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Le malattie infettive ed il cancro sono considerate, attualmenté, i due gruppi di patologie che
rappresentano la principale causa di morte, in tutto il mondo. La resistenza agli antibiotici rappresenta
la minaccia piu grande per il primo gruppo dal momento che, a livello mondiale, costantemente,
emergono ¢ si diffondono nuovi meccanismi di resistenza che minacciano la capacita di trattare le
comuni malattie infettive. La resistenza alla chemioterapia e alle terapie mirate a livello molecolare
rappresentano, invece, il grosso problema nei trattamenti terapici contro il cancro. Gli effetti
collaterali dei chemioterapici e la tossicitd nei confronti delle cellule sane costituiscono, inoltre,
un’ulteriore minaccia al trattamento di questa patologia. A questo proposito, la ricerca scientifica e
l'innovazione tecnologica sono orientati verso lo sviluppo di nuovi approcci terapeutici contro le
malattie infettive ed il cancro.

Durante il dottorato di Ricerca in “Medicina Traslazionale” (XXIX ciclo) I’attivita di ricerca
della dott.ssa Dhanya Dhanyalayam ¢ stata rivolta allo studio di composti naturali e neo-sintetizzati
allo scopo di individuare nuove molecole con potenzialita antibatteriche, antiparassitarie ed
antitumorali.

Nella prima parte del lavoro svolto, la dott.ssa Dhanyalayam ha valutato l'attivita antimicrobica,
in vitro, di una gamma di complessi dell’Argento neo-sintetizzati: loduro (N-metil-N- (2-idossi-
ciclopentil-imidazol-2-ilidina) argento (I), loduro (N-metil-N- (2-idrossi-cicloesil) -imidazol-2-
ilidina) argento (I) e loduro (N-metil-N- (2-idossi-2-fenil) etil-imidazolo-2-ilidina) argento (I),
indicati rispettivamente con i nomi di AgL6, Agl.18 ed AgL.20.

Sin dai tempi antichi, i complessi metallici sono stati utilizzati come agenti antibatterici ed, in
particolare, sono state ben riconosciute le proprieta battericide, fungicide e protozoicide dell’ Argento,
soprattutto nella forma di nitrato d'argento.

Diversi complessi dell'Argento si sono dimostrati efficaci nel trattamento di ferite aperte e
suppurate, ustioni, osteomielite cronica e infezioni delle vie urinarie. Oggi la Sulfadiazina d'Argento
(AgSD) rimane uno dei farmaci a base d'argento pitt comunemente utilizzate nella terapia delle ferite,
anche se, a causa della sua citotossicita nei confronti di fibroblasti e cheratinociti, puo provocare gravi
effetti avversi, tra cui ritardi nella guarigione delle ferite stesse.

La dottoressa ha valutato I'attivita antimicrobica dei nuovi complessi dell'Argento utilizzando, in
primo luogo, il metodo di diffusione su piastra (Kirby-Bauer disc-diffusion test) contro due ceppi
batterici Gram positivi (Staphylococcus aureus e Streptococcus pyogenes) e tre ceppi Gram negativi
(Escherichia coli, Klebsiella pneumoniae e Pseudomonas aeruginosa). Le percentuali di inibizione

dei nuovi complessi sono stati calcolati dai valori dei diametri di inibizione, misurati a concentraziont




differenti di ciascuno di essi. Come controllo positivo ha utilizzato una cefalosporina commerciale
(cefotaxime) e Argento-sulfadiazina (AgSD).

Il profilo di sensibilita antibiotica dei ceppi batterici ottenuto, ha dimostrato che, rispetto a
cefotaxime, tra i tre complessi testati, solo AglL6 possedeva attivita antimicrobica contro i
microrganismi, ma solo ad elevata concentrazione. Allo scopo di definire meglio la capacita
antibatterica di AgL6 la dottoressa ha condotto il test di diluizione in brodo liquido che le ha permesso
di calcolare i valori della Minima Concentrazione Inibente (MIC), contro i diversi ceppi batterici
testati. Purtroppo, i risultati ottenuti hanno evidenziato dei valori di MIC elevati e superiori a quelli
riscontrati per i controlli positivi utilizzati. Risultati analoghi sono stati riportati nella valutazione
della Minima Concentrazione Battericida (MBC).

Partendo dal presupposto che la bassa attivitd di AgL6 potrebbe essere dovuta ad un difficile
ingresso del complesso nella cellula batterica, al fine di facilitarne 'assunzione, la dottoressa ha
utilizzato un dispositivo farmaceutico orientato, un nanocarrier. Il nanocarrier biopolimerico ¢ stato
ottenuto mediante l'autoassemblaggio di destrano oleato coniugato, in cui la catena di destrano e i
residui oleici rappresentano rispettivamente le parti idrofile e quelle idrofobe della struttura anfifilica.
La dimensione nanometrica delle particelle & stata confermata da analisi DLS (diametro medio
compreso tra 500-600 nm). Le nanoparticelle sono state, quindi, caricate con AgL6 e,
successivamente, ne & stata valutata l'attivita antibatterica. Da questi esperimenti la dottoressa ha
ottenuto risultati molto interessanti, infatti, i valori di MIC sono risultati ridotti quattro volte sia per i
batteri Gram positivi che per i Gram negativi, ad eccezione di P. aeruginosa in cui € stata riscontrata
una riduzione del valore di MIC pari a due volte, rispetto al controllo. Sorprendentemente, i valori
ottenuti sono risultati essere due volte inferiori rispetto a quelli diriscontrati dopo trattamento con
AgSD.

Infine, allo scopo di comprendere se 'attivita antibatterica osservata per AgL6 fosse dovuta ad
una variazione della permeabilitd della membrana esterna batterica indotta dal trattamento con il
complesso, la dottoressa ha condotto degli esperimenti con Ioduro di Propidio (PI), colorante
fluorescente impermeabile alla membrana. I risultati hanno mostrato, nei batteri trattati con dosi
crescenti di AgL6, un aumento della fluorescenza dovuta a PI, dose dipendente, rispetto alle cellule
non trattate, indicando una maggiore permeabilita della membrana.

Nel complesso gli studi condotti dalla dottoressa Dhanyalayam hanno evidenziato che il
complesso AglL6 pud essere considrato un buon candidato come agente antibatterico, soprattutto
contro iceppi Gram negativi, di per sé resistenti a molte classi di antibiotici.

Secondo I'Organizzazione Mondiale della Sanita (OMS), 17 malattie causate da batteri e parassiti

sono classificate come malattie tropicali trascurate (NTD). Tali patologie sono endemiche in 149




paesi tropicali e subtropicali ed interessano piu di 1 miliardo di persone, di cui 875 milioni di bambini;
sono caratterizzate da gravi dolori e disabilita a lungo termine e sono responsabili, ogni anno, di oltre
500.000 decessi. La Tripanosomiasi umana africana ¢ una di queste patologie; ¢ causata da due
parassiti del genere Trypanosoma; T. brucei rhodesiense e T. brucei gambiense ed ¢ considerata una
malattia con un impatto socioeconomico devastante nell'Africa sub-sahariana infatti, se non trattata,
si rivela fatale. Le terapie attuali presentano molti limiti, pertanto la ricerca farmaceutica ¢ rivolta
verso la scoperta di nuovi farmaci o nell’utilizzo di farmaci gia da tempo impiegati nella la terapia di
altre patologie, processo noto come "repurposing" del farmaco.

La dottoressa Dhanyalayam ha incentrato una parte dei suoi studi nella ricerca di molecole con
attivita tripanocida. In particolare, ha analizzato 2000 estratti naturali di Funghi ed Attinomiceti, ha
selezionato quelli che hanno mostrato, in vitro, attivita tripanocida e ne ha identificato il composto
attivo, mediante cromatografia liquida e spettroscopia di massa. Tra le molecole attive, la dottoressa
ha identificato la Chaetocina, noto inibitore della metilazione degli istoni, gia utilizzata come farmaco
antibatterico ed antitumorale e, nel suo lavoro di ricerca, ha valutato la possibilita che questa molecola
potesse essere considerata anche un ipotetico agente tripanocida. I risultati sono stati sorprendenti,
infatti la Chaetocina ha mostrato una buona attivita trypanocida a concentrazioni molto basse con un
valore di ICso pari a 8.3 nM.

Al fine di far luce sul meccanismo d'azione della molecola sul Tripanosoma, la dottoressa ha
condotto studi di immunofluorescenza che hanno evidenziato cambiamenti morfologici delle cellule
e degradazione della cromatina, dopo trattamento con Chaetocina. L’analisi di citometria di flusso ha
rivelato, invece, l'arresto del ciclo cellulare in fase G2.

Dagli studi, in vitro, effettuati dalla dott.ssa Dhanyalayam si puo dedurre che la Chaetocina
potrebbe essere considerata un potenziale agente tripanocida, ma saranno necessari ulteriori ricerche
al fine di valutare se la molecola & in grado di attraversare la barriera emato-encefalica, infatti solo in
questo caso potra essere presa in considerazione quale ipotetico farmaco contro la Tripanosomiasi.

Inoltre, I’attivita scientifica della dott.ssa Dhanya Dhanyalayam & stata rivolta allo studio degli
effetti di un sale di fosfonio commerciale (11-metossi, 11-oxoundecil) trifenilfosfonium bromuro
(MUTP) e di due sali di ossido di fosfina neo-sintetizzati, 3,3'-(metilfosforil) Cloruro
dibenzenaminium e cloruro 3,3'-(fenilfosforil) dibenzaminium cloruro (SBAMPO e SBAPPO), sulla
proliferazione in due linee cellulari tumorali umane: cellule di cancro al seno (MCF-7) e cellule di
adenocarcinoma della cervice uterina (HeLa).

I sali di fosfonio sono una classe di molecole cationiche lipofiliche che si accumulano
preferenzialmente nei mitocondri e inibiscono la crescita delle cellule tumorali umane. Infatti, il

potenziale della membrana mitocondriale delle cellule tumorali, relativamente elevato rispetto a




quello delle cellule normali, induce i sali di fosfonio ad accumularsi preferenzialmente nei mitocondri
e ad inibirne la funzione.

[ risultati ottenuti dalla dott.ssa Dhanyalayam hanno evidenziato che solo MUTP presenta effetti
antiproliferativi su entrambe le linee cellulari tumorali, senza compromettere la proliferazione delle
linee cellulari non tumorali MCF-10A, utilizzate come controllo. In particolare, la dottoressa ha
dimostrato che il trattamento con MUTP delle cellule MCF-7 compromette la normale progressione
del ciclo cellulare. Infatti, studi di citometria di flusso hanno evidenziato un arresto del ciclo cellulare
nella fase G1/S, dopo trattamento delle cellule MCF-7 con due concentrazioni di MUTP (0,5 and 2
uM) per per 24 h o 72 h. Tale risultato ha indotto la dottoressa ad indagare il possibile coinvolgimento
del gene oncosoppressore p53 e del suo target naturale p21, inibitore di chinasi ciclina-dipendenti,
nell’arresto della crescita cellulare e le ha permesso di dimostrare che dosi crescenti di MUTP
inducono un incremento di p53, sia a livello di trascritto che di tradotto, con un concomitante aumento
dell’espressione di p21.

Successivamente, per caratterizzare la funzione metabolica delle cellule MCF-7 dopo trattamento
con MUTP, la dottoressa ha marcato le cellule con sonde metaboliche specifiche e le ha analizzate
mediante FACS. I risultati hanno mostrato che il trattamento con MUTP determina una riduzione
della massa mitocondriale, del potenziale di membrana e del rapporto potenziale/massa. In accordo
con quanto riportato in letteratura, circa la relazione esistente tra riduzione del potenziale della
membrana mitocondriale e specie reattive dell’ossigeno (ROS), la dottoressa ha riscontrato un
aumentato livello di ROS, nelle cellule sottoposte a trattamento con MUTP. Un squilibrio
bioenergetico, indotto da MUTP, nelle cellule trattate & stato ulteriormente confermato dalla riduzione
dei livelli di espressione degli enzimi del pathway ossidativo mitocondriale (OXPHOS).

Infine, per definire il meccanismo di morte cellulare determinato dal sale di fosfonio oggetto di
studio, la dottoressa ha indagato sul meccanismo di apoptosi utilizzando tre approcci differenti: il
TUNEL test, il DNA Laddering e I’analisi di Western blot di caspasi-3, caspasi-9 e Bax, tre proteine
coinvolte nel meccanismo intrinseco di apoptosi. I risultati ottenuti hanno confermato che il
trattamento con MUTP induce ’attivazione della via intrinseca dell’apoptosi.

Considerati insieme, tutti questi dati hanno portato la dottoressa Dhanyalayam a dedurre che
MUTP, essendo in grado di inibire, selettivamente, la proliferazione delle cellule neoplastiche
determinandone la morte per apoptosi, potrebbe essere preso in considerazione quale potenziale
agente antitumorale.

Durante I’intero periodo del dottorato di ricerca la dott.ssa Dhanya Dhanyalayam ha mostrato
notevole interesse nell’apprendimento di numerose tecniche laboratoristiche, evidenziando buone

capacita nella esecuzione dei protocolli sperimentali e nella valutazione dei dati ottenuti. Ha




partecipato, inoltre, alle attivita seminariali e didattico-formative organizzate dal Dipartimento di
Farmacia e Scienze della Salute e della Nutrizione. L’esperienza maturata durante il ciclo di dottorato
¢ stata accresciuta da un periodo di formazione svolto presso 1”"Instituto de Investigacion Biosanitaria
de Granada" dell'Universita di Granada, sotto la guida del prof. Jose Antonio Garcia Salcedo.

Il contributo scientifico della dottoressa ¢ dimostrato dai lavori pubblicati (ed in corso di
pubblicazione) su riviste internazionali la cui rilevanza scientifica della collocazione editoriale ¢ di
buon livello. Pertanto si esprime parere estremamente positivo sull’attivita scientifica svolta dalla

dott.ssa Dhanya Dhanyalayam.

Rende, 18-05-2017 Docente Tutor
Prof.ssa Anna Rita Cappello




To the most special person, My Husband,

Hariprasad Thangavel



ACKNOWLEDGEMENTS

This thesis has been written as a part of my three-year PhD at Department of
Pharmacy Health and Nutritional science in the University of Calabria, Italy, between

December 2013 and February 2017.

First and foremost, | praise God, the almighty for providing me this opportunity
and granting me the capability to proceed successfully. This thesis appears in its current
form due to the assistance, guidance and encouragement of several people. | would

therefore like to offer my sincere thanks to all of them.

| would like to express my deep and sincere gratitude to Prof. Sebastiano Ando,
my esteemed director of the Department of Pharmacy Health and Nutritional science, for

accepting me as a PhD student and continuous support throughout my PhD.

| am deeply grateful to my supervisor, Prof.ssa Anna Rita Cappello, whose
support and motivation from the initial to the final level enabled me to develop an
understanding of the subject. Her understanding and thoughtful guidance have provided
a good basis for this thesis. | could not have imagined having a better supervisor for my

PhD study.

| would like to thank Dott. Marco Fiorillo for his advises and friendly assistance
with various problems time to time. | greatly appreciate his time in teaching me some
basics about some experiments during my initial days. Without his initiative, my PhD

would not have been possible.

| express my sincere thanks to Prof. Francesco Puoci for developing and
providing ‘Pharmaceutically oriented vehicle’ for my research investigations against

bacterial species.

| express my sincere thanks to Prof. Pasquale Longo, Prof.ssa Carmela
Saturnino & Prof.ssa Maria Stefania Sinicropi for their valuable insights and

collaborative inputs to my research project.



Next, | cordially thank Prof. Jose Antonio Garcia Salcedo, for accepting me as a
visiting scholar and giving me the opportunity to work in Genyo (Spain). | really had a
valuable and enjoyable experience working with his team. His excellent guidance,

encouragement and motivation have been of great value in this thesis.

| express my sincere thanks to a wonderful personality | have ever found,

Matilde Ortiz for her personal and professional support during my stay in Genyo (Spain).

| express my sincere thanks to my dear friends in the lab, Luca Frattaruolo,
Biagio Armentano, Roberta Bartucci, Antonietta fazio & Emanuela Frega for their

kind support throughout my PhD.

| extend my special thanks to my bestie and colleague Luigina Muto for her kind

support throughout my stay in Italy in many things.

| cannot finish without thanking my family. | warmly thank and appreciate my
parents Devi and Balakrishnan, my sister Dhanisha and her husband Nithin, my
adorable husband Hariprasad Thangavel, one of the best gift | have ever got. My
sincere thanks to my affectionate in-laws Malathi and Thangavel and my lovely
brother-in-law Naveen Prasath. All the support they have provided me over the years

was the greatest gift anyone has ever given me.



CONTENTS

FAY = Y 137 X O LR 1
CHAPTER 1 Agl6: a new silver complex as candidate antibacterial agent.................... 7
1.1 INTRODUCTION. ..cuttiitieiteriee ettt ettt st nn e s 9
1.1.1 Metal complexes as antibacterial agents........cccccevvvieeiiniiiieenniiiee e, 12
1.2 MATERIALS AND METHONDS .....utee e 16
1.2.1 MATEIIALS e e 16
1.2.2 Bacterial Strains .......cooviiiiiiieeeeec e 16
1.2.3 Evaluation of antibacterial aCtiVity .......cccccevvriiiiiiniiee e, 16

A Disc diffusion susceptibility teSting .......ccceeveeieciiiiie e, 16

B Determination of MIC and MBC (Broth dilution method)..............cccou....... 18

1.2.4 Synthesis of the vehicle, Dextran-oleate.........occcceeeeeecccivveeeeee e, 19

A IMTEIIANS et 19

B INStrumentation........occviiiiiiiiiiiii 19

C Dextran-oleate SYNthESiS......cocovvieiiiiiiiiiieeeee e 20

1.2.5 Determination of the critical aggregation concentration...........cccccccuvveeee... 20
1.2.6 Self-assembling of the polymer vesicle ......cccocuvviiviiiieiiiniiiiecieee e, 21
1.2.7 Drug encapsulation efficiency .....cccoueveee i, 21
1.2.8 1N Vitro diffuSiON STUAY ...eeveeeiiiiiiiiiiiieeec e 21
1.2.9 Evaluation of the membrane permeability in Staphylococcus aureus ......... 22
1.2.10 Statistical @NalYSis ..ceeieiuieeiiiiiiie it 22
1.3 RESULTS AND DISCUSSION.....euutiiiiiiiiiiiiiiiiiiiiti e 23
1.3.1 DisC diffuSion TEST..c..eiiuiiiiiiiieceeeeeee e 23
1.3.2 Broth dilution method for calculating MIC and MBC..........ccccceeeeeeeeennnnneee. 24
1.3.3 Polymer vesicles characterization .......cccccveeeiviiiieeeiniiiee e 25
1.3.4 Drug encapsulation and release profile .......ccoccvvieeeeeiieiccccee e, 28



1.3.5 Dextran-oleate as a ‘pharmaceutically oriented-vehicle’ .........ccccceevnnnenn. 29

1.3.6 Agl6 increases outer membrane permeability in S. aureus ........................ 31
1.4 CONCLUSION. ...ttt ettt ettt sbe e st e b s e e esaneesneesnneennees 34
1.5 BIBLIOGRAPHY ..ottt 36

CHAPTER 2 CHAETOCIN: a promising natural antiparasitic agent.........cccccevvvveeernnnen. 43
2.1 INTRODUCTION. ..coitietieeitetie ettt ettt ettt ettt ettt e sat e e bt e saeeebeesneeeneenaees 45

2.1.1 SIEEPINg SICKNESS .oevieeiee e e e e 45

2.1.2 Clinical fEATUIES ....eeiieeieeeeee e e 45

2.1.3 EPIdemIOlOgY . ..uviiiiiiiiieiiiiiiee ettt sttt et ee s 46

2.1.4 TrealmeNt. ..ot e 46

A Pentamidine (Pentamidine isethionate)......ccceevvveeeieiiiiiiiiirieeeee e, 47
B SUMaMIN (oo 48
OV [T - 1Yo o4 o] E PSP UPPPPPPPRN 49
D Eflornithine (diethylfluoromethylornithine-DMFO) .........cccceeciveeeeiiiieeeneee. 49
B NIUMIMOX. ettt s 50

2.1.5 TryPANOSOMO DIUCEI .....c.vveeeeeeeeeeeeeiiveeeeeeeeeesesirreeeeeeeeesessssaeeeesessensensnreees 50

2.1.6 Life cycle of Trypanosoma Brucei .............cccceeueccueeeieicueeeisiiieeeescieeeessneeeenn 51

2.1.7 Cellular STrUCTUIE.....couiieiiee e 52

B 0 T =Y | I oY of [ 53

2.1.9 ANtIZENIC VAriatioN .....ceei i e et e e e e e e e e e e e e e e e eeaaeaan 54

2.0.10 Cha@tOCiN «..eeeeiieeiiie ettt ettt ettt e et e st e e s e e e sabe e e sanee s 55
2.2 MATERIALS AND METHODS ...ttt ettt ettt 56

2.2.1 Screening of the extracts and identification of Chaetocin .............ccc.......... 56

2.2.1.1 Screening of 2000 extracts from fungi and actinomycetes ...................... 56

2.2.1.2 Determination of effectiveness by dose-response curve..........cccceeeuueeen. 56

2.2.1.3 Semi preparative HPLC fractionation.........ccoccccvviiieeiiiicccciieeee e, 56

2.2.1.4 Cytotoxicity study in mammalian cells ........oocciririeeiiiiiee e, 56

2.2.2 Trypanocidal effect of Chaetocin in T. Brucei..........eeeeeeeeeeccirvveneeeeeeieecnnnen 57



2.2.2.1 Parasites and Cell CUITUIE..... .. v 57

2.2.2.2 Anti-proliferative assay and calculation of IC50 value..........ccccccnnnnnneee. 57
2.2.2.3 Analysis of structural changes by fluorescence microscopy.................... 58
2.2.2.4 Cell cycle analysis by fluorescence activated cell sorting ....................... 58
2.2.2.5 Chaetocin uptake by trypanoSomes........cccccevvcvieeiiiiiiee e 59
2.2.2.6 Analysis of cytotoxicity in normal liver cells.......cccceeiiieecciiiieiieeeeeee, 59
2.3 RESULTS AND DISCUSSION.....couitiiiieiieiie ettt sttt 60
2.3.1 Screening of the extracts and identification of Chaetocin...........cccceeeeennne. 60
2.3.1.1 Initial screening of 2000 extracts from fungi and actinomycetes............ 60
2.3.1.2 DOSE-TESPONSE ASSAY cetrrrruiereeerrrrruruuiierereretrmuiuisreseestemmmmeseseessmemmen 61
2.3.1.3 Identification of molecules from three extracts ........ccccccoceevieriiinicnnnenne 62
2.3.1.4 Cytotoxicity study of two extracts on normal liver cells........cccceeveeerennnns 64
2.3.2 Trypanocidal effect of Chaetocin in T. Brucei..........ccoueeeeeieeecciiiveeeeeeeeeenns 65
2.3.2.1 Anti-proliferative assay and calculation of IC50 value........ccccccceeuuunnnnneen. 65
2.3.2.2 Analysis of structural changes by fluorescence microscopy.................... 66
2.3.2.3 Quantification of normal and abnormal cells ..........cccccceveniiiiiniinienne 67
2.3.2.4 Effect of IC50 treatment on number of nucleus and kinetoplasts............ 69
2.3.2.5 Chaetocin causes cell cycle arrest at G2 phase.....ccccceeeecccviieeeeeeeeeecnns 70
2.3.2.6 Chaetocin uptake by trypan0oSOmMES.......ccccceevecciiiiieeee e 71
2.3.2.7 Study of the cytotoxicity in normal liver cells......ccccevveeiieiiciinveeeeeeeeeiennns 74
2.4 CONCLUSION. ...ttt ettt ettt ettt ettt ettt ae e st e e sbe e et e e saeesabeesbeesnbeeas 75
2.5 BIBLIOGRAPHY ...ttt ettt ettt sttt sae e s e sbe e e e 77

CHAPTER3  MUTP: a synthetic Phosphonium salt with potential anticancer

= Lo 1 Y 1 Y USSR 83
3.1 INTRODUCTION. . .ciitieeiiette ettt ettt ettt ettt ettt e st e e b e st e e seesaee e 85
3.1.1 Breast CANCEI ittt 85
3.1.1.1 Anatomy and physiology of the mammary gland............ccccceeeeiieeennnnnn. 85
20 0 0 A Y o T =T 0 o 17o] Lo =Y 2RO 86



3.1.1.3 Classification Of Breast CANCEI ... v eeeeeeeeeeeeee et eee s 87

3.1.1.4 Trealment. .. 91
I I T - o [ o 4 T=] = 1V 2SR 91
20 0 Y ST @1 0 T<T 0 o To 11 V<1 =1 )V 2SSO 92
3.1.1.7 IMMUNOTNEIAPY ceevieieieiiiee ettt e sttt stre e s sare e e e s aae e s s sbte e e e sanaeeesnnaaeeas 93
3.1.2  CerViCal CANCET . .uiiiiiieeeeee e s 93
3.1.2.1 SYmMPtOMS N0 CAUSES ...uuvrviirereeeieiiierireeeeeeeesecrtreeeeeesesssnnrseneesesssessnnnsssens 93
N 0 A A B 1 - =4 o o ] =3 94
700 00 T =Y o 1 [T ' o] [ =4V 2SSOSR PRPRI 94
3028 S AN i 95
3.1.2.5 Treatment....ccii i e 95
R N A S U == oY 5 95
3.1.2.7 Chemotherapy and IMmMUNOtherapy.......ccccceevviveeeiriiieeeciieee e 95
3.1.3  Structure and chemical synthesis of phosphonium salts.......................... 95
3.1.4  Phosphonium Salts ....ccccueiiiiieiee et 96
3.2 MATERIALS AND METHODS ....c.eiiiiierieeieeeeeee et s 100
32,1 Cell CUIUIE e s 100
3.2.2 Synthesis of SBAMPO and SBAPPO..........cevieiiiiieiiieeee e e e 100
3.2.3 Characterization of SBAMPO and SBAPPO.........ccccceevienieriieenieeieeiee e 101
3.2.4 TrypSiNiZatioN ..cccceeiieie e e eaeeeees 101
3.2.5 Cell COUNLING .uvvieiiiiiiee et e e s e e e s s aeees 101
3.2.6 Cell viability assay (MTT @SSAY) ..eeeeeiiieeieiiieeeeeeeee et eerree e e e e 102
3.2.7 Cell cycle aNalYSiS . .uueieeiieiiciiiiieee et 103
3.2.8 Preparation of total protein extract .......ccccceeeieeiieiciiieeeeee e 103
3.2.9 Determination of protein concentration .........cccoeecevvieeeieiiieccciiiieeeee e, 104
3.2.10 Electrophoresis of protein under denaturing condition (SDS-PAGE).......... 104
202 5 0 1 42 0 [U T g Y] o] Vo o = 0PRSS 105
3.2.12 IMMUNOETECTION ... 105

vi



3.2.13 Real time RT-PCR ....ccoiiiiiiieeeiieeete ettt 106

3.2.14 Mitochondrial StainiNg .......ccuviiiiieiee e 107
3.2.15 Mitochondrial ROS production.........ccccvviiiiieeiii e 107
3.2.16 DNA eXtraCtion ........cccveiiiiiiiiiiiiiiiin i 108
3.2.17 DNA electrophoresis on agarose el ......cccevvueeeiriieieiiiiiieeeerieeeesinee e 108
3. 2. 18 TUNEL @SSaY..ciiiiiiiiiiiieeiiieiiiiiiiiiie e e eeeettaiiire s s e e e eseeasssaaseeseseesassssnnnsssesessannns 109
3.2.19 Statistical @aNalYSis ..euiviiii i 110
3.3 RESULTS AND DISCUSSION......ccoitiiiiiriieiieeteeniee sttt 111
3.3.1 MUTP elicits anti-proliferative effect on MCF-7 and Hela cell lines........ 111
3.3.2 MUTP-induced cell cycle arrest at G1 phase of MCF-7 cells .................... 114
3.3.3 MUTP-induced cell cycle arrest through increased p21 and p53 exp....... 116
3.3.4 MUTP reduces mitochondrial membrane potential........cccccccevvcrrveennnennn. 118
3.3.5 MUTP treatment blocks respiratory chain complex in MCF-7 cells........... 119
3.3.6 MUTP induce apoptosis in MCF-7 cells .....cccceeieeieeicciiieeeee e, 121
3.3.7 DNA QAUEING ...eeeeiiiieeeee ettt e e e e e e s e e e e e s e s s eneereeeeeeeeesannnes 123
3.3.8 TUNEL assay further confirms apoptoSiS.......ccovererrrrereeeeeiiieiirreeeeeeeeeenennns 123
3.4 CONCLUSION. ...ttt ettt ettt sttt sb e st et e st e e beesateebeesaeeens 125
3.5 BIBLIOGRAPHY ...ttt sttt ettt ae e e ne e naeeens 127

vii



ABSTRACT

Infectious diseases and cancer are the two disease groups that representing the major
cause of death worldwide. Unfortunately, antibiotic resistance is the biggest threat in the first
case; in fact, new resistance mechanisms continuously are emerging and spreading globally,
threatening the ability to treat common infectious diseases. A growing list of infections
caused by bacteria, viruses, parasites etc. are becoming harder and harder to treat, and
sometimes impossible, as antibiotics become less effective. Without urgent action, we are
heading for a post-antibiotic era, in which common infections and minor injuries can once
again kill the human population. Concerning cancer, Resistance to chemotherapy and
molecularly targeted therapies is a major problem in current research. Drugs side effects and
toxicity to normal body cells is also an important threat in cancer treatments. In this regard,
these problems are at the forefront of scientific research and technological innovation and
are leading to the development of new therapeutic approaches against cancer and infectious

disease with fewer side effects and lesser resistance problems.

The aim of the present study was to investigate on the new compounds in order to

find new possible therapeutic agents against bacteria, parasites and cancer.

Infectious diseases are caused by microorganisms such as bacteria, parasites, viruses
etc.; in particular, bacterial infectious diseases are caused by either Gram +ve or Gram -ve
bacteria. Certainly, antibiotics are the main weapon against infectious bacterial diseases;
however, the uncontrolled use of antibiotics to control infections in humans, animals and in
agriculture caused the development of drug resistance by bacterial populations. Besides this,
infections caused by Gram -ve bacteria are difficult to treat due to the presence of a protective
outer membrane consisting of lipopolysaccharides. Therefore, it is clear that there is a need
to develop novel classes of antibacterial agents capable of killing bacteria through
mechanisms unlike those of the known classes of antibiotics. Then, scientists are currently
searching for new approaches to treat infectious diseases, particularly those caused by Gram

-ve bacteria, focusing on exactly how the pathogens change and how drug resistance evolves.

Since ancient times, metal complexes have been used as antibacterial compounds,
metallic silver and silver salts are good examples of this. Silver compounds are particularly

interesting since their antibacterial activity can be altered by changing the ligand associated



with the silver complex. To date, among silver derivatives, silver sulfadiazine remains one of
the most commonly-used antibacterial drugs. Therefore, metal N-heterocyclic carbene (M-
NHC) complexes appeared as an emerging field of research in medicinal chemistry where NHC
complexes of coinage metals (Cu, Au, and Ag) proved to be better antimicrobial agents.
Herein, it was investigated the, in vitro, antibacterial activity of the newly synthesized silver
(Ag)  complexes, lodide[N-methyl-N-(2-hydoxy-cyclopentyl-imidazole-2ylidine]silver(l),
lodide[N-methyl-N-(2-hydoxy-cyclohexyl)-imidazole-2-ylidine]silver(l) and lodide[N-methyl-
N-(2-hydoxy-2-phenyl)ethyl-imidazole-2-ylidine]silver(l), namely Agl6, AgL18 and Agl20,
against two Gram +ve (Staphylococcus aureus, Streptococcus pyogenes) and three Gram -ve
(Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa) bacteria. Among
these, AgL6 showed good antibacterial activity against both Gram +ve and Gram -ve bacteria.
However, the minimum inhibitory concentration (MIC) value was 32 pug/mL for Gram +ve and
16 pg/mL for Gram -ve bacteria, which was higher than that displayed by commercial drug,

used as control (Silver Sulfadiazine, AgSD).

We therefore hypothesized that the poor activity is due to the poor intake of the
compound. In order to enhance its antibacterial activity, we have developed “a
pharmaceutically-oriented device”, a nanocarrier as a tool for targeted drug delivery. Here it
was described, for the first time, the production of a polymer nanostructure in which dextran,
a biopolymer, and oleate residues represent the hydrophilic and hydrophobic parts,
respectively. This nanoparticle was loaded with AglL6 and the antibacterial activity has been
investigated. The results were very interesting, with MIC values being reduced four-fold for
both Gram +ve and Gram -ve bacteria. Surprisingly, these values were two-fold lower than for

silver sulfadiazine. Briefly, our results showed that K. pneumoniae and E. coli are the most

susceptible bacteria to AglL6, followed by P. aeruginosa.

In conclusion, the investigated compound AglL6 showed excellent potentiality against

bacterial infections.

According to the World Health Organization (WHO), 17 diseases caused by bacteria
and parasites have been classified as neglected tropical diseases (NTDs). NTDs are endemic in
149 tropical and subtropical countries and affect more than 1 billion people, including 875
million children. These diseases are responsible for over 500,000 deaths per year and are

characterized by severe pain and long term disability. Human African Trypanosomiasis



(sleeping sickness) is an important disease among them and is caused by two parasites of the
genus Trypanosome: Trypanosome brucei rhodesiense and Trypanosome brucei gambiense.
Trypanosomiasis is a disease with a devastating socio-economic impact in sub-Saharan Africa
through direct infection of humans and livestock. This disease is fatal if left untreated. Current
therapy relies on five drugs that have many limitations among which acute toxicity, problems
with oral absorption and emergence of trypanosomal resistance, this latter is a major concern
owing to the absence of vaccines and therapeutic alternatives. Therefore pharmaceutical
research is aimed at the discovery of new drugs, although the investment in this therapeutic
area is not attractive owing to the prospect of poor financial returns. Many pharmaceutical
industries have already utilized an opportunistic approach by utilizing drugs long since used
for other diseases, a process known as “repurposing” of the drug. It is estimated that over

half of the drugs used today are derived from natural sources.

In the present study, in a search for molecules with trypanocida activity, it was
screened 2000 natural extracts from Fungi and Actinomycetes. The extracts showing activity
were selected, and the active compound was identified by liquid chromatography and mass
spectroscopy. Chaetocin is one of the molecules identified which showed good trypanocidal
activity when tested in vitro. Chaetocin is already used as an antibacterial and anticancer drug,
here it was repurposed as drug against trypanosomiasis. The results were very surprising
because the trypanocidal activity was in the nanomolar range; the ICsp value was found to be

8.3 nM.

Next, it was investigated on its mechanism of action. In chaetocin treated cells,
morphological changes and chromatin degradation were identified, by fluorescence
microscopy and cell-cycle arrest during the G2 phase was proven by cytometry analysis.
Finally, it was hypothesized that the enzyme histone methyl transferase, an important
enzyme acting in the G2 phase, could be the target for this drug.This study displayed that
chaetocin could have great potentiality in the fight against the deadly trypanosomiasis.
However, further studies will be needed to reveal whether this compound can cross the

blood-brain barrier.

In the third part of this thesis it was evaluated the synthesis and anticancer activity of
some phosphonium salts. Phosphonium salts are a class of lipophilic cationic molecules
that accumulate preferentially in mitochondria and inhibit the growth of human cancer cell

lines.



The aim of the present study was to investigate the effects of a lipophilic phosphonium
salt, (11-methoxy, 11-oxoundecyl)triphenylphosphonium bromide (MUTP) along with two
other newly synthesized phosphine oxide salts, 3,3’-(methylphosphoryl)dibenzenaminium
chloride and 3,3’-(phenylphosphoryl)dibenzenaminium chloride (SBAMPO and SBAPPO) on
proliferation, in two human cancer cell lines: human breast cancer cells (MCF-7) and human
uterine cervix adenocarcinoma cells (Hela) and to elucidate their mechanism. The cancer cell
mitochondrial membrane potential is relatively high when compared to normal cells, this
force the phosphonium salts to accumulate, preferencially, in the mitochondria and inhibit
their function. The results showed that only MUTP exhibits anti-proliferative effects on both
cell lines, without affecting normal breast epithelial cell proliferation. More specifically, it was
demonstrated that MUTP treatment of breast cancer cells is associated with impaired cell
cycle progression, as determined by cytometry analysis. The G1/S cell cycle arrest was
confirmed by an increased expression level of two proteins involved in cell cycle regulation,

p21 and p53.

Recently, there has been a surge of interest in developing compounds selectively
targeting mitochondria for the treatment of neoplasms. The critical role of mitochondria in
cellular metabolism and respiration supports this therapeutic rationale. Dysfunction in the
processes of energy production and metabolism contributes to attenuation of response to
pro-apoptotic stimuli and increased ROS production both of which are implicated in the
initiation and progression of most human cancers. Therefore, in order to characterize the
mitochondrial function in MCF7 cells, after MUTP treatment, the cells were stained with

specific metabolic probes and analyzed by FACS.

The outcomes displayed that MUTP treatment decreased mitochondrial mass and
mitochondrial membrane potential and increased the ROS production. In agreement with
these findings, the reduction in the expression of the mitochondrial oxidative pathway
(OXPHOS) enzymes revealed a bioenergetics failure, induced by MUTP, in treated cells. TUNEL
assay, DNA Laddering and Western blot analysis of caspase-3, caspase-9 and Bax confirmed

the apoptotic effect of MUTP treatment.

Taken together, all these data suggest that MUTP may be capable of selectively
targeting neoplastic cell growth and therefore has potential applications as an anticancer

agent.









CHAPTER 1

AglL6: A New Silver Complex as Candidate
Antibacterial Agent






1.1 INTRODUCTION

Bacterial diseases continue to present a major threat to human health. Infectious
diseases (IDs) concern the whole world and can only be combated by internationally
coordinated and interdisciplinary approaches [1]. Antibiotics are certainly an important
weapon against IDs however, their wide use to control microbial infections in humans,
animals and in agriculture has caused the development of resistance in bacterial populations.
The drug discovery against bacterial diseases was in a peak during mid of the last century.
After streptogramins and quinolones in 1962, no novel class of antibiotics were identified and
approved for clinical use until the launch of linezolid in 2000 [2]. Some of the bacterial species
continues to be a frequent cause of life threatening infections during the first two months of
life. In the past 25 years, a steady increase in microbial infections was occurred therefore,
serious attention has been directed towards the research and development of new
antimicrobial drugs [3]. During the last decade’s scientists discovered many new organisms
and new strains of familiar bacteria. Such emerging bacterial diseases present a clear
challenge to biomedical researchers. In addition, the emergence of antibiotic-resistant
bacteria represents a serious problem that could be overcome by the development of novel

antimicrobial agents.

In this chapter, we have demonstrated the antibacterial activity of a silver compound,
namely AglL6. Before explaining about the promising antibacterial activity of this compound,
it is good to mention some of the main features of two different groups of bacteria, Gram
positive (Gram +ve) and Gram negative (Gram -ve). This information will be necessary to
better understand the mechanism of action of these novel compounds. Danish physician Hans
Christian Gram devised a method to differentiate two types of bacteria based on the
structural differences in their cell walls. In his test, bacteria that retain the crystal violet dye
do so because of a thick layer of peptidoglycan and are called Gram-positive bacteria. In
contrast, Gram-negative bacteria do not retain the violet dye and are colored red or pink.
Compared with Gram-positive bacteria, Gram-negative bacteria are more resistant against
antibodies because of their impenetrable cell wall. The cell wall structure of bacteria have
numerous differences. The cell wall is a rigid structure arranged immediately outside the cell

membrane. It is one of the most important structures in the prokaryotes which determines



the pathogenicity of the organism and it is the site of action for many antibiotics. So, it is
important to study the structure of the bacteria. The space which is found in between the cell
membrane and outer membrane is called periplasmic place. The nature and composition of
the periplasm and the periplasmic space differ between Gram +ve bacteria and Gram -ve
bacteria. The fundamental element of the cell wall is peptidoglycan and it is made up of
subunits which are identical to each other. They are two polysaccharide derivatives, the N-
acetyl glucosamine and N-acetyl muramic acid, and many amino acids such as the D-glutamic
acid, D-alanine and the meso-di amino pimelic acid. The presence of amino acids in the D form
exerts a protective action against the attack of most peptidases. The skeleton of the polymer

is composed of alternating residues of N-acetyl glucosamine and N-acetyl muramic acid.

The Gram +ve bacteria contain only one layer and it is 100-120 Armstrong thick. The
majority of the cell wall is made up of peptidoglycan layer and it is sensitive to many

antibiotics (Figure 1).
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Figure 1. Structure of Gram +ve bacterial cell membrane

The Gram -ve bacteria contain two layers, an outer membrane and an inner
membrane. It is 70-120 Armstrong thick (Figure 2). They are more resistant to antibiotics. It

contains large number of lipopolysaccharides. These bacteria can produce endotoxins.
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Figure 2. Structure of Gram -ve bacterial cell membrane.

The main reason behind the failure of bacterial disease treatment is the development
of bacterial resistance. The uncontrolled use of antibiotics is the main reason behind this.
Bacteria have highly effective defense mechanisms, giving them the ability to mutate over

time and become resistant to many of the medicines available to treat them.

An important Gram +ve bacteria, Staphylococcus aureus is responsible for the hospital
and community associated infection in the United States (US) and around the world. These
infections are very difficult to treat due to the propensity to develop antibiotic resistance and
it forms biofilm. For clinical use, no anti-biofilm agents are discovered yet [4]. Methicillin-
resistant Staphylococcus aureus has been responsible for the serious hospital infections
worldwide. According to the World Health Organization (WHO), approximately 5%-10% of
patients throughout the world is facing some acquired nosocomial infection during
hospitalization [5]. The discovery of new and effective antimicrobials or resistance
modulators is necessary to combat the spread of resistance or to reverse the multi-drug

resistance [6].

Multi-drug resistance of Gram -ve bacteria constitutes a major obstacle in the
antibacterial fight worldwide. Three are the main mechanisms of multi-drug resistance: the
capture by bacteria of resistance genes from the surrounding environment; the freezing of
polymorphism in antibiotic target genes that imparts drug-resistance [7]; and the up-

regulation of proteins involved in drug efflux [8, 9] or enzymatic inactivation [10]. Besides this
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the infections, caused by Gram -ve bacteria, are difficult to treat because these organisms

have a protective outer membrane consisting of lipopolysaccharides [11].

For this reason, there is an urgent need of new antimicrobial agents that express

antibacterial activity, particularly against Gram -ve pathogens and that could be used to fight

drug resistance.

1.1.1 Metal complexes as antibacterial agents

Metal complexes have been used as an antibacterial agent since ancient times. The
antibacterial properties of silver and silver ions have been recognized before centuries. It
exhibited bactericidal, fungicidal and protozoacidal in sub micro molar range [12].
Particularly silver used in the treatment of infection in the form of silver nitrate, because of
wide spectrum of activities [13, 14]. Several silver compounds have proven effective in the
treatment of open wounds, and suppurating wounds, burns, chronic osteomyelitis, and
urinary tract infections [13, 15, 16]. Silver sulfadiazine is a broad-spectrum antibiotic used to
prevent bacterial infection in severe burns [17]. The inorganic salts and complexes of silver
such as silver nitrate and silver sulfadiazine and its therapeutic use is fully recognized. The
silver in the form of colloidal silver has been historically consumed as antibacterial agents.
Like other nontraditional antibiotics, silver ions can act with multiple components of bacterial
structure [18]. Although the cytotoxic effects of silver against Gram +ve and Gram -ve bacteria
have long been established, the exact mechanisms of action are not completely understood

[19].

Several literature data reported that the mechanism of action of silver ions is due to
the strong electrostatic interaction between silver ions and electron donor group of proteins,
such as thiols, that could lead to the inactivation of proteins [15, 20]. However, different
papers indicated that silver ions could competitively bind to metal chelation site in the
enzyme and displace the binding of inherent metal cations suitable for the proper functioning
of the enzymes [21]. These enzymes are the critical regulators of cellular respiration,
oxidation and cell wall integrity [22, 23]. Moreover, silver ions have the ability to bind with
the nucleic acid bases of some bacteria and can cause a block in the replication process by
condensing the nuclear DNA [15]. In addition, these ions can produce and accumulate reactive

oxygen species in the bacterial cell, which can cause damage in the critical cellular functions
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including chromatin condensation and ultimately disrupting all the key cellular functions [24].
Nowadays silver ions are used for water sterilization procedure, dental works and catheters.
Disulfide bond containing amino acids, non-sulfur containing amino acids and sulfur
containing compounds such as cystathione, cysteic acid, L-methionine, taurine and sodium
thiosulfate were all unable to neutralize silver ions. This indicated that the interaction of silver
ions with thiol group of enzymes and proteins plays an essential role in the antimicrobial
action. In addition to their effect in bacterial enzymes, silver ions can deposit inside the
vacuoles and cell wall as granules [25]. In Vibrio cholera, silver ions produce a massive leak of
protons through the membrane of the bacterium and can cause complete de energization
and ultimately death [26]. The silver zeolite in contact with bacterial cell can produce reactive
oxygen species inside the cell and ultimately lead to bacterial cell death [27]. It is known that
silver can act against two potential opportunistic pathogens namely Pseudomonas aeruginosa

and Aeromonas hydrophila [28].

As we know that Gram -ve bacteria are mostly become resistant to antibiotics. Still the
silver ion is a good choice to react with it. Silver can be used to enhance the action of some
antibiotic against Gram -ve bacteria and strengthen the antibiotic arsenal for fighting bacterial
infections [29]. Silver nanoparticles is another important thing which can be used as
antibacterial. Nanoparticles have been used for numerous physical, chemical, biological and
therapeutic applications. The free radical generation of silver nanoparticles on microbial
growth inhibition was investigated and confirmed the activity of the nanoparticles on yeast
and Escherichia coli [30, 31]. The antibacterial effects of silver nanoparticles are size-
dependent, since the only nanoparticles that can directly interact with bacterial surface

preferentially have a diameter of 1 to 10 nm [32].

So far, we were discussing about the advantages and possible mechanism of action of
silver compounds on different bacteria. There are some disadvantages also. The main
disadvantage of silver nanoparticles is the cytotoxicity. Nanoparticles can accumulate inside
the body for a long period of time. Commercially using antibiotic form of silver is the silver
sulfadiazine (AgSD), remains as an important drug used in wound therapy and in medicinal
devices. Modak et al. combined two useful antibacterial agents, silver nitrate and sulfadiazine,

to form an extremely useful agent Silvazine [33].
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It is thought that Silvazine functions with the slow release of Ag+ as the primary
biocide while sulfadiazine serves mostly to keep Ag+ in solution and to prevent the light-
sensitive formation of black colloidal AgO on the skin surface, a serious cosmetic problem
with AgNO3-based products [14]. Besides that, it can cause adverse side effects like
gastrointestinal reactions, allergic reactions, delayed wound healing due to its cytotoxicity
towards fibroblasts and keratinocytes [34]. In recent years, there has been a considerable
trend toward the development of metal complexes having biological properties. Indeed,
Silver-N-heterocyclic carbene complexes can release, slowly silver ions into the wound,

enabling better prevention of infection and promoting healing.

Metal N-heterocyclic carbene (M-NHC) complexes have appeared as an emerging field
of research in medicinal chemistry where NHC complexes of coinage metals (Cu, Au, and Ag)
proved to be better anticancer and antimicrobial agents [35-37]. For their excellent chemical
properties and quite easy synthesis, different examples of NHC complexes of silver, gold
platinum or other transition metals have been evaluated, biologically, and they seem to have
promising properties in biomedical sciences [38-43]. In particular, Ag-NHCs have long been
used as antimicrobial agents for their high stability, as they can overcome the drawbacks
associated with conventional silver antibiotics including resistance and fast loss of activity [44,

45].

As a result, herein we have investigated the in vitro antimicrobial activity of a range of
newly synthesized silver (Ag) complexes, lodide[N-methyl-N-(2-hydoxy-cyclopentyl-
imidazole-2ylidine]silver(l), lodide[N-methyl-N-(2-hydoxy-cyclohexyl)-imidazole-2-
ylidine]silver(l) and lodide[N-methyl-N-(2-hydoxy-2-phenyl)ethyl-imidazole-2-
ylidine]silver(l), namely AglL6, AgL18 and AglL20 (Figure 3). Even though the results were
surprising, we had to modify few things to make it more effective. For Agl6, in particular, we
have developed a polymeric nanocarrier, in order to increase its efficacy, as described in the

literature [46].
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Figure 3. Structures of the silver compounds synthesized.

Lipids, polymers and organic particles are the main materials used for the synthesis of
carrier molecules. Hydrogels, dendrimers, drug-polymer conjugates and polymer vesicles
represent few examples of nanosized particles based on polymeric materials and used as drug
delivery systems. Polymer vesicles are nanosized drug carriers auto assembled from
amphiphilic block copolymers. They are organized in structures in which the hydrophobic
parts are inserted in the middle of the membrane, while the hydrophilic parts are exposed on
both the inner and outer surfaces, delimiting a central aqueous core separated from the
outside environment [47]. This organization represents the major advantage of this kind of
structure, that can encapsulate hydro soluble drugs in the aqueous core, and hydrophobic or
amphiphilic compounds in the thick membrane. Despite a large number of scientific papers
describing the development of polymer vesicles as drug delivery systems, only few have
explored their application to antimicrobials [48, 49]. Here we describe for the first time the
production of polymer vesicles in which dextran and oleate residues represents the
hydrophilic and the hydrophobic parts, respectively. The nanoparticles were loaded with one
of the newly synthesized Ag-based drug, whose antimicrobial activity was not investigated

yet.
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1.2 MATERIALS AND METHODS

1.2.1 Materials

Tryptic soy broth (TSB) and Tryptic soy agar (TSA) were manufactured by BD (Frankiln
Lakes, NJ) and purchased from Fisher Scientific (Pittsburgh, PA); Bacto Agar (BD Biosciences);
sterile filter paper disc (Oxoid™); Miller-Hinton broth Il (Difco, Detroit, MI, USA) containing 2
g/L beef infusion solids, 17.5 g/L casein hydrolysate, 1.5 g/L starch; AgSD (Sigma-Aldrich, St.
Louis, MO, USA); and Dimethyl sulfoxide, DMSO (Sigma-Aldrich, St. Louis, MO, USA). All these
materials used for growing the pathogens and for testing antibacterial activity were exposed

to UV radiation or sterilized in an autoclave prior to use, unless purchased as sterile.
1.2.2 Bacterial strains

The microbial strains used in this study were obtained from American Type Culture
Collection center (ATCC, Manassas, VA). The ATCC identification number for each strain was
as follows: Escherichia coli (ATCC 25922), Klebisella pneumoniae (ATCC 13883), Pseudomonas
aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 25923) and Streptococcus pyogenes
(ATCC 19615) and were provided by REMEL. Experiments were conducted in a dedicated
laminar flow hood equipped with UV lamp. Lyophilized bacteria were reconstituted in TSB
and cultured overnight at 37°C. 1 ml aliquot of culture was grown in 100 ml of TSB for 2-4 h
until reaching an optical density at 600 nm (OD 600) = 0.15-0.3. The resulting culture was
stored at -80°C as 1 ml aliquots. For daily experiments, 1 ml of bacteria culture was grown in
100 ml of TSB overnight at 37%. And finally, the absorbance was adjusted to 0.5 McFarland

standard (1.5 x 108 CFU/mL) as starting concentration in the experiment.
1.2.3 Evaluation of antibacterial activity

A, Disc diffusion susceptibility testing

The antimicrobial susceptibilities of the novel synthetic Ag complexes were evaluated
using the Kirby-Bauer disc-diffusion method [50-52]. This test is otherwise called agar
diffusion test. This test is used for testing the antibiotic sensitivity of bacteria. Because of
convenience, efficiency and cost, the disk diffusion method is probably the most widely used

method for determining antibacterial activity and resistance pattern of antibiotic. Normally
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performed according to CLSI guidelines and results were interpreted using CLSI breakpoints
[53, 54]. Cefotaxime discs (10 pg; from Oxoid™) and silver sulfadiazine (AgSD) discs (32 ug)
were used as positive controls. This stock solutions were utilized to impregnate the blank
antimicrobial susceptibility disks. Specifically, overnight cultures of bacteria tested, were
adjusted to a turbidity of 0.5 McFarland standards (1.5x108 CFU/ml) before inoculation onto
agar plates with sterile cotton swabs. A cotton swab dipped in the cell culture was streaked
onto an agar plate surface in such a way as to obtain a uniform layer of bacteria across the
whole surface. After 10-15 min, the commercially prepared discs (Cefotaxime or AgSD) and
pre-impregnated with the novel complexes of silver discs were laid on the inoculated surface
of the agar plates. The discs were lightly pressed on the surface of agar surfaces. The test
antibiotic immediately begins to diffuse outward from the disks, creating a gradient of
antibiotic concentration in the agar such that the highest concentration is found close to the
disk with decreasing concentrations further away from the disk. After an overnight
incubation, the bacterial growth around each disc is observed. If the test isolate is susceptible
to a particular antibiotic, a clear area of “no growth” will be observed around that particular
disk. The zone around an antibiotic disk that has no growth is referred to as the zone of
inhibition since this approximates the minimum antibiotic concentration sufficient to prevent
growth of the test isolate. This zone is then measured in millimeter and compared to a
standard interpretation chart used to categorize the isolate as susceptible (S), intermediate
() or resistant (R) (Figure 4) MIC measurement cannot be determined from this qualitative
test, which simply classifies the isolate as susceptible, intermediate or resistant. Agar plates
inoculated with bacteria tested with impregnated DMSO discs were used as controls. Analysis for each

combination of bacteria tested and discs with positive controls and with several new compounds were

repeated three times.
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Figure 4. Antibiotic sensitivity test.

B, Determination of MIC (Minimum inhibitory concentration) and MBC (minimum
bactericidal concentration)

Broth dilution method

The aim of the broth dilution method is to find out the lowest concentration of
antibiotic needed to inhibit the complete growth of the bacterium that is MIC value. MIC of
the antibacterial compounds was determined using the broth dilution method, according to
CLSI guidelines [55]. The Broth dilution method involves subjecting the isolate to a series of
concentrations of antimicrobial agents in a broth environment. First of all, make serial
dilutions of Ag compounds in MHB medium. Then, the suspensions of the microorganisms,
prepared from overnight cultures of bacteria in the MHB medium, at a concentration of 108
CFU/mL, were added to each dilution in a 1:1 ratio. Growth (or lack) of the microorganisms
was determined visually after incubation for 24 h at 37 °C. AgSD and cefotaxime were also
included as positive controls and DMSO served as negative control. The lowest concentration
at which there was no visible growth (turbidity) was considered as the MIC value (Figure 5).
The MIC is thus the minimum concentration of the antibiotic that will inhibit this particular
isolate. The test is only valid if the positive control shows no growth and the negative control

shows growth. The experiments were repeated three times.
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Figure 5. Broth dilution test with AglL6 in E.coli.

In order to determine the MBC, 10 ulL aliquots of dilution representing the MIC value,
and at least three of the more concentrated dilutions of the Ag complexes, cefotaxime and
AgSD, were plated on Miller-Hinton agar. Then, the plates were incubated for 24 h, at 37°C.
The MBC values were determined as the lowest concentration that causes at least a 99.9%

decrease in CFU/ml relative to the initial concentration [56].
1.2.4 Synthesis of the vehicle Dextran-oleate

A, Materials

The coupling of dextran and sodium oleate was achieved as follows: 500 mg of dextran
were dissolved in 50 mL of DMSO. After complete dissolution, 100 mg of sodium oleate, 68
mg of DCC and 40 mg of DMAP, were added to the solution and left under magnetic stirring,
for 4 h at 60 °C, and at room temperature overnight. In order to recover the oleate-grafted
dextran, the purification step was performed by precipitating the reaction mixture in cold
ethanol. Then the product was collected in dialysis membrane and dialyzed against a mixture
ethanol/water 50:50 for 24 h and against distilled water for further 48 h. Finally, dextran

oleate was recovered and freeze-dried to a powder.
B, Instrumentation

Absorption spectra were recorded with a UV-Vis JASCO V-530 spectrometer using 1

cm quartz cells. Particles size and distribution were determined by Dynamic Light Scattering
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(DLS) analyses using a 90 Plus particle size analyzer (Brookhaven Instruments Corporation,
New York, NY USA), at 25.0+ 0.1 °C by measuring the autocorrelation function at 90°. The laser
was operating at 658 nm. The distribution size was directly obtained from the instrument
fitting data by the inverse “Laplace transformation” method and by Contin methods. The
polydispersity index (P.l.) was used as a measure of the width of size distribution. P.I. less than
0.3 indicates a homogenous population of particles. Each sample was measured three times
and the results are expressed as mean * standard deviation. IR spectra were recorded as KBr

pellets on a Jasco FT-IR 4200.
C, Dextran-oleate synthesis

The coupling of dextran and sodium oleate was achieved as follows: 500 mg of dextran
were dissolved in 50 mL of DMSO. After complete dissolution, 100 mg of sodium oleate, 68
mg of DCC and 40 mg of DMAP, were added to the solution and left under magnetic stirring,
for 4 h at 60 °C, and at room temperature overnight. In order to recover the oleate-grafted
dextran, the purification step was performed by precipitating the reaction mixture in cold
ethanol. Then the product was collected in dialysis membrane and dialyzed against a mixture
ethanol/water 50:50 for 24 h and against distilled water for further 48 h. Finally, dextran

oleate was recovered and freeze-dried to a powder.

1.2.5 Determination of the Critical Aggregation Concentration

The critical aggregation concentration (CAC) of the dextran oleate aqueous solution
was determined by fluorescence method using pyrene as a nonpolar fluorescent probe. 24.0
uL of pyrene solution (2.5 x 10-5 M) in acetone were added in vials and evaporated under
vacuum. Amounts of dextran oleate solution at various concentrations were added to the
pyrene vials leading to a final pyrene concentration of 6.0 x 10-7 M. The mixture was kept
under agitation for 4-5 h. Fluorescence measurements were conducted on each sample
(excitation = 333 nm, emission = 350-500 nm) at a 90° angle in a 1 cm quartz cuvette. The
average ratio of the intensity of the vibronic bands at 372 nm (11) over 383 nm (I3), obtained
from the fluorescence emission spectra of pyrene recorded at 25 °C, was plotted vs. log of the
concentration for each sample. The CAC was determined as the polymer concentration at the

intersection point of two regression lines.
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1.2.6 Self-assembling of the polymer vesicle

5 mg of dextran oleate was dissolved in 10 mL of THF in a 50 mL round bottom flask.
Next, 10 mL of phosphate buffer saline solution (0.01 M, pH 7.4) were gently poured along
the flask walls. The organic solvent was removed using a rotary evaporator, under reduced
pressure at 40°C and 40 rpm, yielding the dextran oleate vesicles suspension. AgL6 loaded
vesicles were prepared as described above, by adding 1 mL of AgL6 solution to the phosphate

buffer

1.2.7 Drug encapsulation efficiency

Drug encapsulation efficiency was determined using the dialysis method for
separating the non-entrapped drug from dextran oleate vesicles (DOVs) [57]. According to
this technique, 3 mL of Agl6-loaded DOVs dispersion were dropped into a dialysis bag
immersed in 10 mL of distilled water and magnetically stirred. Free drug was dialyzed for 30
min each time. The dialysis was complete when no drug was detectable in the recipient
solution. The encapsulation efficiency was expressed as the percentage of the drug entrapped
into DOVs referred to the total amount of drug that is present in the non-dialyzed sample. It
was determined by diluting 1 mL of dialyzed and 1 mL of non-dialyzed DOVs in 25 mL of
methanol and obtaining two solutions whose concentrations are represented in equation 1
by [ND] and [D], respectively. The concentrations of AgL6 where calculated by measuring the
absorbance of the two solutions between 200 nm and 400 nm. This procedure was necessary

to breakdown DOVs.

Encapsulation efficiency percentage (%) = [ND]-[D]/[ND] X 100
1.2.8 In vitro diffusion study

In vitro diffusion studies were performed at 37 £ 0.5 °C using Franz diffusion cells (Disa,
Milan, Italy; permeation area 0.4614 cm2). For this purpose, Strat-M® membrane (Merck-
Millipore) was placed between the donor and receptor compartments of the Franz cells and,
then, the compartments were clamped together ensuring that the shiny side of the
membrane was facing the donor compartment. The receptor compartment was filled with
5.5 mL of phosphate buffer at pH 7.4 (1.0 x 10-3 M) and, after 20-30 min when the receptor

solution reached 3729C, 0.5 mL of the AglL6-loaded DOVs suspension were added to the donor
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compartment, which was covered with Parafilm™ in order to prevent any loss. The content
of the receptor compartment was removed at 1, 2, 4, 6, 8 and 24 hours for UV-Vis analysis
and, at each time point, the amount withdrawn was replaced with fresh phosphate buffer.

The in vitro diffusion experiments were performed in triplicate.

1.2.9 Evaluation of the membrane permeability in Staphylococcus aureus

Propidium iodide (PI) was used to monitor the permeability of the membrane. The
increase in Pl fluorescence is related to the increase in membrane permeability.
Staphylococcus aureus overnight cultures were diluted in MHB in order to reach OD™~ 0.6 at
the wavelength of 600nm, then they were treated with AglL6, incubated at 37 ° C by shaking
at 300 rpm. After 30 minutes of treatment, 500 mL samples were collected, centrifuged at
3500 rpm, and the medium was removed and replaced with 1mM Pl in PBS. The samples were
incubated in the dark at room temperature for 15 min and then centrifuged at 3500 rpm. The
supernatant was removed and replaced with 1X PBS. Bacterial cells were visualized using an
OLYMPUS BX 41 microscope; the images were taken with CSV1.14 software using a CAMXC-
30 for image acquisition. Fluorescent signal intensity was assessed using a fluorescent plate

reader (ex. 530 nM; em. 620 nM).
1.2.10 Statistical analysis

Datais represented as the mean * standard deviation (SD), taken over 2 3 independent
experiments, with > 3 technical replicates per experiment, unless otherwise stated. Statistical
significance was measured using the analysis of variance (ANOVA) test or student t-test. p <

0.05 was considered significant and all statistical tests were two sided.
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1.3 RESULTS AND DISCUSSION

1.3.1 Disc diffusion test

Antibacterial properties of silver complexes were evaluated against two Gram positive
(S. aureus, S. pyogenes) and three Gram negative (K. pneumoniae, P. aeruginosa, E. coli)
bacteria. The drug susceptibility patterns of the bacteria tested are shown in the table 1. The
susceptibility of the novel complexes against pathogenic strains were calculated from
inhibition diameters values, which was measured at 32, 64 and 128 ug of each tested
compound. Then the inhibition zone diameters obtained was compared with that of positive
controls, Cefotaxime and Silver sulfadiazine by using disc diffusion susceptibility test protocol.
The final interpretation of the results enabled all the bacteria strains tested to be grouped into
three categories, Sensitive(S), Intermediate (I) and Resistant (R). The antibiotic sensitivity
profile of the bacterial strains showed that, among the Ag complexes tested, only AgL6
displayed antimicrobial activity against the microorganisms, but only when tested in large
amounts, in comparison with Cefotaxime. However, a comparison of data obtained on the
inhibition zones of the pathogenic bacteria proved that all five bacterial strains were Sensitive
to 32, 64 and 128 pg of AgL6. Both AgL18 and AgL20 were less effective against these
bacteria. Even though E. coli, K. pneumoniae and P. aeruginosa showed intermediate

sensitivity to 128 ug of these compounds.
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BACTERIAL STRAINS
COMPOUNDS | ug
Staphylococcus | Streptococcus | Escherichia Klebsiella | Pseudomonas
aureus pyogenes coli pneumoniae | aeruginosa
ATCC 25923 | ATCC 19615 | ATCC 25922 | ATCC 13883 | ATCC 27853
Cefotaxime 10 S S S S S
Silver
sulfadiazine 32 S S S S S
(AgSD)
32 S S S S S
AgL6 64 S S S S S
128 S S S S S
32 R R R R R
AgL18 64 R R R R R
128 R R | I I
32 R R R R R
AgL20 64 R R R R R
128 R R | I I

S: Sensitive, I: Intermediate, R: Resistant

Table 1. Antibiotic susceptibility profile.

1.3.2 Broth dilution method for calculating MIC and MBC

The Kirby-Bauer test could only test the bacterial susceptibility to various
antimicrobial reagents at pre-designed dosage. Information such as minimal inhibitory
concentration (MIC) of a specific compound could not be obtained from this test. Therefore,
in order to determine MIC values for Agl6, the broth dilution method was performed. The
MIC and MBC values for several bacterial strains are shown in table 2. As expected, the MIC
determination results were in good agreement with the disc-diffusion susceptibility test. For
example, in the disc-diffusion test, all five bacteria were found to be Sensitive to AglL6; in the
dilution experiment, the MIC of this compound was found to be very high against all the
strains, particularly against Gram +ve bacteria (MIC values were 32 ug/ml). The values
obtained were greater than those reported for the commercial drugs Cefotaxime (MIC
ranging between 0.5 and 4 pug/ml) and AgSD (MIC ranging between 8 and 32 pg/ml). Both of
these commercial drugs were found to be Sensitive according to the Kirby-Bauer test.
Similarly, minimal bactericidal concentration (MBC) values for AgL6 were also determined in
bacterial cultures and the values were higher against Gram +ve bacteria than against Gram -

ve bacteria.
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I\'\/IAIIB((:: BACTERIAL STRAINS
COMPOUNDS (ug/ml)
Kg Staphylococcus | Streptococcus | Escherichia Klebsiella | Pseudomonas
aureus pyogenes coli pneumoniae | aeruginosa
ATCC 25923 | ATCC 19615 | ATCC 25922 | ATCC 13883 | ATCC 27853
Cofotaxime MIC 1 0.5 2 2 4
MBC 1 1 4 2 8
Silver
sulfadiazine MIC 32 16 8 8 16
(AgSD) MBC 32 32 16 16 16
AgL6 MIC 32 32 16 16 32
MBC 64 64 32 32 32

Table 2. MIC (top rows) and MBC (bottom rows) values of the investigated compound.

Since limited cellular penetration could reduce the effectiveness of many
antimicrobial treatments, we hypothesized that incorporating AgL6 into a “pharmaceutically-
oriented device”, such as dextran-oleate polymer vesicles, could improve its cellular uptake

and, consequently, its antimicrobial activity
1.3.3 Polymer vesicles characterization

Evaluation by FT-IR spectra analyses has been performed in order to verify the
coupling of oleate onto dextran backbone, comparing the FT-IR spectra of sodium oleate,
dextran and dextran oleate conjugate. The sodium oleate spectrum (Figure 6 - Trace B) shows
a strong peak at 1560 cm-1, which is the typical signal of the C=0 stretching vibration of the
carboxylic salt group. It can be also observed the presence of strong signals between 2849
and 2950 cm-1 corresponding to stretching vibration of the C—H bond of the alkane portion
of the molecule; while the double bond can be identified thanks to the band at 3030 cm-1,
corresponding to the stretching vibration of =C—H bond. Dextran spectrum (Figure 6 - Trace
A), on the contrary, does not show any signal that can be ascribed to C=0 double bond, which
is obviously absent in dextran structure. But information about the conformation of the
polysaccharide can be acquired in the region 600-950 cm-1. A peak in the 885-925 cm-1 region
is the evidence of two CH in the axial position (AA), in the 825-855 cm-1 region the equatorial-
axial position (EA), in the 790-825 cm-1 region in the equatorial-equatorial position (EE) and
in 860-885 cm-1 region in the axial equatorial position (AE). The bands around 915 cm-1 and

850 cm-1, indicating AA and EA fragments, confirm the glucopyranosyl conformation, which
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is not affected by oleate conjugation. In dextran oleate spectrum (Figure 6 - Trace C), in fact,
these peaks are preserved, while a new strong band appeared. It can be found around 1740
cm-1 indicating the presence of C=0 bond stretching vibration of an ester group. This group
came from the oleate moieties, but its spectroscopic signal has been shifted towards higher

frequencies. This is certainly due to the new formation of the ester bond.
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Figure 6. FT-IR spectra of (A) dextran, (B) sodium oleate and (C) dextran oleate.

The polymer nanovesicles were prepared by self-assembling procedure and their
dimensions were analyzed by dynamic light scattering. The self-assembling technique
involves the dissolution of the amphiphilic polymer in organic solvent, followed by the
introduction of the aqueous phase, represented by phosphate buffer saline (PBS) solution at
pH = 7.4. The apolar organic phase is then removed under reduced pressure decreasing the
dissolution of the hydrophobic block of dextran oleate. This led to the increase of

hydrophilicity of the phase and, consequently, to the self-assembly of the nanosized DOVs.

The dimensional characterization of DOVs and DOVs-AgL6 was performed with DLS,
putting a small amount of polymer vesicles in the PBS solution at pH 7.4. The mean
hydrodynamic diameter found was different for the two polymer batches: 525 nm and 613

nm for DOVs and DOVs-AglL6, respectively (Figure 7). Data collected in table 3, shows the
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presence of monodisperse homogeneous population of both empty and AglL6-loaded vesicles.
Polydispersity index value is, in fact, below 0.3 and the mean diameter is below 700 nm. There
is a difference of almost 100 nm between the two systems and that can be ascribed to the
presence of encapsulated drug. It seems that the presence of Agl6 in solution negatively
affects the self-assembling of dextran oleate vesicles, resulting in larger nanoparticles. In
particular, the Ag atoms can interfere with vesicles formation, due to its nature. However, the
negative effect on DOVs dimension does not compromise their formation maintaining a mean

diameter far below 1 um.
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Figure 7. Graph of size and size distribution obtained by DLS analysis of DOVs (Panel A) and
DOVS-AglL6 (Panel B).

The amphiphilic character was conferred to dextran thanks to the conjugation with a
hydrophobic group, i.e. the oleate residue. The so modified polysaccharide acquired the
ability to self-assemble in an aqueous environment via hydrophobic interaction between

lipidic moieties.

Mean diameter Polydispersity index
DOVs 325 =14 nm 0.214
DOVs-Aglé 613 =17 nm 0.268

Table 3. Dimensional data. DOVs size and size distribution of both empty and AglL6-loaded
DOVs are expressed as mean diameter + standard deviation and polydispersity index (P.1.).

The critical aggregation concentration (CAC) of dextran oleate in water was estimated
from the dependence of pyrene fluorescence spectra (1372/1383 ratio) as a function of the
polysaccharide- lipid concentration (Figure 8). A sharp change was observed from 14 pg/mL,

which was considered to be the CAC.
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Dextran oleate CAC

Figure 8. Ratio of pyrene 11/13 band fluorescence at various concentrations of dextran oleate
in water. The critical aggregation concentration was calculated as the intersection point of
the two linear regions of the plots.

1.3.4 Drug encapsulation and release profile

Polymer nanovesicles possess the advantage of being optimal carrier for both
hydrophobic and hydrophilic drugs, which can be loaded in the lipophilic membrane or in the
aqueous core, respectively. Dextran oleate vesicles (DOVs) were loaded with AgL6 during self-
assembling and drug encapsulation was measured by UV-Vis spectrophotometry after dialysis
against distilled water. The encapsulation efficiency has been calculated according to the
equation 1 reported in the experimental method section. The obtained value for AglL6 was ca.
76%, supporting the vesicular structure of the carrier. Strat-M® membranes, which are a
synthetic model that is predictive of diffusion in human skin, were employed for transdermal
diffusion testing. The diffusion of AglL6-loaded DOVs was compared to free AgL6 and the
results are reported in Figure 9. From the release profile depicted in figure 9, it is evident an
increased amount of AglL6 recovered in the acceptor compartment of Franz diffusion cells
from DOVs-AglL6, since the time point of 2 h, if compared to free AglL6. The trend is much
more evidentin the following hours, since DOVs-AgL6 released almost 95% of its payload after

24 h. On the other hand, free AgL6 diffusion is limited and it is not complete at the end point.
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Figure 9. Transdermal diffusion profile of AgL6 and DOVs-AgL6.

1.3.5 Dextran-oleate as a ‘pharmaceutically oriented-vehicle’ improves AglL6
antibacterial activity

Since limited cellular penetration could reduce the effectiveness of many
antimicrobial treatments. We hypothesized that incorporating AgL6 into a “pharmaceutically-
oriented device” (Dextran-oleate) could improve its cellular uptake and, consequently, its
antimicrobial activity. Literature data reported that the incorporation of novel synthetic
compounds into suitable drug carriers can improve their antimicrobial effect and,
consequently, may be a very promising strategy to enhance their cellular uptake [46]. The
MIC and MBC values for the novel Ag complex, after its incorporation into the carrier
confirmed our hypothesis, evidencing improved activity against all bacterial strains (Table 4).
Indeed, all MIC and MBC values decreased four times against all bacteria tested, while only
the MBC value, against P. aeruginosa, was reduced twofold. These values were found to be
closer to those for cefotaxime and, surprisingly, twofold lower than for AgSD. In contrast, the
vehicle alone did not exhibit antibacterial activity. Finally, our outcomes showed K.
pneumoniae and E. coli to be the most sensitive microorganisms to AglL6, followed by P.

aeruginosa while the GP bacteria were less sensitive to the novel complex.
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I\I\//IIIIBCC:: BACTERIAL STRAINS
COMPOUNDS (ug/ml)
K9 Staphylococcus | Streptococcus | Escherichia Klebsiella | Pseudomonas
aureus pyogenes coli pneumoniae | aeruginosa
ATCC 25923 | ATCC 19615 | ATCC 25922 | ATCC 13883 | ATCC 27853
Cefotaxime MIc L 0.5 2 2 4
MBC 1 1 4 2 8
Silver
sulfadiazine MIC 32 16 8 8 16
(AgSD) MBC 32 32 16 16 16
Dextran-oleate | MIC >128 >128 >128 >128 >128
MBC >128 >128 >128 >128 >128
Dextran-oleate | MIC 8 8 4 4 8
AgL6 MBC 16 16 8 8 16

Table 4. MIC (top rows) and MBC (bottom rows) values of AglL6 incorporated in Dextran-
oleate, Vehicle alone, Cefotaxime and AgSD.

From the results, it was also observed that the MBC/MIC ratio offers information

about the nature of the antibacterial activity. For example, when the MBC/MIC ratio is

between 1 and 2, the sample is considered as a bactericidal agent. On the other hand, if the

MBC/MIC ratio is higher than 2, the antimicrobial substance can be classified as a

bacteriostatic agent [58]. In our present study, MBC/MIC ratios indicate that, rather than a

bacteriostatic effect, dextran-oleate AglL6 acted as a strong bactericidal agent (Table 5).

Strains MIC(pg/ml) MBC(ug/ml) MBC/MIC

DO DO-AgL6 DO DO-AgL6 DO-AgL6
Staphylococcus aureus ATCC 25923 >128 8 >128 16 2
Streptococcus pyogenes ATCC 19615 >128 8 >128 16 2
Escherichia coli ATCC 25922 >128 4 >128 8 2
Klebsiella pneumoniae ATCC 13883 >128 4 >128 8 2
Pseudomonas aeruginosa ATCC 27853 >128 8 >128 16 2

DO: Dextran-oleate, DO-AgL6-Dextran -oleate AgL6.

Table 5. The ratios of MBC/MIC of dextran-oleate and dextran-oleate AgL6 against Gram +ve
and Gram -ve bacterial strains.
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1.3.6 AgL6 increases outer membrane permeability in Staphylococcus aureus

We next asked whether AgL6 antimicrobial activity was due to morphological changes
in the cell envelope, followed by an overall increase in outer membrane permeability. To
this end, we used propidium iodide (Pl), a membrane-impermeable fluorescent dye, on
Staphylococcus aureus cells treated with different AgL6 concentrations (1/2 MIC, MIC and
2MIC values), in order to detect a possible permeation of cell membrane [29]. After 30
minutes, the treated cells showed increased PI fluorescence relative to untreated cells, in a
dose-dependent manner, indicating destabilization of the cellular envelope and increased
membrane permeability (Figure 10a). The observed increase was quantified by detecting red
fluorescent signal by a fluorescent plate reader (Figure 10b). Cells treated with AgL6, at MIC
concentration, displayed red fluorescent signal three times increased, compared to

untreated cells.
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Figure 10a. AgL6 increases outer membrane permeability in Staphylococcus aureus.

Bright field and fluorescence microscopy of Pl-stained untreated A1) cells and cells treated
for 30 minutes with 4pg/ml (B1), 8 ug/ml (C1), 16 pg/ml (D1) 4b. Bacterial cells were
visualized using an Olympus BX41 microscope and the images were taken with CSV1.14
software using a CAMXC-30 for image acquisition. The experiment repeated tree times for
each sample. Scale Bars 12.5um.
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Figure 10b. AglL6 increases outer membrane permeability in Staphylococcus aureus.

Quantification of propidium iodide fluorescent signal intensity in untreated (control) or AgL6-
treated cells was evaluated measuring red fluorescent signal by a fluorescent plate reader
(ex.530; em.620) compared to untreated control sample. (***p < 0.0001, ****p°< 0.00001,
one-way ANOVA and Student’s t-test calculations).
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1.4 CONCLUSION

The present study was aimed at investigating the antibacterial activity of silver N-heterocyclic
carbene complexes: lodide[N-methyl-N-(2-hydoxy-cyclopentyl-imidazole-2- ylidine]silver(l),
lodide[N-methyl-N-(2-hydoxy-cyclohexyl)-imidazole-2-ylidine]silver(1), lodide[N-methyl-N-
(2-hydoxy-2-phenyl)ethyl-imidazole-2-ylidine]silver(l), namely Agl6, AglL18 and Agl20
respectively. They were tested against both Gram +ve (Staphylococcus aureus, Streptococcus
pyogenes) and Gram —ve (Escherichia coli, Pseudomonas aeruginosa, Klebisella pneumoniae)
bacteria. One of the compounds was found to be the most active (AglL6), while there is a natural
bacterial resistance towards AglL18 and AglL20. Indeed, we calculated the MIC values for this
compound and it was found to be 32 ug against Gram +ve bacteria, 16ug for E.coli and
K.pneumoniae and 32ug against P.aeruginosa. Even though it was a good result, the dose was

higher, than the MIC values of positive controls.

We hypothesized that the most probable reason was the poor uptake of the
compounds inside the cell. Literature data suggested that incorporation of some compounds
in a vehicle could increase the drug uptake (Parisi et al. 2014). Therefore, we decided to
incorporate AglL6 into a nanosystem. These systems have been proven to succeed as
antimicrobial carrier due to targeted drug delivery at infection sites, reduced drug-resistance
by microbial organism and increased therapeutic index. These actions reduce side effects and

improve patient compliance thanks to the decreased frequency of administrations.

The biopolymeric nanocarrier developed for AgL6 delivery, was successfully obtained
by self-assembly of dextran oleate conjugate, in which dextran chain and oleic residues
represent the hydrophilic and the hydrophobic parts of the amphiphilic material, respectively.
The nanometric dimension of the particles have been confirmed by DLS analyses (mean
diameter ranging between 500-600 nm). We have demonstrated that this Nanosystem is an
excellent tool that can greatly improve antibiotic activity of silver compound. The MIC and
MBC values for the new Ag complex, after its incorporation into the carrier, evidenced
improved antibacterial activity, indeed, all MIC values decreased four times against all

bacteria tested except for P. aeruginosa in which reduced only 2 folds.

Finally, we hypothesized that the antibacterial activity observed for AgL6 could be due

to an increase in the permeability of the bacterial outer membrane. To explore this, we used
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propidium iodide (Pl), a membrane-impermeable fluorescent dye that has been utilized to
detect permeation of the cell membrane. The results showed, in AglL6-treated bacteria, an
increased Pl fluorescence, relative to untreated cells, indicating increased membrane
permeability. Taken together all the data, we came to conclusion that AglL6 is a promising

antibacterial agent.
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CHAETOCIN: A Promising Natural Antiparasitic Agent
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2.1 INTRODUCTION

2.1.1 Sleeping sickness

Human African trypanosomiasis (HAT), also known as sleeping sickness, is a disease
with a devastating socio-economic impact in 36 Sub-Saharan African countries via direct
infection of humans and livestock. Parasitic protozoa infects hundreds of millions of people
every year and are collectively some of the most important causes of human misery. This is a
vector-borne parasitic disease, caused by an infection with protozoan parasites belonging to
the genus Trypanosoma and the species Trypanosoma brucei. They are transmitted to
humans by the tsetse fly (Glossina species) [1]. Human African trypanosomiasis can take one
of two forms, depending upon the parasite involved. T. brucei gambiense accounts for 98%
of reported cases and is found in 24 countries in west and central Africa. T. brucei rhodesiense
accounts for 2 % of cases and is found in 13 countries in eastern and southern Africa [2]. It is
one of the main neglected tropical diseases. Without prompt diagnosis and treatment, the
disease is usually fatal, as the parasites multiply in the body, cross the blood-brain barrier and
invade the central nervous system. The signs and symptoms are generally the same for both
forms, but they differ in terms of their frequency, severity, and kinetic appearance.
Rhodesiense HAT is an acute disease that usually progresses to death within 6 months.
Gambiense HAT has a more chronic progressive course, with an average duration of almost 3
years. The clinical signs and symptoms are nonspecific in both forms of the disease, and their

appearance varies between individuals and foci.
2.1.2 Clinical features

This disease evolves through two clinically distinct stages which have a lethal outcome
if left untreated. The first symptom of this disease starts at the site of the tsetse fly bite after
a minimum of 5-10 days. This local skin reaction, known as trypanosomal chancre, is
accompanied by lymphadenopathy and is more common in east African than in West African
trypanosomiasis. The first stage is known as the haemolymphatic stage, where the parasites
multiply in the subcutaneous tissue, blood and lymph. Fever, head ache, weight loss, swollen
lymph nodes, joint pain and itching are the common signs. Hepatosplenomegaly and faint

rash are the common nonspecific signs [3]. The second stage is known as the meninges-
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encephalitic stage, in which the parasite crosses the blood-brain barrier (BBB) and invades
the central nervous system. World Health Organization (WHO) defines this situation by the
changes in the cerebrospinal fluid (CSF), such as increased white blood cells (WBC), increased
CSF protein and the presence of trypanosomes [4]. In this stage, the patient shows significant
neurological consequences, systemic deterioration, changes in behavior, confusion, poor
coordination, sensory disturbances, and disorder of the sleep cycle which gives the disease

its name and, ultimately, death [5].
2.1.3 Epidemiology

Sleeping sickness is a neglected tropical disease that occurs in impoverished rural parts
of sub-Saharan Africa where tsetse flies can be found. Sleeping sickness threatens millions of
people in 36 countries in sub-Saharan Africa. Many of the effected populations lives in remote
rural areas with limited access to adequate health services, which complicates surveillance
and therefore diagnosis and treatment of cases. In addition, displacement of populations, war
and poverty are important factors that facilitate transmission [6]. There have been several
epidemics in Africa over the last century [7]. Recent reports from the World Health
Organization (WHO) reveal that the number of new cases have been reduced [8]. In 2000,
WHO started a HAT control program in 24 endemic countries, providing them with technical
assistance, access to diagnosis and treatment [9]. This decline in the number of cases has
continued with 6,314 new cases reported in 2012 [10]. Despite such progress, only a fraction
of the at-risk population in sub-Saharan Africa is under surveillance and relatively few cases
are diagnosed annually [11, 12]. Since the number of new human African trypanosomiasis
cases reported between 2000 and 2012 dropped by 73%, the WHO neglected tropical
diseases roadmap targeted its elimination as a public health problem by 2020. However, HAT
has proved capable of recurring after long periods in which the disease appeared to have
been kept under control, which underlines the urgent need for more research and

development in diagnosis, treatment, control and prevention.
2.1.4 Treatment

Trypanosomes have developed an antigenic variation strategy helped by the presence
of variant surface glycoproteins (VSGs). This allows the parasite to evade the host's immune

response and thus repopulate the host, resulting in the development of a long-lasting chronic
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infection [13, 14]. Consequently, no vaccines have yet been produced. Current treatment
options for HAT are based on the use of five chemotherapeutic agents: Pentamidine, Suramin,
Melarsoprol, Eflornithine and Nifurtimox (all of which are on the Essential Medicine List for
2009). These drugs are donated to WHO by their producers (Bayer and Sanofi). These drugs
have many limitations, including poor efficacy, acute toxicity, problems with oral absorption
and drug resistance. As these drugs are not readily available, there is an urgent need for new
medicines. Researchers are investigating new enzyme targets for the parasite, searching for
more efficient and selective inhibitors, capable of causing parasite death but with lower
toxicity for the host. Most often, the treatment depends on the stages of the infection and
the parasite species. First-stage drugs may or may not be effective against second-stage

disease. Further information on the five drugs is shown below.

A, Pentamidine (pentamidine isethionate)

HoN = NH;

NH NH

Figure 1. Structure of pentamidine.

One of the classic and most widely-used drugs is pentamidine, an aromatic diamidine
compound introduced in 1940 (Figure 1). Recently, a trypanosome knockout strain revealed
that a specific aquaglyceroporin is required for the high-affinity uptake of pentamidine [15].
Its uptake is mediated by the trypanosome adenosine P2 transporter (TbAT1/P2) in
combination with two other transport proteins, namely the High-affinity pentamidine

transporter (HAPT1) and the Low-affinity pentamidine transporter (LAPT1) [16-18].

Pentamidine is used for the treatment of early stages of African trypanosomiasis
caused by T. b. gambiense. Recent studies show that this drug crosses the blood-brain barrier
(BBB) but not in sufficient concentrations to kill the parasites. Unfortunately, it causes toxicity
in at least half of patients, with life-threatening hypoglycemia being the most serious [19].
The routes of administration are parenteral or intramuscular, due to its poor oral absorption.

Suramin may be used as an alternative drug in areas of pentamidine resistance. In addition to
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the transporters mentioned above, two nucleoside transporters are present, i.e. NT11.1 and
NT11.2, expressed in a heterologous system [20]. A thorough investigation is needed to
enhance, but also to select the best drug combination therapies (combination with suramin,

eflornithine etc.) [22].

It is necessary to emphasize that the altered function of classical surface transporters
(TbAT1/P2 and HAPT1) is associated with the pentamidine resistance mechanism. It is also
the reason for melarsoprol resistance, the major resistance in this field [23-26]. However,
recent studies have shown a link between melarsoprol/pentamidine cross resistance and
aquaglyceroporins (AQPs), channels which are permeable to water, glycerol and other small

uncharged solutes, specifically AQP2 which controls the susceptibility to both drugs [27, 28].

B, Suramin
0 0
Nals5 NH  S0sNa
CH HaC
MH MH
Na0s5 505N 3
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Figure 2. Structure of suramin.

Developed in 1920, suramin is used for the treatment of early stages of
trypanosomiasis caused by T. b. rhodesiense and T. b. gambiense in the event of pentamidine
resistance (Figure 2). It is a colourless polyanionic sulfonated naphthylamine. Because of its
highly ionic nature, it cannot cross the BBB. As it is water-soluble, it can be administered via
intravenous injection. Recent studies show that suramin is an inhibitor of cyclic diadenylate
monophosphate cyclase, an important second messenger molecule in trypanosomes [32].
Suramin binds with high avidity to serum proteins, including low-density lipoprotein for which
trypanosomes have a receptor used to accumulate this complex via receptor-mediated

endocytosis [33]. So far, no resistance has been noted for this drug.
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C, Melarsoprol

m}
o ANJ\NH

Figure 3. Structure of Melarsoprol.

Melarsoprol is an organic arsenic compound synthesised in the 1940s (Figure 3) used
for the treatment of the final stages of HAT caused by either species. As this drug crosses the
BBB and reaches high levels, it is used to treat the neurological stages of the disease [34]. It
suffers from poor gastrointestinal absorption, while its solvent (propylene glycol) displays
high toxicity when administered intramuscularly; the preferred route of administration is
intravenous. Treatment elicits adverse reactions such as encephalopathic syndromes, leading
to a death rate of 50-70% [35]. In order to reduce the side effects caused by this drug, one
scientist added a disulphide chelating agent known as dimercaprol, making the active
compound less toxic and yet still trypanosomicidal [36, 37]. Actually, Melarsoprol can also be
formulated as Melarsoprol cyclodextrin inclusion complexes which have been tested on mice

and are less toxic than the traditional form of melarsoprol [38].

D, Eflornithine (diethylfluoromethylornithine-DMFO)

Figure 4. Structure of Eflornithine.

DMFO is the drug used to treat the second stages of HAT caused by T. b. gambiense
(Figure 4). It can cross the BBB and is an inhibitor of ornithine decarboxylase, an enzyme
essential for the polyamine biosynthetic pathway. Its main disadvantage is that its mode of
administration requires costly equipment. Its side effects include diarrhoea, anaemia,

leucopoenia, thrombocytopaenia, etc. Recently, scientists have assessed the efficacy and
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safety of the Nifurtimox-eflornithine drug combination to make it easier to administer the
drugs and to protect against the emergence of resistance [39]. Eflornithine resistance
mechanisms have been associated with the loss of the amino acid transporter TbAAT6 gene

which controls its uptake [40].

E, Nifurtimox

Figure 5. Structure of Nifurtimox.

Nifurtimox is a 5-nitrofuran used to treat HAT and American trypanosomiasis (Chagas
disease) (Figure 5). This drug is readily absorbed in the gastrointestinal tract, so it can be
administered orally. It can cause the formation of the superoxide ion which can damage DNA
and alter the redox equilibrium. Its side effects are nausea, vomiting, myalgia, excitability,
headache etc. It is a pro drug activated by the mitochondrially-localized type-1
nitroreductase. The downregulation of this gene is correlated with resistance mechanisms
[41]. The combination of eflornithine and nifurtimox is less toxic and is used for the treatment

of disease caused by T. b. gambiense.
2.1.5 Trypanosoma brucei

Trypanosoma is a genus of kinetoplastids, and a group of unicellular parasitic flagellate
protozoans. It is characterized by the presence of DNA containing granules known as
kinetoplasts in their large single mitochondrion. Most trypanosomes are heteroxenous,
completing their life cycle in two different hosts and most are transmitted by a tsetse fly
vector. The majority of the species are transmitted by blood-feeding invertebrates. In
invertebrates, the parasites are found in the intestine, while in mammals they are found in
the blood. Among Trypanosoma, the two human parasites are T. cruzi, the causative agent of
Chagas disease, and T. brucei, the causative agent of HAT. In addition, T. brucei is the agent

for nanaga, the cattle disease.
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2.1.6 Life cycle of Trypanosoma brucei

The life cycle of T.brucei is complex and completes in two totally different hosts ,
mammalian host and tsetse fly host (Figure 6) Due to the large differences in the host this
parasite undergo complex changes in cell morphology, gene expression and metabolism to
allow the survival of the parasite in the two hosts.

Tsetse fly Stages Human Stages

Epimastigotes multiphy o Tsetse fly takes

blood meal . )
in salivary gland. They d ; Injected matacyclic
translorm inte metaeyelis firyects metacyclic vypomastgotes)

- ﬁ trypomastigotes transform
mrpﬁaﬂlgmes. # . *L e inta bloodstream

trypomashgotes, which
Yrreﬂ to other sites.

0 ==

Procyclic trypomastigotes Tr‘rptﬂnaslilgﬂlies multiply by
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lymph, and spinal fluid,
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[Bloadstrearn iy pomatligobes
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Figure 6. Life cycle diagram.

The life cycle begins when a tsetse fly bites a human and injects metacyclic
trypomastigotes. This meta cyclic form rapidly transform into proliferative long slender blood
forms which multiplies and invade the blood stream, lymphatic system and subcutaneous
tissue and finally in spinal fluid. In mammals, this parasite lives freely in the blood and being
able to evade host immune system through antigenic variation strategy. As this forms have
an inactive mitochondrion it utilizes glucose from the blood of the host through glycolysis.
This long slender form eventually differentiates into non-dividing short stumpy blood stream

forms. These forms are preadapted to the gut of tsetse fly. When again tsetse fly bites, an
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infected human and ingests blood stream trypomastigotes and transform into pro cyclic
trypomastigotes in the fly’s midgut. After proliferation, pro cyclic forms migrate from midgut
to the salivary gland where they finally differentiate into infective non-proliferative
metacyclic forms. The cycle again continues when this fly again bites and inject this form in to

mammal [42].

2.1.7 Cellular structure

The cell organization of trypanosomes is similar to that of a typical eukaryotic cell. A
single flagellum starts from the posterior end and extends towards the anterior end, which is
physically attached to the cell body via an FAZ (Flagellum Attachment Zone). A basal body is

present at the start of the flagellum.

Flageiiar Galgi Muclews ER Flagallurm

Kinetoplast Endosomses Lysoeome Mitochondrion WVSGE coat

Figure 7. Schematic representation of the T. brucei bloodstream form.

Extracted from “Endocytosis, membrane recycling and sorting of GPl-anchored proteins:

Trypanosoma brucei as a model system”.

T. brucei contains a number of single copy organelles and structures: a single nucleus;
a single flagellum which emerges from a membrane invagination known as flagellar pocket; a
single golgi; a basal body associated with a pro basal body which is immature; a single large
unique mitochondrial DNA referred to as kinetoplast; an endosomes; a lysosome and a VSG
(Variant surface glycoproteins) which is a protein coat present throughout the cell membrane
(Figure 7). All these structures must be accurately duplicated and segregated if cell division is
going to generate viable progeny [43]. The flagellar pocket is the only site in the cell

membrane where endocytosis and exocytosis occurs [44].
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2.1.8 Cell cycle

The cell cycle consists of four phases in a typical eukaryotic cell: Go/G1 phase (Gap 0/
Gap 1 phase), S phase (synthesis phase), G2 phase (gap 2 or interphase) and M phase (mitotic
phase) (Figure 8). During the G1 phase, the cell is growing and replicating cytoplasmic
organelles, preparing for DNA replication by synthesizing the enzyme needed to make copies
of the DNA. DNA will be replicated during the S phase. In the G2 phase, the biochemical
activity of the cell increases and prepares for cell division. In the M phase, the cells divide into
two daughter cells having the same copy of all the organelles. In mammals, the M phase is
coupled with cytokinesis which starts just before the chromosome segregation is completed.
The activation of each phase depends strictly on the completion of the previous phase. Cells

which have stopped dividing will go to the GO phase [45].
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Figure 8 Representation of the cell-cycle stages of T. brucei.

In T. brucei’s G1 phase, the cell contains one nucleus, one kinetoplast, one flagellum
and one Golgi apparatus. The first morphological change observed is the elongation of the
probasal body and formation of a new flagellum. This is followed by Golgi duplication. In the
S phase, the kinetoplast divides first, followed by the nucleus S phase. In the G2 phase,
kinetoplast segregation occurs. Then the nucleus undergoes mitosis causing a cell with double

genetic content which is followed by cytokinesis, producing two identical daughter cells.
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2.1.9 Antigenic variation

As this parasite lives and multiplies extracellularly in the blood, it is exposed on a
continuous basis to antibody challenge. The thick surface protein coat offers the parasite
protection against host immunity, enabling it to escape from the immune response.
Trypanosomes vary their surface coat, which consists of a single tightly-packed, highly
immunogenic protein species covering its whole body. The ability is called antigenic variation.
In the mammalian infective stage, this parasite expresses around 107 molecules anchored to
the cell membrane through a glycosylphosphatidylinositol (GPl). Normally, the immune
system has access to the N terminal of the VSG, antibodies are produced against this and
parasites are eliminated by the immune system. But sometimes the parasites spontaneously
change their VSG coat and survive the antibody-mediated response against the traditional

VSG.

So far, no vaccines are available for treating HAT and it is unlikely that one will be
produced in the future. Consequently, the treatment of HAT relies only on chemotherapy.
However, current therapy is unsatisfactory: five different drugs are available commercially,
but all have side effects and were developed in the early 20th century. Although they are
effective, most of these drugs have little in common with the modern concepts of a drug in
terms of toxicity, specificity, therapeutic regime duration of treatment and patient
compliance. The evolution of drug resistance has worsened this scenario. Therefore, there is

a clear need for cost-effective, novel and safe treatments.

This study is part of the search for new molecules with trypanocidal activity. We
screened 2000 microbial extracts from Fungi and Actinomycetes, from the Medina Natural
products library. Initially, 267 extracts (13.5%) showed activity. Liquid chromatography and
mass spectrometry showed that 185 extracts contain potentially new compounds. From these
molecules, we selected a known molecule, Chaetocin. The discovery of new uses for old
drugs, previously used to treat other diseases, is a new and interesting approach by various
pharmaceutical companies in the search for new medicines. We selected Chaetocin in an
attempt to perform drug repositioning, i.e. to use an existing drug against some neglected
tropical diseases (NTDs) in which the pharmacological industry is reluctant to invest vast sums
[46]. We investigated and confirmed the activity of chaetocin against human trypanosomiasis
and elucidated the mechanism of action behind it.
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2.1.10 Chaetocin
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Figure 9. Structure of chaetocin.

Chaetocin is a fungal metabolite from Chaetomium minutum with antimicrobial and
cytostatic activity (Figure 9). It belongs to the 3,6-epidithio-diketopiperazines class and is a
molecular dimer made up of cis-fused five-membered rings. Chaetocin is a specific inhibitor
of the lysine-specific histone methyl transferase SU(VAR)3-9 and acts as a competitive
inhibitor of S-adenosylmethionine. The anticancer activity of chaetocin is due to the inhibition
of thioredoxin reductase in Hela cell lines [47]. Chaetocin inhibited the growth of human
hepatoma grafts in nude mice. Immunohistochemical analyses revealed that chaetocin
inhibits hypoxia-inducible factor-1a (HIF-1a) expression and vessel formation in tumours [48].
In recent studies, chaetocin has been shown to perform both apoptosis and autophagy in
several hepatoma cell lines, including HepG2, Hep3B and Huh7 cell lines [49]. Here we
demonstrate, for the first time, the promising trypanocidal activity of chaetocin and study its

mechanism of action.
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2.2 MATERIALS AND METHODS

2.2.1 Screening of the extracts and Identification of Chaetocin

2.2.1.1 Screening of 2000 extracts from fungi and actinomycetes

Actinomycetes and fungi are the main source of antibacterial, anticancer and anti-
parasitic agents, hence they are widely used pharmacologically and commercially. These
extracts are the secondary metabolites of actinomycetes and fungi, which are extracted using
different microbiological methods. The initial screening was performed against both the
procyclic (insect form) strain 427 and the blood form, strain 221, with extracts from

actinomycetes and fungi. Out of 2000 extracts, 267 showed activity.
2.2.1.2 Determination of effectiveness by dose-response curve

267 active extracts were selected and their activities confirmed by dose-response
curve. Of these, 33 showed good activity against the blood form and 14 showed activity
against the insect form. The UV-LC-MS data for these metabolites when compared with the
UV-LC-MS data for the known metabolites revealed that 30 extracts contained no known
metabolites. We later selected just three extracts which showed activity against both forms

of the parasite.
2.2.1.3 Semi preparative HPLC fractionation

The three extracts were fractionated based on their size/polarity and plated in
duplicate for bioassay for each of the parasitic forms. Activities were co-related with the
chromatogram peaks and the active peaks analyzed by LC-HRMS. The molecules identified for
extract CF-258252 were Cordycepin, Curvicollide A, and Chaetocins A, B and C. Extract CF-

090067 contains Trichothecinol and Trichothenin. Extract CF-010945 contains no compounds.
2.2.1.4 Cytotoxicity study in mammalian cells

The two extracts, which showed good activity against both forms of the parasite, were
tested on normal human liver cells, THLE-2 (ATCC® CRL-2706"), by MTT assay. This is a
colorimetric assay used for assessing cell viability by using tetrazolium dye, MTT 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The NADPH dependent cellular

oxidoreductase enzyme is capable of reducing tetrazolium dye into insoluble formazan which
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will give it a purple colour. The deeper the colour, the more cells are present. In this assay, a
specified quantity of human cells (THLE-2) are plated in 96 well plates and treated with the
two extracts in different concentrations. After 20 hours of incubation, the MTT dye was added
in specific concentration and incubated again for 2 hours at 37°C and read on a plate reader

at a wavelength of 535 nM.
2.2.2 Trypanocidal effect of Chaetocin in T. brucei

2.2.2.1 Parasites and cell culture

All of the experiments were performed with the bloodstream forms of trypanosomes
which were taken from frozen stocks and grown in axenic culture at 37°C and 5 % CO; in HMI-
9 media supplemented with 10 % heat-inactivated foetal bovine serum (Gibco). Bloodstream
T. b.brueci AnTat 1.1 (Institute of Tropical Medicine, Antwerp, Belgium) was used throughout

the in vivo experiment.
2.2.2.2 Anti-proliferative assay and calculation of IC50 value

The growth of the bloodstream forms of the trypanosomes was monitored for some
days under appropriate culture conditions. Subculturing started at an initial density of 1x10*
parasites/ml. The parasites were maintained at 37°C and 5 % CO; in HMI-9 medium. The
growth of the parasites was determined daily by counting them with an optical microscope

using a Neubauer chamber.

Chaetocin susceptibility was assessed using Resazurin sodium salt (SIGMA- ALDRICH),
modifying the protocol developed by Raz et al [50]. During the exponential growth phase, the
parasites were seeded into 96 well plates in 50 uL of medium at an initial density of 1x10*
cells. Later, they were incubated with different concentrations of chaetocin ranging from 0.8
UM to 0.001 pM for 20 hours at 37°C and 5 % CO,. Two rows of blank and one column of
positive control were maintained in the plate. Thereafter, 20 pL of 0.5 mM resazurin was
added to each well and incubated again, under the same conditions, for a further 4 hours.
Then, the reaction was stopped by adding SDS 3% solution and immediately read on a Glomax
multi detection system (Promega) using an excitation wavelength of 525 nM and an emission
wavelength of 580 nM. Each concentration was tested in six wells and the experiment was

repeated six times. Half-inhibitory concentration was calculated using the GraphPad Prism
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software and defined as the concentration of the drug required to diminish the fluorescence

output by 50 %.
2.2.2.3 Analysis of structural changes by flourescence microscopy

In order to understand the structural changes caused by treating the parasite with
chaetocin, we performed the fluorescence microscopy technique. The parasites were
incubated in a medium containing chaetocin at (10 nM) at 37° C and 5 % CO, for different time
periods. After incubation, the parasites were precipitated by centrifugation at 13000 rpm for
4 minutes. The supernatant was removed and 100 uL of 4 % paraformaldehyde (PFA) and
100uL of phosphate buffered saline (PBS) were added to the pellet and incubated at 4° C
overnight for fixation. The next day, the Eppendorf tube was centrifuged at the same rpm and
the pellet resuspended in 50 pL of PBS. 50 L of parasites were spread on poly-L-lysine coated
slides and incubated at room temperature for 30 minutes in a wet chamber [46]. Then, 5 uL
of DAPI were placed on the slide, a coverslip was carefully applied and observed under a Zeiss
Axio Imager A.1 fluorescence microscope with Zen Blue software. 100 cells were counted at
each time interval. Parasites were classified according to the number of nuclei (N) and

kinetoplasts (K).
2.2.2.4 Cell cycle analysis by florescence activated cell sorting

In order to assess how chaetocin interferes with the cell-cycle stages of trypanosomes,
we conducted an experiment with propidium lodide solution (Pl). Parasites were seeded at a
density of 1x10% cells/ml and treated at different time intervals; after, they were centrifuged,
at different treatment times. Then, 100 pL of PBS and 900 plL of 70% ice cold ethanol were
added to the pellet, which was incubated in ice at 4°C for 10 minutes. Thereafter, it was
washed with PBS and centrifuged at 13000 rpm for 4 minutes. The supernatant was removed
and the pellet incubated with 200ul of solution containing Pl 40 ug/ml, Ribonuclease A, RNAse
A-100pg/ml in PBS for 30 minutes at 37°C [35]. The analysis was performed using the BD
FACSCANTO 2 flow cytometer. The number of cells at G1, S and G2/M were estimated using
the BD FACSDIVA software. The experiment was performed in triplicate and repeated four

times.
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2.2.2.5 Chaetocin uptake by trypanosomes

Uptake of chaetocin by the parasites was determined using the flow cytometer. It is
known that parasites take up suramin by endocytosis [28]. It is also known that the
endocytosis process will be inhibited at a temperature of 4°C. The parasite takes up
pentamidine by means of a transporter, so temperature has no effect on drug uptake.
Parasites at specific concentrations were treated with chaetocin and pentamidine and
incubated at both 37°C and 4°C for 1 and 2 hours, respectively. After incubation, cells were
precipitated by centrifugation at 13000 rpm for 4 minutes. After removing the supernatant,
200 pL of Pl solution (40uG/mL) were added and put into an Eppendorf tube at 37°C, for 30

minutes and analyzed by flow cytometer.
2.2.2.6 Analysis of cytotoxicity in normal liver cells

In order to evaluate the toxicity of chaetocin in normal human cells, we selected
normal liver cells for the cytotoxicity assays. The MTT assay was performed as described

above, using different concentrations of chaetocin from 20 to 200 nM.
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2.3 RESULTS AND DISCUSSION

2.3.1 Screening of the extracts and Identification of Chaetocin

2.3.1.1 Initial screening of 2000 extracts form fungi and actinomycetes
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Figure 10. (A) The result of the initial screening of 2000 natural extracts from fungi and
actinomycetes. The X axis indicates the extracts showing activity against the bloodstream
forms of the parasite and the Y axis shows activity against the fly form of the parasite. (B) The

table showing the activity of 2000 extracts from fungi and actinomycetes against the
bloodstream and fly forms of trypanosomes.
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Initial screening of the extracts from fungi and actinomycetes showed trypanocidal
effects against the bloodstream and fly forms of trypanosomes. Out of 2000, 267 extracts
showed activity (13.5%): 102 extracts from Actinomycetes and 165 extracts from Fungi. 35
extracts from Actinomycetes showed activity against both forms of parasite, as did 28 extracts
from Fungi (Figure 10). Next, we performed liquid chromatography and mass spectrometry
to identify the molecules present in those extracts, evidencing that 185 extracts contained

new molecules.
2.3.1.2 Dose-response assay

In order to confirm the results of the initial screening, we performed a dose-response
curve assay. The parasites were seeded at a specific concentration and incubated with

compounds at different concentrations. The results obtained were shown in figure 11.
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Figure 11. (A) Summary of the dose-response curve. 33 extracts showed activity against the
bloodstream form (i.e. extracts 221) and 14 showed a good dose-response curve against the
insect form of the parasite (i.e. no. 427). In all, 33 extracts showed activity against 221, 17
extracts from fungi and 16 extracts from actinomycetes. In all, 14 extracts showed activity
against 427, 9 from fungi and five from actinomycetes. (B) Dose-response curve of the three
extracts which showed good activity against both mammalian and insect forms. These
extracts were selected for further studies.
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2.3.1.3 ldentification of molecules from three extracts

In order to understand the active molecules, present in the three extracts, we
fractionated the extracts based on their size and polarity. Carried out bio assay for both blood
and insect forms of parasite. All the fractions were plated in duplicate with each plate for each
form of the parasite. Activity were detected for both forms and it was correlated with
chromatogram peaks and the active peaks were analyzed by Liquid Chromatography-High
resolution mass spectrometry (LC-HRMS). Out of three extracts, in one extract no molecules

were identified. The results were shown in figure 12.
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Figure 12. (A) Extract CF-090067 shows two activity peaks when the extract was treated with
the bloodstream form of the parasite. (B) The graph from insect form showing two activity
peaks at the same position as seen in the bloodstream form of the parasite. (C) The activity
peaks were correlated with the chromatogram peaks and the molecules were identified as
Trichothecinol A and Trichothecin by LC-HRMS.

The same protocol was performed in order to identify the molecules present in the

extract CF-258252. The activity peaks and the molecules identified were shown in figure 13.
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Figure 13. (A) The extract CF-252258 shows only one peak when treated with the blood form
of the parasite. (B) The peak at the same position was also observed in the insect form of the
parasite. (C) The molecules identified by HR-MS (Cordycepin, Curvicollide A, Chaetocin A,
Chaetocin B and Chaetocin C).

2.3.1.4 Cytotoxicity study of two extracts on normal liver cells

In order to find out whether these extracts were toxic to normal human cells, we
treated the extracts with liver THLE-2 cells. Extract CF-258252 showed no toxicity whereas
extract CF-090067 did. The results were shown in figure 14.
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So far, we have been discussing the screening of the extracts from fungi and
actinomycetes; Chromatographic and mass spectrometric studies of these extracts and
treatment of blood stream and insect form of the parasite with them. We found various
molecules and from this group we selected Chaetocin for further studies. This choice is due
to its commercial availability and previously-described anticancer activity. This is the first

work to describe the antitrypanocidal activity of Chaetocin.
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Figure 14. (A) Extract CF-258252 showed no toxicity. (B) Extract CF-090067 showed some
toxicity.

2.3.2 Trypanocidal effect of Chaetocin in T. brucei

2.3.2.1 Anti-proliferative effect and calculation of IC50 value

The trypanocidal effect of T. brucei was evaluated by measuring the parasite-
mediated reduction of Resazurin sodium dye. Chaetocin showed a dose-dependent effect on
cell proliferation (Figure 15). Half-maximal inhibitory concentrations were 8.3 nM. After just

3 hours of incubation with chaetocin, the parasite started to change its morphology.
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Figure 15. Trypanocidal activity of chaetocin at different concentrations. The graph shows the
dose-response curve (cell viability percentage versus chaetocin concentration in nanomoles).
The IC-50 value was determined by log inhibitors versus normalized response-variable slope
using the GraphPad software.

2.3.2.2 Analysis of structural changes flourescence microscopy

The parasites were treated with chaetocin 1t 10 nM concentration and viewed by a
Zeiss Axio Imager A.1 fluorescence microscope using Zen Blue software. A clear morphological
change was observed after 3 hours of incubation when the parasite became spherical. After
6 and 24 hours of incubation, the parasite cell membrane was damaged and its DNA and

kinetoplasts started to condense (Figure 16).
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Control 3 Hours 6 Hours 24 Hours

Figure 16. Analysis of the morphological phenotype after treatment with 10 nM Chaetocin at
different time interval. Fixed parasites were stained with DAPI and observed by fluorescence
microscopy.

2.3.2.3 Quantification of Normal and Abnormal cells

The parasites were treated with 8.3 nM (IC-50) chaetocin at different time intervals
(3, 6, 10 and 24 hours). After that, the parasites were fixed and stained with DAPI and viewed
by fluorescent microscope. Quantification of the abnormal and normal cells was performed

by counting 100 cells per treatment. The results were shown in figure 17.
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Figure 17. (A) Analysis of morphological phenotype at 3,6,10 and 24 hours of treatment with
8.3 nM chaetocin (IC-50 concentration), fixed with PFA and stained with DAPI. (1) DNA stained
with DAPI, (2) Differential interference contrast (DIC) (3) Merge that evidences the parasites
with morphological changes in DNA. (B) Quantification of normal and abnormal cell
morphology. % of normal and abnormal cell morphology were determined by counting at
least 100 cells per sample.

2.3.2.4 Effect of IC50 treatment on number of nucleus (N) and kinetoplasts (K)

The different cell-cycle phases of African trypanosomes were measured by the
guantification of Nuclei (N) and mitochondrial DNA genome fragments known as Kinetoplasts
(K). Cells containing one nucleus and one kinetoplast (1N1K) are in phase G1. A configuration
of two kinetoplasts and one nucleus will be in the synthesis (S phase) or in the Mitotic phase
(M phase). Post-mitotic phases of cells have 2N and 2K (2N2K). 100 cells were counted using
the DAPI stain (Figure 18). This graph showed that the ratio of the cells with one nucleus and
one kinetoplast (1N1K) decreased from 83.8 % (Standard deviation [SD] + 5, n=100) in control
cells to 59.9% (SD + 8, n=100) and 46.6 (SD + 7, n=100) after 6 and 12 hours of treatment with
the chaetocin, at IC50 concentration. Cells with two nuclei and two kinetoplasts (2N2K)
increased in parasites treated for 6 and 24 hours with respect to the control. Finally, aberrant
cells containing several nuclei and kinetoplasts increased from 0.7 % (SD + 0.93, n=100) to
10.2 % (SD + 0.33, n=100). This result indicates that the treated population of parasites was

arrested in cytokinesis after completing several rounds of synthesis and mitotic phases.
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Figure 18. Paraformaldehyde-fixed parasites counterstained with DAPI after treatment with
8.3 nM chaetocin. Results are analysed as mean + SD of three experiments. The top panel of
the graph shows the normal types, plus 1N1K, IN2K and 2N2K, while the three types of
aberrant cells are shown in the bottom panel.

2.3.2.5 Chaetocin causes cell cycle arrest at G2 phase and ultimately cell death

The increase in the number of aberrant cells after treatment with chaetocin at
different time intervels suggested that this compound causes an undesirable effect to the cell
cycle phases. Inorder to further investigate exactly at what pahses of cell cycle is effected by
chaetocin, the blood stream forms of parasites are incubated with chaetocin at different time
intervels . Later the DNA content was measured by using Propidium iodide(Pl) by flow
cytometry analysis. The percentage of the of the different phases of cell cycle in the untreated
trypanosomes exhibited a major GO/G1 population (42%) ,a lower S phase (38%) and a mitotic
phase (20%). But with 6,10 and 24 hours of treatemnt the G2/M phase started to increase
from 20 % to 30 %, 52 % and 77 % for treatment of 6hour 10 hour and 24 hours (Figure 19).
The population in the GO/G1 phase decreased from 42 % in the untreated to 16 %, 24 % and
4 % with the treatment of 6,10 and 24 hours respectively. These results made it clear that the

chaetocin treatment block the cell cycle at the G2 phase.
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Figure 19. Cell-cycle analysis by FACS: Analysis of the bloodstream forms of the parasite
treated with 8.3 nM chaetocin at different time intervals. Cells were stained with Pl and the
percentages of each cell-cycle phase were calculated.

2.3.2.6 Chaetocin uptake by trypanosomes

In order to understand the mechanism of chaetocin uptake by trypanosomes, we
performed two set of experiments, one at 37°C and another at 4°C, where the parasites were
treated with 8.3 nM chaetocin for different durations (1 hr and 2 hr). Pentamidine and
suramin were used as model drugs. Pentamidine uptake is carried out by a transporter
present in the cell membrane of the parasite, while suramin uptake is by endocytosis. At 37°C,
the parasites died when treated with 8.3 nM chaetocin and this may be due to drug uptake
by endocytosis. When we treated the parasites with the same dose of chaetocin at 4°C, they
remained alive as the endocytosis process will be inhibited at 4°C resulting in no drug uptake.
In case of pentamidine treatment, the parasites died irrespective of the incubation
temperature. This proved our hypothesis that chaetocin uptake is by endocytosis. The

experimental results were shown in figure 20.
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Figure 20. FACS analysis of the trypanosomes stained with Pl as described in section 2.2.2.4
to analyse the cell population after treating the parasite with pentamidine at different
durations (1 hr and 2 hr) at 37°C (A) and 4°C (B). The parasites died at both temperatures.
FACS analysis of the chaetocin-treated parasites stained with Pl to quantify the cell
population. The parasites incubated at 37°C (C) died but at 4°C (D) they remained alive. This
made it clear that chaetocin uptake is by endocytosis.
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2.3.2.7 Study of the cytotoxicity in normal liver cells

Cytotoxicity in normal liver cells was studied by treating THLE-2 cells with different

concentrations of chaetocin, by MTT assay. The IC-50 was calculated to be 112.71 nM.
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Figure 21. Chaetocin-treated normal liver cells (THLE-2). IC50 value was 112.71 nM.

The above result showed that chaetocin inhibit the normal cell lines only in the higher

concentration with respect to parasitic cells (Figure 21).
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2.4 CONCLUSION

Human African trypanosomiasis is a parasitic disease with a devastating socio-
economic impact in sub-Saharan Africa through the direct infection of human and livestock.
This disease is caused by a protozoan parasite Trypanosoma brucei gambiense and
Trypanosoma brucei rhodesiense. This disease is truly fatal if left untreated. Current
chemotherapeutics rely on five drugs with many limitations, ranging from acute toxicity and
poor oral absorption to the need for costly machinery and parasitic resistance. The main
reason for resistance is due to the loss of cell surface transporters for the drug. Therefore, the
main reason for not finding a new therapeutic agent is that this parasite can easily escape

from the host immune system.

The pharmaceutical corporations are reluctant to develop new drugs against this
disease because of the low return on investment. It is therefore really important to come up
with a solution to this problem, i.e. to find a cost-effective, novel, safe drug for this deadly
disease. Natural extracts always contain new molecules, which can act inside a host human.
As part of our investigation, we started to work on some microbial extracts such as fungi and
actinomycetes. Initial screening found some molecules which can inhibit the bloodstream
form of African trypanosomes in vitro. From those, we selected chaetocin for further studies.
Chaetocin is already an antibacterial and anticancer agent, but we are the first to study its

anti-parasitic action.

In this work, we have described the trypanocidal activity of the fungal metabolite
chaetocin. It is noted that this fungal toxin exhibits strong cytotoxicity against Hela cells and
it is a specific inhibitor of the lysine-specific histone methyltransferase, an important
epigenetic enzyme. We carried out experiments to understand chaetocin’s antiparasitic
activity, against trypanosomes. Our outcomes demonstrated that chaetocin displayed
antiparasitic activity by blocking either cell cycle during the G2 phase and cytokinesis.
Interestingly, chaetocin displayed a very low IC-50 value (8.3 nM) and its activity was selective
against trypanosome. Indeed, the IC-50 value, in normal liver cells, was found many times

more than those established in tripanosome cultures.

Moreover, we were able to picturize the morphological changes as well as quantify

the DNA content in trypanosomes treated with chaetocin; particularly, the parasite’s
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morphology started to change even after 3 hours of incubation with chaetocin. We detected,
also, the presence of aberrant cells harbouring numerous nuclei and kinetoplasts, after

treatment.

Finally, our results showed that chaetocin uptake occurs via endocytosis, so even if
there is a problem of drug transporter molecules as part of resistance, chaetocin can enter

through an endocytotic process.

For all these reasons, this drug appears to be promising for use against
trypanosomiasis. Further studies will be required to check this drug’s ability to cross the
blood-brain barrier. If this is possible, chaetocin may inhibit trypanosomes both in the primary

and in the final stages of infection.
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3.1 INTRODUCTION

3.1.1 Breast cancer

Nowadays in most people’s mind there is no scarier diagnosis than that of cancer.
Cancer is often thought of as an untreatable, unbearably painful disease with no cure. Cancer
is undoubtedly a serious and potentially life-threatening illness. In particular breast cancer is

the most common type of cancer in the world wide, especially in ladies after the age of 50.
3.1.1.1 Anatomy and physiology of the mammary gland

Mammary glands are exocrine glands, also classified as tube alveolar glands. They are
present in males and females; however, they normally function in the latter gender only. The
biological role of the mammary glands is to produce milk to nourish a newborn baby and to
pass antibodies needed for baby’s protection against infections (passive immunity) while the

immature immune is initiating its function.

The normal breast (Figure 1) is internally composed of the following parts.

a. Lobes and lobules: It contains 15-20 lobes that radiated around the nipple. Each lobe
contains 20-40 lobules

b. Glandular tissue: Glandular tissues are responsible for milk production and
transportation which is composed of alveoli, ductules, lactiferous ducts and lactiferous
sinuses.

c. Connective tissue: It supports the breast.

d. Blood: Nourishes the breast and supplies the nutrients.

e. Nerves: It makes the breast sensitive to touch.

f. Lymph node: Remove the waste products.

g. Adipose tissue: Protects from injury.

h. Areola: Pigmented area at the center of the breast.

i. Nipple: Protruding area at the center of each breast.

Milk production is regulated by different hormones. Stimulation of estrogen, a female
sex hormone causes the development of glandular tissue in the female breast during puberty.
Breast size increases in size because of the increased level of estrogen during the time of

pregnancy due to the accumulation of adipose tissue. Another hormone important for the
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implementation of the mammary gland function is the prolactin (PRL) and oxytocin. Prolactin
from the anterior pituitary gland stimulates the production of milk in the glandular tissues

while oxytocin causes the ejection of milk from the glands.

Figure 1. Structure of the normal breast.

3.1.1.2 Epidemiology

Breast cancer is the most diagnosed cancer in women in Italy (29% of all diagnosed
cancers) and is the leading cause of cancer death. Indeed, breast cancer is ranks first in all age
groups with 28% of deaths among young people, 21% among adult and finally 14% among
women over the age of 70 years. However, by the late eighties it was detected a moderate
and continuous downward trend in mortality from breast cancer, due to the greater
development in diagnostic and therapeutic field. Recent data shows that approximately 12 %
of women develop breast cancer. There were 231,840 new cases of breast cancer identified

in the United States in 2015 [1].

The risk factors associated with breast cancer are:

. Age.

o Previous thoracic radiotherapy or previous breast diseases.
o Early starting of menstruation and late menopause.

o Having no child or having child after the age of 30s.
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J Lack of breast feeding.

. Lifestyle (obesity, low physical activity, high consumption of alcohol,
carbohydrates and saturated fats).

. Hormone replacement therapy.

J Genetic factors and inheritance: Mutations in the BRCA-1 gene [Breast Cancer
susceptibility gene 1] located on chromosome 17 and BRCA-2 gene [breast cancer
susceptibility gene 2] located on chromosome 13 are responsible for two thirds of
breast cancers. The gene expression products of BRCA-1 and BRCA-2 are two proteins
that participate in cell repair response following DNA damage. Mutations in these
genes can lead to altered expression of these proteins or protein expression with
impaired functionality, thus predisposing the individual to cancer onset. Moreover,
breast cancer risk in BRCA-1/2-mutation carriers is also influenced by environmental

and lifestyle factors [2].
3.1.1.3 Classification of breast cancer

Based on the histological classification, the breast cancer is divided into four
categories:

. Epithelial: Arising from epithelial cell and glandular lining of the inside of the

ducts and lobules.

° Fibroepithelial: Consist of an epithelial component and from mesenchymal or

stromal components.

° Mesenchymal: Pseudo tumoral or cancers that are not exclusively breast.

° Miscellaneous: Rare cancers, not grouped in previous classes.

If the disease has acquired the ability to invade the surrounding tissue and spread
outside of the breast then it is classified as invasive carcinoma. The figure 2 shows the steps

in breast cancer development.
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Figure 2. Steps involved in breast cancer development.

Breast cancer can be further classified according to the classification system of TMIN
tumors. The TNM system is the international system of classification of a tumor (staging),

which takes account of its evolution. This classification takes into account three parameters:

e Size (T stands for tumor)
e Lymph node involvement (N stands for node)

e Whether the tumor has metastasized (M stands for metastasis)

The T (size) category describes the original (primary) tumor. T1, T2, T3 and T4: These
numbers are based on the size of the tumor and the extent to which it has grown into
neighboring breast tissue. The higher the T number, the larger the tumor and/or the more it

may have grown into the breast tissue.

The N (lymph node involvement) category describes whether or not the cancer has
reached nearby lymph nodes: N1, N2 and N3: These numbers are based on the number of
lymph nodes involved and how much cancer is found in them. The higher the N number, the

greater the extent of the lymph node involvement.

The M (metastasis) category tells whether or not there is evidence that the cancer has

traveled to other parts of the body: M1 means that distant metastasis is present.

The sum of the elements T, N and M can be associated with any form of cancer, in a
particular stage. Indeed, there are four stages which are indicated by 0 to 4 [3]. Figure 3 shows

the different stages of breast cancer.
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Figure 3. Stages of breast cancer.

In the last few years, the biological and molecular characterization of breast cancer
has offered innovative elements with regard to the prognostic and therapeutic aspects. By
using different molecular biology techniques now it is possible to perform a molecular
classification (Figure 4), into five different subtypes based on the expression of some specific

receptors.

SreR
VEGFR ST cGrR/HER q

Extra-cellular
STIs

Extra-cellular

5Tis
Signal Transduction

Pathways (STPs)

Target ' /sTis
Transcriptional ;

Survival/ Machiner
AT [ Arngiogenesis
o Inhibition
I Autophagy ! Adhesion/ ] Proliferation
. Metastasis

Figure 4. Principal Pathways involved in breast cancer.
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e Luminal A: Cancers characterized by the presence of estrogen receptor (ER) and
progesterone receptor (PR) with no HER2 (Human epidermal growth factor receptor)
expression.
e Luminal B: Cancer characterized by the presence of hormonal receptors.
e Luminal B (HER2) positive: Neoplasm characterized by the presence of estrogen
receptors and expression of HER2 receptors.
e HER2 positive (non-luminal): Neoplasm characterized by the presence of HER2
receptors but without the expression of hormonal receptors.
e Basal like: There is no presence of hormonal receptors or HER2 receptors.
The estrogen receptor (ER) and progesterone (PR), belong to the family of nuclear receptors
and are able to regulate gene expression by interacting with specific DNA sequences localized
at the level of the target genes. The activation of these intracellular receptors can take place
with different mechanisms (Figure 5):

i.Via ligand dependent: In the absence of ligand, the receptor is sequestered in the
nucleus of the target cells and is complexed with heat shock proteins (heat shock
proteins, HSP) that keep the inactive conformation. Upon binding with specific ligand,
the receptor undergoes a conformational change that causes detachment of HSP and
facilitates dimerization and binding of the receptor to the response elements on DNA
located on the target genes.

ii.Via ligand independent: The activation of the receptor may occur in the absence of
ligand, as a result of receptor phosphorylation by kinases involved in different
pathways of signal transduction, the activity of which is in turn stimulated by various
types of substrates.

| Ligand dependent| _—
/X m{‘ L‘.UI;;: expression
V. R) —[ER) —~ ERER) o

M

Regulation
ol gene
* expression

Figure 5. Mechanism of activation of estrogen receptor.

HER2 (Human Endothelial Factor Receptor) (Figure 6) belongs to the family of
membrane receptors with tyrosine kinase activity, and in particular to the family of receptors

for growth factors that includes ErbB1 (EGFR), ErbB3 (HER3), and ErbB4 (HER4). HER2 is not
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able to bind to endogenous factors (orphan receptor), but form dimers with other family
receptors, already linked with their specific ligands, stabilizing them and triggering the signal
transduction pathways of kinase-mediated signal which regulate the processes of

proliferation and cell differentiation.
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Extracellular domain

Cell membrane I
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Figure 6. Structure of HER2 receptor.

3.1.1.4 Treatment

Taking into account the fact that the breast cancer can occur in several forms, the
customization of therapy is the most demanding challenge. The choice of treatment must
take into account several factors that greatly affect the response to treatment, such as the
histological characteristics, molecular characteristics and tumor staging. The main
therapeutic strategies consist of loco-regional treatments such as surgery and radiotherapy,
and systemic pharmacological treatments, such as chemotherapy and monoclonal antibody
therapy (immunotherapy). In surgery, two distinct types are in practice: radical and
conservative surgery. The conservative surgery expected the removal of tumor nodule with a
small portion of the surrounding healthy breast tissue or the removal of the entire breast

guadrant affected by cancer.
3.1.1.5 Radiotherapy

Radiation therapy also called radiotherapy is a highly targeted and highly effective way
to destroy cancer cells in the breast that may stick around after surgery. It uses the high
energy radiation to kill cancer cells and prevent the growth. The main purpose of preoperative

radiotherapy is to reduce the volume of the tumor and prevent the infiltration of surrounding
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structures. Postoperative radiotherapy, or adjuvant, is instead adopted as a result of

conservative surgery or treatments in order to reduce the risk of recurrence.

3.1.1.6 Chemotherapy

For the treatment of breast cancer, different chemotherapies are available either

single or in combination with other therapies.

Anthracyclines (Doxorubicin and Epirubicin): Anticancer drugs belonging to the class
of cytotoxic antibiotics, whose antineoplastic action is due to their intercalation
between the nitrogenous bases of DNA and inhibition of type Il topoisomerases,
mechanisms that bring instability and DNA damage with resulting induction of
apoptosis.

Taxanes (paclitaxel and docetaxel): Drugs that exert their anticancer action to stabilize
microtubules, following the binding subunit of B-tubulin, and preventing their de
polymerization.

5-fluorouracil: Drug belonging to the class of anti-metabolites of pyrimidine analogs.
The antineoplastic effect is due to a threefold mechanism of action. The
fluorodeoxyuridine monophosphate (FAUMP), the ribonucleotide that is generated by
an enzyme from this analogue of uracil, inhibits thymidylate synthase, the enzyme
responsible for synthesis of thymidine, interfering with DNA synthesis. Furthermore,
the fluorouracil inhibits the enzyme uracil phosphatase preventing the use uracil in
RNA synthesis, and, finally, is incorporated, for a small fraction, RNA, producing an
abnormal RNA.

Methotrexate: Drug that inhibits dihydrofolate reductase (DHFR), an enzyme that
participates in the synthesis of tetrahydrofolate, necessary for the synthesis of
thymidine and purine.

Cyclophosphamide: A prodrug inactive until converted by P450-dependent hepatic
oxidase in 4-Hydroxycyclofosfamide. The antineoplastic effect is due to the alkylating
capacity of this metabolite active against of the nitrogenous bases of the DNA, and in
particular of guanine.

Platinum compounds (cisplatin and carboplatin): Drugs capable of binding to the
nitrogen bases of nucleic acids, causing the formation of cross-links (cross-links)

between the two filaments that form the double helix of DNA.
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The side effects of chemotherapy depend on the fact that the cytotoxic action of these
antineoplastic agents is not limited to cancer cells but also extends to healthy cells of actively
proliferating tissues, such as the cells of the oral and intestinal mucosa, the cells of the

bladder, embryonic cells and bone marrow precursors [4].
3.1.1.7 Immunotherapy

Immunotherapy is a therapeutic approach that is based on the use of monoclonal
antibodies directed against specific molecular targets, and is a drug targeted therapy, which
reduces the side effects of traditional chemotherapy. For the treatment of breast cancer, the
most used are the monoclonal antibodies of Herceptin and Avastin. Herceptin is a
recombinant humanized monoclonal antibody directed against the extracellular domain of
the HER2 receptor. The binding of Herceptin with the receptor present on the tumor cell
membrane determines a dual effect: in the first place prevents stimulation of the receptor,
its dimerization and initiation of signal transduction pathways responsible for cell
proliferation; also, it stimulates the immune response and antibody-dependent cell-mediated
cytotoxicity. Herceptin therapy is well tolerated and the most common side effects usually

occur in the first administration of the drug and are represented by flu-like symptoms.

Avastin is a humanized monoclonal antibody that binds to vascular endothelial growth
factor, VEGF-A which is a mediator involved in the angiogenesis process that exerts its action
by binding receptors VEGFR-1(Vascular endothelial growth factor receptor 1) and VEGFR-2.
The binding of avastin to vascular endothelial growth factor does that itself less the
interaction between VEGF-A and receptor and which has an inhibition of the angiogenesis
process, necessary for the survival and the proliferation of cancerous cells and for the
progression of the cancer. The treatment was well tolerated, with side effects consisting of

hypertension, drowsiness, headache and nausea [5].

3.1.2 Cervical cancer

3.1.2.1 Symptoms and causes

The cervical cancer is a cancer arising from the cervix part of the human body (Figure
7). The cervix is the lower part of the uterus that opens into the vagina. No symptoms are
seen in the early stages of diseases. Later symptoms may include abnormal vaginal bleeding

and pelvic pain. Symptoms of very advanced cervical cancer may include: loss of appetite,
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weight loss, fatigue, pelvic pain, back pain, leg pain, swollen legs, heavy vaginal bleeding, bone
fractures, and (rarely) leakage of urine or feces from the vagina. In advanced disease,
metastases may be present in the abdomen, lungs, or elsewhere. Human papillomavirus
(HPV) infection appears to be involved in the development of more than 90% of cases [6].
Other risk factors include smoking, a weak immune system, birth control pills, smoking etc.
Cervical cancer typically develops from precancerous changes over 10 to 20 years. About 90%
of cervical cancer cases are squamous cell carcinomas, 10% are adenocarcinoma, and a small

number are other types.

Figure 7. lllustration of cervical cancer.

3.1.2.2 Diagnosis

Diagnosis is typically by cervical screening followed by a biopsy. Pap test is also using
to detect the changes in the pancreatic tissue. Medical imaging is then done to determine
whether or not the cancer has spread. Confirmation of the diagnosis of cervical cancer or pre-
cancer requires a biopsy of the cervix. Further diagnostic and treatment procedures are loop
electrical excision procedure and conization, in which the inner lining of the cervix is removed
to be examined pathologically. These are carried out if the biopsy confirms severe cervical

intraepithelial neoplasia.
3.1.2.3 Epidemiology

Worldwide, cervical cancer is both the fourth-most common cause of cancer and the
fourth-most common cause of death from cancer in women. About 70% of cervical cancers

occur in developing countries. In medical research, the most famous cell line known as Hela.
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Cancer cervix occupies either the top rank or second among cancers in women in the
developing countries, whereas in the affluent countries, cancer cervix does not even find a
place in the top 5 leading cancers in women [7]. In the United States, an estimated 12,900
new cervical cancers and 4,100 cervical cancer deaths will occur in 2015. In the European
Union, about 34,000 new cases per year and over 16,000 deaths due to cervical cancer
occurred in 2014. Though squamous cell carcinoma posses more incidence, adenocarcinoma

is also increasing recently [8].
3.1.2.4 Staging

Cervical cancer is staged by the International Federation of Gynecology and Obstetrics
(FIGO) staging system, which is based on clinical examination, taking account both its

evolution and the three parameters (T, L, and M), estimated in breast cancer.
3.1.2.5 Treatment

The main therapeutic strategies consist of loco-regional treatments such as surgery
and radiotherapy, and systemic pharmacological treatments, such as chemotherapy and

monoclonal antibody therapy (immunotherapy).
3.1.2.6 Surgery
Different types of surgical procedures may be used;

e Radical hysterectomy: Surgery to remove the uterus, cervix, ovaries and part of
the vagina.
e Radical trachelectomy: Surgery to remove the cervix and the upper part of the

vagina. The uterus and ovaries are not removed.
3.1.2.7 Chemotherapy and Immunotherapy

The same chemotherapeutic and immunotherapeutic agents, used for breast cancer
treatment, are available for the cervical cancer. Avastin is the main monoclonal antibody

utilized.
3.1.3 Structure and chemical synthesis of phosphonium salts

Phosphonium salts are salts containing a phosphonium (PH4*) ion and it refers to a

quaternary organic derivative such as Tetraphenyl phosphonium chloride, (C¢Hs)sP* Cl-and
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Tetra methyl phosphonium iodide [P(CHs)4]*I" etc. The phosphonium salts present as a cation,
a tetravalent phosphorus which bears a partial positive charge and defined as phosphonium

ion. It is generally coordinated halide ions such Cl-, Br- and I-.

Figure 8. General molecular structure of phosphonium salts.

Alkyl triphenyl phosphonium salts are widely used for the preparation of reagents
used in the Wittig reaction. Such salts are readily made by the reaction of triphenyl phosphine

with an alkyl halide as shown in figure 9.

A H Ph

|
H H Ph

Figure 9. Preparation of phosphonium salts. (Ph: Phenyl, X: Alkyl)

The phosphonium salt is a stable compound which can often be purified by re-

crystallization from ethanol.
3.1.4 Phosphonium salts

Phosphonium salts have wide range of applications in the area of Chemistry, Biology
and Pharmacology. Phosphonium salts are a class of lipophilic cationic molecules that
accumulate preferentially in mitochondria and inhibit the growth of human and rodent
carcinoma cells in vitro and in animal models. They are promising potential anticancer agents

for their interesting biological properties and easy synthesis of analogues [9]. Recently many
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literatures described about the promising anticancer activity in cell and animal based systems.
As pharmacological agents, phosphonium salts demonstrated antiglycemic properties in
animal models, anti-proliferative activity in vitro and in vivo models and anti-microbial activity
against Gram -ve, Gram +ve bacteria and parasite T. cruzi [10-12]. Phosphonium salts are
promising anticancer agents, in the diagnosis and treatment, due their selective accumulation
in the carcinoma cells. Indeed, several reports evidenced the selective cytotoxicity of cationic
lipophilic compounds against cancer cells, compared to normal cells [13-18] and their
mitochondrial localization [19]. Interestingly phosphonium salts have been reported to show
anti-proliferative activity in several cancer cell lines and in xenograft model of ovarian cancer
based on their ability to disrupt mitochondrial membrane ultrastructure and the lipid content
[20-22]. Mitochondrial localization of this compound had been used to develop probes for
mitochondrial function, also [23]. It has been shown that the different anti-proliferative
effect is due to characteristic elevated plasma membrane potentials of neoplastic cells [24-
26]. Even though the reasons are not fully understood, it's believed that carcinoma cells have
a higher membrane potential than that of normal cells [27, 28]. The mechanism by which the
phosphonium salts are able to cross plasma membranes are described [29, 30]. Charged
molecules are generally unable to traverse cell membrane without the use of a transporter
proteins due to the large amount of activation energies needed to remove associated water
molecules. The distribution of charge across the large lipophilic surface of the phosphonium

ion significantly lowers the energy requirement facilitating passage across lipid membranes.

Traditional chemotherapies achieved limited success in the treatment of carcinomas,
due to their lack of specificity for tumorigenic cells. It is important, therefore, to discover
anticancer agents for selective tumor cell killing. The special trait of the phosphonium salts
can be exploited to allow selective delivery to tumor cells while sparing normal cells for both

imagining and treatment purpose.

Recent studies showed that a phosphonium salt, namely TP-187, displayed low IC 50
value in different cell lines, related to an arrest in different phases of cell cycle. In particular,
after TP-187 treatment, an arrest in the S phase of cell cycle was detected, in p53 mutant cell
line (MDA-MB-435). The mechanism of action of this compound was further characterized
“in vitro” evidencing mitochondrial localization, decreased oxygen consumption, increased

production of superoxide radicals and inhibition of components involved in oxidative
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phosphorylation mechanism [31, 32]. Moreover, in xenograft model of mice, TP-187 activates

the caspase dependent mitochondrial apoptosis pathway [25].

The aim of the present study was to investigate the effects of lipophilic phosphonium
salt, (11-methoxy, 11-oxoundecyl)triphenylphosphonium bromide (MUTP) as well as of two
new phosphine oxide salts, 3,3’-(methylphosphoryl)dibenzenaminium chloride and 3,3’-
(phenylphosphoryl)dibenzenaminium chloride (SBAMPO and SBAPPO) (Figure 11,12) onthe
proliferation of two human cancer cell lines, MCF-7 and human uterine cervix
adenocarcinoma (Hela) cells. We compared these results with an chemotherapeutic agent,
S5-fluorouracil (5-FU), and with the commercial analogue phosphonium salt,

tetraphenylphosphonium bromide (TPP) (Fig.10)

70
Br
Figure 10. Structure of tetra phenyl phosphonium bromide (TPP).

Qw/

Br

Figure 11. Structure of 11-Methoxy-11-Oxoundecyl-Triphenyl-Phosphonium Bromide
(MUTP).
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Figure 12. Structure of Bis(3-aminophenyl)-methyl-phosphine oxide chloride (sSBAMPO) and
Bis(3-aminophenyl)-phenyl phospine oxide chloride (sBAPPO).
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3.2

MATERIALS AND METHODS

3.2.1 Cell culture

The following cell lines were used in this study,

MCF-7: Human breast cancer cellular line that expresses the estrogen receptor ERa
(ER

+) were obtained from the American Type Culture Collection (ATCC), Manassas, VA,
USA and maintained in monolayer cultures in Dulbecco’s Modified Eagle’s
Medium/Nutrient Mixture F-12 Ham (DMEM/F12) and supplemented with 10% Fetal
bovine serum(FBS), 1% glutamine, 2% penicillin/streptomycin [33].

Hela: Human uterine cervix adenocarcinoma (Hela) cells were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA). The cells were maintained
in MEM medium containing 10% FBS, 1% L-glutamine, 1% Eagle’s non-essential amino
acids and 1% penicillin-streptomycin.

MCF-10A: Human mammary epithelial cells, obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA), were maintained in DMEM-F12 supplemented
with 10% horse serum (HS), 1% glutamine, 1% penicillin/streptomycin, 0.5 mg/ml
hydrocortisone, 20 ng/ml HEGF (human epidermal growth factor) and 0.1 mg/ml

cholera enterotoxin (Sigma—Aldrich, Milano, Italy) (complete medium).

All the cell lines were cultured at 37°C in 5% CO2 in a humidified atmosphere. All salts

tested were dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. Louis, Missouri, USA) and

diluted in appropriate medium supplemented with 2% DCC-FBS (dextran-coated charcoal-

treated newborn calf serum serum) to obtain the working concentration. Each experiment

was performed using multi-well plates in which the cells were plated in a defined quantity,

after trypsinization. The treatments were carried out in DMEM/F12 w/o phenol red

containing 2% NCS

3.2.2 Synthesis of sBAMPO and sBAPPO

Bis-(3-aminophenyl)-methyl-phosphine-oxide (1) (BAMPO) and Bis-(3-aminophenyl)-

phenyl-phosphine-oxide (2) (BAPPO) were synthesized as reported in the literature [34]. A

diethyl ether solution of 1 or 2 respectively was treated with a solution of hydrogen chloride
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(1M in diethyl ether) to precipitate the product hydrochloride salt as a powder. The salt was

collected by filtration and washed with diethyl ether.

3.2.3 Characterization of sSBAMPO and sBAPPO

sBAMPO

1H-NMR(400 MHz, DMSO-d6, ppm): 7.63-7.43 (m, 8H), 2.06 (d, 3H)
31p NMR (161.97 MHz, DMSO-d6, ppm) 32.1 (s)

BAMPO 1: 3'P NMR (161.97 MHz, DMSO-d6, ppm) 33.6 (s)

sBAPPO

IH-NMR(300 MHz, DMSO-d6, ppm): 7.57 (m, 6H) 7.39 (s, 2H) 7.27-7.09 (m, 5H)
31p NMR: (161.97 MHz, DMSO-d6, ppm) 30.9 (s)

BAPPO 2: 3P NMR :(161.97 MHz, DMSO-d6, ppm) 32.2 (s)

3.2.4 Trypsinization

Trypsinization is the technique used to detach the adherent cells from the bottom of
the maintenance plate. The culture medium is aspirated from the plate and are were carried
out three washes with phosphate buffered saline (PBS) in order to remove serum residue.
After that add the trypsin, a proteolytic enzyme which facilitates the detachment of the cells
from the substrate to which they are immobilized. The plate then left a few minutes in the
incubator until the cells begin to detach. Then, the cells are re-suspended in medium

containing serum to neutralize the trypsin, counted and used appropriately.
3.2.5 Cell counting

The cell count is based on the exclusion of Trypan Blue dye by viable cells, unlike the
dead cells, possessing an intact cytoplasmic membrane, do not allow its penetration into the
cytoplasm. A portion of the cell suspension, obtained after trypsinization, is suitably diluted
in the dye, and this dilution is loaded in the Burker chamber, to allow the microscopic counting

of cells. The number of cells/ml was calculated using the equation:

Avg. # of cells counted / # of squares*dilution factor*factor of the counting chamber (10%)
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3.2.6 Cell viability assay (MTT assay)

Cell viability was determined by using the 3-(4,5-dimethylthiazol-2-y1)-2,diphenyl
tetrazolium (MTT, Sigma) assay, as previously described [33, 35-37]. The MTT-assay is a cell
proliferation assay, which allows to evaluate the viability of cultured cells. It is based on the
ability of viable cells to reduce MTT to its corresponding insoluble form formazan catalysed

by mitochondrial reductase (Figure 13).
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Figure 13. Reduction of MTT to corresponding formazan.

Briefly, Mcf-7, HeLa and Mcf-10A cells (3 x 10*cells/ well) were seeded in a 24-well
plate and cultured in complete medium overnight. Before treatment, the culture medium was
switched to DMEM F-12 or MEM supplemented with 2% charcoal-stripped (CS) FBS and cells
were untreated or treated with different concentrations of MUTP. DMSO (Sigma-Aldrich) was
used as the vehicle control. After 72 hours, the fresh MTT reagent 100uL (final concentration
2 mg/mL) was added and incubation was continued for 2 h. The metabolically active cells
convert MTT, yellow, insoluble formazan in color, purple. The medium is aspirated from each
well, and the formazan crystals present within the cells are solubilized with 500 uL of dimethyl
sulfoxide (DMSO). The intensity of the staining solution of the formazan is directly
proportional to the number of viable cells, and measured in a spectrophotometer at a
wavelength of 570 nM. A minimum of three experiments, containing 5 different doses
of phosphonium salts and 5-fluorouracil in triplicate was combined for ICso
calculations. The absorbance readings were used to determine the ICso using Graph Pad
Prism 6 Software (Graph Pad Inc., San Diego, CA). Briefly, values were log-transformed,
normalized, and nonlinear regression analysis was used to generate a sigmoidal dose-

response curve to calculate ICso values for each cell line [38].
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3.2.7 Cell cycle analysis

This is a method used in order to distinguish cells in different phases of the cell cycle,
by flow cytometry. Before the analysis, the cells were permeabilized and treated with
fluorescent dye that can quantitatively stain the DNA, propidium iodide. The fluorescence
intensity of the stained cells at certain wavelengths will therefore correlate with the amount
of DNA they contain. As the DNA content of cells duplicates during the S phase of the cell
cycle, the fluorescence will be higher in S phase. MCF 7 cells were plated, non-treated and
treated with 0.5 uM and 2 uM MUTP for 24 hours and 72 hours. After the treatment, the cells
were trypsinized, collected and centrifuged at 2000 rpm for 5 minutes. Then, the supernatant
was removed and the pellet washed 2 times with PBS and centrifuged at the same rpm for 5
minutes. The supernatant was removed and in the pellet added 500 pL of a solution consisting
of: sodiumcitrate (0.1% in distilled H20) and propidium iodide (50 ug / ml). For each tube was,
then, added 10 pL of RNase (0.5 g / ml) and 6.25 pL of IGEPAL (0.1%). The tubes were agitated
by vortexing and incubated in the dark at 37 ° C for one hour. Then, the samples were read
for cytometric analysis. At least 2x10* cells/sample were measured. FACS analysis was
performed using Mod Fit LT software (Becton Dickinson, NJ). The experiment was repeated

three times.
3.2.8 Preparation of total protein extract

Cells were plated in well multi- well plates in complete culture medium and treated
with the compounds. The lysis was started by addiction of lysis buffer (50 mM (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5, 150 mM sodium chloride
(NaCl), 1.5 mM magnesium chloride (MgCl2), 1 mM Ethylene glycol tetra acetic acid (EGTA),
10% glycerol, Triton-X-100 1%, Phenylmethane sulfonyl fluoride (PMSF) 1 mM, 0.2 mM
aprotinin, Na ortovanadate 0.2 mM) into each of the well. The lysis buffer distributed
uniformly in the well disrupt the cell membranes, allowing the recovery of cellular protein
content. The protease activity was inhibited by PMSF, aprotinin and sodium orthovanadate,
protease inhibitors added in the lysis buffer. After 5 minutes the cell was scraped, collected,
transferred to an Eppendorf tube and kept it in ice for 30 minutes, vortexing every 5 minutes.

The content of each Eppendorf was then centrifuged at 14000 rpm for 10 minutes, at 4°C.
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The pellet was formed from cell membranes, while the supernatant, the soluble protein

extract, was transferred to new Eppendorf and kept at -80°C.
3.2.9 Determination of protein concentration

The total protein concentration was quantified by using spectrophotometric method

of Bradford. The absorbance was read by spectrophotometer at a wave length of 595nm.
3.2.10 Electrophoresis of protein under denaturing condition (SDS-PAGE)

The total protein concentration was quantified by using spectrophotometric method
of Bradford. The absorbance was read by spectrophotometer at a wave length of 595nm. 25
pg of protein from each sample, was separated by electrophoresis on SDS-polyacrylamide

gels.

Prior to electrophoretic separation, the samples were added to Laemmli sample
buffer (4% SDS, 20% glycerol, B-mercaptoethanol 10%, bromophenol blue 0.004%, Tris-HCl
(0.125%) and brought to the same final volume by the addition of the same buffer used for
the extraction of proteins. The protein contained in each sample were subjected to thermal
denaturation treatment, at 100 ° C for 5 minutes. Simultaneously one well should be loaded
with a marker of known molecular weights (Precision Plus Protein All Blue ™ Standards, Bio-
Rad) essential for the identification of the protein of interest. The electrophoresis was carried
out in a vertical apparatus for electrophoresis in the presence of a running buffer (25 mM
Tris, 1.4% glycine, 0.1% SDS, pH 8.3), 100 volts for about 120 minutes. This operation allows
separation of the proteins, negatively charged, as a function of their molecular weight [39].

The composition for preparing 15% stacking and resolving gel is given in table 1.
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Stacking gel Resolving gel
Reagents
15% 15%
Water 2.160 mL 1.8 mL
AA/BIS AA (30/0.2) 500 pL 1.8 mL
TR|S/|-I\|/Icr|n()1.876 300 L -
SDS 10% 30 pL 83.33 uL
APS 10 % 15 L 66 pL
TEMED 7 uL 7 uL

TRIS HCI, pH 6.8 for stacking gel and pH 8.8 for resolving gel.
Table 1. Composition of stacking gel and resolving gel.

3.2.11 Immunoblotting

The proteins separated on polyacrylamide gels are transferred by means of "electro-
transfer" of a nitrocellulose membrane using a semi-dry transfer apparatus (BIORAD). The gel
and the membrane are soaked in transfer buffer (Tris 20 mM, Glycine 150 mM, SDS 0.5% and
methanol 20%). A "sandwich" is then set up the transfer apparatus, consisting of two sponges,
nitrocellulose, gel, and two sponges. The transfer chamber is formed by two parallel
electrodes and the nitrocellulose membrane must be placed between the gel and the anode.
The transfer chamber with an electric current (25 volts is applied for 1 h) perpendicular to the
gel, and negatively charged proteins migrate from the gel towards the positive pole, moving
on nitrocellulose membrane. The quality of the transfer can be verified through the reversible
staining of the membrane with Ponceau Red (1% solution of Ponceau Red in acetic acid at
5%). The membrane is bleached by washing with 1X TBST (Tris buffer saline - Tween: 0.1%
Tween-20, Tris / HCl 10 mM and 100 mM NacCl).

3.2.12 Immunodetection

The nitrocellulose membrane was agitated for 60 minutes at room temperature in
blocking solution, 10X solution of TBST (Tris / HCI, 100mM, 1M NaCl and 1% Tween-20) with
the addition of milk powder to 5%. The function of the blocking solution is to block all of the
hydrophobic sites present on the membrane, in order to reduce the non-specific interactions

with the antibody. Subsequently, the membrane was rinsed three times, for five minutes,
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with TBST 1X and is incubated overnight at 4 ° C with the solution of 1X TBST with 5% BSA
contains the primary antibody specific for the protein of interest. The excess antibody is
subsequently removed by three washes in 1X TBST, the next day. The antigen-antibody
complexes are detected after incubation for one hour at room temperature with a specific
secondary antibody (1X solution in TBST with 5% milk powder), able to recognize the constant
portion of the IgG molecule used as primary antibody. The secondary antibody is conjugated
with horseradish peroxidase, an enzyme capable of catalyzing, in basic conditions, the
oxidation of a chemo luminescent substrate, Enhanced Chemiluminescence Substrate (ECL),

in a product able to impress a photographic plate [39, 40].
Primary antibodies used:

e Antibody anti p53 Dilution (1:2000)

e Antibody anti p21 (SC-756) Dilution (1:2000)
e Antibody anti-Bax Dilution (1:2000)

e Antibody anti B-actine Dilution (1:2000)

e Antibody total OXPHOS Dilution (1:500)

e Antibody Caspase 3 (1:2000)

e Antibody Caspase 9 (1:2000)

Secondary antibodies used:

e Antibody goat anti-rabbit IgG (Santa Cruz Biotechnology), Dilution 1:7000.

e Antibody goat anti-mouse IgG (Thermo Scientific), Dilution 1:5000.
3.2.13 Real time RT-PCR

Cells were grown in 10 cm dishes to 70% to 80% confluence and exposed to
treatments with MUTP, 0.5 uM and 2 uM for 24 hours. Total cellular RNA was extracted using
TRIZOL reagent (Invitrogen) as suggested by the manufacturer. The purity and integrity were
checked spectroscopically and by gel electrophoresis before carrying out the analytical
procedures. Analysis of p53 and p21 gene expression was performed by real time reverse
transcription-PCR in the iCycler iQ Detection System (BioRad), using SYBR Green Universal PCR
Master Mix (BioRad), following the manufacturer's recommendations. Each sample was

normalized on its GAPDH content. Primers used for the amplification were: forward 5'-
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TCAGTCTACCTCCCGCCATA-3' and reverse 5'-TTACATCTCCCAAACATCCCT-3' (p53); forward 5'-
GCATGACAGATTTCTACCACTCC -3' and reverse 5'- AAGATGTAGAGCGGGCCTTT -3' (p21);
forward 5'-CCCACTCCTCCACCTTTGAC-3' and reverse 5'-TGTTGCTGTAGCCAAATTCGTT-3'

(GAPDH, house-keeping gene).
3.2.14 Mitochondrial staining

Mitochondrial activity was determined by Mito tracker Orange dye (M7510,
Invitrogen) which was an orange fluorescent dye that stains mitochondria in live cells and its
accumulation is dependent upon membrane potential. The dye is well-retained after
aldehyde fixation. Mito Tracker Deep Red (M22426, Invitrogen), localizing inside the
mitochondria irrespective of membrane potential, was used to assess mitochondrial mass as
described by Fiorillo M, et al.[41]. Mcf-7 cells were treated with 4uM of MUTP for 48 hours.
Vehicle alone (DMSO) control cells were processed in parallel. After 48 hours, cells were
incubated with Mito Tracker staining solution (diluted in PBS/CM to a final concentration of
10 nM) for 30-60 minutes at 37°C. All subsequent steps were performed in the dark. Cells
were washed in PBS, harvested and re-suspended in 300 pL of PBS/CM. Cells were then
analyzed by Flow Cytometry using BD FACS Jazz™ Cell Sorter (Becton Dickinson and Co) [42].

3.2.15 Mitochondrial ROS production

Mitochondrial Reactive oxygen species (ROS) are ROS produced inside the
mitochondria through oxidative phosphorylation. The effects of MUTP treatment on
mitochondrial ROS production were examined as previously described in the paper [43].
Briefly, MCF-7 cells were treated with 4 uM MUTP for 24 hours. Vehicle-alone (DMSO) control
cells were processed in parallel. At the end of treatment, cells were washed in PBS and
incubated with CM-H,DCFDA (diluted in PBS at a final concentration of 1 uM) for 20 minutes
at 37°C. This step and all subsequent ones were performed in the dark to prevent the
oxidation of the probe. The CM-H,DCFDA is a cell-permeable probe that is non-fluorescent
until oxidation occurs within the cells. After 20 minutes, cells were washed, harvested, re-
suspended in 300 uL of PBS and analyzed by Flow Cytometry, using BD FACS Jazz™ Cell Sorter

(Becton Dickinson and Co).

107



3.2.16 DNA Extraction

The cells were plated in 100 mm petri dishes in desired confluence. Treatment was
carried out with two different concentration of MUTP. After 48 hours, the cells, immobilized
on the bottom of the plate were detached by using trypsin, subsequently neutralized by the
addition of plain medium. The cell suspensions were transferred into the tubes and
centrifuged at 2500 rpm for 5 minutes. In each tube, 100uL of lysis buffer (Tris / HCI 50uM,
20nm EDTA, 1% NP-40) was added and it was left to act overnight at -80 ° C. The samples
were subjected to centrifugation at 3000 rpm for 5 minutes and the supernatant removed.

The proteins and the RNAses were denatured by addition of SDS and RNAse-A, respectively.

The lysates were incubated at 56 ° C for 2 hours, in order to leave all the residues of
enzyme RNAase-A, at the same time inhibiting the activity of the DNAse, possibly present in
the sample. Thereafter was added proteinase-K in order to degrade the proteins and the

samples were incubated for 2 hours at 37°C.

Subsequently 500 pl of absolute ethanol and 65 pl of 3M sodium acetate were added
in order to precipitate the DNA. After incubation at -80 ° C, overnight, it was proceeded to
centrifuge samples for 20 minutes at 12000 rpm at 4 ° C. The supernatant was removed and
the pellet, represented by the DNA precipitated, was washed with cold 75% ethanol to
solubilize the precipitated salts and the DNA. Following centrifugation at 12000 rpm for 20
minutes at 4 ° C, the supernatant was removed and the pellets, the DNA, was suspended in

50 ul of TE-buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0).
3.2.17 DNA electrophoresis on agarose gel

The agarose gel electrophoresis is a technique that allows to separate the DNA
molecules according to their size, by exploiting their different migration speed through the
agarose gel, subjected to an electric field. The agarose gel was prepared at the concentration
of 2% in TBE buffer (Tris-borate-EDTA) with the addition of ethidium bromide, an intercalating
agent that makes visible the DNA by fluorescence emission following exposure to the UV
lamp. On the agarose gel, it was loaded a marker, consisting of a mixture of DNA fragments
of known molecular weight, and the different samples mixed with a loading buffer, containing
thickeners and dyes to facilitate the loading of samples and monitor the progress of the

electrophoresis run.
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3.2.18 TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labelling is an assay to evaluate
apoptotic cells in population by measuring the DNA fragments that are formed. A hallmark
of late apoptosis is extensive genomic DNA fragmentation that generates a multitude of DNA
double-strand breaks (DSBs) with accessible 3'-hydroxyl (3'-OH) groups. This 3'-OH free
terminal become the substrate for the recombinant enzyme terminal deoxynucleotidyl
transferase (rTdT), which catalyzes the reaction of incorporation of fluorescein-12-deoxy-
uridine-5' -triphosphate (fluorescein-12-dUTP) to the free 3'-OH. The fluorescein-12-dUTP
linked to the DNA is displayed directly using a fluorescence microscope (Figure 14). The assay
was performed by using the Click-iT® TUNEL Alexa Fluor® Imaging Assay (Invitrogen)
according to the manufacturer’s protocol. The Mcf-7 cells were plated in a 6 well plates
incorporated with a coverslip on which the cells grow in their regular growth medium in a
specific confluence. The cells were treated with desired concentrations of MUTP for a desired
period of time. After, the wells were washed 3 times, with PBS. The cells were fixed with 4%
paraformaldehyde solution in PBS for 15 minutes at room temperature and washed 3 times
with PBS. Later the cells were permeabilized with a solution 0.52% Triton X100, in PBS, for 4

minutes at room temperature and washed 3 times with PBS.

After that, 100ul of TdT reaction buffer were added to each coverslip. The cover slips
were incubated for 10 minutes at room temperature. During the incubation time, it was
prepared the TdT reaction cocktail, according to the instructions, in the kit. After incubation,

the TdT reaction buffer was removed from the slides.

Then, 100 ul of TdT reaction cocktail was added to each coverslip and allowed the
solution to spread all over the coverslip. The cover slips were incubated for 60 minutes at
37°C, in a humidified chamber to protect against evaporation. The coverslips were washed
with BSA 3 % in PBS for 2 minutes. The Click-It reaction cocktail was prepared, according to
the instruction provided in the kit, added (100 ul) to each coverslip and allowed the solution
to spread completely over the surface. The slides were incubated for 30 minutes at room
temperature in the dark. Then, the solution was removed and the slides washed with 3% BSA
in 1x PBS, for 5 minutes. Next, DNA staining was conducted to analyze the nuclear morphology
of the cells, after treatment. The Hoechst 33342 reagent was diluted in PBS, added (100 pl)
on each cover slip and incubated for 15 minutes at room temperature, in the dark. The
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solution was removed from the coverslip by washing well twice with PBS. The Cell nuclei were
analyzed and photographed by using a fluorescent microscope (4xmagnification). Images are

representative of three separate experiments.
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Figure 14. Mechanism by which the recombinant enzyme (terminal deoxynucleotidyl
transferase) catalyzes the reaction of incorporation of fluorescein-12-dUTP at the free 3'OHT.

3.2.19 Statistical analysis
Data is represented as the mean * standard deviation (S.D.), taken over > 3
independent experiments, with 2 3 technical replicates per experiment, unless otherwise

stated. Statistical significance was measured using the analysis of variance (ANOVA) or

student t-test. p £ 0.05 was considered significant and all statistical tests were two-sided.
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3.3 RESULTS AND DISCUSSION

3.3.1 MUTP elicits anti-proliferative effect on MCF-7 and Hela cell lines

In order to investigate the effects on cancer cell proliferation of the aforementioned
compounds, we have performed an MTT assay to assess their cytotoxic potential against two
human cancer cell lines: the estrogen receptor-positive (ER+) human breast cancer cell line
MCF-7, and human uterine cervix adenocarcinoma (Hela) cells (Figure 15 and 16). The anti-
proliferative effect was evaluated after a treatment period of three days. The absorbance
read at 590nm. The compounds were solubilized in DMSO in 5 different concentrations (0.1,
0.5, 1, 5, 10 uM). The cells were also exposed to 5-fluorouracil (5-FU), in order to compare
the compounds’ anti-proliferative effects with the widely used anti-cancer drug. TPP is a novel

phosphonium salts which is already proven to have the anticancer activity.
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Figure 15. Effects induced by the treatment of different complexes on proliferation of
anchorage dependent MCF-7 cancer cell lines.
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Figure 16. Effects induced by the treatement of complexes on Hela cell lines.

Results showed that TPP and MUTP elicited anti-proliferative effects on both cancer
cell lines. According to prevoius studies carried out on anti-proliferative activity of TPP [21],
we observed that TPP reduced MCF-7 and Hela cell viability on a dose dependent manner
(Figure 15 and 16) with IC50 values equal to 1.25 and 0.65 uM, respectively (Table 2).
Moreover, on both cell lines, TPP showed similar cytotoxic activity to 5-FU, whose IC50 values
were found to be 1.16 and 0.58 uM, respectively (Table 2). MUTP showed an inhibitory effect
on a dose dependent manner in both cell lines (Figure 15 and 16). SBAMPO and SBAPPO

treatments showed no inhibitory effects on both cell lines (Figure 15 and 16).

In order to evaluate the toxicity of these compounds on normal cellular line,
subsequently we have treated the compounds against normal breast glandular epithelial cell
lines, MCF-10 A (Figure 17). The results obtained have shown that MUTP did not induce any
anti-proliferative effects on this cell lines and 10 uM concentration showed a slight inhibitory
effect. Also, we observed that treatment with 5-FU showed a significant inhibitory effect on

MCF-10 A cell lines at 1, 5 and 10 uM.
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Figure 17. Effects induced by the treatment of complexes on MCF-10 A cell lines.

Compounds MCF-7 Hela MCF-10A
IC-50 (M) |95% confidence intervels|IC-50 (JM) |95% confidence intervels|IC-50 (M) |95% confidence intervels
5-FU 1.16 0.81to 1.66 0.58 0.43t00.77 2.72 2.14103.45
PP 1.25 1.04t0 1.51 0.65 0.53t0 0.77 48.34 | 31.07t075.21
MUTP 3.71 3.06t04.51 3.59 2.762 to 4.67 >50 >50
SBAMPO | =50 >50 >50 >50 >50 >50
SBAPPO »50 50 >50 »50 >50 >50

Table 2. I1C 50 value of 5-fluorouracil, TPP, MUTP, sBAMPO and sBAPPO for MCF-7, HelLa and
MCF-10A cells.

The results obtained showed that MUTP did not induce anti-proliferative effects on

this cell line; 10 uM MUTP elicited a slight inhibitory effect. Therefore, conversely to the 5-FU

treatment, the two phosphonium salts tested showed specific anti-proliferative, effect on

MCF-7 breast cancer cells, revealing a higher IC50 value than 5-FU on non-tumorigenic MCF-
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10A cells line (Table 2). Note that, as reported in Table 2, MUTP displayed an IC50 value > 50
uM.

3.3.2 MUTP-induced cell cycle arrest at G1 phase of MCF-7 cells

Previous study showed that MUTP analogue (TPP) showed a cell cycle arrest at G2/M
phase [28]. The biological responses elicited by MUTP in MCF-7 cell, prompted us to
investigate whether MUTP treatment could affect the MCF-7 cell cycle progression.
Therefore, we evaluated the distribution of cells within the three major phases of the cycle,
analyzing by PI staining with FACS. MCF-7 cells were treated with either vehicle (DMSO) or
two different concentrations of MUTP (0.5 and 2 uM) for 24 h (Figure 19A) or 72 h (Figure
19B) and analyzed.

Preparation
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Growth Synthesis

DNA
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Figure 18. Different phases in a eukaryotic cell cycle.

The molecular events that control the cell cycle are ordered and directional: each
process is a direct result of the previous event and is the cause of the next. It is characterized
by the following stages, G1 phase, S phase, G2 phase and M, which are schematically

summarized in figure 18. There is also a further extra cyclic phase which is indicated by GO,
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during which the cells are temporarily in a state of quiescence. Using propidium iodide, it is
possible to assess the cell cycle of a cell. Propidium iodide (3,8-diamino-5
dietilmetilamminopropil- 6 fenilfenantridin diiodide) (Pl) is a synthetic dye characterized by a
low fluorescence (red-orange), able to bind selectively to nucleic acids. The Pl binding
stoichiometrically to double-stranded DNA provides information on the amount of DNA
contained in cells; in relation to the intensity of fluorescence. It is well known that the DNA
content varies depending on the stage of the cycle in which the cell is located. In particular,
the cells have a double amount of DNA in G2 and S phase when compared to that of the G1
phase. While during the period of DNA synthesis (S phase), the amount of DNA appears to be
intermediate between the content in the G1 and G2 phase. Thus the assessment of the
amount of DNA can be traced back to the percentage of cells in different cell cycle phases: GO

/ G1,Sand G2 / M [44, 45].

A'g__ CTRL MCF-7 (24h) 2 0.5 pM MUTP . 2 uM MUTP C
: : g 3
5 g- ‘ £
. I Se
% i i =0T
l 3 1 2 o
o o | o | i
. ' ] % g
g |l L |\ || (=) =
A ul | L [ \ 7] I A
1) b ATt AR S QS
R AT AR AR LR N RERA RRRE A AL REARS N SARE REAL -/ RRRRN ARRRA RRRRN & Y ¥
L = "o s W 2 290 o = 100 o ] 200 =0 o = 90 s w0 200 20 Q“: ry
B CTRL MCF-7 (72h) 0.5 pM MUTP 2 uM MUTP D
i ] B ] 3—: = 120
%__; ;_: g3 | 5 ‘-; 100
g g S 5o 80
) ) | 25 60
g !| 27| § || 53 40
ER| | q % 20
g1 }III . || ', g I 0
1 A 1 | s 1 /o~ S S
N B T; .\ . .‘.".".“'I'm. 7 .qtlu" 2; e .“. T ).;. T ._!:"?"‘”"I'”. T ';.I;;. A =---1--r|)-3-l‘ % 1“1“-'*[—\:—-—r—v—-—r—-—v—r—:= ‘}'Qs\} q};"@\

FIGURE 19: MUTP impairs G1/S transition of MCF-7 breast cancer cells. Exponentially
growing MCF-7 cells were treated either with DMSO (Ctrl) or two different concentrations of
MUTP (0.5 and 2 uM). After 24h (A) or 72h (B), the cells were stained with Propidium lodide
(see Material and Methods), and analyzed by FACS. The graph shows the distribution MCF-7
cell population (%) in the various phases of cell-cycle. Quantitative analysis of percentage
gated cells at GO/G1, S and G2/M phases, after 24h (C) and 72h (D) of treatment, were shown.
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The results revealed that MUTP treated cells accumulated in the G1 phase of the cell
cycle, while the fraction of cells in S phase decreased, compared with vehicle treated cells, in

dose and time/dependent (Figure 19, A-D).

3.3.3 MUTP-induced cell cycle arrest through increased p21 and p53
expression

In order to shed light on the molecular mechanisms involved in MUTP-dependent cell
cycle arrest, changes in levels of protein involved in cell cycle regulation were investigated,
by Western blotting analysis. G1/S cell cycle arrest has been shown to be mediated by cyclin-
dependent kinase inhibitors, such as p21 [46, 47]. Thus, we considered its expression as

candidate mediator of the anti-proliferative response.

The p53 protein is a transcription factor at the center of a vast network of signals to
detect cellular stress, such as DNA damage, telomere shortening and hypoxia. The p53 tumor
suppressor gene is considered to be a “master gene of the cellular regulation” which in stress
stimulation becomes activated and promotes cell cycle arrest and apoptosis [48]. In healthy
cells, not subjected to stress, p53 has a short half-life (20 minutes), due of its association with
the MDM2 (Mouse double minute 2 homolog) protein. If the cell is in stress conditions, p53
undergoes post-transcriptional modifications that determine the release of MDM2 and the
increase of its half-life. The p53 protein counteracts the neoplastic transformation by three
mechanisms that are linked: the temporary cell cycle arrest (quiescence), the permanent cell
cycle arrest (senescence) and programmed cell death (apoptosis). The cell cycle arrest
mediated by p53, can be considered as the first response to DNA damage. As a result of cell
damage, such as DNA damage, p53 is activated and stimulates the transcription of many
genes including the one for the p21 protein. This protein is able to bind the complex cyclin-
CDK2 and cyclin-CDK4 and inhibit its activity, thus regulating the cell cycle progression at the
G1 phase.

The expression levels of these two proteins in MCF-7 cells were evaluated after 72
hours of MUTP treatment, at two different concentrations (0.5 and 2 uM). The results
obtained (figure 20) shown that p21 protein levels were significantly enhanced by 2 uM
MUTP; in addition, the MUTP induced higher p53 expression, in dose/dependent manner, in

all treated cells.
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Accordingly, realtime (RT)-PCR revealed an induction of both p53 and p21 mRNA levels
in MCF-7 cells after 24 hour treatment with two different doses of MUTP (Figure 21).
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Figure 20. Effects of treatment with MUTP on the levels of expression of the p53 and p21
proteins in the MCF-7 cell lines. (A) Immunoblots of p53, and p21 from extracts of MCF-7
cells treated with DMSO (0) or two different concentrations of MUTP (0.5 and 2uM), for 24
hours. B-actin was used as a control for equal loading and transfer. The histograms
represent the mean = S.D. of three separate experiments in which band intensities of p21
(B) and p53 (C) were evaluated as optical density arbitrary units and expressed in terms
of fold change compared to DMSO-treated samples (Ctrl) and normalized for B-actin
content. (** p<0.001, **** p<0.00001, one-way ANOVA and Student’s t-test calculations).

117



p53 pil

EE
- 15 - FkE

1.5 -

15 4

mRMA transcript lewvals
{Fold change)
-
mRMA transcript levels
[Fold change)

05 -

control 05uM 2 uM control 05uk 2pM

Figure 21. Realtime (RT)-PCR revealed an induction of both p53 and p21 mRNA expression,
evaluated by (RT)-PCR, in MCF-7 cells treated with vehicle (control) or MUTP (0.5 and 2
KUM) for 24 hours. Each sample was normalized to its GAPDH mRNA content. *, P < 0.01;
*** P <0.0001.

3.3.4 MUTP reduces mitochondrial membrane potential with significant
increase in ROS levels

Previous studies reported that cytotoxic action of phosphonium salts such as TPP and
its derivatives would seem to be due to the disruption of the mitochondrial membrane
potential, which is essential for the production of ATP. Moreover, TPP has been shown to
damage the mitochondrial membrane, in hypopharyngeal FaDu cells [49-51]. Therefore in
order to characterize the metabolic function of MCF-7 cells after treatment with the MUTP,
MCF-7 cell lines were stained with different metabloic probes and analysed by FACS. The
results showed that MUTP decresed mitochondrial mass, as assessed with Mitochondrial
deep red (Figure 22A), and mitochondrial membrane potential as assessed with Mitotracker
orange (Figure22B). The ratio of mitochondrial membrane potential and mitochondrial mass
were calculated, showed that treatment with MUTP decreases mitochondrial membrane
potential per mitochondria (Figure 22C). Its well known that the the reduction and disruption
of mitochondrial membrane potential will ultimately leads to the production of reactive
oxygen species (ROS). In this regard ROS levels were evaluated by FACS analysis, using the
CM-H2DCFDA probe (Figure 22D). We demonstarted that ROS levels increase after the

treatment with MUTP.
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Figure 22. MUTP treatment decreases mitochondrial mass and mitochondrial membrane
potential with increase in ROS levels. MCF-7 cells were treated with MUTP at 4 uM
concentration for 48 hours. After that cells were stained with different metablic probes and
analyzed by FACS. (A) MUTP decrease mitochondrial mass(mitotracker deep red) and (B)
MUTP decreases mitochondrial membrane potential(Mitotracker orange). (C) The ratio of
mitochondrial membrane potential (Mito Tracker Orange) versus mitochondrial mass (Mito
Tracker Deep-Red) was calculated, showing that MUTP decreases mitochondrial membrane
potential per mitochondria. (D) Cells were treated with CM-H,DCFDA probe and analyzed by

FACS to determine ROS levels. ROS increased after the treatment with 4 uM of MUTP. (****p
< 0.00001, one-way ANOVA and Student’s t-test calculations).

3.3.5 MUTP treatment blocks respiratory chain complex in MCF-7

Phosphonium salts reduce the cellular oxygen consumption in a dose dependent
manner, by determining as result a decrease in oxidative phosphorylation efficiency [28].
Moreover, we have been observed that MUTP treatment significantly decreases the

mitochondrial membrane potential per mitochondria, followed by a significant increase in
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ROS levels. Based on these observations, we considered to assess what effect MUTP might
have on mitochondrial oxidative pathway (OXPHOS) enzymes. The protein complexes,
localized in the inner mitochondrial membrane, ultimately, serve as the major source of
cellular energy. Towards this aim, MCF-7 cells were left untreated or treated with 0.5 and 2
UM MUTP for 24 h. Results from Western blotting analysis showed that 2 uM MUTP treated
cells display a substantial reduction of the Il and IV complexes (Figure 23) while, slight

decrease was observed for the complex lll.

Taken together our current data, in agreement with the literature data [49-51],
showed that cytotoxic action of MUTP would seem to be due to the mitochondrial damage
that it was manifested with a significant decrease in mitochondrial mass, mitochondrial
membrane potential as well as substantial reduction in expression levels of the main proteins,

involved in cellular energy production (OXPHOS enzymes).
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Figure 23. MUTP decreased OXPHOS protein content in MCF-7 cells. Total protein extracts
from MCF-7 cells left untreated (control) or treated for 24 h with 0.5 and 2 uM MUTP, were
analyzed by Western blot analysis using antibodies against OXPHOS subunits. B-Actin was
used as loading control. Blots are representative of three independent experiments with
similar results. The OXPHOS antibody cocktail recognizes nuclear-encoded components of
Complex | (NDUFB8, NADPH-ubiquinone oxidoreductase 1 beta sub complex 8), Complex Il
(SDHB, succinate dehydrogenase complex, subunit B), Complex Il (UQCRC2, ubiquinol-
cytochrome c reductase core protein Il), and Complex V ATPase (ATP5A, ATP synthase, alpha
subunit), and mitochondrial encoded MTCO2 (mitochondrial-encoded cytochrome c oxidase
subunit 1) in Complex IV.
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3.3.6 MUTP induce apoptosis in MCF-7 cells

The mitochondrial ROS excess induce oxidative modification of cellular
macromolecules, inhibit protein function and promote cell death. Additionally, various redox
systems, such as the glutathione, thioredoxin, and pyridine nucleotide redox couples,
participate in cell signaling and modulation of cell function, including apoptotic cell death. Cell
apoptosis is initiated by signals via two main pathways, the extrinsic pathway (receptor-
mediated) or the intrinsic pathway (mitochondria-mediated) [52]. Furthermore, it has been
observed that the tetraphenyl phosphonium bromide structural analogues, are able to trigger
the process of apoptosis "in vivo" [25]. Starting from these observations, and by considering
that our previous results showed p53 modulation, after MUTP treatment in MCF-7 cells, we
asked if the anti-proliferative activity displayed by MUTP could be due to apoptosis induction
(intrinsic pathway). The impact of MUTP on apoptosis was assessed by using different

approaches.

First, we evaluated the expression levels of several protein involved in this pathway,
Bax, Caspase-3 and Caspase-9, by immunoblot analysis. The Bax protein is specifically
attached to mitochondrial membranes which may indicate a role in the regulation of
mitochondrial function during apoptosis [53]. Mitochondria have been shown to play a key
function in the events leading to caspase activation in cell-free systems as well as in many cell
types undergoing apoptosis. Induction of apoptosis is, in some cells, associated with a loss of
cytochrome C. In the cytosol, cytochrome C forms a complex with Apafl and Caspase-9, which
triggers caspase activation and cell death [54]. Activated Caspase-9 in turn cleaves and

activates Caspase-3 (Figure 24) [55].
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Figure 24. Intrinsic apoptosis pathway.

The results obtained (Figure 25) revealed an increase in the levels of BAX, Cas-9 and
Cas-3 with increasing MUTP concentration (0.5 and 2 uM) upon treatment in MCF-7 cells. This
modulation was in agreement with the hypothesis that an intrinsic apoptotic process was

involved in MUTP anti-proliferative activity.
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Figure 25. Induction of apoptosis by MUTP in MCF-7 cells. Immunoblots of Bax, cleaved
Caspase-3 and cleaved Caspase-9 from extracts of MCF-7 cells treated with vehicle (Control)
or MUTP (0.5 and 2 uM) for 24 hr. B-Actin was used as loading control.
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3.3.7 DNA laddering

Second approach we used was to evaluate the inter nucleosomal fragmentation
profile of genomic DNA, a diagnostic hallmark of cells undergoing apoptosis. MUTP treatment
induced a marked DNA fragmentation in MCF-7 cells (Figure 26). For this purpose the MCF-7
cells were treated for 24 hours with 0.5 and 2uM MUTP, then DNA was extracted and
subjected to electrophoresis on agarose gel. The results obtained have been reported in

figure 26.

Control 0.5 4M 2pM

Figure 26. DNA laddering by agarose electrophoresis gel.

After the electrophoresis, in lines 5 and 6, in which it was loaded the DNA extracted
from cells, after treatment with 2 uM MUTP, was detected a distinct and marked DNA
fragmentation, to confirm the mechanism of apoptosis. On the contrary, no fragmentation
could be observed in lines 3 and 4 where we loaded the DNA extracted from cells after
treatment with MUTP 0.5 uM. Lines 1 and 2 are the control ( DNA extracted from cells without

treatment).
3.3.8 TUNEL assay further confirms apoptosis

Finally, inorder to confirme the apoptotic effect of MUTP on MCF-7 cells, we
performed TUNEL assay. The reults obtained showed a strong induction of the apoptotic cells

after MUTP exposure (Figure 27).
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Figure 27: MUTP triggers apoptotic cell death in MCF-7 cells. Terminal deoxynucleotidyl
transferase-mediated dUTP Nick End Labeling (TUNEL) staining in MCF-7 cells. The cells
treated with DMSO (control, ctrl) (panels A, A1, A2) or 4uM MUTP (panels B, B1, B2), for 48
h, were washed with PBS, paraformaldehyde fixed and subjected to TUNEL assay (panels A,
B); after removal of enzyme and buffer, fixed cells were Hoechst 33342 stained to visualize
the cell nucleus (panels Al, B1). Merge (panels A2, B2) was also shown. The images were
taken on Olympus BX41 microscope with CSV1.14 software using a CAMXC-30 for image
acquisition. Scale Bars 125um. (C) The histograms represent the means * S. D. of apoptotic
cells from three independent experiments performed in triplicate. *** p<0.0001 versus
control, one-way ANOVA and Student’s t-test calculations).
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3.4 CONCLUSION

In the present work we evaluated the invitro anticancer activities of nelwy synthetized
phosphonium salts, at different concentrations (0.1, 0.5, 1,5 and 10 uM). Specifically, (11-
methoxy, 11-oxoundecyl)triphenylphosphonium bromide (MUTP) as well as two new
phosphine oxide salts, 3,3’-(methylphosphoryl)dibenzenaminium chloride and 3,3’-
(phenylphosphoryl)dibenzenaminium chloride (SBAMPO and SBAPPO) on proliferation of two
human cancer cell lines (Human breast cancer cell lines, Mcf-7 and Human uterine cervix
adenocarcinoma,Hela). Cell viability was determined by using the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium (MTT) assay. The results obtained showed that MUTP elicited
promising anti-proliferative activity against the two cell lines tested. The results were further
confirmed by calculating the IC-50 value, that was found to be 3.71 uM and 3.59 uM for Mcf-
7 and Hela cells, respectively. We have compared the results with the commercial anticancer
drug, 5-Fluorouracil and a typical phoshonium salt Tetraphenyl phosphonium bromide (TPP).
More surprisingly we found that the MUTP treatment in normal breast epithelial cells (Mcf-
10 A) didn’t show any toxicity. The obtained IC-50 value was higher than 50 uM, while the
commercial drug was found really toxic to healthy cells, indeed its IC-50 value was very low

(2.72uM).

The good biological responses elicited by MUTP, prompted us to investigate the
underlying mechanism of action. Literature data reported that Tetraphenyl phosphonium
bromide (TPP) and its structural analogues [25], block cell cyle in G2/M phase. Therefore we
evaluated if MUTP behaved in the same way and we evaluated the distribution of cells within
the three major phases of cell cycle. FACS analysis revealed that MUTP treated cells
accumulated in the G1/GS-phase of the cell cycle compared with vehicle treated cells. This
block was confirmed by an increased expression level of two proteins involved in cell cycle

regulation, p21 e p53.

Recently, there has been a surge of interest in developing compounds selectively targeting

mitochondria for the treatment of neoplasms [56, 57].

The critical role of mitochondria in cellular metabolism and respiration supports this

therapeutic rationale. Dysfunction in the processes of energy production and metabolism
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contributes to attenuation of response to pro-apoptotic stimuli and increased ROS production

both of which are implicated in the initiation and progression of most human cancers.

Therefore, in order to characterize the mitochondrial function in MCF7 cells, after
MUTP treatment, the cells were stained with specific metabolic probes and analyzed by FACS.
The results showed that MUTP treatment decreased mitochondrial mass and mitochondrial
membrane potential and increased the ROS production. In agreement with these findings,
the reduction in the expression of the mitochondrial oxidative pathway (OXPHOS) enzymes

revealed a bioenergetics failure, induced by MUTP, in treated cells.

Next, we hypothesized that the mitochondrial damage could determine the triggering
of apoptotic events; therefore, we assessed the impact of MUTP on apoptosis by using
different approaches: immunoblot analysis of several protein involved in this pathway, Bax,

Caspase-3 and Caspase-9, DNA laddering and Tunel assay.

Our outcomes demonstrated that MUTP treatment inhibited MCF-7 proliferation,

inducing apoptosis.

Taken together all the data we have got from the experimental section confirmed that MUTP

coud be considered a promising anticancer agent.

Hence, the capability of this phosphonium salt to elicit selective inhibitory effects on
cancer cell growth, probably caused by a mitochondrial function inhibition, could be taken
into account towards novel pharmacological approaches in cancer therapy. The different
activities of the phosphonium salts and phosphine oxides (SBAMPO and sBAPPO) suggests
that the phosphorus compounds, capable of exerting anti-tumor action, must have the
oxidation state 3 and therefore a free electron-pair, electron pair that the phosphorus does
not possess in oxidation state 5. However further studies will be helpful to better define the

molecular mechanism involved.
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Abstract

Complexity in biological samples pose a greater challenge for proteomic analysis.
In order to overcome this issue, separation or fractionation is often a prerequisite
to qualitative or quantitative proteomic approaches. Affinity chromatography is a
method for separating biochemical mixture based on a highly specific interaction
similar to the one between receptor and ligand. This mini-review discuss the use of
polymeric nanoparticles as an alternative matrix support in affinity purification.
The nanoparticle-based purification have the potential to selectively target the
protein of interest from a complex pool. This strategy could be applied as sample
purification step prior to mass spectrometry-based proteomic analyses.
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Introduction to Affinity Purification

Proteins and other macromolecules of interest can be
purified from crude extracts or other complex mixtures by
a variety of methods. Selective precipitation is perhaps the
simplest method for separating one type of macromolecule
from another. Most purification methods, however, involve
some form of chromatography whereby molecules in solution
(mobile phase) are separated based on differences in chemical
or physical interaction with a stationary material (solid phase).
Gel filtration (also called size-exclusion chromatography or SEC)
uses a porous resin material to separate molecules based on
size (i.e., physical exclusion). In ion exchange chromatography,
molecules are separated according to the strength of their overall
ionic interaction with a solid phase material (i.e., nonspecific
interactions).

By contrast, affinity chromatography (also called affinity
purification) makes use of specific binding interactions
between molecules. It is a variant of chromatography based on
the ability of biomolecules (analytes) to bind certain ligands
specifically and reversibly. These unique features of the analyte
and the ligand interaction are then utilized for the separation
of the analyte of interest from a complex mixture. From the
first protein-protein interaction studies done in the late 1990°s
[1,2], affinity separations have experienced a true renaissance in
proteomics. A complete parade of affinity matrices and affinity-
based experimental approaches has been developed that has
found numerous applications ranging from subtraction of highly
abundant proteins to study of drug target profiles to large scale

USA, Tel: 832-230-6465; Email: hariprasadsim@gmail.com
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mapping of posttranslational modifications. In the classical
setup, a relevant ligand is attached to a solid, inert resin creating
an affinity stationary phase (affinity matrix). When a sample
containing desired analyte is passed over such affinity matrix,
the analyte having specific binding affinity to the ligand become
bound and retained by the matrix while the other molecules stay
apart. After the other unwanted molecules are washed away, the
bound analyte is stripped from the affinity matrix, resulting in its
purification from the original sample (Figure 1). This principle
was discovered by Cuatrecasas and Wilchek [3,4], who applied
it to the purification of Staphylococcal nuclease and avidine.
Since their discovery, numerous specialized affinity purification
techniques appeared, but notably even today more than 90% of
them apply the same general principles as reported in 1968 [5].
Each specific affinity system requires its own set of conditions
and presents its own peculiar challenges for a given research
purpose [6].
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Figure 1: Protein purification using affinity chromatography [7].
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Basically, there are two main modes of affinity chromatography
- a ‘subtraction’ mode and an ‘enrichment’ mode. If the aim of
the purification is to specifically remove protein species that
would hamper characterization of the sample, then affinity
chromatography is employed in subtraction mode. Traditionally,
the main purpose of affinity subtraction is the elimination of highly
abundant proteins like albumin, immunoglobulin, etc., to achieve
broader coverage of proteomes that suffer from wide dynamic
range such as human body fluids (blood plasma, cerebrospinal
fluid, urine, saliva). Whereas, enrichment mode is applied for
the isolation of selected protein species. At the protein level, the
enrichment affinity chromatography permits the purification of a
particular protein of interest or a group of low abundant proteins
and/or proteins that share a specific structural feature. At peptide
level, the enrichment affinity chromatography has attained an
essential position in the purification of post-translationally
modified species.

Moreover, the enrichment affinity chromatography of proteins
can be used as a tool to obtain an information on specific protein
affinities. In short, the basic principle of affinity chromatography
allows to utilize the method for the isolation of protein partners
of selected molecules [7,8]. During the affinity purification,
the molecule of interest represents a ‘bait’ that is bound by its
cellular protein counterparts, its ‘preys’. These (protein) preys
are then easily purified and consequently identified by MS [9,10],
generating thus a map of the bait-protein interaction network. In
this setup, affinity chromatography has facilitated the discernment
of many different molecular relationships from protein-protein
interactions to drug selectivity profiles [11-13].

Engineered polymeric nanoparticles for affinity
purification

The support or matrix in affinity purification is any material
to which a bio-specific ligand is covalently attached. Typically,
the material to be used as an affinity matrix is insoluble in the
system in which the target molecule is found. Usually, but not
always, the insoluble matrix is a solid. Hundreds of substances
have been described and utilized as affinity matrices, including
agarose, cellulose, dextran, polyacrylamide, latex and controlled
pore glass [14-16]. Useful affinity supports are those with a high
surface-area to volume ratio, chemical groups that are easily
modified for covalent attachment of ligands, minimal nonspecific
binding properties, good flow characteristics and mechanical and
chemical stability.

Over the last decade, the use of magnetic nanoparticles [17-
20] and polymer nanoparticles [21-24] for protein affinity
purification have been widely reported. Engineered synthetic
nanoparticles (NPs) with an intrinsic affinity and selectivity
for target biomacromolecules are significant interest for use in
diagnostics [25], therapeutics [26-28] and protein purification
[29-30], and as a tool to investigate biochemical processes [31-32].
Recent studies show that synthetic NPs (Figure 2) incorporating
functional groups complementary to a surface domain of a target
biomacromolecule can result in a high intrinsic affinity for target
peptides [28], proteins [26,33], and polysaccharides [34,35].
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These materials are attractive as an inexpensive and robust
alternative to affinity reagents of biological origin, including
antibodies [36].

Nanoparticle-Protein Interactions

Figure 2: Synthetic polymer nanoparticles for protein purification.

PNIPAm-based nanoparticles for GPER purification

G-protein coupled Estrogen Receptor may play a significant
role in tamoxifen resistance in breast cancer cells. Although it is
believed to be a key player in several other cancers, the background
information at the molecular level is still limited. In order to
study the complete proteome, post translational modifications,
mutations and to better understand their molecular interactions
with various other receptors and ligands, it is necessary to isolate
pure GPER from crude cell lysate. The lack of promising separation
and purification tools peaked our interest towards designing NPs
that can capture this target biomolecule. In recent years, NPs
with an intrinsic affinity have shown to be successful in binding
biomacromolecules like melittin [37,38], immunoglobulin G [39],
histone [40], fibrinogen [40] and lysozyme [29] by controlling and
optimizing the functional monomers composition.

In our study, we adopted a similar approach in an effort to
capture GPER with high affinity and selectivity among a mixture
of proteins that are expressed in various breast cancer cell lines.
Considering the fact that GPER is a membrane protein with many
hydrophobic amino acid residues on the surface, a candidate NP
was chosen from a library of nanoparticles that were prepared
by combining different populations of functional groups on a
poly-N-isopropylacrylamide (PNIPAm)-based polymer backbone.
The synthesis of the candidate NPs was illustrated below (Figure
3). We started our experiment with GPER peptide selection
and synthesis. Then, we evaluated the interaction between
truncated-GPER (short peptide epitopes) and NPs by high
performance liquid chromatography (HPLC). Finally, we moved
on to evaluate the interaction between GPER (whole protein)
and NPs by immunoblot analysis. After evaluating the results,
the nanoparticle-based purification approach turned out to be
the method of choice to enrich GPER prior to mass spectrometry
analysis.

Conclusion

Recently, nanoparticles with an intrinsic affinity have shown
to be successful in binding biomacromolecules like melittin,
immunoglobulin G, histone, fibrinogen and lysozyme by
controlling and optimizing the functional monomers composition.
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We tested a similar approach in an effort to capture GPER with
high affinity and selectivity among a mixture of proteins that are
expressed in various cancer cell lines. We anticipate to use this
strategy as a sample purification step before mass spectrometry-
based proteomic analysis. Similar approach could be applied to
study a number complex targets that are difficult to purify or lack
separation tools with current proteomic technologies.
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Figure 3: Synthesis of PNIPAm-based NPs with affinity towards GPER.
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Microbial infections still remain one of the main issues for human health. The rapid development of
resistance towards the most common antimicrobial drugs in bacteria represents today a challenge in the
infections management. In the present work we have investigated the antibacterial activity of a group of
compounds, namely silver N-heterocyclic carbene complexes, against a broad spectrum of bacteria. For
the most promising compound, a biopolymeric nanocarrier has been developed, in order to potentiate

Keywords: the metal complex activity against both Gram +ve and Gram —ve. The polymeric nanovehicle is based on
De’“f"“ - ) ) dextran, modified with oleic acid residues, that confer amphiphilic properties to the polysaccharide. We
gi; ‘:éoi?éllc'hydrol’hOblc polymer have characterized the obtained biomaterial and studied its ability to self-assemble into nanoparticles in

aqueous environment. Next, the transdermal diffusion analyses have been carried out to evaluate the

Antibacterial dru . X ; . .
8 ability of the polymeric particles to penetrate tissues. Thanks to the strategy adopted, we have fabricated

Polymer nanovesicles

Silver
N-heterocyclic carbene

an antibacterial system to which K. pneumoniae and E. coli are the most sensitive.

© 2016 Published by Elsevier B.V.

1. Introduction

Microbial infections are still one of the major causes of death
among world population. It is estimated that 26% of the total global
deaths are caused by infectious diseases (IDs) and in sub-Saharan
Africa, in particular, deaths for IDs reach 50-52% (Becker et al.,
2006). Antibiotics are certainly an important weapon against IDs,
however, their wide use to control microbial infections in humans,
animals and in agriculture has caused the development of
resistance in bacterial populations. Over time, this phenomenon
has enabled the selection of drug-resistant bacteria, acquiring
survival ability through three main mechanisms: the capture by
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E-mail addresses: saturnino@unisa.it (C. Saturnino), francesco.puoci@unical.it
(F. Puoci).
1 These authors equally contributed to the manuscript.
2 Co-senior authors.
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0378-5173/© 2016 Published by Elsevier B.V.

bacteria of resistance genes from the surrounding environment;
the freezing of polymorphism in antibiotic target genes that
imparts drug-resistance (Andersson and Hughes, 2011); and the
up-regulation of proteins involved in drug efflux (Cox and Wright,
2013; Fajardo et al., 2008) or enzymatic inactivation (Abraham and
Chain, 1940). Besides this the infections, caused by Gram —ve
bacteria, are difficult to treat because these organisms have a
protective outer membrane consisting of lipopolysaccharides
(Pages et al., 2008).

For this reason, there is an urgent need of new antimicrobial
agents that express antibacterial activity, particularly against Gram
—ve pathogens and that could be used to fight drug resistance.

Metallic silver, silver salts and silver complexes have been used
since antiquity in a variety of applications like water purification,
wound management, eye-drops, anti-infective coatings in medical
devices and in burn treatment because they have potent
antimicrobial properties but low human toxicity (Clement and
Jarrett, 1994; Klasen, 2000a; Tambe et al., 2001). Several silver
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compounds have been proven to be effective also in the treatment
of open wounds, and suppurating wounds, chronic osteomyelitis,
and urinary tract infections (De Gracia, 2001; Silver et al., 2006)
and, among the various silver containing species, silver complexes
are particularly interesting since the antimicrobial activity can be
changed by varying type of ligands coordinated to silver (Ozdemir
et al., 2010). For example, the Ag(l) imidazolate complex has
antibacterial and antifungal properties (Nomiya et al., 1997).

Nowadays among the silver derivatives, silver sulfadiazine
remains one of the most common drug used in wound therapy and
medicinal devices, although it causes severe adverse effects, and it
delays wound healing due to its cytotoxicity towards fibroblasts
and keratinocytes (Kalinowska-Lis et al., 2016).

Although the cytotoxic effects of silver compounds against
Gram +ve and Gram —ve bacteria have long been established, the
exact mechanisms of action are not completely understood (Kyros
et al., 2014). It has been reported that Ag*-treated bacterial cells
show destabilization of the cellular envelope and increased
membrane permeability (Morones-Ramirez et al., 2013); more-
over, their cytoplasm displays molecules of condensed DNA that
lose their ability to replicate. Another mechanism suggests that the
silver binds to some components within the bacterial cell, inducing
the subsequent inhibition of bacterial growth (Kyros et al., 2014;
Modak and Fox, 1973). These changes can potentiate the activity of
a broad range of antibiotics against Gram —ve bacteria as well as
restore the antibiotic susceptibility of resistant bacterial strains
(Morones-Ramirez et al., 2013).

In view of this, new and effective antimicrobial agents are
required urgently. In recent years, there has been a considerable
trend toward the development of metal complexes having
biological properties (Chimento et al., 2015; Napoli et al., 2011;
Saturnino et al., 2014; Sirignano et al., 2013a).

Metal N-heterocyclic carbene (M-NHC) complexes have
appeared as an emerging field of research in medicinal chemistry
where NHC complexes of coinage metals (Cu, Au, and Ag) proved to
be better anticancer and antimicrobial agents (Igbal et al., 2013;
Melaiye et al., 2004; Tan et al., 2010).

For their excellent chemical properties and quite easy synthesis,
different examples of NHC complexes of silver, gold platinum or
other transition metals have been biologically evaluated, and they
seem to have promising properties in biomedical sciences. (Bruno
etal,, 1995; Oehninger et al., 2013; Patil et al., 2015; Saturnino et al.,
2010, 2014; Sirignano et al., 2013b). In particular, Ag-NHCs have
long been used as antimicrobial agents for their high stability
(Klasen, 2000b), as they can overcome the drawbacks associated
with conventional silver antibiotics including resistance and fast
loss of activity (Sinicropi et al., 2010a, 2010b).

Silver-N-heterocyclic carbene complexes can, in fact, slowly
release silver ions into the wound, enabling better prevention of
infection and promoting healing (Hindi et al., 2008).

Herein we have investigated the in vitro efficacy against a broad
spectrum of bacteria of a small library of silver N-heterocycles
carbene complexes, Ag(1)-NHC, synthesized from some of us
(Napoli et al., 2013).

The studied silver carbene complexes are of type [AgL,]|"[Agl,]~
(Mariconda et al., 2014). In particular we have studied: lodide[N-
methyl-N-(2-hydoxy-cyclopentyl-imidazole-2-ylidine)]silver(I),
Iodide[ N-methyl-N-(2-hydoxy-cyclohexyl)-imidazole-2-ylidine]
silver(I) and lodide| N-methyl-N-(2-hydoxy-2-phenyl)ethyl-imid-
azole-2-ylidine]silver(I), namely AgL6, AgL18 and AgL20 respec-
tively (Fig. 1). For AgL6, in particular, also a polymeric nanocarrier
has been developed, in order to increase its efficacy.

Nanosystems have been proven to be successful antimicrobial
carrier due to targeted drug delivery at infection sites, reduced
drug-resistance by microbial organism and increased therapeutic

HO HO

9
A~
Agl

(AgL6) (AgL18)

-0
A~

Agl (Agl20)

Fig. 1. Chemical structures of AgL6, AgL18 and AgL20.

index. These actions reduce side effects and improve patient
compliance thanks to the decreased frequency of administrations.

Many materials can be used to prepare nanocarriers, such as
lipids, polymers or inorganic particles. Among these, polymers are
greatly interesting, due to the possibility of modification of their
physico-chemical properties. Many polymeric particles can be
produced, each characterized by peculiar properties. Hydrogels,
dendrimers, drug-polymer conjugates and polymer vesicles
represent few examples of nanosized particles based on polymeric
materials and used as drug delivery systems.

Polymer nanovesicles are nanosized drug carriers, auto-
assembled from amphiphilic block copolymers. They are organized
in nanostructures in which the hydrophobic parts are inserted in
the middle of the membrane, while the hydrophilic parts are
exposed on both the inner and outer surfaces, delimiting a central
aqueous core separated from the outside environment (Levine
et al., 2008). This organization represents the major advantage of
this kind of nanostructures, that can encapsulate hydrosoluble
drugs in the aqueous core, and also hydrophobic or amphiphilic
compounds in the thick membrane. Although they are generally
identified as an individual type of drug nanocarriers, they should
be considered as being a category of nanoparticles with a
‘reservoir’ architecture type (nanocapsules). The diversity of the
building blocks can also be used to impart properties such as
responsiveness to environmental stimuli, either endogenous (i.e.
pH, enzymes, oxidative stress, etc.) or exogenous (i.e. temperature,
magnetic field, light, ultrasound) (Ahmed et al., 2006a, 2006b;
Discher and Ahmed, 2006; Onaca et al., 2009). Polymeric nano-
vesicles can also be engineered for selective delivery through
targeting molecules linkage to outer surface (Meng et al., 2005).

Despite a large number of scientific papers describing the
development of polymer nanovesicles as drug delivery systems,
only few have explored their application to antimicrobials (Geilich
et al., 2015; Wayakanon et al., 2013).

Therefore, here we describe for the first time the production of
polymer nanostructured in which dextran, a biopolymer widely
used in the pharmaceutical field (Vittorio et al., 2012), and oleate
residues represents the hydrophilic and the hydrophobic parts,
respectively. The nanoparticles were loaded with one of the
synthesized Ag-based drug, whose antimicrobial activity was not
investigated yet.

2. Materials and methods
2.1. Materials

Dextran, sodium oleate, disodium hydrogen phosphate, sodium
dihydrogen phosphate, potassium bromide (KBr), pyrene,
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dicyclohexyl carbodiimide (DCC), dimethylaminopyridine (DMAP),
methanol, ethanol absolute, dimethyl sulfoxide (DMSO) and
tetrahydrofuran (THF) were purchased by Sigma-Aldrich (Sigma
Chemical Co., St. Louis, MO, USA). Dialysis tube (MWCO: 12000-
14000 Da) were also provided by Sigma-Aldrich.

2.2. Instrumentations

Absorption spectra were recorded with a UV-vis JASCO V-530
spectrometer using 1cm quartz cells.

Particles size and distribution were determined by Dynamic
Light Scattering (DLS) analyses using a 90 Plus particle size
analyzer (Brookhaven Instruments Corporation, New York, NY
USA), at 25.0 & 0.1 °C by measuring the autocorrelation function at
90°. The laser was operating at 658 nm. The distribution size was
directly obtained from the instrument fitting data by the inverse
“Laplace transformation” method and by Contin methods (Pro-
vencher, 1982). The polydispersity index (PI.) was used as a
measure of the width of size distribution. P.I. less than 0.3 indicates
a homogenous population of particles.

Each sample was measured three times and the results are
expressed as mean =+ standard deviation. IR spectra were recorded
as KBr pellets on a Jasco FT-IR 4200.

2.3. Dextran-oleate synthesis

The coupling of dextran and sodium oleate was achieved as
follows: 500 mg of dextran were dissolved in 50 mL of DMSO. After
complete dissolution, 100 mg of sodium oleate, 68 mg of DCC and
40mg of DMAP, were added to the solution and left under
magnetic stirring, for 4h at 60°C, and at room temperature
overnight. In order to recover the oleate-grafted dextran, the
purification step was performed by precipitating the reaction
mixture in cold ethanol. Then the product was collected in dialysis
membrane and dialyzed against a mixture ethanol/water 50:50 for
24h and against distilled water for further 48 h. Finally, dextran
oleate was recovered and freeze-dried to a powder.

2.4. Determination of the critical aggregation concentration

The critical aggregation concentration (CAC) of the dextran
oleate aqueous solution was determined by fluorescence method
using pyrene as a nonpolar fluorescent probe. 24.0 wL of pyrene
solution (2.5x107>M) in acetone were added in vials and
evaporated under vacuum. Amounts of dextran oleate solution
at various concentrations were added to the pyrene vials leading to
a final pyrene concentration of 6.0 x 10~7 M. The mixture was kept
under agitation for 4-5h. Fluorescence measurements were
conducted on each sample (excitation =333 nm, emission=350-
500 nm)ata90° angle in a 1 cm quartz cuvette. The average ratio of
the intensity of the vibronic bands at 372 nm (I;) over 383 nm (I3),
obtained from the fluorescence emission spectra of pyrene
recorded at 25°C, was plotted vs. log of the concentration for
each sample. The CAC was determined as the polymer concentra-
tion at the intersection point of two regression lines.

2.5. Self-assembling of the polymer vesicle

5 mg of dextran oelate was dissolved in 10 mL of THF in a 50 mL
round bottom flask. Next, 10 mL of phosphate buffer saline solution
(0.01 M, pH 7.4) were gently poured along the flask walls. The
organic solvent was removed using a rotary evaporator, under
reduced pressure at 40 °C and 40 rpm, yielding the dextran oleate
vesicles suspension. AglL6 loaded vesicles were prepared as
described above, by adding 1 mL of AgL6 solution to the phosphate
buffer.

2.6. Drug encapsulation efficiency

Drug encapsulation efficiency was determined using the
dialysis method for separating the non-entrapped drug from
dextran oleate vesicles (DOVs) (Maestrelli et al., 2005). According
to this technique, 3mL of Agl6-loaded DOVs dispersion were
dropped into a dialysis bag immersed in 10 mL of distilled water
and magnetically stirred. Free drug was dialyzed for 30 min each
time and the dialysis was complete when no drug was detectable in
the recipient solution. The encapsulation efficiency was expressed
as the percentage of the drug entrapped into DOVs referred to the
total amount of drug that is present in the non-dialyzed sample. It
was determined by diluting 1 mL of dialyzed and 1 mL of non-
dialyzed DOVs in 25 mL of methanol and obtaining two solutions
whose concentrations are represented in equation 1 by [ND] and
[D], respectively. The concentrations of AgL6 where calculated by
measuring the absorbance of the two solutions between 200 nm
and 400 nm. This procedure was necessary to breakdown DOVs.

_ [ND] — [D]

Encapsulation efficiency (%) = TND] x 100 (1)

2.7. In vitro diffusion study

In vitro diffusion studies were performed at 37 +£0.5°C using
Franz diffusion cells (Disa, Milan, Italy; permeation area
0.4614 cm?).

For this purpose, Strat-M® membrane (Merck-Millipore) was
placed between the donor and receptor compartments of the Franz
cells and, then, the compartments were clamped together ensuring
that the shiny side of the membrane was facing the donor
compartment.

The receptor compartment was filled with 5.5 mL of phosphate
buffer at pH 7.4 (1.0 x 10>M) and, after 20-30 min when the
receptor solution reached 37°C, 0.5 mL of the AgL6-loaded DOVs
suspension were added to the donor compartment, which was
covered with Parafilm™ in order to prevent any loss. The content
of the receptor compartment was removed at 1, 2, 4, 6, 8 and 24 h
for UV-vis analysis and, at each time point, the amount withdrawn
was replaced with fresh phosphate buffer. The in vitro diffusion
experiments were performed in triplicate.

2.8. Bacterial strains

The strains Escherichia coli (ATCC 25922), Klebsiella pneumoniae
(ATCC 13883), Pseudomonas aeruginosa (ATCC 27853 ), Staphylococ-
cus aureus (ATCC 25923) and Streptococcus pyogenes (ATCC 19615)
were provided by REMEL. The cells were grown in Miiller-Hinton
broth II (MHB; Difco, Detroit, MI, USA) containing 2 g/L beef
infusion solids, 17.5 g/L casein hydrolysate, 1.5 g/L starch. The final
pH was adjusted to 7.4.

2.9. Antimicrobial tests

2.9.1. Disc-diffusion susceptibility testing

The antimicrobial susceptibilities of the Ag-NHCs complexes
were evaluated using the Kirby-Bauer disc-diffusion method
(Bauer et al., 1966; Benson, 1998; Benson2002), performed
according to CLSI guidelines and results were interpreted using
CLSI breakpoints (Clinical and Laboratory Standards Institute,
2012a, 2013). Cefotaxime discs (10 pg; from Oxoid™) and silver
sulfadiazine (AgSD) discs (32 pg) were used as positive controls.
The stock solutions of AgSD (from Sigma/Aldrich Company; St.
Louis, MO, USA) and of all complexes were prepared by dissolving
them in dimethyl sulfoxide (DMSO, from Sigma/Aldrich Company;
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St. Louis, MO, USA) and were utilized to impregnate the Blank
Antimicrobial Susceptibility Disks (Oxoid™).

Specifically, overnight cultures of bacteria tested were adjusted
to a turbidity of 0.5 McFarland standards (10° CFU/mL) before
inoculation onto agar plates with sterile cotton swabs. A cotton
swab dipped in the cell culture was streaked onto an agar plate
surface in such a way as to obtain a uniform layer of bacteria across
the whole surface. After 10-15 min, the cefotaxime or AgSD or
novel complex discs were laid on the inoculated surface of the agar
plates; then, all agar plates were incubated at 37 °C, overnight. The
diameters of inhibition were measured and susceptibility was
expressed in terms of resistance (R), moderate susceptibility (I) and
susceptibility (S).

Agar plates inoculated with bacteria tested with impregnated
DMSO discs were used as controls. Analysis for each combination
of bacteria tested and discs with positive controls and with several
new compounds were repeated three times.
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2.9.2. Determination of MIC and MBC values

The minimum inhibitory concentration (MIC) of the antibacte-
rial compounds was determined using the broth dilution method,
according to CLSI guidelines (Clinical and Laboratory Standards
Institute, 2012b). Briefly, a solution of each Ag complex was
diluted, serially, with MHB medium. Then, the suspensions of the
microorganisms, prepared from overnight cultures of bacteria in
the MHB medium, at a concentration of 10° cfumL ™!, were added
to each dilution in a 1:1 ratio. Growth (or lack thereof) of the
microorganisms was determined visually after incubation for 24 h
at 37°C. AgSD and cefotaxime were also included as positive
controls. The lowest concentration at which there was no visible
growth (turbidity) was considered as the MIC value.

In order to determine the minimum bactericidal concentration
(MBC), 10 L aliquots of dilution representing the MIC value, and at
least three of the more concentrated dilutions of the Ag-NHCs,
cefotaxime and AgSD, were plated on Miiller-Hinton agar. Then,
the plates were incubated for 24 h, at 37 °C. The MBC values were
determined as the lowest concentration that causes at least a 99.9%
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decrease in cfumL~! relative to the initial concentration (Kali-
nowska-Lis et al., 2014).

The negative control tubes did not contain bacterial inoculum
while the positive control (or turbid) tubes were free of the
compounds and contained only DMSO. The tests were repeated in
triplicate.

3. Results and discussion
3.1. Polymer vesicles characterization

Evaluation by FT-IR spectra analyses has been performed in
order to verify the coupling of oleate onto dextran backbone,
comparing the FT-IR spectra of sodium oleate, dextran and dextran
oleate conjugate. The sodium oleate spectrum (Fig. 2—Trace B)
shows a strong peak at 1560 cm™~!, which is the typical signal of the
C=0 stretching vibration of the carboxylic salt group. It can be also
observed the presence of strong signals between 2849 and
2950cm™! corresponding to stretching vibration of the C—H
bond of the alkane portion of the molecule; while the double bond
can be identified thanks to the band at 3030 cm™!, corresponding
to the stretching vibration of =C—H bond. Dextran spectrum
(Fig. 2—Trace A), on the contrary, does not show any signal that can
be ascribed to C=0 double bond, which is obviously absent in
dextran structure. But information about the conformation of the
polysaccharide can be acquired in the region 600-950 cm™~ . A peak
in the 885-925 cm™! region is the evidence of two CH in the axial
position (AA), in the 825-855cm™! region the equatorial-axial
position (EA), in the 790-825cm™! region in the equatorial-
equatorial position (EE) and in 860-885cm™' region in the axial-
equatorial position (AE). The bands around 915 cm ™! and 850 cm ™},
indicating AA and EA fragments, confirm the glucopyranosyl
conformation, which is not affected by oleate conjugation. In
dextran oleate spectrum (Fig. 2—Trace C), in fact, these peaks are
preserved, while a new strong band appeared. It can be found
around 1740 cm™! indicating the presence of C=0 bond stretching
vibration of an ester group. This group came from the oleate
moieties, but its spectroscopic signal has been shifted towards
higher frequencies. This is certainly due to the new formation of
the ester bond.

The polymer nanovesicles were prepared by self-assembling
procedure and their dimensions were analyzed by dynamic light
scattering.
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Table 1

Dimensional data. DOVs size and size distribution of both empty and AgL6-loaded
DOVs are expressed as mean diameter + standard deviation and polydispersity
index (P.L).

Mean diameter

DOVs 525+14nm 0.214
DOVs-AgL6 613 +17nm 0.268

Polydispersity index

The self-assembling technique involves the dissolution of the
amphiphilic polymer in organic solvent, followed by the introduc-
tion of the aqueous phase, represented by phosphate buffer saline
(PBS) solution at pH=7.4. The apolar organic phase is then
removed under reduced pressure decreasing the dissolution of the
hydrophobic block of dextran oleate. This led to the increase of
hydrophilicity of the phase and, consequently, to the self-assembly
of the nanosized DOVs.

The dimensional characterization of DOVs and DOVs-AgL6 was
performed with DLS, putting a small amount of polymer vesicles in
the PBS solution at pH 7.4. The mean hydrodynamic diameter
found was different for the two polymer batches: 525nm and
613nm for DOVs and DOVs-AgL6, respectively (Fig. 3). Data
collected in Table 1, shows the presence of monodisperse
homogeneous population of both empty and AgL6-loaded vesicles.
Polydispersity index value is, in fact, below 0.3 and the mean
diameter is below 700 nm.

There is a difference of almost 100 nm between the two systems
and that can be ascribed to the presence of encapsulated drug. It
seems that the presence of AgL6 in solution negatively affects the
self-assembling of dextran oleate vesicles, resulting in larger
nanoparticles. In particular, the Ag atoms can interfere with
vesicles formation, due to its nature. However, the negative effect
on DOVs dimension does not compromise their formation
maintaining a mean diameter far below 1 pm.

The amphiphilic character was conferred to dextran thanks to
the conjugation with a hydrophobic group, i.e. the oleate residue.
The so modified polysaccharide acquired the ability to self-
assemble in an aqueous environment via hydrophobic interaction
between lipid moieties.

The critical aggregation concentration (CAC) of dextran oleate
in water was estimated from the dependence of pyrene fluores-
cence spectra (I372/Isg3 ratio) as a function of the polysaccharide-
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Fig. 3. Graph of size and size distribution obtained by DLS analysis of DOVs (Panel A) and DOVs-AgL6 (Panel B).
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Fig. 4. Ratio of pyrene I;/I5 band fluorescence at various concentrations of dextran
oleate in water. The critical aggregation concentration was calculated as the
intersection point of the two linear regions of the plots.

lipid concentration (Fig. 4). A sharp change was observed from
14 pg/mL, which was considered to be the CAC.

3.2. Drug encapsulation and release profile

Polymer nanovesicles possess the advantage of being optimal
carrier for both hydrophobic and hydrophilic drugs, which can be
loaded in the lipophilic membrane or in the aqueous core,
respectively.

Dextran oleate vesicles (DOVs) were loaded with AgL6 during
self-assembling and drug encapsulation was measured by UV-vis
spectrophotometry after dialysis against distilled water. The
encapsulation efficiency has been calculated according to the
equation 1 reported in the experimental method section. The
obtained value for AgL6 was ca. 76%, supporting the vesicular
structure of the carrier.

Strat-M® membranes, which are a synthetic model that is
predictive of diffusion in human skin, were employed for
transdermal diffusion testing. The diffusion of AglL6-loaded DOVs
was compared to free AgL6 and the results are reported in Fig. 5.
From the release profile depicted in the figure, it is evident an
increased amount of AgL6 recovered in the acceptor compartment
of Franz diffusion cells from DOVs-AgL6, since the time point of 2 h,
if compared to free AgL6. The trend is much more evident in the
following hours, when DOVs-AgL6 released almost 95% of its
payload after 24 h. On the other hand, free AgL6 diffusion is limited
and it is not complete at the end point. The data confirmed that
DOVs enhance drug penetration through limiting barriers, such as

Release percentage of AglL6

—&— DOVs AgL6

Agl6 release (%)

ceodkees ALE

0 5 10 15 20 25 30
Time (h)

Fig. 5. Transdermal diffusion profile of AgL6 and DOVs-AgL6.

the skin. AgL6 incomplete penetration is certainly due to the
chemical properties of the compound, which possesses a partial
hydrophilicity that inhibits the absorption of the entire amount of
drug (Saturnino et al., 2016).

3.3. Antimicrobial activity

The antimicrobial activity of the Ag-NHCs was measured
against two Gram +ve (S. aureus and S. pyogenes) and three Gram
—ve bacterial strains (E. coli, K. pneumoniae and P. aeruginosa). The
inhibition ratios of the silver carbene complexes against patho-
genic strains were calculated from inhibition diameters values,
measured at 32, 64 and 128 pg of each tested compound. The
average of three inhibition zone diameter measurements was
compared against commercial drugs (commercial cephalosporin
cefotaxime and silver sulfadiazine (AgSD), commonly used in the
treatment of skin infections), using the disc-diffusion susceptibili-
ty test (Kirby-Bauer test) (Bauer et al., 1966).

Final interpretation of the measurements enabled all of the
bacteria strains tested to be grouped into three categories
(Sensitive, Intermediate and Resistant) as summarized in Table 2.
No inhibition zone was seen in the control (DMSO) (Data not
shown).

The antibiotic sensitivity profile of the bacterial strains showed
that, among the Ag-NHCs complexes tested, only AgL6 displayed
antimicrobial activity against the microorganisms, but only when
tested in large amounts, in comparison with cefotaxime. Indeed, a
comparison of data obtained on the inhibition zones of the
pathogenic bacteria proved that all five bacterial strains were
Sensitive to 32 and 128 g AgL6. Moreover, this compound was
more effective than AgSD toward the Gram —ve pathogens tested.
However, it may be said that AgL18 and AgL20 were much less
effective than AgL6 and only against the Gram —ve strains; indeed
E. coli, K. pneumoniae and P. aeruginosa were intermediate to
128 g AgL18 and AgL20.

The Kirby-Bauer test could only test the bacterial susceptibility
to various antimicrobial reagents at pre-designed dosage. Such
information as minimal inhibitory concentration (MIC) of a specific
compound could not be obtained from this test. Therefore, in order
to determine MIC values for AgL6, the broth dilution method was
performed. As expected, the MIC determination results were in
good agreement with the disc-diffusion susceptibility test
(Table 3). For example, in the disc-diffusion test, all five bacteria
were found to be Sensitive to AgL6; in the dilution experiment, the
MIC of this compound was found to be very high against all the
strains, particularly against Gram +ve bacteria (MIC values were
32 g/mL). The values obtained were greater than those reported
for the commercial drugs Cefotaxime (MIC ranging between 0.5
and 4 pg/mL) and AgSD (MIC ranging between 8 and 32 pg/mL).
Both of these commercial drugs were found to be Sensitive
according to the Kirby-Bauer test.

Similarly, minimal bactericidal concentration (MBC) values for
AglL6 were also determined in bacterial cultures; the values were
higher against Gram +ve bacteria than against Gram —ve bacteria.

Since limited cellular penetration could reduce the effective-
ness of many antimicrobial treatments, we hypothesized that
incorporating Agl6 into a “pharmaceutically-oriented device”,
such as DOVs, could improve its cellular uptake and, consequently,
its antimicrobial activity.

Literature data reported that the incorporation of novel synthetic
compounds into suitable drug carriers can improve their antimicro-
bial effect and, consequently, may be a very promising strategy to
enhance their cellular uptake (Parisi et al., 2014).

The MIC and MBC values for Ag-NHCs, after its incorporation
into the carrier, confirmed our hypothesis, evidencing improved
activity against all the bacteria strains (Table 3). Indeed, all MIC and



D. Dhanyalayam et al./International Journal of Pharmaceutics 517 (2017) 395-402 401
Table 2
Antibiotic susceptibility profiles.
Compounds ne Bacterial strains
Staphylococcus Streptococcus Escherichia Klebsiella Pseudomonas
aureus pyogenes coli pneumoniae aeruginosa
ATCC ATCC ATCC 25922 ATCC 13883 ATCC
25923 19615 27853
Cefotaxime 10 S S S S S
Silver sulfadiazine (AgSD) 32 S S S S S
Agl6 32 S S S S S
64 S S S S S
128 S S S S S
AglL18 32 R R R R R
64 R R R R R
128 R R I 1 [
AglL20 32 R R R R R
64 R R R R R
128 R R I 1 [
S: Sensitive; R: Resistant; I: Intermediate.
Table 3
MIC (top rows) and MBC (bottom rows) values of the investigated compounds.
Compounds MIC Bacterial strains
MBC
(pg/mL)
Staphylococcus Streptococcus Escherichia Klebsiella Pseudomonas
aureus pyogenes coli pneumoniae aeruginosa
ATCC ATCC ATCC 25922 ATCC 13883 ATCC
25923 19615 27853
Cefotaxime MIC 1 0.5 2 2 4
MBC 1 1 4 2 8
Silver sulfadiazine (AgSD) MIC 32 16 8 8 16
MBC 32 32 16 16 16
Agl6 MIC 32 32 16 16 32
MBC 64 64 32 32 32
DOVs MIC >128 >128 >128 >128 >128
MBC >128 >128 >128 >128 >128
DOVs-Agl6 MIC 8 8 4 4 8
MBC 16 16 8 8 16
MBC values decreased four times against all bacteria tested, while Acknowledgements

only the MBC value, against P. aeruginosa, was reduced twofold.

These values were found to be closer to those for cefotaxime
and, surprisingly, twofold lower than for AgSD. In contrast, the
vehicle alone did not exhibit antibacterial activity (Table 3).

Finally, our outcomes showed K. pneumoniae and E. coli to be the
most sensitive microorganisms to AgL6, followed by P. aeruginosa
while the Gram +ve bacteria were less sensitive to the prepared
complex.

4. Conclusion

The present study was aimed at investigating the antibacterial
activity of silver N-heterocyclic carbene complexes. They were
tested against both Gram +ve and Gram —ve bacteria. One of the
compounds was found to be the most active (AgL6), while there is a
natural bacterial resistance towards AgL18 and AgL20. The
biopolymeric nanocarrier developed for AglL6 delivery, was
successfully obtained by self-assembly of dextran oleate conjugate,
in which dextran chain and oleic residues represent the
hydrophilic and the hydrophobic parts of the amphiphilic material,
respectively. The nanometric dimension of the particles have been
confirmed by DLS analyses (mean diameter ranging between 500
and 600 nm). Finally, we have demonstrated that this nanosystem
is an excellent tool that can greatly improve antibiotic activity of
compounds, such as AgL6, reducing both MIC and MBC.

This research is funded by Italian Minister of University and
Research and University of Calabria.
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Bergamot (Citrus bergamia Risso) Flavonoids and Their Potential Benefits
in Human Hyperlipidemia and Atherosclerosis: An Overview
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Abstract: Elevated serum cholesterol, triglycerides and LDL levels are often
associated with an increased incidence of atherosclerosis and coronary artery disease.
The most effective therapeutic strategy against these diseases is based on statins
administration, nevertheless some patients, especially those with metabolic syndrome
fail to achieve their recommended LDL targets with statin therapy, moreover, it may
induce many serious side effects. Several scientific studies have highlighted a strong
correlation between diets rich in flavonoids and cardiovascular risk reduction. In

7 V Dolce

particular, Citrus bergamia Risso, also known as bergamot, has shown a significant degree of hypocholesterolemic and
antioxidant/radical scavenging activities. In addition, this fruit has attracted considerable attention due to its peculiar
flavonoid composition, since it contains some flavanones that can act as natural statins. Hence, the study of bergamot
flavonoids as metabolic regulators offers a great opportunity for screening and discovery of new therapeutic agents.
Cholesterol metabolism, flavonoid composition and potential therapeutic use of C. bergamia Risso will be discussed in

the following review.

Keywords: Bergamot fruit, flavonoids, hyperlipidemia, atherosclerosis, 3-hydroxy-3-methylglutaryl-CoA reductase enzyme.

INTRODUCTION

The risk for atherosclerosis and coronary heart disease is
increased in patients with elevated serum concentrations of
low-density lipoproteins cholesterol (LDL), total cholesterol
(TC) and triglicerides (TG) [1-5]. Several meta-analysis
studies showed that statin therapy can reduce the 5-year
incidence of cardiovascular diseases, by about one fifth per
mmol/L reduction in LDL cholesterol [6-8].

It is well-known that statins are able to inhibit 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGR) activity, the rate-
limiting enzyme of cholesterol biosynthesis [9]. Statin
administration is one of the most widely used approaches to
lower serum LDL level and to reduce cardiovascular event
rates [10-12]. However, many patients, especially those with
the dyslipidemia associated with metabolic syndrome, are
unable to reach their lipid treatment goals on statins alone
[2]. Furthermore, patients might be statin-intolerant and
experience significant side-effects [3], hence the importance
of finding new drugs acting as statins.

Some foods were shown to possess these therapeutic
properties; in particular, daily consumption of Citrus fruit
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juice was shown to positively influence serum lipid levels
and to decrease coronary heart disease risk [13]. Their
hypolipidemic effects can be due to the presence of
flavonoids, pectins and ascorbic acid, which have a high
antioxidant potential and may interfere with cholesterol
metabolism [14-19].

Flavonoids are aromatic secondary plant metabolites,
having strong antioxidant and radical scavenging activities
[15, 20]. Their intake was associated with a reduced risk for
certain chronic diseases such as cardiovascular disorders and
cancerous processes [21-23]. Flavonoids exhibited antiviral,
antimicrobial and anti-inflammatory activities [23-25],
moreover, they were able to inhibit human platelet aggregation
[26] and to support a correct immune response [27].

Bergamot, the common name of Citrus bergamia Risso,
belongs to the family Rutaceae, subfamily Esperidea and it
has been widespread in the Mediterranean area for centuries.
Over the past few years, thanks to the growing interest in
bioactive compounds, bergamot fruit has attracted attention
for its remarkable flavonoid composition. The first part of
this review will report an overview on cholesterol
metabolism, in the second part, literature data regarding
flavonoid composition and distribution in bergamot fruit will
be analysed. The last part will focus on the scientific
evidence concerning the bioactivities of bergamot flavonoids
and their potential utility for human health as well as their
uses in atherosclerosis and coronary heart disease
treatments.

© 2015 Bentham Science Publishers
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1. CHOLESTEROL HOMEOSTASIS AND REGULA-
TION

Cholesterol body homeostasis is mainly due to the
regulation of its endogenous synthesis, intestinal absorption,
excretion and hepatic conversion (Fig. 1).

Cholesterol de novo synthesis occurs mainly in the liver
and, in human, it accounts for more than 70% of body
cholesterol. Cholesterol intestinal absorption depends on diet
composition. Excess liver cholesterol can be directly
excreted as biliary sterols or converted into bile acids, both
are eliminated via feces.

Cholesterol absorption is controlled by at least two types
of transporters, Niemann-Pick Cl-Like 1 (NPCIL1) as
influx transporter and ATP-Binding Cassette (ABC) proteins
as efflux transporters [28]. NPCIL1 transports cholesterol
from intestinal lumen into enterocytes and it reabsorbs free
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cholesterol back into hepatocyte from bile [29]. ABCGS5 and
ABCGS reduce cholesterol absorption in the intestinal lumen
and exclude cholesterol from liver to the bile duct (Fig. 1).
ABCG1 and ABCA1 are involved in reverse cholesterol
transport, the pathway by which peripheral cell cholesterol
can be returned to the liver for excretion [30].

Regulation of cholesterol homeostasis is achieved by
proteins such as sterol regulatory element-binding proteins
(SREBPs) and AMP-Activated Protein Kinase (AMPK); by
nuclear receptors such as peroxisome proliferator activated
receptors (PPARs) and liver X receptors (LXRs); by
microRNAs (miRNAs).

SREBPs are key transcription regulators encoded by two
genes, SREBP-1 and SREBP-2. SREBP-1 upregulates the
transcription of some hepatic lipogenic genes [31-35].
SREBP-2 modulates the transcription of some sterol
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Fig. (1). Overview of cholesterol homeostasis and regulation in liver, small intestine, extraepatic tissues, and plasma. The regulation is
indicated with black arrows. © indicates activation while © indicates inhibition. ABCA1, ABCGI1, and ABCG5/G8: ATP-binding cassette

transporters; ACAT: acyl CoA:cholesterol acyltransferase; AMPK:

AMP-activated protein kinase; BA: bile acid; C: cholesterol; CE:

cholesteryl ester; CEH: cholesteryl ester hydrolase; CM: chylomicrons; HDL: high-density lipoprotein; HMGR: 3-hydroxy-3-methylglutaryl-
CoA reductase; LDL: low-density lipoprotein; LDLR: low-density lipoprotein receptor; LXR: liver X receptor; M: mevalonate; miR-33a:
microRNA-33a; MTP: microsomal triglyceride transfer protein; NPCIL1: Niemann-Pick Cl-Like 1; PPARO: peroxisome proliferator
activated receptor delta; SREBP2: sterol regulatory element binding protein-2; VLDL: very low density lipoprotein.
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biosynthetic genes [36], for instance, when hepatocyte
cholesterol content is low, expressions of HMGR and LDLR
are upregulated [36] (Fig. 1).

AMPK is a critical player in energy homeostasis at both
cellular and whole body levels. An increased AMP to ATP
ratio leads to AMPK activation through phosphorylation by
at least three different upstream kinases [37]; in particular,
when cellular cholesterol content is high, AMPK inactivates
HMGR by phosphorylation (Fig. 1) [38].

PPARs are members of nuclear hormone receptors
superfamily that act as ligand-dependent transcription factors
[39, 40]. PPARa directly upregulates the transcription of
genes involved in cholesterol catabolism [41]. PPARYy
integrates the control of energy, lipid and glucose
homeostasis [42-44] and its activation also redirects effluxed
cholesterol from liver toward adipose tissue uptake via
scavenger receptor type-BI [45]. PPARS activation elevates
serum HDL levels by increasing the expression of ABCA1
[30], it can reduce cholesterol absorption by decreasing
NPCIL1 intestinal expression [29] and it also potentiates
fecal neutral sterol secretion by increasing transintestinal
cholesterol efflux [46].

LXRs play a primary role in reverse cholesterol transport,
modulating the expression of several target genes as
ABCA1, ABCGI1, ABCG4 ABCGS5, ABCGS and apoE [47-
50]. In the liver, when cellular cholesterol content is high,
LXRs activation induces cholesterol excretion and/or efflux
[50, 51].

MicroRNAs promote the down-regulation of their target
genes by binding to specific regions located in the 3° UTR of
their target mRNA [52]. MIR-33a is believed to minimize
cholesterol export by the post-transcriptional repression of
ABCA1 transporter (Fig. 1) [53, 54].

2. FLAVONOIDS IN BERGAMOT TISSUES

Plant flavonoids are a large group of very different
compounds sharing the common feature of phenolic moieties
[55]. The presence of a relatively large number of flavonoids
is the result of many different possible combinations among
polyhydroxylated aglycones and a limited number of mono-
and disaccharides. The most commonly found sugars are
hexoses, such as glucose, galactose and rhamnose or
pentoses such as arabinose and xylose. They are, with a few
notable exceptions, plant metabolites deriving from the
shikimate pathway and the phenylpropanoid metabolism
[56]. In recent years, flavonoids have attracted tremendous
attention due to the protection that they provide against some
types of cardiovascular diseases [57]. As a consequence,
many studies have been directed to the characterization of
the flavonoid fractions and to the isolation of the most
representative flavonoids present in the most common Citrus
species, as well as of flavonoids present in many local
species such as C. bergamia Risso [58, 59]. Bergamot fruit
presents an external part, epicarp or flavedo yellow coloured;
a middle part, mesocarp or albedo, that is a spongy white
inner layer and an inner part, endocarp or pulp. Albedo and
flavedo peeled off together are called peel. Bergamot
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essential oil is obtained from this fraction by cold press; it is
composed of a volatile (93—96%) and a non-volatile fraction
(4-7%).

The classes of flavonoids present in C. bergamia Risso
fractions are flavanones and flavones. Flavanones are present
as flavanone-O-glycosides, recently, flavanones diglycosides
carrying the 3-hydroxy-3-methylglutaric acid (HMG) moiety
have also been detected [60-62]. Flavones are present as
flavone-O-glycosides, flavone-C-glycosides or polymethoxy-
flavones (Table 1).

A comparative study on flavonoid composition in fruit
tissues of different Citrus species has been reported by
Nogata et al. [59], showing that bergamot fruit has a peculiar
flavonoid composition. In particular, it contains neoeriocitrin
in exceptionally large amount (288 mg/100 g fresh weight)
and it is relatively rich in neohesperidin, naringin, poncirin,
rhoifolin, and neodiosmin (590, 438, 1240, 43 and 33
mg/100 g fresh weight, respectively) with respect to the
other Citrus fruits analyzed. Furthermore, it contains very
little amount of hesperidin (2 mg/100 g fresh weight).

Table 1 lists structure and tissue distribution of
flavonoids, in C. bergamia Risso as described in literature.

Flavanone-O-glycosides are present in all the analysed
parts, in particular the most abundant are naringin,
neoeriocitrin, neohesperidin and poncirin, whereas hesperidin
and neoponcirin have been detected in a very low amount
[59]. They are also present in the peel, but it could be noted
that when it is splitted into albedo and flavedo, these
compounds are mainly present in albedo [59]. Moreover,
poncirin, which is present in huge amount in hand-squeezed
juice, is absent in industrial juice, this may be due to the
pressing process used to extract industrial juices [58]. In
addition, three acylated flavanones, which seem to
correspond to di-oxalate derivatives of neoeriocitrin,
naringin and neohesperidin, have been identified in bergamot
juice [63]. The HMG-conjugated flavanones, brutieridin,
melitidin and HMG-neoeriocitrin have also been detected at
different concentrations depending on the ripening stage;
they may be found in bergamot fruit either in juice or in
albedo and flavedo [60-62].

Flavone-O-glycosides  present a different tissue
distribution. All these compounds are present in the peel,
with the exception of chrysoeriol 7-O-neohesperidoside,
chrysoeriol 7-O-neohesperidoside-4’-glucoside and rhoifolin
4’- glucoside [59, 64]. Diosmetin mono-glucoside, diosmetin
mono-rthamnoside and apigenin mono-glucoside/mono-
rhamnoside has been detected in bergamot peel [64] but not
in albedo and flavedo. It could be explained because,
according to this author, bergamot peel is a mix of seeds,
pulp and deoiled flavedo after essential oil and juice
extraction. Furthermore, rutin, that is absent in albedo, has
been found in large amount in flavedo [64]. All these
compounds have been revealed in the juice [58, 59, 63, 65-
67], with the exception of diosmetin mono-rhamnoside and
diosmetin mono-glucoside; this latter has been detected in
industrial juice, probably because fruit industrial processing
leads to juices contaminated with peel constituents [58].
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Table 1. Flavonoids identified in bergamot fruit.

Flavanone-O-glycosides Peel Albedo Flavedo Juice In(;:isct:ml
Ry
. Rs
[58-60,
R o [59, 84, [59, 60, [59, 60, ]
\(I 92] 79] 79] 6‘;96]7’ [58]
]
OH ©
Eriocitrin (eriodictyol 7-O-rutinoside)
X X X X X
R,=O-rutinose, R,=OH, R;=0OH
Eriodictyol mono-rhamnoside
X
Most likely 7-O-substituted
Hesperidin (hesperetin 7-O-rutinoside)
X X X
R,=O-rutinose, R,=OH, R;=0CH;
Hesperetin mono-rhamnoside
X
Most likely 7-O-substituted
Naringin (naringenin 7-O-neohesperidoside)
X X X X X
R,=0O-neohesperidose, R,=H, R;=OH
Naringenin mono-rhamnoside
X X X X X
Most likely 7-O-substituted
Narirutin (naringenin 7-O-rutinoside)
X X X X
R,=O-rutinose, R,=H, R;=OH
Neoeriocitrin (eriodictyol 7-O-neohesperidoside)
X X X X X
R,=0O-neohesperidose, R,=OH, R;=0OH
Neohesperidin (hesperetin 7-O-neohesperidoside)
X X X X X
R,=0O-neohesperidose, R,=OH, R;=0CH;
Neoponcirin (isosakuranetin 7-O-rutinoside)
X X X X
R,=O-rutinose, R,=H, R;=OCH;
Poncirin (isosakuranetin 7-O-neohesperidoside)
X X X X
R,=0O-neohesperidose, R,=H, R;=0OCHj;
Neoeriocitrin di-oxalate
X
R,=0-neohesperidose -di-oxalate, R,=OH, R;=OH
Naringin di-oxalate
X
R,=0-neohesperidose-di-oxalate R,=OH, R;=OH
Neohesperidin di-oxalate
X
R,=0-neohesperidose -di-oxalate R,=OCHj3, R;=OH
Brutieridin (hesperetin 7-2”’-a-rhamnosyl-6’’-3""’-hydroxy-3’""’-methylglutaryl)-f3-
glucoside) X X X
R,=0-rhamnosyl-HMG, R,=OH, R;=OCH;
Melitidin (naringenin 7-2”’-a-rhamnosyl-6’’-3’""’-hydroxy-3"""’-methylglutaryl)-f} -
glucoside) X X X
R,=0-rhamnosyl-HMG, R,=H, R;=OH
Neoeriocitrin HMG conjugated X X X
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(Table 1) Contd....

Flavone O-glycosides and C-glycosides Peel Albedo Flavedo Juice In(;:isct:ml
[59, 84, [59, 60, [59, 60, [654?-663 58]
92] 791 791 79]
Apigenin
pig X
Mono-glucoside/mono-rhamnoside
Chrysoeriol 7-O-neohesperidoside
X X
R,=H, R,=H, R;=0-neohesperidose, R,=H, Rs=OCH;, R=OH
Chrysoeriol 7-O-neohesperidoside-4’-glucoside
X X
R,=H, R,=H, R;=0-neohesperidose, R,=H, R;=OCHj;, R(=0-glucoside
Diosmetin mono glucoside X X
Diosmetin mono rhamnoside
Diosmin (diosmetin 7-O-rutinoside)
X X X X
R,=H, R,=H, R;=0-rutinose, R,=H, R;=OH, R;=0OCH,;
Neodiosmin (diosmetin 7-O-neohesperidoside)
X X X X X
R,=H, R,=H, R;=0-neohesperidose, R,=H, Rs=OH, R,=0OCH;
Rhoifolin (apigenin 7-O-neohesperidoside)
X X X X X
R,=H, R,=H, R;=0-neohesperidose, R,=H, R;=OH, R=0H
Rhoifolin 4'-glucoside (apigenin 7-O-neohesperidoside 4’-glucoside)
X X
R,=H, R,=H, R;=0-neohesperidose, R,=H, R;=OH, R;=0-glucoside
Rutin (quercetin 3-O- rutinoside)
X X X
R,=O-rutinose, R,=H, R;=OH, R,=H, Rs=OH, Rc=OH
Isovitexin (apigenin 6-C-glucoside)
X X
R,=H, R,=glucoside R;=0OH,R,=H, R;=H, Re=OH
Luteolin
X
Mono-glucoside/mono-rhamnoside
Lucenin-2 (luteolin 6,8-di-C-glucoside)
X X
R,=H, R,=glucoside, R;=OH, R,=glucoside, Rs==OH, R,=0OH
Lucenin-2 4’-methyl ether (diosmetin 6,8-di-C-glucoside)
X X X
R,=H, R,=glucoside, R;=0OH, R,=glucoside, R;=OH, R,=0OCH;
Stellarin-2 (chrysoeriol 6,8-di-C-glucoside)
X X
R,=H, R,=glucoside, R;=OH, R,=glucoside, R;=OCH;, R&=OH
Scoparin (chrysoeriol 8-C-glucoside)
X X
R,=H, R,=H, R;=0H, R,=glucoside, Rs==OCH;, R=OH
Orientin 4’-methyl ether (diosmetin 8-C-glucoside)
X
R,=H, R,=H, R;=0H, R,=glucoside, Rs=OH, Rc=OCHj,
Vicenin-2 (apigenin 6,8-di-C-glucoside)
X X
R,=H, R,=glucoside, R;=OH, R,=glucoside, R;=H, R&=OH




6 Mini-Reviews in Medicinal Chemistry, 2015, Vol. 15, No. 13 Cappello et al.
(Table 1) Contd....
. Industrial
Polymethoxy flavones Peel Albedo | Flavedo Juice juice
[59, 84, [59, 60, [59, 60, [654?663 58]
92] 79] 79] 79]
Sinensetin (3’ 4°,5,6,7-pentamethoxyflavone) < <
R,=H,R,=H, R;=0OCH;
Nobiletin (3’ 4°,5,6,7,8,-esamethoxyflavone)
X X X
R,=H, R,=0CH;, R;=0OCH;
Tangeretin (4°,5,6,7 8-pentamethoxyflavone)
X X
R,=H,R,=0CH;, R;=H

Flavone-C-glycosides are mainly present in the juice,
similarly to flavanone-O-glycosides some of these compounds
lack in industrial juice [58, 63, 65-68]. In bergamot essential
oil (data not showed) only two flavonoids have been
detected: sinensetin and tetra-O-methylscutellarein. This
latter has been detected in essential oil [69].

3. HYPOLIPIDEMIC AND ANTIATHEROSCLERO-
TIC PROPERTIES OF BERGAMOT DERIVATIVES

Hypolipidemic effects of Citrus species are due to
several components, such as flavonoids, pectins and ascorbic
acid. Flavonoids are believed to inhibit LDL oxidation and to
increase LDL reuptake, furthermore, they can interfere with
fecal excretion of bile acids and with HMGR, LDLR and
FASN functions [14, 70-72]. In particular, naringin seems to
be active on atherosclerosis, as demonstrated by animal
studies [73], neoeriocitrin is believed to strongly inhibit LDL
oxidation [74] whereas, HMG-flavonoids could be able to
inhibit HMGR [60]. These observations have provided the
rationale to investigate the protective hypolipidemic effect of
bergamot extracts in animal models and in human patients.

Miceli et al. [75] demonstrated that daily administration
of bergamot juice to hypercholesterolemic rats caused a
significant reduction in TC, TG and LDL levels, an increase
in serum HDL levels and a protective effect on hepatic
parenchyma. In addition, fecal output of total bile acids and
neutral sterols was enhanced in the bergamot juice treated
group in comparison with the hyperlipidemic group. These
results are in agree with previous studies, which
hypothesized that pectins and flavonoids were able to lower
serum cholesterol levels by modulating hepatic HMG-CoA
concentration. It could be noted that in this study, the
potential side-effect due to bergamottin presence in bergamot
juice was not investigated. Bergamot juice is rich in
bergamottin (ranging from 18 to 61 mg/L) [63, 66], a
furanocoumarin compound that inhibits cytochrome P450
34A enzyme activity, significantly increasing the oral
bioavailability of several drugs metabolized primarily by this
cytochrome [74, 76].

This problem was overcome by Mollace et al. [77], that
analyzed the hypolipidemic effect of a defurocoumarinizated
bergamot-derived polyphenolic fraction supplemented with
ascorbic acid on animal models of diet-induced
hyperlipidemia and in patients suffering from metabolic
syndrome [77]. They found that oral administration of this
fraction both in animal and in patients, caused a significant
reduction of TC, TG and glycemia with a concomitant
increase of HDL levels. In particular, in 59 patients with
metabolic syndrome a 30-days treatment period with
bergamot-derived polyphenolic fraction, administred at the
dose of 1 g/die, reduced the serum levels of TC, LDL and
TG by 30%, 33% and 41%, respectively [26]. This effect
was associated with a significant improvement in vascular
reactivity in patients with both hyperlipidemia and
hyperglycemia, suggesting a potential protective role for the
use of bergamot-derived polyphenolic fraction in these
patients.

Recent prospective studies, led on patients with
hyperlipidemia demonstrated that administration of a
defurocoumarinizated bergamot-derived polyphenolic fraction
was able to reduce TC level by 31%. In the same conditions,
rosuvastatin administration (10 mg/die) caused a similar
reduction of TC content (30%). Their association produced a
considerable enhancement of rosuvastatin hypolipidemic
effect, causing a reduction of TC level by 38%, normalizing
the serum lipid profile [78].

The authors suggested that the observed hypolipidemic
effect could be mainly due to the presence in bergamot-
derived polyphenolic fraction of melitidin, brutieridin and
HMG-neoeriocitrin. This hypothesis was investigated by Di
Donna et al. [79] in a hypercholesterolemic rat model, by
measuring the effects on lipid profile of administration of
HMG-flavanones enriched fraction (62% of brutieridin, 14%
of melitidin and 15% of HMG-neoeriocitrin), extracted from
bergamot fruit, in comparison with simvastatin. HMGR,
LDLR and FASN transcription levels and their correlated
protein amounts were evaluated.
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In this study, simvastatin and HMG-flavanones enriched
fraction singularly administrated reduced levels of TC (30%,
20% respectively), TG (32%, 20% respectively), VLDL
(33%, 28% respectively) and LDL (24%, 40% respectively),
whereas an increase of 20% in HDL content was observed
exclusively in rats treated by HMG-flavanones enriched
fraction [61]. Furthermore, according to the previously
published data, HMGR, LDLR and FAS transcription levels
were found up-regulated. An increased amount of their
corresponding proteins was detected [80]. Genotoxicity and
toxicity were not observed by testing HMG-flavanones
enriched fraction in vitro. The authors hypothesized that
HMGR inhibition leads to a reduction of endogenous
cholesterol level which, in turn, is responsible of HMGR and
LDLR transcriptional up-regulation, as well of the higher
LDLR exposure within the hepatocytes membrane, through a
compensatory mechanism based on SREBPs pathway.
Furthermore, it was highlighted that cholesterol depletion
below a certain threshold is known to be responsible for
FASN genic transcription increase, via SREBPs activation,
which is one of the observed effects. It was suggested that
transcriptional up-regulation of these genes and the
corresponding increased protein amounts could be occurred
via SREBPs pathway (Fig. 2).

Beside the already described hypolipidemic effect,
flavonoids, in particular naringin, have received considerable
attention because of their antioxidant/radical scavenging
properties [15, 20]. Increasing clinical evidences support the
hypothesis that phospholipid oxidation products may play a
role in atherosclerosis. This was firstly suggested by
demonstrating that mildly oxidized LDL proatherogenic
activities were present in the fraction containing oxidized
phospholipids. Subsequently, phospholipid oxidation products

hepatocyte
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were reported to accumulate in hyperlipidemic plasma,
atherosclerotic lesions and in several diseases that predispose
to stroke [81-83].

Trombetta et al. [84] reported that two flavonoid-rich
extracts from bergamot peel, endowed with radical-
scavenging properties and lacking genotoxic activity, were
able to prevent alterations induced by the pleiotropic
inflammatory cytokine tumor necrosis factor-a (TNF-o) on
human umbilical vein endothelial cells (HUVECs). This
study was led by monitoring intracellular levels of
malondialdehyde, reduced and oxidized glutathione levels,
superoxide dismutase activity and the activation status of
nuclear factor-xB. To clarify the mechanisms involved in
flavonoid protective activity, flavonoid-rich extracts were
tested in vitro for their ability to inhibit cyclooxygenase-1
(COX-1) and cyclooxygenase-2 (COX-2) activity, in a
human whole blood model. Conversely to literature data
[85], authors excluded that the protective effect of bergamot
peel extracts against TNF-a-induced changes in HUVECs
might be due to their capability to inhibit COX-1 or COX-2
pathways, because these phytocomplexes were unable to
modify prostaglandin E2 and tromboxan B2 release when
they were tested on human whole blood.

Several investigations suggested that phospholipid oxidation
products may play a pathogenic role in progressive renal
damage [86, 87]. A prominent mechanism probably involved
in the deleterious effects of hypercholesterolemia on the
kidney was an increased formation of reactive oxygen species.
In addition, oxidized LDL particles were injurious to
renal tubular epithelial cells and they might contribute to
tubulointerstitial damage and glomerulosclerosis [88].
In an experimental model of short-term diet-induced
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Fig. (2). Model depicting HMG flavanones enriched fraction effects on lipids metabolism elicited in rat hepatocytes (from Di Donna et al
2014 [61]). Black arrows indicate HMG flavanones enriched fraction effects on genes, enzymes and metabolites levels. © indicates
enzymatic inhibition. ACAT: Acyl-CoA:cholesterol acyltransferase; CE: cholesteryl ester; CEH: cholesteryl ester hydrolase; FASN: fatty
acid synthase; HDL: high-density lipoprotein; HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; HMGR: 3-hydroxy-3-methylglutaryl-CoA
reductase; LDL: low density lipoprotein; LDLR: low density lipoprotein receptor; SREBPs: sterol response element binding proteins; TG:

triglycerides; VLDL: very low density lipoprotein.
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hypercholesterolemia [89], a significant decrease in renal
lipid peroxidation was observed after bergamot juice
administration, as shown by the low malondialdehyde levels
found. Furthermore, analysis of kidney histopathological
sections supported the biochemical data, indicating a
protective effect of bergamot juice on the development of
kidney injury induced by the hypercholesterolemic diet. The
authors hypothesized that the beneficial effect on renal
parenchyma was due to the great abundance of flavonoids in
bergamot juice, believed to reduce oxidative damage in vivo.

CONCLUSION

HMGR inhibitors (statins) are the most -effective,
practical and largely prescribed class of drugs for reducing
LDL concentrations [10, 11]. Nevertheless some patients,
especially those with metabolic syndrome do not achieve
their recommended LDL targets with statin therapy [77, 90].
Moreover, statins may induce many side effects, including
myalgia, myopathy, liver diseases and rhabdomyolysis [91].
Many studies demonstrated a relationship between the intake
of flavonoid-rich foods and a reduced risk for cardiovascular
disease [13]. Bergamot fruit is very rich in many peculiar
bioactive flavonoids compared to other Citrus fruits [15-18],
hence their evaluation as metabolic regulators might
represent an attractive strategy in drug discovery. The aim of
this review is to provide an overview on all flavonoids
detected in C. bergamia Risso and on the current knowledge
of their hypolipidemic effects [58-69], summarizing the
results obtained from different in vivo studies [61, 75, 77, 89].

All data reported suggest that C. bergamia Risso
flavonoids might be used in nutraceutical products or in
functional foods, even if additional studies are needed to
fully reveal their interaction with upstream mediators of lipid
metabolism pathways. Furthermore, since only few studies
on flavonoids administration in humans are available, further
clinical studies are required to focus on dose, bioavailability,
efficacy and safety of this class of flavonoids in humans.

LIST OF ABBREVIATIONS

ABC = ATP-Binding Cassette

AMPK = AMP- activated protein kinase

COX-1 = Cyclooxygenase-1

COX-2 = Cyclooxygenase-2

FASN = Fatty acid synthase

HDL = High-density lipoprotein

HMG-CoA = 3-hydroxy-3-methylglutaryl-CoA
HMGR = 3-hydroxy-3-methylglutaryl-CoA reductase
HUVECs = Human umbilical vein endothelial cells
LDL = Low-density lipoprotein

LDLR = Low-density lipoprotein receptor
LXRs = Liver X receptors

microRNAs

miRNAs

Cappello et al.
NPCIL1 = Niemann-Pick Cl-Like 1
PPARs = Peroxisome proliferator activated receptors
SREBPs = Sterol regulatory element-binding proteins
TC = Total cholesterol
TG = Triglicerides
TNF-a = Tumor necrosis factor-o
VLDL = Very low-density lipoprotein
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My doctoral research was carried out under the supervision of Prof.ssa Anna Rita
Cappello. My research project was aimed at studying pharmaceutical properties of new
molecules with the aim of identifying some compounds with anticancer activity, as well as
anti parasitic and antibacterial agents which are useful for the treatment of diseases caused
by antibiotic resistant pathogens.

Infectious diseases and cancer are the two disease groups that representing the major
cause of death worldwide. Unfortunately, antibiotic resistance is the biggest threat in the first
case; in fact, new resistance mechanisms continuously are emerging and spreading globally,
threatening the ability to treat common infectious diseases. A growing list of infections caused
by bacteria, viruses, parasites etc. are becoming harder and harder to treat, and sometimes
impossible, as antibiotics become less effective. Without urgent action, we are heading for a
post-antibiotic era, in which common infections and minor injuries can once again kill the
human population. Concerning cancer, Resistance to chemotherapy and molecularly targeted

therapies is a major problem in current research. Drugs side effects and toxicity to normal body



cellsis also animportant threatin cancer treatments. In this regard, these problems are at the
forefront of scientific research and technological innovation and are leading to the
development of new therapeutic approaches against cancerand infectious disease with fewer
side effects and lesser resistance problems.

The aim of the present study was to investigate on the new compounds in order to find
new possible therapeutic agents against bacteria, parasites and cancer.

Infectious diseases are caused by microorganisms such as bacteria, parasites, viruses
etc.; in particular, bacterial infectious diseases are caused by either Gram +ve or Gram -ve
bacteria. Certainly, antibiotics are the main weapon against infectious bacterial diseases;
however, the uncontrolled use of antibiotics to control infections in humans, animals and in
agriculture caused the development of drug resistance by bacterial populations. Besides this,
infections caused by Gram -ve bacteria are difficult to treat due to the presence of a protective
outer membrane consisting of lipopolysaccharides. Therefore, it is clear that there is a need to
develop novel classes of antibacterial agents capable of killing bacteria through mechanisms
unlike those of the known classes of antibiotics. Then, scientists are currently searching for
new approaches to treat infectious diseases, particularly those caused by Gram -ve bacteria,
focusing on exactly how the pathogens change and how drug resistance evolves.

Since ancient times, metal complexes have been used as antibacterial compounds,
metallic silver and silver salts are good examples of this. Silver compounds are particularly
interesting since their antibacterial activity can be altered by changing the ligand associated
with the silver complex. To date, among silver derivatives, silver sulfadiazine remains one of
the most commonly-used antibacterial drugs. Therefore, metal N-heterocyclic carbene (M-
NHC) complexes appeared as an emerging field of research in medicinal chemistry where NHC
complexes of coinage metals (Cu, Au, and Ag) proved to be better antimicrobial agents. Herein,
it was investigated the, in vitro, antibacterial activity of the newly synthesized silver (Ag)
complexes, lodide[N-methyl-N-(2-hydoxy-cyclopentyl-imidazole-2ylidine]silver(l), lodide[N-
methyl-N-(2-hydoxy-cyclohexyl)-imidazole-2-ylidine]silver(l) and  lodide[N-methyl-N-(2-
hydoxy-2-phenyl)ethyl-imidazole-2-ylidine]silver(l), namely AglL6, AgL18 and AglL20, against
two Gram +ve (Staphylococcus aureus, Streptococcus pyogenes) and three Gram -ve
(Escherichia coli, Klebsiellapneumoniae and Pseudomonas aeruginosa) bacteria. Among these,
Agl6 showed good antibacterial activity against both Gram +ve and Gram -ve bacteria.

However, the minimum inhibitory concentration (MIC) value was 32 pg/mL for Gram +ve and



16 pg/mL for Gram -ve bacteria, which was higher than that displayed by commercial drug,
used as control (Silver Sulfadiazine, AgSD).

We therefore hypothesized that the poor activity is due to the poor intake of the
compound. In order to enhance its antibacterial activity, we have developed “a
pharmaceutically-oriented device”, a nanocarrier as a tool for targeted drug delivery. Here it
was described, for the first time, the production of a polymer nanostructure in which dextran,
a biopolymer, and oleate residues represent the hydrophilic and hydrophobic parts,
respectively. This nanoparticle was loaded with AgL6 and the antibacterial activity has been
investigated. The results were very interesting, with MIC values being reduced four-fold for
both Gram +ve and Gram -ve bacteria. Surprisingly, these values were two-fold lower than for
silver sulfadiazine. Briefly, our results showed that K. pneumoniae and E. coli are the most
susceptible bacteria to AgL6, followed by P. aeruginosa.

In conclusion, the investigated compound AglL6 showed excellent potentiality against
bacterial infections.

According to the World Health Organization (WHQ), 17 diseases caused by bacteria and
parasites have been classified as neglected tropical diseases (NTDs). NTDs are endemic in 149
tropical and subtropical countries and affect more than 1 billion people, including 875 million
children. These diseases are responsible for over 500,000 deaths per year and are
characterized by severe pain and long-term disability. Human African Trypanosomiasis
(sleeping sickness) is an important disease among them and is caused by two parasites of the
genus Trypanosome: Trypanosome brucei rhodesiense and Trypanosome brucei gambiense.
Trypanosomiasis is a disease with a devastating socio-economic impact in sub-Saharan Africa
through direct infection of humans and livestock. This disease is fatal if left untreated. Current
therapy relies on five drugs that have many limitations among which acute toxicity, problems
with oral absorption and emergence of trypanosomal resistance, this latteris a major concern
owing to the absence of vaccines and therapeutic alternatives. Therefore, pharmaceutical
research is aimed at the discovery of new drugs, although the investment in this therapeutic
area is not attractive owing to the prospect of poor financial returns. Many pharmaceutical
industries have already utilized an opportunistic approach by utilizing drugs long since used for
other diseases, a process known as “repurposing” of the drug. It is estimated that over half of

the drugs used today are derived from natural sources.



In the present study, in a searchfor molecules with trypanocida activity, itwas screened
2000 natural extracts from Fungi and Actinomycetes. The extracts showing activity were
selected, and the active compound was identified by liquid chromatography and mass
spectroscopy. Chaetocin is one of the molecules identified which showed good trypanocidal
activity when tested in vitro. Chaetocin is already used as an antibacterial and anticancer drug,
here it was repurposed as drug against trypanosomiasis. The results were very surprising
because the trypanocidal activity was in the nanomolar range; the IC50 value was found to be
8.3 nM.

Next, it was investigated on its mechanism of action. In chaetocin treated cells,
morphological changes and chromatin degradation were identified, by immunofluorescence
and cell-cycle arrest during the G2 phase was proven by cytometry analysis. Finally, it was
hypothesized that the enzyme histone methyl transferase, animportant enzyme acting in the
G2 phase, could be the target for this drug.This study displayedthat chaetocin could have great
potentiality in the fight against the deadly trypanosomiasis. However, further studies will be
needed to reveal whether this compound can cross the blood-brain barrier.

In the third part of this thesis it was evaluated the synthesis and anticancer activity of
some phosphonium salts. Phosphonium salts are a class of lipophilic cationic molecules that
accumulate preferentially in mitochondria and inhibit the growth of human cancer cell lines.

The aim of the present study was to investigate the effects of a lipophilic phosphonium
salt, (11-methoxy, 11-oxoundecyl)triphenylphosphonium bromide (MUTP) along with two
other newly synthesized phosphine oxide salts, 3,3’-(methylphosphoryl)dibenzenaminium
chloride and 3,3’-(phenylphosphoryl)dibenzenaminium chloride (SBAMPO and SBAPPO) on
proliferation, in two human cancer cell lines: human breast cancer cells (MCF-7) and human
uterine cervix adenocarcinoma cells (HelLa) and to elucidate their mechanism. The cancer cell
mitochondrial membrane potential is relatively highwhen compared to normal cells, this force
the phosphonium salts to accumulate, preferencially, in the mitochondria and inhibit their
function. The results showed that only MUTP exhibits anti-proliferative effects on both cell
lines, without affecting normal breast epithelial cell proliferation. More specifically, it was
demonstrated that MUTP treatment of breast cancercells is associated withimpaired cell cycle
progression, as determined by cytometry analysis. The G1/S cell cycle arrest was confirmed by

anincreased expression level of two proteins involved in cell cycle regulation, p21 and p53.



Recently, there has been a surge of interest in developing compounds selectively
targeting mitochondria for the treatment of neoplasms. The critical role of mitochondria in
cellular metabolism and respiration supports this therapeutic rationale. Dysfunction in the
processes of energy production and metabolism contributes to attenuation of response to pro-
apoptotic stimuli and increased ROS production both of which are implicated in the initiation
and progression of most human cancers. Therefore, in order to characterize the mitochondrial
function in MCF7 cells, after MUTP treatment, the cells were stained with specific metabolic
probes and analyzed by FACS.

The outcomes displayed that MUTP treatment decreased mitochondrial mass and
mitochondrial membrane potential and increased the ROS production. In agreement with
these findings, the reduction in the expression of the mitochondrial oxidative pathway
(OXPHOS) enzymes revealed a bioenergetics failure, induced by MUTP, in treated cells. TUNEL
assay, DNA Laddering and Western blot analysis of caspase-3, caspase-9 and Bax confirmed
the apoptotic effect of MUTP treatment.

Taken together, all these data suggest that MUTP may be capable of selectively
targeting neoplastic cell growth and therefore has potential applications as an anticancer

agent.
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