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ABSTRACT 

The purported chemopreventive and chemotherapeutic properties of the dietary 

phytochemical resveratrol continue to undergo active investigations. Systemic 

pharmacokinetics of this compound revealed that it was rapidly and extensively 

metabolized into its sulfate and glucuronide conjugates. This extensive metabolism leads 

to high plasma levels of resveratrol sulfates and glucuronides and very low levels of the 

parent compound (low bioavailability). These observations raised many questions, some 

of which this body of work examined and has helped to explain. 

Chapter 1 presents a detailed introduction to resveratrol and its role in colorectal 

cancer chemoprevention. It also lays the foundation for the hypotheses generated and the 

studies presented in succeeding chapters.  

In chapter 2, we explored the possibility that resveratrol metabolites possess 

intrinsic activity and thus contribute to the observed effects of the parent. The mono-

sulfated and glucuronidated conjugates of trans-resveratrol were synthesized and tested 

for antiproliferative activity in a panel of mammalian cell lines. Their activity was then 

compared with the parent compound. Resveratrol was shown to be antiproliferative in all 

cell lines studied while no discernible antiproliferative activity was observed for the 

metabolites. 

Chapter 3 details the results of the glucuronidation kinetics of cis and trans-

resveratrol isomers across a wide concentration range chosen to mimic blood levels 

following high dose consumption. Human tissue microsomes and recombinant 

supersomes over-expressing the enzymes (UGTs) of interest were used for these studies. 

Our results show the presence of atypical kinetics for the formation of resveratrol 
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glucuronides across most of the protein sources used. Prior to this study, the full 

glucuronidation kinetics of total resveratrol had not been conducted.  

In chapter 4, we examined the association between genetic polymorphisms in the 

major enzymes (UGT1A1 and UGT1A6) and rates of glucuronidation of trans and cis-

resveratrol. We set out to correlate functional genetic variations in these UGTs with their 

catalytic rates and a positive association was made for cis-resveratrol and UGT1A6 

where the UGT1A6 variants mediated higher glucuronidation rates compared to the 

reference genotype.   

Chapter 5 explored the inherent ability of resveratrol to induce its own 

glucuronidation upon chronic dosing.  Enzyme induction has been proposed as a 

mechanism that may contribute to the low bioavailability of resveratrol.  Since dietary 

polyphenols like resveratrol are not consumed in isolation, we also studied the effects of 

combining resveratrol with two dietary polyphenols (curcumin and chrysin) on two 

chemoprevention endpoints – i) antiproliferation and ii) UGT enzyme induction. Our 

results indicate that resveratrol is capable of inducing UGT1A1 expression and activity in 

a non-concentration dependent manner and this induction as well as its antiproliferative 

effects are enhanced by both curcumin and chrysin. 

In summary, en route to probing the activity of resveratrol metabolites, we 

optimized two synthetic routes and generated measurable quantities of these compounds 

for future use. While the in vitro kinetics of resveratrol did not allow for any in vivo 

predictions, we were able to show alterations in resveratrol metabolism with respect to 

genotypic differences and enzyme induction that may contribute to the observed low 

bioavailability profile. 
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CHAPTER 1 

INTRODUCTION TO RESVERATROL (RES) AND ITS ROLE IN  

COLORECTAL CANCER CHEMOPREVENTION 

1.1 Colorectal Cancer 

Colorectal cancer (CRC) is cancer that forms in the tissues of the colon and 

rectum. It is the fourth most common cancer in men and women and a leading cause of 

cancer associated mortality in the United States 

(http://nihseniorhealth.gov/colorectalcancer/colorectalcancerdefined/03.html, 2009; 

http://www.cancer.gov, 2010). There are several risk factors associated with the 

development of CRC including age, genetic alterations and diet to mention a few. 

However, as with all cancers, early detection is key to successful treatment and up to 

ninety percent cure rates have been reported for CRC when detected early.  Although the 

treatment of cancers such as CRC is well established, there are more desirable goals with 

respect to CRC and other types of cancer. These goals include reversal, suppression 

and/or prevention. 
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1.2 Cancer Chemoprevention 

Chemoprevention is defined as the use of natural, synthetic, or biologic and chemical 

agents to reverse, suppress, or prevent disease. With respect to cancer, chemoprevention 

is the use of the aforementioned agents to prevent, arrest, or reverse either the initiation 

phase of carcinogenesis or the progression of neoplastic cells to cancer. Chemoprevention 

is recognized, accepted and widely used in other disease areas. One example is the use of 

cholesterol and blood pressure lowering agents to lower the risk of cardiovascular 

disease. Chemoprevention with naturally occurring and synthetic agents has shown 

promise in the reversal, suppression and prevention of cancer (Greenwald, 2002). 

Carcinogenesis is a multistage, multi-factorial process and chemoprevention can be 

targeted to any one or all the stages of this process. Figure 1.1 depicts the various stages 

involved in carcinogenesis and the target areas for chemopreventive strategies.  

Research has suggested that various naturally occurring (mostly dietary) 

substances in plants known as phytochemicals may help lower the risk of certain cancers 

such as CRC. Many of these naturally occurring phytochemicals belong to very diverse 

structural and functional chemical classes. Resveratrol (hereafter called RES) is one such 

phytochemical that is being actively studied for its potential chemopreventive effects in 

CRC and other cancers. 
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1.3 Resveratrol (RES) 

RES (Figure 1.2) is a dietary phytochemical of plant origin. It is best described as 

a “phytoalexin” - an antimicrobial substance produced naturally by several plants when 

under attack by bacteria or fungi. 

 

 

 

Figure 1.1 Stages of carcinogenesis and possible targets for chemopreventive strategies 
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1.3.1 Plant Sources 

RES was initially isolated from the roots of Veratrum album (also known as 

White Hellebore) in 1940 and then in 1963 from the roots of Polygonum cuspidatum  

(also known as Japanese knotweed), a plant used in traditional Chinese and Japanese 

medicine (Baur and Sinclair, 2006). In 1992, it was discovered in red wines and is found 

in abundance in the skins of red grapes. Other food sources of RES include peanuts, 

cranberries and blueberries, with RES content varying widely between all of the above 

sources (Goldberg et al., 1995; King et al., 2006). 

1.3.2 Classification and Chemical Properties 

RES belongs to a major class of phytochemicals called phenolics or polyphenols 

due to the presence of more than two hydroxyl groups in its structure. It can also be 

classified as a stilbenoid (a hydoxylated derivative of stilbene).  

RES is known to exist as two geometric isomers: the cis- (Z) and the trans- (E) 

which differ only in spatial orientation at the ethylenic bridge (double bond). Chemically, 

the trans-isomer is named either as 3,5,4‟-trihydroxy-trans-stilbene or trans-3,5,4'-

trihydroxystilbene. The same nomenclature method holds for the cis-isomer. Figure 1.2 

depicts the two isomeric forms of RES. 

1.3.3 Bioactivity of RES 

In addition to the chemopreventive and anticancer effects of RES, this compound 

has been associated with numerous biological activities including anti-inflammatory, 
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cardioprotective, antioxidant and anti-obesity effects. Evidence for some of these 

activities has been shown only at the in vitro level or in rodent models. Several examples 

of these activities will be discussed below. 

 

 

OH

OH

HO 3

5

4'

3

5

OH

HO

OH

4'

trans-(E) resveratrol

(3,4',5-trihydroxy trans-stilbene)

                                                                         cis-(Z) resveratrol
                                                                          

                                                      (3,4',5-trihydroxy cis-stilbene)  

   

Figure 1.2 Geometric Isomers of RES 

 

 

 

Anticancer Activity 

RES has been shown to be active against multiple stages of carcinogenesis 

interfering with the processes of tumor initiation, promotion and progression (Jang et al., 

1997). RES also inhibits cell proliferation in many cancer cell lines and this 

antiproliferative activity has been reported to be due in part to the induction of apoptosis 

(Surh, 1999; Surh et al., 1999). Other causes for this observed inhibition include its 

ability to induce cell cycle arrest (Wolter et al., 2001). Molecular mechanisms that have 
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been associated with its antiproliferation activity include activation of the tumor 

suppressor gene p53 and suppression of nuclear factor kappa B (NF-κB) and activator 

protein-1 (AP-1) (Kundu and Surh, 2004). 

Cardiovascular Effects 

The cardioprotective effect of RES (in red wines) is reportedly responsible for the 

phenomenon known as the “French Paradox” or the observed low incidence of coronary 

heart disease in the French despite their high intake of fatty foods. The most accepted 

mechanism of cardioprotection by RES is inhibition of platelet aggregation (Bhat et al., 

2001). Other mechanisms include its direct vasorelaxant effects (Chen and Pace-Asciak, 

1996) via nitric oxide dependent and independent pathways and its endothelium 

independent indirect vasorelaxant effects. Its indirect vasorelaxant effect has been 

reported to be due in part to its ability to decrease cytoplasmic calcium concentration in 

vascular cells and this effect has been shown to be actively mediated by both RES 

isomers (Campos-Toimil et al., 2007). 

Antioxidant Effects 

Polyphenols are well known antioxidants and the molecular/chemical mechanisms 

for RES antioxidant effects are well documented. As an antioxidant, RES may delay 

and/or prevent oxidative stress-induced cellular damage and disease. Excessive damage 

induced by oxidative stress can cause cells to undergo apoptosis. RES has been shown to 

inhibit oxidative-induced apoptosis in a variety of cell lines (Jang and Surh, 2001; King 

et al., 2005). The antioxidant activity of RES may also be associated with protection 

against the progression of atherosclerosis. This may due to its ability to inhibit oxidation 
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of low density lipoproteins and inhibit the production of reactive oxygen species by 

activated platelets (Frankel et al., 1993; Olas and Wachowicz, 2002).  

Anti-inflammatory Effects 

Inflammatory processes are mediated by prostaglandins (PGs) and RES has been 

shown to inhibit the induction of PGE2 in vitro in human peripheral blood leukocytes 

while decreasing elevated levels of PGD2 in vivo in rats (Martin et al., 2004; Richard et 

al., 2005). Most importantly, RES reportedly reduces the expression of cyclooxygenase-2 

(COX-2), a key enzyme catalyzing the synthesis of PGs. This enzyme is induced by 

inflammation and RES has been shown in both in vitro and in vivo models to decrease 

COX-2 activity by inhibiting its expression via several signal transduction pathways 

(Kundu et al., 2004; de la Lastra and Villegas, 2005). RES also inhibits the inflammatory 

actions of cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) 

(Culpitt et al., 2003; Csiszar et al., 2006). 

Phytoestrogenic Effects 

 Phytoestrogens are dietary nonsteroidal compounds that can bind to estrogen 

receptors like endogenous estrogen, and bring about transcription of estrogen-responsive 

genes. RES‟s structural similarity to the synthetic estrogen diethylstilbestrol (DES) 

suggests that it may have estrogenic activity. RES has been reported to act as a 

phytoestrogen in some systems (Gehm et al., 1997; Gehm et al., 2004). It has been 

suggested that this property might mediate its cardioprotective effects in addition to 

preventing estrogen dependent cancers such as breast and ovarian cancers. However, the 

estrogenic effects of RES in vivo and the reported cardioprotective effects of estrogen are 
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under contention and no firm connections have been established (Baur and Sinclair, 

2006). 

Other In Vivo Effects 

The pleiotropy of RES‟s biological effects is recognized and the above mentioned 

effects/activities are only a fraction of what has been reported for this dietary 

phytochemical. Other effects include those on aging where it has been reported to extend 

the life span of lower organisms (Howitz et al., 2003; Wood et al., 2004). It also 

reportedly possesses anti-obesity effects as it has been shown to improve the health and 

survival of mice on a high calorie diet (Baur et al., 2006). As detailed in a recent review, 

RES is reportedly also a signal transduction modulator playing a key role in modulating 

the mitogen-activated protein kinase (MAPK) pathways - well characterized mammalian 

signal transduction pathways that include p38, c-Jun N-terminal protein kinase (JNK), 

and extracellular signal-regulated kinase (ERK). The JNK and p38 pathways are 

associated with cellular apoptosis, while ERK is linked to cell proliferation and 

differentiation. The effects of RES on several of these pathways may provide possible 

explanations for its many observed beneficial effects (King et al., 2005). 

  

1.4 Pharmacokinetics of RES in Humans 

There is not as much data available on the pharmacokinetics (PK) of RES when 

compared to reports on its biological effects but available evidence clearly indicates that 

RES PK is species dependent. The PK of RES has been studied in relation to its 
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absorption, uptake, metabolism and disposition in vitro, ex vivo and in vivo in mice, rats 

and humans (Wenzel and Somoza, 2005). A comprehensive review of the metabolism 

and bioavailability of RES in rodents has been conducted (Wenzel and Somoza, 2005). 

The summary from studies reviewed showed that in different rodent species, RES is 

rapidly absorbed and distributed to various organs in addition to being metabolized to its 

glucuronide and sulfate conjugates. The parent RES was detected as early as 15 min after 

administration with peak concentrations after 30 min. Conjugated forms of RES; RES-3-

glucuronide and RES-3-sulfate were also detected in plasma of rodents, with levels 

persisting up to 3 h after administration. By this time however, only trace or undetectable 

amounts of free RES could be found in plasma samples (Bertelli et al., 1996b; Bertelli et 

al., 1996c; Soleas et al., 2001; Marier et al., 2002; Yu et al., 2002; Wenzel et al., 2005).  

Absorption and Bioavailability 

The first study on RES administration in humans was conducted in 2003 by 

Goldberg et al in which they administered RES orally at a 25 mg/70 kg body weight dose 

in 3 different matrices (grape juice, white wine and V8 juice). They found peak 

concentrations of total RES occurring at approximately 30 minutes after administration 

(Goldberg et al., 2003). Afterwards came the seminal work by Walle et al in which they 

administered oral and intravenous doses of radioactive RES (25 and 0.2 mg respectively) 

to healthy subjects in order to determine absolute absorption and bioavailability (Walle et 

al., 2004). They also found efficient and high (greater than 70%) absorption, with peak 

concentrations of RES occurring about 1 hour after administration and another peak 

evident after 6 h. This second peak was attributed to possible enterohepatic recirculation  



10 

 

occurring with the oral dose after intestinal hydrolysis of the conjugated metabolites 

(Figure 1.3). Despite this high absorption profile, the bioavailability of RES was reported 

to be very low (approaching zero) after an oral dose. This was attributed to extensive 

metabolism of the parent RES to its conjugated metabolites. More recent reports on 

single and multiple doses of RES with doses ranging from as low as 0.1 mg to those as 

high as 7.5 g per day (Vitaglione et al., 2005; Boocock et al., 2007a; Boocock et al., 

2007b; Burkon and Somoza, 2008; Almeida et al., 2009; Nunes et al., 2009) have all 

corroborated the high absorption, low bioavailability profile first reported by Walle and 

co-workers (Walle et al., 2004).  

In vivo Metabolism 

The presence of the three hydroxyl groups on RES makes it a suitable candidate 

for metabolism by phase II conjugation. RES has been shown to be extensively 

metabolized to its sulfate and glucuronide conjugates. Most of the studies cited in the 

preceding section on absorption also identified the presence of one or more conjugated 

metabolites primarily in the form of the mono sulfates and glucuronides. A sulfate-

glucuronide has also been reported after a 1 g oral dose (Boocock et al., 2007b). A more 

recent study  (Burkon and Somoza, 2008) identified two disulfates in addition to two 

novel C/O diglucuronides, although they administered RES in the form of its glycoside 

(piceid). An undisputed observation common to all of these studies was the rapid 

conversion of RES to its mono-sulfated metabolites (majorly RES 3- O-sulfate) at low or 

high doses. This rapid sulfation has been postulated to be a limiting factor in RES 

bioavailability (Walle et al., 2004; Maier-Salamon et al., 2006). 
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Figure 1.3 Enterohepatic recirculation of orally administered drugs 

 

 

 

In vitro Metabolism 

The in vitro metabolism of total RES has been characterized in human 

hepatocytes and human tissue microsomes (from liver and intestine) (Aumont et al., 

2001; Brill et al., 2006; Sabolovic et al., 2006) . RES sulfation is catalyzed by 

sulfotransferases (SULTs) and glucuronidation by uridine diphosphoglucuronosyl 

transferases (UGTs). As these two families of enzymes are known to be multigenic in  
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nature, both sulfation and glucuronidation of RES have also been characterized using  

human recombinant preparations of various SULT and UGT isoforms to determine the 

isoforms responsible for formation of the major and minor conjugated forms of RES (de 

Santi et al., 2000a; De Santi et al., 2000b; Sabolovic et al., 2006). The major conjugated 

forms of RES include – the 3-O glucuronide, the 4‟-O glucuronide, the 3-O sulfate and 

the 4‟-O sulfate. As stated earlier, there are reports on RES disulfates and diglucuronides 

but these appear to be minor conjugates. Figure 1.4 depicts the various positions for 

glucuronidation and sulfation and the enzyme families responsible for their formation. 

 

 

 

 

 

Figure 1.4 RES conjugates and their structures and Phase II Metabolic Pathways 
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Elimination 

RES like most lipophilic drugs is eliminated in urine and has been recovered both 

as the unchanged drug and as conjugated metabolites. Recovery of RES (free and 

conjugated) after i.v and oral doses has been reported to range from 53.5 to 70.5% (Walle 

et al., 2004; Boocock et al., 2007a). RES is also eliminated in the feces and in this case 

total recovery ranged from 91.2 to 97.6% for RES administered as i.v and oral doses 

respectively. This higher recovery in the feces was attributed to enterohepatic 

recirculation (Boocock et al., 2007a; Cottart et al., 2010). 

 

1.5 RES in Cancer Chemoprevention 

RES‟s ability to inhibit multiple stages of carcinogenesis (see section 1.3.3) 

makes it an ideal compound for development as a potential chemopreventive agent. 

Cancer is a heterogeneous disease with multiple causative mechanisms and so it follows 

that any cancer preventive or therapeutic agent should be able to target several of the 

multiple biochemical processes leading to malignancy. RES reportedly targets diverse 

molecular switches involved in carcinogen activation and detoxification, inflammation, 

inhibition of cell growth, cell cycle arrest, apoptosis, angiogenesis and metastasis (Kundu 

and Surh, 2008). A synopsis of the several biochemical mechanisms responsible for 

RES‟s chemo-preventive and chemotherapeutic effects is depicted in Figure 1.5. 

The rational development of RES as a cancer chemopreventive agent needs to be 

based on robust preclinical information. Preclinical data on RES is readily available as 
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seen in the plethora of reports on its in vitro and in vivo mechanisms of action, 

pharmacodynamics and pharmacokinetics (See section 1.3.3 and references therein). 

In vitro effects reported by RES were seen at concentrations ranging from 1-100 

μmol/L while in vivo plasma levels upon standard (25 – 50mg/70kg) and higher (0.5 – 

5g/day) doses of RES ranged from 0.3 - 2 μmol/L, similar to reports in rodents (Howells 

et al., 2007). These in vivo levels do not in any way approximate levels reported for 

bioactivity in vitro. The question of whether the IC50 values reported in vitro would be 

achievable in vivo is dependent on the target tissue. Studies estimating tissue levels in 

mice and rats found greater levels of RES in the intestine, liver and kidney compared 

with plasma (Bertelli et al., 1996b; Bertelli et al., 1996c; Howells et al., 2007). The study 

by Sale et al (Sale et al., 2005) found that RES‟s intestinal concentrations were 40 to120 

times greater than hepatic concentrations in APC
Min+

 mice (a mouse model of CRC). This 

intestinal accumulation has also been reported for other dietary phytochemicals and it 

may be one underlying reason for continued interest in this compound as a CRC 

chemopreventive. Hence, despite the discrepancies found in its preclinical and PK data, 

RES is in several phase I and II clinical trials (www.clinicaltrials.gov) for CRC. Some of 

these studies have been completed and the results are pending. 

 

 

http://www.clinicaltrials.gov/
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Figure 1.5 Proposed mechanisms for RES‟s observed in vitro effects. Adapted from 

Kundu and Surh, 2008 

 

 

 

1.6 Hypotheses Underlying the Present Study 

The recurrent observation that in vivo plasma levels of RES are not commensurate 

with doses reported to elicit in vitro effects has raised several questions regarding RES 

metabolism, its metabolites and their pharmacological activity. This research project 

focused on examining several hypotheses generated from a few of these unanswered 

questions. The hypotheses we sought to validate in this study were: 

1.  That RES as found in nature comprises two geometric isomers that are 

rapidly converted to both sulfate and glucuronide conjugates and some or 

all of these moieties may contribute to the observed activity. 



16 

 

2. That when RES is given at high doses, glucuronidation will play a major 

role in its overall disposition and in vitro kinetic studies will provide 

clearance estimates for in vivo prediction/correlation. 

3. That genetic and possible gender variations in UGTs responsible for RES 

metabolism will contribute to (and may help explain) variability in its 

glucuronidation kinetics. 

4. That as RES has been shown to accumulate in the intestine; it will 

transcriptionally induce intestinal UGTs and therefore its own metabolism 

in this organ but this UGT induction will contribute to enhanced 

carcinogen detoxification. 

The rationales behind each of the hypotheses are explained in further detail below. 

 

1.6.1 Elucidating moieties responsible for observed pharmacological activity 

It is well known that RES is extensively metabolized by sulfation and 

glucuronidation yielding the following metabolites; RES 3-O sulfate, RES 4‟-O sulfate, 

RES 3-O glucuronide and RES 4‟-O glucuronide. The reports on very low human plasma 

levels of RES and higher circulating levels of the metabolites are firmly established. 

Given that in vivo concentrations of individual metabolites can be more than ten times 

higher than those of the parent compound, one may put forward the following 

possibilities to explain the observed effects of RES: 

i) RES metabolites are active, and are able to contribute to the therapeutic 

effects of the parent compound 
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ii) RES metabolites are inactive but could serve as a pool for release of the active 

parent compound upon de-conjugation. 

The question of whether RES is the sole pharmacologically active moiety or if the 

conjugated metabolites possess activity in their own right is one that was first posed by 

Yu et al (Yu et al., 2003) and subsequently by Goldberg et al (Goldberg et al., 2003). 

These reports indicated that experiments to elucidate the active molecules (parent and/or 

metabolites) were warranted. The study by Wang et al (Wang et al., 2004) revisited this 

question while investigating the cytotoxic and antiviral activity of RES and its mono-

glucuronides in human peripheral mononuclear blood cells. Other studies that have 

investigated the activity of RES and its metabolites include those by Miksits et al 

(Miksits et al., 2009) and two more by Calamini et al (Calamini et al., 2010) and Hoshino 

et al (Hoshino et al., 2010). There seemed to be a relative lack of interest in pursuing this 

interesting question until quite recently. This is not entirely surprising given that any 

efforts to address the above hypotheses would require moderate quantities of pure 

resveratrol metabolites. To date, limited commercial availability and exorbitant costs 

have restricted access to these metabolites. 

Our aim was therefore to investigate the potential pharmacological activity of 

RES metabolites. In order to obtain RES metabolites in quantities needed for 

characterization and pharmacologic assays, we explored the feasibility of two alternative 

methods; biological (enzymatic) or chemical synthesis. Biological (enzymatic) synthesis 

has been used for production of RES metabolite standards in some individual studies (Yu 

et al., 2002; Miksits et al., 2005). However the exorbitant cost of enzyme co-factors and 
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purified enzyme preparations needed for biosynthesis made chemical synthesis of the 

metabolites the method of choice for this work.   

To date, most studies have been carried out on the more stable and commercially 

available trans- isomer. Two studies compared the antioxidant (Orallo, 2006) and 

vasorelaxant (Campos-Toimil et al., 2007) activities of the two isomers and reported 

similar activity for both geometric isomers. The only differences were seen primarily in 

the magnitude of the effects (trans > cis). Another study on their antiplatelet activity 

(Bertelli et al., 1996a) reported the activity of cis to be greater than that of the trans- 

isomer. In light of these reports, we decided to investigate the potential contribution of 

the cis isomer to total RES chemopreventive activity. This led to another aim proposed at 

the beginning of this project; to carry out chemical synthesis of cis-RES due to its 

commercial unavailability at the time. Although this compound later became available in 

the course of the project, we still undertook and completed the synthesis of cis-RES.  

The following compounds were synthesized, characterized and tested:  

i) Cis-resveratrol (cis-RES) 

ii) trans-resveratrol 3-O-sulfate (trans-R3S) 

iii) trans-resveratrol 4‟-O-sulfate (trans-R4‟S) 

iv) trans-resveratrol 3-O-glucuronide (R3G) 

v) trans-resveratrol 4‟-O-glucuronide (R4‟G) 

Each newly synthesized metabolite was tested for its ability to inhibit cell proliferation in 

human breast (MCF-7) and colon (Caco-2) cancer cell lines. The compounds were 

additionally tested in two murine cell lines of epithelial origins – YAMC (Young Adult 

Mouse Colon) and IMCE (Immorto Mouse Colonic Epithelial). The effect of varying 
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concentrations and treatment periods of each metabolite on cell proliferation was 

quantitated and compared with the parent compound. The effect of metabolite de-

conjugation on cell proliferation was also tested in all cells.  

1.6.2 In Vitro Metabolite Kinetics of High Dose RES Glucuronidation 

Another unanswered question arising from reports on RES pharmacokinetics is 

one regarding appropriate pharmacologic dose. Since standard (25 to 50 mg/70 kg body 

weight per day) doses of RES furnished very low or undetectable levels of circulating 

RES, higher doses for RES in humans were suggested. This high dose requirement has 

been tested both in a single dose escalation study (Boocock et al., 2007a) and a more 

recent chronic dosing steady-state PK study (la Porte et al., 2010). These two studies 

found doses as high as 5 g per day to be well tolerated and non toxic in humans. They 

also observed higher measurable plasma levels than obtainable with the standard lower 

doses. If such high doses of RES are to be the norm, then there is need to evaluate the 

impact of metabolism on RES bioavailability and clearance at higher dose/concentration 

ranges. Studying the in vitro glucuronidation of RES at high doses will enable the 

estimation of kinetic parameters such as intrinsic clearance that can be used to predict the 

in vivo clearance. This offers the advantage of better design of preclinical studies while 

minimizing cost for expensive animal studies. 

Preclinical characterization of the metabolic profile for any chemical entity 

undergoing consideration as a drug is one important step in the drug discovery process. In 

addition to understanding the metabolic fate of RES at higher doses, we also 
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hypothesized that metabolic profiling would be pertinent if the metabolites were found to 

possess any measurable activity. 

With respect to RES conjugation, sulfation has been reported to be the preferred 

pathway in humans with several studies observing higher levels of several sulfated RES 

metabolites (Walle et al., 2004; Burkon and Somoza, 2008) or RES 3-O-sulfate (Boocock 

et al., 2007a; Boocock et al., 2007b). However, several studies have highlighted the 

observation that glucuronidation is a predominant pathway in humans and have reported 

the presence of higher levels of RES glucuronides (Yu et al., 2002; Wang et al., 2004; 

Vitaglione et al., 2005; Urpi-Sarda et al., 2007). Regardless of which pathway 

predominates, sulfation is known to be a high affinity but low capacity pathway which 

makes it readily saturable. It is thus reasonable to postulate that at the high doses being 

suggested for clinical use, glucuronidation may play a major role in metabolism and 

bioavailability. This competition for elimination pathways at high doses is seen with 

acetaminophen, a common over the counter analgesic.  

The final consideration deals with the activity of the conjugates. If RES 

conjugates were found to be inactive, their role may be attributed to their ability to act as 

depots or biological pools for the slow release of active parent following deconjugation. 

Deconjugation reactions are most often associated with enterohepatic recirculation and 

this process (See Figure 1.3) gives rise to persistent levels of parent compounds being 

measured in plasma. In the case of RES, enterohepatic recirculation has been observed 

and reported from single dose PK studies (Walle et al., 2004; Boocock et al., 2007a). This 

is probably due to conversion of RES glucuronides to the parent compound by the 
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activity of ubiquitous β-glucuronidases in the intestine. All of the above lends further 

credence to our rationale for studying RES glucuronidation. 

We characterized the full in vitro glucuronidation kinetics and disposition of high 

dose trans and cis-RES. The presence of RES in plant sources such as grapes, red wine, 

peanuts and cocoa ensures that human dietary consumption includes both isomeric forms, 

and we wanted to investigate the role of the cis isomer in RES disposition at such high 

doses. The disposition of trans and cis-RES was thus evaluated in vitro using 

commercially available pooled human liver and intestinal microsomes. We also evaluated 

RES disposition in recombinant supersome preparations of specific UGTs known to be 

involved in resveratrol glucuronidation – UGT1A1, UGT1A6, UGT1A9 and UGT1A10. 

Glucuronidation assays for RES were validated for linearity with respect to time and 

protein. Non-linear regression was used for the estimation of relevant enzyme kinetic 

parameters. The goal was to successfully correlate in vitro parameters such as clearance 

to the in vivo situation. This in vitro – in vivo correlation (IVIVC) was expected to 

improve predictions of in vivo clearance.  

1.6.3 Impact of Genetic and Gender Differences in Glucuronidation on RES 

Disposition and Bioavailability 

Several studies on RES have reported very high inter- individual variability in 

estimated PK parameters for RES and its metabolites (Vitaglione et al., 2005; Boocock et 

al., 2007a; Almeida et al., 2009) and have attributed it to individual differences in 

metabolism. RES conjugation (both sulfation and glucuronidation) is mediated by two 

multigenic superfamilies of enzymes (SULTs and UGTs) whose members are known to 

be genetically polymorphic. It stands to reason therefore that genetic differences in 
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metabolizing capacity could contribute to differences in RES bioavailability and/or 

systemic clearance. 

The impact of genetic polymorphisms in the SULT enzymes responsible for RES 

sulfation has been reported (Ung and Nagar, 2007). This study intended to add to the 

body of knowledge regarding effects of genetic differences in phase II enzymes 

responsible for RES metabolism by focusing on RES glucuronidation. RES 

glucuronidation is known to be mediated by UGTs, a superfamily of enzymes that 

catalyze the transfer of glucuronic acid to substrates. This transfer results in compounds 

(glucuronides) with increased polarity and water solubility, properties that enable 

efficient elimination (Nagar and Remmel, 2006). This glucuronidation reaction is 

catalyzed by certain members of the human UGT1A  and genetic polymorphisms have 

been reported for all of the UGT enzymes responsible for RES glucuronidation (Nagar 

and Remmel, 2006). 

The effects of polymorphisms in UGT enzymes responsible for RES metabolism 

could have important implications on the variable bioavailability of RES and its 

glucuronides and further studies on the impact of these differences is warranted. 

Although glucuronidation constitutes only a fraction of the human pathways for 

drug metabolism, it is the most common phase II biotransformation reaction accounting 

for about thirty three percent of phase II metabolism (Evans and Relling, 1999). In the 

case of RES; trans-RES glucuronidation is mediated mostly by UGT1A1 and UGT1A9 

while that of cis-RES is mediated by UGT1A6 and UGT1A9 (Aumont et al., 2001; Brill 

et al., 2006; Sabolovic et al., 2006). The knowledge that RES is consumed in the diet as a 

combination of both cis and trans-isomers makes it pertinent to probe the impact of 
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functional UGT1A6 polymorphisms on cis-RES glucuronidation. The rationale is that 

any functional genotypic differences in the genes encoding these enzymes should show 

up as a phenotypic trait. The phenotype we examined was the rate and extent of 

glucuronidation or total glucuronidation capacity. These studies become relevant given 

that genetic variability may be one of the contributing factors to differences in exposure 

and possibly effectiveness of dietary phytochemicals in populations.  

In order to study the impact of genetic polymorphisms on RES glucuronidation 

(and bioavailability), we evaluated the following genotype-phenotype correlations for 

two specific enzymes involved in total RES glucuronidation: trans-RES and UGT1A1 

promoter polymorphisms, and cis-RES and UG1A6 single nucleotide polymorphisms. 

The study comprised genotyping individual livers for the relevant UGT1A1 and 

UGT1A6 polymorphisms. These genotyped livers were then used to carry out in vitro 

glucuronidation assays with the relevant substrate, either trans- or cis- RES. In addition, 

we also evaluated the effect of UGT1A6 polymorphisms on cis-RES glucuronidation in a 

cellular model. This cellular model comprised human embryonic kidney (HEK293) cells 

stably expressing polymorphic UGT1A6 allozymes. Phenotypic differences seen in 

glucuronidation using the human livers were then correlated with the appropriate UGT 

genotypes. Where possible inter-individual differences in glucuronidation rates were also 

quantified and reported. 

RES is a reported putative phytoestrogen possessing effects on the estrogen 

receptor with postulations that it could alter estrogen levels due to its inhibitory effects on 

estrogen sulfation (Furimsky et al., 2008). These reports coupled with the fact that 

estradiol is the major female circulating hormone led to us probing for any sex specific 



24 

 

differences in its glucuronidation. To this end, we utilized male and female human livers 

and compared their RES glucuronidation capacities for any differences. 

1.6.4 Effect of RES on Human Intestinal UGT Induction 

The effect of RES on the expression of drug metabolizing enzymes (DMEs) 

responsible for its conjugation is another important question related to its overall 

bioavailability and observed chemopreventive activity.  

With respect to availability of active moieties, if the conjugates were found to be 

inactive, then inhibiting the metabolism of RES is desirable in order to achieve better 

availability of the active parent. Induction of RES metabolism on the other hand would 

decrease bioavailability (due to increased enzyme activity) and presumably result in 

decreased efficacy. RES, by inducing or inhibiting the phase II DMEs (i.e. UGTs/SULTs) 

responsible for its conjugation, may modulate its own metabolism and ultimately increase 

or decrease its systemic bioavailability and clearance. 

With respect to its chemopreventive activity, multiple mechanisms have been 

proposed for the potential effects of RES and other dietary phytochemicals. Some of 

these mechanisms are related to biotransformation (See Figure 1.5) and they include i) 

the inhibition of cytochrome P450s whose activities produce DNA damaging reactive 

intermediates by oxidative metabolism and ii) the induction of phase II biotransformation 

enzymes which promote the excretion of potential carcinogenic compounds by their 

conversion to highly polar compounds (Kundu and Surh, 2008).  

Also, it is well known that enzyme induction and inhibition are likely mechanisms 

for drug-drug interactions. RES at low and high concentrations has been shown to inhibit 
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both the sulfation and glucuronidation of estradiol in human cytosolic and liver 

microsomal fractions (Furimsky et al., 2008; Ung and Nagar, 2009). However little data 

is available on the effects of induction by RES. With high-dose RES already in clinical 

trials, the impact of RES on the expression (induction) of these DMEs may be an 

important factor in predicting possible interactions between RES and other drugs.  

Upon oral RES dosing, the liver is known to play a major role in its metabolism 

and subsequent bioavailability and most of the major UGTs and SULTs that metabolize 

RES are reportedly expressed in the liver (Tukey and Strassburg, 2000). However, some 

of these UGT and SULT enzymes are also highly expressed in the intestine, and the role 

of the intestine as an important extra-hepatic metabolizing organ cannot be understated. 

RES and other dietary polyphenols have been shown to accumulate in the intestine and 

the role of this organ in their metabolism and bioavailability requires further evaluation. 

A few studies have reported induction of UGTs by RES in rodents (Hebbar et al., 2005) 

and in human hepatic cell lines (Lancon et al., 2007) but not in the intestine. So, with our 

focus on RES glucuronidation, we investigated the intestinal (extrahepatic) induction of 

UGTs by RES. To assess the impact of RES on intestinal UGT expression, we evaluated 

its ability to induce glucuronidating enzymes in a cellular model of human intestinal 

adenocarcinoma. Caco-2 cells were chosen as our cellular model.  

The cells of interest were grown to past confluence in order to ensure 

differentiation and then treated with pre-determined levels of RES. This was done to 

evaluate for any increases in gene expression, protein expression and enzyme activity 

upon treatment and compared with control or untreated cells. Quantitative real time 

reverse transcriptase polymerase chain reaction (qRT-PCR) was used to detect increases 
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in UGT gene expression. Immunoblotting techniques were used to evaluate increases in 

protein expression while increased UGT activity was evaluated with validated 

glucuronidation assays using 4-methylumbelliferone as substrate. A known inducer of 

UGTs – tert-butylhydroquinone (TBHQ) was used as the positive control for assessing 

the inductive effects of RES. In addition to investigating the inductive effects of RES 

alone, we also studied the effects of combining chrysin and curcumin - two other putative 

chemopreventive phytochemicals with RES. This was undertaken in order to confirm the 

hypothesis that dietary phytochemical combinations are capable of causing greater 

chemopreventive effects than individual phytochemicals alone. The chemopreventive 

effects that were studied were their ability to enhance antiproliferation and UGT 

induction simultaneously. The degree of effect(s) enhancement caused by the 

combinations was evaluated using isobolographic analyses to determine if increases in 

effects were additive or synergistic in nature. 

 

1.7 Significance of This Work 

Dietary phytochemicals like RES continue to attract great interest as potential 

chemopreventive agents. This attraction stems somewhat from their presumed low 

toxicity profiles. However, a major confounder to RES‟s purported effects has been the 

question of its low bioavailability with systemic levels not measuring up to levels 

reportedly eliciting effects in vitro. The observed low availability was reported to be due 

to its extensive metabolism by conjugation. These observations subsequently led to the 

following suggestions – i) that RES may not be the only pharmacologically active moiety 
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and that its sulfate and glucuronide conjugates may contribute to activity ii) that higher 

doses of RES may be required for greater exposure and in vivo activity. Our research 

investigated these suggestions and now provides new information on the 

pharmacologically active moieties responsible for observed in vitro anti-proliferative 

activity. The successful optimization of synthetic routes for generation of RES 

metabolites will ensure reasonable quantitative yields of these compounds, enabling both 

the PK characterization of these metabolites and their use as metabolite standards.  

Data generated from kinetic analysis of RES glucuronidation in human liver and 

intestinal microsomes as well as individual UGT isoforms would be useful in making in 

vivo extrapolations from in vitro data with respect to high dose consumption of RES.  

The information provided by the genotype-phenotype correlations for functional 

polymorphisms in major UGTs responsible for RES glucuronidation provides insight into 

the role of genetics on phytochemical metabolism. This may be one contributing factor to 

differences in exposure and effectiveness of these dietary derived compounds.  

Lastly, the study on the inductive effects of RES on intestinal UGTs sheds more 

light on one aspect of RES‟s reported chemopreventive effects and may further help 

explain its low bioavailability. In addition, we utilized an isobolographic (drug 

combination analysis) approach to determine effective in vitro phytochemical 

combinations, an approach that could be used in trials of different phytochemical 

combinations. We show the effectiveness of these phytochemical combinations on two 

distinct but inter-related stages of carcinogenesis – antiproliferation (reflecting the 

progression stage) and UGT induction (initiation stage). This information adds significant 

new knowledge regarding effectiveness of phytochemical combinations. 
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CHAPTER 2 

SYNTHESIS, CHARACTERIZATION AND TESTING OF RESVERATROL AND 

ITS GLUCURONIDE AND SULFATE CONJUGATES 

2.1 Background 

RES is known to be poorly bioavailable with plasma levels that are not 

commensurate with concentrations necessary to elicit in vitro biological effects. The 

higher and more persistent plasma levels of the sulfated and glucuronidated metabolites 

of RES have led to the proposal that these conjugates possess pharmacological activity. 

Despite this lingering question/hypothesis, little research has been conducted with respect 

to the pharmacological effects of RES metabolites. This may be due in part to the 

previous unavailability and/or the exorbitant costs of the synthetic metabolite standards. 

There are reports of synthetic routes to RES conjugates but these studies generated the 

metabolites for use as standards in HPLC/MS assays without exploring their activity. The 

few studies reporting on the activity of RES metabolites include two very recent 

investigations that examined the effects of RES, its sulfates (Hoshino et al., 2010) and the 

4‟-glucuronide conjugates (Calamini et al., 2010) on various molecular targets thought to 

be involved in the chemopreventive effects of RES. Another study by Miksits and 

coworkers (Miksits et al., 2009) compared the activity of RES and its sulfated 

metabolites against a panel of normal and malignant human breast cells while the study  

by Wang et al used polymorphonuclear blood cells to study the anti HIV activity of RES 
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and its glucuronides (Wang et al., 2004). However no one has attempted to study the 

effects of RES and its synthetic conjugated metabolites in cell systems reflective of 

various stages of CRC.  

One goal of this present work was to optimize the synthesis of RES mono-sulfates 

and glucuronides in order to produce sufficient quantities for i) testing for 

pharmacological activity ii) use as metabolite standards and for iii) preclinical in vivo PK 

studies.  

For pharmacologic activity, we set out to investigate the ability of these 

compounds to inhibit cell proliferation in various cell systems representing a CRC 

continuum, from normal to preneoplastic to malignant cells. Regarding cells used in this 

study, one set of model systems useful for in vitro CRC chemoprevention research 

includes the non-tumorigenic conditionally immortal cell lines [Young Adult Mouse 

Colon cells (YAMC; Apc
+/+

) and Immorto-Min Colonic Epithelium cells (IMCE; 

Apc
Min/+

)] derived from C57/BL6 and „Immorto‟ mice. These cells are useful for studying 

the effects of dietary derived compounds on early events leading to development of 

colonic neoplasias. The YAMC  (Apc
+/+

) cell line mimics normal colonic epithelial cells 

(CECs) while the IMCE(Apc
Min/+

) cell line mimics preneoplastic CECs as a result of a 

mutation in the Apc tumor suppressor gene (Fenton and Hord, 2006). The mutation 

carried by the Apc
Min/+

 cells occurs in the murine homolog of the human APC gene. This 

mutation is reportedly key in colon cancer and its inheritance results in the familial 

adenomatous polyposis coli (APC) syndrome which spontaneously progress to 

adenocarcinomas. These two cell lines were developed by Robert Whitehead (Vanderbilt 

University, Nashville, TN) and have been characterized and compared with cancer cells 
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with respect to selected genetic, morphological and phenotypic differences (Fenton and 

Hord, 2006; Whitehead and Robinson, 2009).  The human epithelial colorectal 

adenocarcinoma cell line (Caco-2) was used as our neoplastic cell model. The estrogen 

positive breast cancer cell line MCF-7 was used as an additional neoplastic cell model. 

 

2.2 Study Rationale and Objectives 

This study set out to probe whether trans-RES is the sole pharmacologically active 

moiety or if its conjugated metabolites and/or the cis isomer possess activity in their own 

right. We therefore investigated the potential pharmacological activity of RES 

metabolites (see Figure 2.1). However, biosynthesis was not feasible due to the quantities 

of the metabolites required to complete the proposed studies. The exorbitant cost of 

enzyme co-factors and purified enzyme preparations required precluded this approach 

and made chemical synthesis the method of choice. This portion of the research project 

therefore sought to achieve the following objectives: 

1.  Develop facile, efficient synthetic routes to RES. Particular focus was placed 

on the cis isomer due to its relative unavailability compared with the trans 

isomer. 

2.  Develop facile and high yielding synthetic routes to the sulfate conjugates of 

trans-RES. Emphasis was placed on the monosulfate conjugates ; trans-RES 3-

O sulfate (R3S) and trans-RES 4‟-O sulfate (R4‟S). 

3.  Synthesize the two main glucuronide conjugates of trans-RES; trans-RES 3-O 

glucuronide (R3G) and trans-RES 4‟-O glucuronide (R4‟G). 
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4. Determine the antiproliferative activity of all synthesized compounds against 

YAMC, IMCE, Caco-2 and MCF-7 cells. 
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R1, R2, R3 = H (trans-RES) 

R1 = glucuronide or sulfate, R2, R3 = H (R3G, R3S) 

R3 = glucuronide or sulfate, R1, R2 = H (R4‟G, R4‟S) 

Figure 2.1 General Structure of RES Monosulfates and Monoglucuronides.  

 

 

 

 

2.3 Synthetic Routes to Proposed Compounds 

2.3.1 Synthetic Routes to RES 
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The classical synthetic route to functionalized alkenes such as RES is via the Wittig 

reaction. This reaction usually occurs between a carbonyl functional group (aldehydes 

and ketones) and a triphenylphosphonium salt (Wittig reagent). Other named synthetic 

routes to RES include the Horner-Wadsworth-Emmons (HWE), the Heck and the Julia-

Lythgoe Olefination (JLO) reactions (Kurti and Czako, 2005). Depending on the reagents 

and the reaction conditions used, the former two reactions (Wittig and HWE) favor 

formation of the cis-product while the latter two reactions (Heck and JLO) favor trans-

product formation.  

Since our emphasis was on cis-RES, the Wittig reaction was chosen as the reaction of 

choice. The key reactants in the Wittig reaction are a carbonyl group and a 

triphenylphosphonium salt (also known as Wittig reagent; WR). These WRs formed from 

phosphonium salts are usually obtained by reacting triphenylphosphine with an alkyl 

halide. These WRs are also called “ylides”. A variety of functionalized alcohols can be 

used to prepare ylides which can then react with different aldehydes and ketones thus 

greatly expanding their applicability for generating functionalized alkenes. Simple 

unsubstituted ylides are generally very reactive, giving rise mainly to the cis (Z)-isomer.  

Two synthetic routes (Pettit et al., 2002; Roberti et al., 2003) involving the use of two 

different WRs with different protecting groups was used to generate RES (See Figure 

2.2). Scheme A describes the reaction of WR 1 [4-(tert-Butyldiphenylsilyloxy) 

benzyltriphenylphosphonium Bromide] with the appropriately protected aldehyde - 3,5-

Di (tert-Butyldimethylsilyloxy)benzaldehyde in tetrahydrofuran (THF) at -78 °C using n-

butyl lithium (n-BuLi) as base. Scheme B describes the reaction in the presence of n-
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BuLi of the second WR- [3,5-(Dibenzyloxy)benzyltriphenylphosphonium Bromide] with 

another protected aldehyde, (4-(benzyloxy)benzaldehyde) in THF at -78 
o
C. 

Both reactions afforded a mixture of cis and trans protected 3,4‟,5 trihydroxy stilbenes 

which were deprotected with the appropriate deprotecting agents to give a mixture of cis 

and trans-RES isomers which were separated by semi-preparative chromatography. 

Specifics regarding the reactions, purification and characterization of the products are 

detailed in the experimental section.
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Figure 2.2 General Reaction Schemes for cis and trans-RES Synthesis.

i) Trans (E) and Cis (Z)-RES 

A) 

B) 

Trans (E) and Cis (Z)-RES 
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2.3.2 Synthetic Routes to RES Sulfates  

The synthesis of sulfate conjugates is accomplished by sulfation (formation of oxygen to 

sulfur bonds) via several routes. A commonly used approach is the reaction of purified 

sulfur trioxide complexes with the organic compound of interest. Frequently used 

complexes include; sulfur trioxide-pyridine, sulfur trioxide-dimethylaniline, sulfur 

trioxide-dioxane and sulfur trioxide-dimethylformamide (Gilbert, 1962). These organic 

complexes of sulfur trioxide are milder sulfating reagents, designed to modify the 

extreme reactivity of free sulfur trioxide. Alternatively chlorosulfonic acid can be used to 

generate organic sulfates. The reaction between chlorosulfonic acid and corresponding 

organic bases such as pyridine, dimethylaniline and dimethylformamide (which also 

serve as solvents) affords the sulfur trioxide organic complexes in situ. This method is 

generally considered more reactive, but when carried out under carefully controlled 

conditions can afford higher yields of sulfates than the previously described sulfur 

trioxide complexes. 

RES sulfation was carried out using modifications of literature procedures (Kawai et al., 

1999; Kawai et al., 2000; Fairley et al., 2003) as described below. 

i) Trans-RES was treated with 1equivalent (eq) of sulfur trioxide-pyridine complex 

in excess pyridine using controlled temperature conditions (35 - 45°C). 

ii) Trans-RES was treated with 10 eq of chlorosulfonic acid in excess pyridine at -16 

°C. 

Specifics regarding the reactions used, the purification and separation of the sulfates are 

described in the experimental section. 



 44 

2.3.3 Synthetic Routes to RES Glucuronides 

Glucuronides are compounds formed from a linkage between glucuronic acid and 

suitable atoms such as Carbon, Nitrogen, Oxygen and Sulfur. Glucuronic acid is usually 

attached to organic compounds via a glycosidic bond at its anomeric carbon. The most 

common glucuronides of RES are O-glucuronides, although a C-diglucuronide has been 

reported (Burkon and Somoza, 2008).  

Chemically, glucuronidation is typically achieved by glycosidation. The most common 

glycosidation reactions are the Fisher glycosidation and the Koenigs-Knorr reactions. 

These reactions are sometimes referred to as condensation reactions due to the release of 

water molecules in situ. The reaction is driven by the relative stereochemistry between 

the C1 anomeric carbon and the stereocenter furthest from it (the C6 carbon in hexoses 

and pyranoses). In these sugars, glycoside bond formation occurs in two orientations; 

axial and equatorial, with the former giving rise to α-glycosides and the latter yielding β -

glycosides. Product formation usually occurs via the less hindered bottom face or the 

axial orientation, yielding α-glycosides. However, the stereochemical outcome of a 

glycosylation reaction may in certain cases, be affected by the type of protecting group 

employed at the C2 carbon of the sugars. Protecting groups like the acetyl group allows 

for formation of an intermediate (acetoxonium) that blocks attack to the bottom face of 

the sugar ring (See Figure 2.3), thus giving rise predominantly to the less favored β - 

glycoside product. RES O-glucuronides occur naturally as β-glucuronides and this 

stereochemistry is achieved easily in humans by the glycosyltransferase group of 

enzymes.  
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Chemically however, this orientation needs to be introduced during the course of the 

reaction by the use of suitable protecting groups that directs the reaction towards the less 

favored β-product. Chemical glycosylation usually occurs between a glycosyl donor and 

a glycosyl acceptor (Figure 2.3) via initiation using an appropriate activator under 

suitable conditions. The glycosyl donor is a sugar with a leaving group at the anomeric 

position that upon activation gets eliminated, yielding an electrophilic anomeric carbon. 

The glycosyl acceptor is typically a sugar (or other organic compound) with an 

unprotected nucleophilic hydroxyl group that attacks the electrophilic carbon on the 

glycosyl donor forming the new glycosidic bond. The activator is typically a Lewis acid. 

 

 

 

 

Figure 2.3 Mechanisms for Oxocarbenium and Acetoxonium Ion Formation in 

Glycosylation Reactions 
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Synthetic approaches that have been utilized in literature to generate RES glucuronides 

include: 

i) A modified Koenigs-Knorr glycosylation using the glycosyl donor – 

methyl(tri-O-acetyl-β-D-glucopyranosyl bromide)-uronate (or acetobromo-β-

D glucuronic acid methyl ester) and RES in the presence of silver carbonate 

(Wang et al., 2004). 

ii) A substitution reaction involving the RES monosodium salt generated in situ 

and the protected glycosyl donor with a suitable leaving group, typically a 

bromide (Brandolini et al., 2002; Learmonth, 2003; Wenzel et al., 2005). 

iii) A modified Schmidt‟s trichloroacetimidate glycosylation reaction between the 

glycosyl trichloroacetimidate and appropriately protected RES in the presence 

of boron trifluoride etherate (Lucas et al., 2009). 

Specifics regarding the synthesis and purification of RES glucuronides are included in the 

experimental section. 

 

2.4 Experimental Section 

2.4.1 Materials and Methods 

All starting materials and reagents were purchased either from Sigma Aldrich (St 

Louis, MO), Fisher Scientific or Acros Organics. Caco-2 and MCF-7cells were purchased 

from the American Tissue Culture Collection (Manassas, VA), cell culture reagents 

EMEM, DMEM, penicillin/streptomycin, Tris-EDTA and fetal bovine serum (FBS) were 
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obtained from Hyclone. Gibco RPMI 1640 for cell proliferation assays (with L-

glutamine, no phenol red) was obtained from Mediatech (Manassas, VA).  

Instruments and methods used in the purification and/or characterization of RES and its 

conjugates are described throughout the experimental section where appropriate. 

 

Identification of RES conjugates by LC-MS 

 LC-MS analysis was performed using an Agilent HP 1200 series HPLC coupled 

to a 6100 series single quadrupole electrospray mass spectrometer (Agilent Tech, Santa 

Clara, CA) operating in both negative and positive ESI modes. UV spectra were recorded 

from 250 -350 nm on the photodiode array detector. Negative and positive ion 

electrospray mass spectra were obtained with the electrospray capillary set at 3 kV.  

The flow rate of the nitrogen drying gas was 12.0 L/min at a temperature of 350 °C. Mass 

spectra were recorded over the range of m/z 100 –1000. Alternatively, selected ion 

monitoring was used for greater sensitivity by recording signals for ions of m/z 307 for 

the sulfates and 403 for the glucuronides. Identification was done on an Agilent Zorbax 

SB-C18 column (30 x 2.1 mm ID, 3.5  particle size) using a water: acn (0.1%v/v formic 

acid) mobile phase set at a gradient of 5 -100% B over 4 min and a flow rate of 1ml/min. 

HPLC separation was achieved on a Zorbax SB- C18 (5 micron particle size, 150 x 4.6 

mm ID) analytical column at a flow rate of 0.8 ml/min. The mobile phase comprised of a 

mixture of 5 mM ammonium acetate (pH 6.8 at 22°C) and methanol. A modification of 

the gradient method reported by Murias and coworkers (Murias et al., 2008) was used to 

elute the target compounds according to their lipophilicities in the following order – 

R4‟G, R3G, R4‟S, and R3S.  
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Semi-Preparative HPLC Purification of RES Conjugates 

The HPLC system (HP 1100 series; Agilent Technologies, Santa Clara, CA) 

consisted of a solvent delivery quaternary pump, an autosampler, a diode array detector 

with UV detection set at 303 nm and a Phenomenex Hyperclone ODS column (250 x 10 

mm I.D., 5 μ particle size; Phenomenex, Torrance, CA) set a flow rate of 2.5 ml/min. All 

resveratrol conjugates were separated and collected using the following conditions: 

Starting with a mixture of 90 % aqueous ammonium acetate (Solvent A) and 10 % 

methanol (Solvent B), the organic phase was linearly increased to 20% within 10 min, 

further increased to 35% B within 22 min and a final increase to 60% B at 25 min, where 

it remained constant until 30 min. Subsequently, the percentage of methanol (B) was 

decreased to 10% within 2 min, and the column was equilibrated for a further 8 min 

before application of the next sample.  

Peaks corresponding to the respective resveratrol metabolites were collected individually 

from each chromatographic run and pooled. The pooled fractions were then evaporated 

under reduced pressure and dried under vacuum. Purified metabolites were greater than 

97% pure as determined by MS-HPLC. Portions of the purified compounds were used for 

NMR spectroscopic measurements. 

NMR Spectroscopic Characterization 

1H, 2D-COSY, 13C (DEPT-135) experiments (where relevant) were performed 

on a Bruker Avance III 400MHz spectrometer (Bruker, USA). Samples were dissolved in 

appropriate deuterated solvents and all measurements were made at room temperature 

(298K). Evaluation of the experiments was carried out using Bruker‟s automated 

software, TopSpin 2.1. 



 49 

2.4.2 Synthesis of RES 

General Procedure for Preparation of Cis and Trans Protected Stilbenes 

To the phosphonium bromide salt (1.0 equiv) in anhydrous THF at -78 °C was 

added n-butyl lithium (2 M in hexanes, 1.0 equiv) and the resulting red solution was 

stirred under nitrogen for 2 h. A solution of the aldehydes (1.0 equiv) in THF (2.5 to 5 

ml) was added and the mixture was stirred for 6 to 15 h at room temperature. The 

resulting suspension was poured into water and extracted with dichloromethane. The 

organic phase was washed with brine, and solvent removal was done by rotavap to afford 

a mixture of cis and trans stilbenes that were separated by normal phase Combiflash 

chromatography. The cis-stilbenes eluted first followed by the trans isomers.  

The synthetic routes used to prepare each intermediate used in the synthesis of cis 

and trans-RES are outlined below. Synthetic route 1 shows the intermediates prepared en 

route to WR 1 (see Schemes 1.1 to 1.4) and ultimately cis and trans-RES while synthetic 

route 2 shows the synthesis of intermediates en route to WR 2 and ultimately cis and 

trans-RES. 

Synthetic Route 1 

1. Towards the synthesis of WR 1  

A)   Synthesis of 4-(tert-Butyldiphenylsilyloxy)benzaldehyde   

To a solution of 4-hydroxybenzaldehyde (1 eq) in dimethylformamide (DMF; 30 

ml) was added imidazole (2.2 eq). The solution was stirred for 15 min before adding of 

the protecting agent - tert-butyldiphenylsilyl chloride (TBDPSCl; 1.1 eq) dropwisely over 

5 min. The resulting light brown solution was stirred for 3 h. The reaction mixture was 
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poured into water and extracted with ethyl acetate (3 x 10 ml). Organic extracts were 

pooled, dried over anhydrous MgSO4 and concentrated to yield a brown oil. The oil was 

separated by gradient column chromatography (pure hexane to 19:1 hexane/ethyl acetate) 

to afford the aldehyde (1a) as a white waxy solid (Scheme 1.1). 

 

 

CHO

OH

CHO

O Si

Ph

Ph

DMF, Imidazole 

TBDMSCl 

4-Hydroxy benzaldehyde

Mol.Wt = 122.12

4-(tert -Butyldiphenylsilyloxy) benzaldehyde (1a)

Mol.Wt = 360.53
 

 

Scheme 1.1 

 

B)   Synthesis of 4-(tert-Butyldiphenylsilyloxy)benzyl Alcohol 

 

 

CHO

OTBDPS

NaBH4

CH3OH

O Si

Ph

Ph

OH

Mol. Wt = 362.54

4- (tert- Butyldiphenylsilyloxy)benzyl Alcohol (1b)

1a

 
Scheme 1.2 
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To a solution of 1a (1eq) in methanol (50 ml) at 0 °C was slowly added sodium 

borohydride (NaBH4; 1.2 eq). After stirring for 2 h the reaction mixture was poured into 

water (200 ml), solvent was reduced to a minimum under reduced pressure and the 

aqueous mixture was extracted with dichloromethane (DCM) or ethyl acetate. Organic 

extracts were pooled, dried over anhydrous MgSO4 and solvent removed in vacuo to 

afford the alcohol (1b) as a clear oily liquid (Scheme 1.2).  

 

C)   Synthesis of 4-(tert-Butyldiphenylsilyloxy)benzyl Bromide 

Phosphorus tribromide (PBr3; 0.5 eq) was slowly added with stirring to a solution of 

the alcohol 1b (1eq) in DCM (37 ml) at 0 °C. After stirring for 12 h (overnight), the 

reaction mixture was poured into aqueous sodium bicarbonate and extracted with ethyl 

acetate (3 x 10ml). Organic phases from the extraction were pooled and concentrated by 

rotary evaporation to afford the bromide (1c) as a colorless solid (Scheme 1.3). 

 

 

PBr3, CH2Cl2

O Si

Ph

Ph

Br

Mol. Wt = 425.44

4-(tert- Butyldiphenylsilyloxy) benzyl Bromide (1c)

O Si

Ph

Ph

OH

0oC            

1b

 
Scheme 1.3 
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D) Synthesis of 4-(tert-Butyldiphenylsilyloxy)benzyltriphenylphosphonium Bromide  

Triphenylphosphine (PPh3; 5 eq) was added to a solution of the bromide 1c (1eq) 

in toluene (50 ml), and set to stir. After being heated at 100 °C for 2 h, the reaction 

mixture was cooled to room temperature, and the product was collected and recrystallized 

from ethanol to afford the product -WR 1- as a colorless solid (Scheme 1.4). 

 

 

 

PPh3

Toluene, 100oC 

O Si

Ph

Ph

PPh3Br

O Si

Ph

Ph

Br

4-(tert- Butyldiphenylsilyloxy)benzyltriphenylphosphonium Bromide

                            [WR 1]

Mol. Wt = 687.73

1c

Scheme 1.4 

 

 

 

2. Synthesis of 3,5-Di(tert-butyldimethylsilyloxy)benzaldehyde 

To a solution of 3,5-dihydroxybenzaldehyde (1eq) in DMF (10 ml )was added 

Diisopropyl ethylamine (DIEA; 2 eq), and the solution was stirred. After 15 min tert-

butyldimethylsilyl chloride (TBDMSCl; 2.3 eq) was added dropwisely and the resultant 

light brown solution was stirred for an additional 16 h. The reaction mixture was poured 

into water, extracted with DCM (3 x 10 ml) and solvent removed in vacuo to yield a 
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brown oil that was purified by flash column chromatography (9:1 hexane/ethyl acetate) to 

yield the protected aldehyde (2) as a tan oil (Scheme 1.5). 

 

 

 

CHO

OHHO

CHO

OO SiSi

3,5-Dihydroxy benzaldehyde

DIEA, TBDMSCl

DMF, rt, 16 h

3,5-Di (tert- Butyldiphenylsilyloxy)benzaldehyde (2)

Mol. Wt = 138.12 Mol. Wt = 366.65
 

Scheme 1.5 

 

 

  

3. Synthesis and Deprotection of the 3,4',5-trihydroxy protected E and Z stilbenes 

The Wittig reaction was performed as summarized earlier (Figure 2.2, Scheme A) using 

WR 1 (1eq) and the protected aldehyde 2 (1eq). The protected stilbene isomers were 

isolated as a mixture and deprotected by treatment with Tetrabutyl ammonium fluoride 

(TBAF; 3 eq) in THF (15 ml) for 1 h with stirring. The product was purified by gravity 

column chromatography (3:1 hexane/ethyl acetate) and yielded a mixture of isomers 

(0.4g; yield). 
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Synthetic Route 2 

1. Towards the synthesis of Wittig Reagent 2 

A)   Synthesis of 3,5-Di(benzyloxy)benzyl Bromide 

To a solution of the benzyl alcohol (1eq) in DCM (10 ml) at 0 °C was slowly added 

phosphorus tribromide (0.48 eq) with stirring. After 12 h, the reaction was stopped, DCM 

was removed under reduced pressure and the residue was dissolved in ethyl acetate (20 

ml). The organic phase was poured into aq. sodium bicarbonate, extracted with DCM (3 x 

10 ml) before pooling and solvent removal in vacuo to afford the benzyl bromide (2a) as 

a white solid (Scheme 2.1). 

 

 

 

O O

CH2OH

CH2H2C O O

CH2Br

CH2H2C

PBr3, CH2Cl2

Mol. Wt = 320.39 Mol. Wt = 383.28

3,5-Di(benzyloxy)benzyl Alcohol 3,5-Di(benzyloxy)benzyl Bromide (2a)

 0oC

 
 

Scheme 2.1 
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B)   Synthesis of 3,5 di(benzyloxy)benzyltriphenylphosphonium Bromide 

 

O O

CH2Br

CH2H2C

PPh3,Toluene

100
o
C

O O CH2H2C

PPh3Br

Mol.Wt = 645.58

3,5-Di(benzyloxy)benzyltriphenylphosphonium Bromide

                               [WR 2]

2a

Scheme 2.2 

 

 

To a solution of bromide 2a (1eq) in toluene (35 ml) was added 

triphenylphosphine (5eq) with stirring and heating (100 °C). After 2 h, a creamy white 

precipitate had formed. The reaction mixture was cooled to room temperature, and the 

product (WR 2) was collected by pressure filtration and dried under vacuum (Scheme 

2.2). 

 

2)   Synthesis of 4-(benzyloxy)benzaldehyde 

  The 4-(benzyloxy)benzaldehyde was prepared from the 4-hydroxy benzaldehyde by a 

modified Williamson etherification with aq. NaOH and benzyl chloride using DMSO as a 

phase transfer catalyst. 
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CHO

OH

CHO

OCH2Ph

NaOH, DMSO, C6H5CH2Cl

room temp

Mol. Wt = 122.12 Mol. Wt = 212.25

4-Hydroxybenzaldehyde 4-(benzyloxy)benzaldehyde (2b)

Scheme 2.3 

 

 

To the solution of NaOH (1.5 eq) was added the phenolic benzaldehyde (1 eq) 

dissolved in DMSO (5 ml) followed by a dropwise addition of benzyl chloride (1.5 eq). 

The mixture was stirred at 25 °C for 4-8 hrs under an atmosphere of nitrogen. The 

reaction was monitored by thin layer chromatography (TLC) for the disappearance of 

reactants at which time it was quenched by addition of ice-cold water. The mixture was 

extracted with diethyl ether (3 x 5 ml), the organic phase pooled and washed with water 

(3 x 5 ml). The extract was then dried using anhydrous Na2SO4 and concentrated under 

reduced pressure. The residue (a yellowish tan oil) was purified by gravity column 

chromatography (9:1 Hexane: Ethyl acetate) to afford the benzyl ether (2b) as flocculent 

white crystals (Scheme 2.3). 

 

3. Synthesis and Deprotection of the 3,4',5-Tri(benzyloxy) cis and trans-stilbenes 

The reaction  protected benzaldehyde 2b (1 eq) with WR 2 (1 eq) in anhydrous 

THF in the presence of n-BuLi yielded a mixture of the cis and trans protected stilbenes 

(See Figure 2.2 scheme B) as a yellowish waxy solid which was taken forward for 
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subsequent deprotection, separation and purification. Deprotection was accomplished 

using a stoichiometric 1:1 ratio of a novel aluminum chloride/N,N-dimethyl aniline 

(DMA) reagent  (3 eq) per benzyl group in either toluene at 70 - 80 °C or DCM at 40 - 50 

°C. Briefly, N,N-DMA (9 eq) was added to AlCl3 (9 eq)in a suitable reaction vessel, 

stirred for 10 min was and then heated to 70 °C. Upon attaining70 °C., the stilbene 

mixture (1 eq) previously dissolved in anhydrous toluene was added slowly over 10 min 

and set to stir for another 2 to 4 h. After 4 h, the reaction mixture was allowed to cool to 

room temp and ice cold water was added with stirring. The organic layer was separated 

and the aqueous layer was acidified with 10% 1 M HCl before extraction with ethyl 

acetate (3 x 5 ml). The extracts were combined, dried over anhydrous sodium sulfate and 

excess solvent was removed by rotary evaporation. The mixture of cis and trans RES 

isomers was separated using reverse phase semi-prep HPLC.  

 

2.4.3 Synthesis of RES Sulfates 

A)   Reaction with Sulfur trioxide pyridine complex 

To a solution of RES (100 mg, 1 eq) stirring in dry pyridine at 35 °C was added the 

SO3.Py complex (70 mg, 1 eq) dissolved in anhydrous pyridine and the solution was set 

to stir for 6 – 12 h. The reaction was quenched by adding an equal volume of water (to 

deactivate any unreacted complex) and the excess solvent was evaporated using a 

Genevac EZ-2 personal evaporator. The residue was then loaded onto a 30 g RediSep Rf 

Gold® High Performance HP C18 combiflash chromatography column (Teledyne Isco, 

Lincoln, NE) for pre-separation of the sulfates from the parent RES. A gradient 

separation over 9 min was run using a water: acetonitrile (acn) mobile phase (See Table 
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2.1 below). The fractions which contained a mixture of monosulfates were combined and 

the solvent was reduced to a minimum using the Genevac evaporator. Final separation 

and purification were carried out by semi-preparative chromatography to afford the 

monosulfates, R3S and R4‟S (Scheme 3.1). 
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Table 2.1 Gradient Separation Parameters for the 30 g RediSep Rf Gold™   

Combiflash column 

 

Duration %B Solvent A Solvent B 

0.0 5.0 water acn 

1.0 5.0 water acn 

2.4 26.0 water acn 

1.0 26.0 water acn 

3.4 54.8 water acn 

0.0 100.0 water acn 

1.0 100.0 water acn 

0.0 80.0 water acn 

1.0 80.0 water acn 

 

 

 

B)   Reaction with Chlorosulfonic acid 
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Pure R3S and R4'S

OH

OH

HO

OSO3K

OH

HO

OH

HO

OSO3K

Chlorosulfonic acid, Pyridine

-16
o
C to room temp

then H2O and solid KOH/K2CO3

to pH10

Mixture of RES Sulfates

trans-RES

5

3

4'

 

Scheme 3.2 
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Resveratrol (100 mg, 1 eq) was dissolved in dry pyridine and cooled to -16 °C. To this 

solution was added chlorosulfonic acid (0.3 ml, 10 eq) with stirring and the mixture was 

allowed to warm to room temperature. After 12 h, the reaction was stopped and the 

pyridine was evaporated under reduced pressure. The residue was dissolved in water, 

solid KOH or K2CO3 was added (to raise pH to 10) before loading unto the Combiflash 

column. Pre-separation and final purification was done as stated for the reaction with 

SO3.Py to provide the target sulfates in approximately 45% yield (Scheme 3.2). 

2.4.4 Synthesis of RES Glucuronides 

Initial attempts to synthesize RES glucuronides using a glycosyl donor in the 

presence of silver carbonate (as reported by Wang et al) proved unsuccessful. The 

synthesis was accomplished by a direct substitution reaction between RES monosodium 

salt and a suitably protected glycosyl donor (acetobromo-alpha-D glucuronic acid methyl 

ester). The acetyl protecting groups on the glycosyl moiety ensured formation of the 

desired β-D-glucuronide products. Briefly, RES (100 mg, 1eq) was dissolved in dry 

MeOH (3.5 ml) at room temperature, Sodium methoxide (NaOMe, 24 mg in 1.5 ml dry 

MeOH; 1 eq) was added dropwisely and solution was allowed to stir. After 1.5 h, a 

solution of acetobromo-alpha-D glucuronic acid methyl ester (176 mg, 1 eq) in dry 

MeOH (1 ml) was slowly added and the reaction was allowed to stir for 4 h after which 

dry diethyl ether (30 ml ) was added. The mixture was centrifuged to precipitate 

unwanted material and the organic phase was evaporated to dryness. The residue was 

redissolved in a solution of equal volume THF and 1M NaOH (3 ml each) and set to stir. 

After 6 h, the reaction was quenched by adding a 1% solution of acetic acid in MeOH. 



 61 

The solvent was evaporated and the crude solid separated by semi-preparative 

chromatography to afford the desired monoglucuronides (Scheme 4). 
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2.4.5 Testing for Pharmacologic (Antiproliferative) Activity 

Cell Culture 

The epithelial mouse cells which carried a temperature sensitive mutant of the 

SV40 large T gene were grown at their permissive temperature of 33 °C prior to any 

proliferation assays. The cells were cultured in RPMI containing interferon γ (IFN), 

10% FBS, 5% penicillin/streptomycin solution, 0.00279 M hydrocortisone, 0.1 M α 

thioglycerol and insulin solution.  

The cells were incubated at 33 °C with 5% CO2 and allowed to grow to 70% confluency 

before passaging. Human cells were thawed according to supplier‟s instructions and 

cultured in the appropriate media (EMEM for Caco-2 and RPMI for MCF-7 cells) 

containing 10% FBS and 5% penicillin/streptomycin. Cells were incubated in 10 cm 

plates in a humidified atmosphere at 37 °C with 5% CO2 and allowed to grow to 80% 

confluency before passaging. 

Cell Proliferation Assays 

All compounds were prepared in DMSO and dilutions of these stock solutions 

were made in the appropriate media yielding a final DMSO concentration of 0.1 – 0.75% 

v/v. The final concentrations of DMSO did not interfere with cell growth. The effects of 

RES and its sulfated and glucuronidated metabolites on the in vitro growth of Caco-2, 

MCF-7, YAMC and IMCE cell lines were evaluated using the alamarBlue® technology 

bases cell proliferation assay from Invitrogen (Carlsbad, CA). To prevent possible de-

conjugation of the synthetic metabolites back to the parent RES, experiments with RES 

sulfates were conducted in the presence of the potent steroid sulfatase inhibitor; estrone-

3-O-sulfamate (EMATE) while those with the glucuronides were done in the presence of 
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saccharolactone, a known β-glucuronidase inhibitor. Final concentrations of EMATE and 

saccharolactone in the wells were 5 M and 200 M respectively. Briefly, Caco-2 and 

MCF-7 cells were seeded in 96 well plates at a density of 3 x 10
3
 cells per well in 100 l 

of medium and allowed to attach overnight. The next day, media was changed and 

replaced with fresh medium containing varying concentrations of test compounds (1 – 

100 M). The cells were incubated for 60 h, then 10 μl of the alamarBlue® reagent was 

added to the wells and emitted fluorescence read after 12 h. For the mouse cells, the same 

seeding density was utilized and cells were allowed to grow for 24 h at 33 °C in RPMI 

media containing IFNγ. After 24 h, fresh IFN free medium was added and the YAMC 

and IMCE cells were transferred to a 37 °C incubator. After a further 24 h, fresh medium 

containing the treatments was added before being treated with alamarBlue® for a further 

18 h.  All emitted fluorescence due to cell viability was read off a spectrophotometer 

using the SoftMax software (Molecular Devices, Sunnyvale, CA). Calculations for IC50 

estimates were done with GraphPad Prism for Windows (version 4.03; GraphPad 

Software Inc., San Diego, CA). 

 

2.5 Results 

All compounds detailed in section 2.4 above were obtained in a range of yields 

depending on the methods used. The percent yields and relevant spectroscopic data are 

listed in Tables 2.2 to 2.3. All associated NMR and Mass Spectra, Combiflash and HPLC 

chromatograms are shown in Appendix A. 
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Synthetic Route 1 

 

CHO

OH

4-Hydroxy benzaldehyde

O Si

Ph

Ph

PPh3Br
CHO

O Si

Ph

Ph

O Si

Ph

Ph

Br

O Si

Ph

Ph

OH

(1a) (1b) (WR 1)(1c)   

 

 

Table 2.2 Yields and Spectroscopic Data for Synthetic Route 1 

 

Compound 

(Mol. Wt) 

Qty of SM 

(mMol) 

Expected 

Yield 

Actual 

Yield 

(%)  

H
1
NMR 

LC-MS 

(m/z, RT, 

%Purity) 

4-(tert-

Butyldiphenyl

silyloxy) 

benzaldehyde 

[1a] 

(360.5) 

4-hydroxy 

benzaldehyde  

2 g  

(16.4 mMol) 

5.9 g 
5.02 g 

(85%) 

(Acetone-d6): 

δ = 1.12 (s, 9H, C(CH3)3), 

6.96 (d, 2H, J = 8.7Hz), 

7.51 (m, 6H, Ar-H), 7.73 

(d, 2H, J = 8.7Hz), 7.77 

(m, 6H, Ar-H), 9.84 (s, 

1H, CHO)  

361 [M+H]
+
, 

5.05 min, 

97% 

4-(tert-

Butyldiphenyl

silyloxy) 

benzyl 

Alcohol [1b] 

(362.5) 

[1a] - 1.1g  

(3.05 mMol) 
1.10 g 

1.05 g 

(95%) 

(CDCl3): 

δ = 1.12 (s, 9H, C(CH3)3), 

4.54 (s, 2H, CH2), 6.75 (d, 

2H, J = 8.6Hz), 7.15 (d, 

2H, J = 8.6Hz), 7.41 (m, 

6H, Ar-H), 7.75 (m, 6H, 
Ar-H) 

n/a 

4-(tert-

Butyldiphenyl

silyloxy) 

benzyl 

Bromide [1c] 
(425.4) 

[1b] - 1.05g  

(2.9 mMol) 
1.23 g 

1.07 g 

(87%) 

(CDCl3): 

δ = 1.11 (s, 9H, C(CH3)3), 

4.48 (s, 2H, CH2), 6.72 (d, 

2H, J = 8.6Hz), 7.13 (d, 

2H, J = 8.6Hz), 7.39 (m, 

6H, Ar-H), 7.72 (m, 6H, 
Ar-H) 

n/a 

4-(tert-

Butyldiphenyl

silyloxy) 

benzyltripheny

l phosphonium 

Bromide 
[WR1] 

(687.7) 

[1c] - 1.07g 

(2.51 mMol) 
1.67 g 

1.0 g 

(60%) 

(CDCl3): 

δ = 1.09 (s, 9H, C(CH3)3), 

5.15 (d, 2H, CH2), 6.52 (d, 

2H, J = 8.6Hz), 6.75 (d, 

2H, J = 8.6Hz), 7.31 (m, 
20H, Ar-H), 7.71 (m, 5H, 

Ar-H) 

n/a 

3,5-Di(tert-

butyldimethyl 

silyloxy) 

benzaldehyde, 
[2]*. 

(366.6) 

3,5-

dihydroxy 

benzaldehyde 

1g  
(7.24 mMol) 

2.65 g 
2.20 g 

(83%) 

(CDCl3): 

δ = 0.21 (s, 12H, 2 x 

Si(CH3)2), 0.98 (s, 18H, 2 

x C(CH3)3), 6.51 (t, 1H, J 
= 2.1Hz), 6.92 (d, 2H, J = 

2.1Hz), 9.86 (s, 1H, CHO) 

n/a 
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Synthetic Route 2 

 

PhH2CO OCH2Ph

PPh3Br
CHO

OCH2Ph

+

OCH2Ph

PhH2CO

PhH2CO PhH2CO

OCH2Ph

OCH2Ph
+

3,4',5-Tri(benzyloxy)stilbenesZ isomer E isomer

Cis-RES

(WR 2) (3)

PhH2CO OCH2Ph

Br

(2a)

Trans-RES

HO

HO

OH

6

5'

3'

24

2'

6'
5'

HO

OH

OH

2'

3'

6'
6

2 4

 

 

 

Table 2.3 Yields and Spectroscopic Data for Synthetic Route 2 

 

Compound 

(Mol. Wt) 

Qty of SM 

Used (mMol) 

Expected 

Yield 

Actual 

Yield 

(% 

Yield) 

H
1
NMR 

LC-MS 

(m/z, RT, 

%Purity) 

3,5-

Di(benzyloxy) 

benzyl 

Bromide, [2a] 

(383.3) 

3,5-

Di(benzyloxy)

benzyl 

Alcohol – 1.5g 

(4.68 mMol) 

1.79 g 
1.54 g 

(86%) 

(CDCl3): 

4.52 (s, 2H, CH2), 5.15 (s, 

4H, 2 x OCH2), 6.62 (t, 

1H, Ar-H), 6.69 (d, 2H, 

Ar-H), 7.52 (m, 10H, 

ArH) 

n/a 

3,5 

di(benzyloxy) 

benzyltripheny

lphosphonium 

Bromide 

[WR2] 

(645.6) 

[2a] – 0.9g  

(2.35 mMol) 
1.52 g 

1.2 g 

(79%) 

(CDCl3): 

4.76 (s, 4H, 2 x OCH2), 

5.36 (d, 2H, CH2), 6.45 

(m, 3H, Ar-H), 7.33 (m, 

10H, Ar-H), 7.63 (m, 5H, 

Ar-H), 7.76 (m, 10H, ArH) 

565 [M-Br]
+
, 

4.6 min, 90% 
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Table 2.3 Continued 

 

4-(benzyloxy) 

benzaldehyde, 

[3] 

(212.2) 

4-hydroxy 

benzaldehyde - 

2 g  

(16.38 mMol) 

3.47 g 
0.6 g 

(17%) 

(CDCl3): 

5.15 (s, 4H, 2 x OCH2), 

7.08 (d, 2H, Ar-H, J = 

8.6), 7.42 (m, 5H, Ar-H), 

7.84 (d, 2H, ArH, J = 8.6) 

213 [M+H]
+
, 

3.46 min, 

96% 

cis and trans 

Tri(benzyloxy) 

Stilbenes  

(498) 

[WR 2] – 0.5g 

and 0.165g of 

[3] 

(7.8 mMol) 

388 mg 
255 mg 

(66%) 
n/a 

499 [M+H]
+
, 

5.46 and 5.59 

min, 99% 

cis-RES 

(228) 

3,4',5-
Tri(benzyloxy)

cis-Stilbene -

92 mg 

(0.33 mM) 

42 mg 
16 mg 

(38%) 

(MeOH-d4, DQF COSY): 

δ = 6.1 (t, J = 2.2Hz, H-4), 

6.21 (d, J = 2.2Hz, H-2,6), 
6.31 (d, J = 12.2 Hz, cis-

vinyl), 6.41 (d, J = 12.2Hz, 

cis-vinyl), 6.63 (d, J = 

8.6Hz, H-3‟,5‟), 7.08 (d, J 

= 8.6Hz, H-2‟,6‟) 

227,229 [M-

H]
+
, [M+H]

+
 

2.4 min, 92% 

trans-RES 

(228) 

3,4',5-

Tri(benzyloxy)

trans-Stilbene 

- 163 mg  

(0.18 mM) 

74 mg 
50 mg 

(68%) 

(MeOH-d4, DQF COSY): 

δ = 6.18 (t, J = 2.1Hz, H-
4), 6.47 (d, J = 2.1Hz, H-

2,6), 6.78 (d, J = 8.7Hz, H-

3‟,5‟), 6.82 (d, J = 16.3Hz, 

trans-vinyl) 6.98 (d, J = 

16.3Hz, trans-vinyl), 7.37 

(d, J = 8.7Hz, H-2‟,6‟)  

227,229 [M-

H]
+
, [M+H]

+
 

2.2 min, 97% 
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Table 2.4 Yields and Spectroscopic Data for RES Mono-Sulfates and Glucuronides 

 

Compound 

(Mol. Wt) 

Qty of SM 

Used (mMol) 

Expected 

Yield 

Actual 

Yield 

(% 

Yield) 

H
1
NMR 

LC-MS 

(m/z, RT, 

%Purity) 

R4‟S 

(308) 

RES 

100 mg 

(0.44mM) 

 

135 mg 
23 mg 

(17%) 

(MeOH-d4, DQF COSY): 

δ = 6.2 (t, J = 2.1Hz, H-4), 

6.5 (d, J = 2.1Hz, H-2,6), 

6.95 (d, J = 16.3Hz, trans-

vinyl), 7.04 (d, J = 16.3 

Hz, trans-vinyl), 7.29 (d, J 

= 8.7Hz, H-3‟,5‟), 7.50 (J 

= 8.7Hz, H-2‟,6’) 

 

307 [M-H]+, 

1.77 min, 

99% 

R3S 

(308) 

 

135 mg 
37 mg 

(27%) 

(MeOH-d4, DQF COSY): 

δ = 6.66 (t, J = 2.1Hz, H-

4), 6.74 (t, H-6),  6.76 (d, J 

= 8.6Hz, H-3‟,5‟), 6.85 (d, 

J = 16.2Hz, trans-vinyl), 

6.97 (t, H-2), 7.05 (d, J = 

16.2Hz, trans-vinyl), 7.37 

(d, J = 8.6Hz, H-2‟,6‟) 

 

307 [M-H]
+
, 

1.98 min, 

98% 

R4‟G* 

(404) 
176 mg 

20 mg 

(11%) 

(MeOH-d4, DQF COSY): 

δ = 3.52 (m,3H, 3 x H, 

H2”- H4”), 3.78 (m, 1H, 

H5”), 4.93 (s, 1H, H1”) 

6.16 (t, J = 2.1Hz, H-4), 

6.46 (d, J = 2.1Hz, H-2,6), 

6.85 (d, J = 16.3Hz, trans-

vinyl), 6.96 (d, J = 16.3 
Hz, trans-vinyl), 7.11 (d, J 

= 8.7Hz, H-3‟,5‟), 7.43 (J 

= 8.7Hz, H-2‟,6‟) 

 

403 [M-H]+, 

1.78 min, 

99% 

R3G* 

(404) 

 

176 mg 
34 mg 

(19%) 

(MeOH-d4, DQF COSY): 

δ = 3.43 (m,3H, 3 x H, 

H2”- H4”), 3.68 (m, 1H, 
H5”), 4.82 (s, 1H, H1”) 

6.40 (t, J = 2.1Hz, H-4), 

6.52 (d, J = 2.1Hz, H-2,6), 

6.67 (d, J = 8.7Hz, H-

3‟,5‟), 6.75 (d, J = 16.3Hz, 

trans-vinyl), 6.91 (d, J = 

16.3 Hz, trans-vinyl), 7.28 

(J = 8.7Hz, H-2‟,6‟) 

 

403 [M-H]+, 

1.95 min, 

99% 

 * - Numbering for glucuronic acid proton assignment 

  

 

O

HO

HO HO

HOOC

O
RES

1"2"
3"

4"
5"

6"
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Cell Proliferation Data 

A) RES Antiproliferation Activity in YAMC, IMCE and Caco-2 Cells 

 

 

 

 
 

Figure 2.4 Log concentration curves for RES antiproliferative activity in A) normal 

colonic epithelial YAMC, B) preneoplastic IMCE mouse cells and C) neoplastic Caco-2 

cells. Data expressed as Mean ± S.D, n = 4 for Caco-2 cells and n = 8 for murine cells.  
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 Figure 2.4 depicts dose response curves generated from fitting the sigmoid four 

parameter logistic model to data obtained from RES treatments in YAMC, IMCE and 

Caco-2 cells using a 0 - 200 μM concentration range. The IC50 values reported here are 

specific for the concentration range studied and estimated values ± SE were 20.8 ± 1.2 

(95% C.I 15.3 to 28.5), 57 ± 1.0 (95% C.I 51.1 to 63.53), and 102.8 ± 1.3 (95% C.I 60.2 

to 175.1) μM respectively. The log dose - concentration data for RES monosulfates 

antiproliferative activity in the murine (YAMC and IMCE) and human (Caco-2 and 

MCF7) cells are depicted in Figures 2.5 and 2.6. Corresponding data for RES 

monoglucuronides are represented in Figures 2.7 and 2.8. Due to the low and sometimes 

indiscernible activity of these conjugates, we were not able to obtain good model fits for 

the data and thus IC50s could not be reliably estimated.  
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B) RES Monosulfates 

 

 

 

Figure 2.5 Dose response curves for cell growth inhibitory activity of R3S and R4‟S in 

A) YAMC and B) IMCE cells. Data are expressed as Mean ± S.D, n = 8. 
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Figure 2.6 Dose response curves for cell growth inhibitory activity of R3S and R4‟S in 

C) Caco-2 and D) MCF-7 cells. Data are expressed as Mean ± S.D, n = 8. 
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C) RES Glucuronides 

 

 

Figure 2.7 Dose response curves for cell growth inhibitory activity of R3G and R4‟G in 

A) YAMC and B) IMCE cells. Data are expressed as Mean ± S.D, n = 8. 
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Figure 2.8 Dose response curves for cell growth inhibitory activity of R3G and R4‟G in 

C) Caco-2 and D) MCF-7 cells. Data are expressed as Mean ± S.D, n = 8. 
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2.6 Discussion 

Comments on the Synthetic Routes to Target Compounds 

We successfully synthesized RES using modifications of two previously 

published procedures utilizing WR1 (Pettit et al., 2002) and WR2 (Roberti et al., 2003). 

With WR1, we could not generate cis-RES in quantitative yields. The final yield was 

very low due to continuous co-elution of both cis and trans isomers with gravity 

chromatography. Multiple chromatographic separations with varying ratios of the hexane: 

ethyl acetate system eventually afforded about 5 mg (10%) of the desired cis isomer. This 

led to the use of an alternative route involving WR2. One of the advantages of this 

alternative method (synthetic route 2 in Methods) was the use of fewer steps which in 

most cases allows for better yields. The rate limiting and lowest yielding step in Synthetic 

route 2 was the formation of compound 3, the benzyl ether of 4-hydroxy benzaldehyde. 

In spite of this low yield, sufficient quantities were produced to go forward with the 

Wittig reaction where it was used in a 0.3 to 1 stoichiometric ratio with WR 2. The Wittig 

reaction proceeded smoothly but attempts to deprotect the benzyloxy protecting groups 

using a literature method (Roberti et al., 2003) met with little success. They report the use 

of a complex formed from 3 eq N,N-DMA and 4 eq AlCl3 at 0°C. However, the seminal 

report on the use of this reagent (Akiyama et al., 1991) for the cleavage of benzyl ethers 

showed no reaction occurring at 0°C but a greater than 90% conversion at room 

temperature. In our hands, all attempts to deprotect at room temperature also failed. We 

eventually obtained clean cleavage using a modification of the procedure reported by 

Majeed and coworkers (Majeed et al., 2007). This modification involves the use of 3 eqs 
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of reactant (N,N-DMA and AlCl3) for each benzyloxy group to be removed. In addition, 

the temperature was raised to between 40 and 80 °C (Majeed et al., 2007) depending on 

the reaction solvent being used (lower temperature for DCM and a higher one for 

toluene). We obtained the cis and trans-RES isomers in a 1:1.8 ratio (38 and 68 percent 

yields respectively). Trans-RES was isolated with greater purity than the cis isomer 

where we could only obtain 92% purity as evident by MS and NMR. The main 

contaminant in cis-RES was the trans isomer. Retention times observed on the semi-prep 

column were 5.5 and 5.96 for trans and cis-RES respectively (See Appendix A for 

spectroscopic data and chromatograms). 

The synthesis of RES sulfates proved to be more challenging than we had initially 

anticipated. All reports on the chemical synthesis of RES sulfates (Yu et al., 2002; 

Wenzel et al., 2005; Miksits et al., 2009; Kenealey et al., 2011) aside from the work by 

Hoshino and coworkers (Hoshino et al., 2010), used a modification of the sulfation 

procedure reported by Kawai et al (Kawai et al., 2000). The procedure reportedly used 

the SO3.Py complex in dry pyridine at 60 °C. In our hand, these conditions yielded 

predominantly disulfated products. This finding had actually been reported by Kawai et 

al (Kawai et al., 1999; Kawai et al., 2000) who stated that carrying out at the reaction at 

room temperature yields more monosulfated products and heating to 60°C ensured 

disulfation of their target compound. Applying this modification (room temperature) to 

RES sulfation produced no measurable results. However, upon increasing the temperature 

to between 35 and 45 °C, we obtained higher yields of the monosulfated products relative 

to the disulfates. When the temperature was carefully maintained at 35 °C, we obtained 

only RES monosulfates but with lower yields. Thus, the sulfation of RES using the 
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SO3.Py complex was found to be highly temperature dependent. Increasing the 

temperature to 45 °C drives the equilibrium to the right, favoring greater product 

(monosulfate) formation but with the simultaneous formation of disulfates (non selective 

sulfation). Hoshino et al attempt to avoid the challenge of disulfate formation by 

selectively protecting the hydroxyl groups on the RES moiety. Although they report that 

this approach helps avoid the problem associated with separation and purification of the 

desired monosulfates, the multiple steps involved was laborious and time consuming with 

little increase in efficiency and yields.  

We were able to optimize the generation of RES monosulfates using the SO3.Py 

complex by effecting the temperature changes detailed above. However, the method does 

not covert 100% of the RES starting material and removing unreacted RES became the 

next challenge to overcome. The presence of large amounts of RES precluded separation 

on the semi-preparative column due to severe column and injection line clogging by the 

lipophilic RES. This led to the development of a method for pretreating the reaction 

mixture to remove unwanted RES. This was accomplished with the use of a reverse phase 

combiflash column. Starting with 100 mg RES for the sulfation, we were able to cleanly 

recover up to 50 mg unreacted starting material. All recovered RES was dried and reused 

without any complications. The fractions containing the sulfates were then pooled and 

taken for evaporation. Upon evaporating to dryness however, we encountered another 

issue; the sulfates were being hydrolyzed back to the parent RES. We postulated that 

sulfuric acid hydrolysis (solvolysis) was occurring since sulfuric acid is a by-product of 

the sulfation reaction. Hence the use of either sodium or potassium carbonate salts for 

neutralization was introduced after evaporating the reaction mixture. A sufficient quantity 
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of sodium carbonate (200 – 500 mg) was added to ensure an increase in pH to 7 or 

greater. This change was apparently not enough to prevent the problem as the hydrolysis 

kept occurring. This led us to the use of sequential drying times on the evaporator in 

order to reduce the solvent to a minimum (about 10%) without drying. This was then 

loaded onto the semi-prep column where an effective separation of the 3 and 4‟ regio-

isomers was achieved.  

As initial attempts to sulfate RES using the SO3.Py complex did not yield 

promising results, alternative routes to the desired compounds were investigated. The 

sulfation of polyphenols like RES has proven challenging due to the non selective nature 

of the reaction and there are a few reports available that use other sulfating reagents. The 

use of  N,N-dicyclohexylcarbodiimide and tetrabutylammonium hydrogen sulfate for the 

non selective sulfation of flavonoids has been reported (Barron and Ibrahim, 1987). We 

decided against the use of this reagent due to the reported non-selectivity as well as other 

drawbacks such as removal of reaction by-products. Sulfur trioxide dimethyl amine has 

also been used for the generation of quercetin sulfates (Jones et al., 2005). Another 

sulfating agent reported for polyphenol sulfation is chlorosulfonic acid which has been 

used for sulfating daidzein and other isoflavonoids such as quercetin, genistein and equol 

(Fairley et al., 2003; Soidinsalo and Wähälä, 2004). There are no existing reports on the 

use of this reagent for RES sulfation but the success reported for similar polyphenols 

prompted us to try it. The use of 10 eq of cholorosulfonic acid in excess pyridine at -16 

°C afforded the desired monosulfates of RES with less disulfate formation than for the 

SO3.Py complex. However the use of greater than 10 eq increased the non-selectivity 

with higher yields of tri and disulfated products. With respect to the separation and 
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purification, we also encountered the problems detailed with the SO3.Py complex. The 

same measures applied in that reaction work up were also utilized in order to generate the 

final purified sulfated products. 

The use of two synthetic routes for direct RES sulfation increased the versatility 

of this reaction. Both routes afforded the monosulfates in approximately 45% yield. One 

disadvantage of using the SO3.Py complex is that its hygroscopic nature may interfere 

with the strict anhydrous conditions required for the reaction. This issue does not arise 

with use of chlorosulfonic acid since the sulfating agent is generated in situ. Sulfation 

using the SO3.Py complex was preferred due to the milder nature of the sulfating agent 

and reduced reaction time (s). On the other hand, strong caution is advised with the use of 

the extremely corrosive chlorosulfonic acid. 

For RES glucuronidation, facile synthesis of the 3 and 4‟ glucuronide products 

was achieved with the use of 1eq acetobromo glucuronic acid methyl ester. This method 

was a modification of the procedure reported by Vitaglione and coworkers (Vitaglione et 

al., 2005). This one pot reaction involved the use of NaOMe as both the protonating agent 

for RES and the deprotecting agent for the acetyl protecting groups. The use of only 1 eq 

NaOMe may be one factor contributing to the low yields (11% and 19% for R4‟G and 

R3G respectively) obtained for this reaction. Subsequent saponification of the 

glucuronide derivatives yielded the desired products in modest yields. HPLC retention 

times for RES conjugates were 15, 18, 23.4 and 24.8 min for R4‟G, R3G, R4‟S and R3S 

respectively (See Appendix A for spectroscopic data).  
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All of the synthesized conjugates were then used to conduct cell viability or 

antiproliferation assays as described in section 2.4 using YAMC, IMCE, Caco-2 and 

MCF-7 cells.  

Antiproliferation Assays 

The IC50 estimates from the log dose response model fits for RES antiproliferative 

activity were 20.8 ± 1.2, 57 ± 1.0, and 102.8 ± 1.3 μM for Caco-2, IMCE and YAMC 

cells respectively. RES antiproliferative effects followed a trend of increasing activity 

(five fold increase in potency) from normal YAMC to neoplastic Caco-2 cells. Its effects 

thus followed the continuum of increasing antiproliferative effects from normal to 

preneoplastic to neoplastic cells, despite the cells being of different mammalian origins. 

This trend was in line with the fact that RES was not expected to be as antiproliferative in 

normal cells as it is in cancerous cells. Maximal anti-proliferation seen (as percent of 

control growth) was 45% for 100 μM RES in Caco-2 cells and 30% for 200 μM RES in 

both IMCE and YAMC cells. Thus, a „50% effect‟ with IC50 concentrations was 22.5% 

and 15% inhibition of cell growth. In IMCE and Cao-2 cells, the effects seen varied 

continuously with concentration up to the maximal effects seen. In YAMC cells however, 

there seemed to be an almost all or none effect, with no activity seen up until the 100 μM 

concentrations where we see an almost 50 percent reduction in cell growth. 

The antiproliferative/cytotoxic effects of RES has been shown both in vitro (Surh, 

1999; Surh et al., 1999; Ulrich et al., 2005; Kundu and Surh, 2008) and in vivo (Baur and 

Sinclair, 2006) in human tumorigenic cell lines and various rodent cancer models. The 

IC50 we obtained for RES in Caco-2 cells is similar to one previously reported IC50 of 25 
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M  (Chabert et al., 2006). This study is the first to investigate the antiproliferative 

effects of RES in YAMC and IMCE cells. 

With RES conjugates (both monosulfates and glucuronides; see Figures 2.5 to 

2.8), we did not observe any discernible antiproliferative activity in all the cell lines from 

human Caco-2 and MCF7 to the two mouse cell lines. As a result of this, IC50 estimates 

could not be generated and the data shown are the dose response curves of the actual data 

without any model fitting. So one could surmise that RES the parent compound was more 

active than its metabolites with respect to antiproliferation in all the cell lines used in this 

study. In a very recent study by Kenealy and coworkers, they also showed potent 

antiproliferative effects with RES and no effects with its metabolites in a neuroblastoma 

cell model (Kenealey et al., 2011). They present evidence showing that RES conjugates 

are not effectively taken up into these cells and as a result have little impact on their 

viability. Passive cellular uptake by these polar compounds has been shown to be very 

poor (Maier-Salamon et al., 2006) and this is not surprising since this process is 

dependent on lipophilicity. RES being quite lipophilic is able to be taken up into the cells 

where it can exert its effects but there are as yet no reports of its metabolites being 

effectively taken up into cells which may be the limiting factor for its very low activity in 

cellular assays. There have been as yet no reports of activity with RES glucuronides in 

both cellular and in vitro based enzyme assays. In contrast however are two studies 

(Calamini et al., 2010; Hoshino et al., 2010) that showed activity with RES sulfated 

metabolites in various in vitro assays using purified enzyme targets. Calamini and 

coworkers report that R4‟S but not R3S inhibits purified recombinant human 

cyclooxygenase (COX)-1 and 2 activity in vitro with no effects on quinone reductase 2 
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(QR2). Hoshini et al on the other hand show inhibition of COX-1 and 2, inhibition of 

nitric oxide production in RAW 264.7 cells by both R3S and R4‟S and QR1 induction by 

R3S. They also show an inhibition of NFκB induction by R4‟S. With regard to 

antiproliferative activity, they tested the activity of these sulfate conjugates in MCF7 

cells and found very low (negligible) activity. They concluded that lack of cytotoxic 

activity in these cells as well as the low activity in other cell based assays was due to both 

lack of uptake and lack of hydrolysis. This conclusion was reiterated by Kenealy et al. 

With respect to hydrolysis, we took care to ensure that this did not occur by conducting 

all experiments in the presence of both sulfatase and glucuronidase inhibitors for all 

assays with the sulfates and glucuronides.  

The hypotheses we sought to validate in this study were that i) either some or all 

of RES‟s conjugated moieties contribute to its observed activity or ii) that these 

metabolites are inactive serving instead as a pool for release of the active parent 

compound upon de-conjugation. Evidence for the validity of either of these research 

questions has been shown; minoxidil sulfate is known to be the active moiety generated 

from sulfation of the parent drug (Buhl et al., 1990), while morphine-6-glucuronide has 

been shown to be more potent than morphine itself (Osborne et al., 1992). With respect to 

inactive circulating conjugated metabolites that are deconjugated to active moieties, 

reports exist that show these phenomena occurring with human estrogens (Sandberg and 

Slaunwhite, 1957).  

We cannot claim a full validation of the presented hypotheses because we have 

used only one end point for probing pharmacologic activity. We did not conduct any in 

vivo studies to show that these compounds are capable of continuous circulation and 
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deconjugation to the parent RES. Initial in vitro cell proliferation assays conducted in the 

absence of either sulfatase or glucuronidase inhibitors showed no significant differences 

from those conducted in their presence. However, actual uptake into cells and any 

probing for hydrolysis of these conjugates needs to be conducted in a more quantitative 

manner using LC-MS techniques. 

Conclusions 

The present work provides an improved synthesis of RES sulfates and 

glucuronides (as well as cis-RES). These conjugates are valuable compounds that will be 

used as synthetic metabolite standards and for in vitro and in vivo PK characterization. . 

This study also presents results obtained by treating human Caco-2 and MCF7 and 

murine YAMC and IMCE cells with the synthesized conjugates in order to probe for 

antiproliferative activity. The data provided herein strongly suggest that RES is the active 

moiety responsible for observed antiproliferative effects with little or no activity residing 

in its conjugates.  
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CHAPTER 3 

IN VITRO GLUCURONIDATION KINETICS OF TRANS- AND  

CIS-RESVERATROL 

3.1 Glucuronidation and UGTs 

Glucuronidation involves the transfer of α-D-glucuronic acid to suitable lipophilic 

endobiotic and xenobiotic substrates bearing nucleophilic groups such as hydroxy, amino, 

thiol or carboxyl groups. The highly polar α-D-glucuronic acid is donated by the enzyme 

co-factor, uridine 5‟- diphosphoglucuronic acid (UDPGA) via a mechanism similar to 

that seen in bimolecular substitution or SN2 reactions. This mechanism leads to the 

exclusive formation of β-D- glucuronides via a glycosidic linkage to the corresponding 

O, N, S or C atom on the substrate. This reaction is efficiently catalyzed by members of a 

superfamily of enzymes known as uridine diphosphoglucuronosyltransferases or UGTs 

(Miners and Mackenzie, 1991).  The net effect of glucuronidation is to afford metabolites 

(glucuronides) with increased polarity and water solubility thus promoting biliary and/or 

urinary excretion of the parent compound (Fisher et al., 2001; Wells et al., 2004). 

Glucuronidation is a major conjugation pathway accounting for over thirty percent of 

drugs metabolized by phase II drug metabolizing enzymes (DMEs) (Evans and Relling, 

1999).  
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3.2 The UGT Superfamily 

3.2.1 Structure and Function 

UGTs are membrane bound proteins located subcellularly in the microsomal 

endoplasmic reticulum. The UGT enzyme‟s catalytic domain lies within the lumen of the 

endoplasmic reticulum. This intralumenal localization necessitates the use of pore 

forming agents in microsomal fractions for activation and subsequent determination of 

biochemical activity (Burchell and Coughtrie, 1989; Fisher et al., 2000). The various 

domains of the UGT protein are assigned putative functions based on the amino acid 

sequences of both cDNA and purified proteins (Burchell and Coughtrie, 1989; Kalies and 

Hartmann, 1998; Meech and Mackenzie, 1998; Ouzzine et al., 1999). A hypothetical 

UGT structure along with assigned functional domains is depicted in Figure 3.1. 

3.2.2 Nomenclature and Gene Structure 

The nomenclature of individual UGT members is based on their evolutionary 

divergence and sequence homology. The superfamily is divided into two families – 

UGT1 and UGT2 (Tukey and Strassburg, 2000).  

The UGT1 gene is located on human chromosome 2q37 and consists of four 

common exons and at least thirteen variable exons. A representative diagram of the 

UGT1A gene locus is shown in Figure 3.2. The human UGT1A protein family comprises 

nine members with variable N-terminal domains and identical C-termini (Ritter et al., 

1992). Each protein [UGT-1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9 and 1A10] is 

encoded by a transcript formed by splicing a distinct first exon to a set of common 
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downstream exons (exons 2 to 5). Four other first exons [1A2, 1A11, 1A12 and 1A13] 

lack open reading frames and are pseudogenes designated with a p (Mackenzie et al., 

1997; Tukey and Strassburg, 2000; Miners et al., 2004).  

The UGT2 family members on the other hand are localized on chromosome 4q37, 

have no shared common exons and are encoded by separate genes comprising six exons. 

This family is further subdivided into the UGT2A and UGT2B subfamilies containing 

two [2A1, 2A2] and seven [2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and 2B28] members 

respectively. Just as with the UGT1As, five additional UGT2B pseudogenes are known 

[UGT2B24p – 28p] (Mackenzie et al., 1997; Tukey and Strassburg, 2000; Miners et al., 

2004).  

3.2.3 Tissue localization and expression 

Members of the human UGT1A and UGT2B families are differentially expressed 

in visceral organs of elimination such as the liver, kidney and intestine. The liver 

however appears to be the organ with the highest UGT enzyme expression. The UGT1A 

enzymes expressed in the liver include UGT1A1, UGT1A3, UGT1A4, UGT1A6, and 

UGT1A9 (Tukey and Strassburg, 2000). UGT1A7, UGT1A8 and UGT1A10 are 

extrahepatically expressed in various regions of the gastrointestinal tract. The UGT2B 

family members expressed in the human liver include UGT2B4, UGT2B7, UGT2B10, 

UGT2B11, and UGT2B15. Of note is the fact that several of these same UGT2B 

transcripts are abundantly expressed in steroid-sensitive target tissues such as the prostate 

and mammary glands (Tukey and Strassburg, 2000). The various human UGTs along  
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with their tissue specific expression and localization are listed in Appendix B. The 

UGT2A family members are predominantly expressed in olfactory tissues although they 

are also reported to be minimally expressed in the brain and fetal lung (Tukey and 

Strassburg, 2000; Argikar et al., 2008). 

3.2.4 Substrate Specificity 

UGTs are responsible for glucuronidating a wide variety of endogenous 

[bilirubin, bile acids, steroids - estrogens, progestins, androgens, thyroid hormones] and 

xenobiotic [drugs, dietary chemicals, environmental pollutants and chemical carcinogens] 

substrates. Most UGT isoforms especially the UGT1A enzymes exhibit distinct but broad 

overlapping substrate specificity. Thus for example, we see bilirubin being almost 

exclusively glucuronidated by UGT1A1 and tertiary amines by UGT1A3 and UGT1A4 

(Tukey and Strassburg, 2000; Miners et al., 2004; Nagar and Remmel, 2006). In contrast 

many phenolic drugs and dietary phytochemicals such as acetaminophen, 1-napthol, 4-

methylumbelliferone and RES are substrates of several UGT1A and 2B isoforms (Tukey 

and Strassburg, 2000; Aumont et al., 2001; Court et al., 2001; Uchaipichat et al., 2004). 

A more comprehensive list of various UGT substrates is given in Appendix B. 
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Figure 3.1 Hypothetical Structure of UGT proteins and putative functional domains in a 

linearized protein. Adapted from Nagar and Remmel, 2006.  
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Figure 3.2 Representative schematic of the UGT1A gene complex. The four common 

exons 2-5 are usually spliced with a single variable UGT1A exon and translated into 

protein. Adapted from Nagar and Remmel, 2006. 

 

3.3 RES as a UGT substrate in Humans 

RES by virtue of its multiple nucleophilic hydroxyl groups is an ideal substrate 

for glucuronidation by UGTs and this has been shown in several studies. The discussion 

on RES as a UGT substrate will center on the following; organ localization, 

stereochemical considerations and isoform selectivity and specificity. 

Organ Localization 

The first study on RES glucuronidation was conducted by de Santi and coworkers 

in 2000 and they reported results from experiments in the human liver (de Santi et al., 

2000). Aumont et al in 2001 then reported on glucuronidation of both cis and trans-RES 

isomers in human liver and several UGT isoforms (Aumont et al., 2001). In 2006, two 
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separate studies reported the human intestinal glucuronidation of RES (Brill et al., 2006; 

Sabolovic et al., 2006). The studies by Sabolovic and coworkers showed efficient 

glucuronidation of both RES isomers occurring along the entire length of the GI tract, 

from the stomach to the colon. In all of these studies, RES glucuronidation gave rise to 

two mono-glucuronides; RES-3-O-glucuronide and RES-4‟-O-glucuronide. 

Stereochemical Considerations 

The formation of the mono-glucuronidated products of RES by the liver, the 

intestine and several UGT isoforms has been reported to be both regio- and stereo-

selective. The regioselectivity arises from the observation that the 3-O-glucuronide was 

formed preferentially over the 4‟-O-glucuronide. The higher rates of glucuronidation 

reported for cis-RES in the liver and trans-RES in the intestine account for the 

stereoselectivity (Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006). In 

addition, a high degree of stereospecificity was observed with one UGT isoform 

(UGT1A6), reflected by the fact that it preferentially catalyzed glucuronidation at the 3-

position for cis-RES alone (Aumont et al., 2001). 

UGT Isoform Selectivity and Specificity 

The observed difference in rates of glucuronidation for both RES isomers in the 

liver and the intestine has been attributed to the differential expression of UGT isoforms 

in these two organs of elimination (Sabolovic et al., 2006). The studies discussed in the 

preceding section identified several UGT isoforms possessing activity toward RES 

including UGT1A1, UGT1A6, UGT1A7, UGT1A8, UGT1A9 and UGT1A10.  
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The major isoforms responsible for the formation of trans-RES-3-O-glucuronide 

(trans-R3G) were reported to be UGT1A1 and UGT1A9 with minor contributions by 

UGT1A7, UGT1A8 and UGT1A10. The formation of trans-RES-4‟-O-glucuronide 

(trans-R4‟G) was predominantly catalyzed by UGT1A9 with contributions from 

UGT1A1, UGT1A7, UGT1A8 and UGT1A10. For cis-RES, glucuronidation at the 3-

position (cis-R3G) was preferentially catalyzed by UGT1A6 and UGT1A9 with 

contributions by UGT1A8 and UGT1A10 while its 4‟-product (cis-R4‟G) was reportedly 

formed by UGT1A1, UGT1A8 and UGT1A10. None of the UGT2B isoforms reportedly 

showed discernible activity towards either of the two RES isomers (de Santi et al., 2000; 

Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006). Appendix B lists their 

respective tissue localization but of note is that UGT1A7, UGT1A8 and UGT1A9 are 

predominantly expressed extrahepatically. Figure 3.3 depicts a schematic of the products 

of total RES glucuronidation and the major and minor UGT isoforms catalyzing their 

formation. 
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Figure 3.3 Products of RES glucuronidation and UGT1A isoforms catalyzing their 

formation. UGT isoforms responsible for formation of the major products are indicated in 

bold type. 
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3.4 Characterizing the Glucuronidation Kinetics of Trans and Cis-RES 

Prior to this study, the glucuronidation kinetics of RES had not been 

characterized. All the above reports on RES glucuronides and the isoforms responsible 

for their formation were at best qualitative, attempting to elucidate activity using single 

point concentrations of RES. The concentrations used in these single point measurements 

of enzyme activity were most likely determined empirically, using concentrations 

expected to yield measurable products. This assumption usually holds true where enzyme 

activity follows the typical Michaelis-Menten (M-M) kinetic pathway. In cases where 

deviations occur (non M-M or atypical kinetics), isoform selective activity may be 

obscured or exaggerated in single point determinations. The full kinetic characterization 

of RES glucuronidation in various enzyme sources should therefore be determined in 

order to get a more accurate measure of activity. Evaluating the kinetics of RES 

glucuronidation over a wide concentration range should also aid in comparison of 

independent studies conducted under variable experimental conditions, notably the 

different RES concentrations utilized in single concentration studies. Lastly, a full kinetic 

study should also furnish parameter estimates like Vmax and Km that can be more 

accurately replicated and compared. 

The main goal for this study was to determine the glucuronidation kinetics of 

trans-RES across a wide concentration range that spanned the suggested high doses and 

to elucidate the contribution of cis-RES glucuronidation towards total RES disposition. 

Cis-RES is reportedly glucuronidated at a much faster rate than its trans isomer in the 

liver (Aumont et al., 2001). In a 2007 study in which participants were given a single 

250ml dose of red wine, cis-RES glucuronides and sulfates were recovered from the urine 
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in greater amounts than corresponding trans-RES metabolites (Urpi-Sarda et al., 2007). 

As stated in chapter 2, cis-RES has not been extensively studied due to its previously 

limited commercial availability and early reports of comparatively lower activity 

(Jayatilake et al., 1993; Pettit et al., 2002). However its reported presence in dietary 

components (sometimes at higher levels) (Goldberg et al., 1995; Romero-Perez et al., 

1996; Waffo-Teguo et al., 2008) ensures its consumption and it has been postulated to 

contribute to the health benefits of total RES in red wines.  

The objective for this study was to determine the full glucuronidation kinetic 

profiles of both RES isomers in human liver microsomes (HLMs) and human intestinal 

microsomes (HIMs). In addition, kinetic profiles were also determined in the major UGT 

isoforms -UGT1A1, UGT1A6, UGT1A9 and UGT1A10- responsible for RES 

glucuronidation. This study was carried out with the ultimate aim of conducting in vitro - 

in vivo correlations of our in vitro observations to the in vivo kinetics of RES. 

 

3.5 Experimental Section 

3.5.1 Materials 

Pooled HLMs, HIMs (20 mg/ml) and UGT Supersomes™ (5 mg/ml) expressing 

the recombinant human UGT1A1, 1A6, 1A9 and 1A10 enzymes were obtained from 

Gentest™ BD Biosciences (San Jose, CA). Trans-RES (purity ≥ 99%) was initially 

obtained from Sigma Aldrich (St. Louis, MO) and subsequently from Cayman Chemical 

Co. (Ann Arbor, MI) while Cis- RES (purity ≥ 98%) was purchased from Cayman 
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Chemical Co. (Ann Arbor, MI). The enzyme co-factor UDPGA (as the trisodium salt), β-

glucuronidase (lyophilized powder from Escherichia coli) dimethyl sulfoxide (DMSO), 

alamethicin, acetaminophen, Trizma
®

 (Tris) base and Trizma
®

 HCl salt were purchased 

from Sigma-Aldrich (St. Louis, MO). Magnesium chloride, glacial acetic acid and HPLC 

grade methanol were obtained from Fisher Scientific Co. (Fair Lawn, NJ). 

3.5.2 Preparation of Incubation Components 

A) Preparation of Protein/Enzyme Sources 

HLMs, HIMs and UGT Supersomes™ were supplied by the manufacturer at a 

concentration of 20 mg/ml for human tissue microsomes and 5 mg/ml for recombinant 

enzymes and the final working concentration of 1 mg/ml was obtained by calculating for 

volumes required in the final incubation mix.  

B) Preparation of Magnesium Chloride (50mM) Solution 

MgCl2 hexahydrate (508 mg) was dissolved in 50 ml Tris Buffer (0.1M, pH 7.4 at 37°C). 

This stock solution was aliquoted for use in subsequent incubations. 

C) Preparation of Tris Buffer (0.1M, pH 7.4 at 37°C) 

Tris buffer was prepared as specified in the Aldrich Catalog to yield a solution with the 

required pH at 37°C by dissolving 1.144 g Tris
®

 HCl and 322 mg Tris
®

 base in 100 ml 

deionized (DI) water. 

D) Preparation of Alamethicin (50 μg/ml) solution 

Alamethicin powder was reconstituted in ethanol according to the manufacturer‟s 

instructions, yielding a stock solution of 20 mg/ml concentration. To make a 50 μg/ml 
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working solution, 5 μl of this stock solution was added to 995 μl Tris buffer to give a 

final volume of 1 ml. This solution was prepared fresh each time for all incubations. 

E) Preparation of RES (Substrate) Solutions 

For trans-RES, 13.7 mg powder was dissolved in 600 μl pure DMSO to give a 100 mM 

stock solution. This stock solution was then serially diluted to obtain the following 

working solutions: 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1 and 0.05 mM. For cis-RES (purchased 

as a 100 mg/ml solution in ethanol), 200 l was taken and lyophilized to a constant 

weight of 18.4 mg and dissolved in 806 μl DMSO to give a 100 mM stock solution. This 

stock solution was first serially diluted to give the following concentrations: 40, 20, 10, 4, 

2, 1, 0.2 and 0.1 mM in 100% DMSO. These DMSO solutions were then mixed with an 

equal volume of Tris Buffer to give 20, 10, 5, 2, 1, 0.5, 0.1 and 0.05 mM working 

solutions containing 50% DMSO.  

F) Preparation of UDPGA (50 mM) solution 

10 mg of UDPGA trisodium salt was dissolved in 309 ml Tris Buffer to yield a 50 mM 

UDPGA solution. This solution was prepared fresh each time. 

G) Preparation of Internal Standard Solutions for Quenching the Reactions 

A 10 mM working solution of chlorzoxazone (CXZ) was used as the internal standard for 

incubations with trans-RES. This was prepared by dissolving 17 mg CXZ in 10 ml HPLC 

grade methanol. For cis-RES the internal standard used was a 0.2 mM acetaminophen 

(APAP) solution prepared by dissolving 15.1 mg APAP in 100 ml methanol. 
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3.5.3 In vitro Incubations with HLM, HIM or UGT Supersomes™ 

All in vitro incubations were carried out under linear conditions with respect to 

the selected (optimal) time points and protein concentrations for each UGT enzyme 

source. The incubation mixtures are as detailed in Table 3.1 and consisted of the 

proposed enzyme fractions at final concentrations of 1 mg/ml protein (component A), 5 

mM MgCl2 (component B), 100 mM Tris-HCl buffer with a pH of 7.4 at 37˚C 

(component C), 10 μg/ml alamethicin (component D), either trans-RES or cis-RES as 

substrates (component E) and UDPGA (component F). Component A-E made up the 

initial 45 μl master mix (Table 3.2), with Tris Buffer being used to compensate for any 

increase or decrease in reaction volumes as a function of final protein concentration.  The 

general protocol for UGT incubations as shown in Table 3.2 is detailed below. The 

master mix (component I) previously prepared in 1.5 ml microcentrifuge tubes was pre-

incubated for 3 minutes in a shaking water bath at 37˚C and then 5 μl of the cofactor 

UDPGA (component II) was added to initiate the reaction, bringing the final reaction 

volume to 50 μl. The final reaction mixtures were incubated in a shaking water bath 

maintained at 37°C for 30 and 60 minutes for trans-RES and cis-RES respectively. At the 

end of the incubation periods, the reactions were quenched with equal volumes (50 μl) of 

ice cold solutions of the respective internal standards (component III) dissolved in 

methanol; chlorzoxazone (trans-RES) and acetaminophen (cis-RES). Samples were 

centrifuged at 14,000 rpm for five minutes to precipitate proteins and the supernatants 

were taken directly onto the HPLC column for analysis. Appropriate negative control 

experiments were performed under the same conditions but without adding UDPGA in 

which case Tris-HCl buffer was used to make up the final reaction volumes. 
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3.5.4 Confirmatory Incubations for the Presence of RES Glucuronides 

The presence of RES O-β-D-glucuronides was confirmed by testing their 

susceptibility to hydrolysis by β- glucuronidase. For this purpose, β -glucuronidase (from 

Escherichia coli) was dissolved in 100 mM Tris HCl buffer to yield a working solution 

with final concentration of 150 units. Of this working solution, 6 μl was added to 50 μl of 

the final incubation mixture (components I and II from Table 3.2) upon completion of the 

initial 30 min incubation. This was then further incubated overnight at 37°C after which 

the β-glucuronidase-treated mixture was quenched by the addition of equal volumes of 

ice-cold solutions of the respective internal standards in methanol. The quenched 

reactions were then centrifuged using an eppendorf 5415C table top centrifuge at 14,000 

rpm for five minutes to precipitate interfering proteins from the mixture. The supernatant 

from the centrifuged mixture was analyzed by HPLC. Control assays without β-

glucuronidase were run under the same conditions to estimate the stability of the 

glucuronides under the incubation conditions. 
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Table 3.1 Components of the In vitro UGT Incubations 

 

# Component* Working 

Solution 

Volume Dilution 

Factor 

Final 

Concentration 

A I) HLM/HIM or 

II) UGT Protein 

I) 20 mg/ml 

II) 5 mg/ml 

I) 2.5 μl 

II) 10 μl 

I) 20x 

II) 5x 

I) 1 mg/ml 

II) 1 mg/ml 

B MgCl2 50 mM 5 μl  10x 5 mM 

C Tris Buffer 0.1 M Variable -- 100 mM 

D Alamethicin 50 μg/ml 10 μl 5x 10  μg/ml 

E Substrate 

(trans or cis-

RES) 

Variable 

(0.05 – 50 mM) 

5 μl 10x Variable 

(0.005 – 5 mM) 

F UDPGA 50 mM 5 μl 10x 5 mM 

 

*Components of the in vitro microsomal or supersomal incubations. Note: A final 

reaction volume of 100 μl was used during preliminary studies for time and protein 

linearity optimization. This was then scaled down to 50 μl for subsequent assays.  

 

Table 3.2 Protocol for HLM, HIM or UGT Incubations with RES 

 

Component Component # Volume 

I A to E (Master Mix) 

Pre-incubate at 37°C for 3 min 

45 l 

II F (UDPGA) to initiate the reaction 

Incubate at 37°C for 30 min 

5 l 

III G (Internal standard) in ice cold methanol to 

quench the reaction, centrifuge at 14,000 rpm for 

5 min, take supernatant for analysis 

50 l 
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3.5.5 Linearity studies for Optimization of In vitro Glucuronidation Assays 

Glucuronidation assays were optimized for linearity with respect to time and 

protein concentration for all UGT enzyme sources. For linearity studies, 100 μl of the 

final incubation mixture from Table 3.1 was used. For protein linearity, different 

concentrations (0 - 1 mg/ml) of protein were used and incubations were carried out using 

a 30 minute fixed time point. Adequate adjustments were made for volumes of stock 

protein (component A, Table 3.1) in order to yield the desired final concentrations. For 

concentrations less than 1 mg/ml, final incubation volumes were made up using Tris-HCl 

buffer (component C, Table 3.1).  The optimal protein concentration obtained was used 

for time linearity studies utilizing time points ranging from 0 to 60 minutes. 

3.5.6 Preparation of the Mobile Phase 

The mobile phase used in the HPLC analysis of the in vitro incubations consisted 

of 61.5% DI water as the aqueous phase (A) and 38.5% buffer (comprising methanol and 

0.5% v/v glacial acetic acid; pH 4.4) as the organic phase (B). The aqueous phase was DI 

water collected from a Barnstead Nanopure Lab Water Purification system.  

The organic phase (B) was prepared by adding 5 ml of glacial acetic acid to 995 ml of 

HPLC grade methanol. This was then filtered through a 0.45 μ nylon membrane filter 

into the HPLC solvent reservoir bottles.  
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3.5.7 Reverse Phase HPLC Method for Quantitation of RES Glucuronides 

A sensitive reverse phase HPLC assay to characterize the catalytic activity of HLM, HIM 

and UGT Supersomes towards RES was developed by modifying methods described by 

He and Aumont (Aumont et al., 2001; He et al., 2006). The HPLC system (HP 1100 

series; Agilent Technologies, Santa Clara, CA) consisted of a solvent degasser, a solvent 

delivery quaternary pump, an auto sampler containing an injection valve fitted with a 200 

μl injection loop, a Zorbax SB C18 column (4.6 x 150 mm, 5μm particle size; Agilent 

Tech., Santa Clara, CA) and a diode array detector with UV detection set at λ =303 nm 

for trans-RES and λ =286 nm for cis-RES. The isocratic mobile phase consisted of 61.5% 

water and 38.5% buffer (methanol/glacial acetic acid, 0.5% v/v) set at a flow rate of 1 

ml/min. All analyses were carried out at ambient temperature and integration was done 

with the ChemStation version for LC software Rev.A.08.01 (Agilent Technologies, Palo 

Alto, CA). The areas of the glucuronide peaks formed were normalized to that of the 

respective internal standards. Also as pure standards of RES glucuronides were not 

commercially available at the time of this study, quantification of all glucuronides was 

performed by comparing the normalized peak areas with that of an external standard 

curve consisting of the parent RES. For assay validation, standard curve correlation 

coefficients were set at ≥ 0.99 with intra- and inter day coefficients of variation and bias 

of less than 10% for the concentration ranges studied.  
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3.5.8 Data Analysis for Enzyme Kinetics 

Prior to non-linear regression analyses, all data were transformed and Eadie-

Hofstee (E-H) curves plotted. E-H curves are plots of v vs. v/[S] where v represents the 

apparent velocity at different substrate [S] concentrations. M-M models were fit only to 

data exhibiting linear E-H plots in order to obtain kinetic parameter estimates. To 

determine M-M parameter estimates, the following equation was used (Cornish-Bowden, 

1995):  

 v = Vmax*[S]/ (Km + [S])     (1)                       

where v is the rate of the reaction, Vmax is the maximum velocity estimate, [S] is the 

substrate concentration, and Km is the M-M constant.  

The following equations were used to fit the data exhibiting non linear Eadie-Hofstee 

plots: a) for those exhibiting a partial substrate inhibition profile (Zhang et al., 2004): 

 v = V1 (1+ (V2*[S]/V1*Ki))/ (1+ (Km/[S]) + ([S]/Ki)) (2)  

where Ki is the substrate inhibition constant 

b) for those exhibiting a biphasic metabolism profile (Bowalgaha et al., 2005): 

 v = Vmax1*[S]/ (K1+[S]) + (Vmax2*[S]/ (K2+[S]))   (3) 

where K1 and K2 represent the affinity constants for the two metabolic phases. 

c) for those exhibiting a sigmoidal profile (Uchaipichat et al., 2004): 

 v = Vmax*S
n
/S50

n
 + S

n
      (4) 

where S50 is the substrate concentration resulting in 50% of Vmax (analogous to Km in 

previous equations) and n is the Hill coefficient.  

Nonlinear regression was performed with GraphPad Prism for Windows (version 4.03; 

GraphPad Software Inc., San Diego, CA). Statistical comparison of the parameter 
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estimates was performed with GraphPad Instat using a two-sided t test assuming normal 

distribution, for which a p value < 0.01 was considered significant. 

3.5.9 In vitro - In vivo Correlation (IVIVC) Analysis 

IVIVC allows for the prediction of qualitative and quantitative drug metabolism 

parameters. Quantitatively, the most widely adopted approach for prediction of in vivo 

metabolic parameters from in vitro data involves the calculation of in vitro intrinsic 

clearance (CLint). The calculated CLint is then extrapolated to in vivo hepatic clearances 

(CLH) and extraction ratios (ER). Measurement of product formation (such as RES 

glucuronide) over an appropriate substrate concentration range under conditions of 

enzyme and time linearity allows calculation of Km and Vmax for that pathway (in the 

absence of atypical kinetics). 

 

CLint  = Vmax/Km expressed as μl/min/mg.protein 

 

Microsomal CLint is corrected for microsome yield and liver weight (usually 1500 g for 

humans) in order to obtain a whole organ CLint which is then substituted into the well 

stirred model for hepatic clearance (CLH). 

 

CLH  = QH * (fu*CLint/ QH + [fu * CLint]) 

Where QH  = liver blood flow 

 fu = fraction unbound in blood 



 107 

3.6 Results 

3.6.1 RES HPLC Method Validation 

  

 

Figure 3.4 Representative calibration curves of the parent RES compounds; A) trans- 

and B) cis-RES obtained using serially diluted stock solutions in a rat liver microsomal 

matrix devoid of UDPGA. Substrate concentration range (0 - 200 M) 
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Table 3.3 Intraday Validation for Trans-RES 

 

X : Theoretical 

[trans-RES] μM 

Y: Actual Concentration μM 

(Mean ± SD) 

%CV 

(RSD) 
% Bias 

0.5 0.7 ± 0.06 8.92 45.79 

1 1.3 ± 0.1 7.54 29.57 

10 9.6 ± 0.7 7.03 -4.39 

50 49.4 ± 2.4 4.80 -1.19 

100 100.9 ± 0.1 0.91 0.93 

150 149.7 ±  1.5 1.00 -0.22 

 

 

 

Table 3.4 Interday Validation for Trans-RES 

 

Theoretical 

Concentration 

(μM) 

Average Actual 

Concentration (μM) 

Mean SD %CV 

(RSD) 

% Bias 

 Day 1 Day 2 Day 3     

 

0.5 0.74 0.73 0.79 0.82 0.10 12.47 51.02 

1 1.26 1.30 1.25 1.33 0.10 7.17 26.82 

10 10.65 9.56 10.73 10.31 0.65 6.31 3.11 

50 49.27 49.40 53.53 50.73 2.42 4.77 1.47 

100 96.62 100.93 107.34 101.63 5.40 5.31 1.63 

150 152.47 149.67 156.89 153.01 3.64 2.38 2.01 
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Table 3.5 Intraday Validation for Cis-RES 

 

X : Theoretical  

[cis-RES] μM 

Y: Actual Concentration μM 

(Mean ± SD) 

%CV 

(RSD) 

% Bias 

2.5 2.1 ± 0.1 4.63 -15.98 

5 4.7 ± 0.3 5.62 -6.94 

10 9.9 ± 0.3 3.10 -0.78 

50 52.0 ± 1.4 2.77 3.97 

100 102.0 ± 0.8 0.76 2.01 

200 198.6 ±  2.2 1.12 -0.70 

 

 

 

Table 3.6 Interday Validation for Cis-RES 

 

Theoretical 

Concentration 

(μM) 

Average Actual 

Concentration (μM) 

Mean SD %CV 

(RSD) 

% Bias 

 Day 1 Day 2 Day 3     

2.5 1.83 2.10 4.26 2.73 1.33 48.68 9.23 

5 6.99 4.65 6.59 6.08 1.25 20.57 21.57 

10 8.91 9.92 9.55 9.46 0.51 5.39 -5.38 

50 55.36 51.98 44.70 50.68 5.45 10.75 1.36 

100 100.58 102.01 94.09 98.89 4.22 4.27 -1.11 

200 198.55 198.59 204.06 200.40 3.17 1.58 0.20 
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Figure 3.4 and Tables 3.3 to 3.6 depict representative calibration curves and assay 

validations for RES. All RES standard curves were linear with correlation coefficients ≥ 

0.99 for the concentration ranges used. The assays also exhibited good intra- and inter-

day precision and accuracy with % CV and bias of less than 10% except at the two lowest 

concentrations for both RES isomers. For intraday validation, same day standard curve 

triplicates were analyzed at all chosen concentrations while interday validation was done 

using standard curve triplicates from three separate days. Actual concentrations were 

back calculated from standard curve equations obtained using linear regression analysis 

with Microsoft Excel. 

 

3.6.2 Detection and Confirmation of RES Glucuronides 

Figures 3.5 and 3.6 depict representative chromatograms for trans and cis-RES. 

Adequate separation was obtained between the parent compounds and their respective 

mono-glucuronides using the validated HPLC assay (selectivity ≥ 2). Glucuronide peaks 

were identified on the basis of their reported polarity and elution (retention time) was in 

the following order – trans-R4‟G (2.7 min), trans-R3G (3.8 min), cis-R4‟G (7.3 min), 

cis-R3G (8.8 min), trans-RES (9.9 min), cis-RES (18.4 min). Disappearance of 

glucuronide peaks upon treatment with β-glucuronidase confirmed their identities. The 

internal standards used, CXZ for trans-RES and APAP for cis-RES were also 

unambiguously separated with retention times of 2.0 and 16.6 min. 
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Figure 3.5 Sample trans-RES chromatograms obtained A) before treatment with β-

glucuronidase and B) after incubation with β-glucuronidase. Peaks at λmax 303 nm 

identified as I - trans-R4‟G,  II - trans-R3G, III -  trans-RES, and IV -  the internal 

standard CXZ. Note disappearance of peaks I and II in panel B. 



 112 

 

 

Figure 3.6 A) Representative cis-RES chromatograms depicting all glucuronide 

products. Peaks at  λmax 286 nm identified as I - the internal standard APAP,  II - cis-

R4‟G, III - cis-R3G, IV - trans-RES impurity and V - cis-RES. Panels B and C depict a 

sample chromatogram before and after treatment with β-glucuronidase. 
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3.6.3 RES Glucuronides Time and Protein Linearity Profiles 

Formation of the two glucuronide products of trans and cis-RES was linear with 

respect to time and protein concentration in all the enzyme sources studied. Figures 3.7 to 

3.9 depict linearity profiles for trans-RES glucuronides while Figures 3.10 to 3.14 depicts 

linearity data for cis-RES glucuronides in HLMs, HIMs and recombinant UGT 

supersomes. Due to low rates of formation in some of the UGT supersomes, an optimal 

protein concentration of 1 mg/ml was used for all enzymes sources. Optimal incubation 

times of 30 and 60 min were used for trans and cis-RES assays respectively. For cis-

RES, UGT1A1 and UGT1A10 were seen to catalyze only the formation of cis-R4‟G at 

very low rates and so only time linearity profiles for formation of this metabolite could be 

generated (Figure 3.14). 
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Figure 3.7 Linearity of formation for trans-R4‟G and trans-R3G in HLMs; A) Protein 

linearity over a 0 - 1mg/ml concentration range using an incubation time of 30 mins B) 

Time linearity over a 0 - 30 min time period with 1mg/ml final protein concentration.  
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Figure 3.8 Linearity of formation for trans-R4‟G and trans-R3G in HIMs; A) Protein 

linearity over a 0 - 1mg/ml concentration range using an incubation time of 30 min B) 

Time linearity over a 0 - 30 min time period with 1 mg/ml final protein concentration.  
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Figure 3.9 Linearity of formation for trans-R4‟G and trans-R3G with respect to protein 

concentration in UGT1A1, UGT1A9 and UGT1A10 over a 0 - 1 mg/ml concentration 

range using a fixed incubation time of 30 min. 



 117 

 

 
 

Figure 3.10 Linearity of formation for cis-R4‟G and cis-R3G in HLMs; A) Protein 

linearity over a 0 - 1mg/ml concentration range using an incubation time of 60 min B) 

Time linearity over a 0 - 60 min time period with 1 mg/ml final protein concentration. 
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Figure 3.11 Linearity of formation for cis-R4‟G and cis-R3G in HIMs; A) Protein 

linearity over a 0 - 1mg/ml concentration range using an incubation time of 60 min B) 

Time linearity over a 0 - 60 min time period with 1 mg/ml final protein concentration.  
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Figure 3.12 Linearity of formation for cis-R3G in UGT1A6; A) Protein linearity over a 0 

- 1 mg/ml concentration range using an incubation time of 60 min B) Time linearity over 

a 0 - 60 min time period with 1 mg/ml final protein concentration. 
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Figure 3.13 Linearity of formation for cis-R3G in UGT1A9; A) Protein linearity over a 0 

- 1mg/ml concentration range using an incubation time of 60 min B) Time linearity over 

a 0 - 60 min time period with 1 mg/ml final protein concentration.  
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Figure 3.14 Linearity of formation for cis-R4‟G with time in UGT1A1 and UGT1A10 

over a 0 - 60 min time period using a 1 mg/ml fixed protein concentration. 
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3.6.4. Trans-RES Glucuronidation Kinetic Profiles 

 
 

Figure 3.15 Kinetic profiles for formation of trans-R3G in (A) pooled HLMs and B) 

pooled HIMs. Data reported as mean ± S.E.M., n of 6. Incubations were carried out 

across a 0 to 5000 μM substrate concentration range. 
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Figure 3.16 Kinetic profiles for formation of trans-R3G in recombinant human 

supersomes A) UGT1A1 and B) UGT1A9. Data reported as mean ± S.E.M., n of 6. 

Incubations were carried out across a 0 to 5000 μM substrate concentration range.  
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Eadie-Hofstee (E-H) Plots for trans-R3G formation 

 

Figure 3.17 Eadie-Hofstee plots for the formation of trans-R3G in A) pooled HLMs, B) 

pooled HIMs, C) UGT1A1 and D) UGT1A9 Supersomes. Data are expressed as mean 

values, n = 6. 
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In Figure 3.15, the kinetic profiles for the formation of trans-R3G in commercial pooled 

HLMs and HIMs are shown while Figure 3.16 depicts formation in recombinant human 

UGT1A1 and UGT1A9 supersomes. Figure 3.17 depicts their respective E-H plots and 

the corresponding enzyme kinetic parameters are listed in Table 3.7. Trans-R3G profiles 

in all enzyme systems exhibited substrate inhibition. This was determined by fitting the 

substrate inhibition equation to actual data replicates and by direct visualization of E-H 

plots. The E-H plots for trans-R3G formation exhibited a hook in the upper quadrant 

indicative of substrate inhibition kinetic profiles (Hutzler and Tracy, 2002).  

Looking at Vmax estimates per total protein, formation of trans-R3G was greatest in HIM 

and this rate was 1.5 – 3 fold greater than that in HLM, UGT1A9 or UGT1A1. The Km 

estimate for HIM (505.4 ± 29.4 μM) was significantly greater (p < 0.01) than that for 

HLM (280.4 ± 21.6 μM). The Ki estimate for trans-R3G formation was markedly 

different in HLM (1022 ± 71.5 μM) when compared to HIM (600.8 ± 20.5 μM). The Km 

and Ki estimates (109.5 ± 5.9 vs. 613.5 ± 18.9 μM) for the UGT1A9 catalyzed reaction 

was also estimated to be significantly different from one other (Table 3.7). 
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Table 3.7 Kinetic Parameter Estimates for Formation of Trans-R3G and R4’G  

 

Conjugation 

Product 

Enzyme 

Source 

Vmaxapp 

(nmol/min/mg) 

Kmapp 

(μM) 

 

Ki 

(μM) 

 

 

Type 

of Fit 

 

 

 (r
2
) 

 

trans-R3G 

 

HLM 7.4 ± 0.25 
280.4 ± 

21.6 

1022 ± 

71.5 
PSI 0.91 

HIM 12.2 ± 0.34 
505.4 ± 

29.4
a 

600.8 ± 

20.5
a
 

PSI 0.95 

UGT1A1 4.4 ± 0.22 
279 ± 

20.53
 b
 

383 ± 

5.4
 b
 

PSI 0.93 

UGT1A9 5.4 ± 0.13 
109.5 ± 

5.9
b
 

613.5 ± 

18.9
b,c

 
PSI 0.94 

trans-R4’G 

 

HLM 

Vmax1 = 0.45 ± 

0.01 

Vmax2 = 1.3 ± 

0.03 

Km1 = 65.2 

± 29 

Km2 = 1685 

± 106.8 

na BPM 0.96 

HIM 
8.9 ± 0.14 454.5 ± 

21.8 

564.3 ± 

38.1 

PSI 0.95 

UGT1A1 
0.86 ± 0.02 50.7 ± 1.9 129.7 ± 

2.8 

PSI 0.97 

UGT1A9 2.2 ± 0.05 750 na Hill
++

 0.95 

Data are expressed as estimate ± SE. (n = 6). PSI = Partial Substrate Inhibition, BPM = 

Biphasic Metabolism, 
++

Hill coefficient n = 1.6, na = not applicable. 
a
HLM versus HIM 

estimates significantly different, p < 0.01. 
b
UGT1A1 versus UGT1A9 estimate 

significantly different, p < 0.01. 
c
Ki significantly greater than Km for trans-R3G formation 

in UGT1A9, p < 0.01. 
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Figure 3.18 Kinetic profiles for formation of trans-R4‟G in A) pooled HLMs and B) 

pooled HIMs. Data reported as mean ± S.E.M., n of 6. Incubations were carried out 

across a 0 to 5000 μM substrate concentration range. 
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Figure 3.19 Kinetic profiles for formation of trans-R4‟G in recombinant human 

supersomes A) UGT1A1 and B) UGT1A9. Data reported as mean ± S.E.M., n of 6. 

Incubations were carried out across a 0 to 5000 μM substrate concentration range. 

 

 



 129 

Eadie-Hofstee (E-H) Plots for trans-R4’G formation 

 

 

 

Figure 3.20 Eadie-Hofstee plots for the formation of trans-R4‟G in A) pooled HLMs, B) 

pooled HIMs, C) UGT1A1 and D) UGT1A9 Supersomes. Data are expressed as mean 

values, n = 6. 

 



 130 

 

 

Figure 3.21 Atypical kinetic profiles for formation of trans-RES glucuronides in 

recombinant human UGT1A10 supersomes (A) trans-R3G and (B) trans-R4‟G. Data 

reported as mean ± S.E.M., n = 6. Incubations were carried out across a 0 to 5000 μM 

substrate concentration range. Plots represent normalized glucuronide peak areas 
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The kinetic profiles for the formation of trans-R4‟G in HLMs and HIMs are represented 

in Figure 3.18 while Figure 3.19 shows the same data for UGT1A1 and 1A9. Their 

respective E-H plots are depicted in Figure 3.20 with corresponding enzyme kinetic 

parameter estimates listed in Table 3.7. In the case of trans-R4‟G, kinetic profiles 

differed across the enzyme sources, exhibiting a biphasic metabolic profile in HLM and 

substrate inhibition profile in HIM. For the supersomes, a substrate inhibition profile was 

observed with UGT1A1 while UGT1A9 exhibited sigmoidal or Hill kinetics. As with 

trans-R3G formation, best fits and kinetic profiles were obtained by fitting respective 

equations for each of the models to actual data, obtaining r
2
 or least sum of squares (SS) 

values and visualization of E-H plots. The E-H plots for HIM and UGT1A1 were hook 

shaped (indicative of substrate inhibition profiles) while the E-H plot for HLM clearly 

showed a biphasic profile. The E-H plot for UGT1A9 was characteristic for enzyme(s) 

exhibiting sigmoidal or autoactivation kinetics (Hutzler and Tracy, 2002). Fitting the  

M-M model equation to data for UGT1A9 provided similar goodness of fit (data not 

shown). The rate of formation of trans-R4‟G (per total protein) was greatest in HIM 

being 4 and 10 fold greater than that for UGT1A1 and UGT1A9 respectively. We could 

not directly compare rates of formation in HIM and HLM due to the biphasic kinetics 

obtained in HLM. Trans-R4‟G kinetics in UGT1A9 was best modeled by the Hill 

equation with a Hill coefficient n of 1.6.  

Figure 3.21 depicts the formation of trans-R3G and trans-R4‟G in UGT1A10 

with glucuronide formation expressed as normalized peak areas (ratios of glucuronide to 

internal standard peak areas). Formation of both glucuronides was very low and kinetic 

parameter estimates could not be obtained. However, visual observation of the plots 
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indicates that formation of both glucuronides was inhibited at high substrate 

concentrations. 

3.6.5. Cis-RES Glucuronidation Kinetic Profiles 

The kinetic profiles for formation of the major metabolite of cis-RES (cis-R3G) 

are depicted in Figure 3.22 for HLMs and HIMs and Figure 3.23 for UGT1A6 and 

UGT1A9. Cis-R3G formation exhibited non-linear kinetic profiles in all enzyme sources 

with a biphasic profile in HLM, a substrate inhibition profile in HIM and UGT1A6 and a 

sigmoidal profile in UGT1A9. The respective E-H plots are represented in Figure 3.24 

while the corresponding enzyme kinetic parameters are listed in Table 3.8. 

 The rate of glucuronidation in HLM was higher than in HIM and the Vmax1 and 

Vmax2 estimates obtained by fitting the biphasic model equation to the data are the same 

for UGT1A9 and 1A6 respectively (Table 3.8). UGT1A9 and 1A6 are the two main UGT 

isoforms responsible for catalyzing cis-R3G formation. In HIM, cis-R3G exhibited partial 

substrate inhibition with its Km estimate significantly different than the Ki (p < 0.01). In 

UGT1A6 the kinetics of cis-R3G formation was seen to follow a substrate inhibition 

profile while in UGT1A9, cis-R3G formation fit sigmoidal (Hill) kinetics with a 

coefficient n of 1.3. Comparing glucuronidation activity in purified supersomes (1 mg/ml 

final protein concentrations), UGT1A6 exhibited higher activity (greater Vmax) towards 

cis-RES than UGT1A9 and its extrapolated Vmax was similar to one of the two Vmax 

estimates in pooled HLM (Table 3.8). 
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Figure 3.22 Kinetic profiles for formation of cis-R3G in (A) pooled HLMs and B) 

pooled HIMs. Data reported as mean ± S.E.M., n = 3. Incubations were carried out across 

a 0 to 2000 μM substrate concentration range. 



 134 

 

 

Figure 3.23 Kinetic profiles for formation of cis-R3G in recombinant human supersomes 

A) UGT1A6 and B) UGT1A9. Data reported as mean ± S.E.M., n = 6. Incubations were 

carried out across a 0 to 2000 μM substrate concentration range. 
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Eadie-Hofstee (E-H) Plots for cis-R3G formation 

 

 

Figure 3.24 Eadie-Hofstee plots for the formation of cis-R3G in A) pooled HLMs, B) 

pooled HIMs, C) UGT1A6 and D) UGT1A9 Supersomes. Data are expressed as mean 

values, n = 3. 
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Table 3.8 Kinetic Parameter Estimates for Formation of Cis-R3G 

 

Data are expressed as estimate ± SE, n = 3. Estimate units are as follows: Vmax = 

nmol/min/mg; Km = μM, PSI = Partial Substrate Inhibition, BPM = biphasic metabolism; 

N.A = not applicable. 
a
Type of fit determined by visual inspection of E-H Plots and by 

fitting relevant kinetic equations to the actual data values where applicable; 
b
Km 

significantly different from Ki estimate (p < 0.01). 

 

 

  

 

 

UGT 

Protein 

Source 

Vmax(apparent) Km(apparent) Ki(apparent) 
Type of 

Fit
a
 

Goodness 

of Fit (r
2
) 

HLM 

Vmax1 = 12.76 

± 0.6 

Vmax2 = 27.5 ± 

1.08 

Km1 = 778.3 ± 

68 

Km2 = 1798 ± 

93.4 

N.A. BPM 0.99 

HIM 6.1 ± 0.3 415.7 ± 48.1
b
 

789.6 ± 

36.3
b
 

PSI 0.96 

UGT1A6 27.2 ± 1.2 989.9 ± 92.8 
1012 ± 

55.9 
PSI 0.98 

UGT1A9 11.92 ± 0.3 360 N.A. 
Hill 

(n = 1.3) 
0.99 
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Figure 3.25 Kinetic profiles seen in plots of normalized glucuronide peak areas for cis-

R4‟G formation in A) pooled HLMs and B) pooled HIMs. Data are expressed as mean ± 

S.E.M, n = 3, Incubations were carried out across a 0 – 2000 μM substrate concentration 

range. 
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Figure 3.26 Kinetic profiles seen in plots of normalized peak areas for cis-R4‟G 

formation in recombinant human A) UGT1A1, B) UGT1A9 and C) UGT1A10 

supersomes. Data reported as mean ± S.E.M, n = 3, Incubations were carried out across a 

0 – 2000 μM substrate concentration range. 
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Eadie-Hofstee (E-H) Plots for cis-R4’G formation 

 

Figure 3.27 Eadie-Hofstee plots for the formation of cis-R4‟G in A) pooled HLMs, B) 

pooled HIMs, C) UGT1A1, D) UGT1A9 and E) UGT1A10 supersomes. Data are 

expressed as mean values, n = 3. 
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Figures 3.25 and 3.26 depict the results from glucuronidation assays for formation of the 

minor metabolite cis-R4‟G while Figure 3.27 depicts the corresponding E-H profiles. 

Cis-R4‟G was formed to a lesser extent in HLM, HIM, UGT1A1, 1A9 and 1A10. Due to 

the very low rates of formation, kinetic parameters were not readily estimated in HLM, 

HIM, UGT1A1 and UGT1A10 and data shown in Figures 3.25 and 3.26 (A and C) depict 

only the mean rates of formation. However visualization of the E-H plots indicated 

substrate inhibition profiles. UGT1A6 did not catalyze the formation of cis-R4‟G. In 

HLM, the glucuronide product was detected at substrate concentrations above 200 M. In 

UGT1A9, although the product was also formed at higher concentrations (> 200 M; 

Figure 3.26), we were able to fit the M-M equation to the data with Vmax and Km 

estimates of 0.33 ± 0.015 nmol/min/mg and 537.8 ± 67.8 μM respectively.  

 

3.7 Discussion 

We studied the glucuronidation of total RES in a variety of human liver and 

intestinal microsomes and recombinant UGTs in order to characterize its full enzyme 

kinetics and carry out in vitro - in vivo correlations. Our results indicate that the kinetic 

profiles for all RES conjugates (trans-R3G, trans-R4‟G, cis-R3G and cis-R4‟G) differ 

markedly across all protein sources. 
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Trans-RES Glucuronidation 

In HLM, formation of trans-R3G followed a substrate inhibition profile. The 

mechanism for this observed substrate inhibition has been described by a two site model 

in which one binding site is inhibitory and the other is operable at high substrate 

concentrations resulting in decreased velocity with increasing concentrations (Shou et al., 

2001; Hutzler and Tracy, 2002). With this model we obtained a Km estimate of 279 μM 

for trans-R3G formation. With respect to trans-RES, De Santi and coworkers reported a 

Km of 150 μM for glucuronidation in HLM without addressing individual glucuronides 

(de Santi et al., 2000). However, their study used a substrate concentration range of 62.5 - 

1000 μM which may explain their lower Km value and reported M-M kinetics. The 

difference between their observed kinetics and ours bring to light the fact that profiles at 

high concentrations may differ from those observed at lower non saturating 

concentrations. Trans-R3G was formed preferentially and at much greater rates than 

trans-R4‟G. The highest velocity (Vmax2) determined for trans-R4‟G was 6 fold less than 

that for trans-R3G. This was consistent with previously published reports using single 

substrate concentrations (Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006).   

The formation of trans-R4‟G in HLM was best described by a biphasic kinetic 

model where Vmax2 > Vmax1 and Km2 >> Km1 and the velocity approaches Vmax2 at higher 

substrate concentrations without becoming asymptotic. Biphasic kinetics usually makes it 

difficult to predict or establish a single value for Vmax and Km (Korzekwa et al., 1998; 

Hutzler and Tracy, 2002). According to Tracy and coworkers this type of biphasic profile 

resembles that for a mixture of two different enzymes, one saturating at low  
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concentrations and one with a very high Km (Korzekwa et al., 1998). This is not 

surprising given the UGT1A pool present in HLM. It was not possible to determine 

which two isoforms within the HLM pool were responsible for the observed kinetics. 

However, we believe that UGT1A1 and UGT1A9 may be relevant contributors based on 

their individual kinetic profiles for trans-R4‟G formation. 

In HIMs, the rate of formation for trans-R3G was 1.5 fold greater than for trans-

R4‟G and this regio- and stereo-selectivity for trans-R3G formation in HIMs (just as with 

HLMs) also correlated well with previously published reports (Brill et al., 2006; 

Sabolovic et al., 2006). The profiles for formation of both trans-R3G and trans-R4‟G 

exhibited substrate inhibition. Substrate inhibition has been observed in CYP-mediated 

reactions and Lin et al propose the existence of two binding sites to explain this 

observation (Lin et al., 2001; Shou et al., 2001). They surmise that although the 

mechanism of substrate inhibition is unknown, truncating data to fit M-M kinetics while 

ignoring atypical kinetics (like we report) may lead to erroneous estimates of kinetic 

parameters. The substrate inhibition profiles obtained for trans-RES glucuronides in 

HIMs are similar to one with Vmax2 < Vmax1 and Km2 =  Km1 for  a one enzyme two site 

model (Korzekwa et al., 1998). In this profile, the velocity plateaus at Vmax2 if the second 

site is saturable. In Table 3.7, the Km and Ki values for trans-R3G and trans-R4‟G 

formation in HIM do not differ significantly and our data fit this model when we assumed 

Ki to be equal to Km2. Just as with HLMs, HIMs consist of a UGT1A enzyme pool that 

would include isoforms differentially expressed in the intestine. Therefore, based on our 

results and observed kinetic profiles, we postulated that the UGT1A isoform(s) 

responsible for trans-RES glucuronidation in HIM would exhibit primarily substrate 
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inhibition. UGT1A1, a key isoform catalyzing liver specific trans-RES glucuronidation 

(Aumont et al., 2001) is also implicated in its intestinal metabolism (Brill et al., 2006; 

Sabolovic et al., 2006). From our results, we see that this enzyme exhibited substrate 

inhibition kinetics for formation of trans-RES glucuronides.   

With the putative intestine specific UGT1A10, formation of both trans-RES 

glucuronides also followed a substrate inhibition kinetic profile although its contribution 

to their formation was very low.  It remains to be seen if other intestine specific UGT1A 

isoforms contribute significantly to the kinetic profile observed in HIM.  

Of note in this study is the fact that rates of trans-RES glucuronidation in HIM 

was not adequately explained by rates obtained with the individual recombinant human 

UGTs used. We are aware that direct comparisons cannot usually be made between tissue 

microsomes and recombinant UGTs (Miners et al., 2006) without considering the relative 

expressions of individual UGT isoforms in the various human tissue microsomes. 

Recombinant Supersomes are over-expressed enzymes generated in baculoviral or 

insect cell systems with resulting matrices and presumably different kinetic properties 

from those of HLM/HIM. 

For UGT1A1, the substrate inhibition profiles for formation of trans-R3G and 

R4‟G also fit the one enzyme two site model described for HIMs. This model should be 

more pertinent in this case as UGT1A1 is a single purified enzyme source. This isoform 

contributed significantly to the formation of trans-R3G as evident from its rate of 

formation which was approximately 5 fold greater than that for trans-R4‟G. In 

comparison with our Km  estimate of 279 μM, Brill et al report a Km of 149 μM for 

trans-R3G formation in UGT1A1 (Brill et al., 2006) but do not state the substrate 
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concentration ranges used.  With respect to formation kinetics, UGT1A1 appears to be a 

high affinity albeit low capacity isoform although the relevance of its relatively minor 

contribution to trans-R4‟G formation remains to be seen.                                                       

In UGT1A9 supersomes, formation of trans-R3G also followed a substrate 

inhibition profile. However this profile differed from that observed in UGT1A1 and HIM 

in that the apparent Ki and Km values were significantly different, a fact reflected in the 

shape of the velocity-concentration curve. While we report the highest (numerical) rate of 

trans-R3G formation with UGT1A9, previously published data (Aumont et al., 2001; 

Brill et al., 2006; Sabolovic et al., 2006) report the highest rate of formation with 

UGT1A1. The formation of trans-R4‟G in UGT1A9 exhibited Hill kinetics with a Hill 

coefficient n = 1.6. This type of atypical kinetics is suggestive of substrate autoactivation. 

Hill kinetics have been previously reported for phase II metabolism (Fisher et al., 2000). 

Brill and coworkers also reported Hill kinetics for trans-R4‟G formation via UGT1A9 

(Brill et al., 2006). 

Cis-RES Glucuronidation 

In HLMs, cis-R3G formation followed a biphasic (two enzyme) metabolite 

kinetic model where velocity approaches that of a higher capacity, lower affinity enzyme 

without becoming asymptotic (Hutzler and Tracy, 2002). Although HLMs comprise a 

pool of UGT enzymes, the biphasic kinetics observed indicates that glucuronide 

formation is catalyzed essentially by two main isoforms. As Vmax1 and Vmax2 estimates in 

HLM were the same for UGT1A9 and 1A6 respectively (Table 3.8), we could only 

postulate (as has been previously reported) that these two isoforms were responsible for 
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catalyzing cis-R3G formation. Although biphasic kinetics reflects a two enzyme 

catalyzed reaction, with a high and low affinity component, we could not attribute a high 

and low affinity component to either UGT1A6 or 1A9 on the basis of Vmax alone. This is 

due to the fact that Km values are indicative of enzyme affinities and the presence of 

atypical kinetics in both UGT enzymes precluded effective comparison of Km estimates 

(Iwuchukwu and Nagar, 2010). 

In HIMs, cis-R3G formation exhibited substrate inhibition with Km estimate being 

significantly different than the Ki (p < 0.01). This profile is reflective of either multiple 

binding sites or of two substrates binding to one active site (Korzekwa et al., 1998). 

However because we have only used one substrate and the nature of the interaction 

cannot be exclusively determined, we can only surmise that more than one binding site 

(enzyme) is available for binding cis-RES in HIM which comprises a pool of UGT 

enzymes.  

In UGT1A6 supersomes, the kinetic profile obtained for the formation of cis-R3G 

followed a partial substrate inhibition profile with Km estimate not differing significantly 

from Ki (p < 0.01). This profile is similar to the one enzyme two site model we proposed 

for the UGT1A1-catalyzed formation of trans-R3G (Iwuchukwu and Nagar, 2008). This 

profile is also evident by the E-H plot exhibiting a hook in the upper quadrant (Hutzler 

and Tracy, 2002).  

With UGT1A9, cis-R3G formation fit sigmoidal kinetics with a Hill coefficient 

(n) of 1.3. The sigmoidal kinetics observed for cis-R3G suggests either auto-activation or 

the presence of more than one binding site capable of accommodating a substrate or 

enzyme-substrate complex. This same profile was also observed in our UGT1A9 
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catalyzed formation of trans-R4‟G as depicted in Figure 3.16 (Iwuchukwu and Nagar 

2008).  

Comparing rates of cis-R3G formation in purified supersomes, UGT1A6 had 

higher activity (Vmax) towards cis-RES than UGT1A9 and its extrapolated Vmax was 

similar to one of the two Vmax estimates in pooled HLMs (Table 3.8). This comparison on 

relative contributions of either UGT1A6 or UGT1A9 to cis-R3G formation is based only 

on our in vitro data and we could not make any extrapolations to relative in vivo activities 

as we did not possess a priori knowledge of in vivo protein expression levels. 

Formation of cis-R4‟G (a minor metabolite) occurred to a lesser extent in HLM, 

HIM, UGT1A1, UGT1A9 and UGT1A10. UGT1A6 did not catalyze the formation of 

this metabolite as has been previously reported (Aumont et al., 2001; Sabolovic et al., 

2006). Kinetic parameters for cis-R4‟G formation could not be readily estimated in 

HLMs, HIMs, UGT1A1 and UGT1A10 and our data depicts only the mean rates of 

formation. However E-H plots indicated substrate inhibition in all enzyme sources apart 

from HLMs where it suggested biphasic kinetics. In UGT1A9, cis-R4‟G was formed at 

higher concentrations via hyperbolic (MM) kinetics. 

Comments on Total RES Glucuronidation 

Formation of the 3-O-glucuronide product of both RES isomers was higher than that of 

the 4‟-O-glucuronide in all the enzyme sources we studied. In HLMs and UGT1A9, the 

maximum rate of cis-RES glucuronidation with respect to the 3-O-glucuronide was 

greater than that reported for trans-RES (2 - 4 fold). In HIMs on the other hand, cis-R3G 

formation was 2 fold lower than trans-R3G (Iwuchukwu and Nagar 2008).  
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The simplest kinetic models were fit to all our data using the best correlation 

coefficient (r
2
) values/goodness of fits as determined by non-linear regression, the least 

sum of squares (SS) values and by direct visualization of the E-H plots. The use of more 

complex models requires a much larger number of data points and knowledge of the 

nature of substrate-enzyme interactions (Hutzler and Tracy, 2002). The atypical kinetic 

profiles (biphasic, substrate inhibition or Hill) we report for trans and cis-RES 

glucuronides all fit models for more than one substrate binding site proposed for 

cytochrome P450 mediated reactions (Korzekwa et al., 1998; Shou et al., 2001; Hutzler 

and Tracy, 2002).  

The presence of atypical kinetics has been previously reported for UGT enzymes 

(Fisher et al., 2000; Soars et al., 2003; Uchaipichat et al., 2004; Brill et al., 2006). 

Although we report the presence of atypical kinetics for RES glucuronidation, it is 

important to ensure that such experiments are performed after eliminating artifactual 

sources of atypical kinetics (Hutzler and Tracy, 2002). Such sources include excessive 

substrate utilization/substrate depletion, very high substrate concentrations, low substrate 

solubility, paucity of data points, lack of analytical sensitivity and use of multi-enzyme 

systems (Houston and Kenworthy, 2000). Another source of observed substrate inhibition 

is the use of high organic solvent concentrations. With the exception of UGT1A6, 

UGT2B15 and UGT2B17, organic solvent concentrations of 0.5 and 1% were reported to 

have minor though variable effects on UGT isoform activity (Uchaipichat et al., 2004). 

Although the very low solubility of RES and higher concentrations studied led to the use 

of higher DMSO concentrations than typically recommended, we took care to exclude 

most of the above sources by carrying out all incubations under conditions of protein and 
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time linearity with respect to product formation. The hyperbolic kinetics observed for cis-

R4‟G in UGT1A9 at substrate concentrations greater than 200 μM also served to preclude 

atypical kinetics arising from high substrate concentrations. 

Conclusions 

A more accurate estimation of the relative contributions of each in vitro UGT enzyme 

source to in vivo activity (in vitro – in vivo correlations) should be based on intrinsic 

clearance values obtained by dividing Vmax by Km values obtained for each isoform. 

Intrinsic clearances could not however be readily estimated due to the presence of 

atypical kinetics. The estimation of intrinsic clearance from atypical kinetics has been 

described (Venkatakrishnan et al., 2001) based on the assumption that substrate 

concentrations are well below an enzyme‟s Km, a situation which did not apply in our 

study. Even in the absence of atypical kinetics in vivo, complex in vitro kinetics may 

affect how data is scaled to the in vivo situation. The relevance of atypical kinetics 

observed in both isomers of RES to the in vivo metabolism of this important dietary 

polyphenol is not yet fully understood. The presence of atypical kinetics has been 

increasingly reported for UGT mediated conjugation reactions and should be taken into 

consideration when attempting to predict in vivo clearances from in vitro data. 

It is also noteworthy that in addition to glucuronidation, several other factors must be 

taken into account for meaningful in vitro – in vivo correlation. Thus, systemic levels of 

RES and its conjugates are expected to be modulated by relative contribution of parallel 

metabolic pathways (e.g. sulfation along with glucuronidation), presence of transporters, 

and enzymatic deconjugation of metabolites to the parent RES.  
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CHAPTER 4 

GENOTYPE-PHENOTYPE AND GENDER CORRELATIONS IN 

RESVERATROL GLUCURONIDATING ENZYMES 

4.1 Background 

4.1.1. UGT Pharmacogenetics 

The major UGT isoforms involved in RES metabolism as described in Chapter 3 

are UGT1A1, 1A9 and 1A6 with minor contributions by UGT1A10, 1A7, 1A8 and 1A3 

(Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006). Genetic polymorphisms 

have been reported in these enzymes and practically every UGT family member 

(Guillemette, 2003). These polymorphisms include numerous single nucleotide 

polymorphisms (SNPs) and promoter polymorphisms and both have been characterized 

in great detail (Nagar and Remmel, 2006; Argikar et al., 2008). Aside from 

polymorphisms in coding (exonic) regions, numerous intronic SNPs have also been 

reported for UGT genes (Saeki et al., 2003; Saeki et al., 2004; Carlini et al., 2005). Non – 

synonymous SNPs usually alter primary protein structures (amino acid) and are thought 

to be the most relevant with respect to alteration of enzyme phenotype. Promoter 

polymorphisms on the other hand are expected to alter protein expression levels thereby 

possibly altering the organ clearance of UGT substrates. The functional significance and  
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genotype-phenotype correlation of these UGT polymorphisms is an ongoing area of 

research. UGT pharmacogenetics has been extensively covered in recent reviews 

(Burchell, 2003; Guillemette, 2003; Nagar and Blanchard, 2006; Nagar and Remmel, 

2006). Although numerous polymorphisms in two unique major isoforms (UGT1A1 and 

UGT1A6) involved in RES metabolism are known, this study focused only on certain 

distinct polymorphisms as discussed below. 

UGT1A1 Polymorphisms 

Although there are currently more than 100 UGT1A1 allelic variants described, 

the most commonly studied is the UGT1A1 promoter polymorphism (Williams et al., 

2008). This polymorphism is defined by a variable-length (5 - 8) “TA” tandem repeat in 

the regulatory TATA box of the UGT1A1 gene promoter (Bosma et al., 1995). The TA 

repeat polymorphism confers several genotypes based on the number of TA repeats in the 

UGT1A1 promoter TATA box. The 7 (or 8) TA repeat SNP has been associated with 

decreased promoter activity and consequently reduced protein expression and activity 

(Bosma et al., 1995; Raijmakers et al., 2000; Fang and Lazarus, 2004; Girard et al., 2005; 

Yoder Graber et al., 2007). Pharmacogenetic variability in UGT function and expression 

due to this polymorphism has attracted great interest because of its involvement in two 

disease states (Crijler-Najjar and Gilbert‟s syndromes) and drug (irinotecan) related 

toxicity. With respect to the hepatic clearance of bilirubin and other xenobiotics, an 

inverse correlation between number of TA repeats and glucuronidating activity has been 

reported (Iyer et al., 1999b; Iyer et al., 2002; Peters et al., 2003; Fang and Lazarus, 2004).  
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Figure 4.1 Schematic of the encoded UGT1A1 gene undergoing active splicing of the 

unique first exon to common exons 2-5. The 5‟ regulatory (promoter) region shows the 

tandem TA repeats. Allele nomenclature at 

http://www.pharmacogenomics.pha.ulaval.ca 

 

 

 

Figure 4.1 shows a diagrammatic representation of this polymorphism, the allelic 

nomenclature and genotypes conferred. The reference UGT1A1*1 allele has reported 

frequencies ranging from 0.60 to 0.62 in Caucasians, 0.46 to 0.52 in African Americans 

and 0.84 in Asians. The UGT1A1*28 variant has allele frequencies ranging from 0.38 to 

0.40 in Caucasians, 0.38 to 0.43 in African Americans and 0.16 in Asians. The 

UGT1A1*36 (former *33) and UGT1A1*37 (former *34) alleles are found only in 

http://www.pharmacogenomics.pha.ulaval.ca/
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African Americans, with frequencies ranging from 0.07 to 0.09 and 0.02 to 0.035 

respectively (Beutler et al., 1998; Williams et al., 2008). 

UGT1A6 Polymorphisms 

Five non-synonymous single nucleotide polymorphisms (SNPs) have been 

reported in the human UGT1A6 gene (Ciotti et al., 1997; Nagar et al., 2004b; Saeki et al., 

2005). Several intronic and synonymous cSNPs with unknown functional significance 

have also been discovered. The UGT1A6 polymorphisms of interest to us are 3 non-

synonymous coding SNPs found in exon 1 - 19T>G, 541A>G and 552A>C encoding 

amino acid changes Ser7Ala, Thr181Ala and Arg184Ser and yielding four (* 1 to *4) 

UGT1A6 alleles. The relevant alleles are represented as: *1 – 19T, 541A and 552A, *2 – 

19G, 541G and 552C, *3 – 19G, 541A and 552A, *4 – 19G, 541A and 552C. 

The Ser7Ala polymorphism resides within the N-terminal signal sequence while 

the Thr181Ala and Arg184Ser polymorphisms reside in the putative internal ER 

signaling domain. The functional impact of these 3 polymorphisms on various UGT1A6 

substrates has been studied with varying results, possibly due to differences among the 

studies in defining the alleles (Ciotti et al., 1997; Nagar et al., 2004b; Krishnaswamy et 

al., 2005). The variability in reports for UGT1A6 variant allele frequencies could also be 

attributed to differences in allele definitions between studies, with frequencies not being 

as clearly defined as those of UGT1A1. 
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4.1.2 Gender Differences in Glucuronidation 

Gender differences in RES glucuronidation were also of interest due to the 

characterization of RES as a phytoestrogen. UGT1A1 has been implicated in the 

glucuronidation of estradiol, a major female sex hormone. Previous studies carried out in 

our laboratory showed that trans-RES inhibited estradiol glucuronidation in HLMs at 

high concentrations  for the formation of its 3-O-glucuronide and at low and high 

concentrations for the 17-O-glucuronide product (Ung and Nagar, 2009). We therefore 

hypothesized that there may be a gender related influence on RES metabolism as well. 

Differences in gender with regards to clearance has been reported with females showing 

higher clearance than men for drugs cleared by CYP3A enzymes (Greenblatt and von 

Moltke, 2008). There are not many reports on sex differences in glucuronidation and 

those that exist showed higher glucuronidation rates in men as opposed to women 

(Greenblatt et al., 1980; Miners et al., 1983; Court et al., 2001; Court et al., 2004). 

4.2 Implications of genetic and gender differences in RES metabolism 

The disposition of dietary phytochemicals like RES involves its absorption, 

metabolism, distribution and excretion and each of these aspects could contribute to 

variability in exposure. The high intestinal absorption but low bioavailabilityof RES is 

known (Walle et al., 2001; Wenzel et al., 2005) leaving other aspects of its disposition 

warranting further investigation. With regard to RES and its metabolism, the question of 

where activity resides has been posed; does activity reside in the parent compounds or its 

metabolites or both?  If the answer to any of the above is affirmative, then studies on the 

functional impact of genetic polymorphisms in any enzymes catalyzing the formation of 
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these metabolites are warranted. Since UGT enzymes responsible for RES 

glucuronidation are known to be genetically polymorphic, it stands to reason therefore 

that genetic differences in metabolizing capacity could contribute to differences in 

bioavailability and/or systemic clearance. Polymorphisms in UGT enzymes could have 

important implications on RES (and metabolites‟) bioavailability with high activity 

variants furnishing lower parent and higher metabolite(s) levels and vice versa. Another 

scenario arises with enterohepatic recycling where high activity genotypes could 

hypothetically furnish more metabolites that could be converted back to parent RES. 

Pharmacogenetic studies thus become relevant given that genetic variability may be one 

of the contributing factors to differences in exposure and therefore effectiveness of 

dietary phytochemicals among populations. 

Characterizing any gender differences in glucuronidation where present could 

help ensure that the potential for dietary phytochemicals such as RES are best realized by 

designing appropriate individualized dietary consumption regimens. 

 

4.3 Study Rationale and Objectives 

Genotype – phenotype as well as gender correlations in RES glucuronidation have 

not been conducted before. The fact that various in vitro and in vivo studies incorporating 

pharmacogenetic evaluations of UGTs have characterized associations between genetic 

variability and clinical outcome (Iyer et al., 1999a; Ando et al., 2000; Iyer et al., 2002; 

Mathijssen et al., 2003; Marcuello et al., 2004; Paoluzzi et al., 2004; Ando and 

Hasegawa, 2005; Carlini et al., 2005; Chan et al., 2005; Krishnaswamy et al., 2005; 
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Massacesi et al., 2006; Smith et al., 2006; Chen et al., 2007; Yoder Graber et al., 2007; 

Argikar et al., 2008; Limenta et al., 2008) led us to study the effect of genetic differences 

on RES disposition. The aim of this study was thus to evaluate human livers for 

differences in RES glucuronidation capacity due to polymorphisms in UGT1A1 and 

UGT1A6 with the following objectives in mind: 

1. Genotype human livers for the UGT1A6 exon 1 coding SNPs of interest using 

DNA extracted from the livers 

2. Conduct pharmacogenetic studies on cis-RES glucuronidation in an in vitro 

cellular model (HEK293) engineered to overexpress the specific UGT1A6 alleles 

of interest 

3. Validate phenotypes obtained in cellular studies for UGT1A6 using human liver 

microsomes prepared from the genotyped human liver bank. 

4. Use trans-RES as substrate for the UGT1A1 promoter polymorphism genotype-

phenotype correlation studies 

A secondary aim of the study was to establish if any gender specific differences in RES 

glucuronidation exist. To this end, glucuronidation assays were conducted using 

commercially available pooled male and female HLMs. 
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4.4 Experimental Section 

4.4.1 Materials 

Trans-RES, UDPGA, DMSO, alamethicin, acetaminophen (APAP), 

chlorzoxazone (CXZ) and cis-RES including all chemicals used to prepare buffers and 

other reagents were as purchased in section 3.5.1. Pooled HLMs as well as Supersomes™ 

expressing the recombinant human UGT1A1 and UGT1A6 enzymes were obtained from 

Gentest™ BD Biosciences (San Jose, CA) as stated in section 3.5.1. NuSieve® agarose 

and Gel Star Nucleic Acid Stain were obtained from Lonza Group Ltd. (Basel, 

Switzerland). Restriction endonucleases (NsiI, BbvI and HhaI) and their respective 

buffers were purchased from New England Biolabs (Ipswich, MA).  The anti-UGT1A6 

primary antibody was obtained from BD Biosciences (San Jose, CA). Cell culture 

reagents; Dubelcco‟s Modified Eagle‟s Medium (DMEM), penicillin/streptomycin and 

fetal bovine serum were obtained from Mediatech (Manassas, VA). The UGT1A6 

specific oligonucleotide PCR primers were synthesized by Operon Biotechnologies, Inc. 

(Huntsville, AL). DNA step ladder, Promega PCR Master Mix, (solution containing Taq 

DNA polymerase, dNTPs, MgCl2 and reaction buffers) and 10X Tris-Acetate-EDTA 

(TAE) buffer were purchased from Promega Corporation (Madison, WI). Tris-EDTA 

(TE) buffer pH 8.0, nuclease-free water, and other molecular biology grade reagents and 

solvents were purchased from Thermo Fisher Scientific Inc. (Waltham, MA).   

Ultracentrifuge tubes were obtained from Beckman Coulter (Fullerton, CA), Tween 20 

was obtained from Sigma Chemical Co (St Louis, MO), SDS-PAGE gels and 4X LDS 

Sample buffer for western blots were from purchased from Expedeon Inc (San Diego, 
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CA), Fisher EZ-Run 3603 Protein Ladder, Sodium Bisulfite and Tris Base were 

purchased from Fisher Scientific (Pittsburgh, PA). Tricine base was purchased from 

EMD Chemicals (Gibbstown, NJ). 

4.4.2 Preparation of Solutions and Reagents 

A) Buffers and Reagents for Western Blotting for UGT proteins  

1X Tween-Tris Buffered Saline (TTBS) pH 7.5 

Tris Base (9.7 g) and 117 g NaCl were weighed and dissolved in 2 L distilled water. The 

pH of this solution was adjusted to 7.5 by adding drops of concentrated HCl and 

monitoring pH continuously. Another 2 L of distilled water and 2 ml Tween-20 was 

added to this solution with stirring. After thorough mixing, the final solution (containing 

0.05% Tween-20) was poured into a 10 L dispensing gallon for further use. 

20X SDS Running Buffer 

The 20X PAGEgel SDS Running Buffer stock solution was prepared by weighing out 

71.7 g Tricine (free base), 72.6 g Tris base, 10 g SDS powder and 2.5 g Sodium Bisulfite 

into a 250 ml conical flask and adding about 200 ml DI water. Upon complete 

dissolution, the mixture was then transferred into a 500 ml volumetric flask and made up 

to volume with DI water. The pH of this stock solution was measured (should be between 

8.2 and 8.3 at 25°C) before storing at room temperature. The 1X solution used for 

electrophoresis was prepared by taking 30 ml of the 20X stock solution and adding it to 

470 ml DI water in a 500 ml measuring cylinder. 
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10X Transfer Buffer 

The PAGEgel Tris Glycine Transfer Buffer stock was prepared by weighing out 15.2 g 

Tris base, 72.1 g Glycine and 5 g SDS and making up to 500 ml (as detailed above) with 

DI water. The 1X solution used for protein transfer was prepared by taking 50 ml of this 

stock solution and adding it to a 350 ml water plus 100 ml Methanol solution in a 500 ml 

measuring cylinder. 

2% Blocking Solution 

This was prepared by weighing out 2 g of fat free (skim) milk in a 250ml flask and 

adding 100 ml of the 1X TTBS solution with stirring. 

 

B) Buffers and Reagents for DNA electrophoreses 

2% NuSieve Agarose Gels  

NuSieve® agarose powder (2 g) was placed into a sterile 500 ml flat bottomed flask and 

100 ml of 1X TAE buffer was added to it with shaking to ensure adequate dispersion. 

The flask was covered with Saran® wrap, placed in a laboratory microwave set on 

medium high for two min and allowed to boil to effect complete agarose dissolution. The 

mixture was then removed and allowed to cool to about 40°C upon which 5 l of the 

GelStar® nucleic acid stain was added to it and swirled to ensure even mixing. The gel 

mixture was then poured into a DNA gel casting apparatus set up with a 15 to 20 well 

comb on ice and left for about 10 min.  The casting apparatus with the freshly set gel was 

carefully transferred to the electrophoresis chamber and left to finish setting after filling 

the chamber with just enough ice cold 1X TAE buffer to cover the gel. The comb was 

carefully removed just before loading the wells with either PCR or digestion products.  
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1X TAE DNA Electrophoresis Buffer 

The 1X TAE buffer was prepared by mixing 450 ml nuclease free water with 50 ml 10X 

TAE buffer purchased from Promega Corporation. 

 

C) Buffers for Human Liver Microsome Preparation 

0.1M Potassium Phosphate Buffer 

Monobasic potassium phosphate monohydrate (KH2PO4) was weighed (13.8 g) and 

dissolved in 1L distilled water to make a 0.2 M solution (A). A 0.2 M solution of dibasic 

potassium phosphate (K2HPO4) was prepared by weighing out 14.2 g powder and 

dissolving it in 1 L water (Solution B). A mixture of 95 ml A and 405 ml B made a 0.2 M 

phosphate buffer solution. A twofold dilution of this 0.2 M phosphate buffer afforded the 

0.1M stock phosphate buffer solution used. 

0.01M Potassium Phosphate with 1.15% KCl (Microsome Isolation Buffer) 

The stock 0.1 M phosphate buffer (100 ml) was mixed with 900 ml of distilled water to 

afford a 0.01 M phosphate buffer solution. To this solution was then added 11.5 g 

potassium chloride powder with stirring to ensure complete dissolution. 

Phosphate Buffer with Glycerol and EDTA 

EDTA (368 mg) was dissolved in 400 ml of the stock 0.1 M phosphate buffer prepared 

above and 100 ml of glycerol was slowly added with stirring to afford the final solution. 

4.4.3 DNA Extraction and Purification  

Human liver samples (n = 67) consisting of surgically excised tissue from non-

malignant patients and patients with CRC that had metastasized to the liver were 
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purchased from the Fox Chase Cancer Center Tumor Bank Facility (Philadelphia, PA). 

All samples were de-identified with respect to age, ethnicity and gender. DNA was 

extracted from approximately 30 mg of human liver tissue using the Promega Wizard SV 

Genomic DNA Purification System as follows.  

Samples were incubated overnight in 275 μl digestion solution, after which 

incubation tubes were spun down and their supernatants transferred to fresh 

DNAse/RNAse free tubes for purification. Purification was carried out by adding 250 μl 

nuclei lysis solution, followed by transferring solutions to individual minicolumns and 

spinning down at 13,000 rcf for 3 minutes. After the spin, waste from collection tubes 

attached to the minicolums was discarded. The lysate was then washed four times with 

650 μl ethanol wash buffer and spun at 13,000 rcf for one minute after each wash. DNA 

was eluted after the last wash using nuclease free water maintained at 65°C. DNA 

concentrations were determined on a SpectraMax M2 spectrophotometer using the 

SoftMax Pro software (Molecular Devices, Sunnyvale, CA). Purified DNA samples were 

resuspended in sterile water and stored at 4°C for further use. 

 

4.4.4 UGT1A6 and UGT1A1 Genotyping 

Assays 

A modification of the PCR-RFLP assay described by (Nagar et al., 2004b) was 

used to detect the 19T>G, 541A>G and 552A>C cSNPs in the UGT1A6 gene. For the 

PCR reaction, 200 - 400 ng of genomic DNA was mixed with 25 μl of Promega Master 

Mix and 2 μl each (10 μM final concentration) of the respective forward [F] and reverse 
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[R] primers in 100 l PCR tubes. The primers and [sequences] below were used to 

characterize the 19T>G SNP [F(–53): 5‟ GAT TTG GAG AGT GAA AAC TCT TT 3‟ 

and R184: 5‟ CAG GCA CCA CCA CTA CAA TCT C 3‟] and the 541A>G and 

552A>C SNPs [F414: 5‟ CTT TAA GGA GAG CAA GTT TGA TG 3‟ and R628: 5‟ 

CCA CTC GTT GGG AAA AAG TC 3‟]. Nuclease free water was added to the mixture 

in the PCR tubes to make up the 50 μl final reaction volume (See Table 4.1).  

Figure 4.2 depicts the amplification protocol used in this study. Amplification was 

carried out using the following cycle sequence : 45 s at 94°C followed by 37 cycles of 

94°C for 30 s, 56°C for 30 s and 72°C for 50 s, and finally 3 min at 72°C. The product 

from the 19T>G amplification was tagged as amplicon 1 while that from amplification of 

the other two SNPs was tagged amplicon 2. Amplified products were subjected to DNA 

electrophoresis to confirm suitability of amplification. This was done by mixing 2.5 l of 

amplified DNA product with 10 l nuclease free water and 3 l 6X DNA loading dye and 

loading the entire mixture into the precast agarose gels using PCR only tips. The gels 

were observed under UV light using a Hoefner Mighty Bright UV detection system 

(Hoefner Scientific Instruments, San Franscisco, CA). Where amplification was not 

clearly evident, a second amplification step was carried out using 4 l of the first 

amplification product following the exact same procedure as above. 

All PCR products were subsequently digested using relevant endonucleases; HhaI 

for amplicon 1, NsiI and BbvI separately for amplicon 2. For the digestion, 3 l of the 

amplification products (1 or 2) was added to PCR tubes containing a mixture of 1 l of 

appropriate restriction enzymes and 2 l of the required restriction enzyme buffer. 

Nuclease free water (14 l) was used to make up the 20 l final reaction volume. For 
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HhaI digestions, 0.2 l of a 100mg/ml BSA solution supplied by the manufacturer was 

added to the mixture before making up the final reaction volume with nuclease free 

water. The reaction mixtures were incubated at 37 °C for 3 hours to ensure adequate 

digestion. All digested products were mixed with 3 l of the DNA loading dyes and 

subjected to electrophoresis on 2% NuSieve agarose gels at 100 V for one hour. 

Genotyping for the UGT1A1 promoter polymorphisms was carried out at the Fox Chase 

Cancer Center Genotyping Facility with a high throughput Genescan assay (Carlini et al., 

2005).  

 

 

 

Table 4.1 PCR Reaction Mix for UGT1A6 Amplification Products  

 

Product 1 Reaction Mix Product 2 Reaction Mix Volume (L) 

Promega Master Mix Promega Master Mix 25 

10 M F(-53) 10 M F414 2 

10 M R184 10 M R628 2 

400 ng DNA 400 ng DNA 
volume varies with DNA 

sample concentration 

nuclease-free water nuclease-free water 
to make up 50 l final 

reaction volume 
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Figure 4.2 UGT1A6 Genotyping Assay Amplification and Digestion Protocol 
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Calculations for UGT Genotype and Allele Frequencies 

Frequencies for each UGT genotype were calculated simply by summing up livers 

with same assigned genotypes and dividing by the total population of successfully 

assigned genotyped livers. An example for UGT1A6 is represented below: 

 

Frequency of UGT1A6 *1/*1 genotype = a/N  

 

where N = total number of UGT1A6 genotyped livers and  

a = number of livers assigned the UGT1A6 *1/*1 genotype. 

 

UGT allele frequencies were calculated in either of two ways: i) by dividing the number 

of copies of each allele by the total number of copies of all alleles in the given population 

or ii) from genotype frequencies where known using the formula below: 

If f(AA), f(Aa) and f(aa) are the frequencies of three genotypes at a locus bearing two 

alleles A and a, then the frequencies of each allele can be calculated as 

 

p = f(AA) + ½ f(Aa) = frequency of the A allele and  

q = f(aa) + ½ f(Aa) = frequency of the a allele 

 

So for UGT1A6 genotype frequencies as an example, since f(*1/*1), f(*1/*2) and 

f(*2/*2) are known, then the frequency of the *1 and * 2 alleles can be calculated. 

Where more than two different allelic forms were present such as the UGT1A6 *1 

through *4 allozymes, the frequency for the *1 allele was calculated simply as the 

frequency of *1 homozygotes plus half the sum of the frequencies for all the *1 

heterozygotes.  
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4.4.5 Preparation of Enzyme Fractions  

Human Liver Microsomes (HLM)  

The UGT1A1 and UGT1A6 genotyped livers were used to generate the individual 

HLMs used in this study. HLMs were prepared from 30 mg of human tissue samples 

previously stored at -80
o
C. The standard method  of microsome isolation by Franklin and 

Estabrook (Franklin and Estabrook, 1971) was modified as follows: Livers were cut up 

into tiny pieces using a pair of surgical scissors. The liver pieces were then suspended in 

1 ml of microsome isolation buffer (1.15% KCl in 0.01 M Potassium phosphate buffer, 

pH 7.4) and placed in 5 ml Potter-Elvejhem glass containers. Samples were homogenized 

in the hand held homogenizers using the appropriate tips with 10 uniform strokes. The 

homogenates were transferred to microcentrifuge tubes and low speed centrifugation 

(9000 g) was carried out using a Hermle Labnet Z233 MK-2 refrigerated microcentrifuge 

set at 4°C for 20 min in order to clear cellular debris. The supernatants or S9 fractions 

were then transferred to Beckman Coulter ultracentrifuge tubes (8.9ml capacity) and 

matched by weight after capping with appropriate spacers for the centrifuge rotors. 

Ultracentrifugation of the S9 fractions was conducted in a type 50TI rotor using a L5-40 

Beckman Ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA) set at 4°C and 100,000 

g for 60 min. The pellets obtained from ultracentrifugation were resuspended in glycerol-

EDTA phosphate buffer. Protein contents of the purified microsomes were determined by 

the Bradford method. Aliquots of all isolated microsomes were labeled appropriately and 

stored at -80
o
C until further use. 
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Culture and Generation of Cell Homogenates  

Human embryonic kidney cells (HEK293) that had been previously engineered to 

stably express the UGT1A6*1, *2, *3 and *4 allozymes (Nagar et al., 2004b) were used 

for allelic phenotyping. Different clones had been generated for each allozyme and we 

selected individual clones on the basis of comparable UGT1A6 expression levels.  

Cells were thawed and cultured in 10 cm plates using DMEM containing 10% 

fetal bovine serum, 1% L-glutamate and 5% penicillin/streptomycin (3.5 unit/3.5 μg/ml). 

Cells were allowed to grow to 80% confluency (3-4 days) before passaging. Zeocin (the 

selection agent; 0.6 mg/ml) was added to the culture media in each of the plates at every 

other passage. Cells between passages 8 and 10 were harvested by aspirating off all 

culture media and rinsing cells with 4 ml Hanks Balanced Salt Solution (HBSS). Cells 

were trypsinized using 2 ml of 1X-EDTA Trypsin at room temperature and observed for 

cell detachment. Upon cell detachment, 6 ml media was added to inactivate the trypsin. 

The trypsin-media mix was transferred to 50 ml tubes and centrifuged at 3500 rpm for 3 

min to precipitate the cells. The supernatants were aspirated and the cell pellets were 

resuspended in 1 ml HBSS and transferred to 2 ml microcentrifuge tubes. The HBSS cell 

suspensions were centrifuged using a table top centrifuge set at 14,000 rpm for 10 

minutes. The supernatants from this centrifugation step were aspirated and the remaining 

cell pellets were either homogenized immediately or stored at -80°C prior to 

homogenization. Harvested cells were subsequently homogenized in 500 l of 100 mM 

Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose by sonicating for five 20 second 

bursts with 1 minute resting on ice between each pulse/burst, then stored at -80
o
C. Protein 

content for both microsomes and cell homogenates was determined with the Bradford 
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assay (Bio-Rad, Hercules, CA) using bovine serum albumin (BSA) as the protein 

standard. 

4.4.6 Western Blot Analyses 

 

UGT1A6 Supersomes™ and cell homogenates expressing the various UGT1A6 

allozymes were subjected to Western blot analyses for determination of relative levels of 

expressed UGT protein.  

Sample Preparation 

Varying volumes of the HEK 293 cell homogenates yielding a final amount of 50 μg 

proteins was mixed with 8 l 4X LDS sample buffer in 1.5 ml microcentrifuge tubes. The 

resulting mixtures were placed in a water bath set at 98°C for 5 minutes. The tubes were 

then removed from the water bath and vortexed before loading the samples onto the gel.  

Electrophoresis 

The electrophoresis apparatus was set up according to the manufacturer‟s instructions. 

The sandwich between the plates was removed and replaced with commercially available 

8 or 10 % 12 well SDS-PAGE gels ensuring a leak proof fit. The inner chamber was 

filled with about 200 ml 1X SDS running buffer and the wells were washed with 30 l 

running buffer before loading with the protein samples. The outer chamber was filled 

with another 300 ml of running buffer before closing the assembly and connecting the 

power leads by color matching to the power source. Proteins were electrophoresed at 150 

V for 1 h or until the sample buffer dye front had reached the bottom of the gels after 

which the power was turned off and the gel sandwiches removed.  
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Transfer to Nitrocellulose Membranes  

About 30 minutes into electrophoresis, the nitrocellulose membrane was set up for 

subsequent transfer of proteins from the gels by placing it between 10 sheets of extra 

thick blotting paper (all cut to gel size) and soaking in 1X transfer buffer.  The BioRad 

Trans-Blot Semi-Dry transfer cell apparatus was also set up. After electrophoresis, the gel 

was removed from the sandwich cassette by carefully prying it open with a box cutter. It 

was then placed on an exposed side nitrocellulose membrane sitting on 5 sheets of 

blotting paper. The other 5 sheets were placed on top of the gel and the whole stack was 

flattened several times over with a glass rod to avoid trapping air bubbles. The transfer 

apparatus was covered taking care to ensure a cathode to anode connection. Power leads 

were connected to source and proteins were transferred at 12V for 45 minutes.  

Blocking and Detection of Proteins 

Upon completion of protein transfer, the membrane was blocked using 2% milk prepared 

in TTBS for 1 h at room temperature on a shaking platform. This was followed by 

overnight incubation at room temperature with a 1:500 dilution of anti-UGT1A6 primary 

antibody prepared in the blocking solution. The membranes were then washed for 30 min 

(3x10min) with TTBS, followed by a 1 h incubation with 1:1000 horseradish peroxidase-

conjugated anti-rabbit secondary antibody prepared in blocking solution. After another 3 

x 10 min wash with TTBS, membranes were incubated for 1 to3 minutes in SuperSignal 

West Pico chemiluminescent substrate (Thermo Fisher Scientific Inc., Waltham, MA). 

The membrane was washed clean of excess substrate, placed in a clear sheet plastic 

protector set on a Kodak Biomax Cassette Intensifying Screen. The bands were then 

detected using suitable films on an AGFA photographic film development system.  
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Detection of β-actin  

For the detection of the β-actin bands, blots were either stripped using a commercial 

western blot stripping solution or membranes were cut off below the 45 kDa molecular 

weight marker. Membranes were then probed for β-actin using a 1: 500 dilution of its 

primary antibody.  

Analysis 

After film development, images were analyzed with the software ImageJ 1.38x (National 

Institutes of Health, Bethesda, MD) to obtain densitometric measurements for protein 

bands. All UGT1A6 levels in cell homogenates were then normalized against β-actin. 

4.4.7 Phenotyping and Gender Correlation Assays 

UGT1A1 and UGT1A6 Phenotyping; trans- and cis-RES Glucuronidation Assays 

For UGT1A6 polymorphism, cellular studies using stably transfected cells 

bearing the SNPs of interest (allozymes) were initially used to conduct glucuronidation 

assays in order to establish a conferred phenotype. Genotyped human livers were then 

used to confirm or validate phenotypes obtained in cellular studies. Thus glucuronidation 

activity was determined in cultured cell homogenates from HEK293 cells and in 

individual and pooled HLMs stratified by UGT genotypes. Commercially available HLM 

and recombinant UGT1A6 and 1A1 isoforms were used as positive controls. Conditions 

for linearity with respect to time and protein concentration were optimized for HEK 293 

cell homogenates in preliminary studies as described in chapter 3. Incubations with the 

substrates (either trans or cis-RES) were as previously described in section 3.5.3. 

(Iwuchukwu and Nagar, 2008). Trans and cis-RES were dissolved in DMSO to yield a 
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final concentration of 5% v/v DMSO in incubation mixtures. All solutions of either cis or 

trans-RES used were prepared fresh from stock solutions in DMSO, adequately protected 

from light and stored at 4°C. As detailed in Chapter 3, a 1mg/ml final protein 

concentration was utilized except with the HEK293 cell homogenates (0.2 mg/ml final 

concentration). Based on protein and time linearity profiles, a 30 min incubation period 

was set for assays with the HEK293 cell homogenates. For cell homogenates expressing 

UGT1A6 allozymes, mock transfected HEK293 cells were used as the negative control. 

For both the UGT1A1 and UGT1A6 phenotyping assays in individual human livers, 

commercially available pooled HLMs were used as a positive control. Due to the 

extremely small sample size of livers from non-malignant patients, a total of 25 liver 

samples were phenotyped for UGT1A6 activity (using cis-RES), and 24 livers for 

UGT1A1 activity (using trans-RES). All incubations were carried out in triplicate. 

Gender Correlation Assay 

To probe for any gender related differences in RES glucuronidation, commercial 

pooled male and female HLMs were characterized for their glucuronidation activity using 

trans-RES as substrate.  

4.4.8 HPLC Analysis 

All protein sources were characterized for catalytic activity toward the appropriate 

substrates using the validated sensitive reverse-phase HPLC assay described in chapter 3. 

All conditions for the assay remained unchanged (Iwuchukwu and Nagar, 2008; 

Iwuchukwu et al., 2009) with preliminary diode array detector scans confirming maxima 
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for all metabolites to be at the same wavelength as the parent RES. Standard curve 

correlation coefficients for all assays in this section of the study were ≥ 0.99. 

4.4.9 Data Analysis 

All data were transformed and E-H curves plotted prior to nonlinear regression 

analysis. From the E-H curves, glucuronidation kinetics was seen to follow a substrate 

inhibition profile and as such data were fit to the substrate inhibition equation described 

previously (Zhang et al., 1998).   

Nonlinear regression was performed with GraphPad Prism for Windows (version 

4.03; GraphPad Software Inc., San Diego, CA). Statistical comparison of parameter 

estimates was performed with  a two-sided t test assuming normal distribution, for which 

a p value < 0.01 was considered significant (Nagar et al., 2004a).  For comparison of 

glucuronidation velocities among genotyped liver samples, GraphPad Instat was utilized 

to conduct one-way ANOVA, followed by post-hoc Tukey‟s multiple comparison test. A 

p value < 0.05 was considered significant. 
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4.5 Results 

4.5.1 Genotyping Assays 

Of the 67 liver samples used for the study, 51 were assigned clear UGT1A6 

genotypes while all 67 samples were successfully assigned UGT1A1 genotypes. Figure 

4.3 depicts representative digestion patterns for amplicons spanning the three UGT1A6 

SNPs determined from genotyping assays. To diagnose the 19T>G, 541A>G and 

552A>C polymorphisms, amplicons 1 and 2 were digested using the relevant restriction 

enzymes HhaI, NsiI and BbvI as described in section 4.4.4. The assigned genotypes for 

UGT1A1 and UGT1A6 polymorphisms in our human liver bank are listed in Table 4.2. 

 

 

 

Figure 4.3 Representative digestion patterns for amplicons spanning the 19T>G, 

541A>G and 552A>C UGT1A6 SNPs.  
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Table 4.2 UGT1A1 and UGT1A6 Assigned Genotypes 

 

 

Sample # 

 

Pyrosequencing* 

UGT1A1 

 

PCR- RFLP Analysis 

UGT1A6 

  Base # 19 

HhaI  

Base # 541 

NsiI 

Base # 552 

BbvI 

Assigned 

Genotype 
6 6/6 T A A *1/*1 

7 6/6 T A A *1/*1 

15 7/7 T A A *1/*1 

16 6/6 T A A *1/*1 

17 6/6 T A A *1/*1 

25 6/7 T A A *1/*1 

29 6/6 T  A A *1/*1 

34 6/6 T  A A *1/*1 

39 6/6 T A A *1/*1 

40 6/6 T A A *1/*1 

42 6/6 T A A *1/*1 

49 6/7 T A A *1/*1 

50 6/6 T A A *1/*1 

63 6/6 T A A *1/*1 

64 6/6 T A A *1/*1 

3 6/7 T/G A/G A/C *1/*2 

9 6/7 T/G A/G A/C *1/*2 

10 6/7 T/G A/G A/C *1/*2 

20 7/7 T/G A/G A/C *1/*2 

21 6/7 T/G A/G A/C *1/*2 

23 6/7 T/G A/G A/C *1/*2 

24 6/7 T/G A/G A/C *1/*2 

30 6/7 T/G A/G A/C *1/*2 

31 6/7 T/G A/G A/C *1/*2 

32 6/7 T/G A/G A/C *1/*2 

33 7/7 T/G A/G A/C *1/*2 

38 6/7 T/G A/G A/C *1/*2 

41 6/7 T/G A/G A/C *1/*2 

43 6/6 T/G A/G A/C *1/*2 

45 6/7 T/G A/G A/C *1/*2 

46 5/7 T/G A/G A/C *1/*2 

47 7/7 T/G A/G A/C *1/*2 

51 6/7 T/G A/G A/C *1/*2 

52 7/7 T/G A/G A/C *1/*2 

55 6/7 T/G A/G A/C *1/*2 

60 6/7 T/G A/G A/C *1/*2 

61 7/7 T/G A/G A/C *1/*2 

66 6/7 T/G A/G A/C *1/*2 

19 6/7 T/G A A *1/*3 

18 6/6 T/G A A/C *1/*4 
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Table 4.2 continued 

44 6/6 T/G A A/C *1/*4 

57 6/7 T/G A A/C *1/*4 

58 6/6 T/G A A/C *1/*4 

65 6/7 T/G A A/C *1/*4 

11 6/7 G G C *2/*2 

13 7/7 G G C *2/*2 

27 6/7 G G C *2/*2 

36 7/7 G G C *2/*2 

37 7/7 G G C *2/*2 

53 7/7 G G C *2/*2 

62 7/7 G G C *2/*2 

2 6/6 T? A C? ? 

5 6/6 T A A/C? ? 

56 6/7 T A/G A ? 

4 6/7 T A A/C? ?  

54 6/7 T/G G A/C ?? 

14 6/7 T/G A/G A *1/*2? 

28 6/7 T? G C ? 

67 6/7 

No DNA Samples available 

1 7/7 

8 6/6 

12 5/6 

22 6/7 

26 6/6 

35 6/6 

48 6/6 

59 7/7 

* - Conducted at Fox Chase Cancer Center Genotyping Facility, Philadelphia, PA 

 

 

 

Allele and Genotype Frequencies for UGT1A1 and 1A6 

Genotyping for the UGT1A1 promoter TA repeat polymorphism led to the 

assignment of five genotypes – 5/6, 5/7, 6/6, 6/7 and 7/7 and identification of three alleles 

– the  5, 6 and 7 (TA repeats). UGT1A1 alleles generated from the polymorphism of 

interest were unambiguously assigned in the 67 human livers. The 8 TA repeat allele was 

not identified in this population. 



 183 

In the 51 human liver samples successfully genotyped for UGT1A6, all four 

(*1,*2,*3 and *4) UGT 1A6 alleles of interest were identified. This led to the assignment 

of five genotypes (and frequencies) as *1/*1 (0.29), *1/*2 (0.45), *1/*3 (0.02), *1/*4 

(0.10) and *2/*2 (0.14). Allele frequencies were calculated from genotype frequencies as 

described in the experimental section and the 5 genotypes assigned were calculated to be 

in Hardy-Weinberg equilibrium. Table 4.3 lists calculated allele and genotype 

frequencies for the UGT1A1 and UGT1A6 polymorphisms in the set of human livers 

used for this study. 

 

 

 

Table 4.3 Calculated UGT Allele and Genotype Frequencies in Human Livers 

 

 

UGT Isoform 

 

Allele 

 

Frequency 

 

Genotype 

 

Frequency 

UGT1A1 

n = 67 

5 (TA repeats) 0.01 
5/6 0.015 

5/7 0.015 

6 (TA repeats) 0.56 6/6 0.33 

7 (TA repeats) 0.43 
6/7 0.45 

7/7 0.19 

UGT1A6 

n = 51 

*1 (19T, 541A, 552A) 0.58 *1/*1 0.29 

*2 (19G, 541G, 552C) 0.36 
*1/*2 0.45 

*2/*2 0.14 

*3 (19G, 541A, 552A) 0.01 *1/*3 0.02 

*4 (19G, 541A, 552C) 0.05 *1/*4 0.01 
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4.5.2 UGT1A6 Cellular Studies 

 

Figure 4.4 Protein and Time linearity profiles for the formation of cis-R3G in the 

UGT1A6 allozymes used for phenotyping assays. Incubations were carried out over a 0 - 

60 min time period using a 0.2 mg/ml final protein concentration.  
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Time and Protein Linearity for Cell Homogenates Bearing UGT1A6 Allozymes 

Protein linearity studies were initially carried out using a protein concentration 

range of 0 – 1.5 mg/ml and non-linearity was observed with concentrations greater than 

0.5 mg/ml. We subsequently used a fixed protein concentration of 0.2 mg/ml for time 

linearity studies using an incubation time range of 0 - 60 min. We chose an optimal 

incubation time of 30 minutes for assays with the HEK293 cell homogenates. Figure 4.4 

depicts both protein and time linearity profiles for the UGT1A6 *1 through *4 allozymes. 

 

Western Blotting and Normalization for Protein Expression in the UGT1A6 Allozymes 

Due to the existence of at least 2 clones per UGT allozyme and since western blots had 

been carried out to probe for adequate and comparable UGT1A6 expression levels, we 

selected only one clone per allozyme. Figure 4.5 shows both a representative western blot 

for the individual clones of each allozyme and a graphical representation of their 

normalization with β-actin.  
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Figure 4.5 Representative western blots for UGT1A6 allozymes expressed in HEK293 

cells. Blots were normalized against integrated densities for β-actin using the ImageJ 

software. Capitalized letters or numbers underneath each allozyme represent individual 

clones. Clones T, 5, 7 and R were used in kinetic studies. 

 

 

 

UGT1A6 Allelic Phenotyping - cis-RES Glucuronidation Assays 

Glucuronidation activity was determined in HEK293 cell homogenates as described in 

section 4.4.7. The kinetic profiles obtained before and after normalization for UGT1A6 

protein are shown in Figures 4.6 and 4.7. Figure 4.8 depicts E-H plots for the four 
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allozymes, all indicative of partial substrate inhibition. The substrate inhibition equation 

was used to fit all data and kinetic parameter estimates are listed in Table 4.4. 

 

 

 

 

 
 

Figure 4.6 Kinetic profiles for cis-R3G formation in UGT1A6 *1, *2, *3 and *4 

allozymes before normalization for UGT1A6 protein. Data are expressed as mean ± 

S.E.M using a 0 - 2000 M substrate concentration range, n = 3. 
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Figure 4.7 Kinetic profiles for cis-R3G formation in UGT1A6 *1, *2, *3 and *4 

allozymes after normalization for UGT1A6 protein. Inset depicts expansion of the 

profiles for the *1 to * 3 allozymes. Data are expressed as Mean ± S.E.M, n = 3. 

Substrate concentration range 0 – 2000 M. 
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Figure 4.8 E-H plots for the formation of cis-R3G in UGT1A6 allozymes. Panels A 

through D indicates plots for the *1 to * 4 allozymes. 
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Table 4.4 Kinetic parameter estimates for the formation of cis-R3G by recombinant 

UGT1A6 allozymes and Supersomes™ 

 

UGT1A6 Vmax(apparent) Km(apparent) Ki(apparent) 

Type 

of 

Fit
a
 

Goodness 

of Fit (r
2
) 

*1 Allozyme
b
 86.1 ± 5.5 402.1 ± 39.2 931.7 ± 101.2

f
 PSI 0.93 

*2 Allozyme 135.9 ± 4.26
cd

 749.8 ± 61.2
e
 742 ± 68.2

 
 PSI 0.95 

*3 Allozyme 198.2 ± 5.56
cd

 376 ± 28.8 763.9 ± 63
f
 PSI 0.95 

*4 Allozyme 612 ± 27.36
cd

 945.2 ± 93.5
e
 948.8 ± 115.2 PSI 0.91 

Recombinant 

Supersomes™ 
27.2 ± 1.2 989.9 ± 92.8 1012 ± 55.9 PSI 0.98 

 

Data expressed as estimate ± SE, n = 3. Estimate units are as follows: Vmax = 

nmol/min/mg; Km = μM; Ki = μM; PSI = partial substrate inhibition,  

a
Type of fit determined by visual inspection of Eadie-Hofstee Plots and by fitting to 

relevant kinetic equations where applicable; 
b
Allozymes stably expressed in HEK293 

cells; 
c
Velocities obtained after correcting for UGT1A6 protein content using the wild 

type *1 as reference; 
d 

Vmax estimates significantly different from that for the *1 

allozyme, p < 0.01; 
e 
Km significantly greater than that for the *1 allozyme , p < 0.01; 

f
 Ki 

significantly different from Km estimate for the respective allozyme, p < 0.01. 
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The formation of cis-R3G in all four allozymes was seen to follow a PSI profile 

(Figures 4.6 and 4.7). Before normalizing for UGT1A6 protein levels, cell homogenates 

expressing the *4 allozyme had the highest Vmax followed by the *2 allozyme. There was 

no statistically significant difference between the rates in the *1 and *3 allozymes (Figure 

4.6). Upon normalization for UGT1A6 protein levels, the highest rate of formation was 

still seen with the *4 allozyme (612 ± 27.36 nmol/min/mg UGT1A6 protein) but now 

followed by the *3 and *2 allozymes (Table 4.4, Figure 4.7). The *1 allozyme had the 

lowest Vmax of 86.1 ± 5.5 nmol/min/mg UGT1A6 protein. The Vmax estimates in variant 

allozymes were significantly different (higher) from that in the wild type allozyme. There 

was no significant difference between the Km values for *1 and *3 respectively (402.1 ± 

39.2 and 376 ± 28.8 μM) but the Ki values (931.7 ± 101.2 and 763.9 ± 63 μM) in these 

two allozymes differed significantly (p < 0.01) from their Km values (Table 4.4). For the 

the*2 and *4 allozymes, there was no significant difference between their Km and Ki 

estimates although the Km estimates in these two allozymes was seen to differ 

significantly from that in the *1 allozyme (p < 0.01).  

4.5.3 UGT1A1 and UGT1A6 Phenotyping with Genotyped Human Livers  

To confirm phenotypes obtained in cellular studies we used the previously 

genotyped human livers for cis and trans-RES glucuronidation assays.  
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UGT1A1 and Trans-RES Glucuronidation 

A total of 19 individual human livers bearing the various UGT1A1 genotypes 

were used for glucuronidation assays and we observed a high degree of variability among 

the livers in the formation of both trans-RES glucuronides. We had previously 

hypothesized that the UGT1A1 promoter polymorphism may account for some of the 

observed variability. To this end, a total of eight human livers per UGT1A1 genotype 

were pooled and also used to conduct glucuronidation assays. The individual human 

livers were also stratified by genotype and the average rates of formation per UGT1A1 

genotype was compared to that in the pooled liver microsomes. Figure 4.9 depicts the 

rates of formation for both trans-R3G and R4‟G in the individual and pooled human liver 

samples used in this study. The protein concentrations determined for the HLMs are 

listed in Appendix C along with the velocities obtained for formation of both metabolites.  

Among the 19 individual human livers, the rate of formation of trans-R4‟G 

ranged from 0.008 to 0.4 nmol/min/mg protein while that of trans-R3G ranged from 0.03 

to 1.58 nmol/min/mg protein. The greatest variability was observed in the 6/7 livers. 

In the genotype stratified pooled human livers, no significant difference in the 

formation of R3G was seen across all the three genotypes (Figure 4.9B). However for the 

formation of R4‟G, we observed a statistically significant difference (p < 0.05) in the 7/7 

livers when compared with the 6/6 or 6/7 livers. Comparing the average rates of 

formation in the individual human livers by genotype, we did not observe any significant 

difference among the genotypes for both metabolites (See Appendix C).  
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Figure 4.9 A) Variability observed in formation of trans-RES metabolites in individual 

livers B) Formation of trans-RES metabolites in 24 livers from non-malignant patients 

genotyped for UGT1A1 TA repeat SNPs. Data are depicted as mean + S.D., n = 3. * Vmax 

different from 6/6 and 6/7 genotypes (p < 0.05) using a one way ANOVA statistical test. 
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UGT1A6 and Cis-RES Glucuronidation  

Figure 4.10 depicts results obtained in pooled genotyped human livers bearing the 

relevant UGT1A6 polymorphisms. Cis-R3G was formed to a greater extent than cis-

R4‟G as has been previously reported (Aumont et al., 2001; Sabolovic et al., 2006). For 

the minor cis-R4‟G metabolite, no difference was seen across all genotypes. The 

velocities for the formation of the UGT1A6 catalyzed cis-R3G in UGT1A6 *1/*2 and 

*2/*2 livers were significantly different (p < 0.05) from that in UGT1A6 *1/*1 livers. No 

difference was observed between the *1/*4 livers and *1/*1 livers. Due to paucity of 

occurrence of the *1/*3 genotype in our liver bank (1 liver), it was not included in this 

study.  

4.5.4 Gender Correlation for UGT Activity 

The glucuronidation of trans-RES in male and female HLMs followed the 

biphasic and substrate inhibition kinetics earlier reported for the formation of trans-R4‟G 

and trans-R3G in pooled HLMs. For trans-R3G, although formation followed substrate 

inhibition kinetics, Ki estimates could not be reliably generated possibly due to the lower 

concentration range used (0 – 1000 M). However the data were well described by the 

M-M equation at the 0 - 500 M range and these data are reported below. There was no 

significant difference between kinetic parameter estimates in male and female HLMs. 

Figures 4.11 and 4.12 depict the profiles for formation of trans-R4‟G and trans-R3G in 

pooled male and female HLMs. The kinetic parameter estimates generated from 

GraphPad‟s nonlinear regression of the data are listed in tables 4.5 and 4.6. 
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Figure 4.10 Formation of cis-RES metabolites in 25 human livers from non-malignant 

patients genotyped for UGT1A6. Data are expressed as mean + S.D., n = 3. *statistically 

different velocity values from reference *1/*1 genotypes (p < 0.05 using a one-way 

ANOVA and post hoc Tukey‟s multiple comparison tests). 

 

 

 

Table 4.5 Kinetic Parameter Estimates for Formation of Trans-R3G in Gender 

Stratified HLMs 

 

Michaelis-Menten Female Male 

Best-fit values     

Vmax 7.91 7.78 

Km 112.8 119.1 

Std. Error     

Vmax 0.57 0.35 

Km 22.0 14.4 

95% Confidence Intervals     

Vmax 6.72 to 9.10 7.04 to 8.52 

Km 66.81 to 158.7 89.03 to 149.1 

Goodness of Fit     

R² 0.96 0.98 
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Figure 4.11 Formation of trans-R3G in pooled microsomes from A) male and B) female 

human livers with a substrate concentration range of 0 - 1000 M. Insets i) depict the E-

H plots obtained while ii) depicts the M-M profiles obtained using a 0 - 500 M substrate 

concentration range. Data are expressed as mean ± S.E., n = 3. 
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Figure 4.12 Formation of trans-R4‟G in pooled microsomes from A) male and B) female 

human livers with a substrate concentration range of 0 - 1000 M. Insets depict the E-H 

plots obtained. Data are expressed as mean ± S.E., n = 3.   
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Table 4.6 Kinetic Parameter Estimates for Formation of Trans-R4’G in Gender 

Stratified HLMs 

 

Biphasic metabolism Female Male 

Best-fit values     

V1 0.52 0.47 

K1 187 157 

V2 1.24 1.218 

K2 511.60 512.70 

Std. Error     

V1 0.04 0.01 

K1 8.4 7.1 

V2 0.031 0.042 

K2 87.5 37.3 

R² 0.99 0.98 

 

 

 

4.6 Discussion 

Having characterized the metabolic profiles obtained with a wide concentration 

range (high dose) total RES using in vitro systems we set out to probe the effects of 

polymorphisms present in two major UGTs responsible for RES glucuronidation. The 

fact that natural RES extracts comprise both its cis and trans isomers has been established 

but most studies involving RES have been conducted on only the trans isomer. Activities 

attributed to the cis isomer include modulation of inflammatory genes associated with 

endothelial dysfunction (Leiro et al., 2004). Comparison of antioxidant as well as other 
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activities with that of the trans isomer revealed only minor quantitative differences 

(Orallo, 2006; Campos-Toimil et al., 2007).  

We studied effects of UGT polymorphisms on RES metabolism based on the 

hypothesis that consumption of high dose RES is likely to saturate the sulfation pathway, 

making glucuronidation the major route of metabolism. The abundant expression of 

UGT1A1 and UGT1A6 isoforms in human livers made HLMs a good source for the 

study of polymorphisms in these two UGT enzymes. 

UGT1A6 Polymorphisms and Cis-RES Glucuronidation 

The kinetics of cis-RES glucuronidation in UGT1A6 supersomes has been 

thoroughly characterized in Chapter 3 where we proposed a one enzyme two site model 

to explain the substrate inhibition profile obtained. We also showed a higher activity of 

UGT1A6 towards cis-RES as reported by Aumont et al (2001) which contrasts with 

results published by Sabolovic et al (2006) who found higher activity with UGT1A9. 

UGT1A6 is genetically polymorphic, with 3 non-synonymous cSNPs (19T>G, 541A>G 

and 552A>C) that occur in the variable first exon and encode amino acid changes 

Ser7Ala, Thr181Ala and Arg184Ser (Ciotti et al., 1997; Nagar et al., 2004b; 

Krishnaswamy et al., 2005). The 4 alleles defined by these SNPs were used for 

glucuronidation assays.  

All the four UGT1A6 allozymes showed PSI profiles for cis-R3G formation with 

differences seen only in the patterns of substrate inhibition and rates of formation. Thus, 

while all allozyme data were described by a one enzyme two binding site substrate 

inhibition model, the kinetics in *1 and *3 allozymes with significantly different Km and 
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Ki values (p < 0.01) suggests sequential substrate-binding to two sites. The *2 and *4 

allozymes with no difference in Km and Ki would exhibit simultaneous substrate binding 

(Korzekwa et al., 1998; Zhang et al., 1998). Interestingly, UGT1A6 *3 exhibited a Km 

similar to *1, but a significantly greater Vmax. The only difference between these two 

allozymes is the Ser7Ala change, which has been suggested to alter the insertion of 

UGT1A6 in the ER membrane (Nagar et al., 2004b). This may in turn account for 

variable orientation of the identical mature proteins in the membrane, resulting in similar 

Km but varying Vmax values. All the allelic variants had significantly higher activity 

(Vmax) than the wild type allele ranging from 1.6 fold (*2) to 7 fold (*4). The higher 

activities seen with these UGT1A6 allelic variants have also been reported previously 

toward other UGT1A6 substrates (Nagar et al., 2004b; Chen et al., 2007). However, we 

could not compare our data directly with any previous reports on effects of UGT1A6 

polymorphisms as the atypical kinetics we observed with cis-RES precluded the use of 

intrinsic clearance values obtained from the ratio of Vmax/Km.    

Using our previously purchased liver bank for genotyping, we identified all four 

UGT1A6 alleles of interest and on this basis were able to assign 5 UGT1A6 genotypes. 

All assigned genotypes were calculated to be in Hardy-Weinberg equilibrium. Upon 

stratifying the livers by UGT1A6 genotype, we observed a distinct correlation with 

phenotype for the formation of cis-R3G. The UGT1A6*2 variants exhibited significantly 

higher glucuronidation activity (p < 0.05) compared with the homozygous *1 livers. The 

heterozygous and homozygous *2 livers had a 1.5 - 1.7 fold greater activity than the *1 

homozygote thus serving to validate cellular studies conducted in HEK293 allozymes. 
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We could not validate the results obtained for the *3 and *4 allozymes in cellular studies 

due to a paucity of livers bearing the relevant genotypes. 

As expected, UGT1A6 genotypes had no effect on cis-R4‟G formation, a 

metabolite formed via UGT1A1 in the liver (Aumont et al., 2001). Formation of cis-R3G 

has been reported to occur at a much faster rate than its trans counterpart (Aumont et al., 

2001; Sabolovic et al., 2006) and results from liver samples used in this study also 

showed much higher rates (up to 7 fold) for cis-RES glucuronidation. 

UGT1A1 Polymorphisms and Trans-RES Glucuronidation 

Glucuronidation of trans-RES in individual livers from our liver bank showed a 

high degree of variability. We hypothesized that the UGT1A1 promoter polymorphism 

may help to explain this observed variability. The promoter polymorphism UGT1A1*28 

(TA6>7) was detected in our panel of human livers and appropriate genotypes were 

assigned based on allelic differences. The TA repeat polymorphism confers several 

genotypes based on the number of TA repeats in the UGT1A1 promoter TATA box. The 

7 (or 8) TA repeat SNP has been associated with decreased promoter activity and 

consequently reduced protein expression and activity (Bosma et al., 1995; Raijmakers et 

al., 2000; Fang and Lazarus, 2004; Girard et al., 2005; Yoder Graber et al., 2007).We did 

not identify any 8 TA repeat SNP in human livers used in this study. The occurrence of 

this polymorphism in the TAATA box of the UGT1A1 promoter makes it difficult to 

express allozymes bearing the mutations in question. As a result, cellular studies like 

those done with UGT1A6 could not be carried out. So we used both individual and 
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pooled HLMs to carry out genotype- phenotype correlation studies but with trans-RES as 

the substrate.  

We did not observe any differences in glucuronidation based on genotype (6/6, 

6/7 or 7/7 TA repeats) for trans-R3G, the major metabolite formed by UGT1A1. 

However in pooled 7/7 livers, we observed significantly higher activity (p <0.05) towards 

the minor metabolite trans-R4‟G, when compared to the 6/6 or 6/7 livers. Although this 

inverse correlation is surprising, the lack of association of UGT1A1 genotypes with 

expected phenotypes has been reported by (Carlini et al., 2005) who also found an 

inverse albeit non significant correlation with low activity UGT1A1 genotypes and 

irinotecan induced toxicity. On the basis of these results, we can only surmise that this 

UGT1A1 polymorphism does not account for the variability observed with trans-RES 

glucuronidation. Further work will be required to ascertain if the observed trend is real or 

due to linkage with another polymorphic UGT such as UGT1A9. 

We have previously reported UGT1A9 to be a major isoform involved in the 

formation of both trans-R3G and trans-R4‟G (Iwuchukwu and Nagar, 2008). The 

polymorphic nature of  this UGT isoform is known and genotype-phenotype association 

studies for common UGT1A9 polymorphisms are detailed in a recent review (Argikar et 

al., 2008). We can only postulate that major UGT1A9 polymorphisms with functional 

significance might correlate better with trans-RES glucuronidation and possibly account 

for the observed variability.  
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Gender Correlation for UGT Activity 

We did not observe any association with gender and UGT activity using pooled 

male and female HLMs. This is in line with reports of sexual dimorphism in human 

hepatic drug metabolism (metabolizing enzymes) being more rare than common when 

compared with rodents (Waxman and Holloway, 2009; Court, 2010). The rationale for 

studying gender differences in RES metabolism arose from the fact that UGT1A1 is 

implicated in the glucuronidation of estradiol, the major sex hormone in females. While 

differences seen usually result in relatively small effects, gender differences have been 

reported for oxazepam and acetaminophen glucuronidation (men > women) in a panel of 

HLMs stratified by gender (Court et al., 2001; Court et al., 2004). These observations 

corroborated previous in vivo studies that showed higher clearance for both drugs in 

males (Greenblatt et al., 1980; Miners et al., 1983) and was attributed to higher levels of 

UGT2B15 and UGT1A6 in male vs. female livers (Court et al., 2001; Court et al., 2004).  

Although we did not include cis-RES in the study, the observation that UGT1A6 

protein content in human livers differed across gender (Court et al., 2004) may make 

gender correlation of cis-RES worthwhile as UGT1A6 is a major isoform catalyzing its 

glucuronidation. 

Conclusions 

The conundrum observed with low plasma levels of dietary polyphenols such as 

RES and their pharmacologic activity is yet to be fully explained. This study attempted to 

shed some light on the role UGT pharmacogenetics (like those observed with UGT1A6 

polymorphisms) play in RES glucuronidation.  Inter-ethnic differences in frequency of 
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UGT polymorphisms are known to exist, confounded by populations with variable 

exposure to dietary phytochemicals like RES known to be conjugated by various UGTs. 

The genotype dependence we elucidated for cis-RES glucuronidation may have 

implications on the bioavailability and chemopreventive effects of total RES as found in 

dietary components.  

With respect to chemoprevention, several epidemiologic studies have attempted to 

correlate CRC risk with various UGT polymorphisms and exposure to dietary 

carcinogens (Fang and Lazarus, 2004; Butler et al., 2005; Girard et al., 2005). However 

these polymorphic UGTs are not limited to simply inactivating carcinogens but also play 

a role in inactivating compounds such as chemopreventive NSAIDs and phytochemicals 

(Bigler et al., 2001; Chan et al., 2005). Bearing this in mind, future studies ought to take a 

double sided approach to UGT pharmacogenetics by studying them in the context of 

overall exposure to cancer related dietary chemicals – both carcinogens and 

chemopreventives. This would enable better appreciation of the impact of polymorphisms 

in major UGT isoforms responsible for metabolism of compounds like RES. 

As at the time of this study, this was the first report on kinetics of cis-RES 

glucuronidation and effects of UGT genetic polymorphisms. This study added 

significantly to the body of work regarding chemoprevention by phytochemicals such as 

RES by serving as a foundation for future investigations into the effects of genetic 

polymorphisms on their metabolism (glucuronidation). 
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CHAPTER 5 

RESVERATROL AND DIETARY PHYTOCHEMICAL COMBINATIONS AS 

INDUCERS OF GLUCURONIDATING ENZYMES 

5.1 Background 

5.1.1 RES and UGT Modulation in Chemoprevention 

The efficacy of RES against all stages of carcinogenesis has been shown in vitro 

and in vivo. The various mechanisms put forward to explain RES‟s biological effects 

related to chemoprevention have been extensively covered in recent reviews (Kundu and 

Surh, 2008; Goswami and Das, 2009) and are detailed in section 1.5. Some of these 

mechanisms account for both chemopreventive and anti-cancer effects and many of them 

involve either phase I and/or phase II biotransformation enzymes. The induction of 

carcinogen detoxifying/antioxidant enzymes (so called „phase II‟ enzymes) is expected to 

increase detoxification of dietary carcinogens and decrease cancer risk. Although 

modulation of phase II enzymes such glutathione S-transferases and UGTs by RES has 

been reported (Hebbar et al., 2005), its tissue-specific UGT expression, specific UGT 

enzyme modulation, and effects on UGT transcriptional mechanisms are not well 

understood. 
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The main UGTs expressed intestinally (see Appendix A) include UGT1A8 and 

UGT1A10 with lower expression of UGT1A1, UGT1A3, UGT1A4 and UGT1A6 (Tukey 

and Strassburg, 2000; Nagar and Remmel, 2006). Trans-RES is a UGT1A1 substrate, 

with minor contributions by UGT1A7, UGT1A8 and UGT1A10 (Aumont et al., 2001; 

Brill et al., 2006; Iwuchukwu and Nagar, 2008). A few reports on UGT induction by 

trans-RES have focused on the liver in rodents (Szaefer et al., 2004; Hebbar et al., 2005) 

and hepatic cell lines (Lancon et al., 2007). However phytochemicals such as RES have 

been shown to accumulate in the small intestine and colon at levels greater than those 

measured in the plasma (Sale et al., 2005; Howells et al., 2007; Lopez-Lazaro, 2008; 

Patel et al., 2010). It therefore becomes important to study intestinal UGT induction, 

especially given the known differences in tissue-specific UGT regulation. 

5.1.2 Implications of Intestinal UGT Induction by RES 

The effects of RES on the expression of DMEs responsible for its conjugation 

becomes important when viewed in the context of its overall bioavailability. RES by 

inducing (or inhibiting) UGTs responsible for its conjugation may modulate its own 

metabolism and ultimately increase or decrease its systemic bioavailability and clearance. 

Induction of RES glucuronidation is expected to decrease its bioavailability and 

presumably decrease efficacy while inhibition on the other hand would increase systemic 

bioavailability. The latter situation becomes desirable only if little pharmacological 

activity is seen with RES conjugates.  

Secondly, enzyme induction (or inhibition) are known to be likely mechanisms 

for drug-drug interactions. With high-dose RES in clinical trials, the impact of RES on 
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the expression of those DMEs responsible for its conjugation may be an important factor 

for predicting possible interactions between it and other drugs (and dietary 

phytochemicals). 

Lastly, since glucuronidation is a predominant pathway for the metabolism of 

RES and also a quantitatively major pathway for carcinogen inactivation, UGT induction 

by RES may cause interplay between decreased availability and increased carcinogen 

detoxification. 

5.1.3 Curcumin (Curc) 

Curcumin (hereafter referred to as Curc) or diferuloylmethane (Figure 5.1) 

belongs to the curcuminoid class of compounds and is one of the principal components of 

turmeric (a popular Indian spice and a member of the ginger family). Curc has been 

extensively investigated for its chemopreventive effects and these have been well-defined 

in recent reviews (Singh and Khar, 2006; Surh and Chun, 2007). With respect to 

chemoprevention, it has been shown to protect against skin, oral, intestinal, and colon 

carcinogenesis and also to suppress angiogenesis and metastasis in animal tumor models. 

It has been shown to inhibit proliferation of cancer cells by cell cycle arrest and induction 

of apoptosis. It has also been shown to inhibit various cytochrome P450 enzymes, and to 

induce the activity or expression of phase II carcinogen detoxifying enzymes (Surh and 

Chun, 2007). Curc is extensively glucuronidated and is a reported substrate of 

UGT1A1,1A3, 1A7,1A8, 1A10, and 2B7 (Hoehle et al., 2007). 
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5.1.4 Chrysin 

Chrysin is a naturally occurring flavonoid (flavone) extract of the blue passion 

flower, with small amounts found in honeycombs and honey. With respect to 

chemoprevention, several in vitro studies have shown that chrysin is able to inhibit cell 

growth (Zhang et al., 2004), induce apoptosis (Woo et al., 2004) and cause cell-cycle 

arrest in human colon cancer cells (Wang et al., 2004). It has also been shown to reduce 

azoxymethane-induced colonic aberrant crypt foci in F344 rats (Miyamoto et al., 2006). 

Like RES and Curc, chrysin is extensively metabolized via glucuronidation and is a 

known substrate of UGT1A1, 1A7, 1A8, 1A9, 1A10 (Galijatovic et al., 1999; Basu et al., 

2004). Figure 5.1 depicts the chemical structures of Curc and chrysin as two prototypical 

chemopreventive phytochemicals combined with RES for this study. 
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Figure 5.1 Structures of Curcumin (Curc) and Chrysin 
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5.2 Transcriptional Regulation of UGTs 

Regulation of DMEs (such as UGTs) is a crucial determinant of glucuronidation 

activity or rates in various tissues and organs and is also an important contributor to both 

drug response and elimination capacity of drugs and procarcinogenic xenobiotics.  

There is accumulating evidence that tissue-specific and xenobiotic receptor 

control of the UGT1A genes is influenced by circulating humoral factors (Chen et al., 

2005). As the liver is known to be the main site for detoxification, it is not surprising that 

initial studies on UGT gene regulation focused on this organ. Early studies determined 

that certain liver enriched transcription factors (LETFs) like hepatocyte nuclear factors 

(HNFs - 1α and β, 4α and 6) played a major role in UGT gene expression. In addition to 

LETFs, hepatic UGTs are also regulated by ligand activated transcription factors (mostly 

nuclear receptors), and other oxidative stress induced transcriptional factors (Mackenzie 

et al., 2010). The LETFs are not confined only to the liver but are found in extrahepatic 

organs such as the GI tract and the kidney where they together with other ligand activated 

and stress induced transcriptional factors combine to regulate UGTs in these organs. 

The prototypical ligand activated transcriptional factor involved in DME 

regulation is the arylhydrocarbon receptor (AhR). AhR, in the presence of its agonists, 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), benzo[a]pyrene, or 3-methylcholanthrene, 

binds with its partner, the arylhydrocarbon receptor nuclear translocator (ARNT) to 

xenobiotic response elements (XREs)  in various gene promoters to modulate 

transcriptional activity . To date, human UGT1A1, UGT1A3, UGT1A4, UGT1A6, and 

UGT1A9 are known to be regulated by AhR (Sugatani et al., 2004; Lankisch et al., 

2008). Other ligand activated factors involved in UGT gene regulation include the human 
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nuclear receptors. The nuclear receptors implicated in UGT regulation include the 

constitutive androstane receptor (CAR), the pregnane X receptor (PXR), the farnesoid X 

receptor (FXR), the liver X receptor (LXR), and the peroxisome proliferator-activated 

receptor (PPAR). These transcription factors heterodimerize with the retinoid X receptor 

(RXR) and bind to sites in target genes from where they effect modulation. Nuclear 

receptors are known to differ in their cellular location; CAR and PXR are located in the 

cytoplasm where upon ligand binding, they migrate to the nucleus, bind to their target 

genes, and recruit coregulators to modulate gene transcription. Other nuclear receptors 

reside in the nucleus in association with various corepressors and upon ligand binding 

exchange corepressors for coactivators to elicit gene activation. CAR, PXR and PPAR 

are involved in the regulation of UGT1A1 gene expression (Mackenzie et al., 2010). 

The major oxidative stress induced transcriptional factor responsible for UGT 

gene regulation is the NF-E2-related factor-2 (Nrf2), known as a master regulator of 

phase II DME expression (Ishii et al., 2000; Yueh and Tukey, 2007). Nrf2 is retained in 

the cytoplasm by the Kelch like ECH-associated protein 1 (Keap1) under basal conditions 

(absence of antioxidants). Stimulation by xenobiotic antioxidants elicits the dissociation 

of Keap1 and the subsequent translocation of Nrf2 to the nucleus, where it functions as a 

strong transcriptional activator by binding to antioxidant response elements. Nrf2 is 

known to regulate both UGT1A1 (Yueh and Tukey, 2007) and UGT1A6 (Munzel et al., 

2003) gene expression. 
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5.2.1 Effects of RES, Curc and Chrysin on UGT Transcriptional Regulators 

RES, Curc and Chrysin have been reported to be AhR ligands with conflicting 

reports on either agonistic or antagonistic interactions with this receptor. RES and Curc 

have been reported to be both AhR agonists and antagonists, with findings dependent on 

cell types, concentration of phytochemicals and length of treatment (Ciolino et al., 1998b; 

Casper et al., 1999; Lee and Safe, 2001; Nishiumi et al., 2007).  Chrysin has been shown 

to be an AhR agonist (leading to weak induction of CYP1A1 activity) but induction of 

the UGT1A1 gene by chrysin has been shown to be dependent not only on AhR but on 

additional cellular factors (Yueh et al., 2003; Bonzo et al., 2007). Modulation of the AhR 

transcription pathway by these phytochemicals has been evaluated mostly with respect to 

CYPs, but the same mechanisms do not always apply directly to UGT gene regulation.  

Another transcriptional pathway modulated by RES and Curc is the 

induction/activation of Nrf2. This transcription factor has been identified as a master 

regulator of phase II gene expression. RES, Curc and TBHQ are known to possess potent 

antioxidant activity and all three compounds modulate Nrf2 (Hsieh et al., 2006; Yueh and 

Tukey, 2007; Garg et al., 2008; Kode et al., 2008; Rubiolo et al., 2008). The tBHQ and 

Nrf2 responsive region in the UGT1A1 promoter reportedly contains a functional AhR 

binding site and Nrf2 has been shown to be a downstream target of AhR (Miao et al., 

2005; Yueh and Tukey, 2007). RES and Curc have also been reported to activate PXR in 

the nucleus (Saracino and Lampe, 2007). Table 5.1 lists effects of RES, Curc and chrysin 

on both UGT expression or activity and UGT transcriptional regulators. 
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Table 5.1 Dietary Phytochemicals Used and Their Reported Modulatory Effects on 

UGT Expression and Associated Transcriptional Pathways 

 

Phytochemical 

(Class) 

Known UGT transcriptional 

modulation 

Effects on UGT transcriptional 

regulators 

Curc 

(Curcuminoid) 

 

Inhibition of mouse intestinal 

ugtsa  

Rat intestinal ugt induction
b
  

UGT1A1 and 1A6 induction 

in Caco-2 cells
c
 

AhR agonist
d
  

Binds agonistically but exhibits 

antagonist activity in the 

presence of stronger ligands
e
  

Nrf2 agonist
f
 

Chrysin 

(Flavonoid) 

  

 

UGT1As induction in Caco-2 

and HepG2 cell lines
g
  

UGT1A1 induction in human 

hepatocytes and HepG2 cells
h
  

AhR agonist
i
  

RES 

(Stilbenoid) 

 

UGT1A1 and UGT2B7 

induction in HepG2 cells
j
 

Mouse ugt and rat 

Ugt1a1,1a6, and 1a7 

induction
k
  

AhR antagonist
l
  

AhR agonist
m

 

Nrf2 activator/agonist
n
  

 

 
a
(Basu et al., 2007), 

b
(van der Logt et al., 2003), 

 c
(Naganuma et al., 2006), 

 d
(Ciolino et 

al., 1998a), 
e
(Rinaldi et al., 2002; Nishiumi et al., 2007; Choi et al., 2008; Garg et al., 

2008),  
f
(Garg et al., 2008), 

g
(Galijatovic et al., 2000; Walle et al., 2000), 

h
(Smith et al., 

2005), 
i
(Yueh et al., 2003; Zhang et al., 2003; Bonzo et al., 2007),  

j
(Lancon et al., 2007), 

k
(Szaefer et al., 2004; Hebbar et al., 2005), 

l
(Ciolino et al., 1998b; Casper et al., 1999), 

m
(Lee and Safe, 2001), 

 n
(Hsieh et al., 2006; Kode et al., 2008; Rubiolo et al., 2008) 
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5.3 Phytochemical Combinations and Chemoprevention 

The effects of combinations of phytochemicals on cell proliferation and other 

markers of chemoprevention and carcinogenesis have been reported (Svehlikova et al., 

2004; Majumdar et al., 2009; Patel and Majumdar, 2009; Aftab and Vieira, 2010). 

Combining chemicals known to act via overlapping or unique pathways to modulate 

processes such as cell growth and enzyme induction may be expected to lead to 

potentiating effects on the multiple mechanisms responsible. The effects of chemical 

combinations are usually expressed in terms of additivity or synergism. Gaining 

knowledge of additive versus synergistic effect would however require rationally 

designed experiments based on pharmacologic effects of single agents rather than the 

evaluation of empirical combinations.  

 

5.4 Study Rationale and Objectives 

Upon oral RES dosing, the liver plays a major role in metabolism, however, the 

role of the intestine as an important extra-hepatic metabolizing organ is well known 

(Strassburg et al., 2000; Tukey and Strassburg, 2000; Fisher et al., 2001). The intestinal 

accumulation of RES and other dietary polyphenols may translate to better exposure (and 

effectiveness) for CRC prevention. This increased tissue exposure may also lead to these 

compounds playing an understated role in tissue (intestinal and colonic) UGT induction. 

Given the known differences in tissue-specific UGT regulation, it becomes important to 

study intestinal UGT induction.  
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Any effects observed with RES on UGT expression (whether induction or 

inhibition) could provide answers as to the impact of metabolism on overall 

bioavailability. Although RES and other dietary derived compounds being studied for 

their own merit have shown promising anti cancer and even chemotherapeutic potential, 

the mere fact that they are present in many naturally available foods ensures that they are 

not consumed in isolation. A logical progression in the study of these compounds would 

comprise a systematic study of the most promising combinations. So in addition to 

investigating RES ability to induce UGTs in the intestine, we also evaluated the effects of 

combining RES with two other dietary phytochemicals; Curc and chrysin.  

Many cancer chemopreventive phytochemicals have exhibited UGT induction in 

pre-clinical models, but direct evidence for specific UGT enzyme induction at the 

transcriptional, protein expression and enzyme activity levels is lacking. There is 

therefore a need for further studies showing the progression in UGT induction from 

mRNA to protein and activity levels. Studying the UGT inductive effects of 

phytochemical combinations becomes rational given their somewhat dietary 

ubiquitousness. The effects of combinations of these compounds on either cell 

proliferation or cytotoxicity and other markers of chemoprevention and carcinogenesis 

have been reported (Svehlikova et al., 2004; Majumdar et al., 2009; Patel and Majumdar, 

2009; Aftab and Vieira, 2010). However, reports of synergy between phytochemical 

combinations with respect to UGT induction are lacking.  

In order to better understand phytochemical synergy, the effects of RES alone and 

in combination with Curc and chrysin was thoroughly evaluated by investigating effects 

on two distinct but interrelated stages of carcinogenesis using the human intestinal 
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adenocarcinoma cell line (Caco-2). We initially elucidated the effect of RES on cell 

proliferation and cytotoxicity (progression) and subsequently determined if RES induced 

UGT1A mRNA and activity (initiation). We hypothesized that combining RES with other 

dietary polyphenols would lead to a potentiation - either additive or synergistic - of 

observed cell antiproliferation and UGT induction. The rationale used for phytochemical 

combination included the following: i) each polyphenol belongs to a unique chemical 

class of chemopreventive compounds, ii) each phytochemical has exhibited strong 

chemopreventive potential in CRC models (Wolter et al., 2004; Miyamoto et al., 2006; 

Johnson and Mukhtar, 2007),  iii) each phytochemical is a known UGT substrate and iv) 

each phytochemical alone is known to modulate UGT transcription via unique and/or 

overlapping pathways with conflicting reports (either induction or inhibition) on 

modulation.  

The objectives of the study included the following: 

1. Obtain all phytochemical (RES, Curc and chrysin) IC50 estimates for 

antiproliferation in Caco-2 cells and conduct drug combination analyses of IC50 or 

IC90 phytochemical ratios to determine mechanisms behind observed potentiation. 

2. Carry out UGT induction treatments using each phytochemical alone as well as 

various combinations of IC50 or IC90 values in a 1:1, 1:2 and 2:1 ratio of RES and 

either Curc or chrysin respectively. 

3. Extract total RNA from treated and control cells and determine relevant UGT 

gene expression by mRNA quantitation with real time RT-PCR. 

4. Collect whole cell homogenates (protein extracts) from treated and control cells 

for quantitation of UGT protein expression using immunoblotting techniques. 
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5. Carry out glucuronidation assays as a measure of enzyme activity using treated 

and control Caco-2 cell homogenates and the universal UGT substrate, 4-

methylumbelliferone (4-MU). 

 

5.5 Experimental Section 

5.5.1 Materials 

RES (trans-RES, purity > 99%, cis-RES, purity > 98%) and Curc were purchased 

from Cayman Chemical Company (Ann Arbor, MI). Chrysin, dimethyl sulfoxide 

(DMSO), saccharolactone (D-saccharic acid 1,4-lactone), digitonin and UDPGA 

trisodium salt were purchased from Sigma-Aldrich (St Louis, MO). Lidocaine was 

purchased from Spectrum Chemicals (New Brunswick, NJ), tert-butyl hydroquinone was 

purchased from TCI Americas (Portland, OR), 4-methylumbelliferone (4-MU) sodium 

salt was from MP Biomedicals (Solon, OH), and 4-methylumbelliferone-O-β-D-

glucuronide (4MUG) was from EMD Biosciences (La Jolla, CA). Complete, Mini, 

EDTA-free protease inhibitor cocktail tablets were from Roche Applied Science 

(Indianapolis, IN). Caco-2 cells were purchased from the American Tissue Culture 

Collection (Manassas, VA), Cell culture reagents - EMEM, penicillin/streptomycin and 

1X Trypsin EDTA solution were obtained from Mediatech (Manassas, VA), while FBS 

was obtained from Thermo Scientific (Pittsburgh, PA). Primers and Probes for gene  

expression assays as well as the TaqMan® GAPDH control reagents (human) were 

purchased from Applied Biosystems (Foster City, CA). Dithiothreitol (DTT) was from 
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Fisher Scientific (Fair Lawn, NJ), phenylmethylsulfonylfluoride (PMSF) was purchased 

from Pierce Chemical (Rockford, IL), and Bradford reagent for protein quantification 

was from Bio-rad Laboratories (Hercules, CA). Electrophoresis and western blotting 

supplies were obtained from Expedeon Inc (San Diego,CA). The WB-UGT1A1 western 

blotting kit and HRP-conjugated goat anti-rabbit IgG were purchased from BD 

Biosciences (San Jose, CA).  

5.5.2 Preparation of Solutions and Reagents 

A) Preparation of Individual Phytochemical Solutions for Cell Proliferation Assays 

RES Solutions 

For RES, 22.82 mg of the powder was dissolved in 1ml DMSO in a 1.5 ml 

microcentrifuge tube to give a 1 M solution. This stock solution was then serially diluted 

to obtain the following working solutions: 100, 50, 20, 10, 5 and 1 mM.  

Curc Solutions 

A 1 M stock solution of Curc was prepared by dissolving 36.84 mg of the powder in 1 ml 

DMSO. This was then serially diluted to yield the 100, 50, 20, 10, 5 and 1 mM working 

solutions. 

Chrysin 

A 1 M stock solution of chrysin was prepared by dissolving 25.42 mg of the powder in 1 

ml DMSO. This was then serially diluted to yield the same working solution 

concentrations as Curc and RES. 
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Tert-butylhydroquinone (TBHQ) 

A 1 M stock solution of TBHQ was prepared dissolving 16.62mg of the dry powder in 1 

ml DMSO. This was also serially diluted to yield the same working solutions as chrysin, 

Curc and trans-RES. All stock solutions were filtered through sterile Millex-LG 

(0.20 µm, Hydrophilic, PTFE membrane) syringe driven filters in the cell culture hood 

prior to use. 

B) Phytochemical Solutions for Combination Cell Proliferation Assays 

Phytochemical combination cell proliferation assays were conducted using ratios 

of either IC50 or IC90 obtained from individual phytochemical assays. For these assays, 

serial dilutions that yielded doubly-concentrated working solution were made from all of 

the 1M stock solutions. The serial dilutions are represented in Tables 5.2 and 5.3. The 

working solutions were all prepared in 100% DMSO and then diluted 1000 fold in media 

to yield the final solutions with a 0.1% DMSO concentration. 

 

C) Solutions and Buffers for Preparation of Caco-2 Cell Homogenates 

Digitonin Solution 

A 2% w/v solution of digitonin was obtained by solubilization in water according to 

manufacturer specifications by adding1.5 ml DI water to 30 mg digitonin powder in a 2 

ml microcentrifuge tube, heating to between 95 and 98° C in a water bath and cooling to 

room temperature. This solution was then stored at 4° C prior to use. 
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Table 5.2 Serial Dilutions for Individual Phytochemical Cell Proliferation Assays 

* All the serial dilutions and working solutions were prepared using sterile 100% DMSO 

in the tissue culture hood. 

 

 

 

Table 5.3 Serial Dilutions for Phytochemical Combination Cell Proliferation Assays 

 

Phytochemical 

[IC50] 

Working 

Solutions in 

DMSO 

(mM) 

Volume (μl) 
Dilution 

Factor 

Final 

Concentration 

in 1ml media 

(μM) 

trans-RES [20μM] 20 1 1000 x 20 

Curc [20 μM] 20 1 1000 x 20 

Chrysin [16 μM] 16 1 1000 x 16 

 

 

# Serial Dilutions* Working 

Solution 

(mM)* 

Vol 

(μl) 

Dilution 

Factor 

Final   

(μM) 

Media 

Volume  

(μl) 

A 100 µl  B + 400 µl DMSO 1 1 1000 x 1 1000 

B 250 µl  C + 250 µl DMSO 5 1 1000 x 5 1000 

C 250 µl  D + 250µl DMSO 10 1 1000 x 10 1000 

D 200 µl  E + 300µl DMSO 20 1 1000 x 20 1000 

E 500 µl  F + 500µl DMSO 50 1 1000 x 50 1000 

F 100 µl 1M solution + 900 

µl DMSO 

100 1 1000 x 100 1000 
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Table 5.3 Continued 

Phytochemical Combinations 

trans-RES IC50 + 

Curc IC50 (1:1) 

trans-RES = 40 

Curc = 40 

0.5 μl of 

each 

compound 

2000 x 
trans-RES = 20 

Curc = 20 

trans-RES IC50 + 

Curc [2 x IC50] (1:2) 

trans-RES = 40 

Curc = 80 
2000 x 

trans-RES = 20 

Curc = 40 

trans-RES [2 x IC50] 

+ Curc IC50 (2:1) 

trans-RES = 80 

Curc = 40 
2000 x 

trans-RES = 40 

Curc = 20 

trans-RES IC50 + 

Curc IC90 

trans-RES = 40 

Curc = 80 
2000 x 

trans-RES = 20 

Curc = 40 

trans-RES IC50 + 

Curc [2 x IC90] 

trans-RES = 40 

Curc = 160 
2000 x 

trans-RES = 20 

Curc = 80 

trans-RES [2 x IC50] 

+ Curc IC90 

trans-RES = 80 

Curc = 80 
2000 x 

trans-RES = 40 

Curc = 40 

trans-RES IC50 + 

Chrysin IC50 (1:1) 

trans-RES = 40 

Chrysin = 32 
2000 x 

trans-RES = 20 

Chrysin = 16 

trans-RES IC50 + 

Chrysin [2 x IC50] 

(1:1) 

trans-RES = 40 

Chrysin = 64 
2000 x 

trans-RES = 20 

Chrysin = 32 

trans-RES [2 x IC50] 

+ Chrysin IC50 (1:1) 

trans-RES = 80 

Chrysin = 32 
2000 x 

trans-RES = 40 

Chrysin = 16 
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100 mM Phenylmethylsulfonylfluoride (PMSF) Solution 

PMSF powder (17.42 mg) was dissolved in 1 ml absolute ethanol to give a 100 mM stock 

solution. 

50 mM Tris Buffer with 10 mM MgCl2 and 0.25 M sucrose (Cell Lysis Buffer) 

A 100 mM Tris buffer solution was prepared by dissolving 1.144 g Tris-HCl salt and 

0.332 g Tris base in 100 ml DI water. To this solution was added 0.407 g MgCl2 

hexahydrate salt and 17.12 g sucrose and another 100 ml DI water to afford the required 

concentration. The pH of this solution was confirmed to be 7.4 at room temperature using 

a pH meter. 

The final cell lysis buffer solution used for generating protein extracts was prepared in 

either of two ways:  

i) By adding 50 μl PMSF and 250 μl 2% digitonin stock solutions respectively to 

4700 μl of the Tris buffer (cell lysis) solution above to afford a solution with 1 

mM PMSF and 0.1% w/v digitonin final concentrations. 

ii) By adding 1 Complete, Mini, EDTA-free protease inhibitor cocktail tablet to 15 

ml cell lysis buffer.  

D) Solutions for Western Blotting 

All solutions for western blotting on UGT proteins were prepared as described in 

section 4.4.2. 

E) Solutions for RNA extraction and Purification 

RNA Lysis Buffer 

This was prepared according to manufacturer‟s instructions by adding β-mercaptoethanol 

to the commercial lysis buffer in a 1:50 ratio. This was then stored at 4°C for further use. 
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RNA Wash Solution 

Molecular grade (95%) ethanol was added to the bottle containing the concentrated RNA 

wash solution in a 1.7 to 1 ratio (100 ml ethanol to 58.5 ml RNA wash solution). 

DNAse Stop Solution 

This was prepared by adding 8 ml of 95% ethanol to 5.3ml concentrated DNase stop 

solution as supplied by the manufacturer. The RNA wash and DNAse stop solutions were 

stored at room temperature. 

F) Solutions for quantitative Real Time Polymerase Chain Reaction (q-RT PCR) 

UGT1A1 and UGT1A6 Primers 

The primers came suspended in 1X TE buffer (500 μl) at a final concentration of 20 μM. 

To obtain a 10 μM working solution, a 2X dilution was made by adding another 500 μl 

1X TE buffer. This working solution was aliquoted (100 μl shots) into sterile RNAse free 

tubes and stored at -80°C. 

Taqman TAMRA Probes 

The light sensitive Taqman probes were purchased already suspended in 60 μl 1X TE 

buffer at a concentration of 100 μM. A 5 μM working solution was prepared by mixing 5 

μl of the stock with 95 μl 1X TE buffer (a 20X dilution). The working solution was 

aliquoted (50 μl shots) into RNAse DNAse free sterile microcentrifuge tubes and stored 

at -80°C. 

G) Buffers and Solutions for 4-MU Glucuronidation Assays 

20mM Phosphate Buffer (pH 3.1 at 25°C) 

The 0.1 M Phosphate buffer described in section 4.4.2 was used to prepare a 20 mM 

phosphate buffer solution using a 5x dilution ratio (200 ml of the 0.1M buffer was added 



 233 

to 800 ml DI water yielding a solution with pH of 5.8). The required pH of 3.1 was 

attained by adding drops of concentrated orthophosphoric acid with stirring and 

measuring the pH with a pH meter. 

4-MU Stock and Working Solutions 

A 100 mM stock solution was prepared by dissolving 19.82 mg of 4-MU sodium salt in 1 

ml DI water. This was then serially diluted using DI water to obtain the working solutions 

of 10, 8, 4, 2, 1, 0.1 and 0.05 mM respectively. 

4-MUG Stock and Working Solutions 

The 4-MUG stock was prepared by dissolving 40.6 mg powder in 1 ml methanol. This 

was then serially diluted with methanol to obtain working solutions with the following 

concentrations; 10, 5, 1, 0.5, 0.1 and 0.05 mM. Due to the light sensitive nature of 4 -

MUG, all solutions were prepared in amber colored 1.5 ml microcentrifuge tubes, 

wrapped in aluminum foil and stored at 4° C prior to use. 

0.04 mM Lidocaine (Internal Standard) Solution 

A 1 mM solution was prepared by dissolving 12.77 mg lidocaine powder in 25 ml 

methanol. From this stock solution, the 0.04 mM working solution was prepared by 

combining 1 ml of the stock and 24 ml methanol in a 50 ml tube.  

1 mM Saccharolactone Solution 

A 100 mM stock solution was prepared by dissolving 19.2 mg of saccharolactone powder 

in 1 ml DI water. This was then diluted tenfold in water to yield a 10 mM working 

solution. 
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5.5.3 Cell Proliferation Assays 

Caco-2 cells were cultured in EMEM containing 10% fetal bovine serum and 5% 

penicillin/streptomycin. Cells were incubated in 10 cm plates in a humidified atmosphere 

at 37°C with 5% CO2 and allowed to grow to 80% confluency before passaging. For the 

cell proliferation assays, a cell viability assay based on the alamarBlue technology by 

Invitrogen (Life Technologies) was used. The assay is based on the natural reducing 

power of living cells to convert resazurin (the active ingredient in alamarBlue) to 

resorufin, a highly fluorescent molecule. Upon entry into cells, viable cells are able to 

reduce the non fluorescent blue colored resazurin to resorufin, a bright red colored 

compound. This reduction of resazurin to resorufin is continuously effected by viable 

cells such that the emitted fluorescence can be used to generate a quantitative measure of 

cell viability (and cytotoxicity). 

For assays with individual phytochemicals, Caco-2 cells were seeded in a final 

volume of 100 μl in 96 well plates at a density of 3 x10
3
 cells/cm

2
 (or 1000 cells/well) 

and allowed to attach overnight. The next day, the media was replaced with fresh medium 

containing varying concentrations (1 – 100 μM final concentration) of the test 

compounds as detailed in Table 5.1. The working solutions were prepared in DMSO and 

final dilutions were made in the appropriate media yielding the final concentrations above 

and a final DMSO concentration of 0.1% v/v (See Table 5.1). 

For proliferation assays using phytochemical combinations, IC50s for the 

individual polyphenols were initially obtained from the individual phytochemical assays 

using the concentration ranges detailed above. Combinations of polyphenol IC50 and IC90 

(in the case of Curc) were prepared in media in the ratios shown in Table 5.2 (1:1, 1:2 
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and 2:1 RES + Curc or RES + chrysin).  The media containing the phytochemical 

combinations was used to replace fresh medium after plating cells for 24 h as above.  

For all proliferation assays, the treated cells were incubated for 60 h before adding 

10 μl alamarBlue® reagent to the wells. After further 12 h incubations, any emitted 

fluorescence due to viable cells was read off a SpectraMax M2 spectrophotometer with 

the SoftMax Pro software (Molecular Devices, Sunnyvale, CA). Calculations for IC50 

estimates were conducted with GraphPad Prism for Windows (version 4.03; GraphPad 

Software Inc., San Diego, CA). 

5.5.4 UGT Induction Assays and Protein Extract Preparation 

Nine day post-confluent Caco-2 cells were utilized for all UGT induction 

experiments. Caco-2 cells were cultured at a density of 8 x 10
4
 cells/cm

2
 per plate in four 

10 cm dishes per each treatment (3 plates were used to generate cell homogenates, and 

the 4
th

 plate was used for RNA extraction). Cells were cultured for 9 days with media 

changes every other day and then treated with varying combinations of polyphenols 

based on the IC50 values obtained from cytotoxicity assays as detailed in Table 5.2. As 

the cells were plated in a total of 8 ml media per plate, the final concentrations for 

phytochemical combinations were in prepared in 35 ml media in order to ensure enough 

media for four plates. Final concentrations were obtained by mixing 17.5 μl of each 

phytochemical in the combinations in 34, 965 μl media in a 50 ml tube. The 

phytochemical combination and individual phytochemical IC50 treatments were carried 

out for 72 h with fresh treatment media changes every 24 h. Control experiments were set 

up in treatment free media. After 72 h, each set of treated and control cells was washed 



 236 

with Hanks balanced salt solution and harvested as detailed in section 4.4.5. The 

harvested cell pellets were initially homogenized using 350 μl of the prepared cell lysis 

buffer by triple passage through a 27-gauge hypodermic needle. A subsequent 

ultrasonication step was conducted with a Vibra-cell™ VCX130  (Sonics and Materials, 

Newton, CT) sonicator set at 50% amplitude using 5 bursts of 20 seconds each with 1 

min resting pulse between bursts. Protein concentrations of the cell homogenates were 

determined by the Bradford method using bovine serum albumin as the standard. All cell 

homogenates were stored at -80ºC until further use. 

5.5.6 Western blotting 

 Portions of the cell homogenates from treated and control cells were subjected to 

western blot analysis for determination of relative levels of expressed UGT1A1 protein. 

Immunoblotting was carried out by electrophoresis on 10% SDS Page gels using the anti-

UGT1A1 primary antibody. The UGT1A1 standard obtained with the kit was used to 

probe for any increases in levels of expressed UGT1A1 between the treated and control 

cells. 

5.5.6 RNA extraction and Taqman One Step RT-PCR Assay 

Total RNA from treated and control Caco-2 cells was isolated using the Promega 

SV total RNA isolation kit as follows: The harvested cell pellets set aside for RNA 

extraction  were lysed in 175 μl RNA lysis buffer by dispersing and mixing by both 

vortexing and pipetting. For more efficient lysis and to shear any genomic DNA, the 

mixture was passed 4 to 5 times through a 20gauge needle. The lysates were expelled into 
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fresh sterile RNAse free 1.5 ml tubes and 350 μl RNA dilution buffer was added. The 

tubes were mixed by inverting them 3 to 4 times and placed in a water bath set at 70°C 

for 3 minutes before centrifuging at 14,000 g for 10 min at room temperature. The 

cleared lysate solutions were transferred to a fresh RNAse free microcentrifuge tubes by 

pipetting, taking care to avoid disturbing the pelleted debris. 200 μl of a 95% ethanol 

solution was added to the cleared lysates and mixed by pipetting 3 - 4 times. This mixture 

was then transferred to individual spin column assembly units and centrifuged at 14,000 g 

for 1 min. The liquids in the assembly collection tubes were discarded, 600 μl of RNA  

wash solution was added to the spin column baskets, followed by another 1 min 

centrifugation and collection tubes were emptied as before. For each isolation to be 

performed, a DNase incubation mix was prepared by combining 40 μl yellow core 

Buffer, 5 μl 0.09 M MnCl2 and 5 μl of DNase I enzyme (in this order) per sample in a 

sterile microcentrifuge tube. The freshly prepared DNase incubation mix was applied 

directly to the membrane inside the spin baskets ensuring solutions were in complete 

contact with and thoroughly covering the membranes.  The spin assemblies were 

incubated for 15 min at room temperature after which 200 μl DNase Stop solution was 

added to the baskets. The assemblies were then centrifuged at 14,000 g for 1 min before 

adding 600 μl of RNA wash solution and centrifuging again for 1 min. The collection 

tubes were emptied as before, 250 μl RNA wash solution was added and the assemblies 

were centrifuged at high speed for 2 min. The spin baskets were de-capped and 

transferred to appropriately labeled elution tubes (1 per spin column assembly). 

Nuclease-free water (100 μl) was added to the spin baskets ensuring complete coverage 

of their membrane surface and a final 1 min centrifugation at 14,000 g was carried out. 
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After discarding the spin baskets, the elution tubes containing the purified RNA were 

removed from the centrifuge, capped and stored at –80°C. 

The concentration and purity of the extracted RNA samples were determined on a 

SpectraMax M2 spectrophotometer, based on the ratio of absorbance at 260 and 280 nm 

using the preset protocol on the SoftMax Pro software (Molecular Devices, Sunnyvale, 

CA).  

UGT Gene Expression Assays 

Gene expression and quantification of the target UGT mRNA was carried out 

using the TaqMan real-time reverse transcription polymerase chain reaction (RT-PCR) 

assay.  TaqMan probes containing 6-carboxyfluorescein (FAM) at the 5‟-end and 6-

carboxytetramethylrhodamine (TAMRA) at the 3‟-end were used. The probes were 

designed to hybridize to a sequence located between the PCR primers. RT-PCR analysis 

was performed in 25 -50 μl of TaqMan One-Step RT-PCR Master Mix Reagents. For the 

UGT1A1 and GAPDH assays, a 25 μl reaction mix containing 200 nM forward primer, 

200 nM reverse primer, 100 nM TaqMan probes and 20 ng total RNA was used. For 

UGT1A6, a 50 μl reaction mix containing 300 nM forward primer, 900 nM reverse 

primer and 50 ng total RNA was used. The primer and probe sequences used for the gene 

expression assays are detailed below:  

UGT1A1; Forward 5‟-GACGCCTCGTTGTACATCAGA-3‟  

      Reverse 5‟-TCTTTCACATCCTCCCTTTGG-3‟  

                 Probe 5‟-ACGGAGCATTTTACACCTTGAAGACGTACC-3‟ 

UGT1A6; Forward 5‟-CCTGGAGCATACATTCAGCAGAA-3‟  

                 Reverse 5‟-AAGGAAGTTGGCCACTCGTTG-3‟  
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                 Probe 5‟-ACCCTGTGTCCTACATTCCCAGGTGCTA-3‟ 

GAPDH; Forward - 5‟-CATGGG TGTGAACCATGAGAA-3‟ 

                 Reverse - 5‟-GGTCATGAG TCCTTCCACGAT-3‟ 

                 Probe - 5‟-AACAGCCTCAAGATCATCAGCAATGCCT-3‟  

Amplification and detection was performed (according to the Taqman one step RT-PCR 

protocol) on the ABI Prism 7700 Sequence Detection System using the following profile: 

1 cycle of 48 C for 30 min, 1 cycle of 95 C for 10 min, 40 cycles of 95 C for 15 s and 60 

C for 1 min. Control reactions using water instead of RNA as template were analyzed 

simultaneously and target mRNA levels were normalized to the human endogenous 

control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels. Expression 

levels in treated cells were compared to untreated Caco-2 cells using the comparative 

cycle threshold (Ct) method. See Appendix D for calculations for final volumes used in 

the RT-PCR reactions as well as the general protocol used for the gene expression assays. 

5.5.7 4-MU Glucuronidation Assay 

Glucuronidation assays were conducted with cell homogenates collected from 

UGT induction studies. The rate of formation of 4-MUG from 4-MU was measured from 

incubations conducted under initial rate conditions ensuring linearity with respect to time 

and protein concentrations. A modification of two previously reported HPLC assays 

(Narayanan et al., 2000; Fujiwara et al., 2009) was used to detect 4-MUG.The assay 

comprised the incubation at 37°C for 30 minutes of a 50 μl reaction mixture containing 

the substrate (0 - 1000 μM 4-MU), 1 mg/ml Caco-2 cell lysate, 5 mM MgCl2, 10 μg/ml 

alamethicin and 1 mM saccharolactone in 100 mM Tris Buffer (pH 7.4 at 37°C). The 



 240 

reaction mixture was pre-warmed for 3 min at 37°C and the reaction was initiated by the 

addition of the cofactor UDPGA (5 mM final concentration). All reactions were 

conducted in triplicate, with negative controls set up without UDPGA. The reactions 

were quenched with 50 μl of an ice-cold working solution of lidocaine (the internal 

standard) in methanol. The quenched reaction mixtures were centrifuged for 10 min at  

14,000 rpm to precipitate proteins and 10 μl supernatant was taken for HPLC analysis.  

The HPLC system (HP 1100 series; Agilent Technologies, Santa Clara, CA) 

consisted of a solvent delivery quaternary pump, an autosampler, a diode array detector 

with UV detection set at a λmax of 220 nm, and a Zorbax Rx-C18 column (4.6 x 250 

mm, 5μ particle size; Agilent Tech., Santa Clara, CA) set at a temperature of 35°C. 

Integration was carried out with the software ChemStation version for LC Rev.A.08.01 

(Agilent Technologies, Palo Alto, CA). The isocratic mobile phase comprising 20 mM 

potassium phosphate buffer (pH 3.1) and methanol in a 70: 30 ratio was set to flow 

through the column at a rate of 1.3 ml/min. The areas of 4-MUG peaks formed were 

normalized to that of the internal standard, lidocaine. Quantification of formed 4-MUG 

was done using a calibration curve of authentic 4-MUG standards. 

5.5.8 Data Analyses 

Analysis for Enzyme Kinetics 

Experiments were conducted within the range of substrate concentrations that yields M-

M kinetics, to enable estimation of kinetic parameters. Prior to nonlinear regression 

analysis, all data were transformed, and E-H curves were plotted and checked for 

linearity. The M-M model was used as the simplest model to fit the data and obtain 
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kinetic parameter estimates. Nonlinear regression was performed with GraphPad Prism 

for Windows (version 4.03; GraphPad Software Inc., San Diego, CA). 

Drug Combination Analysis 

The assessment of an interaction between two agonist drugs uses the concept of dose 

equivalence, the same concept used in isobolographic analysis. For two drugs, here 

denoted A and B, we obtained the dose of drug A that was equally effective to drug B. 

That equivalent, denoted Beq(A), was then added to the actual dose of drug B whose 

dose-effect relation provided the expected (additive) effect. When the potency ratio was 

constant, i.e., dose A/dose B = R, then the drug B-equivalent of dose a of drug A was 

a/R, and this led to the expected combination effect Eab. The experimentally obtained 

combination effects were then compared with each calculated Eab value (using the 

Student‟s t-test) to determine differences indicative of either sub-additive or synergistic 

interactions (Tallarida, 2006). 

Statistical Analysis 

Statistical comparison of the combination antiproliferative effects was performed with 

GraphPad Instat using a one way ANOVA followed by a post hoc Tukey‟s multiple 

comparison analysis (p < 0.05). For UGT1A1 induction, comparisons between treatment 

and control groups were conducted with a one way ANOVA followed by post hoc 

Student Newman Keuls multiple comparison analysis (p < 0.05). For glucuronidation 

assays, M-M parameter estimates were compared with a two sided Student‟s t test 

assuming normal distribution, with significance set at p < 0.01. 
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5.6 Results 

5.6.1 Individual Cell Proliferation Assays 

RES, Curc and chrysin were initially characterized individually for their ability to 

inhibit Caco-2 cell growth. Figure 5.2 depicts the dose response curves generated from 

fitting the sigmoid four parameter logistic model to data obtained using a  concentration 

range of 0 - 100 μM for each polyphenol. The IC50 values reported are specific for the 

concentration range studied (1 - 100 μM) and estimated values obtained ± SE were 20.8 ± 

1.2 (95% C.I 15.3 – 28.5), 20.1 ± 1.1 (95% C.I 15.1 – 26.8), and 16.3 ± 1.3 (95% C.I 10.2 

– 25.8) μM for RES, Curc and chrysin respectively.  

The shape of the curves indicates complete/full antagonistic activity for Curc and 

a partial response for RES and chrysin. Maximal anti-proliferation (as percent of control 

growth) at 100 μM RES, Curc, or chrysin was 45%, 100%, and 80% respectively. Thus, 

the „50% effect‟ with IC50 concentrations for RES, Curc, or chrysin alone was 22.5%, 

50%, and 40% inhibition of cell growth respectively (See Figure 5.2). 
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Figure 5.2 Caco-2 cell cytotoxicity dose response curves for 1 – 100 μM trans-RES, 

Curc and chrysin. Data are expressed as Mean ± SE, n = 4. Representative fitted lines are 

depicted; IC50 estimates were obtained by fitting the model to actual data replicates. 

 

5.6.2 Phytochemical Combination Studies 

Cell Proliferation Assays 

For antiproliferation assays, combinations of RES + chrysin (at IC50 values) tested 

were - RES:chrysin 20 μM:16 μM (1:1), 20 μM:32 μM (1:2), and 40 μM:16 μM (2:1). 

The results as depicted in Figure 5.3 show RES or chrysin alone at their IC50 exhibiting 

modest inhibition of cell growth which was potentiated with all RES + chrysin 
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combinations. All three combinations were significantly more cell growth inhibitory than 

RES alone (p < 0.001) while the effects of the 1:2 and 2:1 RES + chrysin combinations 

were significantly different from either RES or chrysin alone (p < 0.001; Figure 5.3A). 

Analysis of log dose-effect data for the RES + chrysin combinations (Figure 5.3B) 

revealed good linear fits for the individual compounds with similar slopes.  

Reconstruction to parallelism provided an estimate of the potency ratio R for use as 

described in section 5.5.8. The potency ratio for chrysin with respect to RES was 

calculated to be 2.66. For each combination, the above quantity was inserted into a 

regression equation for chrysin to give the additive effect (Eab). The set of calculated 

additive effects did not differ significantly from the experimentally observed effects for 

the three combinations tested (p < 0.05). Table 5.1 lists the calculated vs. observed effects 

of each of the RES + chrysin combinations. 

The results of RES + Curc combination (IC50 ratios) on Caco-2 cell growth 

inhibition are depicted in Figure 5.4. These combinations were: RES:Curc 20 μM:20 μM 

(1:1), 20 μM: 40 μM (1:2), and 40 μM:20 μM (2:1). All combinations caused 

significantly higher antiproliferation than either polyphenol alone (p < 0.001; Figure 

5.3A). RES + Curc at the 20 μM: 40 μM combination caused significantly greater cell 

growth inhibition than the other ratios. In order to confirm results with IC50 ratios, we 

additionally evaluated RES + Curc at RES IC50 and Curc IC90 (Figure 5.4B). All the 

combinations tested (RES: Curc 20 μM: 40 μM, 20 μM: 80 μM, as well as 40 μM: 40 

μM) significantly inhibited cell growth compared with either polyphenol alone (p < 

0.001). All RES + Curc ratios evaluated were found to be additive in anti-proliferative 
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activity and the calculated vs. observed effects obtained from drug combination analyses 

of all RES + Curc combinations are listed in Table 5.4. 

 

UGT mRNA Induction Assays 

Caco-2 cells were initially treated with varying concentrations of RES (0.5, 1, 2 

and 5 fold the antiproliferation IC50) to probe for UGT1A1 induction. Figure 5.5 depicts 

the UGT1A1 mRNA induction obtained with the various RES concentrations. The 

induction did not appear to be concentration dependent. The highest (4-fold) induction 

was seen with 20 μM RES. At the 40 and 100 μM concentrations, RES caused a 2 -3 fold 

induction of UGT1A1 mRNA. Induction observed at these three concentrations was 

significantly different from untreated cells (p < 0.001). 

Upon obtaining baseline UGT1A1 induction levels with RES alone, the same 

combinations used for antiproliferation assays were used to conduct UGT induction 

studies. However preliminary studies with Curc alone showed lack of UGT1A1 induction 

with Curc IC50 (20 μM), therefore IC90 (40 μM) Curc was utilized for these studies. 
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Table 5.4 Log Dose - Effect Analysis of the Percent Reduction in Cell Growth 

Mediated by RES + Chrysin and RES + Curc Combinations 

 

Combinations Additive (Theoretical)
a
 Observed (Experimental)

a
 

RES + Chrysin IC50   

1:1 [20 μM + 16 μM] 50.6 +/- 4.8 43 +/- 1.5 

1:2 [20 μM + 32 μM] 62.1 +/- 4.7 51.0 +/- 1.4 

2:1 [40 μM + 16 μM] 56.6 +/- 4.5 52.0 +/- 2.8 

RES + Curc IC50   

1:1 [20 μM + 20 μM] 65.2 +/ 5.9 74.4 +/ 2.0 

1:2 [20 μM + 40 μM] 78.8 +/ 7.0 94.7 +/ 0.85 

2:1 [40 μM + 20 μM] 70.7 +/ 6.3 71.2 +/ 0.84 

RES + Curc IC90   

1:1 [20 μM + 40 μM] 79 89 

1:2 [20 μM + 80 μM] 100 90 

2:1 [40 μM + 40 μM] 85 85 

 

a
The additive and observed values were calculated as described under Methods. Values 

for RES + chrysin IC50 and RES + Curc IC50 are percent reduction in cell growth  SD.  

Values for RES + Curc IC90 are reported as percent reduction in cell growth as the data 

could only be analyzed graphically and associated error could not be calculated. No 

significant difference was seen between calculated additive and actual observed effects of 

RES + chrysin and RES + Curc IC50 (p < 0.05, student‟s t-test). 
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Figure 5.3 A) Caco-2 cell cytotoxicity studies with RES + chrysin combinations; RES + 

chrysin 1:1 is 20 μM RES + 16 μM chrysin, 1:2 is 20 μM RES + 32 μM chrysin, and 2:1 

is 40 μM RES + 16 μM chrysin.
 
Data expressed as mean + SD, n = 4

. 
 
*** 

greater than 

RES alone (p < 0.001); 
+++ 

greater than either RES alone and chrysin alone (p < 0.001) 

using a one way ANOVA and post hoc Tukey‟s multiple comparison analysis. B) Dose-

effect data for RES and chrysin plotted as the magnitude of the percent reduction in 

growth against log dose. 
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Figure 5.4 A) Caco-2 cell cytotoxicity studies with IC50 combinations of RES + Curc 

where RES + Curc 1:1 is 20 μM RES + 20 μM Curc, 1:2 is 20 μM RES + 40 μM Curc, 

and 2:1 is 40 μM RES + 20 μM Curc. 
*** 

greater than RES alone and Curc alone (p < 

0.001); 
+++ 

greater than 1:1 RES + Curc and 2:1 Res + Curc (p < 0.001) using a one way 

ANOVA and post hoc Tukey‟s multiple comparison analysis. B) Cell growth inhibition 

observed with RES + Curc IC90 combinations where RES IC50 and Curc IC90 

concentrations were used to determine ratios and RES + Curc 1:1 is 20 μM RES + 40 μM 

Curc, 1:2 is 20 μM RES + 80 μM Curc, and 2:1 is 40 μM RES + 40 uM Curc. Data 

expressed as mean + SD, n = 4, 
*** 

greater than RES and Curc alone (p < 0.001). 
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Figure 5.5 Induction of UGT1A1 mRNA in post confluent Caco-2 cells treated with 

varying concentrations of RES. Data are expressed as mean + SD, n = 6. 
***

significantly 

different from control (p < 0.001) using a one way ANOVA followed by a post hoc 

Student-Newman-Keuls multiple comparison analysis. 

 

 

 

Figure 5.6A depicts the UGT1A1 induction data obtained with RES + chrysin 

IC50 combinations. Chrysin caused a 7 fold induction of UGT1A1 mRNA at its 

antiproliferation IC50 (16 M). The 20 μM:32 μM (1:2) and 40 μM:16 μM (2:1) RES + 

chrysin combinations caused a statistically significant increase (22 and 17 fold 

respectively) in UGT1A1 mRNA expression compared with untreated cells, RES and 

chrysin alone (p < 0.001). The 20 μM:16 μM (1:1) RES + chrysin combination was not 

potentiating, with induction levels similar to that mediated by chrysin alone although 
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significantly different from the induction mediated by RES alone. Tert-butyl 

hydroquinone (TBHQ) was used as a positive control.  

UGT1A1 induction with RES + Curc combinations is shown in Figure 5.6B. Curc 

alone at its IC90 (40 μM) induced UGT1A1 mRNA transcription two fold. The 4-fold 

mediated UGT1A1 induction seen at RES IC50 was potentiated with the 20 μM: 40μM 

(1:1) RES + Curc combination which showed a 12 fold increase in mRNA expression 

compared with untreated cells (p < 0.001). Induction at the 40 μM: 40 μM (2:1) RES + 

Curc combination was similar to that seen with RES alone. The 72h treatments with 20 

μM: 80 μM (1:2) RES + Curc combination was cytotoxic to the post confluent cells and 

UGT1A1 mRNA expression was undetectable with this combination (Figure 5.6B). 

All the RES + chrysin and RES + Curc combinations used for UGT1A1 induction 

were also used to probe for increases in UGT1A6 mRNA expression. Figure 5.7 depicts 

the results obtained with all the polyphenol combinations. 
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Figure 5.6 Induction of UGT1A1 mRNA in post confluent Caco-2 cells treated for 72 h 

with A) IC50 combinations of RES + chrysin.
*** 

Groups significantly different from 

control (p < 0.001), 
+++

different from RES alone or chrysin alone (p < 0.001) and B) RES 

IC50 + Curc IC90 combinations. 
***

significantly different from control (p < 0.001) * (p < 

0.05), 
+++

different from RES alone and Curc alone (p < 0.001) using a one way ANOVA 

followed by a post hoc Student-Newman-Keuls multiple comparison analysis. N.D = not 

detectable. All data expressed as mean + SD, n = 3. 
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Figure 5.7 UGT1A6 mRNA induction studies in post confluent Caco-2 cells treated for 

72 h with IC50 combinations of RES + chrysin and RES IC50 + Curc IC90 combinations. 

All data expressed as mean + SD, n = 3. 

 

 

 

 

None of the individual polyphenols and the respective combinations with RES effected 

any significant increase in UGT1A6 mRNA expression when compared using both a one 

way ANOVA and post hoc Student-Newman-Keuls multiple comparison analysis as done 

for UGT1A1. However comparing the small increase in expression seen with TBHQ and 

the 2:1 RES + Curc combinations with both untreated cells and all individual polyphenols 

using a two sided student t-test showed significance (p < 0.05).  
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5.6.3 4-MU Glucuronidation Assays 

Caco-2 cell lysates collected from induction treatments were used to probe for 

UGT catalytic activity by evaluating 4-MU glucuronidation. Single point velocities for 4-

MUG formation were obtained using 1 mM 4-MU as a first step. Figure 5.8 shows the 

data obtained with the single 4-MU concentration. Chrysin at its IC50 (16 μM) did not 

induce UGT activity, with velocity significantly lower than that of control cells. With 

other treatments, velocities were not significantly increased in any group except RES 

alone, and the 20 μM: 40 μM RES + Curc (1:1) and 20 μM: 32 μM RES + chrysin (1:2) 

combinations (Figure 5.8). These combinations along with the individual polyphenols 

were subsequently used to conduct full glucuronidation assays using a 0 - 1000 μM 4-

MU concentration range. Figure 5.9 depicts 4-MUG formation velocity in Caco-2 cells 

treated with 20 μM RES, 40 μM Curc, 16 μM chrysin, 20 μM: 40 μM RES + Curc, 20 

μM: 32 μM RES + chrysin combinations and TBHQ while Table 5.5 lists the kinetic 

parameter estimates obtained from fitting the M-M model to our data. Vmax estimates in 

all treatment groups aside from chrysin treated cells were significantly greater than that in 

the untreated cells (p < 0.01) (Table 5.5). The greatest activity (besides the positive 

control) was seen with the 20 μM: 40 μM RES + Curc and 20 μM: 32 μM RES + chrysin 

combinations. The Km estimates in treated cells were not significantly different from 

control cells except 20 μM: 40 μM RES + Curc. However, the trend of increasing Km 

estimates with increasing Vmax resulted in similar 4-Mu intrinsic clearance among the 

groups as seen in their Vmax/Km ratios (Table 5.5). 
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Figure 5.8 Single point velocities for 4-MUG formation seen with individual and 

polyphenol combinations of RES, chrysin and Curc using a 1 mM 4-MU concentration. 

Velocity units are in nmol/min/mg total UGT protein. *Significantly different from 

control using a one way ANOVA statistical test, p < 0.05. 

 

 

 

5.6.4 UGT1A1 Western Blotting 

The Caco-2 lysates used for 4-MU glucuronidation assays were subjected to 

immunoblotting to probe for any increase in UGT1A1 protein expression levels. A 

representative western blot is depicted in Figure 5.10. We observed some degree of 

ambiguity with the blots for the control and RES treated cells. There was however an 

increase in protein expression for the positive control and the 20 μM + 32 μM (1:2) RES: 

Chrysin combination. 
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Figure 5.9 M-M curves for 4-MUG formation in control and treated Caco-2 whole cell 

lysates. Glucuronidation assays were conducted using a substrate concentration range of 

0-1000 μM. Data are expressed as Mean ± SE of triplicate determinations; kinetic 

estimates were obtained by fitting the model to actual data. 
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Table 5.5 Kinetic Parameter Estimates for Formation of 4-MUG in Phytochemical 

Treated and Control Caco-2 Cells 

 

Data are expressed as estimate ± SE, n = 3. Estimate units are as follows: Vmax = 

nmol/min/mg; Km = μM; Vmax/Km = ml/min/mg. 
a 

Estimates significantly greater than 

control, 
b
Vmax significantly lower than control. Statistical comparison of the parameter 

estimates was performed using a two sided Student‟s t test assuming normal distribution, 

for which a p value of 0.01 was considered significant. 

 

 

 

 

Estimate 
Control 

RES 

20 μM 

RES + 

Curc 

(20μM 

+40μM) 

RES + 

Chrysin 

(20μM + 

32μM ) 

TBHQ 

80 μM 

Chrysin  

16 μM 

Curc  

40 μM 

Vmax 
2.86 ± 

0.07 

3.35 ± 

0.13
a
 

5.6 ± 

0.22
a 
 

5.37 ± 

0.26
a
 

6.0 ± 

0.35
a
 

2.1 ± 

0.18
b
 

4.32 

±0.23
a
 

Km 
110 ± 

9.5 

126.6 ± 

16.9 

223.8 ± 

25.5
a
 

172 ± 27 
184.3 ± 

33.7 

116.6 ± 

37 

191 ± 

31.7 

Vmax/Km 0.026 0.026 0.025 0.031 0.032 0.018 0.023 

R² 0.99 0.97 0.98 0.96 0.95 0.83 0.96 
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Figure 5.10 A representative western blot showing UGT1A1 protein expression in 

phytochemical treated and control Caco-2 whole cell lysates. 

 

 

 

5.7 Discussion 

With respect to CRC, target tissue (intestinal) modulation of phase II enzymes 

such as the UGTs by dietary polyphenolic compounds is poorly understood. The ability 

of RES to modulate intestinal UGTs (and other detoxifying enzymes) has not been 

extensively studied. As of the time of our study, UGT induction due to RES in 

combination with other phytochemicals had not been evaluated. This study presents data 

showing induction of UGT1A1 mRNA expression and enzyme activity with RES and 

various combinations of chrysin and Curc, in addition to their potent anti-proliferative 

effects on the human intestinal cancer Caco-2 cell line. 
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Phytochemical combinations are of great interest as they better mimic dietary 

exposure, and may achieve more effective chemoprevention than a single agent. RES and 

Curc have been used in combination to achieve various end points such as enhanced 

antioxidant, anti-inflammatory or cell growth inhibitory effects (Majumdar et al., 2009; 

Aftab and Vieira, 2010; Harasstani et al., 2010), but combinations of RES and chrysin 

have not been evaluated.  

The cell growth inhibitory potential of all the dietary polyphenols used in this 

study has been reported in several human tumorigenic cell lines (Wang et al., 2004; 

Ulrich et al., 2005; Surh and Chun, 2007). Several combination studies carried out use at 

best empirically deduced concentrations (van der Logt et al., 2003; Svehlikova et al., 

2004; Majumdar et al., 2009; Aftab and Vieira, 2010). The goal of this study was to put 

forward a more rational way of combining phytochemicals in order to achieve greater 

efficacy. Therefore the choice of combinations (phytochemicals as well as 

concentrations) was based on several considerations: i) unique and overlapping UGT 

induction mechanisms, ii) physiologically relevant concentrations achievable in the 

intestine iii) concentrations mediating anti-proliferation in Caco-2 cells and iv) log dose – 

effect analysis of phytochemical ratios. Isobolographic methods to design combination 

studies are well known (Luszczki and Czuczwar, 2004; Qiu et al., 2007; Luszczki, 2008; 

Fairbanks et al., 2009) but have not been extensively applied in the study of 

phytochemicals. The study by Harrastani and coworkers (Harasstani et al., 2010) used 

various phytochemical IC50 combinations and found that these combinations mediated 

synergistic inhibition of secretion of pro-inflammatory mediators in lipopolysaccharide 
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induced RAW 264.7 cells. We report the use of this approach – not employed, to date - 

for cell growth inhibition and subsequent UGT induction in Caco-2 cells. 

Modeling the data obtained from anti-proliferation studies with RES, Curc and 

chrysin yielded IC50 estimates for Caco-2 cell growth inhibition (Figure 5.2). Curc was 

seen to mediate a complete (100 percent) inhibition of cell growth within the 

concentration range used while RES and chrysin caused only about 50 – 70 percent cell 

growth inhibition at these concentrations, reflective of a partial antagonistic effect. The 

potency of chrysin against cell growth has been reported for the human squamous 

carcinoma cell line SCC-9 and the breast cancer cell line MCF-7 (Walle et al., 2007) but 

not for the Caco-2 cell line. For Curc, IC50 estimates ranging between 10.26 μM and 

13.31 μM have been reported for SW480, HT-29, and HCT116 - three independent 

human colorectal cancer cell lines (Cen et al., 2009) and 12μM in MCF-7 cells (Gupta et 

al., 2006). For RES, an IC50 of 25μM was reported for Caco-2 cells (Chabert et al., 2006). 

Our IC50 estimates are similar to most of these reports albeit in different cell lines. 

 For the induction experiments, this is the first report on induction of UGT1A1 by 

RES in Caco-2 cells. In this study, we show a concentration independent induction of 

UGT1A1 expression by RES (Figure 5.5) with the greatest fold induction seen at its IC50 

for antiproliferation (20 M). RES has been shown to be a modest inducer of UGT 

enzymes in rat liver (Hebbar et al., 2005) and concentration independent RES mediated 

UGT1A1 and 2B7 induction has been shown in HepG2 cells (Lancon et al., 2007). The 3-

5 fold induction of UGT1A1 mRNA seen with RES in Caco-2 cells is similar to that 

reported in HepG2 cells (Lancon et al., 2007). With respect to UGT regulatory 

mechanisms, RES is reportedly a ligand of Aryl hydrocarbon receptor (AhR) and an 
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activator of Nrf-2 (see Table 5.5). RES also reportedly activates the pregnane and 

xenobiotic receptor (PXR) in the nucleus, another pathway for UGT transcriptional 

regulation (Saracino and Lampe, 2007).  

Phytochemical Combination Studies 

The combination of RES with chrysin was additive in Caco-2 antiproliferative 

effect and UGT1A1 induction (Figures 5.3 and 5.6; Table 5.4). Anti-proliferative 

additivity with chrysin can be explained by overlapping pathways involving signaling 

proteins such as, p38, Jnk1, Akt, protein kinase C, PI3K. Most of these proteins are 

located upstream of Nrf-2 a master regulator of phase II enzyme expression that also 

mediates control of UGT transcription and expression (Saracino and Lampe, 2007). 

Chrysin induced UGT1A1 to almost three fold higher levels than that observed for RES 

alone (Figure 5.6A) and this was not surprising since chrysin is known to be a potent 

inducer of UGT1A1 in HepG2 and Caco-2 cells (Galijatovic et al., 2000; Walle et al., 

2000). Maximal induction of UGT1A1 mRNA expression was observed at the 20 μM:32 

μM RES + chrysin combination. If chrysin-mediated UGT1A1 induction is indeed 

concentration dependent as has been previously reported (Smith et al., 2005) then one 

could postulate that the induction seen with this combination is additive rather than 

synergistic. Chrysin is reported to be an AhR agonist, but its induction of the UGT1A1 

gene has been shown to be dependent on additional cellular factors (Bonzo et al., 2007). 

Since chrysin also reportedly modulates Nrf-2, it is possible that the additivity in 

UGT1A1 induction seen with RES and chrysin combinations occurs via these 

overlapping transcriptional mechanisms.  
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With RES + Curc, all combinations exhibited additivity with respect to Caco-2 

inhibition of cell growth (Figure 5.4). Studies were conducted with both IC50 and IC90 

ratios of Curc in order to confirm results at various concentrations of the phytochemical. 

As with chrysin, this additivity could be explained by overlapping pathways involving 

signaling proteins modulated by both RES and Curc. Preliminary studies showed a lack 

of UGT induction with Curc IC50 concentrations, therefore subsequent UGT1A1 

induction studies were conducted at IC90 concentrations of Curc. Curc at its IC90 (40 μM) 

induced UGT1A1 mRNA expression modestly (2 fold; Figure 5.6B). Our results are in 

line with the study by Naganuma et al (Naganuma et al., 2006) where they reported Curc-

mediated induction of UGT1A1 and 1A6 in Caco-2 cells. Van der Logt et al (van der 

Logt et al., 2003) reported an enhancement of mouse ugt enzyme activity in small and 

large intestine of mice fed Curc for three weeks with no significant effects in the liver, 

underlining the tissue specific nature of phytochemical UGT induction. For RES + Curc, 

UGT1A1 induction observed with the 20μM: 40μM combination (12 fold) was 

synergistic in nature compared to RES alone (4 fold) or Curc alone (2 fold; Figure 5.6B). 

Possible mechanisms of UGT induction via Curc as listed in Table 5.1 include binding to 

AhR, modulating Nrf-2, and activating PXR  and as with chrysin, the enhanced UGT 

induction effected by RES + Curc combinations is possibly due to an overlap in these 

transcriptional mechanisms. 

With UGT1A6, there was no significant induction of mRNA expression across all 

treatment groups and our data seemed ambiguous at best (See Figure 5.7). Since 

UGT1A6 expression is modulated both by AhR and Nrf2, one would expect a 

potentiation of mRNA expression as seen for UGT1A1 with the same phytochemical 
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combinations albeit to a different degree. We believe this may be due to the primers used 

for UGT1A6 not being as sensitive as those used for UGT1A1 quantitation (See 

Appendix D) such that even the high concentrations used did not yield the most effective 

mRNA amplification.   

Reports on UGT1A6 inducibility in Caco-2 cells are mixed. While the study by 

Naganuma et al reported a significant induction of UGT1A6 mRNA by Curc, studies by 

Munzel and coworkers (Munzel et al., 1999) report induction of UGT1A6 activity by 

TCDD (a prototypical AhR agonist) and no significant induction by TBHQ in Caco-

2/TC7 cells, a well differentiated late passage clone. Other studies using β-napthoflavone, 

another AhR agonist (Hanioka et al., 2006) or the prototypical enzyme inducers - 

rifampicin,dexamethasone and omeprazole (Nishimura et al., 2008) did not show any 

induction of UGT1A6 mRNA in HepG2 cells and human hepatocytes.  

With respect to 4-MUG formation, we did not see as great an increase in UGT 

catalytic activity with the various combinations as for UGT1A1 mRNA expression 

(Figure 5.9, Table 5.5). It was however interesting to see that those combinations with the 

highest levels of UGT1A1 mRNA expression also mediated significant increases in 4-

MUG formation Vmax when compared with untreated cells. 4-MU glucuronidation is 

mediated by other UGT isoforms besides UGT1A1 (Uchaipichat et al., 2004).  Previous 

work by Hanioka et al with β-napthoflavone in HepG2 cells (Hanioka et al., 2006) 

showed a marked induction of UGT1A1 (but no induction of UGT1A6 and 1A9) which 

was reflected in the total UGT activity for 4-MU glucuronidation. A comparison of the 

Vmax/Km ratios for 4-MUG formation showed no marked differences in the apparent 

intrinsic clearance values across all treatment groups versus control cells despite 
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significant increase in Vmax estimates. The observed shift in Km values with increasing 

Vmax values obviously affected the calculated intrinsic clearance values. This shift in Km 

may be due to the contribution of other low affinity UGTs induced by these 

phytochemicals in addition to UGT1A1. Phytochemical potentiation of UGT activity has 

been tested in vivo (Tobin et al., 2006) on the assumption that enhanced UGT activity 

would lead to increased detoxification of dietary carcinogens and xenobiotics. The 

flipside to this increased UGT expression would be autoinduction where the 

phytochemicals themselves are metabolized and rapidly cleared.  It remains to be studied 

whether autoinduction of phytochemical glucuronidation would lead to time-dependent 

negative feedback, returning induced UGT levels to baseline. Thus, evaluation of UGT 

induction as a mechanism of anticancer activity of phytochemicals needs to carefully 

balance detoxification of carcinogens with deactivation of „anticancer‟ phytochemicals.  

 

Conclusions 

This study has shown that certain combinations of dietary phytochemicals when 

used in rational combinations are able to interact either additively or synergistically to 

mediate both inhibition of cell viability and induction of UGT1A1 expression. The fact 

that these combinations are able to synergize effects concurrently at two end points 

usually studied in mutual exclusivity is interesting and poses a suitable platform for 

further studies using phytochemical combinations. In addition, this synergy can be further 

exploited to design chemical combinations to help achieve better CRC chemoprevention. 
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CHAPTER 6 

CONCLUSIONS 

Summary 

In a bid to provide answers to the role of RES metabolism in its pharmacologic 

activity and low bioavailability, we carried out four distinct studies.  

We investigated the antiproliferative activity of in situ synthetic RES conjugates 

and RES in a panel of four different cell lines. We demonstrated that RES was most 

antiproliferative in neoplastic cells with activity decreasing progressively from neoplastic 

to preneoplastic to normal cells. Comparing the activity of the conjugates to the parent 

RES, we surmised that RES appeared to be the active moiety with its metabolites 

possessing little or no antiproliferative activity in the cell lines tested.  

Secondly the in vitro glucuronidation kinetics of cis and trans RES was 

characterized using a wide concentration range. Using various human and recombinant 

enzyme sources we show for the first time that total RES exhibited atypical kinetics 

across most of the protein sources used. However due to the presence of the 

aforementioned kinetics we were unable to conduct IVIVC and the in vivo significance of 

this type of kinetics is yet to be understood. 

Next we studied the correlation between functional genetic variations in UGTs 

responsible for total RES glucuronidation and the conferred phenotype or glucuronidation 

rates. We showed no association between UGT1A1 genotypes and trans-RES 

glucuronidation but a positive correlation for the UGT1A6 genotypes and cis-RES 

glucuronidation. This is the first study to probe the effects of these UGT polymorphisms 
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on RES glucuronidation. Our results lend a fresh perspective on the impact of such 

genetic variations on metabolism and subsequent exposure (bioavailability) of dietary 

polyphenols like RES. 

Finally we investigated the effects of RES alone and in combination with other 

dietary polyphenols on intestinal UGT induction. We have also shown for the first time 

that RES is able to induce some of those UGTs responsible for its glucuronidation. In 

addition we also studied the effects of combining curcumin and chrysin with RES on both 

UGT induction and antiproliferation. Combinations were selected using a log dose 

combination analyses approach. We propose that this approach could be extended to 

future studies of dietary polyphenol combinations while presenting results showing 

additive effects with all our calculated combinations. UGT induction has been put 

forward as a mechanism for RES chemopreventive effects. UGT induction as seen with 

RES could serve a dual purpose; increased metabolism would yield greater levels of RES 

glucuronides that could serve as a pool for furnishing the parent RES into the circulation 

and other target sites. On the other hand, it may also be a contributing factor to the 

observed low bioavailability. These facts remain to be confirmed with further studies.  

 

Future Directions 

Due to the promising potential seen with dietary chemopreventive compounds 

like RES, more studies are required to aid our understanding of the role of metabolism 

and its effects on activity and total bioavailability. The jury is still out on the purported 

activity of RES phase II conjugates. Cell proliferation studies like the ones performed in 

this study may not be optimal for probing the activity of RES conjugates. As these 

compounds enter the cell usually by active transport (with the aid of transporters), future 

cellular studies should focus on determining actual intracellular concentrations of these 
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compounds.  The activity of these compounds on their known in vitro targets needs to be 

firmly established. Where results are promising, then the role of transporters in aiding 

intracellular accumulation of these conjugates to ensure that they reach the relevant target 

sites should be investigated. 

The in vivo pharmacokinetics of the synthetic metabolites should be characterized 

in order to provide answers to the question of RES metabolites being actively converted 

back to the parent compound.  

With genotype phenotype correlations, the effects of known UGT1A9 

polymorphism on trans-RES glucuronidation deserves investigation since the UGT1A1 

polymorphism studied by us did not adequately explain the variability in RES 

glucuronidation seen in our liver bank. 

Finally the in vitro intestinal UGT induction reported should be confirmed at the 

in vivo level using relevant mouse models for chemoprevention.   
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ABBREVIATIONS USED 

Chapter 1 

RES – Resveratrol 

R3G – Resveratrol- 3-O-Glucuronide 

R4‟G – Resveratrol- 4‟-O-Glucuronide 

R3S – Resveratrol- 3-O-Sulfate 

R4‟S – Resveratrol-4‟-O-Sulfate 

Caco-2 – Human colon adenocarcinoma 2 

CRC – Colorectal cancer 

UGT – Uridine 

diphosphoglucuronosyltransferases 

SULT – Sulfotransferases 

MAPK – Mitogen-activated protein kinase  

JNK – c-Jun N-terminal protein kinase 

ERK – Extracellular signal-regulated kinase 

NFκB – Nuclear factor kappa B 

AP1 – Activator protein-1 

COX-1, COX-2– Cyclooxygenase 1 and 2 

IL-1β – interleukin-1β 

PG – Prostaglandins 

PK – Pharmacokinetics 

IVIVC – In vitro - In vivo Correlation 

DES – Diethylstilbestrol 

Chapter 2 

HPLC – High Performance Liquid 

Chromatography 

LC-MS – Liquid Chromatography-Mass 

Spectrometry 

YAMC – Young Adult Mouse Colon 

IMCE – Immorto-Min Colonic Epithelium  

CEC – Colonic Epithelial Cells 

HIV – Human Immunodeficiency Virus 

APC – Adenomatous polyposis coli 

FBS – Fetal bovine serum 

WR – Wittig Reagent 

HWE – Horner-Wadsworth-Emmons 

JLO – Julia-Lythgoe Olefination  

THF – Tetrahydrofuran 

DMF – Dimethylformamide 

DCM – Dichloromethane 

n-BuLi - n-Butyl lithium  

TBAF – Tetrabutyl Ammonium Fluoride 

TBDPSCl – Tertbutyldiphenyl silyl chloride 

NaBH4 – Sodium borohydride 

PBr3 – Potassium tribromide 
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PPh3 – Triphenylphosphine 

TBDMSCl – Tertbutyldimethyl silyl 

chloride 

NMR – Nuclear magnetic resonance 

TLC – Thin Layer Chromatography 

DMA – Dimethylaniline 

SO3.Py – Sulfur trioxide pyridine  

DMSO – Dimethylsulfoxide 

aq. – aqueous 

eq – equivalents 

NaOMe – Sodium methoxide 

EMEM – Eagles‟ Minimum Essential 

Medium 

FBS – Fetal bovine serum 

EMATE – estrone-3-O-sulfamate 

IFN - Interferon gamma 

  

Chapter 3 

UDPGA – Uridine diphosphoglucuronic 

acid 

M-M – Michaelis-Menten 

CXZ – Chlorzoxazone 

APAP – Acetaminophen 

HLM – Human Liver Microsomes 

HIM – Human Intestinal Microsomes 

HEK293 – Human embryonic Kidney cells 

 

E-H – Eadie-Hofstee 

CLH – Hepatic Clearance 

CLint – Intrinsic Clearance 

ER – Extraction Ratio 

PSI – Partial Substrate Inhibition 

BPM – Biphasic Metabolism 

 

Chapter 4 

SNP – Single nucleotide polymorphism 

PCR – Polymerase chain reaction 

RFLP – Restriction fragment length 

polymorphism 

TTBS – Tween Tris Buffered Saline 

DMEM – Dulbecco‟s Modified Eagle‟s 

Medium 

HEK293 – Human embryonic kidney  

 

Chapter 5 

DME – Drug metabolizing enzymes 

Curc – Curcumin 

RT-PCR – Reverse transcriptase-

Polymerase Chain Reaction 

PMSF – Phenylmethylsulfonylchloride 

TCDD – 2,3,7,8-tetrachlorodibenzo-p-

dioxin 

4-MU – 4-Methylumbelliferone 
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4-MUG – 4-Methylumbelliferone-O-β-D-

glucuronide 

TBHQ – tertButylhydroquinone 

AhR – Aryl hydrocarbon Receptor 

Nrf2 – NF-E2-related factor 2 

CYP – Cytochrome P450 

HNF – Hepatocyte nuclear factor 

LETF – Liver Enriched Transcription 

Factors 

ARNT – Aryl hydrocarbon receptor nuclear 

translocator 

XRE – Xenobiotic Response Element 

PXR – Pregnane X receptor 

CAR – Constitutive androstane receptor 

FXR – Farnesoid X receptor 

LXR – Liver X receptor 

PPAR – Peroxisome proliferator-activated 

receptor 

RXR – retinoid X receptor 

Keap1 – Kelch like ECH-associated protein  
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APPENDIX A 

SPECTROSCOPIC DATA FOR SYNTHESIZED COMPOUNDS 
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Sample chromatogram from the Gilson Semi-Preparative Liquid handler (LC) 

depicting separation of trans and cis-RES  
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Sample chromatogram from semi-preparative separation of R3S and R4’S on the 

Agilent 1100 HPLC system   
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Sample chromatogram from semi-preparative separation of R3G and R4’G on the 

Agilent 1100 HPLC system   
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Combiflash chromatogram of RES sulfation with 18 eq chlorosulfonic acid  
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Combiflash chromatogram of RES sulfation with SO3.Py complex at 45°C  
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Combiflash chromatogram of RES sulfation with SO3.Py complex at 35°C  



326 

 

 
 

Combiflash chromatographic separation of RES glucuronides 

  



327 

 

Sample mass spectrum showing RES sulfate hydrolysis after complete evaporation  
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APPENDIX B 

UGT TABLES 

 

Table B.1 Tissue Expression of Human UGTs as Detected by mRNA Expression 

 

UGT TISSUE EXPRESSION
1
 

UGT1A1 Liver, biliary duct, stomach, colon 

UGT1A3 Liver, biliary duct, stomach, colon 

UGT1A4 Liver, biliary duct, colon 

UGT1A5 Not detectable 

UGT1A6 liver, biliary tissue, stomach, colon, brain, kidney, larynx, lung 

UGT1A7 Esophagus, orolaryngeal tissue, stomach 

UGT1A8 Colon, esophagus, intestine, kidney 

UGT1A9 Liver, kidney, colon, breast, esophagus, ovary, prostate, skin 

UGT1A10 Biliary tissue, colon, esophagus, intestine, orolaryngeal tissue, stomach 

UGT2A1 Olfactory epithelium, brain, fetal lung 

UGT2B4 Liver, adipose tissue, adrenals, breast, kidney, lung, ovary, placenta, prostate, 

skin, testis 

UGT2B7 Liver, intestine, colon, brain, kidney, pancreas, esophagus, lung, breast 

UGT2B10 Liver, esophagus, mammary glands, prostrate 

UGT2B11 Liver, adipose tissue, adrenal glands, breast, kidney, lung, prostate, skin 

UGT2B15 Esophagus, liver, prostrate 

UGT2B17 Liver, Prostrate 

1
Modified from Tukey and Strassburg, 2000; Desai et al., 2003; Nagar and Remmel, 

2006. 
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Table B.2 Select UGT Substrates 

 

UGT ENDOGENOUS AND DRUG/XENOBIOTIC SUBSTRATES
2
 

UGT1A1 Bilirubin, estradiol (+ hydroxyl and methoxy metabolites), estrone, 

ethinyl estradiol, SN-38 (active metabolite of irinotecan), Etoposide, 

EGCG, PhIP, N-OH PhIP, flavopiridol, thyroxine and levothyroxine 

UGT1A3 Cyproheptadine, buprenorphine, norbuprenorphine, quercetin, 

naproxen, 4-OH tamoxifen, genistein, estrone, estradiol, bile acids 

UGT1A4 Tamoxifen, nicotine, cotinine, PhIP, N-Oh PhIP, NNAL, estriol, 

androsterone, testosterone, lamotrigine, imipramine, promethazine, 

cyproheptadine, amitryptiline, chlorpromazine, clozapine, doxepin 

UGT1A6 Serotonin, acetaminophen, SN-38, PAHs, HCAs, salicylic acid, 

valproic acid, 4-methylumbelliferone, α-naphthol, 4-nitrophenol 

UGT1A7 Estriol, 2-OH estradiol, SN-38, HCAs, PAHs, benzo(a)pyrene phenols, 

1-and -2 naphthol, octylgallate, vanillin 

UGT1A8 Estradiol, estrone, trans-retinoic acid, dihydrotestosterone, raloxifene, 

chrysin, quercetin, benzo(a)pyrenes 

UGT1A9 SN-38, acetaminophen, estradiol, estrone, flavopiridol, mycophenolic 

acid, propofol, propranolol, retinoic acid, PhIP, nicotine, cotinine 

UGT1A10 Raloxifene, SN-38, estradiol, estrone, benzo(a)pyrenes 

UGT2B4 Codeine, carvedilol, 4-OH estrone, androsterone, hydrocotinine,  

UGT2B7 Epirubicin, ATRA, hydroxycotinine, estrone, estradiol, morphine 

UGT2B10 [Nicotine, cotinine, NNAL]* 

UGT2B15 Tamoxifen, sex steroids, hydroxycotinine, dihydrotestosterone, 

flavonoids, lorazepam, oxazepam 

UGT2B17 Androgens, flavonoids, anthraquinones 

 

2
Modified from Nagar and Remmel, 2006, Remmel et al 2008 (Remmel et al., 2008) 

Abbreviations: EGCG: (-)-epigallocatechin gallate; PhIP: 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine; N-OH PhIP: N-hydroxy PhIP; NNAL: 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol; HCAs: heterocyclic amines; PAHs: 

polcyclic aromatic hydrocarbons; ATRA: all trans retinoic acid; NSAIDs: non-steroidal 

anti-inflammatory drugs   *(Chen et al., 2007; Chen et al., 2008). 
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APPENDIX C 

PROTEIN CONCENTRATIONS AND RATES OF METABOLITE FORMATION 

IN HUMAN LIVER SAMPLES USED 

 

Table C.1 Protein Concentrations of Individual Human Liver Samples used 

  

UGT1A1 *1/*1 

Lab Sample # Protein Concentration 

SN-1006031 23.22 mg/ml 

SN-1004342 9.74 mg/ml 

SN-1002071 13.32 mg/ml 

SN-1002756 8.78 mg/ml 

SN-1003941 3.48 mg/ml 

UGT1A1 *1/*28 

SN-1004460 3.9 mg/ml 

SN-1003709 15.3 mg/ml 

SN-1004470 17.6 mg/ml 

SN-1005016 6.2 mg/ml 

SN-1001531 3.7 mg/ml 

SN-1001323 4.75 mg/ml 

SN-1000097 2.4 mg/ml 

UGT1A1 *28/*28 

SN-1005263 21.9 mg/ml 

SN-1003706 2.5 mg/ml 

SN-1002009 7.3 mg/ml 

SN-1005656 2.3 mg/ml 

SN-1005286 22.7 mg/ml 

SN-1003659 3.1 mg/ml 

SN-1004496 3.7 mg/ml 
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Table C.2 Protein Concentrations of Pooled Human Liver Samples used 

 

Pooled HLMs n Protein Concentration 

UGT1A1 *1/*1 8 6.06 mg/ml 

UGT1A1 *1/*28 8 5.71 mg/ml 

UGT1A1 *28/*28 8 7.15 mg/ml 

UGT1A6 *1/*1  9 9.1 mg/ml 

UGT1A6 *2/*2  9 6.4 mg/ml 

UGT1A6 *1/*2  4 4.9 mg/ml 

UGT1A6 *1/*4  3 8.2 mg/ml 

 

 

 

Table C.3 Rates of RES metabolites formation in UGT1A1 Genotyped Human 

Livers 

 

UGT1A1 

Genotype 

Average Rate in Pooled Livers
ǂ
 

Average Rates in Individual 

Livers
ǂ
  

trans-R4'G trans-R3G trans-R4'G trans-R3G  

6/6 0.36 ± 0.03 0.91 ± 0.07 0.21 ± 0.1 0.92 ± 0.34  

6/7 0.39 ± 0.02 0.82 ± 0.06 0.24 ± 0.13 0.87 ± 0.52  

7/7 0.47 ± 0.03 0.85 ± 0.07 0.21 ± 0.12 0.82 ± 0.44  

 

 

 

 

 

Table C.4 Rates of RES metabolites formation in UGT1A6 Genotyped Human 

Livers 

 

UGT1A6 Genotype 
Average Rate in Pooled Livers

ǂ
 

cis-R4'G cis-R3G 

*1/*1   0.75 ± 0.11 3.96 ± 0.58 

*1/*2   0.73 ± 0.03 6.07 ± 0.26 

*1/*4   0.78 ± 0.26 5.35 ± 1.49 

*2/*2   0.88 ± 0.09 6.6 ± 0.56 

ǂ
Units for Rate of formation = nmol/min/mg total protein 
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APPENDIX D 

CALCULATIONS FOR UGT GENE EXPRESSION ASSAYS 

 

Table D.1 Calculations for the UGT1A1 Master Mix used in the Taqman One Step 

RT-PCR Gene Expression Assay 

 

Ingredient 
Actual 

Conc. 

Volume 

Used (l) 

Final Conc. 

in 25 l 

Reaction 

tube 

Volume in 

Main Master 

Mix 

2X Master Mix n/a 12.5 1X 350 

40X MultiScribe/Rnase 

Inhibitor Mix 10U 0.625 0.25U/0.4U 17.5 

UGT1A1 Forward Primer 10uM 0.5 200nM 14 

UGT1A1 Reverse Primer 10uM 0.5 200nM 14 

UGT1A1 Taqman Probe 5uM 0.5 100nM 14 

Total RNA Variable 1 
20 ng/rxn 

vol 

To be added 

later 

Nuclease Free Water n/a 9.375 

 

262.5 

Final Volume 

 

25 

 

672 
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Table D.2 Calculations for the UGT1A6 Master Mix used in the Taqman One Step 

RT-PCR Gene Expression Assay 

 

Ingredient 
Actual 

Conc. 

Volume 

Used (l) 

Final Conc. 

in 50 l 

Reaction 

tube 

Volume in 

Main Master 

Mix 

2X Master Mix n/a 25 1X 700 

40 X MultiScribe/Rnase 

Inhibitor Mix 10U 1.25 0.25U/0.4U 35 

UGT1A6 Forward Primer 10uM 1.5 300nM 42 

UGT1A6 Reverse Primer 10uM 4.5 900nM 126 

UGT1A6 Taqman Probe 5uM 2 200nM 56 

Total RNA Variable 1 
50 ng/rxn 

vol 

To be added 

later 

Nuclease Free Water n/a 14.75   413 

Final Volume 

 

50 

 

1372 
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Table D.3 Calculations for the GAPDH Master Mix used in the Taqman One Step 

RT-PCR Gene Expression Assay 

 

Ingredient 
Actual 

Conc. 

Volume 

Used (l) 

Final Conc. 

in 25 l 

Reaction 

tube 

Volume in 

Main Master 

Mix 

2X Master Mix n/a 12.5 1X 350 

40X MultiScribe/Rnase 

Inhibitor Mix 10U 0.625 0.25U/0.4U 17.5 

GAPDH Forward Primer 10uM 0.5 200nM 14 

GAPDH Reverse Primer 10uM 0.5 200nM 14 

GAPDH Taqman Probe 5uM 0.5 100nM 14 

Total RNA Variable 1 
20 - 50 

ng/rxn vol 

To be added 

later 

Nuclease Free Water n/a 9.375 

 

262.5 

Final Volume
*
 

 

25 

 

672 

*
 Final volumes for GAPDH control reaction mixes used in the UGT1A6 gene expression 

assays were 50 l. 
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