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OZET

Tip 1 Diyabetes Mellitus (TLDM), genellikle insiilin iireten pankreatik B hiicrelerinin immiin
aracili tahribatiyla meydana gelen ve bu tahribat neticesinde mutlak insiilin yetersizligiyle
karakterize bir hastaliktir. Farelerde Streptozosin (STZ) enjeksiyonuyla TIDM modeli
olusturulmaktadir. Thymoquinone (TQ), Nigella sativa’nin biyoaktif komponentidir. Deneysel
caligmalarda STZ ile indiiklenerek olusturulan diyabetik hayvan modelleri iizerinde yapilan
aragtirmalarda, TQ’nun hipoglisemik ve antidiyabetik etkiye sahip oldugu bildirilmistir.

Bu ¢alismada, G maddesi ve Thymoquinone’un diyabet fare modelinde terapotik potansiyelini
ve Beta hiicre yenilenmesine katkisini belirlemek, bu maddelerin diyabet fare modelinde
pankreasta meydana getirdigi gen ekspresyon degisikliklerini ac¢iga ¢ikarmak ve
Thymoquinone’un hiicre kiiltiirliinde meydana getirdigi gen ekpresyon degisikliklerinin
arastirilmas1 amacglanmustir.

Bu kapsamda, Diyabet olusturulmus farelerde TQ ve G maddesi uygulamalar
gergeklestirilmis ve bu deney gruplarinda kan seker seviyelerini TQ ve G maddesinin kismi
olarak diisiirdiigii gdsterilmistir. Insiiline spesifik immiinohistokimya ile pankreastaki B hiicre
adaciklar1 skorlanmis ve G maddesinin diyabetik farelere kiyasla anlamli sekilde skoru
artirdigi gosterilmistir (P=0.03). TQ ile muamele sonucu adacik skoru artmasina ragmen, P
degeri anlamli degere ulagsamamistir (P=0.26). Pankreaslarda mikroarrayler ve Real-Time
PCR metodlar1 kullanilarak gen ekspresyon analizi gerceklestirilmistir. TQ tarafindan iiretimi
artirtlan genlerin agirlikli olarak hiicre c¢ogalmasi1 ve yara iyilesmesiyle ilgili oldugu
gorilmiistiir. Ayrica rejenere olan B hiicre adaciklarinda iiretilen faktorlerden olan Reg2 (52
kat), Reg3a (9 kat), Reg3b (13 kat), regenerating islet-derived 2, 3a, 3b genlerinin
ekspresyonu TQ ile muamele edilen fare pankreaslarinda 10-50 kat artmis goriinmektedir.
Yine TQ tarafindan pankreasta ¢ok sayida G-proteine bagli reseptorlerin ve olfactory
reseptorlerin ekspresyon seviyeleri etkilenmektedir (P=6.9E-155).

Sonu¢ olarak TQ diyabet farelerin pankreasinda B hiicre adaciklarinda kismi onarim
saglamaktadir. Bu artisin molekiiler mekanizmalar1 incelendiginde yara iyilesme faktorlerinin
ve adacik rejenerasyonunda rol alan Reg2, Reg3a ve Reg3b genlerinin 6nemli rolii oldugu

gorilmektedir.

Anahtar Kelimeler: Thymoquinone, Tip 1 Diyabet, Gen Ekspresyon Analizleri, Yara

Iyilesmesi



ABSTRACT

Type 1 Diabetes Mellitus (T1DM) occurs generally through destruction of pancreatic Beta
cells by the immune system and insulin deficiency is the characteristics of this disease.
Streptozotocin (STZ) is used to induce T1DM model in mice. Thymoquinone (TQ), is the
active component of Nigella sativa. TQ has been shown to have antidiabetic and

hypoglicemic effects in diabetic animal models.

In this study, it’s aimed to determine the therapeutic and regenarative potential of TQ and G
compound (G), to find out gene expression profile of pancreas of diabetic mice treated with
these compounds and to find out gene expression profile of cells treated with TQ.

Diabetic mice were treated were treated with TQ and G and blood glucose levels of diabetic
mice were found to be decreased by these compounds. Pacnreas Beta cells were scored using
Insulin specific immuno staining and G was found to increase the scoring in diabetic mice
(P=0.03). Tq treatment was also found to increase the scoring relatively, however the increase
was not significant (P=0.26). In pancreas of mice of experimental groups, gene expression
analysis was performed using microarrays and Real-Time PCR. TQ was found to upregulate
genes involved cell proliferation and wound healing. Reg2 (52 folds), Reg3a (9 folds) and
Reg3b (13 folds) that were produced by regenerating pancreatic islands, were found to be 10-
50 folds upregulated by TQ. TQ was also found to modulate the expression of many G-protein

coupled receptors and olfactory receptors in pancreas of diabetic mice (P=6.9E-155).

As aresult, TQ induces partial recovery of the Beta cell islands in pancreas of diabetic mice.
When the molecular mechanisms involved in this recovery was investigated, wound healing
factors and Reg2, Reg3a and Reg3b genes involved in pancreatic island regeneration seems to

have a role.

Keywords: Thymoquinone, Type 1 Diabetes, Gene Expression Analysis, Wound Healing



1. GIRIS / AMAC VE KAPSAM

Bu ¢aligma kapsaminda Thymoquinone (TQ) isimli etken maddenin diyabetik fare modelinde
terapotik etkinligi, pankreas rejenerasyonuna etkisi ve bu siirecte etkiledigi genler
incelenmistir. Bu c¢alismada hayvan modelinin olusturulmasindan sonra agirlikli olarak

immiinohistokimya, Real-Time PCR ve mikroarray metodlar1 kullanilmistir.

Calismanin baglica amaglar1 sagidaki gibidir.

1. Farelerde streptozotocin (STZ) adli kimyasal kullanilarak diyabet modeli olusturmak

2. G maddesi ve Thymoquinone’un diyabet fare modelinde terap6tik potansiyelini ve Beta

hiicre yenilenmesine katkisini belirlemek

3. G maddesi ve Thymoquinone’un diyabet fare modelinde pankreasta meydana getirdigi gen

ekspresyon degisikliklerini agiga ¢ikarmak

4. Thymoquinone’un hiicre kiiltiiriinde meydana getirdigi gen ekpresyon degisikliklerinin

arastirilmasi

2. GENEL BILGILER
2.1. DIYABET

Diyabet, insiilin eksikligi ya da insiilin etkisinde meydana gelen bozukluklar nedeniyle
organizmanin karbonhidrat, yag ve proteinlerden yeterince yararlanamadigi, bunun sonucunda
hiperglisemiye neden olan kronik bir metabolizma hastaligidir [1, 2].

Diyabetin gelisiminde bir¢ok patolojik siiregler énemli rol oynamaktadir. Patolojik olan bu
stirecler, insiilin etkisine karsi gelisen direncten insiilin eksikligiyle pankreasin Beta
hiicrelerindeki otoimmiin  yikimina kadar genis bir skala igerisindedir. Insiilin eksikligi
ve/veya insiilin direnci neticede kan glukoz seviyesini artirmakta ve hiperglisemi
olusturmaktadir [3]. Insiilinin bu sekilde bozukluk gostermesi, diyabetli hastalarda

karbonhidrat, yag ve proteinlerde meydana gelen anormalliklerin temelini olusturmaktadir [4].



Insiilinde meydana gelen bozukluk, yetersiz insiilin salgilanmasi1 veya insiilin sinyal iletim
yolaklarinda olusacak bir veya birden fazla anormalliklerden kaynaklanmaktadir.

Diyabet, hiperglisemi sonucu gozlerde, bobreklerde, sinirlerde kalp ve damar sistemi gibi
cesitli yapilarda kronik komplikasyonlara yol acarak bu organlarin fonksiyonlarini bozan bir
hastaliktir. Hiperglisemiye bagli gelisen en belirgin semptomlar arasinda kilo kaybi, poliiiri,
polidipsi, bazen polifaji, gormede bulaniklik ve biiylime geriligi sayilabilir [5].

Diyabetin akut metabolik komplikasyonlarinin yaninda uzun siiren donemlerinde korliige
neden olan retinopati [6], bobrek yetersizligi ile sonuglanan nefropati [7], ayak yaralart ve
ampiitasyona yol agan noropati [8] ve ayrica damar hastaligi, kardiyovaskiiler, gastrointestinal
sistem bozukluklarina yol agabilen otonom noropati, cinsel fonksiyon bozuklugu gibi kronik

komplikasyonlarla seyreden morbidite ve erken mortalite riski yiiksek bir hastaliktir [9].

Diyabetes mellitus smiflandirilmasinda hiperglisemiye neden olan patolojik sebeplerden
faydalanilarak bir siniflandirma sistemi olusturulmustur. Bu baglamda, Amerikan Diyabet
Dernegi, Diyabetes mellitusun siniflandirmasini Tip 1 Diyabetes Mellitus, Tip 2 Diyabetes
Mellitus, Diger spesifik tiirler ve Gestasyonel Diyabetes Mellitus olmak iizere 4 ana bashk
altinda toplamislardir [1] (Sekil A).

2.1.1. Tip 1 Diyabetes Mellitus

Tip 1 Diyabetes Mellitus (T1DM), genellikle insiilin lireten pankreastik B hiicrelerinin
dogrudan ve/veya dolayl yollarla immiin aracili bagisikligr tahribatiyla meydena gelen ve bu
tahribat neticesinde mutlak insiilin yetersizligiyle karakterize bir hastaliktir [10, 11]. Tarihsel
olarak bakildiginda T1DM, daha ¢ok cocuksal bir rahatsizlik olarak goriilsede, bu goriis son
on yil igerisinde yapilan arastirmalar 1s181nda degistigini géstermistir. Yapilan bu ¢aligsmalarda
polidipsi, polifaji ve poliliri gibi hastaligin baslangici ile iligkili septomlarin birtakim yetiskin
bireylerde de gozlenlendigi goriilmistir. T1IDM hastalar1 pankreatik [ hiicrelerindeki
harabiyet neticesinde insiilin liretemedikleri i¢in hayatlar1 devam ettigi miiddet¢ce disaridan
insiilin takviyesi almalari gerekmektedir. Giiniimiizde hala TIDM hastaliginin tedavisinde
kullanilan kesin bir tedavi olmamakla beraber bu noktada yapilan caligmalar devam

etmektedir.
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Sekil A. TIDM ve T2DM hiicrelerinin normal hiicre ile karsilastirilmasi. Tip 1 diyabette
instilin eksikligi neticesinde gelisen bir hastalik oldugu gdsterilmis. Normal hiicre
reseptorlerinde ve tastyicilarda herhangi bir sorun yok. Tip 2 diyabetli hiicrede insiilin
reseptorlerinde meydana gelen bozukluklar neticesinde glukoz tasiyicilarinda meydana gelen
kismi islevsizlik sonucunda gelisen hastalik.

2.1.2. Diyabet Modelleri

2.1.2.1. In Vivo Modeller

Bircok hastaliktan korunma ve tedavi yollarinin arastirilmasi, ayn1 zamanda bu hastaliklarin
patogenezinin arastiritlmasi amaciyla deneysel hayvan modelleri kullanilmaktadir. Genellikle
insandaki hastaliklar1 taklit eden ve calisilabilirligi etik olarak engel teskil etmeyen hayvanlar
tizerinde calismalar siirdiiriilmektedir.

Insanlarda yaygin bir hastalik olan diyabetes mellitusun olusmasinda rol alan molekiiler
mekanizmalarin arastirilmasinda, engellenmesi ve yan etkilerinin belirlenmesi amaciyla farkl
metodlar kullanilarak deneysel diyabet modelleri olusturulmustur [12].

Tip 1 Diyabet Modellerti;

1. Cerrahi yontem ile olusturulan modeller

2. Kimyasal ajanlar ile indiiklenerek olusturulan modeller

3. Spontan sekilde olusan modeller

4. Viriisle olusturulan modeller

5. Transgenik tip modeller

Tip 2 Diyabet Modelleri

1. Cerrahi yontem ile olusturulan modeller



2. Kimyasal ajanlar ile indiiklenerek olusturulan modeller

3. Spontan sekilde olusan modeller

4. Diyet ile olusturulan modeller

5. Transgenik-Knockout tip modeller

Cerrahi yontem kullanilarak olusturulan diyabet modelleri

Pankreatektomi yontemi kullanilarak pankreasin tamami ya da pankreasin kismi olarka
cikartilan islemdir. Pankreasin tamaminin ¢ikarilmasiyla Tip 1 Diyabet modeli, kismi
pankreatektomi islemi uygulamasi yapilarak pankreastaki beta hiicrelerinin yakalasik %60’
min ¢ikarilma islemiyle de Tip 2 diyabet modeli olusturulmaktadir [13]. Bu tiir cerrahi
islemler biiyiik canlilarda denenmistir [14]. Ancak giiniimiizde bu metod kullanim1 azalmustir.
Kimyasal ajanlar ile olusturulan diyabet

Streptozosin (STZ) ve Alloksan diyabet model olusturmada en ¢ok kullanilan kimsayasal
ajanlardir.

ALLOKSAN (2,4,5,6 Tetraokzohekzahidropirimidin)

Alloksan suda kolayca ¢6ziinebilen monohidrat yapisinda olan, iirik asidin nitrik asi tarafindan
oksidasyonu ile elde edilen kimyasal ajandir [15]. Alloksan, hidrofilik 6zelligi ve kimyasal
yapist sayesinde glukozu taklit ederek pankreas beta hiicrelerine rahatlikla niifuz
edebilmektedir [16]. Bu seckilde iki mekanizma araciligiyla diyabete neden oldugu
diisiiniilmektedir. ilk olarak alloksan glukokinaz enzimini inhibe ederek pankreastaki beta
hiicrelerinin salgiladig1 insiilin saliimi inhibe etmektedir [17]. Ikinci mekanizma ise beta
hiicresinde toksik etki olusturan reaktif oksijen tiirlerinin olusturarak nekroza neden olup
insiilin salinimin1 inhibe etmektir [18]. Bu sekilde pankreas beta hiicrelerini hasara ugratarak
doza bagli olarak diyabete neden oldugu belirtilmektedir [19, 20].

Farelerde alloksan kullanilarak yapilan diyabet calismalarinda, fareler oncelikle 18 saat ag
birakildiktan sonra giinde 150 mg/kg dozda, su yada serum fizyolojik sivi igerinde
¢oziindiiriiliip periton i¢i yolla 48 saat arayla 3 kez olarak enjekte edilir. Son enjeksiyondan
itibaren 7-9 gilin sonrasi fareler 18 saat a¢ birakildiktan sonra kan glukoz seviyeleri kuyruk
veninden kan alinarak olciiliir. A¢lik kan seker diizeyi 200 mg/dL {izerinde olanlar diyabet
fare olarak kabul edilir [21].

Alloksan periton i¢i uygulamasinin disinda intravendz ve deri alti olarak da enjekte
edilebilmektedir. Intravendz uygulamanin diger ydntemlerden 2-3 kat daha verimli oldugu
tespit edilmistir. Intravendz uygulamarda ortalama doz 65 mg/kg verilirken, periton i¢i ve deri

alt1 uygulamalarda ortalama 150 mg/kg seklinde doz ayarlamasi gergeklestirilir [22, 23].



Steptozotosin

Streptozotosin, Streptomyces achromogenes susundan elde edilen, 2-Deoksi-2-(3-Metil-3-
Nitrozotireido) D-Glukopiranoz’dur. Yapisinda glukoz moekiilii bulundugu i¢in plazma
membraninda bulunan glikoz tastyicisina (GLUT2) baglanip insiiline salinimin inhibe ederek
pankreastaki beta hiicresine toksisitesini gosterir [24]. Boylelikle doza bagh STZ
uygulamasiyla hem insiiline bagimli, hemde insiilinden bagimsiz  modeller
olusturulabilmektedir [19]. Glut2 araciligiyla beta hiicrelerine giren STZ, nitrik oksit diizeyini
etkileyerek, mitokondriyal ATP {iretimini azaltir. Bunun neticesinde DNA hasar1 olugarak
reaktif oksijen tiirlerinin olusumunda artma goériilmektedir [25].

Streptozotosin yapilacak ¢alismaninin durumuna gore doz oranlart diisiik 40 mg/kg, toksik
yaklasik 60-70 mg/kg, yiikksek doz 150-200 mg/kg olarak uygulanmaktadir [26]. Cakmak A.
ve ark. farelere 250 mg/kg serum fizyolojik igerisinde damar igerisine streptozosin verilmistir.
Streptozosin enjeksiyonunda 10 gilin sonra kan glukoz seviyeleri 6l¢iilmiis ve 300 mg/dL
tizerinde olan degerler diyabetik model olarak kabul edilmistir [27]. Sitrat tamponu igerisinde
¢oziilen STZ farelerde tek doz halinde 200 mg/kg periton i¢i uygulanmaktadir [28]. Ayrica
tek doz 150 mg/kg periyon i¢i yoluyla verildiginde de diyabet olustugu gézlenmistir [29].

2.2. Timokinon (TQ)

2.2.1. Nigella Sativa

Nigella sativa yaygin olarak ¢orek otu olarak bilinen, Pakistan, Hindistan ve Akdeniz
tilkelerinde yogun olarak yetisen, Ranunculaceae (Diigiin ¢igegigiller) familyasindan, 20-30
cm yiikseklikte, tek yillik ¢igekli bir bitkidir. Uzun yillardir birgok hastaligin tedavisinde
kullanilmakla beraber giiniimiizde gida tiretiminde de yaygin olarak kullanilmaktadir [30-33].
Ulkemizde baslica Konya, Kiitahya, Isparta, Antalya olmak iizere 12-14 arasinda Nigella tiirii
yetismekte olup, Ozellikle Nigella sativa, Nigella damascena, ile Nigella arvensis tiirleri
yaygin olarak kullanilmaktadir [34].

2.2.2. Timokinon;

Corek otunun biyoaktif kompotenti olan timokinon (CioH120,, 2-izopropil-5-metil 1, 4-
benzokinon) (sekil.2.2.), ugucu yaginda %18-24 oraninda bulunan ve 164,2 g/mol molekiiler

agirligina sahip sar1 renkli kristallere sahip ugucu bir monoterpendir [35, 36].
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Sekil.2.2. Timokinon morfolojik ve molekiiler yapisi

2.2.3. Timokinonun Etki Alanlari

2.2.3.1. Antidiyabetik Etkisi

Diyabetes Mellitus organizmadaki insiilin sentezi yetersizligi ya da insiilin direnci nedeniyle
ortaya c¢ikan  metabolik bir hastaliktir. Deneysel c¢aligmalarda STZ ile indiiklenerek
olusturulan diyabetik hayvan modelleri lizerinde yapilan arastirmalarda, TQ hipoglisemik ve
antidiyabetik etkiye sahip oldugu bildirilmistir [37-40]. TQ’nun insiilin sekresyonu tizerindeki
etki mekanizmasi tam olarak aydinlatilamamis olmakla beraber, TQ’nun, insiilin
sekresyonunu yiikselttigi ve buna bagli olarak glikoz alimini artirdigi ve glukoneogenez
olusumunu inhibe ederek kan glukoz seviyesinin diismesini sagladigi belirtilmistir [36, 38].
Ratlarda Streptozotocin (STZ) ile indiiklenmis diyabet modelinde, Nigella sativa ugucu
yagiyla muamele edilen ratlarda, serum glikoz seviyeleri diiserek normale yaklagmus,
serumdaki inslilin miktarinin arttigr gézlemlenmis ve pankreas Beta hiicrelerinde kismen
rejenerasyon oldugu tespit edilmistir [39]. Yapilan diger bir g¢alismada, kan glukoz
seviyelerinin arastirilmasinda klinik olarak 6nemi sahip belirteci olan HbA1C {izerine TQ'nun
etkisi aragtirllmis ve TQ'nun HbAI1C (sekere bagli hemoglobin seviyesi) seviyesi anlamli
sekilde distirdigii bildirilmistir [36]. Aymi calismada, karaciger enzim aktivitesini de
tyilestirdigi gozlenmistir. Ayrica su ve kati1 yiyecek alimmi dengeleyerek viicut agirliginin
normale yaklagmasini sagladigi gozlenmistir [36]. STZ ile indiiklenmis diyabet rat modelinde
artan lipid peroksidasyon ve nitrik oksit seviyeleri, Nigella sativa ucucu yag1 muamelesiyle
tersine donmiis ve antioksidan enzim aktivitelerinin arttigi gozlenmistir [40]. Ayni sekilde
STZ ile indiiklenen diyabetik ratlarda TQ ile calismalar tekrarlanmis ve serum glikoz
seviyelerinin diistiigiinli ve buna bagl olarak serumdaki insiilin miktarinda artig goriilmustiir.
Ayrica diyabet rat modelinde, TQ ile muamele edildiginde, pankreasta insiilin iireten Beta

hiicrelerinde de 6nemli derecede artis tespit edilmistir [41]. Yine STZ ile olusturulan diyabetik
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ratlarda, TQ'nun pankreastaki beta hiicre lizerine etkisi daha detayl1 arastirilmis, STZ sonucu
olusan birgok toksik etkinin TQ uygulamasiyla pozitif yonde diizeldigi gosterilmistir [42].
Diger bir calismada, STZ ile diyabet olusturulan farelerde gebelik doneminde TQ uygulamasi
yapilmig, embriyolarin gelisimde ve boyutlarinda artisin gozlendigi, ayrica toksik etkilere
neden olabilecek serbest radikallerin miktarinda azalmay1 saglayarak sakat dogma oranlarini
diistirdiigii gorilmustiir [43].

2.2.3.2. Antitiimor ve antikanser etkisi

Yapilan in vivo ve in vitro ¢alismalar N .sativa tohumlarinin hem yagi hem aktif maddesi olan
TQ'mun antitiimor etkisi oldugu gosterilmistir. Yapilan bir ¢alismada TQmun doza bagh
olarak hepatoseliiler karsinoma hiicrelerindeki proliferasyonu 6nemli Ol¢iide yavaslattig
bildirilmistir . Yapilan bir calismada, pankreatik kanser hiicrelerinde TQ'nun etkisi gemzar
denilen kemoterapotik madde ile birlikte in vivo ve in vitro olarak arastirilmistir. Farelerde
olusturulan kanser modelinde ve in vitro kanser hiicre hatlarinda uygulanan gemzar ve TQ'
nun tiimor biliyimesini engelledigi ve pankreatik kanser hiicrelerinin apoptozunu artirdigi
goriilmiistiir. Ayn1 zamanda anti-apoptotik Bcl-2, Bcl-xL, XIAP'in asagi regiilasyonunu,
kaspaz-3, kaspaz-9, Bax gibi proapoptotik molekiillerin yukari regiilasyonunu sagladigi
gozlemlenmistir [44]. Bagka bir ¢alismada, kolanjiyokarsinom(CCA) hiicrelerinde yine
mezar kemoterapik ajan ile TQ'nun etkisi arastirilmis, in vitro olarak hiicre proliferasyonunu
inhibe ettigini in vivo olarak da tiimor hiicre biiyiimesi ve anjiogenezini engelledigi
belirtilmistir. Ayrica PI3K/AKT ve NF-kB ve gen {irlinlerinin diizenleyicileri AKT, p65,
XIAP, Bcl-2, COX-2, VEGF asag regiile oldugu tespit edilmistir [45]. Baska bir ¢alismada,
N.sativa yagi ve TQ' nun insan servikal kanser hiicresi lizerine etkilerinin arastirilmasidir.
HeLa hiicre hatlar1 kullanilarak gerceklestirilen bu calismada TQ' nun kanser hiicre
proliferasyonu ve migrasyonunu inhibe ettigi, pro-apoptotik genlerin ekpresyonlarini
indiiklerken (BIK, FASL, BCL2L10 ve CASP1), kanser ve NF-kappa-B sinyali ve kanserden
sorumlu anti-apoptotik genlerdeki ekpresyon seviyesini de diistirdiigii belirtilmistir [46]. Diger
bir ¢caligmada, fareler {izerinde olusturulan kanser modelinde karaciger toksisitesi olusturulan
CB 1954 (5-(Aziridin-1-yl)-2,4-dinitrobenzamide) maddesiyel TQ kombinasyon g¢alismasi
yapilmistir. Yapilan aragtrma sonucunda TQ' nun karaciger toksisitesine neden olan CB 1954
maddesinin etkisini azalttigi, buna bagli olarak karaciger enzimleri AST ve ALT miktariin
normal diizeylere getirdigi belirtilmistr. Ayrica tiimoér boyunda ve buna bagh Kkitle
agirliklarinda da TQ uygulanan grup ile kontrol grubu arasinda énemli oranlarda farkliliklar

gozlemlenmistir [47]. Yapilan bagka bir ¢aligmada, insan miyoblastik kanser hiicre hatt1 olan
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hl-60 hiicreleri tizerinde TQ' nun etkisi aragtirilmis. Calisma sonucunda TQ' nun HL-60 hiicre
hatt1 lizerinde antiproliferasyon etki gosterdigi, mitokondrinin membran yapisint bozdugu,
kaspaz 3,8,9 aktivasyonlarini diizenleyerek apoptozu indiikledigi belirtilmistir. Ayrica, TQ ile
muamelede bulunan HL60 hiicrelerinde proapototik Bax proteini yukari regiile ederek,
antiapototik protein olan Bcl2' yi ise asagi regiile ederek Bax/Bcl2 oraninin artmasina neden

oldugu tespit edilmistir [48].

2.3. Insiilin

Insiilin, Pankreasin Langerhans adaciklarinda trankribe olan, B-hiicreleri tarafindan iiretilen 51
amino asit (aa) uzunlugunda polipeptid bir hormondur (Joshi et al.,2007). Insan insiilini 21 aa
A zinciri ve 30 aa B zinciri olacak sekilde ¢ift disiilfit baglar1 icermektedir [49]. Insiilin
molekiilleri histidin rezidiieleri ¢inko iyonuna baglanarak oldukca stabil heksamerler
olustururlar. Endoplazmik retikulumdaki isleme esnasinda sinyal peptidin koparilmasiyla
proinsiilin salinir (Joshi et al., 2007). Proinsiilin, B zincirin N-ucundan ve A zincirinin C-
ucundan bagli, ayn1 zamanda C-peptide i¢inde barindiran yapidir. C-peptid, karboksipeptidaz
ve akabinde prohormon doniistiiriicii 1 ve 2 enzimlerini kullanilarak, distilfid kopriileriyle

bagli olan A ve B zincirlerinden ayrilir [49].
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3. GEREC VE YONTEM

Fare gruplar olusturulmasi ve diyabet olusturma

Her bir grupta balb-c (n= 6) erkek fare kullanildi. Gruplardaki kontrol hari¢ her bir fareye
200mg/kg STZ enjekte edilerek olusturuldu. Ilk enjeksiyondan 2 ve 4 giin arayla dlciimler
yapildi. Kan seker degerleri 300 iizerinde olan farelerle devam edildi.

Gruplar

KONTROL,

STZ,

STZ +TQ,

TQ,

STZ+G,

G olacak sekilde 6 grup olusturuldu.

Timokinon(TQ) 1.2 mg /kg ip olarak enjekte edildi.

G maddesi 50 mikro molar olarak 200ul enjekte edildi.

Kontrol olarak da 1 ml PBS i¢inde 1ul DMSO verildi.

PANKREAS iZOLASYONU VE HAZIRLANMASI

Fareler servikal dislokasyonla sakrifiye edilir ve dikkatli bir sekilde pankreas izole edilir.
Pankreas 6’li well’lerin i¢inde bulunan PBS soliisyonunun i¢ine konulur . Sonra
pankreaslar 4% para-formaldehit soliisyonuna aktarilir ve +4 °C de 20 dakika bekletilir.
Daha sonra 4% para-formaldehit soliisyonundan alinan pankreaslar 6 kez 20’ser dakikalik

PBS soliisyonlarina aktarilir. Son yikamadan sonra Paraffin Embedding islemi asagidaki

sekilde yapilir.
PARAFFIN EMBEDDING

Soliisyon Siire

PBS 1 saat

0,86% NacCl 1 saat

50% EtOH 1 saat

70% EtOH 1 saat

80 % EtOH 1 saat
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90% EtOH 1 saat
100% EtOH 1 saat
100% Isopropanol 1 saat
Xylol (Toluen) 1 saat
Paraplast 2* 1 saat (60 C)
Paraplast Over- night
Immunohistokimya

Izole edilen dokular parafinlendi ve 5 pm eninde kesitler alind1 . Slaytlar uygun
aparatla 65 °C’lik etiivde 40 dakika bekletildi.

Parafin eridikten sonra asagidaki stepler uygulanacak:

Soliisyon Siire Tekrar

Xylol 5 dakika 2 defa
95% EtOH 5 dakika 1 defa
80% EtOH 5 dakika 1 defa
60% EtOH 5 dakika 1 defa
30% EtOH 5 dakika 1 defa
ddH20 5 dakika 2 defa

Slaytlar 3 kez 5’er dakika PBS de yikanir. Sonra pecete dikkatli bir sekilde kurulanir.
Sonra slaytlardaki dokular1 igine alacak sekilde Grease pen (yagh kalem) ile kare ¢izilir.
PBS-FBS 10% soliisyonu dokularin etrafini kapatacak sekilde pipetle slaytlarin iistiine
dokiiliir ve karanlik bir yerde 45 dakika muamele edilir .

(Dako polyclonal guinea pig anti insiilin)Primer antikor Anti-insiilin-GuineaPig +

PBS-FBS 10% 1/500 oraninda hazirlanir ve doku kesitlerinin yiizeyini kapatacak

sekilde dokiiliir. Sonra +4 °C de karanlik ortamda slaytlar over-night edilir. Daha sonra
slaytlar 3’er kez 5 dakika PBS ile yikanir ve sonra dikkatlice kurulanir.
(A11073 goat anti guinea pig)Sekonder antikor (Insiilin-anti- GuineaPig) + PBS-FBS

10% 1/250 oraninda hazirlanir ve doku kesitlerinin yiizeyini kapatacak sekilde dokiiliir.
Oda sicakliginda ve karanlik ortamda 45 dakika bekletilir. Daha sonra slaytlar 3’er kez 5

dakika PBS ile yikanir ve sonra dikkatlice kurulanir.
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Mounting Medium + DAPI soliisyonu slaytlar {izerine damlatilir ve daha sonra lamel
lamin istiine acgili bir sekilde kapatilir. Floresan mikroskopta FITC ve DAPI ile goriintii
alinir.
Hiicre kiiltiiri
Fare Meme kanser hiicre hatti, 4T1 (ATCC), 37 C %5 CO? altinda steril kosullarda, %10 FBS
(Biochrom) ve Penisilin-Streptomisin (Sigma) ile RPMI-1640 biiyiime medyumu igerisinde
kiiltiire edilmistir. Fare embriyonik fibroblast, MEF (ATCC), 37°C %5 CO? altinda steril
kosullarda, %10 FBS (Biochrom) ve Penisilin-Streptomisin (Sigma) ile RPMI-1640 biiyiime

medyumu igerisinde kiiltiire edilmistir.

Mikroarray Calismasi

KONTROL, STZ, STZ + TQ, TQ, STZ+G fare gruplarinda deney sonucunda pankreastan
RNA izolasyonu gergeklestirilerek, gen ekspresyon analizi i¢in Ankara’da bulunan AY-KA
Itd. sirketine gonderildi. GeneChip® Mouse Gene 2.0 ST Arrays (Affymetrix) mikroarray

cipleri kullanilarak tiim genom ekspresyon analizi gerceklestirildi.

Real Time PCR Deneyi

Hiicreler %70-80 yogunluga ulastiginda RNA izolasyon (Qiagen RNeasy Plus Mini Kit 50
Cat.No. 74134) kit protokoliine uygun sekide RNA izolasyonu yapildi ve miktarlar1 6l¢iildii.
Her bir RNA i¢in 500 ng/ pl konsantrasyou kullanarak cDNA (RT2 First Strand Kit Cat
n0.330411) eldesi yapildi. Daha sonra 2xRT2SYBR Green Mastermix 1350 pl, cDNA 102 pl,
RNaz icermeyen sudan 1248 pl katilarak real time pcr mix hazirlandi ve her kuyucuga 25 pl
ilave edildi. On inkiibasyon 95°C'de 2 dakika 1 déngii , amplikasyon, 95°C'de 15 saniye, 60°C’
de 1 dakika - 45 dongii, erime egrisi 60°C'de 1 dakika olarak ayarlama yapilir. Cihaz olarak

Roche LightCycler 480 kullanildi.
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Wound Healing Paneli i¢in;

Hedef Genler;

Acta2, Actcl, Angptl, Ccl12, Ccl2, Cd40lg, Cdhl, Coll4al, Collal, Colla2, Col3al,
Col4al, Col4a3, Col5al, Col5a2, Col5a3, Csf2, Csf3, Ctgf, Ctnnbl, Ctsg, Ctsk, Cts1, Cxcl1,
Cxcl11, Cxcl3, Cxcl5, Egf, Egfr, F13al, F3, Fga, Fgf10, Fgf2, Fgf7, Hbegf, Hgf, Ifng, Igfl,
1110, 111b, 112, 114, 116, ll6st, Itgal, Itga2, Itga3, Itgad, Itgab, Itga6, Itgav, Itgbl, Itgh3, ltghb,
Itgh6, Mapkl, Mapk3, Mif, Mmpla, Mmp2, Mmp7, Mmp9, Pdgfa, Plat, Plau, Plaur, Plg,
Pten, Ptgs2, Racl, Rhoqg, Serpinel, Stat3, Tagln, Tgfa, Tgfbl, Tgfbr3, Timpl, Tnf, Vegfa,
Vin, Vispl, Wntba

Referans Genler; Actb, B2m, Gapdh, Gusb, Hsp90ab1
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4. BULGULAR

Proje kapsaminda cesitli calismalar yapilmistir ve ¢esitli veriler elde edilmistir.

4.1- immiinohistokimya (ihk) calismalar1 optimize edilmistir. Fare pankreaslar1 alinarak

insiilin ve glukagon ihklar1 yapilmis, panreas adaciklarinda boyama gosterilmistir.

Sekil 1: Farelerde pankreasta adaciklarda immniihistokimya ile primer antikorlar ve floresan
sekonder antikorlar ile insiilin boyamasi (solda, kare i¢inde) ve glukagon boyamasi (sagda,

sagda kare i¢inde). DAPI mavi renk ile hiicre ¢ekirdeklerini boyarken, FITC sekonder floresan

antikorlar yesil renk ile nihai olarak indirekt sekilde hedef antijeni boyamaktadir.

4.2- Farelerde sorunsuz, uzun siireli tolere edilebilen Thymoquinone (TQ) ve G maddesi
(G) dozlan belirlenmistir. Giinliik olarak TQ dozu 1.2 ve 2.4 mg/kg olarak uygulanirken, G

maddesi bir fare i¢in 50 mikrolitre hacim/ 50 mikromolar konsantrasyon olarak belirlenmistir.

4.3- Farelerde akut Tip I diyabet modeli olusturulmus ve bunun i¢in uygulanacak tek
doz STZ miktar1 optimize edilmistir. Bu doz 150 ile 200 mg/kg arasindadir.
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4.4- Diyabet olusturulmus farelerde TQ ve G maddesi uygulamalar gerceklestirilmis ve
bu deney gruplarinda kan seker oOl¢iimleri gerceklestirilmistir. Ayrica bu farelerin
pankreaslar1 alinarak ihc ve gen ekspresyon caligmalar1 i¢in muhafaza edilmistir. Asagida
Sekil-2’de diyabet modelinde TQ ve G maddesiyle muamele edilmis gruplarin kan seker
degerlerindeki kismi diizelme goriilmektedir. Boylece TQ’nun fenotipik olarak diyabet

modelinde kan seker diizeylerine kismi faydali etkisi gosterilmistir.

Sekil-2: STZ: Diyabet modeli, STZ-TQ: TQ ile muamele edilmis diyabet modeli, STZ-G: G
maddesi ile muamele edilmis diyabet modeli, Kontrol: Herhangi bir muamele olmayan fareler,

TQ: sadece TQ verilen normal fareler, G maddesi: sadece G maddesi verilen fareler.

600

550
/ —Kontrol
500

=

o | —STZ
% 450 ]

£ TQ

— 400 T ——

o —STZ+TQ
0 350

(= —G Maddesi
= 300

Q STZ+G
4

o 250 / Maddesi
uUn

S 200 1 : %E/”l

2 o4 —+

150
0 5 14 21 26 28
Gin
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4.5- Deney sonucunda deney gruplarindaki farelerin pankreaslar1 alinarak iHK icin
kullamlmustir.  Pankreaslarda  Insiiline  spesifik ~ immiinohistokimya  boyamasi
gerceklestirilmistir ve her bir farenin pankreasinda adacik sayilar1 belirlenmistir, ayrica adacik
biiyiikliigline gore skorlama yapilmistir. BoOylece uygulanan maddenin diyabetik fare
modelinde pankreas adacik sayisina etkisi belirlenmistir. Sekil 3’te her bir gruptaki adacik

skorlama sonuglar1 ve standart hatalar1 verilmistir.

Sekil 3:
200
150
100 -
MWSeril
N -
0 -
CONTROL STZ+ G STZ+TQ

T-testi ile istatistiksel analiz yapilarak, STZ grubu ile STZ+TQ ve STZ+G gruplari
karsilastirildiginda, STZ ve STZ+G grubu arasinda istatistiksel olarak anlamli fark ¢ikmakta
(P=0.03), ama STZ ve STZ-TQ arasinda bir fark olmasina ragmen bu fark istatistiksel olarak
anlamli olmamaktadir (P=0.26).

Yapilan THK boyamasi sonucu farkli gruplarmn pankreaslarindaki boyamalar Sekil 4’te
gosterilmistir.
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Sekil 4: Farkh gruplarin pankreaslarinda yapilan Insiilin THK boyamas1 ve
pankreastaki adaciklardan ornekler okla gosterilmistir.

Kontrol: STZ:

STZ+G: STZ+TQ:
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4.6- Farkli deney gruplarindan deney sonunda elde edilen pankreaslardan RNA izole edilerek,
mikroarray analizi gerceklestirilmistir. Mikroarray analizinde farede bulunan genlerin
ekspresyon seviyeleri global diizeyde analiz edilmis ve gruplar arasinda mRNA diizeyindeki
farkliliklar tespit edilmistir. TQ’nun terapotik uygulamasi sonucu etkilenen genler

belirlenmistir.

Mikroarray sonugalarinin biyoinformatik analizi asagida 6zetlenmistir.

TQ tarafindan STZ modelinde upregiile edilen genler ve P degerleri (STZ-TQ vs. STZ)
Response to Wounding: Cfh, Itgh2, Lipa, Ncfl, Reg3b, saa3, Stat3, Tff1, Tnfrsflb, P=1.5E-2
Carbonhydrate Binding: Cfh, Cyr61, Lamc2 Lgals3 Reg2 Reg3b Siglecl Rpl29 Spock2,
P=6.6E-3

Cell Proliferation: Cxcr4, Ccndl, Gnai2, Itgb2, Ifnar2, Lipa, Ncfl, Rpl29, Taccl, Tnfrsflb,
P=4.6E-4

Onemli genler: Reg2 (52 kat), Reg3a (9 kat), Reg3b (13 Kat), regenerating islet-derived 2, 3a,
3b

TQ tarafindan STZ modelinde downregiile edilen genler ve P degerleri (STZ-TQ vs.
STZ)

G-protein coupled receptor protein signaling pathway: 256 genes, P=6.9E-155

Olfactory receptor, 207 genes, P=1.7E-139

Olfactory transduction, 179 genes, P=2.3E-105

Ornegin: OIfr1278 (-5 fold), Adam34 (-5 fold), OIfr1123 (-4 fold), OIfr115 (-4 fold),
Vmrl1r210 (-4 fold)

TQ tarafindan normal farelerde upregiile edilen genler ve P degerleri (TQ vs. Control)
Pancreatitis-associated protein, Reg2, Reg3a, Reg3b, Reg3d, Reg3g, P=3.5E-9
Response to Wounding, Reg3a, Reg3b, Reg3g, Cd55, Ccl8, Cxcl9, Saa3, P=8.3E-4
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G maddesi tarafindan STZ modelinde upregiile edilen genler ve P degerleri (STZ-G vs.
STZ)

Pancreatitis-associated protein, Reg2, Reg3a, Reg3b, Reg3d, Reg3g, P=1.3E-5

Ribosome, 18 genes, P=3.5E-11

Mitochondrial envelope, 30 genes, P=1.2E-7

G maddesi tarafindan STZ modelinde downregiile edilen genler ve P degerleri (STZ-G
vs. STZ)
G-protein coupled receptor protein signaling pathway, 244 genes, 7.6E-144

Sonuclar incelendiginde, TQ tarafindan {iretimi artirilan genlerin agirlikli olarak hiicre
¢ogalmasi ve yara iyilesmesiyle ilgili oldugu goriilmektedir. Bu sonuglar TQ nun pankreasta
doku iyilesmesini hizlandirarak Beta hiicre adaciklarinin onarimina katkida bulunabilecegini
diistindiirmektedir. Ayrica 6nemli bir not olarak rejenere olan B hiicre adaciklarinda iiretilen
faktorlerden olan Reg2 (52 kat), Reg3a (9 kat), Reg3b (13 kat), regenerating islet-derived 2,
3a, 3b genlerinin ekspresyonu TQ ile muamele edilen fare pankreaslarinda 10-50 kat artmis
goriinmektedir. Bu da biiylik ihtimal TQ tarafindan B hiicre adaciklarinin tamir edilme

mekanizmalarindan birini olusturmaktadir.

Aym sekilde B hiicre rejenerasyonunda etkinligi bilinen G maddesi de regenerating islet-

derived 2, 3a, 3b, 3d, 3g genlerinin ekspresyonunu artirmaktadir.
Yine TQ tarafindan pankreasta ¢ok sayida G-proteine bagli reseptdrlerin ve olfactory

reseptorlerin ekspresyon seviyeleri etkilenmektedir. Bu degisimin P degeri dikkat cekici

sekilde diisiikk ve anlamliligi kuvvetlidir (P=6.9E-155).
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4.7- TQ tarafindan hiicre ¢ogalmas1 ve yara iyilesmesi ile ilgili genlerin etkilendigi
mikroarray analizi sonucunda gosterildikten sonra, TQ’nun yara iyilesmeyle ilgili
genleri nasil etkiledgi hiicre kiiltiiriinde Real-Time PCR ile incelendi. Bu kapsamda yara
iyilesmeyle ilgili 84 geni igeren bir PCR paneli kullanildi ve TQ ile muamele edilen 4T1

meme kanser hiicrelerinde gen ekspresyon analizi gerceklestirildi.

Asagida TQ tarafindan eksprsyon seviyeleri etkilenen yara iyilesmesiyle ilgili genler

listelenmistir.

Angptl, Collal, Col4a3, Csf2, Ctsk, Cxcl3, Cxcl5, Egf, Fgf2, Ifng, 114, 1110, 1l1b, Itga5,
Mmpla, Mmp2, Mmp9, Pdfga, Serpinel, Stat3, Tnf, Vegfa, Wispl.

Etkilenen genler incelendiginde agirlikli olarak ekstraselliller matriks elemanlari, doku
remodel yapan enzimler, biiylime faktorleri ve inflamatuar sitokinlerin listeyi olusturdugu
goriilmektedir. TQ yara iyilesmede Onemli bir¢ok faktoriin ekspresyon seviyelerini
etkilemektedir.
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5- TARTISMA VE SONUC

Yapilan ¢aligmalarda Nigella sativa’nin aktif maddesi olan TQ’nun diyabet {izerine terapotik
etkinligi olup olmadigi ve bu etkinligin molekiiler mekanizmalar1 ve molekiiler diizeyde

meydana getirdigi degisiklikler incelenmistir.

Ilk olarak TQ’nun fare modelinde uygulanabilecek dozlari belirlenmistir ve uzun vadeli,
farelerde toksisite olusturmayacak doz olarak 1.2-2.4 mg/kg doz aralifi uygun olarak

belirlenmistir.

Yine ayni sekilde tek doz STZ verilerek Tip I diyabet olusturma ¢alismalar1 yapilarak STZ
dozu optimize edilmis ve 150-200 mg/kg olarak belirlenmistir.

Oncelikle TQ nun terapotik etkinligi fenotipik olarak incelenerek, diyabet modelinde kan
glukoz seviyelerinin nasil degistigi incelenmis ve TQ’nun kismi olarak kan glukoz
seviyelerinde diisiise neden oldugu gdsterilmistir. Ancak bu sonucun konfirme edilmesi igin

daha cok sayida fare ile bu deneylerin tekrarlanmasi gerekmektedir.

Pankreasta hiicresel diizeyde nasil degisikliklerin meydana geldigini belirlemel {izere insiilin
IHK boyamas: gerceklestirilmistir. Yapilan analizler sonucu adacik sayisinin ve
biytikliiglinin  Tq ile muamele edilen diyabetik farelerin pankreaslarinda arttig1
gozlemlenmistir, ancak bu istatistiksel olarak anlamli seviyeye ulasmamistir. Bu sonucun
konfirme edilmesi ve daha saglikli bir sekilde degerlendirilmesi i¢in daha ¢ok sayida fare ile

bu deneylerin tekrarlanmas1 gerekmektedir.

Pankreaslarda mikroarrayler kullanilarak global gen ekspresyon analizi gergeklestirilmistir.
Bu analizler sonucunda ilging sonuglar elde edilmistir. Onemli olarak, TQ ile muamele edilen
diyabetik farelerin pankreaslarinda hiicre cogalmasi ve yara iyilesmesi ile ilgili genlerin
(Cxcrd, Ccndl, Gnai2, Itgb2, Ifnar2, Lipa, Ncfl, Rpl29, Taccl, Tnfrsflb gibi) arttig
gbzlemlenmistir. Bu sonu¢ TQ nun pankreasta 6zellikle hiicre ¢ogalmasini uyararak ve yara
iyilesmesiyle ilgili faktorleri etkileyerek bir onarima ve rejenerasyona sebep olabilecegini
gostermektedir. Bu sonuglarla paralel olarak, TQ ile muamele edilen diyabetik farelerin

pankreaslarinda rejenere olan B hiicre adaciklarinda iiretilen faktorlerden olan Reg2 (52 kat),

25



Reg3a (9 kat), Reg3b (13 kat), regenerating islet-derived 2, 3a, 3b genlerinin ekspresyonunun
10-50 kat civarinda arttig1 yine mikroarray ¢alismamiz sonucunda tespit edilmistir. Farelerde
Reg2, Reg3a ve Reg3b’nin pankreasta ekspresyon seviyelerinin diger dokulara oranla 20-600
kat civarinda daha yiiksek oldugu ve yasa bagli olarak ekspresyon seviyelerinin degistigi
gosterilmistir [50]. Reg2’nin tipl diyabet olusturulan farelerde kullanilan adjuvan terapisi
sonucunda ekspresyonunun arttig1r ve bu artisin artmis insiilin iiretimi ve artmis Beta hiicre
adacik sayisiyla korrele oldugu gosterilmistir [51]. Ayrica Reg2’nin MING fare insulinoma
hiicrelerinde STZ tarafindan indiiklenen mitokondri hasarmi ve apoptozu geciktirdigi
gosterilmistir [52]. Elde ettigimiz bulgular ve daha Onceki literatiir ¢alismalari birlikte
degerlendirildiginde TQ tarafindan Reg2, Reg3a ve Reg3b genlerinin aktive edilmesinin
pankreas Beta hiicre adacik hasarinin onarilmasinda onemli bir role sahip olabilecegi
diisiiniilmektedir. Ayrica Real-Time PCR metoduyla yara iyilesmesinde rolii olan 84 adet
genin ifade seviyeleri incelenmis ve TQ ile muamele edilen hiicrelerde ekstraselliiler matriks
elemanlari, doku remodel yapan enzimler, bliyime faktorleri ve inflamatuar sitokinlerin

ekspresyon seviyelerinin etkilendigi bu caligmamizda gosterilmistir.

Yapilan mikroarray analiz ¢alismalarinda STZ ile muamele edilen farelerin pankreaslarinda
cok sayida G-proteine bagl reseptdr ve olfactory reseptdr geninin ekspresyon seviyelerinin
artti1 gdzlenmistir. Istatistiksel analiz yapildiginda bu genlerin olusturdugu kiimenin P degeri
cok anlamli bulunmustur (196 gen, 2.9E-114). Bu nedenle bu genlerdeki degisimin
fonsiyonel bir anlam1 oldugu diisiiniilmektedir. Daha ilging olani ise TQ ile muamele edilen
farelerin pankreaslarinda ise bu genler normal ekspresyon seviyesi tekrar normale donmiistiir.
Cok sayida olfactory reseptoriin pankreastaki fonksiyonu bilinmemektedir, bununla beraber
baska organlarda oOzellikle bobrekte kimyasallara ©6zel almag¢ resptorler olarak gorev
yaptiklarina ve bobrek fizyolojisinin regiilasyonunda gorev aldiklarina yonelik caligmalar

yapilmistir [53]. Bu alanda daha detayli ¢alismalara ihtiyag vardir.

Sonug¢ olarak TQ diyabet farelerin pankreasinda B hiicre adaciklarinda kismi onarim
saglamakta ve adacik sayis1 ve insililin miktarinda artisa sebep olmaktadir. Bu artigin
molekiiler mekanizmalar1 incelendiginde yara 1iyilesme faktorlerinin  ve adacik
rejenerasyonunda rol alan Reg2, Reg3a ve Reg3b genlerinin 6nemli rolii oldugu

gorilmektedir.

Bu calisma Erciyes Universitesi BAP Birimi tarafindan desteklenmistir (TOA-2014-4877).
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Abstract

Thymogquinone (TQ) is the active ingredient of Nigella sativa which has a therapeutic potential in
cancer therapy and prevention. In this study, the impact of TQ on breast cancer was studied both in
vitro and in vivo. TQ has been shown to induce specific cytotoxicity, apoptosis and to inhibit wound
healing. TQ also inhibited cancer growth in a mouse tumor model. Moreover, TQ and Paclitaxel (Pac)
synergistically inhibited cancer growth in cell culture and in mice. Genes involved in TQ and TQ-Pac
mediated anti-tumor function were studied using both global transcriptome profiling and focused real-

time PCR arrays. After bioinformatics analysis, genes in apoptosis, cytokine and p53 signaling
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categories were found to be enriched with a high significance in TQ treated cells. Interestingly, tumor
suppressor genes such as Cst6, Cdknla and Hicl were highly up-regulated by TQ. In addition, several
growth factors such as Vegf, Egf and Fgf2 were upregulated and several pro-apoptotic factors such as
caspases and Trail were downregulated possibly pointing out key pathways manipulated by TQ. In
cells treated with the combination of TQ and Pac, genes in apoptosis cascade (p<10™%), p53 signaling
(p=10") and JAK-STAT signaling (p<10®) were differentially expressed. Especially the cluster of
genes involved in Fas and Trail mediated apoptosis such as Fas, Fasl, Trail, Tnfrsf22 and Tnfrsf23,
were modulated by TQ-Pac combination.

Implications: The in vivo therapeutic potential of TQ-Pac combination and the genetic network involved

in this synergy, have been shown for the first time to the best of our knowledge.

Keywords: Thymoquinone, Paclitaxel, Breast Cancer, Gene Expression Profile, Extrinsic Apoptosis,

Trail, p53 signalling

1. Introduction

Thymoquinone (TQ) is the active ingredient of the essential oil of Nigella sativa [54]. Numerous
studies demonstrated the therapeutic role of TQ in cancer therapy and prevention [55]. Therapeutic
role of TQ has been shown to dependent on three regulatory networks: i) apoptosis, ii) cell cycle and iii)
NF-Kappa-B signalling. TQ has been shown to induce apoptosis in various cancer types through the
modulation of key factors including P53, P21WAF1, caspases 3, 8 and 9, Bax, Bcl-2, cyclin D1, c-MYC
and PTEN [48, 56-59]. TQ also intervenes with cell cycle progression and inhibits G1 to S phase
progression by affecting the mRNA levels of p53, cyclin dependent kinase inhibitors p16 and p21 [57-
60].

TNF-alpha may involve in inflammation and cell proliferation through NF-Kappa-B signaling pathway
[61]. TQ has been reported to inhibit NF-Kappa-B activation and TNF production in various auto-

immune models and cancer cell lines, indicating the involvement of TQ in NF-Kappa-B related
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infflammatory and survival signaling pathways [61-66]. One of the mechanisms that TQ suppressed
NF-Kappa-B pathway is the inhibition p65 binding to DNA [59]. We recently reported that the
transcription of multiple genes in the TNF-NF-Kappa-B signaling axis was found to be affected during
TQ mediated apoptosis of HelLa cells [46]. TQ inhibited in vivo growth of mouse mammary tumor and
NF-Kappa-B has been shown to be important in tumor progression in mouse mammary tumor model
[63].

TQ has been shown effective against breast cancer in various studies. In breast cancer cell lines, TQ
arrested cells in G1 phase, affected cell cycle genes (cyclin D1, cyclin E and p27) and induced
apoptosis. Interestingly, in the same study, TQ disturbed the structure and function of mitochondria in
cancer cells [67]. TQ has been shown to arrest cells in G1 and to induce apoptosis through
mitochondrial pathway in triple negative breast cancer cells lacking functional P53 [68]. Anti-tumor
effect of TQ through P38 MAPK and synergy between TQ and doxorubicin has been found in in vitro
and in vivo breast cancer models [69]. TQ has been demonstrated to inhibit Akt phosphorilation and
invasive potential of breast cancer cells and synergise with cisplatin [70]. TQ has also been found to
sensitize breast cancer cells to a single dose of ionizing radiation [71]. TQ has also sensitized multi-
drug resistant breast cancer cell line to widely used chemotherapeutic agent doxorubicin [72].

Taxol was first isolated from Taxus brevifolia in 1971 in an effort by National Cancer Institute in USA
[73]. Taxol targets cancer cells through stabilization of microtubules and interferes with cell division
[74]. Paclitaxel (Pac) and docetaxel are active compounds of two taxol-based commercial preperations
and currently used in breast and ovarian cancer therapies [75]. There are only few studies on in vitro
combination of TQ and Pac. In one study, TQ loaded nanoparticles have been shown to sensitize
cancer cells to Pac induced cytotoxicity [66]. In another study, TQ and docetaxel combination had
synergistic cytotoxicity in vitro in prostate cancer cells [76]. To the best of our knowledge, there is not a
study on the combination of TQ and pac in vivo and the data on in vitro synergy of TQ and Pac is very
limited.

Ehrlich ascites tumor is a non-differentiated tumor cell line which is derived from mouse mammary
adenocarcinoma and can form ascites progressively when injected intraperitoneally in mice [77]. 4T1 is
a mammary carcinoma cell line derived from a spontenaous tumor of Balb/c mice and represents a
high grade, metastatic breast cancer [78, 79]

In this study, synergistic effect of TQ and Pac has been demonstrated in both in vitro and in vivo breast

cancer models. Importantly, detailed investigation on functional pathways and genetic networks

33



involved in the action of TQ and Pac was performed using both microarray based global transcriptome
profiing and pathway focused real-time PCR panels. Genes that take part in apoptosis, cell
proliferation, growth factor activity and cytokine acitivity have been demonstrated to have significant

importance in the therapeutic role of TQ.

2. Materials and Methods

2.1 Animals

8-12 weeks female Balb/c mice obtained from the Hakan Cetinsaya Experimental and Clinic Research
Center, Erciyes University, Kayseri, Turkey, were used for this study. All the animals received humane
care according to the standart guidelines. Ethical approval for the study was obtained from Erciyes
University Animal Researche Local Ethics Committee and the ethic regulations have been followed in

accordance with international, national and institutional guidelines.

2.2 Cell culture

Mouse breast cancer cell line, 4T1 (ATCC CRL-2539), was cultured in RPMI-1640 growth medium

(Biochrom) with the supplements (10 % FBS (Biochrom), 2 mM L-Glutamine (Biochrom), 1 mM
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Sodium-Pyruvate (Biochrom), 10 mM HEPES (Biochrom) and Penicillin—-Streptomycin (Biochrom)) at
37° C and 5 % CO, under sterile conditions. Mouse embryonic fibroblasts, PMEF (PMEF-CFL-P1), was

cultured in DMEM growth medium (Biochrom) with the supplements.

2.3 Cell viability assays

4T1 and MEF cells were incubated in the presence of certain doses of TQ (Sigma) for 48 h. Cell

viability assays were performed as described by us earlier [46].

2.4 Assessment of apoptosis with giemsa staining of 4T1 cells

4T1 breast cancer cells were grown to 60-70 % confluency in 6-well plate for 24 h. Then, cells were
incubated at 37 °C and 5 % CO, with certain concentrations of TQ (control, 6.25, 12.5, 25, 50, and 100

MM) for 24 h. Assessment of apoptosis with giemsa staining was performed as described in [46].

2.5 Wound healing assay

4T1 cells were grown to 100 % confluency in 25 cm? flasks. A scratch wound was made in all flasks.
Cells were incubated at certain different concentrations (0, 6.25, 12.5, 25, 50, and 100 yM) of TQ for

48 h. Wound healing assay was performed as described in [46].

2.6 In vitro cytotoxixicty assay for the combination of Thymoquinone (TQ) and Paclitaxel (Pac)

4T1 breast cancer cells were grown to 70% confluency in 6-well plate. TQ (Sigma) and Pac (Bristol
Myers Squibb) were added at certain concentrations and cells were incubated for 24 h. Cell viability

assays were performed as described in [46].

Ehrlich tumor cells were injected intraperitonally (i.p.) into mice and after 8-10 days cells were collected
from tumors ascites of mice and counted using trypan blue staining. Approximately, 5x10° cells were

plated in 2 ml in 24 well plates. TQ and Pac were added at certain concentrations and cells were
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incubated for 24 h. Total number of viable cells was calculated by counting in hemacytometer using

trypan blue staining.

2.7 In vivo Mouse Tumor Model

Ehrlich Tumor Ascites (EAC) were kindly provided by Assoc. Prof. Dr. Tolga Ertekin, Erciyes
University. EAC cells were obtained from tumor ascite fluids of previously injected female Balb/c mice.
Each mice were injected with 5x10° cells in 200 pl volume and mice were weighed daily. Tumor growth
was monitored by the evaulation of the weights of mice. The doses of TQ and Pac (Bristol Myers
Squibb) were administered intraperitonally daily for TQ and weekly for Pac. TQ was dissolved in
dimethylsulfoxide (DMSQO) and then diluted in ddH,O on the day of injection. Pac was in a suspension
including 50% ethanol and diluted in ddH,O on the day of injection. Control mice were injected with the

same amount of DMSO and/or Ethanol in ddH,0.

2.8 RNA isolation and cDNA synthesis

For RNA isolation, 4T1 cells were grown to 90-100 % confluency for 48 h in 25 cm2 flasks. Then,
certain concentrations of TQ were added and cells were incubated for 24 h. As a control, only DMSO
was added as vehicle. 4T1 cells were washed with PBS and trypsinized. RNA isolation was performed
using RNeasy Plus Mini Kit (Qiagen). RNA quality and concentration were checked with NanoDrop. OD

260/280 and 260/230 values were above 1.8 for all samples. RNAs were kept frozen at -80 °c.

500 ng RNA was used for cDNA synthesis using RT? First Strand Kit (Qiagen). Briefly, RNA,
BufferGE2 and RNAse-free H,O were mixed and incubated at 37 °C for 5 min for genomic DNA
elimination. Then, Buffer BC4 including reverse transcriptase, random hexamers, oligo-dT and other
components, were added. The mix was incubated at 42 °C for 15 min and 95°C for 5 min. cDNAs were

diluted with RNAse-free H20 and kept frozen at -20 °C until the gene expression analysis.

2.9 Gene expression analysis by quantitative real-time PCR
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In this study, QIAGEN RT? Profiler PCR Arrays were utilized. Three panels used were as the following:
i) Mouse Apoptosis Array, ii) Mouse Breast Cancer Array, iii) Mouse Wound Healing Array. These
panels have primers for 84 pathway related genes, 5 housekeeping genes, additionally 3 primers for
reverse transcription control, 3 primers for positive PCR control and 1 primer for genomic DNA
contamination control. For real-time PCR experiment, briefly, 2xRT°SYBR Green Mastermix, cDNA
and RNAse-free H,O were mixed and added into each well of 96-well plate. Roche LightCycler 480
instrument was used to run real-time PCR. The protocol for real-time PCR was as the following: one
cycle of preincubation for 10 min at 95 °C, 45 cycles of amplification for 15 s at 95 °C, for 1 min at 60
°C. Each experiment was performed twice. The expression data was analyzed online using the ‘Data
Analysis Center’ software (QIAGEN). Ct cut-off threshold was set as 35. Average of the expression
values of five housekeeping reference genes were used for the normalization of target genes. Genes
that were down-regulated or up-regulated more than two-fold were considered to be modulated. The
bioinformatics analysis of the gene list was performed using the functional annotation tool of the

bioinformatics software, DAVID [80, 81].

2.10 Global gene expression profile analysis with microarrays

100 ng RNA from 4T1 cells treated with TQ and/or Pac was used for each experiment. GeneChip®
Mouse Gene 2.0 ST Arrays (Affymetrix) were used. Microarray experimental procedure including cDNA
synthesis, hybridization and scanning was performed in a microarray facility (AYKA, Ankara, Turkey).
Each experiment was performed as triplicate. The bioinformatics analysis of the gene list was

performed using DAVID.
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3. Results

3.1 Thymoquinone(TQ) induces stronger cytotoxicity in 4T1 mouse breast cancer cells

compared to control fibroblast cells

Cytotoxic effect of TQ was studied using cell viability assay by the utilization of 4T1 mouse breast
cancer cell line and mouse embryonic fibroblasts (MEF). 4T1 and MEF cells were incubated at
different concentrations of TQ ranging from 3.125 to 100 uyM by two-fold increments. TQ induced
effective cytotoxic effect on 4T1 cells with an ICsy value of approximately 1.3 uM (Supplementary Fig.
1B). Interestingly cytotoxic effect of TQ on MEF was milder with an ICs, value of 10.3 uM
(Supplementary Fig. 1C).

3.2 TQ inhibits wound healing and migration in 4T1 cells

An in vitro cell culture wound healing assay was performed to evaluate the impact of TQ on the
proliferation and migration of 4T1 breast cancer cells. After making the scratch wound, cells were
grown in culture medium containing TQ in concentrations of 6.25, 12.5, 25, 50, and 100 uM together
with control. Microscope images were taken at the beginning and at every 12 h (Fig. 1A). The closure

of the wound gap was monitored and calculated by making multiple measurements using specific
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image software. TQ significantly inhibited wound healing at all doses except for 6.25 uyM (Fig. 1A, B).

Averages of measurements of wound healing were plotted (Fig. 1B, Supplementary Table 1).
3.3 TQ induces apoptosis in 4T1 cells

Degree of apoptosis induced by TQ was evaulated in 4T1 cells using Giemsa staining. Treatment with
TQ for 24 h resulted apoptosis in 4T1 cells at all doses ranging from 6.25 yM to 100 uM
(Supplementary Fig. 2). Apoptotic cells were identified by their condensed and darker nucleus and
changed morphology (Supplementary Fig. 2A-E). Percentages of apoptotic cells were 11.8 £ 1.6 for
the control, 25.8 + 2.8 for 6.25 yM, 67.6 + 3.2 for 12.5 yM, 86.6 + 1.6 for 25 uyM, 98.4 + 0.9 for 50 uM,
and 100 % 0 for 100 yM dose of TQ in 4T1 breast cancer cells, respectively. Percentages of apoptotic

cells were plotted (Supplementary Fig. 2F).

3.4 Combination of TQ and Pac strongly induces cytotoxicity in 4T1 cells and Ehrlich tumor
cells in vitro

TQ and Pac both induced cytotoxicity in 4T1 cells (Fig. 2A). When TQ and Pac were combined
together (TQ: 6.25, 12.5 and 25 pM; and Pac: 10 pg/ml ), they induced a stronger cytotoxicity
compared to each agent alone (TQ 6.25 yM + Pac 10 pug/ml vs. Pac 10 ug/ml p = 0,0004; TQ 12.5 uyM
+ Pac 10 pg/ml vs. Pac 10 yg/ml p = 0,0001; TQ 25 yM + Pac 10 pg/ml vs. TQ 25 yM, p = 0,0002)
(Fig. 2A). Interestingly, when TQ was added before Pac, TQ sensitized 4T1 cells to Pac and the
induced cytotoxicity was significantly higher compared to when two agents were given at the same time
(TQ 12.5 uyM + Pac 10 pg/ml vs. TQ 12.5 yM / Pac 10 pg/ml, p = 0.0025). The same phenomenon was
observed in Ehrlich tumor cells. TQ and Pac both induced cytotoxicity in Ehrlich tumor cells (Fig. 2B).
When TQ and Pac were combined together (TQ: 6.25 yM; and Pac: 5 pug/ml and 10 pg/ml), they
induced a stronger cytotoxicity compared to each agent alone (TQ 6.25 yM / Pac 5 yg/ml vs. Pac 5
pg/ml, p = 0.0009; TQ 6.25 yM / Pac 10 ug/ml vs. Pac 10 ug/ml, p = 0.02) (Fig. 2B).

3.5 TQ significantly inhibits the growth of Ehrlich tumor in vivo

Ehrlich tumor cells form ascites in 8-12 days when injected into mice intraperitoneally. TQ significantly
inhibited the growth of i.p. injected ehrlich tumor in mice when given 5 times a week at a dose of 3.2
mg/kg (p = 0.012) (Fig. 3A). A lower dose of TQ (0.64 mg/kg) inhibited the growth of tumor to some

degree, although it was not statistically significant (p = 0.14) (Fig. 3A).

3.6 Combination of TQ and Pac synergistically inhibits the growth of Ehrlich tumor in vivo
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A moderate dose of Pac (1.25 mg/kg) inhibited the growth of ehrlich tumor to some degree at earlier
stages however the inhibition was not significant at later stages. A lower dose of TQ (0.64 mg/kg) did
not have an inhibitory effect on tumor growth. The combination of Pac and the lower dose TQ
significantly inhibited the tumor growth compared to both TQ alone and Pac alone groups (p = 0.003
and p = 0.007, respectively) (Fig. 3B). A higher dose of TQ (2.4 mg/kg) inhibited the tumor growth until
later stages (p < 0.001) (Fig. 3C). The combination of Pac and the higher dose TQ significantly
inhibited the tumor growth compared to both TQ alone and Pac alone groups (p < 0.001 in both) (Fig.
3C).

3.7 TQ modulates cell cycle, apoptosis and cytokine genes as revealed by microarray based
global gene expression analysis and focused real-time PCR panels

4T1 cancer cells were untreated (control) or treated with TQ (12.5, 25 and 50 pM), Pac (10 pug/ml) and
their combination (TQ, 12.5 pM + Pac, 10 pg/ml). Global gene expression profiles of each sample was
analyzed using a mouse whole-transcriptome microarray. Bioinformatic analysis and grouping of
modulated genes was performed using the bioinformatics software DAVID [80, 81]. TQ, at doses of
12.5 yM and 25 uM, affected a total of 167 and 327 DAVID IDs (MRNAs, miRNAs etc.), respectively
(Supplementary data 1 and 2). When these genes were analyzed, genes in four helical cytokine,
nucleosome and cell death categories are found to be enriched significantly (p = 1.4E-7, p = 6.1E-6, p
= 1.4E-3, respectively). TQ, at the dose of 50 uM, affected the expression of a total of 1495 DAVID IDs
(mRNAs, miRNAs etc.) (Supplementary data 3). After bioinformatics analysis, genes in cell cycle,
apoptosis, mitochondrion and chromosomal part categories were found to be enriched significantly (p =
2.5E-12, p = 5.1E-7, p = 1.4E-8 and p = 5.6E-8, respectively) (Supplementary table 2).

Profiling of the expression of the genes modulated by high dose TQ (50 uM) was performed using
three focused real-time PCR panels containing 224 genes. These three panels were apoptosis, breast
cancer and wound healing panels. More than 70 genes were found to be either down-regulated or up-
regulated by high dose TQ. These genes were analyzed and categorized into functional groups. Genes
in the regulation of programmed cell death, immune response, regulation of cell proliferation, p53
signaling pathway categories were found to be enriched significantly. Details of categories, modulated
genes and P values were given in Table 1. A representative list of genes strongly modulated by TQ
and their fold changes were given in Table 2. Interestingly, tumor suppressor genes such as Cst6,
Cdknla and Hicl have been found to constitute a pivotal portion of the highly up-regulated genes

(Table 2).
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3.8 Combination of TQ and Pac differentially modulates Fasl and Trail mediated apoptosis,
p53 signalling and JAK-STAT signalling genes as revealed by microarray based analysis of
gene expression and focused real-time PCR panels

Genes that were differentially expressed in the combination of TQ (12.5 yM) and Pac (10 ug/ml)
compared to Pac and TQ alone, were investigated by both microarray and real-time PCR methodology.
These doses of TQ were selected because their combination resulted in the most significant
cytotoxicity in 4T1 cells (Fig. 2A). Combination of TQ and Pac affected the expression of a total of 347
DAVID IDs compared to Pac alone group (Supplementary data 4). After bioinformatics analysis, genes
in 'de novo' protein folding (the process of assisting in the folding of a nascent peptide chain into its
correct tertiary structure), DNA replication initiation, cell cycle and four-helical cytokine categories were
found to be enriched significantly (p = 3.5E-5, p = 3.1E-4, p = 1.5E-3 and p = 2.6E-3, respectively)
(Supplementary table 3). Important to note that Trail decoy receptor genes, Tnfrsf22 and Tnfrsf23,
were strongly modulated (5 folds and 10 folds, respectively) by TQ-Pac combination.

Profiling of the expression of the genes modulated by the combination of TQ and Pac was also
performed using three focused real-time PCR panels. The genes that were modulated in the
combination compared to Pac alone samples, were selected and analyzed. 64 genes were found to be
either down-regulated or up-regulated in the combination of TQ and Pac. These genes were analyzed
and categorized into functional groups. Genes in apoptosis, p53 signaling, cytokine-cytokine receptor
interaction and JAK-STAT signaling were found to be enriched specifically in the combination TQ and
Pac. Especially genes involved in Fasl and Trail mediated extrinsic apoptosis such as Fasl, Fas, Tralil,
Tnfrsfllb, Dff45, Casp7 and Bid were affected. Details of categories, modulated genes and P values

were given in Table 3.
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4. Discussion

In this study, the anti-tumor affect of TQ has been shown both in vitro and in vivo in mouse breast
cancer model. TQ has been shown to inhibit the growth of Ehrlich tumor in mice at high dose (3.2
mg/kg), however the inhibition was not significant at low dose (0.64 mg/kg). Next, we have
demonstrated that TQ and Pac show cooperative anti-tumor effect when combined in vitro (Fig. 2) and
interestingly, the cooperation was stronger when TQ precedes Pac (Fig. 2A). Furthermore, in our
experiments in mice, combination of Pac and low dose TQ had a stronger tumor inhibitory effect
compared to Pac and TQ alone (Fig. 3B ), however low dose of TQ did not have an inhibitory effect by
itself. We speculate that TQ sensitizes tumor cells to Pac in vivo. Combination of Pac and high dose
TQ had a longer term protective effect and the protection was stronger compared to Pac alone or TQ
alone groups (Fig. 3C). This again indicates a synergistic cooperation of these two therapeutic agents.
It's important to note that in vivo data clearly support in vitro data for the cooperative anti-tumor action

of TQ and Pac.

In order to find out the molecular mechanisms through which TQ exerts its anti-tumor impact, gene
expression profile of TQ treated 4T1 cells was investigated. First, whole transciptome analysis was
performed and a global list of genes modulated by TQ in 4T1 cells was obtained. It has been found
that TQ modulates the expression genes mainly involved in cell cycle, apoptosis and chromosomal
regulation with a high significance (Supplementary table 2). Interestingly, genes involved in
mitochondrial function was also found to be modulated. This might be due to an effect of intracellular,
mitochondria-dependent apoptotic process or a metabolic regulation. In accordance with our data, TQ
has been reported to arrest cells in G1 phase, to disturb the structure and function of mitochondria
and to induce apoptosis through mitochondrial pathway in breast cancer cells [67, 68]. Second,
focused real time PCR arrays were used. TQ has been found to modulate the expression of genes
involved in apoptosis through Death Receptors and mitochondrial pathway, immune response,
regulation of cell proliferation and p53 signalling pathway (Table 1). The results of microarray data and
real-time PCR data are in accordance. However, focused real-time PCR arrays additionally imply that
genes involved in immune response and cytokine activity were modulated by TQ. This is probably due
to a relatively lower expression of these factors in cancer cells and since real-time PCR is more

sensitive compared to microarray analysis, cytokine genes were detected by real-time PCR.
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Another important point to note is the complexity of the gene expression profile induced by TQ. For
instance, several anti-apoptotic factors such as Bcl2ala, Birc3 and Birc5 were found to be down-
regulated by high dose TQ, however, several pro-apoptotic factors such as Casp4, Caspl2 were also
found to be downregulated. Similarly growth factors including Vegfa, Egf and Fgf2 were up-regulated
when cancer cells were treated with high dose TQ. This might be a result of the response of cancer
cells to resist to the apoptosis induced by TQ or a result of genetic feedback mechanism. These genes
may give strong clues about the pathways that TQ intervenes with. As we already know that TQ
induces apoptosis and activates the caspase cascade [48, 56-59], the downregulation of caspases with
high dose TQ suggests that cancer cells down-regulate caspase expression to escape apoptosis.
Therefore, a comprehensive analysis of up-regulated and down-regulated genes together, seems to be

a more useful approach.

Gene expression profile of 4T1 cells treated with the combination of TQ and Pac, was analyzed to
reveal the potential molecular actors responsible for the cooperative anti-tumor activity of these two
agents. Genes involved in apoptosis, growth factor activity and cell cycle were found to be modulated
in TQ-Pac combination compared to each agent alone. These findings suggest that TQ increase the
sensitivity and decrease the resistance of 4T1 cells to Pac by tuning the activity of these factors. In our
study, we found that the expression of cytokine genes were modulated in TQ-Pac combination. In
accordance with our findings, TQ has been reported to modulate the levels of several cytokines and
chemokines and extracellular matrix components such as collagen-I, IL-6 and MCP-1 [82, 83]. TQ has
been reported to inhibit NF-Kappa-B and IL-8 expression which is overexpressed in hepatocellular
carcinoma [84]. TQ also has been reported to suppress STAT3 phosphorilation and Cxcl12 induced
migration in multiple myeloma cells [85-87]. TQ has also been shown to inhibit proinflammatory
mediators including TNF-alpha and IL-1beta in pancreatic cancer cells [65]. Therefore, it seems that
the modulation of inflammatory mediators may be an important aspect of the anti-tumor impact of TQ.
More importantly, many cytokine genes were differentially modulated in TQ-Pac combination

suggesting the role of cytokine mediated signaling in the synergy of TQ and Pac (Table 3).

TQ has been found to radiosensitize breast cancer cells through the modulation of the levels of integrin
aV, MMP9, and MMP2 [88]. Similarly, in our study, we’ve also found out that the expression levels of

many wound healing related genes including Ctsk, Itga5, Mmpla, Mmp2, Mmp9, Serpinel were
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modulated by TQ. It has been shown that TQ inhibits the phosphorilation of EGFR through JAK2 and
Src [89]. Interestingly, in our study, TQ was found to affect levels of several growth factors including
Egf, Fgf2, Pdfga, Vegfa (Table 1). At the same time, JAK-STAT signaling was found to be affected in

TQ-Pac combination (Table 3).

One of the important findings of this study was the tremendous up-regulation of several key tumor
suppressor genes in TQ treated breast cancer cells. These genes were normally hypermethylated in
cancer [90-92]. For example, Cst6 (~19 folds), Cdknla (~11 folds), Hicl (~10 folds), Gata3, Gstpl and

Brcal were among these tumor supressor genes that were upregulated by TQ (Table 2).

We have shown that TQ sensitized cancer cells to Pac both in vitro and in vivo. There have been
several reports on the basis of Pac resistance. Increased expression of anti-apoptotic factors such as
Bcl-2 and Bcl-XL and decreased pro-apoptotic factors such Bax and Bad, have been shown to be
related with Pac resistance [93]. Interestingly, we have shown that TQ induces apoptosis in breast
cancer cells and strongly modulates many genes involved in apoptosis with a P value of 2.2E-29
(Table 1). Therefore, it's quite likely that TQ breaks the resistance of breast cancer cells to Pac
through interplaying with key actors in apoptosis. We have also shown that genes in apoptosis
cascade (especially genes related with extrinsic cascade such as Fas, Fasl, Trail, Trail decoy
receptors (Tnfrsf22 and Tnfrsf23), Casp7 and Bid) and EGFR-AKT axis (such as Egfr and Aktl) were
differentially expressed in TQ-Pac combination (Fig. 4). This finding suggests that TQ may stimulate
extrinsic apoptosis pathway and may inhibit EGFR-AKT signaling axis to make cancer cells more
prone to Pac cytotoxicity. Especially the affected cluster of genes involved in Fasl and Trail mediated
apoptosis (Fasl, Fas, Trail, Tnfrsfllb, Tnfrsf22, Tnfrsf23, Dff45, Casp7 and Bid) should be noted in
TQ-Pac combination and Fasl-Trail mediated apoptosis axis should be taken into considiration for their

role in TQ-Pac synergy.

It has also been reported that IL-6 and IL-8 are overexpressed in pac resistant cancer cell lines [93].
We have shown that 116 and Stat3 and other genes in JAK-STAT signalling are modulated in cells
treated with the combination of TQ and Pac. This finding suggests that TQ breaks the resistance to
Pac possibly also through IL-6 since IL-6 is overxpressed in pac resistant cancer cell lines [93]. In

another study, Pac resistance in breast cancer cells has been connected to the downregulation of
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caspase-7, caspase-9 and BIM [94]. In accordance with these findings, TQ and TQ-Pac combination
affected the expression of many caspase genes including Caspl, Casp2, Casp4, Casp6, Casp7 and
Caspl2 in breast cancer cells (Tables 1-3, Fig. 4). Regulation of caspase activity might be another

mechanism through which TQ acts synergistically with Pac.

In this study, the in vivo synergy of TQ-Pac combination and the genes involved in TQ-Pac cooperation
have been shown for the first time to the best of our knowledge. At the same time, the detailed analysis
of genes involved in TQ mediated apoptosis of breast cancer cells were performed using both

microarray based whole transcriptome profiling and focused real-time PCR panels.
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Table 1: Results of the Gene Expression Profiling of TQ (50 uM) Treated Cancer Cells using 3 Real-

Time PCR Focus Panels

Function/Pathway P-value Affected Genes in the Category (total of 80 genes)

Regulation of programmed cell 2.2E-29 Bcl2ala, Bag3, Bid, Cflar, Fas, Fadd, Fasl, Notchl,

death

Traf2, Birc3, Birc5, Brcal, Caspl2, Caspl, Casp2,

Casp4, Casp6, Casp7, Cidea,Col4a3, Csf2, Cdknla,
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Fgf2, 1110, 14, Mmp9, Myc, Nr3cl, Nol3, Prdx2, Bnip3,
Bnip3l, Snai2, Trp53, Tnf, Vegfa

Immune response 2.9E-9 Fas, Fasl, Ccl7, Cxcl3, Csf2, Ifng, ll1b, 1110, 114, Prdx2,
Bnip3, Cxcl5, Bnip3l, Trp53, Tnf, Tnfsf10, VegfA

Cytokine 3.0E-9 Fasl, Ccl7, Cxcl3, Csf2, Ifng, Il1b, 1110, 1l4, Cxcl5, Tnf,
Tnfsf10

Induction of apoptosis through 5.5E-5 Bid, Cflar, Fadd, Traf2, Casp6, Casp7, Ripkl, Tnfsf10

Death Receptors

Apoptotic mitochondrial 8.9E-6 Bid, Aifm1, Casp7, Myc, Trp53

changes

Regulation of cell proliferation 2.5E-9 Gata3, Glil, Notch1, Csf2, Cdknla, Egf, Fgf2, Ifng, 1110,
14, Myc, Plau, Sfn, Ptgs2, Serpinel, Trp53, Tnf, VegfA

p53 signaling pathway 2.2E-7 Bid, Fas, Ccndl, Ccnel, Cdk2, Cdknla, Sfn, Serpinel,

Trp53

Table 2. A representative list of apoptosis, breast and wound-healing related genes mediated by TQ in

4T1 cells as revealed by using 3 real-time PCR arrays.

. Gene expression

Gene symbol Description fold change + SD
Cst6* Cystatin E/M 18.77+8.97
Cdknia* Cyclin-dependent kinase inhibitor 1A (P21) 10.61+4.14
Hicl* Hypermethylated in cancer 1 9,97+3.13
Ctsk Cathepsin K 9.52+0.75
Vegfa Vascular endothelial growth factor A 8.65+1.06

Cell death-inducing DNA fragmentation factor, alpha subunit-like
Cidea 5.89+2.52

effector A
l11b Interleukin 1 beta 5.45+1.43
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Trp53*
Bag3
Egf
Gata3*
Gstpl*
Serpinel
Fgf2

Tnf

Ccnel
Brcal*

1110
Ptgs2
Mmp2
Mmp9
Birc5
Cxcl5
Casp4
Casp7
Caspl2
Wispl
Plau
Tnfsf10

Caspl

Transformation related protein 53

Bcl2-associated athanogene 3

Epidermal growth factor

GATA binding protein 3

Glutathione S-transferase, pi 1

Serine (or cysteine) peptidase inhibitor, clade E, member 1
Fibroblast growth factor 2
Tumor necrosis factor

Cyclin E1
Breast cancer 1

Interleukin 10

Prostaglandin-endoperoxide synthase 2

Matrix metallopeptidase 2

Matrix metallopeptidase 9

Baculoviral IAP repeat-containing 5

Chemokine (C-X-C moaotif) ligand 5

Caspase 4, apoptosis-related cysteine peptidase
Caspase 7

Caspase 12

WNT1 inducible signaling pathway protein 1
Plasminogen activator, urokinase

Tumor necrosis factor (ligand) superfamily, member 10 (Trail)

Caspase 1

4.98+0.41

4.91+2.62

4.73+1.34

4.47+2.45

3.65+0.35

3.64+0.15
3.25+0.09
2.89+0.85

2.86+0.85

2.51+0.46

2.09+0.21
2.01+0.03
0.50+0.26
0.49+0.01
0.41+0.03
0.31+0.14
0.31+0.15
0.29+0.21
0.27+0.11
0.25+0.02
0.22+0.04
0.22+0.15

0.18+0.14

*: Tumor suppressor and/or hypermethylated in breast cancer
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Table 3: Results of the gene expression profile specific for the cancer cells treated with the

combination TQ and Pac using 3 real-time PCR focus panels

Function/Pathway P-value Affected Genes in the Category (total of 64 genes)

Apoptosis 5.3E-13  Bad, Bid, Dffa, Fas, FasL, Naip2, Birc5, Casp4, Casp7,
Cidea, Col4a3, Fgf2, Id1, 16, Krtl8, Bnip3l, Aktl,
Tnfrsfllb, Tnfsf10 (Trail)

p53 Signaling 1.0E-5 Bid, Fas, CcnE1, Cdk2, Gadd45a, Sfn, Thbsl

Cytokine-Cytokine Receptor 1.1E-6 lI1b, 112, 114, 116, Csf2, Csf3, Tnfsf10, Tnfrsfllb, Fasl,

Interaction Fas, Cd40, Egfr
JAK-STAT Signaling 8.5E-4 112, 114, 116, Csf2, Csf3, Stat3, Aktl
Fas Signaling 4.5E-2 Fas, Fasl, Dff45, Casp7
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Figure Legends:

Figure 1: A) Scratch wound healing assay in the presence of different concentrations of TQ. (A)
Representative images were obtained at the beginning, at 12 hours and at 24 hours. a—f, Images of
scratch wounds in cultures for the control, 6.25, 12.5, 25, 50 and 100 uM concentrations of TQ,
respectively at the beginning. g—I, Images of scratch wounds in cultures at 12 hours. m-s, Images of
scratch wounds in cultures at 24 hours. Arrows indicate the width of the wound. B) Wound width was
depicted at the beginning, 12 hours and 24 hours for the control and all concentrations of TQ in the
graph. Error bars indicate standard error. Star signs indicate the significant difference between the

control and TQ treated samples (p < 0.05).

Figure 2: Induction of cytotoxicity in by the combinations of TQ and Paclitaxel (Pac) in vitro (A) in 4T1
breast cancer cells, (B) in Ehrlich breast tumor cells. Doses of TQ (uM) and Pac (pg/ml) were

indicated. Error bars indicate standart deviation. TQ+Pac indicates that first, TQ was added, then Pac
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was added 4 h later. TQ/Pac indicates that TQ and Pac were added at the same time. Single star sign
indicates the significant difference from the control. Double star sign indicates the significant difference

between compared groups.

Figure 3: The effect of TQ, Pac and their combination on the growth of Ehrlich tumor in vivo. (A) The
effect of low dose (0.64 mg/kg) and high dose (3.2 mg/kg) TQ on the growth of Ehrlich tumor in mice.
(B) The effect of the combination of low dose TQ (0.64 mg/kg) and Pac (1.25 mg/kg) on the growth of
Ehrlich tumor in mice. (C) The effect of the combination of high dose TQ (2.4 mg/kg) and Pac (1.25
mg/kg) on the growth of Ehrlich tumor in mice. The significant differences (p < 0.05) between individual
groups were indicated by using a star sign. Error bars indicate standart error. The number of mice in

each group (n) was shown.

Figure 4: Summarized graphical illustration of interactions of genes involved in apoptosis cascade
(mainly extrinsic) and the relation of EGFR-AKT axis with apoptosis. —: Stimulatory interaction, -|:
Inhibitory interaction, - ->: Multiple stimulatory interactions. Genes that were modulated by TQ-Pac
combination are marked by star sign. Pathway related data from DAVID and KEGG databases were

utilized to construct the graphical illustration [80, 81, 95].
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