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Preface
This dissertation is submitted for theegtee of Doctor of Philosophy in
Pharmaceutical Science at Rutgers, The State University of New Jersey. It serves as
documentation of my researclokk carried out betweeneptember2010 andDecember
2014 under the supervision of Dr. Atg Tony Kong inthe Department of Pharmaceutics.
To the best of my knowledge, this work is original, except where suitable references are

made to previous work.

Thedissertatiorconsists osevenchaptersChapter onéntroducel the importance
of plant extracts in cancéield with focus inchemoprevention and the significance of the
research workThe followingsix chapters contain papers that are published or intended to
be submitted to a journal indexby PubMed Centradr that have been included indks
Chaptettwo illustrated thestate of the axf natural glucosinolatdsiological activities that
includessulforaphane, phenethyl isothiocianatedale3-c a r b i ndildolylm@thaBed
in oxidativestress/inflammation, NrfARE signaling pathway modulation, epigenomics
and in vivo cancer chemopreventive efficacyChapter threeinvestigatd the
chemopreventive effect &®adix Angelicae Snensis(RAS) extractandits main bioactive
phtalide Zligustilide (Ligu) in prostate cancer by using the transgenic adenocarcinoma of
the mouse prostate (TRAMP) modetusing in heir effects in cell cycle and apoptosis

regulationin vitro andin vivoand epigenetic restoration of silenced NrfZivo.

Chapter fourdemonstrate the role of apigenin and dteolin from Matricaria
recutita L. (chamomilg in Nrf2 activation coupled with antnflammatory effectsn the
suppression of LP#$ducedinflammationin HepG2 cellsChapter five investigatethe
epigenetianodulation exerted bgpigenin in15 critical CpG sitegn the promoter region

iv



of Nrf2 in JB6 P+ celldeadingto reexpression of Nrf2 and its downstream gehgs
targeting INA methyltransferaseand histone deacetylase€haptersix exploral the
emergent field ofobesity inflammation and a&ncer prowling an overview from
epidemiological to molecular everged chapter sevdncuses irthe relationship between
obesity anchon-melanoma skinancer (NMSC) providing insights for future studies in the
field of chemopreventionThese chapters exploredrious aspects diie biological effects
of plart extracts and their main active compoumdth focus inRAS and cramomilein
cancer prevention, Nrf2 activatipantrinflammatoryand preapoptoticeffects epigenetic

modulationand future directions in cancer research.
XimenaAlejandraParede$sonzalez
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Chapter 1. Introduction to the studies
Over many centuries plant extracts have been used to treat a broad variety of
diseases and they have played important roles in the developmeringftraditional
anticancer agentst is estimated that almost 50% of the 175 new worldwide approved
smallmolecule with antitumor activities (from 1940s to 2010) are either natural products
or directly derived from theifi]. Drugs commonly used in cancer treatment that have been
obtained from plantsare for example: etoposide anenoposide fromPodophyllum
peltatum vincristine and wmblastine from Catharanthus roseysirinotecan from
Camptotheca acuminatnd @aclitaxel flom Taxus brevifolig2]. Plant extraccantarget
several pthways against carcinogenesis includingibition of cell divison, induction of
apoptosistargeting oxidative stress abtbckinginflammation andt is believed thatheir

main bioactive compounds may act alone or in concert to reduce cancer risk.

Growing evidence supports thaeseanticanceeffects are exerted in part by their
ability to modulate biological activities related witlalance ofreactive oxygen species
(ROS). ROS are highly reactive molecules or molecular fragments which are generated
through various processes such as ultraviolet irradiation, inflammatory processes, lipid
peroxidation, mitochondriaatalyzed electron transport reactions and environmental
pollutantq3]. They are important secondary messengers in cell signaling that are necessary
for maintaining various biological processes in normal cells and their balance is tightly
controlled tomaintain cellular homeostasis. In this cont®&i;E2-related factor 2 (Nrf2)
that is a transcription factor from the basic leucine zipper family plays an important role
regulating the antioxidant defense system. Nrf2 activity is regulated in the cytoplas

Kelch-like ECHassociated protein 1 (Keapl) that is homolog of the Drosophila- actin



binding protein Kelch, a cytoskeleton protein capable of binding actin filaments preventing
Nrf2 translocationinto the nucleusacting as transcriptional repressor idgr basal
conditions. Nrf2 is raplly targeted towards ubiquittion and 26S proteasomal

degradation dependent of Keapn an extremely efficient systefd.

Nrf2 release from Keaft can be triggered by several effestoincluding
modification of cysteingesidues in Keapl, Nrf2 phosphorylation by Protein Kinase C
(PKC) at Ser40, direct phosphorylation of Nrf2 by the MAPK cascade including
extracellular signategulated kinases (ERKs), JNK, and protein 38 (p38) or
phosphorylation mediated by phosphoindstB-kinase (PI3K)[4, 5]. Indeed, Nrf2
possessvarious threonine, tyrosine and serine residues that can be tdrdste
phosphorylation (Appendix )A After release, Nrf2 translocates into the nucleus and
heterodimerizes with small Maf (musculoaponeurotic fiborosarcoma) proteins, ativate
transcription factor (ATFand/or members of the AP family of leucine zipper proteins
to trigger the transcription of its target genes. Most of the antioxidant gere (pgenes)
contain cisacting antioxidant response elements (AREs) with a functional consensus
sequen®REGAYNNNGERI Nj] on t hat R = A or G and Y
and binds this ciacting ARE region and it may recruits the whole transomptachinery
including coactivators and/or corepressor such as p160 family coactivator -QiRdBy
protein (CBP)/p300, RNA polymerase I, silencing mediator of retinoid and thyroid
receptors (SMR), histone deacetylase (HDAC)and others to produce
actvation/inactivation of Nrf2targetedARE gene expressiof, 5]. ARE genes include
over 100 cytoprotective and detoxification genes, including ferritin, the conjugating

enzymes glutathion8-reductase (GSR), reduction enzymes NAD(P)H:quinone



oxidoreductase 1 (NQOL1), and stress response enzymes such as heme oxdy@i¢@ase

1) [4, 5].

Increasing evidence strongly suggest an important cross talking between Nrf2
signaling pathway and Nuclear fackappaB (NFe B) -a BNFi s i mport ant be
involved in the expregsn of over 500 gnes involved in human diseagék PotentNF-

8 B s i goatlavhyactivgtors are the prmflammatory cytokines such as (I, IL-17,

IL-18, TNF family), epidermal growth factor (EGF), lipopolysaccharides (LPSR&E

among nany othersNF-a B atesitral coordinator ofimmune responses and inflammation

that is highly controlled undr normal conditions howeveconstitutiveactivation and
overexpression areften observedn many cancer$6]. NF-a B f acomsist gf five
members: N B1 (p50 and itssaB2ecCmuZoandgliocy , p Ne&
RelA or p65, RelB, and-Rel with a highly conserved-términal region of 300raino acid

called the Rel Homology Domain. N\B/ Re | proteins are abl e
due their ability to combine and form homodimers or heterodimers (with the exception of
RelB) such as p50/RelA, RelA/RelA, p50/p50, p50/cRel, pB&kthatare able to process
differential binding specificities and target gene activafidn5, 7} After activation,

nuclear translocation and pdsanscriptional modification of N B/ -fdndyl
transcription factors trigger the expression of a variety of proteins involved in different
aspects of carcinogenesis including cadroliferation, survival, inflammation,
angiogenesis, epitheliahesenchymal transition, invasion and metas{asis, 7} On the

other handthe transcriptional activitjiF-a BRel proteins is silenced by interactions with
inhibitory IkB family of proteins present in the cytoplasm (IkBa, IkBb, IkBe, IkBg of NF

8 B e s s e nator, Bdt3, ambtlie ypriecursor proteins p100 and pI®53, 7]



Thebest characterizedF-a B p a ts thewhssical or canonical, thefctivated
by TNF, Toll like, or T cellby a variety of stimulincluding cytokines, LPS and RQ3,
5, 7]. The classical pathway is important because is related to the transcriptional activity of
the p50/p65 heterodimer which it is believed being intimately involved in inflammatory
responsd2, 7, 8] After binding to the receptor, a seriagcruitment of adaptors to the
cytoplasmic domain of the receptisr produced The adaptors in this pathwayclude
Myeloid differentiation primary response gene (MyD88), dioterleukin 1 receptor
domain containing adaptor protein (TIRAP), Toll/interleukinreceptor domain
containing adapter inducing interferbn ( TRI1 F) , transf or matedg gr ow
kinasel (TAK1) and theyproduce the recruitment into the cytoplasm of an IKK complex
formed by the catalytic kinase s-erzwnatct s | KI
scaff ol d [thataoselsoikmowm bskNkanB es s ent i aNEM@)§2d7u | at or
8]. The nactivatonof NFe B i s medi ated in the cytopl asm
inhi bitors of 8B (Il aB) and t h[g78oMdhéenthempor t
| KK complex is activated it medhatddadstss t he |
ubiquitination and proteasomal degradation of the IkB inhibitor by the 26S subunit freeing
the NFe B/ Rel compl ex e 42, 4, 8] Afteh ghospbrylationprlediasedn
activation the NFe B/ Re | compl exes transl ocate into t
expression by binding to dJd3B7 & nNhabBdvaton el e me
producedyitself the activation of the IkBa geftteatsilenceNF-a Bubunits and terminates

the transcriptionahctivity [2, 7, 8]

Interestingly,it has been observed that Nd2ficient mice under conditions of

head injury show a greater cerebral-BIlBB act i vati on compadypeed wi t



mice [9]. Similarly, enhanced inflamation has been reported in Nr2adckout mice

challenged with dextran sulfate sodium (D@®)uced inflammation and in NrfZkckout

mice exposed to UVB irradiatiof10-13]. Conversely, Nrf2 overexpression has been
reported strongly decrease fFB  a c [t4]. Although, the regulatory loop between

Nrf2 andNF-a Bsignalingpathways is not totally elucidated it seems that the ability of
Nrf2-ARE-mediated gene activation can induce -8B i nactivation by
mechanisms. For exarnep S-glutathionylation of p65 NFe B c an p reoBd u c e )
inactivation [15]. Also, it has been observed that inhibition of-BiIB act i vati on
phospholipid hydroperoxide glutathione peroxidase antipbixygenase is concomitant

with up-regulation of HG1 one of the key targets genes of Nrf2 sigigpapathway. HGOL

exhibits important immunomodulatory and ainilammatory functions and it is able to

attenuate the expression of cyclooxyger@as&lOS, TNFU  a n@lafter LPS challenge.

LikewiseNFe B p65 subunit is able to repress
ARE pathway by depriving CBP from Nrf2 and facilitating the recruitment of the
corepressor HDAC3 with either CBP or Maff 16]. Indeed, multiple alignments of Nrf2
andNF-a BL genes in five mammalian spesi human, chimpanzee, dog, mouse and rat
showed a canonical firgfeneration biological network for NifRIF-a B involved in
inflammation/carcinogenesmsnd animportant amounbf mediatorsare MAPKsfamily
memberg17]. It is believed thatedoxbased regulation of Nrf2and N\&B c el | si gna
plays a pivotal rolén this relationshi@nd dthough the relationship between Nrf2, [9FB
and cell survival pathways at the transcription and transduction level are not fully
understood growing evidence indicates that they are closely related impacting

tumorigenesi$18, 19] Furthermore, it has been observed that many natural compounds



and plant extracthat have the ality to trigger Nrf2ARE systeminflammatory responses
arealso able taarget cancer cedlurvivalpathwaysontinuingan interesting approach for
cancer bemopreventionin this dissertation, we will discussolecular and epigenetic
targetsregulated bylantphytochemicaland their main bioactive compounds with focus

in Nrf2 signaling, NFe B pat hway, apoptosis and epi

gene



Chapter 2. Dietary Glucosinolates Sulfeaphane,
Phenethyl Isothiocyanate]ndole-3-Carbinol/ 3,3
Diindolylmethane: Antioxidative Stress/Inflammation, Nrf2,
Epigenetics/Epigenomics andh vivo cancer chemopreventive

efficacy 123

2.1 Introduction

Cancer chemoprevention is a major cancer preventive strategy that utilizes
naturally occurring dietary phytochemicals or therapeutic drugs with relatively low toxicity
to inhibit the malignant transformation of initiated cells at the promotion or progmnessi
stageg20, 21] Thus, chemoprevention can involve preventing carcinogens from reaching
target sites, undergoing metabolic activation, or syisetly interacting with crucial
cellular macromolecules (e.g., DNA, RNA, and proteins) at the initiation $dad#?].
Interestingly, prevention and/or protection from chemical carcinogens by phytochemicals

present in glucosinolateontaining cruciferous vegetables is of great interest because they

1 This chapter has been submitted for publication reiew article to Current

Phar macol ogy Reports as ADi etary Gl ucosi
I3C/DIM: Antioxidative Stress/Inflammation, Nrf2, Epigenetics/Epigenomicsiamnivo
cancer chemopreventi ve eGohzalezXtandKotigyAN.Fuent e
*Equal contribution

2 Key Words: cancer, chemopreventionrDNA methylation, epigenetics, histone
modifications,isothiocyanates, indoles, microRNA

3 Abbreviations: SFN, sulforaphane; PEITC, phenethyl isothiocyanate; 13C, i8dole
carbinol; DIM, 3.3'diindolylmethane; DMBA, 7,12limethylbenz[a]anthracene; AOM,
azoxymethane; DSS, dextran sodium sulfate; TPAQ48tradecanoylphorbol 18cetate.



may provide asafe and costffective strategy for combating cand@3, 24] In this
context, numerous epidemiological and pharmacological studies bagaled that the
consumption of cruciferous vegetables has substantial potential for human cancer

chemopreventiof5].

Isothiocyanates (ITCs) and indolase biologically active molecules formed from
glucosinolate precursors present in a large number of edible species existing in sixteen
families of dicotyledonous angiosperf@$]. It has been described more than 200 different
naturallyoccurring glucosinolates isolated from pniith a relatively high content in
cruciferous vegetables such as broccoli, cabbage, cauliflower, turnip, horseradish,
watercress, and brussels sprg@®% 28] Some naturally occurring glucosinolates and their
breakdown products have received considerable attention as chemopreventive agents,
including the ITCs 4methylsulphinylbutyl isthiocyanate (sulforaphane, SFN) and
phenethyl isothiocyanate (PEITC); and the indoles in@atarbinol (I3C) and 3.3'
diindolylmethane (DIM)[25, 29, 30] The glucosinolates have undergone several human
clinical trials for treatment evaluation for various diseases, including cancer

(www.clinicaltrials.goy. Thus, the protective role of dietary glucosinolates has been

extensively studied using vitro andin vivoapproachesicancer and cardiovascular and
neurological diseases using rodent and human m{&IEIS82] These studies have shown

that glucosinolates and their derivatives may modulate many relevant processes, such as
the induction of cytoprotective enzymes, inhibition of inflammatory processes, modulation
of cancer signaling pathways including cellulaoljferation, angiogenesis, the epithédlial
mesenchymal transition, cancer stem cell-ssiiewal and suppressing diverse oncogenic

signaling pathways, including nuclear facmB, hor mone receptor,

an


http://www.clinicaltrials.gov/

and activator of transcriptioi33-35]. More recently, increasing evidence has also shown
that glucosinolate derivatives have the potential to modulate epigenetic alterations, such as
DNA methylation, histone modifications, n@oding microRNAs (miRNAS), regulation

of polycomb group proteinshd epigenetic cofactor modifiers, which all may contribute to
carcinogenesi§33, 36] Here, we review the cancer chemopreventive role of naturally
occurring glucosinolate derivatives as inhibitors of carcinogenesis, particularly
emphasizing specific moleculand epigenetic alterations in vitro andin vivo animal

models of human cancers.

2.2. Biosynthesis and metabolism of glucosinolates

Glucosinolates are a group of sultontaining glycosides found in the plant order
Brassicales, which includes the Brassior Cruciferous vegetables such as broccoli,
cabbage, brussels, and caulifloj&r]. These plants have been used for food or medicinal
purposes, with the latter partially due to their relatively high content of glucosinolates,
which distinguish them from other plant specig8]. Thus far, nearly 200 different
glucosinolaes with different substituents have been reported, which can be classified into
three groups based on the structure of different amino acid precursors: aliphatic
glucosinolates, indole glucosinolates, and aromatic glucosing2&p@-igure2.1.A). The
content of glucosinolate in plants depends on many factors, such as plant variety, growing
conditions, climate and the tissgpecific distribution in a plant39]. For example, in
Brassi@ vegetables,0:3 8 ¢ mo | aliphatic/aromatic gl uco:
and 0.78 ¢ mo | indol e glucosinol ates p¢8. gr am
Glucosinolates are relatively biologically inert glucosides; however, their hydrolysis by

myrosinase (#hioglucosidase) enzymes after chopping vegetables, chewing of raw
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vegetables or insect attack leads to the conversion of biologically active compounds, such
as ITCs, thiocyanates, nitriles and epithionitriles, depending on glucosinolate substrate,
pH, temperature, presence of ferrous ions, and level and activity dicpeaiein factors,
including thiocyanatdéorming protein (TFP) and epithiospecifier protein (E$¥), 39]

(Figure 1B). Nevertheless, when the plant myrosinasg®ezs inactivated by heat during

the cooking process, the action of myrosinase originated from gastrointestinal tract bacteria

allows the formation and absorption of dietary ITCs and indoles in man#ohls

Several epidemiological and pharmacological studies have demonstrated that
dietary glucosinolates and their breakdown products, isothiocyanates, may reduce the risk
of carcinogenesis and particular human dised88% Isothiocyanates from dietary
vegetables currently investigated for use asnubpreventive agents include SFN from
broccoli, cauliflower, and kale, PEITC from watercress, radish and turnip, allyl
isothiocyanate (AITC) from cabbage, mustard, and horseradish, benzyl isothiocyanate
(BITC) from lepidium cress, -&nethylsulfinylpropyl (berin) from broccoli, brussels
sprouts and cabbage;methylthiobutyl from arugula, and-r@ethylthiopropyl from
cabbagd31]. Similarly, the indole I3C, which upon exposure to gastric acid undergoes
self-condensation to form DIM, is also presein cruciferous vegetables, including
broccoli, cabbage, cauliflower, brussels sprouts, collard greens and kale and is used as a

chemopreventive agef#1l].

After ingestion, isothiocyanates are absorbed from the gastrointestinal tract by
passive diffusion into the capillary blood network, reversibly binding to free plasma protein
thiols (protein thiocarbamoylation) and crossing thesmla membrane into the cells of

tissueq38]. Thus, isothiocyanates are metabolibgdthe mercapturic acid pathway and
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initially conjugated to glutathione by glutathiondr8nsferases (GSTs) and successively
cleaveed!| btyamy | t r ai6%)p eyptainylglyaisasge (dGase), and- N
acetyltransferase (AT), creatingad¢etylcysteine agugates (mercapturic acids), which

are transported into the kidney and actively secreted in urine for elimination from the body

(Figure2.1.C) [32].

2.3. Dietary glucosinolate derivatives and modulatio of phase | and

phase Il biotransformation enzymes

The generation of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) is an essential metabolic process for maintainellylar chemical homeostasis;
however, their production at low to mherate concentrations is essential for normal
physiological processdd2]. Consequently, the oxidative stress produced by high levels
of ROS/RNS during normal cell metabolism leads to potential damage, causing oxidative
damage to large biomoleculesich as lipids, proteins, and DNA, which may eventually
lead to mutations and ultimately, cancer developri#8it Similarly, oxidative stresalso
has a significant association with many other chronic diseases, such as neurodegenerative
di seases (e.g., Al zheimerbés disease, Parki:!
cardiovascular disease, diabetes, and inflammatory dispakds]. In this context, the
major chemoprevention mechanisms mediated by dietary glucosidetatatives include
modulation of phase | drug metabolic enzymes (e.g., cytochrome P450 family, CYP),
which prevent procarcinogenic molecule formation and the induction of phase
[l/detoxifying enzymes (e.g., GST; UBdtucuronosyl transferases, and UGT)high

catalyze conjugation reactions to inactivate or detoxify exogenous (e.g., carcinogens and
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other xenobiotics) and endogenous compounds (e.g., sex steroid hormones) related to

cancer developmeifd7-49].

Most evidence suggests that dietary glucosinolate derivatives upregulate phase
ll/detoxifying enzymes through interaction with the cytoplasamchoring protein Kelch
like ECHassociated protein 1 (Keap 1), which repressesréimscription factor NFE2-
related factor 2 (Nrf2)a basieregion leucine zipper (bZIP) transcription factor that binds
in combination with small Maf proteins to antioxidant response elements (ARES) in the
promoter regionsf many antioxidant and phasebibtransformation enzymes, including
GST, UGT, heme oxygenade(HO-1), NADP(H):quinone oxidoreductase 1 (NQO1),
glutamate cysteine ligase (GCL) and gamma glutamyleys ne synt hetase (92
2.2) [50, 51] Thus, he effects of dietary glucosinolate derivatives upregulating phase Il
enzymes have been extensively reported using diffénevitzo andin vitro approaches
[31, 52] For example, sulfucontaining dietary glucosinolate derivatives, such as SFN and
PEITC, are potent phase Il gene inducers, and these inductions argeNei2den{31,
53]. SFN attenuates Nrf2 degradation by modifying the Kedpg2 interaction, which
results in the translocation of Nrf2. SFN can react with thiols within Keapl by forming
thionoacyl adducts, thereby releasing Nrf2 from Keap1l bindiapg Similarly, PEITC can
induce the phosphorylation of extracellular sigregulated kinase (ERK) andJon N
terminal kinase (JNK) and subsequently, phosphorylate Nrf2 and induce its nuclear
translocation}55, 56] Indole glucosinolate hydrolysis prodscsuch as I3C and DIM, also
induce both phase | drug metabolic and phase Il/detoxifying enzymes by direct interaction
with arylhydrocarbon receptor (AhR) or increasing the binding affinity of AhR to

xenobiotic response elements (XRES) in target get8sUpon binding chemical ligands,
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cytosolic AhR translocates into the nucleus and dimerizes with its nuclear protein partner
Ah receptor nuclear translocator (ArnT), and then, the AhR complex binpisdiic DNA

sequences and activates transcripfifi] (Figure2.2).

The activation of phase Il gene expression and enzyme activity by dietary
glucosinolate derivatives has been well documentad witro andin vivo studies. For
example, different studies have reported that SFN significantly induces phase Il enzyme
expression and activity in human and mouse cells lines, including LNCaP, PELJPr1,

MDA PCa 2a, MDA PCa 2lvIDA-MB-231, TRAMP-C1, HelLa, HT29, Caco2, idpG2,
Hepalclc7 and MGF [57-61]. In contast, we found that SFN is capable of inhibiting
7,12dimethylbenz(a)anthracene (DMBA)A2-tetradecanoylphorbdl3-acetate (TPA)
induced skin tumorigenesis in C57BL/6 mice mediated by [22. More recently, we

also demonstrated that-egpression of Nrf2 and the subsequenduction of Nrf2
downstream target genes are involved in the cellular protection mediated by SFN during
TPA-induced tumor transformation in mouse skin epidermal JB6 (JB6 P+) cells,
suggesting the antancer effects of SFN against the TiPuced neoglstic
transformation of mouse skj63]. Similarly, we also demonstrated that PEITC enhances
the expression of various genes, including drug detoxifying enzymes, through the Nrf2
signaling pathway irmn vivo andex vivostudies[64, 65] Furthermore, PEITC has been
demonstrated to stimulate tissue differences in the modulation of rat cytochrome P450 and
phase Il conjugation systems, showing increased hepatic GST activity, although not in the
lung or kidney[66]. Similarly, the expression of the antioxidant enzyme-H@as also

been shown to be strongly increased by PEITC treatment-iB ¢88s[56]. Interestingly,

differences in the basal expression level of Nrf2 and resultant changes in GSH levels in
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human breast cancer cell lines may be an important determinant of sensitivigiTt©- P
induced apoptosifs7]. Indolecontaining compounds, such as I13C and DIM, have also
been described to possess potent cancer chemopreventive effects, potentially through
multiZargets[68], including the induction of endogenous Nrf2, phase Il genes (e.g.,
GSTm2, UGT1A1 and NQO1) and antioxidant genes (e.gZlH@d SOD1), as reported

in a human liver hepatoma cell line (HepG8) [69].

2.4. Dietary glucosinolate derivatives and inflammation modulation

Sustained generation of ROS/RNS has been shown to contribute to the pathological
consequences of chronic inflammation, which is believed to be the cause of many human
diseases, including cand@p]. If this crosstalk between inflammation and oxidative stress
is prolonged, excessive cellular ROS/RNS will be produced, resulting in genetic changes
and/or epigenetic alterations, which lead to the deregulation of oncogenes and tumor
suppessor genef24, 71] Cytokines, chemokines, nuclear factor (NFB , nitric o0
synthase (NOS2), cyclooxygenas2 (COX2), hypoxia inducible factet U (-H) F 1
signal transduceand activator of transcription 3 (STAT3), Nrf2 and nuclear factor of
activated T cells (NFAT) are key molecular players linking inflammation to cdiggr
In this context, Nrf2 is a crucial regulator tHes been shown to modulate the innate
immune response and survival during experimental sepsis usingléfit2ent mice and
Nrf2-deficient mouse embryonic fibroblag#3]. Some findings have suggested that there
is crosstalk between Nrf2 and inflammat{@d]. Interestingly, the Nrf2 pathway has been
connected to the inflammatory response in studies using the TRAMP mouse model of
prostate carcinogenes|[35]. Similarly, lower induction of phase Il antioxidant and

detoxification enzymes, such as HO NQO1, UGT1Al, ath GSTM1, and higher
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induction of proinflammatory biomarkers, such as interleukii 1b , -6, furbor necrosis
factor alpha (TNFU) , i nduci ble nitric oxide synthas:

in Nrf2-KO mice[76].

NFFeB is a transcription f acinflanimatomathd a Kk ey
cancer that regulates several genes whose products inhibit apoptosis and enhance cell cycle
progression, angiogenesis and metasf{@is77] Additionally, a considerable number of
NFFeB target genes encode mediators of the
which include cytokines, chemokines, proteases, NOS2 and CADX28] In this context,
dietary glucosinolate derivatives haween shown to inhibit NB Bmediated processées
vitro andin vivo, playing an important role because-d/ B i s i nvol ved in t
of over 500 genes involved in human diseases, including cdB8er79] Thus,
glucosinolate derivatives are capable of inhibitingNB r egul at ed pat hway:
these activators by blocking pnaflammatory signals at various levels; however, the
molecular mechanisms by which these interactions are exerted are cangl@oorly

understood33, 79}

Several cellular targets of glucosinolate derivatives have been investigated for
moduldingtheNFe B si gnal i ng pathway. For exampl e,
TLR4 signaling cascade by affecting the downstream effectors MyD88, p38 mitogen
activated protein kinase (MAPK) and JNK by interacting with glutathione or other redox
regulatas, such as thioredoxin or R&f which are indirectly capable of impairing NFB
DNA binding ability and directly binding the essential thiol groups of p50, affecting NF
aB DNA binding with the pot[&n808lhlhadditory ol v e me

DIM, PEITC and SFN have been described to repress IKK/IkB phosphorylation and p65
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NFFeB nucl ear transl ocati on, I B band ngf ft dvet
important mediators, such as-@, INOS, TNFU a n d-2 [83) 82, 83] Similarly,

PEITC is also capable of decreasing the INOS and -QQpfotein epression levels,

leading to reduced expression of both-prtammatory mediators, and has also been
reported to suppress the phosphorylation of interferon regulatory factor 3 (IRF3) induced

by stimulation of the Tollike receptor that decreases the aaiion of type | interferons

(IFNs) and IFNinducible gene§31, 84]

Recent evidence suggests an important crosstalk betweea BNF a n d Nr f 2
signaling, and the strong nfeamism by which glucosinolate derivatives affect®NB  ma vy
be partially mediated by their ability to activate the NMRE signaling cascade (Figure
2.2). For example, Nrf2 knockout mice subjected to -ipfammatory stimuli
simultaneously demonstrated dessed levels of anrtixidant/phase 2 enzymes and
upregulation of NFe B -mftammatory mediators, such as C&XINOS, IL-1, IL-6,
cPLA2 and TNFU [76, 8587]. Modulation of Nrf2 and N B cr osstal k is
characterized, but it appears to occur through a common MAPK network because common
regulatory sequences in the transactivation domains of Nrf2 and BIF have been
described33]. In addition,NFe B can antagonize Nrf2 activit
by interacting with the cactivator CREBRbinding protein (CBP), which is required for
translocation, and concomitant recruitment of histone deacetylase (HDAQ)ntirast,
ARE-mediated gene activation by Nrf2 can inactivateNB by di fferent mec|
exampleupregulatiorof HO-1, one of the key target genes of the Nrf2 signaling pathway,
has been suggested to inhibitdFB  nu c | e a r [88].rAddiiiandlly GSHIGIrxb n

dependent Sglutathionylation of p65 N B pr odwcBesi nNkc [89l.vati on
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Accordingly, C57BL/6 mice prereated with SFN in the presence of dextran sodium
sulfate (DSS) demonstrated significantly reduced expression of inflammatory markers,
suchasIt6 and interferon 2, wi-tlehendem gend®@.s ed e x
Similarly, SEN treatment of WT but not Nrf2 KO mice restored the number of sunburn
cells to their basal levelgstUVB irradiation, demonstrating decreased inflammatory
biomarker activity in SFNreated WT compared with Nrf2 KO mice, revealing a protective
role for Nrf2 when activated by SFN against UMBluced skin inflammatiorj91].
Moreover, SFN has also beernpoeted to induce significant downregulation of pro
inflammatory microRNA155 by epigenetic mechanisms that together with the regulation
of other targefNF-a B coactivators, such as CCAAGnhancer binding proteins, cAMP
response element binding protein, activator proteirl (AP-1), open new frontiers in the

complex activities exerted by glucosinolate derivatjads 92]

2.5. Dietary glucosinolate derivatives and epigenetic mechanisms

modulating carcinogenesis, inflammation and reactive oxygen species

Epigenetic regulation comprises DNA modifications without changes in sequence
that result in changes in gene expression or phenpidgjeRecently, a large amount of
evidence has demonstrated that epigenetic alterations, such as DNA methylation, histone
modifications and nowoding miRNAs, consistently contribute to carcinogenesis, and
constituents in the dieincluding dietary glucosinolate derivatives, have the potential to
alter a number of these epigenetic evdB& 36,44]. Although most research on the
cellular effects of dietary glucosinolate derivatives has primarily focused on detoxifying
enzyme effects, increi@g evidence has demonstrated the chemopreventive effects of

dietary glucosinolate derivatives on the regulation of silenced genes in cancer.
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DNA methylation was the first epigenetic alteration to be observed in cancer cells,
and it represents the mostramon molecular alteration in the origin of many can{®3s
94]. DNA met hyl ation occurs at the 506 posi
dinucleotides through addition of a methyl group by DNAtimyltransferases (DNMTS),
which include DNMT1, DNMT3A and DNMT3B, leading to transcriptional silencing of
tumor suppressors and other genes with important biological functions. Conversely, global
hypomethylation causes genome instability and inappro@aieation of oncogenes and
transposable elemer#4, 95, 96] In this context, dietary glucosinolate derivatives, such
as SFN, PEITC and DIM, have been shown to inhibit the carcinogenic process, enhance
xenobiotic metabolism, induce cell cycle arrest and apoptosis and affect the cancer
epigenome in various humannezrs and cancer mouse models, demonstrating relevance
as chemopreventive agensi, 41, 97] In different studies, the treatmesfthuman and
mouse cells with different dietary glucosinolate derivatives has resulted in the
downregulation of DNMT activity, with concomitant promoter demethylation ard re
expression of genes such as GSTP1 (glutathiomearSferase pi 1), Nrf2, hTERT
(telomerase reverse transcriptase), TGFBR1 (transforming growth factor, beta receptor 1)

and CYR61 (Cysteinech angiogenic inducer 61) (Takel) [29, 41, 58, 63, 94.01].

Interestingly, Wong et al. described the genemige effects of SFN and DIM on
promder methylation in normal prostate epithelial cells and prostate cancefagills
Accordingly, both SFN and DIM treatment decreased the expression of DNMoamal
prostate epithelial cellsP(EC) and androgedependent (LNCR) and androgen
independent (PC3) prostate cancer cells. Specifically, SFN and DIM altered promoter

methylation in different sets of genes in normal prostate epithelial cells and pcasicte
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cells; however, they shared similar gene targets in a single cell line, reversing many of the
cancerassociated methylation alterations, including aberrantly methylated genes that are
dysregulated during cancer progression (e.g., cell migratidh,adbesion, ceitcell

signaling, and transcriptional regulation).

Histone modifications have been broadly recognized as critically important triggers
of gene silencing via postanslational modifications of histones at amteaninal tails
[44]. For example, the open chromatin state and gene activation is mediated by histone
acetyltransferases (HATs), which transfer acetyl group$ te-antino group of lysine
residues in histone tails, whereas the condensed chromatin state and the respective gene
silencing is commonly regulated by HDAC enzymes, which remove histone acetyl groups
by catalyzing their transfer to coenzyme A (Coj@¥, 102] Similarly, the histone
methylation of lysine and arginine residues mediated by histone methyltransferases
(HMTs) and demethylases (HDMs) has also been described as a mechanism activating or
repressing the gene expression in various forms of cdB8r103] For example,
methylation of H3K4, H3K36 and H3K79 has been associated with transcriptionally active
chromatin, whereas methyilan of H3K9, H3K27 and H4K20 has been associated with
transcriptionally repressed chromatin, constituting two of the important silencing

mechanisms in mammalian celg!, 104]

Thus far, several studies have demonstrated the effects of dietary glucosinolate
derivatives on histone modification ofenisms inin vitro andin vivo animal cancer
models[24, 36] Thus, the HDAC inhibitory activity of different dietary glucosinolate
derivatives has been widely reported to alter the tumorigenesis processes, with a

concomitant increase in the expression of tumor sggpre preapoptotic, antoxidant
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and antinflammatory gene$63, 105107]. Dietary glucosinolate derivatives, such as
SFEN, PEITC and DIM, have been specifically associated with HDAC inhibitivits in

the peripheral blood mononuclear cells of human patients who consumed broccoli sprouts,
different cancer cell lines (kidney, colon, prostate, leukemia and breast) amdandin

vitro cancer mouse models, such as APCmin/+ HRAMP-C1 mice and the JB6P+ skin

cell line (Table2.1) [58, 63, 105, 108]Specifically, SFN and PEITC treatments in human
breast and prosttcancer cell lines have been shown to increase H3Ac, H3K9Ac and
H4Ac acetylation and H3K4 methylation and decrease the methylation of H3K9 and
H3K27 [41, 100, 106] Similarly, DIM treatmeats in the androgedependent LNCR
prostate cancer cell line have also been demonstrated to increase H3Kdmeg®omoter
regions of the TGFBR1 and CYRG61 genes, as revealed by ChIP §&3Jaysterestingly,
analysis of the impact of SFN on the level and function of polycomb group (PcG) proteins
in SCG13 skin cancer cells revealed that SFN treatment causes a concefttegimalent
reduction in PcG protein (Bnfi, Ezh2) expression and redudedtone H3 lysine 27
trimethylation, which is correlated with the accumulation of cells in G2/M phase, reduced
levels of cyclin B1, cyclin A, cyclin dependent kinases 1 and 2, and increased p21Cipl

expression109].

These results were also observed in other-dknived immortalized cells and
transformed cell lines. In contrast, DIM has been reported to significantly decrease HDAC2
protein epression but not HDAC1, HDAC3, HDAC4, HDAC6 or HDACS8 protein
expression in androgdnsensitive PE3 and androgesensitive LNCaP prostate cancer
cell lines[110]. Interesingly, the same study was observed that I13C treatment slightly

inhibits HDAC activity in LNCaP cells with no HDAC inhibition in P&cells. Similarly,
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DIM has been shown to suppress the expression of the HDAC2 and HDAC3 proteins in
TRAMP-C1 cells, with aconcomitant increase in apoptosis, decrease in cell proliferation
and enhanced Nrf2 and Nrfdrget gene NQO1 expression in prostate tisEL@&H. DIM

can selectively induce the proteasemediated degradation of class | histone deacetylases
(HDAC1, HDAC2, HDAC3, and HDACS8) without affecting class Il HDAC proteins in
human colon canceellsin vitro andin vivoin tumor xenograft§l11]. Thus, the HDAC

depletion was associated with DNA damage induction, which triggered apoptosis.

MiRNAs have become an important component of epigegenhe regulation in
mammals[24]. Typically, miRNAs are a class of endogenous small-caming RNA
molecules 25 nucleotides idength cleaved from approximately -100 nucleotide
hairpin premiRNA precursors that regulate gene expression by inhibiting translation
and/or triggering the degradation of target messenger RNAs (mRNAR) 113]
Different studies in cancer have showattmiRNAS interact with genes in many different
cellular pathways, displaying a differential gene expression profile between normal and
tumor tissues and between tumor ty[86 114] For example, the overexpressed AliR
92 oncogenic cluster may function as an oncogene and promote cancer development by
negaively regulating tumor suppressor genes and/or genes that control differentiation or
apoptosis, such as E2F1 (a cell cycle and apoptosis regulator), BIM-&pagtotic gene
that counteracts BCL2) and PTEN (a negative regulator of the oncogerstirpial
PISK/AKT signaling pathway]114]. In contrast, downregulation of the-létand miR
15/miR-16 miRNAs, which target the RAS and BCL2 oncogenes, respectively, has been
previously described96]. For example, altered expression of a number of miRNA

molecules in the lung following the exposure of rats to environmental cigarette smoke
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(ECS) can be attenuated by digtagents, such as PEITC and IRBD]. Thus, the ECS
downregulated miRNAs affected by PEITC have a variety of functions, such as the stress
response, TGHb expressB oact iNFati on, Ras activat
apoptosis, and angiogenesis. In addition,-t8Qulated miRNAs are involveth p53

function, TGFb e x pr essi on, Er bb2 430t 1ll5]Tallei2d)n , and
Similarly, DIM treatment has been reported to cause alterations in the expression of several
MiRNAs, includingmiR200 and the let family, which were increased in gemcitabine

resistant pancreatic cancer cells with a concomitant reversal of the mgsahphenotype

to an epithelial phenotyé16].

Interestingly, 13C is also capable of reducing the effects of vinyl carbamate (a
potent carcinogen causing lung turs)an the lung by modulating the expression of several
oncomiRs[117]. Other studies have shown that treatment of breast cancer cell lines with
DIM increases the expression of miR, exhibiting doselependent inhibition of cell
proliferation and the development of breast tumors imafvo MCF-7 xenograft model
[118]. Similarly, in human prostate cancer, interventions including high bioavailability
formulations of DIM for 2 to 4 week in patients prior to radical prostatectomy
demonstrated an association between thexpeession of miRB4a and decreased
androgen receptor (AR) signaling, prostate specific antigen (PSA) and-N¢id9].
Furthermore, in the same patient group, DIM supplementation increased the expression of
let family miRNAs anddecreased the expression of the histone methyltransferase EZH2
[120]. More recently, SFN has been shown to mediate the induction oflati@
expression, which in turn inhibits -Kas expression and cancer stem cell (CSC)

characteristics during pancreatic ductal adenocarcinoma (PDA) progredsiah
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Moreover, SFN can also modulate theression of several miRNAs, including ralRO,
miR-29a, and miR21, in basalike ductal carcinoman situ (DCIS) sterrlike cells,
inducing significant changes in the exosomal secretion of miRNAs more closely
resembling that of nestem cancer cells, regsenting a promising chemopreventive
strategy in the early stages of Aorasive breast cancgr22]. Taken together, the current
studies using botlin vitro and in vivo approaches suggest that dietary glucosinolate
derivatives may function as miRNA regulators in a number of cancer types and target

systems.

2.6. Dietary glucosinolate derivatives:in vivo studies

Naturally occurring glucosinolates and their breakdoproducts have been
extensively used as chemopreventive agents inivo studies, including chemically
induced rodent cancer models and oncoghmnesn cancer development in transgenic mice
[123]. Key studies documenting cancer chemoprevention by glucosinolates in chemically
induced rodent cancer and transgenic mouse models are summarized i2.Zably
example, we have shown that topical application of SFN decreases the incidence of
DMBA/TPA-induced skin tumors in Nrf2 (+/+) wild type (Nrf2 WT) mice but not in
sulforaphandreated Nrf2 KO mice, demonstrating that the chemopreventive effects of
SFN in DMBA/TPAinduced skin tumors is mediated by Nf62]. Similarly, inhibition
of skin tumorigenesis was also obsal using SFN in chemically induced skin cancer in
CD-1 mice during the promotion staffe24]. In contrast, we have also reported that SFN
treatments in ApcMin/+ mice lead the regulation of different sets of genes involved in
apoptosis, cell growth/maintenance and inflammation in small intestinal polyps, as

revealed by gene expression profile analysis using Affymetrix microdakagé
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These results are in agreement with other studies from our laboratory in which SFN
treatments reduced the number of polyps by inhibiting phosphorylated Btterminal
kinase (pINK), phosphorylated extracellular sigimabulated kinase (ERK),
phosphoriatedAkt (p-Akt), COX-2, and cyclin D1 protein expression in ApcMin/+ mice
[126, 127] In transgenic adenocarcinoma of mouse prostate (TRAMP), an oral gavage of
6 € mol SFN three times per week flelal 17 to
neoplasia and pulmonary metastasis by reducing cell proliferation and augmenting NK cell
lytic activity [128]. In this context, we have reported that TRAMP micevigth 240 mg
of broccoli sprouts/mouse/day for 16 weeks exhibit significant retardation of prostate
tumor growth, with a concomitant increase in the expression level of the NrfZ,, HO
cleavedcaspases, cleaveePARP and Bax proteins and a decrease in &epK and Bel
XL proteins. Furthermore, the phosphorylation and/or expression level of Akt and its
downstream kinase and target proteins (e.g., mTORBRE and cyclin D1) were also
reduced [129]. These data correlate with our previous findings, in which oral
administration of SFN was capable of inducing Nit&pendent detoxification phase | and
Il drug metabolizing enzymes and phase Il transporters in liver€53BL/6J and

C57BL/6J/Nrf2¢/-) mice using the Affymetrix 39K oligonucleotide microar{ag0].

In contrast, ApcMin/+ mice fed with a diet supplemented with 0.05% PEITC for 3
weeks developed significantly less and smaller polyps than those fed with a bagal)diet
We have also reported that PEITC in an azoxymethane (Ai@ikBted and DSS
promoted colon cancer mouse model is capable of lowering tumor incidence and colon
tumor multiplicities with smaller polyps compared with mice fed on a basa[X8é{.

Thus, in this study, PEITC was associated with an increase in apoptosis (increased cleaved
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caspase3 and caspase) and cell cycle arrest (increased p21). In the polyoma middle
antigen transgenic breast cancer mouse model, dietary feeding with an 8 mmol PEITC/kg
di et resulted in smaller mammary cancer
FOXAZ1 but persistence of GATA expression (48). In contrast, in TRAMP mice, a diet
supplemented with 0.05% PEITC for periods of 10 and 16 weeks decreased the incidence
of prostate tumors and was associated with downregulation of the Akt signaling pathway
ultimately decreasing cell proliferation and retarding prostate tumor formgitRa].
Similarly, in TRAMP mice, the administration of a 3 mmol PEITC/kg diet suppressed
prostate cancer progression by inducing autophagic cell deathoverexpressing-E
cadherin. Interestingly, PEITC treatment was not associated with a decrease in cellular
proliferation, apoptosis induction, or neoangiogenesis inhib{tl&3]. In studyingthe
chemopreventive efficacy of 1I3C in TRAMP mice, we observed that 1I3C suppressed the
incidence of palpable tumors and reduced the genitourinary wéiggk In addition, in

this study, 13C induced the expression of Nrf2 and ND&nd cell cycleand apoptosis

related biomarkers in prostate tissue. More recently, the expression of Nrf2 was found to
be controlled by epigenetic alterations, such as DNA metbgland histone
modifications, and dietary phytochemicals, such as DIM, could decrease the incidence of
tumorigenesis and metastasis and increase apoptosis, decrease cell proliferation and

enhance the expression of Nrf2 and the Nai2jet gene NQOL1 in pstate tissuefl01].

Although there has been extensive research on dietary phyimate contributing
to the overall understanding of glucosinolate derivatives in terms of their chemical and
biological functions and beneficial effects in human health, clinical studies of human

participants on the biological effects of dietary glucositelare lacking and limited to



26

determining the effects of raw cruciferous vegetables or their extracts under some
biological parameterd 23, 135] For example, the inhibitory effects of watercress on the
oxidative metabolism of-dmethylnitrosarmo)-1-(3-pyridyl)-1-butanone in the peripheral
blood cells of participants have been descr[i@6]. Similarly, a randomized and placebo
controlled trial utilizing a beverage infused with broccoli sprouts exhibited an inverse
association between the excretion of dithiocardi@s and urinary aflatoxiDNA adducts

[137]. Similarly, the consumption of broccoli sprouts decreased histone deacetylase

activity in peripheral blood mononuclealis in humans subjecfs08].

Thus far, thirtyone clinical studies have been registered using SFN

(www.clinicaltrials.goy accessed Oct. 22, 2014). Of these studies, ten have been

completed and reported data from patients treated with prostate and breast cancer,
cardiovascular disease, immune diseases and autism. Similarly, PEHhi¢D, has had

fewer registered studies, comprises one of four studies completed for preventing lung
cancer in individuals who smoke. Fotudies of seven registered fi@C treatment have

been completed for patients with prostate and breast cancerspatiic study on the
prevention of cancer in healthy participants. Finally, four studies of ten registered for DIM
for patients treated with prostate and cervical cancer as well as specific studies of
preventing cancer in healthy participants have beerptzied. In summary, these findings
suggest that dietary glucosinolate derivatives could be extensively utilized in further

prospective epidemiological and chemopreventive studies.

2.7. Concluding remarks

Naturally occurring glucosinolates have been esiteely used inn vitro, in vivo,

preclinical and clinical studies, supporting the idea that dietary glucosinolates and their
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derivatives have potential beneficial effects for cancer prevention. In extensive mechanistic
studies, robust chemopreventiveeets have been observed by glucosinolate derivatives,
such as SFN, PEITC, 3IC and DIM, demonstrating that they can modulate oxidative stress
and inflammatory damage caused by exposure to various toxicants, such as environmental
pollutants, carcinogens, deey mutagens, and solar radiation, which can result in genetic
mutations and molecular alterations that cause the initiation of carcinogenesis in normal
cells. In contrast, accumulating evidence has shown that cancer initiation and progression
are drivennot only by acquired genetic alterations or mutations but also epigenetic
disruption of gene expression. Epigenetic alterations and modifications through dietary
glucosinolate derivatives can largely restore the expression of many tumor suppressor
genes. Ahough in vitro approaches have greatly contributed to understanding the
regulation of the molecular pathways involved in different cancers, including the
epigenetic network exerted by glucosinolate derivativesivo data are lacking for most

of thesalietary compounds. Still, the health effects of dietary glucosinolates in humans are
considered promising; however, there are several challenges and limitations to better
understanding the molecular mechanisms underlying the chemopreventive effects of thes
dietary compounds, such as the safety profile of dosage regimens and potential interactions
between different glucosinolates and other constituents in the diet. Notably, emerging
technologies and research tools, such as RNA interference, microarragsjpes and
genomewide DNA methylation/histone modifications/miRNA profiling, have been

addressing novel mechanisms through which glucosinolate derivatives may prevent cancer.



Table 2.1.

miRNAs mechanisms

Examples ofthe effect of dietary glucosinolate derivatives on DNA methylation,

28

histone icatthhs and

Epigenetic Dietary Molecular Validated In vitro In vivo Concentration Treatment Ref
mechanism agent mechanism target(s) model model exposure
DNA SFN Zmet hyl at Nrf2 TRAMP-C1 moust 2.5 uM 5 days [58]
methylation promoter region, prostate cells
Z DNMT1,
Z DNMT3a
SFN Zmet hyl at Nrf2 JB6 P+ mouse sk 2.5 uM 5 days [63]
promoter region, cancer cells
Z DNMT1,
Z DNMT3a,
Z DNMT3b
SFN ZDNMT1 expressior Cace2 human colo 50 uM 5 days [98]
cancer cells
SFN Zmet hyl at hTERT MCF-7 and MDAMB- 10 uM 6 days [41, 99]
promoter region, 231 human bres
. cancer cells
z DNMT 1
ZDNMT 3 a
PEITC Zmet hyl at GSTP1 LNCaP (androger 2.0 uMm 5 days [100]
promoter region dependent/independe
human prostate cant
cells
DIM Zmet hyl at Nrf2 TRAMP-C1 MousfTRAMP mice5 uM / 1% DIM 5days/24 [101]

promoter region,

Z DNMT1,

prostate cells

28

prostate tumoidiet

weeks



DIM
(formulation
with highe|

bioavailability)

DIM

Histone SFN

modifications

SFN

SFN

SFN

SFN

SFN

SFN

Z DNMT3a,
Z DNMT3b

Zmet hyl at
promoter region,

Z DNMT1,
Z DNMT3b

ZHDAC1, 7
ZHDACS5, 7
g H3AC

ZHDAC1, 7

ZHDAC3, Z
ZHDAC activity,
JH3 Ac, ¢ HZ
ZHDAC activity,
JH3 Ac, ¢ H<
ZHDAC activity,

JH3 Ac, 9 H4
ZHDAC activity,
ZHDAC1

ZHDAC activity,

yglobal histon

acetylation

miR-34a

TGFBR1,

CYR61

p21

p21, bax

LNCaP and C4B 6 uM
human prostate cant
cells
LNCaP human prosta 15 uM
cancer cells
Mouse prostal 2.5 uM
TRAMP-C1cells
Mouse skin JB6 F 2.5 uM
cells

Apcmin

colon tumors of 10 uM / ~6 pv
Human colorect: 15 uM
HCT116 cells
Human prostate BPH, 15 uM
LNCaP and P& cells
Human embryoni 15 uM

kidney 293 cells

Human PG37.5 mumol pe
prostate cancanimal
xenografts i

nude mice

29

29

5 days [119]
48 hours [29]
5 days [58]
5days [63]

miceSingle oral dos 6 hours/10 [105]

weeks
47 hours  [138]
48 hours  [139]
47 hours  [138]
21 days [108]



SFN

SFN

SFN

SFN

PEITC

PEITC

ZHDAC activity,
gH3Ac, §H

ZHDAC activity

ZHDAC
H3 Ac,
H3 K9 Ac,
H3K27, ¢

activity,

N <

ZH3K27

ZHDAC
gH3AC,
ZH3K9,

e X |

Z HDAC1

§{H3Ac,
ZH3 K9

Phenylhexyl ZHDAC a
isothiocyanatey H3 Ac ,

DIM

DIM

gH3K14,
ZH3KO9

ZHDACAHDA
ZHDAC3, Z

ZHDA C HPACZ
ZHDAC3, Z

hTERT

p21

p21

p21, p27

Human breast MD#
MB-231, MDA-MB-
468, MCF7, and T47I
cell lines

MCF-7 and MDAMB-
231 human brea
cancer cells

Human SCE13 skir
cancer cells

Human prostate LNC:
cells

Human prostate LNCz¢
cells

Human leukemia Ht
60 cells

Human colon HT29
cells

Human colon HT29
and SW620 cells

30

Human

peripheral  Sprouts

blood

mononuclear

cells (PBMC)
25 uM
10 uM
20 uM
0.1-20 uM
10 pM
40 uM
60 uM

Human HTF2960 pM
colon
xenografts il
nude mice

cancemg/kg/day

following

consumption

48 hours

6 days

48 hours

36 hours

30 hours

7 hours

24 hours

[/ 30( 24 hours /2

days

30

68 g Broccti 3 and 6 hour: [108]

[140]

[41, 99]

[109]

[100]

[106]

[141]

[142]

[111]



microRNAs

DIM

DIM

DIM

SFN

SFN

DIM

DIM

DIM

DIM
(formulation
with highe|
bioavailability,

31

yhistone acet COX-2 Human breast MCH 10 uM 15 minutes [107]
transferase p30 cells
yH4 Ac
Z HD@1 , ZH Mouse prosta 5 uM 5 days [101]
ZHDAC3, Z TRAMP-C1cells
ZHDACS
yH3 K TGFBR1, LNCap human proste 15 uyM 48 hours  [29]
CYR61 cancer cells
miR-140, miR29%a MCF10DCISMCF-7, 10 pM 7 days [122]
and miR21 MDA-MB-231 brea:s
cancer cells
miR-let7-a K-ras BxPc¢3, MIA-PaCa 10 uM 72 hours  [121]
pancreatic cancer cell
miR-200b, miR200c ZEB1 MiaPaCaz2, Panel, 25 uM 48 hours  [116]
let-7b, let7c, let7d, and Aspel pancreati
and let7e cancer cells
miR-146a EGFR, IRAK- Colo357 and Pant 25 uM 48 hours  [143]
1, and MTA2 pancreatic cancer cell
miR-21 Cdc25A MCF-7 and MDAMB-Human MCF730-60 puM / £ 24-96 hours/ [118]
468 breast cancer celbreast cancmg/kg 7 weeks aftel
xenografts il cell injection
nude mice
let-7a, let7b, let7c, EZH2 LNCaP, C42B anHuman 25 UM / 225 mi24 hours 2i4 [120]
and let7d PC3 human prosteprostate orally twice dailyweeks prior tc
cancer cells samples frorx 1472 day: surgery
patients  witl(based o]
stage | or stacscheduling C
Il PCasurgery)
undergoing
radical
prostatectomy

31



I13C

I13C

PEITC

miR-21, miR31,
miR-130a, and miF
146

miR-10a, miR26a
miR-34b, miR125a
prec

let-7a, let7c, miR
26b, miR99b, miR
123prec, miR125b
miR-146-prec, miR
192, miR222-prec

Human lung carcinonVinyl

A549 cells

100- 150 pM
carbamate weeks
induced femal

A/J mice lung

tumors

Sprague
Dawley rat
lung cance

2,500 mg/kg diet 28 days

samples
induced b
environmental
cigarette

smoke (ECS)

Sprague
Dawley rat:
lung cance

500 mg/kg diet 28 days

samples
induced b
environmental
cigarette

smoke (ECS)

24 hours / 1£ [117]

(30]

(30]

32

32



Table2.2.  Chemopreventive effect of dietary glucosinolate derivatives in rodertgo models
Compound Animal Experimental Effect Ref
model protocol
SFN DMBA/TPA - CD-1 mice Topical application of 1, 5 or Inhibition of skin tumorigenesis [124]
micromol/mousein antipromotion protocc
(SFNfrom 1 week after carcinogen until the «
of the study) or a combined adtitiation, antk
promotion protocol (SFN 7 days prior
carcinogen until the end of the study)
DMBA/TPA-induced skiTopical application of 1200 nmol @FNonce Decreasing the incidence of skin tumor [62]
tumorigenesis in C57BLday for 14 days prior to DMBA/TP
mice applications
C57BL/6J wild type arTopicd application o ihDecreasing of inflammation and restc [91]
C57BL/6JINrf2¢/-) knockl 00 OL acetone f or sunburn
out mice a single dose duringM
min
Apc™™* mouse model Dietary feeding of 600 ppm SFd#hy during Regulation of different set of geniesolving [125]
gastrointestinal cancer to 5 days apoptosis, cell growth/maintenance
inflammation in the small intestinal polyps
Apc™™* mouse model Dietary feeding of 30@nd 600 ppm of SFfbrSuppression of polyps in the small intes [127]
gastrointestinal cancer 3 weeks with higher apoptotic and lower proliferat
indices
Apc™* mouse model Dietary feeding of 300 ppm SFMuring 1(Reduction of colon tumor numbe [126]
gastrointestinal cancer weeks decreasing levels oprostaglandin E2
leukotriene B4 in intestinal polyps ¢
inhibition of cell survival and growthelatec
signaling pathways
Apc™* mouse model Dietary feeding of ~6 pmol SFEMay for 1(Suppression of polyps formation [105]
gastrointestinal cancer weeks
Apc™+ mouse model Dietaryfeeding of 300 or 600 ppm of SArSuppression of polyps in the small intesti [127]

gastrointestinal cancer 3 weeks

33



PEITC

I13C

Transgenic Oral gavage of 6 umol SFtiirice a week for linhibition of prostate intraepithelial neopla
adenocarcinoma of motto 19 weeks and pulmonary metastasis

prostate (TRAMP) mod

of prostate cancer

Transgenic Feeding with 240 mg broccinhibition of prostate tumor growth
adenocarcinoma of motsprouts/mouse/day for 16 weeks

prostate (TRAMP) mod

of prostate cancer

C57BL/6J anOral gavage of 9thg/kg SFN(0.2ml) for 3 andncreasing the expression of N#fi2pender
C57BL/6J/Nrf2¢/-) knock12 hours detoxification phase I, Il drug metaboliz
out mice enzymes and phase lll transporters gene

AOM/DSS- C57BL/6 miciDietary feeding of 0.05%EITC and 1% DBMnhibition of colon tumor multiplicity
colon cancer model during 20 weeks

Apc™™* mouse model Dietary administration of 0.05% PEITC folnhibition of intestinal polyp developme
gastrointestinal cancer weeks and reduced intestinal tumor size

Polyoma middleT antigeiDietary feeding of 8 mmol PEITC/kg for 4 toReducing size of mammary cancer lesior
(PyMT) transgenic mouweeks
model of breastancer

Transgenic Dietary feeding of 0.05% PEITC for 10 andInhibition of prostate tumor incidence
adenocarcinoma of mowweeks

prostate (TRAMP) mod

of prostate cancer

Transgenic Dietary administration of 3 mmol PEITC/kg Inhibition of incidence and burden of poo
adenocarcinoma of mot19 weeks differentiated prostate tumor

prostate (TRAMP) mod

of prostate cancer

Transgenic Dietary administration of 1% I3C for 8 andInhibition of incidence of palpable tumor ¢
adenocarcinoma of mowweeks increased expression of Nrf2, NQDas wel
prostate (TRAMP)mode as cell cycle and apoptosis related bioma

of prostate cancer

34

[128]

[129]

[130]

[131]

[144]

[145]

[132]

[133]

[134]

34



DIM

Transgenic Dietary administration of 1% I13C for 12 andDecreasing of incidence of tumorigenesis

adenocarcinoma of molwweeks
prostate (TRAMP) mod
of prostate cancer

metastasis; increasing of  apoptc
decreasing of cell proliferation and enhar
Nrf2 andNrf2-target gene NQOL1 express
in prostate tissues

[101]
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35
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Figure 2.1. Representative figures of Glucosinolat@s, their hydrolysis(B) and

metabolism(C)

Examples of aliphatic, indole and aromatic glucosinolates found in Brassicaceae
vegetablegA). General model of glucosinolate hydrolysis by myrosinasesaedifier
proteinsindicated as TFP (thiocyanaterming protein) and ESP (epithiospecifier protein)
(B). Metabolism of isothiocyanates by the mercapturic acid pathway. Isothiocyanates are
conjugated to glutathione by glutathiondr&nsferases (GSTs) and successively cleaved
by-gbut amyl t r a@®@T3 pystgnylglydisased CGase), andaldetyltransfease

(AT) to create Nacetylcysteine conjugates (mercapturic ac{ds)
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Figure 22. Chemopreventive effects of natural dietary glucosinolate derivatives

Nrf2-mediated antioxidative stress and antiammatory signaling pathways
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Chapter 3. Chemopreventive effects oRadix Angelicae

Sinensis(Danggui) in TRAMP model +se

3.1. Introduction

Prostate cancer (PCa) is a sligmwing tumor that is generally diagnosed in men
above 65 years of age and constitutes one of the leading causes ofreiedrdeath
among men in the USH46]. Estimates indicate that 233,000 new cases will be diagnosed
and that 29,480 males will die of PCa in the USA in 2014 (NCI,
http://lwww.cancer.gov/cancertopics/types/prostate). PCadsacterized by progressive
genetic and molecular alterations at the cellular and tissue levels that produce a gradual
and slow transition from a normal phenotype to increasing grades of dysplasia and,
ultimately, to an invasive and metastatic phenof#g&]. Although its pathogenesis is not
clear, epidemiological evidence suggests that relationships exist between PCa and the
serum levels of testosterone, advanced age, family history, ethnicity, cadmium exposure
and poo diet[148]. Epidemiological stdies indicate that a high intake of vegetables and
fruits combined with lifestyle changes can significantly reduce the risk of PCa development

[149, 150] In the last few years, strategies for prevention of PCa using dietary

4 This chapter is intended to be submitted for publicatioari@gnal research papeas
A Ef f eRatisAng@itae SinensigDanggui) in TRAMPmo d el 0 b-@onRlezr e d e s
X, Saw CL, Fuentes F, Shu L, Liu Y, Guo Y, Boyanapalli SS, Suh N and Kong AN.

®> Key Words:Radix Angelicae Sinensig-Ligustilide, apoptosis, Nrf2, TRAMP

® Abbreviations: RASRadixAngelicae Sinensid.ig, Z-Ligustilide; TRAMP, transgenic
adenocarcinoma of mouse prostate; PCa, Prostate Cancer.
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phytochemicals targeting multiple changes related to tumorigenesis have gained increasing

attention due their low side effects and promising act\@1y.

RadixAngelicae Sinensc RAS) , which is commonly kno\
long history in traditional Chinese medicine as a treatment for various diseases and as a
healthful food tonic[151]. Recent studies indicate that RAS exerts various biological
activities, such as aninflammatory, immunomodulatory, antioxidant, antiangiogenic and
anticancer effectd 51-155]. Although, the exact mechanism through which RAS produces
these effects remains unclear, the modulation of reactive oxygen species (ROS) appears to
be an important event related to the biological activities of this[tiBf). Oxidative stress
is a major risk factor for various diseases, including PCa; therefore, one effective defense
mechanism may be the induction of phase Il detoxifying and antioxidant enzymes that are
mediated by the nuclear erythraielated factor 2 (Nrf2) pathwajdl51]. Nrf2 is an
important factor that mediates the transcriptional regulation of the antioxidant response
element (ARE) that is present in the promoter region of many phase Il drug
metabolizing/detoxifying/antioxidant enzyme$l51, 157] Recently, we have
demonstrated that RAS extract and the main bioachtteafide components present in the
lipophilic fraction, including Zigustilide (Lig), can induce the expression of Nrf2 and the
downstream genes NAD(P)H:quinone oxidoreductase lsapdroxide dismutase 1 in
HepG2CS8 cells, which is in agreement with tresults previously reported by Dietz et al.
[151, 158] Recent evidence suggests that the progressive loss of expression of Nrf2 and

its downstream target genes occurs in PIG8).

Accordingly, in the transgenic adenocarcinoma of mouse prostate (TRAMP) model

and in human prostate cancer tissues, we have observed th&REfgene expression is
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significantly diminished, and this loss of egpsion appears to be mediated through the
epigenetic methylation of CpG sites in the Nrf2 promfité0, 161] This event positively
correlates with the hypermethylation of Nrf2 observed in TRAMPand LNCaP cell
lines[160, 161] We have also observed that this hypehylated status of Nrf2 in mice
can be reversed by dietadriyi nglhoytydaomee miaaal s
tocopherolrich mixture of tocopherols, as well as by sulforaphane, apigenin, Lig and RAS
in vitro [157, 162165]. Interestingly, TRAMPC1 cells treated with Lig and RAS
displayed a significant doseand timedependent inhibition of cell viabilityf157].
However, the effect of RAS and Lig on cell proliferation and cell cycle progressioa in th
TRAMP model has not been explored thus far. This current study seeks to examine the
activities of RAS and its main bioactive compound Lig in regard to cell cycle arrest and
apoptosis in TRAMFC1 cells and to determine the effects of R&pplemented diain

the TRAMP mouse model.

3.2 Materials and Methods

3.2.1. Reagentsand cell culture

TRAMP-C1 cells were obtained from B. Foster (Department of Pharmacology and
Therapeutics, Roswell Park Cancer Institute, NY, USA). The cells were cultured in DMEM
(PH7 . 0) containing 10% FBS ;atnmosghére, #&s@esdrimed a h u

previously[157].

Lig was obtained from ChromabDex, Inc. (Irvine, CA, USA) and reconstituted as a
100 mM stock solution in DMSO. THRAS extrat was prepared by supercritical fluid
carbon dioxide extraction of the milled decoction pieces (40 mesh) (HB2BQ) in the

laboratory of Dr. Q. Wu (Beijing University of Chinese Medicirig], China). The
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separation process was executed in two phasgseamusly describefll51, 157] The
Lig content of the extract was 62.3%, as measured by high perfaemianad
chromatography (HPLC). Throughout the entire study, the extract was stoi2dat A C

until use.

3.2.2. MTS and trypan blue exclusion assays

For the MTS assay, TRAME1 cells were plated in-@ell plates in medium
containing 1% FBS at an initiglensity of 1 x 1®cells/mL. After overnight incubation,
the medium was replaced with fresh DMEM/1% FBS and Lig (25 puM or 50 uM), RAS
(4.25 e€g/mL or 8.5 e€g/mL) or O0.1% DMSO (c
additional 24 or 48 h in a humidifiednaosphere of 95% air and 5% @ he cytotoxicity
of the drugs was tested using the CellTiter 96® aqueous nonradioactive cell proliferation
MTS assay kit [34,5dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-
sulfophenyly2H-tetrazolium, inner salfTS] from Promega (Madison, WI, USA) and a
e Quant Biomol ecul ar Spek indtrumemshire.t(\Wimoeski,evit, f r om
USA) . The absorbance of the formazan prod
viability was calculated by comparing the optidahsity of the treated samples with the

optical density of the negative control (DMSO).

In the case of the trypan blue dye exclusion assay, TRE&MEells were plated in
6-well plates at a density of 1 x i€ells/mL and allowed to attach overnight. Thére
cells were treated with the desired concentrations of the indicated compounds for 24 or 48
h, similar to the assay described above. Both floating and adherent cells were collected and
pelleted by centrifugation at 700g«for 5 min. The cells were sespended in 1 mL of

phosphate buffered saline (PBS). Twenty microliters of the cell suspension was mixed with
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20 OL of 0.4% trypan blue solution, and t he

Cell Counter from BieRad (Hercules, CA, USA) accordingttoh e manuf act ur er 0 ¢

3.2.3 Cell cycle distribution and apoptosis analysis by flow cytometry

Lig- and RAStreated TRAMPCL1 cells were stained with propidium iodide (PI)
from SigmaAldrich Co. (St. Louis, MO, USA) or PIl/Annexin -¥ITC from BD
Bioscience (Franklin Lakes, NJ, USA) and were analyzed by flow cytometry using a
Beckman Coulter Gallios Flow Cytometer (Brea, CA, USA) in the Flow Cytometry/Cell
Sorting & Confocal Microscopy Core Facility at Rutgers University. Briefly, 1 % 10
cells/mLof TRAMP-C1 cells were seeded in-th plates, allowed to attach overnight and
treated as described above for 48 h. Next, the cells were trypsinized, collected and pelleted
by centrifugation at 700 g for 5 min. For cell cycle analysis, the cells weresthwith 3
mL of ice-cold 70% ethanol for 48 h at 4°C. After being rinsed twice with PBS, the cells
were treated with RNase A at 1 mg/ mL for 3
Pl in the dark (at room temperature) for 30 min and analyzed accdaliag internal
protocol. For apoptosis analysis, after incubation, the treated samples, including the
floating and adherent cells, were collected and were prepared for analysis using an Annexin

V-FITC/PI apoptosis detection kit according to the manufactdres i nstructi ons.

3.2.4 Protein lysatepreparation and western blotting

TRAMP-C1 cells were treated with the test compounds for 48 h, as described
above. The protein lysate was prepared using RIPA buffer from Cell Signaling (Danvers,
MA, USA); the prokein concentration determination was performed using the bicinchoninic
acid (BCA) method; and western blotting was executed using a standard protocol from our

laboratory, as described previouglyp7, 165] Twenty micrograms of total proteins from
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eah sample were mixed with 5 OL of Laemml:.
5 min at 95 AC. The pr oRad4#16% SDS8mlyaerylasnge ar at e
gel, and then they were transferred to a Millipore polyvinylidene difluoride (PVDF)
membraneg(Bedford, MA, USA), followed by blocking with 5% BSA in T#suffered
saline0.1% Tween 20 (TBST) buffer. Then, the membrane was sequentially incubated
with specific primary antibodies and HR#Bnjugated secondary antibodies. The blots

were visualized by SuperSignal enhanced chemiluminescence (ECL) detection system

and recorded using a BRad Gel Documentation 2000 system (Hercules, CA).-Anti
caspase& was purchased from Cell Signaling (Boston, MA, USA) andfaatitin, anti

PARP, antip21, antip27, anti-cyclin A, and anticyclin D1 was purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). The images were analyzed using ImageJ

software, as described previougl$5].

3.2.5 Animals

Female C57BL/TGN TRAMP mice (hemizygous line PB Tag 8247NG) and male
C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
The animals were bred on the same genetic background, and transgenic males were
obtd ned for the studies as [TRAMP I C57BL/ 6]
The genotypes of the transgenic mice were established by DNA genotyping using PCR
with the following primers, as suggested [
CAAATGTTGCTTGTCTGGTE Nj; T cr dGCTRAGTeQGA @TGECHNLC AGT
TT-3 Nj;  S5GA CAAMCC ACA ACT ATG CAG TG3 Nj;  SORG AGCMGA
ATT GTG GAG TGG3 N;j. Al | mi ce were maintained in

facility at Rutgers University in accordance withe guidelines established by the
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uni versityodos Ani mal Research Committee acc
and Use of Laboratory Animals, as we have described previfil&?y 163] The study
was performed using a protocol approved by the Institutional Animal Care and Use

Committee at Rutgers University.

3.2.6. Diet and study design

Before entry into the study, the mice were maintained on irradiated PicoLab Rodent
Diet 20 from WFFisher & Son Inc. (Somerville, NJ, USA). At 8 weeks of age, the mice
were assigned randomly to the experimental diets prepared by Research Diets Inc. (New
Brunswick, NJ, USA). The dose was selected based on previous 1{@pértd66] In the
present study, the AH93M diet was supplemented with 0.2% of RAS extract (RAS
or 0.5% of RS (RASHD). The control TRAMP male$114) received an AIN3M diet
without RAS extract starting from8eeks of age. Starting fromw&eks of age, the treated
TRAMP males received RAED in AIN-93M chow (=12) or RASHD in AIN-93M
chow (1=13) (Fig. 5.A). Fresh control and experimental feed was administered twice

weekly.

The mice were weighed every week throughout the experiment, and the overall
healthcondition of the animals was monitored on a regular basis. Prostatic intraepithelial
neoplasia(PIN) lesions presumably started to form at a time corresponding to sexual
maturity (8 weeks old), as reported by Greenberg ¢1@F]. At the age of 24 weeks, the
mice were sacrificed by carbon dioxide euthanasia, and the genitourinary apparatus (GU),

consisting of the bladder, prostate, and seminal vesicles, was collected for further analyses.
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3.2.7. Histopathology

The dorsolateral prostates of the animals in the control,-HEA%Snd RASHD
groups (n=7) were excised and fixed using 10% formalin for 24 h, and then the samples
were transferred into 70% ethanol for an additional 24 h. Tissue processing, sectioning and
evaluation were performed as previously described in our laborfi6g, 169] The
sections were stained with hematoxylimdasosin, as described previously, to observe the
neoplastic changd462, 168] The sections were evaluated by an independent pathologist
in a blinded manner to classify the prostatic PIN lesions using the classification described
by Park et al. as PIN I, PIN 1I, PIN 1ll, or PIN IV. PIN | and PIN Il were groupelbas
grade (LG) PIN, whereas PIN Ill and PIN IV were grouped as-grgkde PIN, as we have

reported previouslj162, 168]

3.2.8 Immunohistochemistry

ImmunohistochemistryIHC) to determine the levels of proliferating cell nuclear
antigen (PCNA), Nrf2 and-BnC was performed on formaliixed, paraffirembedded
prostate tissue sections of the control, RA%and RASHD groups (n=3) using a standard
pr ot oc ol-diamimotblrenZ,j dNjne and counterstaining
previously describef 62, 168] A 1:100 dilution was used for the antibodies. The sections
were examined with an inverted Olympus BX51 microscope, and images were acquired
with Ol ympus MicroSuiteE Five Software (So
Thequantitative assessment the IHC staining was performed using the Aperio ScanScope®
GL system according to the manufacturer's protocol (Aperio Technologies Inc., Vista, CA,

USA). Briefly, the slides were quantified using an area quantification algorititetéat
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both cytoplasmic and nuclear stainifi¢pe images were scored according to the percentage

of positive cells, as described previoud$1].

3.2.9 Statistical andysis

All values are reported as the mean + standard deviation of the mean (SD). All
experiments were performed at least three times with similar results (unless indicated). The
statistical t est s wetrestsfqp mdependennsachplesntessn g St L
specified otherwiseDistribution of the GU weight dataf micewas presented by box plot
on which the upper edge indicates the 75th percentile of the dataset whereas the lower edge
indicates the 25th percentile. The limetlhe box she the media value of the data ame t
error bars represents the 95% confidence interiafierencesin mean bodyweight of
mice (evaluated weeklywere assessed with Tukey's multiolemparison testAll p-

values were twssided, and a-palue of < 0.05 was considered significant.

3.3. Results

3.3.1. Cytotoxicity of Lig and RAS extract in TRAMP -C1 cells

In our previous reports, we observed a significant timwed dosedependent
decrease in the cell viability of treated TRAMR cells by the MTS ass§i57]. MTS, an
indicator of metabolically active mitochondria, may overestimate the number of viable
cells compared to the AFP DNA-, or trypan bluebased determinations used in
chemopreventive studi¢$70]. Therefae, in this study, we tested the cell viability using
MTS and trypan blue dye exclusion assays, which are broadly used in proliferation and cell
death studies. As shown in Figure 3.1.A and 3.1.B, we observed a significant decrease in
the viability of trea¢d cells compared with the controls (p<0.05) at 24 h and 48 h using the

trypan blue assay, which provided more evident results compared to the MTS assay. These
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results implied that Lig and RAS are able to control the growth of murine prostate cancer

cells.

3.3.2. Lig and RAS induce cell cycle arrest and apoptosis in TRAME1 cells

To elucidate whethet i g (25 OM and 50 OM) and RAS
€ g / nchupe cell growth inhibition and/or cell death by apoptosis, the effect of the
compounds on celtycle progression and apoptosis were determined by flow cytometry
over a 4& period of exposure. Cell cycle analysis revealed that TRANIRells treated
with Lig and RAS for 48 h demonstrated significant cell cycle arrest at the G1 phase in a
dosedepenent fashion (Figure 3.2). Lig and RAS deatependently induced a significant
proportion of cells to arrest at the &1 phase, accompanied by a simultaneous decrease
in the number of cells in the S phase, after 48 h of treatment (p< 0.05). No statistically
significant differences were observed with either compound for the G2/M phase. To
confirm whether the growth inhibition induced by Lig and RAS extract was caused by
apoptosis, we analyzed the Annexin V/propidium iodide-¢$Rl)jned TRAMPCL1 cells
after teatment with the compounds for 48 h by flow cytometry. We observed that the
highest dose of Lig and both doses of RAS increased the number of cells in early apoptosis
(Annexin Vositive cells) from 7.38% (control) to 13.02% (Lig 50 uM), 18.63% (RAS
4.25 o/uL) and 28.41% (RAS 8.5 ug/uL), whereas no statistically significant difference
was observed with Lig at the lowest dose. For late apoptosis, a similar trend was observed,
with significant differences between the control sample (18.57%) and cells tnathtéoy

or RAS at the highest dose (over 30%pBsitive cells) (Figure 3.3).
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3.3.3. Lig and RAS induce protein expression of cell @ regulators and
proapoptotic mediators iInTRAMP -C1 cells

We investigated the effect of Lig and RAS on the protepression of regulators
of apoptosis and the cell cycle. Western blot analysis was performed following the
treatment of the TRAMEL cells for 48 h with Lig or RAS. We observed significant
poly(ADP-ribose) polymerase (PARP) cleavage of the signatwkbgaragment in cells
treated with Lig (p<0.05; FigureA4) and a moder ate effect of |
eg/ mL, suggesting that Lig induces an apopt
of activated caspas®7. Accordingly, a significant increasn caspas@ cleavage was
observed with Lig treatment, and a moderate effect on caSpageression was observed
with RAS treatment at both doses (Figure 3.4.A). In the case of celtreyated proteins,
we observed increased expression of cyclinrAinglicator for cell entry into the S phase
with both Lig and RAS, along with a significant effect on cyclin D1, which also affects the
cells progression from G1 to S phase, by both doses of[RAIS 172] p21 and p27 are
able to arrest cells at both the Gld8d G2/Mcheckpoints[173]. We obseved that
TRAMP-C1 cells treated with Lig and RAS displayed a moderate increase in the protein
levels of p21 for the highest dose of Lig, whereas p27 was affected by RAS at the highest
dose (Figure 3.4.B). These results suggest that the main mechanisghtivtuch Lig and

RAS reduce the proliferation of TRAMEL1 cells is by inducing G1 arrest and apoptosis.

3.3.4. RAS-supplemented diet reduces GU weight and the incidence and
proliferation index of poorly differentiated adenocarcinoma in TRAMP mice
During the study, all of the mice were weighed and monitored every week, and no

significant changes in the body weights or overall health were found in any group.
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However, the weight gain of the RASD group was lower than that observed for the
control and RAS.D groups Table 3.). Nevertheless, the gross autopsy of these animals
failed to reveal signs of important toxicity. A statistically significant decrease was observed
in the wet weight of the genitourinary apparatus in both the-RASand RASHD-treated

groups (g 0.05)compared with the control AH93M-treated group (Figure 5.B). Upon
necropsy, we observed a dasspendent decrease in the number of mice with palpable
tumors for the RASreated animals. The effects of RAS on the incidence of palpable
tumas and metaasis are summarized in Tall2. Fifty-seven percent of the control mice
developed primary palpable prostate tumors, and one of these tumors was associated with
lymph node metastases, although no lung or liver metastases were observeagietstol
analyses of seven mice per group revealed that only 21% of the control mice possessed
normal glands; 52% of the animals exhibited-B@® and 27% HG&PIN (Figure 3.6.B),

one of which was classified as a carcinoma.

For the RASLD and RASHD groups, 2% and 34% decreases in the number of
animals with palpable tumors were observed compared with the control group,
respectively. No metastases were observed in mice fed with RAS at low or high doses.
Histological analysis revealed that the RAS group exhbited a significant increase
(24%) in the percentage of normal glands and a 25% decrease in the numbePt HG
animals, compared with the control mice, whereas no differences were found-RINLG
compared with the controls (Figure 3.6.B). No evidenasaofinoma was reported for the
RAS-LD group. For the RA$ID group, histological analysis revealed a significant
increase of 50% in the number of animals with normal glands, compared with the control

group, and a 23% decrease in the number ofPI$ animas, with no HGPIN cases
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reported. Two mice were reported to contain carcinomas upon the histological examination
of the RASHD animals. The RAS treatments did not affect the expression of thEOSV

transgene (data not shown).

To assess th@n vivo effect of dietary administration of RAS extract on the
proliferation index of the dorsolateral prostate, tissue samples from the control and RAS
LD- and RASHD-treated groups were analyzed for PCNA expression through
immunostaining (n=3). The qualitating&icroscopic examination of PCNgtained sections
indicated a substantial decrease in the percentage of ROBifive cells in the RASed
groups, compared with the positive control (Fed.A), which significantly differed from
the RASHD group (p < 0.01)The quantification of the PCNA staining confirmed that 50
+ 5% and 20 * 3% of the cells were positive for PCNA in the RRS and RASHD-fed
groups, respectively, compared with 70 £ 8% for the positive control (Fig. 3.4.A),
accounting for a decrease imetproliferation indices of both groups; this difference was
statistically significant for the RASID group compared with the control group (p < 0.05).
Collectively, our data suggest that RAS exerts dateggendent inhibitory effects on PCa

tumor formatiorand progression.

3.3.5. RAS extract feeding restores Nrf2 expression in TRAMP mice and suppresses

global CpG methylation staining by 5MC

We have previously demonstrated that the expression of Nrf2 is epigenetically
suppressed in TRAMEL cells and inhe prostate tumors of TRAMP mice by promoter
methylation related to MBD2 and histone modificati¢h80]. Lig and RAS are potent

Nrf2 activators, and they are able to epigenetically restore the methylation status of five
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key CpGs in the Nrf2 gene promoter region in TRAKIP cells[151, 157] Therefore, in

the present study, we decided to test whether Nrf2 expression is restored in the prostate
tissue of TRAMP mice aftdong-term exposure to RAS. Figure 3.7.A shows that treatment

of TRAMP mice with RAS significantly increased Nrf2 staining by IHC in the prostate
tissue for both the RAED and the RASHD groupinadosde pendent manner
andxk 0. 01, r Nexst,pwe tedted whethey the.level efrethylcytosine (8MC),

which is generated when a methyl group is added to the C5 position of DNA, is affected
by RAS treatment. Figure 3.7.B shows that RAS significantly and-degendently
decreased the level ofMC IHC staining in the prostate tissue of both RIAZ- and RAS

HD-t reated animals (p < 0.05 and p < 0.01,

able to epigenetically modulate the progression of tumorigenesis in the TRAMP model.

3.4. Discussion

Prostate cancer progression is a multistage process involving the initial
development of a small carcinoma of low histologic grade that progresses slowly to
aggressive lesions with a higher grdtié4]. The TRAMP madlel is considered to closely
mimic the human development and progression of prostate cancer in a stochastic fashion
and to be a suitable model to study the chemopreventive efficacy of agents against prostate
cancer[175]. In this study, we used TRAME1 cells, an androgen recepfmsitive
epithelial prostate cell line derived from a prostate tumor of@ekold TRAMP mouse,
and TRAMP mice to assess the effect of RASitguhain bioactive compound Lig on PCa
progressionj176]. We have previously demonstrated that the viability/proliferatighef
TRAMP-C1 cell line is reduced significantly in the presence of Lig and RAS extract in a

dose and timedependent manner using the MTS add4&y]. Moreover, RAS has been
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reported to be cytotoxic to various tumor cell lifgS5]. Therefore, in the present study,

we determined the effect of Lig and RAS on the cell survival and apoptosis of TRAMP
C1 cells and the effect of the lotgrm feeding of RAS on TRAMP mice. We observed
that RAS andts main bioactive compound Lig are able to decrease the proliferation of
TRAMP-C1 cells by targeting G1/S arrest (Figure 3.2) and inducing apoptosis (Figure 3.3),
which is in agreement with other repdit85, 177] We observed that Lig and RAS induce
cleavage of PARP and casp#&sean effect that was more pronounced with Lig at the
highest dose (Figure 3.4.A). Lig and RAS have been repatetbtiulate key apoptosis
players, such as p53, B2land Bax and caspa8egin different cell models, and RAS is
suggested to induce apoptosis by both-g&Bendent (through the phosphorylation of p53)
and p53independent mechanisms involving the cyclinkZOKI system[155, 178, 179]

In addition, Lig has also been reported to attenuat®-fhduced cell death, reduce
increases in intracellular reactive oxygen species (ROS) levels, decrease Bax expression

and cleave caspaSeand cytochrome (156].

In our study, we observed increased levels of cyclin A resulting from RAS and Lig
treatment, as well as deeased levels of cyclin D1. Interestingly, differential effects were
observed with Lig and RAS in regards to the levels of p21 and p27 expression. Although
we focused our attention on Lig in this study, we cannot discard the possibility that the
differentialeffect on p21 and p27 protein expression observed with TREWEells may
have been induced by other lipophilic bioactive compound(s) with similar structure(s)
present in RAS, namely-loutylidenephthalidgButy), which has also been reported to
cause a Gtell cycle arrest and apoptosis in various malignant cell Jir&®, 181] In our

supercritical extract, the phthalide contents measured by high performance liquid
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chromatographyvere 62.3% for Lig and 1.75%if Buty [151]. Although the amount of

Buty in the extract was low, the potent antiproliferative effexf RAS on colon cancer
HT-29 cellshave been suggested to be potentially generated by the synergistic effects of
its main phthalides, and the ability to induce apoptosis and cell cycle arrest and decrease
proliferation appears to be related to the cleaistructure of the phthalides themselves
[180, 182] For example, 4 3 Njim8tiNjallyloxy)5-methyl6-methoxyphthalide has

been reported to induce G1 cell cycle arrest and apoptosis in human cervical
adenocarcioma HelLa cells through the upregulationp@f, pl16, p73, JunB, FKHR,
PUMA, NOXA, Bax, Bad, Bid and Bim at theRNA level and the upregulation of p53,
p73, p27, caspas® caspas® at the protein level; additionally, the compound is able to
decrease thproliferation of the MDAMB-231 and MCF7 breast cancer cell lirj#83,

184]. Moreover, Buty has been reported to indupepdosis in LNCaP human prostate
cancer cells in a concentratioand timedependent manner by affecting the protein
expression of several proteins related to metabolic processes, cell signaling, apoptosis and
cell cycle progression, including-lactate daydrogenase A chain, apoptesislucing

factor 1,cytochrome c, cyclirdependent kinase inhibitor 2A and PCNA, and many others
[181]. Accordingly, ourin vivo study demonstrated that the letegm RAS treatment of
TRAMP mice reduced TRMP mouse tumor growth (Table 3.and the occurrence of
HG-PIN lesions in the animals in a dedependent manner (Figure 3.6.B), which
positively correlates with the decrease in PCpisitive cells in the prostate tissues of
RAS-LD- and RASHD-fed mice (Figure 3.7.B). Notably, our resufegarding cell cycle
arrest, apoptosis and inhibition of tumor progression in TRAMP mice are close to the

findings reported by Tsai et al. using a chloroform extract of RAS on glioblastoma
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multiforme in vitro andin vivo [155]. In addition, similar trend was observed ifr@ast

cancer model (Appendix)B

We previously reported that RAS and its mamthalides Lig and Buty can induce
the Nrf2ARE signaling pathway in HepGR28 cells [151]. In addition, the strong
protective effect of Lig against brain damage caused by ischeméfusionn vitro and
in vivois reported to be in part mediated by itdigbto activate the Nrf2ARE signaling
pathway[185]. Moreover,Lig and RAS modulate the DNA metlaglon of the Ni2
promoter in 5 key CpG sitae TRAMP-C1 cells compared with-&za2 -Ngoxycytidine
and trichostatin A, which were used as positive controls, highlighting the potential function
of RAS and Lig as epigenetic modifigss1, 157] In our studies, we have consistently
reported that Nrf2 expression in TRAMPL cells and the prostate tumofS&®AMP mice
is abolished in part by CpG hypermethylation in the promoter region, which positively
correlates with the CpG methylation of the human NRF2 promoter in clinical PCa samples
and in LNCaP cell§160, 161, 163, 164[Therefore, we tested whether the expression of
Nrf2 could be restored in prostate tissueTBAMP mice after longerm treatment with
RAS. Using immunohistochemistry, we observed that Nrf2 was significantly induced in
prostate tissue from TRAMP mice treated with RAS (Figure 3.7.A), which was positively
correlated with Smethylcytosinepositive @lls (Figure 3.7.B), in agreement with our
previous findings in TRAMRC1 cells[157]. Hypermethylation of Nrf2 leading to gene
silencing is important because Nudisrupted mice are more susceptible to chemically
induced DNA damage and oxidative stresduced diseases, such as cancer, compared
with wild-type mice[160]. In addition, the hypermethylation of various genes, including

RARD, TNFRSF 1A Beurogk An8 6FTP1, has been reported as a common
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feature of human prostate cell lines and/or prostate cancer safhples186, 187]
Therefore, the ability of RAS to restore silenced Nrf2 expression eockase global
hypermethylation in a dos#ependent manner supports the suggestion that RAS extract

may be a promising agent in prostate cancer prevention.

An important concern in chemoprevention is the potential toxicity associated with
the treatmentsRAS has been reported to be a nontoxic agewivo, even at high doses
[155]. In our presenstudy, RAS feeding for 24 weeks, starting at eight weeks of age. did
not generate any evident toxic effects, and weight gain was observed in all groups of mice
during the study. However, we cannot discard the possibility of some degree of toxicity in
the RAS-HD group because the weight gain of these mice was significantly lower than that
observed for the RASD and control groups from thé"4veek of treatment (@ble 3.)
until sacrifice. Similarly, a decrease in the overall weight of the GU apparatiesiRAh
HD group was observed, compared with the control (Figure 3.5.B). Nevertheless, no

abnormalities were found during the histological analysis of the prostate in this group.

3.5. Conclusion

Taken together, our findings suggest that RAS and its ni@éictive phthalide Lig
may be useful agents for prostate cancer prevention. Additional studies are needed to assess
whether the anfprostate cancer efficacy of RAS involves other molecular changes or
perhaps synergistic effects exerted by its other miatinglides. To our knowledge, this is
the first study to demonstrate that RAS exerts important antiproliferative and proapoptotic
effects in the TRAMP model and that it restores the expression of epigenetically silenced

Nrf2 in vivo.



Table 3.1.

Body weighs of TRAMP mice measured weekly

Weight (g) +SD

Week Control RAS-LD RAS-HD

8 225 = 1.0 225 + 14 ™ 218 + 13 ™
9 219 = 1.0 222 + 14 ™ 216 + 12 ™
10 225 = 1.2 219 + 15 ™ 217 + 12 ™
11 227 = 11 231 + 15 ™ 221 + 13 ™
12 234 = 10 235 £ 13 ™ 220 * 12 °
13 235 = 1.2 238 + 16 ™ 224 + 14 °
14 235 = 1.0 238 + 16 ™ 225 + 11 °
15 241 = 1.2 242 + 14 ™ 226 + 11 °
16 247 = 1.2 244 + 14 ™ 230 = 11 -~
17 246 = 0.8 247 + 15 ™ 230 = 09 -~
18 248 = 038 251 + 16 ™ 233 = 09 °
19 248 = 1.0 253 + 14 ™ 235 = 09 °
20 251 = 1.0 255 + 15 ™ 229 + 10 °
21 252 = 1.2 256 + 16 ™ 229 + 11 °
22 256 = 1.2 258 + 15 ™ 230 + 13 -~
23 260 = 14 261 + 19 ™ 231 + 13 °
24 261 + 1.2 259 + 19 ™ 233 + 19 °
* p values < 0.05 were consid

ered
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Table 3.2. RAS feeding inhibits the growth of palpable tumors and metastasis in

TRAMP males at 24 weeks of age

Number of Incidence of
Treatments animals palpable tumor Lymph nodes
Control 14 8/14 1/14
RAS-LD 12 4/12 0/12

RAS-HD 13 3/13 0/13
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Figure 3.1. Effect of RAS and Lig on TRAME1 cell survival based on MT@) and

trypan blue dye exclusiaiB) assays

For the MTS assafA), TRAMP-C1 cells were treated in 98ell plates with RAS (4.25

eg/ mL or 8.5 e€g/mL) or Lig (25 OM-4br 50 O
dimethylthiazoi2-yl)-5-(3-carboxymethoxypheny2-(4-sulfopheny2H  tetrazolium]

was introduced into 9@ell plates containing cells after the incubation period, according

to the manufacturer ds i ns(B)cellstwdredraasedin®&or t h
wel | pl ates with RAS (4.25 e€g/ mL or 8.5 ¢eg

At the end of théreatment, trypan blue stain was added to an aliquot of cells to assess the
live/dead cell ratio, and the results were normalized against corgadéd cell$ and #

indicate a significant difference of p<0.05 and p<0.0Xkwestrol respectively.
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Figure 3.2. Effect of RAS and.ig onthecell cycle in TRAMRCL1 cells

Cells were treated in 3m plates with RAS, Lig or DMSO as a control for 48 h. The cells
were fixed with ethanol and stained with propidium iodide (PI), and a cell cycle analysis
was performed by flow cytometry, as described in the Materials and Methods section.
Three separate experiments were conducted, and representative results are shown. * and #

indicate a significant difference from the control, p<0.01 and p<0.05, respectively.

OSub Gl Gl OS mG2/M
#

Cell cycle in different phase (%)
N w 5 a1 D ~ (0]
o o o o o o o

=
o
1

o
1

DMSO LIG 25 LIG 50 RAS 4.25 RAS 8.5
Treatments



61

Figure 3.3.  Induction of TRAMRCL cell apoptosis by RAS and Lig

Cells were treated in-ém plates with RAS, Lig or DMSO as a control for 48 h. Then, the
cells were stained with Annexin V/ PI, and apoptotic cell death was determined by flow
cytometry. Two separate experiments were conducted with similar results. Representative

pictures are shown.
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Figure 3.4.

affected by treatment of TRAMEL1 cells with Lig andRAS

62

Western blot of biomarkers fapoptosigA) andcell cycle regulatior{B)

TRAMP-C1 cells were treated with various doses of Lig or RAS extract for 48 h, and the

tot al cel |

internal control(A) Lig and RAS induced caspa8eand PARP cleavag€B) Effects of

extracts

wer e

col

| eactinestd ag and

Ssub

Lig and RAS on cyclin A, cyclin D1, p21 and p27 expression. The images were analyzed

using ImageJ software (NIH, http://rsbweb.nih.gov/ij/). * and # indicate significant

differences (p < 0.05 and p < 0.01, respectively) in relative proxgression compared

with control DMSO.
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Figure 3.5.

design of the studfp) andGU weight of the mic€B)

(A) TRAMP mice at eight weeks of age were randomly divided into three groups: control
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Effect of a RASsupplemented diet on TRAMP mice at 24 weeks of age;

diet AIN-93M (n=14), RASLD (n=12) and RASHD (n=13). The mice were treated with

the diets until 24 weeks of agéB) The average wet weights of the genitourinary

apparatuse of the TRAMP mice are shown. The boxplot shows the average weight of the

wet genitourinary apparatus of the mice at the moment of sacrifice (24 weeks old). *

p

< 0.05, significantly different from
A.
Monitored overall health
1 |
I 1
Age O week 8 weeks 24 weeks
of age of age of age

! !

1

16 weeks

|

|

I

1

Random assignment
control and
experimental diets

Monitored palpable tumor
Weight evaluation

1

1

Mice sacrifice / tumor
weight measure / tissue
collection

t

he



GU weight (g)

64

p<0.0001
1.00? p=0.0245
0.783
—
0.57 7
0.36} é
0.14 ¢ : I
Control RAS-LD RASHD

Groups



65

Figure 3.6. Effect of the RASsupplemented diet on TRAMP mice at 24 weeks of age.
Representative micrographs of prostate sample tigsyeffect of RAS on PIN lesions

(B) and PCNA immunostainin(C)

(A) Representative photomicrographs (x400 magnification) of H&Hnista of the
dorsolateral section of control and treated mice at 24 weeks of age. Representative figures
of normal, LGPIN and HGPIN samples.(B) The dorsolateral prostate was
microdissected, H&E stained and blinded for PIN evaluation (n=valyes < 5 were
considered significant(C) Immunohistochemical analysis of PCNA. Representative
photomicrographs (x40 magnification) of PCNA in TRAMP prostate tissue (n=3). The
percentage of positive cells (%) with IHC staining of PCNA was evaluated in cor®!, R

LD and RASHD samples using an Aperio ScanScope® GL system, as described in the
Materials and Methods section. The bars represent the mean values sv8hzg< 0.05

were considered significant.
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Figure 3.7. RAS-supplemented diet induces Nrf2 expresgiapand decreasesiC

(B) in prostate samples from TRAMP mice at 24 weeks of age

Immunohistochemical analysis of Nrf2 and-methylcytosine. Representative
photomicrographs (x40 magnification) of stained TRANMRostate tissue and the
percentage of positive cells are shown (n=3). The percentage of positive cells (%) with IHC
staining of Nrf2 or Emethylcytosine was evaluated in control, RAS and RASHD
samples using an Aperio ScanScope® GL system, as desanilteé Materials and
Methods section. The bars represent the mean values + Salugs < 0.05 were

considered significant.
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Chapter 4. Induction of Nrf2 -mediatedgeneexpressionby

Dietary Phytochemical Havones Apigenin and Luteolinzss

4.1. Introduction

Increased consumption of fruits and vegetables is associated with a decreased risk
of cancer, and this correlation is thought to be driven by the high levels of phytochemicals
with anticancer properties that are contained in fruits and v&gsfd]. Api genri n ( 4 N
trihydroxyfl avone; A-tetrahydroayflagione;l WUM)e ard iow ( 3 N;j.
molecular weight polyphenolic compounds and two of the most common dietary
flavonoids in the human diet (Figurd.1.A and 4.1.B, respectively)[188]. These
compounds are abundant in a wide variety of common herbs and vegetables, such as
parsley, chamomile, celery, and citrus fr{iit88, 189] Although APl and LUT are usually
found in small quantities, their intake is associated with a decreased risk of several types
of cancerf190, 191] In this context, various studies suggest that these flavonoids inhibit
critical events associated with carcinogenesis, including cell transformation, invasion,
metastasis, and angiogenesis, by waiihg kinases, inhibiting transcription factors,
regulating the cell cycle, and inducing apoptogi®2, 193] Subsequently, several
molecular targets have been identified to contribute to these effects, including the

activation of phosphatidylinositol-Binase (PI3K)/Akt, nuclear factor kappa B (KB),

" This chapter has been submitted for publicationraginal research papeto Biopharmaceutics & Drug
Di sposition | our nfZarediaded gefiel empilesson by dietaryophytodhemical flavones
Apigenin and L uQomadz K, Fuentds i, Jeffery Se She 6L, Shu L, Su ZY and Kong AN.

8 Key Words: Apigenin; HepG2; inflammation; Luteolin; Nrf2.
9 Abbreviations: API, Apigain; LUT, Luteolin; NFe B, nucl ear f d,dcémeoxydemaggpa B; H

NQG-1, NAD (P)H:quinone oxidoreductase 1; iNOS, inducible nitric oxide synthase; LPS,
Lipopolysaccharide; cPLA2, cytosolic phospholipase A2.
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mitogen-activated protein kinase (MAPK), p53, and many others; however, the
mechanisms underlying their chemopreventive effects are not completely undgrStod

194]

It has been increawyly reported that the biological activities of LUT and API are
related to their ability to modulate reactive oxygen species (RT¥5) 196] ROS are
highly reactive chemical species that play important roles in cell signaling and homeostasis
when they are present at low levels but can lead to carcinogenesis at high levels by
promotingDNA damage, genomic instabilitgnd neoplastic transformati¢d9, 197] The
induction of cytoprotective mechanisms, such as the expression of phase I
detoxification/antioxidant enzyme orchestrated by nuclear factor (eryttieoided 2)like
2 (Nrf2), is believed to have an important role in preventing carcinogdrde4id3] After
translocation into the nucleus, Nrf2 induces the transcriptional activitgisiating DNA
element known as the antioxidant response element (ARE)/electrophile response element
(EpRE), which leads to the expression of protective genes, suclhase pl drug
metabolizing enzymes UDgucuronosyltransferases (UGT), glutathiongr&hsferase
(GST), NAD(P)H:quinone oxidoreductase 1 (NQJ and antoxidative stress enzymes

heme oxygenasg (HO-1) [198].

APl and LUT have been reported to protect against oxidative stress through the
upregulation of glutamate cysteine ligase, the glutamate cysteine ligase catalytic subunit,
and HQ1 in primary rat hepatocytes via the Nrf2 signaling pathj&89]. In addition, we
have previously demonstrated that API targets key CpG sites in the Nrf2 promoter region
of epithelial JB6 P+ cells through epigenetic mechanisms, and this leads to the reactivation

of Nrf2-dependent antioxidant/detoxifying enzymgs5]. Interestingly, increasing
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evidence has indicated that important cross talk occurs between Nrf2 aadBNFu nd e r
conditions d oxidative stress, suggesting that Nrf2 plays an important role in the regulation

of inflammation[200-203). For example, HepG2 cells challenged with lipopolysaccharide

(LPS) show significantly enhanced NFB t r anscr i pti onal activit
[204]. Additionally, we reported that sulforaphane (SFN) treatment of Nrf2 (+/+) but not

Nrf2 (-/-) mice restored the number of healthy cells back to basal levels by 8 days after
UVB irradiation, demonstrating a decreased activity of inflammatory biomarkers in SFN
treated Nrf2 (+/+) mice compared to KO mice and revealing a protective role of Nrf2
against UVBinduced skin inflammatiof®1]. Subsequentstlies in our lab demonstrated

that the protective effects of Nrf2 in response to UVB irradiation are mediated in part by

increased HEXL protein expressiofi0].

APl and LUT have been extensively reported to possess strorigfiamimatory
activities by repressing NkB and inhibiting proinflammatory mediatons vitro andin
vivo [193, 194, 205, 206]Therefore, we examined the NWARE activation mediated by
APl and LUT and the antnflammatory activity of both compounds in LRB8mulated
HepG2 cells. Our research suggests that APl and LUT activate thexatative Nrf2
ARE pathway and thahis activation may be involved in their attenuation of LifrGiced

inflammation.

4.2. Materials and Methods
4.2.1. Reagents and cell culture

Dimethyl sulfoxide (DMSO), API (Fig4.1A), and LUT (Fig.4.1 B) were
purchased from Sigma (St. Louis, MO). Sulforaphane (SFN) was purchased from LKT

laboratories (St. Paul, MN). The inhibitors of phosphatidylinositdindse (PI3K)
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(LY294002), p38 MAPK (SB203580), JNK/2 (SP600125), and ERK?2 (PD98059)

were puchased from Cell Signaling Technology, Inc. (Danvers, MA). Human hepatoma
HepG2 cells were purchased from the American Type Culture Collection (ATCC,
Rockville, MD). The HepGZ8 cell line was established in Dr. Ahg Tony Kongéo
laboratory by transfectqy HepG2 cells with a pARHE1-luciferase construct (kindly

provided by Dr. William Fahl, University of Wisconsin) using the FUGENE 6 method as
previously described [12]. The <cell s were
Eagl eds medi um rfted MIEhnM)% fetal popihne esenen (FBS), 1.17 g/l

sodium bicarbonate, 100 units/ml penicillin and 100 pg/ml streptomycin and incubated at
37°C in a humidified atmosphere containing 5% >CThe cells were grown to 80%
confluence, split, and then sghlturedin fresh medium three times per week after washing

with Versene and detaching with trypsin (Gibco, Carlsbad, CA, USA).

4.2.2. Cell viability assay

HepG2 cells were seeded in-@@ll plates in medium containing 1% FBS per well
(1x1C¢* cells/well) at an iitial density of 1x16 cells/ml in a volume of 100 pl. After
overnight incubation, the cells were treated with DMEM/1% FBS and various
concentrations of APl and LUT (1.56 [iKI00 uM) using 0.1% DMSO as a control for 24
h. The cytotoxicity of the APl and LUWas tested by using the CellTiter 96® aqueous
nonradioactive cell proliferation MTS assay kit -(8,5dimethylthiazol2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfophenyl}2H-tetrazolium, inner salt; MTS] (Promega,
Madison, WI). Absorbance of the formazaroguct was measured at 490 nm using a

eQuant Biomol ecul ar sTellestrumengsno. (Winooski, ¥T). f r om
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The cell viability was calculated by comparing the optical density of the treated samples to

the optical density of DMSO, which wasaasas the negative control.

4.2.2 Evaluation of ARE reporter gene activity by luciferase assay

HepG2CS8 cells were seeded in-i&ll tissue culture plates at a density of 1%10
cells/ml in 1 ml of DMEM/1% FBS per well. The cells were treated with various
concentrations of APl and LUT, and the negative control group was treated with 0.1%
DMSO. The positive control group was treated with 6.25 UM SFN, akmeNvn inducer
of ARE activity [12, 14]. After 6 h and 12 h of incubation, the luciferase activiti¢isa
cell extracts were measured with a Promega luciferase kit (Madison, USA) according to
the manufacturerds protocol . The inhibitor
SP600125 (50 uM), or PD98059 (50 uM) were added to the cultures one hour prior to
treatment and incubated with the cells for 12 h during stimulation according to the
manufacturersdé instructions. Briefl y-, afte
cold phosphate buffereshline (1x PBS, pH 7.4) and immediately harvested in 1x &gam
Luciferase Cell Culture Lysis Buffer (Madison, USA). The homogenates were centrifuged
at 12,000 rpm at 4°C for 5 min. An aliquot of 10 pl of supernatant was assayed for
luciferase activity using a SIRIUS luminometer from Berthold Detection Systems GmbH
(Pforzheim, Germany). The luciferase activity was normalized relative to the protein
concentration, which was determined using the BCA protein assay from Pierce (Rockford,
USA). The results are expressed as the fold induction over the luciferase adtiviey

control DMSOtreated cells.
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4.2.3 Evaluation of of nitric oxide (NO) increase

The concentrations of N@ the supernatants of HepG2 cells were detected using
a fluorometric assay, as reported previoysbl]. Briefly, HepG2 cells were seeded at a
density 1.0x18cells/ml in 96well plates overnight. Then, the medium wascdided, and
the cells were pretreated with APl or LUT for 12 h. Lipopolysaccharide (LPS) from Sigma,
Inc. (St. Louis, MO, USA) was then added to a final concentration of 1 pg/ml and incubated
for 24 h as described by Kang et @07]. The MTS assay was used to evaluate any
potential toxicity as desitred above. The controls used were 0.1% DMSO with and
without LPS. After 24 h of treatment, 50 pl of supernatant from each well was mixed with
10 pl of 2,3diaminonaphthalene (0.05 mg/ml in 0.62 M HCI) from Sigma, Inc. (St. Louis,
MO, USA), and the NO comentration was determined by comparison to a calibration curve
generated using NO standards in deionized water. After 10 min of incubation at room
temperature in the dark, the reaction was terminated with 5 pl of 2.8 M NaOH. The
formation of 2,3diaminonapthotriazole in black opaque 9€ell plates was measured
with an FLx800 microplate fluorescence reader from-Bek Instruments Inc. (Winooski,
VT) at 360 nm excitation and 460 nm emission using a gain setting of 75%. The results are
expressed as the fobd NO increase as follows: NO increase (fold) = [(nitric oxide content

in LPS or sample treatments (uM)] / (nitric oxide content in DMSO control (uUM)].

4.2.4 RNA extraction and quantitative real-time PCR

Total RNA was extracted from treated HepG2 cells using the RNeasy Mini Kit
(QIAGEN, Valencia, CA). Frsst r and c¢DNA was synthesized f
using the SuperScript Il Firtrand Synthesis System for ®CR from Invitrogen

(Carlsbad, CA)acor di ng to the manufacturero6s instr
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template for quantitative reéime PCR (QPCR) with Power SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA) in an ABI7900HT system. The following primers

wer e us ed:-GGCHNGAGACATTCEGATTTGTAG3 6 (sense) and

TCGCCAAAATCTGTGTTTAAGGT-3 0 (antisense) ; - NQO1
CAGAAATGACATCACAGGTGAGC-3 6 (sense) and
CTAAGACCTGGAAGCCACAGAAA-3 © (antisens$e); - 56HO
GCTCGAATGAACACTCTGGAGAT3 6 (sense) and

TCCAGAGAGAAAGGAAACACAGG-3 6 ¢ a n s-acjin. wadbused as an internal
control WGTTOAATACEGCAGCCATG3 06 (sense) - and

GACCCCGTCACCAGAGTCE3 6 (anti sense) primers.

4.2.5 Protein lysate preparation and western blotting

The HepG2 cells were treated with APl and LUT accordingh# grocedures
described previously. DMSO and SFN were used as negative and positive controls,
respectively. After 12 h of treatment, the cells were harvested using RIPA buffer
supplemented with a protein inhibitor cocktail from Sigma (St. Louis, MO). Toieip
concentrations of the cleared lysates were determined using the bicinchoninic acid (BCA)
met hod according to the protocol provi ded
protein from each sample was mixed with 5 pl Laemmli SDS sample lfrdfarBoston
Bioproducts (Ashland, MA) and denatured for 5 min at 95°C. The proteins were separated
on a BicRad 415% SDSpolyacrylamide gel (Hercules, CA) and transferred to a Millipore
polyvinylidene difluoride (PVDF) membrane (Bedford, MA), and the meamés were
blocked with 5% BSA in Triduffered saline.1% Tween 20 (TBST) buffer. Then, the

membrane was sequentially incubated with specific primary antibodies and HRP
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conjugated secondary antibodies. The bands were visualized using the SuperSignal
enhanced chemiluminescence (ECL) detection system and recorded usingRadiGel
Documentation 2000 system (Hercules, CA). The primary antibodies were purchased from
the following sources: anirf2 from Abcam (Cambridge, MA), arHO-1 from Cell
Signaling Boston, MA), and anttPLA2, antiiNOS, antiNQO-1, and antb-actin from

Santa Cruz Biotechnology (Santa Cruz, CA).

4.2.6 Statistical analysis
All experiments were performed at least three times with similar results. Statistical
tests were performed msig St u-tbst. Alt Pbvalues were twsided, and a P value of

< 0.05 was consided statistically significant.

4.3. Results

4.3.1. APl and LUT display differential profiles in inducing ARE -luciferase reporter
activity

The MTS assay was used to determine the cytotoxicity of APl and LUT in HepG2
cells after 24 h of treatment. Neither compound presented significant toxicity at
concentrations u42Atand4.2B); thérefmeMtheéeFcongentratons
were usedor the subsequent studies. To evaluate the transcriptional activation of ARE
luciferase by APl and LUT, HepGR28 cells were incubated with different concentrations
of these comgakwkmds M)1 .fD6 &Mand 12 h. The
and LUT both induced ARHuciferase after as little as 6 h of exposure at all the
concentrations evaluated, exhibiting significant differences at 6 h for LUT and 12 h for
API that were comparable with the effects of the positive control, SFN (6.25R4\0).05

Figure 4.3A and 4.3B).
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4.3.2. APl and LUT increase ARE-luciferase reporter activity in part through the
PI3K and MAPK signaling pathways

We next decided to examine the potential pathways involved in the underlying
effect of the ARE activation by APl and LUT. It has been suggested that these compounds
activate Nrf2 and AREelated genes through the extracellular sigegulated protein
kinase 2 (ERK2)[199] and PI3K/Akt pathway$208]. Therefore, we treated Hep&3
cells with LY294002, an inhibitor of phosphoinositid&i@ase (PI3K; an upstream kinase
of Akt), or with PD98059, an inhibitor of the ERK2 mitogenractivated protein kinase
(MAPK) pathway, prior to exposure to APl or LUT. The luciferase activity of He@82
cells with the inhibitors alone were examined; however, no luciferase activity was
registered for these treatments (data not shown), whereas, the luciferase activity induce
by both compounds was nearly abolished in the presence of the PI3K inhibitor (Figure
4.4A and 4.4B). Interestingly, the luciferase activity was significantly decreaBe®(05)
in the presence of tHeRK-1/2 inhibitor PD98059 in cells treated with AfHigure 4.4A)
but not in cells treated with LUT (Figure 48}. In addition,we did not observe any
changes in the ARE induction in cells treated with the inhibitors of p38 MAPK (SB203580)

or JNK-1/2 (SP600125) (data not shown).

4.3.3. APl and LUT increase the mRNA and protein levels of Nrf2 and Nrf2
regulated genes

Because APl and LUT showed the strongest induction of-AREerase activity
at 12 h (Figures 4.8 and 4.3B), we decided to evaluate the expression of Nrf2 and its
target genes NQQ@ and HQGl1 at the mRNA and protein levels in HepG2 cells by

quantitative reatime polymerase chain reaction and western blotting, respectively. The
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results revealed a moderate increase in N pression and a significant increase in the
MRNA levels of Nf2 and HO1 (P< 0.05) after treatment with APl and LUT compared
with the control; this induction was comparable to that observed in the positive control,
SEN (6.25 uM) (Figure 4.B). At the protein level, we observed a moderate elevation of
NQO-1 with al compounds after 12 h of treatment, whereas an increase of Nrf2 and HO
1 expression was observed with APl and LUT for all doses evalute@.05; Figure
4.5B). Interestingly, when cells were treated with LUT, the Nrf2 protein level was

increased by appximately 5fold, which is greater than that induced by SFN (6.25 uM).

4.3.4. APl and LUT inhibit NO production and reduce iNOS and cPLA2 protein
expression in LPSinduced HepG2 cells

Nrf2 and its downstream gene HO have been reported to be key anti
inflammatory mediators that suppress the nuclear factor (NF) kappa-B®NF si gnal i r
pathway in LPS induction experimen09, 210] Furthermore, APl and LUT have been
reported to block this pathway in both vitro and in vivo studies[205, 206, 211]
Therefore, we decided to investigate whetherdctivation of the Nrf2 signaling pathway
by API and LUT is related to their potential amflammatory effects by evaluating NO
production in LPSnduced HepG2 cells. HepG2 cells were-peated with API or LUT
for 12 h before being challenged with &For 24 h. No toxicity was observed in the cells
treated with LPS in combination with API or LUT, as demonstrated by the MTS assay
(Figure 4.6A). Next, we evaluated the nitric oxide level in L-B8ated cells with and
without pretreatment with API and JU We observed that APl and LUT significantly
reduced LPStimulated NO production in a dedependent manneP€ 0.05; Figure

4.6.B). LUT exhibited a stronger inhibitory activity than API at all concentrations. Because
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cPLA2 and INOS are important inflanatory mediatord212], we further examined
whether their protein levels were affected by API or LUT hetato control LPSreated
cells. Thus, we found that LPS stimulated the expression of INOS and cPLA2 (Figure
4.6.C) and that APl and LUT markedly blocked the induction of these proteins in a dose

dependent manneP K 0.05).

4.4. Discussion

Extensive reprts have shown that the plant flavones APl and LUT exert a variety
of biological activities, including the modulation of inflammation and carcinogenesis, and
thus constitute promising molecules for cancer preveipti®d, 213] Recent data indicate
that APl and LUT protect against oxidative stress through the upregulation df HO
mediated via Nrf165, 199] In agreement with the above findings, our data show that
APl and LUT significantly induced ARficiferase activityn HepG2C8 cells in a dose
dependent manner at 6 h (Figure.A)3and that this activity was maintained or enhanced
after 12 h of treatment (Figure 483. We also observed that APl and LUT significantly
induced the mMRNA and protein levels of Nrf2 argl tiarget gene HQ after 12 h of
treatment (Figure 4.8 and 4.5B). The Nrf2ZARE system is regulated by several kinases,
such as extracellular sigaadgulated kinase (ERK)-&#UN NH2terminal protein kinase
(INK), p38, and phosphoinositidekhase (PI3K, and APl and LUT exert important
biological activities through these pathwd$983, 194, 198] Therefore, we evaluated the
role of MAPKs in the ARE activation mediated by the flavones by using the inhibitors
PD98059, SB203580, and SP600125 to perturb signaling throughlERK38 MAPK,
and JNK, respectively. In the presence of the ERKinhibitor, the induction of ARE

activity by APl was significantly decreased, but the other MAPK inhibitors had no effect,
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indicating a potential contribution of ERK2 to ARE modulation by ARFigure 4.4A).
In contrast, the ARE activity induced by LUT was radtected by the three MAPK

inhibitors evaluated (Figure 4B).

These contrasting results may be explained by the nature of the stimuli, the cell
type, the sequence of the ARE, or the chemical characteristics of these fld2arigs
Although the Nrf2ARE system has been reported to be modulated by different MAPKSs,
this topic is poorly studied and highly controversial because modulation may occur through
indirect mechanisms with limited effed®15]. Accordingly, afterl2 h of treatment, we
did not observe substantial differences in the activation of the Nrf2 signaling pathway
based on the ARHiciferase activity or in the mRNA levels of the flavones. However, at
the protein level, LUT had a moderately stronger effettNwf2 expression, but no
significant differences between the flavones were observed with regard iek@ession
(Figure 4.5B). In contrast, we observed that the PI3K inhibitor strongly abrogated ARE
activation by APl and LUT (Figure 44 and 4.4B), which is consistent with a previous
report by Lim et al. regarding the stimulation of the Nrf2 signaling pathway through

PI3K/Akt by the related compound luteobrC-betaD-glucoside in HepG2 cel[208].

Increasing evidence suggests that Nrf2 is involved in thevation of
antioxidant/phase 2 gene transcription machinery and in the regulation of inflammation by
modulatingthe Nl B pat hway t hr ough aJ208,lpwRL74Foror y f e
example, Nrf2deficient mice challenged with LPS or dextran sulfatelsndiDSS) show
a dramatic increase in the activity of the-AlBB i nf | ammat ory si gnal i
reports indicate that Nrf2 affects the redox status of the cells and modulatesBNF

activation[144, 210] Similarly, Nrf2 knockdown by siRNA in LRStimulated HepG2
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cells significantly increaseNFe B t ranscri ptional aetBi vi ty
dependent transcription factors, such as interleukin@&IBymphoma 2, tumor necrosis

factor alpha, and cellular inhibitor of apoptosis 2, whereas Nrf2 overexpression reduced

NF-a B t r a n kactivity, perhaps Ioyaegulating the activity Matlependent Nf& B

[204]. We have previously observduht LPSinducedNFe B acti vati on can b
by Nrf2 inducers such as phenethyl isothiocyanate, sulforaphane, and cuf2asjin

Although the mechanism by which Nrf2 modulates inflammatory signals is not fully
understood, some studies suggest that the Nrf2 target gerlerhiy be involved in this

activity because its upregulation has been correlated with cytoprotective effeatous

inflammatory diseasd219].

APl and LUT both significantly increased HDexpression at the mRNA and
protein levels (Figured.5.A and 4.5.B); therefore, we hypothesized thaPl and LUT
would demonstrate anitnflammatory activity in HepG2 cells challenged with LPS
becauseNe B pl ays a pivotal r ol-kkereceptor h(ELR4) espon
[220, 221] Activated TLR4 induces the expression of a broad spectrum of mediators,
including inducible nitric oxide synthase (iNOS), which has been shown to depend of NF
9 B a ct[R22]aiNAScatalyzes the oxidative deamination -afginine to produce
NO, which is a potent prmflammatory and tumorigenesis mediaf@R2-224]. In our
study, we observed that the treatment of iifRBiced HepG2 cells with APl or LUT
reduced the production of NO in a dasspendent manner (Figuke6.B); this result
correlates with the suppression of INOS protein expression by these flavones4{Bgij)re
and is consistent with the results of othémdges regarding their anmflammatory

activities[225, 226]
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In addition, we have reported that Nrf2 plays an important role in the regulation of
proinflammatory mediators, such as cyclooxygenase (COX2), arachidonate 5
lipoxygenase (8.0X), prostaglandin E2, leukotriene B4, INOS, and
cytosolicphospholipas@&2 (cPLA2), by using Nrf2knockout micg12, 144, 203]cPLA2
catalyzes the releaf arachidonic acid, which is the limiting substrate for enzymes such
as 5LOX and COX, and we have observed that cPLA2 is a consistemffammatory
pathway affected by Nrf2 deletioji2, 144, 203] cPLA2 is of interest because its
overexpression has been associated with the pathogenesis of several types of cancer by
stimulating proliferation and angiogenesis, which affect tumor progression and resistance
to therapies[227, 228] In our study, we observed that APl and LUT signiftban
suppressed the induction of cPLAZ2 protein in LR&ted HepG2 cells in a dedependent

manner (Figure 4.€).

4.5. Conclusion

The results of this study demonstrate that the natural flavones APl and LUT both
activate Nrf2 and downstream gengatticularly HO1, in HepG2 cells at low doses, and
this activation of Nrf2 seems to be related to their poteniifitdimmatory activities seen
in LPSstimulated HepG2 cells. Therefore, APl and LUT hold great promise as

chemopreventive agents that promantioxidative/antiinflammatory activities.



Figure 4.1.

Chemical structures of ARR) and LUT (B).
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Figure 4.2.  Viability of HepG2 cells after treatment with APA) or LUT (B) for 24 h

Cells were seeded in 9@ell plates in 10% DMSO for 24 fihe cells were then incubated

in fresh medium with different concentrati
as described in the Materials and Methods section. Cell viability was determined and
calculated using the MTS assay. The data are exprasghd mean + SD (n=3). Asterisks

indicate significant differences (p<0.05) in celbility compared to the control
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Figure 4.3.  Induction of AREluciferase activity by APl and LUT at concentrations

from 1.56 to -€8clbafterd I(A) and 1224(B)G 2

The normalization of the luciferase activity was performed based on the protein
concentrations, which were determined using a BCA protein assay, as described in the
Materials and Methods section. The data were obtained from three independent
experiments athexpressed as the inducible fold change compared with the vehicle control.
Asterisks and number signs indicate significant differences (p<0.05 and p<0.01,

respectively) between thieeatment and the control group
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Figure 4.4 Induction of AREluciferaseactivity by the treatment of Hep&28 cells
with API (A) andLUT (B) in combination with the phosphoinositidek®ase inhibitor,

LY294002, or the ERKL/2 inhibitor, PD98059, during a 42treatment

HepG2CS8 cells were treateas described in the Materiadad Methods section. The data
were obtained from three independent experiments and expressed as the inducible fold
change compared with the vehicle control. Asterisks and number signs indicate significant

differences (p<0.05 and p<0.01, respectively) leetwhe treatment and control groups
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Figure 4.5 Effect of API and LUT on the relative fold changes of the mRM®Aand

protein(B) levels of Nrf2 and the Nrf2 target genes NQ@nd HO1 in HepG2 cells

Cells were incubated with different concentrations of APland LUT (65625 ¢ M) f or
h, as described in the Materials and Methods section. Normalization of the mRNA
expression dat a -actnsasgn mterhabconina. The preteinrexpassi

l evel was nactinreacbmplete desctiption of the procedure and antibodies

used is provided in the Materials and Methods section). The images were analyzed using

ImageJ software (NIHttp:/fsbwebnih.goviij/). The data are expressed as the rcaD
of three independent experiments. Asterisks and number signs indicate significant
differences (p<0.05 and p<01, respectively) in the relative mRNA and protein expression

levels compared to DMSO, which was wused as a negative control.
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Figure 4.6.  Effect of APl and LUT on cell viabilityA), NO increas¢B) and iNOS and

cPLAZ2 protein expressiofC) in LPSstimuated HepG2 cells

HepG2 cells were prireated for 12 h before being challenged with 1 pg/ml LPS for 24 h,
as described in the Materials and Methods section. The protein expression level was
nor mal i-ate,dandtthe imbges were analyzed using Imagiware (NIH,http://

rsbwebnih.goviij/). The data are expressed as the mean + SD of three independent

experiments. Asterisks i(A) indicate significant differences (p<05) in cell viability
compared to DMSO, which was used as a negative control. Asterisks and number signs in
(B) and (C) indicate significant differences (p<0.05 and p<0.01, respectively) in NO

production and relative proteiavels compared to LPS treatmnt
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