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Plants extracts have been used in the folk medicine for hundreds of years because it is 

believed that they constitute a natural approach in dealing with many diseases including 

cancer. To detect, prevent and treat cancer before it arises is a great promise in personalized 

medicine and chemopreventive compounds that have the ability to suppress or block tumor 

progression are an important approach that has gained increasing attention due their low 

side effects. Many of these plants and their bioactive compounds have the ability to 

modulate reactive oxidative species, inflammation, apoptosis mediators and Nrf2/ARE 

signaling pathway. In this dissertation, we have explored the effect of glucosinolates and 

the main bioactive compounds of Radix Angelicae Sinensis and Matricaria recutita L. in 

order to have a better understating on how they are able to activate Nrf2 signaling and the 
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role that they play in Nrf2 interaction with anti-inflammatory, pro-apoptosis and epigenetic 

signals. We have also discussed the emerging field of cancer and obesity on that 

crosstalking of these pathways play a pivotal role worsening cancer outcomes representing 

an emergent and challenging field for prevention and treatment that needs to be further 

addressed in the future.  
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Preface 

 This dissertation is submitted for the degree of Doctor of Philosophy in 

Pharmaceutical Science at Rutgers, The State University of New Jersey. It serves as 

documentation of my research work carried out between September 2010 and December 

2014 under the supervision of Dr. Ah-Ng Tony Kong in the Department of Pharmaceutics. 

To the best of my knowledge, this work is original, except where suitable references are 

made to previous work.  

 The dissertation consists of seven chapters. Chapter one introduced the importance 

of plant extracts in cancer field with focus in chemoprevention and the significance of the 

research work. The following six chapters contain papers that are published or intended to 

be submitted to a journal indexed by PubMed Central or that have been included in books. 

Chapter two illustrated the state of the art of natural glucosinolates biological activities that 

includes sulforaphane, phenethyl isothiocianate, indole-3-carbinol, 3,3ô-diindolylmethane 

in oxidative stress/inflammation, Nrf2-ARE signaling pathway modulation, epigenomics 

and in vivo cancer chemopreventive efficacy. Chapter three investigated the 

chemopreventive effect of Radix Angelicae Sinensis (RAS) extract and its main bioactive 

phtalide Z-ligustilide (Ligu) in prostate cancer by using the transgenic adenocarcinoma of 

the mouse prostate (TRAMP) model focusing in their effects in cell cycle and apoptosis 

regulation in vitro and in vivo and epigenetic restoration of silenced Nrf2 in vivo.  

 Chapter four demonstrated the role of apigenin and luteolin from Matricaria 

recutita L. (chamomile) in Nrf2 activation coupled with anti-inflammatory effects in the 

suppression of LPS-induced inflammation in HepG2 cells. Chapter five investigated the 

epigenetic modulation exerted by apigenin in 15 critical CpG sites in the promoter region 



 

v 
  

of Nrf2 in JB6 P+ cells leading to re-expression of Nrf2 and its downstream genes by 

targeting DNA methyltransferases and histone deacetylases. Chapter six explored the 

emergent field of obesity, inflammation and cancer providing an overview from 

epidemiological to molecular events and chapter seven focuses in the relationship between 

obesity and non-melanoma skin cancer (NMSC) providing insights for future studies in the 

field of chemoprevention. These chapters explored various aspects of the biological effects 

of plant extracts and their main active compounds with focus in RAS and chamomile in 

cancer prevention, Nrf2 activation, anti-inflammatory and pro-apoptotic effects, epigenetic 

modulation and future directions in cancer research.  

Ximena Alejandra Paredes Gonzalez 

December 2014 
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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 development of many traditional 

anticancer agents. It is estimated that almost 50% of the 175 new worldwide approved 

small molecule with antitumor activities (from 1940s to 2010) are either natural products 

or directly derived from them [1]. Drugs commonly used in cancer treatment that have been 

obtained from plants are for example: etoposide and tenoposide from Podophyllum 

peltatum, vincristine and vinblastine from Catharanthus roseus, irinotecan from 

Camptotheca acuminata and paclitaxel from Taxus brevifolia [2]. Plant extracts can target 

several pathways against carcinogenesis including inhibition of cell division, induction of 

apoptosis, targeting oxidative stress and blocking inflammation and it is believed that their 

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

 Growing evidence supports that these anticancer effects are exerted in part by their 

ability to modulate biological activities related with balance of reactive 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, mitochondria-catalyzed electron transport reactions and environmental 

pollutants [3]. 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 to maintain cellular homeostasis. In this context, NF-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 cytoplasm by 

Kelch-like ECH-associated protein 1 (Keap1) that is homolog of the Drosophila actin-
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binding protein Kelch, a cytoskeleton protein capable of binding actin filaments preventing 

Nrf2 translocation into the nucleus acting as transcriptional repressor during basal 

conditions. Nrf2 is rapidly targeted towards ubiquitination and 26S proteasomal 

degradation dependent of Keap-1 in an extremely efficient system [3]. 

  Nrf2 release from Keap-1 can be triggered by several effectors including 

modification of cysteine residues in Keap1, Nrf2 phosphorylation by Protein Kinase C 

(PKC) at Ser40, direct phosphorylation of Nrf2 by the MAPK cascade including 

extracellular signal-regulated kinases (ERKs), JNK, and protein 38 (p38) or 

phosphorylation mediated by phosphoinositide-3-kinase (PI3K) [4, 5]. Indeed, Nrf2 

possess various threonine, tyrosine and serine residues that can be targeted by 

phosphorylation (Appendix A). After release, Nrf2 translocates into the nucleus and 

heterodimerizes with small Maf (musculoaponeurotic fibrosarcoma) proteins, activates 

transcription factor (ATF) and/or members of the AP-1 family of leucine zipper proteins 

to trigger the transcription of its target genes. Most of the antioxidant genes (phase II genes) 

contain cis-acting antioxidant response elements (AREs) with a functional consensus 

sequence of 5ǋ-RTGAYnnnGCR-3ǋ on that R = A or G and Y = C or T. Nrf2 recognizes 

and binds this cis-acting ARE region and it may recruits the whole transcription machinery 

including coactivators and/or corepressor such as p160 family coactivator, CREB-binding 

protein (CBP)/p300, RNA polymerase II,  silencing mediator of retinoid and thyroid 

receptors (SMRT),  histone deacetylase (HDAC) and others to produce 

activation/inactivation of Nrf2-targeted ARE gene expression [4, 5]. ARE genes include 

over 100 cytoprotective and detoxification genes, including ferritin, the conjugating 

enzymes glutathione-S-reductase (GSR), reduction enzymes NAD(P)H:quinone 
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oxidoreductase 1 (NQO1), and stress response enzymes such as heme oxygenase-1 (HO-

1) [4, 5].  

 Increasing evidence strongly suggest an important cross talking between Nrf2 

signaling pathway and Nuclear factor-kappa B (NF-əB). NF-əB is important because it is 

involved in the expression of over 500 genes involved in human diseases [6]. Potent NF-

əB signaling pathway activators are the pro-inflammatory cytokines such as (IL-1, IL-17, 

IL-18, TNF family), epidermal growth factor (EGF), lipopolysaccharides (LPS) and ROS 

among many others. NF-əB is a central coordinator of immune responses and inflammation 

that is highly controlled under normal conditions however, constitutive activation and 

overexpression are often observed in many cancers [6]. NF-əB family consist of five 

members: NF-əB1 (p50 and its precursor p105), NF-əB2 (p52 and its precursor p100), 

RelA or p65, RelB, and c-Rel with a highly conserved N-terminal region of 300 amino acid 

called the Rel Homology Domain. NF-əB/ Rel proteins are able to target several factors 

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, p52/c-Rel that are able to process 

differential binding specificities and target gene activation [2, 5, 7]. After activation, 

nuclear translocation and post-transcriptional modification of NF-əB/ Rel-family 

transcription factors trigger the expression of a variety of proteins involved in different 

aspects of carcinogenesis including cell proliferation, survival, inflammation, 

angiogenesis, epithelialïmesenchymal transition, invasion and metastasis [2, 5, 7]. On the 

other hand, the transcriptional activity NF-əB /Rel proteins is silenced by interactions with 

inhibitory IkB family of proteins present in the cytoplasm (IkBa, IkBb, IkBe, IkBg or NF-

əB essential modulator, Bcl-3, and the precursor proteins p100 and p105) [2, 5, 7].  
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 The best characterized NF-əB pathway is the classical or canonical, that is activated 

by TNF, Toll like, or T cell by a variety of stimuli including cytokines, LPS and ROS [2, 

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 

response [2, 7, 8]. After binding to the receptor, a serial recruitment of adaptors to the 

cytoplasmic domain of the receptor is produced. The adaptors in this pathway include: 

Myeloid differentiation primary response gene (MyD88), Toll-interleukin 1 receptor 

domain containing adaptor protein (TIRAP), Toll/interleukin-1 receptor domain-

containing adapter inducing interferon-ɓ (TRIF), transforming growth factor beta activated 

kinase-1 (TAK1) and they produce the recruitment into the cytoplasm of an IKK complex 

formed by the catalytic kinase subunits IKKɓ and IKKŬ, and the regulatory non-enzymatic 

scaffold protein IKKɔ (that is also known as NF-əB essential modulator or NEMO) [2, 7, 

8]. The inactivation of NF-əB is mediated in the cytoplasm by regulatory proteins called 

inhibitors of əB (IəB) and the most important are IəBŬ, IəBɓ, and IəBŮ [2, 7, 8]. When the 

IKK complex is activated it mediates the phosphorylation of IəB proteins that leads to 

ubiquitination and proteasomal degradation of the IkB inhibitor by the 26S subunit freeing 

the NF-əB/Rel complexes in the cytoplasm [2, 7, 8]. After phosphorylation-mediated 

activation the NF-əB/Rel complexes translocate into the nucleus and induce target gene 

expression by binding to əB enhancer elements of target genes [2, 7, 8]. NF-əB activation 

produce by itself the activation of the IkBa gene that silence NF-əB subunits and terminates 

the transcriptional activity [2, 7, 8].  

 Interestingly, it has been observed that Nrf2-deficient mice under conditions of 

head injury show a greater cerebral NF-əB activation compared with their Nrf2 wild-type 
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mice [9]. Similarly, enhanced inflammation has been reported in Nr2 knockout mice 

challenged with dextran sulfate sodium (DSS)-induced inflammation and in Nrf2 knockout 

mice exposed to UVB irradiation [10-13]. Conversely, Nrf2 overexpression has been 

reported strongly decrease NF-əB activity [14]. Although, the regulatory loop between 

Nrf2 and NF-əB signaling pathways is not totally elucidated it seems that the ability of 

Nrf2-ARE-mediated gene activation can induce NF-əB inactivation by different 

mechanisms. For example, S-glutathionylation of p65 NF-əB can produce NF-əB 

inactivation [15]. Also, it has been observed that inhibition of NF-əB activation by 

phospholipid hydroperoxide glutathione peroxidase and 15-lipoxygenase is concomitant 

with up-regulation of HO-1 one of the key targets genes of Nrf2 signaling pathway. HO-1 

exhibits important immunomodulatory and anti-inflammatory functions and it is able to 

attenuate the expression of cyclooxygenase-2, iNOS, TNF-Ŭ and IL-6 after LPS challenge. 

 Likewise, NF-əB p65 subunit is able to repress the transcriptional activity of Nrf2-

ARE pathway by depriving CBP from Nrf2 and facilitating the recruitment of the 

corepressor HDAC3 with either CBP or MafK [5, 16]. Indeed, multiple alignments of Nrf2 

and NF-əB 1 genes in five mammalian species ï human, chimpanzee, dog, mouse and rat- 

showed a canonical first-generation biological network for Nrf2ïNF-əB1 involved in 

inflammation/carcinogenesis and an important amount of mediators are MAPKs family 

members [17]. It is believed that redox-based regulation of Nrf2 and NF-əB cell signaling 

plays a pivotal role in this relationship and although the relationship between Nrf2, NF-əB 

and cell survival pathways at the transcription and transduction level are not fully 

understood; growing evidence indicates that they are closely related impacting 

tumorigenesis [18, 19].  Furthermore, it has been observed that many natural compounds 
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and plant extracts that have the ability to trigger Nrf2-ARE system, inflammatory responses 

are also able to target cancer cell survival pathways continuing an interesting approach for 

cancer chemoprevention. In this dissertation, we will discuss molecular and epigenetic 

targets regulated by plant phytochemicals and their main bioactive compounds with focus 

in Nrf2 signaling, NF-əB pathway, apoptosis and epigenetic modulation.   
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Chapter 2. Dietary Glucosinolates Sulforaphane, 

Phenethyl Isothiocyanate, Indole-3-Carbinol/3,3'-

Diindolylmethane: Antioxidative Stress/Inflammation, Nrf2, 

Epigenetics/Epigenomics and in vivo cancer chemopreventive 

efficacy 1,2,3 

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 progression 

stages [20, 21]. Thus, chemoprevention can involve preventing carcinogens from reaching 

target sites, undergoing metabolic activation, or subsequently interacting with crucial 

cellular macromolecules (e.g., DNA, RNA, and proteins) at the initiation stage [4, 22]. 

Interestingly, prevention and/or protection from chemical carcinogens by phytochemicals 

present in glucosinolate-containing cruciferous vegetables is of great interest because they 

                                                           
1 This chapter has been submitted for publication as review article to Current 

Pharmacology Reports as ñDietary Glucosinolates Sulphoraphane, PEITC, DIM, 

I3C/DIM: Antioxidative Stress/Inflammation, Nrf2, Epigenetics/Epigenomics and in vivo 

cancer chemopreventive efficacyò by Fuentes F*, Paredes-Gonzalez X * and Kong AN.   

*Equal contribution 

 
2 Key Words: cancer, chemoprevention, DNA methylation, epigenetics, histone 

modifications, isothiocyanates, indoles, microRNA 

 
3 Abbreviations: SFN, sulforaphane; PEITC, phenethyl isothiocyanate; I3C, indole-3-

carbinol; DIM, 3.3'-diindolylmethane; DMBA, 7,12-dimethylbenz[a]anthracene; AOM, 

azoxymethane; DSS, dextran sodium sulfate; TPA, 12-O-tetradecanoylphorbol 13-acetate. 
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may provide a safe and cost-effective strategy for combating cancer [23, 24]. In this 

context, numerous epidemiological and pharmacological studies have revealed that the 

consumption of cruciferous vegetables has substantial potential for human cancer 

chemoprevention [25]. 

 Isothiocyanates (ITCs) and indoles are biologically active molecules formed from 

glucosinolate precursors present in a large number of edible species existing in sixteen 

families of dicotyledonous angiosperms [26]. It has been described more than 200 different 

naturally-occurring glucosinolates isolated from plants, with a relatively high content in 

cruciferous vegetables such as broccoli, cabbage, cauliflower, turnip, horseradish, 

watercress, and brussels sprouts [27, 28]. Some naturally occurring glucosinolates and their 

breakdown products have received considerable attention as chemopreventive agents, 

including the ITCs 4-methylsulphinylbutyl isothiocyanate (sulforaphane, SFN) and 

phenethyl isothiocyanate (PEITC); and the indoles indole-3-carbinol (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.gov). Thus, the protective role of dietary glucosinolates has been 

extensively studied using in vitro and in vivo approaches in cancer and cardiovascular and 

neurological diseases using rodent and human models [31, 32]. 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 cellular proliferation, angiogenesis, the epithelialï

mesenchymal transition, cancer stem cell self-renewal and suppressing diverse oncogenic 

signaling pathways, including nuclear factor-əB, hormone receptor, and signal transducer 

http://www.clinicaltrials.gov/
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and activator of transcription [33-35]. More recently, increasing evidence has also shown 

that glucosinolate derivatives have the potential to modulate epigenetic alterations, such as 

DNA methylation, histone modifications, non-coding microRNAs (miRNAs), regulation 

of polycomb group proteins and epigenetic cofactor modifiers, which all may contribute to 

carcinogenesis [33, 36]. Here, we review the cancer chemopreventive role of naturally 

occurring glucosinolate derivatives as inhibitors of carcinogenesis, particularly 

emphasizing specific molecular and epigenetic alterations in in vitro and in vivo animal 

models of human cancers. 

2.2. Biosynthesis and metabolism of glucosinolates 

 Glucosinolates are a group of sulfur-containing glycosides found in the plant order 

Brassicales, which includes the Brassica or Cruciferous vegetables such as broccoli, 

cabbage, brussels, and cauliflower [37]. 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 species [38]. Thus far, nearly 200 different 

glucosinolates 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 glucosinolates [28] (Figure 2.1.A). The 

content of glucosinolate in plants depends on many factors, such as plant variety, growing 

conditions, climate and the tissue-specific distribution in a plant [39]. For example, in 

Brassica vegetables, 0.5-28 ɛmol aliphatic/aromatic glucosinolates per gram of dry weight 

and 0.7ï8 ɛmol indole glucosinolates per gram of dry weight have been reported [38]. 

Glucosinolates are relatively biologically inert glucosides; however, their hydrolysis by 

myrosinase (b-thioglucosidase) 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 of specific protein factors, 

including thiocyanate-forming protein (TFP) and epithiospecifier protein (ESP) [37, 39] 

(Figure 1.B). Nevertheless, when the plant myrosinase enzyme is 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 mammals [40].  

 Several epidemiological and pharmacological studies have demonstrated that 

dietary glucosinolates and their breakdown products, isothiocyanates, may reduce the risk 

of carcinogenesis and particular human diseases [32]. Isothiocyanates from dietary 

vegetables currently investigated for use as chemopreventive 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, 3-methylsulfinylpropyl (iberin) from broccoli, brussels 

sprouts and cabbage, 4-methylthiobutyl from arugula, and 3-methylthiopropyl from 

cabbage [31]. Similarly, the indole I3C, which upon exposure to gastric acid undergoes 

self-condensation to form DIM, is also present in cruciferous vegetables, including 

broccoli, cabbage, cauliflower, brussels sprouts, collard greens and kale and is used as a 

chemopreventive agent [41].  

 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 the plasma membrane into the cells of 

tissues [38]. Thus, isothiocyanates are metabolized by the mercapturic acid pathway and 
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initially conjugated to glutathione by glutathione S-transferases (GSTs) and successively 

cleaved by ɔ-glutamyltranspeptidase (ɔ-GT), cysteinylglycinase (CGase), and N-

acetyltransferase (AT), creating N-acetylcysteine conjugates (mercapturic acids), which 

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

(Figure 2.1.C) [32]. 

2.3. Dietary glucosinolate derivatives and modulation of phase I and 

phase II biotransformation enzymes 

 The generation of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) is an essential metabolic process for maintaining cellular chemical homeostasis; 

however, their production at low to moderate concentrations is essential for normal 

physiological processes [42]. Consequently, the oxidative stress produced by high levels 

of ROS/RNS during normal cell metabolism leads to potential damage, causing oxidative 

damage to large biomolecules, such as lipids, proteins, and DNA, which may eventually 

lead to mutations and ultimately, cancer development [43]. Similarly, oxidative stress also 

has a significant association with many other chronic diseases, such as neurodegenerative 

diseases (e.g., Alzheimerôs disease, Parkinsonôs disease, and amyotrophic lateral sclerosis), 

cardiovascular disease, diabetes, and inflammatory diseases [44-46]. In this context, the 

major chemoprevention mechanisms mediated by dietary glucosinolate derivatives include 

modulation of phase I drug metabolic enzymes (e.g., cytochrome P450 family, CYP), 

which prevent procarcinogenic molecule formation and the induction of phase 

II/detoxifying enzymes (e.g., GST; UDP-glucuronosyl transferases, and UGT), which 

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 development [47-49].  

 Most evidence suggests that dietary glucosinolate derivatives upregulate phase 

II/detoxifying enzymes through interaction with the cytoplasmic-anchoring protein Kelch-

like ECH-associated protein 1 (Keap 1), which represses the transcription factor NF-E2-

related factor 2 (Nrf2), a basic-region leucine zipper (bZIP) transcription factor that binds 

in combination with small Maf proteins to antioxidant response elements (AREs) in the 

promoter regions of many antioxidant and phase II biotransformation enzymes, including 

GST, UGT, heme oxygenase-1 (HO-1), NADP(H):quinone oxidoreductase 1 (NQO1), 

glutamate cysteine ligase (GCL) and gamma glutamylcysteine synthetase (ɔGCS) (Figure 

2.2) [50, 51]. Thus, the effects of dietary glucosinolate derivatives upregulating phase II 

enzymes have been extensively reported using different in vivo and in vitro approaches 

[31, 52]. For example, sulfur-containing dietary glucosinolate derivatives, such as SFN and 

PEITC, are potent phase II gene inducers, and these inductions are Nrf2-dependent [31, 

53]. SFN attenuates Nrf2 degradation by modifying the Keap1-Nrf2 interaction, which 

results in the translocation of Nrf2. SFN can react with thiols within Keap1 by forming 

thionoacyl adducts, thereby releasing Nrf2 from Keap1 binding [54]. Similarly, PEITC can 

induce the phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun N-

terminal kinase (JNK) and subsequently, phosphorylate Nrf2 and induce its nuclear 

translocation [55, 56]. Indole glucosinolate hydrolysis products, such as I3C and DIM, also 

induce both phase I drug metabolic and phase II/detoxifying enzymes by direct interaction 

with aryl-hydrocarbon receptor (AhR) or increasing the binding affinity of AhR to 

xenobiotic response elements (XREs) in target genes [49]. Upon 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 binds to specific DNA 

sequences and activates transcription [50] (Figure 2.2).  

 The activation of phase II gene expression and enzyme activity by dietary 

glucosinolate derivatives has been well documented in in vitro and in vivo studies. For 

example, different studies have reported that SFN significantly induces phase II enzyme 

expression and activity in human and mouse cells lines, including LNCaP, PC-3, TSU-Pr1, 

MDA PCa 2a, MDA PCa 2b, MDA-MB-231, TRAMP-C1, HeLa, HT-29, Caco2, HepG2, 

Hepa1c1c7 and MCF-7 [57-61]. In contrast, we found that SFN is capable of inhibiting 

7,12-dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA)-

induced skin tumorigenesis in C57BL/6 mice mediated by Nrf2 [62]. More recently, we 

also demonstrated that re-expression of Nrf2 and the subsequent induction 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 anti-cancer effects of SFN against the TPA-induced neoplastic 

transformation of mouse skin [63]. Similarly, we also demonstrated that PEITC enhances 

the expression of various genes, including drug detoxifying enzymes, through the Nrf2 

signaling pathway in in vivo and ex vivo studies [64, 65]. Furthermore, PEITC has been 

demonstrated to stimulate tissue differences in the modulation of rat cytochrome P450 and 

phase II conjugation systems, showing increased hepatic GST activity, although not in the 

lung or kidney [66]. Similarly, the expression of the antioxidant enzyme HO-1 has also 

been shown to be strongly increased by PEITC treatment in PC-3 cells [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 sensitivity to PEITC-

induced apoptosis [67]. Indole-containing compounds, such as I3C and DIM, have also 

been described to possess potent cancer chemopreventive effects, potentially through 

multiȤtargets [68], including the induction of endogenous Nrf2, phase II genes (e.g., 

GSTm2, UGT1A1 and NQO1) and antioxidant genes (e.g., HOȤ1 and SOD1), as reported 

in a human liver hepatoma cell line (HepG2-C8) [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 cancer [70]. 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 

suppressor genes [24, 71]. Cytokines, chemokines, nuclear factor (NF)-əB, nitric oxide 

synthase-2 (NOS2), cyclooxygenase-2 (COX2), hypoxia inducible factor-1Ŭ (HIF1-Ŭ), 

signal transducer and activator of transcription 3 (STAT3), Nrf2 and nuclear factor of 

activated T cells (NFAT) are key molecular players linking inflammation to cancer [72]. 

In this context, Nrf2 is a crucial regulator that has been shown to modulate the innate 

immune response and survival during experimental sepsis using Nrf2-deficient mice and 

Nrf2-deficient mouse embryonic fibroblasts [73]. Some findings have suggested that there 

is crosstalk between Nrf2 and inflammation [74]. Interestingly, the Nrf2 pathway has been 

connected to the inflammatory response in studies using the TRAMP mouse model of 

prostate carcinogenesis [75]. Similarly, lower induction of phase II antioxidant and 

detoxification enzymes, such as HO-1, NQO1, UGT1A1, and GSTM1, and higher 
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induction of proinflammatory biomarkers, such as interleukin IL-1ɓ, IL-6, tumor necrosis 

factor alpha (TNF-Ŭ), inducible nitric oxide synthase (iNOS), and COX2, were observed 

in Nrf2-KO mice [76].  

 NF-əB is a transcription factor and a key molecular link between inflammation and 

cancer that regulates several genes whose products inhibit apoptosis and enhance cell cycle 

progression, angiogenesis and metastasis [70, 77]. Additionally, a considerable number of 

NF-əB target genes encode mediators of the innate immune response and inflammation, 

which include cytokines, chemokines, proteases, NOS2 and COX2 [70, 78]. In this context, 

dietary glucosinolate derivatives have been shown to inhibit NF-əB-mediated processes in 

vitro and in vivo, playing an important role because NF-əB is involved in the expression 

of over 500 genes involved in human diseases, including cancer [33, 79]. Thus, 

glucosinolate derivatives are capable of inhibiting NF-əB regulated pathways triggered by 

these activators by blocking pro-inflammatory signals at various levels; however, the 

molecular mechanisms by which these interactions are exerted are complex and poorly 

understood [33, 79].  

 Several cellular targets of glucosinolate derivatives have been investigated for 

modulating the NF-əB signaling pathway. For example, SFN is capable of suppressing the 

TLR4 signaling cascade by affecting the downstream effectors MyD88, p38 mitogen-

activated protein kinase (MAPK) and JNK by interacting with glutathione or other redox 

regulators, such as thioredoxin or Ref-1, which are indirectly capable of impairing NF-əB 

DNA binding ability and directly binding the essential thiol groups of p50, affecting NF-

əB DNA binding with the potential involvement of Akt regulation [33, 80, 81]. In addition, 

DIM, PEITC and SFN have been described to repress IKK/IkB phosphorylation and p65 
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NF-əB nuclear translocation, inhibiting the transcriptional activity of NF-əB and affecting 

important mediators, such as IL-6, iNOS, TNF-Ŭ and COX-2 [33, 82, 83]. Similarly, 

PEITC is also capable of decreasing the iNOS and COX-2 protein expression levels, 

leading to reduced expression of both pro-inflammatory mediators, and has also been 

reported to suppress the phosphorylation of interferon regulatory factor 3 (IRF3) induced 

by stimulation of the Toll-like receptor that decreases the activation of type I interferons 

(IFNs) and IFN-inducible genes [31, 84].  

 Recent evidence suggests an important crosstalk between NF-əB and Nrf2 

signaling, and the strong mechanism by which glucosinolate derivatives affect NF-əB may 

be partially mediated by their ability to activate the Nrf2-ARE signaling cascade (Figure 

2.2). For example, Nrf2 knockout mice subjected to pro-inflammatory stimuli 

simultaneously demonstrated decreased levels of anti-oxidant/phase 2 enzymes and 

upregulation of NF-əB pro-inflammatory mediators, such as COX-2, iNOS, IL-1, IL-6, 

cPLA2 and TNF-Ŭ [76, 85-87]. Modulation of Nrf2 and NF-əB crosstalk is not well 

characterized, but it appears to occur through a common MAPK network because common 

regulatory sequences in the transactivation domains of Nrf2 and NF-əB have been 

described [33]. In addition, NF-əB can antagonize Nrf2 activity at the transcriptional level 

by interacting with the co-activator CREB-binding protein (CBP), which is required for 

translocation, and concomitant recruitment of histone deacetylase (HDAC). In contrast, 

ARE-mediated gene activation by Nrf2 can inactivate NF-əB by different mechanisms. For 

example, upregulation of HO-1, one of the key target genes of the Nrf2 signaling pathway, 

has been suggested to inhibit NF-əB nuclear translocation [88]. Additionally, GSH/Grx-1-

dependent S-glutathionylation of p65 NF-əB produces NF-əB inactivation [89]. 
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Accordingly, C57BL/6 mice pre-treated with SFN in the presence of dextran sodium 

sulfate (DSS) demonstrated significantly reduced expression of inflammatory markers, 

such as IL-6 and interferon ɔ, with increased expression of Nrf2-dependent genes [90]. 

Similarly, SFN treatment of WT but not Nrf2 KO mice restored the number of sunburn 

cells to their basal level post-UVB irradiation, demonstrating decreased inflammatory 

biomarker activity in SFN-treated WT compared with Nrf2 KO mice, revealing a protective 

role for Nrf2 when activated by SFN against UVB-induced skin inflammation [91]. 

Moreover, SFN has also been reported to induce significant downregulation of pro-

inflammatory microRNA-155 by epigenetic mechanisms that together with the regulation 

of other target NF-əB  coactivators, such as CCAAT-enhancer binding proteins, cAMP 

response element binding protein, and activator protein-1 (AP-1), open new frontiers in the 

complex activities exerted by glucosinolate derivatives [31, 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 phenotype [49]. Recently, a large amount of 

evidence has demonstrated that epigenetic alterations, such as DNA methylation, histone 

modifications and non-coding miRNAs, consistently contribute to carcinogenesis, and 

constituents in the diet, including dietary glucosinolate derivatives, have the potential to 

alter a number of these epigenetic events [33, 36, 44]. Although most research on the 

cellular effects of dietary glucosinolate derivatives has primarily focused on detoxifying 

enzyme effects, increasing evidence has demonstrated the chemopreventive effects of 

dietary glucosinolate derivatives on the regulation of silenced genes in cancer.  



18 
 

 

 DNA methylation was the first epigenetic alteration to be observed in cancer cells, 

and it represents the most common molecular alteration in the origin of many cancers [93, 

94]. DNA methylation occurs at the 5ô position of cytosine residues within CpG 

dinucleotides through addition of a methyl group by DNA methyltransferases (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 inappropriate activation of oncogenes and 

transposable elements [44, 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 human cancers and cancer mouse models, demonstrating relevance 

as chemopreventive agents [31, 41, 97]. In different studies, the treatment of human and 

mouse cells with different dietary glucosinolate derivatives has resulted in the 

downregulation of DNMT activity, with concomitant promoter demethylation and re-

expression of genes such as GSTP1 (glutathione S-transferase pi 1), Nrf2, hTERT 

(telomerase reverse transcriptase), TGFBR1 (transforming growth factor, beta receptor I) 

and CYR61 (Cysteine-rich angiogenic inducer 61) (Table 2.1) [29, 41, 58, 63, 98-101].  

 Interestingly, Wong et al. described the genome-wide effects of SFN and DIM on 

promoter methylation in normal prostate epithelial cells and prostate cancer cells [29]. 

Accordingly, both SFN and DIM treatment decreased the expression of DNMTs in normal 

prostate epithelial cells (PrEC) and androgen-dependent (LNCaP) 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 prostate cancer 
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cells; however, they shared similar gene targets in a single cell line, reversing many of the 

cancer-associated methylation alterations, including aberrantly methylated genes that are 

dysregulated during cancer progression (e.g., cell migration, cell adhesion, cell-cell 

signaling, and transcriptional regulation). 

 Histone modifications have been broadly recognized as critically important triggers 

of gene silencing via post-translational modifications of histones at amino-terminal tails 

[44]. For example, the open chromatin state and gene activation is mediated by histone 

acetyltransferases (HATs), which transfer acetyl groups to the Ů-amino 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 (CoA) [44, 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 cancer [33, 103]. For example, 

methylation of H3K4, H3K36 and H3K79 has been associated with transcriptionally active 

chromatin, whereas methylation of H3K9, H3K27 and H4K20 has been associated with 

transcriptionally repressed chromatin, constituting two of the important silencing 

mechanisms in mammalian cells [44, 104].  

 Thus far, several studies have demonstrated the effects of dietary glucosinolate 

derivatives on histone modification mechanisms in in vitro and in 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 suppressor, pro-apoptotic, anti-oxidant 
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and anti-inflammatory genes [63, 105-107]. Dietary glucosinolate derivatives, such as 

SFN, PEITC and DIM, have been specifically associated with HDAC inhibitory activity in 

the peripheral blood mononuclear cells of human patients who consumed broccoli sprouts, 

different cancer cell lines (kidney, colon, prostate, leukemia and breast) and in vivo and in 

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

cell line (Table 2.1) [58, 63, 105, 108]. Specifically, SFN and PEITC treatments in human 

breast and prostate cancer 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 treatments in the androgen-dependent LNCaP 

prostate cancer cell line have also been demonstrated to increase H3K4me3 in the promoter 

regions of the TGFBR1 and CYR61 genes, as revealed by ChIP assays [29]. Interestingly, 

analysis of the impact of SFN on the level and function of polycomb group (PcG) proteins 

in SCC-13 skin cancer cells revealed that SFN treatment causes a concentration-dependent 

reduction in PcG protein (Bmi-1, Ezh2) expression and reduced histone 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 p21Cip1 

expression [109]. 

 These results were also observed in other skin-derived immortalized cells and 

transformed cell lines. In contrast, DIM has been reported to significantly decrease HDAC2 

protein expression but not HDAC1, HDAC3, HDAC4, HDAC6 or HDAC8 protein 

expression in androgen-insensitive PC-3 and androgen-sensitive LNCaP prostate cancer 

cell lines [110]. Interestingly, the same study was observed that I3C treatment slightly 

inhibits HDAC activity in LNCaP cells with no HDAC inhibition in PC-3 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 a concomitant increase in apoptosis, decrease in cell proliferation 

and enhanced Nrf2 and Nrf2-target gene NQO1 expression in prostate tissues [101]. DIM 

can selectively induce the proteasome-mediated degradation of class I histone deacetylases 

(HDAC1, HDAC2, HDAC3, and HDAC8) without affecting class II HDAC proteins in 

human colon cancer cells in vitro and in vivo in tumor xenografts [111]. Thus, the HDAC 

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

 miRNAs have become an important component of epigenetic gene regulation in 

mammals [24]. Typically, miRNAs are a class of endogenous small non-coding RNA 

molecules 20-25 nucleotides in length cleaved from approximately 70-100 nucleotide 

hairpin pre-miRNA precursors that regulate gene expression by inhibiting translation 

and/or triggering the degradation of target messenger RNAs (mRNAs) [112, 113]. 

Different studies in cancer have shown that miRNAs interact with genes in many different 

cellular pathways, displaying a differential gene expression profile between normal and 

tumor tissues and between tumor types [96, 114]. For example, the overexpressed miR-17-

92 oncogenic cluster may function as an oncogene and promote cancer development by 

negatively regulating tumor suppressor genes and/or genes that control differentiation or 

apoptosis, such as E2F1 (a cell cycle and apoptosis regulator), BIM (a pro-apoptotic gene 

that counteracts BCL2) and PTEN (a negative regulator of the oncogenic pro-survival 

PI3K/AKT signaling pathway) [114]. In contrast, downregulation of the let-7 and miR-

15/miR-16 miRNAs, which target the RAS and BCL2 oncogenes, respectively, has been 

previously described [96]. 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 dietary agents, such as PEITC and I3C [30]. Thus, the ECS-

downregulated miRNAs affected by PEITC have a variety of functions, such as the stress 

response, TGF-ɓ expression, NF-əB activation, Ras activation, cell proliferation, 

apoptosis, and angiogenesis. In addition, I3C-regulated miRNAs are involved in p53 

function, TGF-ɓ expression, Erbb2 activation, and angiogenesis [30, 115](Table 2.1). 

Similarly, DIM treatment has been reported to cause alterations in the expression of several 

miRNAs, including miR200 and the let-7 family, which were increased in gemcitabine-

resistant pancreatic cancer cells with a concomitant reversal of the mesenchymal phenotype 

to an epithelial phenotype [116].  

 Interestingly, I3C is also capable of reducing the effects of vinyl carbamate (a 

potent carcinogen causing lung tumors) in 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-21, exhibiting dose-dependent inhibition of cell 

proliferation and the development of breast tumors in an in vivo MCF-7 xenograft model 

[118]. Similarly, in human prostate cancer, interventions including high bioavailability 

formulations of DIM for 2 to 4 weeks in patients prior to radical prostatectomy 

demonstrated an association between the re-expression of miR-34a and decreased 

androgen receptor (AR) signaling, prostate specific antigen (PSA) and Notch-1 [119]. 

Furthermore, in the same patient group, DIM supplementation increased the expression of 

let family miRNAs and decreased the expression of the histone methyltransferase EZH2 

[120]. More recently, SFN has been shown to mediate the induction of miR-let-7a 

expression, which in turn inhibits K-ras expression and cancer stem cell (CSC) 

characteristics during pancreatic ductal adenocarcinoma (PDA) progression [121]. 
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Moreover, SFN can also modulate the expression of several miRNAs, including miR-140, 

miR-29a, and miR-21, in basal-like ductal carcinoma in situ (DCIS) stem-like cells, 

inducing significant changes in the exosomal secretion of miRNAs more closely 

resembling that of non-stem cancer cells, representing a promising chemopreventive 

strategy in the early stages of non-invasive breast cancer [122]. Taken together, the current 

studies using both in 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 breakdown products have been 

extensively used as chemopreventive agents in in vivo studies, including chemically 

induced rodent cancer models and oncogene-driven cancer development in transgenic mice 

[123]. Key studies documenting cancer chemoprevention by glucosinolates in chemically 

induced rodent cancer and transgenic mouse models are summarized in Table 2.2. For 

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 

sulforaphane-treated Nrf2 KO mice, demonstrating that the chemopreventive effects of 

SFN in DMBA/TPA-induced skin tumors is mediated by Nrf2 [62]. Similarly, inhibition 

of skin tumorigenesis was also observed using SFN in chemically induced skin cancer in 

CD-1 mice during the promotion stage [124]. 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 microarrays [125].  
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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 c-Jun N-terminal 

kinase (p-JNK), phosphorylated extracellular signal-regulated kinase (p-ERK), 

phosphorylated-Akt (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 ɛmol SFN three times per week for 17 to 19 weeks inhibited prostate intraepithelial 

neoplasia and pulmonary metastasis by reducing cell proliferation and augmenting NK cell 

lytic activity [128]. In this context, we have reported that TRAMP mice fed with 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 Nrf2, HO-1, 

cleaved-caspase-3, cleaved-PARP and Bax proteins and a decrease in the Keap1 and Bcl-

XL proteins. Furthermore, the phosphorylation and/or expression level of Akt and its 

downstream kinase and target proteins (e.g., mTOR, 4E-BP1 and cyclin D1) were also 

reduced [129]. These data correlate with our previous findings, in which oral 

administration of SFN was capable of inducing Nrf2-dependent detoxification phase I and 

II drug metabolizing enzymes and phase III transporters in livers of C57BL/6J and 

C57BL/6J/Nrf2(-/-) mice using the Affymetrix 39K oligonucleotide microarray [130].  

 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 basal diet (47). 

We have also reported that PEITC in an azoxymethane (AOM)-initiated 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 basal diet [131]. 

Thus, in this study, PEITC was associated with an increase in apoptosis (increased cleaved 
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caspase-3 and caspase-7) and cell cycle arrest (increased p21). In the polyoma middle-T 

antigen transgenic breast cancer mouse model, dietary feeding with an 8 mmol PEITC/kg 

diet resulted in smaller mammary cancer lesions with a progressive loss of ERŬ and 

FOXA1 but persistence of GATA-3 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 formation [132]. 

Similarly, in TRAMP mice, the administration of a 3 mmol PEITC/kg diet suppressed 

prostate cancer progression by inducing autophagic cell death and overexpressing E-

cadherin. Interestingly, PEITC treatment was not associated with a decrease in cellular 

proliferation, apoptosis induction, or neoangiogenesis inhibition [133]. In studying the 

chemopreventive efficacy of I3C in TRAMP mice, we observed that I3C suppressed the 

incidence of palpable tumors and reduced the genitourinary weight [134]. In addition, in 

this study, I3C induced the expression of Nrf2 and NQO-1 and cell cycle- and apoptosis-

related biomarkers in prostate tissue. More recently, the expression of Nrf2 was found to 

be controlled by epigenetic alterations, such as DNA methylation and 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 Nrf2-target gene NQO1 in prostate tissues [101]. 

 Although there has been extensive research on dietary phytochemicals 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 glucosinolate are lacking and limited to 
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determining the effects of raw cruciferous vegetables or their extracts under some 

biological parameters [123, 135]. For example, the inhibitory effects of watercress on the 

oxidative metabolism of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in the peripheral 

blood cells of participants have been described [136]. Similarly, a randomized and placebo-

controlled trial utilizing a beverage infused with broccoli sprouts exhibited an inverse 

association between the excretion of dithiocarbamates and urinary aflatoxin-DNA adducts 

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

activity in peripheral blood mononuclear cells in humans subjects [108].  

 Thus far, thirty-one clinical studies have been registered using SFN 

(www.clinicaltrials.gov; 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, PEITC, which has had 

fewer registered studies, comprises one of four studies completed for preventing lung 

cancer in individuals who smoke. Four studies of seven registered for I3C treatment have 

been completed for patients with prostate and breast cancer and a specific 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 been completed. 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 extensively used in in vitro, in vivo, 

preclinical and clinical studies, supporting the idea that dietary glucosinolates and their 

http://www.clinicaltrials.gov/
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derivatives have potential beneficial effects for cancer prevention. In extensive mechanistic 

studies, robust chemopreventive effects 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, dietary 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 driven not 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. Although 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 derivatives, in vivo data are lacking for most 

of these dietary 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 these 

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, microarrays, proteomics and 

genome-wide DNA methylation/histone modifications/miRNA profiling, have been 

addressing novel mechanisms through which glucosinolate derivatives may prevent cancer.  
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Table 2.1. Examples of the effect of dietary glucosinolate derivatives on DNA methylation, histone modifications and 

miRNAs mechanisms  

Epigenetic 

mechanism 

Dietary 

agent 

Molecular 

mechanism 

Validated 

target(s) 

In vitro  

model 

In vivo 

model 

Concentration 

 

Treatment 

exposure 

Ref 

DNA 

methylation 

SFN Źmethylation in 

promoter region,  

Ź DNMT1,  

Ź DNMT3a 

Nrf2 TRAMP-C1 mouse 

prostate cells 

  2.5 µM 5 days [58] 

  SFN Źmethylation in 

promoter region,  

Ź DNMT1,  

Ź DNMT3a,  

Ź DNMT3b 

Nrf2 JB6 P+ mouse skin 

cancer cells 

  2.5 µM 5 days [63] 

  SFN ŹDNMT1 expression  Caco-2 human colon 

cancer cells 

  50 µM 5 days [98] 

  SFN Źmethylation in 

promoter region,  

Ź DNMT1 and 

ŹDNMT3a 

hTERT MCF-7 and MDA-MB-

231 human breast 

cancer cells 

  10 µM 6 days [41, 99] 

  PEITC Źmethylation in 

promoter region  

GSTP1 LNCaP (androgen- 

dependent/independent) 

human prostate cancer 

cells  

  2.0 µM 5 days [100] 

  DIM Źmethylation in 

promoter region,  

Ź DNMT1,  

Nrf2 TRAMP-C1 mouse 

prostate cells 

TRAMP mice 

prostate tumors 

5 µM / 1% DIM 

diet 

5 days / 24 

weeks 

[101] 
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Ź DNMT3a,  

Ź DNMT3b 

  DIM 

(formulation 

with higher 

bioavailability) 

  miR-34a LNCaP and C4-2B 

human prostate cancer 

cells 

  6 µM 5 days [119] 

  DIM  Źmethylation in 

promoter region,  

Ź DNMT1,  

Ź DNMT3b 

TGFBR1, 

CYR61 

LNCaP human prostate 

cancer cells  

  15 µM 48 hours [29] 

Histone 

modifications 

SFN ŹHDAC1, ŹHDAC4, 

ŹHDAC5, ŹHDAC7, 

ŷH3Ac 

Nrf2 Mouse prostate 

TRAMP-C1 cells 

  2.5 µM 5 days [58] 

  SFN ŹHDAC1, ŹHDAC2, 

ŹHDAC3, ŹHDAC4 

Nrf2 Mouse skin JB6 P+ 

cells 

  2.5 µM 5 days [63] 

  SFN ŹHDAC activity,  

ŷH3Ac, ŷH4Ac 

p21, bax   Apcmin mice 

colon tumors 

Single oral dose 

of 10 µM / ~6 µM 

6 hours / 10 

weeks 

[105] 

  SFN ŹHDAC activity,  

ŷH3Ac, ŷH4Ac 

p21 Human colorectal 

HCT116 cells 

  15 µM 47 hours [138] 

  SFN ŹHDAC activity,  

ŷH3Ac, ŷH4Ac 

p21, bax Human prostate BPH-1, 

LNCaP and PC-3 cells 

  15 µM 48 hours [139] 

  SFN ŹHDAC activity, 

ŹHDAC1 

 Human embryonic 

kidney 293 cells 

  15 µM 47 hours [138] 

  SFN ŹHDAC activity,  

ŷglobal histone 

acetylation 

  Human PC-3 

prostate cancer 

xenografts in 

nude mice 

7.5 mumol per 

animal 

21 days [108] 
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  SFN ŹHDAC activity, 

ŷH3Ac, ŷH4Ac 

   Human 

peripheral 

blood 

mononuclear 

cells (PBMC)  

68 g Broccoli 

Sprouts 

3 and 6 hours 

following 

consumption 

[108] 

  SFN ŹHDAC activity  Human breast MDA-

MB-231, MDA-MB-

468, MCF-7, and T47D 

cell lines 

  25 µM 48 hours [140] 

  SFN ŹHDAC activity, 

ŷH3Ac, ŷH4Ac,  

ŷH3K9Ac, ŹH3K9, 

ŹH3K27, ŷRBP2 

hTERT MCF-7 and MDA-MB-

231 human breast 

cancer cells 

  10 µM 6 days [41, 99] 

  SFN ŹH3K27  Human SCC-13 skin 

cancer cells  

  20 µM 48 hours [109] 

  PEITC ŹHDAC expression, 

ŷH3Ac, ŷH3K4,  

ŹH3K9,  

Ź HDAC1 

 Human prostate LNCaP 

cells  

  0.1-20 µM 36 hours [100] 

  PEITC ŷH3Ac, ŷH3K4,  

ŹH3K9 

p21 Human prostate LNCaP 

cells  

  10 µM 30 hours [106] 

  Phenylhexyl 

isothiocyanate 

ŹHDAC activity, 

ŷH3Ac, ŷH4Ac, 

ŷH3K14, ŷH3K4, 

ŹH3K9 

p21 Human leukemia HL-

60 cells 

  40 µM 7 hours [141] 

  DIM ŹHDAC1, ŹHDAC2, 

ŹHDAC3, ŹHDAC4 

 Human colon HT-29 

cells 

  60 µM 24 hours [142] 

  DIM ŹHDAC1, ŹHDAC2, 

ŹHDAC3, ŹHDAC4 

p21, p27 Human colon HT-29 

and SW620 cells 

Human HT-29 

colon cancer 

xenografts in 

nude mice 

60 µM / 300 

mg/kg/day 

24 hours / 2 

days 

[111] 
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  DIM ŷhistone acetyl 

transferase p300, 

ŷH4Ac 

COX-2 Human breast MCF-7 

cells 

  10 µM 15 minutes [107] 

  DIM ŹHDAC1, ŹHDAC2, 

ŹHDAC3, ŹHDAC4, 

ŹHDAC8 

 Mouse prostate 

TRAMP-C1 cells 

  5 µM 5 days [101] 

  DIM ŷH3K TGFBR1, 

CYR61 

LNCap human prostate 

cancer cells 

  15 µM 48 hours [29] 

microRNAs SFN miR-140, miR-29a, 

and miR-21 

 MCF10DCIS,MCF-7, 

MDA-MB-231 breast 

cancer cells 

  10 µM 7 days [122] 

  SFN miR-let7-a K-ras BxPc-3, MIA-PaCa2 

pancreatic cancer cells 

  10 µM 72 hours [121] 

  DIM miR-200b, miR-200c, 

let-7b, let-7c, let-7d, 

and let-7e 

ZEB1 MiaPaCa-2, Panc-1, 

and Aspc-1 pancreatic 

cancer cells 

  25 µM 48 hours [116] 

  DIM miR-146a EGFR, IRAK-

1, and MTA-2 

Colo357 and Panc-1 

pancreatic cancer cells 

  25 µM 48 hours [143] 

  DIM miR-21 Cdc25A MCF-7 and MDA-MB-

468 breast cancer cells 

Human MCF-7 

breast cancer  

xenografts in 

nude mice 

30-60 µM / 5 

mg/kg 

24-96 hours / 

7 weeks after 

cell injection 

[118] 

  DIM 

(formulation 

with higher 

bioavailability) 

let-7a, let-7b, let-7c, 

and let-7d  

EZH2 LNCaP, C4-2B and 

PC3 human prostate 

cancer cells 

Human 

prostate 

samples from 

patients with 

stage I or stage 

II PCa 

undergoing 

radical 

prostatectomy 

25 µM / 225 mg 

orally twice daily 

x 14-72 days 

(based on 

scheduling of 

surgery) 

24 hours / 2ï4 

weeks prior to 

surgery 

[120] 
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  I3C miR-21, miR-31, 

miR-130a, and miR-

146 

 Human lung carcinoma 

A549 cells 

Vinyl 

carbamate-

induced female 

A/J mice lung 

tumors 

100 - 150 µM 24 hours / 15 

weeks 

[117] 

  I3C miR-10a, miR-26a, 

miR-34b, miR-125a-

prec 

   Sprague-

Dawley rats 

lung cancer 

samples 

induced by 

environmental 

cigarette 

smoke (ECS) 

2,500 mg/kg diet 28 days [30] 

  PEITC let-7a, let-7c, miR-

26b, miR-99b, miR-

123-prec, miR-125b, 

miR-146-prec, miR-

192, miR-222-prec 

   Sprague-

Dawley rats 

lung cancer 

samples 

induced by 

environmental 

cigarette 

smoke (ECS) 

500 mg/kg diet 28 days [30] 
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Table 2.2. Chemopreventive effect of dietary glucosinolate derivatives in rodents in vivo models 

Compound Animal  

model 

Experimental  

protocol 

Effect Ref 

SFN DMBA/TPA - CD-1 mice Topical application of 1, 5 or 10 

micromol/mouse in anti-promotion protocol 

(SFN from 1 week after carcinogen until the end 

of the study) or a combined anti-initiation, anti-

promotion protocol (SFN 7 days prior to 

carcinogen until the end of the study)  

Inhibition of skin tumorigenesis [124] 

  DMBA/TPA-induced skin 

tumorigenesis in C57BL/6 

mice 

Topical application of 100 nmol of SFN once a 

day for 14 days prior to DMBA/TPA 

applications 

Decreasing the incidence of skin tumor [62] 

  C57BL/6J wild type and 

C57BL/6J/Nrf2(-/-) knock-

out mice 

Topical application of 100 nmol of SFN in 

100 ÕL acetone for 4 and 5 d and irradiated with 

a single dose of UVB (300 mJ/cm2) during 10 

min 

Decreasing of inflammation and restored 

sunburn  

[91] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary feeding of 600 ppm SFN/day during 1 

to 5 days 

Regulation of different set of genes involving 

apoptosis, cell growth/maintenance and 

inflammation in the small intestinal polyps 

[125] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary feeding of 300 and 600 ppm of SFN for 

3 weeks 

Suppression of polyps in the small intestine 

with higher apoptotic and lower proliferative 

indices 

[127] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary feeding of 300 ppm SFN during 10 

weeks 

Reduction of colon tumor numbers, 

decreasing levels of prostaglandin E2 or 

leukotriene B4 in intestinal polyps and 

inhibition of cell survival and growth-related 

signaling pathways 

[126] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary feeding of ~6 µmol SFN/day for 10 

weeks 

Suppression of polyps formation [105] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary feeding of 300 or 600 ppm of SFN for 

3 weeks 

Suppression of polyps in the small intestine [127] 
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  Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Oral gavage of 6 µmol SFN thrice a week for 17 

to 19 weeks 

Inhibition of prostate intraepithelial neoplasia 

and pulmonary metastasis 

[128] 

  Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Feeding with 240 mg broccoli 

sprouts/mouse/day for 16 weeks 

Inhibition of prostate tumor growth [129] 

  C57BL/6J and 

C57BL/6J/Nrf2(-/-) knock-

out mice 

Oral gavage of 90 mg/kg SFN (0.2 ml) for 3 and 

12 hours 

Increasing the expression of Nrf2-dependent 

detoxification phase I, II drug metabolizing 

enzymes and phase III transporters genes 

[130] 

PEITC AOM/DSS - C57BL/6 mice 

colon cancer model 

Dietary feeding of 0.05% PEITC and 1% DBM 

during 20 weeks 

Inhibition of colon tumor multiplicity [131] 

  Apcmin/+ mouse model of 

gastrointestinal cancer 

Dietary administration of 0.05% PEITC for 3 

weeks 

Inhibition of intestinal polyp development 

and reduced intestinal tumor size 

[144] 

  Polyoma middle-T antigen 

(PyMT) transgenic mouse 

model of breast cancer 

Dietary feeding of 8 mmol PEITC/kg for 4 to 16 

weeks 

Reducing size of mammary cancer lesions [145] 

  Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Dietary feeding of 0.05% PEITC for 10 and 16 

weeks 

Inhibition of prostate tumor incidence  [132] 

  Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Dietary administration of 3 mmol PEITC/kg for 

19 weeks 

Inhibition of incidence and burden of poorly-

differentiated prostate tumor  

[133] 

I3C Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Dietary administration of 1% I3C for 8 and 12 

weeks 

Inhibition of incidence of palpable tumor and 

increased expression of Nrf2, NQO-1, as well 

as cell cycle and apoptosis related biomarkers 

[134] 
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DIM Transgenic 

adenocarcinoma of mouse 

prostate (TRAMP) model 

of prostate cancer 

Dietary administration of 1% I3C for 12 and 16 

weeks 

Decreasing of incidence of tumorigenesis and 

metastasis; increasing of apoptosis, 

decreasing of cell proliferation and enhanced 

Nrf2 and Nrf2-target gene NQO1 expression 

in prostate tissues 

[101] 
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Figure 2.1. Representative figures of Glucosinolates (A), their hydrolysis (B) and 

metabolism (C)  

Examples of aliphatic, indole and aromatic glucosinolates found in Brassicaceae 

vegetables (A). General model of glucosinolate hydrolysis by myrosinase and specifier 

proteins indicated as TFP (thiocyanate-forming protein) and ESP (epithiospecifier protein) 

(B). Metabolism of isothiocyanates by the mercapturic acid pathway. Isothiocyanates are 

conjugated to glutathione by glutathione S-transferases (GSTs) and successively cleaved 

by ɔ-glutamyltranspeptidase (ɔ-GT), cysteinylglycinase (CGase), and N-acetyltransferase 

(AT) to create N-acetylcysteine conjugates (mercapturic acids) (C). 
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Figure 2.2. Chemopreventive effects of natural dietary glucosinolate derivatives 

Nrf2-mediated antioxidative stress and anti-inflammatory signaling pathways 
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Chapter 3. Chemopreventive effects of Radix Angelicae 

Sinensis (Danggui) in TRAMP model 4,5,6 

3.1. Introduction  

 Prostate cancer (PCa) is a slow-growing tumor that is generally diagnosed in men 

above 65 years of age and constitutes one of the leading causes of cancer-related death 

among men in the USA [146]. 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://www.cancer.gov/cancertopics/types/prostate). PCa is characterized 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 phenotype [147]. 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 poor diet [148]. Epidemiological studies 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 publication as original research paper as 

ñEffects of Radix Angelicae Sinensis (Danggui) in TRAMP modelò by Paredes-Gonzalez 

X, Saw CL, Fuentes F, Shu L, Liu Y, Guo Y, Boyanapalli SS, Suh N and Kong AN.  

 
5 Key Words: Radix Angelicae Sinensis, Z-Ligustilide, apoptosis, Nrf2, TRAMP  

 
6 Abbreviations: RAS, Radix Angelicae Sinensis; Lig, 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 activity [21]. 

 Radix Angelicae Sinensis (RAS), which is commonly known as óDanggui,ô has a 

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 anti-inflammatory, immunomodulatory, antioxidant, antiangiogenic and 

anticancer effects [151-155]. 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 herb [156]. Oxidative stress 

is a major risk factor for various diseases, including PCa; therefore, one effective defense 

mechanism may be the induction of phase II detoxifying and antioxidant enzymes that are 

mediated by the nuclear erythroid-related factor 2 (Nrf2) pathway [151]. 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 II drug 

metabolizing/detoxifying/antioxidant enzymes [151, 157]. Recently, we have 

demonstrated that RAS extract and the main bioactive phthalide components present in the 

lipophilic fraction, including Z-ligustilide (Lig), can induce the expression of Nrf2 and the 

downstream genes NAD(P)H:quinone oxidoreductase 1 and superoxide dismutase 1 in 

HepG2-C8 cells, which is in agreement with the results 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 PCa [159]. 

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

and in human prostate cancer tissues, we have observed that Nrf2-ARE gene expression is 
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significantly diminished, and this loss of expression appears to be mediated through the 

epigenetic methylation of CpG sites in the Nrf2 promoter [160, 161]. This event positively 

correlates with the hypermethylation of Nrf2 observed in TRAMP-C1 and LNCaP cell 

lines [160, 161]. We have also observed that this hypermethylated status of Nrf2 in mice 

can be reversed by dietary phytochemicals such as 3,3ǋ-diindolylmethane and a ɔ-

tocopherol-rich mixture of tocopherols, as well as by sulforaphane, apigenin, Lig and RAS 

in vitro [157, 162-165]. Interestingly, TRAMP-C1 cells treated with Lig and RAS 

displayed a significant dose- and time-dependent inhibition of cell viability [157]. 

However, the effect of RAS and Lig on cell proliferation and cell cycle progression in the 

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 TRAMP-C1 cells and to determine the effects of RAS-supplemented diet on 

the TRAMP mouse model.  

3.2. Materials and Methods 

3.2.1. Reagents and 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 

(pH 7.0) containing 10% FBS at 37 ÁC in a humidiýed 5% CO2 atmosphere, as described 

previously [157].   

 Lig was obtained from ChromaDex, Inc. (Irvine, CA, USA) and reconstituted as a 

100 mM stock solution in DMSO. The RAS extract was prepared by supercritical fluid 

carbon dioxide extraction of the milled decoction pieces (40 mesh) (HA220-50-01) in the 

laboratory of Dr. Q. Wu (Beijing University of Chinese Medicine, BJ, China). The 
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separation process was executed in two phases, as previously described [151, 157]. The 

Lig content of the extract was 62.3%, as measured by high performance liquid 

chromatography (HPLC). Throughout the entire study, the extract was stored at -20 ÁC 

until use. 

3.2.2. MTS and trypan blue exclusion assays 

 For the MTS assay, TRAMP-C1 cells were plated in 6-well plates in medium 

containing 1% FBS at an initial density of 1 × 104 cells/mL. After overnight incubation, 

the medium was replaced with fresh DMEM/1% FBS and Lig (25 µM or 50 µM), RAS 

(4.25 ɛg/mL or 8.5 ɛg/mL) or 0.1% DMSO (control), and the cells were incubated for 

additional 24 or 48 h in a humidified atmosphere of 95% air and 5% CO2. The cytotoxicity 

of the drugs was tested using the CellTiter 96® aqueous nonradioactive cell proliferation 

MTS assay kit [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt; MTS] from Promega (Madison, WI, USA) and a 

ɛQuant Biomolecular Spectrophotometer from Bio-Tek Instruments Inc. (Winooski, VT, 

USA). The absorbance of the formazan product was determined at 490 nm. The cell 

viability was calculated by comparing the optical density of the treated samples with the 

optical density of the negative control (DMSO). 

 In the case of the trypan blue dye exclusion assay, TRAMP-C1 cells were plated in 

6-well plates at a density of 1 × 104 cells/mL and allowed to attach overnight. Then, the 

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 700 x g for 5 min. The cells were resuspended in 1 mL of 

phosphate buffered saline (PBS). Twenty microliters of the cell suspension was mixed with 
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20 ÕL of 0.4% trypan blue solution, and the cells were counted using a TC20Ê Automated 

Cell Counter from Bio-Rad (Hercules, CA, USA) according to the manufacturerôs protocol. 

3.2.3. Cell cycle distribution and apoptosis analysis by flow cytometry 

 Lig- and RAS-treated TRAMP-C1 cells were stained with propidium iodide (PI) 

from Sigma-Aldrich Co. (St. Louis, MO, USA) or PI/Annexin V-FITC 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 × 104 

cells/mL of TRAMP-C1 cells were seeded in 10-cm 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 x g for 5 min. For cell cycle analysis, the cells were fixed with 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 30 min at 37ÁC, stained with 5 ɛL of 1 mg/mL 

PI in the dark (at room temperature) for 30 min and analyzed according to an 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 manufacturerôs instructions.   

3.2.4. Protein lysate preparation 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 protein concentration determination was performed using the bicinchoninic 

acid (BCA) method; and western blotting was executed using a standard protocol from our 

laboratory, as described previously [157, 165]. Twenty micrograms of total proteins from 
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each sample were mixed with 5 ÕL of Laemmli's SDS sample buffer and denatured for 

5 min at 95 ÁC. The proteins were separated using a Bio-Rad 4-15% SDS-polyacrylamide 

gel, and then they were transferred to a Millipore polyvinylidene difluoride (PVDF) 

membrane (Bedford, MA, USA), followed by blocking with 5% BSA in Tris-buffered 

saline-0.1% Tween 20 (TBST) buffer. Then, the membrane was sequentially incubated 

with specific primary antibodies and HRP-conjugated secondary antibodies. The blots 

were visualized by a SuperSignal enhanced chemiluminescence (ECL) detection system 

and recorded using a Bio-Rad Gel Documentation 2000 system (Hercules, CA). Anti-

caspase-3 was purchased from Cell Signaling (Boston, MA, USA) and anti-ɓ-actin, anti-

PARP, anti-p21, anti-p27, anti-cyclin A, and anti-cyclin D1 was purchased from Santa 

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

software, as described previously [165].  

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 

obtained for the studies as [TRAMP Ĭ C57BL/6] F1 or [TRAMP Ĭ C57BL/6] F2 offspring. 

The genotypes of the transgenic mice were established by DNA genotyping using PCR 

with the following primers, as suggested by The Jackson Laboratory: Tcrd Forward 5ǋ-

CAA ATG TTG CTT GTC TGG TG-3ǋ; Tcrd Reverse 5ǋ-GTC AGT CGA GTG CAC AGT 

TT-3ǋ; SV1 5ǋ-GGA CAA ACC ACA ACT ATG CAG TG-3ǋ; SV5 5ǋ-CAG AGC AGA 

ATT GTG GAG TGG-3ǋ. All mice were maintained in the Laboratory Animal Service 

facility at Rutgers University in accordance with the guidelines established by the 
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universityôs Animal Research Committee according to the NIH Guidelines for the Care 

and Use of Laboratory Animals, as we have described previously [162, 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 WF Fisher & 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 reports [155, 166]. In the 

present study, the AIN-93M diet was supplemented with 0.2% of RAS extract (RAS-LD) 

or 0.5% of RAS (RAS-HD). The control TRAMP males (n=14) received an AIN-93M diet 

without RAS extract starting from 8 weeks of age. Starting from 8 weeks of age, the treated 

TRAMP males received RAS-LD in AIN-93M chow (n=12) or RAS-HD in AIN-93M 

chow (n=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 et al. [167]. 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, RAS-LD and RAS-HD 

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 laboratory [168, 169]. The 

sections were stained with hematoxylin and eosin, as described previously, to observe the 

neoplastic changes [162, 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 II, PIN III, or PIN IV. PIN I and PIN II were grouped as low-

grade (LG) PIN, whereas PIN III and PIN IV were grouped as high-grade PIN, as we have 

reported previously [162, 168]. 

3.2.8. Immunohistochemistry 

 Immunohistochemistry (IHC) to determine the levels of proliferating cell nuclear 

antigen (PCNA), Nrf2 and 5-mC was performed on formalin-fixed, paraffin-embedded 

prostate tissue sections of the control, RAS-LD and RAS-HD groups (n=3) using a standard 

protocol with 3,3ǋ-diaminobenzidine and counterstaining with Mayerôs hematoxylin, as 

previously described [162, 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 Olympus MicroSuiteÊ Five Software (Soft Imaging System, Lakewood, CO, USA). 

The quantitative 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 algorithm to detect 
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both cytoplasmic and nuclear staining. The images were scored according to the percentage 

of positive cells, as described previously [161].  

3.2.9. Statistical analysis 

 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 tests were performed using Studentôs t-tests for independent samples, unless 

specified otherwise. Distribution of the GU weight data of mice was 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 line in the box show the media value of the data and the 

error bars represents the 95% confidence intervals. Differences in mean body weight of 

mice (evaluated weekly) were assessed with Tukey's multiple-comparison test. All p-

values were two-sided, and a p-value 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 time- and dose-dependent 

decrease in the cell viability of treated TRAMP-C1 cells by the MTS assay [157]. MTS, an 

indicator of metabolically active mitochondria, may overestimate the number of viable 

cells compared to the ATP-, DNA-, or trypan blue-based determinations used in 

chemopreventive studies [170]. Therefore, 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 treated 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 TRAMP-C1 cells  

 To elucidate whether Lig (25 ÕM and 50 ÕM) and RAS (4.25 ɛg/mL and 8.5 

ɛg/mL) cause cell growth inhibition and/or cell death by apoptosis, the effect of the 

compounds on cell cycle progression and apoptosis were determined by flow cytometry 

over a 48Ȥh period of exposure. Cell cycle analysis revealed that TRAMP-C1 cells treated 

with Lig and RAS for 48 h demonstrated significant cell cycle arrest at the G1 phase in a 

dose-dependent fashion (Figure 3.2). Lig and RAS dose-dependently induced a significant 

proportion of cells to arrest at the G0-G1 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 (PI)-stained TRAMP-C1 cells 

after treatment 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 VȤpositive cells) from 7.38% (control) to 13.02% (Lig 50 µM), 18.63% (RAS 

4.25 µg/µL) and 28.41% (RAS 8.5 µg/µL), 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 treated with Lig 

or RAS at the highest dose (over 30% PI-positive cells) (Figure 3.3).  
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3.3.3. Lig  and RAS induce protein expression of cell cycle regulators and 

proapoptotic mediators in TRAMP -C1 cells 

 We investigated the effect of Lig and RAS on the protein expression of regulators 

of apoptosis and the cell cycle. Western blot analysis was performed following the 

treatment of the TRAMP-C1 cells for 48 h with Lig or RAS. We observed significant 

poly(ADP-ribose) polymerase (PARP) cleavage of the signature 86-kDa fragment in cells 

treated with Lig (p<0.05; Figure 4.A) and a moderate effect of RAS at 4.25 ɛg/mL and 8.5 

ɛg/mL, suggesting that Lig induces an apoptotic response, as PARP is a downstream target 

of activated caspase-3/7. Accordingly, a significant increase in caspase-3 cleavage was 

observed with Lig treatment, and a moderate effect on caspase-3 expression was observed 

with RAS treatment at both doses (Figure 3.4.A). In the case of cell cycle-related proteins, 

we observed increased expression of cyclin A, an indicator 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 RAS [171, 172]. p21 and p27 are 

able to arrest cells at both the G1/S and G2/M checkpoints [173]. We observed 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 mechanism through which Lig and 

RAS reduce the proliferation of TRAMP-C1 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 RAS-HD group was lower than that observed for the 

control and RAS-LD groups (Table 3.1). 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 RAS-LD- and RAS-HD-treated 

groups (p< 0.05) compared with the control AIN-93M-treated group (Figure 5.B). Upon 

necropsy, we observed a dose-dependent decrease in the number of mice with palpable 

tumors for the RAS-treated animals. The effects of RAS on the incidence of palpable 

tumors and metastasis are summarized in Table 3.2. 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 observed. Histological 

analyses of seven mice per group revealed that only 21% of the control mice possessed 

normal glands; 52% of the animals exhibited LG-PIN and 27% HG-PIN (Figure 3.6.B), 

one of which was classified as a carcinoma.  

 For the RAS-LD and RAS-HD groups, 24% 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-LD group exhibited a significant increase 

(24%) in the percentage of normal glands and a 25% decrease in the number of HG-PIN 

animals, compared with the control mice, whereas no differences were found for LG-PIN 

compared with the controls (Figure 3.6.B). No evidence of carcinoma was reported for the 

RAS-LD group. For the RAS-HD 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 of LG-PIN animals, with no HG-PIN cases 
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reported. Two mice were reported to contain carcinomas upon the histological examination 

of the RAS-HD animals. The RAS treatments did not affect the expression of the SV-40 

transgene (data not shown). 

 To assess the in 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 RAS-HD-treated groups were analyzed for PCNA expression through 

immunostaining (n=3). The qualitative microscopic examination of PCNA-stained sections 

indicated a substantial decrease in the percentage of PCNA-positive cells in the RAS-fed 

groups, compared with the positive control (Figure 4.A), which significantly differed from 

the RAS-HD 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 RAS-LD- and RAS-HD-fed 

groups, respectively, compared with 70 ± 8% for the positive control (Fig. 3.4.A), 

accounting for a decrease in the proliferation indices of both groups; this difference was 

statistically significant for the RAS-HD group compared with the control group (p < 0.05). 

Collectively, our data suggest that RAS exerts dose-dependent inhibitory effects on PCa 

tumor formation and progression.   

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

global CpG methylation staining by 5-MC 

 We have previously demonstrated that the expression of Nrf2 is epigenetically 

suppressed in TRAMP-C1 cells and in the prostate tumors of TRAMP mice by promoter 

methylation related to MBD2 and histone modifications [160]. 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 TRAMP-C1 cells [151, 157]. Therefore, in 

the present study, we decided to test whether Nrf2 expression is restored in the prostate 

tissue of TRAMP mice after long-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 RAS-LD and the RAS-HD group in a dose-dependent manner (p< 0.05 

and p< 0.01, respectively). Next, we tested whether the level of 5-methylcytosine (5-MC), 

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 dose-dependently 

decreased the level of 5-MC IHC staining in the prostate tissue of both RAS-LD- and RAS-

HD-treated animals (p < 0.05 and p < 0.01, respectively). These data suggest that RAS is 

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 grade [174]. The TRAMP model 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 TRAMP-C1 cells, an androgen receptor-positive 

epithelial prostate cell line derived from a prostate tumor of a 32-week-old TRAMP mouse, 

and TRAMP mice to assess the effect of RAS and its main bioactive compound Lig on PCa 

progression [176]. We have previously demonstrated that the viability/proliferation of the 

TRAMP-C1 cell line is reduced significantly in the presence of Lig and RAS extract in a 

dose- and time-dependent manner using the MTS assay [157]. Moreover, RAS has been 
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reported to be cytotoxic to various tumor cell lines [155]. 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 long-term feeding of RAS on TRAMP mice. We observed 

that RAS and its 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 reports [155, 177]. We observed that Lig and RAS induce 

cleavage of PARP and caspase-3, an effect that was more pronounced with Lig at the 

highest dose (Figure 3.4.A). Lig and RAS have been reported to modulate key apoptosis 

players, such as p53, Bcl-2 and Bax and caspase-3, in different cell models, and RAS is 

suggested to induce apoptosis by both p53-dependent (through the phosphorylation of p53) 

and p53-independent mechanisms involving the cyclin/CDK/CKI system [155, 178, 179]. 

In addition, Lig has also been reported to attenuate H2O2-induced cell death, reduce 

increases in intracellular reactive oxygen species (ROS) levels, decrease Bax expression 

and cleave caspase-3 and cytochrome C [156].  

 In our study, we observed increased levels of cyclin A resulting from RAS and Lig 

treatment, as well as decreased 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 

differential effect on p21 and p27 protein expression observed with TRAMP-C1 cells may 

have been induced by other lipophilic bioactive compound(s) with similar structure(s) 

present in RAS, namely n-butylidenephthalide (Buty), which has also been reported to 

cause a G1 cell cycle arrest and apoptosis in various malignant cell lines [180, 181]. In our 

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

Buty in the extract was low, the potent antiproliferative effects of RAS on colon cancer 

HT-29 cells have 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 chemical structure of the phthalides themselves 

[180, 182]. For example, 4-(3ǋ,3ǋ-dimethylallyloxy)-5-methyl-6-methoxyphthalide has 

been reported to induce G1 cell cycle arrest and apoptosis in human cervical 

adenocarcinoma HeLa cells through the upregulation of p21, p16, p73, JunB, FKHR, 

PUMA, NOXA, Bax, Bad, Bid and Bim at the mRNA level and the upregulation of p53, 

p73, p27, caspase-3, caspase-8 at the protein level; additionally, the compound is able to 

decrease the proliferation of the MDA-MB-231 and MCF7 breast cancer cell lines [183, 

184]. Moreover, Buty has been reported to induce apoptosis in LNCaP human prostate 

cancer cells in a concentration- and time-dependent manner by affecting the protein 

expression of several proteins related to metabolic processes, cell signaling, apoptosis and 

cell cycle progression, including L-lactate dehydrogenase A chain, apoptosis-inducing 

factor 1, cytochrome c, cyclin-dependent kinase inhibitor 2A and PCNA, and many others 

[181]. Accordingly, our in vivo study demonstrated that the long-term RAS treatment of 

TRAMP mice reduced TRAMP mouse tumor growth (Table 3.2) and the occurrence of 

HG-PIN lesions in the animals in a dose-dependent manner (Figure 3.6.B), which 

positively correlates with the decrease in PCNA-positive cells in the prostate tissues of 

RAS-LD- and RAS-HD-fed mice (Figure 3.7.B). Notably, our results regarding 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 and in vivo [155]. In addition, similar trend was observed in a breast 

cancer model (Appendix B). 

 We previously reported that RAS and its main phthalides Lig and Buty can induce 

the Nrf2-ARE signaling pathway in HepG2-C8 cells [151]. In addition, the strong 

protective effect of Lig against brain damage caused by ischemia-reperfusion in vitro and 

in vivo is reported to be in part mediated by its ability to activate the Nrf2-ARE signaling 

pathway [185]. Moreover, Lig and RAS modulate the DNA methylation of the Nrf2 

promoter in 5 key CpG sites in TRAMP-C1 cells compared with 5-aza-2ǋ-deoxycytidine 

and trichostatin A, which were used as positive controls, highlighting the potential function 

of RAS and Lig as epigenetic modifiers [151, 157]. In our studies, we have consistently 

reported that Nrf2 expression in TRAMP-C1 cells and the prostate tumors of TRAMP 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 cells [160, 161, 163, 164]. Therefore, we tested whether the expression of 

Nrf2 could be restored in prostate tissue of TRAMP mice after long-term 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 5-methylcytosine-positive cells (Figure 3.7.B), in agreement with our 

previous findings in TRAMP-C1 cells [157]. Hypermethylation of Nrf2 leading to gene 

silencing is important because Nrf2-disrupted mice are more susceptible to chemically 

induced DNA damage and oxidative stress-induced diseases, such as cancer, compared 

with wild-type mice [160]. In addition, the hypermethylation of various genes, including 

RARɓ, TNFRSF10C, RASSF1A, Neurog1 and GSTP1, has been reported as a common 
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feature of human prostate cell lines and/or prostate cancer samples [161, 186, 187]. 

Therefore, the ability of RAS to restore silenced Nrf2 expression and decrease global 

hypermethylation in a dose-dependent 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 treatments. RAS has been reported to be a nontoxic agent in vivo, even at high doses 

[155]. In our present study, 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 RAS-LD and control groups from the 4th week of treatment (Table 3.1) 

until sacrifice. Similarly, a decrease in the overall weight of the GU apparatus in the RAS-

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 main bioactive phthalide Lig 

may be useful agents for prostate cancer prevention. Additional studies are needed to assess 

whether the anti-prostate cancer efficacy of RAS involves other molecular changes or 

perhaps synergistic effects exerted by its other main phthalides. 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.  
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Table 3.1. Body weights of TRAMP mice measured weekly 

 

  Weight (g) ±SD 

Week Control    RAS-LD   RAS-HD   

8 22.5 ± 1.0   22.5 ± 1.4 ns 21.8 ± 1.3 ns 

9 21.9 ± 1.0   22.2 ± 1.4 ns 21.6 ± 1.2 ns 

10 22.5 ± 1.2   21.9 ± 1.5 ns 21.7 ± 1.2 ns 

11 22.7 ± 1.1   23.1 ± 1.5 ns 22.1 ± 1.3 ns 

12 23.4 ± 1.0   23.5 ± 1.3 ns 22.0 ± 1.2 * 

13 23.5 ± 1.2   23.8 ± 1.6 ns 22.4 ± 1.4 * 

14 23.5 ± 1.0   23.8 ± 1.6 ns 22.5 ± 1.1 * 

15 24.1 ± 1.2   24.2 ± 1.4 ns 22.6 ± 1.1 * 

16 24.7 ± 1.2   24.4 ± 1.4 ns 23.0 ± 1.1 * 

17 24.6 ± 0.8   24.7 ± 1.5 ns 23.0 ± 0.9 * 

18 24.8 ± 0.8   25.1 ± 1.6 ns 23.3 ± 0.9 * 

19 24.8 ± 1.0   25.3 ± 1.4 ns 23.5 ± 0.9 * 

20 25.1 ± 1.0   25.5 ± 1.5 ns 22.9 ± 1.0 * 

21 25.2 ± 1.2   25.6 ± 1.6 ns 22.9 ± 1.1 * 

22 25.6 ± 1.2   25.8 ± 1.5 ns 23.0 ± 1.3 * 

23 26.0 ± 1.4   26.1 ± 1.9 ns 23.1 ± 1.3 * 

24 26.1 ± 1.2   25.9 ± 1.9 ns 23.3 ± 1.9 * 

  * p values < 0.05 were considered as significant. ns= no significant. 
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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 

 

 

Treatments 

Number of 

animals 

Incidence of 

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 TRAMP-C1 cell survival based on MTS (A) and 

trypan blue dye exclusion (B) assays  

 For the MTS assay (A), TRAMP-C1 cells were treated in 96-well plates with RAS (4.25 

ɛg/mL or 8.5 ɛg/mL) or Lig (25 ÕM or 50 ÕM) for 24 or 48 h. MTS reagent [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium] 

was introduced into 96-well plates containing cells after the incubation period, according 

to the manufacturerôs instructions. For the trypan blue assay (B), cells were treated in 6-

well plates with RAS (4.25 ɛg/mL or 8.5 ɛg/mL) or Lig (25 ÕM or 50 ÕM) for 24 or 48 h. 

At the end of the treatment, trypan blue stain was added to an aliquot of cells to assess the 

live/dead cell ratio, and the results were normalized against control-treated cells.* and # 

indicate a significant difference of p<0.05 and p<0.01 vs. control, respectively.  
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Figure 3.2. Effect of RAS and Lig on the cell cycle in TRAMP-C1 cells  

Cells were treated in 10-cm 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.  
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Figure 3.3. Induction of TRAMP-C1 cell apoptosis by RAS and Lig 

Cells were treated in 6-cm 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. Western blot of biomarkers for apoptosis (A) and cell cycle regulation (B) 

affected by treatment of TRAMP-C1 cells with Lig and RAS 

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

total cell extracts were collected and subjected to western blotting, with ɓ-actin used as an 

internal control. (A) Lig and RAS induced caspase-3 and PARP cleavage. (B) Effects of 

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 protein expression compared 

with control DMSO. 
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Figure 3.5. Effect of a RAS-supplemented diet on TRAMP mice at 24 weeks of age; 

design of the study (A) and GU weight of the mice (B)  

(A) TRAMP mice at eight weeks of age were randomly divided into three groups: control 

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

the diets until 24 weeks of age. (B) The average wet weights of the genitourinary 

apparatuses 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 the control (ANOVA). 
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Figure 3.6. Effect of the RAS-supplemented diet on TRAMP mice at 24 weeks of age. 

Representative micrographs of prostate sample tissue (A), effect of RAS on PIN lesions 

(B) and PCNA immunostaining (C) 

(A) Representative photomicrographs (×400 magnification) of H&E staining of the 

dorsolateral section of control and treated mice at 24 weeks of age. Representative figures 

of normal, LG-PIN and HG-PIN samples. (B) The dorsolateral prostate was 

microdissected, H&E stained and blinded for PIN evaluation (n=7). p-values < 0.05 were 

considered significant. (C) Immunohistochemical analysis of PCNA. Representative 

photomicrographs (×40 magnification) of PCNA in TRAMP prostate tissue (n=3). The 

percentage of positive cells (%) with IHC staining of PCNA was evaluated in control, RAS-

LD and RAS-HD samples using an Aperio ScanScope® GL system, as described in the 

Materials and Methods section. The bars represent the mean values ± S.D. p-values < 0.05 

were considered significant. 
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Figure 3.7. RAS-supplemented diet induces Nrf2 expression (A) and decreases 5-mC 

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

Immunohistochemical analysis of Nrf2 and 5-methylcytosine. Representative 

photomicrographs (×40 magnification) of stained TRAMP prostate tissue and the 

percentage of positive cells are shown (n=3). The percentage of positive cells (%) with IHC 

staining of Nrf2 or 5-methylcytosine was evaluated in control, RAS-LD and RAS-HD 

samples using an Aperio ScanScope® GL system, as described in the Materials and 

Methods section. The bars represent the mean values ± S.D. p-values < 0.05 were 

considered significant. 
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Chapter 4. Induction of Nrf2 -mediated gene expression by 

Dietary Phytochemical Flavones Apigenin and Luteolin. 7,8,9 

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 vegetables [3]. Apigenin (4ǋ,5,7,-

trihydroxyflavone; API) and luteolin (3ǋ,4,5,7-tetrahydroxyflavone; LUT) are low 

molecular weight polyphenolic compounds and two of the most common dietary 

flavonoids in the human diet (Figure 4.1.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 fruits [188, 189]. Although API and LUT are usually 

found in small quantities, their intake is associated with a decreased risk of several types 

of cancer [190, 191]. In this context, various studies suggest that these flavonoids inhibit 

critical events associated with carcinogenesis, including cell transformation, invasion, 

metastasis, and angiogenesis, by modulating kinases, inhibiting transcription factors, 

regulating the cell cycle, and inducing apoptosis [192, 193]. Subsequently, several 

molecular targets have been identified to contribute to these effects, including the 

activation of phosphatidylinositol 3'-kinase (PI3K)/Akt, nuclear factor kappa B (NF-kB), 

                                                           
7 This chapter has been submitted for publication as original research paper to Biopharmaceutics & Drug 

Disposition journal as ñInduction of Nrf2-mediated gene expression by dietary phytochemical flavones 

Apigenin and Luteolinò by Paredes-Gonzalez X, Fuentes F, Jeffery S, Saw CL, Shu L, Su ZY and Kong AN.   

 
8 Key Words: Apigenin; HepG2; inflammation; Luteolin; Nrf2. 

 
9 Abbreviations: API, Apigenin; LUT, Luteolin; NF-əB, nuclear factor kappa B; HO-1, heme oxygenase-1; 

NQO-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 understood [193, 

194].  

 It has been increasingly reported that the biological activities of LUT and API are 

related to their ability to modulate reactive oxygen species (ROS) [195, 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 

promoting DNA damage, genomic instability, and neoplastic transformation [69, 197]. The 

induction of cytoprotective mechanisms, such as the expression of phase II 

detoxification/antioxidant enzyme orchestrated by nuclear factor (erythroid-derived 2)-like 

2 (Nrf2), is believed to have an important role in preventing carcinogenesis [4, 198]. After 

translocation into the nucleus, Nrf2 induces the transcriptional activity of a cis-acting DNA 

element known as the antioxidant response element (ARE)/electrophile response element 

(EpRE), which leads to the expression of protective genes, such as phase II drug 

metabolizing enzymes UDP-glucuronosyltransferases (UGT), glutathione S-transferase 

(GST), NAD(P)H:quinone oxidoreductase 1 (NQO-1), and anti-oxidative stress enzymes 

heme oxygenase-1 (HO-1) [198].  

 API and LUT have been reported to protect against oxidative stress through the 

upregulation of glutamate cysteine ligase, the glutamate cysteine ligase catalytic subunit, 

and HO-1 in primary rat hepatocytes via the Nrf2 signaling pathway [199]. 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 enzymes [165]. Interestingly, increasing 
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evidence has indicated that important cross talk occurs between Nrf2 and NF-əB under 

conditions of 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 NF-əB transcriptional activity when Nrf2 is silenced 

[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 UVB-induced skin inflammation [91]. Subsequent studies in our lab demonstrated 

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

increased HO-1 protein expression [10].  

 API and LUT have been extensively reported to possess strong anti-inflammatory 

activities by repressing NF-kB and inhibiting proinflammatory mediators in vitro and in 

vivo [193, 194, 205, 206]. Therefore, we examined the Nrf2-ARE activation mediated by 

API and LUT and the anti-inflammatory activity of both compounds in LPS-stimulated 

HepG2 cells. Our research suggests that API and LUT activate the anti-oxidative Nrf2-

ARE pathway and that this activation may be involved in their attenuation of LPS-induced 

inflammation.  

4.2. Materials and Methods 

4.2.1. Reagents and cell culture 

 Dimethyl sulfoxide (DMSO), API (Fig. 4.1A), 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 phosphatidylinositol 3-kinase (PI3K) 
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(LY294002), p38 MAPK (SB203580), JNK-1/2 (SP600125), and ERK-1/2 (PD98059) 

were purchased from Cell Signaling Technology, Inc. (Danvers, MA). Human hepatoma 

HepG2 cells were purchased from the American Type Culture Collection (ATCC, 

Rockville, MD). The HepG2-C8 cell line was established in Dr. Ah-Ng Tony Kongôs 

laboratory by transfecting HepG2 cells with a pARE-T1-luciferase construct (kindly 

provided by Dr. William Fahl, University of Wisconsin) using the FuGENE 6 method as 

previously described [12]. The cells were routinely cultured in Dulbeccoôs modified 

Eagleôs medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1.17 g/l 

sodium bicarbonate, 100 units/ml penicillin and 100 µg/ml streptomycin and incubated at 

37°C in a humidified atmosphere containing 5% CO2. The cells were grown to 80% 

confluence, split, and then sub-cultured in 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 96-well plates in medium containing 1% FBS per well 

(1×104 cells/well) at an initial density of 1×105 cells/ml in a volume of 100 µl. After 

overnight incubation, the cells were treated with DMEM/1% FBS and various 

concentrations of API and LUT (1.56 µMï100 µM) using 0.1% DMSO as a control for 24 

h. The cytotoxicity of the API and LUT was tested by using the CellTiter 96® aqueous 

non-radioactive cell proliferation MTS assay kit [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] (Promega, 

Madison, WI). Absorbance of the formazan product was measured at 490 nm using a 

ɛQuant Biomolecular spectrophotometer from Bio-Tek Instruments Inc. (Winooski, VT). 
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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 was used as the negative control. 

4.2.2. Evaluation of ARE reporter gene activity by luciferase assay 

 HepG2-C8 cells were seeded in 12-well tissue culture plates at a density of 1x105 

cells/ml in 1 ml of DMEM/1% FBS per well. The cells were treated with various 

concentrations of API and LUT, and the negative control group was treated with 0.1% 

DMSO. The positive control group was treated with 6.25 µM SFN, a well-known inducer 

of ARE activity [12, 14]. After 6 h and 12 h of incubation, the luciferase activities in the 

cell extracts were measured with a Promega luciferase kit (Madison, USA) according to 

the manufacturerôs protocol. The inhibitors LY294002 (50 ÕM), SB203580 (10 ÕM), 

SP600125 (50 µM), or PD98059 (50 µM) were added to the cultures one hour prior to 

treatment and incubated with the cells for 12 h during stimulation according to the 

manufacturersô instructions. Briefly, after the treatment, the cells were washed with ice-

cold phosphate buffered-saline (1x PBS, pH 7.4) and immediately harvested in 1x Promega 

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 µl 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 activity of the 

control DMSO-treated cells. 
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4.2.3. Evaluation of of nitric oxide (NO) increase 

 The concentrations of NO in the supernatants of HepG2 cells were detected using 

a fluorometric assay, as reported previously [151]. Briefly, HepG2 cells were seeded at a 

density 1.0×105 cells/ml in 96-well plates overnight. Then, the medium was discarded, and 

the cells were pretreated with API or LUT for 12 h. Lipopolysaccharide (LPS) from Sigma, 

Inc. (St. Louis, MO, USA) was then added to a final concentration of 1 µg/ml and incubated 

for 24 h as described by Kang et al. [207]. The MTS assay was used to evaluate any 

potential toxicity as described above. The controls used were 0.1% DMSO with and 

without LPS. After 24 h of treatment, 50 µl of supernatant from each well was mixed with 

10 µl of 2,3-diaminonaphthalene (0.05 mg/ml in 0.62 M HCl) from Sigma, Inc. (St. Louis, 

MO, USA), and the NO concentration 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 µl of 2.8 M NaOH. The 

formation of 2,3-diaminonaphthotriazole in black opaque 96-well plates was measured 

with an FLx-800 microplate fluorescence reader from Bio-Tek Instruments Inc. (Winooski, 

VT) at 360 nm excitation and 460 nm emission using a gain setting of 75%. The results are 

expressed as the fold of NO increase as follows: NO increase (fold) = [(nitric oxide content 

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

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). First-strand cDNA was synthesized from 1 ɛg of total RNA 

using the SuperScript III First-Strand Synthesis System for RT-PCR from Invitrogen 

(Carlsbad, CA) according to the manufacturerôs instructions. The cDNA was used as the 
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template for quantitative real-time PCR (qPCR) with Power SYBR Green PCR Master Mix 

(Applied Biosystems, Carlsbad, CA) in an ABI7900HT system. The following primers 

were used: Nrf2, 5ô-GGCAGAGACATTCCCATTTGTAG-3ô (sense) and 5ô-

TCGCCAAAATCTGTGTTTAAGGT-3ô (antisense); NQO1, 5ô-

CAGAAATGACATCACAGGTGAGC-3ô (sense) and 5ô-

CTAAGACCTGGAAGCCACAGAAA-3ô (antisense); HO-1, 5ô- 

GCTCGAATGAACACTCTGGAGAT-3ô (sense) and 5ô- 

TCCAGAGAGAAAGGAAACACAGG-3ô (antisense). ɓ-actin was used as an internal 

control with 5ô-CGTTCAATACCCCAGCCATG-3ô (sense) and 5ô-

GACCCCGTCACCAGAGTCC-3ô (antisense) primers.  

4.2.5. Protein lysate preparation and western blotting 

 The HepG2 cells were treated with API and LUT according to the procedures 

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). The protein 

concentrations of the cleared lysates were determined using the bicinchoninic acid (BCA) 

method according to the protocol provided by Pierce (Rockford, IL). Then, 20 ɛg of total 

protein from each sample was mixed with 5 µl Laemmli SDS sample buffer from Boston 

Bioproducts (Ashland, MA) and denatured for 5 min at 95°C. The proteins were separated 

on a Bio-Rad 4-15% SDS-polyacrylamide gel (Hercules, CA) and transferred to a Millipore 

polyvinylidene difluoride (PVDF) membrane (Bedford, MA), and the membranes were 

blocked with 5% BSA in Tris-buffered saline-0.1% 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 using a Bio-Rad Gel 

Documentation 2000 system (Hercules, CA). The primary antibodies were purchased from 

the following sources: anti-Nrf2 from Abcam (Cambridge, MA), anti-HO-1 from Cell 

Signaling (Boston, MA), and anti-cPLA2, anti-iNOS, anti-NQO-1, and anti-ɓ-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 using Studentôs t-test. All P values were two-sided, and a P value of 

< 0.05 was considered statistically significant.  

4.3. Results  

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

activity  

 The MTS assay was used to determine the cytotoxicity of API and LUT in HepG2 

cells after 24 h of treatment. Neither compound presented significant toxicity at 

concentrations up to 12.5 ɛM (Figure 4.2.A and 4.2.B); therefore, these concentrations 

were used for the subsequent studies. To evaluate the transcriptional activation of ARE-

luciferase by API and LUT, HepG2-C8 cells were incubated with different concentrations 

of these compounds (1.56 ɛM-6.25 ɛM) for 6 and 12 h. The results demonstrated that API 

and LUT both induced ARE-luciferase 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 (6.25 µM) (P< 0.05; 

Figure 4.3.A and 4.3.B).   
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4.3.2. API 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 API and LUT. It has been suggested that these compounds 

activate Nrf2 and ARE-related genes through the extracellular signal-regulated protein 

kinase 2 (ERK2) [199] and PI3K/Akt pathways [208]. Therefore, we treated HepG2-C8 

cells with LY294002, an inhibitor of phosphoinositide 3-kinase (PI3K; an upstream kinase 

of Akt), or with PD98059, an inhibitor of the ERK-1/2 mitogen-activated protein kinase 

(MAPK) pathway, prior to exposure to API or LUT. The luciferase activity of HepG2-C8 

cells with the inhibitors alone were examined; however, no luciferase activity was 

registered for these treatments (data not shown), whereas, the luciferase activity induced 

by both compounds was nearly abolished in the presence of the PI3K inhibitor (Figure 

4.4.A and 4.4.B). Interestingly, the luciferase activity was significantly decreased (P< 0.05) 

in the presence of the ERK-1/2 inhibitor PD98059 in cells treated with API (Figure 4.4.A) 

but not in cells treated with LUT (Figure 4.4.B). 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. API and LUT increase the mRNA and protein levels of Nrf2 and Nrf2-

regulated genes  

 Because API and LUT showed the strongest induction of ARE-luciferase activity 

at 12 h (Figures 4.3.A and 4.3.B), we decided to evaluate the expression of Nrf2 and its 

target genes NQO-1 and HO-1 at the mRNA and protein levels in HepG2 cells by 

quantitative real-time polymerase chain reaction and western blotting, respectively. The 
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results revealed a moderate increase in NQO-1 expression and a significant increase in the 

mRNA levels of Nrf2 and HO-1 (P< 0.05) after treatment with API and LUT compared 

with the control; this induction was comparable to that observed in the positive control, 

SFN (6.25 µM) (Figure 4.5.A). At the protein level, we observed a moderate elevation of 

NQO-1 with all compounds after 12 h of treatment, whereas an increase of Nrf2 and HO-

1 expression was observed with API and LUT for all doses evaluated (P< 0.05; Figure 

4.5.B). Interestingly, when cells were treated with LUT, the Nrf2 protein level was 

increased by approximately 5-fold, which is greater than that induced by SFN (6.25 µM).  

4.3.4. API and LUT inhibit NO production and reduce iNOS and cPLA2 protein 

expression in LPS-induced HepG2 cells 

 Nrf2 and its downstream gene HO-1 have been reported to be key anti-

inflammatory mediators that suppress the nuclear factor (NF) kappa B (NF-əB) signaling 

pathway in LPS induction experiments [209, 210]. Furthermore, API and LUT have been 

reported to block this pathway in both in vitro and in vivo studies [205, 206, 211]. 

Therefore, we decided to investigate whether the activation of the Nrf2 signaling pathway 

by API and LUT is related to their potential anti-inflammatory effects by evaluating NO 

production in LPS-induced HepG2 cells. HepG2 cells were pre-treated with API or LUT 

for 12 h before being challenged with LPS 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 4.6.A). Next, we evaluated the nitric oxide level in LPS-treated cells with and 

without pretreatment with API and LUT. We observed that API and LUT significantly 

reduced LPS-stimulated NO production in a dose-dependent manner (P< 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 inflammatory mediators [212], we further examined 

whether their protein levels were affected by API or LUT relative to control LPS-treated 

cells. Thus, we found that LPS stimulated the expression of iNOS and cPLA2 (Figure 

4.6.C) and that API and LUT markedly blocked the induction of these proteins in a dose-

dependent manner (P < 0.05). 

4.4. Discussion 

 Extensive reports have shown that the plant flavones API and LUT exert a variety 

of biological activities, including the modulation of inflammation and carcinogenesis, and 

thus constitute promising molecules for cancer prevention [190, 213]. Recent data indicate 

that API and LUT protect against oxidative stress through the upregulation of HO-1 

mediated via Nrf2 [165, 199]. In agreement with the above findings, our data show that 

API and LUT significantly induced ARE-luciferase activity in HepG2-C8 cells in a dose-

dependent manner at 6 h (Figure 4.3.A) and that this activity was maintained or enhanced 

after 12 h of treatment (Figure 4.3.B). We also observed that API and LUT significantly 

induced the mRNA and protein levels of Nrf2 and its target gene HO-1 after 12 h of 

treatment (Figure 4.5.A and 4.5.B). The Nrf2-ARE system is regulated by several kinases, 

such as extracellular signal-regulated kinase (ERK), c-JUN NH2-terminal protein kinase 

(JNK), p38, and phosphoinositide 3-kinase (PI3K), and API and LUT exert important 

biological activities through these pathways [193, 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 through ERK-1/2, p38 MAPK, 

and JNK, respectively. In the presence of the ERK-1/2 inhibitor, the induction of ARE 

activity by API was significantly decreased, but the other MAPK inhibitors had no effect, 
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indicating a potential contribution of ERK-1/2 to ARE modulation by API (Figure 4.4.A). 

In contrast, the ARE activity induced by LUT was not affected by the three MAPK 

inhibitors evaluated (Figure 4.4.B).  

 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 flavones [214]. 

Although the Nrf2-ARE system has been reported to be modulated by different MAPKs, 

this topic is poorly studied and highly controversial because modulation may occur through 

indirect mechanisms with limited effects [215]. Accordingly, after 12 h of treatment, we 

did not observe substantial differences in the activation of the Nrf2 signaling pathway 

based on the ARE-luciferase activity or in the mRNA levels of the flavones. However, at 

the protein level, LUT had a moderately stronger effect on Nrf2 expression, but no 

significant differences between the flavones were observed with regard to HO-1 expression 

(Figure 4.5.B). In contrast, we observed that the PI3K inhibitor strongly abrogated ARE 

activation by API and LUT (Figure 4.4.A and 4.4.B), 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 luteolin 6-C-beta-D-glucoside in HepG2 cells [208].  

 Increasing evidence suggests that Nrf2 is involved in the activation of 

antioxidant/phase 2 gene transcription machinery and in the regulation of inflammation by 

modulating the NF-əB pathway through a regulatory feedback loop [203, 216, 217]. For 

example, Nrf2-deficient mice challenged with LPS or dextran sulfate sodium (DSS) show 

a dramatic increase in the activity of the NF-əB inflammatory signaling cascade, and 

reports indicate that Nrf2 affects the redox status of the cells and modulates NF-əB 

activation [144, 210]. Similarly, Nrf2 knockdown by siRNA in LPS-stimulated HepG2 
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cells significantly increased NF-əB transcriptional activity and the levels of NF-əB-

dependent transcription factors, such as interleukin 6, B-cell lymphoma 2, tumor necrosis 

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

NF-əB transcriptional activity, perhaps by regulating the activity MafK-dependent NF-əB 

[204]. We have previously observed that LPS-induced NF-əB activation can be attenuated 

by Nrf2 inducers such as phenethyl isothiocyanate, sulforaphane, and curcumin [218]. 

Although the mechanism by which Nrf2 modulates inflammatory signals is not fully 

understood, some studies suggest that the Nrf2 target gene HO-1 may be involved in this 

activity because its upregulation has been correlated with cytoprotective effects in various 

inflammatory diseases [219].  

 API and LUT both significantly increased HO-1 expression at the mRNA and 

protein levels (Figures 4.5.A and 4.5.B); therefore, we hypothesized that API and LUT 

would demonstrate anti-inflammatory activity in HepG2 cells challenged with LPS 

because NF-əB plays a pivotal role in the response to LPS via Toll-like receptor 4 (TLR4) 

[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-

əB activation [222]. iNOS catalyzes the oxidative deamination of l-arginine to produce 

NO, which is a potent pro-inflammatory and tumorigenesis mediator [222-224]. In our 

study, we observed that the treatment of LPS-induced HepG2 cells with API or LUT 

reduced the production of NO in a dose-dependent manner (Figure 4.6.B); this result 

correlates with the suppression of iNOS protein expression by these flavones (Figure 4.6.C) 

and is consistent with the results of other studies regarding their anti-inflammatory 

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 (5-LOX), prostaglandin E2, leukotriene B4, iNOS, and 

cytosolic phospholipase A2 (cPLA2), by using Nrf2-knockout mice [12, 144, 203]. cPLA2 

catalyzes the release of arachidonic acid, which is the limiting substrate for enzymes such 

as 5-LOX and COX, and we have observed that cPLA2 is a consistent pro-inflammatory 

pathway affected by Nrf2 deletion [12, 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 API and LUT significantly 

suppressed the induction of cPLA2 protein in LPS-treated HepG2 cells in a dose-dependent 

manner (Figure 4.6.C).   

4.5. Conclusion  

 The results of this study demonstrate that the natural flavones API and LUT both 

activate Nrf2 and downstream genes, particularly HO-1, in HepG2 cells at low doses, and 

this activation of Nrf2 seems to be related to their potent anti-inflammatory activities seen 

in LPS-stimulated HepG2 cells. Therefore, API and LUT hold great promise as 

chemopreventive agents that promote anti-oxidative/anti-inflammatory activities. 
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Figure 4.1. Chemical structures of API (A) and LUT (B). 
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Figure 4.2. Viability of HepG2 cells after treatment with API (A) or LUT (B) for 24 h 

Cells were seeded in 96-well plates in 10% DMSO for 24 h. The cells were then incubated 

in fresh medium with different concentrations (1.56 to 100 ɛM) of API or LUT for 24 h, 

as described in the Materials and Methods section. Cell viability was determined and 

calculated using the MTS assay. The data are expressed as the mean ± SD (n=3). Asterisks 

indicate significant differences (p<0.05) in cell viability compared to the control 
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Figure 4.3. Induction of ARE-luciferase activity by API and LUT at concentrations 

from 1.56 to 6.25 ɛM in HepG2-C8 cells after 6 h (A) and 12 h (B) 

 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 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) between the treatment and the control group 
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Figure 4.4. Induction of ARE-luciferase activity by the treatment of HepG2-C8 cells 

with API (A) and LUT (B) in combination with the phosphoinositide 3-kinase inhibitor, 

LY294002, or the ERK-1/2 inhibitor, PD98059, during a 12-h treatment 

HepG2-C8 cells were treated as described in the Materials and 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) between the treatment and control groups 
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Figure 4.5. Effect of API and LUT on the relative fold changes of the mRNA (A) and 

protein (B) levels of Nrf2 and the Nrf2 target genes NQO-1 and HO-1 in HepG2 cells 

Cells were incubated with different concentrations of API and LUT (1.56ï6.25 ɛM) for 12 

h, as described in the Materials and Methods section. Normalization of the mRNA 

expression data was performed using ɓ-actin as an internal control. The protein expression 

level was normalized to ɓ-actin (a complete description of the procedure and antibodies 

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

ImageJ software (NIH, http://rsbweb.nih.gov/ij/ ). The data are expressed as the mean ± SD 

of three independent experiments. Asterisks and number signs indicate significant 

differences (p<0.05 and p<0.01, respectively) in the relative mRNA and protein expression 

levels compared to DMSO, which was used as a negative control. 

 

0

1

2

3

4

5

6

7

DMSO 6.25 1.56 3.12 6.25 1.56 3.12 6.25

R
e

la
ti
v
e

 e
x
p

re
s
s
io

n

Nrf2 HO-1 NQO1

LUT (µM)API (µM)SFN (µM)

#

#
#

*

#

#
*

#

* #

#

#

#

*
* *

*

Actin 

HO-1 

Nrf2 

NQO1 

DMSO  6.25     1.56      3.12    6.25     1.56      3.12      6.25

LUT (µM)API (µM)SFN (µM)

0

1

2

3

4

DMSO 6.25 1.56 3.13 6.25 1.56 3.13 6.25

R
e

la
ti
v
e

 m
R

N
A

 e
x
p

re
s
s
io

n

Nrf2 NQO-1 HO-1

LUT (µM)API (µM)SFN (µM)

*

#
# #

*

*
*

*
*

#

*

#

*

*
#

*

#

*

*

A.

B.

http://rsbweb.nih.gov/​ij/


87 
 

 

Figure 4.6. Effect of API and LUT on cell viability (A), NO increase (B) and iNOS and 

cPLA2 protein expression (C) in LPS-stimulated HepG2 cells 

HepG2 cells were pre-treated for 12 h before being challenged with 1 µg/ml LPS for 24 h, 

as described in the Materials and Methods section. The protein expression level was 

normalized to ɓ-actin, and the images were analyzed using ImageJ software (NIH, http://

rsbweb.nih.gov/ij/ ). The data are expressed as the mean ± SD of three independent 

experiments. Asterisks in (A) indicate significant differences (p<0.05) 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 protein levels compared to LPS treatment  
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