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ABSTRACT

The purported chemopreventive and chemotherapeutic properties of the dietary
phytochemical resveratrol continue to undergo active investigatystemic
pharmacokinetics of this compound revealed that it was rapidlgsedsively
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 rarsset/ questions, some
of which this body of worlexamined anthashelpedto explain.

Chapter Ipresents detailed introduction to resveratrol and its role in colorectal
cancer chemoprevention. It alsgy4dhe 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 parenindime
sulfated and glucuronidated conjugates of tnasveratrol 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 afatiptivie in all
cell lines studied while no discernible antiproliferative activity was observed for the
metabolites.

Chapter 3 details the results of the glucuronidation kineficss and trans
resveratrol isomers across a wiencentratiomange choseto mimic blood levels
following high dose consumption. Human tissue microsomes and recombinant
supersomes ovaxpressing the enzymes (UGTSs) of interest were used for these studies.

Our results show the presence of atypical kinetics for the formatiaseératrol



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 enzynes (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 foesieratrol and UGT1A6
where the GT1A6 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 thahay 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
chemoprevation endpoint$ i) antiproliferation and ii) UGT enzyme induction. Our
results indicate that resveratrol is capable of inducing UGT1A1 expression and activity in
a nonconcentration dependent manner and this induction as well as its antiproliferative
effectsareenhanced 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 thim vitro kinetics ofresveratrol did not allow for any 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 RESV ERATROL (RES) AND IT S ROLE IN
COLORECTAL CANCER CH EMOPREVENTION

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/colorectalcancera#@Bentml, 2009;
http://www.cancer.gov, 20107 here 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 tréanceup 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 incluateaksuppression

and/or prevention.



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 eithéation

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 thefrskrdiovascular

disease. Chemoprevention with naturally occurring and synthetic agents has shown
promise in the reversal, suppression and prevention of c&aosgnwald, 2002)
Carcinogenesis is a multistage, midi#tctorial process and chemoprevention can be

targeted to any one or all the stages of this process. Figure 1.1 depicts thestagess
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 asCRC. 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 éffects

CRC and other cancers.



1.3 Resveratrol (RES)

RES (Figure 1.2) is a dietary phytochemical of plant origin. It is best described as
a 0 p hyt-amadntemicriobiabsubstance produced naturally by several plants when

under attack by bacteria or fungi.

Initiation Promotion Progression
(by DNA damaging (increase in cell (increased genetic
agents) proliferation) alterations)

— gao
Normal Cell Initiated Cell
Preneoplastic Neoplastic Cells
Cells

Anti-Initiation Goals
Anti-Promotion and Progression Goals

*Alter carcinogen metabolism
*Alter gene expression
*Enhance carcinogen detoxification o
*Suppress proliferation
*Enhance DNA repair )
*Decrease Inflammation
*Scavenge electrophiles andreactive .
*Increase apoptosis
oxygen species )
*Induce differentiation
*Enhance Immunity

*Decrease angiogenesis

*Scavenge reactive oxygen species

Figure 1.1 Stages of carcinogenesis and possible targets for chemopreventive strategies



1.3.1 Plant Sources

RES was initially isolated from the roots\@ératrum albun{also known as
White Hellebore) in 1940 and then in 1963 from the rooBaygonum cuspidatum
(also known as Japanese knotweed), a plant used in traditional Chinese and Japanese
medicine(Baur and Sinclair, 2006)n 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 phytochemicaled 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 isomerscibgZ) and thdarans (E)
which differ only in spatial orientation at the ethylenic bridge (double bond). Chemically
thetransi s omer i s n a mritdydrexy-ttahsatilbena strarss-3,54- 4 6
trinydroxystilbene. The same nomenclatarethodholds for thecis-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 includingndlatnmatory,



cardiopotective, antioxidant and arbesity effects. Evidence for some of these
activities has been shown only at thevitro level or in rodent modelSeveral examples

of these activitiesvill be discussedelow

HO_ 3 —
5
OH 4
OH
trans-(E) resveratrol Cis(Z) resveratrol
(3,4',5-trihydroxy trans-stilbene) (3,4',5-trihydroxy cis-stil bene)

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 progre&mg et al.,
1997) RES also inhibits cell proliferatiom imany 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., 1999ther causes for this observed inhibition include its

ability to induce cell cycle arreétVolter et al., 2001)Molecular mechanisntbat 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®BNF and acti vat

proteinl (AP-1) (Kundu and Surh, 2004)

Cardiovascular Effects

The cardioprotective effect of RES (in red wines)egortedly responsible for the
phenomenon known as the fAFrench Paradoxo0o or
heart disease in the French despite their high intake of fatty foods. The most accepted
mechanism of cardioprotection by RES is inhibitiorplaftelet aggregatio(Bhat et al.,

2001) Other mechanisms include its direct vasorelaxant eff€tten and PaeAsciak,
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 abilitydecrease cytoplasmic calcium concentration in
vascular cells and this effect has been shown to be actively mediated by both RES

isomers(CamposToimil et al., 2007)

Antioxidant Effects

Polyphenols are well known antioxidants and ti@ecular/chemical mechanisms
for RESantioxidant effects are wallocumentedAs an antioxidant, RES may delay
and/or prevent oxidative streseluced cellular damage and disease. Excessive damage
induced by oxidative stress can cause cells to undergo apoptosis. RES has been shown to
inhibit oxidativeinduced apoptosis in a varyedf cell lines(Jangand Surh, 2001; King
et al., 2005)The antioxidant antity 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 platelet§-rankel 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 PGHEn vitro in human peripheral blood leukocytes
while decreasing elevated levels of PADvivoin rats(Martin et al., 2004; Richard et
al., 2005) Most importantly, RES reportedly reduces the expression of cyclooxyg2nase
(COX-2), a key enzyme catalyzing the synthesis of PGs. This enzyme is induced by
inflammation and RES has been shown in btitro andin vivo models to decrease
COX-2 activity by inhibiting its expressioria several signal transduction pathways
(Kundu et al., 2004; de la Lastra and Villegas, 2088S also inhibits the inflammatory
actions of cytokines, such as tumor necrosis fadi@NF-U) and interleukinlb (1L -16)

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

Phytoestrogenic Hects

Phytoestrogens are dietary nonsteroidal compounds that can bind to estrogen
receptors like endogenous estrogen, and bring about transcription of esteegensive
genes. RESO6s structural similarity to the ¢
suggests that it may have estrogenic activity. RES has been reported to act as a
phytoestrogen in some syste(@hm et al., 1997; Gehm et al., 2004 has been
suggested that this property might mediate its cardioprotective effects in addition to
preventing estrogen dependent canseich as breast and ovarian cancers. However, the

estrogenic effects of RES vivoand the reported cardioprotective effects of estrogen are



under contention and no firm connections have been estab{Baadand Sinclair,

2006)

Other In Vivo Effects

The pleiotropy of RESOG6s biological effec¢
effects/activities are onlg 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 organisniidowitz et al., 2003; Wood et al., 2004f) also
reportedlypossesses antibesity effects as it has been shown to improve the health and
survival of mice on a high calorie di@aur et al., 2006)As detailed in a recent review,

RES is reportedly also a signal transduction modulator playing eokeyn modulating

the mitogeractivated protein kinase (MAPK) pathwaywell characterized mammalian
signal transduction pathways that include p38un Nterminal protein kinase (JNK),

and extracellular signakgulated kinase (ERK). The JNK and pZ8Hhpvays 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 eff@i€iag et al., 2005)

1.4 Phamacokinetics 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 évailableevidenceclearly indicateshat

RES PK is species dependent. The PK of RES has been studied in relation to its



absorption, uptake, metabolism and dispositiowitro, ex vivoandin vivoin mice, rats

and humangWenzel and Somoza, 2009 comprehensive review of the metabolism

and bioavailability of RES in rodents has been condu@éshzel and Somoza, 2005)

The summaryrom studies revewed showdthat in different rodent specigRES 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 pdaconcentrations after 30 min. Conjugated forms of RES;-BES
glucuronide and RES-sulfate were also detected in plasma of rodents, with levels
persisting up to & after administration. By this time however, only trace or undetectable
amounts of free RE8ould be found in plasma sampl(@sertelli 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 admstered RES orally at a 2Bg/70kg body weight dose
in 3 different matricesgtape juice, white wine and V8 juicdhey found peak
concentrations of total RES occurring at approximately 30 minutes after administration
(Goldberg et al., 2003nfterwardscame the seminalavk by Walle et al in which they
administered oral and intravenous doses of radioactive RES (25 amg) 0ezpectively)
to healthy subjects in order to determine absolute absorption and bioavail@iddite 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. This second peak was attributedoossible enterohepatic recirculation



occurringwith 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 7.9 per day(Vitaglione et al., 2005; Boocock et al., 2007a; Boocock et al.,
2007b; Burkon and Somoza, 2008; Almeidalgtz009; Nunes et al., 200Bave all
corroborated the high absorption, lowdvailability profile first reported by Walle and

co-workers(Walle et al., 2004)

In vivo Metabolism

The presence of the & hydroxyl groupsn RES makes it a suitable candidate
for metabolism by phase Il 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 absorptionaidentified the presence of one or more conjugated
metabolitegprimarily in the form of the mono sulfates and glucuronides. A sulfate
glucuronide has also been reported after a 1 g oral(@aseock et al., 2007bA more
recent study(Burkon and Somoza, 200Rentified two disulfates in addition to two
novel C/O diglucuronides, although they administered RES in the form of its glycoside
(piceid). An undisputed observaticommon to albf these studies was the rapid
conversion of RES to its morsulfated metabolites (majorly RES Q-sulfate) at low or
high doses. This rapid sulfation has been postulated to be a limiting factor in RES

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

In vitro Metabolism

11

Thein vitro metabolism of total RES has been characterized in human
hepatocytes and humasdue microsomes (from liver and intestifgymont et al.,
2001; Brill et al., 2006; Sabolovic et al., 2006ES sulfation is catalyzed by
sulfotransferases (SULTSs) and glucuronidation by uridine diphosphoglucuronosyl

transferases (UGTSs). As these two families of enzymes are known to be multigenic in



nature, both sulfation and glucuronidation of RES have la¢en characterized using

human recombinant preparations of various SULT and UGT isoforms to detehaine
isoforms responsible for formation of the major and minor conjugated forms ofdRES
Santi et al., 2000a; De Santi et al., 2000b; Sabolovic et al., 20Bé)major conjugated

forms of RES includé the 30 glucuronid , t-Ohvglucudonide, the-® sulfate and

t h eO sultate. As stated earlier, there are reports on RES disulfates and diglucuronides
but these appear to be minor conjugates. Figure 1.4 depicts the \@ogmisnsfor

glucuronidation and sulfatioandthe enzyme families responsible ftreir formation

4_ O-Glucur onide Glucuronide-O
HO_ s O

UDPG-transf erase

O-Glucuronide (TGTy)

TRANS and CIS-RES

Sulf otransf er ases
(SULTs)

Sulfate-O

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

RES like most lipophilic drugs is eliminated in urine and has been recovered both
as the unchanged dragd as conjugated metabolites. Recovery of RES (free and
conjugated) after i.v and oral doses has been reported to range from 53.34¢\Wale
et al., 2004; Boocock et al., 2007RES is also eliminated in the feces and in this case
total recovery ranged from 91.2 to 9%6or RESadministered asv and oral doses
respedtvely. This higher recovery in the feces was attributed to enterohepatic

recirculation(Boocock et al., 2007&ottart et al., 2010)

1.5 RES in Cancer Chemoprevention

RES6s ability to inhibit multiple stage:
makes itan ideal compound for development as a potential chemopreventive agent.
Cancer is a heterogeneous disease with multiple causagigikeanismand 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 metéKiasi
and Surh, 2008)A synopsis of the several biochemical mechanisms responsible for
RE S 6 s -prdventive and chemotlageutic 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 onirtvitro andin 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 fid 1
e mo | / Lin wwb plasnea levels upon standard (250mg/70kg) and higher (0.6
5g/day) doses of RES ranged from©03 € mol / L, si mil a(Howtlle r epor
et al., 2007)Thesen vivolevels do not in any way approximate levels reported for
bioactivityin vitro. The question of whether thed§values reporteth vitro would be
achievablan vivois 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., 200%g study
by Sale et afSale etal., 2005) o u n d t fntedtinaRc&nSedtsations were 4120
times greater than hepatic concentrations in APGnice (a mouse model of CRC). This
intestinal accumulation has also been reported for other dietary phytochemicals and it
may be one underlying reason for continurgdrest in this compound as a CRC
chemopreventivedence despite the discrepancies found in its preclinical and PK data

RESis in several phase | and Il clinical trialsWw.clinicaltrials.goy for CRC. Some of

thesestudieshave been completed atlteresults are pending.

14


http://www.clinicaltrials.gov/

Block carcinogen activation by the inhibition of phasel enzymes
Boostantioxidant capacity and detoxification of carcinogens by

/ induction of phaseIl enzymes
Block orarrest cell proliferation by modulating cell cycle machinery

>  Chemoprevention

J

— [Induclion of apoptosisin damaged or transformed cells

\ Turn off angiogenesis and block neovascularization of tumor — Chemotherapeutic
tissues

Suppression of invasion and metastasis

Sensitization of cells for chemotherapy induced apoptosis

Figure 1.5Pr oposed mechani s nmmsvitrd effects. Rda@8eil fFomo b s er ved

Kundu and Surh, 2008

1.6 Hypotheses Underlying the Present Study

The recurrent obsertian thatin vivo plasma levels of RES are not commensurate
with doses reported to eligit vitro effects has raised several questions regarding RES
metabolism, its metabolites and their pharmacological activity. This research project
focused orexaminingseveral hypotheses generated from a few of these unanswered
guestions. 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 coripgyand some or

all of these moieties may contribute to the observed activity.
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2. That when RES is given at high doses, glucuronidation will play a major
role in its overall disposition and vitro kinetic studies will provide
clearance estimates for 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 intestvik; it
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; RE®3 s ul f a tOesulfatRES 4 6
RES 30 glucuronidea d R EG5gludutonide. The reports on very low human plasma
levels of RES and higher circulating levels of the metabolites are firmly established.
Given thatin vivo concentrations of individual metabolites can be more than ten times
higher than those ahe parent compound, one may put forward the following
possibilities to explain the observed effects of RES:

1) 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 couldveeas a pool for release of the active
parent compound upon g®njugation.

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 d (Yu et al., 2003and subsequently by Goldberg e{@bldberg et al., 2003)

These reports indicated that experiments to elucidate the active molecules (parent and/or
metabolites) were warranted. The study by Wang @iaing et al., 2004nevisited this
guestion while investigating the cytotoxic and antiviral activity of RES and its mono
glucuronides in human peripheral mononuclear blood detlser studies that have
investigated the activity of RES and its metabolites include those by Miksits et al
(Miksits et al., 2009and two more by Calamini et @alamini et al., 2010gnd Hoshino
et al(Hoshino et al., 2010)here seemed to lagrelative lack of interest in pursuirthis
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 egothibsts
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 assaysexptored 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 &tudies

et al., 2002; Miksits «atl., 2005) However tke exorbitant cost of enzyme-tactors and
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purified enzyme preparations neededbiosynthesis madehemical synthesisf the
metaboliteghe method of choictor this work

To date, most studies have been carried out on the more stable and commercially
availabletrans- isomer. Two studies compared the antioxid@mallo, 2006)and
vasorelaxan(CamposToimil et al., 2007 activities of the two ismers and reported
similar activity for both geometric isomers. The only differences were seen primarily in
the magnitude of the effectsgns> cis). Another study on their antiplatelet activity
(Bertelli et al., 1996aneported the activity ofisto be greater than that of ttrans-
isomer. In ligh of these reports, we decided to investigate the potential contribution of
thecisisomer to total RES chemopreventive activity. This led to another aim proposed at
the beginning of this project; to carry out chemical synthesissédRES due to its
commecial unavailability at the time. Although this compound later became available in
the course of the project, we still undertook and completed the synthes<RH#S.
The following compounds were synthesized, characterized and tested:

)] Cis-resveratrol ¢is-RES)

1)) transresveratrol 30-sulfate {ransR3S)

i) transr e s v e r-@-dulfa franglRb4 6 S)

V) transresveratrol 30-glucuronide (R3G)

V) transr esver@glrwé¢uddni de ( R46G)
Each newly synthesized metabolite was testeddability to inhibit cell proliferation in
human breast (MG#) and colon (Cac@) cancer cell lines. The compounds were
additionally tested in two murine cell lines of epithelial origin6AMC (Young Adult

Mouse Colon) and IMCE (Immorto Mouse Colonic Epithl). The effect of varying
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concentrations and treatment periods of each metabolite on cell proliferation was
guantitated and compared with the parent compound. The effect of metabolite de

conjugation on cell proliferation was also tested in all cells.

1.6.2In 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 (2tpBikg body
weight per day) doses BES furnistedvery 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 gBaycock et al., 2007and a more
recent chroniclosing steadytate PK studyla Porte et al., 2010Yhese two studies
found doses as high ager day to be well tolerated and non toxic in humans. They
also observedigher 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
rangesStudying than 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 advantagéeiter design of preclinicatudieswhile
minimizing costfor expensive animal studies.

Preclinical characterization of the metabolic profile for any chemical entity
undergoing consideration aslrug is one important step in the drug discovery process. In

addition to understanding the metalbdite 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 hmans with several studies observing higher levels of several suik&sd
metabolitegWalle et al., 2004; Burkon and Somoza, 200BRES 30-sulfate(Boocock
et al., 2007a; Boocock et al., 2007Hpwever, several studies have highlighted the
observation that glucuronidation is a predominant pathway in humans and have reported
the presence of higher levels of RES glucuron{tfeset al., 2002; Wang et al., 2004;
Vitaglione et al., 2005; Urgbarda et al.2007) Regardless of which pathway
predaminates, sulfation is known to be a high affinity but low capacity pathway which
makes it readily saturable. It is thtemasonabléo 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 inactitiegir role maybe attributed to their ability tact 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 (Sdégure 13) 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 studM&lle et al., 2004; Boocock et al., 2007ahis

is probably due to conversion of RES glucuronides to the parent compound by the
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acti vity odlucwohidases in theiniestined All of the above lends further
credence to our rationale for studying RES glucuronidation.

We characterized the fuh vitro glucuronidation kinetics and disposition of high
dosetransandcis-RES. The presence of RES in plant sources such as grapes, red wine,
peanuts and cocoa ensutleat human dietary consumption includes both isomeric forms
and we wanted to investigate the role of¢tlsomer in RES disposition at such high
doses. The disposition thinsandcis-RES was thus evaluat&uvitro using
commercially available pootehuman liver and intestinal microsomes. We also evaluated
RES disposition in recombinant supersome preparations of specific UGTs known to be
involved in resveratrol glucuronidationUGT1A1, UGT1A6, UGT1A9 and UGT1AL10.
Glucuronidation assays for RES wexadidated for linearity with respect to time and
protein. Nonlinear regression was used for the estimation of relevant enzyme kinetic
parametes. The goal was to successfully correlmteitro parameters such as clearance
to thein vivosituation. Thign vitro 7 in vivo correlation (IVIVC) was expecteid

improvepredictons ofin 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-iimtdividual variability in
estimated PK parameters for RES and its metab@hfésglione et al., 2005; Boocock et
al., 2007a; Almeida et al., 2008hd havettributed it to individual differences in
metabolism. RES conjugation (both sulfation and glucuronidation) is mediated by two
multigenic superfamilies of enzymeSYLTsand UGTs) whose members are known to
be genetically polymorphic. It stands to readoeréfore 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 report@dng and Nagar2007) This study intended to add the
body of knowledge regarding effects of genetic differences in phase Il 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 transfaf glucuronic acid to substrates. This transfer results in compounds
(glucuronides) with increased polarity and water solubility, properties that enable
efficient elimination(Nagar and Remmel, 20Q6lhis glucuronilation 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 glucuronididagar
and Remmel, 2006)

The effects opolymorphisms 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 constites only a fraction of the human pathways for
drug metabolism, it is the most common phase Il biotransformation reaction accounting
for about thirty three percent of phase Il metabol{Evans and Relling, 1999 the
case of REStransRES glucuronidation is mediated mostly by UGT1A1 and UGT1A9
while that ofcis-RES is mediated by UGT1A6 and UGT1/A®umont et al., 2001; Brill
et al., 2006; Sabolovic et al., 2008he knavledge that RES is consumed in the diet as a

combination of botltis andtransisomers makes it pertinent to probe the impact of
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functional UGT1A6 polymorphisms on eRBES glucuronidation. The rationakethat
any functional genotypic differences in thengs 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 conitibg 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 genotyeenotypecorrelations for
two specific enzymes involved in total RES glucuronidattems-RES and UGT1Al
promoter polymorphisms, ammis-RES and UG1A6 single nucleotide polymorphisms.
The study comprised genotyping individual livers for the relevant UGT1Al and
UGT1AG6 polymorphisms. These genotyped livers were then used to catiny\otub
glucuronidation assays with the relevant substrate, dithwes or cis- RES. In addition,
we also evaluated the effect of UGT1A6 polymorphismsisfRES glucuronidation ia
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
genotyes. Where possible intardividual differences in glucuronidation rates were also
guantified and reported.

RES is a reported putative phytoestrogen possessing effects on the estrogen
receptor with postulations that it could alter estrogen levels dug itthibitory effects on
estrogen sulfatiofFurimsky et al.2008) These reports coupled with the fact that

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

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 naties, 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 inaseed enzyme activity) and presumably result in
decreased efficacy. REBy inducing or inhibiting the phase Il DMEs (i.e. UGTsS/SULTS)
responsible for its conjugatipmay modulate its own metabolism and ultimately increase
or decrease its systemic bioawdility 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 biotransformationKi§aee 1.5) and tby include i)
the inhibition of cytochrome P450s whose activities produce DNA damaging reactive
intermediates by oxidative metabolism and ii) the induction of phase Il biotransformation
enzymes which promote the excretion of potential carcinogenic compdyritieir
conversion to highly polar compoun@sundu and Surh, 2008)

Also, it is well known that enzyme inducti@amd 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 fractiongFurimsky et al., 2008; Ung aridiagar, 2009)However little data
is avalable on the effects of induction by RES. With hiddise RES already in clinical
trials, the impact of RES on the expression (induction) of these DMESs 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 lidarkey and Strassburg, 2006jowever, some
of these UGT and SULT enzymes are also highly expressed in the intestine, and the role
of the intestine as an imparit extrahepatic 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 haveeported induction of UGTs by RES in rode(ttebbar et al., 2005)
and in human hepatic cell lin@sancon et al., 200Aut not in the intestine. Swith our
focus on RES glucuronidation, virevestigated 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. Ca&bcellswere chosen as our cellular model.

The cells of interest were grown to past confluence in order to ensure
differentiation and then treated with pdetermined levels of RES. This was done to
evaluate for any increases in gene expression, protein exprasglenzyme activity
upon treatment and compared with control or untreated cells. Quantitative real time

reverse transcriptase polymerase chain reaction{8R) was used to detect increases

25



in UGT gene expression. Immunoblotting techniques were usexhtoate increases in
protein expression while increased UGT activity was evaluated with validated
glucuronidation assays usingdethylumbelliferone as substrate. A known inducer of
UGTSsT tert-butylhydroquinone (TBHQ) was used as the positive contrah$sessing

the inductive effects of RES. In addition to investigating the inductive effects of RES
alone, we also studied the effects of combining chrysin and curcumoother putative
chemopreventive phytochemicals with RES. This was undertakenen tardonfirm 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 antiproliferatidlUGT

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 fronptasimedlow
toxicity profiles. Howevera maj or conf ounder to RESG6s pur |
guestion dits low bioavailability with systemic levels not measuring up to levels
reportedly eliciting effects 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 exposur@arnabo activity. Our resarch
investigated these suggestions and now provides new information on the
pharmacologically active moieties responsible for obsenvetdro anti-proliferative

activity. The successful optimization of synthetic routes for generation of RES
metabolites W 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 micreomes as well as individual UGT isoforms would be useful in making
vivo extrapolations fronmn vitro data with respect to high dose consumption of RES.

The information provided by the genotypkenotype correlations for functional
polymorphisms in mapoUGTs 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, thestudy on the inductive effects of RES on intestinal UGTs sheds more
l i ght on one aspect of eRdEtSaddsmay ferthbeohelpe d ¢ h e me
explain its low bioavailability. In additigrwe utilized an isobolographic (drug
combination analysis)pproach to determine effectiwe 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 interrelated stages alrcinogenesit antiproliferation (reflectig the
progression stage) and UGT induction (initiation sta@lj)s information adds significant

newknowledge regarding effectivenesspbfytochemical 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 ®livitro biological effects. The
higher and more persistent plasma levels of the sulfated and glucuronidated metabolites
of RES havded 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 theiyactmat
few studies reporting on the activity of RES metabolites include two very recent
investigations that examined the effects of RES, its sulfateshino et al., 201nd the
4 @lucuronide conjugatg€alamini et al., 20109n various molecular targets thought to
be involved in the chemoprenive effects of RES. Another study by Miksits and
coworkergMiksits et al., 2009fompared 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 pgihorphonuclear blood cells to study the anti HIV activity of RES
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and its glucuronide@NVang 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 synthesi&8fiRonesulfates
and glucuronides in order to produce sufficient quantities for i) testing for
pharmacological activity ii) use as metabolite standards and for iii) preclinigalo PK
studies.

For pharmacologic activity, we set out to investigatesthiéty 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 usefulifiovitro CRC chemoprevéion research
includes the nottumorigenic conditionally immortal cell lines [Young Adult Mouse
Colon cells (YAMC; Apé™) and ImmorteMin Colonic Epithelium cells (IMCE;

ApCMin/+) ]

derived from C57/BL6 and Ol mmugrt oo
the effects of dietary derived compounds on early events leading to development of
colonic neoplasias. The YAMC (AB&) cell line mimics normal colonic epithelial cells
(CECs) while the IMCE(APE™) cell line mimics preneoplastic CECs as a resuét of
mutation in theApctumor suppressor geliEenton and Hord, 2006J he mutation

carried by the Ap"™* 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

adenocarcinonga 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 differ@rex@®n and
Hord, 2006; Whitehead and Robinson, 2008he human epithelial colorectal
adenocarcinoma cell line (Ca@) was used as our neoplastic cell model. The estroge

positive breast cancer cell line M&Fwas used as an additional neoplastic cell model

2.2 Study Rationale and Objectives

This study set out to probe wheth&ans-RES is the sole pharmacologically active
moiety or if its conjugated metabolites andioe cisisomer possess activity in their own
right. We therefore investigated the potential pharmacological activity of RES
metabolites (see Figure 2.1). HoweMapsynthesis was not feasible due to the quantities
of the metabolites required to compléte proposed studies. The exorbitant cost of
enzyme cefactors 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 followiolgjectives:
1. Develop facile, efficient synthetic routes to RES. Particular focus was placed
on thecisisomer due to its relative unavailability compared withtthes
iIsomet
2. Develop facile and high yielding synthetic routes to the sulfate conjugates o
transRES. Emphasis was placed on the monosulfate conjugates-RES 3
O sulfate (R3S) antansRES-O4 s ul f ate (R4065S)
3. Synthesize the two main glucuronide conjugatesasfsRES;trans-RES 30

glucuronide (R3G) anttansR E S -O4ldcuronide (R8 G)
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4. Determine the antiproliferative activity of all synthesized compounds against

YAMC, IMCE, Cace2 and MCF7 cells.

4' _ORj

RO 3

OR,

Ri1, Ry, Rs = H (transRES)
R1 = glucuronide or sulfate,/RR; = H (R3G, R3S)
Rs = glucuronide osulfate, R, = H ( R46 G, R4065S)

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 HorrRéfadsworthREmmons (HWE), the Heck and the Julia
Lythgoe Olefination (JLO) reactior{&urti and Czako, 2005Depending on the reagents
and the reaction conditions used, the former two reactions (Wittig and HWE) favor
formation of thecis-product while the latter two reactions (Heck and JLO) faramns
product formation.

Since our emphasis was oi3-RES, théwittig reaction was chosen as the reaction of
choice. The key reactants in the Wittig reactionaaoarbonyl group and a
triphenylphosphonium safalsoknown as Wittig reagenWR). These WRs formed from
phosphonium sal@@reusually obtained by reactnriphenylphosphine with an alkyl
halide. Thee WRs are also callédy | sb. A \ariety of functionalized alcohols can be
used to prepare ylides which can then react with different aldehydes and ketones thus
greatly expanding their applicability for geaéing functionalized alkenes. Simple
unsubstituted ylides are generally very reactive, giving rise mainly twglig)-isomer.

Two synthetic route@Pettit et al., 2002; Roberti et al., 2008Yyolving the use of two
different WRs with different protecting groups was used to generate RES (See Figure
2.2).Scheme A describes the reactididR 1 [4-(tert-Butyldiphenylsilyloxy)
benzyltriphenylphosphonium Bromide] with the appropriately protected aldel8;8e

Di (tert-Butyldimethylsilyloxy)benzaldehyde in tetrahydrofuran (THF}Z8 °C using R

butyl lithium (n-BuLi) as base. Scheme B dabess 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;(@enzyloxy)benzaldehyde) in THF a8 °C.

Both reactions afforded a mixture@s andtranspr ot ect ed 3, 46, 5 tri hy
which were deprotected with the appropriate deprotecting agents to give a mixtige of
andtrans-RES isomers which were separated by spreparative chromatography.

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

detailed in the experimental section.
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A)

OTBDM S O A
PPh4Br
CHO
n-BuLi, THF O + OTBDPS O
o N
+ 78C ‘ OTBDMS OTBDM OTBDMS
OTBDPS

TBDM SO OTBDM S
Z | somer
OTBDPS 3,5-Di (tert- Butyl diphenylsilyloxy)benzal dehyde E Isomer _ _
Protected 3,4',5 trihydroxy stilbenes
4- (tert- Butyldiphenylsilyloxy) benzyltri phenyl phosphonium Bromide TBAF, THF
Chromatography

Trans (E)and Cis (2)-RES

B) BnO Bno
CHO
PPhBr N,N-DMA, CH,Cl,
n-BuLi, THF | | oBn — = Trans (E)and Cis (2)-RES
+ T BnO + AlICl3, HCI
i O (Chromatography)
BnO OBn OBn
4-(benzyloxy)benzal dehyde OBn OBn
3,5-Di(benzyloxy )benzyl tri phenyl phosphonium Bromide Z isomer E isomer

3,4',5-Tri(benzyl oxy)stilbenes

Figure 2.2 General Reaction Schemes éis andtrans-RES Synthesis.
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2.3.2 Synthetic Routes to RES Sulfates

The synthesis of sulfate conjugates is accomplished by sulfation (formatiogpgeroto
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 trioxieyridine, sulfur trioxidedimethylaniline, sliur
trioxide-dioxane and sulfur trioxiddimethylformamid€gGilbert, 1962) These organic
complexes of sulfur trioxide are milder sulfating reats, 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, dimethylaniéind dimethylformamide (which also
serve as solvents) affords the sulfur trioxide organic complex&gu. This method is
generally considered more reactive, but when carried out under carefully controlled
conditions can afford higher yields of sulfatban the previously described sulfur
trioxide complexes.
RES sulfation was carried out using modifications of literature procefiiasgi et al.,
1999; Kawai et al., 2000; Fairley et al., 20@3)described below.

1) TransRES was treated with 1equivalent (eq) of sulfur trioxpgeidine complex

in excess pyridine using controlleehperature conditions (3%5°C).
ii) TransRES was treated with 10 eq of chlorosulfonic acid in excess pyridiié at
°C.

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

described in the experimental section.
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2.33 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 bants anomeric carbon. The most
common glucuronides of RES aredglucuronides, although a-@iglucuronide 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 Ke&mnigis reactions.

These reactions are sometimes referred to as condensation reactions due to the release of
water molecule situ. The reaction is driven by the relative stereochemistry between
the C1 anomeric carbon and the stereocenter furthest from it (theri@hdn hexoses

and pyranoses). In these sugars, glycoside bond formation occurs in two orientations;
axial and equatorial, with the former giving risdtglycosides and the latter yieldiifg
glycosides. Product formation usually occurs via the lesddned bottom face or the

axial orientation, yielding}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 glikghe 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
glycoside product. RES-Qlucuronides occur natuhlaasb-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 gratlas directs the reaction towards the less
favoredb-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 donera 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 grotipat attacks the electrophilic carbon on the

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

Formation of an oxocarbenium ion

H\O,H
PO * PO PO PO + PO
0 P 0 0 p 0, H 0,
D | R e e | — %ﬁ:ﬁ; e
L) Vs 7 S X
e}

Formation of an acetoxonium ion

Figure 2.3Mechanisms for Oxocarbenium and Acetoxonium lon Formation in

Glycosylation Reactions
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Synthetic approachdbat have been utilized in literature to generate RES glucuronides
include:
1) A modified KoenigsKnorr glycosylation using the glycosyl dorior
methyl(tri-O-acetytb-D-glucopyranosyl bromidejironate (or acetobrordo
D glucuronic acid methyl ester) and REShe presence of silver carbonate
(Wang et al., 2004)
i) A substitdion reaction involving the RES monosodium salt generaisdu
and the protected glycosyl donor with a suitable leaving group, typically a
bromide(Brandolini et al., 2002; Learmonth, 2003; Wenzel et al., 2005)
i) A modi fied Schmidtds trichloroaceti mid
glycosyl trichloroacetimidate and appropriately protected RES in the presence
of boron trifluoride etherat@_ucas et al., 2009)
Specifics regarding the synthesis analification 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 Organi€zace2 and MCF7cells were purchased
from the American Tissue Culture Collection (Manassas, VA), cell culture reagents

EMEM, DMEM, penicillin/streptomycin, Tri€£DTA and fetal bovine serum (FBS) were
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obtained from Hyclone. Gibco RPMI 1640 for cell preiition 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 gipropr

Identification of RES conjugates by LGMS

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 andipws 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/@ih at a temperature of 33C. Mass
spectra were recorded over the ranget@1007 1000. Alternatively, selected ion
monitoring was used for greater sensitivity by recording signals for iomgz307 for
the sulfates and 403 for the glucuronidesntdieation was done on an Agilent Zorbax
SB-C18 column (30 x 2.1 mm ID, 3raparticle size) using a water: acn (0.1%v/v formic
acid) mobile phase set at a gradient 6180% B over 4 min and a flow rate of 2ml/min.
HPLC separation was achieved on a 20rl$B- 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 MuriaslaoworkergMurias et al., 2008)as used to
elute the target compounds according to their lipophilicities in the following order

R46 G, R3G, R46S, and R3S.
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SemtPreparative HPLC Purification of RES Conjugates

The HPLC system (HP 1100 sesjédgilent TechnologiesSanta 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
mmIl.D.,5¢ particl e si z ace CR)Isa aftowrata @ 2.5 ml/mia.All a
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 liggacreased 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 @aslibrated 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 reluced pressure and dried under vacuum. Purified metabolites were greater than
97% pure as determined by MB8LC. Portions of the purified compounds were used for
NMR spectroscopic measurements.
NMR Spectroscopic Characterization

1H, 2D-COSY, 13C (DEPT135)experiments (where relevant) were performed
on a Bruker Avance Il 400MHz spectrometer (Bruker, USA). Samples were dissolved in

appropriate deuterated solvents and all measurements were made at room temperature

(298K). Evaluation of the experimentswasagai ed out wusing Brukeros

software, TopSpin 2.1.
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2.4.2 Synthesis of RES

General Procedure for Preparation ofCis and Trans Protected Stilbenes

To the phosphonium bromide salt (1.0 equiv) in anhydrous THR&C was
added rbutyl 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 (2.5t0 5
ml) was added and the mixture was stirred for 6 to 15 h at room tempefidtare
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 ofcis andtransstilbenes that were separated by normal phase C@sbifl
chromatography. Theis-stilbenes eluted first followed by thinsisomers.

The synthetic routes used to prepare each intermediate used in the synttissis of
andtransRES are outlined below. Synthetic route 1 shows the intermediates prepared en
route to WR 1 (se8chemes 1.1 to 1.4) and ultimatelg andtrans-RES while synthetic
route 2 shows the synthesis of intermediates en route to WR 2 and ultinistaty

transRES.

Synthetic Route 1

1. Towards the synthesis of WR 1
A) Synthesis o#-(tert-Butyldiphenylsilyloxy)benzaldehyde

To a solution of 4nydroxybenzaldehyde (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 agenttert-butyldiphenylsilyl chlorige (TBDPSCI; 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 Mg$5énd concemated to yield a brown oil. The oil was
separated by gradient column chromatography (pure hexane to 19:1 hexane/ethyl acetate)

to afford the aldehydel§) as a white waxy solid (Scheme 1.1).

CHO CHO
DMF, Imidazole
TBDM SCI i} Ph
I
OH o— s;é
[
Ph
4-Hydroxy benzaldehyde 4-(tert -Butyl diphenylslyloxy) benzaldehyde (1a)
Mol Wt = 122.12 Mol.Wt = 360.53
Scheme 1.1

B) Synthesis o#d-(tert-Butyldiphenylsilyloxy)benzyl Alcohol

OH
CHO
NaBH,
= _—
CH;0H
NN 3 ||:)h
OTBDPS O_?_é
Ph
la
4- (tert- Butyldiphenylsilyl oxy)benzyl Alcohol (1b)
Mol. Wt = 362.54
Scheme 1.2
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To a solution ofLa(1eq) in methanol (50 ml) at 0 °C was slowly added sodium
borohydride (NaBk; 1.2 eq). After stirring for 2 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 adetgemic
extracts were pooled, dried over anhydrous Mg&Ql sovent removed in vacuo to

afford the alcoholXb) as a clear oily liquid (Scheme 1.2).

C) Synthesis ofd-(tert-Butyldiphenylsilyloxy)benzyl Bromide

Phosphorus tribromide (PBI10.5 eq) was slowly added with stirring to a solution of
the alcohollb (1eq) in DCM (37 mlat 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 evapaation to afford the bromidel) as a colorless solid (Scheme 1.3).

OH Br
PBrg, CH,Cl,
T
0°C
T’h Ph
I
Oo— ?I Aé o— lSi %
Ph Ph
1b 4-(tert- Butyldiphenylsilyloxy) benzyl Bromide (1c)

Mol. Wt=425.44
Scheme 1.3
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D) Synthesis o#-(tert-Butyldiphenylsilyloxy)benzyltriphenylphosphonium Bromide

Triphenylphosphine (PBHh5 eq) was added to a solutiontbé& bromidelc (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 produdtVR 1- as a colorlessodid (Scheme 1.4).

Br PphsBr

2 | PPh3

NN Ph Toluene, 100°C Irh
I

o0—Si Aé O— ?i Aé
I
Ph Ph
1c 4-(tert- Butyldiphenylslyloxy)benzyltri phenylphosphonium Bromide
[WR 1]

Mol. Wt = 687.73
Scheme 1.4

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

To a solution of 3,5ihydroxybenzaldehyde (1eq) in DMF (10 ml )was added
Diisopropyl ethylamine (DIEA; 2 eq), and the solution was stirred. After 15 min tert
butyldimethylsilyl chloride (TBDMSCI; 2.3 eq) was added dropwisely and the resultant
light brown solution was stirrefdr 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 aldehgd?) as a tan oil (Scheme 1.5).

CHO
CHO

DIEA, TBDMSCI

= >
DMF,rt, 16 h | |
™ S—o0 O0—Si
HO OH | |

3,5-Dihydroxy benzaldehyde 3,5-Di (tert- Butyldiphenylsilyloxy)benzaldehyde (2)
Mol. Wt =138.12 Mol. Wt = 366.65
Scheme 1.5

3. Synthesis and Deprotection of th8,4',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 aldehy2l€l eq). 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
columnchromatography (3:1 hexane/ethyl acetate) and yielded a mixture of isomers

(0.4q; yield).
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Synthetic Route 2

1. Towards the synthesis of Wittig Reagent 2
A) Synthesis of3,5-Di(benzyloxy)benzyl Bromide

To a solution of the benzyl alcohol (1eq) in DCM () 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. sodiwsarbonate, extracted with DCM (3 x
10 ml) before pooling and solvent removal in vacuo to afford the benzyl brofadag

a white solid (Scheme 2.1).

CH,OH CH,Br
PBr, CH,Cl, =~
> NN
H,C—O O—CH, 0°C H.C—O O—CH,
B B B
= = =
3,5-Di(benzyloxy)benzyl Al cohol 3,5-Di(benzyloxy)benzyl Bromide (2a)
Mol. Wt=320.39 Mol. Wt=383.28

Scheme 2.1
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B) Synthesis of 3,%li(benzyloxy)benzyltriphenylphosphonium Bromide

PPhsBr
CH,Br
PPh;, Toluene
—_—>
100°C
H,C—O O—CH, H,C—0 O—Ch,
2a 3,5-Di(benzyloxy)benzyltriphenylphosphonium Bromide

[WR 2]

Mol.Wt = 645.58
Scheme 2.2

To a solution of bromid2a(1eq) in toluene (35 ml) was added
triphenylphosphine (5eq) with stirring and heating (100 °C). After 2 h, a creamy white
precipitatehad 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 of4-(benzyloxy)benzaldehyde
The 4(benzyloxy)benzaldehyde was prepared fitbm4hydroxy benzaldehyde by a
modified Williamson etherification with aq. NaOH and benzyl chloride using DMSO as a

phase transfer catalyst.
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CHO CHO

7 NaOH, DM SO, CgHsCHCI
roomtemp >
N
OH OCH,Ph
4-Hydroxybenza dehyde 4-(benzyloxy)benzaldehyde (2b)
Mol. Wt =122.12 Mol. Wt =212.25
Scheme 2.3

To the solution of NaOH (1.8g) was added the phenolic benzaldehiideq)
dissolved in DMSO (5 ml) followed by a dropwise addition of benzyl chloridedd)5
The mixture was stirredt 25°C for 4-8 hrs under an atmosphere of nitrogen. The
reaction was monitored by thin layer chromatography (TLC) for the disappearance
reactants at which time it was quenched by addition e€adé water. The mixture was
extracted with diethyl ether (3 x 5 ml), the organic phase pooled and washed with water
(3 x5 ml). The extract was then dried using anhydroy$S®aandconcentratedinder
reduced pressure. The residue (a yellowish tan oil) was purified by gravity column
chromatography (9:1 Hexane: Ethyl acetate) to afford the benzyl Etheag flocculent

white crystals (Scheme 2.3).

3. Synthesis and Deprotection of th8,4',5-Tri (benzyloxy) cis and trans-stilbenes
The reaction protected benzaldehydg1 eq)with WR 2 (1 eq)in anhydrous
THF in the presence ofBuLi yielded a mixture of theisandtransprotected stilbenes

(See Figure 2.2 scheme B) as a yellowish waxy solidiwivas 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/difethyl aniline

(DMA) reagent (3 eq) per benzyl group in either toluene at8W°C or DCM at 40 50

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

stirred for 10 min was and then heated td€0Upon attaining70C., the stilbene

mixture (1eq) previously dissolved in anhydrous toluene waded 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 1084 HCI 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 mixteisaridtransRES

isomers was separated using reverse phasememHPLC.

2.4.3 Synthesis of RES Sulfates

A) Reaction with Sulfur trioxide pyridine complex

To a solution of RES (100 mg,ely) stirring in dry pyridine at 38C was added the

S0s.Py complex (70 mdl 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 evapsiagesl

Genevac E2 personal evagrator. The residue was then loaded onto a 30 g RediSep Rf
Gold® High Performance HP C18 combiflash chromatography column (Teledyne Isco,
Lincoln, NE) for preseparation of the sulfates from the parent RES. A gradient

separation over 9 min was run using/ater: 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 purificatiorwerecarried out bysemipreparative chromatography to afford the

monosul fates, R38S).and R46S (Scheme 3

4 OH /O;'/OSO3Na
HO.
HO s \/©/ S03.Py, Pyridine J X

AN
35-45°C
» y +
3 H50, Na,COs, reflux 4 OH
OH OH /O/
HO 5
trans-resveratrol \
3
OSO;Na
Mixture of Resveratrol Sulfates
Preseparate by flash | Purify by semi-prep HPLC
chromatography
Pure R3Sand R4'S

Scheme 3.1
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Table 2.1 Gradient Separation Parametersforthe3g Redi Sep Rf
Combiflash column

Gol

Duration %B Solvent A Solvent B
0.0 5.0 water acn
1.0 5.0 water acn
24 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

4 OH 0OSOK
Chlorosulfonic acid, Pyridine HO
HOs \/O/ -16°C to room temp A

>

then H,0 and solid KOH/K,CO4

3 topH10 +
OH OH OH
trans-RES /O/
HO \
0OSOsK

Mixture of RES Sulfates

Presparate by flash | Purify by semi-prep HPLC
chromatography

Pure R3Sand R4'S

Scheme 3.2
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Resveratrol (100 mg, 4q) was dissolved in dry pyridine and cooledl6 °C. To this
solution was added chlorosulfonic acid (0.3 ml, 10 eq) with stirring and the mixture was
allowed to warm to room temperatuddter 12 h, the reaction was stopped and the
pyridine was evaporated under reduced pressure. The residue was dissolved in water,
solid KOH or KCO; was added (toaisepH to 10) before loading unto the Combiflash
column. Preseparation and final purificath was done as stated for the reaction with

SGs.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 silvetarbonate (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 doteretobromealphaD glucuronic acid methyl
ester) The acetyl pptecting groups on the glycosyl moiety ensured formation of the
d e s i -D-glagcurdnide 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 dropwhg@nd solution was allowed to stikfter 1.5 h, a
solution of acetobromalphaD 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 addethe 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 logimg a 1% solution of acetic acid in MeOH.
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The solvent was evaporated and the crude solid separated bprepaiative

chromatography to afford the desired monoglucuronides (Scheme 4).

OH
HO N O NaOMe (1 eq)
_— >
O Dry MeOH, rt,1.5h

OH
trans-RES
OH
MeO,C
40°C, 4h | ACO
AcO™ AcO
) Br
indry MeOH
CO,Me
OH
oH OH

30 ml Dry ether, THF:NaOH (1:1), rtfor 6h
centrifugation, MeOH/1% Acetic acid,
HPLC purification

Pure R3G and R4'G
Scheme 4
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2.4.5 Testing forPharmacologic (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 @ pBor to any
proliferation assays. The cellswerect ur ed i n RPMI comtaining i
10% FBS, 5% penicillin/streptomycin soluti c
thioglycerol and insulin solution.
The cells were incubated at 33 with 5% CQ and allowed to grow to 70% confluency
beforem s sagi ng. Human cell s were thawed accor
cultured in the appropriate media (EMEM for Cé&and RPMI for MCF7 cells)
containing 10% FBS and 5% penicillin/streptomycin. Cells were incubated in 10 cm
plates in a humidifiedatmosphere at 37C with 5% CQ 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 concemtrat 0.11 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 oin thiko growth of Cace2,
MCF-7, YAMC and IMCE cell lines were evaluated using the al@Bhse® 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 sterathselinhibitor; estrone

3-O-sulfamate (EMATE) while those with the glucuronides were done in the presence of

62



sacchar ol ac tgucumnidase intibiton. Winal cbncentrations of EMATE and
saccharolactone in the wells werefd and 200mM respectivéy. Briefly, Cace2 and
MCF-7 cells were seeded in 96 well plates at a density of 3 gel® per well in 1001

of medium and allowed to attach overnight. The next day, media was changed and
replaced with fresh medium containing varying concentratiétessdt compounds (1L
100mM). The cells were incubated for 60 h, thengl@f the alamarBlue® reagent was
added to the wells and emitted fluorescence read after E@r the mouse cells, the same
seeding density was utilized and cells were allowedowvdor 24 h at 33C in RPMI
media containing | Fier mediarh was adde?l 4nd the YAMC e s h
and IMCE cells were transferred to a @7 incubator. After a further 24 h, fresh medium
containing the treatments was added before being treatiedlamarBlue® for a further
18h. All emitted fluorescence due to cell viability was read off a spectrophotometer
using the SoftMax software (Molecular Devices, Sunnyvale, CA). Calculationsdgr IC
estimates were done with GraphPad Prism for Windeens{on 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 t8.3. All associated NMR and Mass Spectra, Combiflash and HPLC

chromatograms are shown in Appendix A.
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Synthetic Route 1

OH Br
CHO CHO
E—— —_— —_— e
T T T
OH o— ISAQ o— ?4% o— Si%

o—

—o—3

PPh4Br

Aé

4-Hydroxy benzal dehyde (1a) Ph (1b) Ph (1 Pn WR1) Ph
Table 2.2 Yields and Spectroscopic Data for Synthetic Route 1
Compound Qty of SM Expected Actual 1 LC-MS
. Yield H"NMR (m/z, RT,
(Mol. Wt) (mMol) Yield (%) 9P UIity)
et (Acetoned):
A-(tert U = 1.12 495 |
Butyldiphenyl |~ 4-hydroxy 6.96 (d, 2H, J = 8.7Hz), | 361 [M+H[
silyloxy) - | benzaldehyde g 4 029 | 751 (m, 6H, ArH), 7.73 | 5.05 min,
benzaldehyde 29 (85%) (d, 2H, J = 8.7Hz), 7.77 97%
[1q] (16.4 mMol) (m, 6H, ArH), 9.84 (s,
(360.5) 1H, CHO)
(tert (CDCly):
But‘)lllgi%rrtlenyl U 12 (s, 9H, C(CH),
silyloxy) [la]-1.1g 1.05g 4.54 (s, 2H, Ch), 6.75 (d,
\ 1.10¢g o 2H, J = 8.6Hz), 7.15 (d, n/a
benzyl (3.05 mMol) (95%) 2H, J = 8.6Hz), 7.41 (m
Alconol [1b] 6H, Ar-H), 7.75 (m, 6H,
(362.5) Ar-H)
o (CDCly):
But;l/k(jti%rrgenyl 0 11 (s, 9H, C(Ch),
. 4.48 (s, 2H, Ch), 6.72 (d,
silyloxy) [1b] - 1.05¢g 1.07g .
1.23¢g 0 2H, J = 8.6Hz), 7.13 (d, nl/a
be_nzyl (2.9 mMol) (87%) 2H, J = 8.6Hz), 7.39 (m
Bromide [Lc] 6H, Ar-H), 7.72 (m, 6H,
(425.4) Ar-H)
4-(tert .
Butyldiphenyl i = (C::LDC%))'g 2
silyloxy) - ' >
benzyltripheny| [1c]-1.07g 1.0g 5.15 (d,:2H, Ch), 6.52 (d,
; 1.67¢g 2H, J = 8.6Hz), 6.75 (d, n/a
| phosphonium (2.51 mMol) (60%) 2H, J = 8.6Hz), 7.31 (m
Al 20H, Ar-H), 7.71 (m, 5H,
[WR1] Ar-H)
(687.7)
3,5Di(tert- 35 (CDCly):
butyldimethyl dihyaroxy a = 0.21 (
silyloxy) 2.20g Si(CHg),), 0.98 (s, 18H, 2
benzaldehyde/ Pe"22/0eNYdq 2659 (83%) | X C(CHy).), 6,51 (t, 1H, J na
[2]*. (7 24n§1]MoI) = 2.1Hz), 6.92 (d, 2H, J =
(366.6) ' 2.1Hz), 9.86 (s, 1H, CHO)
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Synthetic R

PhH,CO

WR?2)

PhH,CO

(2)

oute 2

PPhsBr

CHO
+
OCH,Ph

OCH,Ph

OCH,Ph

©)

PhH,CO.

OCH,Ph

PhH,CO
PhH,CO ; : \‘W\,/OCHZ

OCH,Ph

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

CisRES

Table 2.3 Yields andSpectroscopic Data for Synthetic Route 2

Trans-RES

Actual LC-MS
Compound Qty of SM Expected | Yield HINMR (miz RT
(Mol. W) | Used (mMol) Yield (% O/Pﬁm )
Yield) orurty
(CDCly):
3,5 3,5
L 2 4.52 (s, 2H, Ch), 5.15 (s,
Di(benzyloxy) | Di(benzyloxy) 154 4H (2 " OCH?G 62 (t(
benzyl benzyl 1.79¢9 . ' N, ' n/a
: Z (86%) | 1H, Ar-H), 6.69 (d, 2H,
Bromide, Ra] | Alcoholi 1.5g Ar-H), 7.52 (m, 10H
(383.3) (4.68 mMol) Camy
3,5
I CDCly):
di(benzyloxy) 4.76(5(4H 23)x OCh)
benzytiphenyl - ali 099 | 4, 129 | 536(d 2H, Ch), 6.45 | 565 [M-Br]",
P Bropmi o (2.35 mMol) =<9 (79%) | (m, 3H, ArH), 7.33 (m, | 4.6 min, 90%
WR2] 10H, ArH), 7.63 (m, 5H,
(645 6) Ar-H), 7.76 (m, 10H, ArH)
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Table 2.3 Continued

] (CDChy:
ooy | syt oo | S50 ooy | aspun,
3] ! > 34749 (1'70/) 7.08 (d, 2H, AfH, J = 3.46 min,
(212.2) (16,38 ?nMoI) °) | 8.6),7.42 (m, 5H, AH), 96%
: : 7.84 (d, 2H, ArH, J = 8.6)
cisandtrans | [WR 2] i 0.5g +
! 499 [M+H]',
Trl(b_enzyloxy) and 0.165g of 388 mg 255 mg n/a 5 46 and 5,50
Stilbenes [3] (66%) ; 0
(498) (7.8 mMol) min, 99%
(MeOH-d,, DQF COSY):
ans G = 6.1 (td),
O 6.21 (d, J = 2.2Hz, 12,6),
CiSRES Tg;gse{i‘léﬁggy) 2 16mg | 6.31(d, J = 12.2 Hzjs ﬁf [Zl\ﬁflﬂ}”
(228) 9 (38%) | vinyl), 6.41 (d, J = 12.2Hz| " L
92 mg ovinvl) 6.63 (d. J = 2.4 min, 92%
(0.33 mM) cis-vinyl), 6.63 (d, J =
' 86Hz,H3 6, 50) ,
=8.6Hz, H2 0, 6 0
(MeOH-d;, DQF COSY):
. i = 6.18 (-
o 4),6.47 (d,J =2.1Hz,H
transRES | 1ibenzyloxy) 50mg | 2,6), 6.78 (d, J = 8.7Hz,-H 227229 M
trans-Stilbene 74mg I A 2 HIY, [M+H]
(228) 68%) | 36, 56), 6. 81 vl
-163 mg transvinyl) 6.98 (d, J = 2.2 min, 97%
(0.18 mM) =0 (4,

16.3Hz,transvinyl), 7.37

(d,J=87Hz, 2 6, 6
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Table 24 Yields and Spectroscopic Data for RES Mondulfates and Glucuronides

Actual

Compound Qty of SM Expected | Yield HINMR L((:r;yz,SRT
(Mol. Wt) Used (mMol) Yield (% P Uit )’
Yield) y

(MeOH-d,, DQF COSY):

d = 6.2 ( t4),

6.5 (d, J = 2.1Hz, 12,6),

. 6.95 (d, J = 16.3H#rans | 307 [M-H]+,
R40S 135mg | 22M9 | inyl),7.04(d, J=16.3 | 1.77 min,
(308) 17%) | | : .

z,transvinyl), 7.29 (d, J 99%
=8.7Hz,H3 6, 50 ) ,
=8.7Hz, H2 66, )6
(MeOH-d;, DQF COSY):
i = 6.66 (-t
4), 6.74 (t, H6), 6.76 (d, J
R3S 37 mg =8.6Hz,H3 6, 50 ) ,| 307 [M-H[",
(308) 135 mg 27%) J = 16.2Hztransvinyl), 1.98 min,
6.97 (t, H2), 7.05(d, J = 98%
16.2Hz transvinyl), 7.37
(d,J=8.6Hz,F2 6, 6
RES (MeOHd4, DQF COSY):
100mg u:§.52(n
(0.44mM) H2-H40), 3.7
H50), 4.93
6.16 (t, J = 2.1Hz, H),
R46G* 176mg | 20Mg | 646(d,J=2.1Hz 2,6) 4237[5';";;'1:'
(404) (11%) | 6.85 (d, J = 16.3Hzrans '99% '
vinyl), 6.96 (d, J = 16.3
Hz, transvinyl), 7.11 (d, J
=8.7Hz,H3 6, 50) ,
=87Hz,H2 6, 6 &
(MeOH-d,, DQF COSY):
U = 3.43 (n
H2-H40), 3.6
H506), 4.82
R3GH 6.40 (t, J= 21Hz, H), | 00 IM-HI-,
(404) 176 mg 34mg | 6.52(d,J=2.1Hz, 12,6), 1.95 min
(19%) 6.67 (d, J = 8.7Hz, H "99%

36,506), 6.7%¢
transvinyl), 6.91 (d, J =
16.3 Hz transvinyl), 7.28

(J=87Hz,H2 6, 6 (

* - Numbering for glucuronic acid proton assignment
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Cell Proliferation Data

A) RES Antiproliferation Activity in YAMC, IMCE and Caco -2 Cells
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Figure 2.4Log concentration curves for RES antiproliferative activity in A) normal
colonic epithelial YAMC, B) preneoplastic IMCE mouse cells and C) neoplastic-Zaco

cells. Data expressed as Mean + S.D, n = 4 for Qacells and n = 8 for murine cells.
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Figure 24 depicts dose response curves generated from fitting the sigmoid four
parameter logistic model to data obtained from RES treatments in YAMC, IMCE and
Caco2 cellsusinga®@2 00 €M concent rsvaluesmeponted lneceare T he |
specific for theconcentration range studied and estimated values + SE were 20.8 £ 1.2
(95% C.1 15.3 t0 28.557 +1.0 (95% C.51.1 to 63.58 and 102.8 + 1.895% C.I 60.2
to 175.1)eM respectively. The log doseconcentration data for RES monosulfates
antiproliferative activity in the murine (YAMC and IMCE) and human (C&cand
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 theseonjugates, we were not able to obtain good model fits for

the data and thus kg& could not be reliably estimated.
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B) RES Monosulfates

A) YAMC
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Figure25Dose response curves for cell gr owt h i

A) YAMC and B) IMCE cells. Data are expressed as Mean = S.D, n = 8.
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Figure26Dose response curves for cell gr owt h i

C) Cace2 and D) M@--7 cells. Data are expressed as Mean + S.D, n = 8.
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C) RES Glucuronides

A) YAMC
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Figure27Dose response curves for cell gr owt h i

A) YAMC and B) IMCE cells. Data are expressed as Mean + S.D, n = 8.
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Figure 2.8Dose response curves for cell growth inhibitory activity oE6R8n d G4 6

C) Cace2 and D) MCF7 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 gsmodifications of two previously
published procedures utilizing WRRettit et al., 2002and WR2(Roberti et al., 2003)
With WR1, we could not generatées-RES in quantitative yields. The final yield was
very low dueto continuous ceelution of bothcis andtransisomers with gravity
chromatography. Multiple chromatographic separations with varying ratios of the hexane:
ethyl acetate system eventually afforded about 5 mg (10%) of the deisirsoimer. This
led to theuse 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 compouBgthe benzyl ether of-iydroxy benzaldehyde.
In spite of this low yield, sufficient quantities were producedddorward with the
Wittig reaction where it was used in a 0.3 to 1 stoichiometric ratio with WR 2. ThggWit
reaction proceeded smoothly but attempts to deprotect the benzyloxy protecting groups
using a literature methg@Roberti et al., 2003net withlittle success. They report the use
of a complex formed from 3 eq N;BMA and 4 eq AlC} at 0°C. However, the seminal
report on the use of this reag€¢Akiyama et al., 1991for 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 tempetiatufailed. We
eventually obtained clean cleavage using a modification of the procedure reported by

Majeed and coworker®/ajeed et al., 2007)his modification involves the use of 3 eqs

74



of reactant (NN-DMA and AICls) for each benzyloxy group to be removed. In addition,
the temperature was raised to between 40 arf€§Majeed et al., 2007@epending on
the reaction solvent being used (lower tempewafor DCM and a higher one for
toluene). We obtained thes andtransRES isomers in &:1.8 ratio (38 and 68 percent
yields respectively)TransRES was isolated with greater purity than ¢cisgsomer
where we could only obtain 92% purity as evidenMS and NMR. The main
contaminant ircis-RES was théransisomer. Retention times observed on the sgrap
column were 5.5 and 5.96 folansandcis-RES respectively (See Appendix A for
spectroscopic data and chromatograms).

The synthesis of RES suléd proved to be more challenging than we had initially
anticipated. All reports on the chemical synthesis of RES sulfétest al., 2002;
Wenzel et al., 205; Miksits et al., 2009; Kenealey et al., 204%)de from the work by
Hoshino and coworker$ioshino et al., 2010used a modification of the sulfation
procedure reported by Kawai et@awai et al., 2000)The procedure reportedly used
the SQ.Py complex in dr pyridine at 6C°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., 200@ho stated that carrying out at the reaction at
room temperature yields more monosulfated potsland 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 4%, we obtained higher yields the monosulfated products relative
to the disulfates. When the temperature was carefully maintained°&t 3% obtained

only RES monosulfates but with lower yields. Thus, the sulfation of RES using the
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S0s.Py complex was found to be highly temperatdependent. Increasing the
temperature to 4%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 challeoipdisulfate 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 la@horious and time consuming with
little increase in efficiency and yields.

We were able to optimize the generation of RES monosulfates using ttieySO
complex by effecting the temperature changes detailed above. Howevarethod does
not covert 10 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 sempreparative column due to severe column and injection line clodpyitige
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 upad 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; thesulfates were being hydrolyzed back to the parent RES. We postulated that
sulfuric acid hydrolysis (solvolysis) was occurring since sulfuric acid isproguct of
the sulfation reaction. Hence the use of either sodium or potassium carbonate salts for

neuralization was introduced after evaporating the reaction mixture. A sufficient quantity

76



of sodium carbonate (200500 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 Bydrolysi
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 ontothe seapir ep col umn where an effective sep
iIsomers was achieved.

As initial attempts to sulfate RES using thes$% complex did not yield
promising resultsalternative routes to the desired compounds were investigated. The
sulfation of polyphenols like RES has proven challenging due to thealeative 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 repdBagiron and Ibrahim, 1987We
decided against the use of this reagenttdube reported noselectivity as well as other
drawbacks such as removal of reactiorpbgducts. Sulfur trioxide dimethyl amine has
also been used for the generation of quercetin sulfate®s et al., 2005Another
sulfating agent reported for polyphenolfation 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 Wahala, 2004gre are no existing reports on the
use of this reagent for RES sulfation but the success regdortsihilar polyphenols
prompted us to try it. The use of 10 eq of cholorosulfonic acid in excess pyridit at
°C afforded the desired monosulfates of RES with less disulfate formation than for the
SOs.Py complex. However the use of greater than lidegased the neselectivity

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 thd?$@omplex. The
same measures applied in that reaction work up weoausilzed 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% vyield. One
disadvantage afsing the S@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 generaga. Sulfation
usingthe SQ.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, facilesymts i s of the 3 and 406 gl u
was achieved with the use of 1eq acetobromo glucuronic acid methyl ester. This method
was a modification of the procedure reported by Vitaglione and cowdi¥iaglione 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 contributimlg to t he
R3G respectively) obtained for this reaction. Subsequent saponification of the
glucuronide derivatives yielded the desired products in modest yields. HPLC retention
ti mes for RES conjugates were 15, 18, 23. 4

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 -Zaod

MCF-7 cells.

Antiproliferation Assays

The IGestimates from the log dose response model fits for RES antiproliferative
activity were 20.8 £+ 1.2, 57 £0, and 102.8 + 1.8M for Cace2, IMCE and YAMC
cells respectively. RES antiproliferative effects followed a trend of increasing activity
(five fold increase in potency) from normal YAMC to neoplastic Gaaells. 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 ceN&aximal antiproliferation seen (as percent of
contr ol growt h) was 4B%célolhrs 180dcHBIRERSoIl n2C
both | MCE and YAMC cel | ssconitdntmasons was28.5%0 % e f f e
and 15% inhibition of cell growth. In IMCE and Gaccells, 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, withthnoaeci t y seen up unt.i
concentrations where we see an almost 50 percent reduction in cell growth.

The antiproliferative/cytotoxic effects of RES has been shownibatitro (Surh,
1999; Surh et al., 1999; Ulrich et al., 2005; Kundu and Surh, 28@8h vivo (Baur and
Sinclair, 2006)n human tumorigenic cell lines and various rodent cancer models. The

ICs0 we obtained for RES in Caedcells is simiar to one previously reported 46df 25
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nmM (Chabert et al., 20067 his study is the first to investigate the antiproliferative
effects of ESin YAMC and IMCE cells.

With RES conjugates (both mosulfates and glucuronides; see Figures 2.5 to
2.8), we did not observe any discernible antiproliferative activity in all the cell lines from
human Cace and MCF7 to the two mouse cell lines. As a result of thig,é€timates
could not be generated atite 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 ithallcell lines useth this
study. Ina 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(Keneaaley 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., 200@)nd this isnot 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 whiaihay 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., 20184t showed activity with RES sulfated
metabolites in varioum vitro assays using purified enzyme targets. Calamini and
cowor ker s r ep @rR8S inhibits purifiediréc@mbimantthunman

cyclooxygenase (COX). and 2 activityin vitro with no effects on quinone reductase 2
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(QR2). Hoshini et al on the other hand show inhibition of GOa&nd 2, inhibition of
nitric oxide production in RAW 264.7celsy b ot h R3S and R406S and
R3S. They also show an inhibition of NFaB i
antiproliferative activity, they tested the activity of these sulfate conjugates in MCF7
cells and found very low (negligible) activityhey 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 toaare 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) sther or all
of RESG6s conjugated moieties contribute to
metabolites are inactive serving instead as a pool for release of the active parent
compound upon deonjugation. Evidence for the validity of either of thesgesgch
guestions has been shown; minoxidil sulfate is known to be the active moiety generated
from sulfation of the parent dry@uhl et al., 199Q)while morphine6-glucuronide has
been shown to be more potent than morphine i{€=dborne et al., 1992With respect to
inactive circulating conjugated metabolites that are deconjugated to active moieties,
reports exist that show these phenomena occurring with human est(6gedberg and
Slaunwhite, 1957)

We cannot claina full validation of the presented hypotheses because we have
used only one end point for probing pharmacologic activity. We did not condutt any

vivo studies to show that these compounds are capable of continuous circulation and
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deconjugation to the pent RES. Initialn 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 hyrolysis of these conjugates needs to be conducted in a more quantitative

manner using LEMS techniques.

Conclusions

The present work provides an improved synthesis of RES sulfates and
glucuronides (as well ass-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 humanrZCaod MCF7 and
murine YAMC and IMCE ce#l 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 conjugtes.
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CHAPTER 3

IN VITRO GLUCURONIDATION KINE TICS OF TRANS AND
CIS-RESVERATROL

3.1 Glucuronidation and UGTs

Glucuroni dati on i wlodurorecscidttohseitabledippphiicf er o f
endobiotic and xenobiotic substrates bearing nucleomntiaps such as hydroxy, amino,
t hi ol or car boxyl -Dwlecuregni acidis domateld byghe engymp o | ar
cof act or , -dphosplkogluceronis écid (UDPGA) via a mechanism similar to
that seen in bimolecular substitution @2SeactionsThis mechanism leads to the
excl usi ve i{Doglucneonidevia a ghyfcosiblic 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 diphaggticuronosyltransferases or UGTs
(Miners and Mackenzie, 1991) he net effect of glucuronidation is to afford metabolites
(glucuronides) with increased polarity and water solubility thus promoting biliary and/or
urinary excretion of ta parent compoun(isher et al., 2001; Wells et al., 2004)
Glucuronidation is a major conjugan pathway accounting for over thirty percent of
drugs metabolized by phase Il drug metabolizing enzymes (Dirans 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

(7]

endoplasmic reticulum. The UGT ekmenygfthe 0
endoplasmic reticulum. This intralumenal localization necessitates the use of pore
forming agents in microsomal fractions for activation and subsequent determination of
biochemical activityBurchell and Coughtrie, 1989; Fisher et al., 20aB)e various
domains of the UGT protein are assigned putative functions based on the amino acid
sequences of both cDNA and purified protgiBarchell and Coughtrie, 1989; Kalies and
Hartmann, 1998; Meech and Mackenzie, 1998; Ouzzine et al., 189§pothetical

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 evolutionar
divergence and sequence homology. The superfamily is divided into two faimilies
UGT1 and UGTZTukey and Strassburg, 2000)

The UGTL1 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 faimrhprises
nine members with variable-t¢rminal domains and identicakt@€rmini (Ritter et al.,
1992) Each protein [UGTLAL, 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 (ers 2 to 5). Four other first exons [1A2, 1A11, 1A12 and 1A13]
lack open reading frames and are pseudogenes designated Whtaekenzie et al.,
1997; Tukey and Strassburg, 2000; Miners et al., 2004)

TheUGT2 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] am seven [2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and 2B28] members
respectively. Just as with the UGT1As, five additional UGT2B pseudogenes are known
[UGT2B24pi 28p](Mackenzie et al., 1997; Tukey and Strassburg, 2000eid 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 expragd in the liver include UGT1A1, UGT1A3, UGT1A4, UGT1A6, and
UGT1A9 (Tukey and Strassburg, 20000GT1A7, 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 cfelsame UGT2B
transcripts are abundantly expressed in steseitsitive target tissues such as the prostate

and mammary gland3 ukey and Strassburg, 2000he various human UGTs along
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with their tissue specific expression and localization are listégppendix B The
UGT2A family members are predominantly expressed in olfactory tissues althoygh the
are also reported to be minimally expressed in the brain and feta[llukgy and

Strassburg, 2000; Argikar et al., 2008)

3.2.4 Substrate Specificity

UGTs are responsible for glucuronidating @ewariety of endogenous
[bilirubin, bile acids, steroidsestrogens, progestins, androgens, thyroid hormones] and
xenobiotic [drugs, dietary chemicals, environmental pollutants and chemical carcinogens]
substrates. Most UGT isoforms especially the UG Eb&ymes exhibit distinct but broad
overlapping substrate specificity. Thus for example, we see bilirubin being almost
exclusively glucuronidated by UGT1AL1 and tertiary amines by UGT1A3 and UGT1A4
(Tukey and Strassburg, 2000; Miners et al., 2004; Nagar and Remmel, ROO@)trast
many phenolic drugs and dietary phytochemicals such as acetdr@mdmapthol, 4
methylumbelliferone and RES are substrates of several UGT1A and 2B isqfiarkey
and Strassburg, 2000; Aumont et al., 2001; Court et al., 2001; Uchaipichat et al., 2004)

A more comprehensive list of various UGT substrates is givéppendix B
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A) Hypothetical UGT structure
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B) Hypothetical UGT Functional Domains
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Figure 3.1Hypothetical Structure of UGT proteins and putative functional domains in a

linearized protein. Adapted from Nagar and Remmel, 2006.
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protein. Adapted from Nagar and Remmel, 2006.

3.3 RES as a UGT substrate in Humans

RES by virtue of & 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 considerationsdaisoform 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 humar{de&anti et al.,
2000) Aumont et al in 2001 then reported on glucuronidation of bistandtrans-RES

isomers in human liveand several UGT isoform{&umont et al., 2001L In 2006, two
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separate studies reported the human intestinal glucuronidation ofBRiE®t al., 2006;
Sabolovic et a).2006) The studies by Sabolovand coworkers showed efficient
glucuronidation of both RES isomers occurring along the entire length of the Gl tract,
from the stomach to the colon. In all of these studies, RES glucuronidation gave rise to

two monaglucuronides; RES-O-glucuronide and R&4 -®-glucuronide.

Stereochemical Considerations

The formation of the monglucuronidated products of RES by the liver, the
intestine and several UGT isoforms has been reported to be bothaedistereo
selective. The regioselectivity arises from thservation that the-®-glucuronide was
formed pr ef er eMgucueohide.ylhedighenrrates of glucdrd@nidation
reported forcis-RES in the liver anttansRES in the intestine account for the
stereoselectivityAumont et al., 2001; Brill et al., 2006; Sabolovic et al., 2006)
addition, a high degree of stereospecificity was observed with one U@fnso
(UGT1A6), reflected by the fact that it preferentially catalyzed glucuronidation at the 3

position forcis-RES alondAumont 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 bedtri@uted to the differential expression of UGT isoforms
in these two organs of eliminatigBabolovic et al., 2006 he studiesliscussedn the
preceding sectioientifiedseveral UGT isoforms possessing activity toward RES

including UGT1A1, UGT1A6, UGT1A7, UGT1A8, UGT1A9 and UGT1A10.
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The major isoforms responsible for the formatidriransRES-3-O-glucuronide
(transR3G) were reported to be UGT1A1 and UGT1A9 with minor contributions by
UGT1A7, UGT1A8 and UGT1A10. The formation ndinsRES4 ®-glucuronide
(transR4 6 G) was predominantly catalyzed by UGT
UGT1Al, UGT1A7, UGT1A8 and UGT1A10. Fais-RES, glucuronidation at the 3
position €is-R3G) was preferentially catalyzed by UGT1A6 and UGT1A9 with
contributions by UGT1A-Brodach(@sRYBGT) AWwA swhielper.i
formed by UGT1A1, UGT1A8 and UGT1A10. None of the UGT2B isoforms reportedly
showed discernible activity towards either of the two RES iso(derSanti et al., 2000;
Aumont et al., 2001; Brill et al., 2006; Sabolovic et al., 208@pendix Blists their
respective tissue localization but of notéhat 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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3.4 Characterizing the Glucuronidation Kinetics of Trans and CissRES

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 cancentrations 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 Michaeligenten (M-M) kinetic pathway. In cases where
deviations occur (non NM or atypical kinetics), isoform selective activity may be
obscured or exaggerated in single point determinations. The full kinetic characterization
of RESglucuronidation 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 studéeconducted under variable experimental conditions, notably the
different RES concentrations utilized in single concentration studies. Lastly, a full kinetic
study should also furnish parameter estimates likg&d K, that can be more
accurately replidzd and compared.

The main goal for this study was to determine the glucuronidation kinetics of
transRES across a wide concentration range that spanned the suggested high doses and
to elucidate the contribution ofs-RES glucuronidation towards total RESposition.

Cis-RES is reportedly glucuronidated at a much faster rate thaarntsisomer in the
liver (Aumont et al., 2001)in a 2007 study in which participants were given a single

250ml dose of red winejs-RES glucuronides and sulfates were recovered from the urine
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in greater amounts thacorrespondingrans-RES metabolite@Urpi-Sarda et al., 2007)
As stated in chapter 2is-RES has not been extensively studied dugstpreviously
limited commercial availability and early reports of comparatively lower activity
(Jayatilake et al., 1993; Pettit et al., 2002pwever its reported presence in dietary
components (sometimes at higher levé@pldberg et al.1995; Romerderez et al.,
1996; WaffeTeguo et al., 2008 nsures its consumption arichas 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
microsanes (HIMs). In addition, kinetic profiles were also determined in the major UGT
isoforms-UGT1A1, UGT1A6, UGT1A9 and UGT1AX0esponsible for RES
glucuronidation. This study was carried out with the ultimate aim of conduntwityo -

in vivo correlatiors of ourin vitro observations to thie vivokinetics of RES.

3.5 Experimental Section

3.5.1 Materials

A

Pooled HLMs, HIMs (2ng/ ml ) and UGT nimph expresoingme skE ( 5
the recombinant human UGT1Al, 1A6, 1A9 and 1A10 enzymes were obtained from
Gentes E BD Bi osci encEasRESSan pluorsiet,y GA)9.9 %) was
obtained from Sigma Aldrich (St. Louis, MO) and subsequently from Cayman Chemical

Co. (Ann Arbor, M) whileCissRES (purity O 98%) was purcha:
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Chemical Co. (Ann ArboMl). Theenzymecd act or UDPGA (as-the tr
glucuronidase (lyophilized powder froEscherichia coli dimethyl sulfoxide (DMSO),

alamethicin, acetaminophen, Trizfh@ris) base and TriznfaHCI salt were purchased

from SigmaAldrich (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, HI Ms and UGT Su ¢glythe mandastireratar e suppl i ¢
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

MgCl, hexahydrat€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°Q

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 ri4Cl and 322 mg Tri$base in 100n!

deionized (DI) water.

D) Preparation of Al amethicin (50 e€g/ ml) s«
Alamethc i n powder was reconstituted in ethanol

i nstructions, yielding a stock solution of
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wor king solution, 5 €l of this stock soluti
final volume of 1 ml. This solution was prepared fresh each time for all incubations.

E) Preparation of RES (Substrate) Solutions

FortransRES, 13. 7 mg powder was dissolved in 6
stock solution. This stock solution was then serialllyted to obtain the following

working solutions: 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1 and 0.05 mMci&®RES (purchased

as a 100 mg/ml solution in ethanol), 200vas taken and lyophilized to a constant

wei ght of 18.4 mg and aasl@0anMstectt soiution. Bhks6 ¢ | [
stock solution was first serially diluted to give the following concentrations: 40, 20, 10, 4,
2,1,0.2and 0.1 mM in 100% DMSO. These DMSO solutions were then mixed with an

equal volume of Tris Buffer to give 20, 10,4,1, 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 withtransRES. This was prepared by dissolving 17 mg CXZ in 10 ml HPLC

grade methanol.df 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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3.53Invitrol ncubati ons with HLM, HI'M or UGT Supe

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 fraotis at final concentrations of 1 mg/ml protein (component A), 5
mM MgCl, (component B), 100 mM Tribl C | buffer with a pH of 7.
(component C), 10 eg/ ml atlarss-REStoltissRES as ( c o mp o r
substrates (component E) and UDPGAnjpomnent F). Component-B made up the
i nitial 45 ¢l master mix (Table 3.2), with
increase or decrease in reaction volumes as a function of final protein concentration. The
general protocol for UGT incubations ahown in Table 3.2 is detailed below. The
master mix (component I) previously prepared in 1.5 ml microcentrifuge tubes was pre
i ncubated for 3 minutes in a shaking water
UDPGA (component Il) was added to inigahe reaction, bringing the final reaction
volume to 50 ¢l . The final reaction miXxtur e
maintained at 37°C for 30 and 60 minutestfans-RES anccis-RES respectively. At the
end of the incubation periods, thereactn s wer e quenched with equ
ice cold solutions of the respective internal standards (component Ill) dissolved in
methanol; chlorzoxazon#&r&dnsRES) and acetaminophetigRES). Samples were
centrifuged at 14,000 rpm for five minutesprecipitate 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 Trig1Cl buffer was used to make tipe final reaction volumes.
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3.5.4 Confirmatory Incubations for the Presence of RES Glucuronides

The presence of RES-®D-glucuronides was confirmed by testing their
suscepti bil i tygltuoc ubryodnriodl ayssei. s-glEooyonifash fram pur p o
Escherichia coli was dissolved in 100 mM Tris HCI buffer to yield a working solution
with final concentration of 150 wunits. Of t
the final incubation mixture (components | and Il from Table 3.2) upon coimplef the
initial 30 min incubation. This was then further incubated overnight at 37°C after which
t h eluduronidasdreated mixture was quenched by the addition of equal volumes of
ice-cold solutions of the respective internal standards in methahelqlienched
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 asgays hout b
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 then vitro UGT Incubations

# Component Working Volume Dilution Final
Solution Factor Concentration
A 1) HLM/HIM or 1) 20 mg/mi ) 2 1) 20x 1) 1 mg/ml
I1) UGT Protein I1) 5 mg/ml 1) 1) 5x 1) 1 mg/ml
B MgCl, 50 mM 5 ¢ 10x 5 mM
C Tris Buffer 0.1M Variable -- 100 mM
D  Alamethicin 50 g/ 10 ¢ 5x 10 e g/
E Substrate Variable 5 ¢ 10x Variable
(transor cis- (0.051 50 mM) (0.0051 5 mM)
RES)
F UDPGA 50 mM 5 ¢ 10x 5mM

*Component®f thein vitro microsomal or supersomal incubations. Note: A final
reaction volume of 100 el was wused during

l i nearity optimization. This was then scal e

Table 3.2 Protocol for HLM, HIM or UG T Incubations with RES

Component Component # Volume

I A to E (Master Mix) 45m
Preiincubate at 37°C for 3 min
Il F (UDPGA) to initiate the reaction 5m
Incubate at 37°C for 30 min
[l G (Internal standard) in ice cold methanol to 50m
guench the reactioggntrifuge at 14,000 rpm fol

5 min, take supernatant for analysis
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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 concentrationforlal UGT enzyme sources. For | inear
final incubation mixture from Table 3.1 was used. For protein linearity, different
concentrations (61 mg/ml) of protein were used and incubations were carried out using
a 30 minute fixed time pot. 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 ushhIris
buffer (component C, Tae 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 incubationstezhsi
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 agueous 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 filterec

into the HPLC solvent reservoir bottles.
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3.5.7 Reverse Phase HPLC Method for Quantition 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 Aumon{Aumont et al., 2001; He et al., 2006he HPLC system (HP100

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
e | injection | oop, a Zor bax SbBsiz&gAgBentc ol umn

Tech., Santa Cl ar a, CA) and a diode array

fortransRES and o ¢esRES The isocrhtic mobile phase consisted of 61.5%
water and 38.5% buffer (methanol/glacial acetic acid, 0.5%sétgt 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 norecalthat 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 oftamal standard

curve consisting of the parent RES. For assay validation, standard curve correlation

coefficients wer eandietérdag toefidiends.ofv&iationiandbiad nt r a

of less than 10% for the concentration ranges studied.

104

(

(



3.5.8 Data Analysis for Enzyme Kinetics

Prior to nonlinear regression analyses, all data were transformed and-Eadie
Hofstee (EH) curves plotted. B curves are plots ofvs. V/[S] wherev representshe
apparent velocity at different substrate [S] con@idns. MM models were fit only to
data exhibiting linear # plots in order to obtain kinetic parameter estimates. To
determine MM parameter estimates, the following equation was (SedhishBowden,
1995)

V= Ve [S]/ (Km + [S]) 1)
where v is the rate of the reactionyis the maximum velocity estimate, [S] is the
substrate concentration, ang, i the MM constant.
The following equations were used to fit the data exhibiting non linear faafstee
plots: a) for those exhibiting a partial substrate inhibition pr@Zleang et al., 2004)
V= Vi (1+ (V2 [SPV 1*Ki)) (1+ (Kw/[S]) + ([S)/K) )
where K is the substrate inhibition constant
b) for those exhibiting a biphasic metabolism prof@walgaha et al., 2005)
V = Vinaxt'[S) (K1+[S]) + (Vinax2'[S)/ (K2+[S])) 3)
where K and K represent the affinitgonstants for the two metabolic phases.
c) for those exhibiting a sigmoidal profi{&/chaipichat et al., 2004)
V= VmnatS"Sso" + S 4)
where 3o is the substrate concentration resulting in 50% qfx{analogous to K in
previous equations) amdis 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

10¢



estimates was performed with GraphPad Instat using aihenl t test assuming normal

distribution, for which a p value < 0.01 was considered significant.

3.5.9In vitro - In vivo Correlation (IVIVC) Analysis

IVIVC allows for the prediction of qualitative and quantitative drug metabolism
parameters. Quantitatively, the most widely adopted apprioagrediction ofin vivo
metabolic parameters from in vitro data involves the calculatiam wafro intrinsic
clearanceCL;y). The calculated Gk is then extrapolated io vivo hepatic clearances
(CLy) and extraction ratios (ER). Measurement ofdoict formation (such as RES
glucuronide) over an appropriate substrate concentration range under conditions of
enzyme and time linearity allows calculation of &nd Vihax for that pathway (in the

absence of atypical kinetics).

CLint = Vima{Kmexpressedsa €| / mi n/ mg. pr ot ei n

Microsomal Cliy is corrected for microsome yield and liver weight (usually 1500 g for

humans) in order to obtain a whole organlhich is then substituted into the well

stirred model for hepatic clearance (¢L

Cln = Qu* (fi*CLind/ Qn + [fu* CLind)

Where Q = liver blood flow

f, = fraction unbound in blood

10¢



3.6 Results

3.6.1 RES HPLC Method Validation
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Figure 3.4Representative calibration curves of the parent RES compountisin)
and B)cis-RES obtained using serially diluted stock solutions in a rat liver microsomal

matrix devoid of UDPGA. Substrate concentration range2@0 m)



Table 3.3 Intraday Validation for Trans-RES

X : Theoretical

Y:

Act ual

Con:

%CV

[transRES] ¢ M (Mean + SD) (RsD) P 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
50 404+24 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 Average Actual Mean SD %CV % Bias
Concentration Concentrat. (RSD)
(e M)
Day 1 Day 2 Day 3
0.5 0.74 0.73 0.79 0.82 0.10 1247 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 50.73 242 4.77 1.47
100 96.62 10093 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 Y: Actual Con: %CV % Bias
[cssRES] ¢ M (Mean £ SD) (RSD)

2.5 21+01 4.63 -15.98

5 4.7+0.3 5.62 -6.94

10 9.9+0.3 3.10 -0.78

50 52014 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 Average Actual Mean SD %CV % Bias
Concentration Concentrat. (RSD)
(e M)
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 9.55 946 051 539 538

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




Figure 3.4 and Tables 3.3 to 3.6 depict representative calibration curves and assay
validations for RES. Al RES standard cur ve
0.99 for the concentration ranges usElge assays also exhibited good in@mad 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 alh@sen 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 chromatogranmafwandcis-RES.
Adequate separation was obtained between the parent compounds and their respective
monogl ucur oni des using the validated HPLC as
were identified on the basis of their reported polarity and elution (retentn@) was in
the following ordeii transR4 6 G ( 2tradsR3¥& (i min)cisR46 G (7. 3 mi n)
CissR3G (8.8 min)trans-RES (9.9 min)¢is-RES (18.4 min). Disappearance of
glucuroni de peak sglucyooidasetconfrmed theirndentitiehd h b
internal standards used, CXZ toansRES and APAP focis-RES were also

unambiguously separated with retention times of 2.0 and 16.6 min.
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3.6.3 RES Glucuronides Time and Protein Linearity Profiles

Formation of the two glucuronide productsti@nsandcis-RES was linear with
respect to time and protein concentration in all the enzyme sources studied. Figures 3.7 to
3.9 deptct linearity profiles fotrans-RES glucuronides while Figures 3.10 to 3.14 depicts
linearity data forcis-RES glucuronides in HLMs, HIMs and recombinant UGT
supersomes. Due to low rates of formation in some of the UGT supersomes, an optimal
protein concemation of 1 mg/ml was used for all enzymes sources. Optimal incubation
times of 30 and 60 min were used fansandcis-RES assays respectively. Fos-
RES, UGT1A1 and UGT1A10 were seen to catalyze only the formatiois-&4 6 G a't
very low rates andosonly time linearity profiles for formation of this metabolite could be

generated (Figure 3.14).
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Figure 3.7 Linearity of formation fotransR 4 6 G tran&RBG in HLMs; A) Protein
linearity over a O 1mg/ml concentration range using an incubatioretof 30 mins B)

Time linearity over a 0 30 min time period with 1mg/ml final protein concentration.
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Figure 3.11Linearity of formation forcis-R 4 6a@dcis-R3G in HIMs; A) Protein
linearity over a O 1mg/ml concentration range using an incubation time of 60 min B)

Time linearity over a @ 60 min time period with 1 mg/ml final protein concentration.
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Figure 3.12Linearity of formation forcis-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
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Figure 3.13Linearity of formation forcis-R3G in UGT1/; A) Protein linearity over a 0
- Img/ml concentration range using an incubation time of 60 min B) Time linearity over
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3.6.4.Trans-RES Glucuronidation Kinetic Profiles
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Figure 3.15Kinetic profiles for formation ofrans-R3G in (A) pooled HLMs and B)

pooled HIMs. Data reported as mean + S.Evbf 6. Incubations were carried out

substrate concentrati.

across a 0 to 5000 &M
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Figure 3.16Kinetic profiles for formation ofrans-R3G in recombinant human
supersomed) UGT1Al and B) UGT1A9. Data reported as mean + S.En\f,6.
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Eadie-Hofstee (EH) Plots for trans-R3G formation
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Figure 3.17EadieHofstee plots for the formation tfans-R3G in A) pooled HLMSs, 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 formationti@ins-R3G in commercial pooled

HLMs and HIMs are shown whileigure 3.5 depicts formation in recombinant human

UGT1A1 and UGT1A9 supersomes. Figure 3.17 depicts their respectivpl&s and

the corresponding enzyme kinetic parameters are listed in TablEr8n&R3G profiles

in all enzyme systems exhibited substratebittun. This was determined by fitting the

substrate inhibition equation to actual data replicates and by direct visualizatiet of E

plots. The EH plots fortransR3G formation exhibited a hook in the upper quadrant

indicative of substrate inhibition katic profiles(Hutzler and Tracy, 2002)

Looking at lnaxestimates per total protein, formationtidns-R3G was greatest in HIM

and this rate was 1153 fold greater than that in HLM, UGT1A9 or UGT1A1l. Thg K
estimate for HI M (5 Gantlygreaier (p 90.04) tharMhatfavas si g
HLM (280. 4 N 2dtimde fatrdhs-R3G Tormatiorkwas markedly

di fferent in HLM (1022 RN 71.5 &M) when comjy
andKkesti mates (109.5 N 5. 9GTLA9 catajzedBreabtionN 18 . 9

was also estimated to be significantly different from one other (Table 3.7).
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Table 3.7 Kinetic Parameter Estimates fofrormation of TransR3 G and R406 G

Product Source  (nmol/min/mg) (eM) (& M) ofFit
280.4 + 1022 +
HLM 7.4+0.25 216 715 PSI 0.91
505.4+ 600.8+
HIM 12.2+0.34 29 4 20.5 PSI 0.95
trans-R3G
279+ 383+
UGT1Al 4.4+0.22 20.53° 5 4P PSI 0.93
109.5+ 613.5 +
UGT1A9 5.4+0.13 5 18.9< PSI 0.94
Vimax1=0.45+ K1 =65.2
0.01 +29
HLM na BPM 0.96
0.03 +106.8

8.9+0.14 4545+ 5643+ PSI 0.95

transR4 6 ¢« HIM 21.8 38.1

086+0.02 50.7+19 129.7+ PSI 0.97

UGT1A1 58

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 coefficientn = 1.6, na = not applicabl84LM versus HIM
estimates significantly different, p < 0.0UGT1A1 versus UGT1A9 estimate

significantly different, p < 0.01°K; significantly greater than Kfor transsR3G formation

in UGT1A9, p <0.01.
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Figure 3.18Kinetic profiles for formationofransR4 6 G i n A) pool ed HL Ms
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The kinetic profiles for the formationansR4 6 G i n HLMs and HI Ms ar
in Figure 3.18 whildigure 3.19 shows theme data for UGT1Al and 1A9. Their
respective EH plots are depicted iRigure 3.20 with corresponding enzyme kinetic
parameter estimates listed in Table 3.7. Inthe casaéR 4 6 G, ki neti ¢ pr of i
differed across the enzyme sources, exhibiting adsiighmetabolic 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
transR3G formation, best fits and kinetic proslevere obtained by fitting respective
equations for each of the models to actual data, obtaifiorgeast sum of squares (SS)
values and visualization of-H plots. The EH plots for HIM and UGT1A1 were hook
shaped (indicative of substrate inhibitiorofiles) while the EH plot for HLM clearly
showed a biphasic profile. TheHE plot for UGT1A9 was characteristic for enzyme(s)
exhibiting sigmoidal or autoactivation kineti@dutzler and Tracy, 2002Jitting the
M-M model equation to data for UGT1A9 proed similar goodness of fit (data not
shown). The rate of formationthnsR4 6 G ( per t ot al protein) wa
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
obtainedin HLM.TransR 4 6 G k i n e 1LA9 was bdastrmodgl€dTby the Hill
eqguation with a Hill coefficient of 1.6.

Figure 3.21depicts the formation dfansR3G andransR4 6 G i n UGT1A10
with glucuronide formation expressed as normalized peak areas (ratios of glucuronide to
internal standargeak 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 metabolitecesRES €is-R3G)
are depicted irigure 3.22 for HLMs and HIMs anéigure 3.23 for UGT1A6 and
UGT1A9. Cis-R3G formation exhibited nolinear kinetic profies 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 respectiveHEplots are represented kigure 3.24
while the corresponding enzyme kinetic parameters asgllistTable 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
isoformsresponsible for catalyzings-R3G formation. In HIMcis-R3G exhibited partial
substrate inhibition with its Km estimate significantly different than the Ki (p < 0.01). In
UGT1AG the kinetics o€is-R3G formation was seen to follow a substrate inhibition
profile while in UGT1A9,cis-R3G formation fit sigmoidal (Hill) kinetics with a
coefficientn of 1.3. Comparing glucuronidation activity in purified supersomes (1 mg/ml
final protein concentrations), UGT1A6 exhibited higher activity (greatgr)\fowards
Cis-RES than UGT1A9 and its extrapolatedaywas similar to one of the two¥x

estimates in pooled HLM (Table 3.8).
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Figure 3.22Kinetic profiles for formation o€is-R3G in (A) pooled HLMs and B)
pooled HIMs. Data reported as mean = S.E.M., n = 3ibattons were carried out across

a 0 to 2000 &M substrate concentration
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Eadie-Hofstee (EH) Plots for cissR3G formation
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Table 3.8 Kinetic Parameter Estimates fofFormation of Cis-R3G

UGt Type of Goodness
Protein Vmax(apparent) Km(apparent) Ki(apparent) Fita of Fit (I’ 2)
Source
Vimaa=12.76 Kn=778.3+
+0.6 68
HLM N.A. BPM 0.99
Vimae=275+ Knp=1798 +
1.08 93.4
HIM 61+03 4157+48% 898%  pg 0.96
36.2
UGT1A6 27.2+1.2 989.9 +92.8 12;291 PSI 0.98
UGTIA9  11.92+03 360 N.A Hill 0.99
92 +0. A (n=1.3) .

Data are expressed as estimate £ SE, nEsBmate units are dellows: Vmax=
nmol/min/mg; Kn= e M, PSI = Partial Substrate
N.A = not applicable®Type of fit determined by visual inspection ofHEPlots and by
fitting relevant kinetic equations to the actual data values where applibéhle;

significantly different from Kestimate (p < 0.01).
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Figures 3.25 and 3.26 depict the results from glucuronidation assays for formation of the

minor metaboliteis-R 4 6 G fiduie B.27 depicts the correspondingHbprofiles.

CsR46G was formed to a | esser extemwmdgtoin HLWMN
the very low rates of formation, kinetic parameters were not readily estimated in HLM,

HIM, UGT1Al1 and UGT1A10 and data shown in Figures 3.25 and @&2hd Q depict

only the mean rates of formation. However visualization of tke fots indicated

substrate inhibition profiles. UGT1A6 did not catalyze the formatiori®R 4 6 G. I n

HLM, the glucuronide product was detected at substrate concentrations abovél.200

UGT1A9, although the product was also formed at higher concentrati @OV ;

Figure 3.26, we were able to fit the N\M equation to the data withp\xand Ky

estimates of 0.33 N 0.015 nmol/ min/ mg and !

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 ouh vitro - in vivo correlations. Our results indicate that the kinetic
profiles for all RES conjugatesr@ansR3G,transR 4 6 dB-R3G anctisR4 6 G) di f f er

markedly across all protein sources.
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Trans-RES Glucuronidation

In HLM, formation oftransR3G 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 decseal velocity with increasing concentratigou et al.,
2001; Hutzler and Tracy, 2002)Vith this model we obtaineda e st i mat e of 279
for trans-R3G formation. With respect teans-RES, DeSanti and coworkerseported a
Knof 150 €M for glucuronidation in HLM with
(de Santi et al., 2000However, their study used a substrate concentration range of 62.5
1000 &M which may peau@dndreported N &imetics. Thewe r K
difference between their observed kinetics and ours bring to light the fact thiegspao
high concentrations may differ from those observed at lower non saturating
concentrationsTransR3G was formed preferentially and at much greater rates than
transR4 0 G. The hi gudpastermine@fotansR4 § G( Wwas 6 f ol d |
that fortransR3G. This was consistent with previously published reports using single
substrate concentratiof&umont et al., 2001; Brill et al., 2006; Sabolovic et 2aD06)

The formation oftran® 4 6 G i n HLM was best described
model where Wax> Vmaxaand Kqn2 >> Ky and the velocity approaches,Mqat higher
substrate concentrations Watut becoming asymptotic. Biphasic kinetics usually makes it
difficult to predict or establish a single value fopYand K, (Korzekwa et al., 1998;
Hutzler and Tracy, 2002According 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 Korzekwa et al., 1998)This is not
surprising given the UGT1A pool present in HLM. It wast 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 fotransR4 6 G f or mat i on.

In HIMs, the rate of formation faranssR3G was 1.5 fold greater than foans
R4 6 G a n d-andstereesetedigty for trandR3G formation in HIMs (just as with
HLMSs) also correlated well with previously published rep@asll et al., 2006;
Sabolovc et al., 2006)The profiles fofformation of bothtransR3G andransR 4 6 G
exhibited substrate inhibition. Substrate inhibition has been observed im@dRted
reactions and Lin et al propose the existence of two binding sites to explain this
observatiorn(Lin et al., 2001; Shou et al., 200They sumise that although the
mechanism of substrate inhibition is unknown, truncating data to-M knetics while
ignoring atypical kinetics (like we report) may lead to erroneous estimates of kinetic
parameters. The substrate inhibition profiles obtainettdmis-RES glucuronides in
HIMs are similar to one with Maxo< Vmaxiand Ky = Kmafor a one enzyme two site
model(Korzekwa et al., 1998)n this profile, the velocity plateaus akM-if the second
site is saturable. In Table 3.7, the &nd K values fortransR3G andransR 4 6 G
formation in HIM do not differ significantly and our data fit this model when we assumed
K; to be equal to k.. Just as with HLMs, HIMs consist of a UGT1A enzyme pool that
would include isoforms differentially expressed in the intestine. Thexelimsed on our
results and observed kinetic profiles, we postulated that the UGT1A isoform(s)

responsible fotrans-RES glucuronidation in HIM would exhibit primarily substrate
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inhibition. UGT1AL, a key isoform catalyzing liver specifiansRES glucuraidation
(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 ofrans-RES glucuronides.

With the putative intestine specific UGT1A10, formation of bodnsRES
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 ratesrahs-RES glucuronidation in HIM
was not adequately explained by rates obtained with the individual recombinant human
UGTs used. We are awathat direct comparisons cannot usually be made between tissue
microsomes and recombinant UG(Miners et al.2006)without considering the relative
expressions of individual UGT isoforms in the various human tissue microsomes.
Recombinant Supersonésire overexpressed enzymes generated in baculoviral or
insect cell systems with resulting matrices and preshynthtberent kinetic properties
from those of HLM/HIM.

For UGT1AL, the substrate inhibition profiles for formatiortrahs-R3G and
R46G also fit the one enzyme two site model
more pertinent in this case as UGT 1Alaisingle purified enzyme source. This isoform
contributed significantly to the formation wans-R3G as evident from its rate of
formation which was approximately 5 fold greater than thatréoisR 4 6 G . I n
comparison withourKk est i mat e allfeta®r7e9p oerM, aBrKm of 149 ¢

transR3G formation in UGT1AXBrill et al., 2006)but do not state the substrate
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concentration ranges used. With respect to formation kinetics, UGT1Al appears to be a

high affinity albeit low capacity isoform although thetegvance of its relatively minor

contributiontotransR4 6 G f or mati on remains to be seen.
In UGT1A9 supersomes, formation mdns-R3G also followed a substrate

inhibition profile. However this profiléiffered from that observed in UGT1A1 and HIM

in that the apparent;lénd K, values were significantly different, a fact reflected in the

shape of the velocitgoncentration curve. While we report the highest (numerical) rate of

trans-R3G formation with UG 1A9, previously published datdumont et al., 2001;

Brill et al., 2006; Sabolovic et al., 200@port the higest rate of formation with

UGT1Al. The formationofransR46 G i n UGT1A9 exhi bited Hill

coefficientn = 1.6. This type of atypical kinetics is suggestive of substrate autoactivation.

Hill kinetics have been previously reported for phase Il metabdkssher et al., 2000)

Brill and coworkers also reported Hill kinetics ftoansR4 6 G f or mati on vi a LU

(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 asymptoti¢iutzler and Tracy, 2002Although HLMs comprise a
pool of UGT enzymes, the biphasic kinetics observed indicates that glucuronide
formation is catalyzed essentially by two main isoforms. asMnd Vinaxe€stimates in
HLM were the same for UGT1A9 and 1A6 respectively (Table 3.8), we could only

postulate (as hasbn previously reported) that these two isoforms were responsible for
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catalyzingcis-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 affinitycomponent to either UGT1A6 or 1A9 on the basis gflone. This is

due to the fact that Kvalues are indicative of enzyme affinities and the presence of
atypical kinetics in both UGT enzymes precluded effective comparisop, estimates
(lIwuchukwu and Nagar, 2010)

In HIMs, cis-R3G formation exhibited substrate inhibition with, Kstimate being
significantly different than the i{p < 0.01). This profile is reflective of either multiple
binding sites or of two sidirates binding to one active s{t€orzekwa 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 bindir@s-RES in HIM which comprises a pool of UGT
enzymes.

In UGT1A6 supersomes, the kinetic profile obtained for the formati@sd®3G
followed a partial substrate inhibition profile with,kestimate not differing significantly
from K; (p < 0.01). This profile is similaio the one enzyme two site model we proposed
for the UGT1AZXcatalyzed formation dfansR3G (Iwuchukwu and Nagar, 2008) his
profile is also evident by the-H plot exhibiting a hok in the upper quadragtutzler
and Tracy, 2002)

With UGT1A9, cis-R3G formation fit sigmoidal kinetics with a Hill coefficient
(n) of 1.3. The sigmoidal kinetics observed ém-R3G suggests either auéativation or
the presence of more than one bindsitg capable of accommodating a substrate or

enzymesubstrate complex. This same profile was also observed in our UGT1A9
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catalyzed formationdfansR4 6 G as depi cted in Figure 3. 16
2008).
Comparing rates afis-R3G formation in pufied supersomes, UGT1A6 had
higher activity (Mnay towardscis-RES than UGT1A9 and its extrapolategdaywas
similar to one of the two Max estimates in pooled HLMs (Table 3.8). This comparison on
relative contributions of either UGT1A6 or UGT1A9d3-R3G formation is based only
on ourin vitro data and we could not make any extrapolations to relativevo activities
as we did not posseasriori knowledge ofn vivo protein expression levels.
FormationoftisR4 6 G (a mi nor medlasbepdxtentieHLM,o c c ur r ¢
HIM, UGT1A1, UGT1A9 and UGT1A10. UGT1AG6 did not catalyze the formation of
this metabolite as has been previously repaieosmont et al., 2001; Sabolovic et al.,
2006) Kinetic parameters fasisR4 6 G f or mati on coul d not be r
HLMs, HIMs, UGT1A1 and UGT1A10 and our data depicts ohly mean rates of
formation. However EH plots indicated substrate inhibition in all enzyme sources apart
from HLMs where it suggested biphasic kinetics. In UGT1&48R4 6 G was f or med

higher concentrations via hyperbolic (MM) kinetics.

Comments on TotalRES Glucuronidation

Formation of the 3D-glucuronide product of both RES isomers was highanthat of

t h eO-gluéuronide in all the enzyme sources we studied. In HLMs and UGT1A9, the
maximum rate o€is-RES glucuronidation with respect to th€3glucuronide was

greater than that reported for traRES (2- 4 fold). In HIMs on the other handis-R3G

formation was 2 fold lower thamans-R3G (Iwuchukwu and Nagar 2008).
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The simplest kinetic models were fit to all our data using the best correlation
coefficient () values/goodness of fits as determined by-iiear regression, the least
sum of squares (SS) values and by direct visualization oftHieets. The use of more
complex models requires a much larger number of data points and knowletige of t
nature of substratenzyme interaction@utzler and Tracy, 2002Y he atypical kinetic
profiles (biphasic, substrate inhibition or Hill) we report iansandcis-RES
glucuronides all fit models for more than one substrate binding site proposed for
cytochrome P450 mediated reactigii®rzekwa 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., 2003h&lpichat 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 kineti¢slutzler and Tracy, 2002Buch sources include excessi
substrate utilization/substrate depletion, very high substrate concentrations, low substrate
solubility, paucity of data points, lack of analytical sensitivity and use of van#tyme
systemgHouston and Kenworthy, 2000Another source of observed substrate inhibition
is the use of high organic solvent concentrations. With the exception of UGT1AG,
UGT2B15 and UGT2B17, organic solvent concentrations of 0.5 and 1% were reported to
have mirmor though variable effects on UGT isoform actiitychaipichat 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 wuhelitions of protein and
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time linearity with respect to product formation. The hyperbolic kinetics observedsfor
R46G in UGT1A9 at substrate concentrations

atypical kinetics arising from high substrate cornragions.

Conclusions

A more accurate estimation of the relative contributions of eaghro UGT enzyme

source tdn vivoactivity (in vitro 1 in vivo correlations) should be based on intrinsic
clearance values obtained by dividinga¥by Ky, values olained 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
describedVenkatakrishnan et al., 200based on the assumption that substrate
concentrations ar e pvasitudtionlwhichadidvnotapplyamoury me 6 s |
study. Even in the absence of atypical kineiiicgivo, complexin vitro kinetics may

affect how data is scaled to timevivo situation. The relevance of atypical kinetics
observed in both isomers of RES to therivo metabolism of this important dietary
polyphenol is not yet fully understood. The presence of atypical kinetics has been
increasingly reported for UGT mediated gamation reactions and should be taken into
consideration when attempting to predicvivo clearances fronn vitro data.

It is also noteworthy thah additionto glucuronidation several other factoraust be

taken into account for meaningful vitro i 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 deconjugatiof metabolites to the parent RES.
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CHAPTER 4

GENOTYPE-PHENOTYPE AND GENDER CORRELATIONS IN
RESVERATROL GLUCURON IDATING ENZYMES

4.1 Background

4.1.1. UGT Pharmacogenetics

The major UGT isoforms involved in RES metabolism as described in Chapter 3
are UGT1AL, 1A9 and 1A6 with minor contributions by UGT1A10, 1A7, 1A8 and 1A3
(Aumont et al, 2001; Brill et al., 2006; Sabolovic et al., 2006gnetic 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 detai(Nagar and Remmel, 2006; Argikar et al., 2Q00&ide from
polymorphisms in codingexonic) regions, numerous intronic SNPs have also been
reported for UGT geng$Saeki et al., 2003; Saeki et al., 2004; Carlini et al., 20096hT
synonymous SNPs usually alter primary protein structures (amino acid) and are thought
to be the most relevant with respect to alteration of enzyme phen&tygpeoter
polymorphisms on the other hand are expected to alter protein expression levels thereby

possibly altering the organ clearance of UGT substrates functional significance and



genotypephenotype correlation of these UGT polymorphisms is an oggaiea of
research. UGT pharmacogenetics has been extensively covered in recent reviews
(Burchell, 2003; Guillemette, 2003; Nagar and Blanchard, 2006;™NaghRemmel,

2006) Although numerous polymorphisms in two unique major isoforms (UGT1A1 and
UGT1AG6) involved in RES metabolism are known, this study focused only on certain

distinct polymaphisms as discussed below.

UGT1A1 Polymorphisms

Although there are currently more than 100 UGT1AL1 allelic variants described,
the most commonly studied is the UGT1AL promoter polymorpliisitiiams et al.,
2008) This polymorphism is defined by a variatdémgth (5-8) A TAOG tandem r e
the regulatory TATA box of the UGT1Al1 gene promdf@osma et al., 1995The TA
repeat polymorphism confers several genotypes baséde 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
(Bogma et al., 1995; Raijmakers et al., 2000; Fang and Lazarus, 2004, Girard et al., 2005;
Yoder Graber et al., 2007/7harmacogenetic variability in UGT function and expression
due to this polymorphism has attracted great interest bechiisenvolvement in two
disease states (Crijjddaj j ar and Gil bertds syndromes) at
toxicity. With respect to thepatic clearance of bilirubin and other xenobiotics, an
inverse correlation between number of TA repeats and ghaalating activity has been

reported(lyer et al., 1999b; Iyer et al., 2002; Peters et al., 2003; Fang and Lazarus, 2004)
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Common
Exons

W
N

TATATATATATA
UGT1A1*1 (TAﬁ) -------- Normal function and expression
UGT1A1%28 (TA7) -------Decreased function and expression

UGT]A]*SG(TAS) ------- Normal to high in vitro function

UGT1A1*37(TAg) ------- Decreased in vitro function

Figure 4.1 Schematic of the encoded UGT1A1 gene undergoing active splicing of the
unique first exonto commonexond2. The 56 regul atory (pr omo
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 conferfBae reference UGT1A1*1 allele has reported
frequencies ranging from 0.60 to 0.62 in Cauaasi®.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) alts are found only in


http://www.pharmacogenomics.pha.ulaval.ca/

African Americans, with frequencies ranging from 0.07 to 0.09 and 0.02 to 0.035

respectivelyBeutler et al., 1998; Williams et al., 2008)

UGT1A6 Polymorphisms

Five nonrsynonymous single nucleotide polymorphisms (SNPs) have been
reported in the human UGT1A6 geft@otti 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 polyrhmnps of interest to us are 3 non
synonymous coding SNPs found in exon1®T>G, 541A>G and 552A>C encoding
amino acid changes Ser7Ala, Thr181Ala and Argl84Ser and yielding four (* 1 to *4)
UGT1AG alleles. The relevant alleles are represented as18Il, 541A and 552A, *2
19G, 541G and 552C, 319G, 541A and 552A, *4 19G, 541A and 552C.

The Ser7Ala polymorphism resides within theéédminal signal sequence while
the Thrl81Ala and Argl84Ser polymorphisms reside in the putative internal ER
signalingdomain. 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 allel¢€iotti et al., 1997; Nagar et al., 2004b; Krishnaswamy et
al., 2005) The variability in reports for UGT1A6 varitallele frequencies could also be
attributed to differences in allele definitions between studies, with frequencies not being

as clearly defined as those of UGT1AL.
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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 laboratoy showed thatransRES inhibited estradiol glucuronidation in HLMs at
high concentrations for the formation of it€33glucuronide and at low and high
concentrations for the 1@-glucuronide produatUng and Nagar, 2009yWe therefore
hypothesized that there may be a gender related influence on RB®hseteas well.
Differences in gender with regards to clearance has been reported with females showing
higher clearance than men for drugs cleared by CYP3A enz@nesnblatt and von
Moltke, 2008) There are not many reports on sex differences in gluciatordand
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 exposureThe high intestinal absorption but low bioavailabilityof RES is
known(Walle et al., 2001; Wenzel et al., 2008aving other aspects of its disposition
warranting further investigatiolWVith regard to RES and its metabolism, the question of
where activity resides has been posemtgactivity 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 impacbf genetic polymorphisms in any enzymes catalyzing the formation of
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these metabolites are warrant&thce UGT enzymes responsible for RES
glucuronidation are known to be genetically polymorphic, it stands to reason therefore
that genetic differences inetabolizing capacity could contribute to differences in
bioavailability and/or systemic clearance. Polymorphisms in UGT enzymes could have
i mportant i mplications on RES (and metabol.
variants furnishing lower pareand higher metabolite(s) levels and vice vefsaother
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 becaelevant 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

Genotypd phenotype as well as gender correlations in RE8Sugbnidation have
not been conducted before. The fact that variowgtro andin vivo studies incorporating
pharmacogenetic evaluations of UGTs have characterized associations between genetic
variability and clinical outcoméyer et al., 1999a; Ando et al., 2000; lyer 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; 8met al., 2006; Chen et al., 2007; Yoder Graber et al., 2007;
Argikar et al., 2008; Limenta et al., 2008} us to study the effect of genetic differences
on RES dispositionl'he aim of this study was thus to evaluate human livers for
differences in RES glucuronidation capacity due to polymorphisms in UGT1Al 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 studiescmiRES glucuronidation in aim 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 ligek.
4. Usetrans-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 assest® conducted using

commercially available pooled male and female HLMs.
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4.4 Experimental Section

4.4.1 Materials

TransRES, UDPGA, DMSO, alamethicin, acetaminophen (APAP),
chlorzoxazone (CXZ) ands-RES including all chemicals used to prepare bsféerd
ot her reagents were as purchased i n sectior
expressing the recombinant human UGT1Al and UGT1A6 enzymes were obtained from
GentestE BD Biosciences (San Jose, CA) as
ard Gel Star Nucleic Acid Stain were obtained from Lonza Group Ltd. (Basel,
Switzerland). Restriction endonucleaslsil, BbM andHhal) and their respective
buffers were purchased from New England Biolabs (Ipswich, MA). The K&Ti1A6
primary antibody wa obtained from BD Biosciences (San Jose, CA). Cell culture
reagents; Dubelccobds Modified Eagl eds Medi
fetal bovine serum were obtained from Mediatech (Manassas, V&) UGT1A6
specific oligonucleotide PCR primers wesynthesized by Operon Biotechnologies, Inc.
(Huntsville, AL). DNA step ladder, Promega PCR Master Mix, (solution contaifaag
DNA polymerase, dNTPs, Mg&and reaction buffers) and 10X T#iscetateEDTA
(TAE) buffer were purchased from Promega Corpora¢{Madison, WI). TrisEDTA
(TE) buffer pH 8.0, nucleaskeee water, and other molecular biology grade reagents and
solvents were purchased from Thermo Fisher Scientific Inc. (Waltham, MA).
Ultracentrifuge tubes were obtained from Beckrtanulter (Fulleton, CA), Tween 20
was obtained from Sigma Chemical Co (St Louis, MO), $SI*&E gels and 4X LDS

Sample buffer for western blots were from purchased from Expedeon Inc (San Diego,
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CA), Fisher EZRun 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 TweenTris Buffered Saline (TTBSpH 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 HCI and
monitoring pH continuously. Another 2 L of distilled water and 2 ml Tw2@mwas

added to this solution with stirring. After thorough mixing, the final solution (containing
0.05% Tweer0) was poured into a 10 L dispensing gallon for further use.

20X SDS Running Buffer

The 20X PAGEgel SDS Running Buffer stock solution was prepareceiphwg 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 flakknade 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 dimgj &do

470 ml DI water in a 500 ml measuring cylinder.

16t



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 aff 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 wimtbfihe

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 onice 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 wasb

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,f®) 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
potassiun phosphate (JHPOy) was prepared by weighing out 14.2 g powder and
dissolving itin 1 L water (Solution B). A mixture of 95 ml A and 405 mI B made a 0.2 M
phosphate buffer solution. A twofold dilution of this 0.2 M phosphate buffer afforded the
0.1M stockphosphate buffer solution used.

0.01M Potassium Phosphate with 1.15% KCI (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 dldeled 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 adath 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



purchased from the Fox Chase Cancer Center Tumor Bank Facility (Philadelphia, PA).
All samples were délentified with respect to age, ethnicity and gender. DNA was
extracted from approximately 30 mg of human liver tissue using the Promega Wizard SV
Genomt DNA Purification System as follows.

Sampl es were incubated overnight in 275
incubation tubes were spun down and their supernatants transferred to fresh
DNAse/RNAse free tubes for purification. Purification was cardbeddt by addi ng 2
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 wasm@ighed four times with
650 €l ethanol wash buffer and spun at 13, (
was eluted after the last wash using nuclease free water maintained at 65°C. DNA
concentrations were determined on a SpectraMax M2 spectrophetamsiag 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 PCFRRFLP assay described lffagar et al., 2004hyas
used to detect the 19T>G, 541A>G and 552AcSNPs in the UGT1A6 gene. For the
PCRreaction,2004 00 ng of genomic DNA was mixed wi

Mi x and 2 €l each (10 €M final <concentrati
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[R] primers in 100M PCR tubes. The primers anefgiences] below were used to
characterize the 19T>G SNP(] 53). 56 GAT TTG GAG AGT GAA AA(
andR184 56 CAG GCA CCA CCA CTA CAA TCT C 30]
552A>C SNPsF414: 56 CTT TAA GGA GAG CARA28GTSI0O TGA T
CCACTCGTTGGGAAAAAG TC 36]. Nuclease free water
in the PCR tubes to make up the 50 ¢l final
Figure 4.2 depicts the amplification protocol used in this study. Amplification was
carried out using the following cyelsequence : 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 taggedg@icon 2. Amplified products were subjected to DNA
electrophoresis to confirm suitability of amplification. This was done by mixingi2ob
amplified DNA product with 10r nuclease free water anch86X DNA loading dye and
loading the entire mixturento 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 amplificait step was carried out usingrtof the first
amplification product following the exact same procedure as above.
All PCR products were subsequently digested using relevant endonucléhasges;
for amplicon 1 Nsil andBbM separately for amplicon 2. Fdne digestion, 31 of the
amplification products (1 or 2) was added to PCR tubes containing a mixturd of 1
appropriate restriction enzymes andi2f the required restriction enzyme buffer.

Nuclease free water (1) was used to make up the &Dfinal reaction volume. For



Hhal digestions, 0.21 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 Bshltoensure adequate
digestion. All digested products were mixed withi3f 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 atcth€Rase
Cancer Center Genotyping Facility with a high throughput Genescan(&=sdini 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
10mM F(-53) 10mV F414 2
10mM R184 10mVi R628 2
volume varies with DNA
400 ng DNA 400 ng DNA
sample concentration
to make up 50r final
nucleasdree water nucleasdree water

reaction volume
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37 cycles

94°C | 94°C
72°C| 72°C
45 30s  \ / -\
5 5 56°C 50s ‘ 3 min 4°C
30s a0
Amplification NO
evident via DNA _—
electrophoresis Re-amplify
using 4ul of
Dlgest using VES product
approprate restriction
enzyme at 37°C for 3h
Product 1 Product 2
237 bp 215 bp
thaI Nsil /\Bbvl
T | | A I I |
G 1| | G| | [ I | |

Figure 4.2UGT1A6 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 pogalilation of successfully

assigned genotyped livers. An example for UGT1AG6 is represented below:

Frequency of UGT1A6 *1/*1 genotypeaN

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) + ¥z f(Aa) = frequency of the A allele and
g = f(aa) + ¥z f(Aa) = frequency of the aali

So for UGT1AG6 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 % 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 GT1A6 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 aB(°C. The standard method of microsome isolation by Franklin and
Estabroolk(Franklin and Estabrook, 197%as modified as follows: Livensere 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% KCI in 0.01 M Potassium phosphate buffer,
pH 7.4) and placed in 5 ml PottBivejhem glass containers. Samplesre 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 Z233MHéfrigeratednicrocentrifuge
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 faethteifuge rotors.
Ultracentrifugation of the S9 fractions was conducted in a type 50TI rotor usingi@ L5
Beckman Ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA) set at 4°C and 100,000
g for 60 min. The pellets obtained from ultracentrifugatiomesresuspended 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 at80°C until further use.
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Culture and Generabn of Cell Homogenates

Human embryonic kidney cells (HEK293) that had been previously engineered to
stably express the UGT1A6*1, *2, *3 and *4 allozyn{blegar et al., 2004byere used
for allelic phenotyping. Different clones had been generated for each allozyme and we
selected individual clones on the basis of comparable UGT1A6 expressits leve

Cells were thawed and cultured in 10 cm plates using DMEM containing 10%
fetal bovine serum, 1%-g1 ut amate and 5% penicillin/stre
Cells were allowed to grow to 80% confluency48lays) 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 XEDTA Trypsin at room temperature and observed for
cell detachment. Upon cell detachment, 6 ml media was added to inactivate the trypsin.
The trypsinmedia 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 rm for 1
minutes. The supernatants from this centrifugation step were aspirated and the remaining
cell pellets were either homogenized immediately or store8l0aC prior to
homogenization. Harvested cells were subsequently homogenized im 60000 mM
Tris-HCI 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 steB8CatProtein

content for both microsomes and cell homogenates was determined vitatierd
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assy (Bio-Rad, Hercules, CA) using bovine serum albumin (BSA) as the protein

standard.

4.4.6 Western Blot Analyses

UGT1A6 SupersomesE and cell homogenat es
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 homoger
proteins was mixed with 81 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 el ectrophoresis apparatus was set up ac
The sandwich between the plates was removed and replaced wittecoally available

8 or 10 % 12 well SDFAGE 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

running buffer before loading with the protein samples. The outer chrawds 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 batfahe 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 bgiptpit between 10 sheets of extra

thick blotting paper (all cut to gel size) and soaking in 1X transfer buffer. The BioRad
TransBlot SemiDry transfer cell apparatus was also set up. After electrophoresis, the gel
was removed from the sandwich cassbkftearefully 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 withgiass 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@@G{T 1A6 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 antrabbit 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
protecta 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 ofb-actin

For the detection of thie-actin bands, blots were either stripped using a cartiale
western blot stripping solution or membranes were cut off below the 45 kDa molecular
weight marker. Membranes were then probedfactin using a 1: 500 dilution of its
primary antibody.

Analysis

After film development, images were analyzed witl Hoftware 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 afaacsn.

4.4.7 Phenotyping and Gender Correlation Assays

UGT1Aland UGT1A6 Phenotyping; transand cisRES 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 establiglconferred 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 sttified by UGT genotypes. Commercially available HLM
and recombinant UGT1A6 and 1Al isoforms were used as positive controls. Conditions
for linearity with respect to time and protein concentration were optimized for HEK 293
cell homogenates in preliminarjuslies as described in chapter 3. Incubations with the
substrates (eithéransor cis-RES) were as previously described in section 3.5.3.

(lwuchukwu and Nagar, 2008)ransandcis-RES were dissolved in DMSO to yield a



final concentration of 5% v/v DMSO in incubation mixtures. All solutions of eitiseor
transRES used were prepared fresh from stock solutions in DMSO, adequately protected
from light and stored at 4°C. As detailedChapter 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 homages. For cell homogenates expressing
UGT1AG6 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 p@sdontrol. Due to the

extremely small sample size of livers from amalignant patients, a total of 25 liver
samples were phenotyped for UGT1A6 activity (UustigRES), and 24 livers for

UGT1AL1 activity (usingrans-RES). All incubations were carried auattriplicate.

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 revpheese HPLC assay described in chapter 3.
All conditions for the assay remained unchan@eaichukwu and Nagar, 2008;

Iwuchukwu et al., 2009With preliminary diode array detector scans confirming imax

17¢



for all metabolites to be at the same wavelength as the parent RES. Standard curve

correlation coefficients for al/l assays 1in

4.4.9 Data Analysis

All data were transformed andHE curves plotted prior to nonlineeggression
analysis. From theHH 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 tsidedt test assuming normal distribution, for which
ap value< 0.01 was considered significaiMagar et al., 204a) For comparison of
glucuronidation velocities among genotyped liver samples, GraphPad Instat was utilized
to conduct onavay ANOVA, followed byposh oc Tukeyds multiple co

p value < 0.05 was considered significant.



4.5 Results

45.1 Genotyping Assays

Of the 67 liver samples used for the study, 51 were assigned clear UGT1A6
genotypes while all 67 samples were successfully assigned UGT1Al genotypes. Figure
4.3 depicts representatidegestion patterns for amplicons spanning theetW&T1A6
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
enzymedihal, Nsil andBbM as described in section 4.4.4. The assigned genotypes for

UGT1Al and UGT1A6 polymorphisms in our human liver bank are listed in Table 4.2.

Hhal Nsil Bbvl

215 —
215 —
128 139 —

87 —

237 —

165 —

79

Amplicon1 (19T=G) Amplicon 2 (541A=G) Amplicon2 (552A=C)

Figure 4.3Representative digestion patterns for amplicons spanning the 19T>G,

541A>G and 552A>C UGT1A6 SNPs.
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Table 4.2 UGT1Al1 and UGT1A6 Assigned Genotypes

Sample # | Pyrosequencing PCR- RFLP Analysis
UGT1Al UGT1A6
Base # 19| Base # 541| Base # 552| Assigned
Hhal Nsil Bbv Genotype
6 6/6 T A A *1/*1
7 6/6 T A A *1/*1
15 717 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 AIG A/IC *1/%2
9 6/7 TIG AIG A/C *1/*2
10 6/7 T/IG AIG AIC *1/%2
20 717 TIG AlG A/C *1/*2
21 6/7 T/G AIG A/IC *1/*2
23 6/7 T/G AIG AIC *1/*2
24 6/7 TIG AlG AIC *1/%2
30 6/7 T/IG AIG AIC *1/%2
31 6/7 T/G AIG AIC *1/*2
32 6/7 T/IG AIG A/C *1/%2
33 77 T/G AIG A/IC *1/%2
38 6/7 T/G AIG AIC *1/%2
41 6/7 T/G AIG A/C *1/*2
43 6/6 T/G AIG A/IC *1/*2
45 6/7 T/G AIG AIC *1/%2
46 5/7 T/G AIG AlC *1/%2
47 717 T/IG AIG AIC *1/%2
51 6/7 T/G AIG AIC *1/%2
52 7/7 T/G AIG A/C *1/%2
55 6/7 T/G AIG A/IC *1/%2
60 6/7 T/G AIG A/IC *1/*2
61 7/7 T/IG AIG A/C *1/%2
66 6/7 TIG AIG A/C *1/*2
19 6/7 T/IG A A *1/*3
18 6/6 T/G A A/C *1/*4

181




Table 4.2 continued

44 6/6 T/G A AIC *1/*4
57 6/7 T/G A A/IC *1/*4
58 6/6 T/G A A/C *1/*4
65 6/7 T/G A AIC *1/*4
11 6/7 G G C *2/*2
13 717 G G C *2/*2
27 6/7 G G C *2/*2
36 717 G G C *2/*2
37 717 G G C *2/*2
53 717 G G C *2/*2
62 717 G G C *2/*2
2 6/6 T? A c? ?
5 6/6 T A AIC? ?
56 6/7 T AIG A ?
4 6/7 T A AIC? ?
54 6/7 T/G G AIC ??
14 6/7 T/G AIG A *1/*2?
28 6/7 T? G C ?
67 6/7

1 717

8 6/6

12 5/6

22 6/7 No DNA Samples available

26 6/6

35 6/6

48 6/6

59 717

* - Conducted at Fox Chase Cancer Center Genotyping Facility, Philadelphia, PA

Allele and Genotype Frequencies for UGT1A1 and 1A6

assignment of fivgenotypes$ 5/6, 5/7, 6/6, 6/7 and 7/7 and identification of three alleles
T 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 identifed in this population.

Genotyping for the UGT1A1 promoter TA repeat polymorphism led to the
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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}: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 #mel5 genotypes assigned were calculated to be

in Hardy-Weinberg equilibriumTable 4.3 lists calculatedi@le and genotype

frequencies for the UGT1Al 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
5/6 0.015
5 (TA repeats) 0.01
6 (TA repeats 0.56 6/6 0.33
n=67 ( peats)
6/7 0.45
7 (TA repeats) 0.43
717 0.19
*1 (19T, 541A, 552A) 0.58 *1/*1 0.29
*1/*2 0.45
UGTIAG 4 (19G, 541G, 552C) 0.36
*) [*
n=51 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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45.2 UGT1A6 Cellular Studies
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Figure 4.4Protein and Time linearity profiles for the formationcts-R3G in the
UGT1AG6 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 O 1.5 mg/ml and nie-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 e60 min. We chose an optimal
incubation time of 30 minutdsr 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 adst 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 clone of each allozyme and a graphical representation of their

normalization withh-actin.
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UGT1A6

Actin

Figure 4.5Representative western blots for UGT1A6 allozymes expressed in HEK293
cells. Blots were normalized against integrated densitigs-émtin using thémageJ

software. Capitalized letters or numbers underneath each allozyme represent individual

*1 *2 *3 *4
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B+ Actin
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Int Den
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*1 *2 *3 *4
UGT1A6 Allozymes

clones. Clones T, 5, 7 and R were used in kinetic studies.

UGT1AG6 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 iRigures 4.6 and 4.7. Figure 4.8 depictsiplots 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.

100+
m *]
A *)
75- v #3
o *4

V (nmol/min/mg)
g 9

] ] ] ] L}
0 500 1000 1500 2000 2500
cis-RES [uM]

Figure 4.6 Kinetic profiles forcis-R3G formation in UGT1A6 *1, *2, *3 and4
allozymes before normalization for UGT1A6 protein. Data are expressed as mean *

S.E.M using a 0 2000nM substrate concentration range, n = 3.
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Figure 4.7 Kinetic profiles forcis-R3G formation in UGT1A6 *1, *2, *3 and *4
allozymes after normalizatidior 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 rangé 2000mM.
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Table 44 Kinetic parameter estimates for the formation ofcis-R3G by recombinant

UGT1A6 allozymes and SupersomeseE
Type
Goodness
UGT1A6 Vmax(apparent) Km(apparent) Ki(apparent) of of Fit (I’ 2)
Fit®
*1 Allozyme® 86.1+55  402.1+39.2 931.7+101.2 PSI 0.93

*2 Allozyme  135.9+4.28' 7498+61.2 742+68.2 PSI 0.95
*3 Allozyme  198.2+558  376+28.8  763.9+63 PSI 0.95
*4 Allozyme 612 +27.38" 9452+938 948.8+115.2 PSI 0.91

Recombinant

27.2+1.2 989.9+92.8 1012+55.9 PSI 0.98
Superso

Data expressed as estimate + SE, n = 3. Estimate units are as follgws: V
nmol/min/mg; K, = eM; K; = ¢eM; PSI = partial substrate inhibition,

*Type of fit determined by visual inspection of Eatliefstee Plots and by fitting to
relevant kinetic equations where applicaBfdjozymes stably expressed in HEK293
cells; “Velocities obtained after correcting for UGT1A6 protein content using the wild
type *1 as referencéV maxestimates significantly different from that for the *1
allozyme,p < 0.01;°K, significantly greater than that for the *1 allozymes 0.01; K;

significantly different from k, estimate for the respective allozynpe< 0.01.
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The formation of i5-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 highegt.ollowed 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 UGT1AG6 protein) but n
followed by the *3 and *2 allozymes (Table 4.4, Figure 4.7). The *1 allozyme had the
lowest Vinax0f 86.1 £ 5.5 nmol/min/mg UGT1AG6 protein. The,)estimates in variant
allozymes were significantly different (higher) from that in the wild type allozyirhere
was no significant difference between thg Walues for *1 and *3 respectively (402.1 +
39.2 and 376 N;v2a8l.u8e se¢ M)9 3blu.t7 thhel OKL. 2 and
two allozymes differed significantlyp(< 0.01) from their K, values (Tablet.4). For the
the*2 and *4 allozymes, there was no significant difference between thein& K
estimates although the Km estimates in these two allozymes was seen to differ

significantly from that in the *1 allozyme & 0.01).

4.5.3 UGT1A1 and UGT1A6 Phenotyping with Genotyped Human Livers

To confirmphenotypes obtained in cellular studves used the previously

genotyped timan livers forcisandtransRES glucuronidation assays.
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UGT1A1l and TransRES 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 tral®ES glucuronides. We had previously
hypothesized that the®I'1A1 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 getype 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 bothtrar83 G and R406G in the individua
samples used in this study. 8 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 tRes 6 G
ranged from 0.008 to 0.4 nmol/min/mgpgein while that of tranR3G 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 significant difference in the
formation of R3G was seen across all titvee genotypes (Figure 4.9B). However for the
formation of R46G, we obser ved00d)ingdhe@dT i st i c e
livers when compared with the 6/6 or 6/7 livers. Comparing the average rates of
formation in the individual human lers by genotype, we did not observe any significant

difference among the genotypes for both metabolites Appendix Q.
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Figure 4.9 A) Variability observed in formation dfans-RES metabolites in individual
livers B) Formation ofransRESmetabolites in 24 livers from nemalignant patients
genotyped for UGT1ALl TA repeat SNPs. Data are depicted as mean + S.D., N 7a3. *V
different from 6/6 and 6/7 genotypgs< 0.05) using a one way ANOVA statistical test.
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UGT1A6 and CisRES Glucuronidaion

Figure 4.10 depicts results obtained in pooled genotyped human livers bearing the
relevant UGT1A6 polymorphism€&is-R3G was formed to a greater extent then
R46G as has beenAumoneetral.,@Q0%; Sabolavie gt a.r20080d
the minorcisR4 6 G met abol ite, no diffesrThece was
velocities for the formation of the UGT1A6 catalyzsd-R3G in UGT1A6 *1/*2 and
*2/*2 livers were significantly differentg< 0.05) from that in UGT1A6 *1/*1 livers. No
difference was observed between the *1/*4 livers and *1/*1 livers. Due taitpand
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 adransRES in male and female HLMs followed the
biphasic and substrate inhibition kifos earlier reported for the formation of tralRsd 6 G
and transR3G in pooled HLMs. ForransR3G, although formation followed substrate
inhibition kinetics, K estimates could not be reliably generated possibly due to the lower
concentration range usedi(@000nM). However the data were well described by the
M-M equation at the ©500mM range and these data are reported below. There was no
significant diffeence between kinetic parameter estimates in male and female HLMs.
Figures 4.11 and 4.12 depict the profiles for formatiottasisR 4 6 G trangRBG in
pooled male and female HLMs. The kinetic parameter estimates generated from

GraphPado6s nsomdfthedataare listeel  tables 4.5 and 4.6.
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Figure 4.10Formation ofcis-RES metabolites in 25 human livers from Aoalignant
patients genotyped for UGT1A6. Data are expressed as mean + S.D., n = 3. *statistically
different velocity values fromeference *1/*1 genotypeg € 0.05 using a onaay

ANOVA andposthocTuk ey 6s mul ti ple compari son tests

Table 4.5 Kinetic Parameter Estimates fofFormation of Trans-R3G in Gender
Stratified HLM s

Michaelis-Menten Female Male
Bestfit 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 6.721t09.10 7.04 to 8.52
Km 66.81 to 158.7 89.03t0 149.1
Goodness of Fit
R2 0.96 0.98
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Table 4.6 Kinetic Parameter Estimates fofcormation of Trans-R 4 6 GGender
Stratified HLM s

Biphasic metabolism Female Male

Bestfit 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 usiimgvitro 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 botleiggndtransisomers has been established
but most studies involving RES have beenducted on only thieansisomer. Activities
attributed to theisisomer include modulation of inflammatory genes associated with

endothelial dysfunctiofLeiro et al., 2004)Comparison of antioxidant as well as other
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activities with that of théransisomer revealed only minor quantitative differences
(Orallo, 2006; Campae$oimil et d., 2007)

We studieceffects 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
UGT1A1l and UGT1AG6 isofans in human livers made HLMs a good source for the

study of polymorphisms in these two UGT enzymes.

UGT1A6 Polymorphisms andCis-RES Glucuronidation

The kinetics otis-RES glucuronidation in UGT1A6 supersomes has been
thoroughly characterized in ChaptemBere we proposed a one enzyme two site model
to explain the substrate inhibition profile obtained. We also showed a higher activity of
UGT1AG6 toward<is-RES as reported by Aumoet al (2001) which contrasts with
results published by Sabolowet al (2006) who found higher activity with UGT1A9.
UGT1AG is genetically polymorphic, with 3 nesynonymous cSNPs (19T>G, 541A>G
and 552A>C) that occur in the variable first exon and encode amino acid changes
Ser7Ala, Thrl81Ala and Argl84SgTiotti et al., 1997; Nagar et al., 2004b;
Krishnaswamy et al., 2005) he 4 alleles defined by these SNPs were used for
glucuronidation assays.

All the four UGT1AG6 allozymes showed PSI profiles éa8-R3G formation with
differences seen only in the patterns of substrate inhibition and rates of formation. Thus,
while all allazyme data were described by a one enzyme two binding site substrate

inhibition model, the kinetics in *1 and *3 allozymes with significantly differeptafd



Ki values p <0.01) suggests sequential substisiteding to two sites. The *2 and *4
allozymes with no difference inand K would exhibit simultaneous substrate binding
(Korzekwaet al., 1998; Zhang et al., 1998)terestingly, UGT1A6 *3 exhibited a K
similar to *1, but a significantly greater,\x The only difference between these two
allozymes is the Ser7Ala change, which hasn suggested to alter the insertion of
UGT1AG6 in the ER membran@agar et al., 2004b) his may in turn account for
variable orientation of the identical mature proteins in the membrane, resulting in similar
Km but varying Vinaxvalues. All the allelic variants had significantly higher activity
(Vmax than the wild type allele ranging from 1d@d (*2) to 7 fold (*4). The higher
activities seen with these UGT1AG6 allelic variants have also been reported previously
toward other UGT1A6 substratédagar et al., 2004b; Chen et al., 200Hdwever, we
could not compare our data directly with any previous reports on effects of UGT1A6
polymorphisms as the atypical kinetics we observed ®¥#fRES precluded the use of
intrinsic clearance values obtained from the ratio @f,Mm

Using our previously purchased liver bank for genotyping, we identified all four
UGT1AG6 alleles of interest and on this basis were able to assign 5 UGT1A6 genotypes.
All assigned genotypes were calculated to be in Hav@ynberg equilibrium. Upon
stratifying the livers by UGT1A6 genotype, we observed a distinct correlation with
phenotype for the formation ofs-R3G. The UGT1A6*2 variants exhibited significantly
higher glucuronidation activityp(< 0.05) compared with the homozygous *1 livers. The
heteraygous and homozygous *2 livers had a 1157 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, UGT1AG6 genotypes had no effectisiR4 6 G f or mat i on,
metabolite formedia UGT1AL in the liverf(Aumont et al., 2001)Formation otis-R3G
has been reported to occur at a much faster rate thaarnscounterpar{Aumont et al.,
2001; Sablwvic et al., 2006 and results from liver samplesadsin this study also

showed much higher rates (up to 7 fold) ¢®-RES glucuronidation.

UGT1A1 Polymorphisms andTrans-RES Glucuronidation

Glucuronidation otransRES in individual livers from our liver bank showed a
high degree of variability. We hypwesized that the UGT1A1 promoter polymorphism
may help to explain this observed variability. The promoter polymorphism UGT1A1*28
(TAe>7) was detected in our panel of human livers and appropriate genotypes were
assigned based on allelic differences. Ther&pgeat polymorphism confers several
genotypes based on the number of TA repeats in the UGT1A1 promoter TATA box. The
7 (or 8) TArepeat SNP has been associated with decreased promoter activity and
consequently reduced protein expression and ac{iBibgma et al., 1995; Raijmakers et
al., 2000; Fang and Lazarus, 2004; Girard et al., 2005; Yoder Graber et al.\/20@]
not identify any 8 TA repeat SNP in human livers used ingtudy. 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 usdditditvidual and

201

a



pooled HLMs to carry out genotypphenotype correlation studies but witansRES as
the substrate.

We did not observe any differences in glucuronidation based on genotype (6/6,
6/7 or 7/7 TA repeats) fdransR3G, the major metabolifermed by UGT1AL.
However in pooled 7/7 livers, we observed significantly higher actipit/Q05) towards
the minor metabolittansR4 6 G, when compared to the 6/
inverse correlation is surprising, the lack of associatidd@T 1Al genotypes with
expected phenotypes has been reportehyiini et al., 2005)vho also found an
inverse albeit non significant correlation with low activity UGT1Al genotypes and
irinotecan induced toxicity. On the basis of these results, wemgrsurmise that this
UGT1A1 polymorphism does not account for the variability observedtvétisRES
glucuronidation. Further work will be required to ascertain if the observed trend is real or
due to linkage with another polymorphic UGT such as UGT.1A9

We have previously reported UGT1A9 to be a major isoform involved in the
formation of bothransR3G andransR 4 6(I&uchukwu and Nagar, 2008) he
polymorphic nature of this UGiBoform is known and genotygehenotype association
studies for common UGT1A9 polymorphisms are detailed in a recent réXigikar et
al., 2008) We can only postulate that major UGT1A9 polymorphisms with functional
significance might correlate better wittansRES glucuronidation and possibly account

for the obsered 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 metabolisfimetabolizing enzmes)being more rare than commarmen
compared with rodeni®axman and Holloway, 2009; Court, 201The rationale for
studying gender differences in RES metabolism arose from the fact that UGT1Al is
implicated in the glucuronidation of estraditiie 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 gendefCourt et al., 2001; Court et al., 200Fhese observations
corroborated previous vivo studies that showed higher clearance for both drugs in
males(Greenblatt et al., 1980; Miners et al., 1988) was attributed to higher levels of
UGT2B15 and UGT1A in male vs. female liver€ourt et al., 2001; Court et al., 2004)

Although we did not includeis-RES in the study, the observation that UGT1A6
protein content in human livers differed ass gendefCourt et al., 2004)nay make
gender correlation afis-RES worthwhileasUGT1AG6 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 tofbky explained. This study attempted to
shed some light on the role UGT pharmacogenetics (like those observed with UGT1A6

polymorphisms) play in RES glucuronidation. Ingthnic differences frequency of
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UGT polymorphisms are known to exist, confouddby populations with variable

exposure to dietary phytochemicals like RES known to be conjugated by various UGTSs.
The genotype dependence we elucidatedi®RES glucuronidation may have
implications on the bioavailability and chemopreventive effectstaf 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
carcinogengFang and Lazarus, 2004; Bettlet al., 2005; Girard et al., 2005)owever
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., 200Bearing ths 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 chemicalsth carcinogens and
chemopreventives. This would enable better appreciafidmeampact 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 kineticsseRES
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 DIET ARY PHYTOCHEMICAL CO MBINATIONS 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 beenishatim
andin vivo. The warious mechanisms put forward to explRBES biological effects
related to chemopreventidrave beemxtensively covered in recent revie(faindu and
Surh, 2008; Goswami and Das, 2008yl are detailed in section 1Some of these
mechanisms account for both chemopreventive anecanter effects and many of them
involve either phasednd/or phase Il biotransformation enzymes. The induction of
carcinogen detoxifying/antioxidant enzymes
increase detoxification of dietary carcinogens and decrease cancer risk. Although
modulation of phase Il eymes such glutathionetBansferases and UGTs by RES has
been reporte@Hebbar et al., 2005jts tissuespecific UGT expression, specific UGT
enzyme modulation, and effects on UGT transcriptional mechanismeaweell

understood.
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The main UGTs expressed intestingbge Appendix A)nclude UGT1A8 and
UGT1A10 with lower expression of UGT1Al, UGT1A3, UGT1A4 and UGTXAGkey
and Strassburg, 2000; Nagar and Remmel, 2006 hsRES is a UGT1ALl substrate,
with minor contributions by UGT1A7, UGT1A8 and UGT1A{Aumont et al., 2001,
Brill et al., 2006; lwuchukwu and Nagar, 2008)few reports on UGT induction by
transRES have focused on the liver in rodef8gaefer et al., 2004; Hebbar et al., 2005)
and hepatic cell line@.ancon 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 plasni@ale et al., 2005; Howells et al., 2007; Lojwezaro, 2008;
Patel et al., 2010)t therefore becomes important to study intestinal UGT induction,

especially gzen the known differences in tissgpecific 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 overadiVaiiability. 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 decreasmatailability 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 indtion (or inhibition) are known to be likely mechanisms

for drug-drug interactions. With higdose RES in clinical trials, the impact of RES on

21¢



the expression of those DMESs responsible for its conjugation may be an important factor
for predicting possiblenteractions 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 intdgy between decreased availability and increased carcinogen

detoxification.

5.1.3 Curcumin (Curc)

Curcumin (hereafter referred to as Curc) or diferuloylmett{gigire 5.1)
belongs to the curcuminoid class of compounds and is one of the pricoippbners of
turmeric (a populaindianspice and a member of the ginger family). Curc has been
extensively investigated for its chemopreventive effects and these have bedefinelt
in recent review$Singh and Khar, 2006; Surh and Chun, 200Vith respect to
chemoprevention, it has been shown to protect against skin, oral, intestinal, and colon
carcinogensis 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 enzynes, and
induce the activity or expression of phase Il carcinogen detoxifying enyguds and
Chun, 2007)Curc is extnsively glucuronidated and is a reported substrate of

UGT1A1,1A3, 1A7,1A8, 1A10, and 2B(Hoehle et al., 2007)

217



5.1.4 Chrysin

Chrysinis a naturally occurrinffavonoid (flavone) extract of the blyassion
flower, with small amounts found in honeycombs and honey. With respect to
chemoprevention, severnal vitro studies have shown that chrysin is able to inhibit cell
growth(Zhang et al., 2004)nduce apoptosi@Voo et al., 2004and cause celtycle
arrest in human colon cancer céNgang et al., 2004)t has also been shown to reduce
azoxymethneinduced colonic aberrant crypt foci in F344 r@Byamoto et al., 2006)
Like RES and Curc, chrysin is extensively metabolized via glucuronidation and is a
known substrate dIGT1AL, 1A7, 1A8, 1A9, 1A1{Galijatovic et al., 1999Basu 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.

Curcumin Chrysin

Figure 5.1 Structures of Curcumin (Curc) and Chrysin
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5.2 Transcriptional Regulation of UGTs

Regulation of DMEs (such as UGTSs) 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 tisspecific and xenobiotic receptor
control of theUGT1A genes is influenced by circulating humoral fac{@hken et al.,

2005) As the liver is known to be the masite 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-1 U and b playdd@ major tble & YGT 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 {AMaoisenzie

et al., 2010)The LETFs ar@ot confined only to the liver but are found in extrahepatic
organs such as the Gl tract and the kidney where they together with other ligand activated
and stress induced transcriptional factors combine to regulate UGTs in these organs.

The prototypicaligand activated transcriptional factor involved in DME
regulation is the arylhydrocarbon receptor (AhR). AhR, in the presence of its agonists,
2,3,7,8tetrachlorodibenzp-dioxin (TCDD), benzdg]pyrene, or 3methylcholanthrene,
binds with its partner, tharylhydrocarbon receptor nuclear translocator (ARNT) to
xenobiotic response elements (XRES) in various gene promoters to modulate
transcriptional activity . To date, humalsT1AL, UGT1A3, UGT1A4 UGT1A6, and
UGT1A9are known to be regulated by AlfBugatani 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 (BbeR®rnesoid X
receptor (FXR), the liver X receptor (LXR), and the peroxisome prolifeiatbvated
receptor (PPAR). These transcription factors heterodimerize with the retinoid X receptor
(RXR) and bind to sites in target genes from where they effedulation. 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 transcri@tibar 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 UGT1Al gene expreséidackenzie etlg 2010)

The major oxidative stress induced transcriptional factor responsible for UGT
gene regulation is thdF-E2-related facto2 (Nrf2), known as a master regulator of
phase Il DME expressidhshii et al., 2000; Yueh and Tukey, 200Rf2 is retained in
the cytoplasm by the Kelch like ECaksociated protein 1 (Keapl) under basal conditions
(absence of antioxidants). Stimulation bygbiotic antioxidants elicits the dissociation
of Keapl 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 UGT1AXueh and Tukey, 200@nd UGT1A6(Munzel et al.,

2003)gene expression.

22(



5.2.1 Effects of RES, Curc and Chrysi 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 anstgonith findings dependent on
cell types, concentration of phytochemicals and length of treat{@eslino et al., 1998b;
Casper et al., 1999; Lee and Safe, 2001; Nishiumi et al., 2@@NPysin has been shown
to be an AhR agonist (leading to weak induction of CYP1AL1 activity) but induction of
the UGT1A1 gene by chrysin has been shown to be dependent not only on AhR but on
additional cellular factorévueh et al., 2003; Bonzo et al., 200K)odulation of the AhR
transcription pathway by these phytochesis 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 Heeen identified as a master
regulator of phase Il gene expression. RES, Curc and TBHQ are known to possess potent
antioxidant activity and all three compounds modulate {f&eh et al., 2006; Yueh and
Tukey, 2007; Garg et al., 2008; Kode et al., 2008; Rubiolo et al., 2088)tBHQ and
Nrf2 responsive region ithe UGT1A1 promoter reportedly contains a functional AhR
binding site and Nrf2 has been shown to be a downstream target (iR et al.,

2005; Yueh and Tukey, 200RES and Curc have also been reported to activate PXR in
thenucleugSaracino and Lampe, 2007able 5.1 lists effectsf&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 Known UGT transcriptional  Effects on UGT transcriptional
(Class) modulation regulators

Curc Inhibition of mouse intestinal  AhR agonist
(Curcuminoid)  ugts

Binds agonistically but exhibits
antagonist activity in the

UGT1A1 and 1A6 induction  Presence of stronger ligarids
in Cace2 cells

Rat intestinaligtinductior?

Nrf2 agonist

Chrysin UGT1As induction in Cac®  AhR agonist
(Flavonoid) and HepG2 cell linés

UGT1AL induction in human
hepatocytes and HepG2 céll:

RES UGT1Al1 and UGT2B7 AhR antagonist
(Stilbenoid) induction in HepG2 cells
AhR agonist
Mouse ugt and rat
Ugtlal,la6, and 1a7 Nrf2 activator/agoni$t
inductiorf

%Basu et al., 20075(van der Logt et al., 2003§(Naganuma et al., 2006J(Ciolino et
al., 1998a)°(Rinaldi et al., 2002; Nishiumi et al., 2007; Choi et al., 2008; Garg et al.,
2008) {(Garg et &, 2008) Y(Gallijatovic et al., 2000; Walle et al., 2008)Smith et al.,
2005) (Yueh et al., 2003; Zhang et al., 20@inzo et al., 2007)(Lancon et al., 2007)
K(Szaefer et al., 2004; Hebbar et al., 2Q®)olino et al., 1998b; Casper et al., 1999)
M(Lee andSafe, 2001, "(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 rgi@réddikova et al.,
2004; Majumdar et al., 2009; Patel and Majumdar, 200&bfand Vieira, 2010)
Combining chemicals known to agdt overlapping or unique pathwaysnwodulate
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 doan, the liver plays a major role in metabolism, however, the
role of the intestine as an important extsgpatic metabolizing organ is well known
(Strassburg et al., 2000; Tukey and Stasg, 2000; Fisher et al., 200The intestinal
accumulation of RES and other dietary polyphenols may translate to better exposure (and
effectiveness) for CRC prevention. This increased tissue exposure may also hess#to t
compounds playing an understated role in tissue (intestinal and colonic) UGT induction.
Given the known differences in tissgpecific UGT regulation, it becomes important to

study intestinal UGT induction.
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Any effects observed with RES on UGT exmies (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 chemathécapotential,
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 combimat®o 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 induictio
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 ad other markers of chemoprevention and carcinogenesis
have been reportd@vehlikova et al., 2004; Majumdar et al., 2009; Patel and Majumdar,
2009; Aftab and Vieira, 2010However, reports of synergy between phytochemical
combinations with respect to UGT inductiare 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 thenhotastinal
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adenocarcinoma cell line (Ca@9). 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 combinirigSRwvith other
dietary polyphenols would lead to a potentiatia@ither additive or synergisticof
observed cell antiproliferation and UGT induction. The rationale used for phytochemical
combination included the following: i) each polyphenol belongsunigque chemical
class of chemopreventive compounds, ii) each phytochemical has exhibited strong
chemopreventive potential in CRC mod@l¥olter et al., 2004; Miyamotoatal., 2006;
Johnson and Mukhtar, 20Q7iji) each phytochemical is a known UGT substrate and iv)
each phytochemical alone is known to modulate UGT transcriptgomnique and/or
overlapping pathwaysitih conflicting reports (either induction or inhibition) on
modulation.
The objectives of the study included the following:
1. Obtain all phytochemical (RES, Curc and chrysinyl€stimates for
antiproliferation in Cace cells and conduct drug combinatianalyses of 16 or
ICq phytochemical ratios to determine mechanisms behind observed potentiation.
2. Carry out UGT induction treatments using each phytochemical alone as well as
various combinations of Kgor ICyvaluesina 1:1, 1:2 and 2:1 ratio of R&E&
either Curc or chrysin respectively.
3. Extract total RNA from treated and control cells and determine relevant UGT
gene expression by mRNA gquantitatiwith real time RTPCR
4. Collect whole cell homogenates (protein extracts) from treated and contsol cell

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 Cac@ cell homogenates and the universal UGT substrate, 4

methylumbelliferone (4MU).

5.5 Experimental Section

5.5.1 Materials

RES (ransRES, purity > 99%cis-RES, purity > 98%) and Curc were purchased
from Cayman Chemical Company (Ann Arbor, MI). Chrysin, dimethyl sulfoxide
(DMSO), saccharolactone (Baccharic acid 1;factone), digitom and UDPGA
trisodium salt were purchased from Sigdalrich (St Louis, MO). Lidocaine was
purchased from Spectrum Chemicals (New Brunswick, ted}pbutyl hydroquinone was
purchased from TCI Americas (Portland, ORMéthylumbelliferone (4MU) sodium
salt was from MP Biomedicals (Solon, OH), andngthylumbelliferoneO-b-D-
glucuronide (4MUG) was from EMD Biosciences (La Jolla, G@&ypmplete, Mini,
EDTA-free protease inhibitor cocktail tablets were from Roche Applied Science
(Indianapolis, IN).Caca?2 cdls were purchased from the American Tissue Culture
Collection (Manassas, VA), Cell culture reagerESMEM, penicillin/streptomycin and
1X Trypsin EDTA solution were obtained from Mediatech (Manassas, VA), while FBS
was obtained from Thermo Scientific {fBburgh, PA). Primers and Probes for gene
expression assays as well as the TagMan® 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), phenylmethylsui§dfluoride (PMSF) was purchased
from Pierce Chemical (Rockford, IL), and Bradford reagent for protein quantification
was from Bierad Laboratories (Hercules, CA). Electrophoresis and western blotting
supplies were obtained from Expedeon Inc (San Diega,Th¢ WBUGT1A1 western
blotting kit and HRPconjugated goat antabbit 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 1ImI DMSO ina 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 Soltions

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 diss@\db.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 tranRES.All stock solutions were filtered through sterile Millx
(0.20um, 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 1Gg or 1Cq obtained from individual phytochemical assays. For these assays,
serial dilutions that yielded doublsoncentrated 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 soluions 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 Cace2 Cell Homogenates

Digitonin Solution

A 2% wi/v solution of digitonin wasbtained by solubilization in water according to
manufacturer specifications by addingl1.5 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 solutiorathen stored at 4° C prior to use.
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Table 5.2 Serial Dilutions for Individual Phytochemical Cell Proliferation Assays

# Serial Dilutions* Working Vol Dilution  Final Media

Soluton ( €| Factor ( € M Volume

(mM)* (el)
A 100 ul B + 400 pl DMSO 1 1 1000x 1 1000
B 250pu C+250uDMSO 5 1 1000x 5 1000
C 250l D +250uDMSO 10 1 1000x 10 1000
D 200pl E+300uDMSO 20 1 1000x 20 1000
E 500 p F+500uDMSO 50 1 1000x 50 1000
F 100 ul 1M solution + 900 100 1 1000x 100 1000

pul DMSO

* 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

Working Final
Phytochemical Solutions in Vol ume Dilution Concentration
[1C sq] DMSO Factor in 1ml media
(mM) (M)
transRES [ 2 ( 20 1 1000 x 20
Curc [ 20 20 1 1000 x 20
Chrysin | 16 1 1000 x 16
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Table 5.3Continued

Phytochemical Combinations

transRES |Gy + transRES= 40
Curc 1Gso (1:1) Curc =40

transRES |G + transRES =40
Curc [2 x 1G] (1:2) Curc =80

transRES [2 X IGg transRES = 80
+ Curc 1Go (2:1) Curc =40

transRES IGg + transRES =40
Curc 1Cy Curc =80

transRES 1Go + transRES=40 0. 5 ¢
Curc [2 X 1Gyq] Curc =160 each

transRES [2 x IGg  transRES = 80 compound

+ Curc 1Go Curc =80
transRES G + transRES =40
Chrysin 1Go (1:1) Chrysin = 32

transRES 1Gg +
Chrysin [2 x IGq]
(1:1)

transRES = 40
Chrysin = 64

transRES [2 X I1Go]  transRES = 80
+ Chrysin 1Go (1:1) Chrysin = 32

2000 x

2000 x

2000 x

2000 x

2000 x

2000 x

2000 x

2000 x

2000 x

transRES = 20
Curc =20

transRES = 20
Curc =40

transRES =40
Curc =20

transRES = 20
Curc =40

transRES = 20
Curc =80

transRES =40
Curc =40

transRES = 20
Chrysin = 16

transRES = 20
Chrysin = 32

transRES =40
Chrysin = 16
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100 mM Phenylmethylsulfonylfluoride (PMSF) Solution
PMSF powde(17.42 mg was dissolved in 1 ml absolute ethanol to give a 100 mM stock
solution.
50 mM Tris Buffer with10 mM MgChL and 0.25 M sucrose (Cell Lysis Buffer)
A 100 mM Tris buffer solution was prepared by dissolving 1.144 gH@$salt and
0.332 g Tris base in 100 ml DI water. To this solution was added 0.407 g MgCl
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 proteinaets was prepared in
either of two ways:
) By adding 50 €l PMSF and 250 el 2% digi't
4700 ¢l of the Tris buffer (cell l ysi s)
mM PMSF and 0.1% w/v digitonin final concentrations
ii) By adding 1Complete, Mini, EDTAfree protease inhibitor cocktddblet 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 t anercaptoethdnalct ur er

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 grale ©5%) 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 (RT PCR)

UGT1A1 and UGT1AG6 Primers

The primers came suspended in LXTE buffe( 500 €1 ) at a fi nal C Ol
To obtain a 10 €M working solution, a 2X di
1X TE buffer. This working solution was al:i
tubes and stored é80°C.

Tagman TAMRA Probes

The | ight sensitive Tagman probes were pur
buffer at a concentration of 100 e&£M. A 5 ¢l
e | of the stock with 95 ¢l 1X TEwdsuf fer (a
aliquoted (50 ¢l shots) into RNAse DNAse fr
at-80°C.

G) Buffers and Solutions for 4MU Glucuronidation Assays

20mM Phosphate Buffer (pH 3.1 at 25°C)

The 0.1 M Phosphate buffer described in section 4.4.2used to prepare a 20 mM

phosphate buffer solution using a 5x dilution ratio (200 ml of the 0.1M buffer was added

23z



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 orthophosphodonth 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 mgMtAsodium salt in 1
ml DI water. This was then serially diluted using DI water to obtain the workingicos
of 10, 8, 4, 2,1, 0.1 and 0.05 mM respectively.

4-MUG Stock and Working Solutions

The 4MUG 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 foltpwin
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 $&andard) 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 Saccharadctone 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

Cacao?2 cells were cultured iEMEM 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 Widity 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 molde. 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 fltescence can be used to generate a quantitative measure of
cell viability (and cytotoxicity).

For assays with individual phytochemicals, C&ceells were seeded in a final

volume of 100 el i n 96 °ceéslcrt (orpldoa celsisvellat a

and allowed to attach overnight. The next day, the media was replaced with fresh medium

der

containing varying concentrationsill 0 0 e M f i nal concentration)

compounds as detailed in Table 5.1. The working solutions weranecep 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 combinationgsifor the
individual polyphenols were initially obtained from the individual phytochemical assays
using the concentration ranges detailed above. Combinations of polyphesahddGo

(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 2:1RES + 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 ¢! |ae®acagent tB 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). Calculationsder IC
estimates were cwlucted 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 postonfluent Cace? cells were utilized for all UGT induction
experiments. Cac@ cells wee cultured at a density of 8 x “l@ells/cnt per plate in four
10 cm dishes per each treatment (3 plates were used to generate cell homogenates, and
the 4" plate was used for RNA extraction). Cells were cultured for 9 days with media
changes every otheayg and then treated with varying combinations of polyphenols
based on the I§g 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 combattions were in prepared in 35 ml media in order to ensure enough
media for four plates. Fi nal concentrati ons
phytochemical in the combinations in 34, 9¢
phytochemical combination anddividual phytochemical 163 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
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with Hanks balanced salblsition and harvested as detailed in section 4.4.5. The
harvested cell pell ets were initially homoc
buffer by triple passage through a-gguge hypodermic needle. A subsequent

ultrasonication step was conducteith a Vibrac e | | E VCX1 30 (Sonics a
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 methosing bovine serum albumin as the standard. All cell

homogenates were stored-80°C 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 ofatele levels of expressed UGT1AL protein.
Immunoblotting was carried out by electrophoresis on 10% SDS Page gels using-the anti
UGT1A1 primary antibody. The UGT1Al standard obtained with the kit was used to
probe for any increases in levels of expressed U& between the treated and control

cells.

5.5.6 RNA extraction and Tagman One Step RIPCR Assay

Total RNA from treated and control Ca2ccells was isolated using the Promega
SV total RNA isolation kit as follows: The harvested cell pellets set asideNdr
extraction were |lysed in 175 €l RNA lysis
vortexing and pipetting. For more efficient lysis and to shear any genomic DNA, the

mixture was passed 4 fotimes through a 20gauge needle. The lysates were expetied
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fresh sterile RNAse free 1.5 ml tubes and :
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 temperatee.

clearedysate solutions were transferred to a fresh RNAse free microcentrifuge tubes by

pi petting, taking care to avoid disturbing
solution was added to the cleared lysates and mixed by pipettidgi®ies.This mixture

was then transferred to individual spin column assembly units and centrifuged at 14,000 g
for 1 min. The |iquids in the assembly coll
wash solution was added to the spin column baskets, followeddtlgex 1 min

centrifugation and collection tubes were emptied as before. For each isolation to be
performed, a DNase incubation mix was preps:
Buffer, 5 ghnd. 8689¢M BACDNase | enmngme (i n t
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

incubat ed for 15 min at room temperature afte
added to the baskets. The assemblies were then centrifuged at 14,000 g for 1 min before
adding 600 ¢l of RNA wash solution and cent
tubs were emptied as before, 250 ¢l RNA wash
were centrifuged at high speed for 2 min. The spin baskets werapged and

transferred to appropriately labeled elution tubes (1 per spin column assembly).
Nucleasefreewaer (100 €l ) was added to the spin b

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 fronthe centrifuge, capped and stored &0°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 Prowaie (Molecular Devices, Sunnyvale,

CA).
UGT Gene Expression Assays

Gene expression and quantification of the target UGT mRNA was carried out
using the TagMan redime reverse transcription polymerase chain reactionrfRR)
assay. TagMan probes confagn6c ar boxy fl uor escendamdg FAM) at
carboxytetramet hyl r h cethchwere nsed. Thad pkdidds vgre at t he
designed to hybridize to a sequence located between the PCR primdé?&HRRanalysis
was performedin2% 0 ¢ | of -BtapRVRCR MasteeMix Reagents. For the
UGT1Al1l and GAPDH assays, a 25 ¢l reaction r
200 nM reverse primer, 100 nM TagMan probes and 20 ng total RNA was used. For
UGT1A6, a 50 el reaction mer)@00mdretesse ni ng 3 0 (
primer and 50 ng total RNA was used. The primer and probe sequences used for the gene
expression assays are detailed below:

UGT1A1; F - GACGECTCGHBIGTACATCAGAS 6

Rev er-TCETTEACATCCTCCCTTTGG3 6

Probe ®ACGGAGCATTTTACACCTTGAAGACGTACG3 o
UGT1AG6,; F €CCTVEB&EAGCATAGATTCAGCAGAA3 6

Rev e r-MAEGAAGTTGGCCACTCGTTG3 0
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Pr o bARCCEBT&TGTCCTACATTCCCAGGTGCTA3 6
GAPDH; Forward-5 €ATGGG TGTGAACCATGAGAA3 0

Reverse 5 &GTCATGAG TCCTTCCACGAT3 06

Probe-5 AACAGCCTCAAGATCATCAGCAATGCCT-3 6
Amplification and detection was performed (according to the Tagman one stBERT
protocol) on the ABI Prism 7700 Sequence Detection 8ystging 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 norneaito the human endogenous
control, glyceraldehyd8-phosphate dehydrogenase (GAPDH) mRNA levels. Expression
levels in treated cells were compared to untreated -Qamails using the comparative
cycle threshold (Ct) method. S&ppendix Dfor calculationdor final volumes used in

the RT-PCR reactions as well as the general protocol used for the gene expression assays.

5.5.7 4MU Glucuronidation Assay

Glucuronidation assays were conducted with cell homogenates collected from
UGT induction studies. The raté formation of 4MUG from 4MU 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., 2008% used to detectMIUG.The assay
comprised the incubatiomt 37 AC for 30 minutes of a 50
the substrate (01 0 0 0 -MIWY, 1 4ng/ml Cace2 cell lysate, 5mM MgGl 10 € g/ ml

alamethicin and 1 mM saccharolactone in 100 mM Tris Buffer (pH 7.4 at 37°C). The
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reaction mixture was prearmed 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

wer e quenched weoldworkibgGolutidn ofdidocaiaen(the inteenal

standard) in methanol. The quenched reaction mixtures were centrifuged for 10 min at

14,000 rpm to precipitate proteins and 10 ¢
The HPLC system (HP 1100 series;ilagt Technologies, Santa Clara, CA)

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

with UV detection set at -@18eommnx(4.0xf25022 0 n m,

mm, 5¢ particle si zeCA)sepatdtemparatufeeofci38°C., Sant a

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 methanol7iox 80 ratio was set to flow

through the column at a rate of 1.3 ml/min. The areasM{}{5 peaks formed were

normalized to that of the internal standard, lidocaine. Quantification of forad@

was done using a calibration curve of authenrtMU4G standrds.

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, anH Eurves were plotted and checked for

linearity. The MM model was used as the simplest model to fit the data and obtain
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Kinetic parameter estimatdsonlinear 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, denotd8eq(A), was then added to the actual dose of drug B whose
doseeffect relation provided the expected (additive) effect. When the potency ratio was
constant, i.e., dose A/dose B = R, then the drwegBivalent of dose 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

St u d etest) o determine differences indicative of either-adtitive or synergigt
interactiongTallarida, 2006)

Statistical Analysis

Statistical comparison of the combination antiproliferative effects was performed with
GraphPad Instat usj a one way ANOVA followed byposthocTuk ey 6 s mul ti pl €
comparison analysis (p < 0.05). For UGT1A1 induction, comparisons between treatment

and control groups were conducted with a one way ANOVA followepds¢ hoc

Student Newman Keuls multiple commaon analysis (p < 0.05). For glucuronidation

assays, MM par ameter esti mates wer e tdtestmpared wi

assuming normal distribution, with significance sep &t0.01.
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5.6 Results

5.6.1 Individual Cell Proliferation Assays

RES, Curand chrysin were initially characterized individually for their ability to
inhibit Caca2 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
raneof0-1 00 e M f or e a c hso\alods sepotied are dpecificfantee | C
concentration range studied{1 00 € M) and esti mated values
1.2(95% C.1 15.3 28.5) 20.1 + 1.1(95% C.1 15.17i 26.8) and 16.3 + 1.895% C.110.2
T 25.8)eM 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-prdliferation (as percent of control
growt h) at 1d & cheydih wa€E45%, 100%, rand 80% respectively. Thus,
the 0650% eddomcentrabonsvfor RES, Quke, or chrysin alone was 22.5%,

50%, and 40% inhibition of cell growth respectively (See Figure 5.2).
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Figure 5.2Caca?2 cell cytotoxicity dose response curves farll 0 0 trang¥iRES,
Curc and chrysin. Data are expressed as Mean = SE, n = 4. Representative fitted lines are

depicted; 16 estimates were obtained by fitting the model to actual data replicates.

5.6.2Phytochemical Combination Studies

Cell Proliferation Assays

For antiproliferation assays, combinations of RES + chrysin @twiues) tested
were-RES: chrysin 20 e€M:16 €M (1:1), 20 e M: 32
The results as depicted in Frgub.3 show RES or chrysin alone at theigl€xhibiting

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 tiedfects 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 doseffect data for the RES + chrysin combinations (Figure 5.3B)
revealed good linear fits fohe 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 combinatitle 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 (9.85). Table 5.1 lists the calculated vs. observed effects
of each of the RES + chrysin combinations.

The results of RES + Curc combination {¢@atios) on Cace cell growth
i nhi bition are depicted in Figure ®.4M
(2:1), 20 eM: 40 &M (1:2), and 40 eM: 20
significantly higher antiproliferation than either polyphenol alone (p < 0.001; Figure
5. 3A) . RES + Curc at the 20 eM: 40 &M c
growthinhibition than the other ratios. In order to confirm results witk IGtios, we
additionally evaluated RES + Curc at RESd@nd Curc I (Figure 5.4B). All the
combinations tested (RES: Curc 20 eM: 4
e M) S8cangynnhibited cell growth compared with either polyphenol alone (p <

0.001). All RES + Curc ratios evaluated were found to be additive irpesiiferative
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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 Kg) to probe for UGT1A1l induction. Figure 5.5 depicts
the UGTLAL1 mRNA induction obtained with the various RES concentrations. The
induction did not appear to be concentration dependent. The higHetd)4hduction
was seen with 20 €M RES. At the 4@Bfodnd 100
induction of UGTLAL 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 usediducd UGT induction
studies. However preliminary studies with Curc alone showed lack of UGT1ALl induction

withCurcIGo( 20 e M) , db(hded ed M) eCUrCc was utilized f
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Table 5.4 Log Dose Effect Analysis of thePercent Reduction in Cell Growth
M ediated by RES + Chrysin and RES + CurcCombinations

Combinations

Additive (Theoretical)®

Observed (Experimental}

RES + Chrysin ICs

1:1 [20 eM 50.6 +£4.8 43 +£1.5

1:2 [ 20 eM 62.1 +£4.7 51.0+t1.4

2:1 [40 gM 56.6 +£4.5 52.0+t2.8
RES + Curc I1Cs

1:1 [20 &M 65.2 +/ 5.9 74.4+/ 2.0

1:2 [ 20 &M 78.8+/7.0 94.7 +/ 0.85

2:1 [40 eM 70.7 +/ 6.3 71.2 +/0.84
RES + Curc ICgyg

1:1 [20 &M 79 89

1:2[20e M + 80 100 90

2:1 [40 &M 85 85

*The additive and observed values were calculated as described under Methods. Values
for RES + chrysin Iggand RES + Curc I§g are percent reduction in cell growttSD.

Values for RES + Curc lgarereported 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 + chrysinand RESGurcIGo( p < 0. Ob5test).st udent 6s t
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Figure 5.3 A) Caco?2 cell cytotoxicitystudies with RES + chrysin combinatioRES +
chrysin 1:1 is 20 €M RES + 16 €M chrysin, ]
is 40 &M RES PDatdepressed asnieany+ SD, m'= 4greater than

RES alone (p < 0.001)7" greater than either RES alone and chrysin alone (p < 0.001)

using a one way ANOVA angosthocTuk ey s mul ti pl e compari son
effect data for RES and chrysin plott@slthe magnitude of the percent reduction in

growth against log dose.
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Figure 5.4 A) Caco2 cell cytotoxicity studiesvith ICso combinations of RES + Curc

whereRES + Curc 1:1 i s 20 €M RES + 20 €M Curc
and 2:1 iSs +4 ® 0O¢ M MReBfeuthan 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 Tukeyd 8)Callgtowth iphibisgonc o mpar i
observed with RES + CallCgo combinations wherES 1Gpand CurdCgo

concentrations were used to determineratiosRiBfdlS + Curc 1:1 is 20 ¢l
Curc, 1:2 is 20 €M RES + 80 €M Chatac, and 2:

expressed as mean + SD, n = 4greater tan RES and Curc alone (p < 0.001).
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Figure 5.5Induction of UGT1A1 mRNA in post confluent Calacells treated with
varying concentrations of RES. Data are expressed as mean + SD, nsigificantly
different from control (p < 0.001) using a onayMANOVA followed by apost hoc

StudentiNewmankKeuls multiple comparison analysis.

Figure 5.6A depicts the UGT1A1 induction data obtained with RES + chrysin
ICs0 combinations. Chrysin caused a 7 fold induction of UGT1A1 mRNA at its
antiproliferation IGy(16nMM) . The 20 e€M: 32 €M (1:2) and 40¢
chrysin combinations caused a statistically significant increase (22 and 17 fold
respectively) in UGT1A1 mRNA expression compared with untreated cells, RES and
chrysinalone(p®. 001). The 20 eM: 16 €M (1:1) RES +

potentiating, with induction levels similar to that mediated by chrysin alone although
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significantly different from the induction mediated by RES aldrest-butyl
hydroquinone (TBHQ) was udas a positive control.

UGT1A1 induction with RES + Curc combinations is shown in Figure 5.6B. Curc
aloneatitslgg( 40 €M) induced UGT1A1 mRN-AIdt ranscri
mediated UGT1Al induction seenatRESJ@a s pot enti at:edd4 Qvda Mh t h
(1:1) RES + Curc combination which showed a 12 fold increase in mMRNA expression
compared with untreated cells (p < 0.001).
Curc combination was similar to that seen with RES alone. The 72h treatments with 20
eM: 80 €M (1:2) RES + Curc combination was
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 torobe for increases in UGT1A6 mMRNA expression. Figure 5.7 depicts

the results obtained with all the polyphenol combinations.
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Figure 5.6Induction of UGT1A1 mRNA in post confluent Calacells treated for 72 h
with A) 1Cso 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
ICs0+ Curc IGocombinations. significantly different from control (p < 0.001) * (p <
0.05)," " "different from RES aloneral Curc alone (p < 0.001) using a one way ANOVA
followed by apost hocStudentNewmanKeuls 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 Cateells treated for
72 h with 1G combinations of RES + chrysin and RESJ€ Curc 1Gocombinations

All data expressed as mean + SD, n = 3.

None of the individual polyphenols and the respective combinations with RES effected
any significant increasa UGT1A6 mRNA expression when compared using both a one
way ANOVA andpost hocStudentNewmanKeuls multiple comparison analysis as done
for UGT1AL. However comparing the small increase in expression seen with TBHQ and
the 2:1 RES + Curc combinations whibth untreated cells and all individual polyphenols

using a two sided studenitest showed significance (p < 0.05).
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5.6.3 4MU Glucuronidation Assays

Cace2 cell lysates collected from induction treatments were used to probe for
UGT catalytic activityby evaluating 4MU glucuronidation. Single point velocities for 4
MUG formation were obtained using 1 mMMU as a first step. Figure 5.8 shows the
data obtained with the singleMU concentration. Chrysinatitsée( 16 € M) di d 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 e€M: 40 &M REShysin(C2r c (1: 1
combinations (Figure 5.8). These combinations along with the individual polyphenols
were subsequently used to conduct full glucuronidation assays using &@&® 0 -¢ M 4
MU concentration range. Figure 5.9 depictsiG formation velocity inCaca?2 cells
treated with 20 €M RES, 40 €M Curc, 16 &M
eM: 32 €M RES + chrysin combinations and TI
parameter estimates obtained from fitting thévMmodel to our data. \axestimatesn
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 & M+ch#tyfin ¢ M RE
combinations. The Kestimates in treated cells were not significantly different from
contr ol cells except 20 eM: 40 €M RES + Cul
estimates with increasingn¥xresulted in similar Vlu intrinsic clearanceraong the

groups as seen in theiryy/Kmnratios (Table 5.5).
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Figure 5.8Single point velocities for-MUG formation seen with individual and
polyphenol combinations of RES, chrysin and Curc using a 1 sMU4oncentration.
Velocity units are in nmol/mi/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 CaceR lysates used for-MU glucuronidation assays were subjected to
immunoblotting to probe for any inasee 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 fortheposéi contr ol and the 20 &M

Chrysin combination.
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Figure 5.9M-M curves for 4MUG formation in control and treated Ca2avhole cell
lysates. Glucuronidation assays were conducted using a substrate concentration range of
0-1000 ¢ M. Data are expressed andlean N SE

estimates werebtained 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 andControl Caco-2 Cells

RES + RES +

Control RES Curc Chrysin TBHQ Chrysin Curc
Estimate 20 €(20eN(20e180 €16 ¢ 40 ¢
+40ehN32ecM
2.86 335+ 56z 537+ 6.0 £ 2.1+ 4.32
\Y
i 007 01F 022 026 035 018 023
110 + 126.6 + 223.8 + 1843+ 116.6+ 191+
Km 172 £ 27
9.5 16.9 25.5' 33.7 37 31.7

VmadKm  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

Data are expressed as estimate = SE, nEs@8mate units are as follows,y=

nmol/min/mg; Kn= & Mua/KnE ml/min/mg.? Estimates significantly greater than

control,®V max significantly lower than controBtatistical comparison of the parameter

esti mates was per f or mettestassummgnoraal tistributios),i d e d

for which ap value of 0.01 was considered significant.
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Figure 5.10A representative western blot showing UGT1A1 protetpression in

phytochemical treated and control Catavhole cell lysates.

5.7 Discussion

With respect to CRC, target tissue (intestinal) modulation of phase Il 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 irduction of UGT1A1 mRNA expression and enzyme activity with RES and
various combinations of chrysin and Curc, in addition to their potenpaoiiferative

effects on the human intestinal cancer Gaamll line.
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Phytochemical combinations are of greaeiest 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, antinflammatory or cell growth inhibatry effects(Majumdar et al., 2009;
Aftab and Vieira, 2010; Harasstani et al., 2Q1)t combinations of RES and chrysin
have not been evaluated.

The cell growth inhibitory poterdl of all the dietary polyphenols used in this
study has been reported in several human tumorigenic cell(\iviasg et al., 2004,

Ulrich et al., 2005; Surh and Chun, 20038gveral combination studies carried out use at
best empirically deduced costrationgvan der Logt et al., 2003; Svehlikova et al.,
2004;Majumdar et al., 2009; Aftab and Vieira, 201The goal of this study was to put
forward a moreational 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) physdogically relevant concentrations achievable in the
intestine iii) concentrations mediating aptoliferation in Cace? cells and iv) log dosi
effect analysis of phytochemical ratios. Isobolographic methods to design combination
studies are well know(Luszczki and Czuczwar, 2004; Qiu et al., 2007; Luszczki, 2008;
Fairbanks et al., 200®ut have not been extensively applied in the study of
phytochemicals. The study by Harrastani and coworft¢asasstani et al., 2010ped
various phytochemical l§gcombination@nd found that these combinations mediated

synergistic inhibition of secretion of pinflammatory mediators in lipopolysaccharide
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induced RAW 264.7 cells. We report the use of this approait employed, to date
for cell growth inhibition and subsequeUGT induction in Cac@ cells.

Modeling the data obtained from aiptioliferation studies with RES, Curc and
chrysin yielded 1G, estimates for Cae@ cell growth inhibition (Figure 5.2). Curc was
seen to mediate a complete (100 percent) inhibitiorelbigcowth within the
concentration range used while RES and chrysin caused only abbui050ercent cell
growth inhibition at these concentrations, reflective of a partial antagonistic effect. The
potency of chrysin against cell growth has been repdotethe human squamous
carcinoma cell line SC®O and the breast cancer cell line MZEWalle etal., 2007)but
not for the Cace cell line. For Curc,Igge st i mat es ranging bet ween
13.31 €M have been -29@apdHCTlé6dhret indepedd 8 0, HT
human colorectal cancer cell ling€Sen etal.,, 20099 nd 1 2 ¢ M7 gells(Gpta et
al.,, 2006) For RES,anlggof 25¢ M was r -2 qlsChabalt etfalg 2006C a c o
Our 1Gsp 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 UGT1Al by
RES in Cace? cells. In this study, we show a concentration independent indwidtion
UGT1A1 expression by RES (Figure 5.5) with the greatest fold induction seen abits IC
for antiproliferation (20vM). RES has been shown to be a modest inducer of UGT
enzymes in rat livefHebbar et al., 20089nd concentration independent RES mediated
UGT1Al and 2B7 induction has been shown in HepG2 @etiacon et al., 2007)The 3
5 fold induction of UGT1A1 mRNA seen with RES in Cazaells is similar to that
reported in HepG2 celldancon et al., 2007With respect to UGT regulatory

mechanisms, RES is reportedly a ligand of Aryl hydrocarbon receptor (AhR) and an
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activator of Nrf2 (see Table 5.5). RES also reportedly activates the pregnane and
xenobiotic receptofP XR) 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 Gaa@ntiproliferative
effect and UGT1AL induction (Figures 5.3 and 5.6; Table 5.4).-pudliferative
additivity with chrysincan 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 Né& a master regulator of phase Il enzyme expredsiatalso
mediates control of UGTranscription and expressi¢Baracino and Lampe, 2007)
Chrysn induced UGT1AL1 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 Cagocells(Galijatovic et al., 2000; Walle et al.,
20000 Maxi mal i nduction of UGT1Al1 mRNA expre
eM RES + chrysin cnoedidied D@TLALanductionidindeetd r y si n
concentration dependent as has been previously red@meith et al., 2005hen 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 i@Bmozo et al., 2007)
Since chrysin also reportedly modulates-Rift is possible that the additivity in
UGT1AL1 induction seen with RES and chrysin combinations ocgaithese

overlapping transcriptional mechanisms.
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With RES + Curc, all combinations exhibited additivity with respect to €aco
inhibition of cell growth (Figure 5.4). Studies were conductetth Wwoth IGoand I1Go
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 CRrelimnary studies showed a lack
of UGT induction with Curc I concentrations, therefore subsequent UGT1A1
induction studies were conducted agdConcentrations of Curc. Curc atitsghC 4 0 € M)
induced UGT1A1 mRNA expression modestly (2 fold; Figure 5.€RIix. results are in
line with the study by Naganuma et(Blaganuma et al., 200@)here they reported Cwrc
mediated induction of UGT1Al and 1A6 in Ca2aells. Van der Logt et &an der
Logt et al., 2003)eported an enhancement of mouse ugt enzyme activity in small and
large intestine bmice 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 20¢ M:

synergistic in natureampared to RES alone (4 fold) or Curc alone (2 fold; Figure 5.6B).
Possible mechanisms of UGT inductia Curc as listed in Table 5.1 include binding to
AhR, modulating N2, and activating PXR and as with chrysin, the enhanced UGT
induction effected P RES + Curc combinations is possibly due to an overlap in these
transcriptional mechanisms.

With UGT1AG6, there was no significant induction of mMRNA expression across all
treatment groupand our data seemed ambiguous at best (See Figur&mnaeeg
UGT1AG6 expression is modulated both by AhR and Nrf2, one would expect a

potentiation of MRNA expression as seen for UGT ith the samephytochemical

261

4 (



combinationsalbeit to a different degre@/e believe this may be due to the primers used
for UGT1A6 not beings sensitive as those used for UGT1AL quantitation (See
Appendix D) such that even the high concentrations used did not yield the most effective
MRNA amplification.

Reports on UGT1A6 inducibility in Caed cells are mixed. While the study by
Naganuma edl reported a significant induction of UGT1A6 mRNA by Curc, studies by
Munzel and coworker@unzel et al., 1999%eport induction of UGT1A6 divity by
TCDD (a prototypical AhR agonist) and no significant induction by TBHQ in €aco
2/ TC7 cell s, a well di ffer ent i aaptallavbng,t e p a
another AhR agonigHanioka et al., 200&)r the prototypical enzyme inducers
rifampicin,dexamethasone and omeprazbleshimura et al., 2008Jid not show any
induction of UGT1A6 mRNA in HepG2 cells and human hepatocytes.

With respect to MUG formation, we did not see gseat an increase in UGT
catalytic activity with the various combinations as for UGT1AL1 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 mediatedf&ggnt increases in4
MUG formation Vinax When compared with untreated cellsMAJ glucuronidation is
mediated by other UGT isoforms besides UGTXAthaipichat et al., 2004)Previous
wor Kk by Hani -odpthoflavdne ia HepGRicdl(#hanidka et al., 2006)
showed a marked induction of UGT1A1 (but no induction of UGT1A6 and 1A9) which
was reflected in the total UGT activity forMU glucuronidation. A comparison of the
V maxKm ratiosfor 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 Maxestimates. The observed shift im, Kalues with increasing
VmaxVvalues obviouly affected the calculated intrinsic clearance values. This shiffin K
may be due to the contribution of other low affinity UGTs induced by these
phytochemicals in addition to UGT1AL1. Phytochemical potentiation of UGT activity has
been testedh vivo(Tobin et al., 2006dn 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 metatsal and rapidly cleared. It remains to be studied
whether autoinduction of phytochemical glucuronidation would lead todiependent
negative feedback, returning induced UGT levels to baseline. Thus, evaluation of UGT
induction as a mechanism of anticanactivity of phytochemicals needs to carefully

bal ance detoxification of carcinogens with

Conclusions

This study has shown that certain combinations of dietary phytochemicals when
used in rational combinains 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 imutual 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 activityiofsitu synthetic RES conjugates
and RES in a panel ébur 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 surnised that RES appeared to be the active moiety with its metabolites
possessing little or no antiproliferative activity in the cell lines tested.

Secondly then vitro glucuronidation kinetics afis andtransRES was
characterized using a wide concentatrange. 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 contidtC and thein vivosignificance 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 ardRESNS
glucuronidation but a positive correlation for the UGT1A6 genotypes arRES

glucuronidation. This is the first study to probe the effects of these UGT polymorphisms
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on RES glucuronidain. 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
dietay 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 dfects 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
glucuronideshat 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 outr@npurported
activity of RES phase Il 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 thefardnsporters), future

cellular studies should focus on determining actual intracellular concentrations of these
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compounds. The activity of these compounds on their knowitro targets needs to be

firmly established. Where results are promising, tthenrole of transporters in aiding
intracellular accumulation of these conjugates to ensure that they reach the relevant target
sites should be investigated.

Thein vivo pharmacokinetics of the synthetic metabolites should be characterized
in order to preide 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 ortransRES glucuronidation deserves investigation since the UGT1Al
polymorphism studied by us did not adequately explain the variability in RES
glucuronidation seen in our liver bank.

Finally thein 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

REST Resveratrol

R3Gi Resveratrel3-O-Glucuronide

R 4 6i Resveratrol4 ®-Glucuronide
R3Si Resveratrol 3-O-Sulfate

R 4 @ Resveratrold ®-Sulfate

Cacoe2 i Human colon adenocarcinoma 2
CRCi Colorectal cancer

UGT T Uridine
diphosphoglucuronosyltransferases
SULT T Sulfotransferases

MAPK i Mitogenactivated protein kinase
JNK'T c-Jun Nterminal protein kinase
ERK’ Extracellubr signairegulated kinase
N F aiBNuclear factor kappa B

AP17 Activator proteinl

COX-1, COX2i Cyclooxygenase 1 and 2
IL-1 B interleukinlb

PGi Prostaglandins

PK’i Pharmacokinetics

IVIVC 1 In vitro - In vivo Correlation

DEST Diethylstilbestrol

Chapter 2
HPLC1 High Performance Liquid

Chromatography

LC-MSi Liquid ChromatograpmMass
Spectrometry

YAMC i Young Adult Mouse Colon
IMCE i Immorto-Min Colonic Epithelium
CECi Colonic Epithelial Cells

HIV T Human Immunodeficiency Virus
APC1 Adenomatous polyposib

FBSi Fetal bovine serum

WR' Wittig Reagent

HWE i HornerWadsworthEmmons
JLOT JuliaLythgoe Olefination

THF 1 Tetrahydrofuran

DMF i Dimethylformamide

DCM1i Dichloromethane

n-BuLi - n-Butyl lithium

TBAF i Tetrabutyl Anmonium Fluoride
TBDPSCIi Tertbutyldiphenyl silyl chloride
NaBH; 1 Sodium borohydride

PBrT Potassium tribromide
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PPR1 Triphenylphosphine
TBDMSCIT Tertbutyldimethyl silyl
chloride

NMR 1 Nuclear magnetic resonance
TLC 1 Thin Layer Chromatography
DMA i Dimethylaniline

SGs.Pyi1 Sulfur trioxide pyridine
DMSO1 Dimethylsulfoxide

ag.m aqueous

eqgi equivalents

NaOMei Sodium methoxide

E-H1 EadieHofstee

CLy 1 Hepatic Clearance

CLint T Intrinsic Clearance

ER’1 Extraction Ratio

PSIi Partial Substrate Inhibition

BPM 1 Biphasic Metabolism

Chapter 4
SNPi Single nucleotide polymorphism

PCRi1 Polymerase chain reaction

RFLP1 Restriction fragmet length

EMEMiT Eagl esd® Mi ni mum E pdymarghisna |

Medium
FBSi Fetal bovine serum
EMATE i1 estrone3-O-sulfamate

IFNg - Interferon gamma

Chapter 3
UDPGAIT Uridine diphosphoglucuronic

acid

M-M i MichaelisMenten

CXZi Chlorzoxazone

APAPT Acetaminophen

HLM i Human Liver Microsomes

HIM 7 Human Intestinal Microsomes

HEK2931 Human embryonic Kidney cells

TTBST Tween Tris Buffered Saline
DMEMiDul beccobds Modi
Medium

HEK2937 Human embryonic kidney

Chapter 5

DME 1 Drug metabolizing enzymes
Curci Curcumin

RT-PCRi Reverse transcriptase
Polymerase Chain Reaction

PMSFi Phenylmethylsulfonylchloride
TCDD1 2,3,7,8tetrachlorodibenzg-
dioxin

4-MU i 4-Methylumbelliferone
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4-MUG T 4-MethylumbelliferoneO-b-D-
glucuronide

TBHQT tertButylhydroquinone

AhRT Aryl hydrocarbon Receptor
Nrf2 i NF-E2-related facto

CYPi CytochromeP450

HNF 1 Hepatocyte nuclear factor
LETFT Liver Enriched Transcription

Factors

ARNT i Aryl hydrocarbon receptor nuclear

translocator

XRET Xenobiotic Response Element
PXRT1 Pregnane X receptor

CAR1 Constitutive androstane receptor
FXR1 Farnesoid X reeptor

LXR T Liver X receptor

PPARi Peroxisome proliferateactivated
receptor

RXRT retinoid X receptor

Keapli Kelch like ECHassociated protein
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APPENDIX A

SPECTROSCOPIC DATA FOR SYNTHESIZED COMPOUNDS
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MS

Repcrt from Instrument:

TEMPLE CDDR MSD

File ..HEMIST\05-10\310510-MS_LOW MASS ACN-00617.D Tgt Mass (EZX): 498.00

Injection Date
Sample Name

Acg. Operator
Spec. Reported
Acq. Method

Analysis Method
Sample Info

Easy-Access Method:

31 May 10 3:45 am -0500 Seq. Line : 0
tribenzylstilbenesoldrxn Location Vial 65
Ootito Iwuchukwu Inj : 1

UV Integration 1 ul
D:\METHODS\MS TLOW MASS_ ACN.M
D:\METHODS\HSQ MS_ILOW MASS ACN.M

'‘TLow Mass ACN' 498.00

Inj Volume

Method Info

DAD1 A, Sig=254,4 Ref=360,100
mAU

4}
(=3
=]

W B
(=2 =1
[=JR=1

CI)I)AD1 B, Sig=220.4 Ref=3160,100
mAU
1250
1000
750
500

250

0 1 2 3

MSD1 TIC, MS File

6000000
5000000

o
[=1
=]
{=1
=]
{=1
=]

3000000
2000000
1000000 3

0 1 2 3

Integration Results for DAD1 A, Sig=254 4 Ref=360,100

RetTim

Width

4893.02

Integration Results for DAD1 B, Sig=220,4 Ref=360,100

RetTim

Width

11340.54

122898

100.00

Area% MS(+)

100.00
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MS Report frem Instrument: TEMPLE CDDR MSD

Ret. Time: 5.05 <<<< POSITIVE SPECTRA >>>>
* Positive
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