic unit,

pyridyldisulfide as the crosslinkable and hydrophobic unit, and disulfide bond as the crosslinker. Such nanovectors show

spherical shape with a diameter of 91.2 nm and high encapsulation efficiency. Cytotoxicity effectiveness is demonstrated by

the high cellular uptake and the positive in vitro antitumor studies. The linkage with folate targets the curcumin against cancer

cells and enhances the in vivo efficacy of these MCs [98]. Similarly, Lee et al. produced pH-sensitive polymeric MCs

composed of poly(l-histidine), PEG and poly(L-lactic acid) block copolymers with folate conjugation, delivering adriamycin.

These MCs are investigated for pH-dependent drug release, folate receptor-mediated internalization and cytotoxicity using

MCF-7 cells (human breast adenocarcinoma cell line) in vitro. These nanovectors show accelerated drug release only at

acidic pH. Moreover, the conjugation with folic acid enhances tumor cell kill due to folate receptor-mediated tumor uptake

[99]. Li et al. reported linear PEG and dendritic cholic acids block copolymers MCs stabilized with boronate esters at the

core–shell interface for efficient anticancer drug delivery. Such system is loaded with paclitaxel to assess its capacity to

retain the encapsulated drug under physiological conditions and release the payload when triggered by the lower pH value of

the tumor environment or by the presence of competitive diols (e.g. mannitol). This nanovector shows minimal premature

drug release at physiological glucose level and physiological pH values in blood circulation and simple activation at the acidic

tumor microenvironment or by the additional intravenous administration of mannitol as an on-demand triggering agent [100].

Paclitaxel-loaded mixed polymeric MCs consisting of poly(ethylene glycol) distearoyl phosphoethanolamine conjugates, solid

triglycerides and cationic lipofectin lipids were prepared by Wang et al. Optimized MCs have average size of about 100 nm,

and zeta-potential of about −6 mV. Such vehicles are stable when stored at 4°C or at room temperature. Release of

paclitaxel starts at 37 °C and, approximately, 16 % of the drug is dispensed in 72 h. In vitro anticancer effects of the

nanovectors are evaluated using human mammary adenocarcinoma (BT-20) and human ovarian carcinoma (A2780) cell

lines. The results show enhanced anti-cancer activity due to the ability of the MCs to escape from endosomes and enter the

cytoplasm of BT-20 and A2780 cancer cells [101]. Lee et al. developed paclitaxel-loaded sterically stabilized SLNs for

parenteral administration. These nanovectors, prepared using the hot homogenization method, are composed of trimyristin

as a solid lipid core and egg phosphatidylcholine and pegylated phospholipid as stabilizers. The particles are spherical in

shape, with sizes and zeta potentials of around 200 nm and −38 mV. Paclitaxel is loaded to the solid cores at a w/w ratio of 6 

% with high encapsulation efficiency. In vitro drug release studies show a slow sustained release and high cytotoxicity on

OVCAR-3 human ovarian cancer cell line and MCF-7 breast cancer cell line [102]. Gao et al. prepared poly(ethylene

glycol)/phosphatidyl ethanolamine (PEG−PE) conjugates for the solubilization and delivery of various poorly soluble

anticancer drugs such as m-porphyrin, tamoxifen and taxol. These MCs are stable and have the size of 10 to 40 nm [103].

Wong et al. investigated the in vivo efficacy, unwanted toxicity and loco-regional distribution of doxorubicin-loaded

polymer-lipid hybrid nanoparticles formulation in a murine solid tumor model after intratumoral injection. These SLNs are

prepared by dispersing the drug in stearic acid and tristearin, with subsequent addition of the hydrolyzed polymers of

epoxidized soybean oil to enhance doxorubicin incorporation into the lipids. This formulation is injected intratumorally in

murine solid tumors of approximately 0.3 g. In vivo, SLNs-treated tumors develop substantially larger central necrotic regions

compared to the untreated tumors, with minimal systemic toxicity [104]. Kukowska-Latallo et al. produced polyamidoamine

dendritic polymers conjugated to folic acid as targeting agent for methotrexate. These conjugates are injected intravenous

into immunodeficient mice bearing human KB tumors overexpressing the folic acid receptors, resulting in high internalization

into the tumor cells [105]. Table 7acts as a recap of the described nanosystems.
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Figure 4:

Schematic representation and manufacturing methods of micelles –left- and solid lipid nanoparticles –right.

Tab. 

Table 7:

Bioartificial polymeric micelles and solid lipid nanoparticles.

2.4 Nanofibers

Nanofibers (NFs) are fibers with diameters less than 100 nanometers that exhibit special properties due to the extremely high

surface to weight ratio, low density, high pore volume and tight pore size [106]. These properties make NFs suitable for

applications ranging from medical (e.g. drug delivery systems) to industrial and high-tech fields (e.g. aerospace, capacitors,

transistors, battery separators, energy storage, fuel cells) [106]. In nanomedicine, NFs are widely used due to their similarity

to the extracellular matrix (ECM), the possibility to use several materials for their synthesis (in fact, natural and synthetic

polymers along with several solvent systems are effectively used to create NFs) and the possibility to change their

architecture in regard to porosity, diameter, mechanical properties, structure arrangement and structure functionalization

[107]. The synthetic techniques for NFs are self-assembly, phase separation and electrospinning. All of these techniques

require the preparation of a homogeneous drug–polymer solution that is loaded in the electrospinning machine

(electrospinning technique), is simply mixed (self-assembly method) or is treated to obtain gelation and freeze-drying (phase

separation) (Figure 5) [106, 107]. Research about NFs as drug delivery systems is at the early stage of exploration and most

of the works focus on the sustained release profiles of model drugs (e.g. small molecules, herbs, proteins, DNA, genes and

vaccines) using biodegradable hydrophilic, hydrophobic or amphiphilic polymers and, recently, BPMs [108]. Zhang et al.

reported degradable heparin-poly (ε-caprolactone) fiber mats fabricated by electrospinning. The highly sulfated heparin

heteropolymer remains homogenous in the spinning solution and is distributed throughout the fabricated polymers. The NFs

release heparin for 14 days with a diffusionally controlled kinetics over this period. The drug retains its biological properties

and functionality [109]. Chew et al. investigated the encapsulation of human β-nerve growth factor (NGF), stabilized in BSA

carrier proteins, in a copolymer of ε-caprolactone and ethyl ethylene phosphate. The proteins are randomly dispersed

throughout the electrospun fibrous mesh in an aggregated form. The sustained release of NGF by diffusion is detectable for

at least 3 months and the bioactivity of the drug is retained throughout this period [110]. Feng et al. produced CS

polyethylene oxide NFs with uniform diameter of 112 nm and the potential modulation of CS viscosity and surface tension

through the use of different CS molecular weight and polyethylene oxide quantities. These vehicles exhibit excellent

biocompatibility with hepatocytes [111]. Similarly, Bhattarai et al. reported that CS\polyethylene oxide nanofibrous scaffolds

promote the attachment of human osteoblast and chondrocytes, maintaining their characteristic morphology and viability.

This matrix is of particular interest for tissue engineering, drug delivery and tissue remodeling [112]. Moreover, Subramanyan

et al. prepared CS\polyethylene oxide NFs for cartilage tissue engineering. These scaffolds are used for cell attach and

deliver of growth factors [113]. Park et al. produced chitin/poly glycolic acid NFs with BSA coating to improve human

epidermal fibroblasts attach and spread [114]. Shalumon et al. developed bioactive and biocompatible NFs composed of

carboxymethyl cellulose\polyvinyl alcohol blend. Such nanomaterials are tested for cytotoxicity and cell attachment, resulting

in a safe application for tissue engineering and drug delivery [115]. Nanofibrous scaffold of CS\polyvinyl alcohol and

carboxyethylchitosan\polyvinyl alcohol are also prepared by Zhou et al. These materials, tested on L929 fibroblast culture,

have good cell attachment and growth [116]. CS hydroxyapatite nanofibrous scaffolds are reported by Yang et al. This

nanomaterial significantly stimulates the bone forming ability due to the excellent osteoconductivity of hydroxyapatite [117].

Finally, Junkasem et al. described the fabrication of α-chitin whisker-reinforced poly(vinyl alcohol) NFs by electrospinning.

The α-chitin whiskers are prepared from α-chitin flakes by acid hydrolysis. Such vectors exhibit average length and width of

about 549 and 31 nm, respectively. The incorporation of the chitin whiskers within the poly(vinyl alcohol) is verified by infrared

spectroscopy and thermogravimetry, resulting in an increased Young’s modulus of the bioartificial polymer of about 4–8 times

compared to the unmodified poly(vinyl alcohol) [118]. Table 8summarizes the described bioartificial polymeric NFs (Table 8).

Figure 5:

Schematic representation and manufacturing methods of nanofibers.

Tab. 

Table 8:
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Bioartificial polymeric nanofibers.

3 Conclusion

This chapter analyzes the advantages of the use of bioartificial polymers as carriers and the main strategies used for their

design. Despite the enormous progresses in this field, more studies are required for the fully evaluation of these nanovectors

in complex organisms and for the characterization of the pharmacodynamic and pharmacokinetic of the loaded drugs.

Moreover, progresses in polymer chemistry are introducing a wide range of functionalities in the BPM nanostructures leading

to a second generation of bioartificial polymer therapeutics based on novel and heterogeneous architectures with higher

molecular weight and predictable structures, in order to achieve greater multivalency and increased loading capacity.

Therefore, research on bioartificial polymeric nanovectors is an “on-going” field capable of attracting medical interest.
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Biomarkers of non-small cell lung cancer (NSCLC)

Lung cancer is the second most common cancer and the 
leading cause of cancer death for both men and women 
besides the important therapeutic achievements, the 
global disease control rate is still low. Other factors that 
can contribute to this unsuccessful scenario is the delay in 
the early detection, including also the absence of reliable 
biomarkers (1) and new drugs to fulfill an unmet medical 
need, specifically in NSCLC. 

Biomarkers play a crucial role in medicine, as indicators 
of normal or pathological processes or as tools to assess 
pharmacological responses to therapeutic interventions 
or as a prognostic and predictive aid to elucidate the risk 

of recurrence and progression and the possibilities of 
treatments effectiveness (2). For this reason, biomarkers 
have become one of the most studies aspects in cancer (3). 

The introduction of molecular biology in oncology, 
and mainly in NSCLC, made possible to identify 
drugable targets, for example EGFR mutation and ALK 
translocations among others. In this personalize treatment 
era, tissue became one of the most important treasure in 
the diagnosis and recurrence of the disease. Unfortunately, 
the amount of material is a big issue in lung cancer, due 
to the impossibility to reach the tumor. At this point, new 
tools have to be discovered in order to reveal the molecular 
information of the tumor. In this regards liquid biopsy has 
become a more and more important instrument in cancer 
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research and in the clinic. 

Liquid biopsy

Nowadays important efforts in molecular profiling of 
the tumors are allowing to develop new technology that 
permits to analyze the tumor characteristics in peripheral 
blood. Accordingly, the liquid biopsy refers to the analysis 
of components that can be isolated and analyzed from a 
blood sample as, circulating tumor cells (CTCs), cell free 
circulating DNA (circulating tumor DNA, ctDNA) and 
exosomes (a part of the secreted micro-vesicles) (4-6). In this 
regard, CTCs have been demonstrated to be good predictors 
for risk of metastatic progression, to monitor the response 
of an undergoing treatment, or to identify new targets and 
resistance mechanisms (7). On the other hand, ctDNA the 
most used component of the liquid biopsies is now being 
studied as possible biomarker and prognostic factor in 
cancer, although it is still difficult to standardize (8-11).

Nevertheless, the ultimate techniques developed in the 
field of sequencing and DNA amplification such as next 
generation sequencing (NGS) and digital droplet PCR 
(ddPCR) are transforming the molecular profiling of the 
tumor in a fast, easy, reliable and affordable manner (12-15).

Exosomes

Exosomes are the last frontier in liquid biopsies. Exosomes 
are spherical nano-size vesicles with a diameter between 
30 to 100 nm and with a well delimited round morphology 
by electron microscopy that are released by exocytosis 
from multivesicular bodies of late endosome (16). They 
are exocytosed in a constitutive manner by any cell in both 
physiological and pathological condition and can be found 
in several body fluids like urine, saliva, amniotic liquid or 
blood (17,18). Exosome’s composition may reflect that of 
the parental cells, so the study of cancer derived exosomes 
(DEX) are an important non-invasive surrogate of the 
tumor. Additionally, as exosomes are linked to cell-secretion 
pathway, they carry some common proteins independent 
of the cells of origin that allow the development of robust 
exosomes-isolation techniques. These proteins are well 
known exosomes markers, such as ALIX, CD9, CD63, 
CD81, HSP70 and TSG-101, among others (19).

Several methods are used to extract exosomes with 
no clear winner. The principal methods to isolate the 
exosomes are ultracentrifugation, sucrose density-gradient 
ultracentrifugation, exosome immunoprecipitation and the 

isolation using commercial kits (20).

Inside the exosomes

Exosomes contain a wide variety of components such as 
single-stranded RNA, long non-coding RNA (lncRNA), 
microRNA (miRNA), proteins and lipids. Recently also 
double-stranded DNA has also been found inside the 
exosomes giving a new chance for exosomes to become the 
principal diagnostic tool (21) (Figure 1). 

Since their discovery, the amount of information about 
his microvesicles has raised considerably, and a ‘microvesicle 
content database’ has been created to facilitate the access 
to all the newly discovered components (http://www.
microvesicles.org). Currently (June 2016) this database 
contained 92,897 proteins, 27,642 mRNA, 4,936 miRNAs 
and 584 lipids based on a total of 538 studies. Although 
many of these proteins are common to all cell types, 
some others are privative for a certain cell alteration or 
tumorogenic process and can be useful for the identification 
of the origin of these vesicles and thus can be an adequate 
biomarker to get more information from the tumor of origin. 
In addition the study of the lipids is interesting due to their 
role in the internalization process of exosomes and to the 
bioactive function of some of them such as prostaglandins 
and leukotrienes (22).

Additionally, Valadi et al. described for the first time 
the presence of miRNAs inside (23) exosomes. miRNAs 
are short single-stranded and non-coding RNA molecules 
that act regulating gene expression as oncogenic or tumor 
suppressor function. They are involved in progression, 
cellular differentiation, apoptosis or cell signaling.

Exosomes biology

Although exosomes can be released directly from the 
plasma membrane (24), most of them are derived from 
the endosomal compartment as a part of the endocytic 
machinery (25). A very important part of the exosomes 
formation is controlled for the mechanism of endosomal 
sorting complex required for transport (ESCRT), which 
is the responsible for the accumulation and sorting of 
molecules in the endocytic machinery. In tumor cells, where 
ESCRT is significantly altered, the protein profile inside 
the exosomes and the amount of exosomes released can 
be modified (26,27). Once exosomes are released from the 
cells other cells can capture these vesicles as a physiological 
response to the endocytic machinery fusing them either with 
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the plasma membrane or with lysosomes. If the exosomes 
fuse with lysosomes, their content will be degraded by 
proteolytic enzymes (28), but in contrast if the exosomes 
fuse with the plasma membrane, their content is released 
into the cytoplasm of the cell (29) being able to modify in a 
autocrine or paracrine manner the target cell behavior. This 
exosome’s uptake has reveal that they have a very important 
role in cell to cell communication or crosstalk (30,31) and 
three principal mechanisms governing this process have 
been described up to date (32). The first one, common to 
all type of vesicles is endocytosis, including pinocytosis, 
clathrin-mediated endocytosis, phagocytosis and others 
(30,33-35). A second mechanism is by direct binding of both 
cell and exosome membranes (36), leading to membranes 
fusion. Exosomes contain an enormous amount of surface 
proteins such as leptins, immunoglobulins, integrins and 
tetraspanins that are involved in their function, motility and 
internalization into the cells (34,37). The third mechanism is 
linked to ligand-receptor interaction that is the effect of the 
interplay of specific proteins in the exosome and the target 
cell surface (32). In this regard, tumor metastasis is not 
produced to random organs but to determine organs in each 
case and exosomes contribute to prepare the pre-metastatic 
niche. For example, integrin profiling in exosomes could be 
a feasible tool to identify possible organotropic metastasis 
before they have been produced (38).

Exosomes and cancer

In recent years, more and more studies are ongoing with 
regard to the function of exosomes and their application 

for tumor detection and treatment and several reports 
have demonstrated that exosomes can play pleiotropic 
roles affecting pivotal aspects of tumor development and 
growth (Figure 2). For instance, exosomes derived from 
prostate tumor cells act in a paracrine fashion inducing a 
reprogramming of cell metabolism and enhancing of cell 
proliferation (39). The fusion gene TMPRSS2:ERG and 
EGFR, both related with advanced prostate have been 
described inside the exosomes (40,41). Cells from renal 
carcinoma are able to release exosomes containing some 
miRNAs and other RNAs that transform normal endothelial 
cells into an activated angiogenic phenotype, and directing 
towards lung cancer metastasis (42). In other studies it has 
been demonstrated that exosomes derived from highly 
metastatic melanoma cells promote the pre-metastatic 
niche formation through the education of the bone marrow 
and by reprogramming its progenitor cells to a pro-
vasculogenic phenotype (43). On the other hand, another 
described role of exosomes in breast cancer and multiple 
myeloma is the ability to promote drug resistance through 
horizontal transfer (44,45). Exosomes are also involved 
in the creation of a pro-inflammatory microenvironment 
that promotes tumor growth by means of immunological 
proteins such as MHC-II, CD40 and CD40L. In breast 
cancer exosomes containing 27-Hydroxycholesterol (27-
OHC), a lipid associated with proliferation and metastasis 
in estrogen receptor positive (ER+) tumor cells, open a new 
window to understand how exosomes genesis is achieved 
and its correlation with the content of the cells of origin (46). 
Other studies performed in exosomes derived from ovarian 
cancer cell lines show that exosomes can carry functional 

Figure 1 Exosomes cargo. (A) Schematic picture of the content of an exosome; (B) diagram the principal proteins of the exosomes. 

A B



486 Reclusa et al. Exosomes genetic cargo in lung cancer: a truly Pandora’s box

© Translational lung cancer research. All rights reserved. Transl Lung Cancer Res 2016;5(5):483-491tlcr.amegroups.com

proteins that reprogram cell metabolism of the cell 
enhancing the pentose phosphate pathway that is crucial for 
resisting oxidant injury and favors tumor survival (47-49).  
Many miRNAs profiles have been identified in cancer-
related exosomes. The oncogenic miRNA-21, upregulated 
in exosomes released by chronic myelogenous leukemia 
after Curcumin treatment, has been one of the most studied 
miRNA (50). Moreover, miRNA-21 has been found to be 
upregulated in different types of tumors such as esophageal 
squamous cell carcinoma (51) or glioblastoma (52), and its 
levels correlated with tumor progression and aggressiveness. 
miR-21 has also been described to be elevated in pancreatic 
carcinoma but no correlation was found with the stage of 
the disease (53). In ovarian cancer a profile of eight miRNAs 
(miR-21, miR-141, miR-200a, miR-200c, miR-200b, miR-
203, miR-205 and miR-214) in both tumor cells and tumor 
exosomes has been already analyzed in a large cohort of 467 
patients. The results revealed that levels of the miRNAs 
were different from those measured in benign disease, and 
the same miRNAs were undetectable in healthy donors (54).

Exosomes in NSCLC

As it was mentioned before, exosomes contain overexpressed 
or mutated proteins in the same proportion as the primary 
tumors. Therefore, in the specific case of exosomes obtained 
from NSCLC patients, EGFR (55), K-ras, claudins and other 

proteins can be analyzed. Recently, the translocation ALK-
EML4 has also been identifying inside the exosomes (56).  
Al-Nedawi et al. demonstrated that exosomes carrying 
EGFR were able to interact with endothelial cells 
activating both MAPK and Akt pathways, resulting on 
an overexpression of VEGF and an augmentation of the 
vascularity of the tumor (57). 

Many non-coding RNAs (ncRNAs) have been described 
in NSCLC, being involved in various processes of cancer 
formation and evolution (58,59) (Table 1). Rabinowits et al. 
carried one of the first studies concerning the possibility of 
using exosomes as a source of genetic material derived from 
the tumor comparing the miRNA content between the 
exosomes and the tumoral cells from patients with NSCLC 
and with healthy donors. Although the study revealed no 
differences between both compartments (72) it opened 
a window for tumor molecular identification. In a proof 
of concept, in a small cohort of patients with diagnosed 
NSCLC and a group of healthy donors, Rolfo et al.  
demonstrated the upregulation of two miRNA related with 
the EGFR pathway, 30b and 30c (60).

In a study that included 28 NSCLC patients, 365 
miRNAs were analyzed and the level of let-7f and miR-30e-
3p in were found to be associated with poor outcome. The 
authors also found that patients with more advanced stage 
of disease and lymph node metastases had higher exosome 
related miR-20b levels (62). miRNA-373 and miRNA-512 

Figure 2 Pleiotropic roles of tumor derived exosomes (DEX).
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are tumor suppressor miRNA that are silenced in the tumor 
and whose reactivation produces a restriction of the growth 
and invasiveness of the tumor. Studying exosomes it has been 
demonstrated that the downregulation of these two miRNAs 
is associated with as a poor prognosis in NSCLC patients 
and that therapy that affects epigenetic status led to re-
expression of both miRNAs which, on one side, augmented 
cisplatin-induced apoptosis while, on the other side inhibited 
cell migration (61). Other miRNAs present in the exosomes 
have been identified as possible biomarkers in response to 
certain treatments. miR-29a-3p and miR-150-5p were shown 
to decrease with increasing radiation dose so, and therefore 
identified as a reproducible circulating biomarkers that 
correlated with delivered radiotherapy dose (63). In another 
example, miR-208a and miR-1246 through the binding to 
p21 and DR5 mRNAs respectively, have been reported to 
promote tumor progression and resistance to radiotherapy 
(64,65). Also miR-302b has been described to block the 
cell proliferation and cell migration through interaction 
with its target, the mRNA of TGFβRII (66). Finally, our 
group recently described recently a correlation between the 
overexpression of miR-221-3p and 222-3p, both related with 
EGFR status, and a good clinical outcome in patients under 
osimertinib treatment (67). In addition to miRNAs, other 
ncRNAs have been identified inside the tumor-DEX, such 
as lncRNAs; non-coding RNA molecules with more than 
200 bp with either tumor suppressor or oncogenic functions. 

However, the study of ncRNAs is less extended due to a 
lower general knowledge in the field and the lack of known 
function of many lncRNAs. In this regard, some lncRNAs 
have been described and studied in lung cancer but it has 
not been elucidated if are also present in exosomes. A good 
example of this is HOTAIR a largely studied onco-lncRNA 
related with resistance to cisplatin in NSCLC through p21 
that has been also related with proliferation, migration and 
invasion (70,71). 

Exosomes have been considered also as possible vehicles 
for the selective and directed administration of drugs. In 
lung cancer two clinical trials were planned, a Phase I trial 
in which DEX immunotherapy were used, and a Phase II 
in which DEXs vaccination with exosomes carrying IL-
15Ra and NKG2D in association with cyclophosphamide 
after platinum-based chemotherapy. The main objective 
of both studies was to measure the toxicity and they had 
positive results, concluding that DEXs are able to activate 
the adaptive and the innate immune system (68,73). 

Discussion

Thanks to the lipid bilayer that makes the cargo very stable, 
exosomes allow the analysis of genetic material in order 
to identify the tumor of origin, mutations and possible 
resistances for the treatments, among others. However, 
some methodological issues are still focus of debate and 

Table 1 Principal miRNAs detected in NSCLC, their principal molecule of pathway targeted and its function (if known)

Non-coding RNA Molecule or pathway targeted Clinical relevance References

miRNA

miR-30b; miR-30c EGFR pathway — (60)

miR-373; miR-512 RelA and PIK3CA RNAs; TEAD4 Silenced. Upregulation results in tumor suppressor effects (61)

miR-30e-3p; let-7f — Advanced non-resectable tumors (62)

miR-20b — Metastasis in lymphatic nodes (62)

miR-29a-3p; miR-150-5p — Toxicity in response to radiotherapy (63)

miR-208a p21 Tumor progression. Resistance to radiotherapy (64)

miR-1246 DR5 Tumor progression. Resistance to radiotherapy (65)

miR-302b TGFbRII Downregulated. Tumor suppressor. Blocks cell proliferation 
and migration

(66)

miR-221-3p EGFR Upregulation. Better clinical outcome (67)

miR-222-3p EGFR Upregulation. Better clinical outcome (67)

miR-1228 — Endogenous control (67-69)

lncRNAs

HOTAIR p21 Resistance to cisplatin (70,71)

miRNAs, microRNA; NSCLC, non-small cell lung cancer; lncRNAs, long non-coding RNA; HOTAIR, exosomal non-coding RNA.
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need better implementations. For the moment, there are no 
standardized methods to extract exosomes. The most used 
protocol relies in ultracentrifugation in sucrose gradient, a 
step that is complicated to implement in the clinical setting 
due to the lack of expertise in the field of many laboratories. 
Some companies have started the development of user 
friendly and reproducible kits to improve the time, the 
quality and the yield of exosome extraction.

Some other controversial issues remain in exosome 
research. One of the key factors for exosome production 
and function is the cell or tissue microenvironment. For 
the in vitro analysis, most of the studies are performed in 
completely artificial monolayer of cultured tumor cells. 
To avoid this spatial problem Villasante et al. have recently 
published a technique based in a three dimensional tumor 
model to bypass the effect of culture microenvironment in 
tumor exosomes production (69).

In quantitative studies, another important problem 
is still the absence of endogenous control for exosomal 
miRNA titration. Some groups have described the miR-
1228 as a good endogenous control in several investigations 
(67,74,75), but definitively, more studies are needed to 
validate this finding..

In conclusion, liquid biopsies have become a reality in 
lung cancer. The learning curve for oncologists includes 
CTCs and the current hot topic, circulating free DNA. 
Exosomes are still an area of research but they are likely to 
be implemented in the clinical practice in the near future, 
opening a new window in the cancer prediction, prognosis 
and treatment. Although more efforts are required in order 
standarize exosome isolation and analysis so that they 
can be implemented in the clinical setting, step by step 
we understand more of the exosome-related physiologic 
processes and their impact in carcinogenesis. The main 
point about exosomes is their pleiotropic role in cancer, not 
only as biomarkers but also as a sort of “Pandora box” that 
contains the "instructions" for migration and aggressiveness 
of the tumor and information about druggable targets. We 
are only in the beginning of the long, promising history of 
this new component of the liquid biopsy family. 
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Thoracic cancers are the leading causes of cancer‑related deaths worldwide. Recent advances in genome and 
transcriptome analysis have allowed for the identification of numerous classes of noncoding RNAs (ncRNAs) 
that play important roles either in a biological process or human disease. microRNAs (miRNAs) are small, 
19–22 nucleotides, ncRNAs that regulate posttranscriptional gene expression by binding to the 3’ untranslated 
region (3’UTR) of their target mRNA. Conversely, long noncoding RNAs (lncRNAs) are a novel class of 
transcripts longer than 200 nucleotides that do not encode any proteins. Some lncRNAs can interact with 
miRNAs and act as repressors, impeding them to bind to their protein‑coding targets. There is cumulative 
evidence that these ncRNAs contribute to the tumorigenic process regulating cell growth, apoptosis, and 
metastasis, and may serve as biomarkers in various types of tumors. In this review, we have summarized the 
important role of ncRNAs as promising biomarkers in liquid biopsy for the diagnosis and prognosis of thoracic 
malignancies such as lung cancer, mesothelioma, and thymoma.
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INTRODUCTION

While it is estimated that more than 70% of the human genome is 
transcribed into primary RNA, approximately, only 2% of human 
DNA encodes for proteins. A particular family of RNA, noncoding 
RNAs (ncRNAs), can be divided into two major groups according 
to their transcript lengths: (1) the long noncoding RNAs (lncRNAs) 
which are longer than 200 bp, and (2) small ncRNAs, which are shorter 
than 200 bp.1 In this second group, there are: (a) the piwi‑interacting 
RNAs, which is the largest class of small ncRNAs molecules expressed 
in animal cells and involved in epigenetic and posttranscriptional 
gene silencing; (b) the small nucleolar RNAs, which guide chemical 
modifications of other RNAs; and  (c) the microRNAs  (miRNAs), 
which also function in the posttranscriptional regulation of gene 
expression. Small ncRNAs are implicated in the regulation of 
genome expression; they play important roles in a wide range of 
biological processes, including modulation of cellular development, 
differentiation, apoptosis, and carcinogenesis.2

NONCODING RNA

The miRNAs are described as a subgroup of small ncRNAs 
(19–24 nucleotides) that regulate targets at a posttranscriptional 

level [Figure 1]. They either inhibit mRNA translation or facilitate 
mRNA destruction by base pairing to partially complementary sites 
predominately in the untranslated region of the messenger.3 miRNA 
networks are highly conserved among species, and contribute 
to the regulation of several cellular functions, including cellular 
proliferation and differentiation, apoptosis, signal transduction, 
organ development, and immune response.4 miRNAs are transcribed 
by RNA polymerase II and cleaved by RNase III  (Drosha) to 
a pre‑miRNA of about 70–90 nucleotides. This pre‑miRNA is 
exported from the nucleus into the cytoplasm by exportin 5 and 
cleaved again by Dicer, another RNase. This yields a mature miRNA 
of about 18–21 nucleotides which can bind target mRNAs to form 
RNA‑induced silencing complex, leading to translation, inhibition, 
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or mRNA degradation [Figure 2].5 In addition, miRNAs have 
several interesting characteristics such as stability, tissue specificity, 
easy detection, and manipulation. Most cancers have deregulated 
miRNAs, which represent potential diagnostic and therapeutic 
targets,6 and can be used to assess the effect of chemotherapy.7

lncRNAs are mainly located in the nucleus, where they are 
transcribed by the RNA polymerase II. They interact with nucleic 
acids and proteins, participating in the epigenetic regulation of 
gene expression and guiding chromatin‑modifying complexes.8,9 
In addition, they can interact with splicing regulatory proteins 
in the cytoplasm to affect the alternative splicing of mRNA, and 
interact with translational factors to influence the stability of 
mRNAs.10 It has also been demonstrated that lncRNAs sequester 
miRNA molecules and prevent them from binding their 
targets.11,12 Only a fraction of the lncRNAs have been characterized 
experimentally. The LNCipedia 4.0 (http://www.lncipedia.org/), is 
a database that contains 118,777 human annotated lncRNAs with 
information about secondary structures, protein coding potential 
and miRNA binding sites.13 Cancer‑associated lncRNAs may serve 
as diagnostic or predictive biomarkers of cancer, and in the future 
might also help to provide new therapeutic strategies.14 Both 
lncRNA and miRNA are considered potential cancer biomarkers 
with potential clinical therapeutic applications.15

NONCODING RNAS IN LIQUID BIOPSY

Biopsy is still the current source for tumor information, however, 
information about tumor location, size, and heterogeneity are not 
easy to obtain. To rid this problem, liquid biopsy has become one 
of the most promising tools for the identification, prediction and 
prognosis of tumors.16 Some potential advantages of liquid biopsy 
are its minimal invasiveness and the vast amount of information that 
can be obtained from unconventional sources such as urine, saliva, 
or the blood. Three main components have been studied in regards 
to liquid biopsy: (1) circulating tumor cells, (2) exosomes, and (3) 
circulating tumor nucleic acids, including circulating tumor DNA 
and circulating tumor RNA  (ctRNA), which comprises lncRNAs 
and miRNA.16,17 In general, RNA is a very labile molecule with a 
short half‑life in standard conditions. However, different reports 
demonstrate unconventional stability levels of RNA in the blood and 
after incubation at room temperature for 24 h or incubation with 
RNase A for 3 h.17‑19 The reason for this stability is the association 
of ctRNA with other components in the liquid biopsy such as lipids, 
phospholipids, apoptotic bodies, or DNA in nucleosomes.20‑23

In the last years, due to advances in different techniques, the 
detection of this circulating ncRNAs with a low yield has improved 
dramatically,19,24,25 making it possible to get crucial information 
through microarrays or deep‑sequencing (DeepSeq) with a small 
amount of material. The real time quantitative polymerase chain 
reaction is still the most used method to analyze these molecules 
due to its specificity and affordability,26‑29 providing a feasible tool 
in a clinical setting [Figure 3].

NONCODING RNAS IN LIQUID BIOPSY FROM 
LUNG CANCER PATIENTS

Circulating ncRNAs have been shown to play a crucial role in 
tumor initiation, progression and metastasis. It is known that 
tumorigenesis is frequently associated with an over‑expression 

of oncogenes, as well as a down‑regulation of tumor‑suppressor 
genes. ncRNAs can act as either oncogenes or tumor‑suppressor 
genes, and several studies in lung cancer patients have found them 
to be deregulated in the tissue and in the plasma. miRNAs in liquid 
biopsy have several advantages such as tissue specific expression 
and relatively easy detection, thus they may be considered as 
potential biomarkers for diagnosis, prognosis, and personalized 
therapy.

Figure 1. Non‑coding RNA mechanisms of action

Figure 2. MicroRNA biogenesis and mechanism of action

Figure 3. LncRNAs and microRNAs as biomarkers and therapeutic targets 
in thoracic
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MicroRNAs

The present data suggest the potential value of miRNAs as 
diagnostic blood‑based markers for early detection of lung cancer. 
miR‑21 was the first miRNA with oncogenic function found in 
serum and plasma significantly higher in nonsmall cell lung cancer 
patients than in healthy controls.30 Furthermore, plasma levels of 
miR‑155, miR‑197, and miR‑182 were significantly increased in 
plasma of lung cancer patients with stage I compared to controls 
with high specificity and sensitivity.31 Powrózek et al.32 investigated 
the role of miR‑944 and miR‑3662 as biomarkers and described 
a higher expression profile in lung cancer patients. Conversely, 
other studies have indicated that miR‑361‑3p, miR‑62529, and 
miR‑37533 were significantly decreased in serum of NSCLC 
patients compared to benign disease and healthy individuals. In 
addition, miR‑625 was lower in serum from smoking patients 
compared with nonsmoking patients.29 Expanding the analytical 
capability of miRNAs, a set of 6 miRNAs  (miR‑429, miR‑205, 
miR‑200b, miR‑203, miR‑125b, and miR‑34b) have been found 
significantly higher in the serum of NSCLC patients in early 
stages with a high sensitivity and specificity.34 In this regard, Geng 
et  al.35 tested 12 candidate miRNAs in plasma samples of both 
lung cancer patients and controls and found that all miRNAs were 
up‑regulated but only 5  (miR‑20a, miR‑223, miR‑21, miR‑221, 
and miR‑145) resulted significantly increased in the early 
stage of NSCLC patients compared to healthy controls. These 
miRNAs showed better diagnostic value in smokers relative to 
nonsmokers.35 Several other studies have analyzed the potential 
diagnostic role of miRNAs in different types of biological samples 
such as sputum and pleural effusion in lung cancer. In particular, 
miR‑21 and miR‑210 were found to be the most deregulated 
miRNAs in sputum of NSCLC patients, whereas miR‑30d, miR‑24, 
and miR‑26a were higher in malignant effusions compared to 
normal effusions.36

Regarding the association with clinically relevant pathological 
variables in NSCLC patients, miR‑21 expression was not related 
to age, sex, smoking status, pathology, lymph node metastasis, 
but it was associated with pathological TMN stage.30 In addition, 
miR‑145 and miR‑146 augmented circulating levels failed to 
associate with pathological characteristics of the patients,37 while 
serum miR‑125b were associated with clinical stages, lymph 
node, epidermal growth factor receptor mutation and smoking 
status in NSCLC patients.38 Other studies have shown that 
plasma levels of let‑7c and miR‑152 are related with pathological 
features such as histological classification, differentiation status, 
lymph node metastasis and stage.39 miRNAs expression profiles 
can be evaluated after surgery, in fact, let‑7c and miR‑152 in the 
postoperative plasmas are significantly increased compared to the 
preoperative plasmas as well as miR‑361‑3p is up‑regulated after 
surgery.40 While contrarily, other studies have demonstrated that 
miR‑205 is selectively found in exosomes and its levels decrease 
after lung cancer removal.41 Petriella et  al.42 confirmed that 
several miRNAs can be deregulated in both serum and tissues. 
miR‑486‑5p has a higher expression in tumor serum than in tumor 
tissues, whereas miR‑29c* showed a lower expression in tumor 
tissues than in tumor serum. These studies may suggest the need 
to monitor both serum and tissues samples to search for altered 
expression of specific miRNAs in NSCLC patients.42 Circulating 
miR‑142‑3p and miR‑29b have been found up‑regulated in lung 
adenocarcinomas43 and associated with the risk of recurrence. 
Patients with metastatic NSCLC presented with lower levels of 

miR‑375 than those with nonmetastatic disease. In addition, low 
expression of miR‑375 in plasma was an independent predictor of 
poor prognosis for NSCLC patients,33 and high miR‑142‑3p serum 
levels may be valuable to predict a worse response in patients who 
received adjuvant therapy.43

Long‑noncoding RNAs

Despite efforts in the field, not many lncRNAs have been described 
in liquid biopsies from lung cancer patients. One of the most studies 
is MALAT1, which binds to unmethylated Polycomb 2 protein, 
promoting the relocation of growth control genes in response 
to mitogenic signals.44 It seems that MALAT1 enhances the 
metastatic capacity of the tumor because it has been described that 
patients with metastatic lung cancer have higher MALAT1 levels 
in peripheral blood than those without metastasis.28

Recently, a study analyzing a microarray of more than 800 
deregulated lncRNAs in the plasma of 11 lung cancer patients 
and 9 healthy controls has allowed further validation of three 
lncRNAs: RP11‑397D12, AC0074031, and ERICH1‑AS1.27 A 
similar study, where 21 lncRNAs were examined in the blood of 20 
lung cancer patients and 20 healthy donors, found three different 
lncRNA signatures: SPRY‑IT1, ANRIL, and NEAT1. This study 
was eventually validated with a larger cohort of fifty lung cancer 
patients and fifty healthy donors.45

NONCODING RNA IN LIQUID BIOPSY FROM 
MALIGNANT PLEURAL MESOTHELIOMA AND 
THYMOMA PATIENTS

Malignant pleural mesothelioma  (MPM) and thymoma are 
two cancers with a very low prevalence in both genders, making 
the material available for the studies limited. However, in recent 
years, the feasibility of studying different aspects of liquid biopsy 
has permitted the discovery of some new aspects about miRNAs 
from both mesothelioma and thymoma tumors. Until now, no 
lncRNAs have been analyzed in liquid biopsy from these tumors.

One of the biggest studies in liquid biopsy was carried by 
Gayosso‑Gómez et al.,26 in which a wide screen of miRNAs was 
analyzed in serum from 11 MPM patients, 36 adenocarcinoma 
NSCLC patients and 45 healthy donors. After DeepSeq and both 
computational and differential expression analysis, they found 
three miRNAs related to the p38 pathway: miR‑1271, miR‑96‑5p, 
and miR‑409‑5p differentially upregulated. p38 downregulation 
is associated with cell proliferation and tumorigenesis.46 In 
other publications, miR‑126 has been described to be highly 
downregulated in serum samples from patients with MPM 
compared to NSCLC patients and healthy donors.47,48 miR‑625‑3p 
was the first miRNA described to be significantly upregulated in 
patients with MPM, compared to healthy donors.49 The degree 
of methylation of miR‑34b/c plays a key role in the pathogenesis 
of MPM, and correlates with the presence of MPM compared to 
benign asbestos pleurisy and healthy donors. In addition, it also 
correlates with the stage of MPM.50

The aberrant lncRNAs implicated in thymoma development 
still remain unknown, and only one study has been carried out 
measuring miRNAs in liquid biopsy. miR‑21‑5p and miR‑148a‑3p 
were significantly up‑regulated in plasma from thymoma 
and thymic carcinoma patients, compared to healthy donors. 
Furthermore, the expression levels of these on co‑miRNAs 
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appeared significantly reduced during follow‑up, emphasizing 
their potential role as biomarkers not only for diagnosis but also to 
evaluate complete resection and response to treatment.51 Clearly, 
more studies are required to identify and validate new ncRNA 
as diagnostic, prognostic, and therapeutic biomarkers, however, 
due to new technology, there may be more information in the 
coming years.

CONCLUSION

Deregulated transcriptional profiles found in tumors suggest 
that ncRNAs may represent effective biomarkers in thoracic 
tumors with diagnostic, prognostic, and predictive utility. Based 
on the development of studies related to cfDNA, preliminary 
consideration has been given to ncRNA as a feasible tool for daily 
clinical practice. In our opinion, analysis of ncRNA will soon 
be used to diagnose, predict and improve treatment of patients. 
Exosomes are arising as a very promising tool to improve the 
quality of life of patients through better diagnosis and prediction 
of their disease. They could also potentially replace traditionally 
invasive biopsies from daily clinical practice due to their better 
protection of genetic material and their high representation of 
cellular cargo. However, since there are still unknown aspects in 
regards to exosome production and interaction, more work still 
needs to be performed in the field of exosome research.

In recent years, research in ncRNA has been on the rise, and 
140,000 ncRNAs have been described, including miRNAs and 
lncRNAs, many of which are currently being studied in different 
tumors. Many ncRNAs have already been detected with promising 
characteristics, however, validation of these profiles must be performed 
to bring ncRNAs to the clinical setting. The scientific community is 
making a huge effort to detect new useful molecules in cancer. In our 
opinion, in the future years, liquid biopsy will become a necessary 
complement to the tissue analysis both with cfDNA and exosomes.
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Introduction 
Polyphenols (PPH) are a large family of ubiquitous and varied 

molecules in the form of secondary metabolites of all vascular plants 
and several marine organisms. These natural compounds range from 
simple molecules to complex structures that have in common the 
presence of benzenic cycles bearing one or several hydroxy functions. 
These active principles play an important role in growth, reproduction, 
resistance to pathogens, predators and diseases [1]. In particular, these 
phytochemicals contribute importantly to the color and organoleptic 
properties of plants while, in the case of marine organisms, they act 
in the antioxidative response of microalgae and cyanobacteria against 
UV exposure [2]. Indeed, Klejdus et al. [2] showed that several 
classes of flavonoids, such as isoflavones, flavanones, flavonols and 
dihydrochalcones are found in microalgae and cyanobacteria despite 
of the fact that these organisms are evolutionary more primitive than 
terrestrial plants [2]. In medicine, polyphenols contribute to the 
promotion of health and reduction in the risk of common chronic 
diseases [3] (Figure 1). 

Several studies show an inverse correlation between the 
consumption of polyphenols and the risk of major illness such as cancer, 
cardiovascular diseases, type 2 diabetes mellitus, neurodegenerative 
diseases and osteoporosis [4]. Such relationship is due to the PPH 
activity as potent effectors of biologic processes associated with the 
pathogenesis of human diseases. These effects also result from the ability 
of PPH to interact with proteins, enzymes, and membrane receptors 

modulating their activity in a specific way [5]. Among their properties, 
the strong free radical scavenging action mainly due to PPH ability 
to donate hydrogen atoms or electrons is probably the most studied 
[6,7]. Antioxidant effect of polyphenols can be achieved by several 
mechanisms of action such as molecular complexation with pro-oxidant 
proteins, chelation of metal ions or direct trapping of Reactive Oxygen 
Species (ROS). Moreover, polyphenols are recognized also for their 
ability to beneficially affect inflammation (e.g. by edema inhibition), 
to upregulate detoxification pathways or to modulate cell‐signal 
transduction [8,9]. While PPH appear to have a dynamic interaction 
with gut microbiota, their efficacy in promoting health and reducing the 
risk of chronic diseases is dependent on their systemic bioavailability 
and metabolism. Generally, polyphenols have low bioavailability 
due to many intrinsic and extrinsic factors, including their chemical 
structure and molecular weight, low hydrosolubility, low stability in 
the gastrointestinal environment, extensive phase II metabolism and 
rapid elimination [10,11]. As a consequence, clinical applications of 
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Abstract
Natural polyphenols are valuable compounds present in plants, fruits, legumes, chocolate, tea, wine and marine 

organisms possessing scavenging properties towards radical oxygen species. These abilities make polyphenols 
interesting either for the treatment of various diseases like inflammation and cancer or for anti-ageing purposes 
in cosmetic formulations. Unfortunately, such compounds lack in long-term stability, are very sensitive to light, 
and often present a low water solubility and poor bioavailability. To overcome these limitations and enhance 
polyphenols therapeutic applications, nanotechnology-based delivery systems have been developed, and among all, 
nanoencapsulation represented a promising strategy. This review described a recent overview of physicochemical 
nanoencapsulated polyphenols focusing on the most representative molecules such as resveratrol, quercetin, 
epigallocatechin-3-gallate, and curcumin.
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PPH are limited. To avoid these drawbacks, nanodelivery systems able 
to maintain the structural integrity of the bioactive molecules have 
been developed [12-14]. Numerous nanoencapsulation methods have 
been developed based on physical (e.g. spray drying), physicochemical 
(e.g. ionic gelation, hydrophobic interactions, etc.) and chemical (e.g. 
in situ polymerization) principles. This review highlights the recent 
progress in the strategies for physicochemical nanoencapsulation of 
epigallocatechin-3-gallate, resveratrol, quercetin, ellagitannin, ellagic 
acid, phlorotannins, oleuropein, hydroxytyrosol and curcumin chosen 
as most representative examples of polyphenols molecules.

Classification of Polyphenols
Thousands of polyphenolic compounds have grouped together in 

various classes, depending to the basic chemical skeleton variations, 
such as degrees of oxidation, hydroxylation, methylation, glycosylation 
and the possible connections to other molecules (Table 1 and Figure 
2). A simple sorting divides polyphenols in four classes: flavonoids 
(including the subclasses anthocyanidins, catechins, flavones, 
flavonols, flavanones and isoflavones), coumarins, stilbenes and 
tannins, although other constituents, like chalcones and lignans exhibit 
polyphenolic structures. Flavonoids are C15 compounds with the 
structure C6-C3-C6 in which two benzene rings are linked together by 
a group of three carbons. The arrangement of the C3 group determines 
how the compounds are classified. Typical flavonoids have A-, B- and 
C-ring typically depicted with the A-ring on the left-hand side. 

The A-ring originates from the condensation of three malonyl-
CoA molecules, and the B-ring originates from p-coumaroyl-CoA. 
The A-ring in most of flavonoids is either meta-dihydroxylated or 
meta-trihydroxylated. Substituents on A- and B- ring, along with the 
arrangement of the ring C-, differentiate the anthocyanidins, catechins, 
flavones, flavonols, flavanones and isoflavones. Coumarins, having C6-
C3 skeleton with an oxygen heterocycle as part of the C3-unit, include 
isocoumarins, with a similar structure but reversed position of the 
oxygen and carbonyl groups within the oxygen heterocycle. Stilbenes, 
with a C6-C2-C6 structure, chemically are diarylethene, featured 
with a central ethane double bond substituted with phenyl groups on 
each carbon atoms of the double bond. Tannins comprise a group of 
compounds with a wide diversity in structure that is characterized 
by the ability to bind and precipitate proteins and to form complex 
molecules. Typically, these molecules require at least 12 hydroxyl 
groups and five phenyl groups to function as protein binders. Tannins 
are classified in three subgroups: condensed tannins, hydrolysable 
tannins and complex tannins, according to the type of linkage between 
simple units [15].

Figure 1: A schematic representation of therapeutic effects of Polyphenols.

Figure 3: Factors affecting Polyphenols therapeutic applications.

 

Figure 2: Basic chemical skeleton of typical Polyphenols.

Polyphenols Bioavailability and the use of Nano Vectors
Polyphenols low bioavailability is mainly due to the low absorption 

in the human gastrointestinal (GI) tract following consumption, 
extensive biotransformation within the gut and rapid clearance from 
the body (Figure 3) [16]. In particular, many PPH are available as 
glycosylated compounds, and this form diminish their diffusion across 
barriers in the GI tract [10]. Other polyphenols cannot be absorbed 
from enterocytes because they are unstable in the acidic condition of the 
stomach and in the alkaline status of the small intestine [17]. Moreover, 
PPH are extensively transformed via phase II pathways, predominately 
methylation, glucuronidation and sulfation in the enterocytes of the 
small intestine, and then further metabolized in the liver, facilitating 
their quick excretion [10]. A number of strategies have been used to 
increase the chemical stability or permeability of these species. These 
approaches usually rely upon the addition of chemical additives such as 
reducing agents to maintain the structure, the use of dissolving agents 
to increase solubility [18], the interaction with inhibitors of phase 
I and/or II enzymes to escape biotransformation [19], the addition 
of complementary ingredients such as lipids or protein [20], the 
conjugation with promoiety groups [21]. More recently, encapsulation 
in nanovectors such as cyclodextrins, matrix systems, solid dispersions 
and liposomes has emerged as a novel strategy to improve poyphenols 
delivery, distribution and bioactivity [22]. Such systems differ for 
the internal structure (core-shell-like or matrix) and the physical 
state of the encapsulated active substances. Moreover, the effective 
use of nanoparticles as drug delivery systems require polyphenol 
encapsulation efficiency (EE) of, at least, sixty per cent (the percentage 
of drug entrapment efficiency is calculated according to the formula: 
Experimental drug loading/Theoretical drug loading x100).

Systems used for Nanoencapsulation 
Nanotechnology is a science involving the formation of particles 

with diameters ranging from 1 to 1000 nm and for which the end 
product exhibits properties or phenomena attributable to its dimensions 
[12]. Nowadays, nanoencapsulation is an effective approach to 
improve solubility, minimize degradation process, reduce toxicity, and 
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meltable dispersion and nanoprecipitation) form stable nanometer 
size drug nanosuspensions or nanoparticles through particle size 
reduction approaches [25]. The process versatility combined with the 
ability to increase loading capacities, persistence at the target sites 
and permeation and retention effect, make physiochemical methods 
interesting approaches to enhance PPH pharmacologic action 
[13,14,26]. Recently, several studies analyze nanoparticle-mediated 
delivery of polyphenols, based on biodegradable and biocompatible 
polymers able to encapsulate polyphenols in nanostructures such as 
cyclodextrins, nanospheres, nanocapsules, solid lipid nanoparticles, 
liposomes and micelles (Figure 4) [27-46]. 

control the active absorption and biological response of polyphenols. 
Nanoencapsulation refers to several methods based on chemical, 
physical, and physiochemical principles. Chemical nanoencapsulation 
(e.g. interfacial and in situ polymerization methods) requires the 
polymerization of monomers at the interface of two immiscible 
substances through the addition of a cross-linker in the external phase 
[23]. Physical processes (e.g. air-suspension method, pan coating, 
spray drying, spray congealing, micro-orifice system, etc.) involve the 
interaction of the vector material with the molecules to be encapsulated 
when both are aerosolized or atomized [24]. Finally, physiochemical 
processes (e.g. coacervation, phase separation, complex emulsion, 

Polyphenols Chemical Structure Examples Sources (List is not Exhaustive)

Flavonols

Myricetin,
Quercetin,
Kaempferol Onions, broccoli, blueberries, red wine, tea

Flavones

Aspigenin, Luteolin,
Tangeretin,

Nobiletin
Parsley, celery, millet, wheat,

skin of citrus

Flavanones
Hesperetin,
Naringenin,
Eriodictyol

Grapefruit, orange, lemon, tomatoes, mint

Isoflavones Genistein, Daidzein,
Glycitein

Leguminous plants, soya

Flavanols (Catechins) Catechin,
Epicatechin

Apricot, cherry, grape, peach, apple, green and black 
tea, red wine, cider

Anthocyanins

Cyanidin,
Pelargonidin,
Delphinidin,
Petunidin

Red wine, aubergines, cabbage, beans, onions, 
radishes, fruit in general

Coumarins Ombelliferone, Aesculetin, 
Scopoletin

Tonka bean, chestnut, Melilotus
officinalis, Angelica officinalis

Isocoumarins Isocoumarin Tonka bean, chestnut, Melilotus
officinalis, Angelica officinalis

Stilbenes Resveratrol Wine

Tannins Ellagitannin, Ellagic acid and 
Phlorotannins Plants (pomegranate) and brown algae

Table 1: Main classes of Polyphenols with structures and sources.

http://dx.doi.org/10.4172/2167-7956.1000139


Citation: Conte R, Calarco A, Napoletano A, Valentino A, Margarucci S, et al. (2016) Polyphenols Nanoencapsulation for Therapeutic Applications. 
J Biomol Res Ther 5: 139. doi:10.4172/2167-7956.1000139

Page 4 of 13

Volume 5 • Issue 2 • 1000139
J Biomol Res Ther
ISSN: 2167-7956 JBMRT, an open access journal 

Cyclodextrins (CD) are a group of structurally related natural 
products formed during bacterial digestion of cellulose. They are 
structured as cyclic oligosaccharides consisting of (α-1,4)-linked α-D-
glucopyranose units with lipophilic central cavity and hydrophilic 
outer surface. Specifically, the hydroxyl functions are orientated 
to the exterior and the central cavity is lined by the skeletal carbons 
and ethereal oxygens of the glucose residues. The natural α-, β- and 
γ- cyclodextrins (αCD, βCD and γCD) consist of six, seven, and eight 
glucopyranose units, respectively. These molecules have a limited 
aqueous solubility [27]. Effective NanoDDS are obtained using water-
soluble cyclodextrin derivatives such as hydroxypropyl βCD and γCD, 
randomly methylated β-cyclodextrin (RMβCD), and sulfobutylether 
β-cyclodextrin sodium salt (SBEβCD) [28]. CD form complexes with 
molecules through inclusion into the CD cavity via van der Waals 
connections, hydrophobic interactions or hydrogen bonds. This 
complexation is enhanced when CD and drug have opposite charge 
and the temperature is low [29,30]. Another type of nanosized vectors 
are nanospheres (NS), structured with hydrophobic chains forming 
the inner part of the spheres and hydrophilic portions oriented on the 
surface. These NanoDDS have homogeneous solid matrices in which 
the polymer chains arrange in a “frozen” state phase-separated from the 
bulk solution [31]. Nanospheres allow a fine tuning of their properties 
through the use of different shell materials such as Poly-lactic acid 
(PLA), Poly-glycolic acid (PGA), Poly-lactic-co-glycolic acid (PLGA), 
poly ε-caprolactone (PCL), Chitosan (CS), Polyethylene glycol (PEG) 
and Eudragit (anionic copolymers based on methacrylic acid and methyl 
methacrylate). These polymers are widely used for the preparation of 
NS due to their biocompatibility and biodegradability [32]. Drugs are 
dissolved, entrapped, encapsulated, chemically bound or adsorbed to 
the constituent polymer matrix in order to be effectively delivered to 
the site of action [33]. Nanocapsules (NC) have similar composition 
but exhibit a core-shell structure in which the drug is confined within 
a cavity surrounded by a polymer membrane [34]. Nanocapsules can 
carry the active substance also on their surfaces or imbibed into the 
layer [35]. The cavity contains the active substances both in liquid or 
solid form [36]. Solid Lipid nanoparticles (SLNs) are vectors composed 
of high melting point lipids, as solid core, coated by aqueous surfactants. 
Examples of core lipids are fatty acids, acylglycerols and waxes, whereas 
phospholipids, sphingomyelins, bile salts and sterols are utilized as 
stabilizers [37]. SLNs have high biocompatibility, high bioavailability, 
physical stability, protection abilities of incorporated labile drugs from 
degradation, excellent tolerability, prevention of problems related with 
multiple routes of administration, avoidance of the use of organic 
solvents during the preparation and absence of problems concerning 
large scale production and sterilization [38,39]. However, common 

disadvantages of SLNs are particle growth, unpredictable gelation 
tendency, uncertain diffusion of the drug within the lipid matrix of 
the vector and unexpected dynamics of polymorphic transitions [40]. 
Liposomes (LS) are drug delivery systems that form spontaneously 
by hydration of lipid powder in aqueous medium produced from 
cholesterols, non-toxic surfactants, sphingolipids, glycolipids, long 
chain fatty acids and membrane proteins [41]. Liposomes have particle 
sizes ranging from 30 nm to several micrometers and consist of one 
or more lamellaes (phospholipidic bilayer membranes) surrounding 
aqueous units where the polar head groups are oriented in the pathway 
of the interior and exterior aqueous phases [42]. Self-aggregation of 
polar lipids is not limited to conventional bilayer structures, but they 
may self-assemble into various types of colloidal particles depending on 
molecular shape, temperature, and dispersion conditions [43]. Micelles 
(MC) are colloidal dispersions, with particle size ranging between 
5 to 100 nm that form spontaneously at certain concentration and 
temperature values from amphiphilic agents. MC formation is driven 
by the decrease of free energy in the system because of the removal 
of hydrophobic fragments from the continuous phase, and the re-
establishing of hydrogen bond network in water. Moreover, additional 
energy results from the formation of Van der Waals bonds between 
hydrophobic blocks in the core of the formed micelles. Hydrophobic 
fragments of amphiphilic molecules form the core of micelles, while 
hydrophilic portions the shells [44]. MC possesses high stability, good 
biocompatibility, and is able to solubilize a broad variety of poorly 
soluble pharmaceuticals [45]. Examples of amphiphilic agents used to 
form MC are Pluronic (Plu), Poly (ethylene glycol) (PEG), Poly (D,L-
lactide-co-glycolide) (PLGA) and Polycaprolactone (PCL) [46].

Nanoparticles as Potential Delivery Systems of 
Polyphenols
Epigallocatechin-3-gallate (EGCG)

Epigallocatechin-3-gallate is a water‐soluble flavanol found 
predominately in green tea leaves (Camellia sinensis) (Figure 5) that 
acts in the prevention of some forms of cancer, cardiovascular diseases, 
type 2 diabetes mellitus and osteoporosis. Epigallocatechin‐3‐gallate 
is highly susceptible to degradation in the intestinal milieu and via 
oxidative processes. Efforts to promote the intake, enhance the stability, 
and increase bioavailability of EGCG are directed to incorporate this 
flavanol into nanosized delivery vectors (Table 2).

Siddiqui et al. [47] reported the encapsulation of EGCG in poly 
(L-lactide)-poly (ethylene glycol), (PLA-PEG) nanoparticles and 
assessed its efficacy against human prostate cancer (PC3) cells both in 

 
Figure 4: Schematic representation of nano-sized delivery systems for 
Polyphenols.

Figure 5: Epigallocatechin-3-gallate (EGCG) structure and natural derivation.
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vitro and in vivo. The results showed that encapsulated EGCG retained 
its biological effectiveness with an over 10-fold dose advantage form 
exerting its efficacy in the inhibition of PC3 proliferation. Moreover, 
PLA-PEG nanoparticles were biocompatible and permitted the control 
of the time and rate of polymer degradation. Epigallocatechin-3-gallate 
was also incorporated in bovine serum albumin (BSA) nanoparticles 
(with a mean particle size of 200 nm) and their effect evaluated against 
PC3 cells [48]. In this work, PC3 cells lethality was positively correlated 
with the nanoparticles uptake amount. The specific targeting to 
prostate cancer cells was obtained also with Poly (lactide-co-glycolide)-
Poly(ethylene glycol) (PLGA-PEG) nanoparticles encapsulating 
EGCG and functionalized with the prostate-specific membrane 
antigen (PSMA) inhibitor [49]. Other PLGA-based nanovectors for 
EGCG were synthesized by Italia et al. [50] with a loading efficiency 
of 70 % and high antioxidant efficiency in vivo. These nanoparticles, 
given by oral administration, acted 3 times more quickly of solutions 
of free epigallocatechin-3-gallate administered parenterally. A further 
nanosized delivery systems encapsulating epigallocatechin gallate is 
constituted by carbohydrate matrix composed of maltodextrin (60%) 
and gum arabic (40%) with EE of 85% [51]. These particles were able to 
inhibit steps of the tumorigenesis process. Smith et al. [52] immobilized 
EGCG on lipid-coated nanoparticles with a bioavailability, after 
encapsulation, increased twice-fold compared to that of the free form. 
Epigallocatechin gallate inside the membrane preserved its antioxidant 
activity and blocked the production of hepatocyte growth factor (HGF) 
from cancer cell lines MBA-MD-231. On these bases were prepared also 
gelatin nanoparticles loaded with EGCG with an interesting inhibitory 
effect on HGF-induced cell scattering [53]. Finally, epigallocatechin-
3-gallate was encapsulated into chitosan nanoparticles (sizing 165 nm 
and exhibiting a zeta potential of 33 mV) by Dube et al. [54] in order 
to evaluate the ability of chitosan tripolyphosphate nanoparticles to 
increase EGCG stability and bioavailability. They found that EGCG-
chitosan nanoparticles incubated in alkaline solution took more time to 
degrade to 50% of the initial level, compared to pure epigallocatechin. 
Moreover, Dube et al. found that chitosan tripolyphosphate EGCG 
exhibited a 1.8‐fold greater absorption rate than the same dose of free 
EGCG in ex vivo mice experiments and that chitosan NP increased the 
relative oral bioavailability by 1.5‐fold compared to the same dose of 
free EGCG in an in vivo absorption experiment on mice [55].

Quercetin (QC)

Quercetin is a semi-lipophilic flavonol ubiquitous in plants (Figure 
6). In medicine, dietary supplementation of QC is promoted for 
prevention and treatment of cancer and this active principle is now 
largely utilized as a nutritional supplement and as a phytochemical 

remedy for a variety of diseases like diabetes, obesity, circulatory 
dysfunction, inflammation and mood disorders. Quercetin has a 
strong antioxidant activity which potentially enables it to quench free 
radicals from forming resonance-stabilized phenoxyl radicals but, like 
most flavonoids, it is extensively transformed via phase II metabolism 
for elimination from the body [56]. Nanosized vectors encapsulating 
quercetin were developed to improve its oral bioavailability and to 
enhance its antioxidant and anti-inflammatory action (Table 3).

Li et al. [57] reported the synthesis of solid lipid nanoparticles 
of 155 nm of size composed of soya lecithin, Tween-80 and PEG 
that encapsulate QC, with EE of 91%. These nanoparticles were able 
to increase the relative oral bioavailability of quercetin by 5.7 fold as 
compared to the free form. Lipid-coated Nano capsules were reported 
by Barras et al. [58], with a solubility 100 times higher respect to free 
quercetin, stable for more than ten weeks and with no degradation 
product being detected. Wu et al. [59] prepared nanosized QC delivery 
systems with aminoalkyl methacrylate copolymers sized 82 nm and 
with encapsulation efficiency of 99%. They resulted in a in vitro radical 
scavenging activity of quercetin nanoparticles toward di(phenyl)-
(2,4,6-trinitrophenyl)iminoazanium (DPPH) radicals and superoxide 
anion enhanced by 883- and 1377- fold as compared to the free form. 
However, in recent years, an increasing number of works reported 
the synthesis of PLGA nanoparticles able to encapsulate QC. Indeed, 
Pool et al. [60] reported that quercetin encapsulated within PLGA 
displayed a more potent antioxidant action against peroxyl radical-
induced lipid peroxidation and a greater capacity for chelating activity 
toward transient metals than free QC. Ghosh et al. [61] evaluated the 
antioxidant activity of a single pre-treatment of quercetin encapsulated 
into PLGA nanoparticles, administered orally to female rats, in 
the protection against injury from ROS produced in liver and brain 
tissue subsequent to a subcutaneous injection of arsenite. QC-PLGA 
nanoparticles provided full protection against the arsenite induced 
ROS injury, while free quercetin was ineffective. The same group 

 
Figure 6: Quercetin structure and natural derivation.

Nanovectors Type of Delivery Systems References

Polyester nanoparticles

Poly(L-lactide)-poly(ethylene glycol), 
(PLA-PEG) nanoparticles [47]

PLGA-PEG nanoparticles 
functionalized with the prostate-

specific membrane antigen (PSMA) 
inhibitor on the surface

[49]

PLGA biodegradable nanoparticles [50]
Serum albumin 
nanoparticles

Bovine serum albumin (BSA) 
nanoparticles [48]

Carbohydrate matrix

Carbohydrate matrix composed of 
maltodextrin (60%) and gum arabic 

(40%)
[51]

Gelatin nanoparticles [52]
Chitosan nanoparticles [53,54]

Table 2: Nano delivery systems for epigallocatechin gallate.

Nanovectors Type of Delivery Systems References

Solid lipid nanoparticles
SLNs composed of soya lecithin, 

Tween-80 and PEG [57]

Lipid-coated nanocapsules [58]

Acrylic nanoparticles Aminoalkyl methacrylate copolymers 
nanoparticles [59]

Polyester nanoparticles

PLGA nanoparticles [60-63]
PLA nanoparticles [64]

Eudragit-polyvinilalchool 
nanoparticles [59]

Cyclodextrines 2-(hydroxy-propyl)-β-cyclodextrines 
(HP-β-CD) [65]

Table 3: Nano delivery systems for Quercetin.
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reported a synergy between QC and meso-2,3-dimercaptosuccinic 
acid (a hydrophilic arsenic chelator), encapsulated together into PLGA 
nanoparticles, in the protection against arsenic induced damages [62]. 
In a rat model, Chakraborty et al. [63] examined the potency of a 
single dose of quercetin-PLGA nanoparticles administered orally prior 
to alcohol induced gastric ulcer in the protection against oxidative 
damages, demonstrating that QC-PLGA nanoparticles prevented 90 
% of alcohol-induced ulceration as compared to the 20% of the free 
quercetin. QC encapsulated into PLA nanoparticles had increased 
antioxidant activity along with a slow and total release after 72 h, useful 
for potential therapeutic applications [64]. Similarly, Wu et al. [59] 
synthesized Eudragit-polyvinilalchool quercetin-loaded nanoparticles 
with particle size of 85 nm, good polydispersity, drug loading of around 
99% and enhanced antioxidant activity. Lastly, QC and myricetin in 
2-(hydroxy-propyl)-β-cyclodextrines (HP-β-CD) had improved 
bioavailability [65].

Resveratrol (RE)

Resveratrol, chemically known as 3,5,4’-trihydroxystilbene, is a 
naturally occurring polyphenol produced by a wide variety of plants 
in response to injury, UV Irradiation, ozone exposure and fungal 
attack (Figure 7) [66]. This polyphenol is an antioxidant [67], anti-
inflammatory [68], anticancer [69], cell cycle inhibitor [70], anti-
aging [68], neuroprotector [71] and cardioprotector [72] agent with 
application in the treatment of obesity and diabetes [73]. Moreover, it is 
used to stabilize polyester films for packaging and potential biomedical 
applications [74]. However, resveratrol has rapid and extensive 
metabolism [75] that affects its body distribution and bioavailability. 
Further, there is a significant person-to-person variability in drug 
absorption and metabolic processes depending on the hepatic function 
and on the metabolic activity of the local intestinal microflora [76]. 
To overcome these problems, in the recent years, several nano-drug 
delivery systems were synthesized (Table 4).

A good example is the liposomal formulation containing RE, 
with a good encapsulation efficiency of around 70% [77]. PEG-PCL 
resveratrol nanoparticles had enhanced loading efficiency and higher 
cytotoxicity to malignant glioma cells, compared with free resveratrol, 
and a good cellular uptake occurring by endocytosis [78]. Singh and 
Pai [79] reported sustained release of trans-resveratrol from orally 
administered PLGA nanoparticles (drug encapsulation efficiency 
more than 78%, with a particle size of about 170 nm). RE was detected 
in the rat plasma for up to 4 days with higher concentration in the 
systemic circulation and in the organs rich in mononuclear phagocyte 
system. The same authors encapsulated resveratrol in Eudragit RL 
100 nanoparticles with a drug incorporation efficiency of 84% and the 

average size 180 nm. The in vivo studies of these vectors, in a rat model, 
showed that nanoparticles exhibited prolonged plasma levels up to 16 
h, maintaining drug levels in the liver, spleen, heart, lungs, kidney and 
brain up to 24 h in comparison with free drug being cleared within 6 
h [80]. Zu et al. [81] reported carboxymethyl chitosan nanoparticles 
as potential carrier for resveratrol. These nanoparticles (sized 155 
nm and showing an encapsulation efficiency of 44%) improved the 
solubility of resveratrol, thereby greatly affecting the antioxidant 
activity of the drug. In vivo biodistribution study indicated higher body 
localization of drug loaded carboxymethyl chitosan nanoparticles, in 
comparison to free resveratrol solution in phosphate buffered saline 
(PBS) [81]. Additionally, were synthesized resveratrol loaded Solid 
Lipid nanoparticles with a controlled release profile, due to an initial 
burst release of 40% caused by the active principle associated with the 
particle shell, and a subsequent prolonged release of the drug located 
in the lipid matrix. In this system, the efficiency of the cellular uptake 
depended on the molecular interactions with the biological membrane 
organization, lipid rafts and the actin cytoskeleton invaginations for 
the receptor mediated entrance. Moreover, SLNs were able to carry 
RE to the nuclear target site [82]. Resveratrol loaded SLNs were also 
prepared by Pandita et al. [39] with a drug incorporation efficiency 
of 89% and average diameter of 134 nm. The drug delivery system 
showed prolonged release in vitro up to 120 h in a Wistar rat model, 
enhancing plasma bioavailability compared to free drug suspension. 
Other resveratrol-SLNs were produced using Polysorbate 60 as 
surfactant, with an entrapment efficiency of 70% and the particle size 
ranged between 150 and 250 nm: the drug release in simulated gastric 
fluid (SGF) was of 8% at 3 h [40]. Jose et al. [83] checked the brain 
targeting ability of glyceryl behenate-based solid lipid nanoparticles 
to utilize the potent anticancer properties of resveratrol. The in vivo 
biodistribution study using Wistar rats demonstrated that these SLNs 
significantly increased the brain concentration of RE. Moreover, these 
DDS had lower distribution to other tissues, proving the targeting 
abilities of this system. Resveratrol loaded soy phosphatidylcholine 
liposomes were synthesized by Pando et al. [43] to investigate the ex 
vivo percutaneous absorption of RE. Results indicated high cutaneous 
accumulation and low transdermal delivery of the drug. Moreover, 
Coimbra et al. [84] designed liposomal resveratrol formulation for 

Nanovectors Type of Delivery Systems References

Liposomes

Cholesterol, dicetyl phosphate and 
lecithin liposomes [77]

Soy phosphatidylcholine liposomes [43]
Liposomal resveratrol formulation for 

intravenous administration [84]

Proliposomal formulation containing 
distearoyl phosphatidyl choline 

(DSPC)
[85]

Polyester nanoparticles
PEG-PCL nanoparticles [78]

PLGA nanoparticles [79]
Eudragit RL 100 nanoparticles [80]

Carbohydrate matrix Carboxymethyl chitosan 
nanoparticles [81]

Solid Lipid nanoparticles

Stearic acid and Phospholipon® 90G 
SLNs [39]

Cetyl palmitate and polysorbate 60 
SLNs [40]

Glyceryl behenate-based solid lipid 
nanoparticles [83]

Micelles PCL-PEG micelles [86]

Cyclodextrins Cyclodextrins based nanosponges [87]

Table 4: Nano delivery systems for Resveratrol.

 
Figure 7: Resveratrol structure and natural derivation.
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intravenous administration. The encapsulation process gave protection 
against trans–cis isomerization, with 70% trans-resveratrol still present 
after 16 min of UV light exposure compared to 10% when resveratrol 
is exposed in its free form. In addition, in vivo, intravenous injection 
of 5 mg/kg body weight of resveratrol in nude BALB/c female mice 
with subcutaneous head and neck squamous cell carcinoma led 
to a significant reduction in tumor volume [84]. Basavaraj et al. 
[85] produced resveratrol-loaded proliposomal formulation with 
entrapment efficiency of 20–23% and zeta potential of −22 mV 
containing distearoyl phosphatidyl choline (DSPC) with or without 
cholesterol. Faster drug release was observed in formulation without 
cholesterol and the release increased as the amount of DSPC in the 
formulation was enhanced. Lu et al. [86] produced resveratrol loaded 
micelles in which polycaprolactone (PCL) constituted the hydrophobic 
core and poly (ethylene glycol) (PEG) was the hydrophilic shell of 
micelles. This system showed a protective effect on adrenal gland PC12 
cells against superoxide-induced damage during the phenomenon of 
oxidative stress. Finally, cyclodextrins-resveratrol complexes were used 
to increase the concentration of the polyphenol in aqueous solution, 
while maintaining its biological activity. For example, spherical CD-
based nanosponges showed increasing solubility and stability, together 
with good drug encapsulation efficiency, compared to free RE [87]. 

Ellagitannin (ET), Ellagic acid (EAC) and Phlorotannins 
(PHT)

Ellagitannin, Ellagic acid and Phlorotannins are examples of the 
phenolic class of tannins, widely diffused in plant and marine organisms 
(Figure 8). In fact, ET and EAC are most present in the pomegranate 
(Punica granatum), a fruit-bearing shrub that originated in the region 
from Iran to northern India, while phlorotannins are isolated from 
algae. Ellagitannin and Ellagic acid decrease heart disease risk factors, 
affect LDL oxidation, macrophage oxidative status, foam cell formation 
[88,89] provoke the reduction of systolic blood pressure by inhibiting 
serum angiotensin-converting enzyme [90] and prevent cancer. These 
tannins show free-radical scavenging properties [91,92] and selectively 
inhibit the growth of breast, prostate, colon, lung tumors, and skin 
cancer [93,94]. Similar properties are found in phlorotannins, present 
in brown algae, formed by the polymerization of phloroglucinol. 
Specifically, the phlorotannins eckol, phlorofucofuroeckol A, dieckol 
and 8,8’-bieckol are isolated from the Laminariaceous brown algae 
Eisenia bicyclis (Kjellman) Setchell, Ecklonia cava Kjellman and Ecklonia 
kurome Okamura [95]. All these tannins have limited therapeutic 
applications due to low water solubility, inadequate permeability [96], 
poor absorption and instability [97]. Nanosized drug delivery systems 
mask the active substances inside the nanoparticulate network, thus 
preventing degradation and increasing bioavailability (Table 5). 

For example, gelatin nanoparticles incorporating partially purified 
pomegranate (PPE) ellagitannins showed a good loading efficiency 
and the capacity of inducing a late stage of apoptosis and necrosis 
in the human promyelocytic leukemia cells (HL-60) [98]. Similar 
results were obtained with Chitosan nanoparticles containing ellagic 
acid [99] and with Ellagic acid-loaded PLGA nanoparticles [100]. In 
particular, Ellagic acid-Chitosan nanoparticles were spherical shaped 
with an average particle size of 176 nm, showing a drug-encapsulation 
and loading-efficiency of 94% and 33%, respectively. The in vitro 
drug release profile in the PBS medium showed sustained release of 
EAC from chitosan nanoparticles. Further, the therapeutic efficacy 
of Ellagic acid-Chitosan nanoparticles in human oral cancer cell line 
(KB) exhibited significant cytotoxicity in KB cells in a dose-dependent 
manner with a very low IC50 value compared to the free EAC [99]. 

Ellagic acid-loaded PLGA nanoparticles had a rapid initial release 
of EAC in pH 7.4 phosphate buffer, followed by a slower sustained 
release [100]. Further, the authors tested the influence of the stabilizers 
DMAB and PVA on the size, loading efficacy, release kinetics in PBS, 
stability, cytotoxic activities and in situ intestinal permeability of these 
nanoparticles [100]. Same study was conducted also on PLGA-PCL 
ellagic acid nanoparticles [101]. Both resulted on improved tannin 
bioavailability with potential therapeutic application due to the oral 
administration of smaller quantity of nanoparticles, compared to the 
free drug. Shirode et al. [102] synthesized poly (D,L-lactic-co-glycolic 
acid)–poly(ethylene glycol) (PLGA–PEG) nanoparticles, with an 
average diameter of 150-200 nm, loaded with pomegranate extract or 
with the individual polyphenol components (e.g. punicalagin or ellagic 
acid). Synthetized nanoparticles showed a 2- to 12-fold enhanced 
antiproliferative effect on MCF-7 and Hs578T breast cancer cells 
compared to free extracts [102]. Similarly, brown algal phlorotannins 
were encapsulated in lecithin unilamellar vesicles prepared by the 
extrusion method. These nanovectors maintained their activity on lipid 
peroxidation inhibition and radical scavenging activities and presented 
the advantage of the improved stability [95].

Oleuropein (OR) and Hydroxytyrosol (HYT)

Oleuropein and Hydroxytyrosol are phenolic compounds naturally 
present in olive fruits and leaves (Figure 9) [103]. Indeed, olive leaf 
extracts are rich in oleuropein, demethyloleuropein, oleuroside, 
verbascoside, non-glycosidic secoiridoids and ligstrosides as well as 
several flavonoids and biflavonoids. Also olive oil vegetation water (or 
olive mill waste water), obtained by centrifugation or sedimentation 
of the olive oil, contains these organic polyphenols. Such compounds 
have several pharmacological properties, including antioxidant, 
anti-inflammatory, anti-atherogenic, anticancer, antimicrobial, 
antiviral and cardioprotective effects. Oleuropein and hydroxytyrosol 
exhibit similar free radical-scavenger ability, but with different 
action mechanisms. In vitro studies, in a model system consisting of 
dipalmitoylphosphatidylcholine/linoleic acid unilamellar vesicles 
(DPPC/LA LUVs) and a water-soluble azo compound as a free radical 
generator (LP–LUV test) [104] revealed that hydroxytyrosol can serve 

 

A B 

Figure 8: (A) Ellagic acid (up), Ellagitannin (down) and (B) Phlorotannin 
structures with their natural derivation.

Nanovectors Type of Delivery Systems References

Carbohydrate matrix

Gelatin nanoparticles incorporating 
partially purified pomegranate (PPE) 

ellagitannins
[98]

Chitosan nanoparticles [99]

Polyester nanoparticles
PLGA nanoparticles [100]

PLGA-PCL nanoparticles [101]
PLGA–PEG nanoparticles [102]

Liposomes Lecithin unilamellar vesicles [95]

Table 5: Nano delivery systems for Tannins.
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as scavenger of aqueous peroxyl radicals near the membrane surface, 
while oleuropein acts also as a scavenger of chain-propagating lipid 
peroxyl radicals within the membranes. The pharmacologic activity 
of these active principles is enhanced by the use of nanotechnology as 
reported in Table 6.

Haghighi et al. [105] developed oleuropein-magnetic bovine 
serum albumin (BSA) nanoparticles with an initial burst and a 
sustained release. Hussain et al. [106] administered chitosan co-loaded 
hydrocortisone (HC) and hydroxytyrosol nanoparticles to provide 
additional anti-inflammatory and antioxidant benefits in the treatment 
of atopic dermatitis (AD). The co-loaded nanoparticles showed different 
particle sizes, zeta potentials, loading efficiencies, and morphology, 
when the pH of the chitosan solution was increased from 3.0 to 7.0. 
Moreover, they significantly increased the permeation of the drugs and 
showed higher epidermal and dermal accumulation of HC compared 
to commercial hydrocortisone formulations. In vivo studies resulted in 
the efficient control of transepidermal water loss, intensity of erythema 
and dermatitis index [106]. Similarly, a patent by Katas used [107] 
hydrocortisone and hydroxytyrosol loaded chitosan nanoparticles as 
local treatment of atopic dermatitis. Such nanovectors gave reduced 
side effects, increased efficiency of delivery, antibacterial properties 
and enhanced transepidermal penetration. Moreover, Siddique et 
al. [108] produced HC-HT co-loaded chitosan nanoparticles (HC–
HT CSNPs) of 235 nm in size and with zeta potential +39.2 mV 
incorporated into aqueous cream (vehicle) to treat atopic dermatitis. 
This formulation was investigated in vivo, in albino Wistar rats, for 
acute dermal toxicity, dermal irritation and repeated dose toxicity. The 
results proved that HC–HT CS nanoparticles did not cause neither skin 
irritation, nor adverse-effect with respect to body weight, organ weight, 
feed consumption, blood hematological and biochemical, urinalysis, 
and histopathological parameters, when the HC–HT CS were used for 
28 days at a dose of 1000 mg/body surface area per day. This study 
demonstrated that nanoencapsulation significantly reduced the toxic 
effects of HC. Qingxia Guan et al. [109] investigated the therapeutic 
efficiency of monomethoxy polyethylene glycol-poly (lactic co-glycolic 
acid) (mPEG-PLGA) nanoparticles co-loaded with syringopicroside 
and hydroxytyrosol prepared using a nanoprecipitation method. In 
particular, they analyzed the parameters of in vivo pharmacokinetics, 
biodistribution, fluorescence, endomicroscopy and cellular uptake. 
This vector (92 nm with a narrow polydispersity and a negative 
zeta potential of -24.5 mV) showed an encapsulation efficiency of 

~ 33% and drug loading of 12%, that allows persisting drug plasma 
concentrations while the nanoparticles moved gradually into the 
cell, thereby increasing the available quantity. The in vitro effect 
resulted in the liver hepatocellular carcinoma (HepG2.2.15) cells 
proliferation inhibition [109]. Olive leaf extract containing oleuropein 
and hydroxytyrosol was encapsulated in β-CD, increasing the water 
solubility and antioxidant capacity of the encapsulated polyphenols 
[110]. Similarly, López-García et al. [111] studied the complexation of 
hydroxytyrosol with β-CD or HP-β-CD. Only β-CD appeared to be 
very strong photo-protectors of polyphenolic compounds subjected to 
ultraviolet radiation (λ=254 nm). Finally, Mohammadi et al. showed 
that water/oil/water emulsion with whey protein concentrate (WPC) 
and pectin complexes of olive leaf phenolic compounds result in a high 
stability and controlled release of the encapsulated compounds [112].

Curcumin (CU)
Curcumin is the principal polyphenol of the curcuminoid class 

of the Indian spice Curcuma Longa Linn., a plant typically grown and 
used in Southeast Asia (Figure 10) [113]. Curcumin lowers cholesterol, 
reduces platelet aggregation, inhibits the proliferation of cancer cells and 
improves digestion by increasing the flow of bile from the gallbladder 
[114]. Moreover, it has immunomodulatory, antiangiogenic and 
neuroprotective actions, antioxidant and anti-inflammatory abilities 
and the capacity to modulate the activity of several key transcription 
factors, cytokines, growth factors, kinases and other enzymes [115]. 
The activity of CU is correlated with the inhibition of the inducible 
nuclear factor kappa B (NF-kB) activation, and the suppression of 
cancer cell proliferation [116]. In addition, the clinical efficacy for 
rheumatoid arthritis, psoriasis, and postoperative inflammation of 
Curcumin is due to the reduction of NF-kB, cyclooxygenase 2 (COX2) 
and proinflammatory cytokines [117]. However, the pharmacological 
potential of CU is hampered by its low solubility, bioavailability, 
and stability [118]. In fact, Curcumin is sparingly soluble in water at 

Figure 9: Hydroxytyrosol (up) and Oleuropein (down) structures and natural 
derivation.

Nanovectors Type of Delivery Systems References
Serum albumin 
nanoparticles

Magnetic bovine serum albumin 
(BSA) nanoparticles [105]

Carbohydrate matrix
Chitosan nanoparticles [106]

Chitosan nanoparticles incorporated 
into an aqueous cream [107,108]

Polyester nanoparticles mPEG-PLGA nanoparticles [109]

Cyclodextrins
β-CD [110]

HP-β-CD [111]

Micelles whey protein concentrate (WPC) and 
pectin complexes [112]

Table 6: Nano delivery systems for Oleuropein and Hydroxytyrosol.

Figure 10: Curcumin structure and natural derivation.
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acidic or neutral pH and slightly soluble under alkali conditions. For 
another CU is unstable in the gut and trace amounts of curcumin that 
pass through the gastrointestinal tract are rapidly degraded [118]. 
Nanotechnology permits to enhance the bioavailability of CU through 
the encapsulation of the drug in the hydrophobic domains of various 
types of nanovectors (Table 7). 

β-Cyclodextrin-curcumin (CD-CUR) nanovectors inhibited 
telomerase gene expression in breast cancer cells. CD-CUR lowered 
the gene expression of telomerase more than free curcumin in breast 
cancer cells (T47D) in a time and dose dependent manner [119]. 
Similarly, Human Serum Albumin (HSA) possessed two affinity sites 
for curcumin [120] and literature studies revealed that Curcumin-
HSA complexes had greater therapeutic effect than free CU, with no 
observable toxicity [121]. Self-assembled micelles containing Curcumin 
spontaneously formed in aqueous phase using Pluronic (Plu), 
poly(ethylene glycol) (PEG), Poly (D,L-lactide-co-glycolide) (PLGA), 
or polycaprolactone (PCL) with improved drug stability [44,122]. For 
example, Chen et al. [44] formulated curcumin in polyethylene glycol 
(PEG)-derivatized FTS (S-trans, trans-farnesylthiosalicylic acid)-based 
nanomicellar system. This nanovector had small size of around 20 
nm. The nanomicellar curcumin demonstrated enhanced cytotoxicity 
towards several cancer cell lines in vitro. Moreover, intravenous 
application of curcumin-loaded micelles led to a significantly more 
effective inhibition of tumor growth in a syngeneic mouse breast cancer 
model (4T1.2) than free Curcumin. Similarly, Alizadeh et al. [123] 
synthesized diblock copolymer micelles made of oleoyl chloride and 
methoxy polyethylene glycol 2000 effective in inhibiting mammary and 
hepatocellular carcinoma cells proliferation in vitro. Moreover, tumor 
growth in micelles-treated mice was significantly suppressed and/or 
almost completely stopped at the end of the treatment [123]. Also, 
polymeric nanoparticles were structurally effective for embedding the 
water-insoluble curcumin. As the micelles, the most commonly used 
polymers included polylactic acid, polyglycolic acid, copolymer lactic 
acid/glycolic acid, polyethylene glycol, chitosan or a blend of these 

 Nanovectors Type of Delivery Systems References
Cyclodextrins β-Cyclodextrin [119]

Serum albumin 
nanoparticles Human Serum Albumin nanoparticles [120,121]

Micelles

Polyethylene glycol (PEG)-derivatized 
FTS (S-trans, trans-farnesylthiosalicylic 

acid)-based nanomicellar system
[44]

Pluronic [122]
Diblock Copolymer Micelles made 

of oleoyl chloride and methoxy 
polyethylene glycol 2000

[123]

Carbohydrate matrix Chitosan–starch (BDMCA–CS) 
nanocomposite [124]

Polyester nanoparticles

PLGA nanoparticles [125]

Poly-(allylamine hydrochloride) (PAH), 
poly-(sodium 4-styrenesulfonate) (PSS) 

and chitosan nanocapsules
[126]

Liposomes
Diacyl phosphocholine liposomes [127,128]

Flexible liposomes [129]

Solid Lipid nanoparticles

Dioctyl sodium sulfosuccinate and 
Poloxamer 188 SLNs [130]

Transferrin-mediated solid lipid 
nanoparticles [37,38]

Table 7: Nano delivery systems for Curcumin.

[124]. For example, bis-demethoxy curcumin analog loaded Chitosan–
starch (BDMCA–CS) nanocomposite particles were developed by 
Subramanian et al. [125] by ionic gelation method. The entrapment 
efficiency and drug loading capacity were high and the in vitro-drug 
release showed a slow and sustained diffusion controlled release of the 
drug. Curcumin loaded PLGA nanoparticles; described by Verderio 
et al. [126] released intracellularly CU in a time and dose dependent 
manner at low drug concentration, yielding cell proliferation 
inhibition by G2/M cell arrest. Poly-(allylamine hydrochloride) (PAH), 
poly-(sodium 4-styrenesulfonate) (PSS) and chitosan nanocapsules 
loaded with curcumin were fabricated by Goethals et al. around a 
solid core/mesoporus (SC/MS) structure. These nanovectors resulted 
in high cytotoxicity in breast cancer MCF-7 cells due to effective 
curcumin loading and low particle aggregation [127]. Examples 
of liposomal delivery systems of CU were Diacyl phosphocholine 
liposomes and coated or uncoated flexible liposomal systems. Diacyl 
phosphocholine nanovectors had six molecules of phosphatidylcholine 
binding one molecule of Curcumin [128]. The drug was inserted into 
the membrane in a transbilayer orientation, anchored by hydrogen 
bonding to the phosphate group of phospholipids [129], increasing 
drug bioavailability. Similarly, Silica-coated flexible liposomes loaded 
with curcumin (CUR-SLNs) and curcumin-loaded flexible liposomes 
(CUR-FLs) without silica-coatings had higher bioavailability compared 
to that of free curcumin suspensions [130]. Other particularly suitable 
nanocarriers were Solid-lipid nanoparticles: Tiyaboonchai et al. [131] 
used Dioctyl sodium sulfosuccinate and Poloxamer 188 SLNs in a 
microemulsion technique to produce drug delivery systems sized 
less than 450 nm and showing up to 70% incorporation efficiency 
of curcuminoids. The same type of nanovectors were developed for 
the treatment of Alzheimer’s disease by Kakkar and Kaur [37], and 
further improved by Mulik et al. [38], demonstrating how transferrin-
mediated solid lipid nanoparticles containing curcumin had significant 
increases in apoptosis, cytotoxicity, ROS, and cellular uptake compared 
to a curcumin solubilized surfactant solutions and curcumin-loaded 
solid lipid nanoparticles, in breast cancer.

Conclusion
Polyphenols are among the most powerful active compounds 

synthesized by plants and marine organisms, and show a unique 
combination of chemical, biological and physiological activities. 
However, their limited stability and/or solubility, often combined 
with a poor bioavailability, have to be resolved in order to make 
these compounds able to answer growing demands in human health. 
In this review, the results of recent studies implementing various 
delivery techniques applied to polyphenolic compounds confirmed 
that nanoencapsulation is an interesting means to improve their 
activity. The various reported research revealed that physicochemical 
nanoencapsulation provided a significant protection against drastic 
conditions such as oxidation and thermal degradation, thereby 
contributing to increase the shelf life of the active ingredients. 
Furthermore, nanoparticles are also able to control the release, 
change the physical properties of the initial material, and improve the 
bioavailability of the polyphenolic compound. Future developments 
must be aimed to complete the characterization of absorption, 
distribution, metabolism and elimination behavior of nanosized 
systems carrying the polyphenols in order to potentiate their 
therapeutic applications.
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Understanding molecular mechanisms involved in melanoma resistance to drugs is a big challenge. Experimental
evidences suggested a correlation between mutational status in B-RAF and melanoma cell susceptibility to drugs, such as
paclitaxel, doxorubicin and temozolomide, which generate an accumulation of hydrogen peroxide (H2O2) in the cells. We
investigated the survival phenotype and the protein level of c-myc, a B-RAF target molecule, in melanoma cells, carrying a
different mutational status in B-RAF, upon paclitaxel, doxorubicin and H2O2 treatment. For the first time, we reported c-
myc modulation is critical for melanoma drug response. It appeared drug-specific and post-transcriptionally driven
through PP2A; in correlation, cell pre-treatment with okadaic acid (OA), a specific PP2A inhibitor, as well as PP2A silencing
of melanoma cells, was able to increase melanoma cell drug-sensitivity and c-myc protein level. This is relevant for
designing efficacious therapeutic strategies in melanoma.

Introduction

Melanoma is the most aggressive form of skin cancer,1 and
metastatic melanomas are usually resistant to current therapies,
with a median survival rate of 6 months.2 The modest antitumor
activity of the single chemotherapeutic agents led to the investiga-
tion of combinations of these agents to improve outcomes in
melanoma patients.3,4 Cancer cells, however, differ in their suscep-
tibility to chemotherapy, and a detailed understanding of the
molecular mechanisms associated with the resistance to chemo-
therapy is critical for development of efficient therapeutic
strategies.

Previous experimental evidences suggested a correlation between
the mutational status in B-RAF and the melanoma susceptibility to
chemotherapeutic drugs,5 such as paclitaxel and doxorubicin 6-18,
which are able to generate an accumulation of hydrogen peroxide
(H2O2) in the cells. In particular, melanoma cell lines wild-type in
B-RAF (SK23Mel, WM266Mel) have been reported more resis-
tant to paclitaxel and doxorubicin5 compared to the ones mutated
in B-RAF (A375, SKMel 13, SKMel19, M14).

Here, we analyzed the molecules associated to the different
behavior of 3 different melanoma cell lines, known as A375, 526
and SK23Mel upon their exposure to paclitaxel3,4 doxorubicin
and temozolomide. These cell lines were derived from patients

with metastatic melanoma, but they were different in the B-RAF
mutational status.19,20 As previously reported, the single nucleo-
tide mutation resulting in substitution of glutamic acid for valine
(BRAFV600E: nucleotide 1799 T>A; codon GTG>GAG) in
B-RAF is one among the most representative BRAF mutations
observed in melanoma.21,22 We used B-RAF mutated in homo-
zygous (i.e. A375 cell line), B-RAF mutated in heterozygous (i.e.,
526 cell line) and B-RAF wild-type melanoma cells (i.e.
SK23Mel cell line).

In order to investigate the molecules involved in the different
drug susceptibility, we examined c-myc protein level at different
drug exposure times, since this is involved in the RAS-RAF-
MEK-ERK protein kinase pathway. We examined the functional
role of c-myc in the different susceptibility observed to drug
exposure of all 3 melanoma cell lines and successively we
expanded the study to more melanoma cell lines.

Results

A375, 526 and SK23Mel cell survival after exposure
to paclitaxel, H2O2 and doxorubicin

Here, we investigated the behavior of A375 melanoma cell
line, carrying a homozygous V600E mutation in B-RAF, after

*Correspondence to: Emilia Caputo; Email: emilia.caputo@igb.cnr.it
Submitted: 12/15/2014; Revised: 02/18/2015; Accepted: 03/08/2015
http://dx.doi.org/10.1080/15384047.2015.1030546

www.tandfonline.com 1375Cancer Biology & Therapy

Cancer Biology & Therapy 16:9, 1375--1386; September 2015; © 2015 Taylor and Francis Group, LLC
RESEARCH PAPER



exposure to paclitaxel and we compared it to the one observed in
526 with a B-RAF V600E mutation in heterozygous and in
SK23Mel cells, wild-type in B-RAF (Table S1 in Supplementary
Data). To this end, all 3 cell lines were treated with paclitaxel at
different concentrations for 24 hours and survival cell percentage
was measured, as described in Materials and Methods. As shown
in Fig. 1A and S, we found a cell survival percentage value of
35%, 56%, and 60% in A375, 526 and in SK23-Mel cells,
respectively, upon a treatment with 45 nM paclitaxel for
24 hours.

It has been reported that hydrogen peroxide (H2O2) plays an
important role in drug-induced cancer cell death6,7,9,10 and that,
H2O2 is accumulated in the cells following treatment with pacli-
taxel drug.7 Here, we investigated the behavior of A375, 526 and
SK23Mel melanoma cells line, after exposure to H2O2. As shown
in Fig. 1B and 1S, we found a A375 cell survival percentage
value of about 41% upon a treatment with 0.5 mM H2O2 for
24 hours vs. 526 and SK23Mel cell survival percentage value of
about 68 and 71%, respectively, upon same treatment condi-
tions. This finding suggested that A375 were more sensitive than
526 and SK23Mel melanoma cells to H2O2 treatment.

Since doxorubicin has been reported as another drug able to
generate an accumulation of H2O2 in the cells,9 we analyzed the
A375, 526 and SK23Mel cell survival phenotype upon exposure
to this chemotherapeutic agent. We measured a A375 lower sur-
vival cell percentage compared to the 526 and SK23Mel ones
upon doxorubicin treatment (Fig. 1C, 1S), comparable to the
one observed after H2O2 exposure (A375 survival percentage
value of about 27% versus 53% and 58% of 526 and SK23Mel
survival percentage value, respectively at doxorubicin concentra-
tion of 2.5mM for 24 hours). All together these data supported a
strict correlation between B-RAF mutational status and suscepti-
bility to chemotherapeutic drugs.

c-Myc analysis in melanoma cells after H2O2 exposure
In order to investigate the molecular mechanisms underlining

the different melanoma cell line sensitivity to drugs, we examined
the level of c-myc protein in all melanoma cell lines upon H2O2

treatment, since it is one of the target molecules in the RAS-
RAF-MEK-ERK protein kinase pathway. We observed that while
c-myc protein was up-regulated in A375 cells upon H2O2

Figure 1. ell viability analysis of A375, 526 and SK23Mel melanoma cells upon paclitaxel (A), H2O2 (B) and doxorubicin (C) exposure at 24 hours with dif-
ferent indicated drug concentrations. Results represent the means (percentage values) of 3 independent experiments performed in triplicate. The error
bars show 95% confidence intervals.
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exposure, it was found down-regulated in 526 and it was stable in
SK23Mel cells (Fig. 2). The same pattern of c-myc expression
was observed upon paclitaxel and doxorubicin treatment in all
cell lines examined (data not shown). This finding suggested that
the c-myc regulation could play an important role in the sensitiv-
ity of these cells to the tested drugs.

To gain insight into the functional role of c-myc in the differ-
ent susceptibility observed in these melanoma cells to H2O2 and
drugs exposure, c-myc expression was either enhanced and or
silenced by pDNA4-to/Myc/IRES and by means of small inter-
fering RNA technology (siRNA), respectively as described in
Materials and Methods. Then, we examined the c-myc

Figure 2. Western blot analysis of c-myc in A375 (A), 526 (B) and SK23Mel (C) melanoma cells upon H2O2 treatment (1 mM) at 15, 60 minutes and
24 hours. Actin was used as a loading control. The intensity of protein expression was quantified by scanning densitometry. Results represent the means
(§ s.e.m.) of 3 independent experiments performed in triplicate. P-value was determined by using t-test and value �0,001 was indicated (***).
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enhancing and silencing effects on the cell survival upon pacli-
taxel, doxorubicin and H2O2 exposure. The enhancing of c-myc
protein in A375 cells decreased furthermore their survival pheno-
type percentage, when the cells were treated with the various
chemotherapeutic agents (Fig. 3A). The same effect was more
pronounced in SK23Mel cells (Fig. 3B) and in 526 cells
(Fig. 3C). Enhancing was confirmed analyzing c-myc protein
levels by western blot as shown in Figure 3D. Conversely, the c-
myc silencing induced a major survival of A375 cells (Fig. 4A).
The same was observed for SK23Mel and 526 melanoma cells,
although at lower levels (Fig. 4B, C). Silencing was confirmed
analyzing c-myc protein levels by western blot, as shown in
Figure 4D. This finding supported the idea that c-myc is a key
player in the different survival phenotype of A375 compared to
the 526 and SK23Mel melanoma cells upon H2O2, paclitaxel
and doxorubicin exposure. The effect appeared to be H2O2 spe-
cific, since the different level of expression of c-myc did not affect
the survival phenotype of all cell lines after treatment with

piroxicam, a non-steroidal anti-inflammatory drug (NSAIDs)
with anti-neoplastic effects,23,24 which does not trigger H2O2

accumulation.

Modulation of c-myc in melanoma cells upon H2O2,
paclitaxel and doxorubicin exposure

In order to investigate if the different c-myc protein levels
found in the cells upon H2O2 and drug exposure were
resulting from the different transcript levels, we examined
the level of c-myc mRNA in all melanoma cell lines after
exposure to H2O2, paclitaxel and doxorubicin. We observed
an increase of c-myc mRNA levels in 526 and SK23Mel cell
lines upon the 3 different treatments, while it was found
similar between untreated and treated A375 cells (Fig. 5),
suggesting that c-myc modulation was not transcriptionally
driven.

Furthermore, we investigated if c-myc modulation was
PP2A dependent. It has been reported that PP2A is a protein

Figure 3. Cell viability analysis of A375 (A), SK23Mel (B) and 526 (C) melanoma cells, previously c-myc enhanced and then subjected to H2O2, doxorubicin
(Dox), paclitaxel (Pax) and piroxicam (Pirox) treatment. Results represent the means (§ s.e.m.) of 3 independent experiments performed in triplicate. Cell
survival percentage value was also reported. c-myc expression levels were examined by western blot (D). Actin was used as a loading control. The inten-
sity of protein expression was quantified by scanning densitometry. Results represent the means (§ s.e.m.) of 3 independent experiments performed in
triplicate. P-value was determined by using t-test and value �0,001 was indicated (***).
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phosphatase 2A (PP2A) that plays a prominent role in con-
trolling accumulation of the proto-oncoprotein c-Myc. The
PP2A phosphatase mediates its effects on c-Myc by de-phos-
phorylating a conserved residue, Ser 62, that normally stabil-
izes c-Myc, and in this way, PP2A enhances c-Myc
ubiquitin-mediated degradation.25,26

Here, we investigated the PP2A protein level in all melanoma
cell lines by western blot at different time of H2O2 treatment
(Fig. 6). We found that there was a consistent reduction of PP2A
protein already at time point of 15 minutes of about 50% com-
pared to the initial level value before the treatment in A375 cells.
It continues to decrease until about 25% of the initial value at
60 minutes of treatment. Conversely, the level of PP2A protein
was found stable in SK23Mel cells, while in 526 cells it was
increased of about 1,5-fold, 2,0-fold and 2,5-fold after 15,
60 minutes and 24 hours, respectively compared to time 0 of
treatment. The same pattern of PP2A expression was observed
upon paclitaxel and doxorubicin treatment in all cell lines exam-
ined (data not shown). This finding suggested that c-myc modu-
lation was PP2A dependent.

H2O2, paclitaxel and doxorubicin susceptibility analysis
of melanoma cells upon PP2A inhibition and knockdown

In order to validate that c-myc modulation was PP2A depen-
dent, all cell lines were pre-treated with okadaic acid (OA) at
2nM for 60 minutes,27 and then they were exposed to H2O2,
paclitaxel and doxorubicin for 24 hours and their survival pheno-
type was examined. We observed that the only treatment with
OA reduced the survived cell number of a value about 10% in all
the cell lines analyzed compared to the same cells not-treated
with OA (Fig. 7). In particular, we observed that the OA pre-
treatment increased the A375 and SK23Mel sensitivity to H2O2

reducing the number of survived cells of about 11% and 16%,
respectively (Fig. 7A). The effect was more pronounced in 526
melanoma cells, where a number of survived cells of about 26%
was observed. At the same way, the OA pre-treatment increased
the cell sensitivity to paclitaxel and doxorubicin treatment. A
reduction of survived cell number was observed in A375 (about
15% and 17% upon paclitaxel and doxorubicin treatment,
respectively), in 526 (about 13% and 12% upon paclitaxel and
doxorubicin treatment, respectively) and in SK23Mel (about

Figure 4. Cell viability analysis of A375 (A), SK23Mel (B) and 526 (C) melanoma cells, previously c-myc silenced and then subjected to H2O2, doxorubicin,
paclitaxel and piroxicam treatment. Results represent the means (§ s.e.m.) of 3 independent experiments performed in triplicate. Cell survival percent-
age value was also reported. c-myc expression levels were examined by western blot (D). Actin was used as a loading control. The intensity of protein
expression was quantified by scanning densitometry. Results represent the means (§ s.e.m.) of 3 independent experiments performed in triplicate. P-
value was determined by using t-test and value �0,001 was indicated (***). NC indicated negative control as described in Materials and Methods.
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19% upon paclitaxel and doxorubicin treatment) as shown in
Fig. 7B, C. In addition, we analyzed c-myc protein level in 526
cells OA pretreated and then treated with H2O2 for 24hours
(Fig. 7D, lane 3) and we did not detect a c-myc protein level
reduction as the one observed after the only H2O2 treatment
without OA pre-treatment (Fig. 7D, lane 4), supporting that
c-myc modulation was dependent from PP2A activity. Further-
more, we silenced PP2A in 526 melanoma cells and we examined
the cell sensitivity to H2O2 treatment. We observed that when
the PP2A protein level, upon PP2A silencing, was reduced of
about 30%, c-myc protein level was increased of about 58%
(Fig. 7E). In addition, an increase of melanoma cell sensitivity to
H2O2 was observed upon PP2A knockdown. In fact the cell sur-
vival percentage value was about 25% in PP2A silenced cells
compared to the 58% measured in melanoma control cells, as
shown in Fig. 7E.

Cell survival analysis of more melanoma cell lines after
exposure to H2O2 and paclitaxel with and without
PP2A inhibition

In order to validate the molecular mechanisms responsible of
the different melanoma cell line sensitivity to drugs, we analyzed
the survival phenotype of more melanoma cell lines (MALME-
3M, SKMel 5, M257) by measuring survival cell percentage, as
described in Materials and Methods.

We found a MALME-3M lower survival cell percentage com-
pared to the SKMel5 and M257 upon H2O2 and paclitaxel treat-
ment (Fig. 8A and B). We also investigated the effect of OA pre-
treatment on the sensitivity to different drugs examined. As shown
in Fig. 8A and B, we observed that the OA pre-treatment
increased the cell sensitivity to the different treatments in all 3
melanoma cell lines. We also analyzed the PP2A and c-myc pro-
tein level in all 3 melanoma cell lines upon exposure to H2O2 at
0.5 mM concentration for 24 hours. We observed a decrease of
PP2A and increase of c-myc protein level in MALME-3M mela-
noma cells upon treatment. On the contrary, PP2A protein level
increased while c-myc decreased in SKMel-5 cells. No significant
change in c-myc and PP2A was detected in M257 cells (Fig. 8C).

Cell survival analysis of melanoma cell lines after exposure
to temozolomide

We expand our analysis by exposing melanoma cells to another
drug, that works by generating an accumulation of H2O2 in the
cells: temozolomide. This drug is one among the chemotherapeutic
agents used for melanoma treatment. All melanoma cells were

Figure 5. C-Myc expression level in melanoma cell lines, indicated in
each panel, treated with paclitaxel (Pac, 45 nM), doxorubicin (Doxo,
10 mM) and H2O2 (1 mM) at 24 hours. Results represent the means
(§ s.e.m.) of 3 independent experiments performed in triplicate.
Statistical analysis was done as indicated in Material and Methods.
No significantly differences were found among the treatments
(P > 0.05) in all examined cell lines.
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treated with different concentrations of temozolomide and the sur-
vival cell percentage was measured. We found a A375 lower sur-
vival cell percentage compared to the 526, SKMel23, SKMel5 and
M257 upon temozolomide treatment (Fig. 8D), as observed upon
treatment of these cells with paclitaxel and doxorubicin.

Discussion

The identification of specific resistance patterns and a bet-
ter understanding of the drug resistance mechanisms is a big

challenge and it is critical for therapeutic success in mela-
noma patients. Recently novel biological therapeutic strategies
to cure melanoma have been developed such as the one tar-
geting B-RAF(V600E) mutated protein.28 This targeted ther-
apy has a short- term success in metastatic melanoma
patients, since they are able to develop a resistance to this
drug,29 and it cannot be used for melanoma patients without
BRAF mutation (50% of melanoma patients). Alternative
therapeutics have been developed recently, providing encour-
aging results for melanoma treatment.3,4,30 In particular, pac-
litaxel drug in randomized clinical studies for metastatic

Figure 6. Western blot analysis of PP2A in melanoma cells upon H2O2 treatment (1 mM) at 15, 60 minutes and 24 hours. Actin was used as a loading
control. The intensity of protein expression was quantified by scanning densitometry. Results represent the means (§ s.e.m.) of 3 independent experi-
ments performed in triplicate. P-value was determined by using t-test and value �0,001 was indicated (***).
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Figure 7. For figure legend, see page 1383.
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melanoma patients independently from their B-RAF muta-
tional status has been tested. In this study the drug has been
conjugated to albumin since it has been demonstrated that
paclitaxel in this form is prevalently delivered at the tumor
sites, since only this form, and not paclitaxel, is able to bind
SPARC (secreted protein acidic and rich in cysteine), a pro-
tein highly expressed on malignant melanocytes.31 In this
way, this drug can be used at lower concentrations during
the treatment, reducing the side effects of this drug in the
patients.3,4

Several experimental evidences suggested a correlation
between the mutational status in B-RAF and the melanoma cell
susceptibility to drugs able to generate an accumulation of hydro-
gen peroxide (H2O2) in the cells, such as paclitaxel and doxorubi-
cin. Here, we investigated the molecular mechanisms underlining
the resistance to both drugs of human melanoma cell lines, carry-
ing a different mutational status in BRAF. Interestingly, we
found that c-myc, a target molecule of RAS-RAF-MEK-ERK
protein kinase pathway, was modulated during the different
treatments with paclitaxel and doxorubicin drugs as well as upon

Figure 7. (See previous page). Cell viability analysis of A375, 526 and SK23Mel melanoma cells pre-treated with OA (2 nM) for 60 minutes and then
exposed to H2O2 (A), paclitaxel (B) and doxorubicin (C) for 24 hours with indicated drug concentrations. Results represent the means (percentage values)
of 3 independent experiments performed in triplicate. The error bars show 95% confidence intervals. Western blot analysis of c-myc in 526 (D) melanoma
cells pre-treated with OA (2 nM) for 60 minutes and then exposed to H2O2 (1 mM) at 24 hours. Western blot analysis of PP2A and c-myc in 526 (E) mela-
noma cells after PP2A silencing and then exposed to H2O2 (0.5 mM) at 24 hours. Actin was used as a loading control. The intensity of protein expression
was quantified by scanning densitometry. Results represent the means (§ s.e.m.) of 3 independent experiments performed in triplicate. P-value was
determined by using t-test and value �0,001 was indicated (***).

Figure 8. Cell viability analysis of MALME-3M, SKMel-5 and M257 melanoma cells pre-treated with OA (2 nM) for 60 minutes and then exposed to H2O2

(A) and paclitaxel (B) for 24 hours with indicated drug concentrations. Results represent the means (percentage values) of 3 independent experiments
performed in triplicate. The error bars show 95% confidence intervals. Western blot analysis of PP2A and c-myc in MALME-3M, SKMel-5 and M257 mela-
noma cells (C) exposed to H2O2 (0.5 mM) at 24 hours. Actin was used as a loading control. The intensity of protein expression was quantified by scanning
densitometry. Results represent the means (§ s.e.m.) of 3 independent experiments performed in triplicate. P-value was determined by using t-test and
value �0,001 was indicated (***). Cell viability analysis of A375, 526, SK23Mel, M257, SKMel5 melanoma cells upon temozolomide (D) exposure at
72 hours with different indicated drug concentrations. Results represent the means (percentage values) of 3 independent experiments performed in trip-
licate. The error bars show 95% confidence intervals.
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exposure of the cells to H2O2. In particular, we demonstrated by
silencing and enhancing c-myc expression, the key role of this
molecule in response to these drugs in melanoma. We showed
that this molecular event was specifically associated to drugs able
to induce an accumulation of H2O2 in the tumor cells, since the
use of piroxicam was ineffective on c-myc modulation.

Furthermore, we observed that c-myc modulation was not tran-
scriptional driven, since we found no c-myc mRNA level changed
upon treatment with drugs as well as with H2O2. Interestingly, it
was the role of PP2A in this modulation. We observed that the
inactivation of this phosphatase was able to increase the sensitivity
to all drugs tested in all melanoma cell lines, independently to
their mutational status in B-RAF. These data suggest the possibil-
ity to modulate c-myc in order to increase the efficacies of the
therapies based on paclitaxel or similar drugs. Interestingly, the
study by Park et al., where correlative analysis between the expres-
sion of some genes and sensitiveness to different drugs have been
performed on 60 cancer cell lines (NCI60). They observed a posi-
tive correlation between paclitaxel sensitivity and c-myc protein
level, further strengthen our data.5 However, the significance of
this correlation was noticeable decreased, when the analysis was
restricted to only the melanoma cell lines, enclosed in NCI60,
considering that the melanoma cell line number was only 9, too
small to generate statistically meaningful data. These findings sug-
gested how the generation of a significant number of paired sensi-
tive/resistant melanoma cell lines will be critical in future in order
to elucidate the molecular mechanisms underlying drug resistance
in melanoma.

Conflicting results have been reported on the role of c-myc in
cell response to chemotherapeutic agents. Indeed, Pastorino et al.
reported an increasing of therapeutic effects by treating melanoma
with targeted combination of c-myc antisense and doxorubicin, in
contrast with our data, most probably due to the different cellular
models investigated.32 On the contrary, our data support the role
of c-myc as positive modulator of cell sensitivity to paclitaxel and
doxorubicin, as recently described by Frenzel et al. in human neu-
roblastoma and B-cell lines.33,34 This opens several possibilities
and so it became critical for designing novel therapeutic strategies
in melanoma. At the same way, PP2A inhibitors have been
reported as potential anti-cancer agents.35 However, their potenti-
ality in melanoma treatment has not been tested, yet.

Furthermore, it has been reported that c-Myc regulates the
transcription of several ABC transporter genes.36 These molecules
are able to efflux cytotoxic drugs, affecting the resistance of cancer
cells to apoptosis in the context of treatment. However, several
reports provide evidence that ABC transporters might also pro-
mote cell survival independently of cytotoxic drug efflux, suggest-
ing together with our findings that further experiments are needed
to address this issue in melanoma.

Materials and Methods

Reagents
Paclitaxel and doxorubicin were kindly provided from Drs.

PA Ascierto and E. Irollo from National Cancer Institute of

Naples, Italy. Okadaic Acid was purchased from Cell Signaling
Technology, Inc. All other chemicals were molecular biology
grade from Sigma.

Cell lines
Three cell lines were enclosed in this study. A375, 526 and

SK23Mel melanoma cell lines were kindly provided by Dr. F.
M. Marincola and Dr. M. Bettinotti, (NIH, Bethesda, USA),
while MALME-3M, SKMel-5 and M257 melanoma cell lines
were provided by Dr. PA Ascierto and Dr. P. Pirozzi, (Cancer
National Institute, Naples, Italy). The melanoma cell lines were
cultured in RPMI 1640 medium (Invitrogen-Gibco, Paisley,
UK), supplemented with 3 mM L-glutamine (Invitrogen-Gibco,
Paisley, UK), 2% penicillin/streptomycin, and 10% FBS. The
cell cultures were incubated at 37�C in a humidified 5% CO2
atmosphere. Cells were harvested at 80% confluence and protein
extraction was performed for further examination.

Cell lysate preparation
The cultured cells were harvested, washed with PBS, and lysed

in a lysis buffer [1% Nonidet P-40, 150 mmol/L NaCl,
10 mmol/L Tris (pH 7.4), 1 mmol/L EDTA, 1 mmol/L EGTA
(pH 8), 0.2 mmol/L sodium orthovanadate, 0.2 mmol/L phe-
nylmethylsulfonyl fluoride] for 30 minutes at 4�C with constant
agitation. The cell lysates were then subjected to a centrifugation
(16,000 £ g at 4�C) for 15 minutes to remove insoluble materi-
als. The protein concentrations of supernatants were measured
by Bradford assay.

Western Blot Analysis
Western blot analysis was performed according to standard

procedures using a rabbit polyclonal antibody against actin (dilu-
tion 1/10,000; Abcam, Cambridge, UK), a rabbit monoclonal
antibody against c-myc (dilution 1/10,000; Abcam, Cambridge,
UK), a mouse monoclonal antibody against PP2A (diluted
1/1,000, Upstate Cell Signaling, Lake Placid, NY). The visualiza-
tion was done by horseradish-labeled anti-rabbit and anti-mouse
antibodies (Cell Signaling Technology, Danvers, MA) and the
ECL chemiluminescence detection system (Amersham Pharma-
cia Biotech, Piscataway, NJ, USA). The image analysis of the
detected bands after western blot was performed by Image J
software.

CyQuant Assay
The monitoring of the cell number following the drug treat-

ment was performed by using CyQuant Cell Proliferation Assay
Kit, according to the procedure provided from the manufacture
(Invitrogen, Paisley, UK).

siRNA and transfection
The sequences of c-myc siRNA were unique to their intended

targets, based on BLAST searches. The sequences of the small
interfering RNA (siRNA) oligonucleotides for c-myc (50-CGUC-
CAAGCAGAGGAGCAA(dT)-30, sense strand; 50-UUGCUC-
CUCUGCUUGGACG(dT)-30) and the universal negative
control were purchased from Sigma-Aldrich. Briefly, 1*10 cells/
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well were seeded into 6-well plates and incubated with the trans-
fection complexes (75 mM siRNA and 10ml of Lipofectamine
RNAiMAX, Invitrogen). For the c-myc over-expression, the plas-
mid pDNA4-to/Myc/IRES and the empty vector as control were
kindly provided by Dr. I. Iaccarino (IGB-CNR, Naples, Italy). A
transient transfection was performed on 1*105 cells/well for each
experimental condition, by using 10 ml Lipofectamine 2000
(Invitrogen) and 2,5 mg of plasmid. The cells were analyzed
48 hours post-transfection. For knockdown PP2A cells were
transfected with small interfering RNA (siRNA) oligonucleotides
(PP2A-Ca siRNA) against the catalytic subunit of the specific
phosphatase (Santa Cruz Biotechnology, Inc., CA, USA) using
Lipofectamine RNAiMAX reagent (Invitrogen) according to the
manufacturer’s instructions. Cells were treated with the indicated
conditions and analyzed 48 hours post-transfection.

Real-Time qRT-PCR
Expression levels of c-Myc was analyzed by quantitative real-

time PCR analysis using total RNA (300 ng) from cell lines
treated, with paclitaxel, doxorubicin or H2O2. Untreated cells
were used as control. RNA was converted to cDNA using High-
Capacity cDNA Reverse transcription kit (Applied Biosystems,
Life Technologies, Grand Island, CA) underconditions described
by the supplier. Gene specific primers for c-Myc (Forward 50

CACCACCAGCAGCGACTCT, Reverse 50 TTCCACA-
GAAACAACATCGATTTC) was designed using Primer Express
2.0 software (Applied Biosystems). Actin b was used as internal
control. Experiments were performed in triplicates. Quantitative
PCRs were done on an ABI PRISM 7900HT Sequence Detec-
tion System (Applied Biosystems). The entire procedure for

qRT-PCR analysis—primer design, reactions, amplicon specific-
ity and determination of gene target expression levels—was per-
formed as previously described.36 Statistical analysis of the c-Myc
expression levels were performed using GraphPad Prism 5.0�

statistical software (GraphPad Software Inc., La Jolla, CA).
Paired t test was used for comparison of 2 paired groups. Multi-
ple comparisons were performed by the repeated measures
ANOVA test with the Bonferroni correction for multiple.
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A B S T R A C T

We performed a comparative study between two human metastatic melanoma cell lines (A375 and 526),
and melanocytes (FOM78) by gene expression profiling and pathway analysis, using Gene Set Enrich-
ment Analysis (GSEA) and Ingenuity Pathway Analysis (IPA) software. Genes involved in Ran signaling
were significantly over-represented (p ≤ 0.001) and up-regulated in melanoma cells. A melanoma-
associated molecular pathway was identified, where Ran, Aurora Kinase A (AurkA) and TERT were up-
regulated, while c-myc and PTEN were down-regulated. A consistent high Ran and AurkA gene expression
was detected in about 48% and 53%, respectively, of 113 tissue samples from metastatic melanoma pa-
tients. AurkA down-regulation was observed in melanoma cells, by Ran knockdown, suggesting AurkA
protein is a Ran downstream target. Furthermore, AurkA inhibition, by exposure of melanoma cells to
MLN8054, a specific AurKA inhibitor, induced apoptosis in both melanoma cell lines and molecular al-
terations in the IPA-identified molecular pathway. These alterations differed between cell lines, with an
up-regulation of c-myc protein level observed in 526 cells and a slight reduction seen in A375 cells. More-
over, Ran silencing did not affect the A375 invasive capability, while it was enhanced in 526 cells, suggesting
that Ran knockdown, by AurkA down-regulation, resulted in a Ran-independent enhanced melanoma
cell invasion. Finally, AurK A inhibition induced a PTEN up-regulation and its action was independent of
B-RAF mutational status. These findings provide insights relevant for the development of novel thera-
peutic strategies as well as for a better understanding of mechanisms underlying therapy resistance in
melanoma.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Introduction

The most aggressive form of skin cancer is melanoma, the in-
cidence of which has dramatically increased worldwide [1].
Metastatic malignant melanoma has a very poor prognosis, with a
median survival time of approximately 6 months [2]. Several of the
molecular mechanisms associated with melanoma origin and pro-
gression have now been identified. For instance, the mitogen-

activated protein kinase (MAPK) pathway is constitutively activated
in melanoma cells, while it is only weakly activated by growth factors
released from the local microenvironment in melanocytes, leading
to an insufficient stimulus to induce proliferation under physiolog-
ical conditions [3]. Activating mutations in N-Ras have been identified
in 15–20% of all melanomas [4,5], while mutations in B-RAF have
been observed in about 60% of melanomas, with V600E account-
ing for over 80% of all mutations. The BRAF (V600E) protein has
markedly increased catalytic activity for its substrates and consti-
tutively activates the RAS–RAF–MEK–ERK pathway [5,6]. However,
MAPK pathway activation alone is insufficient for melanoma pro-
gression and it has been shown that full transformation only occurs
with concurrent activation of the PI3K–AKT pathway following PTEN
suppression [7].

Abbreviations: AurkA, aurora kinase A; MM, metastatic melanoma; IPA, Ingenu-
ity Pathway Analysis; GSEA, Gene Set Enrichment Analysis; FDR, false discovery rate.
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Understanding the complex regulation of these pathways and
the role of novel altered pathways may lead to improvements in
the rational development of targeted therapies. In this study, we
applied a network identification analysis, based on gene expres-
sion profiles and protein–protein interaction networks, to
characterize and compare two different melanoma cell lines, A375
and 526 [8] and the melanocyte cell line, FOM78 [9] as control. Gene
expression was also investigated in 113 tissue samples derived from
metastatic melanoma patients.

Materials and methods

Cell lines

Human melanoma cell lines A375 and 526 and melanocyte FOM78 [9] were kindly
provided by Dr. M. Bettinotti (NIH, Bethesda, MD, USA). Melanoma cell lines were
cultured in RPMI 1640 medium (Invitrogen-Gibco, Monza MB, Italy), supple-
mented with 3 mM L-glutamine (Invitrogen-Gibco), 2% penicillin/streptomycin, and
10% FBS. Melanocytes were cultured in MGM-4 cell medium (Euroclone, Milan, Italy).
All cultures were incubated at 37 °C in a humidified 5% CO2 atmosphere.

Gene expression analysis

Total RNA was isolated from cultured cell lines using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). Total RNA quality and integrity was evaluated on the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and concentration was mea-
sured using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington,
DE, USA). Two rounds of RNA amplification were performed as previously de-
scribed [10,11] and 6 μg of amplified χRNA was labeled with Cy5 while reference
samples derived from peripheral blood mononuclear cells (PBMC) pooled from six
normal donors were amplified in the same fashion and labeled with Cy3 using a
ULS αRNA Fluorescent Labeling kit (Kreatech, Amsterdam, The Netherlands). A 36k
whole transcriptome expression array was fabricated using human Array-Ready Oligo
Set (AROS™ V4.0, Operon, Cologne, Germany) at the Infectious Disease and Immu-
nogenetics Section (NIH, Bethesda, MD, USA). Hybridization was carried at 42 °C for
18–24 hours and the arrays were then washed, scanned and analyzed using BRB array
software (http://linus.nci.nih.gov/BRB-ArrayTools.html) [12]. Genes with intensity
<100 in both channels, spots size <20 um were excluded. Genes with intensity <100
in one channel only were adjusted to 100. After median normalization over the whole
array, data were stringently filtered to remove genes with missing values in more
than 40% of the experiments and genes with less than 1.5-fold change in either di-
rection from the median value in less than 20% of the entire array experiments.

Pathway analysis

Ingenuity Pathway Analysis (IPA7.0, Ingenuity System®, http://www
.ingenuity.com/) was used to functionally annotate differentially expressed genes
from the cell lines analyzed and to identify potential networks each with a specific
score, corresponding to the probabilistic fit between the networks and a list of bi-
ological functions stored in the Ingenuity Pathways Knowledge Base, a proprietary
manually curated database.

GSEA analysis

Gene Set Enrichment Analysis (GSEA, http://www.broadinstitute.org/gsea/
index.jsp) was used to assess whether an a priori defined set of genes showed
statistically significant concordant differences between two phenotypes (mela-
noma cells vs. melanocytes). The primary result of the GSEA is the enrichment score
(ES), which reflects the degree to which a gene set is overrepresented at the top or
bottom of a ranked list of genes. Normalized log2 intensities were used in the anal-
ysis against a computational gene set defined by mining large collections of cancer-
oriented microarray data (C4 computational gene sets, Molecular Signatures Database
v4.0).

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Total RNA (300 ng) from melanocyte and melanoma cell lines was converted to
cDNA using High-Capacity cDNA Reverse transcription kit (Applied Biosystems, Life
Technologies, Grand Island, CA, USA). Primers for the selected genes (AURKA: Forward
5′-CACCTTCGGCATCCTAATATTCTT-3’, Reverse 5′-GGGCATTTGCCAATTCTGTT-3′; MYC
Forward 5′-CACCACCAGCAGCGACTCT-3′, Reverse 5′-TTCCACAGAAACAACATCGATTTC-
3′; PTEN Forward 5′-GGAGATATCAAGAGGATGGATTCG-3′, Reverse 5′-CAGGAAATCCCAT
AGCAATAATGTT-3′; RAN Forward 5′ TTGGTGATGGTGGTACTGGA-3′, Reverse 5′-
GGAGAGCAGTTGTCTGAGCA-3′; RCC1 Forward 5′-TGCAGGTGCAGCTGGATGT-3′, Reverse
5′-CATCACCAAGTGGTCGTTTCC-3′; TERT Forward 5′-GGCGACATGGAGAACAAGCT-
3′, Reverse 5′-CCAACAAGAAATCATCCACCAAA-3′) were designed using Primer Express
2.0 software (Applied Biosystems). Actinβ was used as internal control (Forward 5′-
TTCTACAATGAGCTGCGTGTG-3′ and Reverse 5′-GGGGTGTTGAAGGTCTCAAA-3′).

Experiments were performed in triplicate. Quantitative real-time polymerase chain
reaction (qRT-PCR) was done on an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems). The entire procedure for qRT-PCR analysis (primer design, re-
actions, amplicon specificity and determination of gene target expression levels) was
performed as previously described [13].

Protein extracts

Cells were lysed in lysis buffer (1% Nonidet P-40, 150 mmol/L NaCl, 10 mmol/L
Tris (pH 7.4), 1 mmol/L EDTA, 1 mmol/L EGTA [pH 8], 0.2 mmol/L sodium
orthovanadate, 0.2 mmol/L phenylmethylsulfonyl fluoride) for 30 minutes at 4 °C with
constant agitation. Insoluble material was removed by centrifugation (16000 × g at
4 °C) for 15 minutes and the total protein concentration was determined in the su-
pernatant by Bradford assay.

Western blot analysis

Western blot was performed according to standard procedures. Mouse mono-
clonal antibodies against p53 (DO-1; diluted 1:1000; Santa Cruz Biotechnology, Inc,
Dallas, TX, USA), rabbit monoclonal to c-Myc (1:5000, Abcam, Cambridge, UK), rabbit
polyclonal to telomerase reverse transcriptase (diluted 1:1000; Abcam), rabbit
polyclonal antibodies against PARP (diluted 1:1000, Cell Signaling Technology, Danvers,
MA, USA), phospho-MEK1/2 (Ser217/221) (diluted 1:1000, Cell Signaling Technol-
ogy), MEK1/2 (diluted 1:1000, Cell Signaling Technology), Aurora Kinase A (diluted
1:100; Abcam), Ran (diluted 1:500; Abcam) and β-actin (diluted 1:1,000, Cell Sig-
naling Technology) were used. Detection was achieved by HRP-conjugated anti-
mouse (1:10,000; Cell Signaling Technology) or HRP-conjugated anti-rabbit
(1:1,000,000; Cell Signaling Technology) antibodies. Immune complexes were vi-
sualized by an enhanced chemiluminescence system (ECL Advance™, Amersham
Pharmacia Biotech, Piscataway, NJ, USA). Actin was used as a loading control. The
image analysis was performed by ImageJ software (http://rsbweb.nih.gov/ij/). Results
represent the means (±SEM) of three independent experiments performed in trip-
licate. P-value was determined by using t-test and value ≤0.005 was indicated, in
the figure, with the symbol: ***.

Gene expression analysis on melanoma tissues

Total RNA from 113 melanoma metastases from patients treated at the Surgery
Branch, NCI, was extracted using miRNeasy minikit (Qiagen). RNA quality and quan-
tity were estimated using Nanodrop (Thermo Scientific) and Agilent 2100 Bioanalyzer
(Agilent Technologies). First- and second-strand cDNA were synthesized from 300 ng
of total RNA according to the manufacturer’s instructions (Ambion WT Expression
Kit). cDNAs were fragmented, biotinylated, and hybridized to the GeneChip Human
Gene 1.0 ST Arrays (Affymetrix WT Terminal Labeling Kit, Affymetrix, Santa Clara,
CA, USA). The arrays were washed and stained on a GeneChip Fluidics Station 450
(Affymetrix); scanning was carried out with the GeneChip Scanner 3000 and image
analysis with the Affymetrix GeneChip Command Console Scan Control. Expres-
sion data were normalized, background-corrected, and summarized using the RNA
algorithm at the http://www.partek.com/ website. Data were log-transformed (base
2) for subsequent statistical analysis. Cluster analysis was performed using Cluster
and TreeView software (Stanford University, Stanford, CA, USA).

Small interfering RNA transfection

Ran gene silencing by small interfering RNA (siRNA) was carried out with control
no-targeted and two independent Ran-directed siRNA oligonucleotides (s11769 and
s11767, Ambion, Carlsbad, CA) using Lipofectamine RNAiMAX reagent (Invitrogen,
Paisley, UK), according to the manufacturer’s instructions. Briefly, 1 × 105 cells/
well were seeded into six-well plates and incubated with the transfection complexes
(75 mM siRNAs and 10 μl of Lipofectamine RNAiMAX, Invitrogen). Cells were ana-
lyzed 48 hours post-transfection.

Invasion assays

An invasion assay was performed in a 24-well transwell chamber, by using a
BD BioCoat Matrigel invasion chamber (BD Bioscience, Bedford, MA,USA), accord-
ing to the manufacturer’s instructions. Briefly, equal numbers of cells (2.5 × 104 cells/
well) in RPMI 1640 medium complemented with 1% FCS were added to the upper
compartment of the chamber. As a chemoattractant, the lower compartment con-
tained RPMI 1640 medium supplemented with 10% FCS. After 18 hours at 37 °C in
a 5% CO2 incubator, the Matrigel coating on the upper surface of the filter was wiped
off using a cotton swab. Cells that migrated through the filters were fixed, stained,
photographed, and counted (4 random fields/insert, 10×) in the light microscope on
ten randomly selected fields. The mean number of cells was calculated per field. Three
sets of experiments were carried out, each in triplicate. The statistical significance
of the results was calculated using the ANOVA procedure. The data were consid-
ered to be significant when P < 0.05.
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Drug treatment

Cells were treated with medium containing the specific Aurora kinase A (AurkA)
inhibitor MLN8054 (Selleck, Munich, Germany) at different concentrations for 72
hours and with B-RAF inhibitor (GSK2118436) (kindly provided by GlaxoSmithKline,
London, UK) at a concentration of 30 nM in all experiments. Cells treated with DMSO
(0.2%) were used as the vehicle control. Cell number evaluation, following drug treat-
ment was performed using a CyQuant Cell Proliferation Assay Kit (Invitrogen). Results
represented the means (percentage values) of three independent experiments per-
formed in triplicate.

p53 mutational analysis

Genomic DNA was extracted from cells by QIAamp DNA mini kit (Qiagen) and
was used as template for amplification of p53 exons 5–8. The primers were: exon
4 forward: 5′-GACCTGGTCCTCTGACTGCT-3′ and reverse: 5′-ATACGGCCAGGCATTGAAG-
3′; exon 5–6 forward: 5′-AGGAGGTGCTTAGCGATGT-3′, reverse: 5′-CACT
GACAACCACCCTTAAC-3′; exon 7 forward: 5′-CAGAGCGAGATTCCATCTCA-3′, reverse:
5′-ATGTGATGAGAGGTGGATGG-3′; exon 8 forward: 5′-GGAGTAGATGGAGCCTGGTT-
3′, reverse: 5′-ATCTGAGGCATAACTGCACC-3′. PCR product sequence analysis was
performed in both directions using the same primers and the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems) using an ABI PRISM 310 genetic ana-
lyzer (Applied Biosystems). All sequences were confirmed in a second PCR-
sequencing reaction.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0® statistical soft-
ware (GraphPad Software Inc., La Jolla, CA, USA). Paired t-test was used for comparison
of two paired groups. Multiple comparisons were performed by the repeated mea-
sures ANOVA test with the Bonferroni correction. Dot plot, reporting gene intensity
values obtained from gene expression analysis, was generated across all samples ex-
amined, by using Partek Genomics Suite software.

Results

Gene profiling and network analysis of melanoma cell lines
and melanocytes

The transcriptional datasets of the human melanoma cell lines
A375 and 526 were functionally classified through an Ingenuity Path-
ways Analysis (IPA) Core Analysis (IPA7.0, Ingenuity System®) and
compared with that of the melanocytes, FOM78. IPA is a web-
delivered application that allows the identification of functional
relationships between differentially expressed genes. For each probe
set, IPA generates a metadata file, containing information on how
to map the given dataset onto molecules associated with specific
disease, cellular functions and canonical pathways. Thus, it is pos-
sible to obtain indications on the cellular processes, characterizing
melanoma cell lines and genes potentially involved in disease de-
velopment. We examined deregulated genes for molecular, cellular
function and canonical pathways for both melanoma cell lines, A375
and 526, and melanocytes, with complete lists reported in Appen-
dix: Supplementary Table S1.

All the deregulated genes (approximately 1800) obtained from
the microarray data were analyzed with IPA Core Analysis. IPA as-
sociates molecules under analysis with known biological functions
and diseases. The link between a category and the associated mol-
ecules is defined by a p-value. In general the more molecules
involved the more likely the association is not due to random chance,
and thus the more significant is the p-value. We found EEIF2 Sig-
naling, Ran Signaling, Cell Cycle Control of Chromosomal Replication
and Pyrimidine Metabolism as the top four categories among the
known canonical pathways enriched within the set of differen-
tially expressed genes (Fig. 1A). The canonical pathways are displayed
along the x-axis, while the y-axis displays the -log of p-value, cal-
culated by Fisher’s exact test right-tailed. The majority of the genes,
belonging to these categories, showed an opposite expression
between the melanocyte and melanoma samples, as a result of being
specifically up-regulated in the two melanoma cell lines com-
pared to control (Fig. 1B). In particular, genes involving Ran signaling

were significantly over-represented (p ≤ 0.001) and up-regulated in
both melanoma cell lines (Fig. 1C).

To further confirm the IPA pathway analysis results, we per-
formed a GSEA based on c4 computational gene sets, defined by
mining large collections of cancer-oriented microarray data (Ap-
pendix: Supplementary Table S2). Using the gene list reported in
Appendix: Supplementary Table S1, we found 80/92 gene sets up-
regulated in phenotype MEL; 56 gene sets were significant at a false
discovery rate (FDR) < 25%; 22 gene sets were significantly en-
riched at nominal p-value < 1%; and 45 gene sets were significantly
enriched at nominal p-value < 5%. Enrichment of genes involved in
Ran signaling was observed in the melanoma cell lines compared
with melanocytes, supporting the IPA findings.

Interestingly, molecules involved in the Ran signaling pathway
have been previously reported to be differentially expressed in many
human cancers, such as colon adenocarcinoma, prostate adenocar-
cinoma, renal cell carcinoma, breast adenocarcinoma, lung carcinoma
and bladder transitional cell carcinoma [14]. Moreover, Ran over-
expression in stably transfected cells has been reported to trigger
an oncogenic transformation indicating that Ran up-regulation is
involved in the loss of cellular growth control [15]. Here, we found
RanBP1 and RCC1 molecules up-regulated in both melanoma cell
lines (Fig. 1C).

Functional connections among Ran and genes in microarray dataset

In order to identify functional connections among Ran members
and other genes present in our dataset, IPA pathway analysis was
performed to correlate molecules that met different criteria
(type of molecules, tissues and cells, diseases etc.) starting from
molecules of interest. AurkA, c-myc, PTEN (Phosphatase and
Tensin homolog on chromosome TEN) and TERT (Telomerase Reverse
Transcriptase) genes were connected by a functional relationship
(Fig. 2).

To independently validate the transcriptional signatures ob-
tained from microarray analysis, we analyzed the expression of these
genes using qRT-PCR and Western blot. The qRT-PCR data con-
firmed the expression values detected by microarray for all genes
(Table 1) present in the pathway (Fig. 2). InWestern blot analysis,
a high level of expression of AurkA and Ran was observed in both
melanoma cell lines compared to melanocytes (Fig. 3A).

Both Ran and AurkA gene expression was also investigated in
113 tissue samples derived from metastatic melanoma patients. We
detected Ran in about 48% and AurkA in about 53% of samples
(Fig. 3B). A strong correlation was observed between expressions
of the two genes, which is expected given that AurKA is a Ran ef-
fector molecule [16].

To further confirm AurkA as one of downstream targets of Ran
signaling in melanoma, Ran expression was silenced by means
of small interfering RNA technology (siRNA), as described in
Materials and Methods. Then, the Ran silencing effects on the AurkA
expression, on cell survival and on invasion capability of both mela-
noma cell lines were examined. We observed a reduction in
AurkA expression in both melanoma cell lines upon Ran silencing
(Fig. 3C). A reduction of cell proliferation was also detected in Ran
silenced A375 and 526 cells compared to the non-silenced ones
(Fig. 3D).

This finding may be the result of a cancer cell mitosis reduc-
tion, as previously reported [14]. Ran silencing was confirmed
analyzing Ran protein levels by western blot, as showed in Fig. 3C.

We also examined the effect of Ran silencing on the invasive ca-
pability of these melanoma cell lines. Using an invasion assay,
enhanced invasive ability of 526 melanoma cells was observed com-
pared with A375 after Ran blocking (Fig. 3E). This finding is in
contrast with data previously reported [17,18], and suggests Ran
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independent mechanisms are involved in the invasive capability of
melanoma cells.

Other genes included in the pathway with an opposite expres-
sion in melanocyte and melanoma cells were found associated with
melanoma aggressiveness. In particular, the loss of PTEN has been
related to the E- to N-cadherin profile switching, described during
melanoma progression [19]. TERT expression up-regulation has been
previously reported to be related to mutations in the promoter
region, causing an increase of its activity. It has also been de-
scribed in familiar and sporadic melanomas [20] and its amplification
has been observed to be associated with poor outcome in acral
lentiginous melanoma [21].

Exposure of melanoma cells to MLN8054, a specific AurkA inhibitor

AurkA inhibition has been shown to limit tumor growth, impair
mitosis and induce senescence in melanoma, suggesting a poten-
tial therapeutic role [22]. Recently, we demonstrated the anti-
tumor effects of an Aurk A inhibitor, as single agent and/or in various
combinations with B-RAF and MEK inhibitors in a B-RAF (V600E)
mutated human melanoma cell line (A375) and a three-dimensional
(3D) human skin reconstruction model [23].

Both melanoma cell lines, expressing high levels of AurkA, were
exposed to the AurkA inhibitor MLN8054 at different concentra-
tions for 72 hours. As shown in Fig. 4A, both cell lines had an

Fig. 1. The most significant canonical pathways across the melanocyte (FOM78) and two melanoma cell lines (A375, 526), detected by Ingenuity. (A). Details of the number
of up-regulated or down-regulated molecules in each canonical pathway for all the analyzed cell lines (B). IPA Ran signaling canonical pathway with the relative gene ex-
pression (red up-regulated; green down-regulated) in melanocytes and melanoma cell lines. The analysis showed that most of examined genes had a strong association
with EIF2 Signaling, Ran Signaling, Cell Cycle Control of Chromosomal Replication and Pyrimidine Metabolism (C). The shape of the node indicated the function of the protein.
The line denotes binding between two proteins, while the line with an arrow indicates an ‘action on’ of a molecule. A dotted line was used to indicate an indirect action.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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approximately 60% survival on exposure to MLN8054 at 1 μM con-
centration. To further investigate the cytotoxic effect of MLN8054
on melanoma cells, we investigated PARP cleavage by Western blot.
A PARP cleavage in both cell lines exposed to MLN8054 at 1 μM con-
centration was seen, although the timing was different, being
observed at 24 hours in A375 cells and 48 hours in 526 cells (Fig. 4B).
This finding suggested that both melanoma cell types were induced
to undergo apoptosis following exposure to MLN8054.

To confirm that MLN8054 was inhibiting AurkA protein, we ana-
lyzed p53 protein level, a downstream target molecule of AurkA.
p53 has been reported to be phosphorylated by AurkA, leading to
its ubiquitination and proteolysis [24]. As expected, p53 protein level

was increased at 72 hours in both cell lines exposed to MLN8054
(Fig. 4C). We also analyzed p53 DNA sequence, identifying a single
base pair substitution at codon 72 in the exon 4. This substitution
is responsible for one amino acidic residue change from Pro (CCC)
to Arg (CGC) in heterozygosis in the A375 cell line. No mutations
in the p53 gene were observed in the 526 cell line.

Since both melanoma cell lines carried the B-RAF V600E muta-
tion, we also tested if AurkA inhibitor had a cytotoxic effect in
SK23Mel, a B-RAF wild-type melanoma cell line. We found that
MLN8054 action was independent of B-RAF mutational status
(Fig. 4D), suggesting its potential in all melanomas over-expressing
AurkA irrespective of B-RAF status.

Fig. 2. IPA functional pathway analysis. AurKA functional relationship with other differentially expressed genes observed in melanocytes (FOM78) and in melanoma cell
lines (A375 and 526). For each gene the relationship and the expression (red up-regulated; green down-regulated) are shown. Arrows indicate the direction of the rela-
tionship. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Gene validation by RT-PCR primer sequences.

Gene Description Fold change q-PCR

A375 526 A375 526

AURKA Aurora kinase A 1951 1262 3320 4679
MYC v-myc myelocytomatosis viral oncogene homolog (avian) −4569 −10,053 −4832 −6209
PTEN Phosphatase and tensin homolog −2288 −1080 −2453 −1873
RAN RAN, member RAS oncogene family 7545 5045 10,560 7453
RCC1 Regulator of chromosome condensation 1 6563 6461 6870 5904
TERT Telomerase reverse transcriptase 7359 5306 8402 6004

291E. Caputo et al./Cancer Letters 357 (2015) 286–296



Since the V600E mutations in B-RAF are known to activate MEK,
we also monitored MEK activation upon B-RAF inhibition by treat-
ing B-RAF mutated and wild-type melanoma cell lines with a B-RAF
inhibitor. A decrease in the activated MEK1/2 protein level in both
B-RAF-mutated melanoma cell lines exposed to B-RAF inhibitor was
observed, while MEK activation was not altered in B-RAF wild-
type melanoma cells (Fig. 4E).

Molecular pathway analysis of melanoma cells exposed to MLN8054

To investigate the effect of MLN8054 on the expression of genes
involved in the above described molecular pathway, we analyzed
c-myc, PTEN, AurkA, TERT and RCC1 molecules by Western blot and/
or qRT-PCR. An increased c-myc protein level was observed in 526

melanoma cells, while a slight reduction was noted in A375 cells
(Fig. 5A). It has previously been demonstrated that c-myc is in-
volved in cancer cell invasion ability [25]. Our findings suggest that
Ran knockdown was not sufficient to inhibit cell invasion in mela-
noma cells since the signaling triggered by Ran silencing through
the AurkA down-regulation resulted in a stable and/or increased
c-myc protein level in A375 and 526 melanoma cell lines, respec-
tively, suggesting a c-myc-dependent and Ran-independent invasion
mechanism in melanoma. In addition, an increased PTEN level was
observed in both cell lines, with reduced AurkA and TERT mRNA
level in 526 melanoma cells only, as shown in Fig. 5B. A decrease
in TERT protein level was also observed in 526 melanoma cells by
western blot, while no significant change was found in A375 cells
(Fig. 5C).

Fig. 3. Western blot analysis of AurkA and Ran in melanoma cells and melanocytes (A); dot plot showing differential distribution of AurkA and Ran gene intensities across
113 melanoma tissue samples. High intensities red dots, low intensities blue dots (B). Western blot analysis of AurkA and Ran expression in melanoma cells after Ran si-
lencing (C). Melanoma cell proliferation analysis after Ran silencing (D). Invasive capability analysis of melanoma cell lines after Ran silencing. The percentages of invading
(t = 16 hours) cells were calculated as reported in Materials and Methods. The pictures highlight the differences in cell number between control no-targeted and Ran-
directed siRNA oligonucleotides melanoma transfected cells, able to invade to the lower surface of transwells (E). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Melanoma cell analysis on exposure to MLN8054. Cell viability analysis of A375 and 526 melanoma cells treated with MLN8054 (A). Western blot analysis of PARP
(B) and of p53 (C) in melanoma cells upon MLN8054 treatment. *** indicates P-value ≤0.005. Cell viability analysis of SK23-Mel cells treated with MLN8054 (D). MEK ac-
tivation analysis of melanoma cells, carrying and not-carrying B-RAF (V600E) mutation, upon treatment with B-RAF inhibitor (E).
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These data suggest that, although MLN8054 showed a similar
cytotoxic effect on both melanoma cell lines, the molecular mecha-
nisms, underlining the cellular response to the treatment were
different and dependent on the heterogeneity of cancer cells.

Discussion

Melanoma is characterized by chemo-resistance, aggressive clin-
ical behavior and high metastatic spreading. Understanding the
biological differences between normal and cancer cells is critical for
the study of this malignancy since it will help enable the design of

therapies that selectively kill cancer cells without toxicity to normal
cells.

In this study, we described the molecular characterization of two
melanoma cell lines with a melanocyte cell line as control, through
the use of a combination of microarray and GSEA/IPA software anal-
ysis. Both of the melanoma cell lines, A375 and 526, have been
reported to be positive for HLA-A2 phenotype but differ in the ex-
pression of the melanoma-associated antigens (MAAs), MART-1/
Melan A and PMel 17/gp100, with 526 cells showing high expression
of both MAAs compared to the A375 cells [8]. These melanoma cells
were characterized for their B-RAF mutational status, with a

Fig. 5. AurkA, PTEN, c-myc, RCC1 and TERT analysis in melanoma cells on exposure to MLN8054 and MLN8054 cytotoxic effect on B-RAF wild-type melanoma cell line.
Western blot analysis of c-myc in melanoma cells on exposure to MLN8054 (A). mRNA expression levels of AurkA, PTEN, RCC1 and TERT genes in A375 and 526 cells non-
treated (NT) and MLN8054 Treated (MLN8054) (B). TERT protein level analysis in melanoma cells on exposure to MLN8054 (C).
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homozygous mutation in A375 cells and a heterozygous mutation
in 526 cells detected at the V600E site (data not shown), although
this is not concordant with a previously published report [26].

Gene expression analysis with IPA software provided interest-
ing data on the potential proteins and molecular pathways associated
with melanoma. Genes involved in the Ran signaling pathway were
significantly over-represented and over-expressed in both mela-
noma cell lines compared with melanocytes. The GTPase Ran protein
is one of the four key components (CRM1/Exportin 1, RAN/RAN-
GTPase, RANGAP1, and RANBP1) of the nucleocytoplasmic transport
machinery [27–29]. In melanoma, a deregulation of nucleocyto-
plasmic transport has recently been reported with a consequent Erk
cellular mislocalization, leading to an Erk aberrant cytoplasmic/
prosurvival activity [27]. Interestingly, all the other nucleocytoplasmic
transport component genes included in our dataset were found to
be up-regulated in both melanoma cell lines. This finding con-
firms a deregulation of nucleocytoplasmic transport in melanoma,
supporting an additional mechanism of enhanced cytoplasmic ac-
cumulation of several proteins that is adopted by cancer cells to
achieve proliferative potential [30].

In addition, Ran plays a direct role in mitosis, by promoting
bipolar spindle assembly [31] through a group of effector pro-
teins, including several microtubule-associated proteins (TPX2,
NuMA, NuSAP and HURP), kinesin 5 and AurkA [32]. Interestingly,
in addition to over-expression of AurkA, a kinesin family member
(KIF 1B) was also observed to be over-expressed in melanoma cell
lines. AurkA is one member of a serine/threonine kinase family,
which comprises three elements (AurK A, B, and C) that are essen-
tial components of the mitotic pathway [32]; they ensure the proper
chromosome assembly, the formation of the mitotic spindle, and
cytokinesis. Over-expression of these kinases has been observed in
several tumor types, including colon, breast, prostate, pancreas,
thyroid, and head and neck, and is associated with advanced clin-
ical stage and poor prognosis [33–36].

We demonstrated that components of the mitotic pathways, Ran
and AurkA, were highly expressed in tissue specimens deriving from
patients with metastatic melanoma. Ran was detected in about 48%
and AurkA in 53% of the 113 tissue samples analyzed. As expected,
given that AurkA is a Ran effector, the two genes showed a coor-
dinated expression in melanoma tissue samples, assessed through
mRNA profiling. The molecular pathway built by the IPA software
tool, where Ran and AurkA were involved, also showed functional
connections with c-myc, PTEN and TERT; c-myc and PTEN were down-
regulated while TERT was up-regulated in both melanoma cell lines
compared to melanocytes [21]. PTEN allele loss has previously been
reported in at least 58% of melanoma metastases [37].

AurkA alone is not a potent inducer of cellular transformation
and additional oncogenic events, such as Ras activation, which are
needed to reveal the oncogenic potential of the cells. However, ev-
idence of its deregulated expression in tumorigenesis and its
established role in mitosis suggests that inhibiting these kinases may
constitute the basis for the development of powerful anti-cancer
strategies in many tumors, including melanoma [38]. Several small-
molecules have already been developed as AurkA inhibitors [38–40]
and we recently demonstrated the potential of AurkA inhibitors in
the treatment of melanoma [23].

We also found that melanoma cells had a PARP cleavage follow-
ing exposure to the AurkA inhibitor, MLN8054, suggesting apoptosis
in both cell lines, although the timings were different. Treatment
of melanoma cell lines with AurkA inhibitors has previously been
reported to induce an up-regulation of its downstream target p53
[24], indicating that these inhibitors could regulate cancer cell sur-
vival in a p53-dependent manner, although the reduced cell viability
that we observed in SK23Mel, a homozygous p53-mutant strain,
upon exposure to MLN8054 did not exclude a p53-independent cell
death regulation.

Changes in mRNA level of genes involved in the above identi-
fied pathway were studied upon MLN8054 exposure. A significant
PTEN up-regulation was detected in both melanoma cell lines, sug-
gesting that it may inhibit proliferation following AKT inactivation
[41,42]. However, further experiments need to be performed in other
melanoma cells to address this issue and the involvement of other
molecular pathways, e.g. NF-kB, cannot be excluded [43].

More interestingly, down-regulation of AurkA and TERT mRNAs
was observed in 526 melanoma cells but not in A375, suggesting
different molecular mechanisms triggered by MLN8054 exposure
in the different cell types. Exposure to MLN8054 also resulted in
increased c-myc protein level in 526 melanoma cells and a slight
reduction in A375 cells, suggesting AurkA inhibition may interfere
with MAPK molecular signaling in A375 melanoma cells only.
Ran silencing induced AurkA down-regulation as well as reduced
proliferation of both melanoma cell lines, supporting the poten-
tial role of Ran and AurkA as targets for melanoma treatment as
previously reported ([14], [23], [44]). Ran silencing also induced
increased invasive capability in the 526 melanoma cell lines but
not in A375 cells. This finding is in contrast with data previously
reported [17,18], and suggests a secondary role for Ran in the in-
vasive properties of melanoma. It has been recently reported that
c-myc plays a key role in enhancing the invasive capability of he-
patocellular carcinoma cells [25], suggesting that the increase of
the 526 cell invasive capability was Ran-independent and may be
c-myc-dependent, although further experiments are needed to
address this issue.

Finally, the finding that SK23Mel, a B-RAF wild-type mela-
noma cell line, was sensitive to treatment with AurKA inhibitor
suggested its possible role in the treatment of melanoma without
B-RAF mutations. Our data showed the potential of AurkA and of
the components of the nucleocytoplasmic transport machinery as
targets for personalized therapy in melanoma. This finding, if con-
firmed, could result in a further possible option for personalized
therapy in melanoma, alongside treatments targeting BRAF [45] and
c-KIT [46]. These targeted therapies offer an alternative to conven-
tional chemotherapy, which has been disappointingly ineffective
[47,48]. Our findings highlight the need for larger studies involv-
ing other melanoma cell lines that could lead to the identification
of genes and pathways involved in the clinical progression of disease
and the discovery of new markers for early diagnosis, helping to
transform care through a personalized approach.
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Validation of microarray data in human
lymphoblasts shows a role of the ubiquitin-
proteasome system and NF-kB in the
pathogenesis of Down syndrome
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Abstract

Background: Down syndrome (DS) is a complex disorder caused by the trisomy of either the entire, or a critical
region of chromosome 21 (21q22.1-22.3). Despite representing the most common cause of mental retardation, the
molecular bases of the syndrome are still largely unknown.

Methods: To better understand the pathogenesis of DS, we analyzed the genome-wide transcription profiles of
lymphoblastoid cell lines (LCLs) from six DS and six euploid individuals and investigated differential gene expression
and pathway deregulation associated with trisomy 21. Connectivity map and PASS-assisted exploration were used
to identify compounds whose molecular signatures counteracted those of DS lymphoblasts and to predict their
therapeutic potential. An experimental validation in DS LCLs and fetal fibroblasts was performed for the most
deregulated GO categories, i.e. the ubiquitin mediated proteolysis and the NF-kB cascade.

Results: We show, for the first time, that the level of protein ubiquitination is reduced in human DS cell lines and that
proteasome activity is increased in both basal conditions and oxidative microenvironment. We also provide the first
evidence that NF-kB transcription levels, a paradigm of gene expression control by ubiquitin-mediated degradation, is
impaired in DS due to reduced IkB-alfa ubiquitination, increased NF-kB inhibitor (IkB-alfa) and reduced p65 nuclear
fraction. Finally, the DSCR1/DYRK1A/NFAT genes were analysed. In human DS LCLs, we confirmed the presence of
increased protein levels of DSCR1 and DYRK1A, and showed that the levels of the transcription factor NFATc2 were
decreased in DS along with a reduction of its nuclear translocation upon induction of calcium fluxes.

Conclusions: The present work offers new perspectives to better understand the pathogenesis of DS and suggests a
rationale for innovative approaches to treat some pathological conditions associated to DS.

Keywords: Down syndrome, Trisomy 21, Expression, Ubiquitin-proteasome system, NF-kB

Background
Down syndrome (DS) (MIM 190685) is a human complex
disorder caused by the trisomy of either the entire, or a
critical region of chromosome (chr) 21 (21q22.1-22.3). DS
phenotypes are often variable. Intellectual disability and
hypotonia are the hallmarks of the syndrome, while a

wealth of distinct clinical manifestations, including con-
genital malformations, increased incidence of cancer, im-
mune and endocrine abnormalities occur only in subsets
of DS subjects. DS is also characterized by premature
aging and dementia with neurological features that mimic
those found in Alzheimer’s disease. The underlying mo-
lecular mechanisms of DS are largely unknown. Several
genome-wide expression studies have been performed
both in mouse and human trisomic tissues. While DS
mice models have unravelled a generalized overexpression
of triplicated genes [1-4], the analysis of human DS tissues
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showed contradictory results. In fact, some studies
reported the selective over-expression of a limited subset
of chr 21 genes [5-9], and others described subtle
upregulations of chr 21 genes associated to a secondary,
generalized and more extreme transcriptional deregula-
tion of genes mapping on other chromosomes [10-15]. An
additional level of complexity comes from the observation
that gene expression differs extensively among unaffected
individuals [16-19], including the expression of a number
of chr 21 genes [20,21]. Therefore, some authors sug-
gested to regard as poor candidates for DS pathogenesis
those genes with high expression variation among controls
and as reliable candidates those genes over-expressed in
DS and tightly regulated in euploid cells [21-23]. Gene ex-
pression studies failed to provide definitive results; how-
ever, evidence in human DS cells point to the presence of
abnormalities of extracellular matrix, of mitochondrial
function and other metabolic pathways, including purine
metabolism, in fetal specimens [5,11,13], and changes in
transcriptional regulation, oxidative stress and immune-
related genes in adult tissues [6,12,14,24,25]. Recently, the
effect of single chr 21 genes on the trisomic trancriptome
was established by comparing the genome-wide expres-
sion from mouse ES cells, engineered to host the whole
human chr 21, with those overexpressing only single chr
21 genes. A subset of genes, including Runx1, Erg, Nrip,
Olig2, PdxK and Aire, produced the strongest tran-
scriptional response when overexpressed [26]. More
recently, Vilardell et al. [27] performed a meta-analysis
from 45 publicly available DS data sets, from both hu-
man and mouse transcriptome and proteome. The
identified biological functions were mainly related to
nervous system development, neurodegenerative disor-
ders (e.g. Huntington’s disease, Alzheimer’s disease and
Parkinson’s disease) and defects in synapsis function
(e.g. axon guidance, NGF signalling). Seventy distinct
transcription factors, including RelA, NFATc1, NFATc2
and NFATc3, were identified as being affected by dos-
age imbalance.
Besides genome-wide expression analysis, few studies

attempted to identify selected gene networks associated
to specific DS features and to characterize molecular
and biochemical functions disrupted in DS. In mice,
Arron et al. [28] found that two critical chr 21 genes
(DYRK1A and DSCR1, also known as RCAN1) act syn-
ergistically to control the nuclear localization of NFAT
family of transcription factors and that knock-out mice
for NFATc1, NFATc2, NFATc3 and NFATc4 display car-
diovascular, neurological, skeletal and immune pheno-
types strikingly similar to DS. In addition, DSCR1
promotes neurotoxicity [29] and attenuates the inflam-
matory response by stabilizing IkB-alfa [30]. The extra
copy of DYRK1A in DS has been also associated to early
onset of Alzheimer’s disease [31] and to defective

neuronal development mediated by the reduction of
REST, a key regulator of pluripotency and neuronal dif-
ferentiation [32]. DSCR1/NFAT pathway was also associ-
ated with neuronal susceptibility to oxidative stress [33],
a biochemical feature of DS. Finally, a limited number of
functional studies in human DS cells have unravelled a
disruption of mitochondrial function as a pathogenetic
trigger [34-37].
In this study we analyzed the genome-wide transcrip-

tion profile of lymphoblastoid cell lines (LCLs) from DS
and control subjects to investigate differential gene ex-
pression and pathway deregulation associated with tri-
somy 21. This cellular model has been widely used to
analyze the expression profiles of chr 21 genes [21,23,38]
as well as of other diseases including cancer [39-41] and
neurodegenerative disorders [42,43]. Diseased versus
control and intra-group comparisons were used to
analyze the gene expression levels of chr 21 genes. The
experimental validation focused on the most deregulated
gene ontology (GO) categories to confirm their imbal-
ance in DS, i.e. the ubiquitin mediated proteolysis and
the NF-kB cascade. Interestingly, these two celullar pro-
cesses are closely interconnected since IkB-alfa, the key
modulator of NF-kB, can be regarded as a model protein
of regulation of signal transduction by the ubiquitin-
proteasome system (UPS). Moreover, both the ubiquitin
mediated proteolysis and the IkB/NF-kB signal trans-
duction interact with and regulate DSCR1 [44]. In
mice, DSCR1 and DYRK1A act synergistically to pre-
vent the nuclear occupancy of NFAT [28], a family of
transcription factors activated by calcium fluxes. Fi-
nally, DSCR1 is ubiquitinated and degraded by both
the proteasome and the autophagy-lysosome pathways
[45]. As these pathways are interconnected and indi-
vidually can cause immune response derangement,
neurodegenerative diseases, premature aging and delay
of cell growth, all main features of DS, our experimen-
tal validation focused on UPS, NF-kB and DYRK1A/
DSCR1/NFAT genes. In human LCLs and fetal fibro-
blasts, we provide the first evidence that the level of
protein ubiquitination is reduced in DS and that prote-
asome activity is increased in both basal conditions
and oxidative microenvironment. In addition, we first
show that the NF-kB transcriptional activity is im-
paired in DS due to reduced IkB-alfa ubiquitination,
increased NF-kB inhibitor (IkB-alfa) cytosolic levels
and reduced p65 nuclear fraction. Finally, the investi-
gation of DSCR1/DYRK1A/NFAT genes, linked to the
pathogenesis of DS in animal studies, confirmed in-
creased protein levels of DSCR1 and DYRK1A and
showed reduced levels of NFATc2 and decreased
NFATc2 nuclear translocation upon calcium flows in-
duction, adding new evidence to a transcriptional
regulation deficit in DS.
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Methods
Cell culture
LCLs were generated from peripheral blood samples of six
karyotypically confirmed full trisomy 21 children and six
age-matched controls (5 ± 1 year-old) recruited at the De-
partment of Pediatrics, Federico II University of Naples.
The study was performed in accordance with the princi-
ples of the Helsinki Declaration and was approved by the
Federico II University Ethics Committee ‘Carlo Romano’.
The parents of all subjects gave written informed consent
before participation. Lymphocytes were isolated by ficoll-
hypaque (Gibco) and resuspended in 17% FBS-RPMI-
1640 and equal volume of supernatant from overgrown
B95.8 cell cultures in presence of 10 μg/ml of cyclosporine
(Sandimmune Oral Suspension). Cells were grown in
17% FBS-RPMI-1640 (Cambrex) supplemented with
5000 U/ml penicillin-streptomycin, 2 mM glutamine
(Gibco) and 0.16 mg/ml gentamicin, in a 37°C, 5% CO2

incubator.
Fibroblasts from two DS and two control fetuses,

spontaneously aborted at a gestational age between 14
and 19 weeks, were obtained from the Galliera Genetic
Bank (Galliera Hospitals, Genova, Italy) in agreement
with ethical guidelines stated in the TGB Network Char-
ter and upon written informed consent. Cells were cul-
tured at 37°C in D-MEM medium (Gibco) supplemented
with 17% FBS, 5000U/ml penicillin-streptomycin, 2 mM
glutamine (Gibco), in a 37°C, 5% CO2 incubator. For
functional analyses, sub-confluent cultures with compar-
able number of culture passages (5–15) and growth rate
were used. Each aliquot of LCLs was maintained in cul-
ture for no longer than 3 months (less than 160 ‘popula-
tion doubling levels’) [46]. To exclude the possibility of
chromosomal rearrangements (other than full trisomy
21) during culturing, LCLs were karyotyped before
microarray analysis and before each experimental
validation.

Cell treatment
Calcium flows were induced with 10 ng/ml PMA and
1 mg/ml Ionomycin (Sigma) for 4 hours at 37°C. For the
proteasome blocking, cells were treated with 40 μM
MG132 (Calbiochem) for 6 hours at 37°C for western blot
experiments and 100 μM MG-132 for 2 hours for prote-
asome assay. Oxidative stress was induced with 0.1 mM
H2O2 for 30 minutes and recoveries were observed 1, 2
and 4 hours after cell refreshing with RPMI without
H2O2. Phospho-IkB-alfa was analyzed after cell treatment
with 40 μM MG132 for 30 minutes and incubation with
0.3 μM Calyculin A for an additional 30 minutes [47].

RNA extraction and microarray hybridization procedure
RNAs from six DS and six control LCLs were independ-
ently hybridized on the Affymetrix HU133 plus 2.0

oligonucleotide array (Affymetrix, Santa Clara, CA),
which allows the analysis of over 47,000 human tran-
scripts including 38,500 well-characterized human genes.
Total RNAs were obtained using TRIzol reagent (Gibco/
BRL Life Technologies, Inc., Gaithersburg, MD) and
used to prepare biotinylated target cRNA, according
to the Affymetrix procedures. Quality and amount
of starting RNA were confirmed using spectrophotom-
etry and agarose gel electrophoresis. Purification of
PolyA +mRNA from total RNA was performed with the
Oligotex mRNA Kit (QIAGEN GmbH, Hilden, Germany):
1 μg of mRNA was used to generate first-strand cDNA by
using a T7-linked oligo(dT) primer; after second strand
synthesis, in-vitro transcription was performed with
biotinylated UTP and CTP using the Enzo BioArray High
Yield RNA Transcript Labeling Kit (Enzo Diagnostics,
Farmingdale, NY). The target cRNA generated from each
sample was processed according to the manufacturer’s
procedures. Fragmentation of biotinylated cRNA, washing
and staining were done according to the instructions pro-
vided by Affymetrix.

Experimental design
The experimental design was a diseased versus control
comparison. To assess the expression variation of chr 21
genes among DS and control samples, we focused our
analysis on the variability of all chr 21 transcripts
present on the array with FC ≥ 1.2 (n = 167), irrespective
of the statistical analysis that excludes ‘a priori’ variable
genes. Gene variability was assessed by the CV, calcu-
lated as the ratio between standard deviation and mean
expression levels for each gene among samples [22].
Arbitrary cut-offs were set at 0.2 and 0.5 and tran-
scripts were divided into three classes: CV ≤ 0.2, corre-
sponding to the tightly regulated genes; 0.2 < CV < 0.5,
corresponding to genes with little variation; CV ≥ 0.5,
corresponding to highly variable genes.

Data acquisition and processing
After scanning, array images were assessed by eye to
confirm scanner alignment and the absence of signifi-
cant bubbles or scratches on the chip surface. 3’/5’ ratios
for GAPDH and beta-actin were confirmed to be within
acceptable limits (0.70–1.64), and BioB spike controls
were found to be present on all chips, with BioC, BioD
and CreX also present in increasing intensity. Array
scanning data (CEL files) were processed using the RMA
algorithm [48]. GeneSpring software (Silicon Genetics,
Redwood City, CA) was used for data mining. Raw ex-
pression data were normalized per gene by dividing each
measurement for each gene by the median of that gene’s
measurements in the corresponding control non-trisomic
samples. Normalized data were log-transformed. To re-
duce the noise and the variability induced by several
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sources including the manufacturing processes and the
experimental procedures [49], expression data were
pre-filtered and genes were considered suitable for dif-
ferential evaluation if called present in at least 4 out of
6 samples. Microarray data were submitted to ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/) database (accession n.
E-MTAB-1238). Statistical evaluation was performed by
Welch t-test, corrected with Benjamini-Hochberg FDR al-
gorithm and filtered for fold-changes in DS vs controls ≥
1.2. Statistical significance was assessed at 0.05 and, for a
further analysis, at 0.01. Supervised classification of samples
was performed using hierarchical clustering (GeneSpring
software).

Bioinformatics data analyses
GO and pathway analyses of gene lists were performed
using David Bioinformatics software (http://david.abcc.
ncifcrf.gov/) [50]. For GO functional class scoring, a
modified Fisher exact test (EASE score) was used and
the statistical significance was set at p-value < 0.05. The
fold enrichment (FE) value was used as a measure of the
magnitude of enrichment. To compare results and to
highlight more reliable GO classes, a second web-based
software was used, the Gene Ontology Tree Machine
(GOTM) [51]. To identify compounds with molecular
signatures that might mitigate the effects of trisomy 21,
Connectivity Map build 0.2 was used. The database con-
tains 564 expression profiles representing the effects of
164 compounds on 4 cancer cell lines, using the
Affymetrix U133 microarrays [52]. Because the U133
plus 2.0 array contains a greater number of probe-sets,
the Connectivity Map analysis was performed using only
the probe-sets common to both arrays. A list of
perturbagens, hypothetically connected (positively and
negatively) with the signature of interest was generated
according to the permutation p. Perturbagenes with
negative enrichment scores (< −0.7) were considered
connected to the reversal or repression of the biological
state encoded in the query signature. Perturbagens with
enrichment scores < −0.7 and p-value < 0.05 were en-
tered in the PASSonline software (Prediction of Activity
Spectra for Substances) [53,54] in order to estimate their
predicted activity. The current version of PASS available
online (http://www.pharmaexpert.ru/passonline/index.php)
predicts around 3750 pharmacological effects, biochemical
mechanisms of action, specific toxicities and metabolic
terms on the basis of structural formulae of drug-like sub-
stances with average accuracy ~ 95%. The predicted activity
spectrum of a compound is estimated as probable activity
(Pa) and probable inactivity (Pi) and only activities
with Pa > Pi are considered. When Pa > 0.7, there is a
high chance to confirm the activity experimentally,
while if 0.5 < Pa < 0.7, the probability is lower but there
is more than 50% chance for the compound to be a

novel therapeutic molecule. Only compounds with Pa > 0.5
were considered here as potential therapeutic molecules.

Quantitative Real-Time PCR
Single stranded cDNA was synthesized with random
hexamer primers starting from 2 μg of total RNA using the
High Capacity cDNA Archive Kit (Applied Biosystems).
Real-time PCR was performed using 2 μl of cDNA and
TaqMan Universal PCR MasterMix 2X on the Applied
Biosystems 7300, according to the manufacturer’s pro-
cedures. PCR reactions were performed in triplicate.
Beta-2-microglobulin and ring finger protein 111
(RNF111) housekeeping genes were chosen as refer-
ence genes [55,56].

Protein extraction
Total protein extraction was carried out by cell incubation
with the Tropix lysis solution (Applied Biosystems)
supplemented with 0.1 M DTT in the presence of prote-
ase inhibitor cocktail 1X (Sigma). To better visualize
protein-linked ubiquitins, lysis solution was supplemented
with 5 mM manganese and 50 μM MG132 according to
Mimnaugh and Neckers [57]. Cytoplasmic and nuclear
fractions were obtained by celLytic NucLEAR Extraction
kit (Sigma).

Immunoprecipitation
Immunoprecipitation was carried out incubating 500 μg –
1 mg cytoplasmic extracts with specific antibodies at 4°C
for 2 hours. Dynabeads Protein G (Invitrogen) were added
to the mixture and the incubation was continued for other
2 hours. Proteins complexed with antibody - Dynabeads
Protein G were immunoprecipitated and washed for three
times with the use of a magnet, and finally eluted by boil-
ing in SDS sample buffer for 10 minutes.

Western blot analysis
Protein extracts (25–45 μg) were separated by 7-10%
SDS-PAGE and then transferred on PVDF membrane
(Millipore). Membranes were then blocked for 1 hour in
5% milk-1X PBS-0.1% Tween-20 (T-PBS) and then incu-
bated from 4 hours to overnight with dilutions of spe-
cific primary antibodies: 1:1000 anti-NFATc1 (H-110),
1:100 anti-NFATc2 (4G6-G5), 1:1000 anti-NFATc3 (M-75),
1:1000 anti-NFATc4 (H-74), 1:2500 anti-DYRK1A (H-143)
(SantaCruz); 1:1000 anti-DSCR1 (N-20) (SIGMA); 1:2000
anti-NF-kB p65 (Upstate); 1:1000 anti-NF-kB p50 (Up-
state); 1:1500 anti-IkB-alfa (L35A5), 1:1000 anti-pIkB-alfa
(Ser32/36), 1:1000 anti-ubiquitin (P4D1) (CellSignaling).
1:2000 anti-α-Tubulin (SIGMA) and 1:1000 Histone H1
(SPM 256) (SantaCruz) were used to normalize the levels
of total, cytosolic and nuclear proteins. As secondary
antibodies, 1:5000 anti-mouse, 1:2000 anti-rabbit and
1:2000 anti-goat IgG horseradish peroxidase conjugated
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(GE-Healthcare) were used and the specific bands were vi-
sualized by ECL plus reaction (GE-Healthcare).

Luciferase assay
To test NF-kB transcriptional activity, LCLs from DS sub-
jects and controls were plated in 24-well plates at density
of 5x105 cells/well and transfected, 24 hours later, with
pNF-kB-Luc (Path Detect NF-kB Cis-Reporting System,
Stratagene) and pSV-β-Gal plasmid by using Turbofect
Transfection Reagent (Fermentas), according to the
manufacturer’s instruction. Forty-eight hours post-
transfection, cells were harvested and processed to
evaluate the luciferase and β-galactosidase activities by
using Dual Light Luciferase System (Tropix, Bedford,
MA, USA) in a bioluminometer (TECAN, Infinite
200). Experiments were performed in triplicate and re-
peated independently twice. The ratio of firefly lucifer-
ase activity to β-galactosidase activity was expressed as
relative light units (RLU).

Luminescent proteasome assay
To individually measure the chymotrypsin-, trypsin- and
caspase-like proteasome activities in cultured cells, the
Proteasome-Glo™ 3 substrates Cell-Based Assay (Promega)
was used. LCLs were plated in 96-well plates at concentra-
tion of 2x104/well and incubated at 37°C overnight. The
day after, cells were treated with 100 μM MG132 for
2 hours (inhibitor control) and 0.1 mM H2O2 for 30 mi-
nutes (test treatment) before adding the three specific pro-
teasome substrates: Such-LLVY-Glow™ Substrate for the
Chymotrypsin-Like activity, Z-LRR-Glow™ Substrate for
the Trypsin-Like activity and Z-nLPnLD-Glo™ Substrate
for the Caspase-Like activity. Luminescence for each sam-
ple, performed in duplicate and in two separate experi-
ments, was read after 15 minutes in a plate-reading
luminometer (TECAN, Infinite 200).

Statistical analysis
Data were reported as means ± S.E. Statistical analysis
was performed with SPSS 13.0 software and the stu-
dent’s t-test was used for the statistical significance
(two-tailed, p < 0.05) of differences between means of
DS and control subjects. To validate the microarray
data, the average expression ratios (DS/controls) of
both array and qRT-PCR were subjected to Pearson’s
correlation analysis.

Results
Supervised analysis of pooled data of DS and control
samples
For the analysis of differentially expressed genes, six DS
LCLs were compared to six control samples. A first list of
3,416 differentially expressed genes was generated by
using a corrected p-value cut-off of 0.05. Of these, 1,051

(30.7%) were up-regulated and 2,368 (69.3%) were down-
regulated, with a gene expression variation ranging from
0.67 to 3.04. No chr 21 gene resulted down-regulated. A
second list of genes was then generated by using a
corrected p-value cut-off of 0.01. In this case, a total of
406 transcripts resulted significantly either up-regulated
(n = 71; 17.5%) or down-regulated (n = 335; 82.5%)
(Additional file 1A). Supervised hierarchical clustering
of both the 4,490 and the 406 transcripts clearly distin-
guished between DS and control samples (Additional
file 1B, C).

Chr 21 expression profiles
Two hundred-twenty genes out of 449 genes annotated
on chr 21 (NCBI RefSeq 37.2) were detected in this
microarray analysis. Among these, 59 known genes
(13.1% of total chr 21 annotated genes) resulted differen-
tially expressed in DS vs controls (p < 0.05, FC ≥ 1.2), with
FC ranging from 1.20 to 2.57 and a mean DS/control ratio
of 1.36 ± 0.2. A graphic view of the differentially expressed
chr 21 genes is illustrated in Figure 1, that shows how a
substantial number of triplicated genes escapes the gene-
dosage rule. To identify functional categories associated
with the trisomic genes, the list of chr 21 deregulated
genes was submitted to a GO analysis. Results indicated
‘ATPase activity coupled to transmembrane movement of
substances’ (p = 0.005, FE 11.3), ‘cofactor metabolic process’
(p = 0.029, FE 5.8), ‘regulation of cholesterol biosynthetic
process’ (p = 0.031, FE 62.2) and ‘oxidative phosphoryl-
ation’ (p = 0.04, FE 9.2) as the major enriched categories
(Table 1). The analysis of the same genes, performed using
KEGG database, showed Parkinson’s (p = 0.01, FE 8.3),
Alzheimer’s (p = 0.02, FE 6.1) and Huntington’s (p = 0.03,
FE 5.5) diseases as the most deregulated biological path-
ways (Table 2).

Analysis of chr 21 gene expression variability among DS
and controls
To assess the expression variation of chr 21 genes
among DS and control samples, we focused the analysis
on the variability of all chr 21 transcripts present on the
array with FC ≥ 1.2 (n = 167). Among controls, 77 tran-
scripts (46.1%) had CV ≤ 0.2, 74 (44.3%) had 0.2 < CV <
0.5 and 16 (9,6%) had CV ≥ 0.5. Among DS samples, 110
transcripts (65.9%) had CV ≤ 0.2, 48 (28.7%) had 0.2 <
CV < 0.5 and 9 (5.4%) had CV ≥ 0.5 (Table 3). Fifty-five
transcripts were tightly regulated in both DS and con-
trols and among them, notably, mitochondrial-related
genes (ATP5O, ATP5J and NDUFV3), SOD1, DYRK1A
and cell-cycle related genes (Additional file 2). GO ana-
lysis of this gene subset revealed the enrichment of the fol-
lowing categories: ‘Cofactor metabolic process’ (p = 0.007,
FE 9.4), ‘ATPase activity, coupled to movement of sub-
stances’ (p = 0.0018; FE 15.9), ‘oxidative phosphorylation’
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(p = 0.016, FE 14.9), ‘mitochondrial proton-transporting
ATP synthase complex, coupling factor F(o)’ (p = 0.016, FE
120.4), ‘regulation of cholesterol biosynthetic process’ (p =
0.019, FE 100.3) (Table 4). KEGG database showed the en-
richment of ‘oxidative phosphorylation’ (p = 0.03, FE 9.9)
besides Parkinson’s, Huntington’s and Alzheimer’s diseases
(Table 5). Neither GO enriched categories nor KEGG
pathways were associated to the 22 transcripts tightly reg-
ulated in controls (CV ≤ 0.2) and with little variation in
DS (0.2 < CV < 0.5).

Genome-wide expression analysis, functional classes and
pathway perturbation
GO functional class scoring was performed by compar-
ing the list of the 406 differentially expressed genes to
the complete list of genes spotted on the array.
Our analysis revealed a down-regulation of the bio-

logical processes related to ubiquitin metabolism; cell
signalling, with a particular enrichment for the NF-kB
cascade; cell cycle; protein localization; regulation of
gene expression (Table 6). Among up-regulated categor-
ies, the most disrupted were those related to develop-
mental processes and to transport and localization, with
a strong enrichment of calcium ion transport (Table 7).

Figure 1 Average up-regulation ratios of chromosome 21
differentially expressed genes (p < 0.05).

Table 2 Enriched pathways of chromosome 21
up-regulated genes

Pathway term Genes % p-value FE

Parkinson’s disease ATP5O 6.2 0.010 8.3

ATP5J

NDUFV3

UBC6/7

Alzheimer’s disease ATP5O 6.2 0.023 6.1

ATP5J

NDUFV3

BACE

Huntington’s disease ATP5O 6.2 0.030 5.5

ATP5J

NDUFV3

SOD1

FE fold enrichment.

Table 1 Enriched GO categories of chromosome 21
up-regulated genes

GO term Genes %* p-value FE

ATPase activity, coupled to
transmembrane movement
of substances

ATP5O 6.2 0.005 11.3

ATP5J

ABCG1

Cofactor metabolic process SOD1 6.2 0.029 5.8

FTCD

PDXK

CRYZL1

Regulation of cholesterol
biosynthetic process

ABCG1 3.1 0.031 62.2

SOD1

Oxidative phosphorylation ATP5O 4.7 0.04 9.2

ATP5J

NDUFV3

FE fold enrichment, *% of genes in category.
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Pathway analysis identified ubiquitin-mediated proteolysis
as the pathway mostly influenced by trisomy 21 (p = 2.9E-5;
FE 4.8). Among genes involved in the ubiquitin-dependent
proteolysis, a number of E2-conjugating enzymes (UBE2A,
UBE2B, UBE2H), E3-ligases (UBE3A, ITCH, SMURF2,
F-box proteins, MIB1) and deubiquitinating enzymes
(USP1, USP2, USP8, USP12, USP15, USP28, USP32,
USP33, USP34, USP38, USP47) resulted down-regulated.
Microarray data were validated by qRT-PCR on 11 differ-
entially expressed genes with different functions and by
comparing their average expression ratios (DS/controls)
with those of the array (Additional file 3).

Selection of possible therapeutic compounds
Connectivity map and PASS-assisted exploration were used
to identify compounds whose molecular signatures coun-
teracted those of DS lymphoblasts and to predict their
therapeutic potential, respectively. We found 17 compounds

with enrichment score < −0.7 (Additional file 4). Among
these, adiphenine, eticlopride and vigabatrin display a pre-
dicted proteasome ATPase inhibitor activity (Pa score
0.72, 0.65 and 0.59, respectively). Adiphenine also displays
a putative ubiquitin thiolesterase inhibitor and a prote-
asome endopeptidase complex inhibitor activity (Pa score
0.58 and 0.56, respectively). Finally, oxybenzone display a
free radical scavenger activity (Pa 0.79).

Validation of some significantly deregulated GO
categories
Protein ubiquitination and proteasome activity
Ubiquitinated protein levels were measured by Western
blot with or without proteasome block by MG132. Results
in both LCLs and fetal fibroblasts showed a reduction of
the ubiquitination state in DS resting cells and an increase
following MG132 treatment (Figure 2A, B).
As chronic oxidative stress (OS) is a feature of DS and a

defective response to OS is known to occur in DS with ac-
cumulation of protein damage [58], ubiquitinated protein
levels were also measured after incubation with 0.1 mM
H2O2. DS cells showed a trend to increase ubiquitin-
bound proteins after OS induction. After H2O2 with-
drawal, DS cells showed a more efficient recovery in the
first two hours compared to controls (Figure 3). As the in-
crease of ubiquitination following proteasome blocking
suggested a possible involvement of the proteasome, the
three proteasome activities were tested in LCLs before
and after incubation with H2O2. Proteasome activity assay
revealed a significant increase in the trypsin-like and in
the chymotrypsin-like activities (p < 0.01) in DS subjects,

Table 3 Chromosome 21 transcripts sorted by the
coefficient of variation in both DS and control samples

DS samples

CV ≤ 0.2 0.2 < CV < 0.5 CV ≥ 0.5 TOTAL

CV ≤ 0.2 55 22 0 77

Controls 0.2 < CV < 0.5 49 19 6 74

CV ≥ 0.5 6 7 3 16

TOTAL 110 48 9 167

CV coefficient of variation, DS Down syndrome.

Table 4 GO categories of the 55 chromosome 21
transcripts tightly regulated in DS and controls (CV ≤ 0.2)

GO term Genes %* p-value FE

Cofactor metabolic process SOD1 9.5 0.0077 9.4

FTCD

PDXK

CRYZL1

ATPase activity, coupled to
transmembrane movement
of substances

ATP5O 9.5 0.0018 15.9

ATP5J

ABCG1

Oxidative phosphorylation ATP5O 7.1 0.016 14.9

ATP5J

NDUFV3

Mitochondrial proton-transporting
ATP synthase complex, coupling
factor F(o)

ATP5O 4.8 0.016 120.4

ATP5J

Regulation of cholesterol
biosynthetic process

ABCG1 4.8 0.019 100.3

SOD1

FE fold enrichment, *% of genes in category.

Table 5 Enriched pathways of the 55 chromosome 21
transcripts tightly regulated in DS and controls (CV ≤ 0.2)

Pathway term Genes % p-value FE

Parkinson’s disease ATP5O 9.5 0.002 13.8

ATP5J

NDUFV3

UBC6/7

Huntington’s disease ATP5O 9.5 0.0062 9.2

ATP5J

NDUFV3

SOD1

Oxidative phosphorylation ATP5O 7.1 0.03 9.9

ATP5J

NDUFV3

Alzheimer’s disease ATP5O 7.1 0.049 7.6

ATP5J

NDUFV3

FE, fold enrichment.
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both in basal and OS conditions, while no differences
were observed for the caspase-like activity (Figure 4).

IkB-alfa/NF-kB
NF-kB is finely regulated by a complex network of gene
products and post-translational modifications. To demon-
strate if a NF-kB defect occurs in DS, we choose to analyse
the down-stream product of the NF-kB cascade, i.e. the be-
haviour of p50/p65 and of its inhibitors in DS cell lines.
Levels of p50, p65, IkB-alfa and phospho-IkB-alfa proteins
were assessed by Western blot using specific antibodies in
DS and control samples. Results showed a significant re-
duction of p65 levels in the nuclear fractions and a signifi-
cant increase of IkB-alfa in the cytosolic fractions of DS
subjects, in both the dephosphorylated and phosphorylated
forms (Figure 5A, B, C). No difference was observed for
NF-kB p50 subunit levels (data not shown). Luciferase
assay confirmed a significant reduction of NF-kB transcrip-
tional activity in DS LCLs (p < 0.05) (Figure 5D). Immuno-
precipitation of IkB-alfa in cytosolic fractions and subsequent
Western blot with specific anti-ubiquitin antibody showed
a reduction of the ubiquitinated levels of this inhibitor
under basal conditions in DS fractions (Figure 6A). Ubi-
quitination levels returned similar to controls after prote-
asome blocking (Figure 6B).

Table 6 Enriched GO categories of down-regulated genes (p < 0.01), sorted by p-value

Biological process GO term N. of genes %* p-value FE

Ubiquitin metabolism ubiquitin-dependent protein catabolic process 16 5.4 5.2E-6 4.3

modification-dependent protein catabolic process 25 8.5 1.4E-5 2.7

proteolysis involved in cellular protein catabolic process 25 8.5 2.9E-5 2.6

ligase activity 17 5.8 0.001 2.6

proteolysis 29 9.8 0.009 1.6

ubiquitin-protein ligase activity 8 2.7 0.013 3.2

proteasomal ubiquitin-dependent protein catabolic process 6 2.0 0.025 3.6

Cell signalling positive regulation of I-kB kinase/NF-kB cascade 9 3.1 0.0002 5.5

positive regulation of protein kinase cascade 10 3.4 0.0024 3.5

positive regulation of signal transduction 12 4.1 0.01 2.4

Protein localization establishment of protein localization 25 8.5 0.002 2.0

Cell cycle mitotic cell cycle 14 4.7 0.008 2.3

cell cycle phase 15 5.1 0.009 2.2

M phase of mitotic cell cycle 10 3.4 0.013 2.7

mitosis 9 3.1 0.031 2.4

nuclear division 9 3.1 0.031 2.4

interphase 6 2.0 0.033 3.3

Regulation of gene expression gene expression 62 21.0 0.022 1.3

mRNA processing 12 4.1 0.023 2.2

RNA splicing 11 3.7 0.024 2.3

Vescicle related ER to Golgi vesicle-mediated transport 4 1.4 0.033 5.6

FE fold enrichment, *% of genes in category.

Table 7 Enriched GO categories of the up-regulated
genes (p < 0.01), sorted by p-value

Biological
process

GO term N. of
genes

%* p-
value

FE

Transport and
localization

calcium ion transport 5 8.3 0.001 10.6

transmembrane
transport

7 11.7 0.01 3.7

metal ion transport 6 10.0 0.016 3.9

localization 17 28.3 0.022 1.7

cation transport 6 10.0 0.032 3.3

transport 15 25.0 0.034 1.7

ion transport 7 11.7 0.035 2.8

establishment of
localization

15 25.0 0.037 1.7

Development cellular developmental
process

14 23.3 0.002 2.5

anatomical structure
development

17 28.3 0.004 2.0

cell differentiation 13 21.7 0.005 2.4

system development 16 26.7 0.005 2.1

multicellular organismal
development

17 28.3 0.015 1.8

organ development 12 20.0 0.021 2.1

FE fold enrichment, *% of genes in category.
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DYRK1A/DSCR1/NFAT genes
DYRK1A, DSCR1 and the members of the NFAT tran-
scription factors were evaluated by RT-PCR and West-
ern blot. We observed a significant upregulation of
DYRK1A, DSCR1 and NFATc4 (about 2-fold increase)
and a down-regulation of NFATc2 (69% reduction) and
NFATc1 (49% reduction) expression profiles in DS LCLs
compared to controls (Figure 7A). No difference was ob-
served for NFATc3. At protein level, we confirmed the
significant reduction of NFATc2 and the increase of
DYRK1A and DSCR1 (Figure 7B) while no difference

was observed for NFATc1 and NFATc4 (data not shown).
To assess NFAT nuclear translocation, Western blot exper-
iments were performed upon induction of calcium fluxes
through PMA/ionomycin. Results showed a reduction of
NFATc2 nuclear levels following stimulation, suggesting
the presence of mechanisms acting to inhibit its transloca-
tion (Figure 8).
Finally, soluble DSCR1 protein levels were investigated

before and after proteasome blocking. Results showed a
reduction of soluble DSCR1 levels in both samples after
MG132 treatment, with a more marked effect in DS

Figure 2 Western blot analysis of total ubiquitin-bound protein levels. A) Western blot performed on lymphoblasts and fetal fibroblasts in
basal conditions and following proteasome blocking (40 μM MG132 for six hours). B) Histograms show the average protein ubiquitination of
lymphoblasts derived from two controls and two DS subjects, normalized on tubulin levels. * p < 0.05.

Figure 3 Ubiquitin-bound proteins in LCLs from a DS and a control subject in basal and OS conditions. A) Western blot analysis of
ubiquitin-bound proteins in lymphoblasts from a DS and a control subject in basal conditions, under oxidative stress (0,1 mM H2O2 for
30 minutes) and after 1, 2 and 4 hours of recovery. B) relative densitometry.
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subjects where the DSCR1 levels became comparable to
controls (Figure 9).

Discussion
In spite of the great efforts made to analyze the effects
of dosage imbalance at molecular level, the pathogenesis
of DS is still unclear. So far, expression studies per-
formed with distinct approaches led to inconclusive re-
sults, thus underlining the importance of integrating
microarray data with functional validation of selected
pathways.
The present study was aimed at analyzing gene expression

profiles in LCLs from DS and controls to identify genes and
metabolic pathways involved in DS pathogenesis, with an
emphasis toward chr 21 genes. To select reliable GO classes,
two distinct web-based softwares working on different statis-
tic algorithms (DavidBioinformatics and GOTM) were used.
These GO classes where further analysed to provide experi-
mental evidence of their disruption in DS.
Despite some inherent limitations, the utility of LCLs

is increasingly recognized in both genetic and functional
studies [59]. Considering the similarity of the expression
and regulation of certain genes between LCLs and neu-
rons, LCLs have been used as surrogate cells in studies
of neurological disorders as in the case of Parkinson’s
disease [60,61] and Alzheimer’s disease [62]. LCLs have
also been successfully used to study mitochondrial and
organellar dysfunction as in the case of autophagy in

juvenile neuronal ceroid lipofuscinosis [63]. Beside the
present study, LCLs have been used in expression stud-
ies of chr 21 genes in three previous works [21,23,38]
where it was demonstrated that the variance on gene ex-
pression levels due to culture conditions is extremely
low in this cell model [21]. Moreover, Merla et al., [64]
established six independent LCLs for the same individual
and compared expression levels for 25 chr 21 genes find-
ing a strong correlation ranging from 0.8 to 0.92. In this
study, to maximize the quality of LCLs, each aliquot of
LCLs was maintained in culture for no longer than
3 months (less than 160 ‘population doubling levels’)
and cells were karyotyped before microarray analysis
and before each experimental validation to exclude the
possibility of chromosomal rearrangements (other than
full trisomy 21).

Overexpression of chr 21 genes
Our results showed a significant up-regulation of a sub-
set of 59 chr 21 genes (p < 0.05) with a mean DS/control
ratio of 1.36 ± 0.2. This confirms that most trisomic
genes escape the predicted gene-dosage rule of 1.5-fold
increase and underscores the existence of complex and
unravelled mechanisms of transcriptional regulation
[65]. In the present study, GO analysis of the over-
expressed chr 21 genes indicated ATPase activity
coupled to transmembrane movement of substances and
oxidative phosphorylation as the major enriched categor-
ies. This result is in agreement with previous gene
expression studies in fetal DS cerebral cortex, heart and
trophoblasts [5,7,13,15] in which the most consistently
disregulated chr 21 genes were those involved in mito-
chondrial function related metabolic pathways, such
as ATP5O and ATP5J (encoding two mitochondrial ATP
synthase subunits), NDUFV3 (subunit of NADH
dehydrogenase), and SOD1 (involved in antioxidant
defense system). Mitochondrial dysfunction has been
proposed in the pathogenesis of DS for years. In par-
ticular, deficit of oxidative phosphorylation due to a
deregulation of the mitochondrial respiratory chain
complexes I, III and V [34,35,66-68], increased levels of
the Krebs cycle enzymes (aconitase and NADP-linked
isocitrate dehydrogenase) [69] and impaired mtDNA re-
pair systems [70] were described in human DS cells. In
isolated mitochondria from DS mice cortex, a decreased
membrane potential and ATP content and selective de-
fects in Complex-I mediated respiration were also found
[71]. Furthermore, a close relationship between mito-
chondrial abnormalities and oxidative damage has been
described in DS brains and fibroblasts [72]. Mitochondrial
dysfunctions can result either in decreased ATP levels, or
in increased ROS production [35,73]. Mitochondrial dys-
function was also described in neurodegenerative diseases
such as Alzheimer’s, Parkinson’s and Huntington’s diseases

Figure 4 Proteasome activity assay from LCLs, in basal
conditions and after treatment with 0,1 mM H2O2 for
30 minutes. Histograms show the average of the activities of DS
subjects (n = 3) versus controls (n = 3), evaluated in duplicate and
repeated twice. * p < 0.05.
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and in the normal aging processes [73-77]. Interestingly,
when the trisomic genes, upregulated in the present gene
expression study, were submitted to pathway analysis,
Alzheimer’s, Parkinson’s and Huntington’s diseases were
identified as the most deregulated, in agreement with the
meta-analysis from heterogeneous human and mouse DS
data sets [27]. Finally, when only the amplified chr 21
genes tightly regulated in DS and in control subjects were
submitted to in silico analysis, the same categories and
pathways were identified. Taken together, these findings
suggest that genes directly or indirectly involved in the oxi-
dative phosphorylation, ATPase activity and, in general, in
mitochondrial function, may have a role in the pathogen-
esis of DS phenotypes.

Genome-wide deregulation and pathway perturbation
induced by trisomy 21
The genome-wide expression analysis revealed that
30.7% and 17.5% of genes were up-regulated at p < 0.05

and p < 0.01, respectively. A low percentage of up-
regulated genes was also reported in two previous stud-
ies on LCLs, showing that 29% and 39% of genes were
up-regulated, respectively [21,23]. In this study, genes in-
volved in ubiquitin metabolism, cell signalling (with a
particular enrichment of NF-kB cascade), cell cycle, pro-
tein localization and regulation of gene expression were
down-regulated, and genes involved in developmental
processes and calcium ion transport were up-regulated.
The latter results are in agreement with previous
genome-wide studies that reported the impairment of
GO categories associated to developmental processes,
both in fetal and adult DS biomaterials [9,14], as well as
of calcium/potassium signalling on cell-free mRNA from
amniotic fluid [78].
At mRNA level, while the ubiquitin pathway was

reported as deregulated in DS trophoblasts and in
rRNA-depleted samples from DS endothelial progenitor
cells (EPCs) [15,79], NF-kB cascade, linked to the

Figure 5 NF-kB p65, IkB-alfa and phospho-IkB-alfa in LCLs and fibroblats and relative densitometry. A) Western blot of NF-kB p65 nuclear
levels and B-C) IkB-alfa and phospho-IkB-alfa cytosolic levels LCLs and relative densitometry. p65, IkB-alfa and phospho-IkB-alfa protein levels in
fetal fibroblasts from one DS subject and one control are shown as well. As internal controls, tubulin and H1 histone were used for cytosolic and
nuclear marker proteins, respectively. D) NF-kB Luciferase assay in lymphoblasts. Histograms show the average of the activity, expressed as relative
light units (RLU), of DS subjects (n = 3) versus controls (n = 3) normalized on the average of the b-galactosidase activity. Experiments were
performed in triplicate and repeated twice. * p < 0.05.
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ubiquitn-mediated proteolysis, was found down-regulated
in the present study for the first time. The close relation
between the ubiquitin-mediated proteolysis and NF-kB
and their relevance to a wealth of human disorders
make these two pathways attractive candidates for DS
pathogenesis.

The ubiquitin-dependent proteolysis
The UPS is the major proteolytic pathway used by
eukaryotic cells to metabolize proteins [80]. Proteins to
be degraded are covalently linked to a polyubiquitin
chain by three different enzymes and then targeted to
the 26S proteasome where are disassembled in small
peptides, amino acids and ubiquitin monomers. UPS is

known to metabolize misfolded, oxidized and damaged
proteins, but also proteins involved in signal transduc-
tion, cell cycle regulation, differentiation and develop-
ment, cellular response to stress, regulation of the
immune and inflammatory response. A link between
protein synthesis and degradation by UPS has been pro-
posed [81]. Hence, derangements in this system, that
can be associated to loss of function (mutation in an
ubiquitin system enzyme or target substrate) or gain of
function (abnormal or accelerated degradation of the
target protein) could underlie, directly or indirectly, the
pathogenesis of many diseases, including some features
belonging to the DS spectrum. In particular, accumula-
tion of ubiquitin conjugates and/or inclusion bodies

Figure 7 Analysis of DYRK1A, DSCR1 and NFATc1-4 gene products in LCLs. A) Relative quantification. Histograms show mRNA levels of
pools of DS subjects (n = 3) versus controls (n = 3). All data are expressed relatively to control subjects, to which is assigned a value of 1-fold (1x).
B) Western blot of total protein levels. * p < 0.05.

Figure 6 Ubiquitination of IkB-alfa in basal conditions (A) and after proteasome blocking with 40 μM MG132 for six hours (B).
Cytoplasmic extracts were immunoprecipitated for IkB-alfa and then analyzed by western blot using an antibody against ubiquitin. IgG H and IgG
L indicate immunoglobulin heavy and light chains in the immunoprecipitates that cross-react with the secondary antibody.
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associated with ubiquitins have been reported in a broad
array of chronic neurodegenerative diseases, such as the
neurofibrillary tangles of Alzheimer’s disease (AD), brain
stem Lewy bodies (LBs) in Parkinson’s disease (PD) and
intracellular bodies in Huntington’s disease [82]. In these
cases, an involvement of the UPS was suggested [83-85].
So far, no data were available on the ubiquitination sta-
tus and proteasome activity in human DS. By means of a
protein screen by SDS-page, a study showed an increase
of the proteasome zeta chain, an alpha subunit of the 20S
proteasome, and of isopeptidase T, a deubiquitinating en-
zyme, in fetal DS brain [86]. More recently, a study on the
cerebellum of Ts65Dn mice showed a reduction of the
proteasome chymotrypsin-like activity and an increase of
ubiquitinated proteins [87], results possibly ascribable to

the increased levels of beta-amyloid found in Ts65Dn
mice brains [88].
The present study in human cell lines shows for the

first time that, under basal conditions, there is a reduc-
tion of ubiquitinated protein levels in DS. This observa-
tion may either depend on defective ubiquitin-protein
ligase activity (as suggested by microarray data) or on in-
creased proteasome function, as demonstrated by the in-
crease of two out of the three proteasome activities.
Under OS, we observed an increase of ubiquitinated
proteins in DS compared to the control sample. In the
recovery period, ubiquitinated proteins were efficiently
cleared in DS, probably due to the observed increase of
the proteasome activities during OS. Previous studies
have shown that chronic OS is a feature of DS
[35,36,71,89-92]. Increased protein damage has also been
shown in DS [58]. These observations may explain the
increased proteasome activity, the accumulation of Ub-
bound proteins after proteasome blocking with MG132
and, at least in part, the reduction of ubiquitin-bound
proteins. These findings offer a new perspective to study
this system in association to relevant DS pathological
features, such as neurodegeneration, autoimmune disor-
ders and predisposition to cancer.

IkB-alfa/NF-kB
The UPS is implicated in numerous cellular processes
including activation of transcription factors such as NF-
kB. The NF-kB family of transcription factors is critical
in the development and maintenance of the immune
system. Five NF-kB subunits exist and the most abun-
dant and active form is a heterodimer composed of p50
and p65. Generally, this heterodimer is sequestered in
the cytosol by one of the IkB inhibitors, most commonly
IkB-alfa and is activated only upon IkB phosphorylation
and subsequent proteasome mediated degradation [47].
Since this transcription factor is connected to a wide
array of immune and inflammatory disorders, along with
cell apoptosis and delay of cell growth, disruption of its
pathway could play an important role in DS pathogen-
esis. In the present study, the GO analysis showed a
down-regulation of the NF-kB cascade. Our experimen-
tal data provide the first evidence of a reduction of the
NF-kB p65 subunit in DS nuclear fractions and of a
significant reduction of its transcriptional activity.
Along with this observation, cytosolic IkB-alfa levels
were increased, in both the phosphorylated and
dephosphorylated form. Ubiquitin-bound IkB-alfa was
however reduced. These results, in agreement with the
data of the total protein ubiquitination state, may be
due to proteasome hyperfunction or to a defect of spe-
cific ubiquitin ligases activities, such as F-box proteins,
or the recently described MIB1 [93], downregulated in
this microarray experiment. As NF-kB signalling is

Figure 8 Analysis of activation and nuclear translocation of
NFATc2, induced by PMA/Ionomycin. As internal controls, tubulin
and H1 histone were used for cytosolic and nuclear marker proteins,
respectively. * p < 0.05.

Figure 9 Western blot analysis of DSCR1 protein levels in basal
conditions and following proteasome blocking with 40 μM
MG132 for six hours in lymphoblasts from 2 DS and 2 control
subjects. * p < 0.05.
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deeply modulated by ubiquitination at several levels
[94,95], further studies on the regulation of NF-kB by
ubiquitination in DS may add new clues to the patho-
genesis of DS.
An additional level of interest comes from recent evi-

dence of an interplay between NF-kB and NFAT pathway.
In fact, NF-kB-inducing kinase interacts with and specific-
ally phosphorylates the C-terminal region of DSCR1 in
immortalized hippocampal cells as well as in primary cor-
tical neurons, increasing DSCR1 protein stability and
blocking its proteasomal degradation [44]. This could lead
to an increase in soluble and insoluble DSCR1 levels that
are cytotoxic [29]. Moreover, DSCR1 overexpression stabi-
lizes IkB-alfa and decreases the steady-state activity of NF-
kB, thus inhibiting the induction of genes involved in the
inflammatory response [30].

The role of DYRK1A/DSCR1/NFAT genes in DS
The nuclear factors of activated T cells (NF-ATs) are a
family of transcription factors that transduce calcium
signals in the immune, cardiac, muscular, and nervous
systems [96]. Like their distant relatives, the Rel family,
which includes NF-kB, NFATs are located in the cyto-
plasm of resting cells and are activated for nuclear trans-
location [97]. Calcium signalling activates calcineurin
and induces the movement of NFAT proteins into the
nucleus, where they cooperate with other proteins to
form complexes on DNA. As DYRK1A and DSCR1
regulate NFAT nuclear translocation, in the present
study the DYRK1A/DSCR1/NFAT genes were analysed.
DYRK1A at both RNA and protein levels resulted sig-
nificantly overexpressed in DS. The same result was
obtained for DSCR1, while a reduction of NFATc2 was
observed at mRNA and protein level in DS resting cells.
Reduction of NFATc2 was also observed in the nuclear
fractions of DS after calcium flows stimulation. Together
with the reduced NF-kB activity, this observation sug-
gests the presence of a transcriptional regulation deficit
in DS.

Conclusions
Results from the present microarray analysis in human
LCLs show that the UPS functioning is impaired in DS.
Among genes contributing to the ubiquitin mediated pro-
teolysis and represented on the array, a number of E2-
conjugating enzymes (such as UBE2A, UBE2B, UBE2H)
and E3 ligases (such as UBE3A, ITCH, SMURF2, MIB1
and some F-box proteins) resulted down-regulated. Add-
itional bioinformatic tools such as Connectivity Map and
PASS analysis add supportive evidence of the involvement
of the UPS in the pathogenesis of DS. Experimental data
confirm a reduction of Ub-bound proteins and an in-
creased proteasomal acitivity. Proteasome activity may be
accelerated by increased damaged or misfolded proteins

and/or by chronic oxidative stress, a known biochemical
feature of DS resulting from either gene dosage effect of
certain chr 21 genes (i.e. SOD1, CBS, APP) or mitochon-
drial dysfunction [36,89,98,99].
Increased proteasome activity, along with defective

ubiquitination, may lead to reduction of Ub-bound pro-
teins, including critical regulators of cellular homeostasis
such as transcriptional activators or their inhibitors. Ex-
pression analysis pointed to a down-regulation of NF-kB,
the final actor of a complex pathway of signal transduc-
tion finely modulated by ubiquitination at several levels
[94]. Interestingly, definition of crosstalk between NF-kB
signalling pathway, ubiquitin-dependent proteolysis and
the critical chr 21 gene DSCR1 is still ongoing.
Because of its central role in the cell life, the prote-

asome has become a target for synthetic and natural
drugs for the prevention and treatment of several condi-
tions [100-102]. An example of the medical importance
of its inhibition could be the stabilization of the tran-
scription factor NF-kB, required to preserve cell viability
in response to environmental stress or cytotoxic agents
[103-105]. Furthermore, as suggested by our findings,
also the DSCR1 protein levels, overexpressed in trisomic
subjects, may be regulated by the proteasome inhibition.
Recent biochemical and epidemiological studies indicate

that dietary minor components, such as polyphenols, may
have a role in the defense against the OS in vivo [106].
Among the different phenolic compounds, epigallocatechin-
3-gallate (EGCG), the major catechin of green tea, mitigates
OS and inhibits the chymotrypsin-like activity of the prote-
asome [107-110]. Interestingly, the over-expression of
DYRK1A can also be modulated by EGCG [111] and trans-
genic mice overexpressing this gene and presenting cogni-
tive impairment, rescue the cognitive phenotype after a
polyphenol-based diet [112]. Our functional analyses
revealed an increase of the proteasome chymotrypsin-
like activity in DS subjects and the Connectivity map
and PASS-assisted exploration of our microarray data
suggested that some compounds with proteasome in-
hibitor activity could revert the biological status of DS.
In conclusion, the present work offers new perspectives to

better understand the pathogenesis of DS disease and sug-
gests a rational for innovative approaches to DS treatment.
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(GeneTree Algorithm). The log2 of fold change between trisomic and
control samples is represented on the x-axis and the negative log of p-
values from the t-test is represented on the y-axis. Up-regulated genes
are represented on the right side of the horizontal axis 0-value; down-
regulated gene are on the left. Red dots indicate genes that are
significantly up- or down-regulated at p < 0.01. Fold-change filter in DS vs
controls ≥ 1.2. Supervised hierarchical clustering of both the 4,490 and
the 406 transcripts clearly distinguish between DS and control samples.

Additional file 2: List of chr 21 transcripts, tightly regulated in both
DS and control samples (CV ≤ 0.2).

Additional file 3: Average expression ratios and Pearson’s
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Additional file 4: Selection of compounds with possible therapeutic
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