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Abstract of the Dissertation 
 

Studies on Nrf2-Targeted Phytochemicals:  
Signal Transduction, Bioanalysis, Pharmacokinetics, 

and Pharmacodynamics for Their Druggability  
 

By Hu Wang 
 

Dissertation Director:  
 

Professor Ah-Ng Tony Kong 
 

 Prevention has been regarded as a superior approach in dealing with diseases. 

Huang-Di Ne-Jing, a manuscript believed being written by the ancient Chinese 

emperor, indicated: "… the Saint treats those ill-to-be rather than those being ill" 

(Chapter 1, Introduction) 

 Cancer, as it takes as long as 20 to 30 years to develop from initiated cells to 

malignant tumor, allows precious opportunities to prevent its occurrence and delay 

its progression. In the past centuries, fruitful searching for natural and synthetic 

cures of cancer enriched our understanding and empowered our treatment options 

for this disease. Phytochemicals have been sought after as handy and effective 

reagents for such task, along with the proposed and accepted mechanisms and 

pathways (Chapter 2, Plants vs. Cancer). To understand the nature of Nrf2, we 

studied the role of Nrf2 in suppressing LPS-induced inflammation in mouse 

peritoneal macrophages via ex vivo approach (Chapter 3, Role of Nrf2 in 

inflammation suppression by DHA/EPA in mouse peritoneal macrophages). To 

enable further preclinical in vivo research of sulforaphane, an Nrf2 initiator and an 
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anti-carcinogenesis agent enlisted by National Cancer Institute, a highly sensitive 

and robust bioanalytical method was developed, validated, and applied to the 

pharmacokinetic studies in rats (Chapter 4, Bioanalytical Method for Sulforaphane). 

A follow-up study, linking the pharmacokinetics and pharmacodynamics, 

enlightened how sulforaphane drives Nrf2-related gene expression of phase II drug 

metabolism enzymes in rat lymphocytes (Chapter 5, PK/PD studies of sulforaphane 

in rat following intravenous administration). From the review of the current research 

frontier on natural phytochemicals for cancer chemoprevention and treatment, to the 

Nrf2 role elucidation at the molecular level; from the bioanalytical method 

characterization and its application to in vivo studies, to modeling the 

pharmacokinetics in blood plasma and the pharmcodynamics of mRNA effects in 

lymphocytes, our studies contributed to the better understanding of Nrf2 and to the 

application potentials of the phytochemicals for their druggability. We wish to 

further the discovery and development research ⎯ to prevent the patients from 

being patients, the ultimate goal of a pharmaceutical research scientist.  
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Preface 

This thesis 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 July 2005 and September 

2011 under the supervision of Dr. Ah-Ng Tony Kong in Department of 

Pharmaceutics. To the best of my knowledge, this work is original, except where 

suitable references are made to previous work.  

 The thesis consists of six chapters. Chapter 1 introduced the dietary 

phytochemicals and their involvement in the cancer chemoprevention and treatment 

and the significance of the research work. The following four chapters contain 

papers that are published or intended to be published in journals indexed by US 

National Library of Medicine of National Institute of Health and are available at 

www.PubMed.gov. Chapter 2 reviewed the most actively studied phytochemicals 

from vegetable food, and the molecular mechanisms involved in the cancer 

prevention and treatment with an introduction to Nrf2/ARE pathway. Chapter 3 

investigated the role of Nrf2 in the suppression of LPS-induced inflammation by 

DHA/EPA in mouse primary macrophages. Chapter 4 illustrated the development 

and validation of a sensitive LC-MS/MS bioanalytical method and the application of 

this method for pharmacokinetic study in rats. Chapter 5 applied the developed 

bioanalytical method for further pharmacokinetics and pharmacodynamics study in 

rat lymphocytes following sulforaphane intravenous administration and 

demonstrated that sulforaphane drives Phase II, especially Nrf2-related drug 

metabolizing gene expression in the lymphocytes. Chapter 6 summerized the 

conducted studies and indicated future research in this area. These chapters covered 

various aspects of Nrf2 via in vitro, in vivo, and ex vivo approaches, the related 
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mechanisms, and the pharmacological, pharmacokinetic, and pharmacodynamic 

characteristics of the cancer chemopreventive and treatment agents.  

Hu Wang 

December 2011 
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Chapter 1 Introduction to the Studies 

Cancer remains to be the leading cause of death in the United States and 

around the world. Advancement in modern drug-targeted therapies greatly extended 

cancer patients' lives. Yet, continued search for a better treatment and even 

prevention is necessary to improve the cancer treatment efficiency and lower the 

treatment cost. Cancer prevention with natural phytochemical compounds is an 

emerging strategy and is practiced to cure before even being diagnosed. As 

illustrated in Figure 1.1, while carcinogenesis is a multistep process, 

chemopreventive agents can interfere with these steps and disrupt the process. Some 

chemopreventive agents inhibit metabolic activation of the procarcinogens to their 

ultimate electrophilic species and therefore inhibit the subsequent interaction with 

DNA thus block the tumore initiation or stimulate the detoxification of carcinogens 

leading to their secretion from the body (blocking agents); and the others suppress 

the later promotion and progression into preneoplastic cells which progress to 

neoplasc cells (suppressing agents). And there are some agents act as both blocking 

and suppressing agents[1]. 

Population studies strongly suggested that high consumption of vegatables 

and fruits is associated with the reduction of incidence of cancer. Most of these 

studies involve natural phytochemicals with great potential in cancer prevention due 

to their safety, low cost, commercial availability and bioavailability. Significant 

progesses have been made in this area. Yet, cancer remains to be the leading causes 

of death in the United States and around the world. The advent of modern drug-

targeted therapies has undeniably improved cancer patients' cares. However, 

advanced metastasized cnacer still remain untreatable. Hence, continued search for a 

safer and more effective chemopreventive and treatment is clearly needed for the 
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improvement of the cancer treatment efficiency and lower the treatment cost and 

cacner care. Cancer chemoprevention with natural phytochemical compounds is an 

emerging strategy to retard, delay or cure cancer.  The review in Chapter 2 

summarizes the latest research in cancer chemoprevention and treatment using the 

bioactive components from natural plants. Relevant molecular mechanisms involved 

in the pharmacological effects of these phytochemicals are discussed. 

Pharemaceutical developmental challenges and opportunities in bringing the 

phytochemicals into marketable drugs are also discussed. The authors wish to 

expand this research area not only for their scientific soundness, but also for their 

potential druggability. Of the twenty compounds summarized, one of them, 

sulforaphane has been recognized as an Nrf2 inducer. To better understand the signal 

transduction of Nrf2, we investigated its role in the suppression of LPS-induced 

inflammation by DHA/EPA in mouse primary macrophages. 

In the many cancer prevention and treatment mechanisms, Nrf2 is one of the 

important pathways that have been studied widely in the recent years after its 

discovery late last century. It has been evolved as a target for cancer 

chemoprevention and treatment and drugs have been developed using Nrf2 as a 

target. DHA/EPA have been used for anti-inflammation in several studies. However, 

their link to Nrf2 has not been established in the other studies. In addition, their 

similar but sometimes specific effects are not well studied thus far at a molecular 

level. While our lab has completed a study using mouse primary peritoneal 

macrophages utilizing wild type and Nrf2 knockout mice, using the technique and 

skill to elucidate the role of Nrf2 in DHA/EPA's anti-inflammation will provide 

insightful information from molecular biological point of view. As shown in Chapter 

5, this study is to investigate the role of Nrf2 in suppressing LPS-mediated 
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inflammation in ex vivo macrophages by polyunsaturated fatty acids (PUFA) 

Docosahexaenoic Acid (DHA) and Eicosapentaenoic Acid (EPA). Primary 

peritoneal macrophages from Nrf2 wild-type (+/+; WT) and Nrf2 knock-out (−/−; 

KO) mice were treated with lipopolysaccharides (LPS) in the presence or absence of 

DHA or EPA. Quantitative real-time PCR (qPCR) analyses showed that LPS 

potently induced cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), 

interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha 

(TNF-α) in the macrophages collected from Nrf2 (+/+) wild-type mice. DHA and 

EPA inhibited LPS-induced COX-2, iNOS, IL-1β, IL-6, and TNF-α, but increased 

hemeoxygenase (HO-1) expression. DHA was found to be more potent than EPA in 

inhibiting COX-2, iNOS, IL-1β, IL-6, and TNF-α mRNA expression. DHA and EPA 

were also found to induce HO-1 and Nrf2 mRNA with a different dose-response. 

LPS induced COX-2, iNOS, IL-1β, IL-6, and TNF-α in the macrophages collected 

from Nrf2 (−/−) mice as well, however, DHA and EPA did not suppress COX-2, 

iNOS, IL-1β, IL-6, and TNF-α as compared to that in Nrf2 (+/+) macrophages. In 

both Nrf2 (+/+) and Nrf2 (−/−) macrophages, HO-1 was induced by DHA and EPA 

but with different dose-response. These findings suggest differential anti-oxidative 

and anti-inflammatory responses between DHA and EPA. In summary, our study 

shows that for the first time, DHA/EPA activates the Nrf2 signaling pathway and 

indicates the Nrf2 dependency in suppression of LPS-induced inflammation.  

Sulforaphane, as mentioned, has been studied as one of the leading Nrf2 

inducers and one of the thirty-four anticarcinogenesis compounds listed by National 

Cancer Institute (www.clinicaltrial.gov). Yet, no sensitive or suitable bioanalytical 

methods are reported to be applied to rat pharmacokinetics studies. While 

sulforaphane has extremely weak chromophore, its UV absorption is very low and is 

http://www.clincialtrial.gov/�
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difficult to be detected. Therefore, a sensitive and robust bioanalytical method is 

required to further our study for sulforaphane and its major metabolites for their 

pharmacokinetic performance in animals. This research is proposed in Chapter 3 of 

this research proposal. In this Chapter, a highly sensitive and simple high-

performance liquid chromatographic-tandem mass spectrometric (LC-MS/MS) assay 

has been developed and validated for the quantification of sulforaphane and its 

metabolites in rat plasma. Sulforaphane (SFN) and its metabolites, sulforaphane 

glutathione (SFN-GSH) and sulforaphane N-acetyl cysteine (SFN-NAC) conjugates, 

were extracted from rat plasma by methanol/formic acid (100:0.1, v/v) and analyzed 

using a reversed phase gradient elution on a Develosil® 3 µm RP-Aqueous C30 

140Å column. A 15-minute linear gradient with acetonitrile/water (5:95, v/v) 

containing 10 mM ammonium acetate and 0.2% formic acid as mobile phase A, and 

acetonitrile/water (95:5, v/v) containing 10 mM ammonium acetate and 0.2% formic 

acid as mobile phase B was used. Sulforaphane and its metabolites were well 

separated. Sulforaphene was used as the internal standard.  The lower limits of 

quantification were 1 ng/mL for SFN, 10 ng/mL for both SFN-NAC and SFN-GSH. 

The calibration curves were linear over concentration range of 25 – 20,000 ng/mL of 

plasma for each analyte. This novel LC-MS/MS method showed satisfactory 

accuracy and precision and was sufficiently sensitive for the performance of 

pharmacokinetic studies in rats.  

It has long been understood and in practice to connect pharmacokinetics and 

pharmacodynamics to establish a suitable model to simulate drug's concentration 

and the in vivo response. However, when going to the cellular level in the body, 

especially looking at the gene expression level, i.e., the mRNA in the organs, the 

animals are sacrificed to obtain the organ for mRNA measurement. This practice 
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poses unfaithful PK/PD linkage and the animal to animal variability can not be 

accounted for. Therefore, it has been in dearth to find a new approach to link the 

pharmacokinetic and pharmacodynamic parameters more closely and directly. In 

searching of this solution in Chapter 4, we propose to conduct the pharmacokinetic 

study and in the meantime, to collect blood lymphocytes to extract and measure its 

phase II drug metabolism genes, i.e., mRNA expression changes along with the drug 

concentration changes in the plasma following a mathematic model. This study is to 

investigate the pharmacokinetics (PK) and pharmacodynamics (PD) of Phase II drug 

metabolizing enzyme (DME) and antioxidant gene expression in rat lymphocytes 

following intravenous (IV) administration of sulforaphane (SFN), an anti-cancer 

phytochemical showing cancer chemopreventive effects in various animal models. 

Single intravenous dose (25 mg/Kg) of SFN was administered to four groups of 

male Sprague-Dawley JVC rats each group comprising four animals. Blood samples 

were drawn at selected time points. Plasma were obtained from half of the collected 

blood samples and analyzed using a validated LC-MS/MS method. Lymphocytes 

were obtained from the remaining blood samples using Ficoll-Paque™ Plus 

centrifuge medium. Lymphocyte RNAs were extracted, converted to cDNA and 

quantitative real-time PCR analyses were performed against those at time zero for 

the relative expression of phase II DME/antioxidant and Nrf2-target driven genes. 

PK-PD modeling was conducted based on Jusko’s indirect response model using 

GastroPlus and Bootstrap Method. Plasma SFN concentration declined 

biexponentially with a terminal t1/2 of 1.62 hours, whereas SFN-NAC and SFN-

GSH were formed rapidly and then declined with a terminal t1/2 of 5.01 and 8.82 

hours. Rat lymphocyte mRNA expression levels showed no changes for GSTM1, 

SOD, NF-κB, UGT1A1, or UGT1A6. Moderate increases (2-5 folds) over the time 
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zero were seen for HO-1, Nrf2, and NQO1, and significant increases (> 5 folds) for 

GSTT1, GPx1, and Maf. Suppression of Keap1 was also observed. PK-PD analyses 

using GastroPlus and Bootstrap provided reasonable fitting for the PK and PD 

profiles and parameter estimates. Our present study shows that SFN induced Nrf2-

mediated phase II DME/antioxidant mRNA expression in rat lymphocytes after IV 

administration supports the hypothesis that SFN is a potent Nrf2 activator in 

lymphocytes which can serve as a valuable surrogate biomarker. The PK-PD model 

simultaneously linking the plasma concentrations of SFN and the PD response of 

lymphocyte mRNA expression is valuable for quantitating Nrf2-mediated effects of 

SFN treatments. This study provides a conceptual framework for future clinical PK-

PD studies of dietary cancer chemopreventive agents. This novel approach may lay a 

foundation for future clinical study design and drug development. 

 

In these studies, we searched for the current and potential new approaches 

for cancer chemoprevention and treatment based on the mechanisms of the most 

studied natural phytochemicals with an emphasis on Nrf2-targeted phytochemicals. 

We investigated the role of Nrf2 in suppressing LPS-induced inflammation in mouse 

peritoneal macrophages by DHA/EPA, developed and validated a sensitive LC-

MS/MS bioanalytical method and applied the method to the pharmacokinetic study 

of sulforaphane, elucidated how sulforaphane impacts phase II drug metabolizing 

gene expression in rat lymphocytes after intravenous administration, and applied 

indirect response model for the calculation of pharmacodynamic parameters. These 

studies are conducted to contribute to our understanding of Nrf2-targeted 

phytochemicals for their druggability.  
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Figure  1.1 An illustration of chemopreventive agents that block or suppress 

multistage carcinogenesis. 
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Figure  1.2 Nrf2 is a master regulator of oxidative stress and inflammation and 

plays a significant role in dietary compounds in exerting their chemopreventive 

effects 
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cyclooxygenase-2; CYP, cytochrome P450; DDR, DNA damage response; DHC, 
dihydrochalcone; DISC, death-inducing signaling complex; DIM, diindolylmethane; 
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receptor; ERK, extracellular signal-regulated kinases; FAK, focal adhesion kinase; 
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glutathione S-transferase Mu 2; HDAC, histone deacetylase; HO-1, hemeoxygenase-
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Chapter 2 Plants vs. Cancer 1,2,3 

2.1 Introduction 
 
 Natural plants have been used to prevent and to treat various diseases for 

thousands of years. The Chinese emperor, the Red Emperor, or Shen Nung, 

compiled the first medicinal herbal, Pen-tsao in 2,800 BC [2]. Prevention is 

considered as a superior means to dealing with diseases. As illustrated by the 

Huang-Di Ne-Jing, a manuscript believed being written by the ancient Chinese 

emperor, the Yellow Emperor, "The Saint treats those ill-to-be rather than those ill, 

treat those still in order rather than those in chaos. While drug the disease after it's 

developed, quench the chaos after it's evident, this is the same scenario as digging a 

well when thirsty, or casting a sword when fighting, is that somewhat late?" 



 

 
LPO, lipid peroxidation; LPS, lipopolysaccharide; MAC, mitochondrial 
apoptosis-induced channel; MAPK, mitogen-activated protein kinase; MBD4, 
methyl-CpG-binding domain protein 4; Mcl-1, myeloid cell leukemia sequence 1; 
MDCK, Madin-Darby canine kidney; Mitf, microphthalmia-associated 
transcription factor; MKK, mitogen-activated protein kinase kinase; MMP, 
matrix metalloproteinase; MNU, N-methyl nitrosourea; MOMPP, mitochondrial 
outer membrane permeabilization pore; mTOR, mammalian target of rapamycin; 
NF-κB, Nuclear factor-kappa-B; NQO1, NAD(P) dehydrogenase (quinone 1); 
Nrf2, nuclear factor-erythroid 2-related factor 2; PARP, poly (ADP-ribose) 
polymerase; PCa, prostate cancer; PCNA, proliferating cell nuclear antigen; 
PEITC, phenyl isothiocyanate; PGE, prostaglandin E; PI3K, phosphoinositide 3-
kinase; PKG, protein kinase G; PLK1, polo-like kinase 1; PTEN, phosphatase 
and tension homolog; PUFA, polyunsaturated fatty acids; q-PCR, quantitative 
real time-polymerase chain reaction; RISC, RNA-induced silencing complex; 
ROS, reactive oxygen species; RPE, retinal pigment epithelial; RT-PCR, reverse 
transcription polymerase chain reaction; SFN, sulforaphane; SHH, sonic 
hedgehog; SOD1, superoxide dismutase 1; SMAC, small mitochondrial-derived 
activator of caspases; SMRT, silencing mediator for retinoid and thyroid-
hormone receptors; STAT, signal transducer and activator of transcription; TCF, 
T-cell factor; TIMP, tissue inhibitor of metalloproteinases; TNBS, 2,4,6-
trinitrobenzenesulfonic acid; TNF-α, tumor necrosis factor alpha; TRAMP, 
transgenic adenocarcinoma of mouse prostate; TUNEL, terminal 
deoxynucleotidyl transferase dUTP nick end labeling; UGT1A1, UDP 
glucuronosyltransferase 1 family, polypeptide A1; u-PA, urokinase-type 
plasminogen activator; UVB, ultraviolet B; VDR, vitamin D receptor; VEGF, 
vascular endothelial growth factor; XIAP, X-linked inhibitor of apoptosis protein 
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There are excellent resources of bioactive components in exerting their 

health beneficial effects, and very often, they are materials for gourmet food 

consumptions. Certain bioactive components from the plants have been confirmed 

for their anti-cancer activities. There is an estimate that approximately 50-60% of 

cancer patients in the United States utilize agents derived from different parts of 

plants or nutrients (complementary and alternative medicine), exclusively or 

concomitantly with traditional therapeutic regimen such as chemotherapy and/or 

radiation therapy [3]. These include curcumin from tumeric, genistein from soybean, 

tea polyphenols from green tea, resveratrol from grapes, sulforaphane from broccoli, 

isothiocyanates from cruciferous vegetables, lycopene from tomato, rosmarinic acid, 

apigenin from parsley, and gingerol from gingers, just to name a few. 
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Various review articles summarized natural phytochemicals and their effects 

on their anti-cancer effects. In recent years, some of these reviews touched the 

general overview for the bioactive aspect for phytochemical compounds [4-13], or 

specific compounds such as Vitamin E from plant oil [14-16], boron-rich natural 

compound [17], hydroxytyrosol from virgin olive oil [18], resveratrol from grapes 

[19], phytoestrogens most notably from soy [20, 21], or EGCG from green tea 

polyphenols [22], while the others are more specific for certain cancers, e.g., 

colorectal cancer [23, 24], breast cancer [15, 25], head and neck cancer [26], 

pancreatic cancer [27], prostate cancer [28], or protein targets and pathway 

mechanisms, such as Nrf2 [29], COX-2 [30], PLK1 [31], angiogenesis. Figure 2.1 

summarized most actively studied phytochemicals, their structures, major sources. 

This review is intended to provide a comprehensive summary for the current status 

of research and challenges in this area, with Nrf2/ARE pathway specifically listed in 

Figure 2.2 for further studies [32].   

2.2 Phytochemicals used as cancer chemopreventive and 
treatment agents  

2.2.1 Apigenin from parsley 

Apigenin is a flavone present in vegetables such as parsley, celery, 

chamomile [33], and Egyptian plant Moringa peregrina [34]. It demonstrates 

cytotoxic activities against breast cancer cell lines (MCF 7), colon cell line (HCT 

116), and its cytotoxic activity is comparable to that of doxorubicin.[34]. Apigenin is 

also been considered as a mediator for chemoprevention in the cancerous process 

and induces a process of autophagia but may induces resistance against 

chemotherapy [35]. It induces apoptosis in human colon cancer cells [36, 37], 

reduces azoxymethane (AOM) induced aberrant crypt foci (ACF) formation in male 
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Sprague-Dawley rats, and increases apoptosis which may contribute to the colon 

cancer prevention [38]. Apigenin affects leptin/leptin receptor pathway, and induces 

cell apoptosis in lung adenocarcinoma cell line [39]. It also increases melanogenesis 

in B16 cells by activating the p38 MAPK pathway at least partially and suggested 

that apigenin or its derivatives may be used for treating hypopigmentation disorders 

potentially [40]. Apigenin has been shown to be one of the beneficial compounds in 

various stages of carcinogenesis. In a recent review by Clere et al, the preventive 

and therapeutic effects of Apigenin and other flavonoids was summarized in an 

effort to facilitate the extrapolation from animal studies to human  [41].  

2.2.2 Curcumin from turmeric 

Curcumin (diferuloylmethane) is the major components of popular Indian 

spice turmeric, Curcuma longa L., a member of the ginger family. Its anti-cancer 

effects were studied for colon cancer, breast cancer [42], lung metastases, brain 

tumor [43].  

Curcumin's anticancer effect was attributed to its ability to induce apoptosis 

in cancer cells without cytotoxic effects on healthy cells, which is very attractive to 

cancer research scientists. Curcumin interfere with NF-κB [44], which connects with 

inflammatory diseases including cancer [45]. Curcumin was able to dissociate raptor 

from mTOR, inhibit mTOR complex I and may represent a new class of mTOR 

inhibitor [46]. Ravindran et al suggested that curcumin modulates growth of tumor 

cells through regulation of multiple cell signaling pathways including cell 

proliferation pathway (cyclin D1, c-myc), cell survival pathway (Bcl-2, Bcl-x, cFLIP, 

XIAP, c-IAP1), caspase activation pathway (caspase-8, 3, 9), tumor suppressor 

pathway (p53, p21) death receptor pathway (DR4, DR5), mitochondrial pathways, 

and protein kinase pathway (JNK, Akt, and AMPK) [47]. Curcumin inhibits p65 and 
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cell invasion by downregulation of COX-2 and MMP-2 expression [48]; by 

suppressing gene expression of EGFR and modulating Akt/mTOR signaling, 

inhibiting cell growth [49, 50]. It has also been reported that curcumin suppresses 

p38 mitogen-activated protein kinase (MAPK) activation, reducing IL-1 beta and 

matrix metalloproteinase-3 and enhances IL-10 in the mucosa of children and adults 

with inflammatory bowel disease [51]. Epstein and co-workers had a thorough 

review on in vitro, animal and clinical studies [52]. In that review, curcumin is cited 

as non-toxic to human subjects at a high oral dose of up to 12 g/day, and it has anti-

inflammatory, antioxidant and anti-cancer properties, however, under some 

circumstances, its effects can be contradictory as the first clinical trial failed to show 

benefit, which may be due to an unexpected lack of cognitive decline in placebo 

group [52]. In our lab, curcumin was studied for modulating AP-1 in human colon 

HT-29 cancer cell line and was found increasing AP-1-luciferase activity dose-

dependently from 1 to 25 µM and the expression of endogenous cyclin D1 protein 

was well correlated with those of AP-1-luciferase assay [53]. It inhibited NF-κB 

stimulator lipopolysaccharide (LPS)-induced inflammation, reduced LPS-induced 

IκB phosphorylation, and potently inhibited cell growth in MTS assay. Caspase-3 

activity was also induced by curcumin  [54]. Among our other studies, Affymetrix 

mouse genome 430 array (45K) was used to analyze mouse liver and intestine 

mRNA after oral dose of curcumin at 1,000 mg/kg. Our results showed that 822 (664 

induced and 158 suppressed) and 222 (154 induced and 68 suppressed) genes, 

respectively, were curcumin-regulated Nrf2 dependent, which can be classified as 

ubiquitination and proteolysis, electron transport, detoxification, transport, apoptosis 

and cell cycle control, cell adhesion, kinase and phosphatase, and transcription 

factor [55]. Another study from our lab found curcumin inhibited the 
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phosphorylation of Akt, mTOR, and their downstream substrate in human prostate 

cancer PC-3 cells concentration- and time-dependently. And the inhibition of 

Akt/mTOR signaling by curcumin resulted from calyculin A-sensitive protein 

phosphatase-dependent dephosphorylation [56]. We have also investigated 

combination of curcumin with sulforaphane [57], with PUFA [58], with PEITC in 

inhibiting the growth of human PC-3 prostate xenografts in immunodeficient mice 

[59] and in inhibiting EGFR signaling in human prostate cancer PC-3 cells [60] and 

these studies demonstrated various levels of synergistric effects.  

2.2.3 Crocetin from Saffron 
 
 Saffron is a spice from the flower of the Saffron crocus and a food colorant 

present in the dry stigmas of the plant Crocus sativus L. [3]. In a recent review 

article, saffron is listed as a potential target for a novel anti-cancer drug against 

hepatocellular carcinoma [3, 61, 62]. Saffron and its ethanolic extracts are also 

reported for human lung cancer [63, 64], pancreatic cancer cell line [65], skin 

carcinoma [66], colorectal cancer cells [67], breast cancer [68]. Its application of 

action are reviewed by Bathaie and Mousavi [69], and more recently, by Gutheil and 

Reed [3] and its mechanism of action is still not clear. In general, crocetin affects the 

growth of cancer cells by inhibiting nucleic acid synthesis, enhancing anti-oxidative 

system, inducing apoptosis and hindering growth factor signaling pathways [3]. 

Nam's study has shown that crocetin is effective for the inhibition of LPS-induced 

nitric oxide release, reduction of the produced TNF-α, IL-1β, and intracellular 

reactive oxygen species, activation of NF-κB, and blockage of the effect of LPS on 

hippocampal cell death [70]. Although some studies beyond those mentioned above 

are successfully conducted, more thorough understanding of the mechanism on 

crocetin and its effects are needed.  
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2.2.4 Cyanidin from grapes 
 

Cyanidin is an extract of pigment from red berries such as grapes, blackberry, 

cranberry, raspberry, or apples and plums, red cabbage and red onion. It possesses 

antioxidant and radical-scavenging effects which may reduce the risk of cancer. It is 

reported to inhibit cell proliferation, and iNOS and COX-2 gene expression in colon 

cancer cells [71]. Another study shows that cyanidin-3-glucoside (C3G) attenuated 

the benzo[a]pyrene-7,8-diol-9,10-epoxide-induced activation of AP-1 and NF-κB 

and phosphorylation of MEK, MKK4, Akt, and MAPKs, blocked the activation of 

the Fyn kinase signaling pathway, which may contributed to its chemopreventive 

potential [72]. C3G blocks ethanol-induced activation of the ErbB2/cSrc/FAK 

pathway in breast cancer cells and may prevent/reduce ethanol-induced breast 

cancer metastasis.[73] Cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, and the 

ethanol extract of their source of freeze-dried black raspberries selectively caused 

significant growth inhibition and induction of apoptosis in a highly tumorigenic rat 

esophagus cell line (RE-149 DHD) but not in a weakly tumorigenic line (RE-149) 

[74]. Cyanidin markedly inhibited UVB-induced COX-2 expression and PGE2 

secretion in the epidermal skin cell line by suppressing NF-κB, AP-1 which are 

regulated by MAPK. In that study, MKK-4, MEK1 and Raf-1 are targets of cyanidin 

for the suppression of UVB-induced COX-2 expression [75]. Cyanidin-3-galactoside 

and cyanidin-3-glucoside are found to be BCRP substrates, and cyanidin, cyanidin-

3,5-diglucoside, and cyaniding-3-rutinoside are potential BCRP inhibitors but their 

effects on MDR1 were weak [76]. This finding may be helpful for the further 

development of these compounds for clinical studies and may explain their 

pharmacokinetic performance in vivo.  

2.2.5 Diindolylmethane (DIM) /Indole-3-carbinol (I3C) from Brassica 
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vegetables 

 
Indole-3-carbinol (I3C) is found in Brassica vegetables, such as broccoli, 

cauliflower, collard greens. Diindolylmethane (DIM) is a digestion derivative of 

indole-3-carbinol via condensation formed in the acidic environment of the stomach. 

Both are studied for their anticarcinogenic effects 

I3C has been studied for cancer prevention and therapy for years [77] for 

tobacco smoke carcinogen-induced lung adenocarcinoma in A/J mice and it was 

found that the lung cancer preventive effects are mediated via modulation of the 

receptor tyrosine kinase/PI3K/Akt signaling pathway, at least partially [78]. I3C and 

DIM demonstrated exceptional anti-cancer effects against hormone responsive 

cancers like breast, prostate and ovarian cancers [79]. In a recent study, it is 

concluded that DIM rather than I3C is the active agent in cell culture studies [80].  

DIM showed anti-cancer properties and is currently in clinical trials for 

numerous forms of cancers. DIM transducted signaling via aryl hydrocarbon (Ah) 

receptor, NF-κB/Wnt/Akt/mTOR pathways, impinging on cell cycle arrest, 

modulated key CYP enzymes, altering angiogenesis, invasion, metastasis and 

epigenetic behavior of cancer cells [81]. DIM, along with I3C were found to induce 

Nrf2-mediated phase II drug metabolizing (GSTm2, UGT1A1, and NQO1) and 

antioxidant (HO-1 and SOD1) genes and also shown synergism with isothiocyanates, 

such phenethyl isothiocyanate (PEITC) and sulforaphane (SFN) [82]. Lubet et al 

found that I3C act as AhR agonist in mammary cancers while DIM does not, and 

DIM is not analogous to I3C in exerting their anticarcinogenesis effects [83]. DIM 

and I3C may act more effectively at earlier stage of prostate carcinogenesis and 

likely through a combination of effects on steroid hormones and/or xenobiotic 

metabolism pathway [84].   
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2.2.6 Epigallocatechin gallate from green tea 
 

EGCG is the most abundant catechin compounds in green tea. Increasing 

evidences show that EGCG can be beneficial in treating brain [85], prostate [86], 

cervical [87], bladder [88] cancers. Yang et al reviewed tea and cancer prevention on 

molecular mechanisms, molecular targets and human relevance of tea constituents 

[89-91]. Among numerous mechanism studies, EGCG binds and inhibits the anti-

apoptotic protein Bcl-xl [92], a protein involved in both cancer cell and normal cell 

survival [93]. EGCG suppressed AOM-induced colonic premalignant lesions in mice 

[94], interfered with EGFR signaling [95], and inhibited hepatocyte growth factor-

induced cell proliferation in human colon cancer cells [96]. EGCG has shown 

inhibition of mitogen-activated protein kinases (MAPK), cyclin-dependent kinases, 

growth factor-related cell signaling, activation of activator protein 1 and NF-κB, 

topoisomerase I and matrix metalloproteinases. In human, the pharmacological 

concentration are typically at least 10 µmol/L [91]. 

Our lab studied EGCG induced stress signals in HT-29 human colon 

adenocarcinoma cells and found that EGCG inhibited HT-29 cell growth with an 

IC50 of approximately 100 µM, and doses higher than that showed apparent nuclear 

condensation and fragmentation, and the study concludes that EGCG causes damage 

to mitochondria and JNK mediates EGCG-induced apoptotic cell death [97]. EGCG 

was also found to increase AP-1 luciferase activity dose-dependently up to 100 µM 

[53], reduce LPS-induced IκB alpha phosphorylation [54]. Additional study in our 

group demonstrated that combining sulforaphane and EGCG exerted synergistic 

effects in HT-29 AP-1 human colon carcinoma cells [98]. To investigate possible 

Nrf2-mediation, EGCG were orally dosed to C57BL/6J and C57BL/6J/Nrf2(-/-) 

mice and liver and small intestine were analyzed using Affymetrix mouse genome 
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430 2.0 array. Gene expression showed that 671 Nrf2-dependent and 256 Nrf2-

independent genes were regulated by EGCG in liver, and 228 Nrf2-dependent and 

98 Nrf2-independent genes are regulated by EGCG in intestine. This study pointed 

that the EGCG chemopreventive effects may be mediated by Nrf2, at least partially 

[99].  

2.2.7 Fisetin from strawberries, apples 
 

Fisetin is a flavone found in various plants such as Acacia greggii, Acacia 

berlandieri, Euroasian smoketree, parrot tree, strawberries, apple, persimmon, grape, 

onion, and cucumber [100-102]. Fisetin has been found to alleviate aging effects in 

the yeast or fruit fly [103, 104], exert anti-inflammatory effect in LPS-induced acute 

pulmonary inflammation and anti-carcinogenesis effects in HCT-116 human colon 

cancer cells [105, 106]. Fisetin is also a potent antioxidant and modulates protein 

kinase and lipid kinase pathways [107]. Fisetin, along with other flavonoids such as 

luteolin, quercetin, galangin and EGCG, induced the expression of Nrf2 and the 

phase-2 gene product HO-1 in human retinal pigment epithelial (RPE) cells which 

could protect RPE cells from oxidative-stress-induced death with a high degree of 

potency and low toxicity [108] and reduced hydrogen peroxide (H2O2)-induced cell 

death [109]. A recent study by Khan et al found dual inhibition of PI3K/AKT and 

mTOR signaling in human non-small cell lung cancer cells by fisetin [110]. Fisetin 

inhibited Wnt signaling through the modulation of beta-catenin expression, 

transcriptional activity and of the subsequent expression of Wnt target genes [111]. 

Other studies found fisetin decreased cell viability with G1-phase arrest and 

disrupted Wnt/β-catenin signaling [112], exhibited an inhibitory effect on the 

abilities of adhesion, migration, and invasion, and significantly decreased the 
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nuclear levels of nuclear factor kappa B (NF-κB) and activator protein-1 (AP-1) 

[113]. Fisetin was also found to help to overcome the multidrug resistance caused by 

the high expression of the plasma membrane drug transporter P-glycoprotein (P-gp) 

associated with an elevated intracellular glutathione (GSH) content in various 

human tumors [114].  

2.2.8 Genistein from soybean 
 

Genistein is an isoflavone originates from a number of plants such as lupine, 

fava beans, soybeans, kudzu, and psoralea, Flemingia vestita, and coffee. 

Functioning as antioxidant and anthelmintic, genistein has been found to have 

antiangiogenic effects (blocking formation of new blood vessels), and may block the 

uncontrolled cell growth associated with cancer, most likely by inhibiting the 

enzymes that regulate cell division and cell survival (growth factors). Genistein's 

activity was chiefly functioned as a tyrosine kinase inhibitor by inhibiting DNA 

topoisomerase II as an important cytotoxic activity [115, 116]. In vitro and in vivo 

studies show that genistein has been found to be useful in treating leukemia [117-

120].  

Estrogen receptors are over-expressed in around 70% of breast cancer cases 

(ER-positive). Binding of estrogen to the ER stimulates proliferation of mammary 

cells, with the resulting increase in cell division and DNA replication. Estrogen 

metabolism produces genotoxic waste, which may cause disruption of cell cycle, 

apoptosis, DNA repair, and forms tumor. Genistein can compete with 17β-estradiol 

(estrogen) to bind to estrogen receptor and shows higher affinity towards estrogen 

receptor β than towards estrogen receptor α [121], where estrogen receptor functions 

as a DNA-binding transcription factor that regulates gene expression. Genistein was 

confirmed to increase rate of growth of some estrogen receptor expressing breast 
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cancer and increase the rate of proliferation of estrogen-dependent breast cancer 

when not co-treated with an estrogen antagonist [122, 123]. In colon cancer, 

genistein is thought to contribute to reduced colonic inflammation in 2,4,6-

trinitrobenzenesulfonic acid (TNBS)-induced colitis [124]. Our lab previously 

investigated genistein and found that genistein possibly involved in JNK pathway in 

inducing AP-1 activity [125]. 

2.2.9 Gingerol from gingers 

Gingerol is the active component of fresh ginger with distinctive spicyness. 

Gingerol has been studied for its anticancerous effects for the tumors in colon [126], 

breast and ovarian [127, 128], and pancreas [129]. A recent review by Oyagbemi et 

al summarized mechanism in its therapeutic effects of gingerol [130]. In short, 

gingerol has demonstrated antioxidant, anti-inflammation, and antitumor promoting 

properties, decreases iNOS and TNF-alpha expression via suppression of IκBα 

phosphorylation and NF-κB nuclear translocation [130]. Treating K562 cells and 

MOLT4 cells with gingerol, the ROS levels were significantly higher than control 

groups, inducing apoptosis of leukemia cells by mitochondrial pathway [131]. On 

human hepatocarcinoma cells, gingerol, along with 6-shogaol were found to exert 

anti-invasive activity against hepatoma cells through regulation of MMP-9 and 

TIMP-1, and 6-shogaol further regulate urokinase-type plasminogen activity [132]. 

Topical application of 6-shogaol, another active component from ginger is more 

effective than 6-gingerol and curcumin in inhibiting 12-O-tetradecanoylphorbol 13-

acetate (TPA)-induced transcription of iNOS and COX-2 mRNA expression in 

mouse skin, which may justify further in vitro and in vovo study [133].  
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2.2.10    Kaempferol from tea, broccoli, grapefruit 

Kaempferol is a natural flavonol isolated from tea, broccoli, Witch-hazel, 

grapefruit, Brussels sprouts, apples, etc [134]. Kaempferol has been studied for 

pancreatic cancer [135], and lung cancer [136]. It has been investigated for its 

antiangiogenic, anticancer, and radical scavenging effects [137] [138].  Kaempferol, 

displayed moderate cytostatic activity of 24.8 – 64.7 µM  in the cell lines of PC3, 

HeLa and K562 human cancer cells [139]. To et al studied kaempferol as aryl 

hydrocarbon receptor (AhR) antagonist showing inhibition of ABCG2 upregulation, 

thereby reversing the ABCG2-mediated multi-drug resistance, which may be useful 

for esophageal cancer treatment [140]. Luo et al found that kaempferol induces 

apoptosis in ovarian cancer cells through the activation of p53 in the intrinsic 

pathway [141]. Yang et al reported that kaempferol inhibited quinine reductase 2 

with an IC (50) value of 33.6 µM for NF-κB activity [142]. In a study by Niestroy et 

al, kaempferol was studied on benzo[a]pyrene (BaP) mediated effects on Caco-2 

cells on concerted effects on the expression of AhR and Nrf2 pathway components 

[143]. In that study, BaP, quercetin and kaempferol activated Nrf2 pathway by 

induction of Nrf2, and its target genes NQO1, GSTP1, GSTA1, and GCLC. 

However, in spite of their own induction potential for Nrf2, both quercetin and 

kaempferol counteract the effects of BaP on expression of AhR, AhRR, Nrf2, 

GSTP1 and NQO1 [143].  

Kaempferol showed very low bioavailability of approximately 2% in earlier 

study [144]. Using Madin-Darby canine kidney (MDCK) cell monolayers, 

kaempferol was shown to be a breast cancer resistance protein (Bcrp, Abcg2) 

inhibitor and may also be a Bcrp substrate, which may represent one possible 

mechanism for the low bioavailability of kaempferol [145].  
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2.2.11    Lycopene from tomato 
 

Lycopene is a bright red pigment and phytochemical from tomatoes, red 

carrots, watermelons, and red papayas. It has eleven conjugated double bonds and 

demonstrates antioxidant activity and chemopreventive effects in many studies, 

especially for prostate cancer. Lycopene has poor solubility in water, and is highly 

soluble in organic solvents. Its anti-cancer property is attributed to activating cancer 

preventive enzymes such as phase II detoxification enzymes [146]. Lycopene was 

found to inhibit human cancer cell proliferation, to suppress insulin-like growth 

factor-I-stimulated growth, which may open new avenues for study on the role of 

lycopene in the prevention or treatment of endometrial cancer and other tumors 

[147], It also possesses inhibitory effects on breast and endometrial cancer cells 

[148], prostate cancer cells [146], and colon cancer cells [149].  However, in a study 

conducted by Erdman and group using xenocraft prostate tumors into rats, it was 

found that the tumors grew more slowly in those given whole dried tomato powder 

but not in those given lycopene, which may indicate that lycopene may be an 

important component in tomato but not the only component in tomato that actively 

suppressing the growth of the prostate cancer [150]. 

2.2.12    Phenethyl Isothiocyanate (PEITC) from cruciferous vegetable 
 

PEITC, along with sulforaphane from cruciferous vegetables, such as 

watercress, broccoli, cabbage, etc., has been studied for induction of apoptosis in 

cell lines. It has shown very strong potency against melanoma. It has been 

intensively studied for chemoprevention against breast cancer cells [151, 152], non-

small cell lung cancer [153], cervical cancer [154, 155], osteogenic sarcoma U-2 OS 

[156], prostate cancer [157-159], and myeloma cell lines [160]. PEITC induces 

apoptosis in some cell lines that are resistant to some currently used 
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chemotherapeutics drugs.  

PEITC induced apoptosis in highly metastatic human non-small cell lung 

cancer L9981 cells via Caspase-3 activation , leading to cell cycle arrest at the G2/M 

phase by modulation of cyclin B1 expression, where MAPK/AP-1 pathway was the 

target [153]. In vitro and in vivo data support that PEITC, as well as sulforaphane, 

induced G2/M cell cycle arrest, apoptosis of cell death of myeloma cells [160]. In 

cervical cancer cells, PEITC was found to increase the expression of the death 

receptors (DR4 and DR5), cleaved caspase-3, induced caspase-8 and truncated BID, 

down-regulated the ERK1/2 and MEK phosphorylation while maintaining the 

expression of JNK and phospho-p38 MAPK [154]. PEITC has also been studied for 

cytotoxicity in a human liver hepatoma cell line (HepG2-C8) along with I3C, DIM, 

and sulforaphane and turned out that PEITC was more toxic than I3C and DIM [82]. 

In human prostate cancer DU 145 cells, PEITC induced apoptosis mediated by the 

activation of caspase-8, -9, and -3-dependent pathways [161]. PEITC induced 

pronounce increase in the activation of caspase-3, -8, -9, cleavage and degradation 

of PARP, and apoptosis dose- and time-dependently, accompanied by the caspase-

independent downregulation of Mcl-1, Akt inactivation, and activation of JNK [162]. 

Using human osteogenic sarcoma U-2 OS cells, PEITC, along with benzyl 

isothiocyanates (BITC), caused growth inhibition, inhibited cell cycle regulatory 

proteins, promoted Chk1 and p53, induced pronounce increase in apoptosis and 

poly(ADP-ribose)polymerase (PARP) cleavage [156]. Wang et al found that cells 

with mutant p53 are more sensitive to cytotoxicity induced by PEITC than those 

with wild-type protein, which may be a novel target for cancer chemoprevention 

[163].  
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2.2.13    Resveratrol from grapes 
 

Resveratrol is a natural phenol and can be found in the red grapes skin, 

peanuts and in other fruits. Jang et al reported cancer chemopreventive activity of 

resveratrol [164]. In that study, resveratrol was found to possess anti-initiation 

activity by inducing phase II drug metabolizing enzymes, anti-promotion activity by 

mediating anti-inflammatory effects and inhibiting cyclooxygenase and 

hydroperoxidase functions, and anti-progression activity by inducing cell 

differentiation in human promyelocytic leukemia. However, poor oral bioavailability 

[165] caused by rapid metabolism limited its effectiveness in animal cancer models 

and in human studies [166, 167]. However, with direct contact, resveratrol has 

demonstrated anti-carcinogenesis effects in skin tumor [168, 169] and 

gastrointestinal tract tumor, such as N-nitrosomethylbenzylamine (NMBA)-induced 

esophageal tumors in rats [170]. Resveratrol was found to inhibit metastasis via 

reducing hypoxia inducible factor-1α and MMP-9 expression in colon cancer cells 

[171]; to suppress dextran sulfate sodium (DSS) –induced colitis through 

downregulation of p38, prostaglandin E synthase-1, iNOS, and COX-2 in mice [172]; 

inhibit Wnt signaling and beta-catenin localization in colon-derived cells [173]. 

Another study found that resveratrol at a concentration of 10 µM or more induces 

apoptosis in normal cells as well as cancer cells which demonstrated a potential 

cytotoxic effect on normal cells [174]. 

Our lab studied resveratrol's modulation of AP-1 in human colon HT-29 

cancer cell line and reported that resveratrol increased AP-1-luciferase activity dose-

dependently and induced cell death in a dose-dependent manner [53]. Resveratrol 

increased activation of LPS-induced NF-κB-luciferase activity at lower dose, but 

inhibited activation at higher dose, reduced LPS-induced IκB alpha phosphorylation, 



 

 

25
 

and induced caspase-3 activation [54]. Our another toxicogenomics study of 

resveratrol in rat liver showed that at the high doses (3 gm/kg/day for 28 days) the 

modulation of liver genes may implicate the potential toxicity [175].  

2.2.14    Rosmarinic acid from rosemary 
 

Rosmarinic acid (RA) is a natural antioxidant found in culinary spice and 

medicinal herbs such as lemon balm, peppermint, sage, thyme, oregano, and 

rosemary to treat numerous ailments. Rosemary extracts play important roles in anti-

inflammation, anti-tumor, and anti-proliferation in various in vitro and in vivo 

studies. Study in Ls174-T human colon carcinoma cells found that rosmarinic acid 

inhibit migration, adhesion, and invasion dose-dependently [176]. In another study, 

rosmarinic acid may inhibit bone metastasis from breast carcinoma mainly via the 

pathway of the NF-κB and by simultaneous suppression of interleukin-8 

(IL-8) [177]. Moon et al investigated TNF-α mediated anti-cancer therapy 

mechanism. In human leukemia U938 cells, RA significantly sensitized TNF-α-

induced apoptosis through the suppression of NF-κB and reactive oxygen species 

(ROS), and suppressed NF-κB activation through inhibition of phosphorylation and 

degradation of IκBα [178]. Rosmarinic acid reduced 12-O-tetradecanoylphorbol-13-

acetate (TPA)-induced COX-2 promoter activity and protein levels in colon cancer 

HT-29 cells, repressed binding of the activator protein-1 (AP-1) in a nonmalignant 

breast epithelial cell line (MCF10A), and antagonized the stimulatory effects of TPA 

on COX-2 protein expression [179]. 

2.2.15    Sulforaphane from cruciferous vegetables 
 

Sulforaphane is an organosulfur compound obtained from cruciferous 

vegetables such as broccoli, Brussels sprouts and cabbages. The enzyme myrosinase 
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in GI tract transforms glucoraphanin into sulforaphane upon damage to the plant 

such as from chewing. Broccoli sprouts and cauliflower sprouts are rich in 

glucoraphanin.  

Sulforaphane has shown induction of phase II drug metabolism enzymes of 

xenobiotic transformation, such as quinine reductase and glutathione S-transferase, 

and enhances the transcription of tumor suppression proteins. Sulforaphane 

downregulated the Wnt/beta-catenin self-renewal pathway in breast cancer stem 

cells [180]; protect skin against UV radiation damage [181], and inhibit histone 

deacetylase (HDAC) activity [182]. In Apc(Min/+) mice, sulforaphane reduces the 

number of polyps by inhibiting Akt, ERK signaling, COX-2, and cyclin D1 protein 

expression [183] and also inhibited cancer cell growth by inducing apoptosis in 

SW620 cells [184]. In a recent study, sulforaphane induces cytotoxicity and 

lysosome- and mitochondria-dependent cell death in colon cancer cells with deleted 

p53. It also increases Bax in the presence of JNK-mediated Bcl-2 inhibition 

followed by mitochondrial release of cytochrome c and activation of apoptosis [185].  

In our lab, sulforaphane has been studied for its chemoprevention activities 

and its involvement in anti-inflammation. In human colon HT-29 cancer cells, 

sulforaphane increased AP-1-luciferase activity dose-dependently and then 

decreased at higher doses, and induced JNK activity [53]. Sulforaphane also strongly 

inhibited LPS-induced NF-κB-luciferase activations and in MTS assay, sulforaphane 

potently inhibited cell growth and induced caspase-3 activity [54]. In HepG2 human 

hepatoma cells, sulforaphane strongly induced Nrf2 protein expression and ARE-

mediated transcription activation, retarded degradation of Nrf2 through inhibiting 

Keap1, and activated transcriptional expression of antioxidant enzyme HO-1 [186]. 

In human prostate cancer PC-3 cells, sulforaphane suppressed NF-κB and NF-κB-
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regulated genes expression through IκB-alpha, IKK pathway [187]. Sulforaphane 

was found to be unable to disrupt the cytosolic distribution of Nrf2 zip which 

indicates that the importance of Keap1 retention as a key rate-limiting step in Nrf2 

activation [188]. Study in HepG2 cells also found that transcriptional activation of 

Nrf2/ARE is critical in sulforaphane-mediated induction of HO-1, which can be 

modulated in part by the blockade of p38 MAPK signaling pathway. In addition, p38 

MAPK can phosphorylate Nrf2 and enhances the association between Nrf2 and 

Keap1 proteins, thereby potentially inhibiting Nrf2 translocation into nuclear to 

initiate antioxidant gene transcription [189]. Pretreatment of sulforaphane in wild 

type mice primary peritoneal macrophages potently inhibited LPS-stimulated mRNA 

expression, protein expression and TNF-alpha, IL-1beta, COX-2 and iNOS. HO-1 

expression was significantly augmented as well. The anti-inflammatory effects was 

attenuated in Nrf2 (-/-) primary peritoneal macrophages and therefore, the anti-

inflammatory activity was mainly exerted by Nrf2 pathway in mouse peritoneal 

macrophages [190]. 

In the liver of C57BL/6J and C57BL/6J/Nrf2(-/-) mice, sulforaphane induced 

Nrf2-dependent detoxification phase I, II drug metabolizing enzymes and phase III 

transporters, using Affymetrix 39K oligonucleotide microarray. This study indicates 

that sulforaphane increases the expression of genes through the Nrf2 signaling 

pathway that directly detoxify exogenous toxins/carcinogens or endogenous reactive 

oxygen species, and genes involved in the recognition and repair/removal of 

damaged proteins [191]. In the ApcMin/+ mice, when fed with SFN supplemented diet, 

the mice developed significantly less and smaller polyps with higher apoptotic and 

lower proliferative indices in their small intestine in a dose-dependent manner. SFN 

also found to suppress the expression of phosphorylated c-Jun N-terminal kinase (p-
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JNK), phosphorylated extracellular signal-regulated kinases (p-ERK) and 

phosphorylated-Akt (p-Akt). However, the biomarkers of the Wnt pathway, beta-

catenin and cyclin-D1 were unaffected by sulforaphane treatment. This study also 

found that a diet of 3 to 30 nmol/g is required to prevent or retard adenoma 

formation in the ApcMin/+ gastrointestinal tract [192]. In our another study, 

sulforaphane was found to inhibit 7,12-dimethylbenz(a)anthracene-induced skin 

tumorigenesis in C57BL/6 mice mediated by Nrf2 [193]. In ApcMin/+ mice, 

sulforaphane on the gene expression profile in small intestinal polyps were studied 

using Affymetrix microarray. While SFN is a strong phase II drug metabolizing 

enzyme inducer, apoptosis genes MBD4, TNFR-7 and TNF (ligand)-11 were up-

regulated, cell growth and maintenance genes pro-survival genes cycling-D2, 

integrin-beta1 and Wnt-9A were down-regulated, where the predicted phase II genes 

were less modulated. Genes potentially involved in colorectal carcinogenesis, 15-

LOX was found increased and COX-2 decreased [194]. In C57BL/6J wild type and 

C57BL/6J/Nrf2(-/-) knock-out mice, UVB exposure (300mJ/cm2) resulted in skin 

inflammation in both groups, however, WT mice returned to basal level to a greater 

extent; and mice treated with sulforaphane restored sunburn cells by 8 days but KO 

mice did not, which indicates functional Nrf2 confers a protective effect against 

UVB-induced inflammation, sunburn reaction, and sulforaphane-mediated 

photoprotective effects in the mice [195]. 

Sulforaphane demonstrated synergistic effects when combined with EGCG 

in HT-29 AP-1 human colon carcinoma cells [98], or with dibenzoylmethane in 

ApcMin/+ mice for reducing intestinal adenomas [183], or with phenethyl 

isothiocyanate in down-regulating inflammation markers TNF, IL-1, NO, PGE2 and 

inducing phase II/antioxidant enzymes like HO-1, NQO1 using RAW 264.7 cells 
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[57].  

When TRAMP mice were fed with dietary broccoli sprouts for 16 weeks, 

mice were sacrificed and analyzed for sulforaphane and sulforaphane-GSH 

conjugate in the prostate tumor. TRAMP mice with high broccoli diet showed 

significant retardation of prostate tumor growth and elevated expression levels of 

Nrf2, HO-1, cleaved-Caspase-3, cleaved-PARP and Bax proteins and decreased 

expression levels of Keap1 and Bcl-xL proteins; and the Akt and its downstream 

kinase and target proteins such as mTOR, 4E-BP1 and cyclin D1 were also reduced. 

All of these indicate that sulforaphane has significant inhibitory effects on prostate 

tumorigenesis [196].  

Many other laboratories are very active in the research in sulforaphane. 

There are currently eighteen clinical studies registered with clinicaltrials.gov and 

sulforaphane is a promising compound for its druggability. 

2.2.16    Triterpenoids from wax-like coatings of fruits and medicinal herbs 
 

Triterpenoids are biosynthesized in plants by cyclization of squalene, a 

triterpene hydrocarbon and precursor of all steroids [197]. This group of 

phytochemicals are sub-classified into cucurbitanes, dammaranes, ergostanes, 

friedelanes, lanostanes, limonoids, lupanes, oleananes, tirucallanes, ursanes [15], and 

the list is still growing. The diversity and regulation of terpenoids are appreciated by 

Tholl review [198]. Various in vitro and in vivo studies have been conducted for 

chemoprevention and therapy of breast cancer [15], and pancreatic cancer [199]. 

This group of phytochemicals exert their chemopreventive and anti-cancer activities 

via enhancing apoptosis, NO,  stimulating DR4, DR5, caspase-3/7, caspase 8, Bax, 

JNK, MAPK, p38, decreasing phosphor-STAT3, PARP cleavage, suppressing COX-
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2, IL-1β, NF-κB, IKKα/β, cyclin D1, cyclin A, cyclin B1, ERα protein and mRNA, 

HER2 phosphorylation, caveolin-1, Akt, JAK1, STAT 3, Bcl2, c-Jun, c-Fos, JNK, 

mTOR, blocking cell cycle at G1, G1-S, G2-M, etc [15]. 

Through these studies, triterpenoids have been shown to possess pleiotropic 

mode of effects for cancers in in vitro and in vivo models, more studies are necessary 

to validate their promises in their chemopreventive and anti-cancer activities in 

clinical stage.  

2.2.17    Vitamin D from mushroom 
 

After exposed to ultraviolet B light, vertebrate can generate Vitamin D from 

their skins. Light exposed mushroom could also be an excellent source of Vitamin D. 

Vitamin D has been involved in breast cancer [200], colon cancer [201], ovarian 

cancer [202], and pancreatic cancer [203]. The mechanism is still not quite clear. 

However, vitamin D receptor (VDR) appears playing an important role. For example, 

women with mutations in the VDR gene had an increased risk of breast cancer and 

VDR may be a mediator of breast cancer risk which could represent a target for 

cancer prevention efforts [204].     

Two physiologically relevant Vitamin D are vitamin D2 (ergocalciferol) and 

D3 (cholecalciferol). D3 is produced after exposure to ultraviolet B light from the 

sun or artificial sources. Numerous studies have linked vitamin D and cancer but 

opposite conclusion were also presented by the conflicting study results. Vitamin D 

anti-cancer effect may be mediated via vitamin D receptors (VDR) in cancer cells 

[200]. Increased risk of breast cancer has been linked with the polymorphisms of 

VDR gene [204]. Kovalenko et al using VDR KO and WT mice and showed that 

low diet VD or VDR deletion provided a prostate environment that is permissive to 
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early pro-carcinogenic events that enhance prostate cancer risk [205]. Stefanska et al 

reported that vitamin D3 possess high efficacy in the reduction of PTEN promoter 

methylation and it was associated with PTEN induction as well as DNA 

methyltransferase down-regulation and p21 up-regulation after treatments with 

vitamin D3, suggesting a complex regulation of the DNA methylation machinery 

[206]. However, a literature conducted through June 2010, Hypovitaminosis D 

seems to be associated with a worse prognosis in some cancers, but vitamin D 

supplementation failed to demonstrate a benefit in prostate cancer patients and the 

available evidence is insufficient to recommend vitamin D supplementation in 

cancer patients in clinical practice [207]. And study also suggested that genetic 

polymorphisms in vitamin D-related genes do not play a major role in breast cancer 

risk in Chinese women [208]. Therefore, vitamin D's skin cancer and prostate cancer 

prevention are still inconclusive [209, 210]. 

2.2.18    Vitamin E from plant oil 
 

Vitamin E represents a family of compounds comprising both tocopherols 

and tocotrienols and is a fat-soluble antioxidant that exists in many foods including 

wheat germ oil, sunflower oil, and safflower oils. Αlpha-tocopherol is the most 

bioactive form of vitamin E that stops the production of reactive oxygen species 

when fat undergoes oxidation. There are reports that both tocopherols and 

tocotrienols have anti-tumor effects due to the antioxidant effect, and tocotrienols 

show stronger bioactivity and both shown antiproliferative, proapoptotic and COX-2 

inhibiting effects in in vitro studies [211]. Review by Viola et al discussed the 

hypomethylated forms of tocotrienols in their high in vitro and in vivo metabolism 

and their potency in cytoprotection, cancer prevention and even chemotherapeutic 

effects [14]. Chen et al reported that vitamin E supplementation could evidently 
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inhibit or reverse the cytotoxic effects of cigarette smoke extract in a dose- and time-

dependent manner in mouse embryonic lung cells [212]. A recent review by 

Nesaretnam and Meganathan linked tocotrienols and their roles in inflammation and 

cancer, and in this review, mechanism of the cellular signaling pathways of NF-κB, 

STAT3, and COX-2 were discussed [213]. In a meta-analysis and meta-regression 

study, although vitamin A, dietary vitamin E, and total vitamin E intake all reduced 

breast cancer risk significantly when data from all studies were pooled, the results 

became non-significant when data from cohort studies were pooled [214].  

Tocotrienols are members of the vitamin E family. Unlike tocopherols, 

tocotrienols possess an unsaturated isoprenoid side chain that confers superior anti-

cancer properties and they inhibit AKT and ERK activation and suppress pancreatic 

cancer cell proliferation by suppressing the ErbB2 pathway [215]. In pancreatic 

cancer cell lines, tocotrienols selectively inhibit the HMG-CoA reductase pathway 

through posttranslational degradation and suppress the activity of transcription factor 

NF-κB. γ- and δ-tocotrienol treatment of cells reduced the activation of ERK MAP 

kinase and that of its downstream mediator ribosomal protein S6 kinase (RSK) in 

addition to suppressing the activation of protein kinase AKT. Tocotrienols reduced 

apoptosis in pancreatic cancer cells through the suppression of vital cell survival and 

proliferative signaling pathways such as those mediated by the PI3-kinase/AKT and 

ERK/MAP kinases via downregulation of Her2/ErbB2 expression [215]. Sylvester et 

al discussed the approach to combine tocotrienols with agents that have 

complementary anticancer mechanisms of action to achieve synergistic anticancer 

response, e.g., combination with traditional cancer chemotherapy, with statins, with 

receptor tyrosine kinase inhibitors, and with COX-2 inhibitors [216]. 
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2.3 Mechanisms involved in cancer chemoprevention and 
treatment 

2.3.1 Apoptosis mechanism initiated by phytochemicals 

Apoptosis pathways are very important in cancer related therapies. In fact, 

many phytochemicals were originally used as anti-inflammatory or anti-viral 

reagents and, while the understanding of cancer mechanism deepens, their anti-

tumor activities, such as targeting apoptosis pathways in cancer are recognized and 

utilized [217, 218]. Li-Weber summarized apoptosis pathways in cancer by 

traditional Chinese medicine (TCM) based on practical experiences [217].  

Apoptosis is the process of programmed cell death that may occur in 

multicellular organisms. The process includes blebbing, cell shrinkage, and nuclear 

fragmentation. In cancer, insufficient apoptosis results in uncontrolled cell 

proliferation. The apoptosis mechanism involves several signal transduction 

pathways. Apoptotic proteins may form membrane pores and cause mitochondrial 

swelling and increase the permeability of the mitochondrial membrane and leak out 

the apoptotic effectors [219]. Small mitochondrial-derived activator of caspases 

(SMACs) are released from the mitochondrial into cytosol, binds to inhibitor of 

apoptosis proteins (IAPs), deactivates IAPs and preventing them from arresting the 

apoptotic process. Caspases, which carry out the cell degradation and are normally 

suppressed by IAPs, proceed for cell apoptosis process [220]. Due to the formation 

of mitochondrial apoptosis-induced channel (MAC) in the out mitochondrial 

membrane, cytochrome c is released from mitochondria and binds with apoptotic 

protease activating factor-1 (Apaf-1) and ATP, which then binds to pro-caspase-9 to 

create a protein complex apoptosome and cleaves pro-caspase and release active 
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form of caspase-9, which in turn activates the effector caspase-3 [221]. Bcl-2 family 

proteins regulate Mitochondrial Apoptosis-induced Channel (MAC) and 

Mitochondrial Outer Membrane Permeabilization Pore (MOMPP) where pro-

apoptotic Bax and/or Bak form the pore, and anti-apoptotic Bcl-2, Bcl-xL or Mcl-1 

inhibit the formation of the pore [222]. 

Tumor Necrosis Factor (TNF) is a cytokine produced by activated 

macrophages. When TNF binds with its receptor, cell survival and inflammatory 

responses are initiated.  

Fas ligand (FasL) is a transmembrane protein of the TNF family. The 

interaction of FasL and Fas receptor (Apo-1 or CD95) forms death-inducing 

signaling complex (DISC), which contains the Fas-associated death domain protein 

(FADD) , caspase-8, and caspase-10 [223]. 

In mammalian cells, a balance between pro-apoptotic (BAX, BID, BAK, or 

BAD) and anti-apoptotic (Bcl-Xl and Bcl-2) proteins of the Bcl-2 family is 

established and maintained. Caspase activator such as cytochrome c and SMAC can 

be released from within the mitochondrial membrane when the membrane is 

permeable after the pro-apoptotic homodimers are formed in the outer-membrane of 

the mitochondrion. Inhibitor caspases, such as caspase 8, 10, 9, 2 require binding to 

certain oligomeric adaptor protein; and effector caspases, such as caspases 3, 7, 6, 

are activated by the active initiator caspase via proteolytic cleavage and degradation 

of a host of intracellular proteins to further the cell death process. Some of the 

cancer and phytochemical related apoptosis mechanisms are discussed in more detail 

in the following sections.    
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2.3.2 ATP-dependent chromatin remodeling 
Chromatin remodeling is the enzyme-assisted movement of nucleosomes on 

DNA. Chromatin is a condensed and often inaccessible structure where genomic 

DNA is packaged through histone and non-histone proteins. When DNA damage 

occurs, efficient and accurate repair of DNA damage ensures genome stability and 

prevents damage development which could lead to cancer or cell death [224].  

Activating DNA damage response (DDR) enables the cells to utilize post-translation 

histone modifications and ATP-dependent chromatin remodeling to modulate 

chromatin structure and increase the accessibility of the repair machinery to lesions 

embedded in chromatin [225].  Chromatin remodeling utilizes the energy of ATP to 

disrupt nucleosome DNA contacts, move nucleosomes along DNA, and remove or 

exchange nucleosomes such that DNA repair can be accomplished. Via ATP 

hydrolysis, the chromatin structure of a number of large multi-protein complexes 

(200 kDa – 2 MDa) can be enzymatically modulated [226]. Several chromatin 

remodeling complexes are involved in the process: switch/sucrose non-fermentable 

(SWI/SNF) family containing either the brahma (BRM) or brahma-related gene 1 

(BRG1) ATPase which slide and eject nucleosomes, imitation switch (ISWI) 

complexes containing SFN2H or SNF2L ATPase and mediate nucleosome sliding 

and histone displacement, inositol requiring 80 (INO80) chromatin remodeling 

factors containing INO80 ATPase or related SWR1-like factors such as the p400 

ATPase which features long insertion in the middle of the conserved ATPase domain, 

and chromodomain helicase DNA-binding protein (CHD) family members 

containing two tandemly arranged chromodomains (CDs) on the N-terminus of their 

ATPase which are involved in binding methylated histone tails as well as DNA and 

can slide and eject histones and have both activatory and inhibitory roles in 

transcription regulation [225, 227]. An ATPase which is capable of DNA 
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translocation moves nucleosomes such that transcription factors can access to DNA 

[228]. Luijsterburg and van Attikum recently linked chromatin and the DNA damage 

response with the cancer [225]. Hargreaves and Crabtree reviewed the genetics, 

genomics and mechanisms of ATP-dependent chromatin remodeling [229]. 

While many cancer cells have defects in one or more aspects of the DDR, 

such cells may be more vulnerable to cancer therapies that aim at targeting the 

tumor-related DDR defects [230]. 

2.3.3 Cyclooxygenases-2 (COX-2) 

Cyclooxygenases are bi-functional membrane-bound enzymes related to the 

formation of prostanoids, which are oxygenated C18 to C22 compounds derived 

from ω-3 and ω-6 fatty acids [231]. While COX-1 in general is involved in 

housekeeping functions and is constitutively and stably expressed in cells and in 

tissues, and COX-3 which appears expressed only some specific compartments 

including brain and spinal cord [232, 233], COX-2 is normally low in most cells but 

is constitutively elevated in 80-90% of colorectal and other cancers [234, 235]. This 

may due to the cross-talk between several mediator of inflammation , such as 

interleukins and cytokines (i.e., IL-1, IL-6 and TNF-α) [236]. For this reason and 

also that COX-2 expression in colorectal cancers association with larger tumor size 

and poor survival [237], COX-2 is therefore proposed to be a nutritional target for 

colon cancer prevention [238]. 

Since COX-2 is one of the pro-inflammatory mediators which may be 

induced at the very early stage of carcinogenesis, the prevention of its aberrant 

expression could translate to prevention of the formation of cancer because of its 

insurgence [30, 239]. The cultured murine macrophages, RAW 264.7, or primary 
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macrophages collected from mice then stimulated with LPS/IFNγ are common 

models of acute inflammation [58, 240]. COX-2, due to its promoter contains a 

number of upstream regulatory sequences specific for binding with a variety of 

transcription factors, such as NF-κB, SP-1 transcription factor, activator protein-1 

(AP-1), etc [241]. and these transcription factors are pleiotropic and being the final 

executors for a myriad of intracellular signaling pathways [30], which make the 

COX-2 transcriptional regulation an example of high complexity. Cerella et al 

reviewed COX-2 expression and modulation during transcriptional, post-

transcriptional, and post-translational stages and its modulation by selected natural 

compounds [30]. 

2.3.4 DNA methylation - epigenetics 

DNA methylation is a process that a methyl group is added to the 5 position 

of the cytosine pyrimidine ring or the number 6 nitrogen of the adenine purine ring. 

DNA methylation can be inherited when cells divide. DNA methylation typically 

occurs at CpG sites, where a cytosine and guanine are separated by a phosphate in 

the linear sequence of bases along its length in adult somatic tissue. According to 

studies, between 60% and 90% of all CpGs are methylated in mammals [242]. 

Unmethylated CpG are present in the 5' regulatory regions of many genes. In cancer 

developmental process, gene promoter CpG islands acquire abnormal 

hypermethylation, result in transcriptional silencing and are inherited by daughter 

cells following cell division. Hypomethylation of CpG sites is associated with the 

over-expression of oncogenes within cancer cells.  On the other hand, methylation of 

CpG sites within the promoters of genes can lead to their silencing in cancer. 

Therefore, hypermethylation becomes the target for epigenetic therapy [243]. 

In addition, methylated DNA can bind with methyl-CpG-binding domain 
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proteins (MBDs), and form compact yet inactive heterochromatin which also causes 

gene silencing. It is known that for hypermethylated genes in cancer, methyl-CpG-

binding domain protein 2 (MBD2) mediates the transcription gene silencing.  

2.3.5 Hedgehog Signaling Pathway 

The hedgehog signaling pathway provides instructions to the cells to be 

developed properly into different parts based on the different concentrations of 

hedgehog signaling proteins at a specific time. Activation of the hedgehog pathway 

has been implicated in the cancers in various organs, including brain, lung, prostate, 

and skin. It is shown that abnormal activation of the pathway may give rise to cancer 

through transformation of adult stem cells into cancer stem cells and researcher are 

studying specific inhibitors of hedgehog signaling in an effort to devise an efficient 

therapy for a wide range of cancer [244].  

In vertebrate cells, sonic hedgehog (SHH) contains a ~20 kDa N-terminal 

signaling domain (SHH-N) and a ~25 kDa C-terminal domain with unknown 

signaling role. When SHH binds to the Patched-1 (PTCH1) receptor, the 

downstream protein Smoothened (SMO) inhibited by PTCH1 is activated and leads 

to the activation of the GLI transcription factors [245]. The activated GLI 

accumulates in the nucleus and controls the transcription of hedgehog target genes. 

Activation of the hedgehog pathway leads to the increases of angiogenic factors, 

cyclins, anti-apoptotic genes and the decreases of apoptotic genes, such as Fas [246-

248]. 

Sarkar [249], Marini [250], and Gupta[251] recently reviewed Hedgehog 

signaling as a target pathway for cancer treatment. Thus far, modulating SMO, 

PTCH[252] and Gli3(5E1) [253] are the approaches to regulate the hedgehog 

pathway in the search of hedgehog antagonist for solid tumor, and Gli1 siRNA has 
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been used to inhibit cell growth and promote apoptosis in prostate cancer [254]. 

2.3.6 Histone Modification - epigenetics 
 

Each chromosome consists of 146 base-pairs of duplex DNA wrapped 

around a histone octamer while chromosomes form chromatin and are 

compartmentalized in the nucleus to form a highly intricate packaging, DNA is 

accessible for critical cellular processes such as transcription, replication, 

recombination, and repairs. Histones are highly alkaline proteins in cell nuclei that 

package and order the DNA into structural units – chromasomes. Histones act as 

spools around DNA winds to allow the compaction to fit the large genomes inside 

cell nuclei. Histone modifications include acetylation, methylation, phosphorylation 

and ubiquitylation of different tails [225, 255]. Through histone modification, an 

activation or repression of the gene transcription will be resulted. For example, 

methylated DNA binds to MBD proteins then recruits additional proteins to the 

locus such as histone deacetylases and other chromatin remodeling proteins that can 

modify histone to form compact inactive heterochromatin.  

2.3.7 microRNAs (miRNA) 
 

miRNAs receive greater attention in cancer research in recent years and their 

regulation by natural phytochemicals becomes an emerging field in 

chemoprevention and chemotherapy research [256]. miRNAs are small conserved 

non-coding RNA molecules that post-transcriptionally regulate gene expression by 

targeting the 3' untranslated region of specific messenger RNAs for degradation or 

translational repression [257]. miRNAs serve as post-transcriptional regulators that 

binds to complementary sequences on one or more messenger RNA transcripts [258]. 

In animals, miRNA can be fully or partially complementary to the miRNA target so 
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that one miRNA could target many different sites on the same mRNA or on many 

different mRNAs. In this manner, relatively small changes in miRNA expression can 

lead to modest changes in the levels of multiple proteins and collectively can add up 

to large changes in biology [259].  

Most miRNA genes are found in intergenic regions or in anti-sense orientation 

to genes and contain their own miRNA gene promoter and regulatory units [260]. 

miRNA appears to bind to messenger RNA before it can be translated to proteins 

that switch genes on and off [261]. miRNA are transcribed as a huge double-

stranded primary transcript (pri-miR) by RNA polymerase II. Subsequently, nuclear 

enzymes, Drosha (ribonuclease III) and Pasha convert this precursor into a double-

stranded miRNA precursor of ~70 nucleotide (pre-miR) which is then transported 

into the cytoplasm by a mechanism involving protein Exportin 5. The pre-miR is 

processed into the 22-nucleotide double-stranded miRNA by dicer enzyme. The 

duplex is then unwinded into two strands, the passenger strand which is degraded, 

and the guide strand which is incorporated into the RNA-induced silencing complex 

(RISC). RISC incorporated with miRNA is able to bind to the 3' untranslated region 

(UTR) of target mRNAs and causes a block of translation or mRNA degradation 

depending on the level of complementarity [257, 258, 262]. While miRNA plays an 

important role in regulating cellular differentiation and proliferation, its 

misregulation is linked to cancer and can be tumor suppressor and inducer 

oncogenes. Studies show that miRNA deficiencies or excesses have been correlated 

to cancer and other diseases.  Excess c-Myc, a protein with mutated forms 

implicated in several cancers, shows that miRNA has an effect on the development 

of cancer.[263] 

Over-expression of miRNAs down-regulates tumor suppressors and 
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contributes to tumor formation by stimulating proliferation, angiogenesis, and 

invasion, and acting as oncogenes. However, miRNAs can also down-regulate 

different proteins with oncogenic activity or acting as tumor suppressor [264]. 

Therefore, identifying specific miRNA regulators could be a viable approach in 

searching and developing cancer prevention and treatment agents.  

2.3.8 NF-κB Pathway 
 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is 

linked to cancer development and many other diseases. NF-κB is a family of rapid-

acting primary transcription factors, and their presence in cells are in a state of 

inactive and do not require new protein synthesis to be activated, like c-Jun, STATs. 

This allows NF-κB to be a first responder to harmful cellular stimuli. Reactive 

oxygen species (ROS), TNF alpha, IL-1 beta, lipopolysaccharide (LPS) are some 

examples of NF-κB inducers.  

In the basal condition, the NF-κB dimmers are sequestered in the cytoplasm 

by a family of IκBs, whose ankyrin repeat domains mask the nuclear localization 

signals (NLS) of NF-κB. There are five proteins in the mammalian NF-κB family: 

NF-κB1 (p50), NF-κB2(p52), RELA(p65), RELB, c-REL. When stimulated, IκBs 

are modified by ubiquitination via IκB kinases (IKK) and leads to their degradation. 

NF-κB is then freed to enter the nucleus where it can turn on the expression of 

specific genes that have DNA-Binding sites for NF-κB nearby. The NF-κB turns on 

expression of its own repressor, IκBalpha, which in turn reinhibits NF-κB and forms 

an auto feedback loop, which results in oscillating levels of NF-κB activity [265]. In 

tumor cells, NF-κB is activated, while blocking NF-κB can cause tumor cells to stop 

proliferating, to die or become more sensitive to the action of anti-tumor agents 

[266].  



 

 

42
 

2.3.9 Nrf2 Pathway 
 

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2, or NFE2L2) is a 

transcription factor that regulates antioxidant responses [267]. Since oxidative stress 

can result in cancer, Nrf2 pathway is important in cancer chemoprevention and 

cancer therapy studies.  

Nrf2 is a basic leucine zipper (bZIP) transcription factor that is distinct from 

the other bZIP families, such as JUN and FOS [268]. Under unstressed condition, 

Nrf2 is tethered in the cytoplasm by the Kelch like-ECH-associated protein 1 

(Keap1) [269]. Oxidative or other electrophonic stress disrupts critical cysteine 

residues in Keap1 and releases Nrf2 to translocate into the nucleus. There, Nrf2 

heterodimerizes with small Maf proteins and binds to the anti-oxidant response 

element (ARE) in the promoter region of many antioxidative genes and initiate their 

transcription [270]. The cytoprotective proteins include phase II drug metabolism 

enzymes, such as NAD(P)H-quinone oxidoreductase 1 (NQO1); heme oxygenase-1 

(HO-1), glutathione S-transferase (GST), UDP-glucuronosyltransferase (UGT), or 

phase III transporters, such as multidrug resistance-associated proteins (MRPs) 

[271-276].  

2.3.10    PI3 kinase pathway 
 

Phosphatidylinositol 3-kinases (PI3Ks) are a family of enzymes involved in 

cell growth, proliferation, differentiation, survival and intracellular trafficking. They 

are intracellular signal transducer enzymes and exert their functions by 

phosphorylating the 3 position hydroxyl group of the inositol ring of 

phosphatidylinositol (Ptdlns) [277]. 

 Activated PI3-k produces Ptdlns(3,4,5)P3 and Ptdlns(3,4)P2, which are 

bound by AKT. AKT translocate to the plasma membrane due to that the 
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Ptdlns(3,4,5)P3 and Ptdlns(3,4)P2 are restricted to plasma membrane. In the same 

fashion, the pleckstrin homology domain of the phosphoinositide-dependent protein 

kinase 1 (PDK1) binds to Ptdlns(3,4,5)P3 and Ptdlns(3,4)P2, translocates to plasma 

membrane as well. Due to the colocalization of activated PDK1 and AKT, AKT is 

phosphorylated by PDK1 on threonine 308, leading to partial activation of AKT. 

AKT is fully activated upon phosphorylation of serine 473 by the TORC2 complex 

of the mTOR protein kinase. In many cancers, PI-3k P110alpha is mutated, which 

causes the kinase to be active, and its antagonist PTEN is absent. Therefore, PI-3k 

activity contributes significantly to the cellular transformation and the cancer 

development. Inhibition of PI-3k became a therapeutic strategy for suppressing 

cancer development [278].  

2.3.11    Plk1 Expression 
 

Polo-like kinase 1 (PLK1) is an enzyme consists of 603 amino acids. Besides 

the N-terminus kinase domain, two conserved polo-box regions of 30 amino acids at 

the C-terminus can regulates the kinase activity for auto-inhibition and sub-cellular 

localization [279]. Plk1 is an early trigger for the G2/M transition. It is a proto-

oncogene and is overexpressed in tumor cells. PLK1 is believed to drive cell cycle 

progression, an oncogenic property. In nude mice, tumor cells have been detected for 

PLK1 overexpression [280]. PLK1 appears to be involved in the tumor suppressor 

p53 related pathways [281]. A recent review focused on PLK1, a key regulator of 

mitosis, and its potential role in non-small cell lung cancer (NSCLC) anticancer 

therapy [282]. 

2.3.12    Poly-ADP-ribosylation 
 

Poly(ADP-ribosylation) is a post-translational modification of nuclear 
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proteins that converts β-NAD(+) into ADP-ribose. During the process, poly(ADP-

ribose) polymerase (PARP) enzyme is responsible for polymer synthesis to bind to 

nuclear acceptor proteins with the liberation of nicotinamide and protons, and 

poly(ADP-ribose)glycohydrolase (PARG) enzyme regulates poly(ADP-ribose) 

turnover for polymer degradation to free ADP-ribose and AMP. The most abundant 

PARP, PARP1, is a 113kDa zinc-finger protein with a modular structure composed 

of the N-terminal DNA binding domain (DBD) essential for the recognition of DNA 

breaks and the C-terminal catalytic domain required for the conversion from NAD(+) 

to ADP-ribose. Poly(ADP-ribosylation) plays an important role in many basic 

processes such as DNA replication, repair, and transcription while in sensing and 

repairing DNA damage [283]. PARP normally acts as a pro-survival factor, due to its 

role in DNA repair; yet, under massive DNA damage or stress conditions, PARP 

drives cells to necrosis [284]. However, over-activation of PARP causes NAD 

depletion and consequent necrosis followed by inflammatory condition. Therefore, 

inhibition of PARP could be protective in cancer therapy, and inactivation of 

poly(ADP-ribosylation) could be utilized to limit cellular injury and attenuate the 

inflammation.[284] Recently, many efforts have been showing promising results 

through utilizing poly(ADP-ribosylation) pathway by using novel PARP inhibitors, 

as summarized by Giansanti et al [284].  

Besides, PARP has been reported to interact with NF-κB by PARP-1 

acetylation. After acetylation, NF-κB interacts with other proteins, binds DNA and 

activates the gene transcription for inflammation, cell proliferation, differentiation, 

and death, and regulates the production of pro-inflammatory cytokines, such as 

TNFα, MIP1α, IL-1, and IFNγ, as well as iNOS [285-287]. 
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2.3.13    Tumor angiogenesis inhibition 
 

Angiogenesis is the physiological process involving the growth of new blood 

vessels from pre-existing vessels. It is a fundamental step in the transition of tumors 

from a dormant to a malignant state, leading to the use of angiogenesis inhibitors. 

Tumor induces blood vessel growth by secreting various growth factors, such 

as vascular endothelial growth factor (VEGF), which induce capillary growth into 

the tumor. In normal cells, protein kinase G (PKG) limits beta-catenin, which solicits 

angiogenesis. Angiogenesis is also a required step for the spread of tumor 

(metastasis). Therefore, using specific compounds that inhibits or reduce the 

creation of new blood vessels may help to combat tumor, which requires an 

abundance of oxygen and nutrients to proliferate. The fibroblast growth factor (FGF) 

is a family of mostly single chain peptides [288]. FGF-1 stimulates the proliferation 

and differentiation of all cell types, e.g., endothelial cells and smooth muscle cells 

that are necessary for building arterial vessel, where VEGF drives the formation of 

new capillaries [289]. VEGF causes a series of signaling cascade in endothelial cells. 

Binding to VEGF receptor-2 (VEGFR-2) initiates tyrosine kinase signaling cascade 

that stimulates the production of factors which stimulate vessel permeability by 

producing NO, proliferation/survival, migration and finally differentiation into 

mature blood vessels. In normal cells, anti-VEGF enzyme protein kinase G (PKG) 

limits beta-catenin, which solicits angiogenesis. In cancer cells, it was found that 

cancer cells stop producing PKG.  

2.3.14    STAT 3 pathway 
 

Signal transducer and activator of transcription 3 (STAT3) is a transcription 

factor that mediates the expression of a variety of genes in response to cell stimuli, 

and thus plays a key role in many cellular processes such as cell growth and 
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apoptosis. It is activated through phosphorylation of tyrosine 705 and serine 727 in 

response to cytokines and growth factors such as interferons, epidermal growth 

factor, by receptor-associated kinases and then form homo- or heterodimers that 

translocate to the cell nucleus. While GTPase RAC1 appears to bind and regulate 

STAT3, PIAS3 protein is a specific inhibitor of this protein. In cancer cells, 

constitutive STAT3 activation is associated with poor prognosis and has anti-

apoptotic and proliferative effects [290].  

2.3.15    Wnt pathway 
 

Wnt proteins are not only involved in normal physiological process in adult 

animals, but also play roles in embryogenesis and cancer [291]. They consist of a 

group of secreted lipid-modified (palmitoylation) signaling proteins of 350-400 

amino acids in length [292], which carry a conserved pattern of 23-24 cysteine 

residues on which palmitoylation occurs on a cysteine residue [293]. These proteins 

activate various pathways (Wnt, β-catenin, cadherin, etc.) in the cell including 

canonical and noncanonical Wnt pathways, and exert their important roles in 

embryonic development, cell differentiation, and cell polarity generation [294]. In 

canonical Wnt pathway, the Wnt proteins bind to cell-surface receptors of the 

Frizzled family, cause the receptor to activate Dishevelled (DSH) family proteins 

and ultimately change the amount of β-catenin that reaches the nucleus. DSH 

complex inhibits a second complex of other proteins such as axin, GSK-3 and APC 

which normally promotes the proteolytic degradation of the β-catenin. The β-catenin 

destruction inhibition allows cytoplasmic β-catenin stabilization and entering the 

nucleus to interact with TCF/LEF family transcription factors to promote specific 

gene expression. Therefore, modifications of Wnt, APC, axin, and TCF are 

associated with carcinogenesis. For example, an APC deficiency or mutations to β-
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catenin that prevent its degradation can cause excessive stem cell renewal and 

proliferation, predisposing the cells to the formation of tumors [295]. Non-steroidal 

anti-inflammatory drugs (NSAIDs) that interfere β-catenin signaling have been 

shown to prevent colorectal cancer [296]. Other strategies in treating cancer cells 

include using monoclonal antibodies against Wnt proteins to induce apoptosis [297]. 

2.4 Development Challenges, Opportunities and Druggability 
 

Many natural dietary phytochemicals have been selected for epidemiological, 

preclinical, and early clinical studies for cancer prevention and treatment. These 

compounds typically involve multiple signaling transduction pathways. They 

themselves or their synthetic analogues have profoundly guided continuing research 

to bring them into the market. However, there are many developmental challenges 

that have to be overcome before their druggability is fully established. Thus far, only 

these compounds are in the clinical trials for anti-carcinogenesis: curcumin, I3C, 

tomato-soy juice, red and white wine, DIM, brassica, sulforaphane, PEITC, 

ashwagandha, and ginseng. (www.clinicaltrials.gov) 

2.4.1 Study approaches  
 

Applying phytochemicals to cancer chemoprevention encourters an 

immediate challenge, that is, how to prove their effect on human. As it is neither 

realistic nor feasible to design a clinical study to prove that suppression of tumor in 

subjects is due to taking a phytochemical for a long period of time, e.g., 30 years as 

cancer takes long time to initiate, to promote, and to progress. Modern 

biotechnology provides an alternative approach: surrogate biomarkers. Through 

innovative discovery research, such biomarkers can be effectively used to predict, 

and to describe a lesion and to implement the treatment protocol, provided that the 

http://www.clinicaltrials.gov/�
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biomarkers are thoroughly validated, qualitatively and ideally, quantitatively.  

Animal studies may be the more practical chemoprevention research 

approach. Typically, efficacy of the chemopreventive agents is established in nude 

mice first, then to better understand the underlying molecular mechanisms, 

autochthonous, germ-line transgenic and knockout animals may be used for such 

purpose [298]. Many animal models including transgenic animal models have been 

well established to facilitate the researches in phytochemicals. For example, 

transgenic adenocarcinoma of mouse prostate (TRAMP) mice are genetically 

modified animal model for prostatic intraepithelial neoplasia that has been used to 

study prostate cancer chemoprevention over the past years [299]. Our lab has 

successfully conducted in vivo pharmacodynamic study of indole-3-carbinol [300], 

curcumin [301], mixed tocotrienols [302], dibenzoylmethane [303], broccoli sprouts 

[196], γ-tocopherol-enriched mixed tocopherol [304]. Knockout rodent are another 

tissue- or site-specific models that can be used to elucidate the role of a specific 

biomarker. However, it is necessary to understand that most cancers are multi-

factorial during its initiation, promotion, or progression and involve multiple internal 

and external factors. Yet, knocking out a gene that exerts pleiotropic effects or is 

central to the development of several cancers present an invaluable model that offers 

a mechanistic approach to cancer development and its chemoprevention. Nrf2 has 

been shown to regulate the expression of more than 200 genes. Therefore, Nrf2 

knockout mice have been used to study the role of this transcript factor in the 

detoxifying and antioxidant genes. Our lab used Nrf2 knockout mice and studied 

possible links between Nrf2 and anti-inflammation effects using sulforaphane, 

docosahexaenoic acid  and eicosapentaenoic acid among others [190, 240, 305]. 

Cross-breeding to obtain double or triple knockout mice may also be helpful to 
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elucidate the underlying mechanisms. Thus, due to the significant relevance and 

potential application to cancer chemoprevention research, animal model 

undoubtedly will play a pivotal role to develop new chemopreventive 

phytochemicals or its synthetic analogues.  

2.4.2 Chemical entity considerations 

The chemical structures of the phytochemicals are now well understood and 

yet some of their physical/chemical properties are not documented in literatures. 

Table 2.1 summarized the most studied phytochemicals for their structures, and 

physical chemical properties predicted by ACD/Labs software version 11.0. These 

data are provided for prediction purpose and always need to be verified in the 

experiments. However, to enhance the druggability of phytocemical, additional 

studies and drug developmental diligence are necessary to further characterize their 

physical and chemical properties, e.g., to understand the chemicals' degradation 

routes under different stability storage conditions so as to establish the products' 

shelf life.  

Potency has been one of the challenges the phytochemical researches are 

facing. Medicinal scientists now use these phytochemicals as lead compounds to 

synthesize their analogues based on the ever-enriching structure-property 

relationships. For example, although curcumin has been shown to be an effective 

chemopreventive compound, its synthesis analogue, EF24 demonstrated ~ 10-fold 

greater potency over its natural form [306].  

2.4.3 Biopharmaceutics considerations 

Bioavailability is another challenge needs to be overcome for many 

phytochemicals. Another example of curcumin is that it shows low bioavailability in 
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earlier studies. To improve that, nanotechnology, liposomes, micelles, various 

coating materials, and phospholipid complexes have been applied to increase its 

water solubility and to enhance its bioavailability [307]. Genistein has limited 

bioavailability in earlier studies. Cohen et al studied the effect of complexation of 

genistein with high-amylose corn starch and achieved twice as high in genistein 

concentration in the plasma versus controls [308]. Phytochemicals' crystal structures, 

amorphism, appropriate salt selection, excipient comparability, etc. should be 

considered so as to develop a robust phytochemical drug. 

2.4.4 Toxicity considerations 

Although phytochemicals are extracted from natural plants and are generally 

considered non-toxic, they can exert their toxicities to the animal or human systems 

at certain situation (drug-drug interaction) and concentration, which impede their 

application in the clinical studies and further application in chemoprevention and 

treatment. This involves another major challenge: the controversy of the effects of 

the natural compounds. This controversy may be due to synergistic effects existing 

in natural compounds when consumed as a whole rather than a single extracted 

compound. Lambert et al analyzed benefits vs. risks on possible controversy over 

dietary polyphenols [309]. Some of the antioxidant activities of the natural 

compounds demonstrated in vitro studies are not reproducible in vivo. Even in some 

occasions, natural phytochemicals demonstrate hepatic and gastrointestinal toxicities, 

e.g., by green tea polyphenols (EGCG) at high doses [309-311]. Therefore, a fully 

understanding of the compounds and their pharmacological effects are essential for 

natural phytochemicals' drugability and their transition from lab bench top to 

patients' bedside.  
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2.4.5 Regulatory considerations 

An unavoidable question on phytochemical drugability is regulatory 

considerations. Thus far, many phytochemicals are sold as dietary supplements in 

the market, which are governed by relatively liberal regulations of the health 

authority (i.e., FDA) compared to those for prescription drugs. FDA defines drug as: 

articles intended for use in the diagnosis, cure, mitigation, treatment, or prevention 

of disease and articles (other than food) intended to affect the structure or any 

function of the body of man or other animals. (FD&C Act section 201(g)(1)) 

(www.fda.gov). To be considered as a drug, the therapeutic claims need to be studied 

and be approved by the health authority. In the contrast, a dietary supplement is 

available to consumers under the provisions of Dietary Supplement Health and 

Education Act of 1994, for which the FDA has the burden of proving a dietary 

supplement is harmful rather than requiring the manufacturer prove that the 

supplement is safe. Collins and colleagues reviewed the clinically relevant 

differences between dietary supplement and prescription formulations of omega-3 

fatty acids in the context of legislative and regulatory issues [312]. The prescription 

omega-3 (P-OM3, LOVAZA®), was approved as an adjunct to diet to reduce 

triglyceride (TG) levels in adult patients with severe (≥ 500 mg/dL) 

hypertriglyceridemia. Backed by 23 clinical studies, LOVAZA® won FDA's 

approval in 2004.    

2.5 Conclusion 
 

Natural dietary phytochemicals have been widely used in vitro, in vivo, and 

preclinical cancer prevention studies. Some of their clicical trials are on going. 

Through the extensive mechanistic studies, we observed robust chemopreventive 

http://www.fda.gov/�
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effect in some phytochemicals. As cancer chemoprevention and treatment using 

natural phytochemicals have been such an attractive approach, further efforts are 

justified to thoroughly understand their potencies, pharmacokinetic and 

pharmacodynamic performances, metabolisms, toxicities, drug-drug interactions, 

structure polymorphisms, and then formulations, manufacture, stability and 

degradations, and dosage regimens. Natural dietary phytochemicals can be a 

promising and active research area in the near future.  
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Table  2.1 Phytochemicals, their structures, and the predicted pKa, solubility in 

water, and logP using ACD/Labs software 

Compound Structure pKa Solubility logP 

Apigenin 

 

10.42; 
7.75; 
6.53 

pH 2, 0.27 
mg/mL; 
pH 5.5, 0.3 
mg/mL; 
pH 6.5, 0.66 
mg/mL; 
pH 7.4, 4.15 
mg/mL; 
pH 10, 1000 
mg/mL 

2.13 

Benzyl 
isothiocyanate 

 

N/A 0.11 mg/mL 3.3 

Borneol 

 

15.36 4.97 mg/mL 2.55 

Carotene 

 
  N/A Not soluble 

(<0.01 
mg/mL) 

14.76 

Curcumin 

 
  10.03 

9.72 
8.35 

0.32 mg/mL 
at pH 2;  
0.32 mg/mL 
at pH 5.5;  
0.33 mg/mL 
at pH 6.5;  
0.37 mg/mL 
at pH 7.4; 
98.91 
mg/mL at 
pH 10 

2.64 

Cyanidin 

 

12.99 Can not 
calculate 

Not 
shown 
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Compound Structure pKa Solubility logP 

Delphinidin 

 

15.57 Can not 
calculate 

Not 
shown 

DIM 

 

18, 
16.91, -
1.49, -
3.1 

0.02 mg/mL 3.88 

EGCG 

 

 pH 2, 0.85 
mg/mL; 
pH 5.5, 0.86 
mg/mL; 
pH 6.5, 0.9 
mg/mL; 
pH 7.4, 1.24 
mg/mL 
pH 10, 1000 
mg/mL 

0.64 

Fisetin 

 

13.03, 
9.93, 
9.1, 
6.83 

pH 2, 0.16 
mg/mL; pH 
5.5, 0.16 
mg/mL; pH 
6.5, 0.22 
mg/mL; pH 
7.4, 0.68 
mg/mL; pH 
10, 1000 
mg/mL 
 

1.97 

Genistein 

 

9.66, 
7.72, 
6.51 

pH 2, 0.12 
mg/mL; 
pH 5.5, 0.13 
mg/mL; 
pH 6.5, 0.29 
mg/mL; 
pH 7.4, 1.79 
mg/mL; 
pH 10, 1000 
mg/mL 

3.11 

Hydroxy 
tetramethoxy 
flavone 

 

6.83 pH 2, 0.06 
mg/mL; 
pH 5.5, 0.06 
mg/mL; 
pH 6.5, 0.08 
mg/mL; 
pH 7.4, 0.27 
mg/mL 
pH 10, 
41.75 
mg/mL 

1.96 
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Compound Structure pKa Solubility logP 

Lycopene 

 
  N/A Not soluble 

(< 0.01 
mg/mL) 

14.53 

Naringenin 

 

9.69, 
8.5, 
7.52 

pH 2, 0.08 
mg/mL; 
pH 5.5, 0.08 
mg/mL; 
pH 6.5, 0.10 
mg/mL; 
pH 7.4, 0.21 
mg/mL 
pH 10, 1000 
mg/mL 

2.63 

PEITC 

 

N/A 0.07 mg/mL 3.47 

Proanthocyanidin 

 

Various Under pH 
7.4, 0.10 
mg/mL 
pH 10, 
21.02 
mg/mL 

0.98 

Pterostilbene 

 

9.96 Under pH 
7.4, 0.07 
mg/mL 
pH 10, 0.15 
mg/mL 

4.06 

Quercetin 

 

13.03, 
9.94, 
8.74,  
7.54, 
6.31 

pH 2, 0.23 
mg/mL; 
pH 5.5, 0.28 
mg/mL; 
pH 6.5, 0.7 
mg/mL; 
pH 7.4, 5.42 
mg/mL; 
pH 10, 1000 
mg/mL 

1.99 

Resveratrol 

 

10.79, 
10.02, 
9.22 

Under pH 
7.4, 0.02 
mg/mL; 
pH 10, 0.33 
mg/mL 

3.02 
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Compound Structure pKa Solubility logP 

Retinoic Acid 

 

4.73 pH 2, 0.01 
mg/mL; 
pH 5.5, 0.04 
mg/mL; 
pH 6.5, 0.38 
mg/mL; 
pH 7.4, 2.76 
mg/mL; 
pH 10, 
34.67 
mg/mL 

6.26 

Retinol 

 

14.09 Not soluble 
(< 0.01 
mg/mL) 

6.08 

Rosmarinic Acid 

 

12.65, 
12.33, 
9.77, 
9.33, 
2.78 

pH 2, 2.82 
mg/mL; 
Above pH 
5.5, 1000 
mg/mL 

0.87 

Silibinin 

 

14.1, 
11.81, 
9.72, 
8.31, 
7.39 

pH 7.4, not 
soluble (< 
0.01 
mg/mL) 
pH 10, 
19.13 
mg/mL 

4.23 

Sulforaphane 
 

 

N/A 10.92 
mg/mL 

0.41 

Zerumbone 

 

N/A 0.29 mg/mL 4.17 
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Figure  2.1 Natural chemopreventive compounds, chemical structures, and 

sources 
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Figure  2.2 Regulation of Nrf2-mediated gene transcription by chemopreventive 

phytochemicals.  

Under homeostatic condition, Nrf2 is retained in the cytoplasm by Keap1 protein. 

Chemopreventive phytochemicals interact directly with the cysteine residues of 

Keap1 to trigger the release Nrf2 from the complex. Chemopreventive agent-

generated electrophiles or reactive oxygen species can activate a wide variety of 

kinase signaling pathways, including PI3K,PKC, MAPK, all of which can trigger 

the release and translocation of Nrf2 from cytosal to nuclear.  
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60
 

 

Chapter 3  Role of Nrf2 in suppressing LPS-induced 

inflammation in mouse peritoneal macrophages by 

DHA/EPA4,5,6 

3.1 Introduction 

Polyunsaturated fatty acids (PUFA) contain two or more cis double bonds 

that are separated by a single methylene group. Omega-3 fatty acids are a family of 

PUFA that have a final carbon-carbon double bond at the third bond from the methyl 

end of the fatty acid. Decoshexaenoic Acid (DHA) and Eicosapentaenoic Acid (EPA) 

are two omega-3 fatty acids and are important nutritional essentials but can not be 

synthesized by human body and must be obtained from food.  

Polyunsaturated fatty acids, such as cis-4,7,10,13,16,19-Docosahexaenoic 

Acid (DHA) and cis-5,8,11,14,17-Eicosapentaenoic Acid (EPA), have been found to 

have beneficial effects in cardioprotection, anti-inflammation, vascular disease 

prevention, metastatic breast cancer incidence reduction, possible type 2 diabetes 
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therapy and multiple sclerosis[313-316]. These and other health benefits of DHA 

and EPA ignited extensive studies in recent years.  In November 2004, a prescription 

form of omega-3 fatty acids (P-O3FA, Omacor capsules, Reliant Pharmaceuticals, 

Inc., Liberty Corner, NJ) was approved by US FDA for reducing very high 

triglycerides in adults (≥ 500 mg/dL) adjunctive to diet [317]. DHA, the most 

abundant n-3 PUFA in erythrocyte membranes, was associated with a reduced risk of 

breast cancer [318]. Supplement of EPA was found to help cancer patients retain 

muscle mass in a 2009 clinical trial [319]. The anti-inflammatory effects of 

DHA/EPA have also been well studied in pre-clinical research [320-324] as well as 

in clinical research [325-328]. These studies explored the effectiveness of DHA/EPA 

in their anti-inflammation activities and suggested a possible link to the Nuclear 

factor E2-related factor 2 (Nrf2) pathway. 

Nrf2 is a cap “n” collar basic leucine zipper transcription factor. It is crucial 

to defend against many chemical and biological insults [329] and has been shown to 

regulate the expression of many genes, including those involved in Phase II 

detoxification and antioxidative stress [330]. Nrf2 is sequestered in the cytoplasm by 

kelch-like ECH-associated protein (Keap1) under basal conditions. When the cell is 

challenged by oxidative stress, Nrf2 is released from Keap1 inhibiiton, translocates 

to the nucleus, dimerizes with Maf, and activates transcription of genes containing 

the antioxidant response element (ARE) in the promoter regions of genes. Nrf2 has 

been reported in playing an important role in reversing the injuries to the lung [331, 

332], human endothelial [333], neuroinflammation [334], hyperoxia [335], cigarette 

smoking [336], and impaired macrophage function [337]. Other studies suggest that 

Nrf2 suppresses inflammation by inhibiting NF-κB activation through regulation of 

redox balance [338]. In our previous study, we have shown that Nrf2 protects 
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intestinal integrity through the regulation of pro-inflammatory cytokines and 

induction of phase II detoxifying enzyme [339], and that sulforaphane suppressed 

lipopolysaccharide (LPS)-induced inflammation in the mouse peritoneal 

macrophages through Nrf2 pathway [190]. In this study, we further evaluated 

whether Nrf2 would play an important role in DHA/EPA’s anti-inflammation 

mechanism of action in mouse primary macrophages derived from Nrf2 (−/−) and 

Nrf2 (+/+) mice. Our present study shows that Nrf2 plays an important role in 

DHA/EPA’s suppression of LPS-induced inflammation in mouse peritoneal 

macrophages.  

 

3.2 Materials and Methods   

3.2.1 Animals, cell culture and reagents 

Nrf2(−/−) mice were backcrossed with C57BL/6J wile-type mice purchased 

from The Jackson Laboratory (Bar Harbor, ME), as described previously [190]. The 

genotype of each animal was confirmed by extracting DNA from the tail and RT-

PCR was performed with the primers: 3’-primer, 5’-GGA ATG GAA AAT AGC 

TCC TGC C-3’; 5’-primer, 5’-GCC TGA GAG CTG TAG GCC C-3’; and lacZ 

primer, 5’-GGG TTT TCC CAG TCA CGA C-3’. Nrf2 (−/−) mice exhibited bands at 

200 bp, while Nrf2 (+/+) mice exhibited bands at 300 bp. The second generations 

(F2) of 9-12 weeks old male Nrf2 (−/−) were used in this study. Sex and age 

matched wild type mice (Nrf2 (+/+)) from The Jackson Laboratory, together with the 

Nrf2 (−/−) knock-out mice were housed at Rutgers Animal Facility and maintained 

under 12-hour light/dark cycles. 
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Thioglycolate broth-elicited peritoneal macrophages were described 

previously [190]. The collected macrophage cells were cultured in DMEM medium 

containing 10% fetal bovine serum (FBS) at 37°C in an atmosphere of 5% CO2. For 

Western Blot protein samples, macrophages were treated with medium containing 

DHA/EPA for 6 hours followed by 1 µg/mL of lipopolysaccharides (LPS) only in 

DMEM medium for additional 18 hours. For the experiments for qPCR, ELISA, and 

NO measurement, after 6 hours of DHA/EPA treatment, the macrophages were 

treated with 1 µg/mL of LPS only for 8 hours. mRNAs from the cells were extracted 

thereafter (totally approximately 14 hours of treatment as identified as the optimal 

based on the results shown in Figure 3.5). Cell culture media were used for ELISA 

and NO measurements. Negative controls (DMEM with 10% FBS, labeled as No 

Treatment Control in the figures) and positive controls (DMEM with 10% FBS and 

1 µg/mL of LPS, labeled as LPS in the figures) were used in all cell treatment 

groups. All chemicals including DHA and EPA were obtained from Sigma-Aldrich 

(St. Louis, MO, USA) unless otherwise specified. Thioglycolate broth was obtained 

from Edge Biologicals (Memphis, TN). LPS was derived from E. coli 055:B5. 

 

3.2.2 Protein extraction and Western blotting  

After DHA/EPA and LPS treatments for 18 hours, peritoneal macrophages 

were washed with ice-cold PBS and lysed with RIPA buffer (Sigma-Aldrich, St. 

Loise, MO). The cell lysates were centrifuged at 12,000 × g for 10 minutes at 4°C. 

The protein concentrations of the whole cell lysate were measured by using Pierce 

BCA protein assay reagent (Thermo Scientific, Waltham, MA). 20 µg of protein was 

loaded onto NuPAGE 4-12% electrophoresis gel (Invitrogen). After electrophoresis, 
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the proteins were transferred from the gel to polyvinylidene difluoride (PVDF) 

membrane at 130 mV. The PVDF membranes were incubated with the selected 

primary antibodies, and the membrane proteins were detected by HRP-conjugated 

secondary anti-bodies and the signals were enhanced with ECL reagents (GE 

Healthcare). All antibodies were obtained from Santa Cruz Biotechnology (Santa 

Cruz, CA). 

  

3.2.3 Measurement of Nitrite (NO) concentration and the cytokines 

A sensitive fluorimetric assay method described by Misko et al. was used for 

the NO concentration measurement of the biologically produced nitrite [340]. 

Briefly, sodium nitrite standards prepared by serial dilution in deionized water were 

used to quantitate the NO concentrations in the samples. 50 µL of cell culture 

medium was added to 96-well plate, then 10 µL of freshly prepared 2,3-

Diaminonaphthalene (0.05 mg/mL in 0.62 N HCl) was added. After 10 minutes of 

incubation at room temperature in the dark, 5 µL of 2.8 N sodium hydroxide was 

added to terminate the reaction. The reaction generated 2,3-diaminonaphthotriazole 

in each of the standards and samples was measured with excitation at 360 nm and 

emission at 460 nm with a gain setting of 80% using a microplate fluorescence 

reader, FLx-800 (Bio-Tek Instruments, Winooski, Vermont, USA). Tumor necrosis 

factor-α (TNF-α) and interleukin6 (IL-6) concentrations of the culture medium were 

analyzed using the respective enzyme-linked immunosorbent kits (TNF-α ELISA 

assay kit, Pierce Endogen, Rockford, IL; IL-6 ELISA assay kit, Invitrogen, Carlsbad, 

CA) according to the manufacturers’ protocols.  
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3.3 Results and research approach  

3.3.1 DHA/EPA reduced protein expression levels of COX-2 and iNOS but 

induced HO-1 protein expression 

To investigate the anti-inflammatory effect of DHA/EPA and the role of Nrf2 

in these anti-inflammatory effects, protein expression of COX-2 and iNOS 

experiments were carried out by Western-Blot analyses. Figure 3.1(A) and Figure 

3.1(B) show the protein expressions from the macrophages treated with DHA/EPA at 

25, and 50 µM with or without LPS in both Nrf2(−/−) and Nrf2(+/+) mice. The 

protein expressions of COX-2 clearly show induction by LPS, and that this 

induction was significantly attenuated by DHA at 50 µM level or EPA at both 25 µM 

and 50 µM levels in the Nrf2(+/+) (Figure 3.1B) but not in the Nrf2(−/−) (Figure 

3.1A). For iNOS, the protein expression was obviously induced by LPS treatment. 

Although at 25 µM and 50 µM, iNOS expressions were significantly suppressed by 

DHA in the Nrf2 (−/−) group, that suppressions were significantly more significant 

in Nrf2(+/+) group for both DHA and EPA at 25 µM and 50 µM levels. On the other 

hand, HO-1, was significantly induced by EPA at 50 µM in Nrf2 (−/−) group and by 

DHA at 25 µM and 50 µM and EPA at 50 µM in Nrf2 (+/+) groups. 

 

3.3.2 DHA inhibits LPS-induced secretion of nitrite in Nrf2 (+/+) 

macrophages more than that in Nrf2 (−/−) macrophages 

Figure 3.2 shows the nitrite concentrations produced and secreted by 

macrophages in the cell culture medium. DHA treatment showed significant nitrite 

inhibition in Nrf2 (+/+) wild type mice as compared with Nrf2 (−/−) mice. EPA 
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treatment did not show such substantial nitrite inhibition under the same conditions 

(data not shown). This is consistent with earlier report that DHA induces a more 

effective anti-inflammatory effect than EPA [341]. 

3.3.3 LPS-induced secretions of TNF-α and IL-6 but significantly inhibited 

by DHA/EPA in Nrf2 (+/+) peritoneal macrophages as compared to 

that in Nrf2 (−/−) peritoneal macrophages 

Figure 3.3 shows the concentration of TNF-α secreted by the macrophages in 

the medium using ELISA kit. LPS induced the secretion of TNF-α in both the Nrf2 

(+/+) and Nrf2 (−/−) macrophages. In Nrf2 (−/−) group, DHA or EPA at either 25 

µM or 50 µM showed no suppression of TNF-α (Figure 3.3A). However, in the Nrf2 

(+/+) group, DHA at 25 and 50 µM, and EPA at 50 µM significantly suppressed 

TNF-α secretion in a dose-dependent fashion (Figure 3.3B). 

The concentrations of IL-6 secreted by the macrophages in the medium using 

ELISA kit are shown in Figure 3.4. LPS induced the secretion of IL-6 in both the 

Nrf2 (+/+) and Nrf2 (−/−) macrophages. In Nrf2 (−/−) group, DHA/EPA (25, or 50 

µM) showed no suppression of IL-6 (Figure 3.4A). In the Nrf2 (+/+) group, while 

DHA did not significantly suppress the IL-6 secretion, EPA at either 25 or 50 µM 

significantly suppressed the IL-6 secretion dose-dependently (Figure 3.4B). 

3.3.4 DHA/EPA inhibited LPS-induced COX-2, iNOS, IL-1β, IL-6, TNF-α 

mRNA in Nrf2 (+/+) peritoneal macrophages but not in Nrf2(−/−) 

peritoneal macrophages 

The role of Nrf2 in suppression of LPS-stimulated inflammation in 
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macrophages by DHA/EPA was investigated by pre-treating primary peritoneal 

macrophages of both Nrf2 knockout and wild-type mice with DHA/EPA. After 6 

hours of DHA/EPA treatment, LPS (1 µg/mL) was added to challenge/stimulate the 

macrophages for 8 hours. To test the time course of induction of inflammatory 

markers after LPS treatments, Figures 3.5A, 3.5B, and 3.5C show that RNA 

obtained 12 hours after DHA/EPA treatment (6 hours of DHA/EPA treatment 

followed by 6 hours after LPS treatment) display the highest COX-2, iNOS and 

TNF-α mRNA expression and thus this time point (6 hours of DHA/EPA treatment 

followed by 6-8 hours of LPS only treatment) was selected for all LPS treatment and 

following RNA collection. This experiment determined the optimal time of LPS 

treatment and thus prepared for the following experiments to determine DHA/EPA’s 

effects on the mRNA expressions in the macrophages.  

Figures 3.6(A) to 3.6(E) show that in both Nrf2 (+/+) and Nrf2 (−/−) groups, 

LPS induced the expression of COX-2, iNOS, IL-1β, IL-6, TNF-α mRNA measured 

by qPCR. DHA/EPA selectively inhibited LPS-induced mRNA expression dose-

dependently in macrophages only from Nrf2 (+/+) mice, but not in macrophages 

from Nrf2 (−/−) mice. DHA was more potent in inhibiting these inflammatory 

markers than EPA.  

To investigate the anti-oxidative stress effect of PUFA, it was observed that 

the HO-1 expression (one of the target genes of Nrf2) was induced by LPS treatment, 

and further enhancement by DHA/EPA was observed in both Nrf2 (−/−) and Nrf2 

(+/+), particularly in the Nrf2 (+/+) with 75 µM DHA treatment that was statistically 

different (Figure 3.6(F)). DHA induced Nrf2 expression more substantially at higher 

doses than EPA, although not statistically different (Figure 3.6(G)). 
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3.4 Discussion 

A recent phase I pharmacokinetic study on DHA/EPA with 48 subjects 

consuming fish 1 - 2 times a month showed a plasma DHA and EPA levels of 182 

µM and 33 µM respectively [342]. The DHA concentration is much higher than that 

in this study, and the EPA level is within the range of this study. The concentration 

range in this study provides physiological meaning of EPA and also allows direct 

comparison of DHA and EPA for their anti-inflammatory effects.   

DHA and EPA’s anti-inflammatory effects are shown in many studies. Gao et 

al. reported that EPA and DHA are subjected to an in vitro free radical oxidation 

process that could model in vivo conditions [343]. Oxidized omega-3 fatty acids 

reacted directly with Keap1, the negative regulator of Nrf2, initiating Nrf2 

dissociation from Keap1, thereby inducing Nrf2-directed gene expression [343]. 

However, the role of Nrf2 in the anti-inflammatory effects of DHA and EPA has not 

been investigated in detail.  

In this study, we hypothesized that DHA/EPA could exert their anti-

inflammatory activities via activation of transcription factor Nrf2 in the mouse 

peritoneal macrophages. Our results clearly show that inhibitions of mRNA 

expression of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α and pro-

inflammatory mediators such as COX-2 and iNOS are more significant in the 

primary peritoneal macrophages from Nrf2 (+/+) mice as compared to those from 

Nrf2 (−/−) mice. Such observations strongly suggest that Nrf2 plays a role in the 

anti-inflammatory activity of DHA and EPA. The protein expression as measured by 

Western Blot and ELISA further substantiate that Nrf2 plays an important role in 

DHA/EPA’s anti-inflammatory effects. In agreement with the results from mRNA 

expression, inhibitions of protein expression of COX-2 and iNOS by DHA/EPA 



 

 

69
 

were also more significant in Nrf2 (+/+) mouse peritoneal macrophages. Comparing 

mRNA and protein expressions, when treating the macrophages with DHA, it 

appears that for COX-2 and iNOS, the protein expression regulation might be at the 

transcription level. For EPA, both COX-2 and iNOS mRNA did not show significant 

suppression from the control in Nrf2 (+/+) group, however, the protein expressions 

were significantly attenuated from the LPS induced pro-inflammatory mediator 

expressions, where the transcription regulation might be at a post-transcriptional 

level.  

NF-κB is a transcription factor binding to DNA and plays essential role in 

activating proinflammatory genes, such as iNOS and COX-2 and involved in acute 

inflammation [344]. LPS is known to generate reactive oxygen species (ROS), 

which is involved in the inflammatory processes. ROS generation by LPS activates 

NF-κB and increases iNOS and COX-2 mRNA and protein levels. It was previously 

shown that although activation of inflammatory cells is a common defense 

mechanism in response to exogenously derived oxidative stress, activation of the 

inflammatory response can itself serves as a source of further oxidative stress [345]. 

Nonetheless, this study shows that NF-κB-target cytokines, IL-1β, IL-6 were 

induced by LPS. As reported previously, Nrf2 suppressed inflammation by inhibiting 

NF-κB activation through the regulation of redox balance [338], as in recent study 

that sulforaphane has been shown to decrease the effects of inflammatory response 

through Nrf2 pathway [190]. This is also consistent with the study published by 

Woods et al. using mouse macrophages in studying Nrf2-mediated adaptive response 

and related stress response to hypochlorous acid [345].  

Mullen et al. reported that in their ELISA analyses, DHA was more potent 

than EPA in reducing the secretion of IL-1β and IL-6, whereas EPA appeared to be 
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more effective at reducing TNF-α [324].  Weldon et al. also reported that DHA 

induces an anti-inflammatory profile in LPS-stimulated human THP-1 macrophages 

more effectively than EPA [341]. Our current results suggest that DHA is more 

potent in suppressing the mRNA expression of IL-1β, IL-6, and TNF-α. In addition, 

as shown in Figures 3.5(A), 3.5(B), and 3.5(C), DHA and EPA show different time-

response profile in the anti-inflammatory biomarkers expression, similar to that 

reported by the Mullen  et al.[324].  

The protein and mRNA expressions of HO-1 were induced by the treatment 

of LPS and further enhanced by DHA and EPA (Figures 3.1A and 3.1B, and 3.6F). 

However, in the Nrf2 (−/−) group, the HO-1 induction was less substantial than that 

in Nrf2 (+/+) group, and higher doses of DHA but not EPA induced HO-1 more 

substantially. Similar pattern of induction of Nrf2 mRNA in Nrf2 (+/+) group was 

observed (Figure 3.6G). Early studies show that oxidative stress could induce HO-1 

and activator protein-1 (AP-1), and AP-1 could upregulate HO-1 [346] and 

conversely HO-1 could also upregulate AP-1 [347]. Ashino et al. reported negative 

feedback of LPS-induced iNOS expression by HO-1 in mouse macrophages [348]. 

Our current results are consistent with previous findings in iNOS expression and 

HO-1 induction. While our current anti-inflammatory results indicate that Nrf2 plays 

an important role in DHA/EPA’s effects, it appears that NF-κB and AP-1 may also 

be involved in the induction of HO-1 by DHA/EPA. Blockade of AP-1 by DHA/EPA 

is also possible since AP-1 is an alternate known LPS-inducing pro-inflammatory 

transcription factor in the peritoneal macrophages that could regulate gene 

expression in response to a variety of stimuli, including LPS, as reported by Park et 

al.[349].  

NO produced by iNOS in macrophages and some other cells in response to 
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inflammatory mediators can act as double-edge sword, exerting either beneficial 

(e.g., bactericidal) or deleterious (e.g., DNA damage and protein oxidation) effects 

[350]. These beneficial or deleterious effects depend on both local and spatial 

concentrations of NO and the intracellular microenvironment [351, 352]. In this 

study, while EPA did not show inhibitory effects on the production of NO, DHA did 

inhibit the production of NO in either Nrf2 (+/+) or Nrf2 (−/−) mouse macrophages. 

However, more substantial inhibition of NO in the Nrf2 (+/+) macrophages at the 

higher DHA doses (50 µM and 75 µM) is consistent with the iNOS mRNA and its 

protein expression levels.   

Our ELISA results on TNF-α and IL-6 showed that in Nrf2 (−/−) group, 

DHA or EPA had no effects in suppressing LPS induced proinflammatory proteins, 

yet, in Nrf2 (+/+) group, DHA at 25 and 50 µM and EPA at 50 µM significantly 

suppressed those proinflammatory cytokines of TNF-α, and EPA at 25 and 50 µM 

suppressed LPS induced IL-6 expression significantly. These results clearly 

demonstrate the role of Nrf2 in DHA/EPA’s anti-inflammation effects at protein 

level.  

In summary, our findings directly show the role of Nrf2 in the anti-

inflammatory effects elicited with the selected doses of DHA/EPA. They provided 

direct evidence that Nrf2 plays an important role in suppressing pro-inflammatory 

mediators (e.g., iNOS, COX-2) and pro-inflammatory cytokines (e.g., IL-1β, IL-6, 

TNF-α). DHA could also induce Nrf2 and Nrf2 target gene HO-1.  
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Figure 3.1 Western blot showing LPS potently induced COX-2, iNOS in the 

macrophages collected for the Nrf2 (−/−) mice (A).  

The inductions are evidently suppressed by DHA, moderately suppressed by EPA 

for iNOS, but not for COX-2. HO-1 expressions were induced by DHA and by EPA. 

Western blot figures show LPS potently induced COX-2, iNOS in the macrophages 

collected for the Nrf2 (+/+) mice (B). The inductions are suppressed dose 

dependently by DHA and by EPA for COX-2 and iNOS. HO-1 expressions were 

induced by DHA and by EPA. The results were obtained from at least three analyses 

of three groups of mice (densitometry n=3). 

A. 
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Figure 3.2 DHA inhibited nitrite secretion more dramatically in the Nrf2 (+/+) 

wild type (solid line ⎯ ) than in Nrf2 (−/−) (dotted line  ---------) mouse 

macrophages (n=3). Asterisk (*) indicates significantly different (p < 0.05) in Nrf2 

(+/+) mouse peritoneal macrophages; Diamond (◊) indicates significantly different 

(p < 0.05) between Nrf2 (+/+) and Nrf2 (−/−) mouse peritoneal macrophages.  The 

inhibition by EPA was not substantial (data not shown). 
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Figure 3.3 DHA/EPA inhibited secretion of TNF-alpha in Nrf2 (+/+) mice 

significantly but not in Nrf2 (−/−) mice (n=6).  
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Figure 3.4 EPA significantly inhibited secretion of IL-6 in Nrf2 (+/+) mice 

but not in Nrf2 (−/−) mice (n=3). 
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Figure 3.5 qPCR analysis of mRNA expressions of (A) COX-2, (B) iNOS, and 

(C) TNF-α at different times after an induction by LPS treatment in Nrf2 (+/+) wild-

type mice (n=3). The maximum detection levels were observed at 12 hours after 

DHA/EPA treatment (LPS treatment started 6 hours after DHA/EPA treatment). 
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Figure 3.6 qPCR analyses show that LPS potently induced (A) 

cyclooxygenase-2 (COX-2), (B) inducible nitric oxide synthase (iNOS), (C) 

interleukin-1 beta (IL-1β), (D) interleukin-6 (IL-6), (E) tumor necrosis factor-alpha 

(TNF-α) in the macrophages collected from both Nrf2 (+/+) wild-type  and 

Nrf2 (−/−) knock-out mice.  

DHA and EPA inhibited LPS-induced COX-2, iNOS, IL-1β, IL-6, and TNF-α in 

Nrf2 (+/+) wild-type but not in Nrf2 (−/−) knock-out mice. DHA and EPA increased 

(F) heme-oxygenase (HO-1) expression in both wild-type and knock-out mouse 

macrophages and (G) Nrf2 expression in wild-type mouse macrophages in different 

dose-dependency. The results were obtained from at least three analyses of three 

groups of mice (n=4). Nrf2 (+/+) wild-type (    )  and Nrf2 (−/−) knock-out (      ) 

mice are presented in the figures.  
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7 Work described in this chapter has been published as Wang, H.; Lin, W.; Shen, G.; 
Khor, TO; Nomeir, AA; Kong, AN. J Chrom Sci, 2011;49(10):801-6.  
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9 Abbreviations: SFN, sulforaphane; SFN-GSH, sulforaphane-glutathione; SFN-NAC, 
sulforaphane-N-acetylcysteine; GST, glutathione S-transferase; LC-MS/MS, liquid 
chromatography tandem mass spectrometry. 
 

Chapter 4     Development and validation of an LC-MS/MS 

method for sulforaphane pharmacokinetics study7,8,9 

4.1 Introduction 

Epidemiological studies have suggested that consumption of cruciferous 

vegetables can protect against cancer in human[353]. Cruciferous vegetables are rich 

in glucosinolates, which are metabolized in the body to isothiocyanates by the 

enzymatic action of plant-specific myrosinase or intestinal microflora[354]. 

Sulforaphane (4-methylsulfinylbutyl isothiocyanate, SFN, Figure 3.1) is a naturally 

occurring isothiocyanate, which was first identified in broccoli extracts as the 

principal inducer of the quinone reductase activity[355]. Subsequently, numerous cell-

based assays and animal studies have demonstrated the strong chemopreventive 

effects of SFN[190, 191, 194, 355, 356]. A Phase I clinical trial by Talalay and 

colleagues had been conducted to evaluate the short term  safety and toxicity of 

broccoli sprout extracts (7 days of treatment , three doses per day) containing either 

glucosinolates (principally glucoraphanin, the precursor of SFN) or isothiocyanates 

(principally SFN)[357]. The results showed no significant or consistent abnormal 

events (toxicities) associated with any of the sprout extract ingestions. However, no 

plasma pharmacokinetic of SFN and its metabolites SFN- 



83 

 

GSH and SFN-NAC have been reported. Such information is necessary to evaluate 

concentration/efficacy relationship.  

Sulforaphane is metabolized through the mercapturic acid pathway, initially 

via  GSH conjugation, a reaction likely catalyzed by glutathione-S-transferases (GST), 

which is subsequently metabolized to SFN-cysteine conjugate and finally to SFN-

NAC[358].  Figure 4.1 shows the chemical structures of SFN and its major 

metabolites[353]. Thus, the simultaneous determination of the concentrations of SFN, 

SFN-NAC, and SFN-GSH is crucial in conducting in vivo pharmacokinetic studies. 

Very limited analytical methods have been reported for the analysis of SFN 

and its metabolites in plasma of treated animals for the performance of 

pharmacokinetic studies. Agrawal et al. [29], used solid phase extraction to extract 

SFN metabolites and liquid-liquid extraction using ethyl acetate to extract SFN from 

rat plasma. The HPLC run time was 35 minutes and a Thermo-Finnigan LCQ Classic 

detector was used for quantification. This analytical method was used for the analysis 

of intestinal perfusate and plasma samples from a single-pass intestinal perfusion 

study with mesenteric vein cannulation in rats. Campas-Baypoli et al. [359] developed 

and validated an HPLC/UV photodiode array method to determine SFN level in 

broccoli by-products. This method is not suitable for the analysis of SFN and its major 

metabolites in plasma due to the specificity and higher sensitivity required. Al Janobi 

et al [360] developed and validated an LC-MS/MS method for the measurement of 

sulforaphane, iberin, and their mercapturic acid pathway metabolites in human plasma 

and urine using N-acetyl-S-(N-butylthiocarbomyl)-L-cysteine as the internal standard. 

In that method, 500 µL of human plasma was used for the analyte quantitation in 

thirteen MRM channels. For the small volume of rat plasma samples as required in 

this current study, and to assess the matrix effects from rat plasma specifically for 
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SFN, SFN-GSH, and SFN-NAC, a new sensitive and specific bioanalytical method 

would be needed for our pharmacokinetics study. The current study was initiated to 

develop and validate a highly sensitive LC-MS/MS method to quantify SFN and its 

metabolites in rat plasma using protein precipitation. The current method was 

successfully used to evaluate the pharmacokinetics of SFN and its metabolites in the 

rats following the intravenous administration of SFN.  

4.2 Materials and methods  

4.2.1 Chemicals and reagents 

S,R-Sulforaphane (99% pure) was purchased from LKT Minneapolis, MN. It 

was stored at −20°C. SFN-NAC and SFN-GSH were generous gifts from Professor 

H.Q Tang (Rutgers University). Sprague-Dawley (SD) rat plasma was obtained from 

Hilltop Lab Animals (Scottdale, PA). HPLC grade acetonitrile, methanol, and 

ammonium acetate were purchased from Fisher Scientific. Formic acid (99% pure) 

was purchased from Sigma-Aldrich (St. Louis, MO). 

4.2.2 LC-MS/MS instruments and conditions 

An Agilent 1100 HPLC system consists of a binary pump, and an autosampler, 

was used. The reverse phase chromatography was performed with an analytical 

Develosil C30 column (150×2.0 mm, 3 µm, Fisher Scientific), which was kept at 

30°C, while the autosampler was maintained at 10°C. The optimized method used a 

binary gradient mobile phase with acetonitrile/water (5:95, v/v) containing 10 mM 

ammonium acetate and 0.2% formic acid as mobile phase A, and acetonitrile/water 

(95:5, v/v) containing 10 mM ammonium acetate and 0.2% formic acid as mobile 

phase B. The gradient program is shown in Table 3.1. The flow rate was 0.25 mL/min 
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and the injection volume was 10 µL.  

MicroMass Quattro Ultima tandem mass spectrophotometer, equipped with 

MassLynx version 3.5 software was used for the detection and quantification of the 

analytes. The MS/MS detection was achieved using positive ion multiple reaction 

monitoring (MRM) mode with an m/z transitions of 176.1 →111.5 for sulforaphene, 

178 →113.6 for SFN, 485 → 178 for SNF-GSH, and 340.6 → 178 for SFN-NAC 

[361]. The instrument settings are listed in Table 4.1.  

4.2.3 Stock solutions and standards  

Primary stock solutions of SFN, SFN-GSH, and SFN-NAC were prepared in 

methanol and the stock solutions were stored at − 80°C. The primary stock solutions 

of these analytes were first diluted quantitatively with methanol to give working 

solutions with concentrations of 25, 50, 100, 250, 500, 1000, 5000, 10000, and 20000 

ng/mL for the calibration standard and quality control (QC) samples. The calibration 

standards were prepared fresh daily by spiking 50 µL blank rat plasma with 5 µL of 

methanol or analyte working solutions, and 5 µL of sulforaphene solution (IS, 1000 

ng/mL). Quantification was achieved by using a weighting factor of 1/χ2.  

4.2.4 Sample preparation procedures 

A 50 µL blank rat plasma, spiked plasma or pharmacokinetic study plasma 

samples were treated twice, each with 200 µL of methanol containing 0.1% formic 

acid and mixing for 4 min on a cyclomix at room temperature. After centrifugation at 

10,000 g for 3 minutes at 4°C, the supernatant was transferred to a clean tube. The 

combined supernatant was evaporated to dryness under a stream of nitrogen gas at 

room temperature. The residue was reconstituted in 100 µL of acetonitrile/water 
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(50:50, v/v), vortexed for 2 min., filtered through a 0.45 µm Nylon spin-filter 

(Analytical Sales and Services, Pompton Plains, NJ) and transferred into an HPLC 

sample vial for LC-MS/MS analysis.  

4.3 LC-MS/MS method validation parameters 

4.3.1 Specificity and selectivity 

The chromatographic interference from endogenous compounds was assessed 

by comparing chromatograms of blank rat plasma, plasma spiked with SFN, SFN-

NAC, SFN-GSH, or sulforaphene, and plasma samples obtained from SFN 

pharmacokinetic studies in the rat.  

4.3.2 Sensitivity  

The lower limit of quantification (LLOQ) was determined during the 

evaluation of the linear range of the calibration standards. LLOQ was defined as the 

lowest concentration yielding a precision (%CV) of less than 20% and an accuracy 

within 20% of the theoretical value (i.e., accuracy between 80 and 120%) for both 

intra- and inter-day analysis.  

4.3.3 Linearity of calibration curve 

Calibration curves were obtained by plotting the peak area ratios of each 

analyte to the internal standard against the theoretical concentrations of the spiked 

analytes in plasma. The linearity of the calibration curves were evaluated using 1/χ2 

as a weighing factor. The minimally acceptable correlation (r²) for the calibration 

curves was 0.98.  
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4.3.4 Precision and accuracy 

In order to assess the intra- and inter-day precision and accuracy, SFN, SFN-

GSH, and SFN-NAC QC samples at low (50 ng/mL), middle (500 ng/mL), and high 

(5000 ng/mL) concentrations were prepared as described above. The intra-day 

precision was assessed by calculating the % CV for the analysis of the QC samples in 

triplicates; and inter-day precision was determined by the analysis of the QC samples 

on three separate days. Accuracy was calculated by comparing the averaged 

measurements to the nominal values, and was expressed in percentage. The criteria 

for acceptability of the precision were that the % CV for each concentration level 

should not exceed 15% with the exception of the LLOQ, for which it should not 

exceed 20%. Similarly, for accuracy the averaged value should be within ±15% of the 

nominal concentration with the exception for the LLOQ, where the limit was ±20%.  

4.3.5 Recovery 

 The recovery for SFN and its metabolites were determined by comparing the 

peak area ratios of the analytes in rat plasma at the QC concentrations to those in 

methanol at equivalent concentrations and expressed in percentage.  

4.3.6 Stability 

The short-term stability of SFN and its metabolites in rat plasma was 

evaluated by subjecting the QC samples to storage in the HPLC auto-sampler at 10°C 

followed by injections at 4 and 8 hours after the samples were prepared. The stability 

of the QC samples from plasma was also assessed after three freeze-thaw cycles 

(−80°C). Freezer stability of the analytes in rat plasma was assessed by analyzing the 

QC samples stored at − 20°C for 3 and 15 days. The peak areas ratios of the analytes 
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at the QC concentration levels at the initial condition were used as reference to 

determine the relative stability of the analytes. 

4.3.7 Pharmacokinetics of SFN in the rats 

Male Sprague-Dawley rats weighing between 250 and 300 g with jugular vein 

cannulae were purchased from Hilltop Lab Animals Inc, Scottdale, PA, USA. The 

animals were housed in the AAALAC accredited Animal Care Facility of Rutgers 

University under 12 h light-dark cycles with free access to food and water. Upon 

arrival, the rats were given AIN-76A diet (Research Diets, NJ, USA) free of 

antioxidant and acclimatized to the laboratory conditions for 3 days. Rats (n=4) were 

given SFN as an intravenous (i.v.) bolus injection at 25 mg/kg in 0.9% saline solution 

through jugular vein cannulae followed by saline solution flushing. Blood samples 

(200 µL) were collected at 2, 5, 15, 30 and 45 minutes, and 1, 1.5, 2, 4, 6, 8, 12, and 

24 hours after SFN administration. Plasma was separated immediately by 

centrifugation and stored at − 80°C pending analysis.  

The SFN and metabolites plasma concentration versus time data were 

analyzed using WinNonlin 5.2 software (Pharsight, CA, USA) to determine the 

pharmacokinetic parameters.  

 

4.4 Method development 

The LC conditions used were selected based on the optimization of peak 

separation, and the MS/MS conditions were set up based on the maximum signal of 

the analytes as well as the reproducibility of the responses. Specifically, the MRM 
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mode was selected as it provided higher sensitivity and selectivity signals for each of 

the analytes. The mobile phase contained MS/MS compatible components, i.e. 

ammonium acetate and formic acid. The flow rate and gradient conditions of the 

mobile phase were chosen to achieve balanced results in terms of speed, peak shape, 

resolution and sensitivity for SFN and its metabolites. Carry over was evaluated by 

the injection of blank plasma sample extract after the injection of samples at 20,000 

ng/mL; no significant carry over (less than 0.1%) was observed.  

Protein precipitation was used for sample preparation. Methanol containing 

formic acid was chosen based on a previous study in which the same solvent was used 

to extract SFN, SFN-NAC, and SFN-GSH. These conditions of sample preparation 

and LC-MS/MS analysis enabled the detection of concentrations of SFN as low as 1 

ng/mL in 50 µL of rat plasma. 

 

4.5 LC-MS/MS method validation results 

4.5.1 Specificity and selectivity 

Figures 4.2, and 4.3 represent typical chromatograms of blank rat plasma, and 

analytes in rat plasma sample. Figure 4 shows typical mass spectra at the selected 

retention times of the analytes, SFN, sulforaphene, SFN-GSH, and SFN-NAC. No 

interference of endogenous peaks was observed. Typical retention times were:  SFN 

and sulforaphene, 7.6 min, SFN-NAC, 3.5 min., and SFN-GSH, 2.2 min. There were 

no interfering peaks from blank rat plasma in at least six tests with different sources of 

plasma.  
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4.5.2 Sensitivity 

The lower limit of quantification was defined as those concentrations and 

showed 10 times signal-to-noise ratio. The LLOQ in rat plasma were 1 ng/mL for 

SFN, 10 ng/mL for SFN-GSH, and 10 ng/mL for SFN-NAC.  

4.5.3 Linearity of calibration curve 

The calibration curves were linear over the concentration range of 25 − 20000 

ng/mL for SFN, SFN-NAC, and SFN-GSH in rat plasma. The correlation (r2) of the 

calibration curves, using 1/χ2 as a weighing factor, and ranges of concentrations used 

for SFN and its metabolites are shown in Table 4.2. 

4.5.4 Precision and accuracy 

The precision and accuracy for the analysis of SFN and its metabolites are 

reported in Table 4.3. The results demonstrated satisfactory intra-day and inter-day 

precision and accuracy as shown by the CV and the bias values of <15% for the three 

QC concentration levels. 

4.5.5 Recovery 

Recovery was evaluated by comparing the analyte peak area ratios of the 

extracted samples at the three QC levels with standard solutions of equivalent 

concentrations in methanol. The individual recovery values were 75.2−81.9% for 

SFN-GSH, 77.5−88.9% for SFN-NAC, and 83.3−86.1% for SFN at the low, middle, 

and high concentration levels.  
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4.5.6 Stability 

Short-term stability for the extracted plasma samples stored in the HPLC auto-

sampler at 10°C was satisfactory.  After 4 hours and 8 hours in the auto-sampler, the 

percent remaining were 102.0 and 101.5 for SFN-GSH; 101.9 and 101.1 for SFN-

NAC, and 98.2 and 97.0 for SFN respectively, compared to samples injected 

immediately. The stability of SFN and its metabolites under other conditions was 

evaluated and the results are listed in Table 4.4. It was observed that SFN-GSH was 

unstable and degrades rapidly under these conditions. Therefore, analysis would need 

to be performed after the samples are prepared without extended storage even at  

− 20°C. SFN and SFN-NAC are relatively more stable after storage at – 20°C for 3 

days and for 15 days. 

4.6 Application of the LC/MS/MS method to pharmacokinetics study 

in rats 

Plasma concentrations of SFN and its metabolites from a pharmacokinetic 

study in Sprague-Dawley rats were successfully quantified using the developed 

analytical method. Plasma concentration versus time profiles of the three analytes 

after intravenous administration of SFN at a 25 mg/kg dose are shown in Figure 4.5; 

the basic pharmacokinetic parameters are listed in Table 4.5.  

SFN disappearance from plasma showed a faster initial phase which lasted for 

approximately 4 hr followed by a slower phase with an apparent half-life of 

approximately 3 hr. The compound demonstrated a moderate clearance with a high 

Vdss. It was also obvious that SFN is quickly metabolized to SFN-GSH and SFN-

NAC as indicated by the quick appearance of both metabolites very early after the 
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administration of SFN. The AUC of SFN-GSH and SFN-NAC constituted 

approximately 12.5% and 9.1% based on the molar ratios of that of SFN, respectively, 

indicating that these important metabolites are circulating in the rat plasma. Both 

metabolites were also readily eliminated from plasma with a likely apparent slower 

half-lives than the parent compound. 

4.7 Conclusion 

A simple and fast LC-MS/MS analytical method with high sensitivity was 

developed for the quantification of SFN and its metabolites in rat plasma. The method 

showed highly satisfactory accuracy and precision.  Protein precipitation was used for 

sample preparation. A Develosil C30 column was used as the stationary phase. The 

method was successfully applied to study the pharmacokinetics of SFN in the rats, in 

which basic i.v. pharmacokinetic parameters such as clearance, terminal half-life, 

steady state volume of distribution were determined. The chromatographic conditions 

as well as sample preparation method of the current assay will likely facilitate the 

development and validation of LC-MS/MS analytical assay to analyze SFN in other 

biomatrices such as urine and tissue homogenates, which will be used in future 

subsequent studies.  
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Table 4.1 HPLC mobile phase gradient program and MS/MS conditions for the 

analysis of SFN and its metabolites 

HPLC conditions  
Flow rate 0.25 ml/min. 
Gradient Program minutes A B 

 0 92% 8% 
 8 0 100 
 8.1 92% 8% 
 15 92% 8% 

Auto-sampler   
Injection volume  10 µL 

Sample temperature  10°C 
Column temperature  30°C 

MS/MS conditions   
Source  ES+ 

Capillary  3.20 kV 
Cone  35 V 

Source Temperature  120°C 
Desolvation  250°C 
Ion Energy   1.0 

Entrance  -5 
Collision  10 
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 Table 4.2 Sulforaphane and its major metabolites' quality control sample 

concentration levels and the linearity and ranges of the analytical method 

Validation 
Parameter 

SFN-GSH SFN-NAC SFN 

QC Levels Low Mid High Low Mid High Low  Mid High 

QC Conc. 
(ng/mL) 

50 500 5000 50 500 5000 50 500 5000 

Linearity 
Range 

25 – 20,000 ng/mL 25 – 20,000 ng/mL 25 – 20,000 ng/mL 

Correlations 
(r²) of calib. 
curves ± 
S.D. 

0.996 ± 0.006 0.990 ± 0.013 0.995 ± 0.003 
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Table 4.3 Intra-day and inter-day precision and accuracy for SFN and its 

metabolites (n=3) 

 Nominal 
Concentration 

(ng/mL) 

Concentration 
found (ng/mL) 

Precision 
(% CV) 

Accuracy 
(% bias) 

Intra-day     
 50 48 9.7 -3.3 

Sulforaphane 500 503 1.5 0.6 
 5000 4991 0.8 -0.2 
 50 46 7.9 -7.8 

Sulforaphane-NAC 500 472 6.0 -5.6 
 5000 4465 5.9 -10.7 
 50 52 3.5 3.8 

Sulforaphane-GSH 500 497 9.8 -0.6 
 5000 4927 3.1 -1.5 

Inter-day     
 50 49 1.7 -2.0 

Sulforaphane 500 501 0.2 -0.1 
 5000 5017 0.4 0.3 
 50 49 3.7 -2.8 

Sulforaphane-NAC 500 509 3.2 1.8 
 5000 4900 8.4 -2.0 
 50 49 9.4 -1.4 

Sulforaphane-GSH 500 455 12.3 -9.1 
 5000 4413 13.2 -11.7 
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Table 4.4 Stability after three freeze-thaw cycles and after storage at − 20°C for 

three and fifteen days for the Quality Control (QC) samples (n=3) 

Concentration remaining  
[ng/mL (% Remaining) ± CV%]  

Level 
(ng/mL) 

Stability 
Cond. SFN-GSH SFN-NAC SFN 

50 

3 freeze-
thaw 

cycles 49.7 (99) ± 11 51.6 (103) ± 3 49.4 (99) ± 3 

 
3-day   

(-20ºC) 44.2 (88) ± 16 49.8 (100) ± 0.4 51.9 (104) ± 3 

 
15-day  
(-20ºC) NT 53.0 (106.0) ± 21 49.3 (99) ± 4 

500 
3 freeze-

thaw 492.3 (99) ± 10 491.5 (98) ± 3 515.6 (103) ± 8 

 
3-day  

(-20ºC) 441.4 (88) ± 14 497.3 (100) ± 2 502.8 (102) ± 2 

 
15-day  
(-20ºC) NT 487.4 (98) ± 17 521.0 (104) ± 6 

5000 

3 freeze-
thaw 

cycles 4975.9 (99) ± 4 5060.1 (101) ± 2 5071.2 (101) ± 4 

 
3-day  

(-20ºC) 4445.6 (89) ± 7 5025.4 (101) ± 1 5030.0 (101) ± 1 

 
15-day  
(-20ºC) NT 4596.8 (92) ± 7 5334.3 (107) ± 12 

 

NT = Not tested.  SFN-GSH is unstable under the storage conditions and should be analyzed within 
three days after sample preparation.  
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Table 4.5 Summary of pharmacokinetic parameters of SFN and metabolites in 

Sprague-Dawley rats (n=4) 

Parameters SFN SFN-NAC SFN-GSH 

AUC0-24h (μg*hr/mL) 9.3 2.2 2.3 

AUC0-∞ (μg*hr/mL) 9.6 2.3 2.4 

MRT (h) 4.6 4.2 5.4 

T1/2 (h) 3.2 5.1 7.8 

Tmax (h) - 0.93 0.45 

Cmax (µg/mL/) - 3.24 3.74 

CL (mL/min/kg) 48 - - 

Vdss/kg (L/kg) 13.2 - - 
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Figure 4.1  Structures of (a) sulforaphane (SFN), (b) sulforaphane-N-acetyl 

cysteine (SFN-NAC), (c) sulforaphane-GSH (SFN-GSH), and (d) the internal 

standard sulforaphene. 

a 

 

b 

 

c 

 

d 
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Figure 4.2 Typical chromatograms of blank plasma after sample processing 

showing no interfering peak. 
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Figure 4.3 Representative total ion chromatogram (TIC) of processed plasma 

sample with four MRM channels for SFN-GSH, SFN-NAC, SFN and sulforaphene. 
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Figure 4.4 Mass spectra of the analytes, (a) SFN, (b) SFN-NAC, (c) SFN-GSH, 

and (d) internal standard sulforaphene. 
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Figure 4.5 Concentration versus time profiles of (a) SFN and its major 

metabolites, (b) SFN-GSH and (c) SFN-NAC in rat plasma following intravenous 

bolus administration of SFN at a 25 mg/kg dose (n = 4). The data are presented as 

mean ± SE. 
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10 Work described in this chapter has been submitted for publication as 
Pharmacokinetics and Pharmacodynamics of Phase II/Antioxidant Gene Response by 
Anti-cancer Agnet Sulforaphane in Rat Lymphocytes by Wang, H., Khor, T.O., Yang, 
Q., Huang, Y., Wu, T.Y., Saw, L.L., Lin, W., Androulakis, I.P., Kong, A.N.  
11 Key Words: sulforaphane, pharmacokinetics, pharmacodynamics, lymphocyte, 
phase II genes, Nrf2 
12 Abbreviations: ARE, antioxidant response element; DME, drug metabolism 
enzyme; Emax, maximum effect attributed to the drug; EC50, drug concentration 
producing 50% of the maximum stimulation achieved at the effect site; GAPDH, 
glyceraldehydes 3-phosphate dehydrogenase; GSTM1, glutathione S-transferases mu 
1; GSTT1, glutathione S-transferases theta 1; HO-1, hemeoxygenase-1; IC50, drug 
concentration which produce 50% of maximum inhibition achieved at the effect site; 
IL-1β, interleukin-1 beta; IL-6, interleukin 6; JVC, jugular vein cannulae; kin, input 
turn-over rate; kout, franctional turn-over rate for loss; NF-κB, Nuclear factor-kappa-
B; NQO1, NAD(P)H dehydrogenase (quinone 1); Nrf2, nuclear factor-erythroid 2-
related factor 2; qRT-PCR, quantitative reverse-trascriptase-polymerase chain reaction; 
ROS, reactive oxygen species; SOD, superoxide dismutase; UGT1A1, UDP 
glucuronosyltransferase 1 family, polypeptide A1; UGT1A6, UDP 
glucuronosyltransferase 1 family, polypeptide A6.  

Chapter 5   Pharmacokinetics/Pharmacodynamics Study of 

Sulforaphane in Rat Following Intravenous 

Administration10,11,12 

5.1 Introduction 

Sulforaphane (4-methylsulfinylbutyl isothiocyanate) is a naturally occurring 

isothiocyanate, which was first identified from broccoli extracts as a principal inducer 

of the quionone reductase activity[353]. Subsequently, numerous cell and animal 

studies have demonstrated its strong cancer chemopreventive effects.  

Sulforaphane is metabolized through the mercapturic acid pathway, starting 

with GSH conjugation by GST and subsequently generate SFN-cysteine followed by 

SFN-N-acetylcysteine[354]. After identified as a potential chemopreventive 

agent[355], sulforaphane has been studied as an inducer of Phase II drug metabolism 

enzymes (DME), as well as an inhibitor of DME involved in carcinogen activation. 
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SFN can modulate phase I metabolism through direct inhibition of cytochrome P450 

enzymes (CYP) or regulation of their mRNA transcription levels. Phase II enzyme 

induction via the antioxidant response element (ARE)-mediated gene expression 

typically targets NAD(P)H:quinine reductase (NQO1), and antioxidant enzymes heme 

oxygenase (HO-1), glutathione S-transferase (GST), and other Phase II genes. 

Regulation of ARE-target Phase II DME/antioxidant genes involved in the 

detoxification of carcinogens/reactive oxygen-nitrogen species (RONS) is mediated 

by nuclear factor E2-factor related factor (Nrf2)[9].  

Nrf2, a member of the basic leucine-zipper NF-E2 family, is typically 

sequestrated in the cytosol of the cell by Kelch-like ECH-associated protein 1 (Keap1), 

a cysteine rich protein interacting with Nrf2 in its dimeric form under basal 

unstimulated condition. SFN appears to react with the thiol groups of Keap1 and to 

promote Nrf2 dissociation from Keap1. Following that, Nrf2 translocates into the 

nucleus, forming heterodimer with a group of nuclear bZIP proteins, Maf proteins. 

The Maf proteins, lacking the transactivation domain, enhances the binding of 

Nrf2/Maf to the ARE cis-acting enhancer located in the promoter region of a battery 

of cytoprotective Phase II DME/antioxidant genes[362, 363].  

Numerous studies have been conducted with SFN on the blocking mechanisms, 

and suppression via anti-proliferative mechanisms. Metabolism, bioavailability, 

pharmacokinetics, preclinical and clinical studies on SFN have also been conducted to 

better understand its performance in vitro and in vivo. We have previously reported in 

vivo pharmacokinetics and liver gene expression profiles using 4,967 oligonucleotides 

microarray analysis after oral gavage dosing of 50 µmol SFN in the rats[364], and 

pharmacokinetics and pharmacodynamics of broccoli sprouts that generates SFN on 



106 

 

the suppression of prostate cancer in TRAMP mice[196]. However, no studies thus far 

involve the simultaneous study of the pharmacokinetics (PK) and pharmacodynamics 

(PD) of SFN. In addition, there is no report directly linking plasma concentration of 

SFN and lymphocyte gene expression which potentially can be a valuable surrogate 

biomarker for clinical study of SFN and other cancer chemopreventive compounds. In 

this study, we report the PK in rat plasma and the pharmacodynamics (PD) of Phase II 

DME/antioxidant gene expression in rat lymphocytes following intravenous (IV) 

administration of ~50 µmol of SFN in the rats. 

 

5.2 Materials and Methods 

5.2.1 Animal and Drug Treatments 

Male Sprague-Dawley rats weighing between 250 and 300 g with jugular vein 

cannulae were purchased from Hilltop Lab Animals Inc. (Scottdale, PA, USA). The 

animals were housed in the Animal Care Facility of Rutgers University under 12 h 

light-dark cycles with free access to food and water. Upon arrival, the rats were given 

AIN-76A diet (Research Diets, NJ, USA) free of antioxidant and acclimatized to the 

lab oratory conditions for 3 days. Four groups of rats each comprising four animals 

(total n=16 rats) were given SFN via intravenous (i.v.) bolus at 25 mg/kg in 0.9% 

saline solution through the jugular vein cannulae with one volume of flushing with 

saline solution. Blood samples (~300 µL) were collected at 0, 2, 5, 15, 30, 45 minutes, 

1, 1.5, 2, 4, 6, 8, 12, 16, or 24 hours following SFN administration and pooled for 

each group. Plasma was separated immediately from half of the collected blood 

sample by centrifugation and stored at −80°C until analysis. Lymphocytes were 

extracted from the remaining blood samples using Ficoll-PaqueTM PLUS density 
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gradient centrifugation medium (GE Healthcare Life Sciences, Piscataway, NJ) and 

were dissolved in Qiagen RNeasy® Mini Kit buffer RLT (lysis buffer) (Valencia, CA). 

The buffer RLT samples containing lymphocytes were frozen at –80°C until analyses. 

5.2.2 Plasma and Pharmacokinetics 

Plasma-drug concentrations (Cp) were determined using LC-MS/MS tandem 

mass spectroscopy (MicroMass Quattro Ultima). The method was validated following 

FDA's Guidance for Industry for Bioanalytical Method Validation in a separate 

study[365]. Briefly, 50 µL of plasma samples were precipitated using methanol 

containing 0.1% TFA. Internal standard, sulforaphene was added and the mixtures 

were vortexed and centrifuged at 10,000 g and 4ºC for 3 minutes. The supernatants 

were collected and dried on a stream of nitrogen and then reconstituted with 

acetonitrile:water (50/50,v/v) mixture and passed through nylon filters (Analytical 

Sales and Services, Pompton Plains, NJ). The LC-MS/MS system was composed of 

an Agilent 1100 HPLC system equipped with Develosil® 150 × 4.6 mm 5 µm C30 

column. Sulforaphane, its major metabolites sulforaphane-NAC and sulforaphane-

GSH, and the internal standard sulforaphene were detected simultaneously in MRM 

mode with sulforaphene 176.1 →111.5, sulforaphane 178 →113.6, sulforaphane-GSH, 

485 → 178, and sulforaphane-NAC, 340.6 → 178 (see chemical structures in Figure 

4.1). MassLynxTM version 3.5 was used for data processing.  The pharmacokinetic 

data were processed using GastroPlusTM version 6.0. 

5.2.3 Lymphocyte mRNA and qRT-PCR  

The lymphocyte RLT buffer solutions were thawed and further processed to 

extract the mRNA following Qiagen RNeasy® Mini Kit protocol. The mRNA 



108 

 

concentrations were measured using Invitrogen (Carlsbad, CA) Quant-ItTM reagents. 

Same amount of mRNA (~ 250 ng) were used for reverse-transcription to obtain 

cDNA with Applied BiosystemsTM Taqman® Reagent. Quantitative real-time PCR 

(qRT-PCR) analyses were conducted using Applied BiosystemsTM SYBR® Green 

Master Mix (Foster City, CA). The primers were designed using Primer-BLAST and 

synthesized by IDT® (Integrated DNA Technologies, Coralville, IA). The qRT-PCR 

analyses were performed on an Applied BiosystemsTM PRISM® 7900HT. Thermal 

cycling was done according to the following profile: 2 minutes at 50.0°C, 10 minutes 

at 95°C for the reverse transcriptase reaction, followed by 40 real-time PCR cycling 

of 10 seconds at 95°C, 30 seconds at 55°C, and 1 minute at 68.0°C, with a subsequent 

final dissociation stage of 15 seconds at 95.0°C, 15 seconds at 60.0°C, and 15 seconds 

at 95.0°C. The Relative Quantitation (RQ) results were processed with Applied 

BiosystemsTM Sequence Detection System software (SDS) version 2.0 and Relative 

Quantitation (RQ) Manager software version 1.2. The gene expression 

pharmacodynamic data were processed with GastroPlusTM 6.0 Indirect Response (IDR) 

Model (Jusko) [366] as described below.  

5.2.4 PK-PD Modeling 

Pharmacokinetics (PK)-Pharmacodynamics (PD) modeling is established to 

codify current effects, test competing hypothesis, estimate inaccessible system 

variables, and to predict system response under new conditions[367]. Selecting an 

appropriate indirect response model is largely dependent on the biological mechanism 

at the site of effect.  

The time-course of the pooled SFN plasma concentration was fitted according 

to the following system of differential equations and resulting PK profile was input 
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into the PD model below:  

( ) ( )
c

cccpppc
c

V
dosetCCKKCK

dt
tdC

==⋅+−⋅= 0;)( 10                   (1) 

 The pharmacodynamics (PD) component of the model was the indirect 

stimulatory (Kin) response model driven by the fitted pharmacokinetic profiles. Pooled 

mRNA expression levels (R) were then described as 

RKtEK
dt
dR

outin ⋅−⋅= )(                (2) 

where the stimulatory function was given by 

( )
( )tCEC
tCE

tE
C

C

+
⋅

+=
50

max1)(                  (3) 

for all mRNA in this study except for Keap1.  

For Keap1, the pooled mRNA expression levels (R) were described by the 

inhibition of build-up (Kin) as below:  

RK
CIC

CI
K

dt
dR

outin ⋅−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−⋅=
50

max1 , 0 ≤ Imax ≤ 1              (4) 

The parameter symbols are defined in the Abbreviations.  

All pharmacokinetic and pharmacodynamic parameters were estimated by 

nonlinear regression analysis using the maximum likelihood estimator in 

GastroPlus™.  

5.2.5 Evaluation of Pharmacodynamic Parameters and Confidence Intervals 

by Bootstrap Methods  

In order to calibrate the values estimated by using the GastroPlusTM version 

6.0, we next applied a bootstrap in conjunction with least square methods[368]. The 

method offers a robust estimation of the parameter values as well as associated 



110 

 

confidence intervals as we have previously demonstrated in the context of indirect 

response modeling[369]. The advantage of this method is that it can take the each 

replicate at one experimental time point into consideration instead of estimation based 

only on the average of all the replicates at one time point. For each bootstrap run at 

each single time point, sampling with replacement is performed on all the replicates at 

that time point whose number may vary based on the data collection from experiment.  

Each bootstrap sample is used for estimating a set of parameters for these four 

parameters Emax, EC50, Kin and Kout as prescribed by the Jusko indirect response 

model[366]. $

n
i

i 1
n

=
β

β =
∑

, the mean of the multiple bootstrap estimates (1000 runs in this 

study) is reported as the most likely parameter value[370], in which i denotes 

bootstrap iteration.  

The confidence intervals for each of the estimated parameters are calculated 

by applying the percentile method.  The estimated confidence interval for each 

parameter is denoted as ( ) ( )ˆ ˆ,l uβ α β α⎡ ⎤
⎣ ⎦ , where subscript l and u respectively denote 

the lower and the upper limits of the vector of estimated parameter value β which is 

approximated by α central confidence interval. The 100(α/2) and 100 (1-α/2) 

percentile values of the 1000 estimation values are used as the upper and lower 

confidence limits for a parameter. The probability α (0<α<1) indicates a 100α% 

confidence that ˆ ˆ,l uβ β β⎡ ⎤∈ ⎣ ⎦ . In this study, α is chosen as 5, then 95% confidence 

limits for β based on 1000 bootstrap replications are given by ˆ 25l thβ =  and 

ˆ 976u thβ = largest estimates of β[370]. The bootstrap simulation and prediction in this 

study were conducted using MATLAB. 
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5.3 Results and data evaluation  

5.3.1 Pharmacokinetics of sulforaphane and its major metabolites 

 SFN and its major metabolites’ concentration–time profiles are displayed in 

Figure 5.2 and in Figure 5.8 and Figure 5.9. The data were processed with standard 

noncompartmental analysis and the pharmacokinetics results for sulforaphane, 

sulforaphane-NAC, and sulforaphane-GSH are listed in Table 5.1.  Sulforaphane 

appeared forming Sulforaphane-NAC and sulforaphane-GSH rapidly. Based on the 

area under the curve in molar ratios, 9% and 13% of sulforaphane dosed were 

transformed to sulforaphane-NAC and sulforaphane-GSH respectively where 78% 

remained as its original form as sulforaphane during the first 24 hours.  

 Further pharmacokinetics analysis reveals that two-compartment model fits for 

sulforaphane, sulforaphane-NAC, and sulforaphane-GSH plasma concentration-time 

values. The two-compartment pharmacokinetic parameters are listed in Table 5.2, and 

in Table 5.7 and Table 5.8. The r squared values were 0.99, 0.84 and 0.79 for 

sulforaphane, sulforaphane-NAC, and sulforaphane-GSH respectively, indicating an 

appropriateness of the PK model. The two-compartment PK model generated values 

of SFN were then used as input to fit the relationships between SFN PK and SFN PD 

response of phase II DME/antioxidant enzyme mRNA expression as described below.   

5.3.2 qRT-PCR of mRNA from lymphocytes and PK/PD relationships 

 mRNA expression of the selected Phase II genes has been measured by 

quantitative real-time PCR. Using Jusko indirect model III, Stimulation of build-up – 

Kin as described in Figure 5.3, the pharmacokinetic/pharmacodynamic analysis results 

are fitted in Figure 4. These figures present the mRNA expression fold changes versus 
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time for NQO-1, GPx-1, GSTT1, Nrf2, HO-1, and also that of the small protein Maf 

which forms heterodimer with Nrf2 in nucleus. The profiles show that these Phase II 

and related genes were driven by the sulforaphane concentration and increase their 

expression rapidly in lymphocytes after sulforaphane administration and then 

decrease at different elimination rate. The estimated pharmacodynamic parameters are 

shown in Table 5.3. The EC50 values range from 0.26 µg/mL (1.47 µM) for NQO1 

(most sensitive) to 8 µg/mL (45.2 µM) for HO-1 (least sensitive) and Emax ranges 

from 1.55-fold for HO-1 (least responsive) to 39.7-fold for GPx (most responsive). 

Kin and Kout are similar for all the phase II DME/antioxidant genes, suggesting their 

kinetics of induction and degradation are similar. 

mRNAs for the other Nrf2-mediated Phase II DNE/antioxidant genes, GSTM1, 

UGT1A1, SOD, NF-κB, and UGT1A6 show no measurable changes against the SFN 

plasma concentrations. Keap 1 mRNA expression decreases after SFN dosing. Jusko 

indirect Class I, Inhibition of build-up (Kin), was utilized as shown in Figure 5.5 and 

the generated PK-PD figures are shown in Figure 5.6, with the pharmacodynamic 

parameters listed in Table 5.4. The Oligonucleotide primers used for quantitative real-

time PCR (qPCR) are listed in Table 5.5. 

5.3.3 Bootstrap confirmation 

The estimation of the values of the four parameters for each gene expression 

and the confidence intervals for parameter are shown in Table 5.6. Histograms of 

1000 bootstrap estimates of the four parameters for four selected genes are presented 

in Figure 5.7.  All histograms are roughly Gaussian in shape, suggesting that 

confidence interval evaluation based on bootstrap percentile is a reasonable approach. 

The estimated values obtained from GastroPlusTM version 6.0 (Table 5.3) are close to 
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those estimated by using the bootstrap method (Table 5.6), which indicates that the 

parameters are well estimated.  

5.4 Discussion 

SFN, an isothiocyanate (ITC), is a well-known indirect antioxidant that 

induces Nrf2-dependent phase 2 DME/antioxidant enzymes. It has been listed as one 

of the thirty four anti-carcinogenesis agents by the National Library of Medicine 

(NLM), as well as one of the most potent inducers of Phase II DME among the many 

naturally occurring dietary phytochemical compounds[371]. Our unpublished results 

showed that intravenous administrations at the dose levels of 10 and 25 mg/kg 

demonstrated linear pharmacokinetics and non-linearity was not observed at the 25 

mg/kg dose level in rats. Therefore, 25 mg/kg dose level was selected in this current 

study to establish the PK-PD relationship of SFN-mediated phase II DME/antioxidant 

mRNA expression in rat lymphocytes. The results show that, induction of Nrf2 was 

modest and was not as significant as some of the other Phase II genes (NQO1, GSTT1, 

or GPx1). Danilov and colleagues previously found that pretreatment with SFN for 48 

hours decreased rat cortical astrocyte cell death and increases Nrf2 mRNA expression 

by about 3.44 folds measured by RT-PCR[372]. The Nrf2 induction level in our study 

appears to be similar with this and other studies[189, 373]. 

NQO1 is a widely distributed FAD-dependent flavoprotein that promotes the 

obligatory 2-electron reductions of quinones, quinoneimines, and azo dyes at rates 

that are at a level of that of NADH or NADPH.  Though characterized as Phase I 

protein with cytochrome p450s, NQO1 has been reported to be a highly inducible 

enzyme and is regulated by the Keap1/Nrf2/ARE pathway[374]. Many chemicals 

induce NQO1 which were subsequently shown in vivo to protect against the toxic and 

carcinogenic effects of a wide array of carcinogens in a number of target organs. SFN 
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has been shown to strongly induce NQO1[355, 375]. Regulation of NQO1 via 

Keap1/Nrf2/ARE pathway was reviewed by Dinkova et al recently[376]. In our study, 

SFN increases NQO1 mRNA expression by about four folds in rat lymphocytes at ~1 

hour after intravenous administration. The fast response could be potentially achieved 

via fast-acting transcription factors such as Nrf2 which would not require protein 

synthesis for activation.  

A small musculo-aponeurotic factor (Maf) protein partners with Nrf2 and 

binds to the ARE and initiates transcription of Phase II DME/antioxidant genes[377]. 

After i.v. SFN dosing, Maf mRNA increases significantly in rat lymphocytes. This 

increase may facilitate its protein synthesis and subsequent heterodimerization with 

Nrf2 to further modulate Nrf2 downstream target genes such as Phase II DME.  

HO-1 controls heme degradation and accumulation of iron, bilirubin, and 

carbon monoxide (CO) which would dampen oxidative damage in the gastrointestinal 

tissues/cells[378]. HO-1 has been shown to be directly regulated by Nrf2[379], 

although studies also found that other mechanisms of transcriptional regulation are 

known to exist for HO-1, e.g., Bach1[380-382]. Since HO-1 is regulated by multiple 

mechanisms in addition to Nrf2, other Nrf2 target genes would be needed to quantify 

as markers for Nrf2 activation[383]. As in our study here, although increased mRNA 

expression is observed in rat lymphocytes after SFN dosing, the HO-1 mRNA 

expression appears to display larger deviations from the predicted values and could 

possibly be explained by its multi-mechanism transcription regulation, but further 

study would be needed in future.   

Glutathione (GSH) synthesis is regulated by Nrf2/Nrf1 via the ARE, activator 

protein 1 (AP-1), and nuclear factor kappa B (NF-κB)[384]. Glutathione S-

transferases GSTM1 and GSTT1 are the two most studied subtypes of GST. In this 
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study, we found that GSTM1 did not show any change after SFN administration, 

however, GSTT1 was moderately induced in rat lymphocytes 1 hour after SFN 

administration. This indicates that different subtypes of GSTs have different 

responses to SFN in rat lymphocytes.  

As discussed previously, Nrf2 is sequestrated in the cytosol by the Keap1, a 

cysteine rich protein interacts with Nrf2 in its dimeric form under basal condition. 

SFN appears to react with the thiol groups of Keap1 and promoting Nrf2 dissociation 

from Keap1. In our study, after SFN intravenous administration, Keap1 mRNA 

expression was attenuated while Nrf2 mRNA expression was increased, this may 

result in a net increase of Nrf2 mRNA/protein, which would further enhance its 

translocation into the nucleus and activate the Nrf2-ARE-mediated genes. This 

observation is consistent with our previous report that SFN treatment induces the 

expression of HO-1 by ARE-dependent gene activation via induction of Nrf2 and 

repression of Keap1 in HepG2 cells by Western blotting[189]. 

Bootstrap method is a self-sustaining process that proceeds without any 

external instructional entries. In applying this method in our study, it provided 

secondary evaluation of the pharmacodynamics parameters estimate generated by 

GastroPlus™. The similar results from both methods confirmed the validity of the 

study approach and the results.   

In conclusion, in this study, we conducted pharmacokinetic and 

pharmacodynamic study after IV administration of SFN in rats. We linked the plasma 

concentrations of SFN and the levels of Nrf2-mediated mRNA expression levels in rat 

lymphocytes. As the plasma concentration and mRNA levels were measured from 

same pool of blood samples, the resulting pharmacokinetic and pharmacodynamic 

relations could be described simultaneously over the time course of the study. The 
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easily accessible tissue of the blood, a very unique tissue in animals, coupled with the 

modern LC-MS/MS and quantitative real-time PCR, would make such direct link 

possible. The results generated using this methodology from the current study 

showing that the plasma SFN concentrations drive the gene expression of Nrf2-ARE 

mediated Phase II DME and antioxidant genes in rat lymphocytes, would provide a 

framework for future clinical studies. 
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Table 5.1 Non-compartment analysis of sulforaphane, sulforaphane-NAC, and 

sulforaphane-GSH in rat plasma 

 

Parameters Sulforaphane SFN-NAC SFN-GSH 

AUC0-24h (h*μg/mL) 9.35 2.28 3.344 

AUMC0-24h (h*μg^2/mL) 39.38 9.63 108.0 

MRT (h) 4.211 4.10 32.17 

CL (L/h) 0.888 - - 

T1/2 (h) 3.2 5.06 8.82 

CL (L/h/kg) 2.958 - - 

Vss (L) 3.737 - - 

Vss/kg (L/kg) 12.46 - - 
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Table 5.2 2-Compartment analysis of sulforaphane in rat plasma using 

GastroPlus™ 

Parameter Unit Value %CV 

AUC 0-24 (Obs) ng*h/mL 9343.5  

AUC 0-24 (Calc) ng*h/mL 9272.3  

AUC 0-inf (Obs) ng*h/mL 9467  

AUC 0-inf (Calc) ng*h/mL 9787  

CL L/h 0.848 14.67% 

Vc L 1.235 30.21% 

CL2 L/h 0.525 45.54% 

V2 L 3.356 44.01% 

CL/Kg L/h/Kg 2.826 14.67% 

Vc/Kg L/Kg 4.118 30.12% 

CL2/Kg L/h/kg 1.749 45.54% 

V2/Kg L/kg 11.19 44.01% 

A µg/mL 6.315  

B µg/mL 0.403  

Alpha 1/h 1.176  

Beta 1/h 0.091  

K10 1/h 0.686 33.58% 

K12 1/h 0.425 54.65% 

K21 1/h 0.156 63.33% 

Cmax µg/mL/mg Dose 0.809  

t1/2 h 7.595  

R^2  0.9944  

Akaike Information 
Criterion (AIC) 

 -50.052  
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Table 5.3 Pharmacodynamic analysis of mRNA expression driven by 

sulforaphane using Class III Indirect Model 

mRNA Emax (unit) EC50 
(µg/mL) 

Kin (1/hr) Kout (1/hr) AIC Max. effect 
time (h) 

NQO1 3.87 ± 0.67 0.26 ± 0.05 1.96 ± 0.20 2.10 ± 0.23 7.84 1.60 

GSTT1 7.78 ± 1.76 1.50 ± 0.86 1.82 ± 0.35 2.41 ± 0.64 16.5 1.04 

Maf 25.0 ± 3.85 1.37 ± 0.12 1.76 ± 0.25 2.32 ± 0.09 23.1 1.04 

GPx 39.7 ± 1.58 4.82 ± 0.34 4.49 ± 0.21 3.14 ± 0.07 30.7 0.72 

Nrf2 2.92 ± 2.10 1.54 ± 3.18 1.37 ± 1.04 1.78 ± 1.68 5.84 1.20 

HO-1 1.55 ± 6.56 8.00 ± 49.2 4.79 ± 8.14 4.26 ± 7.59 -7.46 0.56 

AIC = Akaike Information Criteria 

Data are presented in ± %CV
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Table 5.4 Pharmacodynamic analysis of mRNA expression driven by 
sulforaphane using Class I Indirect Model 
mRNA Imax IC50 

(µg/mL) 
Kin (1/hr) Kout (1/hr) AIC Max effect 

time (h) 
Keap1 0.99 ± 3.42 5.91 ± 0.56 0.49 ± 2.30 0.55 ± 2.61 9.21 1.68 

 

AIC = Akaike Information Criteria 

Data are presented in ± %CV 
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Table 5.6 Values of the parameters calculated by bootstrap sampling in 

conjunction with least square method 

mRNA Parameter Mean Min. Max. 5% 

Percentile 

95% 

Percentile 

Emax (unit) 3.54 0.00 18.57 1.19 4.99 

EC50 0.74 0.00 9.07 0.06 2.59 

Kin (1/hr) 2.33 0.09 29.80 1.12 3.93 

 

NQO1 

Kout (1/hr) 2.08 0.12 22.19 1.08 3.02 

Emax (unit) 39.09 0.00 98.12 19.43 62.58 

EC50 9.57 0.00 100.00 1.36 40.96 

Kin (1/hr) 8.01 0.30 100.00 1.94 23.80 

 

GPx 

Kout (1/hr) 3.74 0.04 99.45 1.11 7.27 

Emax (unit) 2.81 0.74 9.25 1.38 4.21 

EC50 1.63 0.19 5.78 1.05 2.42 

Kin (1/hr) 1.22 0.54 3.19 0.80 1.87 

 

Nrf2 

Kout (1/hr) 1.65 0.65 3.82 1.14 2.23 

Emax (unit) 1.97 0.84 4.53 1.32 2.67 

EC50 8.00 2.09 30.19 7.25 8.59 

Kin (1/hr) 5.07 2.25 96.18 3.10 5.51 

 

HO-1 

Kout (1/hr) 4.94 2.28 100.00 3.03 5.45 

 

 



123 

 

Table 5.7 2-Compartment analysis of sulforaphane-GSH in rat plasma using 

GastroPlus™ 

 

Parameter Unit Value %CV 

AUC 0-24 (Obs) ng*h/mL 2257.3  

AUC 0-24 (Calc) ng*h/mL 2554.3  

AUC 0-inf (Obs) ng*h/mL 3344  

AUC 0-inf (Calc) ng*h/mL 2677.3  

CL L/h 2.742 41.14% 

Vc L 1.601 73.45% 

CL2 L/h 1.602 104.28% 

V2 L 11.85 121.62% 

CL/Kg L/h/Kg 9.140 41.14% 

Vc/Kg L/Kg 5.338 73.45% 

CL2/Kg L/h/kg 5.341 104.28% 

V2/Kg L/kg 39.49 121.62% 

K10 1/h 1.712 84.19% 

K12 1/h 1.001 127.55% 

K21 1/h 0.135 160.21% 

Cmax µg/mL/mg Dose 0.454  

t1/2 h 8.274  

R^2  0.8422  

Akaike Information 
Criterion (AIC) 

 -20.55  
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Table 5.8 Concentration-time profiles of sulforaphane-NAC after 25 mg/kg 

intravenous administration of sulforaphane saline solution using GastroPlus™ 

Parameter Unit Value %CV 

AUC 0-24 (Obs) ng*h/mL 2257.3  

AUC 0-24 (Calc) ng*h/mL 2554.3  

AUC 0-inf (Obs) ng*h/mL 3344  

AUC 0-inf (Calc) ng*h/mL 2677.3  

CL L/h 2.877 38.91% 

Vc L 1.955 70.63% 

CL2 L/h 1.536 110.38% 

V2 L 7.988 92.57% 

CL/Kg L/h/Kg 9.590 38.91% 

Vc/Kg L/Kg 6.517 70.63% 

CL2/Kg L/h/kg 5.119 110.38% 

V2/Kg L/kg 26.63 92.57% 

K10 1/h 1.472 80.64% 

K12 1/h 0.786 131.04% 

K21 1/h 0.192 144.06% 

Cmax µg/mL/mg Dose 0.391  

t1/2 h 5.703  

R^2  0.7916  

Akaike Information 
ICriterion (AIC) 

 -21.48  
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Figure 5.1 Concentration-time profile of sulforaphane after 25 mg/kg intravenous 

administration of sulforaphane saline solution in rats using GastroPlus. 
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 Figure 5.2 Pharmacokinetic/Pharmacodynamic modeling of Jusko indirect 

stimulation of buildup – Kin  
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Figure 5.3 Pharmacokinetic/Pharmacodynamic profiles of mRNA expression 

change with time in folds for NQO1, GPx-1, GSTT1, Nrf2, HO-1, and Maf. Lines 

represent model predicted values. Observed data are presented in mean ± SE. 
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Figure 5.4 Pharmacokinetic/Pharmacodynamic modeling of Jusko indirect 

inhibition of buildup – Kin 
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Figure 5.5 Pharmacokinetic/Pharmacodynamic profiles of mRNA expression 

change with time in folds for Keap1. Line represents model predicted values. 

Observed data are expressed in mean ± SE. 
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Figure 5.6 Histograms of 1000 bootstrap estimates of 4 parameters. The bars 

represent frequency. The average bootstrap estimator values of parameters $β  are 

indicated by a dashed line and its lower and upper confidence limits βl(0.05), βu(0.05) 

are represented by dotted lines respectively. 

 

 



132 

 

Figure 5.7 Linking Pharmacokinetics in plasma and Pharmacodynamics of gene 

expression in lymphocytes 
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Figure 5.8 Concentration-time profiles of sulforaphane-GSH after 25 mg/kg 

intravenous administration of sulforaphane saline solution using GastroPlus™.  
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Figure 5.9 Concentration-time profiles of sulforaphane-NAC after 25 mg/kg 

intravenous administration of sulforaphane saline solution using GastroPlus™. 

 
 

 
 
 
 



135 

 

Figure 5.10 Gene Expression in Rat Lymphocyte  
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Chapter 6 Summary 

 In summary, we reviewed what and how phytochemicals prevent and treat 

cancer through various mechanisms and pathways. These were illustrated by twenty 

most researched phytochemicals and fifteen most accepted and studied mechanisms 

and pathways.  

The role of Nrf2 in anti-inflammatory has been proposed and there has no 

sufficient direct experiments to prove how it impact gene and protein expressions, 

whether pre-transciptional or post-transcriptional. In our study, as demonstrated in the 

results, Nrf2 played a substantial role in anti-inflammation in suppressing iNOS, 

COX2 and induced HO-1 expression in the protein level in the primary macrohages of 

wild type mice, where the supresssion was no observed in the primary macrophages 

of Nrf2 knock-out mice. Along with other evidence shown in the results, we could 

conclude that Nrf2 in one but not the only one that exert the anti-inflammatory effects 

caused by LPS in our model.  

While sulforaphane has shown to be a highly effective and researched 

compound, a highly sensitive bioanalytical method needs to be developed and 

validated. Although sulforaphane has been studied in many in vitro and in vivo 

models, there is no pharmacokinetics study in rats thus far. In this research, the 

developed and validated bioanalytical method has been applied in rats and 

sulforaphane and its major metabolites are quantitated and pharmacokinetic software 

was used to generate the basic PK parameters in the preliminary results.  

 What a drug does to an animal body has been studied as pharmacodynamics. 

However, to the best of our knowledge, there has been no study linking the drug 

administration and gene expression in blood lymphocytes in any animal models. 
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Understanding this linkage would provide new approaches in design, execution of 

preclinical studies and even clinical studies, and also provide a novel venue to study 

the mechanisms of how gene expression responds to a drug in the blood. Also, the 

study approach could be utilized to establish a pharmacokinetics/pharmacodynamics 

model for the application of modeling and simulation. Our results showed that a drug, 

such as sulforaphane can drive the phase II gene responses in blood lymphocytes after 

intravenous administration and the results generally follow indirect response models, 

and have also been verified by using boostrape mathematical calculations, which 

paved the road to further preclinical and clinical studies.  

  In conclusion, we conducted the studies on the how phytochemicals could act 

as cancer blocking agents and suppressing agents, what role of Nrf2 signaling has 

played by using primary macrophages in anti-inflammatory model, how a 

representative phytochemical sulforaphane could be analyzed and behaved in animal 

model, and what Nrf2-related gene expression changes it can cause. This 

understanding of Nrf-2 targeted phytochemicals and their functions, the role of Nrf2 

in signal transduction, bioanalysis, PK/PD correlation would allow us to design better 

chemopreventive compounds in the future. 

 



 

  

139

 

Reference 
1. Hu, R.; Saw, C. L.; Yu, R.; Kong, A. N. Regulation of NF-E2-related factor 2 

signaling for cancer chemoprevention: antioxidant coupled with 
antiinflammatory. Antioxid Redox Signal 2010, 13, 1679-1698. 

2. Davies, G. Time Tables of Medicine. Black Dog & Leventhal: New York, 2000. 
3. Gutheil, W. G.; Reed, G.; Ray, A.; Dhar, A. Crocetin: an Agent Derived from 

Saffron for Prevention and Therapy for Cancer. Curr Pharm Biotechnol 2011. 
4. Meeran, S. M.; Ahmed, A.; Tollefsbol, T. O. Epigenetic targets of bioactive 

dietary components for cancer prevention and therapy. Clin Epigenetics 2010, 
1, 101-116. 

5. Karikas, G. A. Anticancer and chemopreventing natural products: some 
biochemical and therapeutic aspects. J Buon 2010, 15, 627-638. 

6. Saunders, F. R.; Wallace, H. M. On the natural chemoprevention of cancer. 
Plant Physiol Biochem 2010, 48, 621-626. 

7. Sarkar, F. H.; Li, Y.; Wang, Z.; Padhye, S. Lesson learned from nature for the 
development of novel anti-cancer agents: implication of isoflavone, curcumin, 
and their synthetic analogs. Curr Pharm Des 2010, 16, 1801-1812. 

8. Mehta, R. G.; Murillo, G.; Naithani, R.; Peng, X. Cancer chemoprevention by 
natural products: how far have we come? Pharm Res 2010, 27, 950-961. 

9. Gullett, N. P.; Ruhul Amin, A. R.; Bayraktar, S.; Pezzuto, J. M.; Shin, D. M.; 
Khuri, F. R.; Aggarwal, B. B.; Surh, Y. J.; Kucuk, O. Cancer prevention with 
natural compounds. Semin Oncol 2010, 37, 258-281. 

10. Chen, J.; Xu, X. Diet, epigenetic, and cancer prevention. Adv Genet 2010, 71, 
237-255. 

11. Huang, W. Y.; Cai, Y. Z.; Zhang, Y. Natural phenolic compounds from 
medicinal herbs and dietary plants: potential use for cancer prevention. Nutr 
Cancer 2010, 62, 1-20. 

12. Huang, J.; Plass, C.; Gerhauser, C. Cancer Chemoprevention by Targeting the 
Epigenome. Curr Drug Targets 2011. 

13. Shu, L.; Cheung, K. L.; Khor, T. O.; Chen, C.; Kong, A. N. Phytochemicals: 
cancer chemoprevention and suppression of tumor onset and metastasis. 
Cancer Metastasis Rev 2010, 29, 483-502. 

14. Viola, V.; Pilolli, F.; Piroddi, M.; Pierpaoli, E.; Orlando, F.; Provinciali, M.; 
Betti, M.; Mazzini, F.; Galli, F. Why tocotrienols work better: insights into the 
in vitro anti-cancer mechanism of vitamin E. Genes Nutr 2011. 

15. Bishayee, A.; Ahmed, S.; Brankov, N.; Perloff, M. Triterpenoids as potential 
agents for the chemoprevention and therapy of breast cancer. Front Biosci 
2011, 16, 980-996. 

16. Colombo, M. L. An update on vitamin E, tocopherol and tocotrienol-
perspectives. Molecules 2010, 15, 2103-2113. 

17. Scorei, R. I.; Popa, R., Jr. Boron-containing compounds as preventive and 
chemotherapeutic agents for cancer. Anticancer Agents Med Chem 2010, 10, 
346-351. 

18. Granados-Principal, S.; Quiles, J. L.; Ramirez-Tortosa, C. L.; Sanchez-Rovira, 
P.; Ramirez-Tortosa, M. C. Hydroxytyrosol: from laboratory investigations to 
future clinical trials. Nutr Rev 2010, 68, 191-206. 

19. Marques, F. Z.; Markus, M. A.; Morris, B. J. Resveratrol: cellular actions of a 
potent natural chemical that confers a diversity of health benefits. Int J 



 

  

140

Biochem Cell Biol 2009, 41, 2125-2128. 
20. Patisaul, H. B.; Jefferson, W. The pros and cons of phytoestrogens. Front 

Neuroendocrinol 2010, 31, 400-419. 
21. Al-Azzawi, F.; Wahab, M. Effectiveness of phytoestrogens in climacteric 

medicine. Ann N Y Acad Sci 2010, 1205, 262-267. 
22. Kim, J. W.; Amin, A. R.; Shin, D. M. Chemoprevention of head and neck 

cancer with green tea polyphenols. Cancer Prev Res (Phila) 2010, 3, 900-909. 
23. Pan, M. H.; Lai, C. S.; Wu, J. C.; Ho, C. T. Molecular mechanisms for 

chemoprevention of colorectal cancer by natural dietary compounds. Mol Nutr 
Food Res 2011, 55, 32-45. 

24. Olejnik, A.; Tomczyk, J.; Kowalska, K.; Grajek, W. [The role of natural 
dietary compounds in colorectal cancer chemoprevention]. Postepy Hig Med 
Dosw (Online) 2010, 64, 175-187. 

25. Callahan, R.; Hurvitz, S. Human epidermal growth factor receptor-2-positive 
breast cancer: Current management of early, advanced, and recurrent disease. 
Curr Opin Obstet Gynecol 2011, 23, 37-43. 

26. Rahman, M. A.; Amin, A. R.; Shin, D. M. Chemopreventive potential of 
natural compounds in head and neck cancer. Nutr Cancer 2010, 62, 973-987. 

27. Stan, S. D.; Singh, S. V.; Brand, R. E. Chemoprevention strategies for 
pancreatic cancer. Nat Rev Gastroenterol Hepatol 2010, 7, 347-356. 

28. Trottier, G.; Bostrom, P. J.; Lawrentschuk, N.; Fleshner, N. E. Nutraceuticals 
and prostate cancer prevention: a current review. Nat Rev Urol 2010, 7, 21-30. 

29. Agrawal, S.; Winnik, B.; Buckley, B.; Mi, L.; Chung, F. L.; Cook, T. J. 
Simultaneous determination of sulforaphane and its major metabolites from 
biological matrices with liquid chromatography-tandem mass spectroscopy. J 
Chromatogr B Analyt Technol Biomed Life Sci 2006, 840, 99-107. 

30. Cerella, C.; Sobolewski, C.; Dicato, M.; Diederich, M. Targeting COX-2 
expression by natural compounds: a promising alternative strategy to synthetic 
COX-2 inhibitors for cancer chemoprevention and therapy. Biochem 
Pharmacol 2010, 80, 1801-1815. 

31. Schmit, T. L.; Ledesma, M. C.; Ahmad, N. Modulating polo-like kinase 1 as a 
means for cancer chemoprevention. Pharm Res 2010, 27, 989-998. 

32. Leonarduzzi, G.; Testa, G.; Sottero, B.; Gamba, P.; Poli, G. Design and 
development of nanovehicle-based delivery systems for preventive or 
therapeutic supplementation with flavonoids. Curr Med Chem 2010, 17, 74-95. 

33. Hoensch, H. P.; Oertel, R. Emerging role of bioflavonoids in gastroenterology: 
Especially their effects on intestinal neoplasia. World J Gastrointest Oncol 
2011, 3, 71-74. 

34. El-Alfy, T. S.; Ezzat, S. M.; Hegazy, A. K.; Amer, A. M.; Kamel, G. M. 
Isolation of biologically active constituents from Moringa peregrina (Forssk.) 
Fiori. (family: Moringaceae) growing in Egypt. Pharmacogn Mag 2011, 7, 
109-115. 

35. Ferreira, C. V.; Justo, G. Z.; Souza, A. C.; Queiroz, K. C.; Zambuzzi, W. F.; 
Aoyama, H.; Peppelenbosch, M. P. Natural compounds as a source of protein 
tyrosine phosphatase inhibitors: application to the rational design of small-
molecule derivatives. Biochimie 2006, 88, 1859-1873. 

36. Chung, C. S.; Jiang, Y.; Cheng, D.; Birt, D. F. Impact of adenomatous 
polyposis coli (APC) tumor supressor gene in human colon cancer cell lines 
on cell cycle arrest by apigenin. Mol Carcinog 2007, 46, 773-782. 

37. Turktekin, M.; Konac, E.; Onen, H. I.; Alp, E.; Yilmaz, A.; Menevse, S. 



 

  

141

Evaluation of the Effects of the Flavonoid Apigenin on Apoptotic Pathway 
Gene Expression on the Colon Cancer Cell Line (HT29). J Med Food 2011. 

38. Leonardi, T.; Vanamala, J.; Taddeo, S. S.; Davidson, L. A.; Murphy, M. E.; 
Patil, B. S.; Wang, N.; Carroll, R. J.; Chapkin, R. S.; Lupton, J. R.; Turner, N. 
D. Apigenin and naringenin suppress colon carcinogenesis through the 
aberrant crypt stage in azoxymethane-treated rats. Exp Biol Med (Maywood) 
2010, 235, 710-717. 

39. Bruno, A.; Siena, L.; Gerbino, S.; Ferraro, M.; Chanez, P.; Giammanco, M.; 
Gjomarkaj, M.; Pace, E. Apigenin affects leptin/leptin receptor pathway and 
induces cell apoptosis in lung adenocarcinoma cell line. Eur J Cancer 2011. 

40. Ye, Y.; Wang, H.; Chu, J. H.; Chou, G. X.; Yu, Z. L. Activation of p38 MAPK 
pathway contributes to the melanogenic property of apigenin in B16 cells. Exp 
Dermatol 2011. 

41. Clere, N.; Faure, S.; Martinez, M. C.; Andriantsitohaina, R. Anticancer 
properties of flavonoids: roles in various stages of carcinogenesis. Cardiovasc 
Hematol Agents Med Chem 2011, 9, 62-77. 

42. Bachmeier, B. E.; Mirisola, V.; Romeo, F.; Generoso, L.; Esposito, A.; 
Dell'eva, R.; Blengio, F.; Killian, P. H.; Albini, A.; Pfeffer, U. Reference 
profile correlation reveals estrogen-like trancriptional activity of Curcumin. 
Cell Physiol Biochem 2010, 26, 471-482. 

43. Senft, C.; Polacin, M.; Priester, M.; Seifert, V.; Kogel, D.; Weissenberger, J. 
The nontoxic natural compound Curcumin exerts anti-proliferative, anti-
migratory, and anti-invasive properties against malignant gliomas. BMC 
Cancer 2010, 10, 491. 

44. Bachmeier, B. E.; Mohrenz, I. V.; Mirisola, V.; Schleicher, E.; Romeo, F.; 
Hohneke, C.; Jochum, M.; Nerlich, A. G.; Pfeffer, U. Curcumin downregulates 
the inflammatory cytokines CXCL1 and -2 in breast cancer cells via 
NFkappaB. Carcinogenesis 2008, 29, 779-789. 

45. Aggarwal, B. B.; Shishodia, S. Suppression of the nuclear factor-kappaB 
activation pathway by spice-derived phytochemicals: reasoning for seasoning. 
Ann N Y Acad Sci 2004, 1030, 434-441. 

46. Beevers, C. S.; Chen, L.; Liu, L.; Luo, Y.; Webster, N. J.; Huang, S. Curcumin 
disrupts the Mammalian target of rapamycin-raptor complex. Cancer Res 2009, 
69, 1000-1008. 

47. Ravindran, J.; Prasad, S.; Aggarwal, B. B. Curcumin and cancer cells: how 
many ways can curry kill tumor cells selectively? Aaps J 2009, 11, 495-510. 

48. Su, C. C.; Chen, G. W.; Lin, J. G.; Wu, L. T.; Chung, J. G. Curcumin inhibits 
cell migration of human colon cancer colo 205 cells through the inhibition of 
nuclear factor kappa B /p65 and down-regulates cyclooxygenase-2 and matrix 
metalloproteinase-2 expressions. Anticancer Res 2006, 26, 1281-1288. 

49. Chen, A.; Xu, J.; Johnson, A. C. Curcumin inhibits human colon cancer cell 
growth by suppressing gene expression of epidermal growth factor receptor 
through reducing the activity of the transcription factor Egr-1. Oncogene 2006, 
25, 278-287. 

50. Johnson, S. M.; Gulhati, P.; Arrieta, I.; Wang, X.; Uchida, T.; Gao, T.; Evers, B. 
M. Curcumin inhibits proliferation of colorectal carcinoma by modulating 
Akt/mTOR signaling. Anticancer Res 2009, 29, 3185-3190. 

51. Epstein, J.; Docena, G.; MacDonald, T. T.; Sanderson, I. R. Curcumin 
suppresses p38 mitogen-activated protein kinase activation, reduces IL-1beta 
and matrix metalloproteinase-3 and enhances IL-10 in the mucosa of children 



 

  

142

and adults with inflammatory bowel disease. Br J Nutr 2010, 103, 824-832. 
52. Epstein, J.; Sanderson, I. R.; Macdonald, T. T. Curcumin as a therapeutic agent: 

the evidence from in vitro, animal and human studies. Br J Nutr 2010, 103, 
1545-1557. 

53. Jeong, W. S.; Kim, I. W.; Hu, R.; Kong, A. N. Modulation of AP-1 by natural 
chemopreventive compounds in human colon HT-29 cancer cell line. Pharm 
Res 2004, 21, 649-660. 

54. Jeong, W. S.; Kim, I. W.; Hu, R.; Kong, A. N. Modulatory properties of 
various natural chemopreventive agents on the activation of NF-kappaB 
signaling pathway. Pharm Res 2004, 21, 661-670. 

55. Shen, G.; Xu, C.; Hu, R.; Jain, M. R.; Gopalkrishnan, A.; Nair, S.; Huang, M. 
T.; Chan, J. Y.; Kong, A. N. Modulation of nuclear factor E2-related factor 2-
mediated gene expression in mice liver and small intestine by cancer 
chemopreventive agent curcumin. Mol Cancer Ther 2006, 5, 39-51. 

56. Yu, S.; Shen, G.; Khor, T. O.; Kim, J. H.; Kong, A. N. Curcumin inhibits 
Akt/mammalian target of rapamycin signaling through protein phosphatase-
dependent mechanism. Mol Cancer Ther 2008, 7, 2609-2620. 

57. Cheung, K. L.; Khor, T. O.; Kong, A. N. Synergistic effect of combination of 
phenethyl isothiocyanate and sulforaphane or curcumin and sulforaphane in 
the inhibition of inflammation. Pharm Res 2009, 26, 224-231. 

58. Saw, C. L.; Huang, Y.; Kong, A. N. Synergistic anti-inflammatory effects of 
low doses of curcumin in combination with polyunsaturated fatty acids: 
docosahexaenoic acid or eicosapentaenoic acid. Biochem Pharmacol 2010, 79, 
421-430. 

59. Khor, T. O.; Keum, Y. S.; Lin, W.; Kim, J. H.; Hu, R.; Shen, G.; Xu, C.; 
Gopalakrishnan, A.; Reddy, B.; Zheng, X.; Conney, A. H.; Kong, A. N. 
Combined inhibitory effects of curcumin and phenethyl isothiocyanate on the 
growth of human PC-3 prostate xenografts in immunodeficient mice. Cancer 
Res 2006, 66, 613-621. 

60. Kim, J. H.; Xu, C.; Keum, Y. S.; Reddy, B.; Conney, A.; Kong, A. N. 
Inhibition of EGFR signaling in human prostate cancer PC-3 cells by 
combination treatment with beta-phenylethyl isothiocyanate and curcumin. 
Carcinogenesis 2006, 27, 475-482. 

61. Amin, A.; Hamza, A. A.; Bajbouj, K.; Ashraf, S. S.; Daoud, S. Saffron: A 
potential target for a novel anti-cancer drug against hepatocellular carcinoma. 
Hepatology 2011. 

62. Abdullaev, F. I.; Espinosa-Aguirre, J. J. Biomedical properties of saffron and 
its potential use in cancer therapy and chemoprevention trials. Cancer Detect 
Prev 2004, 28, 426-432. 

63. Samarghandian, S.; Boskabady, M. H.; Davoodi, S. Use of in vitro assays to 
assess the potential antiproliferative and cytotoxic effects of saffron (Crocus 
sativus L.) in human lung cancer cell line. Pharmacogn Mag 2011, 6, 309-314. 

64. Samarghandian, S.; Tavakkol Afshari, J.; Davoodi, S. Suppression of 
pulmonary tumor promotion and induction of apoptosis by Crocus sativus L. 
extraction. Appl Biochem Biotechnol 2010, 164, 238-247. 

65. Bakshi, H.; Sam, S.; Rozati, R.; Sultan, P.; Islam, T.; Rathore, B.; Lone, Z.; 
Sharma, M.; Triphati, J.; Saxena, R. C. DNA fragmentation and cell cycle 
arrest: a hallmark of apoptosis induced by crocin from kashmiri saffron in a 
human pancreatic cancer cell line. Asian Pac J Cancer Prev 2010, 11, 675-679. 

66. Das, I.; Das, S.; Saha, T. Saffron suppresses oxidative stress in DMBA-



 

  

143

induced skin carcinoma: A histopathological study. Acta Histochem 2010, 112, 
317-327. 

67. Aung, H. H.; Wang, C. Z.; Ni, M.; Fishbein, A.; Mehendale, S. R.; Xie, J. T.; 
Shoyama, C. Y.; Yuan, C. S. Crocin from Crocus sativus possesses significant 
anti-proliferation effects on human colorectal cancer cells. Exp Oncol 2007, 29, 
175-180. 

68. Chryssanthi, D. G.; Dedes, P. G.; Karamanos, N. K.; Cordopatis, P.; Lamari, F. 
N. Crocetin inhibits invasiveness of MDA-MB-231 breast cancer cells via 
downregulation of matrix metalloproteinases. Planta Med 2011, 77, 146-151. 

69. Bathaie, S. Z.; Mousavi, S. Z. New applications and mechanisms of action of 
saffron and its important ingredients. Crit Rev Food Sci Nutr 2010, 50, 761-
786. 

70. Nam, K. N.; Park, Y. M.; Jung, H. J.; Lee, J. Y.; Min, B. D.; Park, S. U.; Jung, 
W. S.; Cho, K. H.; Park, J. H.; Kang, I.; Hong, J. W.; Lee, E. H. Anti-
inflammatory effects of crocin and crocetin in rat brain microglial cells. Eur J 
Pharmacol 2010, 648, 110-116. 

71. Kim, J. M.; Kim, J. S.; Yoo, H.; Choung, M. G.; Sung, M. K. Effects of black 
soybean [Glycine max (L.) Merr.] seed coats and its anthocyanidins on colonic 
inflammation and cell proliferation in vitro and in vivo. J Agric Food Chem 
2008, 56, 8427-8433. 

72. Lim, T. G.; Kwon, J. Y.; Kim, J.; Song, N. R.; Lee, K. M.; Heo, Y. S.; Lee, H. 
J.; Lee, K. W. Cyanidin-3-glucoside suppresses B[a]PDE-induced 
cyclooxygenase-2 expression by directly inhibiting Fyn kinase activity. 
Biochem Pharmacol 2011, 82, 167-174. 

73. Xu, M.; Bower, K. A.; Wang, S.; Frank, J. A.; Chen, G.; Ding, M.; Wang, S.; 
Shi, X.; Ke, Z.; Luo, J. Cyanidin-3-glucoside inhibits ethanol-induced 
invasion of breast cancer cells overexpressing ErbB2. Mol Cancer 2011, 9, 
285. 

74. Zikri, N. N.; Riedl, K. M.; Wang, L. S.; Lechner, J.; Schwartz, S. J.; Stoner, G. 
D. Black raspberry components inhibit proliferation, induce apoptosis, and 
modulate gene expression in rat esophageal epithelial cells. Nutr Cancer 2009, 
61, 816-826. 

75. Kim, J. E.; Kwon, J. Y.; Seo, S. K.; Son, J. E.; Jung, S. K.; Min, S. Y.; Hwang, 
M. K.; Heo, Y. S.; Lee, K. W.; Lee, H. J. Cyanidin suppresses ultraviolet B-
induced COX-2 expression in epidermal cells by targeting MKK4, MEK1, and 
Raf-1. Biochem Pharmacol 2010, 79, 1473-1482. 

76. Dreiseitel, A.; Oosterhuis, B.; Vukman, K. V.; Schreier, P.; Oehme, A.; Locher, 
S.; Hajak, G.; Sand, P. G. Berry anthocyanins and anthocyanidins exhibit 
distinct affinities for the efflux transporters BCRP and MDR1. Br J Pharmacol 
2009, 158, 1942-1950. 

77. Kim, Y. S.; Milner, J. A. Targets for indole-3-carbinol in cancer prevention. J 
Nutr Biochem 2005, 16, 65-73. 

78. Qian, X.; Melkamu, T.; Upadhyaya, P.; Kassie, F. Indole-3-carbinol inhibited 
tobacco smoke carcinogen-induced lung adenocarcinoma in A/J mice when 
administered during the post-initiation or progression phase of lung 
tumorigenesis. Cancer Lett 2011. 

79. Acharya, A.; Das, I.; Singh, S.; Saha, T. Chemopreventive properties of 
indole-3-carbinol, diindolylmethane and other constituents of cardamom 
against carcinogenesis. Recent Pat Food Nutr Agric 2010, 2, 166-177. 

80. Bradlow, H. L.; Zeligs, M. A. Diindolylmethane (DIM) spontaneously forms 



 

  

144

from indole-3-carbinol (I3C) during cell culture experiments. In Vivo 2010, 24, 
387-391. 

81. Banerjee, S.; Kong, D.; Wang, Z.; Bao, B.; Hillman, G. G.; Sarkar, F. H. 
Attenuation of multi-targeted proliferation-linked signaling by 3,3'-
diindolylmethane (DIM): From bench to clinic. Mutat Res 2011. 

82. Saw, C. L.; Cintron, M.; Wu, T. Y.; Guo, Y.; Huang, Y.; Jeong, W. S.; Kong, A. 
N. Pharmacodynamics of dietary phytochemical indoles I3C and DIM: 
Induction of Nrf2-mediated phase II drug metabolizing and antioxidant genes 
and synergism with isothiocyanates. Biopharm Drug Dispos 2011, 32, 289-
300. 

83. Lubet, R. A.; Heckman, B. M.; De Flora, S. L.; Steele, V. E.; Crowell, J. A.; 
Juliana, M. M.; Grubbs, C. J. Effects of 5,6-benzoflavone, indole-3-carbinol 
(I3C) and diindolylmethane (DIM) on chemically-induced mammary 
carcinogenesis: Is DIM a substitute for I3C? Oncol Rep 2011, 26, 731-736. 

84. Wang, T. T.; Schoene, N. W.; Milner, J. A.; Kim, Y. S. Broccoli-derived 
phytochemicals indole-3-carbinol and 3,3'-diindolylmethane exerts 
concentration-dependent pleiotropic effects on prostate cancer cells: 
Comparison with other cancer preventive phytochemicals. Mol Carcinog 2011. 

85. Das, A.; Banik, N. L.; Ray, S. K. Flavonoids activated caspases for apoptosis 
in human glioblastoma T98G and U87MG cells but not in human normal 
astrocytes. Cancer 2010, 116, 164-176. 

86. Hsieh, T. C.; Wu, J. M. Targeting CWR22Rv1 prostate cancer cell 
proliferation and gene expression by combinations of the phytochemicals 
EGCG, genistein and quercetin. Anticancer Res 2009, 29, 4025-4032. 

87. Qiao, Y.; Cao, J.; Xie, L.; Shi, X. Cell growth inhibition and gene expression 
regulation by (-)-epigallocatechin-3-gallate in human cervical cancer cells. 
Arch Pharm Res 2009, 32, 1309-1315. 

88. Philips, B. J.; Coyle, C. H.; Morrisroe, S. N.; Chancellor, M. B.; Yoshimura, N. 
Induction of apoptosis in human bladder cancer cells by green tea catechins. 
Biomed Res 2009, 30, 207-215. 

89. Yang, C. S.; Lambert, J. D.; Ju, J.; Lu, G.; Sang, S. Tea and cancer prevention: 
molecular mechanisms and human relevance. Toxicol Appl Pharmacol 2007, 
224, 265-273. 

90. Yang, C. S.; Lambert, J. D.; Hou, Z.; Ju, J.; Lu, G.; Hao, X. Molecular targets 
for the cancer preventive activity of tea polyphenols. Mol Carcinog 2006, 45, 
431-435. 

91. Lambert, J. D.; Yang, C. S. Mechanisms of cancer prevention by tea 
constituents. J Nutr 2003, 133, 3262S-3267S. 

92. Leone, M.; Zhai, D.; Sareth, S.; Kitada, S.; Reed, J. C.; Pellecchia, M. Cancer 
prevention by tea polyphenols is linked to their direct inhibition of 
antiapoptotic Bcl-2-family proteins. Cancer Res 2003, 63, 8118-8121. 

93. Cherbonnel-Lasserre, C.; Dosanjh, M. K. Suppression of apoptosis by 
overexpression of Bcl-2 or Bcl-xL promotes survival and mutagenesis after 
oxidative damage. Biochimie 1997, 79, 613-617. 

94. Shimizu, M.; Shirakami, Y.; Sakai, H.; Adachi, S.; Hata, K.; Hirose, Y.; 
Tsurumi, H.; Tanaka, T.; Moriwaki, H. (-)-Epigallocatechin gallate suppresses 
azoxymethane-induced colonic premalignant lesions in male C57BL/KsJ-
db/db mice. Cancer Prev Res (Phila) 2008, 1, 298-304. 

95. Adachi, S.; Shimizu, M.; Shirakami, Y.; Yamauchi, J.; Natsume, H.; 
Matsushima-Nishiwaki, R.; To, S.; Weinstein, I. B.; Moriwaki, H.; Kozawa, O. 



 

  

145

(-)-Epigallocatechin gallate downregulates EGF receptor via phosphorylation 
at Ser1046/1047 by p38 MAPK in colon cancer cells. Carcinogenesis 2009, 30, 
1544-1552. 

96. Larsen, C. A.; Dashwood, R. H. (-)-Epigallocatechin-3-gallate inhibits Met 
signaling, proliferation, and invasiveness in human colon cancer cells. Arch 
Biochem Biophys 2010, 501, 52-57. 

97. Chen, C.; Shen, G.; Hebbar, V.; Hu, R.; Owuor, E. D.; Kong, A. N. 
Epigallocatechin-3-gallate-induced stress signals in HT-29 human colon 
adenocarcinoma cells. Carcinogenesis 2003, 24, 1369-1378. 

98. Nair, S.; Hebbar, V.; Shen, G.; Gopalakrishnan, A.; Khor, T. O.; Yu, S.; Xu, C.; 
Kong, A. N. Synergistic effects of a combination of dietary factors 
sulforaphane and (-) epigallocatechin-3-gallate in HT-29 AP-1 human colon 
carcinoma cells. Pharm Res 2008, 25, 387-399. 

99. Shen, G.; Xu, C.; Hu, R.; Jain, M. R.; Nair, S.; Lin, W.; Yang, C. S.; Chan, J. Y.; 
Kong, A. N. Comparison of (-)-epigallocatechin-3-gallate elicited liver and 
small intestine gene expression profiles between C57BL/6J mice and 
C57BL/6J/Nrf2 (-/-) mice. Pharm Res 2005, 22, 1805-1820. 

100. Gabor, M.; Eperjessy, E. Antibacterial effect of fisetin and fisetinidin. Nature 
1966, 212, 1273. 

101. Maher, P.; Dargusch, R.; Ehren, J. L.; Okada, S.; Sharma, K.; Schubert, D. 
Fisetin lowers methylglyoxal dependent protein glycation and limits the 
complications of diabetes. PLoS One 2011, 6, e21226. 

102. Arai, Y.; Watanabe, S.; Kimira, M.; Shimoi, K.; Mochizuki, R.; Kinae, N. 
Dietary intakes of flavonols, flavones and isoflavones by Japanese women and 
the inverse correlation between quercetin intake and plasma LDL cholesterol 
concentration. J Nutr 2000, 130, 2243-2250. 

103. Howitz, K. T.; Bitterman, K. J.; Cohen, H. Y.; Lamming, D. W.; Lavu, S.; 
Wood, J. G.; Zipkin, R. E.; Chung, P.; Kisielewski, A.; Zhang, L. L.; Scherer, 
B.; Sinclair, D. A. Small molecule activators of sirtuins extend Saccharomyces 
cerevisiae lifespan. Nature 2003, 425, 191-196. 

104. Wood, J. G.; Rogina, B.; Lavu, S.; Howitz, K.; Helfand, S. L.; Tatar, M.; 
Sinclair, D. Sirtuin activators mimic caloric restriction and delay ageing in 
metazoans. Nature 2004, 430, 686-689. 

105. Geraets, L.; Haegens, A.; Brauers, K.; Haydock, J. A.; Vernooy, J. H.; Wouters, 
E. F.; Bast, A.; Hageman, G. J. Inhibition of LPS-induced pulmonary 
inflammation by specific flavonoids. Biochem Biophys Res Commun 2009, 
382, 598-603. 

106. Lim do, Y.; Park, J. H. Induction of p53 contributes to apoptosis of HCT-116 
human colon cancer cells induced by the dietary compound fisetin. Am J 
Physiol Gastrointest Liver Physiol 2009, 296, G1060-1068. 

107. Williams, R. J.; Spencer, J. P.; Rice-Evans, C. Flavonoids: antioxidants or 
signalling molecules? Free Radic Biol Med 2004, 36, 838-849. 

108. Hanneken, A.; Lin, F. F.; Johnson, J.; Maher, P. Flavonoids protect human 
retinal pigment epithelial cells from oxidative-stress-induced death. Invest 
Ophthalmol Vis Sci 2006, 47, 3164-3177. 

109. Lee, S. E.; Jeong, S. I.; Yang, H.; Park, C. S.; Jin, Y. H.; Park, Y. S. Fisetin 
induces Nrf2-mediated HO-1 expression through PKC-delta and p38 in human 
umbilical vein endothelial cells. J Cell Biochem 2011. 

110. Khan, N.; Afaq, F.; Khusro, F. H.; Adhami, V. M.; Suh, Y.; Mukhtar, H. Dual 
inhibition of PI3K/AKT and mTOR signaling in human non-small cell lung 



 

  

146

cancer cells by a dietary flavonoid fisetin. Int J Cancer 2011. 
111. Teiten, M. H.; Gaascht, F.; Dicato, M.; Diederich, M. Targeting the Wingless 

Signaling Pathway with Natural Compounds as Chemopreventive or 
Chemotherapeutic Agents. Curr Pharm Biotechnol 2011. 

112. Syed, D. N.; Afaq, F.; Maddodi, N.; Johnson, J. J.; Sarfaraz, S.; Ahmad, A.; 
Setaluri, V.; Mukhtar, H. Inhibition of human melanoma cell growth by the 
dietary flavonoid fisetin is associated with disruption of Wnt/beta-catenin 
signaling and decreased Mitf levels. J Invest Dermatol 2011, 131, 1291-1299. 

113. Liao, Y. C.; Shih, Y. W.; Chao, C. H.; Lee, X. Y.; Chiang, T. A. Involvement of 
the ERK signaling pathway in fisetin reduces invasion and migration in the 
human lung cancer cell line A549. J Agric Food Chem 2009, 57, 8933-8941. 

114. Angelini, A.; Di Ilio, C.; Castellani, M. L.; Conti, P.; Cuccurullo, F. 
Modulation of multidrug resistance p-glycoprotein activity by flavonoids and 
honokiol in human doxorubicin- resistant sarcoma cells (MES-SA/DX-5): 
implications for natural sedatives as chemosensitizing agents in cancer therapy. 
J Biol Regul Homeost Agents 2010, 24, 197-205. 

115. Markovits, J.; Linassier, C.; Fosse, P.; Couprie, J.; Pierre, J.; Jacquemin-
Sablon, A.; Saucier, J. M.; Le Pecq, J. B.; Larsen, A. K. Inhibitory effects of 
the tyrosine kinase inhibitor genistein on mammalian DNA topoisomerase II. 
Cancer Res 1989, 49, 5111-5117. 

116. Lopez-Lazaro, M.; Willmore, E.; Austin, C. A. Cells lacking DNA 
topoisomerase II beta are resistant to genistein. J Nat Prod 2007, 70, 763-767. 

117. Wang, W.; Bringe, N. A.; Berhow, M. A.; Gonzalez de Mejia, E. beta-
Conglycinins among sources of bioactives in hydrolysates of different soybean 
varieties that inhibit leukemia cells in vitro. J Agric Food Chem 2008, 56, 
4012-4020. 

118. Sanchez, Y.; Amran, D.; de Blas, E.; Aller, P. Regulation of genistein-induced 
differentiation in human acute myeloid leukaemia cells (HL60, NB4) Protein 
kinase modulation and reactive oxygen species generation. Biochem 
Pharmacol 2009, 77, 384-396. 

119. Raynal, N. J.; Momparler, L.; Charbonneau, M.; Momparler, R. L. 
Antileukemic activity of genistein, a major isoflavone present in soy products. 
J Nat Prod 2008, 71, 3-7. 

120. Yamasaki, M.; Fujita, S.; Ishiyama, E.; Mukai, A.; Madhyastha, H.; 
Sakakibara, Y.; Suiko, M.; Hatakeyama, K.; Nemoto, T.; Morishita, K.; 
Kataoka, H.; Tsubouchi, H.; Nishiyama, K. Soy-derived isoflavones inhibit the 
growth of adult T-cell leukemia cells in vitro and in vivo. Cancer Sci 2007, 98, 
1740-1746. 

121. Kuiper, G. G.; Lemmen, J. G.; Carlsson, B.; Corton, J. C.; Safe, S. H.; van der 
Saag, P. T.; van der Burg, B.; Gustafsson, J. A. Interaction of estrogenic 
chemicals and phytoestrogens with estrogen receptor beta. Endocrinology 
1998, 139, 4252-4263. 

122. Ju, Y. H.; Allred, K. F.; Allred, C. D.; Helferich, W. G. Genistein stimulates 
growth of human breast cancer cells in a novel, postmenopausal animal model, 
with low plasma estradiol concentrations. Carcinogenesis 2006, 27, 1292-
1299. 

123. Yang, X.; Yang, S.; McKimmey, C.; Liu, B.; Edgerton, S. M.; Bales, W.; 
Archer, L. T.; Thor, A. D. Genistein induces enhanced growth promotion in 
ER-positive/erbB-2-overexpressing breast cancers by ER-erbB-2 cross talk 
and p27/kip1 downregulation. Carcinogenesis 2010, 31, 695-702. 



 

  

147

124. Seibel, J.; Molzberger, A. F.; Hertrampf, T.; Laudenbach-Leschowski, U.; Diel, 
P. Oral treatment with genistein reduces the expression of molecular and 
biochemical markers of inflammation in a rat model of chronic TNBS-induced 
colitis. Eur J Nutr 2009, 48, 213-220. 

125. Gopalakrishnan, A.; Xu, C. J.; Nair, S. S.; Chen, C.; Hebbar, V.; Kong, A. N. 
Modulation of activator protein-1 (AP-1) and MAPK pathway by flavonoids 
in human prostate cancer PC3 cells. Arch Pharm Res 2006, 29, 633-644. 

126. Jeong, C. H.; Bode, A. M.; Pugliese, A.; Cho, Y. Y.; Kim, H. G.; Shim, J. H.; 
Jeon, Y. J.; Li, H.; Jiang, H.; Dong, Z. [6]-Gingerol suppresses colon cancer 
growth by targeting leukotriene A4 hydrolase. Cancer Res 2009, 69, 5584-
5591. 

127. Lee, H. S.; Seo, E. Y.; Kang, N. E.; Kim, W. K. [6]-Gingerol inhibits 
metastasis of MDA-MB-231 human breast cancer cells. J Nutr Biochem 2008, 
19, 313-319. 

128. Rhode, J.; Fogoros, S.; Zick, S.; Wahl, H.; Griffith, K. A.; Huang, J.; Liu, J. R. 
Ginger inhibits cell growth and modulates angiogenic factors in ovarian cancer 
cells. BMC Complement Altern Med 2007, 7, 44. 

129. Park, Y. J.; Wen, J.; Bang, S.; Park, S. W.; Song, S. Y. [6]-Gingerol induces 
cell cycle arrest and cell death of mutant p53-expressing pancreatic cancer 
cells. Yonsei Med J 2006, 47, 688-697. 

130. Oyagbemi, A. A.; Saba, A. B.; Azeez, O. I. Molecular targets of [6]-gingerol: 
Its potential roles in cancer chemoprevention. Biofactors 2010, 36, 169-178. 

131. Zeng, H. L.; Han, X. A.; Gu, C.; Zhu, H. Y.; Huang, X. S.; Gu, J. Q.; Zhong, 
Q.; Liu, G. J.; Ming, W. J.; Cai, X. N. [Reactive oxygen species and 
mitochondrial membrane potential changes in leukemia cells during 6-gingerol 
induced apoptosis]. Zhong Yao Cai 2010, 33, 584-587. 

132. Weng, C. J.; Wu, C. F.; Huang, H. W.; Ho, C. T.; Yen, G. C. Anti-invasion 
effects of 6-shogaol and 6-gingerol, two active components in ginger, on 
human hepatocarcinoma cells. Mol Nutr Food Res 2010, 54, 1618-1627. 

133. Wu, H.; Hsieh, M. C.; Lo, C. Y.; Liu, C. B.; Sang, S.; Ho, C. T.; Pan, M. H. 6-
Shogaol is more effective than 6-gingerol and curcumin in inhibiting 12-O-
tetradecanoylphorbol 13-acetate-induced tumor promotion in mice. Mol Nutr 
Food Res 2010, 54, 1296-1306. 

134. Park, J. S.; Rho, H. S.; Kim, D. H.; Chang, I. S. Enzymatic preparation of 
kaempferol from green tea seed and its antioxidant activity. J Agric Food 
Chem 2006, 54, 2951-2956. 

135. Nothlings, U.; Murphy, S. P.; Wilkens, L. R.; Henderson, B. E.; Kolonel, L. N. 
Flavonols and pancreatic cancer risk: the multiethnic cohort study. Am J 
Epidemiol 2007, 166, 924-931. 

136. Cui, Y.; Morgenstern, H.; Greenland, S.; Tashkin, D. P.; Mao, J. T.; Cai, L.; 
Cozen, W.; Mack, T. M.; Lu, Q. Y.; Zhang, Z. F. Dietary flavonoid intake and 
lung cancer--a population-based case-control study. Cancer 2008, 112, 2241-
2248. 

137. Gacche, R. N.; Shegokar, H. D.; Gond, D. S.; Yang, Z.; Jadhav, A. D. 
Evaluation of Selected Flavonoids as Antiangiogenic, Anticancer, and Radical 
Scavenging Agents: An Experimental and In Silico Analysis. Cell Biochem 
Biophys 2011. 

138. Calderon-Montano, J. M.; Burgos-Moron, E.; Perez-Guerrero, C.; Lopez-
Lazaro, M. A review on the dietary flavonoid kaempferol. Mini Rev Med 
Chem 2011, 11, 298-344. 



 

  

148

139. Bigovic, D.; Savikin, K.; Jankovic, T.; Menkovic, N.; Zdunic, G.; Stanojkovic, 
T.; Djuric, Z. Antiradical and cytotoxic activity of different Helichrysum 
plicatum flower extracts. Nat Prod Commun 2011, 6, 819-822. 

140. To, K. K.; Yu, L.; Liu, S.; Fu, J.; Cho, C. H. Constitutive AhR activation leads 
to concomitant ABCG2-mediated multidrug resistance in cisplatin-resistant 
esophageal carcinoma cells. Mol Carcinog 2011. 

141. Luo, H.; Rankin, G. O.; Li, Z.; Depriest, L.; Chen, Y. C. Kaempferol induces 
apoptosis in ovarian cancer cells through activating p53 in the intrinsic 
pathway. Food Chem 2011, 128, 513-519. 

142. Yang, J. H.; Kondratyuk, T. P.; Jermihov, K. C.; Marler, L. E.; Qiu, X.; Choi, 
Y.; Cao, H.; Yu, R.; Sturdy, M.; Huang, R.; Liu, Y.; Wang, L. Q.; Mesecar, A. 
D.; van Breemen, R. B.; Pezzuto, J. M.; Fong, H. H.; Chen, Y. G.; Zhang, H. J. 
Bioactive compounds from the fern Lepisorus contortus. J Nat Prod 2011, 74, 
129-136. 

143. Niestroy, J.; Barbara, A.; Herbst, K.; Rode, S.; van Liempt, M.; Roos, P. H. 
Single and concerted effects of benzo[a]pyrene and flavonoids on the AhR and 
Nrf2-pathway in the human colon carcinoma cell line Caco-2. Toxicol In Vitro 
2011, 25, 671-683. 

144. Barve, A.; Chen, C.; Hebbar, V.; Desiderio, J.; Saw, C. L.; Kong, A. N. 
Metabolism, oral bioavailability and pharmacokinetics of chemopreventive 
kaempferol in rats. Biopharm Drug Dispos 2009, 30, 356-365. 

145. An, G.; Gallegos, J.; Morris, M. E. The bioflavonoid kaempferol is an Abcg2 
substrate and inhibits Abcg2-mediated quercetin efflux. Drug Metab Dispos 
2011, 39, 426-432. 

146. Giovannucci, E.; Ascherio, A.; Rimm, E. B.; Stampfer, M. J.; Colditz, G. A.; 
Willett, W. C. Intake of carotenoids and retinol in relation to risk of prostate 
cancer. J Natl Cancer Inst 1995, 87, 1767-1776. 

147. Levy, J.; Bosin, E.; Feldman, B.; Giat, Y.; Miinster, A.; Danilenko, M.; 
Sharoni, Y. Lycopene is a more potent inhibitor of human cancer cell 
proliferation than either alpha-carotene or beta-carotene. Nutr Cancer 1995, 
24, 257-266. 

148. Nahum, A.; Hirsch, K.; Danilenko, M.; Watts, C. K.; Prall, O. W.; Levy, J.; 
Sharoni, Y. Lycopene inhibition of cell cycle progression in breast and 
endometrial cancer cells is associated with reduction in cyclin D levels and 
retention of p27(Kip1) in the cyclin E-cdk2 complexes. Oncogene 2001, 20, 
3428-3436. 

149. Narisawa, T.; Fukaura, Y.; Hasebe, M.; Ito, M.; Aizawa, R.; Murakoshi, M.; 
Uemura, S.; Khachik, F.; Nishino, H. Inhibitory effects of natural carotenoids, 
alpha-carotene, beta-carotene, lycopene and lutein, on colonic aberrant crypt 
foci formation in rats. Cancer Lett 1996, 107, 137-142. 

150. Canene-Adams, K.; Lindshield, B. L.; Wang, S.; Jeffery, E. H.; Clinton, S. K.; 
Erdman, J. W., Jr. Combinations of tomato and broccoli enhance antitumor 
activity in dunning r3327-h prostate adenocarcinomas. Cancer Res 2007, 67, 
836-843. 

151. Hahm, E. R.; Singh, S. V. Bim contributes to phenethyl isothiocyanate-
induced apoptosis in breast cancer cells. Mol Carcinog 2011. 

152. Moon, Y. J.; Brazeau, D. A.; Morris, M. E. Dietary phenethyl isothiocyanate 
alters gene expression in human breast cancer cells. Evid Based Complement 
Alternat Med 2011, 2011. 

153. Yan, H.; Zhu, Y.; Liu, B.; Wu, H.; Li, Y.; Wu, X.; Zhou, Q.; Xu, K. Mitogen-



 

  

149

activated protein kinase mediates the apoptosis of highly metastatic human 
non-small cell lung cancer cells induced by isothiocyanates. Br J Nutr 2011, 1-
13. 

154. Huong, L. D.; Shim, J. H.; Choi, K. H.; Shin, J. A.; Choi, E. S.; Kim, H. S.; 
Lee, S. J.; Kim, S. J.; Cho, N. P.; Cho, S. D. Effect of beta-Phenylethyl 
Isothiocyanate from Cruciferous Vegetables on Growth Inhibition and 
Apoptosis of Cervical Cancer Cells through the Induction of Death Receptors 
4 and 5. J Agric Food Chem 2011. 

155. Wang, X.; Govind, S.; Sajankila, S. P.; Mi, L.; Roy, R.; Chung, F. L. Phenethyl 
isothiocyanate sensitizes human cervical cancer cells to apoptosis induced by 
cisplatin. Mol Nutr Food Res 2011. 

156. Wu, C. L.; Huang, A. C.; Yang, J. S.; Liao, C. L.; Lu, H. F.; Chou, S. T.; Ma, C. 
Y.; Hsia, T. C.; Ko, Y. C.; Chung, J. G. Benzyl isothiocyanate (BITC) and 
phenethyl isothiocyanate (PEITC)-mediated generation of reactive oxygen 
species causes cell cycle arrest and induces apoptosis via activation of 
caspase-3, mitochondria dysfunction and nitric oxide (NO) in human 
osteogenic sarcoma U-2 OS cells. J Orthop Res 2011, 29, 1199-1209. 

157. Xiao, D.; Powolny, A. A.; Moura, M. B.; Kelley, E. E.; Bommareddy, A.; Kim, 
S. H.; Hahm, E. R.; Normolle, D.; Van Houten, B.; Singh, S. V. Phenethyl 
isothiocyanate inhibits oxidative phosphorylation to trigger reactive oxygen 
species-mediated death of human prostate cancer cells. J Biol Chem 2010, 285, 
26558-26569. 

158. Hwang, E. S.; Lee, H. J. Effects of phenylethyl isothiocyanate and its 
metabolite on cell-cycle arrest and apoptosis in LNCaP human prostate cancer 
cells. Int J Food Sci Nutr 2010, 61, 324-336. 

159. Powolny, A. A.; Singh, S. V. Differential response of normal (PrEC) and 
cancerous human prostate cells (PC-3) to phenethyl isothiocyanate-mediated 
changes in expression of antioxidant defense genes. Pharm Res 2010, 27, 
2766-2775. 

160. Jakubikova, J.; Cervi, D.; Ooi, M.; Kim, K.; Nahar, S.; Klippel, S.; Cholujova, 
D.; Leiba, M.; Daley, J. F.; Delmore, J.; Negri, J.; Blotta, S.; McMillin, D.; 
Hideshima, T.; Richardson, P.; Sedlak, J.; Anderson, K.; Mitsiades, C. Anti-
tumor activity and signaling events triggered by the isothiocyanates, 
sulforaphane and PEITC in multiple myeloma. Haematologica 2011. 

161. Tang, N. Y.; Huang, Y. T.; Yu, C. S.; Ko, Y. C.; Wu, S. H.; Ji, B. C.; Yang, J. S.; 
Yang, J. L.; Hsia, T. C.; Chen, Y. Y.; Chung, J. G. Phenethyl isothiocyanate 
(PEITC) promotes G2/M phase arrest via p53 expression and induces 
apoptosis through caspase- and mitochondria-dependent signaling pathways in 
human prostate cancer DU 145 cells. Anticancer Res 2011, 31, 1691-1702. 

162. Gao, N.; Budhraja, A.; Cheng, S.; Liu, E. H.; Chen, J.; Yang, Z.; Chen, D.; 
Zhang, Z.; Shi, X. Phenethyl isothiocyanate exhibits antileukemic activity in 
vitro and in vivo by inactivation of Akt and activation of JNK pathways. Cell 
Death Dis 2011, 2, e140. 

163. Wang, X.; Di Pasqua, A. J.; Govind, S.; McCracken, E.; Hong, C.; Mi, L.; 
Mao, Y.; Wu, J. Y.; Tomita, Y.; Woodrick, J. C.; Fine, R. L.; Chung, F. L. 
Selective Depletion of Mutant p53 by Cancer Chemopreventive 
Isothiocyanates and Their Structure-Activity Relationships. J Med Chem 2011. 

164. Jang, M.; Cai, L.; Udeani, G. O.; Slowing, K. V.; Thomas, C. F.; Beecher, C. 
W.; Fong, H. H.; Farnsworth, N. R.; Kinghorn, A. D.; Mehta, R. G.; Moon, R. 
C.; Pezzuto, J. M. Cancer chemopreventive activity of resveratrol, a natural 



 

  

150

product derived from grapes. Science 1997, 275, 218-220. 
165. Boocock, D. J.; Faust, G. E.; Patel, K. R.; Schinas, A. M.; Brown, V. A.; 

Ducharme, M. P.; Booth, T. D.; Crowell, J. A.; Perloff, M.; Gescher, A. J.; 
Steward, W. P.; Brenner, D. E. Phase I dose escalation pharmacokinetic study 
in healthy volunteers of resveratrol, a potential cancer chemopreventive agent. 
Cancer Epidemiol Biomarkers Prev 2007, 16, 1246-1252. 

166. Niles, R. M.; Cook, C. P.; Meadows, G. G.; Fu, Y. M.; McLaughlin, J. L.; 
Rankin, G. O. Resveratrol is rapidly metabolized in athymic (nu/nu) mice and 
does not inhibit human melanoma xenograft tumor growth. J Nutr 2006, 136, 
2542-2546. 

167. Wenzel, E.; Soldo, T.; Erbersdobler, H.; Somoza, V. Bioactivity and 
metabolism of trans-resveratrol orally administered to Wistar rats. Mol Nutr 
Food Res 2005, 49, 482-494. 

168. Kim, K. H.; Back, J. H.; Zhu, Y.; Arbesman, J.; Athar, M.; Kopelovich, L.; 
Kim, A. L.; Bickers, D. R. Resveratrol targets transforming growth factor-
beta2 signaling to block UV-induced tumor progression. J Invest Dermatol 
2011, 131, 195-202. 

169. Nichols, J. A.; Katiyar, S. K. Skin photoprotection by natural polyphenols: 
anti-inflammatory, antioxidant and DNA repair mechanisms. Arch Dermatol 
Res 2010, 302, 71-83. 

170. Li, Z. G.; Hong, T.; Shimada, Y.; Komoto, I.; Kawabe, A.; Ding, Y.; Kaganoi, 
J.; Hashimoto, Y.; Imamura, M. Suppression of N-nitrosomethylbenzylamine 
(NMBA)-induced esophageal tumorigenesis in F344 rats by resveratrol. 
Carcinogenesis 2002, 23, 1531-1536. 

171. Wu, H.; Liang, X.; Fang, Y.; Qin, X.; Zhang, Y.; Liu, J. Resveratrol inhibits 
hypoxia-induced metastasis potential enhancement by restricting hypoxia-
induced factor-1 alpha expression in colon carcinoma cells. Biomed 
Pharmacother 2008, 62, 613-621. 

172. Sanchez-Fidalgo, S.; Cardeno, A.; Villegas, I.; Talero, E.; de la Lastra, C. A. 
Dietary supplementation of resveratrol attenuates chronic colonic 
inflammation in mice. Eur J Pharmacol 2010, 633, 78-84. 

173. Hope, C.; Planutis, K.; Planutiene, M.; Moyer, M. P.; Johal, K. S.; Woo, J.; 
Santoso, C.; Hanson, J. A.; Holcombe, R. F. Low concentrations of resveratrol 
inhibit Wnt signal throughput in colon-derived cells: implications for colon 
cancer prevention. Mol Nutr Food Res 2008, 52 Suppl 1, S52-61. 

174. Fujimoto, A.; Sakanashi, Y.; Matsui, H.; Oyama, T.; Nishimura, Y.; Masuda, T.; 
Oyama, Y. Cytometric analysis of cytotoxicity of polyphenols and related 
phenolics to rat thymocytes: potent cytotoxicity of resveratrol to normal cells. 
Basic Clin Pharmacol Toxicol 2009, 104, 455-462. 

175. Hebbar, V.; Shen, G.; Hu, R.; Kim, B. R.; Chen, C.; Korytko, P. J.; Crowell, J. 
A.; Levine, B. S.; Kong, A. N. Toxicogenomics of resveratrol in rat liver. Life 
Sci 2005, 76, 2299-2314. 

176. Xu, Y.; Xu, G.; Liu, L.; Xu, D.; Liu, J. Anti-invasion effect of rosmarinic acid 
via the extracellular signal-regulated kinase and oxidation-reduction pathway 
in Ls174-T cells. J Cell Biochem 2010, 111, 370-379. 

177. Xu, Y.; Jiang, Z.; Ji, G.; Liu, J. Inhibition of bone metastasis from breast 
carcinoma by rosmarinic acid. Planta Med 2010, 76, 956-962. 

178. Moon, D. O.; Kim, M. O.; Lee, J. D.; Choi, Y. H.; Kim, G. Y. Rosmarinic acid 
sensitizes cell death through suppression of TNF-alpha-induced NF-kappaB 
activation and ROS generation in human leukemia U937 cells. Cancer Lett 



 

  

151

2010, 288, 183-191. 
179. Scheckel, K. A.; Degner, S. C.; Romagnolo, D. F. Rosmarinic acid antagonizes 

activator protein-1-dependent activation of cyclooxygenase-2 expression in 
human cancer and nonmalignant cell lines. J Nutr 2008, 138, 2098-2105. 

180. Li, Y.; Zhang, T.; Korkaya, H.; Liu, S.; Lee, H. F.; Newman, B.; Yu, Y.; 
Clouthier, S. G.; Schwartz, S. J.; Wicha, M. S.; Sun, D. Sulforaphane, a dietary 
component of broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clin 
Cancer Res 2010, 16, 2580-2590. 

181. Talalay, P.; Fahey, J. W.; Healy, Z. R.; Wehage, S. L.; Benedict, A. L.; Min, C.; 
Dinkova-Kostova, A. T. Sulforaphane mobilizes cellular defenses that protect 
skin against damage by UV radiation. Proc Natl Acad Sci U S A 2007, 104, 
17500-17505. 

182. Dashwood, R. H.; Ho, E. Dietary histone deacetylase inhibitors: from cells to 
mice to man. Semin Cancer Biol 2007, 17, 363-369. 

183. Shen, G.; Khor, T. O.; Hu, R.; Yu, S.; Nair, S.; Ho, C. T.; Reddy, B. S.; Huang, 
M. T.; Newmark, H. L.; Kong, A. N. Chemoprevention of familial 
adenomatous polyposis by natural dietary compounds sulforaphane and 
dibenzoylmethane alone and in combination in ApcMin/+ mouse. Cancer Res 
2007, 67, 9937-9944. 

184. Rudolf, E.; Andelova, H.; Cervinka, M. Activation of several concurrent 
proapoptic pathways by sulforaphane in human colon cancer cells SW620. 
Food Chem Toxicol 2009, 47, 2366-2373. 

185. Rudolf, E.; Cervinka, M. Sulforaphane induces cytotoxicity and lysosome- 
and mitochondria-dependent cell death in colon cancer cells with deleted p53. 
Toxicol In Vitro 2011. 

186. Jeong, W. S.; Keum, Y. S.; Chen, C.; Jain, M. R.; Shen, G.; Kim, J. H.; Li, W.; 
Kong, A. N. Differential expression and stability of endogenous nuclear factor 
E2-related factor 2 (Nrf2) by natural chemopreventive compounds in HepG2 
human hepatoma cells. J Biochem Mol Biol 2005, 38, 167-176. 

187. Xu, C.; Shen, G.; Chen, C.; Gelinas, C.; Kong, A. N. Suppression of NF-
kappaB and NF-kappaB-regulated gene expression by sulforaphane and 
PEITC through IkappaBalpha, IKK pathway in human prostate cancer PC-3 
cells. Oncogene 2005, 24, 4486-4495. 

188. Li, W.; Jain, M. R.; Chen, C.; Yue, X.; Hebbar, V.; Zhou, R.; Kong, A. N. Nrf2 
Possesses a redox-insensitive nuclear export signal overlapping with the 
leucine zipper motif. J Biol Chem 2005, 280, 28430-28438. 

189. Keum, Y. S.; Yu, S.; Chang, P. P.; Yuan, X.; Kim, J. H.; Xu, C.; Han, J.; 
Agarwal, A.; Kong, A. N. Mechanism of action of sulforaphane: inhibition of 
p38 mitogen-activated protein kinase isoforms contributing to the induction of 
antioxidant response element-mediated heme oxygenase-1 in human hepatoma 
HepG2 cells. Cancer Res 2006, 66, 8804-8813. 

190. Lin, W.; Wu, R. T.; Wu, T.; Khor, T. O.; Wang, H.; Kong, A. N. Sulforaphane 
suppressed LPS-induced inflammation in mouse peritoneal macrophages 
through Nrf2 dependent pathway. Biochem Pharmacol 2008, 76, 967-973. 

191. Hu, R.; Xu, C.; Shen, G.; Jain, M. R.; Khor, T. O.; Gopalkrishnan, A.; Lin, W.; 
Reddy, B.; Chan, J. Y.; Kong, A. N. Gene expression profiles induced by 
cancer chemopreventive isothiocyanate sulforaphane in the liver of C57BL/6J 
mice and C57BL/6J/Nrf2 (-/-) mice. Cancer Lett 2006, 243, 170-192. 

192. Hu, R.; Khor, T. O.; Shen, G.; Jeong, W. S.; Hebbar, V.; Chen, C.; Xu, C.; 
Reddy, B.; Chada, K.; Kong, A. N. Cancer chemoprevention of intestinal 



 

  

152

polyposis in ApcMin/+ mice by sulforaphane, a natural product derived from 
cruciferous vegetable. Carcinogenesis 2006, 27, 2038-2046. 

193. Xu, C.; Huang, M. T.; Shen, G.; Yuan, X.; Lin, W.; Khor, T. O.; Conney, A. H.; 
Kong, A. N. Inhibition of 7,12-dimethylbenz(a)anthracene-induced skin 
tumorigenesis in C57BL/6 mice by sulforaphane is mediated by nuclear factor 
E2-related factor 2. Cancer Res 2006, 66, 8293-8296. 

194. Khor, T. O.; Hu, R.; Shen, G.; Jeong, W. S.; Hebbar, V.; Chen, C.; Xu, C.; Nair, 
S.; Reddy, B.; Chada, K.; Kong, A. N. Pharmacogenomics of cancer 
chemopreventive isothiocyanate compound sulforaphane in the intestinal 
polyps of ApcMin/+ mice. Biopharm Drug Dispos 2006, 27, 407-420. 

195. Saw, C. L.; Huang, M. T.; Liu, Y.; Khor, T. O.; Conney, A. H.; Kong, A. N. 
Impact of Nrf2 on UVB-induced skin inflammation/photoprotection and 
photoprotective effect of sulforaphane. Mol Carcinog 2011. 

196. Keum, Y. S.; Khor, T. O.; Lin, W.; Shen, G.; Kwon, K. H.; Barve, A.; Li, W.; 
Kong, A. N. Pharmacokinetics and pharmacodynamics of broccoli sprouts on 
the suppression of prostate cancer in transgenic adenocarcinoma of mouse 
prostate (TRAMP) mice: implication of induction of Nrf2, HO-1 and 
apoptosis and the suppression of Akt-dependent kinase pathway. Pharm Res 
2009, 26, 2324-2331. 

197. Phillips, D. R.; Rasbery, J. M.; Bartel, B.; Matsuda, S. P. Biosynthetic 
diversity in plant triterpene cyclization. Curr Opin Plant Biol 2006, 9, 305-314. 

198. Tholl, D. Terpene synthases and the regulation, diversity and biological roles 
of terpene metabolism. Curr Opin Plant Biol 2006, 9, 297-304. 

199. Chidambara Murthy, K. N.; Jayaprakasha, G. K.; Patil, B. S. Apoptosis 
mediated cytotoxicity of citrus obacunone in human pancreatic cancer cells. 
Toxicol In Vitro 2011, 25, 859-867. 

200. Buyru, N.; Tezol, A.; Yosunkaya-Fenerci, E.; Dalay, N. Vitamin D receptor 
gene polymorphisms in breast cancer. Exp Mol Med 2003, 35, 550-555. 

201. Gorham, E. D.; Garland, C. F.; Garland, F. C.; Grant, W. B.; Mohr, S. B.; 
Lipkin, M.; Newmark, H. L.; Giovannucci, E.; Wei, M.; Holick, M. F. Optimal 
vitamin D status for colorectal cancer prevention: a quantitative meta analysis. 
Am J Prev Med 2007, 32, 210-216. 

202. Garland, C. F.; Mohr, S. B.; Gorham, E. D.; Grant, W. B.; Garland, F. C. Role 
of ultraviolet B irradiance and vitamin D in prevention of ovarian cancer. Am J 
Prev Med 2006, 31, 512-514. 

203. Skinner, H. G.; Michaud, D. S.; Giovannucci, E.; Willett, W. C.; Colditz, G. A.; 
Fuchs, C. S. Vitamin D intake and the risk for pancreatic cancer in two cohort 
studies. Cancer Epidemiol Biomarkers Prev 2006, 15, 1688-1695. 

204. Chen, W. Y.; Bertone-Johnson, E. R.; Hunter, D. J.; Willett, W. C.; Hankinson, 
S. E. Associations between polymorphisms in the vitamin D receptor and 
breast cancer risk. Cancer Epidemiol Biomarkers Prev 2005, 14, 2335-2339. 

205. Kovalenko, P. L.; Zhang, Z.; Yu, J. G.; Li, Y.; Clinton, S. K.; Fleet, J. C. 
Dietary vitamin D and vitamin D receptor level modulate epithelial cell 
proliferation and apoptosis in the prostate. Cancer Prev Res (Phila) 2011. 

206. Stefanska, B.; Salame, P.; Bednarek, A.; Fabianowska-Majewska, K. 
Comparative effects of retinoic acid, vitamin D and resveratrol alone and in 
combination with adenosine analogues on methylation and expression of 
phosphatase and tensin homologue tumour suppressor gene in breast cancer 
cells. Br J Nutr 2011, 1-10. 

207. Buttigliero, C.; Monagheddu, C.; Petroni, P.; Saini, A.; Dogliotti, L.; Ciccone, 



 

  

153

G.; Berruti, A. Prognostic Role of Vitamin D Status and Efficacy of Vitamin D 
Supplementation in Cancer Patients: A Systematic Review. Oncologist 2011. 

208. Dorjgochoo, T.; Delahanty, R.; Lu, W.; Long, J. R.; Cai, Q.; Zheng, Y.; Gu, K.; 
Gao, Y. T.; Zheng, W.; Shu, X. O. Common genetic variants in the vitamin D 
pathway including genome-wide associated variants are not associated with 
breast cancer risk among Chinese women. Cancer Epidemiol Biomarkers Prev 
2011. 

209. Clipp, S. L.; Burke, A.; Hoffman-Bolton, J.; Alani, R.; Liegeois, N. J.; Alberg, 
A. J. Sun-seeking behavior to increase cutaneous vitamin D synthesis: when 
prevention messages conflict. Public Health Rep 2011, 126, 533-539. 

210. Barnett, C. M.; Beer, T. M. Prostate cancer and vitamin d: what does the 
evidence really suggest? Urol Clin North Am 2011, 38, 333-342. 

211. Wada, S. Cancer Preventive Effects of Vitamin E. Curr Pharm Biotechnol 
2011. 

212. Chen, Z. L.; Tao, J.; Yang, J.; Yuan, Z. L.; Liu, X. H.; Jin, M.; Shen, Z. Q.; 
Wang, L.; Li, H. F.; Qiu, Z. G.; Wang, J. F.; Wang, X. W.; Li, J. W. Vitamin E 
Modulates Cigarette Smoke Extract-induced Cell Apoptosis in Mouse 
Embryonic Cells. Int J Biol Sci 2011, 7, 927-936. 

213. Nesaretnam, K.; Meganathan, P. Tocotrienols: inflammation and cancer. Ann N 
Y Acad Sci 2011, 1229, 18-22. 

214. Fulan, H.; Changxing, J.; Baina, W. Y.; Wencui, Z.; Chunqing, L.; Fan, W.; 
Dandan, L.; Dianjun, S.; Tong, W.; Da, P.; Yashuang, Z. Retinol, vitamins A, C, 
and E and breast cancer risk: a meta-analysis and meta-regression. Cancer 
Causes Control 2011. 

215. Shin-Kang, S.; Ramsauer, V. P.; Lightner, J.; Chakraborty, K.; Stone, W.; 
Campbell, S.; Reddy, S. A.; Krishnan, K. Tocotrienols inhibit AKT and ERK 
activation and suppress pancreatic cancer cell proliferation by suppressing the 
ErbB2 pathway. Free Radic Biol Med 2011, 51, 1164-1174. 

216. Sylvester, P. W.; Wali, V. B.; Bachawal, S. V.; Shirode, A. B.; Ayoub, N. M.; 
Akl, M. R. Tocotrienol combination therapy results in synergistic anticancer 
response. Front Biosci 2011, 17, 3183-3195. 

217. Li-Weber, M. Targeting apoptosis pathways in cancer by Chinese medicine. 
Cancer Lett 2010. 

218. Kong, A. N.; Yu, R.; Lei, W.; Mandlekar, S.; Tan, T. H.; Ucker, D. S. 
Differential activation of MAPK and ICE/Ced-3 protease in chemical-induced 
apoptosis. The role of oxidative stress in the regulation of mitogen-activated 
protein kinases (MAPKs) leading to gene expression and survival or activation 
of caspases leading to apoptosis. Restor Neurol Neurosci 1998, 12, 63-70. 

219. Lemasters, J. J.; Theruvath, T. P.; Zhong, Z.; Nieminen, A. L. Mitochondrial 
calcium and the permeability transition in cell death. Biochim Biophys Acta 
2009, 1787, 1395-1401. 

220. Fesik, S. W.; Shi, Y. Structural biology. Controlling the caspases. Science 2001, 
294, 1477-1478. 

221. Dejean, L. M.; Martinez-Caballero, S.; Kinnally, K. W. Is MAC the knife that 
cuts cytochrome c from mitochondria during apoptosis? Cell Death Differ 
2006, 13, 1387-1395. 

222. Dejean, L. M.; Martinez-Caballero, S.; Manon, S.; Kinnally, K. W. Regulation 
of the mitochondrial apoptosis-induced channel, MAC, by BCL-2 family 
proteins. Biochim Biophys Acta 2006, 1762, 191-201. 

223. Wajant, H. The Fas signaling pathway: more than a paradigm. Science 2002, 



 

  

154

296, 1635-1636. 
224. Negrini, S.; Gorgoulis, V. G.; Halazonetis, T. D. Genomic instability--an 

evolving hallmark of cancer. Nat Rev Mol Cell Biol 2010, 11, 220-228. 
225. Luijsterburg, M. S.; van Attikum, H. Chromatin and the DNA damage 

response: The cancer connection. Mol Oncol 2011. 
226. Varga-Weisz, P. D.; Becker, P. B. Regulation of higher-order chromatin 

structures by nucleosome-remodelling factors. Curr Opin Genet Dev 2006, 16, 
151-156. 

227. Clapier, C. R.; Cairns, B. R. The biology of chromatin remodeling complexes. 
Annu Rev Biochem 2009, 78, 273-304. 

228. Saha, A.; Wittmeyer, J.; Cairns, B. R. Chromatin remodelling: the industrial 
revolution of DNA around histones. Nat Rev Mol Cell Biol 2006, 7, 437-447. 

229. Hargreaves, D. C.; Crabtree, G. R. ATP-dependent chromatin remodeling: 
genetics, genomics and mechanisms. Cell Res 2011, 21, 396-420. 

230. Jackson, S. P.; Bartek, J. The DNA-damage response in human biology and 
disease. Nature 2009, 461, 1071-1078. 

231. Garavito, R. M.; Mulichak, A. M. The structure of mammalian 
cyclooxygenases. Annu Rev Biophys Biomol Struct 2003, 32, 183-206. 

232. Kis, B.; Snipes, J. A.; Isse, T.; Nagy, K.; Busija, D. W. Putative 
cyclooxygenase-3 expression in rat brain cells. J Cereb Blood Flow Metab 
2003, 23, 1287-1292. 

233. Chandrasekharan, N. V.; Dai, H.; Roos, K. L.; Evanson, N. K.; Tomsik, J.; 
Elton, T. S.; Simmons, D. L. COX-3, a cyclooxygenase-1 variant inhibited by 
acetaminophen and other analgesic/antipyretic drugs: cloning, structure, and 
expression. Proc Natl Acad Sci U S A 2002, 99, 13926-13931. 

234. Wang, D.; Dubois, R. N. The role of COX-2 in intestinal inflammation and 
colorectal cancer. Oncogene 2010, 29, 781-788. 

235. Cao, Y.; Prescott, S. M. Many actions of cyclooxygenase-2 in cellular 
dynamics and in cancer. J Cell Physiol 2002, 190, 279-286. 

236. Mino, T.; Sugiyama, E.; Taki, H.; Kuroda, A.; Yamashita, N.; Maruyama, M.; 
Kobayashi, M. Interleukin-1alpha and tumor necrosis factor alpha 
synergistically stimulate prostaglandin E2-dependent production of 
interleukin-11 in rheumatoid synovial fibroblasts. Arthritis Rheum 1998, 41, 
2004-2013. 

237. Sheehan, K. M.; Sheahan, K.; O'Donoghue, D. P.; MacSweeney, F.; Conroy, R. 
M.; Fitzgerald, D. J.; Murray, F. E. The relationship between cyclooxygenase-
2 expression and colorectal cancer. Jama 1999, 282, 1254-1257. 

238. Romagnolo, D. F.; Papoutsis, A. J.; Selmin, O. Nutritional targeting of 
cyclooxygenase-2 for colon cancer prevention. Inflamm Allergy Drug Targets 
2010, 9, 181-191. 

239. Surh, Y. J.; Kundu, J. K. Signal transduction network leading to COX-2 
induction: a road map in search of cancer chemopreventives. Arch Pharm Res 
2005, 28, 1-15. 

240. Wang, H.; Khor, T. O.; Saw, C. L.; Lin, W.; Wu, T.; Huang, Y.; Kong, A. N. 
Role of Nrf2 in suppressing LPS-induced inflammation in mouse peritoneal 
macrophages by polyunsaturated fatty acids docosahexaenoic acid and 
eicosapentaenoic acid. Mol Pharm 2010, 7, 2185-2193. 

241. Chun, K. S.; Surh, Y. J. Signal transduction pathways regulating 
cyclooxygenase-2 expression: potential molecular targets for chemoprevention. 
Biochem Pharmacol 2004, 68, 1089-1100. 



 

  

155

242. Ehrlich, M.; Gama-Sosa, M. A.; Huang, L. H.; Midgett, R. M.; Kuo, K. C.; 
McCune, R. A.; Gehrke, C. Amount and distribution of 5-methylcytosine in 
human DNA from different types of tissues of cells. Nucleic Acids Res 1982, 
10, 2709-2721. 

243. Daura-Oller, E.; Cabre, M.; Montero, M. A.; Paternain, J. L.; Romeu, A. 
Specific gene hypomethylation and cancer: new insights into coding region 
feature trends. Bioinformation 2009, 3, 340-343. 

244. Chen, J. K.; Taipale, J.; Young, K. E.; Maiti, T.; Beachy, P. A. Small molecule 
modulation of Smoothened activity. Proc Natl Acad Sci U S A 2002, 99, 
14071-14076. 

245. Taipale, J.; Cooper, M. K.; Maiti, T.; Beachy, P. A. Patched acts catalytically to 
suppress the activity of Smoothened. Nature 2002, 418, 892-897. 

246. Lee, S. W.; Moskowitz, M. A.; Sims, J. R. Sonic hedgehog inversely regulates 
the expression of angiopoietin-1 and angiopoietin-2 in fibroblasts. Int J Mol 
Med 2007, 19, 445-451. 

247. Adolphe, C.; Hetherington, R.; Ellis, T.; Wainwright, B. Patched1 functions as 
a gatekeeper by promoting cell cycle progression. Cancer Res 2006, 66, 2081-
2088. 

248. Athar, M.; Li, C.; Tang, X.; Chi, S.; Zhang, X.; Kim, A. L.; Tyring, S. K.; 
Kopelovich, L.; Hebert, J.; Epstein, E. H., Jr.; Bickers, D. R.; Xie, J. Inhibition 
of smoothened signaling prevents ultraviolet B-induced basal cell carcinomas 
through regulation of Fas expression and apoptosis. Cancer Res 2004, 64, 
7545-7552. 

249. Sarkar, F. H.; Li, Y.; Wang, Z.; Kong, D. The role of nutraceuticals in the 
regulation of Wnt and Hedgehog signaling in cancer. Cancer Metastasis Rev 
2010, 29, 383-394. 

250. Marini, K. D.; Payne, B. J.; Watkins, D. N.; Martelotto, L. G. Mechanisms of 
Hedgehog signalling in cancer. Growth Factors 2011. 

251. Gupta, S.; Takebe, N.; Lorusso, P. Targeting the Hedgehog pathway in cancer. 
Ther Adv Med Oncol 2010, 2, 237-250. 

252. Nakamura, M.; Kubo, M.; Yanai, K.; Mikami, Y.; Ikebe, M.; Nagai, S.; 
Yamaguchi, K.; Tanaka, M.; Katano, M. Anti-patched-1 antibodies suppress 
hedgehog signaling pathway and pancreatic cancer proliferation. Anticancer 
Res 2007, 27, 3743-3747. 

253. Hunt, R.; Bragina, O.; Drews, M.; Kasak, L.; Timmusk, S.; Valkna, A.; 
Kogerman, P.; Jarvekulg, L. Generation and characterization of mouse 
monoclonal antibody 5E1 against human transcription factor GLI3. 
Hybridoma (Larchmt) 2007, 26, 231-240. 

254. Stecca, B.; Mas, C.; Ruiz i Altaba, A. Interference with HH-GLI signaling 
inhibits prostate cancer. Trends Mol Med 2005, 11, 199-203. 

255. Jenuwein, T.; Allis, C. D. Translating the histone code. Science 2001, 293, 
1074-1080. 

256. Li, Y.; Kong, D.; Wang, Z.; Sarkar, F. H. Regulation of microRNAs by natural 
agents: an emerging field in chemoprevention and chemotherapy research. 
Pharm Res 2010, 27, 1027-1041. 

257. Ha, T. Y. MicroRNAs in Human Diseases: From Cancer to Cardiovascular 
Disease. Immune Netw 2011, 11, 135-154. 

258. Bartel, D. P. MicroRNAs: target recognition and regulatory functions. Cell 
2009, 136, 215-233. 

259. Selbach, M.; Schwanhausser, B.; Thierfelder, N.; Fang, Z.; Khanin, R.; 



 

  

156

Rajewsky, N. Widespread changes in protein synthesis induced by microRNAs. 
Nature 2008, 455, 58-63. 

260. Lee, Y.; Kim, M.; Han, J.; Yeom, K. H.; Lee, S.; Baek, S. H.; Kim, V. N. 
MicroRNA genes are transcribed by RNA polymerase II. Embo J 2004, 23, 
4051-4060. 

261. O'Donnell, K. A.; Wentzel, E. A.; Zeller, K. I.; Dang, C. V.; Mendell, J. T. c-
Myc-regulated microRNAs modulate E2F1 expression. Nature 2005, 435, 
839-843. 

262. O'Connell, R. M.; Rao, D. S.; Chaudhuri, A. A.; Baltimore, D. Physiological 
and pathological roles for microRNAs in the immune system. Nat Rev 
Immunol 2010, 10, 111-122. 

263. He, L.; Thomson, J. M.; Hemann, M. T.; Hernando-Monge, E.; Mu, D.; 
Goodson, S.; Powers, S.; Cordon-Cardo, C.; Lowe, S. W.; Hannon, G. J.; 
Hammond, S. M. A microRNA polycistron as a potential human oncogene. 
Nature 2005, 435, 828-833. 

264. Shenouda, S. K.; Alahari, S. K. MicroRNA function in cancer: oncogene or a 
tumor suppressor? Cancer Metastasis Rev 2009, 28, 369-378. 

265. Nelson, D. E.; Ihekwaba, A. E.; Elliott, M.; Johnson, J. R.; Gibney, C. A.; 
Foreman, B. E.; Nelson, G.; See, V.; Horton, C. A.; Spiller, D. G.; Edwards, S. 
W.; McDowell, H. P.; Unitt, J. F.; Sullivan, E.; Grimley, R.; Benson, N.; 
Broomhead, D.; Kell, D. B.; White, M. R. Oscillations in NF-kappaB 
signaling control the dynamics of gene expression. Science 2004, 306, 704-
708. 

266. Escarcega, R. O.; Fuentes-Alexandro, S.; Garcia-Carrasco, M.; Gatica, A.; 
Zamora, A. The transcription factor nuclear factor-kappa B and cancer. Clin 
Oncol (R Coll Radiol) 2007, 19, 154-161. 

267. Moi, P.; Chan, K.; Asunis, I.; Cao, A.; Kan, Y. W. Isolation of NF-E2-related 
factor 2 (Nrf2), a NF-E2-like basic leucine zipper transcriptional activator that 
binds to the tandem NF-E2/AP1 repeat of the beta-globin locus control region. 
Proc Natl Acad Sci U S A 1994, 91, 9926-9930. 

268. Chan, J. Y.; Cheung, M. C.; Moi, P.; Chan, K.; Kan, Y. W. Chromosomal 
localization of the human NF-E2 family of bZIP transcription factors by 
fluorescence in situ hybridization. Hum Genet 1995, 95, 265-269. 

269. Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J. D.; 
Yamamoto, M. Keap1 represses nuclear activation of antioxidant responsive 
elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes 
Dev 1999, 13, 76-86. 

270. Li, W.; Kong, A. N. Molecular mechanisms of Nrf2-mediated antioxidant 
response. Mol Carcinog 2009, 48, 91-104. 

271. Venugopal, R.; Jaiswal, A. K. Nrf1 and Nrf2 positively and c-Fos and Fra1 
negatively regulate the human antioxidant response element-mediated 
expression of NAD(P)H:quinone oxidoreductase1 gene. Proc Natl Acad Sci U 
S A 1996, 93, 14960-14965. 

272. Solis, W. A.; Dalton, T. P.; Dieter, M. Z.; Freshwater, S.; Harrer, J. M.; He, L.; 
Shertzer, H. G.; Nebert, D. W. Glutamate-cysteine ligase modifier subunit: 
mouse Gclm gene structure and regulation by agents that cause oxidative 
stress. Biochem Pharmacol 2002, 63, 1739-1754. 

273. Hayes, J. D.; Chanas, S. A.; Henderson, C. J.; McMahon, M.; Sun, C.; Moffat, 
G. J.; Wolf, C. R.; Yamamoto, M. The Nrf2 transcription factor contributes 
both to the basal expression of glutathione S-transferases in mouse liver and to 



 

  

157

their induction by the chemopreventive synthetic antioxidants, butylated 
hydroxyanisole and ethoxyquin. Biochem Soc Trans 2000, 28, 33-41. 

274. Yueh, M. F.; Tukey, R. H. Nrf2-Keap1 signaling pathway regulates human 
UGT1A1 expression in vitro and in transgenic UGT1 mice. J Biol Chem 2007, 
282, 8749-8758. 

275. Maher, J. M.; Dieter, M. Z.; Aleksunes, L. M.; Slitt, A. L.; Guo, G.; Tanaka, Y.; 
Scheffer, G. L.; Chan, J. Y.; Manautou, J. E.; Chen, Y.; Dalton, T. P.; 
Yamamoto, M.; Klaassen, C. D. Oxidative and electrophilic stress induces 
multidrug resistance-associated protein transporters via the nuclear factor-E2-
related factor-2 transcriptional pathway. Hepatology 2007, 46, 1597-1610. 

276. Nguyen, T.; Nioi, P.; Pickett, C. B. The Nrf2-antioxidant response element 
signaling pathway and its activation by oxidative stress. J Biol Chem 2009, 
284, 13291-13295. 

277. Carpenter, C. L.; Duckworth, B. C.; Auger, K. R.; Cohen, B.; Schaffhausen, B. 
S.; Cantley, L. C. Purification and characterization of phosphoinositide 3-
kinase from rat liver. J Biol Chem 1990, 265, 19704-19711. 

278. Kalaany, N. Y.; Sabatini, D. M. Tumours with PI3K activation are resistant to 
dietary restriction. Nature 2009, 458, 725-731. 

279. Cheng, K. Y.; Lowe, E. D.; Sinclair, J.; Nigg, E. A.; Johnson, L. N. The crystal 
structure of the human polo-like kinase-1 polo box domain and its phospho-
peptide complex. Embo J 2003, 22, 5757-5768. 

280. Soung, N. K.; Park, J. E.; Yu, L. R.; Lee, K. H.; Lee, J. M.; Bang, J. K.; 
Veenstra, T. D.; Rhee, K.; Lee, K. S. Plk1-dependent and -independent roles of 
an ODF2 splice variant, hCenexin1, at the centrosome of somatic cells. Dev 
Cell 2009, 16, 539-550. 

281. Liu, X.; Erikson, R. L. Polo-like kinase (Plk)1 depletion induces apoptosis in 
cancer cells. Proc Natl Acad Sci U S A 2003, 100, 5789-5794. 

282. Medema, R. H.; Lin, C. C.; Yang, J. C. Polo-like Kinase 1 Inhibitors and Their 
Potential Role in Anticancer Therapy, with a Focus on NSCLC. Clin Cancer 
Res 2011, 17, 6459-6466. 

283. Petermann, E.; Keil, C.; Oei, S. L. Importance of poly(ADP-ribose) 
polymerases in the regulation of DNA-dependent processes. Cell Mol Life Sci 
2005, 62, 731-738. 

284. Giansanti, V.; Dona, F.; Tillhon, M.; Scovassi, A. I. PARP inhibitors: new tools 
to protect from inflammation. Biochem Pharmacol 2011, 80, 1869-1877. 

285. Beneke, S. Poly(ADP-ribose) polymerase activity in different pathologies--the 
link to inflammation and infarction. Exp Gerontol 2008, 43, 605-614. 

286. Huang, D.; Yang, C. Z.; Yao, L.; Wang, Y.; Liao, Y. H.; Huang, K. Activation 
and overexpression of PARP-1 in circulating mononuclear cells promote TNF-
alpha and IL-6 expression in patients with unstable angina. Arch Med Res 
2008, 39, 775-784. 

287. Naura, A. S.; Datta, R.; Hans, C. P.; Zerfaoui, M.; Rezk, B. M.; Errami, Y.; 
Oumouna, M.; Matrougui, K.; Boulares, A. H. Reciprocal regulation of iNOS 
and PARP-1 during allergen-induced eosinophilia. Eur Respir J 2009, 33, 252-
262. 

288. Ornitz, D. M.; Itoh, N. Fibroblast growth factors. Genome Biol 2001, 2, 
REVIEWS3005. 

289. Khurana, R.; Simons, M. Insights from angiogenesis trials using fibroblast 
growth factor for advanced arteriosclerotic disease. Trends Cardiovasc Med 
2003, 13, 116-122. 



 

  

158

290. Klampfer, L. Signal transducers and activators of transcription (STATs): Novel 
targets of chemopreventive and chemotherapeutic drugs. Curr Cancer Drug 
Targets 2006, 6, 107-121. 

291. Lie, D. C.; Colamarino, S. A.; Song, H. J.; Desire, L.; Mira, H.; Consiglio, A.; 
Lein, E. S.; Jessberger, S.; Lansford, H.; Dearie, A. R.; Gage, F. H. Wnt 
signalling regulates adult hippocampal neurogenesis. Nature 2005, 437, 1370-
1375. 

292. Cadigan, K. M.; Nusse, R. Wnt signaling: a common theme in animal 
development. Genes Dev 1997, 11, 3286-3305. 

293. Weetman, A. P. Cellular immune responses in autoimmune thyroid disease. 
Clin Endocrinol (Oxf) 2004, 61, 405-413. 

294. Nelson, W. J.; Nusse, R. Convergence of Wnt, beta-catenin, and cadherin 
pathways. Science 2004, 303, 1483-1487. 

295. Taketo, M. M. Shutting down Wnt signal-activated cancer. Nat Genet 2004, 36, 
320-322. 

296. MacDonald, B. T.; Tamai, K.; He, X. Wnt/beta-catenin signaling: components, 
mechanisms, and diseases. Dev Cell 2009, 17, 9-26. 

297. Luu, H. H.; Zhang, R.; Haydon, R. C.; Rayburn, E.; Kang, Q.; Si, W.; Park, J. 
K.; Wang, H.; Peng, Y.; Jiang, W.; He, T. C. Wnt/beta-catenin signaling 
pathway as a novel cancer drug target. Curr Cancer Drug Targets 2004, 4, 
653-671. 

298. Kwon, K. H.; Barve, A.; Yu, S.; Huang, M. T.; Kong, A. N. Cancer 
chemoprevention by phytochemicals: potential molecular targets, biomarkers 
and animal models. Acta Pharmacol Sin 2007, 28, 1409-1421. 

299. Klein, R. D. The use of genetically engineered mouse models of prostate 
cancer for nutrition and cancer chemoprevention research. Mutat Res 2005, 
576, 111-119. 

300. Wu, T. Y.; Saw, C. L.; Khor, T. O.; Pung, D.; Boyanapalli, S. S.; Kong, A. N. 
In vivo pharmacodynamics of indole-3-carbinol in the inhibition of prostate 
cancer in transgenic adenocarcinoma of mouse prostate (TRAMP) mice: 
Involvement of Nrf2 and cell cycle/apoptosis signaling pathways. Mol 
Carcinog 2011. 

301. Khor, T. O.; Huang, Y.; Wu, T. Y.; Shu, L.; Lee, J.; Kong, A. N. 
Pharmacodynamics of curcumin as DNA hypomethylation agent in restoring 
the expression of Nrf2 via promoter CpGs demethylation. Biochem Pharmacol 
2011, 82, 1073-1078. 

302. Barve, A.; Khor, T. O.; Reuhl, K.; Reddy, B.; Newmark, H.; Kong, A. N. 
Mixed tocotrienols inhibit prostate carcinogenesis in TRAMP mice. Nutr 
Cancer 2010, 62, 789-794. 

303. Khor, T. O.; Yu, S.; Barve, A.; Hao, X.; Hong, J. L.; Lin, W.; Foster, B.; Huang, 
M. T.; Newmark, H. L.; Kong, A. N. Dietary feeding of dibenzoylmethane 
inhibits prostate cancer in transgenic adenocarcinoma of the mouse prostate 
model. Cancer Res 2009, 69, 7096-7102. 

304. Barve, A.; Khor, T. O.; Nair, S.; Reuhl, K.; Suh, N.; Reddy, B.; Newmark, H.; 
Kong, A. N. Gamma-tocopherol-enriched mixed tocopherol diet inhibits 
prostate carcinogenesis in TRAMP mice. Int J Cancer 2009, 124, 1693-1699. 

305. Saw, C. L.; Huang, M. T.; Liu, Y.; Khor, T. O.; Conney, A. H.; Kong, A. N. 
Impact of Nrf2 on UVB-induced skin inflammation/photoprotection and 
photoprotective effect of sulforaphane. Mol Carcinog 2011, 50, 479-486. 

306. Kasinski, A. L.; Du, Y.; Thomas, S. L.; Zhao, J.; Sun, S. Y.; Khuri, F. R.; Wang, 



 

  

159

C. Y.; Shoji, M.; Sun, A.; Snyder, J. P.; Liotta, D.; Fu, H. Inhibition of IkappaB 
kinase-nuclear factor-kappaB signaling pathway by 3,5-bis(2-
flurobenzylidene)piperidin-4-one (EF24), a novel monoketone analog of 
curcumin. Mol Pharmacol 2008, 74, 654-661. 

307. Eisenstein, S. A.; Clapper, J. R.; Holmes, P. V.; Piomelli, D.; Hohmann, A. G. 
A role for 2-arachidonoylglycerol and endocannabinoid signaling in the 
locomotor response to novelty induced by olfactory bulbectomy. Pharmacol 
Res 2011, 61, 419-429. 

308. Cohen, R.; Schwartz, B.; Peri, I.; Shimoni, E. Improving bioavailability and 
stability of genistein by complexation with high-amylose corn starch. J Agric 
Food Chem 2011, 59, 7932-7938. 

309. Lambert, J. D.; Sang, S.; Yang, C. S. Possible controversy over dietary 
polyphenols: benefits vs risks. Chem Res Toxicol 2007, 20, 583-585. 

310. Galati, G.; Lin, A.; Sultan, A. M.; O'Brien, P. J. Cellular and in vivo 
hepatotoxicity caused by green tea phenolic acids and catechins. Free Radic 
Biol Med 2006, 40, 570-580. 

311. Isbrucker, R. A.; Edwards, J. A.; Wolz, E.; Davidovich, A.; Bausch, J. Safety 
studies on epigallocatechin gallate (EGCG) preparations. Part 2: dermal, acute 
and short-term toxicity studies. Food Chem Toxicol 2006, 44, 636-650. 

312. Collins, N.; Tighe, A. P.; Brunton, S. A.; Kris-Etherton, P. M. Differences 
between dietary supplement and prescription drug omega-3 fatty acid 
formulations: a legislative and regulatory perspective. J Am Coll Nutr 2008, 
27, 659-666. 

313. Dimitrow, P. P.; Jawien, M. Pleiotropic, Cardioprotective Effects of Omega-3 
Polyunsaturated Fatty Acids. Mini Rev Med Chem 2009. 

314. Mozaffarian, D.; Micha, R.; Wallace, S. Effects on coronary heart disease of 
increasing polyunsaturated fat in place of saturated fat: a systematic review 
and meta-analysis of randomized controlled trials. PLoS Med 7, e1000252. 

315. Oliver, E.; McGillicuddy, F.; Phillips, C.; Toomey, S.; Roche, H. M. The role 
of inflammation and macrophage accumulation in the development of obesity-
induced type 2 diabetes mellitus and the possible therapeutic effects of long-
chain n-3 PUFA. Proc Nutr Soc 69, 232-243. 

316. Gillet, L.; Roger, S.; Bougnoux, P.; Le Guennec, J. Y.; Besson, P. Beneficial 
effects of omega-3 long-chain fatty acids in breast cancer and cardiovascular 
diseases: voltage-gated sodium channels as a common feature? Biochimie. 

317. McKenney, J. M.; Sica, D. Prescription omega-3 fatty acids for the treatment 
of hypertriglyceridemia. Am J Health Syst Pharm 2007, 64, 595-605. 

318. Pala, V.; Krogh, V.; Muti, P.; Chajes, V.; Riboli, E.; Micheli, A.; Saadatian, M.; 
Sieri, S.; Berrino, F. Erythrocyte membrane fatty acids and subsequent breast 
cancer: a prospective Italian study. J Natl Cancer Inst 2001, 93, 1088-1095. 

319. Ryan, A. M.; Reynolds, J. V.; Healy, L.; Byrne, M.; Moore, J.; Brannelly, N.; 
McHugh, A.; McCormack, D.; Flood, P. Enteral nutrition enriched with 
eicosapentaenoic acid (EPA) preserves lean body mass following esophageal 
cancer surgery: results of a double-blinded randomized controlled trial. Ann 
Surg 2009, 249, 355-363. 

320. Saw, C. L.; Huang, Y.; Kong, A. N. Synergistic anti-inflammatory effects of 
low doses of curcumin in combination with polyunsaturated fatty acids: 
docosahexaenoic acid or eicosapentaenoic acid. Biochem Pharmacol 2009. 

321. Wang, S.; Wu, D.; Lamon-Fava, S.; Matthan, N. R.; Honda, K. L.; 
Lichtenstein, A. H. In vitro fatty acid enrichment of macrophages alters 



 

  

160

inflammatory response and net cholesterol accumulation. Br J Nutr 2009, 102, 
497-501. 

322. Batetta, B.; Griinari, M.; Carta, G.; Murru, E.; Ligresti, A.; Cordeddu, L.; 
Giordano, E.; Sanna, F.; Bisogno, T.; Uda, S.; Collu, M.; Bruheim, I.; Di 
Marzo, V.; Banni, S. Endocannabinoids may mediate the ability of (n-3) fatty 
acids to reduce ectopic fat and inflammatory mediators in obese Zucker rats. J 
Nutr 2009, 139, 1495-1501. 

323. Yin, H.; Liu, W.; Goleniewska, K.; Porter, N. A.; Morrow, J. D.; Peebles, R. S., 
Jr. Dietary supplementation of omega-3 fatty acid-containing fish oil 
suppresses F2-isoprostanes but enhances inflammatory cytokine response in a 
mouse model of ovalbumin-induced allergic lung inflammation. Free Radic 
Biol Med 2009, 47, 622-628. 

324. Mullen, A.; Loscher, C. E.; Roche, H. M. Anti-inflammatory effects of EPA 
and DHA are dependent upon time and dose-response elements associated 
with LPS stimulation in THP-1-derived macrophages. J Nutr Biochem 2009. 

325. Bloomer, R. J.; Larson, D. E.; Fisher-Wellman, K. H.; Galpin, A. J.; Schilling, 
B. K. Effect of eicosapentaenoic and docosahexaenoic acid on resting and 
exercise-induced inflammatory and oxidative stress biomarkers: a randomized, 
placebo controlled, cross-over study. Lipids Health Dis 2009, 8, 36. 

326. Schuchardt, J. P.; Huss, M.; Stauss-Grabo, M.; Hahn, A. Significance of long-
chain polyunsaturated fatty acids (PUFAs) for the development and behaviour 
of children. Eur J Pediatr 2009. 

327. Olza, J.; Mesa, M. D.; Aguilera, C. M.; Moreno-Torres, R.; Jimenez, A.; Perez 
de la Cruz, A.; Gil, A. Influence of an eicosapentaenoic and docosahexaenoic 
acid-enriched enteral nutrition formula on plasma fatty acid composition and 
biomarkers of insulin resistance in the elderly. Clin Nutr 2009. 

328. Duda, M. K.; O'Shea, K. M.; Tintinu, A.; Xu, W.; Khairallah, R. J.; Barrows, B. 
R.; Chess, D. J.; Azimzadeh, A. M.; Harris, W. S.; Sharov, V. G.; Sabbah, H. N.; 
Stanley, W. C. Fish oil, but not flaxseed oil, decreases inflammation and 
prevents pressure overload-induced cardiac dysfunction. Cardiovasc Res 2009, 
81, 319-327. 

329. Nair, S.; Li, W.; Kong, A. N. Natural dietary anti-cancer chemopreventive 
compounds: redox-mediated differential signaling mechanisms in 
cytoprotection of normal cells versus cytotoxicity in tumor cells. Acta 
Pharmacol Sin 2007, 28, 459-472. 

330. Kwak, M. K.; Wakabayashi, N.; Itoh, K.; Motohashi, H.; Yamamoto, M.; 
Kensler, T. W. Modulation of gene expression by cancer chemopreventive 
dithiolethiones through the Keap1-Nrf2 pathway. Identification of novel gene 
clusters for cell survival. J Biol Chem 2003, 278, 8135-8145. 

331. Jung, K. H.; Hong, S. W.; Zheng, H. M.; Lee, D. H.; Hong, S. S. Melatonin 
downregulates nuclear erythroid 2-related factor 2 and nuclear factor-kappaB 
during prevention of oxidative liver injury in a dimethylnitrosamine model. J 
Pineal Res 2009, 47, 173-183. 

332. Reddy, N. M.; Suryanaraya, V.; Yates, M. S.; Kleeberger, S. R.; Hassoun, P. M.; 
Yamamoto, M.; Liby, K. T.; Sporn, M. B.; Kensler, T. W.; Reddy, S. P. The 
Triterpenoid CDDO-Imidazolide Confers Potent Protection Against Hyperoxic 
Acute Lung Injury in Mice. Am J Respir Crit Care Med 2009. 

333. Wei, Y.; Liu, X. M.; Peyton, K. J.; Wang, H.; Johnson, F. K.; Johnson, R. A.; 
Durante, W. Hypochlorous acid-induced heme oxygenase-1 gene expression 
promotes human endothelial cell survival. Am J Physiol Cell Physiol 2009. 



 

  

161

334. Innamorato, N. G.; Lastres-Becker, I.; Cuadrado, A. Role of microglial redox 
balance in modulation of neuroinflammation. Curr Opin Neurol 2009, 22, 
308-314. 

335. Reddy, N. M.; Kleeberger, S. R.; Kensler, T. W.; Yamamoto, M.; Hassoun, P. 
M.; Reddy, S. P. Disruption of Nrf2 impairs the resolution of hyperoxia-
induced acute lung injury and inflammation in mice. J Immunol 2009, 182, 
7264-7271. 

336. Baglole, C. J.; Sime, P. J.; Phipps, R. P. Cigarette smoke-induced expression of 
heme oxygenase-1 in human lung fibroblasts is regulated by intracellular 
glutathione. Am J Physiol Lung Cell Mol Physiol 2008, 295, L624-636. 

337. Reddy, N. M.; Suryanarayana, V.; Kalvakolanu, D. V.; Yamamoto, M.; Kensler, 
T. W.; Hassoun, P. M.; Kleeberger, S. R.; Reddy, S. P. Innate immunity against 
bacterial infection following hyperoxia exposure is impaired in NRF2-
deficient mice. J Immunol 2009, 183, 4601-4608. 

338. Thimmulappa, R. K.; Lee, H.; Rangasamy, T.; Reddy, S. P.; Yamamoto, M.; 
Kensler, T. W.; Biswal, S. Nrf2 is a critical regulator of the innate immune 
response and survival during experimental sepsis. J Clin Invest 2006, 116, 
984-995. 

339. Khor, T. O.; Huang, M. T.; Kwon, K. H.; Chan, J. Y.; Reddy, B. S.; Kong, A. N. 
Nrf2-deficient mice have an increased susceptibility to dextran sulfate sodium-
induced colitis. Cancer Res 2006, 66, 11580-11584. 

340. Misko, T. P.; Schilling, R. J.; Salvemini, D.; Moore, W. M.; Currie, M. G. A 
fluorometric assay for the measurement of nitrite in biological samples. Anal 
Biochem 1993, 214, 11-16. 

341. Weldon, S. M.; Mullen, A. C.; Loscher, C. E.; Hurley, L. A.; Roche, H. M. 
Docosahexaenoic acid induces an anti-inflammatory profile in 
lipopolysaccharide-stimulated human THP-1 macrophages more effectively 
than eicosapentaenoic acid. J Nutr Biochem 2007, 18, 250-258. 

342. Rusca, A.; Di Stefano, A. F.; Doig, M. V.; Scarsi, C.; Perucca, E. Relative 
bioavailability and pharmacokinetics of two oral formulations of 
docosahexaenoic acid/eicosapentaenoic acid after multiple-dose 
administration in healthy volunteers. Eur J Clin Pharmacol 2009, 65, 503-510. 

343. Gao, L.; Wang, J.; Sekhar, K. R.; Yin, H.; Yared, N. F.; Schneider, S. N.; Sasi, 
S.; Dalton, T. P.; Anderson, M. E.; Chan, J. Y.; Morrow, J. D.; Freeman, M. L. 
Novel n-3 fatty acid oxidation products activate Nrf2 by destabilizing the 
association between Keap1 and Cullin3. J Biol Chem 2007, 282, 2529-2537. 

344. Baeuerle, P. A. Pro-inflammatory signaling: last pieces in the NF-kappaB 
puzzle? Curr Biol 1998, 8, R19-22. 

345. Woods, C. G.; Fu, J.; Xue, P.; Hou, Y.; Pluta, L. J.; Yang, L.; Zhang, Q.; 
Thomas, R. S.; Andersen, M. E.; Pi, J. Dose-dependent transitions in Nrf2-
mediated adaptive response and related stress responses to hypochlorous acid 
in mouse macrophages. Toxicol Appl Pharmacol 2009, 238, 27-36. 

346. Elbirt, K. K.; Bonkovsky, H. L. Heme oxygenase: recent advances in 
understanding its regulation and role. Proc Assoc Am Physicians 1999, 111, 
438-447. 

347. Lin, Q.; Weis, S.; Yang, G.; Weng, Y. H.; Helston, R.; Rish, K.; Smith, A.; 
Bordner, J.; Polte, T.; Gaunitz, F.; Dennery, P. A. Heme oxygenase-1 protein 
localizes to the nucleus and activates transcription factors important in 
oxidative stress. J Biol Chem 2007, 282, 20621-20633. 

348. Ashino, T.; Yamanaka, R.; Yamamoto, M.; Shimokawa, H.; Sekikawa, K.; 



 

  

162

Iwakura, Y.; Shioda, S.; Numazawa, S.; Yoshida, T. Negative feedback 
regulation of lipopolysaccharide-induced inducible nitric oxide synthase gene 
expression by heme oxygenase-1 induction in macrophages. Mol Immunol 
2008, 45, 2106-2115. 

349. Park, P. H.; Kim, H. S.; Jin, X. Y.; Jin, F.; Hur, J.; Ko, G.; Sohn, D. H. KB-34, 
a newly synthesized chalcone derivative, inhibits lipopolysaccharide-
stimulated nitric oxide production in RAW 264.7 macrophages via heme 
oxygenase-1 induction and blockade of activator protein-1. Eur J Pharmacol 
2009, 606, 215-224. 

350. Mariotto, S.; Menegazzi, M.; Suzuki, H. Biochemical aspects of nitric oxide. 
Curr Pharm Des 2004, 10, 1627-1645. 

351. Shen, G.; Kong, A. N. Nrf2 plays an important role in coordinated regulation 
of Phase II drug metabolism enzymes and Phase III drug transporters. 
Biopharm Drug Dispos 2009, 30, 345-355. 

352. Hu, R.; Saw, C. L.; Yu, R.; Kong, A. N. Regulation of Nrf2 Signaling for 
Cancer Chemoprevention: Antioxidant Coupled with Anti-inflammatory. 
Antioxid Redox Signal. 

353. Conaway, C. C.; Yang, Y. M.; Chung, F. L. Isothiocyanates as cancer 
chemopreventive agents: their biological activities and metabolism in rodents 
and humans. Curr Drug Metab 2002, 3, 233-255. 

354. Fahey, J. W.; Zalcmann, A. T.; Talalay, P. The chemical diversity and 
distribution of glucosinolates and isothiocyanates among plants. 
Phytochemistry 2001, 56, 5-51. 

355. Zhang, Y.; Talalay, P.; Cho, C. G.; Posner, G. H. A major inducer of 
anticarcinogenic protective enzymes from broccoli: isolation and elucidation 
of structure. Proc Natl Acad Sci U S A 1992, 89, 2399-2403. 

356. Clarke, J. D.; Dashwood, R. H.; Ho, E. Multi-targeted prevention of cancer by 
sulforaphane. Cancer Lett 2008, 269, 291-304. 

357. Shapiro, T. A.; Fahey, J. W.; Dinkova-Kostova, A. T.; Holtzclaw, W. D.; 
Stephenson, K. K.; Wade, K. L.; Ye, L.; Talalay, P. Safety, tolerance, and 
metabolism of broccoli sprout glucosinolates and isothiocyanates: a clinical 
phase I study. Nutr Cancer 2006, 55, 53-62. 

358. Myzak, M. C.; Karplus, P. A.; Chung, F. L.; Dashwood, R. H. A novel 
mechanism of chemoprotection by sulforaphane: inhibition of histone 
deacetylase. Cancer Res 2004, 64, 5767-5774. 

359. Campas-Baypoli, O. N.; Sanchez-Machado, D. I.; Bueno-Solano, C.; Ramirez-
Wong, B.; Lopez-Cervantes, J. HPLC method validation for measurement of 
sulforaphane level in broccoli by-products. Biomed Chromatogr 2010, 24, 
387-392. 

360. Al Janobi, A. A.; Mithen, R. F.; Gasper, A. V.; Shaw, P. N.; Middleton, R. J.; 
Ortori, C. A.; Barrett, D. A. Quantitative measurement of sulforaphane, iberin 
and their mercapturic acid pathway metabolites in human plasma and urine 
using liquid chromatography-tandem electrospray ionisation mass 
spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci 2006, 844, 223-
234. 

361. Kassahun, K.; Davis, M.; Hu, P.; Martin, B.; Baillie, T. Biotransformation of 
the naturally occurring isothiocyanate sulforaphane in the rat: identification of 
phase I metabolites and glutathione conjugates. Chem Res Toxicol 1997, 10, 
1228-1233. 

362. Motohashi, H.; O'Connor, T.; Katsuoka, F.; Engel, J. D.; Yamamoto, M. 



 

  

163

Integration and diversity of the regulatory network composed of Maf and CNC 
families of transcription factors. Gene 2002, 294, 1-12. 

363. Nguyen, T.; Sherratt, P. J.; Pickett, C. B. Regulatory mechanisms controlling 
gene expression mediated by the antioxidant response element. Annu Rev 
Pharmacol Toxicol 2003, 43, 233-260. 

364. Hu, R.; Hebbar, V.; Kim, B. R.; Chen, C.; Winnik, B.; Buckley, B.; 
Soteropoulos, P.; Tolias, P.; Hart, R. P.; Kong, A. N. In vivo pharmacokinetics 
and regulation of gene expression profiles by isothiocyanate sulforaphane in 
the rat. J Pharmacol Exp Ther 2004, 310, 263-271. 

365. Wang, H.; Lin, W.; Shen, G.; Khor, T.; Nomeir, A.; Kong, A.-N. Development 
and validation of a liquid chromatography-tandem mass spectrometric method 
for the simultaneous determination of sulforaphane and its metabolites in rat 
plasma and its application in pharmacokinetic studies. J Chromatogr Sci 2011, 
49, 801-806. 

366. Dayneka, N. L.; Garg, V.; Jusko, W. J. Comparison of four basic models of 
indirect pharmacodynamic responses. J Pharmacokinet Biopharm 1993, 21, 
457-478. 

367. Odell, R. H., Jr.; Smith, S. W.; Yates, F. E. A permutation test for periodicities 
in short, noisy time series. Ann Biomed Eng 1975, 3, 160-180. 

368. Chrysikopoulos, C. V.; Hsuan, P.-Y.; Fyrillas, M. M. Bootstrap estimation of 
the mass transfer coefficient of a dissolving nanaqueous phase liquid pool in 
porous media. Water Resources Research 2002, 38, 8-1-6. 

369. Yang, Q.; Berthiaume, F.; Androulakis, I. P. A quantitative model of thermal 
injury-induced acute inflammation. Math Biosci 2010, 229, 135-148. 

370. Efron, B.; Tibshirani, R. J. An Introduction to the Bootstrap. Chapman and 
Hall: New York, 1993. 

371. Ye, L.; Zhang, Y. Total intracellular accumulation levels of dietary 
isothiocyanates determine their activity in elevation of cellular glutathione and 
induction of Phase 2 detoxification enzymes. Carcinogenesis 2001, 22, 1987-
1992. 

372. Danilov, C. A.; Fiskum, G. Hyperoxia promotes astrocyte cell death after 
oxygen and glucose deprivation. Glia 2008, 56, 801-808. 

373. Ebert, B.; Kisiela, M.; Malatkova, P.; El-Hawari, Y.; Maser, E. Regulation of 
human carbonyl reductase 3 (CBR3; SDR21C2) expression by Nrf2 in 
cultured cancer cells. Biochemistry 2010, 49, 8499-8511. 

374. Talalay, P. Mechanisms of induction of enzymes that protect against chemical 
carcinogenesis. Adv Enzyme Regul 1989, 28, 237-250. 

375. Zhang, Y.; Tang, L. Discovery and development of sulforaphane as a cancer 
chemopreventive phytochemical. Acta Pharmacol Sin 2007, 28, 1343-1354. 

376. Dinkova-Kostova, A. T.; Talalay, P. NAD(P)H:quinone acceptor 
oxidoreductase 1 (NQO1), a multifunctional antioxidant enzyme and 
exceptionally versatile cytoprotector. Arch Biochem Biophys 2010, 501, 116-
123. 

377. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; 
Hayashi, N.; Satoh, K.; Hatayama, I.; Yamamoto, M.; Nabeshima, Y. An 
Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying 
enzyme genes through antioxidant response elements. Biochem Biophys Res 
Commun 1997, 236, 313-322. 

378. Gibbons, S. J.; Farrugia, G. The role of carbon monoxide in the gastrointestinal 
tract. J Physiol 2004, 556, 325-336. 



 

  

164

379. Alam, J.; Stewart, D.; Touchard, C.; Boinapally, S.; Choi, A. M.; Cook, J. L. 
Nrf2, a Cap'n'Collar transcription factor, regulates induction of the heme 
oxygenase-1 gene. J Biol Chem 1999, 274, 26071-26078. 

380. Igarashi, K.; Hoshino, H.; Muto, A.; Suwabe, N.; Nishikawa, S.; Nakauchi, H.; 
Yamamoto, M. Multivalent DNA binding complex generated by small Maf 
and Bach1 as a possible biochemical basis for beta-globin locus control region 
complex. J Biol Chem 1998, 273, 11783-11790. 

381. Reichard, J. F.; Motz, G. T.; Puga, A. Heme oxygenase-1 induction by NRF2 
requires inactivation of the transcriptional repressor BACH1. Nucleic Acids 
Res 2007, 35, 7074-7086. 

382. Yoshida, C.; Tokumasu, F.; Hohmura, K. I.; Bungert, J.; Hayashi, N.; 
Nagasawa, T.; Engel, J. D.; Yamamoto, M.; Takeyasu, K.; Igarashi, K. Long 
range interaction of cis-DNA elements mediated by architectural transcription 
factor Bach1. Genes Cells 1999, 4, 643-655. 

383. Klaassen, C. D.; Reisman, S. A. Nrf2 the rescue: effects of the 
antioxidative/electrophilic response on the liver. Toxicol Appl Pharmacol 2010, 
244, 57-65. 

384. Lu, S. C. Regulation of glutathione synthesis. Mol Aspects Med 2009, 30, 42-
59. 

 
 



 

  

165

Curriculum Vita 
 

Hu Wang 
 
EDUCATION 
1987 B.S., Chemistry. Jiangsu Institute of Chemical Technology 
1996 M.S., Chemistry. New Mexico Institute of Mining & Technology 
2012 Ph.D., Pharmceutical Science. Rutgers, The State University of New Jersey 
 
PROFESSIONAL EXPERIENCE 
1997 – Present Ph.D. candidate, Dr. Ah-Ng Tony Kong's Laboratory, Department of 

Pharmaceutics, Rutgers, The State University of New Jersey; 
Scientist II, Schering-Plough Research Institute/Merck & Co. 

1994 – 1996  M.S. student in Department of Chemistry, New Mexico Institute of 
Mining and Technology 

1987 – 1994  Associate Engineer, Research Institute at Changzhou, Jiangsu, China 
 
PUBLICATIONS 
1. Wang, H., Khor, TO, Shu, L., Lee, J., Su, ZY, Fuentes, F., Kong, AN. Plants 

against Cancer: A Review on Natural Phytochemicals in Preventing and 
Treating Cancers and Their Druggability. Submitted on Dec. 04, 2011 for 
publication.  

2. Hu Wang, Tin Oo Khor, Ying Huang, Tien-yuan Wu, Constance Lay-Lay Saw, 
Wen Lin, Ah-Ng Tony Kong. Pharmacokinetics and Pharmacodynamics of 
Phase 2 Gene Expression in Rat Lymphocytes Following Intravenous 
Administration of Sulforaphane. Submitted on Oct. 30, 2011 for publication. 

3. Yury Gomez, Hu Wang, and Ah-Ng Tony Kong. Development and Validation 
of a Rapid UPLC/MS Method for the Simultaneous Determination of I3C, 
DIM, and Related Metabolites and its Application to Pharmacokinetics in Rats. 
To be submitted. 

4. Hu Wang, Wen Lin, Guoxiang Shen, Tin-Oo Khor, Amin A. Nomeir, Ah-Ng 
Kong. Development and validation of a liquid chromatography-tandem mass 
spectrometric method for the simultaneous determination of sulforaphane and 
its metabolites in rat plasma and its application in pharmacokinetic studies. 
Journal of Chromatographic Science, 2011; 49(10): 801-6. 

5. Hu Wang, Wen Lin, Guoxiang Shen, Tin-Oo Khor, Amin A. Nomeir, Ah-Ng 
Kong. Development and validation of a liquid chromatography-tandem mass 
spectrometric method for the simultaneous determination of sulforaphane and 
its metabolites and application to pharmacokinetic-pharmacodynamic studies 
in rats. The AAPS Journal. 2011; 13(S2), R6296. Available from: 
http://www.aapsj.org/. Poster presentation.  

6. Constance Lay Lay Saw, Qing Wu, Hu Wang, Yinhua Yang, Xiaoting Xu, 
Ying Huang, Ah-Ng Kong. Pharmacodynamics Mechanisms of Traditional 
Chinese Medicine (TCM) Danggui, Angelica Sinensis: Anti-oxidative Nrf2 
Pathway Coupled with Anti-inflammatory Activities. The AAPS Journal. 2011; 
13(S2), R6393. Available from: http://www.aapsj.org/. Poster presentation.   

7. Hu Wang, Tin Oo Khor, Constance Lay Lay Saw, Wen Lin, Tienyuan Wu, 
Ying Huang, and Ah-Ng Tony Kong. Role of Nrf2 in Suppressing LPS-

http://www.aapsj.org/�
http://www.aapsj.org/�


 

  

166

induced Inflammation in Mouse Peritoneal Macrophages by Ployunsaturated 
Fatty Acids Docosahexaenoic Acid and Eicosapentaenoic Acid. Molecular 
Pharmaceutics, 2010 Dec 6; 7(6): 2185-93, Epub 2010 Oct 6. 

8. Hu Wang, Tin Oo Khor, Ying Huang, Tienyuan Wu, Constance Lay-Lay Saw, 
Wen Lin, Ah-Ng Tony Kong. Pharmacokinetics and Pharmacodynamics of 
Phase II Gene Expression in Rat Lymphocytes Following Intravenous 
Administration of Sulforaphane. The AAPS Journal. 2010; 12(S2), W4327. 
Available from: http://www.aapsj.org/. Poster presentation. 

9. H. Wang, C. Saw, T. Khor, L. Wen, T. Wu, Y. Huang, A. N. Kong. The Role of 
Nrf2 in Suppressing LPS-induced Inflammation in Mouse Peritoneal 
Macrophages by Docosahexaenoic Acid (DHA) and Eicosapentaenoic Acid 
(EPA). The AAPS Journal. 2009; 11(S2). Available from: 
http://www.aapsj.org/. Poster presentation.  

10. W. Lin, H. Wang, R.T. Wu, T. Wu, G. Shen, T. O. Khor, A-N T. Kong, 
Pharmacokinetic Disposition of Dietary Cancer Chemopreventive Compound 
Sulforaphane in the Rats. The AAPS Journal. 2008. 10(S2). Available from: 
http://www.aapsj.org/. Poster presentation.  

11. Lin W, Wu RT, Wu T, Khor TO, Wang H, Kong AN. Sulforaphane suppressed 
LPS-induced inflammation in mouse peritoneal macrophages through Nrf2 
dependent pathway. Biochemical Pharmacology. 2008. Oct 15; 76(8):967-73.  

12. Hu Wang, Synthesis, analysis and characterization of some new anion 
exchange resins. MS thesis, 1996. New Mexico Institute of Mining and 
Technology. 

 

http://www.aapsj.org/�
http://www.aapsj.org/�
http://www.aapsj.org/�

	Abstract of the Dissertation
	Preface
	Acknowledgement
	Dedication
	List of Tables
	Chapter 1 Introduction to the Studies
	Chapter 2 Plants vs. Cancer 1,2,3
	2.1 Introduction
	2.2 Phytochemicals used as cancer chemopreventive and treatment agents 
	2.2.1 Apigenin from parsley
	2.2.2 Curcumin from turmeric
	2.2.3 Crocetin from Saffron
	2.2.4 Cyanidin from grapes
	2.2.5 Diindolylmethane (DIM) /Indole-3-carbinol (I3C) from Brassica vegetables
	2.2.6 Epigallocatechin gallate from green tea
	2.2.7 Fisetin from strawberries, apples
	2.2.8 Genistein from soybean
	2.2.9 Gingerol from gingers
	2.2.10    Kaempferol from tea, broccoli, grapefruit
	2.2.11    Lycopene from tomato
	2.2.12    Phenethyl Isothiocyanate (PEITC) from cruciferous vegetable
	2.2.13    Resveratrol from grapes
	2.2.14    Rosmarinic acid from rosemary
	2.2.15    Sulforaphane from cruciferous vegetables
	2.2.16    Triterpenoids from wax-like coatings of fruits and medicinal herbs
	2.2.17    Vitamin D from mushroom
	2.2.18    Vitamin E from plant oil

	2.3 Mechanisms involved in cancer chemoprevention and treatment
	2.3.1 Apoptosis mechanism initiated by phytochemicals
	2.3.2 ATP-dependent chromatin remodeling
	2.3.3 Cyclooxygenases-2 (COX-2)
	2.3.4 DNA methylation - epigenetics
	2.3.5 Hedgehog Signaling Pathway
	2.3.6 Histone Modification - epigenetics
	2.3.7 microRNAs (miRNA)
	2.3.8 NF-κB Pathway
	2.3.9 Nrf2 Pathway
	2.3.10    PI3 kinase pathway
	2.3.11    Plk1 Expression
	2.3.12    Poly-ADP-ribosylation
	2.3.13    Tumor angiogenesis inhibition
	2.3.14    STAT 3 pathway
	2.3.15    Wnt pathway

	2.4 Development Challenges, Opportunities and Druggability
	2.4.1 Study approaches 
	2.4.2 Chemical entity considerations
	2.4.3 Biopharmaceutics considerations
	2.4.4 Toxicity considerations
	2.4.5 Regulatory considerations

	2.5 Conclusion

	Chapter 3  Role of Nrf2 in suppressing LPS-induced inflammation in mouse peritoneal macrophages by DHA/EPA4,5,6
	3.1 Introduction
	3.2 Materials and Methods  
	3.2.1 Animals, cell culture and reagents
	3.2.2 Protein extraction and Western blotting 
	3.2.3 Measurement of Nitrite (NO) concentration and the cytokines

	3.3 Results and research approach 
	3.3.1 DHA/EPA reduced protein expression levels of COX-2 and iNOS but induced HO-1 protein expression
	3.3.2 DHA inhibits LPS-induced secretion of nitrite in Nrf2 (+/+) macrophages more than that in Nrf2 ((/() macrophages
	3.3.3 LPS-induced secretions of TNF-( and IL-6 but significantly inhibited by DHA/EPA in Nrf2 (+/+) peritoneal macrophages as compared to that in Nrf2 ((/() peritoneal macrophages
	3.3.4 DHA/EPA inhibited LPS-induced COX-2, iNOS, IL-1β, IL-6, TNF-α mRNA in Nrf2 (+/+) peritoneal macrophages but not in Nrf2((/() peritoneal macrophages

	3.4 Discussion

	Chapter 4     Development and validation of an LC-MS/MS method for sulforaphane pharmacokinetics study7,8,9
	4.1 Introduction
	4.2 Materials and methods 
	4.2.1 Chemicals and reagents
	4.2.2 LC-MS/MS instruments and conditions
	4.2.3 Stock solutions and standards 
	4.2.4 Sample preparation procedures

	4.3 LC-MS/MS method validation parameters
	4.3.1 Specificity and selectivity
	4.3.2 Sensitivity 
	4.3.3 Linearity of calibration curve
	4.3.4 Precision and accuracy
	4.3.5 Recovery
	4.3.6 Stability
	4.3.7 Pharmacokinetics of SFN in the rats

	4.4 Method development
	4.5 LC-MS/MS method validation results
	4.5.1 Specificity and selectivity
	4.5.2 Sensitivity
	4.5.3 Linearity of calibration curve
	4.5.4 Precision and accuracy
	4.5.5 Recovery
	4.5.6 Stability

	4.6 Application of the LC/MS/MS method to pharmacokinetics study in rats
	4.7 Conclusion

	Chapter 5   Pharmacokinetics/Pharmacodynamics Study of Sulforaphane in Rat Following Intravenous Administration10,11,12
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Animal and Drug Treatments
	5.2.2 Plasma and Pharmacokinetics
	5.2.3 Lymphocyte mRNA and qRT-PCR 
	5.2.4 PK-PD Modeling
	5.2.5 Evaluation of Pharmacodynamic Parameters and Confidence Intervals by Bootstrap Methods 

	5.3 Results and data evaluation 
	5.3.1 Pharmacokinetics of sulforaphane and its major metabolites
	5.3.2 qRT-PCR of mRNA from lymphocytes and PK/PD relationships
	5.3.3 Bootstrap confirmation

	5.4 Discussion

	Chapter 6 Summary
	Reference
	Curriculum Vita

